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Abstract 

Soft material systems containing photosensitizers have been prepared and studied both for their 

use as photodynamic therapy agents and to investigate single molecule diffusion phenomena 

at the microscale. Gemini imidazolium amphiphiles were used to prepare supramolecular gels 

that possessed a liquid phase containing various ratios of water and ethanol. Photoactive 

compounds such as phthalocyanines and porphyrins were incorporated into the gels during 

preparation to yield a photoactive supramolecular material. Partly, this work outlines an 

investigation into the aggregation and fluorescence properties of these photoactive compounds 

both in solution and as part of the gel material as relates to their ability to generate singlet 

oxygen for antimicrobial photodynamic therapy, where significant enhancement of singlet 

oxygen generation of a water-soluble phthalocyanine was measured. Further, investigation into 

the molecular diffusion characteristics of these photoactive compounds confined to gel fibres 

was conducted using total internal reflection fluorescence microscopy and the results were 

statistically analysed. Changes in photon flux and the protonation state of a phthalocyanine 

altered its movement, as measured by mean instantaneous velocity calculations and mean 

square displacement analysis. This study provides important insights into the fundamental 

mechanism of molecular diffusion in gels and may have practical implications in the 

development of novel materials for optoelectronic and sensing applications. Glycopolymers 

containing a repeating unit of a modified galactose ring were also incorporated with the gel to 

form a gelator-glycopolymer hybrid hydrogel. A disruption of gel morphology brought about 

by increasing glycopolymer concentration was seen as analysed through electron and 

fluorescence microscopy. Confocal fluorescence microscopy of the imidazolium gels 

containing a range of fluorophores was attempted to correlate with total internal reflection 

fluorescence microscopy, along with a study of the dynamics of diketopyrrolopyrrole 

derivatives. Migratory behaviour of these diketopyrrolopyrrole compounds from outside to 

within the fibre was observed and studied. Finally, cryogenic scanning electron microscopy 

was employed to potentially correlate the gel morphology observed both in the dried state as 

seen with conventional scanning electron microscopy and in the hydrated state as seen with 

fluorescence microscopy. In cryogenically frozen imidazolium gels containing 

diketopyrrolopyrrole derivatives, thinner fibre widths were observed. In a concentration study, 

fibre width increased when moving from zero to 100 ɛM of zinc phthalocyanine tetrasulfonic 

acid within the cryogenically frozen gel but increasing the concentration to 500 ɛM had no 

further effect on fibre width. This is different from conventional SEM imaging of dried fibres, 
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where increasing zinc phthalocyanine tetrasulfonic acid concentration from 100 ɛM to 500 ɛM 

led to significant changes in gel morphology, making the fibres no longer visible. The studies 

of the imidazolium gels reported in this work could contribute to potential applications in 

photodynamic therapy and provide further important foundational information about 

photoactive soft materials. 
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1.1  Soft materials 
Soft materials comprise a group of substances that can exhibit distinctive mechanical, optical, 

electrical, or thermal properties. Various types of gels (hydrogels, organogels, low-molecular 

weight gels), biomaterials, foams, and elastomers can all be considered soft materials  

(Fig. 1.1).1-4 The advantages of such materials arise from their intrinsic weakness and poor 

resistance to stress, which in turn renders them dynamic and adaptable to an array of 

applications. This is especially true for supramolecular materials in general, where weak 

intermolecular forces are the driving force behind assembly and can be relatively easily broken. 

 

Fig. 1.1. A non-exhaustive representation of some soft materials.5  

In this context, ósoftô tends to refer to the poor ability of materials to resist applied stress. The 

elastic modulus, which is a measure of the ease of deformation, of soft materials is significantly 

lower than that of their harder counterparts. For example, gels broadly tend to have elastic 

moduli of less than 10 MPa.6 This value is considerably lower than that of typical materials 

such as wood (~ 1100 MPa) and the polymers that constitute plastics (~ 2500 MPa). 

1.1.1. Gels 

Gels are an example of a soft material that can be defined as a minority solid phase dispersed 

within a majority fluid phase to form a colloidal suspension in which the fluid phase is confined 

to the material principally by surface tension.7 Gels are found abundant in consumer products, 
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particularly in healthcare, food, and cosmetics.8-10 Figure 1.2 represents the microstructure of 

a typical gel, with the solid phase forming a three-dimensional network throughout the majority 

fluid phase. Rheologically, gels can also be defined as materials that exhibit no flow (i.e. act 

solid-like) up to their yield point, at which point they break apart. 

 

 

Fig. 1.2. Representation of the formation of a three-dimensional fibrous network that immobilises the 

solvent resulting in a gel. The solid gelator (yellow cirlces) undergoes self-assembly in the presence of 

the fluid phase (blue circles) forming the solid matrix (yellow lines). 

Whilst all gels are a solid dispersed within a liquid, the constituent liquid tends to dictate how 

the given gel is classified. When the liquid phase is an organic solvent (e.g. THF, hexane, 

DMSO), the gel is classified as an organogel. Within the class of organogels, there are two 

further distinctions that can be made based on the form of the dispersed solid phase.  

Self-assembly of low molecular weight (LMW) gelators within organic solvent results in LMW 

organogels.11 When the dispersed solid phase takes the form of a polymeric gelator, what 

results is a polymeric organogel where the three-dimensional solid matrix is bound together 

chemically (covalently crosslinked polymer) or physically (entangled polymeric chains), with 

the latter generally possessing greater thermoreversibility than the former.12 An example of a 

LMW organogel is that of lecithin when mixed with an organic solvent followed by addition 

of a polar solvent.13 Lecithin is a glycerophospholipid found in animal and plant tissues which 
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can be processed and is widely used in food industries and biotechnology.14,15  The lecithin 

initially undergoes reverse micellation in the pure organic solvent, a process commonly seen 

with phospholipid-type amphiphiles.16 With the gradual addition of a polar solvent, the reverse 

micelles begin to form cylindrical micelles. These cylindrical micelles then grow and entangle, 

forming a three-dimensional fibrous network resulting in an organogel.  

Hydrogels are a subclass of gels possessing a liquid phase of that is made up of water, though 

some gels containing a minority amount of ethanol in addition to water can be considered 

hydrogels. A common example of a product found in the world around us crafted using 

hydrogels is contact lenses. These lenses make use of hydrogels due to their elevated water 

content, enhancing breathability and comfort for the eyes. Additionally, their soft and flexible 

nature contributes to overall comfort during wear. Hydrogels have been long studied for their 

applications in medicinal and pharmaceutical areas.17-19 Clinically approved injectable 

hydrogels are largely macromolecular polymer-based and many naturally occurring polymers 

such as collagen are being developed for these ends.20 Combining a polymeric approach with 

the use of LMW gelators has been used to prepare hybrid hydrogel materials with desirable 

properties.21,22 For applications like 3D printing, the reversibility of LMW gel systems provides 

an obstacle to their use. By combining an imidazolium LMW gelator with a range of 

photopolymerized acrylate polymers, the mechanical properties desired for effective 3D 

printing have been shown to be improved whilst also limiting the prevalence of issues relating 

to mechanical anisotropy in purely photopolymerized systems.23 

Alluded to in the section about lecithin organogels, the process of gel formation is often 

conducted by manipulating the solvent environment in which the solid gelator is situated. A 

commonly used technique involves changing the temperature of a solvent in which a given 

gelator is partially soluble. Increasing the temperature of a suspension results in gelator 

dissolution, and upon cooling, the dissolved gelator can self-assemble as its solubility 

decreases. This self-assembly then results in the three-dimensional solid matrix that 

characterises a gel.7 Such a technique has been used for the gel screening of sugar-based LMW 

gelators such as sorbitol, potentially opening up applications in personal care and energy 

technologies.24 Generally, the intrinsic driving force for self-assembly is the minimisation of 

the free energy of the system until an equilibrium is reached. The reversible nature of this 

process renders it a thermodynamic process. Self-assembly therefore stands in contrast to 

typical crystallisation, as in the latter, the formation of stronger and irreversible bonds during 

nucleation and growth may favour the production of kinetic products - essentially, the 



 

4 

 

structures that form most rapidly. Another method for preparing gels is by using a  

solvent-antisolvent technique. Here, a gelator is dissolved in a solvent in which it is soluble 

and upon the addition of an antisolvent, the gelator precipitates out in a similar fashion to the 

cooling method as a fibrous matrix immobilising the liquid and forming a gel. This method of 

gel preparation is commonly used and possesses an advantage over temperature-based gel 

preparation as properties of the gel can be tuned by varying the amount of antisolvent compared 

with solvent.25,26  

Gemini imidazolium amphiphile LMW gelators are an example of molecules that self-assemble 

into hydrogels by use of the solvent-antisolvent technique and show promise in the area of drug 

delivery.27 These imidazolium gels form upon the addition of water to an ethanolic solution of 

the LMW gelator, with the fibre thickness and distribution heavily influenced by the ratio of 

water to ethanol, which can be seen in Fig. 1.3 where a specific gelator with an alkyl chain 

length of 18 (1.2Br) self-assembles with a fibre distribution considerably altered at a  

water-ethanol ratio of 7:3 compared with 5:5 as measured by atomic force microscopy (AFM). 
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Figure 1.3. The fibre thickness and thickness distribution of gemini imidazolium LMW gelator 1.2Br is 

considerably changed when final water-ethanol ratio is altered. Image adapted from Ref. 26 with 

permission from the Royal Society of Chemistry. 

Whilst having been shown to be effective capping agents for gold nanoparticles (AuNPôs), 

these imidazolium gelators have also been shown to provide a scaffold in which AuNPôs can 

be prepared.28-29 AuNP size distributions were narrower when prepared inside the gel, 

displaying an example of how supramolecular materials can provide scaffolds for controlled 

reactions. 

Another subclass of gels are multicomponent supramolecular gels. In the case of a 

multicomponent gel, more than one type of LMW gelator participates in the self-assembly 

process.30-32 Each component may contribute different functional groups or properties to the 

resulting gel. In multicomponent gels, self-sorting or co-assembly can occur.32 If a  

two-component gel system is imaged, self-sorting refers to the process of one of the individual 

components interacting with components of the same type to form homo-aggregates.  

Co-assembly is the process by which components of distinct types interact with one another, 
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resulting in the formation of hetero-aggregates. Whether a specific multicomponent system 

undergoes self-sorting or co-assembly is dictated by the components themselves as well as 

external conditions such as solvent, pH, and temperature.33 Diversity in components allows 

tuning of the properties of the gel, permitting further functionalisation opportunities in the 

materials formed. When utilising multiple LWM gelators, the resulting gel system is often 

sensitive to variations in the relative quantities of the components. In a study by Adams et al., 

the interaction between a naphthalene-based dipeptide gelator and two naphthalene diimides 

(of which only one forms gels) was investigated.34 It was found that the method of sample 

preparation affected visual colour, molecular packing, and aggregation in both solutions and 

the gel state, consequently influencing the microscale and bulk properties. Furthermore, 

variations were observed when compounds were mixed in a solution compared to when they 

were combined in a solid state. Another key factor in multicomponent gels is the selective 

choice of components based on enantioselectivity. Research conducted by Smith et al. 

demonstrated that in a two-component gel system consisting of an L-lysine carboxylic acid 

dendron and a chiral amine, the L-amino acid is preferably incorporated into the supramolecular 

structure as a consequence of its higher stability compared to the gel formed by the interaction 

between the same L-lysine carboxylic acid dendron and the D-amino acid.35 

1.1.2. Photodynamic therapy  

Photodynamic therapy (PDT) refers to the process of irradiating a photosensitizer with light 

near its absorption maximum and subsequently forming reactive oxygen species (ROS) by 

energy transfer with molecular oxygen.36-39 Among the varieties of ROS, singlet oxygen (SO) 

is the most prevalent, although hydroxyl radicals (ÅOH) and superoxide anions (O2
-) can form 

depending on the photosensitizer and local conditions.40,41 When a photosensitizer generates 

ROS, two processes can occur, named Type I and Type II. Type I refers to the formation of 

hydroxyl radicals, whereas Type II describes the formation of SO. Localising ROS generation 

inside a tumour can subsequently have a therapeutic effect as a consequence of the apoptosis 

and necrosis of cancer cells.42 Analogously, localisation of ROS within bacteria can result in a 

bactericidal effect.43 Under normal conditions, molecular oxygen is in its triplet state and is 

relatively unreactive compared with SO. Figure 1.4 displays a simplified Jablonski diagram of 

the formation of SO through a type II process. Upon excitation of a photosensitizer from the 

ground state to an excited state (and after internal conversion), two main processes can  

occur: fluorescence emission from the excited photosensitizer to the ground state, or 

intersystem crossing (ISC). ISC results in the formation of a photosensitizer in an excited triplet 
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state, constituting a formally forbidden process due to its violation of the spin selection rule. 

However, the presence of heavy atoms introducing spin-orbit coupling can promote ISC. 

