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ABBREVIATIONS 

1PA – One-Photon Absorption 
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min – minute(s) 
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mW – milliwatt  
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NIR-I – First Near-Infrared region 
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NIR-II – Second Near-Infrared region 

NLO – Non-linear Optical 

nm – nanometre(s) 

ns – nanosecond(s) 

PACT – Photodynamic Antimicrobial ChemoTherapy 

PAH – Polyaromatic Hydrocarbon 

PDT – Photodynamic Therapy 

PS – Photosensitizer  

rcf – relative centrifugal force 

Re (γ) – Real part of the cubic hyperpolarisability 

Rf – Retention factor 

ROS – Reactive Oxygen Species 

r. t. – room temperature 

1O2 – singlet oxygen 

SDGC – Sucrose Density Gradient Centrifugation 

TLC – Thin Layer Chromatography 

UV-Vis – Ultraviolet-Visible spectroscopy 

γ – cubic hyperpolarisability 

λ – wavelength 

2λ – double wavelength 

λex – excitation wavelength   

σ2 – 2PA cross-section 

τ – fluorescence lifetime  

ΦΔ = singlet oxygen quantum yield 

Φf = fluorescence quantum yield 
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Compounds and Solvents: 

 

Bz – Benzaldehyde 

DCM – Dichloromethane 

DDQ – 2,3-dichloro-5,6-dicyano-1,4-benzoquinone 

DEDA – N, N-diethylethylenediamine 

DMF – Dimethylformamide 

DMSO – Dimethyl sulfoxide   

EDC - 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

HCl – Hydrochloric acid 

HOAt – 1-hydroxy-7-azabenzotriazole 

Mes – Mesitaldehyde  

Pet. ether – Petroleum ether 

PIFA – bis(trifluoroacetoxy)iodo benzene  

TEA – Triethylamine  

TFA – Trifluoroacetic Acid 

THF – Tetrahydrofuran  

THPP – 5,10,15,20-Tetrakis (4-hydroxyphenyl)-21H,23H-porphine  

TMSA – Trimethylsilylacetylene 

T(OAc)PP – 5,10,15,20-Tetrakis (4-acetyloxyphenyl)-21H,23H-porphine 

ZnTHPP – Zinc (II) 5,10,15,20-Tetrakis (4-hydroxyphenyl)-21H,23H-porphine 
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INTRODUCTION 

This thesis presents work done in collaboration between the Advanced Materials Engineering and 

Modelling group at Politechnika Wrocławska (PWr) in Poland, and the Peirene Laboratory at the 

University of Limoges (Unilim) in France. The aim of this work is to characterise and synthesise new 

and modified photosensitizers with two-photon absorption properties that can be used within 

photodynamic therapy/photodynamic antimicrobial chemotherapy (PDT/PACT) and theranostic 

applications. 

PDT is a promising alternative for the non-invasive treatment of certain cancers, such as head, neck, 

and skin cancers,1-4 the treatment of macular degeneration,5, 6 as well as cases of oesophageal,7-9 

oral,10-13 and lung14-16 cancers. PDT has also shown promise in the treatment of warts and acne.17, 18 

PACT is a promising strategy for the killing of pathogenic bacteria, particularly antibiotic-resistant 

bacteria.19-22 PACT has also been frequently used in the disinfection of blood products.23-25 PDT and 

PACT both involve the use of a light source, a photosensitizer (PS), and a source of oxygen (Figure 1).  

 

Figure 1. Schematic representation of the mechanism of action of PDT.26 

 

The PS is excited from its ground singlet state to its excited singlet state, using a light source (i.e., 

laser, LED diodes). Once the PS is in its excited singlet state (PSEss), it can return back to its ground 

singlet state via fluorescence, or non-radiative decay, or preferentially for PDT applications it will 
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transform to its excited triplet state (PSEts) via intersystem crossing (ISC). The PSEts can either undergo 

phosphorescence back to its ground singlet state, or it can interact directly with molecular oxygen (O2), 

or in tandem with surrounding biomolecules, it can take part in the production of reactive oxygen 

species (ROS). ROS can be produced in one of two ways: Type-I via electron/hydrogen transfer to 

produce radical species, or Type-II via energy transfer to produce singlet oxygen (1O2). Type-I 

photochemistry involves reaction of the PSEts with a biomolecule (lipids, proteins, or nucleic acids) 

where hydrogen transfer occurs via the radical mechanism and ROS is generated after reaction with 

O2. Herein, we are more interested in the Type-II mechanism. Type-II photochemistry involves transfer 

of energy from the PSEts to the ground triplet state of molecular oxygen (3Σ-
g, 3O2). Oxygen in its ground 

triplet state is promoted to its short-lived excited singlet state (1Σ+
g) which rapidly relaxes to its longer-

lived excited singlet state (1Δg), known as singlet oxygen (1O2). The occupancy of the π* orbital of each 

state of oxygen27 is displayed in Figure 2. 

 

Figure 2. Oxygen π* orbital occupancy of ground triplet state (3Σ-g), short-lived excited singlet state (1Σ+g), and longer-lived 
excited singlet state (1Δg).  

 

 1O2 is a highly reactive and cytotoxic species playing an active role in the oxidative stress of cancer 

cells during PDT. 1O2
 plays various roles in biological systems, most notably it can act as an 

antibacterial/antimicrobial agent in both plants and animals.28-30 1O2 has a relatively short lifetime (3.7 

μs in H2O, extended to 67 μs in D2O),31, 32 therefore, when used in PDT, it is only effective in the area 
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where it is generated, typically within a 20 nm radius.33 Localisation of the PS should also be taken into 

consideration during in vivo and in vitro studies.  

Another important factor of PDT is the phototherapeutic window (Figure 3). Due to skin and tissue 

being able to absorb shorter wavelengths of light, and with the absorption of longer wavelengths by 

water, there lies a “window” that is optimal for phototherapeutic applications between 600 and 900 

nm.34, 35 There also exists a second near-infrared (NIR) window for in vivo imaging between 1000 and 

1350 nm, beyond the absorption of water.36 However, due to the lack of compatible PSs or other 

molecules capable of working in this wavelength range the use of this spectral range is limited.   

 

 
Figure 3. Representation of the ideal phototherapeutic window between 650 and 900 nm.37 

 

As with other technologies, PDT and its components can still be further developed for improved 

application. One such improvement of PDT is the use of two-photon absorption (2PA). 2PA is the 

process of the simultaneous absorption of two photons of lower energy at twice the excitation 

wavelength to supply the same energy as that of one photon of higher energy.38 Meaning, two lower 

energy photons at 800 nm can cause the same transition as the absorption of one higher energy 

photon at 400 nm. When combined with PDT, 2PA-PDT works in the same manner as described above, 
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but the transition energy is equal to the sum of that of two simultaneously absorbed photons of lower 

energy (Figure 4). 

 

 

Figure 4. Scheme representing 2PA-driven PDT. The S0 → Sn transition must be two-photon allowed.39 

 

 2PA was first analysed theoretically in the 1930s by Maria Göppert-Mayer, thus, the unit of two-

photon absorption cross-section has been named after her, GM (1 GM = 10-50 cm4 s).40 It wasn’t until 

1961 with the development of the laser that 2PA was observed experimentally (in CdF2:Eu2+ crystal).41 

In the 1990s, 2PA studies became more detailed and extensive due to the advancements and 

accessibility of picosecond and femtosecond (short pulse) lasers. Thus, more and more information 

has been able to be collected regarding materials that are suitable for 2PA applications.  

 2PA has many possible applications, such as optical data storage,42, 43 microfabrication,44, 45 3D 

polymerisation,46, 47 and more. 2PA can also be valuable when combined with PDT (2PA-PDT), its 

application is able to exploit several factors of the 2PA process.39, 48, 49 Due to the use of lower energy, 

NIR, light sources, 2PA-PDT should be able to reduce photothermal damage of the irradiated area of 

skin/tissue. With NIR light lying in the first phototherapeutic window of biological tissue, this promises 

deeper penetration depth,50 hopefully, leading to the treatment of deeper lying tumours as an 
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alternative to surgical or chemo/radiotherapy. The excitation beams associated with NIR-lasers 

produced 2PA absorption essentially only close to a well-defined focal point, unlike the case of 1PA 

where the absorption takes place everywhere along the path of the beam (Figure 5). There is less light 

scattering and less reduction of optical power caused by absorption from tissues in the NIR range. 

 

Figure 5. Two-photon absorption (2PA) vs. one-photon absorption (1PA) focal point of excitation beam.51 

 

One drawback of 2PA-PDT is the need for expensive laser light sources that are required to provide 

intensities on GW/cm2 scale.52 Aside from developments of affordable pico and femtosecond laser 

technology, one such way to improve the practicability of 2PA-PDT is to develop more highly efficient 

PSs with improved 2PA capabilities, i.e., by enhancing their two-photon absorption cross-sections (σ2). 

Improvements of the PS component of 2PA-PDT/PACT have been extensively studied,39 and are still 

undergoing refinement.  

The most popular choice of PS for PDT applications are typically porphyrins. A porphyrin molecule 

contains 4 pyrrolic rings joined together by a methylene bridge (Figure 6). They can either exist as a 

free-base, or they can be metallated with a range of metals. Common metals used within PDT 

applications are zinc and ruthenium.49, 53-56 
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Figure 6. Structure of a porphyrin macrocycle (left = free-base, right = metallated (M = metal)). The π-conjugation system is 
highlighted in blue. 

 

They consist of a conjugated system of 18-π electrons (the aromatic pathway is highlighted in blue).  

Porphyrin macrocycles are generally planar, but are flexible and can be easily distorted from their 

metallation, as well as substitution of bulky groups at the meso-positions (represented by the R-

groups). Tetrapyrrolic structures are commonly found in nature. Heme in haemoglobin proteins (in 

red blood cells), has a porphyrin structure that is metallated with Fe2+.57 Myoglobin participates in the 

storage and transport of oxygen in muscle tissue, and contains a similar structure to heme.58 

Additionally, porphyrin structures are related to that of chlorin and bacteriochlorin (Figure 7), which 

can also be found in nature, and they have also been extensively studied and used within PDT/PACT 

applications.35 

 

 

Figure 7. Comparison of related structures of Porphyrin, Chlorin, and Bacteriochlorin. The reduced bonds in chlorin and 
bacteriochlorin are highlighted in pink, indicated by an arrow. 
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 Porphyrin- and chlorin-core compounds have been readily used for PDT treatment of cancers. The 

most commonly used being Foscan®, Protoporphyrin IX (PpIX), Photofrin®, and Visudyne®, amongst 

others.59-61 However, they have limits for their use, particularly due to their high photosensitivity and 

small 2PA cross-sections. Foscan® is a second-generation PS and still currently used in the treatment 

of head and neck cancers.62, 63 Despite being one of the most regularly used PSs, Foscan® is readily 

attributed to high photosensitivity, often remaining in the body for up to 4 days, post-PDT treatment. 

However, this PS only requires a very low light and drug dose, 5 J cm-2 and 0.1 mg kg-1, respectively.64 

Due to the high photosensitivity (as well as its relatively low 2PA cross-section of 28 ± 8 GM, in 

dimethyl sulfoxide at 775 nm),65 the optimisation of this molecule and related compounds are of 

interest. In order to utilise these porphyrin compounds for 2PA applications, they are required to have 

at least several properties including, (1) high 2PA cross-section value, (2) high singlet oxygen quantum 

yield (ΦΔ), (3) high absorption in the phototherapeutic window, and (4) good photostability.  

Developments of porphyrins and their related chlorin and bacteriochlorin structures have been 

widely studied. Several modifications of porphyrins that have been explored include, extension of the 

π-conjugated system.40, 66, 67 It was found that an effective way to improve the 2PA properties of 

porphyrins, and related structures, is to extend the π-conjugation system. The large conjugation 

length provides ease of delocalisation of the π-electrons. Another relatively straightforward 

modification is the introduction of strong electron acceptor and/or donor groups either at the centre 

or terminal ends of a molecule.68-71 In the case of porphyrins, and related structures, this means 

introducing the electron acceptor/donor groups at their meso-position. Sometimes, for these 

compounds their solubility is often relatively low. One successful way to overcome this is via their 

encapsulation in nanoparticles,72, 73 micelles,74-76 as well as lignin and cellulose,77-80 and polymers.81-83 

Encapsulation is not only capable of enhancing their solubility, but also potentially their diagnostic 

capabilities. Where the PS isn’t highly fluorescent (a common side effect from modifying the structure 

for improved 2PA, and high singlet oxygen yield, properties) the “shell” may be fluorescent, thus this 

further extends their usefulness in joint therapy and diagnostic (theranostic) applications. Other 
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modifications to improve 2PA properties include dimerisation,84, 85 metallation,86, 87 and addition of a 

2PA antenna.88, 89 

 An even wider range of PSs can be realised with the modification/expansion of the porphyrin 

macrocycle core. Core-modifications cause changes to the electronic properties of porphyrin. A variety 

of heterocycles, and aromatic rings, can be added to expand the porphyrin core by replacing one or 

more of the pyrrole units. Heterocycles such as furan, thiophene, selenophene, and tellurophene lead 

to heteroporphyrins 1 (Figure 8).90 Replacing one pyrrole with benzene leads to benziporphyrinoids 2 

and 3.91 And the replacement with naphthalene produces aceneporphyrinoid structures, such as 

naphthiporphyrins 4 and 5.92 

 

 

Figure 8. Structures of various core-modified macrocycles: heteroporphyrins 1, benziporphyrinoids 2 and 3, 
aceneporphyrinoids such as naphthiporphyrins 4 and 5. 