Additionally, when the vibrational levels of the excited species overlap, ISC becomes more 

favourable. An excited photosensitizer in its triplet state can then reach the ground state via 

phosphorescence or by interaction with molecular oxygen. It is this interaction and subsequent 

energy transfer that converts the triplet molecular oxygen to the reactive SO. 

 

Figure 1.4. Jablonski diagram for the formation of SO. Light is absorbed by the photosensitizer (PS) 

which (after internal conversion) undergoes ISC to form the triplet excited state. This triplet excited 

state then undergoes an energy transfer with triplet oxygen to yield SO. 

Molecular oxygen has two excited singlet states above the ground triplet state: the 1ȹg and the 

1×g
+ states. Primitive electron diagrams of these states are shown in Fig. 1.5. Both conversions 

from the 1ȹg and 
1×g

+ states to the triplet ground state are formally forbidden as a consequence 

of the spin selection rule (ȹS = 0), though the higher energy 1×g
+ state has a shorter lifetime 

than the 1ȹg state as a result of the occurrence of its non-radiative transition from the former to 

the latter. Gas phase radiative lifetimes of the 1ȹg state are 45 minutes whereas the 
1×g

+ lifetime 

ranges from 7-12 seconds.44 In solution, the radiative lifetimes of both the 1ȹg and 
1×g

+ states 

are drastically shorter than in the gas phase, with 1ȹg and 
1×g

+ having a measured lifetime range 

from  10-6 ï 10-3 seconds and 10-11 ï 10-9 seconds, respectively.45 
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Figure 1.5. A simplified representation of the lowest singlet states and triplet state of molecular oxygen. 

Image adapted from Ref. 38 with permission from Elsevier. 

Upon the formation of SO, both physical and chemical quenching can occur. Physical 

quenching occurs where an interaction, often spin-orbit coupling or triplet energy transfer, 

between SO and quenching substrate results in no new products other than the conversion of 

SO to the ground state. Common SO quenchers include ɓ-carotene, azide, and  

1,4-diazabicyclo-[2.2.2]-octane (DABCO).46 Chemical quenching is a process whereby a new 

product is formed after the interaction between a substrate and is where SO finds its main uses. 

The first clinically approved photosensitizers for PDT are known as ófirst generationô 

photosensitizers. The most well-known first-generation photosensitizer was Photofrin, a 

haematoporphyrin mixture developed between the 1960ôs and 1970ôs shown in Fig. 1.6.47  

 

Figure 1.6. Structure of the haemotoporphyrin oligomer known as Photofrin, the first clinically 

approved photosensitizer for PDT.  

Second-generation photosensitizers were those made in the late 1980ôs and are mainly 

porphyrinoid-based.48 5-Aminolevulinic acid (ALA), shown in Fig. 1.7, is an example of a 
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second-generation photosensitizer. Whilst intrinsically not a photosensitizer as an isolated 

molecule, ALA is a natural precursor to protoporphyrin IX (PPIX) which itself is a precursor 

to haemoglobin and chlorophyll. ALA is first converted to porphobilinogen via the enzyme 

ALA dehydratase. Porphobilinogen is mono-pyrrole compound which then cyclises to form 

the tetrapyrrole compound óuroporphyrinogen IIIô. Uroporphyrin III is then converted in two 

steps to PPIX. One significant advantage of ALA is its ability to penetrate tumour cell 

membranes, a feat not achievable by PPIX itself.49 The key condition that renders ALA well-

suited to cancer therapeutics is the lack of ferrochelatase in cancer cells. Ferrochelatase 

converts PPIX into haem B and thus its absence leads to an accumulation of PPIX inside the 

cancerous cells. Excitation of the absorption bands of PPIX at 505 nm and 630 nm results in 

efficient SO generation and therefore a positive therapeutic effect.50 

 

Figure 1.7. ALA (left) is metabolised into protoporphyrin IX (right), which then preferentially 

accumulates in tumours.  

Third-generation photosensitizers often contain a supramolecular component in their system, 

and this can often be based around the use of nanoparticles, or the classes of gels described 

previously. Tuning the responsivity of supramolecular photosensitizers can impart beneficial 

properties in terms of delivery, targeting, and modulating ROS generation. Since the year 2000, 

the extent of research into supramolecular materials for PDT has increased markedly.51  

ROS-switchable supramolecular photosensitizers are systems of great interest whereby the 

photodynamic activity of the photosensitizer can be modulated. This modulation between the 

photosensitizerôs ñONò (ROS generating) state and ñOFFò (non-ROS generating) state can be 

prompted by external stimuli. This strategy is attractive as it can limit the phototoxicity of the 

photosensitizer to healthy cells and allows for a greater quantity of photosensitizer to be 

delivered. pH-responsive supramolecular photosensitizers are popular systems for achieving 

ROS-switchability, mainly owing to the relative acidity of cancerous cells (pH 6.5 ï 7.4) in 
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comparison with healthy cells.52 This pH difference has already been exploited for cancer 

diagnosis and drug delivery.53 Polysaccharide/drug conjugates consisting of hydrophilic 

(containing poly(ethylene glycol) groups) and hydrophobic (containing a chlorin-e6, a 

porphyrinoid derivative as the photosensitising moiety) sections mounted upon a glycol 

chitosan backbone were developed by Lee et al. and shown to possess weak acid 

responsiveness.54 Within normal cells (pH = 7.4), irradiation of this conjugate results in no cell 

death, indicating that self-quenching of SO generation is occurring. Upon irradiating the 

conjugate within epithelial carcinoma (HeLa) cells (pH = 6.8 ï 7.4), high phototoxicity is 

observed. This responsiveness was owed to conformational change of the conjugate under 

mildly acidic conditions. This polysaccharide/drug conjugate showed higher tumour selectivity 

than free chlorin-e6. A different type of acid-responsiveness was described by Yoon et al., 

whereby incorporation of a functionalised zinc phthalocyanine (ZnPcS8) upon a layered double 

hydroxide (LDH) (Fig. 1.8) displayed a vast disparity in phototoxicity between  

pH 6 Ą pH 6.5 Ą pH 7.4.55 When situated upon the LDH at neutral conditions, the SO 

generation of ZnPcS8 is quenched as a result of photoinduced electron transfer (PET) between 

itself and the LDH upon irradiation. The electrostatic interactions between ZnPcS8 and the 

LDH depart under acidic conditions, allowing the free zinc phthalocyanine to be released from 

the LDH and no longer be quenched by PET. 

 

Figure 1.8. ZnPcS8 was situated upon an LDH, affording a system whereby much higher phototoxicity 

was displayed under acidic conditions owing to the release of free ZnPcS8. 

Antimicrobial PDT (aPDT) is a promising area of research for neutralising certain pathogens 

that cause disease. This technique is based on the same principle as anticancer PDT, whereby 

a photosensitizer is localised in the vicinity of target and excited to cause death via the 
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generation of ROS. In particular, aPDT provides an alternative to habitual antibiotics at a time 

when antibiotic resistance is rising alarmingly.56 As opposed to anticancer PDT, where 

development has been ongoing for several decades, development of photosensitizers suited for 

aPDT has not been as thorough or in-depth. This is partially due to the success that antibiotics 

have had over recent decades, somewhat negating the need for a novel modality for the 

treatment of bacterial infection. A significant advantage of aPDT over conventional antibiotics 

is that the efficacy of a photosensitizer is independent of the antibiotic resistance of the target 

bacteria. aPDT also has the potential to be much more versatile than conventional antibiotics, 

with a single photosensitizer conceivably being able to act on bacteria, fungi, yeasts, and 

parasites.57 

The efficacy of aPDT photosensitizers is in large part governed by the type of bacteria targeted. 

The difference in cell membrane structures of Gram-positive (G+) and Gram-negative (G-) 

bacteria (Fig. 1.9) lead to differing degrees of photosensitizer uptake. The cell walls of G+ 

bacteria tend to be permeable to most photosensitizers. G- bacteria, however, possess 

lipopolysaccharides on their outer membrane, which render the membrane strongly negatively 

charged.58 This negative charge yields a G- outer membrane that is impermeable to anionic and 

neutral compounds. As a result, specific research into the development of cationic 

photosensitizers has been carried out, which can permeate both G+ and G- outer membranes. 

 

Figure 1.9. Cell wall diagrams of G+ and G- bacteria. The negative charge brought about by 

lipopolysaccharides renders the outer membrane of G- bacteria impermeable to anionic and neutral 

photosensitizers. The greater thickness of the G- cytoplasmic membrane also presents a barrier to 

aPDT. 

The difference in efficacy of anionic versus cationic photosensitizers is exemplified in a study 

by Minnock et al., where both anionic (tetrasulfonated) and cationic (pyridinium) 

functionalised zinc phthalocyanines were tested as to their photodynamic efficacy against G- 

bacteria.59 The survival rates of E. coli show a large difference between the anionic and cationic 
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derivatives despite the chromophore being unchanged. This difference was clearly a result of 

differences in cellular uptake, demonstrating the importance of photosensitizer charge for G- 

aPDT efficacy. 

A consequence of the poor permeability of G- outer membranes is that more studies have 

focused on the deactivation of G+ bacteria. Staphylococcus aureus (SA), a common G+ 

bacteria, is well documented to be able to develop multidrug resistance.60 This resistance has 

spurred interest into the photodynamic deactivation of SA via aPDT. Methylene blue and 

toluidine blue are common and well-studied photosensitizers which were shown to completely 

eradicate the SA bacteria examined when irradiated with a 664 nm diode laser.61 Incubation of 

SA with ALA also demonstrated the complete inactivation of MRSA (a strain of SA) upon 

irradiation at 407-420 nm.62 Complete inactivation of other MRSA strains was also seen upon 

irradiation of a disulfonated aluminium phthalocyanine by 673 nm light.63 Photosensitivity of 

the MRSA strains occurred immediately, indicating rapid uptake of an aluminium 

phthalocyanine within the MRSA cells. Aluminium phthalocyanines have been much studied 

for photodynamic therapy because of their favourable optical properties, biocompatibility, and 

functionalisation opportunities.64 

1.1.3. Porphyrinoid photosensitizers 

Most photosensitizers share certain important characteristics such as strong absorption, 

appropriate triplet energy level, high SO quantum yield, long triplet state lifetime, and 

photostability. There are, however, other considerations which render some photosensitizers 

more attractive than others. An absorption maximum in the red to near-IR (NIR) region is 

widely sought after in photosensitizers for use in PDT applications. Shown in Fig. 1.10 is a 

comparison of skin-penetration distances as a function of wavelength. When moving into the 

red to NIR region, tissue penetration increases until tailing off after 870 nm. Maximising tissue 

penetration is therefore achievable by tuning the photosensitizer to absorb at as far into the red 

to NIR regions as possible. Limitations to PDT efficacy are therefore brought about by low 

tissue penetration levels as a result of the inability of the irradiating light to reach areas in which 

the photosensitizers are situated. 
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Figure 1.10. Approximate tissue penetration depth dependency on wavelength. Figure adapted from 

Ref. 65 with permission from Springer Nature. 

Porphyrinoid compounds generally, and phthalocyanines more specifically, fulfil many 

requirements for an effective photosensitizer. As referred to, the first clinically available 

photosensitizer was the haematoporphyrin derivative Photofrin. Many second-generation 

photosensitizers are of the porphyrinoid-type, with porphyrins and phthalocyanines being the 

most studied.48 

Phthalocyanines are macrocyclic compounds that are a synthetic analogue of the naturally 

occurring porphyrin. As seen in Fig. 1.11, phthalocyanines and porphyrins share the same base 

structure of four pyrrolic units linked via carbon atoms (in the case of porphyrin) or nitrogen 

atoms (phthalocyanine). The other difference is the pyrrole units of porphyrin are replaced by 

isoindole units in phthalocyanine. Whilst the basic structure of phthalocyanines is similar to 

that of porphyrins, different functionalisation can be achieved with the former. Functionalising 

the substituents on the exterior of the isoindole unit can confer certain desirable characteristics 

(e.g. solubility, absorption, and electrochemical behaviour) and allow for a degree of control 

over the supramolecular structures adopted by the molecules.66 The two positions on the 

isoindole accessible for functionalisation are often labelled the peripheral and non-peripheral 

positions. 
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Figure 1.11. Second generation photosensitizers such as porphyrin (left) and phthalocyanine (right), 

with the functionalisable peripheral and non-peripheral positions labelled on the phthalocyanine. 

Phthalocyanines were an accidental discovery by the German chemists Braun and Tcherniac 

in 1907 after forming an unknown, coloured compound during an attempted synthesis of 

o-cyanobenzamide.67 However, it took a further twenty years before the properties of 

phthalocyanines were investigated. In 1927, chemists Henri de Diesbach and Edmond von der 

Weid made the fortuitous discovery of a ócomplex product containing copper and pyridineô.68 

They describe the remarkable physical and chemical stability of what was copper 

phthalocyanine (CuPc). It was this stability along with striking colour that made them ideal 

materials for dyes and colourants. The CuPc discovered by de Diesbach and von der Weid is 

still currently used in pigments and paints. 

The stability of phthalocyanines, and porphyrinoid compounds in general, arises from several 

contributing factors. Being an aromatic species, phthalocyanines exhibit resistance to reactions 

that could disrupt the conjugated system. Metallated phthalocyanines are stable as a 

consequence of the macrocyclic effect. The macrocyclic effect is related to the chelate effect, 

with the latter referring to the entropy-driven binding of a metal species in solution by a 

multidentate ligand (in this case a phthalocyanine) and the former arising from the pre-

organisation of the cyclic ring and low associated entropic cost of metal binding. 

Many functionalisation do opportunities exist for phthalocyanines, despite their stability. 

Firstly, the two hydrogen atoms present at the centre of metal-free phthalocyanines can be 
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replaced by an array of metal centres. Whilst the most commonly used metals are Cu and Zn, 

phthalocyanines have been made using over seventy different metal ions.69 The metal-centred 

phthalocyanine investigated depends strongly on the properties sought after for certain 

applications. Derivatives of Zn and Al phthalocyanines are commonly used in SO generation 

and PDT studies. Cu and Zn are often the metal centres of choice when investigating their use 

in organic photovoltaic devices whereas more exotic centres such as ruthenium and titanium 

are often seen in the study of the three-dimensional nanostructures formed by 

phthalocyanines.70,71 These larger transition metal elements are often too large to sit within the 

plane of the phthalocyanine macrocycle, so protrude outside the plane.69 This non-planarity has 

consequences for the packing of the compounds in the solid state.69 Secondly and as displayed 

in Fig. 1.11, the positions on the exterior of the isoindole units can be functionalised to tune 

the property of the resultant material, which is done by functionalising the phthalonitrile 

precursor before cyclisation. As a result of the generally poor solubility of phthalocyanines, 

groups containing long alkyl chains are commonly introduced in these positions in order to 

solubilise the compound in organic solvents.72 The solubilising effect of alkyl substituents is 

vital for making films via spin-coating or drop casting as the material must be  

solution-processable. Water-solubility can also be conferred by introducing ionic or 

hydrophilic units into the structure.73,74 In some systems, a further functionalisation opportunity 

is available for exploitation. For certain metal centres, axial co-ordination is available and thus 

axial ligands can be introduced allowing for further tuning of the properties of the 

phthalocyanine. The axial ligand functionalisation of silicon phthalocyanine, for example, has 

been the subject of much research.75,76 The solubility, electronic absorption, and aggregation 

behaviour has been modified via the addition of axial ligands such as sulfonates, esters, and 

ethers.77 Phthalocyanines are thus incredibly attractive as photoactive materials as a result of 

the plethora of functionalisation opportunities, allowing for the tuning of a wide range of 

properties to suit the application in question. 

The photophysical properties of phthalocyanines are the essential characteristic to their 

applications in PDT, organic photovoltaics, and catalysis. Phthalocyanines generally contain 

two distinct absorption bands, the Soret band (or B-band) (ˊ Ą ́ *) and Q-band (n Ą ́ *). The 

Soret band is generally found between 300 ï 400 nm and the Q-band between 600 ï 700 nm. 

It is this latter Q-band which is crucial for PDT applications, as its location in the red-to-NIR 

region renders it well-matched to light sources that have relatively deep skin penetration. The 
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position and shape of the Q-band are extremely dependent on the solvent environment, any 

additives, or molecular functionalisation.78-80 

1.2. Photoactive soft materials 
In general, soft materials provide a foundation to build photoactive systems that are useful in 

many applications. Given the already discussed susceptibility of many soft materials to thermal 

changes, incorporation of photothermal molecules into such structures (or building an 

intrinsically photothermally active material) provides an opportunity to produce 

thermoresponsive materials. Photothermal agents emit heat after light absorption, and 

examples of which can be seen with both organic and inorganic materials and compounds.81,82 

The obvious application for such materials is in photothermal therapy, a treatment whereby 

light excitation by the photothermal system results in heat emission and the subsequent delivery 

of a therapeutic effect.83-85 An interesting example of such a system is the class of porphysomes, 

shown in Fig. 1.12. Porphysomes are spherical nanovesicles which are produced by the  

self-assembly of porphyrin lipids.86 Upon excitation in their micellar form, relaxation 

predominately occurs through non-radiative pathways, resulting in the emission of heat. The 

porphysomes functioned as effective photothermal agents in in vivo environments, eclipsing 

the effect of Photofrin and the porphysome PDT in laser and dose-matched studies.  

 

Figure 1.12. This phospholipid-functionalised porphyrin self-assembles to form micelles in the 

presence of cholesterol. 

Photothermal gel systems have also been studied. Polymeric hydrogels developed 

by Zheng et al. partially contained platinum nanoparticles as photothermal agents and 

displayed significant mechanical and rheological stiffening under irradiation with NIR light.87 

In addition, the presence of a UV-responsive photoisomerisable azobenzene derivative also 
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encapsulated within the gel resulted in mechanical and rheological softening under UV 

irradiation. This example is an elegant demonstration of a dual-responsive photoactive gel. 

The use of a light-triggered heat response can also be used to result in encapsulation or release 

of a molecular load. This effect is clearly applicable in the field of controlled release, where a 

molecular load is intended to be delivered in specific locations and under certain conditions.88 

In such systems, supramolecular structures are commonly prepared containing a one or more 

photoresponsive groups. A common example of such a group is a photocleavable side group 

present on a polymer.89,90 Polymeric nanoparticles developed by Fomina et al. were prepared 

from a polymer containing a self-immolative quinone-methide groups.91 Upon irradiation with 

UV and NIR light, the previously encapsulated photosensitizer Nile Red was released through 

degradation of the polymeric nanoparticle carriers.  

Gels have been formed through the cross-linking of diblock copolymers containing two 

photoresponsive groups.92 The gels were initially formed by cross-linking in the presence of 

 > 310 nm UV irradiation whilst cooling through dimerisation of one of the photoresponsive 

groups present, coumarin. When irradiated by < 260 nm UV light, reverse photocleavage of 

the other photoresponsive group (cyclobutane) reduced the cross-linking density of the gel and 

thus led to significant swelling of the gel. Adams et al. conducted research on hydrogels that 

demonstrate a photothermal effect, allowing the gels to generate heat when exposed to specific 

light wavelengths. This phenomenon was primarily attributed to the formation of the perylene 

bisimide radical anion. Their work serves as a noteworthy example of a self-assembled 

photoactive supramolecular system.93 

Photoactivity is not just limited to applications on the macroscale, as microscale changes in 

brought about by photoresponsivity have shown to significantly alter low-dimensional 

processes. Azobenzene derivatives are well-known for their ability to photoisomerise under 

UVA-Visible irradiation and/or thermal stimulus. This photoswitching has been exploited to 

manipulate porphyrin aggregation and alter rheological properties of gels.94,95 Imidazolium 

gels described previously based on the amphiphile 1.2Br (Fig. 1.3) have been shown to provide 

a fibre scaffold through which tetracarboxylated porphyrin (TCPP) molecular travellers have 

exhibited motion, as measured by fluorescence microscopy.96 However, this movement shown 

in Fig. 1.13 required the presence of an azobenzene molecular switch to induce TCPP motion 

upon heat emission caused by photoisomerisation. This movement manifests itself as a fibre 

ógoing darkô as the fluorescent porphyrin moves out from the fibre in view. 
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Figure 1.13. TCPP travellers moving through a gel scaffold via heat generated by photoisomerisation 

of an azobenzene derivative. (A) TCPP traveller used in the study. (B) Water-soluble azobenzene 

derivative that caused molecular motion. (C) Visual representation of porphyrin movement seen as 

fluorescence intensity loss. Image adapted from Ref. 96 with permission from Springer Nature. 

This imidazolium gel containing TCPP also provides another example of a photoactive soft 

material for PDT applications. Incorporation of the TCPP within gel fibres as seen in the study 

relating to molecular motion (without azobenzene) led to a significant enhancement of SO 

generation when compared with that of TCPP in solution.97 This enhancement is attributed to 

geometries adopted by TCPP under its immobilisation within the gel fibres. 

1.3. Objectives 
Third-generation photosensitizer systems can exploit the significant advantages of intrinsic 

photosensitizer compounds whilst diminishing to the greatest extent their downsides. It is 

therefore an aim of this work to prepare novel third-generation photosensitizer systems based 

predominately on imidazolium based gelators containing photosensitizer compounds, with an 

emphasis on phthalocyanines. Upon their preparation, the ability of these photosensitizer 
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systems to generate SO within the supramolecular structure of the gels will be compared with 

that of the isolated photosensitizers in solution. The microscale structure of these systems will 

also be explored, with characterisation and quantification of any molecular motion as seen in 

analogous systems.96 In addition to the individual gel systems, glycopolymer-gel hybrid 

materials will be prepared and characterized as to their unique microstructure and properties. 

Glycopolymers were chosen for their ability to introduce carbohydrate moieties into the gel 

system, offering the potential for enhanced targeting and biocompatibility in applications such 

as drug delivery and PDT. 

This research aims to demonstrate the use of photoactive soft materials, displaying their wide 

range of potential applications and providing new avenues for future exploration in diverse 

fields. 
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2.1. Background 
Phthalocyanines can be rendered water-soluble by functionalising the exterior of the 

macrocycle with hydrophilic, including ionic, moieties.1 Water-solubility is often desired in 

photosensitizers generally, especially in areas of medicinal and clinical interest. Despite their 

solubility, water-soluble phthalocyanines are often susceptible to aggregation in aqueous 

environments.2,3 This aggregation increases the likelihood of non-radiative relaxation pathways 

during excitation, resulting in a lowered fluorescence and a poorer ability to generate singlet 

oxygen (SO) under irradiation. The degree of phthalocyanine aggregation in solution can be 

estimated by the relative intensity of peaks present in the Q-band. The non-aggregated 

phthalocyanine Q-band peak generally falls at 670 ï 690 nm, whilst dimer and higher-order 

aggregate peaks possess a hypsochromic shift to 620 ï 650 nm.4 The Q-band maximum of an 

aggregated phthalocyanine is at a higher energy (shorter wavelength) as a consequence of the 

formation of H-aggregates (cofacial stacking), where the highest-occupied molecular orbital 

(HOMO) and lowest-unoccupied molecular orbital (LUMO) are coupled by intermolecular 

charge transfer, resulting in a higher energy transition. 

SO generation can be measured using a variety of techniques. Advanced studies use in vitro 

and in vivo methods to examine the efficacy of a given photosensitizer.5,6 Before these studies 

can be carried out, it is prudent to conduct measurements of SO generation in non-biological 

conditions. A common method used to measure SO generation rate is to measure the 

phosphorescence signal of the SO as it relaxes to the ground state after being generated by a 

photosensitizer.7 This wavelength of this phosphoresced light from SO lies at ~ 1270 nm, and 

thus falls out of the range of many commercial spectrophotometers. Another possibility is to 

use a molecular probe as a scavenger for the SO generated by a photosensitizer under 

irradiation.8,9 The compound 9,10-anthracenedyl-bis(methylene)dimalonic acid (ABMA) is an 

example of a fluorescent water-soluble molecular probe used in studies of SO generation.10,11 

In aqueous solution, ABMA (shown in Fig. 2.1) has an absorption maximum at ~ 380 nm. 

Under irradiation with 380 nm light, three ABMA fluorescent emission peaks are present at  

~ 400 nm, ~ 430 nm, and ~ 460 nm. ABMA reacts with SO to form an endoperoxide compound 

(endo-O2-ABMA), as shown in Fig. 2.1. Endo-O2-ABMA is not fluorescent when irradiated 

at 380 nm light, meaning the fluorescence decay of ABMA can be used as a direct proxy for 

SO generation. It is by tracking the intensity decrease of the central peak at ~ 430 nm, which 

is usually the most intense, that the generation rate of SO can be measured.  
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Figure 2.1. The fluorescent ABMA molecular probe reacts with SO to form endo-O2-ABMA, a 

compound not fluorescent under 380 nm excitation. Fluorescence decay used as proxy for SO 

generation. 

As explored in the introduction chapter, third-generation photosensitisers are systems that 

incorporate certain immune- or nanotechnologies.12 Photosensitisers incorporated into gels are 

a common example of third-generation photosensitisers containing a supramolecular moiety. 