 

These expanded and core-modified porphyrins have been well studied, but their non-linear 

photophysical properties have yet to be fully explored. Several studies have been completed where 
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expanded macrocycles have shown great promise for 2PA applications, displaying large 2PA cross-

section values.93-95 Other analogues of porphyrins described as porphyrinoids include texaphyrins, 

hexaphyrins, N-confused porphyrins, and more.96, 97 

In this framework, the first chapter of this work details two-photon excited emission and two-

photon microscopy measurements of porphyrin-encapsulated acetylated lignin nanoparticles. The 

second chapter presents non-linear optical measurements of modified Foscan® compounds, including 

their two-photon absorption cross-sections. Chapter three details the synthesis of porphyrin with an 

elongated π-conjugation system with analysis by 1H-NMR and MS (Maldi-TOF), as well as non-linear 

optical measurements using the Z-scan method. The final chapter, chapter four, will discuss the two-

photon absorption properties of a series of core-modified macrocycles.  
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Chapter I:  
Porphyrin-loaded acetylated lignin 

nanoparticles 

  



29 
 

 

  



30 
 

INTRODUCTION 

There have been many ways to improve the solubility as well as the properties of porphyrins for 

their use in two-photon applications. One such way is their encapsulation within nanoparticles. Indeed, 

encapsulation of molecules with limited solubility can help overcome any related solubility issues, 

particularly in aqueous media.98-101 Also, encapsulation may aid in non-specific targeting molecules 

being more target specific, as nanoparticles can be easily functionalised with targeting moieties, etc. 

Another usefulness of nanoparticles can be that they also have certain optical properties, depending 

on the material being used, making them attractive for use in combination with more potent 

porphyrins/photosensitizers (PSs).100, 102-104 

One such material that has shown its usefulness for encapsulation, of porphyrins and other PSs, is 

Lignin.105-108 Lignin is an aromatic polymer and a renewable resource, second in abundance to 

cellulose.109 Lignin can be collected in large quantities as a by-product of the paper-making and pulping 

industries. Currently, only 1-2% of this lignin is further utilised in the production of modified and 

enhanced products.110 Lignin has been shown to display several beneficial properties for biological 

applications. Several studies have displayed their antioxidant, antimicrobial, and anti-inflammatory 

properties, as well as low cytotoxicity, and UV-blocking properties.111-114 In order to transform the 

unordered and complex lignin into more manageable, ordered, nanoparticles, modifications of lignin 

have been the subject of various research.115-117 One such modification being acetylation, which has 

shown to further improve the photophysical properties of lignin. Acetylated lignin (Figure 9) is capable 

of generating reactive oxygen species (ROS) making it particularly advantageous for phototherapeutic 

applications.118 Acetylated lignin has also been shown to produce spherical nanoparticles under 

certain conditions, and their usefulness has been demonstrated in the transportation of active 

molecules.77, 119 This biologically compatible material is attractive for use in combination with certain 

drugs and/or photosensitizers within photodynamic therapy (PDT) and photodynamic antimicrobial 

chemotherapy (PACT) applications.78, 120-122  
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Figure 9. Structure of acetylated lignin. 

 

As proposed in the introduction of this work, a way to improve the impact of PDT is to combine it 

with two-photon absorption (2PA).123, 124 The main advancement of 2PA mediated PDT lies in the 

improvement of photosensitizers with high two-photon absorption cross-sections, featuring a large π-

conjugated system, strong end donor and/or acceptor groups, as well as narrow one-photon 

absorption (1PA) and 2PA bands.39 Photosensitizers that have been widely studied and are capable of 

absorbing at longer wavelengths are porphyrins, typically within the first biological optical window 

(NIR-I: 650 – 950 nm). There also lies a second biological optical window (NIR-II) between 1000 and 

1350 nm.34, 125-127 Many photosensitizers may not be as biologically compatible as desired being poorly 

soluble in aqueous media or having poor stability due to aggregation. A widely utilised method to 

overcome these issues are to embed or encapsulate the photosensitizers within nanoparticles.128-131 

With the low cytotoxicity of lignin, its abundance and renewability, as well as it being easily modified, 

lignin and thus, acetylated lignin nanoparticles are an attractive choice for this purpose.  

This chapter will cover the investigation of the linear and non-linear optical properties of several 

porphyrins that have been embedded in acetylated lignin nanoparticles in the NIR regime via two-

photon excited fluorescence and microscopy techniques.   
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Three different porphyrins were encapsulated into acetylated lignin nanoparticles (sample 1, S1: 

5,10,15,20-Tetrakis (4-hydroxyphenyl)-21H,23H-porphine (THPP), sample 2, S2: Zinc (II) 5,10,15,20-

Tetrakis (4-hydroxyphenyl)-21H,23H-porphine (ZnTHPP), and sample 3, S3: 5,10,15,20-Tetrakis (4-

acetyloxyphenyl)-21H,23H-porphine (T(OAc)PP), Figure 10). A control sample of empty acetylated 

lignin nanoparticles, containing no porphyrin, was also examined (sample 4, S4). The different 

experimental techniques used were two-photon excited fluorescence (2PEF),132-135 atomic force 

microscopy (AFM),136, 137 and two-photon fluorescence microscopy (2PFM).138, 139 The particles (S1-S4) 

were studied as dispersions in buffer solution, as well as size separated. Separation of the 

nanoparticles was done according to the size of the particles, select fractions were examined to 

determine if the size of the particles had any effect on their photophysical properties.  

 

Figure 10. Structures of the three different porphyrins that were encapsulated (S1, S2, and S3). 

S1 S2 

S3 
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1.1 MORPHOLOGY AND SIZE SEPARATION 

1.1.1 Atomic Force Microscopy (AFM) 

The stock solutions of the encapsulated porphyrins contained particles of various sizes, ranging 

from several hundred nanometres to several micrometres. In order to visualise the particles using 

AFM, a droplet of the bulk dispersion (S1) was deposited on a coverslip and left to dry before being 

viewed. An AFM image was captured of the centre of the dry droplet of S1, Figure 11, after analysis of 

ca. 100 spherical particles, the average diameter of the fraction of the smallest structures was 

determined to be 94 ± 15 nm. It should be mentioned that a large number of particles with different 

sizes accumulated on the edge of the droplet during the drying process as a result of the coffee ring 

effect.140 The large difference in sizes of the particles is due to the method of synthesis used. Because 

of the size difference of the particles, additional experiments were performed on the hybrid bulk 

solutions before and after separation by sucrose density gradient centrifugation (SDGC).141, 142 

 

 

Figure 11. AFM images of lignin nanoparticles loaded with porphyrin (S1) in the center of the dry droplet of 15 times 
diluted stock solution deposited on a cover slip. 

 

1.1.2 Size separation 

To separate the nanoparticles by their size, sucrose density gradient centrifugation (SDGC) was 

performed. Eight fractions of sucrose (0, 5, 7.5, 10, 12.5, 15, 17.5, and 20% w/v) dissolved in Milli-Q 

water were used for the SDGC procedure. 1500 μL aliquots of each sucrose fraction were layered 
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slowly one on top of the other (in a 20 mL centrifuge tube), starting from the densest 20% w/v fraction 

working up to the least dense 0% w/v fraction. The final 1000 μL layer containing the nanoparticle 

dispersion suspended in Milli-Q water was layered on top of the 0% w/v sucrose fraction. The tube is 

centrifuged for 30 minutes at 3000 rpm. After centrifugation, each layer was removed and separated 

into individual Eppendorf’s. This procedure was repeated for each bulk dispersion, S1-S3. Before the 

samples underwent microscopy analysis, the sucrose was removed from each fraction. 700 μL was 

taken from each individual Eppendorf and centrifuged for 30 minutes at 2000 rcf (relative centrifugal 

force). The resulting supernatant was removed and the nanoparticles were resuspended in Milli-Q 

water. Henceforth, samples extracted from the 0% w/v sucrose fraction are referred to as i.e., S1-0, 

those from the 10% w/v sucrose fraction as S1-10, and those from the 20% w/v sucrose fraction as S1-

20, etc.  

 

1.2 LINEAR PHOTOPHYSICAL CHARACTERISATION 

1.2.1 Extinction spectra 

The extinction spectra of the bulk aqueous dispersions show the characteristic Soret band (λsoret) of 

the free porphyrins. Weak Q-band signals can also be easily discerned in S1-S3. In contrast, the 

spectrum of porphyrin-free nanoparticles (S4) indicates mostly strong light scattering, with the 

absence of any well-defined absorption peaks (Figure 12). 

 

Figure 12. Normalised extinction spectra of bulk aqueous dispersions of porphyrins inside the nanoparticles, S1-S4. (S1: 
λmax = 430 nm, S2: λmax = 437 nm, S3: λmax = 426 nm). 
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The λsoret bands of the bulk aqueous dispersions are positioned at 430 nm (S1), 437 nm (S2), and 

426 nm (S3). Compared to the unencapsulated porphyrin, there is an observed red-shift of the λsoret 

bands seen in each of the dispersions; λsoret of unencapsulated porphyrin = 424 nm (THPP), 419 nm 

(ZnTHPP), and 422 nm (T(OAc)PP).78 There also indicates the splitting of the absorption bands resulting 

in new absorption components.  The observed red-shift is typically observed for J-aggregates of 

porphyrins, with self-assembling playing the predominant role.  

 The UV-Vis spectra of select fractions from the separated S1 bulk-dispersion (S1-0, S1-10, and S1-

20), as well as from the separated S4 bulk-dispersion (S4-0 and S4-10) are shown in Figure 13. As with 

the previous spectra (Figure 12), the λsoret band is still observable, along with a small bathochromic 

shift moving from the smallest particle size fraction (S1-0) to the largest particle size fraction (S1-20); 

λsoret = 429 nm (S1-0), 431 nm (S1-10), and 433 nm (S1-20). Also observed is the splitting of the major 

absorption bands into two overlapping components, as above. The bathochromic shift of the Soret 

bands, along with the new emerging absorption components, can arise from the self-assembly of rigid, 

polar-rich porphyrin molecules into J-aggregates, as is likely with the bulk dispersions of S1-S3. J-

aggregates can form through various intermolecular interactions, such as hydrogen bonding, 

electrostatic forces, and π-π stacking, which is a common phenomenon between porphyrin 

derivatives.143, 144 These trends observed in the UV-Vis spectra have also been previously attributed to 

π-π interactions between the porphyrin core and the aromatic lignin residues, and hydrogen bonding, 

in literature studies such as reported by G. Marchand et al.77, 121  
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Figure 13. Left: Absorbance spectra of S1-0, S1-10, S1-20, and S4 (S1-0: λmax = 429 nm, S1-10: λmax = 431 nm, S1-20: λmax = 
433 nm). Right: Normalised absorbance spectra of S4-0 and S4-10. 

 

1.2.2 One-photon excited (1PE) fluorescence 

The fluorescence maxima of each bulk dispersion were determined from their one-photon excited 

(1PE) fluorescence spectra (Figure 14) to be 658 nm (S1), 612 nm (S2), and 649 nm (S3). The 1PE 

fluorescence decays were then recorded at the fluorescence maxima of the corresponding sample.  

 

Figure 14. The 1PE fluorescence spectra of S1, S2, and S3 (λex = 420 nm, phosphate buffer (50 mM), S1 = 0.0547 mmol/dm3, 
S2 = 0.0627 mmol/dm3, S3 = 0.00597 mmol/dm3). 
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1.2.3 Time-resolved 1PE fluorescence 

The as-recorded fluorescence decay curves were fitted using mono- (S2), bi- (S1) as well as triple-

exponential (S3) equations (see below, Eq. 1 - 3). The porphyrin-loaded acetylated lignin nanoparticles 

reveal fluorescence decays that depend strongly on the type of porphyrin that is encapsulated (Figure 

15). The hydroxyl-containing (–OH) porphyrins display the shortest fluorescence lifetime values, 0.335 

ns for S2, and 0.723 ns for S1 (weighted average, Eq. 4). S3 displays the longest fluorescence lifetime 

of 4.62 ns (weighted average, Eq. 4), all the fluorescence lifetime details are shown in Table 1. To 

compare, the singlet excited-state lifetimes of unencapsulated porphyrins are 9.9 ns (THPP) and 2.0 

ns (ZnTHPP).145 Due to the tendencies of J-aggregates to form through self-assembly of the porphyrins 

within the confinements of the particles,143, 146, 147 and alternatively, π-π interactions between the 

porphyrin and the acetylated lignin, it is of no surprise that the measured fluorescence decay lifetimes 

are shorter for the porphyrin-loaded nanoparticles compared to the “free” porphyrins. 
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Figure 15. Fluorescence decay and residuals plot of the bulk porphyrin-loaded acetylated lignin nanoparticles S1, S2, and S3 
(IRF = Instrument Response Function). 

 

Table 1. Average fluorescence lifetime values (τ). A corresponds to relative decay amplitudes. 

Sample τ1 (ns) A1 (%) τ2 (ns) A2 (%) τ3 (ns) A3 (%) 

S1 0.499 89.6 1.45 10.4 - - 

S2 0.335 100.0 - - - - 

S3 0.371 44.2 2.12 37.2 6.75 18.6 

 

Fluorescence decays of each sample were averaged after six accumulations, and then fitted with 

commercially-available SPCImage software, using proper mono- (Eq. 1), bi- (Eq. 2), or triple-

exponential (Eq. 3) equations: 

𝐼𝐼(𝑡𝑡) = 𝐴𝐴1 ∙ 𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝑡𝑡
𝜏𝜏1
�          Eq. 1 

𝐼𝐼(𝑡𝑡) = 𝐴𝐴1 ∙ 𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝑡𝑡
𝜏𝜏1
� + 𝐴𝐴2 ∙ 𝑒𝑒𝑒𝑒𝑒𝑒 �−

𝑡𝑡
𝜏𝜏2
�          Eq. 2 

𝐼𝐼(𝑡𝑡) = 𝐴𝐴1 ∙ 𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝑡𝑡
𝜏𝜏1
� + 𝐴𝐴2 ∙ 𝑒𝑒𝑒𝑒𝑒𝑒 �−

𝑡𝑡
𝜏𝜏2
� + 𝐴𝐴3 ∙ 𝑒𝑒𝑒𝑒𝑒𝑒 �−

𝑡𝑡
𝜏𝜏3
�          Eq. 3 

 

where I(t) represents the photoluminescence intensity (a.u.), t denotes time (ns), τ1, τ2, τ3 are 

lifetime components (ns), and A1, A2, and A3 are the relative decay amplitudes for the corresponding 

terms in the decay function. 

Afterward, the intensity-weighted average fluorescence lifetime values were calculated, as follows: 
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〈𝜏𝜏〉 = 𝛴𝛴𝐴𝐴𝑖𝑖∙𝜏𝜏𝑖𝑖2
𝛴𝛴𝐴𝐴𝑖𝑖∙𝜏𝜏𝑖𝑖

          Eq. 4 
 

where τi represents lifetime i-component (ns), Ai corresponds to a proper normalised amplitude, 

and <τ> denotes the calculated average lifetime (ns). 