A diverse array of gels has been explored in the pursuit of effective third-generation 

photosensitisers.13,14 Here, 1,3-bis[(3-octadecyl-1-imidazolio)methyl]benzene di-bromide  

(1.2Br) gelators self-assemble into a three-dimensional fibrous network constituting a gel when 

mixed with various water-ethanol mixtures.15 The alkyl chains interdigitate (Fig. 2.2) and leave 

the cationic heads facing away from the alkyl tails. The bromide counter-ions lie between 

cationic layers, a position significant for its ability to encapsulate other guest molecules.16 

Anionic compounds are easily encapsulated and locked into 1.2Br gel fibres, with negligible 

release over the course of days.17 Neutral compounds have also been encapsulated, though do 

show release profiles as a consequence of weaker electrostatic binding between the cationic 

layers.  
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Figure 2.2. A subsection of the fibre structure of a 1.2Br hydrogel. Alkyl chains form a lamellar 

structure and in between cationic imidazolium layers lie the bromide counter-ions. Note: sizes are not 

to scale. 

Here, 1.2Br and the 1,3-bis[(3-octadecyl-1-imidazolio)methyl]benzene di-chloride (1.2Cl) 

gelators will be synthesized for their use in the preparation of hydrogels. A water-soluble 

tetrasulfonic acid zinc phthalocyanine (ZnPcTS) will be characterized in solution as to its 

photophysical properties and its rate of SO generation compared with that of ZnPcTS 

incorporated inside a 1.2Br hydrogel. A neutral zinc tetrasulfonatomethyl phthalocyanine 

(ZnPcSO2Me), structurally similar to ZnPcTS but containing sulfonatomethyl groups rather 

than sulfonic acid groups, will also be characterized in solution and incorporated into a 1.2Br 

gel. It could be imagined that the 1.2Br gel could provide an altered local environment for the 

phthalocyanine, potentially reducing aggregation and promoting increased singlet oxygen 

production. Storing the photosensitizer within the gel could also prove advantageous for 

potential clinical applications. 

2.2. Gemini bis-imidazolium gelator (1.2Br/1.2Cl) synthesis 
The 1.2Br and 1.2Cl gelators were synthesized via the reaction of an alkylated imidazole with 

1,3-bis(bromomethyl) benzene or 1,3-bis(chloromethyl) benzene, respectively (Scheme 2.1). 

The first step involved alkylation of the imidazole ring, which was achieved by heating 
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imidazole with 1-bromooctadecane in acetonitrile over fifteen hours. Purification through 

column chromatography yielded the 1-octadecyl-1H-imidazole in 80% yield. Subsequently, 

the reaction of 1-octadecyl-1H-imidazole with either 1,3-bis(bromomethyl)benzene (to form 

1.2Br) or 1,3-bis(chloromethyl)benzene (to form 1.2Cl) by stirring overnight at 80 C gave the 

final 1.2Br and 1.2Cl gelators. Upon precipitation, the final pure 1.2Br and 1.2Cl gelator 

compounds were obtained in 79% yield and 80% yield, respectively.  

 

Scheme 2.1. Synthetic route to the 1.2Br and 1.2Cl gelators. 

2.3. Zinc(II) phthalocyanine tetrasulfonic acid (ZnPcTS) 
ZnPcTS is a water-soluble phthalocyanine containing sulfonic acid substituents on the 

peripheral positions of its isoindole rings. Like most phthalocyanines, ZnPcTS has been shown 

to generate SO when its Q-band is irradiated in the presence of oxygen. This property has 

resulted in much of the research into ZnPcTS being based on its potential use for photodynamic 

therapy (PDT) and antimicrobial photodynamic therapy (aPDT) applications. 

In 1994, Griffiths et al. investigated the in vivo photodynamic efficacy of ZnPcTS on 

fibrosarcoma tumours in rats.18 The main finding of this study was that the Q-band absorption 

of ZnPcTS changes markedly from solution to the cell-bound state, likely a consequence of a 

differing aggregation states in the latter. Whilst irradiation of ZnPcTS at 630 nm and 680 nm 

had a minimal effect on tumour growth rate, irradiation at 692 nm suppressed the growth rate 

markedly. It should be noted that ZnPcTS is synthesized largely as a mixture of regioisomers, 

and thus the ZnPcTS used in this study exists as a mixture of regioisomers. 
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ZnPcTS 

Further studies have investigated the SO generation characteristics of ZnPcTS in solution 

phase. Kuznetsova et al. examined the SO quantum yield (ūSO) of ZnPcTS along with other 

zinc phthalocyanines that possessed differing degrees of sulfonation (mono-, bis-, tri-, and 

tetra-substituted).19 ūSO refers to the efficiency with which photons of excitation light generate 

molecules of singlet oxygen and was measured by comparing the rate of decay of an SO 

scavenger with respect to a known reference photosensitizer. The ūSO of ZnPcTS in aqueous 

solution was as low as Ò 0.01, which is a consequence of the aggregation of ZnPcTS in aqueous 

media. In the same study, the non-ionic surfactant Triton X-100 was added to the aqueous 

solution of ZnPcTS in an attempt to limit aggregation. This suppression of ZnPcTS 

aggregation resulted in a much higher ūSO of 0.30. In dimethylsulfoxide (DMSO), where 

ZnPcTS does not aggregate, ūSO was as high as 0.68. 

Though soluble as a neutral compound, ZnPcTS has been shown to possess different 

photophysical properties when in its tetrasulfonate form.20 To explore these possibilities, 

ZnPcTS formulations containing 0 to 4 eq. of sodium hydroxide (NaOH) relative to the 

phthalocyanine (with 4 eq. being a single hydroxide unit per sulfonic acid). It is therefore 

possible to investigate the behaviour of the phthalocyanine in multiple states. Further base and 

salt additives will also be incorporated to study how these influence ZnPcTS behaviour when 

incorporated into a gel. 

2.3.1. ZnPcTS solution characterisation 

Figure 2.3A displays the absorption spectrum of ZnPcTS in water (with and without 

4 eq. NaOH) and in DMSO. The lack of ZnPcTS aggregation in DMSO is evidenced by the 

sharp peak at 679 nm, which corresponds to the non-aggregated ZnPcTS absorption maximum. 

This corroborates earlier work by Kuznetsova et al.19 The absorption spectrum of ZnPcTS in 

water without NaOH shows a Q-band centred at ~ 636 nm, and that of ZnPcTS in water with 
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NaOH reveals a similar Q-band shape similar to the spectrum without base but containing a 

shoulder at ~ 679 nm. This observation indicates a lesser degree of aggregation of ZnPcTS in 

the presence of NaOH. The difference in aggregation tendency observed in solution is likely 

brought about by electrostatic interactions between the sodium cations and the anionic 

sulfonate group present upon the exterior of ZnPcTS in the presence of NaOH, and potential 

hydrogen bonding between sulfonic acid groups of neighbouring phthalocyanines without the 

presence of NaOH. The pKa of the ZnPcTS sulfonic acids is approximately -2 and therefore 

we expect that the protons are largely dissociated in neutral water.21,22 It is not immediately 

clear that within the ZnPcTS aggregates in water that all of the acid protons will dissociate 

because of the local environment in the assembly, and it could be that hydrogen bonding 

between neighbouring stacked phthalocyanines takes place, and for this reason the addition of 

the base has such a large impact upon the absorption and fluorescence characteristics of the 

phthalocyanine.  
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Figure 2.3. (A) Absorption spectrum of ZnPcTS at a concentration of 10 ÕM in DMSO (black), water 

with 4 eq. NaOH (red), and water without NaOH (blue). (B) Fluorescence emission spectrum of 

ZnPcTS at a concentration of 10 ÕM in DMSO (black), water with 4 eq. NaOH (red), and water without 

NaOH (blue). ɚexc. = 300 nm and ɚfilter = 330 nm for all three measurements. 

This aggregation also has the effect of quenching fluorescence emission of ZnPcTS in aqueous 

solution which can be seen in Fig 2.3B, where the fluorescence emission spectra of ZnPcTS 

in DMSO and in water (with and without 4 eq. NaOH) is shown. As a result of the short lifetime 

of the second excited singlet state of ZnPcTS, only one significant emission peak resulting 

from the first excited state is observed when exciting the Soret band (~ 350 nm) or the Q-band 
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in the red to far-red region (600-700 nm). A low-intensity peak between 500-550 nm is seen 

with ZnPcTS in DMSO and corresponds to the minimal emission from the second excited state 

brought about by its short lifetime.23 Although relative fluorescence intensities between 

samples cannot be quantitatively compared without conducting the necessary calibrations, 

ZnPcTS in DMSO results in a significantly larger fluorescence than ZnPcTS in aqueous 

solution. The position of the emission maxima also varies depending on both solvent and 

presence of base. The emission maximum of ZnPcTS in DMSO is located at 695 nm, and that 

of ZnPcTS in water (with and without 4 eq. NaOH) is present at 685 nm and 691 nm, 

respectively. 

Another commonly used method to prevent aggregation of hydrophobic core-containing 

molecules is to introduce surfactants into the system. The compound 

N,N,N-trimethylhexadecan-1-aminium bromide (CTAB) (shown in Fig. 2.4A), a cationic 

surfactant, has been shown to inhibit aggregation in water-soluble phthalocyanines.24 Fig. 2.4 

shows the absorption spectra of ZnPcTS in water with 4 eq. NaOH (Fig. 2.4A) and in water 

without NaOH (Fig. 2.4B). In each spectrum, the effect of increasing the CTAB concentration 

from 0 to 1 ÕM to 10 ÕM can be seen. The effect of disaggregation that can be seen by the 

increase of the ZnPcTS monomer Q-band at ~ 679 nm is observed both in the presence of base 

and without but is more pronounced in the solutions containing 4 equivalents of NaOH. This 

disparity in effect is probably a consequence of the anionic character of the deprotonated 

ZnPcTS and its more significant interaction with the cationic CTAB. As seen from the 

fluorescence emission spectra (Fig. 2.4C), fluorescence intensity increases (as predicted) with 

the addition of CTAB at a concentration of 1 ÕM but is almost completely quenched at a 

concentration of 10 ÕM. This complete reduction of fluorescence could be result of the heavy 

atom effect brought about by the bromide anions, which have been shown to reduce the 

fluorescence of anthracene derivatives by increasing their triplet state lifetimes.25 



 

33 

 

 

Figure 2.4. (A) Absorption spectra of ZnPcTS (10 ÕM) with 4 eq. NaOH containing no CTAB (blue), 

1 ÕM CTAB (red), and 10 ÕM CTAB (grey). CTAB structure shown. (B) Absorption spectra of ZnPcTS 

(10 ÕM) with no NaOH containing no CTAB (blue), 1 ÕM CTAB (red), and 10 ÕM CTAB (grey).  

(C) Fluorescence emission spectra of ZnPcTS (10 ÕM) with no NaOH and no CTAB (green), 

with 4 eq. NaOH and no CTAB (blue), with no NaOH and 1 ÕM CTAB (red), and with no NaOH and 

10 ÕM CTAB (grey). ɚexc = 300 nm and ɚfilter = 330 nm for all fluorescence measurements. 
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2.3.2. ZnPcTS@Gel preparation and characterisation 

The gels comprising the gelator, phthalocyanine and base - abbreviated 

ZnPcTS_nEqBase@Gels - were prepared using the solvent-antisolvent method whereby 

1.2Br dissolved in ethanol was added to the aqueous phthalocyanine solution (with NaOH 

where applicable) to give a mixture consisting of a 1:1 water-ethanol ratio and final 1.2Br 

concentration of 12 mM within the gel as displayed in Fig. 2.5. In order to investigate the effect 

of ZnPcTS incorporation in the gel as the tetrasulfonic acid and as the corresponding salt 

derivative, stock solutions which contained 0-4 equivalents of NaOH relative to ZnPcTS 

(0 to 1 equivalent per sulfonic acid group). Gels prepared with n equivalents of NaOH are 

subsequently labelled ZnPcTS_nEqBase@Gel. After the mixture of the aqueous and ethanolic 

solutions, gelation generally occurred within one minute irrespective of the concentrations of 

ZnPcTS. No appreciable difference in gelation time was observed between the gels containing 

differing concentrations of NaOH and the prepared gels were both robust and stable over 

several months at room temperature. 

 

Figure 2.5. Procedure for preparation of gels from an equal volume of ZnPcTS with n equivalents of 

NaOH in water and 1.2Br in ethanol. 

FT-IR spectra of the pristine 1.2Br xerogel (dried gel), ZnPcTS_0EqBase@Gel and 

ZnPcTS_4EqBase@Gel xerogels were collected and compared with ZnPcTS in the solid state 

are shown in Fig. 2.6. Xerogels were formed via drying a sample of the hydrated gel overnight 

under vacuum. The O-H stretch of the sulfonic acid found at 3205 cm-1 in the spectrum of the 

solid state ZnPcTS is not seen to the same extent in the ZnPcTS_nEqBase@Gel. The lack of 
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a strong O-H stretch in the ZnPcTS_0EqBase@Gel xerogel indicates that there is a degree of 

deprotonation of the sulfonic acid groups even without the addition of base, at least in the dried 

form of the gel. Another characteristic peak is found at 1403 cm-1 and corresponds to the S=O 

stretch, which is not seen in the 1.2Br xerogel spectrum, thus corresponding to the encapsulated 

phthalocyanine. 

 

Figure 2.6. FT-IR comparison of solid state ZnPcTS, pristine 1.2Br xerogel and ZnPcTS xerogels.  

(A) Solid state ZnPcTS. (B) Pristine 1.2Br xerogel, [1.2Br] = 12 mM, 1:1 water ethanol.  

(C) ZnPcTS_4EqBase@Gel xerogel, [1.2Br] = 12 mM, 1:1 water ethanol, [ZnPcTS] = 100 ÕM, 

[NaOH] = 400 ÕM. (D) ZnPcTS_0EqBase@Gel xerogel, [1.2Br] = 12 mM, 1:1 water ethanol,  

[ZnPcTS] = 100 ÕM. All concentrations are the final concentrations within each dried gel. 

To better understand the microscale structure of the newly formed gels, SEM imaging was 

employed. ZnPcTS_nEqBase@Gel xerogel samples were prepared with no base and 

increasing concentrations of ZnPcTS (no phthalocyanine; 12 ÕM; 120 ÕM and 1.2 mM) with 

the gelator concentration kept constant at 12 mM. Further samples were prepared with the same 

concentrations of ZnPcTS but also including 4 eq. of NaOH to investigate the potential effect 

of base upon the microscale structure. SEM images (Fig. 2.7) reveal that when no ZnPcTS is 
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present within the gels, the gel fibres are relatively well-defined, irrespective of the presence 

of base. Increasing the ZnPcTS concentration to 12 ÕM within the gel does not influence the 

fibres to a considerable extent. However, upon increasing to 120 ÕM and finally 1.2 mM, 

significant changes to the fibre morphology occur, moving from predominantly straight fibres 

(Fig. 2.7A-D) and upon increasing ZnPcTS loading, beginning to appear less straight and  

well-defined and cluster into areas of high fibre density (Fig. 2.7E-H). This trend towards 

greater morphological disturbance with greater photosensitizer loading is observed also with 

identical concentrations of a tetracarboxylated porphyrin.17 
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Figure 2.7. SEM images xerogels of 1.2Br gels formed in a 1:1 water-ethanol ratio and covered with 

a 5-nm-thick layer of iridium. ZnPcTS concentration is increased by a factor of ten until the final 

concentration of 1.2 mM. No discernible difference is observed between the samples containing 4 eq. 

and no base. Scale corresponds to 1 Õm. 

Rheological characterisation (Fig. 2.8) revealed the prevalence of the storage modulus (elastic 

modulus, Gô) over the loss modulus (Gôô), indicating that 1.2Br gels have a solid-like feature 
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rather than a liquid behaviour independently of the presence of the phthalocyanine, which is in 

agreement with previous reports on other guests in the gel.17,26 In the published work supporting 

this study, it was found that the incorporation of the ZnPcTS or the corresponding salt form 

increased both the gel resistance to deformation and the resistance to rupture, observing a 

greater influence in the case of ZnPcTS rather than the corresponding salt form.27 The 

increased resistance to deformation (Gô and Gôô values) and the increased resistance to rupture 

(Critical stress values) are shown in Table 2.1. It has been previously shown that an increasing 

loading of a tetracarboxylated porphyrin within a 1.2Br framework was correlated to an 

augmented resistance to rupture.17 In this work, it is reported that ZnPcTS can induce a similar 

effect, but to a lower extent for the organic salt. There is a distinct contribution of the ionic and 

non-ionic ZnPcTS structure on the 1.2Br gel assembly that affects the gel strength. It could be 

imagined that the deprotonated ZnPcTS in ZnPcTS_4EqBase@Gel would interact more 

strongly with the cationic heads of the 1.2Br gel, resulting in a weakening of the bulk structure 

as measured using rheological analysis. 

Table 2.1. Critical stress values from oscillation amplitude sweep (crossover points  

when Gô = Gôô). [Work carried out by D. Lim·n at Universitat de Barcelona] 

Sample Gô*  Gôô* Critical stress (Pa) 

1.2Br gel 2059  410 15.52 

ZnPcTS_0EqBase@Gel 8707  1808 57.02 

ZnPcTS_4EqBase@Gel 3072  859 37.04 

*Denotes average values at the linear viscoelastic region (0.1-1.0 Pa) 

 

 



 

39 

 

 

Figure 2.8. Frequency sweep (A, B, C) and amplitude sweep (D, E, F) profiles of 1.2Br gel (A, D), 

ZnPcTS_0EqBase@Gel (B, E) and ZnPcTS_4EqBase@Gel (C, F). [Work conducted by D. Lim·n at 

Universitat de Barcelona] 

The absorption characteristics of ZnPcTS when incorporated into the gel were also influenced 

by the presence of NaOH. Figure 2.9A shows the absorption spectra of 

ZnPcTS_4EqBase@Gel and ZnPcTS_0EqBase@Gel. ZnPcTS_4EqBase@Gel has a 

greater extinction coefficient in the Q-band region than ZnPcTS_0EqBase@Gel along with a 

different Q-band shape. This disparity in absorbance could be explained by the varying extents 
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of aggregation of ZnPcTS within the gel with and without the presence of base. Fluorescence 

emission spectra (Fig. 2.9B) of gels containing an intermediate amount (1, 2, 3 eq. NaOH) of 

base show an initial decrease in emission intensity and a bathochromic shift in the position of 

the emission maximum from 0 to 1 eq. of NaOH, followed by hypsochromic shifts  

from 1 to 4 eq. NaOH. This decrease in fluorescence intensity upon the addition of 1 eq. of 

NaOH was not expected, as lowering aggregation tends to increase fluorescence activity, 

though this result is discussed further in the context of the singlet oxygen generation 

experiments. In order to mimic the solvent composition within the gel, the absorption and 

emission spectra of ZnPcTS in 1:1 water-ethanol solution were characterized (Fig. 2.9C,D). 

Again, ZnPcTS in the presence of base in this 1:1 water-ethanol solution exhibits greater 

absorbance and an extinction coefficient which is more than double that of ZnPcTS  

in 1:1 water-ethanol without the presence of base. The Q-band of ZnPcTS with 4 eq. NaOH in 

1:1 water-ethanol strongly resembles that of ZnPcTS in DMSO, indicating that the ZnPcTS 

is not aggregated in 1:1 water-ethanol when 4 eq. of NaOH are present. When base is not 

present, the Q-band shape is more complicated with the two peaks split into four. This Q-band 

splitting pattern is observed in the free base phthalocyanine H2Pc but also seen in metalated 

phthalocyanines.28 Splitting of this type is intrinsic to H2Pc and is caused by the asymmetry of 

the isoindole nitrogens in the phthalocyanine ring. This asymmetry causes the HOMO and the 

LUMO to be non-degenerate, resulting in two different transitions in the Q-band region.29 

Absorption spectra of ZnPcTS@Gel samples containing 1-3 equivalents of NaOH show 

intermediate Q-band shapes between that of the 0 eq. and 4 eq. NaOH samples. The extinction 

coefficients and absorption maxima of ZnPcTS in solution/gel (Table 2.2) reveal that ZnPcTS 

with 4 eq. NaOH has a higher absorption than that of the counterpart without NaOH. 
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Figure 2.9. (A) Absorption spectra of ZnPcTS_nEqBase@Gels, n = 0 (grey), n = 1 (red), n = 2 (blue), 

n = 3 (green), n = 4 (lilac), [ZnPcTS] = 100 ÕM. (B) Fluorescence emission spectra of 

ZnPcTS_nEqBase@Gels, n = 0 (grey), n = 1 (red), n = 2 (blue), n = 3 (green), n = 4 (lilac), 

[ZnPcTS] = 10 ÕM. (C) Absorption spectra of ZnPcTS (10 ÕM) in 1:1 water-ethanol with 4 eq. NaOH 

(red) and no NaOH (grey). (D) Fluorescence emission spectra of ZnPcTS (10 ÕM) in 1:1 water-ethanol 

with 4 eq. NaOH (red) and no NaOH (grey). ɚexc = 625 nm and ɚfilter = 645 nm for these fluorescence 

measurements. 

Table 2.2. Extinction coefficients of ZnPcTS in different systems. 

Extinction Coefficient (Ů) 

ZnPcTS_nEqBase Water 1:1 Water-Ethanol 1.2Br Gel  

n = 4 

 

 

34000 83000 39000  

n = 0 22000 36000 21000  

 

2.3.3. ZnPcTS singlet oxygen generation 

The SO-generating ability of the gels was assessed using ABMA, a fluorescent probe which 

reacts with singlet oxygen producing a non-fluorescent (in visible spectrum) endoperoxide 

compound and reducing the overall ABMA fluorescence emission between ~ 400 ï 500 nm. A 

diode laser of 660 nm was used to excite the Q-band of ZnPcTS, and subsequently generate 
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SO. A comparison of the ZnPcTS in solution and within the gel would confirm whether 

aggregation had a considerable effect upon the SO generating ability, along with how the 

presence of base influences SO generation. Figure 2.10 shows overlaid fluorescence spectra 

of ABMA over fifteen minutes of irradiation in the presence of ZnPcTS (10 ɛM) in water and 

with 4 eq. NaOH. To quantify the ABMA decay, the intensity of the emission peak  

at ~ 430 nm was tracked over the fifteen minutes to yield values corresponding to percentage 

of ABMA decayed. Plotting the relative intensities of this ABMA emission peak over time 

yields information relating to the rate of SO generation along with the associated kinetics. 

Figure 2.11A displays ABMA decay plots of ZnPcTS (10 ɛM), one with 4 eq. NaOH (blue 

line) and one with no NaOH in water (red line). The SO generation of ZnPcTS both with and 

without base in aqueous media is modest, with roughly a 10% decrease in ABMA intensity 

after 15 minutes. A control ABMA plot without any ZnPcTS is also shown in Fig. 2.11A, as 

there is a small inherent decay of ABMA fluorescence over time. Again, this poor SO 

generation rate is largely a consequence of the significant aggregation in the aqueous solvent. 

 

Figure 2.10. A total of sixteen ABMA fluorescence emission spectra in which the intensity of ~ 430 nm 

maximum can be seen to decrease under irradiation with a red laser in the presence of ZnPcTS 

(10 ÕM) and 4 eq. NaOH in aqueous solution. ɚirr = 660 nm, Pirr = 50 mW. ɚexc = 380 nm. 
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Figure 2.11A also shows ABMA decay plots of ZnPcTS_0EqBase@Gel and 

ZnPcTS_4EqBase@Gel dispersed in water. An enhancement in SO-generating ability is 

clearly seen for both gels tested, Fig. 2.12 shows the fluorescence emission decay of ABMA 

for the measurements with ZnPcTS_4EqBase@Gel, where a clear qualitative difference can 

be seen in comparison with Fig. 2.10. Fitting pseudo first order kinetics results in a rate 

enhancement (with respect to aqueous solution) of 17x and 9x for ZnPcTS_4EqBase@Gel 

and ZnPcTS_0EqBase@Gel, respectively. Whilst encapsulation in the 1.2Br gel clearly 

enhances SO generation, a disparity between ZnPcTS_4EqBase@Gel and 

ZnPcTS_0EqBase@Gel exists. Increased aggregation of ZnPcTS within the gel containing 

no NaOH, along with a potential influence of the heavy atom effect may be contributing to this 

difference. This disparity is explained by the observed reduced fluorescence of 

ZnPcTS_4EqBase@Gel compared with ZnPcTS_0EqBase@Gel. With the triplet excited 

state of the former being stabilised by the heavy atom effect, fluorescence should decrease as 

a result in more intersystem crossing, which we observe as enhanced SO generation. To further 

evaluate the effect of NaOH, similar measurements were obtained for ZnPcTS@Gels 

containing 1, 2, and 3 equivalents of NaOH. Fig. 2.11B shows the ABMA decay curves for 

ZnPcTS@Gels with 0 to 4 equivalents of base. Largely within error, the 

ZnPcTS_1,2,3EqBase@Gels yield ABMA decay curves that lie in between that of 

ZnPcTS_0EqBase@Gel and ZnPcTS_4EqBase@Gel, indicating that increasing NaOH 

content induces an increase in SO generation through the gradual increase in amount of non-

aggregated phthalocyanine species. 
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Figure 2.11. (A) ABMA decay plot without ZnPcTS (grey line), ZnPcTS (10 ÕM) with no NaOH (red 

line) in aqueous solution, ZnPcTS (10 ÕM) with 4 eq. NaOH (blue line) in aqueous solution, 

ZnPcTS_0EqBase@Gel (orange) and ZnPcTS_4EqBase@Gel (green) (B) ABMA decay plot of 

ZnPcTS_0EqBase@Gel (orange), ZnPcTS_1EqBase@Gel (cyan), ZnPcTS_2EqBase@Gel (dark 

blue), ZnPcTS_3EqBase@Gel (magenta), and ZnPcTS_4EqBase@Gel (green). In all gel samples, 

final [ZnPcTS] = 2 ÕM. ɚexc = 380 nm. 
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Figure 2.12. Sixteen ABMA fluorescence emission spectra in which the intensity of ~ 430 nm maximum 

can be seen to decrease under irradiation with a red laser in the presence of ZnPcTS_4EqBase@Gel 

(2 ÕM) dispersed in water. ɚirr = 660 nm, Pirr = 50 mW. ɚexc = 380 nm. 