 

1.3 NON-LINEAR OPTICAL CHARACTERISATION 

1.3.1 Femtosecond laser-induced fluorescence 

First, non-linear optical (NLO) performances of aqueous dispersions of the porphyrin-loaded and 

empty nanoparticles were studied in their crude product forms. More precisely, the femtosecond (fs) 

laser-induced fluorescence spectra of all three porphyrin-loaded hybrids and the empty acetylated 

lignin nanoparticles were measured at several excitation wavelengths (from 840 nm to 1080 nm). As 

depicted in Figure 16, each of the porphyrin-loaded acetylated lignin nanoparticles show ultrabroad 

complex emission bands with no excitation-dependent tendencies that lay in the red colour and NIR-

I regions. The spectra of the fs laser-induced excitation, at wavelengths 740 nm and 770 nm, in the 

NIR-I region are displayed in Figure 17. 
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Figure 16. Femtosecond-laser induced fluorescence spectra of all four bulk aqueous dispersions (S1-S4). The excitation 
wavelengths are from 880 nm to 1040 nm in increments of 40 nm (S1 and S2), and from 880 nm to 1080 nm in increments 

of 40 nm (S3 and S4). 



41 
 

 

Figure 17. fs laser-induced excitation spectra in the NIR-I region (740 nm and 770 nm) of bulk dispersions S1 – S4. 
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Interestingly, their spectral behaviour, including major fluorescence maxima peaks at ca. 740 nm 

and 770 nm, are similar to the emission signals arising from the porphyrin-free nanoparticles (S4), and 

thereby, they differ significantly compared to the one-photon excited fluorescence spectra (Figure 18).  

 

Figure 18. Combined one-photon excited (1PE) emission (left, λex = 420 nm) and femtosecond (fs) laser-induced emission 
(right, λex = 880 nm) spectra of bulk dispersions S1 – S3. 

 

To gain more details about the mechanism of the fluorescence process, femtosecond laser-induced 

emission intensity vs laser power at 880 nm were studied (Figure 19). As a result, the slope values 

were estimated to be around 1.0, ranging from 0.872 (S2) to 1.26 (S4) revealing that the emission of 

the hybrids may originate from complex deactivation pathways. We assume that the porphyrin 

loading is homogeneous, but these findings may be attributed to the existence of different 

morphologies, size distribution, and aggregates of the acetylated lignin nanoparticles in the bulk 

dispersions. These results indicated the need for the spectroscopic measurements to be performed 

on the separated fractions of the bulk hybrids. 
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Figure 19. Power-dependence graphs of S1-S4 in log-log scale, excitation wavelength = 880 nm. The slope indicates the 
nature of the process (number of photons absorbed simultaneously, one- or multi-photon). 

 

Similar measurements, as previously described, were performed on the nanoparticles following the 

SDGC procedure. S1-0, S1-10, S1-20, S4-0, and S4-10, were irradiated by a femtosecond laser beam of 

wavelengths ranging from 840 nm to 1080 nm (Figure 20). All of the graphs, exhibit peaks in similar 

spectral localizations. Undeniably, the most effective emission is observed upon excitation at 1080 nm. 

Since the recorded spectra contain multiple components, these findings may be ascribed to the size 

distribution of the nanoparticles in the suspension as well as to their chemical complexity (incl. diverse 

J-aggregates of porphyrins in the nanoconjugates), allowing thereby their various hybrid forms to 

interact with each other and reveal distinct self-assemblies which result in complex emission pathways 

along with the plausible energy transfers and quenching processes. Further experiments would be 

required to confirm this with more certainty. 
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Figure 20. Femtosecond-laser induced fluorescence spectra of selected fractions after the SDCG procedure. The excitation 
wavelengths are from 840 nm to 1080 nm in increments of 40 nm. 

 

To unravel the nature of the emission process, power-dependent measurements of the emission 

spectra for two excitation wavelengths (880 and 1080 nm, and power of 3 mW to 21 mW in increments 

of 3 mW) were performed (Figure 21). It appears that all of the recorded emission spectra are of a 

one-photon nature. Interestingly, the slope for the 880 nm excitation wavelength oscillates around 

1.2, which indicates a non-negligible contribution of multi-photon processes.  
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Figure 21. Power-dependence measurements for selected fractions after the SDCG procedure in log-log scale, excitation 
wavelength = 880 and 1080 nm. The slope indicates the nature of the process (number of photons absorbed 

simultaneously, one- or multi-photon). 

 

1.3.2 Two-photon fluorescence microscopy (2PFM) 

The nonlinear optical responses of the select separated nanoparticle fractions that were deposited 

on coverslips, were epi-collected by a x100 oil immersion objective, under 910 nm excitation. Maps of 

the intensity of luminescence of S1-0 and S1-20 are shown in Figure 22. The samples are prepared 

similarly to those for AFM, a droplet containing the nanoparticles is deposited onto a coverslip and 

left to dry at a 45° angle. This preparation method allowed for well-dispersed particles on the glass 

substrate enabling the collection of emission from a single nanoparticle. The investigated structures 

are shown as bright spots on the luminescence intensity maps. From the maps, it is clear that the 

particles in sample S1-20 are distinctly larger than those observed in S1-0, however, there was no 

significant difference in the intensity of the luminescence. 
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Figure 22. Maps of two-photon excited luminescence signal taken within the S1-0 (a) and S1-20 (b) deposited on the glass 

substrate. Excitation wavelength = 910 nm and the power of the incident laser on the sample was adjusted to 80 µW. 

 

Two-photon excited (2PE) emission was measured at two different points, as marked in Figure 22 

points A and B. The 2PE emission spectrum can be seen in Figure 23 (a), it should be noted that the 

characteristic peaks for the particles on the glass substrate (S1-0 and S1-20) are spectrally, minimally, 

shifted compared to the locations of those for the porphyrin-loaded nanoparticle bulk dispersion (S1). 

The particles in the separated fractions (on the glass substrate) still display the two characteristic 

emission peaks as observed for the corresponding hybrids suspension (S1). For example, in the 1PE 

fluorescence spectrum of S1, the peaks are located at 658 nm and 722 nm, with the components of 

the 2PE fluorescence spectrum of i.e., S1-20, positioned at 655 nm and 738 nm (Figure 23 (a)). Seeing 

that these spectral results are taken from a single nanoparticle, it is confirmed that the 2PE 

fluorescence observed on the intensity map corresponds to the porphyrin-loaded acetylated lignin 

nanoparticle. 
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Figure 23. (a) Normalised one-photon excited emission spectrum of the bulk dispersion S1 (blue, λex = 420 nm) and 
normalised two-photon excited emission spectra of a single porphyrin-loaded acetylated lignin particle from S1-0 and S1-
20 (black and red, λex = 910 nm). The laser power during the measurements was adjusted to 1 mW. (b) The log-log plots of 
luminescence signal vs. incident laser power performed on a single nanoparticle from the different fractions: S1-0 (black 

line and triangles, slope = 1.97±0.07) and S1-20 (red line and circles, slope = 1.89±0.04). 

 

Additionally, the development of the fluorescence intensity as a function of excitation power was 

measured to determine the mechanism of excitation for the same samples (S1-0 and S1-20), as was 

measured for the bulk dispersions and separated suspensions. The excitation beam (λex = 910 nm) 

focused on a single nanoparticle and the signal was collected for 10 seconds at a constant power of 1 

mW. The median values of the emission signal collected for different average powers were plotted as 

a function of intensity vs power (Figure 23 (b)). For each sample, the slope values of the log-log plots 

are close to 2.0 (S1-0 = 1.97 and S1-20 = 1.89) confirming that excitation of a single particle involves a 

two-photon process.  

Furthermore, the differences between the spectra displayed in Figure 23 (a) suggests that there 

may be various forms of the porphyrin-loaded acetylated lignin nanoparticles present. Such as the 

aforementioned self-assemblies, or agglomerations of nanohybrids that occur in the bulk dispersions, 

and complex interactions may also appear between the nanoparticles themselves. 148, 149 

 

a) b) 
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1.4 CONCLUSION AND OUTLOOK 

The femtosecond laser-induced emission of bulk dispersed and single porphyrin-loaded acetylated 

lignin nanoparticles were measured. The results from these initial experiments show promise for the 

use of these nanoparticles as remarkable biomarkers that are capable of emitting in the NIR range, 

most significantly within the first biological optical window, as demonstrated particularly well with the 

single nanoparticle measurements. The observable femtosecond laser-induced emission can be 

utilised in the distribution and monitoring of these formulations. Future work needs to be done 

regarding the singlet oxygen generation capabilities of the bulk dispersions, as well as the separated 

fractions, to determine their usefulness within 2PA-PDT, theranostic applications, and more.   

In order to ascertain and further develop our understanding of the results we observe here, 

additional experiments will need to be performed. Especially, microscopic measurements of the bulk 

aqueous dispersions in order to fully compare the established results presented in this work, as well 

as the remaining separated samples, to provide a fuller picture. 
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Chapter II: 
Non-linear optical properties of 

Foscan® (m-THPC) and derivatives
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INTRODUCTION 

 
 As indicated in the introduction, the excitation of a chromophore/photosensitizers (PS) may occur 

not only by the common one-photon absorption (1PA), but can also occur by a two-photon absorption 

(2PA) process. As previously mentioned, this is the process of the simultaneous absorption of two 

lower energy photons to provide the transition energy. The dependence of the rate of generation of 

the excited states is quadratic for the two-photon process, and linear for the absorption process of a 

single, higher energy photon. The two-photon process also differs in the requirements of short-pulse 

lasers, and longer wavelengths, for excitation.38 The combination of 2PA and photodynamic therapy 

(PDT) allows for improved treatment efficacy, tumour targeting, and the use of longer wavelength 

excitation for deeper tissue penetration (refer back to the introduction for details).150  

The determining factor for the appropriateness of a photosensitizer for its use within two-photon 

absorption combined PDT (2PA-PDT) is its 2PA cross-section value. The absorption cross-section value 

is a measure of the probability of an absorption process, in this case the two-photon absorption 

process.38, 40 The 2PA cross-section is usually experimentally determined in one of the two alternative 

ways: by the Z-scan method, or by two-photon excited fluorescence (2PEF) measurements. Z-scan is 

a measurement based on the light transmittance as a function of the position of the sample along the 

z-axis as it travels along a focused laser beam.151, 152 The 2PEF technique is based on the intensity of 

the two-photon induced fluorescence as a function of the excitation intensity.132, 133 Both techniques 

have their drawbacks, but have both shown to be reliable in their respective uses. 2PA cross-sections 

that are measured using the Z-scan technique often tend to present higher values than the other 

technique, this may be due to the presence of non-linear scattering or other optical loss processes in 

the sample during a measurement. A drawback of 2PEF is that this technique can only be applied to 

molecules that are significantly fluorescent and the measurement wavelength range cannot overlap 

with the 1PA regions. 2PEF is usually preferred to be performed on species that have a relatively high 

luminescence quantum yield. 2PEF experiments are typically carried out by comparing the signal of an 



54 
 

investigated sample to a well-studied reference fluorescent dye. This avoids the need for exact 

knowledge of variables that are dependent on the laser beam (geometry, pulse duration, etc.).40 

The desired properties of PSs for two-photon induced PDT have been extensively reviewed and 

determined in various literature studies.39, 67, 153 Of the variety of modifications, one such example 

obtains large enhancements of 2PA properties by increasing the size of the π-electron system, as well 

as the distance between a donor (HOMO) and an acceptor (LUMO) moiety.154, 155   

The photosensitizer (PS) is a key component of PDT. 5, 10, 15, 20-tetra(m-hydroxyphenyl) chlorin 

(m-THPC, Figure 24), was registered as the drug formulation Foscan®, is a second-generation PS that 

is used in PDT applications. 156, 157 It was approved for use in the EU in 2001, for the palliative treatment 

of head and neck cancers.158 Foscan® is part of a family of reduced porphyrins that was first 

synthesised by Bonnett et al., more than 30 years ago.159 Although Foscan® is one of the most 

commonly used PSs for PDT treatment, it isn’t without its drawbacks. There are several limitations 

including its limited solubility in aqueous media causing aggregation, non-specific accumulation 

meaning it accumulates in more than one area of the body, and it also causes prolonged light 

sensitivity. With modifications made to the m-THPC core of Foscan® there is the possibility to enhance 

its use for two-photon applications, thus, reducing the drawbacks associated with Foscan® and 

improving treatment efficacy.  

Herein, we demonstrate the application of simple modifications and their resulting enhanced 2PA 

properties.160 It was decided that simple modifications would be made to the terminal groups of m-

THPC to enhance its 2PA properties, as a starting point. Prior to the linear and non-linear 

measurements, substitution, esterification, and Sonogashira cross-coupling reactions were utilised to 

produce aldehyde and carboxylic acid derivatives of m-THPC (PS1, PS3, and PS5 and their synthetic 

pathway are described in Figure 24). These moieties were chosen not only for possible 2PA 

enhancements, but also for their suitability in the design of drug delivery systems, including inorganic 

nanoparticles and hydrogels.161-163  
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Figure 24. Reaction scheme utilised by our collaborators in the synthesis of PS1, PS3, and PS5 (for demonstrative 
purposes). EDC refers to 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide and HOAt refers to 1-hydroxy-7-azabenzotriazole. 

 

Linear photophysical measurements (UV-Vis absorption) were done on the four PSs prior to their 

non-linear measurements. Non-linear photophysical measurements were performed to determine 

the 2PA cross-section value of each PS, in this instance the two-photon excited fluorescence technique 

was utilised. The results here confirm the potential application of PS1, PS3, and PS5 within 2PA-PDT. 