CTAB was shown to decrease ZnPcTS aggregation at a concentration of 1 ÕM in aqueous 

solution. This is corroborated by the SO generation of ZnPcTS in said system (Fig. 2.13). 

Whilst the effect is relatively small, an increase in SO generation over fifteen minutes is 

observed. Similarly to the fluorescence quenching of ZnPcTS by CTAB, the fluorescence of 

ABMA is also completely quenched by the addition of 10 ÕM CTAB, prohibiting SO 

generation measurements with this probe. 
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Figure 2.13. ABMA decay plots for ZnPcTS (40 ÕM) in water (red) and ZnPcTS (40 ÕM) in water 

with 1 ÕM CTAB (blue). 

2.3.4. Further additives and conditions study 

To further understand the role of base in providing enhanced SO generation, identical gel 

systems containing caesium hydroxide were prepared. CsOH is a basic compound with a pKa 

value of 15.76, making it fractionally more basic than NaOH which has a pKa of 15.70 although 

this difference is not likely to have a significant effect upon the gel system. More importantly, 

Cs+ cations are significantly larger (167 pm) than Na+ cations (116 pm).30 The influence of 

potential adherence of these differently sized cations to the phthalocyanineôs deprotonated 

anionic sulfonate groups could influence aggregation state, resulting in increased SO 

generation.  

Figure 2.14 displays the absorption and fluorescence emission spectra for 

ZnPcTS_4EqCsOH@Gel at a concentration of 100 ÕM. The Q-band shape for ZnPcTS in 

this system is indistinguishable from that of ZnPcTS_4EqNaOH@Gel, indicating that the 

aggregation state of ZnPcTS is not influenced by the presence of the larger Cs+ cations. The 

fluorescence emission peak also lies at the same wavelength, indicating that the hydroxide ions 

have the predominant effect upon aggregation as a result of deprotonation of the 

phthalocyanine.  
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Figure 2.14. UV-Visible absorption (black solid line, [ZnPcTS] = 100 ÕM) and fluorescence emission 

(red dotted line, [ZnPcTS] = 10 ÕM) spectra of ZnPcTS_4EqCsOH@Gel. ɚexc = 625 nm and 

ɚfilter = 645 nm for the fluorescence measurement. 

The similarities of ZnPcTS_4EqCsOH@Gel to ZnPcTS_4EqNaOH@Gel are not solely 

limited to absorption and fluorescence characteristics. Figure 2.15 shows the ABMA decay 

plot for ZnPcTS_4EqCsOH@Gel compared with that of ZnPcTS_4EqNaOH@Gel. When 

overlain, the two gels show a remarkably similar rate of SO generation. This provides further 

evidence that the choice of base cation has no effect upon the aggregation state of ZnPcTS as 

part of the 1.2Br gel.  
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Figure 2.15. ABMA decay plots of ZnPcTS_4EqCsOH@Gel (red) as compared with 

ZnPcTS_0EqNaOH@Gel (orange) and ZnPcTS_4EqNaOH@Gel (green) and an ABMA control 

(black). In all gel samples, final [ZnPcTS] = 2 ÕM. ɚirr = 660 nm, Pirr = 50 mW. ɚexc = 380 nm. 

The inverse experiment to changing the cation can be carried out by adding a non-basic sodium 

salt. Given the results relating to CsOH, the addition of NaCl should have a different effect on 

the photophysical characteristics of ZnPcTS when incorporated into the gel compared with 

that of ZnPcTS in the presence of base (CsOH, NaOH). Fig. 2.16A shows absorption spectra 

of ZnPcTS_4EqNaCl@Gel, ZnPcTS_0EqNaOH@Gel, and ZnPcTS_4EqNaOH@Gel, 

where a typical aggregated phthalocyanine Q-band shape can be seen in each spectrum. As 

expected, ZnPcTS appears more aggregated in the presence of NaCl rather than NaOH owing 

to less thorough deprotonation with the former. Interestingly, the absorption profile of ZnPcTS 

is changed by the presence of NaCl when compared with ZnPcTS_0EqNaOH@Gel. The 

absorption spectrum of ZnPcTS_4EqNaCl@Gel appears to be an intermediate shape between 

that of 0 equivalents of NaOH and 4 equivalents of NaOH. This suggests that the chloride 

anions may be influencing aggregation. A possibility is that chloride anions are displacing the 

bromide counterions (from 1.2Br) between the cationic layers wherein the ZnPcTS resides. 

This displacement may have an effect upon fibre structure at the microscale resulting in altered 

aggregation. Figure 2.16B shows a comparison of the fluorescence emission spectra of 
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ZnPcTS_4EqNaCl@Gel with ZnPcTS_4EqNaOH@Gel, where a small bathochromic shift 

can be seen in the former. 

 

Figure 2.16. (A) Absorption spectra of ZnPcTS_4EqNaCl (black), ZnPcTS_0EqNaOH@Gel (blue), 

and ZnPcTS_4EqNaOH (red). [ZnPcTS] = 100 ÕM for all three spectra. (B) Fluorescence emission 

spectra of ZnPcTS_4EqNaCl@Gel (black) and ZnPcTS_4EqNaOH (red). [ZnPcTS] = 10 ÕM for 

both fluorescence spectra. ɚexc = 625 nm and ɚfilter = 645 nm for these fluorescence measurements. 

Figure 2.17 shows ABMA decay plots of ZnPcTS_4EqNaCl@Gel, 

ZnPcTS_0EqNaOH@Gel, and ZnPcTS_4EqNaOH@Gel. The SO generation rate of 

ZnPcTS_4EqNaCl@Gel lies roughly in between that of ZnPcTS_0EqNaOH@Gel and 

ZnPcTS_4EqNaOH@Gel, but closer to ZnPcTS_0EqNaOH@Gel. This trend corroborates 

the finding that the absorption profile of ZnPcTS_4EqNaCl@Gel represents an intermediate 

degree of aggregation between that of ZnPcTS_0EqNaOH@Gel and 

ZnPcTS_4EqNaOH@Gel. 
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Figure 2.17. ABMA decay plots of ZnPcTS_4EqNaCl@Gel (dark blue) as compared with 

ZnPcTS_0EqNaOH@Gel (orange) and ZnPcTS_4EqNaOH@Gel (green) and an ABMA control 

(black). In all gel samples, final [ZnPcTS] = 2 ÕM. ɚirr = 660 nm, Pirr = 50 mW. ɚexc = 380 nm. 

As a general procedure, the addition of gel to the aqueous ABMA solutions was done through 

injecting through a needle and dispersing. This was viewed as the optimal method to ensure 

that the greatest possible amount of gel surface area was exposed to ABMA. The lifetime of 

SO in solution is very short, so there is little time for the generated SO to diffuse through the 

solution or indeed out of the gel.31 To test this, an experiment was conducted whereby an equal 

volume (compared with the dispersed solutions) of solid ZnPcTS@Gel was formed at the 

bottom of a cuvette. An ABMA solution was then added on top of this gel before the SO 

measurements were carried out as described before. As the same amount of ZnPcTS was 

present overall, any change in SO generation characteristics must be a result of the solid gel 

formulation. Fig. 2.18 displays a visual representation of this setup. 
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Figure 2.18. Visual representation of the dispersed gel used in the previous measurements (left) and 

the solid gel configuration (right). 

Figure 2.19 displays the ABMA decay plots for both ZnPcTS_4EqNaOH@Gel dispersed 

into solution and ZnPcTS_4EqNaOH@Gel formed as a solid section of gel at the bottom of 

the fluorescence cuvette. It is immediately clear that gel dispersal is essential to result in any 

appreciable amount of ABMA decay. Two factors could be influencing this. As mentioned, the 

dispersed gel has a greater surface area of gel in contact with the ABMA in solution, meaning 

that generated SO can react with ABMA before decaying more often than with the solid gel. 

In the solid gel example, it is possible that SO is being formed throughout the gel. Given the 

low lifetimes of singlet oxygen in the liquid phase (in the microsecond to nanosecond scale), 

only the surface of the gel in contact with the ABMA solution has any chance of having its 

generated SO react with the ABMA before decaying. However, it could be that the solid gel 

acts as a block on the laser beam, meaning that the bulk of the gel is not able to generate SO. 

It is likely that both effects combine to yield a poor photosensitizer system. This difference in 

SO generation rate has ramifications for potential applications and in vitro/ in vivo experiments 

in aPDT. For the system to work effectively, having a single block of gel in contact with either 

a bacterial solution or bacteria in general may not result in a significant antibacterial effect. 

Given our soft material scaffold for the photosensitizer, however, this may not be a terminal 

problem as the breaking up of the supramolecular system is easily carried out (e.g. rubbing 

onto a wound). It is unknown why there is an increase in ABMA intensity in the case of the 

solid gel. Though samples were left to equilibrate before measurement, further equilibration 

may have been required for the solid gel sample. This observed effect still supports the 

conclusion that negligible ABMA decay is seen with this sample. 
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Figure 2.19. ABMA decay plots of ZnPcTS_4EqNaOH@Gel (dispersed) (green) and 

ZnPcTS_4EqNaOH@Gel (solid) (red). In all gel samples, final [ZnPcTS] = 2 ÕM. ɚirr = 660 nm, 

Pirr = 50 mW. ɚexc = 380 nm. 

2.4. Zinc(II) tetrakis(methylsulfonyl)phthalocyanine 
ZnPcSO2Me is a water-insoluble phthalocyanine that has been synthesized by Dumoulin et al. 

for use in aPDT.32 Being structurally similar to ZnPcTS, it can be used to investigate how 

slightly altering the peripheral units might affect photophysical properties. 

 

ZnPcSO2Me 

ZnPcSO2Me can be prepared through the heating of sulfanatomethyl phthalonitrile with a zinc 

salt in DMF. The phthalocyanineôs absorption characteristics in DMSO at a concentration of 
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10 ÕM are typical of a non-aggregated phthalocyanine, with a Q-band consisting of an intense 

peak at ~ 680 nm and a shoulder at ~ 620 nm. Its fluorescence emission is slightly red shifted 

with respect to the unsubstituted zinc(II) phthalocyanine (ZnPc). ZnPcSO2Me has been shown 

to display highly effective antibacterial behaviour when irradiated with 600 ï 700 nm red light, 

with a greater effect on gram-positive staphylococcus aureus than on gram-negative E-coli. 

2.4.1. ZnPcSO2Me solution characterisation 

Given the hydrophobic nature of ZnPcSO2Me, photophysical characterisation in neat aqueous 

solution was not possible as a consequence of the phthalocyanineôs insolubility in such a 

solvent. A solvent system of 1:1 water-ethanol (as seen within the gel), shows that the 

phthalocyanine is heavily aggregated as seen in Fig. 2.20. The main peak in the Q-band lies at 

635 nm, indicating the presence of dimers and higher order aggregates. In addition to this, the 

poor baselines of the spectra, caused by Rayleigh scattering (where light interacts with particles 

or molecules that are much smaller than the wavelength of the incident light), indicate that full 

dissolution is not achieved in this solvent system. 

 

Figure 2.20. UV-Visible absorption spectrum of ZnPcSO2Me in 1:1 water-ethanol at a concentration 

of 10 ÕM (black), 20 ÕM (red), 40 ÕM (blue), 60 ÕM (green), 80 ÕM (lilac). 
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Upon altering the water-ethanol ratio to 5:95, the absorption profile changes in a manner that 

suggests aggregation is reduced. Figure 2.21 suggests also that full ZnPcSO2Me is not 

achieved at this ethanol content, with significant Rayleigh scattering resulting in a poor 

baseline. 

 

Figure 2.21. UV-Visible absorption spectrum of ZnPcSO2Me in 5:95 water-ethanol at a concentration 

of 80 ÕM. 

The fluorescence emission (Fig. 2.22) of ZnPcSO2Me in both 1:1 and 5:95 water-ethanol 

displays a typical phthalocyanine emission spectrum with an emission maximum present 

at ~ 681 nm and 679 nm for the former and latter respectively when excited at 630 nm. 
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Figure 2.22. Fluorescence emission of ZnPcSO2Me in 1:1 water-ethanol (red) and 5:95 water-ethanol 

(blue) with [ZnPcSO2Me] = 80 ÕM for both measurements. ɚexc = 625 nm and ɚfilter = 645 nm for both 

fluorescence measurements. 