This work was done in collaboration with Senge and Gomes-da-Silva.160 Foscan®, PS1, PS3, and PS5 

were provided for the measurements discussed hereafter.  
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2.1 TWO-PHOTON EXCITED FLUORESCENCE (2PEF) 

2.1.1 Two-photon absorption cross-section values 

To gain further information regarding the 2PA properties of our molecules, the 2PA cross-section 

values (σ2) were estimated by 2PE emission measurements. 2PE emission spectra were recorded on a 

custom-built experimental setup, consisting of a spectrometer (Shamrock 303i, Andor) equipped with 

an ultrasensitive camera (iDus camera, Andor). All samples were excited with a Ti:Sapphire Chameleon 

laser (Coherent Inc.), over the wavelength range of 820 nm to 1080 nm (the repetition rate 80 MHz 

and the pulse duration ≈120 fs). The corresponding absorbance values in the emission region were 

kept below 0.1 by adjusting the relative molar concentrations. This allows us to minimise any 

undesired effects, such as reabsorption and aggregation. The photostability of each compound was 

monitored, via UV-Vis absorption and 1PE fluorescence measurements, periodically throughout the 

2PE emission measurements. All spectroscopic measurements were performed in dimethylformamide 

(DMF) at room temperature. The 2PA cross-section values (σ2) were determined using the 

commercially available dye LDS-698, in chloroform, as the reference.164 The calculated σ2 values for 

each PS are displayed in Figure 25, with the most representative parameters at the 2PA maxima being 

displayed in Table 2. 

 

Figure 25. Spectra of the calculated 2PA cross-section values of Foscan®, PS1, PS3, and PS5 over the wide wavelength 
range from 820 to 1080 nm (20 nm intervals) in DMF. 
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Table 2. 2PA cross-section values (σ2) and normalised 2PA cross-section values (σ2 norm.) of Foscan® and derivatives in DMF 
(λexc = 840 nm). 

 

PS σ2 [GM] σ2 norm. [GM/Da] 
Foscan® 26.7 ± 4.0 0.039 

PS1 32.7 ± 4.9 0.048 

PS3 30.0 ± 4.5 0.033 

PS5 69.3 ± 10.0 0.056 
 

 
2PA cross-section values were calculated from the 2PE emission measurements using LDS 698 in 

chloroform as a reference, following Equation 1: 

 
2

, 2 [GM] =  sam ref ref ref
2, sam 2 ref

ref sam sam sam

I C n
I C n

σ σ
Φ

Φ     (Eq. 1) 
 

 
where I is the integrated emission intensity, C is the molar concentration, φ is the 1PE fluorescence 

quantum yield, and n is the refractive index of solvent. ‘sam’ refers to sample and ‘ref’ refers to 

reference.165-167 The normalised σ2 values (σ2 norm.) were estimated, following Equation 2, where M 

denotes the molecular weight of the compounds. 

  

  .  [GM/M] = /2 norm , sam 2, sam Mσ σ     (Eq. 2) 

 

The 1PA and 2PA spectra of m-THPC and the derivatives are compared in Figure 26. There is good 

overlap between the Soret band and the major 2PA peak around double its wavelength, 420 and 840 

nm, respectively. Due to their very similar spectral behaviour, as well as the non-centrosymmetric 

design of the molecules, it can be concluded that the 1PA and the 2PA process may reach the same 

excited state. The possibility of partial re-absorption of the emission taking place during the 1PA 

process corresponds to the observed small red-shift in the 2PA spectra. This phenomenon is related 

to the light beam and its different penetration depths.168 Furthermore, the photosensitizers display 
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weaker 2PA cross-section values (~ 10 – 20 GM) in the longer wavelength region, above 1000 nm. 

These lower cross-section values are related to the Q-bands from the one-photon transitions. 

 

 

Figure 26. Overlayed 1PA and 2PA spectra of each compound (Foscan®, PS1, PS3, and PS5) at the concentration of 10-6 M, 
all in DMF. 

 

 The 2PA cross-section values follow the trend PS5 > PS1 > PS 3 > m-THPC. As previously mentioned, 

it is well-known that extension of the π-conjugation length typically leads to enhancements in the 2PA 

properties of molecules.66, 169, 170 This effect is observed here between PS1 and PS5, we change from 

carbonyl to alkyne linkers, resulting in a significant enhancement in the 2PA cross-section value from 

32.7 to 69.3 GM. Direct meso-substitution of the functional groups to the porphyrin core, has also 

been shown to have a positive enhancement on 2PA properties, despite being of some hinderance to 

conjugation, as reported in the literature.88  
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 The observed differences in 2PA cross-section values are most likely due to the differing terminal 

electron accepting groups. The aldehyde function in PS1 and PS5 is more strongly electron accepting 

than the carboxyl group in PS3. Each of the derivatives are designed in a donor-acceptor (D-A) motif, 

the differing acceptor strengths may also have an effect on the extent of charge transfer from the 

centre of the molecule. There have been previous studies that also report significant 2PA cross-section 

enhancement due to the D-A configuration,68, 171 as seen in PS1, PS3, and PS5. Such simple 

modifications of m-THPC have led to the 2.6-fold enhancement of the 2PA cross-section value (λ = 840 

nm) of PS5 (69.3 ± 10.0 GM) compared to the unmodified m-THPC (26.7 ± 4.0 GM). The variation in 

molecular structures of m-THPC, PS1, PS3, and PS5 also induces different 2PA properties in the Q-

band regions, at double the excitation wavelength, as shown in Figure 26 (green line).  

 Even though m-THPC and derivatives are known strong emitters and innovative PSs, there is limited 

attention and little to no exploration of their two-photon and multi-photon absorption properties. 

Other than the measurements reported here, the 2PA spectrum of m-THPC in the Q-band region (1050 

– 1450 nm), as well as around the Soret band, using the Z-scan open aperture technique was reported 

by Hamed, et al., in 2014.65 The 2PA cross-section values were reported as 28 GM (775 nm) and 20 

GM (1320 nm) in DMSO. There has been one previous report where the 2PA cross-section of m-THPC 

is measured via 2PE fluorescence at the single excitation wavelength of 800 nm,172 with the measured 

2PA cross-section of m-THPC being 18 GM in a solvent mixture of ethanol (20%), polyethylene glycol 

(30%), and distilled water (50%). 

 

2.1.2 Power dependence measurements 

As has been done in previous reports,173-175 power dependence measurements of emission 

intensities at 840 nm were performed. In this series of measurements, the 2PE fluorescence spectra 

of m-THPC, PS1, PS3, and PS5 were recorded with varying laser excitation power ranging from 2.5 mW 

to 40 mW. The corresponding logarithmic plots of input power (log P) vs. emission intensity (log I) are 

shown in Figure 27, below. The slope values were measured to be 1.87, 1.79, 1.80, and 1.78, for m-
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THPC, PS1, PS3, and PS5, respectively. These values indicate a quadratic power relation, thus, 

confirming a two-photon process is occurring.  

Figure 27. Power dependence graphs for m-THPC, PS1, PS3, and PS5 (λ = 840 nm). Slope of each graph are 1.87, 1.79, 1.80, 
and 1.78, respectively. 

 

 

2.2 TRANSFER EFFECT FROM DMF TO AQUEOUS SOLUTION 

The intense red fluorescence that each PS produces upon two-photon excitation shows great 

potential for these compounds to be used as 2PE fluorescence imaging agents. We can further test 

this by changing the media that the compounds are measured in. Due to the addition of carboxyl 

groups to the meso-phenyl rings aids in the solubilisation of PS3 in aqueous media without any further 

pre-treatments, its 2PE fluorescence was measured again in pH 7.2, buffer solution. There are spectral 

differences observed between the organic solvent (DMF) and aqueous (buffer solution) media (Figure 
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28). The emission that dominates in buffer solution is more red-shifted (~ 670 nm) compared to the 

one that dominates in DMF (~ 655 nm). This may be indicative of the considerable contribution that 

H-like agglomerates may have to the 2PE fluorescence. Having said that, the fact that there is 

significantly strong red 2PE fluorescence occurring in physiological conditions demonstrates the 

potential of PS3 in biomedical applications. 

 

Figure 28. Transfer effect on the 2PE fluorescence spectra from DMF to buffer solution (pH = 7.2) of PS3.  

 
 

2.3 CONCLUSION & OUTLOOK 
 

Following the modification of the m-THPC skeleton via introduction of aldehyde and carboxylic acid 

groups, their linear and non-linear photophysical properties were measured. Two-photon excited 

fluorescence measurements (in DMF) were performed on m-THPC, PS1, PS3, and PS5, the results 

showed that even simple modifications could lead to an improvement on the 2PA properties. This was 

confirmed by the determination of the 2PA cross-sections. In particular, PS5 with its alkyne linkers 

between the core and the newly introduced carbonyl groups, indicated a 2.6-fold increase at the 2PA 

maxima compared to the unmodified m-THPC core. Additionally, the results of PS3 demonstrating 

fluorescence in aqueous media upon two-photon excitation furthers the capabilities for this PS to be 

used not only in 2PA-PDT, but also potential as fluorescence imaging probes.  

Future work will include in vitro and in vivo studies to determine if the photosensitivity of the 

modified derivatives (PS1, PS3, and PS5) has been altered compared to the parent compound, m-

  

DMF 

buffer 
(pH=7.2) 
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THPC. It is hoped that the derivatives described here will allow for the excitation of PSs at longer laser 

wavelengths, allowing for deeper tissue penetration, and thus, allowing for higher therapeutic 

response and lower light sensitivity that comes with Foscan® treatment. The PSs that have limited 

solubility in aqueous media (PS1 and PS5) may also be included in the development of systems 

combining PSs and nanoformulations/nanoparticles. It is clear from the 2PA cross-section results here 

that these PSs show good promise for the development of two-photon induced PDT.  
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Chapter III: 
Synthesis and characterisation of 

functionalised porphyrin for 
prospective use in PDT/PACT 
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INTRODUCTION 

 Our initial goal was to make chemical modifications to a porphyrin, in order to increase the π-

conjugated system. As seen in several reviews,39, 67, 176, 177 extension of the π-conjugation system has 

shown positive effects on the 2PA properties of porphyrins and other photosensitizer molecules.  A 

synthetic route was designed to synthesise a para-substituted pyrimidine functional group (ER-7 and 

ER-7-I). Pyrimidine is an electron-rich aromatic ring and commonly undergoes meta-substitution. 

However, meta-substitution is not as beneficial as para-substitution in improving π-conjugation. 

Therefore, it was decided to synthesise the novel 2-(4-bromophenyl)-5-iodopyrimidine and coupled it 

with porphyrin core through conjugated spacer for this particular project. The target compounds 

structures are shown in Figure 29.  

Figure 29. Structures of the targeted compounds (ER-7 and ER-7b). 

 

 For coupling purposes, the porphyrin cores need to bear either iodine or acetylene. The synthesis 

of the porphyrin core, as well as of the pyrimidine, have been optimised for efficiency and yield. The 

compounds synthesised in this chapter are shown in Figure 30. 
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Figure 30. Structures of the target precursors. 

 

 The retrosynthetic pathways of the compounds are shown in Figure 31. The key synthons are the 

porphyrin core (ER-3 or ER-3b, ER-4, and ER-5) and the iodinated para-substituted pyrimidine (ER-6-

I). Different condensation reaction conditions were explored to determine the most effective route. 

Also, different iodination reaction conditions were tested to determine the best conditions for 

successful iodination of ER-6.       

Firstly, the synthesis of porphyrinic synthons will be described, followed by the synthesis of ER-6 

and ER-6-I. Characterisation (NMR, UV-Vis, Mass Spectrometry, and 2PA properties) will also be 

detailed in the following discussion. Finally, we will discuss the outcomes of the performed synthesis 

and the characterisation of the materials, as well as the outlook and future prospects of the 

compounds. 
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Figure 31. Retrosynthetic pathway of the synthetic strategy for ER-7 and ER-7b (Mes = mesitaldehyde, Bz = benzaldehyde). 
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3.1 SYNTHESIS OF THE PORPHYRIN BASE (ER-3 and ER-3b) 

Both synthesis methods of the porphyrin base are based on the Lindsey method, previously 

described in various literature.178 The prior synthesis of the two dipyrromethane compounds (ER-1 

and ER-2) have also been previously described in the literature.179, 180 The two dipyrromethanes are 

reacted together to form the porphyrin core (di-mesityl-phenyl-porphyrin). With the partial 

preservation of mesityls, the phenomenon of scrambling can be mostly avoided. This phenomenon 

can lead to modification of the photophysical properties of photosensitizers, such as reducing the 

quantum yields of singlet oxygen production/fluorescence.181  

 

3.1.1 Dipyrromethane synthesis 

 The synthesis of each dipyrromethane (ER-1 and ER-2) consists of reacting the aldehyde 

(mesitaldehyde and formaldehyde) in the presence of an excess of pyrrole in an acidic medium (Figure 

32). 

 

Figure 32. Synthesis of dipyrromethanes ER-1 and ER-2. 

The synthesis of dipyrromethane ER-1 is performed in the presence of trifluoroacetic acid (TFA) and 

in the absence of solvent in order to limit any further oligomerisation of pyrrole beyond 
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dipyrromethane.182 Regarding the synthesis of the second dipyrromethane ER-2 is synthesised using 

water. Formaldehyde is readily soluble in water, reducing the need for additional toxic solvents. ER-1 

and ER-2 are obtained with yields of 25.8% and 22.3%, respectively. Although these yields are low, 

due to the polymerisation of pyrrole, they are consistent with those observed in the literature.179, 183 

  

3.1.2 Synthesis of the porphyrin core 

We first set out to synthesise the porphyrin base, with the fourth meso-position being free for 

subsequent substitution/functionalisation. The remaining three meso-positions were initially aimed 

to bear a mesitylene group (ER-3b, Figure 33). Due to synthesis issues, the yield of the reaction was 

very poor even after optimisation and an abundance of unreacted aldehyde remained in the resulting 

crude product. Therefore, an alternative aldehyde, benzaldehyde, was used resulting in replacement 

of two of the meso-mesitylene groups with benzene of the porphyrin base (ER-3, Figure 34).  

 

Figure 33. Unsuccessful porphyrin core (ER-3b) synthetic step. 

 

The synthesis of porphyrin ER-3 follows, as for ER-3b, the condensation method of Lindsey with the 

pyrrole being used directly. This method makes it possible to perform a condensation reaction 

between two dipyrromethanes (ER-1 and ER-2) and an aldehyde (benzaldehyde in our case), in 

reasonable yields. The general synthetic scheme is shown in Figure 34.  
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Figure 34. Principle of synthesis of 10-mesityl-5,15-diphenylporphyrin (ER-3). 

 

The reaction between benzaldehyde, mesityl-dipyrromethane (ER-1), and dipyrromethane (ER-2) is 

performed in a dilute reaction medium according to the ratio 2/1/1. Catalysation with a Lewis acid 
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(boron trifluoride diethyl etherate, BF3.OEt2) makes it possible to obtain the intermediate 

porphyrinogen, which is subsequently oxidised using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone 

(DDQ). 10-mesityl-5,15-diphenylporphyrin (ER-3) is obtained after purification, with a yield of 16.2%. 

As previously, the yield is relatively low due to polymerisation of the dipyrromethanes (ER-1 and ER-

2) and formation of any side products. However, the yield remains consistent with those obtained in 

the literature.184  

 

3.2 SYNTHESIS OF PORPHYRIN PRECURSORS: HALOGENATED AND ACETYLENIC  
 

3.2.1 Iodination 

 The iodination of the free meso-position of porphyrin ER-3 was performed as previously described 

in the literature.179, 185, 186 The reaction step consists of iodinating the free-base porphyrin in the 

presence of bis(trifluoroacetoxy)iodo benzene (PIFA) and iodide (Figure 35). The exact mechanism of 

iodination via PIFA/I2 has not yet been fully realised. However, PIFA is known in literature for its use 

in radical reactions and nucleophilic substitutions as a catalytic reagent.187 Iodo-mesityl-

diphenylporphyrin (ER-4) is obtained after purification, with 55.6% yield. 

 
Figure 35. Iodination of the porphyrin core (ER-3) with PIFA. 
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3.2.2 Acetylation via Sonogashira coupling 

During this reaction, the acetylene precursor, the trimethylsilylacetylene (TMSA), was attached to 

the meso-position of the iodinated porphyrin ER-4 via Sonogashira coupling using 

bis(triphenylphosphine)palladium(II) dichloride (PdCl2(PPh3)2 and copper(I) iodide (CuI) as catalyst 

system (Figure 36).184 The reaction is carried out in an inert medium, in a Schlenk tube and using 

anhydrous toluene and triethylamine (TEA). The reaction is heated to 50 °C, and after stirring for 4 h 

the reaction is stopped. Purification of the crude compound leads to a yield of 23.3% of pure ER-5, the 

yield is relatively low, but this may be due to the reaction being performed on a small, mg scale. 

Another reason for the lower yield may be because complexation of copper by the free-base porphyrin 

has occurred. However, the 1H-NMR spectrum and mass spectrometry analysis confirms that ER-5 was 

successfully synthesised, we still have free-base porphyrin as the NH-pyrrolic protons integration are 

normal.  

 

Figure 36. Attachment of trimethylsilylacetylene (TMSA) to the halogen position of porphyrin ER-4. 

 

3.3 NOVEL HETEROCYCLE (2-(4-BROMOPHENYL)-5-IODOPYRIMIDINE) SYNTHESIS 

 In order to further extend the π-conjugation system of our photosensitizer, we developed a route 

to synthesise a para-substituted pyrimidine heterocycle system (Figure 37). The additional terminal 

heteroatom (bromine, Br) may also provide added benefit of the heavy atom effect. 
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Figure 37. Structure of 2-(4-bromophenyl)-5-iodopyrimidine (ER-6) 

 

3.3.1 Synthesis of 2-(4-bromophenyl)-5-chloropyrimidine 

The initial chloropyrimidine was synthesised by the reaction of 5-chloro-2-iodopyrimidine and 4-

bromophenylboronic acid in the presence of tetrakis(triphenylphosphine)palladium (0) (Pd(PPh3)4) 

catalyst, and heated to 55 °C (Figure 38) following the procedure by Hudson, et al., as a guideline.188 

The reaction is performed in inert conditions, with anhydrous solvents, to avoid decomposition of the 

palladium catalyst. After 16 h the reaction is stopped and the crude is purified by silica gel column 

chromatography. ER-6 was obtained in a 27.7% yield. This lower yield may be attributed to the high 

reactivity and reduced stability of the free boronic acid formed in the cross-coupling reaction. 1H-NMR 

and mass spectrometry confirm the structure of compound ER-6. 

 

 

Figure 38. Cross-coupling reaction to form the para-substituted pyrimidine ER-6. 

 

 

3.3.2 Iodination of 2-(4-bromophenyl)-5-chloropyrimidine 

The next step is to perform an iodination reaction on ER-6 in order to allow more straightforward 

coupling of the heterocycle with the porphyrin macrocycle. After optimisation of this step, the best 

procedure utilised the amine N, N-diethylethylenediamine (DEDA), and both CuI and NaI as catalyst 

and a source of iodide (Figure 39). After stirring for 48 h, at 100 °C, the reaction was stopped and the 
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solvent evaporated to afford ER-6-I in 80% yield. Full conversion from ER-6 to ER-6-I was achieved, 

with impurities removed during the washing stages. 

 

 

Figure 39. Iodination of pyrimidine ER-6. 

 

3.4 COUPLING OF THE PORPHYRIN AND PYRIMIDINE HETEROCYCLE 
 

3.4.1 Strategy 

The initial coupling route that we looked into implementing utilised triphenylarsine (Ph3As), but we 

wanted to avoid the unnecessary use of the poisonous arsenic-containing compound. We set out to 

find an alternative route that would work for the coupling of our compounds. A couple of strategies 

based on Sonogashira coupling were found. The first one implemented didn’t work (Figure 40), it was 

confirmed to not have worked by 1H-NMR and MS.  

 

 

Figure 40. Unsuccessful strategy of the coupling of the acetylated porphyrin (ER-5) and the iodinated para-substituted 
pyrimidine (ER-6-I). 
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A mixture of ER-6-I, ER-5, K2CO3, Pd(PPh3)4, PPh3, and CuI in a small amount of tetrahydrofuran (THF) 

was stirred at 80 °C. After stopping the reaction, and subsequent washing of the crude product, NMR 

and MS analysis confirmed that the coupling did not work. We increased the catalysts and ligands by 

3-fold (Pd(PPh3)4, CuI, and PPh3), but this still did not work. The next steps were to increase the 

reaction run-time and/or find an alternative ligand. The fact that the porphyrin is a free-base, non-

metallated, may also be a factor in the reaction not working. The copper may be co-ordinated to the 

porphyrin rather than acting as a catalyst for the reaction. A different route to take this reaction in 

would be to use a metallated version of the porphyrin, either with zinc or palladium, to ensure the 

copper species partakes in the catalytic reaction to couple ER-6-I to the porphyrin ER-5.  

Due to time constraints this step was unable to be optimised. However, there are still some routes 

that can be tested and hopefully, in the near future this can be completed with the resulting 

compound being characterised, and its usefulness within 2PA and possible PDT/PACT applications 

determined. 

3.5 CHARACTERISATION 

 All compounds were characterised by 1H-NMR. The porphyrin macrocycles and pyrimidine 

heterocycles were further characterised by mass spectrometry, with the porphyrin macrocycles also 

being characterised by UV-Visible absorption spectroscopy. Z-scan technique, to measure the two-

photon absorption properties, was also employed for the measurement of the porphyrin macrocycles. 

 

3.5.1 1H-NMR 

 The proton-nuclear magnetic resonance spectra of all synthesised compounds were recorded at 

500 MHz, with the exception of ER-2 being recorded at 600 MHz (this was due to the 500 MHz being 

under repair at the time of measurement). All measurements were performed in deuterated 

chloroform, with the exception of ER-5 being measured in deuterated dichloromethane, due to 

chloroform-d masking a proton signal. 
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The dipyrromethanes consist of several types of 1H-NMR signals: 

⮚ The NH-pyrrolic protons are very deshielded compared to those in the porphyrin derivatives, 

here they resonate between 7.84 and 7.93 ppm. 

⮚ The central protons in ER-2 resonate at a higher ppm of 3.98 compared to similar aliphatic 

compounds due to being located next to 2 pyrrolic rings.  

⮚ The addition of the third aromatic ring in ER-1 leads to the central proton signal being 

further deshielded and resonating at 5.93 ppm. 

The spectrum of ER-1 also differs from ER-2 with the appearance of the -CH3 signals (2.07 and 2.28 

ppm).  

As with the dipyrromethanes, the 1H-NMR spectrum of free meso-mesityl-diphenylporphyrin, and its 

derivatives (A3B type porphyrins) also consist of several types of signals: 

⮚ The NH-pyrrolic protons are very shielded and resonate between -2.40 and -2.89 ppm in the 

form of a singlet.  

⮚ The CH3-mesityl protons are located between 1.82 and 2.63 ppm, and appear in the form of 

two singlets. 

⮚ Phenyl protons resonate between 6.01 and 8.24 ppm (And between 7.62 and 8.73 ppm for 

the para-substituted pyrimidines). 

⮚ The β-pyrrolic protons are located between 8.63 and 9.71 ppm, and appear in four different 

groups.  

⮚ The H-meso-proton is very deshielded and resonates around 10.00 ppm in the form of a 

singlet.  

⮚ Tetra-substituted porphyrins ER-4 and ER-5 are confirmed with the disappearance of the 

meso-proton signal, as seen in the ER-3 spectrum (10.21 ppm). 
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⮚ Attachment of TMSA in compound ER-5 is confirmed with the appearance of three 

equivalent methyl groups in its spectrum (0.62 ppm). 

The numbering of the carbons used in the interpretation of the 1H-NMR spectra is shown as an 

insert in the spectrum of each compound (Figure 41-47). 

 

 
Figure 41. 1H-NMR spectrum of dipyrromethane ER-1. 
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Figure 42. 1H-NMR spectrum of dipyrromethane ER-2. 
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Figure 43. 1H-NMR spectrum of free-base porphyrin ER-3. 
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Figure 44. 1H-NMR spectrum of halogenated free-base porphyrin ER-4. 
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Figure 45. 1H-NMR spectrum of acetylated free-base porphyrin ER-5. 
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The para-substituted pyrimidines also display typical signals: 

⮚ Both spectra of ER-6 and ER-6-I have three different signals as they both contain 6 protons.  

⮚ They only differ in the observed chemical shifts due to the difference in chlorine and iodine. 

⮚ The effect of the pyrimidine ring on the phenyl ring is different and the shifts are changed, 

8.29 and 7.62 ppm for ER-6, and 8.13 and 7.84 ppm for ER-6-I. 

  

 

Figure 46. 1H-NMR spectrum of para-substituted pyrimidine ER-6. 
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Figure 47. 1H-NMR spectrum of halogenated para-substituted pyrimidine ER-6-I. 
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3.5.2 Mass Spectrometry (MS) 

The structural analysis of compounds ER-3, ER-4, ER-5, ER-7, and ER-7-I was continued by studying 

their mass spectra. The matrix-assisted laser desorption-ionisation (MALDI) technique was utilised, it 

allows for the quasi-molecular ion to be observed, generally without fragmentation. The results 

obtained for the previously listed compounds are shown in Table 3. All the spectra show the quasi-

molecular ion peak [M + H]+. As an example, the spectra of compound ER-3 and ER-7 are shown in 

Figure 48 and 49. 

Table 3. m/z value for the compounds ER-3, ER-4, ER-5, ER-7, and ER-7-I obtained by the MALDI-TOF method. 

Compound Chemical formula Exact mass Mass found [M + H]+ 
ER-3 C41H32N4 580.263 581.308 
ER-4 C41H31IN4 706.159 708.170 
ER-5 C46H40N4Si 676.302 677.322 
ER-7 C10H6BrClN2 267.940 270.764 

ER-7-I C10H6BrIN2 359.876 361.153 
 

 

Figure 48. MALDI-TOF mass spectrum of compound ER-3. 
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Figure 49. MALDI-TOF mass spectrum of compound ER-6. 
 

 

3.5.3 UV-Visible absorption (UV-Vis) 

 The spectra of ER-3, ER-4, and ER-5 were measured in chloroform at room temperature (Figure 50-

52). The concentrations used were in the order of 10-6 mol dm-3. The spectra are combined and 

normalised in order to clearly visualise the displacement of the absorption bands (Figure 53).  
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Figure 50. UV-Vis absorption spectrum of porphyrin ER-3 in chloroform. 

 
Figure 51. UV-Vis spectrum of porphyrin ER-4 in chloroform. 
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Figure 52. UV-Vis spectrum of porphyrin ER-5 in chloroform. 

 

Figure 53. Combined and normalised UV-Vis spectra of porphyrins ER-3, ER-4, and ER-5 in chloroform. 
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 The three spectra are all characteristic of free-base porphyrin. There is strong absorption around 

400 nm (Soret band) and four less intense bands between 500 and 700 nm (Q bands). The UV-Vis 

absorption characteristics (λmax and λQ-band) of each porphyrin derivative are listed in Table 4, below.  

Table 4. UV-Vis absorption characteristics of porphyrins ER-3, ER-4, and ER-5 all in chloroform. 

Compound λmax (nm) λQ-band (nm) λQ-band (nm) λQ-band (nm) λQ-band (nm) 

ER-3 412 507 542 583 636 

ER-4 422 519 554 596 652 

ER-5 427 527 564 604 660 

 

 The red-shift observed of all absorption bands of the halogenated porphyrin ER-4, and acetylenic 

porphyrin ER-5, with respect to ER-3, is due to the reorganisation of the charges at the macrocycle 

level.143, 144 The bathochromic effect can also be attributed to the mesomeric donor effect of the iodine 

in ER-4, or by extension of the conjugation in the case of ER-5.   

Due to the increase in π-electrons of ER-5, and the possible reduction in aggregation and/or π-π 

stacking of the porphyrins in solutions of ER-5 vs. ER-4 and ER-3 (due to ER-5 being bulkier than its 

counterparts) there is an increase in the intensity of light absorbed and thus, we observe a 

hyperchromic shift in the spectrum of ER-5. Addition of more π-electrons may go on to further 

increase the hyperchromic shift, and this may have additional effects on the 2PA properties of the 

porphyrins. 