2.4.2. ZnPcSO2Me gel preparation and characterisation 

A significant difference relating to gel experiments involving ZnPcSO2Me was that the 

phthalocyanine had to be part of the ethanolic phase along with the 1.2Br gelator prior to gel 

formation. Other than this, there were no differences in macroscopic gel formation or gelation 

time. Absorption spectroscopy of ZnPcSO2Me@Gel is shown in Fig. 2.23 and contrasts 

strongly ZnPcSO2Me in the aqueous solution phase. The aggregation of ZnPcSO2Me seen in 

1:1 water-ethanol solution appears to be severely curtailed when incorporated into  

a 1:1 water-ethanol 1.2Br gel. This reduction of aggregation somewhat matches that seen in 

the case of ZnPcTS.  
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Figure 2.23. UV-Visible absorption spectrum of ZnPcSO2Me@Gel with [ZnPcSO2Me] = 100 ÕM, 

[1.2Br] = 12 mM, 1:1 water-ethanol. 

The position of the fluorescence emission of ZnPcSO2Me is largely unchanged within the gel 

when compared with the phthalocyanine in 1:1 water-ethanol (Fig. 2.24). The emission peak 

is slightly hypsochromically shifted by ~ 3 nm.  
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Figure 2.24. Fluorescence emission of ZnPcSO2Me@Gel with [ZnPcSO2Me] = 100 ÕM. 

ɚexc = 625 nm and ɚfilter = 645 nm for this fluorescence measurement. 

2.4.3. ZnPcSO2Me singlet oxygen generation 

For the following SO measurements, a different irradiation source was used. This new laser 

possessed a power of 5 mW and emission wavelength of 635 nm. This is ~ 10x weaker than 

the laser used in the previous study with ZnPcTS, meaning results are not immediately 

comparable. In addition, the time taken to observe significant ABMA degradation was 

considerably longer. Here, ABMA fluorescence measurements were taken every fifteen 

minutes for a total of 2 hours in order to see substantial ABMA decay. 

Firstly, solution phase studies on the SO generation of ZnPcSO2Me were carried out.  

Figure 2.25 displays ABMA decay plots of ZnPcSO2Me in 1:1 water-ethanol (blue) and  

in 5:95 water-ethanol (green). ZnPcSO2Me in 5:95 water-ethanol does not exhibit 

considerably greater SO generation than ZnPcSO2Me in 1:1 water-ethanol, meaning the lesser 

amount of aggregation in the latter does not translate into increased SO generation at least on 

the timescales explored in this study.  

As seen in the photophysical studies, ZnPcSO2Me is much less aggregated when incorporated 

into the 1.2Br gel compared to when solvated in 1:1 water-ethanol. This claim is further 
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corroborated by SO generation measurements of ZnPcSO2Me@Gel, where the rate of SO 

generation is enhanced significantly (Fig. 2.25). ZnPcSO2Me@Gel also displayed a greater 

amount of SO generation than ZnPcTS_0EqNaOH@Gel in similar conditions. This disparity 

can be explained by the much greater non-aggregation of ZnPcSO2Me within the gel when 

compared to that of ZnPcTS in the same conditions. 

 

Figure 2.25. ABMA decay plots of ZnPcSO2Me in 1:1 water-ethanol (blue), ZnPcSO2Me in  

5:95 water-ethanol (green), ZnPcSO2Me@Gel (black), and ZnPcTS_0EqNaOH@Gel (red). In all 

solutions and gels, final [ZnPcSO2Me] = 2 ÕM. ɚirr = 635 nm, Pirr = 5 mW. ɚexc = 380 nm. 

2.5. Conclusion 
In summary, aggregation of ZnPcTS in aqueous solution has been shown to considerably 

quench SO generation. In a mixed water-ethanol solvent system, the water-soluble 

phthalocyanine predominantly exists in its unaggregated form. The creation of a water-ethanol 

microenvironment within an excess of water through dispersion of a water-ethanol 1.2Br gel 

has allowed the photosensitizer to retain its non-aggregated form and subsequently possess the 

ability to generate a significantly increased amount of SO compared with the same 

phthalocyanine in aqueous solution. The presence of base has also been shown to affect 
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ZnPcTS aggregation both in aqueous solution and as part of the gel by limiting aggregation. 

Also, a similar enhancement in the rate of SO generation was seen with a hydrophobic zinc 

phthalocyanine ZnPcSO2Me. Incorporation of ZnPcSO2Me into the 1.2Br gel resulted in 

significant disaggregation with respect to ZnPcSO2Me in solution, as seen with absorption 

spectroscopy. This lowered aggregation manifested itself as considerably enhanced SO 

generation. ZnPcSO2Me displayed a higher rate of SO generation in 1.2Br when compared 

with ZnPcTS in the same gel system. This disparity is also a consequence of the reduced 

aggregation of the former. This study demonstrates the effectiveness of supramolecular 

encapsulation in soft materials for realising the potential of photosensitizers that are highly 

susceptible to aggregation in aqueous environments. 

2.6. Experimental  
Imidazole (Ó99%), 1-bromooctane (99%), 1,3-bis(bromomethyl) benzene (97%),  

1,3-bis(chloromethyl) benzene Ó98.0% was purchased from Sigma Aldrich. Zinc 

phthalocyanine tetrasulfonic acid (ZnPcTS) was purchased from PorphyChem. Zinc 

tetrasulfonatomethyl phthalocyanine (ZnPcSO2Me) was provided by Acēbadem Mehmet Ali 

Aydēnlar ¦niversitesi (collaboration). The other commonly used reagents purchased from a 

range of different suppliers and used without any further purification. Preparation of the 

dicationic amphiphile gelator (1.2Br) was carried out through an established synthetic 

procedure.29 Chromatography purifications were performed using Sigma-Aldrich Silica Gel 

(pore size 60¡, particle size 40 ï 63 ɛm) and thin-layer chromatography (TLC) was carried out 

on E. Merck silica gel plates irradiated using 365 nm UV light. NMR spectra were acquired on 

a Bruker AV400 spectrometer and NMR spectra were recorded at room temperature. All 

chemical shifts are reported in ŭ parts per million (ppm), using the solvent residual signal as an 

internal standard and the coupling constant values (J) are reported in Hertz (Hz). The following 

abbreviations are used for signal multiplicities: s, singlet; d, doublet; t, triplet; m, multiplet; 

and b, broad.  

2.6.1. General procedures 

Unless explicitly stated otherwise, gels were prepared at a 1:1 water-ethanol ratio with a final 

gelator concentration of 12 mM. A total of five aqueous ZnPcTS 2.4 mM stock solutions 

(containing 0, 1, 2, 3, 4 equivalents of NaOH relative to the concentration of ZnPcTS) were 

prepared to achieve the desired concentration in the gel. Similar stock solutions were made for 

ZnPcTS containing 4 equivalents of CsOH or NaCl. For the 1.2Br gels, an equal volume of 

24 mM gelator solution in absolute ethanol was added to the diluted ZnPcTS solution in MilliQ 
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water (including NaOH where noted) via micropipette and mixed vigorously and rapidly. This 

preparation led to robust gels which were stable over the timescale of months at room 

temperature (approximately 18-25 ÁC). For experiments involving ZnPcSO2Me, the 

phthalocyanine stock solution had to be made up in an ethanolic solution and mixed with the 

ethanolic 1.2Br solution prior to gel formation. 

The rheological assessment of gel samples was performed in a HAAKE RheoStress 1 

rheometer (Thermo Scientific) according to a literature procedure.30 Briefly, a sensor with  

60 mm diameter (PP60) was used with a 3 mm gap between plates and the characterisation was 

performed at 36 Ñ 1 ÁC. For the oscillatory amplitude sweep test, the amplitude of deformation 

(shear stress) was varied (0-100 Pa) while the frequency was kept constant at 1 Hz; while for 

the frequency sweep test, the shear frequency was varied (10.00 ï 0.01 Hz) and the amplitude 

of the shear stress was set at 0.50 Pa. Rheological analysis for this Chapter was carried out by 

D. Lim·n at Universitat de Barcelona. UV-Visible absorption spectroscopy measurements 

were taken with quartz cuvettes of path length 10 mm or 1 mm in a Cary UV-Visible NIR 

Spectrometer. Absorption measurements of gel samples containing ZnPcTS had to contain the 

photosensitizer at a higher concentration than samples used in the SO studies to be able to see 

through the heavy scattering brought about by the gel. Fluorescence emission of gel (1 mm 

cuvette) and solutions (10 mm cuvette) was characterized using a FLS 980 spectrometer 

(Edinburgh Instruments) equipped with a front face sample holder. For gel fluorescence 

measurements, the use of long pass filters and front face geometry allow to remove the effect 

of scattering (the beam hits the cuvette surface and enters the detector). Fourier-transform 

infrared spectroscopy (FT-IR) was carried out on a Bruker Tensor 27 instrument equipped with 

a Pike GladiATR attachment with a diamond crystal and was performed in dried gel samples. 

SEM images were acquired with a JEOL 7100F FEG-SEM system on samples cast on 

aluminium stubs, dried under vacuum and coated with a 5-nm-thick layer of iridium. Image 

acquisition was performed using a working distance of 6 mm and 10 kV accelerating voltage. 

SO generation rate of ZnPcTS photosensitizer systems were measured by monitoring the 

fluorescence decrease of ABMA in water with the presence of ZnPcTS and 

ZnPcTS_nEqBase@Gels upon irradiation with a 50 mW 660 nm laser. The sample in a  

10 mm quartz cuvette was irradiated for 1 minute intervals using the diode laser. The ABMA 

fluorescence was characterized using a FLS 980 spectrometer. Quantitative ABMA decay 

analysis was done by comparing the fluorescence intensity Ὅ═║╜═ with the initial ABMA 
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concentration Ὅ═║╜═ according to Equation 2.1. For each sample, two experiments were 

carried out and the mean calculated, and range plotted as y-axis error bars. 

╔▲Ȣ Ȣ           Ϸ ═║╜═ ὈὩὧὥώ ὸ
Ὅ═║╜═

Ὅ═║╜═
 

In a typical SO experiment, a 0.5 mL sample of gel containing the ZnPcTS at a concentration 

of 10 ɛM was prepared in a syringe which, upon gelation, was dispersed into to 2 mL of a  

146 ɛM ABMA solution to yield a suspension with final working concentrations of 2 ÕM 

(ZnPcTS), 117 ÕM (ABMA) and a final ethanol content of 10% in 2.5 mL sample volume. 

Two SO generation experiments were carried out and the average emission decay of ABMA 

plotted as a function of irradiation time. All ABMA decay plots were fit to pseudo first order 

kinetics (Equation 2.2) to determine rate constants. 

╔▲Ȣ Ȣ           ὃ ὃ Ὡz  

In the SO measurements of the neutral ZnPcSO2Me, a 5 mW 635 nm laser was used. In a 

typical SO experiment, a 0.5 mL sample of gel containing the ZnPcSO2Me at a concentration 

of 10 ɛM was prepared in a syringe which, upon gelation, was dispersed into to 2 mL of a  

146 ɛM ABMA solution to yield a suspension with  final working concentrations of 2 ÕM 

(ZnPcSO2Me), 117 ÕM (ABMA) and a final ethanol content of 10% in 2.5 mL sample volume. 

The sample in a 10 mm quartz cuvette was irradiated for 15 minute intervals using the diode 

laser. Two SO generation experiments were carried out and the average emission decay of 

ABMA plotted as a function of irradiation time.  

2.6.2. Synthetic procedures 

1-Octadecyl-1H-imidazole 

 

Acetonitrile (60 mL) and KOH (2.52 g, 44.9 mmol) were added to a flask and stirred until full 

dissolution of KOH. To this flask, imidazole (2.72 g, 40 mmol) was added and stirred at room 

temperature for 2 h. To a separate flask was added 1-bromooctadecane (13.30 g, 39.9 mmol) 

along with acetonitrile (40 mL). This separate flask was then stirred at 50 ÁC for 15 min. After 



 

62 

 

this time, the separate flask containing 1-bromooctadecane in acetonitrile was added to the 

flask containing imidazole. This combined mixture was stirred at room temperature for 24 h. 

Solvent removed in vacuo to yield a crude off-white solid. Solid was dissolved in DCM and 

filtered. Subsequent filtrate was concentrated in vacuo to yield a waxy off-white solid which 

was then purified on silica gel (9% MeOH in DCM) to yield a waxy white solid (10.22 g, 80%). 

1H NMR (400 MHz, CDCl3) ŭ/ppm 7.57 (s, 1H, Im-H (2)), 7.08 (t, J = 1.2 Hz, 1H, Im-H(5)), 

6.92 (t, J = 1.2 Hz, 1H, Im-H(4)), 3.95 (t, J = 7.2 Hz, 2H, N-CH2), 1.78 (m, 2H, N-CH2-CH2), 

1.46 ï 1.09 (m, 32H, (CH2)15), 0.89 (t, J = 7.2 Hz, 3H, CH3). 
13C NMR (101 MHz, CDCl3) 

ŭ/ppm 136.9 (Im-C(2)), 128.9 (Im-C(5)), 118.8 (Im-C(4)), 47.2 (N-CH2), 31.9 (N-CH2-CH2), 

31.1-22.7 ((CH2)15), 14.1 (CH3). IR ɡ max ATR/cm-1: 2916 (S, Asym. Aliph. C-H stretch), 

2849 (S, Sym. Aliph. C-H stretch), 1508 (M, Aliph. C-H scissor), 1462 (M, Aliph. C-H bend). 