 

3.5.4 Z-scan 

Herein we provide details of the 2PA properties of porphyrins ER-3, ER-4, and ER-5, characterised 

using the Z-scan technique. The Z-scan measurements were performed over a wide range of 

wavelengths (800 – 1360 nm), achieved by employing an Astrella Ti:Sapphire amplifier (output 

wavelength 800 nm) pumping a TOPAS Prime optical parametric amplifier equipped with a NirUVis 

frequency mixer, which delivered wavelength tunable pulses with a duration of about 50 fs and the 
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repetition rate of 1 kHz. The output beam was selected with a polarization separator and attenuated 

using neutral density filters. Chloroform solutions of ER-3, ER-4, and ER-5 were placed in stoppered 1 

mm glass cuvettes. The concentration of each sample was 1% w/w. During a Z-scan measurement the 

sample moves along the axis of the incident beam, in the z-direction. Prior to and past the focal point, 

the so-called open- and closed-aperture signals are recorded. The open-aperture signal corresponds 

to the overall transmittance of the sample, and the closed-aperture signal corresponds to the 

transmittance of the central part of the beam as selected by an aperture in the far field. These signals, 

as well as the signal corresponding to the incident beam, were viewed on an oscilloscope, digitised, 

and transferred to a computer via a National Instruments BNC-2110 Terminal Block and National 

Instruments PCI-6143 Multifunction I/O Device. The obtained results for the three porphyrins were 

calibrated by using Z-scan measurements performed on a fused silica plate. The non-linear refractive 

index of the fused silica plate was assumed from literature data, and subsequently compared with 

measurements of an identical glass cuvette filled only with the solvent (chloroform). The obtained 

data were analysed using a custom fitting program that utilises equations derived by Sheik-Bahae, et 

al.152  

Changes to the substituent in the “free” meso-position lead to changes in the electron 

delocalisability, and charge transfer of each porphyrin, due to the nature of and differences between 

each substituent -H, -I, and -≡-SiMe3. In the case of porphyrin ER-4 bearing a halogen (I), the 

intersystem crossing (ISC) may be enhanced via the heavy atom effect, and leads to the red-shift 

observed in the UV-Vis spectra.  

The 2PA cross-sections (σ2) of porphyrins ER-3, ER-4, and ER-5 have been measured and compared 

by using the femtosecond open-aperture Z-scan technique. The 2PA has been measured at excitation 

wavelengths corresponding to double the wavelength region of the one-photon absorption (1PA) 

bands (those measured by UV-Vis absorption). The measured wavelengths are between 800 and 1360 
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nm. The computed σ2 values are presented in Figure 54 overlaying their respective 1PA spectrum, 

below.  

 

Figure 54. Overlay of 1PA (solid colour lines) and 2PA (solid black lines) spectra for ER-3 (a, red), ER-4 (b, blue), and ER-5 (c, 
green) in chloroform. σ2 are derived from the Z-scan measurements and plotted against twice the wavelength (2λ) of the 

1PA spectra.  

 

 

This presentation of spectra (2PA overlaying the 1PA spectra) relies on the assumption that the 

same excitable states can be reached by both 1PA and 2PA, which is a common occurrence for non-

centrosymmetric molecules.40 The calculated σ2 values of all measured wavelengths, for each 

porphyrin, are listed in Table 5, below. 

  

a) b) 

c) 
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Table 5. The calculated 2PA cross-section values (σ2) of porphyrins ER-3, ER-4, and ER-5 performed in CHCl3. 

 ER-3 ER-4 ER-5 

Wavelength 
(nm) 

σ2 
(GM) Error σ2 

(GM) Error σ2 
(GM) Error 

800 10.8351 ± 3.3509 13.1859 ± 4.078 12.6284 ± 3.9055 

810 28.9813 ± 7.5878 35.2691 ± 9.2341 33.7779 ± 8.8436 

820 9.019 ± 2.655 10.9758 ± 3.2311 10.5117 ± 3.0945 

830 9.6587 ± 1.8962 11.7543 ± 2.3076 11.2573 ± 2.2101 

840 3.8675 ± 0.88909 4.7066 ± 1.082 4.5076 ± 1.0362 

850 3.8716 ± 1.3037 4.7117 ± 1.5866 4.5124 ± 1.5195 

860 2.1746 ± 1.0946 2.6464 ± 1.332 2.5345 ± 1.2757 

870 3.2699 ± 1.3998 3.9794 ± 1.7035 3.8111 ± 1.6315 

880 1.8431 ± 1.0629 2.243 ± 1.2936 2.1482 ± 1.2389 
890 1.5183 ± 0.67517 1.8478 ± 0.82165 1.7696 ± 0.78691 

1000 --- --- --- --- --- --- 

1020 0.3304 ± 0.42662 0.40208 ± 0.51918 0.38508 ± 0.49723 

1040 0.35619 ± 0.35973 0.43347 ± 0.43778 0.41514 ± 0.41927 

1060 0.92512 ± 0.41278 1.1258 ± 0.50234 1.0782 ± 0.4811 

1080 --- --- --- --- --- --- 

1100 --- --- --- --- --- --- 

1120 --- --- --- --- --- --- 

1140 --- --- --- --- --- --- 

1160 --- --- --- --- --- --- 

1180 1.5091 ± 0.4812 1.8366 ± 0.58561 1.7589 ± 0.56085 

1200 1.2646 ± 0.4275 1.539 ± 0.52025 1.4739 ± 0.49825 
1220 --- --- --- --- --- --- 

1240 --- --- --- --- --- --- 

1260 --- --- --- --- --- --- 

1280 --- --- --- --- --- --- 

1300 --- --- --- --- --- --- 

1320 1.2983 ± 0.48413 1.58 ± 0.58917 1.5132 ± 0.56426 

1340 1.0384 ± 0.43306 1.2637 ± 0.52702 1.2102 ± 0.50474 

1360 1.0668 ± 0.34552 1.2983 ± 0.42048 1.2434 ± 0.40271 
 

 

It is evident that porphyrin ER-3, with the meso-H substituent, displays smaller σ2 and thus, weaker 

non-linear absorption compared to ER-4 and ER-5. This is indicated at the maximum σ2 value (@ 810 
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nm) of each porphyrin being 28.98 ± 7.59 GM, 32.27 ± 9.23 GM, and 33.78 ± 8.84 GM for ER-3, ER-4, 

and ER-5, respectively. The larger cross-sections of ER-4 and ER-5 are due to the heavy atom effect 

and increased conjugation of the macrocycles, respectively. The calculated data shows that each of 

the three compounds display a relatively weak 2PA maximum around 1360 nm. 

 Further photophysical studies of each compound would be helpful in proving the extent of the 

heavy atom effect and extended π-conjugation mechanisms. Such studies may shed more light on 

these effects that are of great interest for novel materials related to PDT/PACT applications, 2PA 

imaging, and more.  
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3.6 EXPERIMENTAL - SYNTHESIS 

Note: where it is stated that anhydrous solvent is used, the “wet” solvent was passed through a 

column of alumina immediately prior to use to remove excess water (unless stated otherwise).189, 190  

3.6.1 ER-1 (mesityl-dipyrromethane) 
 

 

40 equiv of pyrrole (40 mL; 577 mmol) and 1 equiv of mesitaldehyde (2 mL; 13.6 mmol) are stirred 

under Ar at room temperature for 15 min then 0.2 equiv of TFA (210 μL; 2.7 mmol) are added to the 

mixture. The reaction continues for 2 hours until the majority of the mesitaldehyde has reacted. The 

reaction is stopped by adding 100 mL of dichloromethane (DCM) and 20 mL of 0.1 M aqueous NaOH. 

The organic phase is washed with H2O (3 x 150 mL), dried over MgSO4 and then evaporated. The crude 

is purified on a silica gel column (eluent: Hexane / DCM: 2/1) and after recrystallization from 

cyclohexane, ER-1 is obtained in the form of a white powder (yield = 25.8%). 

 

TLC: Rf = 0.6 (Hexane/DCM: 2/1) 

 
1H-NMR: CDCl3 (500 MHz) – 7.93 (2H, HNH, s), 6.87 (2H, Hmesityl, s), 6.66 (2H, Hpyrrole, m), 6.18 (2H, Hpyrrole, 

q (J = 2.8 Hz)), 6.01 (2H, Hpyrrole, m), 5.93 (1H, Hmeso, s), 2.28 (3H, Hmethyl, s), 2.07 (6H, Hmethyl, s)  
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3.6.2 ER-2 (di(1H-pyrrol-2-yl)methane) 
 

 

 

Pyrrole (17 mL, 245 mmol, 1.5 equiv) was dissolved in water (60 mL) and the solution was degassed 

with nitrogen for 30 min and then cooled down to 0 °C. Formaldehyde (4.5 mL, 37% in water, 163 

mmol, 1 equiv) and HCl (0.2 mL, 35%, 2 mmol, 0.03 equiv) were added dropwise over a period of 15 

min and the reaction was stirred for a further 2 h at 0 °C. The reaction solution was extracted three 

times with DCM (3 x 50 mL) and the combined organic layers were concentrated under reduced 

pressure. The crude product was purified by column chromatography (eluent = Hexane/DCM: 2/1) to 

yield di(1H-pyrrol-2-yl)methane ER-2 as a white solid (yield = 22.3%). ER-2 was stored in the freezer 

since it is prone to slight decomposition at room temperature. 

 

TLC: Rf = 0.25 (Hexane/DCM: 1/1) 

 

1H-NMR: CDCl3 (600 MHz) – 7.84 (2H, HNH, s), 6.66 (2H, Hpyrrole, m), 6.15 (2H, Hpyrrole, q (J = 2.9 Hz), 6.04 
(2H, Hpyrrole, m), 3.98 (2H, Hmeso, s) 
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3.6.3 ER-3 (10-mesityl-5,15-diphenylporphyrin) 
 

 

 

300.4 mg of ER-1 (1.13 mmol, 1 equiv), 165.8 mg of ER-2 (1 equiv, 1.13 mmol) and 0.34 mL of 

benzaldehyde (3.35 mmol, 2 equiv) are added to a round bottom flask. Then, 150 mL of anhydrous 

chloroform is added to the flask followed by 18 μL of boron trifluoride diethyl etherate (0.146 mmol, 

0.13 equiv). The mixture is left to stir for 24 h, under argon. After 24 h, 779 mg of DDQ (3.43 mmol, 

3.3 equiv) is added to the reaction flask and left to stir for 15 minutes. TEA (3 mL) is added to quench 

the reaction, and the mixture then poured onto a silica gel column (eluent = DCM) to remove the tar 

from the mixture. The resulting porphyrin mixture is separated via flash column chromatography 

(eluent gradient starting with Hexane/DCM: 10/1 to 10/1.1). ER-3 is obtained as a purple solid (yield 

= 16.2%). 

 

TLC: Rf = 0.64 (Hexane/DCM: 1/1) 

 

1H-NMR: CDCl3 (500 MHz) – 10.21 (1H, Hmeso, s), 9.34 (2H, H βpyrrolic, d (J = 4.6 Hz)), 9.01 (2H, H βpyrrolic, d 

(J = 6.5, 4.6 Hz)), 8.85 (2H, H βpyrrolic, d (J = 4.8 Hz)), 8.73 (2H, H βpyrrolic, d (J = 4.8 Hz)), 8.24 (4H, H2,6 phenyl, 

m), 7.79 (6H, H3,4,5 phenyl, m), 7.28 (2H, Hmesityl, s), 2.63 (3H, Hmethyl, s), 1.82 (6H, Hmethyl, s), -2.89 (2H, HNH, 

s)  
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3.6.3.1 ER-3b (5, 10, 15-trimesityporphyrin) 
 

 

300 mg of ER-1 (1.135 mmol, 1 equiv), 165.9 mg of ER-2 (1.135 mmol, 1 equiv) and 0.34 mL of 

mesitaldehyde (2.27 mmol, 2 equiv) are dissolved in 150 mL of anhydrous CHCl3. The reaction medium 

is stirred at room temperature for 10 minutes and then 84.04 μL of trifluoroborane diethyl etherate 

(0.681 mmol, 0.6 equiv) are added to the mixture dropwise. After 1 h of stirring, 772.94 mg of DDQ 

(3.405 mmol, 3 equiv) are added and the reaction continues for an additional 1 h. The reaction is 

stopped by evaporation of the solvent. The crude is pre-purified (eluent: CH2Cl2) in order to remove 

the tar. ER-3 is obtained after purification by silica-gel column chromatography (eluent CH2Cl2 / 

Petroleum ether: 3/7) in the form of a purple solid. It was found that even after purification there still 

remained unreacted mesitaldehyde that could not be separated from the porphyrin product. Upon 

repetition, reaction run time was extended to 24 hours (before addition of DDQ). 1H-NMR analysis 

displayed unreacted aldehyde still remained in the resulting crude mixture, separation proved difficult 

with porphyrin yields too low for the next steps of the synthesis. Reaction for ER-3 (section 3.6.3) was 

solely used from this point onwards. 
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3.6.4 ER-4 (5-iodo-15-mesityl-10,20-diphenylporphyrin) 
 

 

 

1 equiv of 10,15,20-trimesitylporphyrin (ER-3) (69.2 mg; 0.119 mmol), 0.75 equiv of bis 

(trifluoroacetoxy) iodobenzene (39.8 mg; 0.0925 mmol) and 0.6 equiv of iodine (19.4 mg; 0.0764 

mmol) are dissolved in 8 mL of CHCl3. After stirring for 4 h at room temperature, the reaction medium 

is diluted by adding DCM (70 mL). The organic phase is neutralised with saturated sodium thiosulfate 

(Na2S2O3) solution (2 x 70 mL), washed with H2O (2 x 100mL), dried over MgSO4 and then evaporated. 

The product obtained is purified on a silica gel column (eluent = Pet. ether/DCM gradient starting from 

9/1 to 7/3) to obtain ER-4 in the form of a purple solid (yield = 55.6%). 

 

TLC: Rf = 0.5 (Pet. ether/DCM: 2/1) 

 

1H-NMR: CD2Cl2 (500 MHz) – 9.69 (2H, H βpyrrolic, d (J = 4.8 Hz)), 8.87 (2H, H βpyrrolic, d (J = 4.0 Hz)), 8.76 

(2H, H βpyrrolic, d (J = 4.6 Hz)), 8.65 (2H, H βpyrrolic, d (J = 4.6 Hz)), 8.2 (4H, H2,6 phenyl, m), 7.79 (6H, H3,4,5 phenyl, 

m), 7.28 (2H, Hmesityl, s), 2.60 (3H, Hmethyl, s), 1.82 (6H, Hmethyl, s), -2.68 (2H, HNH, s) 
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3.6.5 ER-5 (5-mesityl-10,20-diphenyl-15-((trimethylsilyl)ethynyl)porphyrin)           
 

 

 

ER-4 (1 eq, 30 mg, 0.0425 mmol), PdCl2(PPh3)2 (0.2 eq, 10.9 mg, 0.0155 mmol), CuI (0.1 eq, 1.7 mg, 

0.00893 mmol) and TMSA (5 equiv, 54 μL, 0.390 mmol) were combined in a Schlenk flask. Dry toluene 

and dry TEA (3.3 mL, 3/0.3) were added and the solution was freeze-pump-thaw degassed (x6). Then, 

the mixture was stirred for 4 h at 50 °C. After evaporation of the solvent, the crude product was 

dissolved in DCM (25 mL), washed twice with H2O (2 x 50mL) and dried over MgSO4. The residue was 

purified by silica gel column chromatography (hexane/DCM: gradient ranging from 1/0.1 to 1/0.5). ER-

5 was obtained as a dark purple solid (yield = 23.3%). 

 

TLC: Rf = 0.48 (Hexane/DCM: 2/1) 

 

1H-NMR: CD2Cl2  (500 MHz) – 9.67 (2H, H βpyrrolic d (J = 4.8 Hz)), 8.90 (2H, H βpyrrolic d (J = 4.6 Hz)), 8.75 (2H, 

H βpyrrolic d (J = 4.8 Hz)), 8.63 (2H, H βpyrrolic d (J = 4.8 Hz)), 8.22 (4H, H2,6 phenyl, m), 7.79 (6H, H3,4,5 phenyl, m), 

7.29 (2H, Hmesityl, s), 2.61 (3H, Hmethyl, s), 1.82 (6H, Hmethyl, s), 0.62 (9H, HSiCH3, s), -2.40 (2H, HNH, s) 
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3.6.6 ER-6 (2-(4-bromophenyl)-5-chloropyrimidine) 
 

 

 

To a Schlenk flask with condenser and stirrer bar, 4-bromophenylboronic acid (421.8 mg, 1 equiv, 2.1 

mmol), 5-chloro-2-iodopyrimidine (502.6 mg, 1 equiv, 2.09 mmol), Pd (PPh3)4 (71.7 mg, 0.03 equiv, 

0.062 mmol) K2CO3 (862.3 mg, 3 equiv, 6.24 mmol), and 30 mL degassed 1:1 THF/H2O were added. 

The mixture was heated to 55 ° C with stirring for 20 h, the THF is then removed under reduced 

pressure, and the aqueous layer extracted with DCM (4 x 30 mL). The combined organic layers were 

dried with MgSO4, concentrated, and the residue purified by column chromatography on silica (eluent 

= Hexane/DCM gradient from 1/0.2 to 1/0.3) to give ER-6 as a white solid (yield = 27.7%). 

 

TLC: Rf = 0.45 (Hexane/DCM: 2/1) 

 

1H-NMR: CDCl3 (500 MHz) – 8.73 (2H, H2,6, s), 8.29 (2H, H8,12, d (J = 4.6 Hz)), 7.62 (2H, H9,11, d (J = 4.8 

Hz)) 
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3.6.7 ER-6-I (2-(4-bromophenyl)-5-iodopyrimidine) 
 

 
 

30 mg of ER-6 (0.11 mmol, 1 equiv), 114.27 mg of CuI (0.6 mmol, 6 equiv), 89.93 mg of NaI (0.6 mmol, 

6 equiv), 84.30 μL of N, N-diethylethylenediamine (DEDA) (0.6 mmol, 6 equiv), and anhydrous 1, 4-

dioxane (15 mL) were added to a small, dry flask with a stirrer bar. The reaction mixture was heated 

to reflux (106 °C) and left to stir for 48 h, under nitrogen, until all of the starting material is completely 

converted. Afterwards, the reaction was quenched with saturated NH4Cl solution (30 mL), extracted 

with DCM (3 x 25 mL), and dried over anhydrous Na2SO4. The solvent is then removed under reduced 

pressure to afford compound ER-6-I (yield = 80%). 

 

TLC: Rf = 0.44 (Hexane/DCM: 2/1) 

 

1H-NMR: CDCl3 (500 MHz)– 8.73 (2H, H2,6, s), 8.13 (2H, H8,12, d (J = 4.8 Hz)), 7.84 (2H, H9,11, d (J = 4.8 

Hz)) 
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3.6.8 ER-7 (5-((2-(4-bromophenyl)pyrimidin-5-yl)ethynyl)-15-mesityl-10,20-diphenylporphyrin) 
 

 

 

A mixture of ER-6-I (15.99 mg, 1 equiv, 0.0443 mmol), ER-5 (30 mg, 1 equiv, 0.0443 mmol), K2CO3 

(12.24 mg, 2 equiv, 0.0886 mmol), Pd(PPh3)4 (1.54 mg, 0.03 equiv, 0.00133 mmol), PPh3 (0.35 mg, 0.03 

equiv, 0.00133 mmol), and CuI (0.3 mg, 0.03 equiv, 0.00133 mmol) in 5 mL of THF was stirred at 80 °C. 

After stirring for 5 h, to the mixture was added 10 mL aqueous 2 M HCl, and extracted with 3 x 15 mL 

ethyl acetate. The organic phase was sequentially washed with 10 mL of brine, 10 mL of aqueous sat. 

NaHCO3, an additional 10 mL of brine, and dried with MgSO4. After removal of the solvent under 

reduced pressure, the 1H-NMR and MS were analysed and it was confirmed that the product ER-7 was 

not formed. Alterations were made to the catalytic equivalences (increased 3-fold to 0.09 equiv for 

Pd(PPh3)4, PPh3, and CuI) and the reaction repeated without success. The procedure requires further 

alterations. 
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Chapter IV: 
Two-photon absorption properties of 

expanded macrocycles: 
naphthiporphyrins
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INTRODUCTION 

 
Another method for the enhancement of porphyrin properties is via expansion of the macrocycle 

core. There are various studies on this topic, with few pertaining to the enhancement of 2PA 

properties. Carbaporphyrinoids expand upon the porphyrin core and are such characterised by their 

presence of carbon atom(s) within the macrocycle’s coordination cavity.191 This expanded macrocycle 

leads to porphyrin analogues with unusual coordination environments, composed of nitrogen donors 

and carbon atoms, these analogues remain capable of metal or metalloid binding.192  

Carbaporphyrinoids193 can be composed of embedding polycyclic aromatic hydrocarbon (PAH) 

subunits, to replace a pyrrole unit, such as benzene,91 azulene,194 cycloheptatriene,195 and 

naphthalene,92 to name a few. Aceneporphyrinoids or naphthiporphyrins, those containing the 

naphthalene subunit, have been found to be of particular interest due to the naphthalene motif 

playing a crucial role in determining the overall properties of the expanded macrocycle.196-198 The 

nature of the PAH moiety present determines the extent of which the electronic properties of the 

macrocycle are altered, and whether this also partakes in the π-delocalisation of the molecule. 

Aceneporphyrinoids have received much attention in recent years for several reasons, including their 

atypical π-conjugation,199, 200 their varying aromaticity from anti-aromatic and non-aromatic,201, 202 as 

well as their ability to form stable organometallic complexes with metals with uncommon oxidation 

states.203-205 Upon incorporation of a PAH, the cavity size of the macrocycle may exceed 16 atoms, 

which is typical for a regular sized porphyrin/porphyrinoid.96, 206 These resulting macrocycles are 

considered expanded carbaporphyrinoids.  

 The type of PAH embedded porphyrinoid that we explore here are naphthiporphyrins. To date, a 

series of constitutional isomers of naphthiporphyrin have been synthesised. These include 1,3-,92, 207 

1,4-,92, 208 1,5-,209 and 1,7-naphthiporphyrinoids.197 These macrocycle possess a precisely designed 

cavity within which there is contribution of porphyrin-like donor atoms, these compounds are 

becoming more and more attractive for their use within organometallic and organoelement 

chemistry.192, 210 Naphthiporphyrins also possess atypical conformational flexibility.211-213 
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 The molecular properties of these expanded macrocycles can by further modified via the inclusion 

of heteroatoms,97, 214, 215 such as oxygen, sulfur, selenium, or tellurium, within the cavity of the 

macrocycle. Inclusion of heteroatoms has a significant effect on the electronic properties of the 

molecules. This in turn has an effect on the spectral, structural, and coordination properties of the 

molecule.196, 198, 216 

 The study here is based on a new constitutional isomer of naphthiporphyrin that was designed and 

synthesised in a previous study, 28-hetero-2,7-naphthiporphyrin, by Szyszko, et al.217 The compounds 

displayed formation of organophosphorus(V) complexes, proving the compounds ability to act as a 

macrocyclic ligand. 

 It is well-studied that two-photon absorption (2PA) properties are highly affected by the electronic 

and structural properties of a molecule, such as the length of its π-conjugation,218-223 as well as its 

aromaticity and planarity.93, 224-228 As previously mentioned, the photophysical properties of 

heteroporphyrins, namely carbaporphyrinoids, have not been studied in-depth even with their 

potential application within photodynamic therapy (PDT),229 and sensor development,230 and uses as 

catalysts,231 and anion-binding agents.232  

 Herein, we measure the 2PA properties of three 28-hetero-2,7-naphthiporphyrins (Figure 55) 

where heterocycle D differs with the presence of sulfur (1-S), selenium (1-Se), and tellurium (1-Te) 

within the cavity of the macrocycle.233 

 

 

Figure 55. Structures of naphthiporphyrins 1-S, 1-Se, and 1-Te. 
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The compounds are characterised using the Z-scan technique where very few carbaporphyrinoids 

have been measured regarding their non-linear optical properties.234 Previous works that discuss the 

2PA properties of uncommon porphyrinoids cover expanded porphyrins such as cyclo[n]pyrrole, 

amethyrin, and rubyrin,93 N-confused hexaphyrins,94 and biradicaloid meso-substituted 

[26]hexaphyrin (Figure 56).95 

 

 

Figure 56. Structures of uncommon porphyrinoids and expanded porphyrins including cyclo[n]pyrrole, amethyrin, rubyrin, 
N-confused hexaphyrin, and biradicaloid meso-tetrakis(pentafluorophenyl)-substituted [26]hexaphyrin. 

 

4.1 LINEAR OPTICAL PROPERTIES 
 

Naphthiporphyrins 1-S, 1-Se, and 1-Te were measured in HPLC grade dichloromethane (DCM) to 

make certain that no chemical changes of the molecules occurred throughout the experiments. Due 

to the amount of compound available to us, we were able to make two samples of 1-Se. The samples 

only differed in concentration, 1-Se_0.5, a 0.5% w/w solution, and 1-Se_1, a 1% w/w solution. All four 

solutions were dark green in appearance. The UV-Vis spectra displayed an intense Soret-like band in 
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the 347 – 358 nm wavelength range (Figure 57). All spectra also display a second, relatively intense, 

band in the 443 – 452 nm wavelength range.  

 

Figure 57. UV-Vis absorption spectra of porphyrinoids 1-S (1% w/w), 1-Se (1% w/w), and 1-Te (1% w/w) (all were measured 
in DCM). Sample 1-Se_0.5 (0.5% w/w) displayed the same wavelength values as 1-Se_1, so it has been omitted for clarity.  

 
 
 There is a broad absorption band present in all spectra over the 500 – 850 nm wavelength range, 

with maxima in this range at 661 nm for 1-S, 670 nm for 1-Se (the same for 0.5 and 1%), and 679 nm 

for 1-Te. The bands and spectral patterns displayed here are characteristic of non-aromatic 

carbaporphyrinoids.225 As the heterocycle ring D is changed from thiophene to selenophene to 

tellurophene, the absorption bands display a small bathochromic shift. The observed red-shift is also 

a commonly occurring effect and has been well-studied for heteroporphyrins235 and 

heterocarbaporphyrinoids.209, 217. This effect is likely due to the electron delocalisation of the group 16 

elements (chalcogens), as well as the increasing metallic nature as you move down the chalcogen 

group.236 Another factor that may also have some effect on the photophysical properties is the 

difference in sizes of the heteroatoms (S, Se, and Te).237 The larger Te affects the conformation of the 

macrocycle to a larger degree compared to S. Other changes in aromaticity and π-electron 

delocalisation may also have an effect on the photophysical properties. 
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4.2 NON-LINEAR OPTICAL PROPERTIES 
 

Due to the differences of the heteroatoms present in heterocycle ring D, tellurium is the heaviest 

of the three and is less electronegative than selenium which in turn is less electronegative than sulfur, 

these lead to changes in the electron delocalisability and charge transfer of the naphthiporphyrins.238 

The presence of heavy atoms in the macrocycle not only red-shifts the bands in the 1PA spectra, it is 

also known to enhance the intersystem crossing (ISC) of a molecule, this phenomenon has been readily 

studied.239-241 As 2PA is a third-order non-linear optical process, and it is known to be influenced by 

the charge transfer efficiency of a molecule,242, 243 which is related to its electron-donor properties, it 

was decided to compare the 2PA cross-section (σ2) values of 1-S, 1-Se, and 1-Te via the Z-scan open-

aperture technique.53, 152, 244 

The maximum σ2 values for these compounds were determined by measuring the 2PA at excitation 

wavelengths that correspond to twice the wavelength (2λ) region of the 1PA bands. This ensures that 

the 1PA contribution to the open aperture signal can be managed and minimised. This led to the 

measured wavelengths of 850 – 1600 nm for 1-S, 1-Se_1, and 1-Te_1 and 800 – 1600 nm for 1-Se_0.5. 

The σ2 values for the naphthiporphyrins were calculated and presented in Figure 58, plotted alongside 

the 1PA spectra at 2λ. 
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Figure 58. Overlay of the one-photon (solid black lines) and two-photon (solid colour lines) absorption spectra for a) 1-S b) 
1-Se_0.5 (red) and 1-Se_1 (blue) and c) 1-Te. All measured in DCM. The 2PA cross-section values are derived from the Z-

scan open-aperture measurements. The 1PA measurements are plotted against twice the wavelength (2λ).  

 
 

The data in Figure 58 is presented such that the same excited states are reachable by both the 1PA 

and 2PA processes, this is common occurrence for non-centrosymmetric molecules.245 However, it 

should be noted, that the relative strengths of the various 2PA absorption bands do not have to follow 

those of the 1PA spectra.  

 Two examples of the Z-scan open-aperture curves are displayed below (Figure 59) for 900 nm and 

1400 nm of each molecule. It is apparent that 1-Te displays the strongest non-linear absorption, 

followed by 1-Se, with 1-S displaying the weakest non-linear absorption. The non-linear absorption is 

almost undetectable at 1400 nm. The two differing concentrations of molecule 1-Se (0.5% and 1%) 

  

a) b) 

c) 
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displays non-linear absorption that approximately scales with concentration, as shown in Table 6, the 

calculated values are in agreement.  