1,3-Bis[(3-octadecyl-1-imidazolio)methyl]benzene di-bromide (1.2Br) 

 

1-Octadecyl-1H-imidazole (2.26 g, 7.05 mmol) was added to acetonitrile (60 mL) and stirred 

at room temperature for 10 min. The compound 1,3-bis(bromomethyl) benzene 

(0.93 g, 3.52 mmol) was then added and mixture gently stirred at 80 ÁC for 19 h. Solvent was 

removed in vacuo and resulting off-white powder was dissolved in DCM and precipitated with 

diethyl ether to yield a white solid (2.52 g, 79 %) characterized as 1.2Br. 1H NMR (400 MHz, 

CDCl3) ŭ/ppm 10.39 (s, 2H, Im-H(2)), 8.11 (t, 2H, Im-H(5)),  8.07 (s, 1H, Ar-H(2)),  7.58 (dd, 

J = 7.7 Hz, J = 1.7 Hz, 2H, Ar-H(4,6)), 7.24 (d, 2H, Im-H(4)), 7.20 (t, J = 7.7 Hz, 1H, Ar-

H(5)), 5.63 (s, 4H, CH2), 4.28 (t, J = 7.5 Hz, 4H, N-CH2), 1.90 (p, J = 7.5 Hz, 4H, N-CH2-

CH2), 1.33-1.24 (m, 60H, (CH2)15), 0.89 (t, 6H, CH3). 
13C NMR (101 MHz, CDCl3) ŭ/ppm 

136.8 (Im-C(2)), 134.6 (Ar-C(1,3)), 130.4 (Ar-C(2)), 129.9 (Ar-C(4, 5, 6)), 123.5 (Im-C(5)), 

121.7 (Im-C(4)), 52.5 (CH2), 50.3 (N-CH2), 31.9- 22.7 ((CH2)15), 14.1 (CH3). IR ɡ max 

ATR/cm-1: 2916 (S, Asym. Aliph. C-H stretch), 2849 (S, Sym. Aliph. C-H stretch), 1562 (M, 

Aliph. C-H scissor), 1469 (M, Aliph. C-H bend). 
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1,3-Bis[(3-octadecyl-1-imidazolio)methyl]benzene di-chloride (1.2Cl) 

 

1-Octadecyl-1H-imidazole (3.22 g, 10.0 mmol) added to acetonitrile (70 mL) and stirred at 

room temperature for 10 min. The compound 1,3-bis(chloromethyl) benzene  

(0.88 g, 5.00 mmol) was then added and mixture gently stirred at 80 ÁC for 18 h. Solvent 

removed in vacuo and the resulting off-white powder was dissolved in DCM and precipitated 

with diethyl ether to yield a white solid (3.23 g, 80 %) characterized as 1.2Cl. 

1H NMR (400 MHz, CDCl3) ŭ/ppm 10.52 (s, 2H, Im-H(2)), 8.09 (t, 2H, Im-H(5)),  8.05 (s, 1H, 

Ar-H(2)),  7.54 (dd, J = 7.7 Hz, J = 1.7 Hz, 2H, Ar-H(4,6)), 7.24 (d, 2H, Im-H(4)), 7.21 (t, J = 

7.7 Hz, 1H, Ar-H(5)), 5.61 (s, 4H, CH2), 4.27 (t, J = 7.5 Hz, 4H, N-CH2), 1.90 (p, J = 7.5 Hz, 

4H, N-CH2-CH2), 1.35-1.21 (m, 60H, (CH2)15), 0.89 (t, J = 4.0 Hz, 6H, CH3). 
13C NMR (101 

MHz, CDCl3) ŭ/ppm 137.2 (Im-C(2)), 134.7 (Ar-C(1,3)), 130.5 (Ar-C(2)), 129.9 (Ar-C(4, 5, 

6)), 123.4 (Im-C(5)), 121.5 (Im-C(4)), 52.7 (CH2), 50.3 (N-CH2), 31.9-22.7 ((CH2)15), 14.1 

(CH3). IR ɡ max ATR/cm-1: 2918 (S, Asym. Aliph. C-H stretch), 2849 (S, Sym. Aliph. C-H 

stretch), 1562 (M, Aliph. C-H scissor), 1470 (M, Aliph. C-H bend). 
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Investigation into confined molecular 

diffusion of fluorophores along gel fibres 
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3.1. Background 
Total internal reflection fluorescence (TIRF) microscopy is a type of fluorescence microscopy 

developed in the early years of the 1980ôs.1,2 TIRF microscopy is widely used in bioimaging 

as a result of its intrinsically high signal-to-noise ratio along with its ability to excite a relatively 

thin section of a given sample. TIRF microscopy differs from conventional epifluorescence 

microscopy techniques, where excitation light is shone straight through a sample. In 

epifluorescence mode, excitation of the entirety of the sample often leads to a low  

signal-to-noise ratio as fluorescence emission arises from each point in the sample which can 

dramatically lower contrast.3 TIRF relies on total internal reflection, an optical phenomenon 

that occurs when light propagating in a material with refractive index (RI) of n1 hits a material 

with a different RI (n2) at or above the critical angle (ɗc) (Eq. 3.1) as governed by Snellôs Law. 

                   Equation 3.1                    ʃ  ÁÒÃÓÉÎ  

Within a TIRF microscope, incident excitation light is passed through immersion oil and onto 

a cover slip. Upon total internal reflection, an evanescent wave propagates perpendicular to the 

coverslip and into the sample. As the evanescent wave is exponentially decaying, the wave 

only penetrates into a thin subsection of the sample before completely dissipating. This type of 

excitation results in surface selectivity for fluorophores close to the interface between sample 

and coverslip as shown in Fig. 3.1. The penetration depth of the evanescent wave (usually 

between 35 ï 300 nm) is dependent on the wavelength of light, respective RIôs of the immersion 

oil and coverslip, and the angle at which the excitation light is incident upon the coverslip. The 

penetration depth (d) for light of wavelength ɚexc incident upon a coverslip with RI n2 at an 

angle ɗ can be calculated mathematically by use of Eq. 3.2.4 

                   Equation 3.2                    Ὠ   
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Figure 3.1. Diagram of a typical TIRF microscope set-up. Excitation light of wavelength ɚexc is directed 

at angle ɗ (where ɗ > ɗc) to the coverslip and undergoes total internal reflection. An evanescent wave 

propagates perpendicular to the normal to a penetration depth of length d. Fluorophores localized 

within distance d to the coverslip undergo fluorescence emission whilst those above distance d remain 

in the ground state. 

In addition to bioimaging, where TIRF finds its predominant usage, TIRF microscopy has been 

employed to characterize supramolecular fibrous systems. A supramolecular structure was 

developed by Magana et al. where cationic cyanine derivatives, fluorescent in their monomer 

form, form polyaminated fibres which act as supramolecular scaffolds for silicic acid 

condensation when undergoing self-assembly in water.5 In this polyaminated form, the 

fluorescence of the cyanine dyes is quenched, though silicic acid condensation leads to partial 

recovery of the cyanine fluorescence. TIRF microscopy assisted in monitoring this 

condensation through the gradual increase in fluorescence intensity over time to reveal a range 

of fibrous structures. A further example of TIRF-aided characterisation of fibrous systems was 

in a polycaprolactone-coated polysulfone/poly(ether sulfone) material developed by Xue et al.6 

When fluorescent oxygen-sensitive porphyrinoid derivatives were incorporated into the 

nanofibres of such a system (formed through electrospinning), imaging of these composite 

fibres was carried out. The modulation of fluorescence brought about by changing of oxygen 

content in the system was seen in individual fibres under TIRF conditions. 

TIRF microscopy has also been used to measure microscale and nanoscale diffusion of 

fluorescent compounds.7-10 Diffusion refers to the net movement over a period of time often 

through a concentration gradient. Specifically, the movement of ions is essential in energy 

generation and storage, chemical signalling, and information processing. In biological systems, 
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the preeminent case of ionic diffusion concerns the movement of cations and anions through 

ion channels, which govern cell signalling, dictate action potential, and are therefore critical 

for a vast number of biological functions.11-13 In synthetic systems, the harnessing of ionic 

diffusion has been undertaken to advance photovoltaic and energy storage devices.14-17 The 

development of synthetic materials that provide channels through which anions can permeate 

has been notable in the improvement of microbial fuel cells, with novel anion exchange 

membrane configurations enabling high power densities.18,19 Ionic conductivity is also 

important in polymer hydrogels that are used in a number of materials.20 The complete 

understanding of different types of ion diffusion in these and other systems is still being 

understood from a fundamental level.21 In natural and synthetic systems, diffusion can be 

investigated by mean-square displacement analysis and consequently can lead to classifications 

of diffusion as directed, random (Brownian), or confined.22,23 This chapter describes results 

that may help to comprehend some of these processes at the molecular level by providing an 

essentially one-dimensional path for diffusion. 

In this chapter, a supramolecular system is described where zinc(II) phthalocyanine 

tetrasulfonic acid (ZnPcTS), a fluorescent compound containing four peripheral sulfonic acid 

groups diffuses along a pathway formed by the bis-imidazolium gelator compound  

1,3-bis[(3-octadecyl-1-imidazolio)methyl]benzene di-bromide (1.2Br), which forms fibres 

that encapsulate the fluorophore. The motion of the anionic phthalocyanine was monitored by 

TIRF microscopy at both ensemble and single molecule level. A ZnPcTS concentration  

of 10 ɛM within the gel made possible the clear imaging of fibre morphology whilst still 

allowing observation of molecular diffusion. Using a lower ZnPcTS concentration of 0.1 ɛM 

allowed for the monitoring of individual phthalocyanines shuttling along gel fibres. 

Furthermore, tracking analysis was used to quantify movement in terms of average velocity 

and diffusion coefficients. Modulation of excitation laser intensity was performed to 

investigate the relationship between irradiance and average fluorophore speed. Further 

modulation of movement behaviour was induced by the presence of two acids within  

the gel: camphorsulfonic acid (CSA) and 4-toluenesulfonic acid (PTSA). This chemical 

modulation influenced both the movement characteristics and encapsulation of the 

phthalocyanine fluorophores. 

3.2. Zinc(II) phthalocyanine tetrasulfonic acid (ZnPcTS) 
As discussed in chapter 2, zinc(II) phthalocyanine tetrasulfonic acid is a water-soluble 

fluorophore. In this work it has been discovered that, in aqueous solution, aggregation of this 
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fluorophore leads to quenched fluorescence. Incorporation into a 1.2Br gel to an extent limits 

this aggregation resulting in greater fluorescence emission, presumably by blocking dimer 

formation within the dimensions of the fibres. The sulfonic acid groups present at the peripheral 

positions of ZnPcTS render the compound soluble in aqueous media because of ionisation. 

The ionisation provides the driving force for ZnPcTS to be encapsulated within the cationic 

gel fibres (Fig. 3.2). 

 

Figure 3.2. Representation of 1.2Br gelator scaffold and the position of the fluorophore ZnPcTS. 

ZnPcTS is electrostatically confined between cationic imidazolium heads. Note: Bromide charges are 

illustrative and therefore to not match the cationic charge. 

To understand the nature of the anionic ZnPcTS when incorporated into the cationic gel fibres, 

the newly formed material was characterized spectroscopically. Infrared spectroscopy of the 

ZnPcTS@Gel xerogels indicates that ZnPcTS exists in its deprotonated form in the gel fibres 

(Fig. 3.3). This situation might be expected, given the low pKa of ZnPcTS (-2 approximately). 

The presence of ethanol within the gel has been shown to lower the pKa of functional groups 

including sulfonic acids.24 Scanning electron microscopy (SEM) (Fig. 3.4) and atomic force 

microscopy (AFM) (Fig. 3.5) show a gel morphology that is fibrillar, and similar in general 

features to the pure gelator and other composite gels of this type.25-27  
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Figure 3.3. Magnified infrared spectra of ZnPcTS and ZnPcTS@Gel xerogels. Solid state ZnPcTS 

(black). Pristine 1.2Br xerogel (red), [1.2Br] = 12 mM, 1:1 water ethanol. ZnPcTS@Gel xerogel 

containing 4 equivalents of NaOH (blue), [1.2Br] = 12 mM, 1:1 water ethanol, [ZnPcTS] = 100 ÕM, 

[NaOH] = 400 ÕM. ZnPcTS@Gel xerogel (green), [1.2Br] = 12 mM, 1:1 water ethanol, 

[ZnPcTS] = 100 ÕM. All concentrations are the final concentrations within each dried gel. 






































































































































































































































































