 

 

Figure 59. Z-scan open-aperture curves of 1-S, 1-Se_0.5, and 1-Te at a) 900 nm and b) 1400 nm. 

 

 

Table 6. Calculated two-photon absorption values of all investigated compounds, in DCM. MW represents molecular 
weight. 

 
Compound λ2PA (nm) σ2 (GM) σ2/MW (GM g-1) 

1-S 
900 99 ± 6.8 0.143 

1400 1.4 ± 0.8 0.002 

1-Se_0.5 
900 209 ± 22 0.272 

1400 13.2 ± 3 0.017 

1-Se_1 
900 233 ± 10 0.303 

1400 15.7 ± 1.5 0.020 

1-Te 
900 652 ± 25 0.826 

1400 31.5 ± 3 0.040 
 
 
 
 The calculated data demonstrates that all compounds show a comparatively weak 2PA maximum 

around 1400 nm, with the σ2 value of 1-Te being double that of 1-Se, and 1-Se being around 10 times 

higher than 1-S. It is expected that maxima may appear at shorter wavelengths (between 700 and 900 

nm), but this cannot be precisely due to the overlap of these wavelength ranges with the tail-end 

  

a) b) 
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absorption of the 1PA spectra. The band observed at 900 nm (most prominent in 1-Te_1 2PA 

spectrum) can be brought about by the existence of a knee-like feature in most two-photon spectra.246 

It is worth mentioning that the increase of σ2, for 1-Se at 800 nm, to 600 GM is likely to arise from the 

presence of excited state absorption. As mentioned, the tail-end absorption from the 1PA contribution 

is probably still too high at 800 nm, this can lead to an increase in the calculated σ2 values most 

probably due to excited state absorption or absorption saturation. The σ2 values may be higher at 

shorter wavelengths than those calculated here, but it is hard to obtain evidence of this due to the 

1PA influence.  

 The calculated σ2 values presented here further support the heavy atom effect, as changing from 

sulfur to selenium, and finally to the heavier tellurium, produces larger σ2. Heavier atoms tend to 

possess increased electron density at their centre,247-250 which is attributed to decreased 

electronegativity and increased electron donation as we move down the chalcogen group. These 

factors may lead to more efficient charge transfer, thus leading to the increased calculated σ2 values. 

Further photophysical studies would allow confirmation of this mechanism. Such studies may also lead 

to better understanding of the role that electron donation and the heavy atom effect play. These 

factors also promote ISC due to large atomic number atoms able to induce strong spin-orbit 

coupling.240, 251, 252 The heavy atom effect has been shown to effect photophysical properties,253-256 as 

implied here with the increasing σ2 values as we move to the heavier heavy atoms. All these effects 

are of significant interest for 2PA applications, such as PDT,257-259 2PA imaging,260, 261 optical limiting,262-

264 optical data storage,42, 265 microfabrication,44, 45 amongst others. 

 The main interest in these experiments is the non-linear absorption properties that were derived 

from the Z-scan open-aperture measurements, but the closed-aperture measurements, in principle, 

also allow for the determination of both non-linear absorptive and refractive properties. These 

properties are commonly presented as the real (Re (γ)) and imaginary (Im (γ)) parts of the cubic 

hyperpolarisability (γ) of the compounds being studied.266-268 
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 The spectra of the complex hyperpolarisability, γ (-ω; ω, -ω, ω) that were determined from the Z-

scan closed-aperture measurements are shown in Figure 60. All three naphthiporphyrins have 

absolute values of Re (γ) and Im (γ) on the order of 10-33 esu. The imaginary part relates to the 2PA 

cross-section and it follows that of the spectral pattern of σ2. The real part is negative for the majority 

of the investigated spectral region, this is typical for compounds that exhibit strong two-photon 

absorption. Experimentally, due to the high concentrations of the solutions, the solute contribution 

to the total refractive non-linearity of the solution is comparably high, this leads to sufficiently low 

errors in the calculations of Re (γ). As the heterocyclic ring changes from thiophene to selenophene 

to tellurophene there is an increase in γ.     

Figure 60. Spectra displaying the calculated real (Re) and imaginary (Im) parts of the hyperpolarisability, γ, derived from the 
Z-scan measurements for a) 1-S, b) 1-Se_0.5 and 1-Se_1, and c) 1-Te. 

 
  

  

a) b) 

c) 
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It has been previously suggested that the decrease in the transition energy between the ground 

and the excited state is due to the heavier heteroatom, this transition energy is that involved in the 

transition that contributes to γ.269, 270 This change in transition energy may also be a reason for the 

observed increase in σ2 as we move from S to Se to Te. Particularly for 1-Te, the calculated σ2 values 

show a considerable enhancement compared to traditional macrocycles. The clear advantage of these 

naphthiporphyrins is their ability to absorb at longer wavelengths (> 1400 nm) compared to porphyrins 

that are used in the treatment of head and neck cancers, Foscan® = 652 nm and meso-tetra-4-

hydroxyphenylporphyrin = 648 nm.271 The potential use of naphthiporphyrins in similar applications is 

clear, further experiments will determine their compatibility, but we have provided another example 

demonstrating successful enhancement of 2PA properties. 

 

4.3 CONCLUSION & OUTLOOK 
  

The results from this investigation of one- and two-photon absorption properties of 

naphthiporphyrins 1-S, 1-Se, and 1-Te show an improvement upon well-known photosensitizers that 

are currently used for PDT, as one example. The measured 2PA cross-sections may look to be 

moderate in comparison to much larger photosensitizers that have been measured in this context, but 

the moderate values were determined here at much longer wavelengths, 1400 nm, than has been 

previously recorded for such molecules. The 2PA values measured at 900 nm for 1-S and 1-Te are of a 

higher order of magnitude than well-known photosensitizers used for PDT, Foscan® has a reported σ2 

of 28 ± 8 GM (DMSO, λ = 775 nm).65 These initial measurements demonstrate the promise of these 

compounds for their potential application in PDT, and other two-photon applications. Further 

investigations should be done to establish if these modifications to the macrocycle core can be utilised 

to create more expanded porphyrin-like molecules with further enhanced 2PA properties. 
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CONCLUSION AND PERSPECTIVES 
 

During this work, in the first chapter, we have successfully demonstrated that porphyrins 

encapsulated in acetylated lignin nanoparticles are capable of emitting in the NIR range upon two-

photon excitation. The porphyrin-loaded lignin nanoparticle hybrid dispersions were measured using 

two-photon excited fluorescence and two-photon fluorescence microscopy.  

In the second chapter, we have successfully shown the modifications of existing photosensitizer 

Foscan® have enhanced two-photon absorption properties, particularly demonstrated by the 

calculated two-photon absorption cross-section values being 2.6-fold increased upon that of Foscan®. 

In the next part of our work, we carried out the synthesis of a π-conjugated extended porphyrin to 

develop its two-photon absorption properties for their prospective use within photodynamic therapy. 

A porphyrin-type, tetrapyrrolic macrocycle, was aimed to be coupled with a para-substituted 

pyrimidine heterocycle. For this coupling step we utilised the Sonogashira reaction, though we were 

unsuccessful here, and future optimisation of this step will be required. However, the uncoupled 

porphyrin structures were measured and characterised for their two-photon absorption properties 

via Z-scan measurements, with the synthesised compounds also being characterised by a mixture of 

standard structural analysis methods, including 1H-NMR, UV-Visible absorption, and mass 

spectrometry. The measured two-photon absorption cross-section values for the three uncoupled 

porphyrins demonstrated that as the conjugation increased so thus did the cross-section value. The 

additional heavy-atom effect also induced an enhancement effect. Coupling of these porphyrins with 

the pyrimidine heterocycle should provide further information on the conjugation effect and whether 

it will lead to greater enhancement of their non-linear optical properties, with biological (in vitro) tests 

being required to determine their applicability in aqueous environments. 

The final part of this work demonstrated the two-photon absorption at extended wavelength values 

of up to 1600 nm. The one- and two-photon absorption properties of three naphthiporphyrins were 

measured using UV-Visible absorption and the Z-scan technique, respectively. The moderate two-
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photon absorption cross-section values recorded at 1400 nm is the longest wavelength that these 

types of compounds have been measured at before. These compounds show great potential for their 

use within two-photon and photodynamic therapy applications. Further investigations would be able 

to determine the usefulness of these compounds and their modifications in the design and creation 

of more expanded macrocycles with enhanced two-photon absorbing capabilities.    
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SUMMARY 
Design, optimisation, and characterisation of two- and multi-photon absorption photosensitizers 

for their prospective use in photodynamic therapy 

 
Many studies have been conducted regarding photodynamic therapy. Photodynamic therapy is a 

tool used to non-invasively treat head, neck, and skin cancers as an alternative to more invasive 

chemotherapy and surgical treatments. Photodynamic therapy requires the use light, a 

photosensitizer, and molecular oxygen to bring forth cancer cell death. In order to further optimise 

this remarkable phototherapy, studies have been conducted using two-photon absorption combined 

photodynamic therapy. Shifting to two-photon absorption offers several advantages over 

conventional photodynamic therapy, such as reduced thermal photo-damage of the treated area by 

virtue of the lower energy of the near-infrared light. Near-infrared light also allows for deeper 

penetration improving the possibility of treating deeper lying tumours over conventional 

photodynamic therapy. Therefore, the aim of this dissertation is to present several ways in which 

photosensitizers can be optimised for two-photon absorption application.  

The work in this thesis covers the design, synthesis, optimisation, and characterisation for 

improving the two-photon absorption properties of photosensitizers for prospective use in 

photodynamic therapy. The first part covers encapsulation of a porphyrin photosensitizer using 

acetylated lignin to form nanoparticles. Two-photon excited fluorescence measurements were used 

to determine the two-photon absorption properties of the nanoparticles in both bulk solution as well 

as a single separated nanoparticle. Additional techniques used are two-photon absorption microscopy 

and atomic force microscopy. 

The second part of this work focuses on the optimisation of the well-known, second-generation, 

photosensitizer Foscan®. Foscan® is chemically altered and the two-photon absorption properties are 

determined using two-photon excited fluorescence and power dependence measurements. 

Calculation of the two-photon absorption cross-section values displayed improvements upon Foscan® 

and show promise for the adaptation of Foscan® from conventional, one-photon photodynamic 

therapy to two-photon. 
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The third part covers the design and organic synthesis of a novel porphyrin-based photosensitizer 

for two-photon application. Following the optimisation of several synthetic routes and the design of 

novel procedures, the synthesised molecules are all characterised by standard 1H-NMR and mass 

spectrometry. The synthesised porphyrin cores are further characterised by UV-Visible absorption and 

their two-photon absorption properties measured using the Z-scan technique. The calculated two-

photon absorption cross-section values also display modest improvements upon well-known 

photosensitizers.  

The final part of this thesis includes the expansion of the porphyrin macrocycle. This particular work 

discusses expansion using naphthalene and substitution to include heavy elements (thiophene, 

selenophene, and tellurophene). The two-photon absorption properties of the compounds in this 

section are measured using the Z-scan technique and their two-photon cross-section values calculated. 

These molecules demonstrate reasonable values up to 1400 nm, wavelengths not previously 

measured for these types of compounds.  

The results from each section of this thesis display improvements upon already established 

photosensitizers, proving the usefulness of these design changes and provide many possibilities for 

the future use of these types of compounds. We hope this work will aid in optimising and modifying 

photosensitizers for two-photon absorption applications, particularly photodynamic therapy.   

 

Keywords: Two-photon absorption; two-photon absorption cross-section; photodynamic therapy; Z-

scan; Femtosecond laser-induced emission; photosensitizer; nanoparticles; acetylated lignin; Foscan®; 

organic synthesis; expanded macrocycle; naphthiporphyrin 
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RÉSUMÉ 
Conception, optimisation et caractérisation de photosensibilisateurs à absorption à deux et multi-

photons pour leur application potentielle en thérapie photodynamique 

 
De nombreuses études ont été menées sur la thérapie photodynamique. La thérapie 

photodynamique est un outil utilisé pour traiter de manière non invasive les cancers de la tête, du cou 

et de la peau comme alternative à la chimiothérapie et aux traitements chirurgicaux plus invasifs. La 

thérapie photodynamique nécessite l'utilisation de lumière, d'un photosensibilisateur et d'oxygène 

moléculaire pour provoquer la mort des cellules cancéreuses. Afin d'optimiser davantage cette 

photothérapie remarquable, des études ont été menées en utilisant la thérapie photodynamique 

combinée d'absorption à deux photons. Le passage à l'absorption à deux photons offre plusieurs 

avantages par rapport à la thérapie photodynamique conventionnelle, tels que la réduction des photo-

dommages thermiques de la zone traitée en raison de la faible énergie de la lumière proche infrarouge. 

La lumière proche infrarouge permet également une pénétration plus profonde améliorant la 

possibilité de traiter des tumeurs plus profondes par rapport à la thérapie photodynamique 

conventionnelle. Par conséquent, le but de cette thèse est de présenter plusieurs façons d'optimiser 

les photosensibilisateurs pour une application d'absorption à deux photons. 

Les travaux de cette thèse portent sur la conception, la synthèse, l'optimisation et la caractérisation 

pour améliorer les propriétés d'absorption à deux photons des photosensibilisateurs pour une 

utilisation prospective en thérapie photodynamique. La première partie couvre l'encapsulation d'un 

photosensibilisateur porphyrine à l'aide de lignine acétylée pour former des nanoparticules. Des 

mesures de fluorescence excitée à deux photons ont été utilisées pour déterminer les propriétés 

d'absorption à deux photons des nanoparticules dans la solution en vrac ainsi que dans une seule 

nanoparticule séparée. Les techniques supplémentaires utilisées sont la microscopie d'absorption à 

deux photons et la microscopie à force atomique. 

La deuxième partie de ce travail porte sur l'optimisation du célèbre photosensibilisateur Foscan® 

de deuxième génération. Foscan® est modifié chimiquement et les propriétés d'absorption à deux 

photons sont déterminées à l'aide de mesures de fluorescence excitée à deux photons et de 
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dépendance à la puissance. Le calcul des valeurs de la section efficace d'absorption à deux photons a 

montré des améliorations par rapport à Foscan® et semble prometteur pour l'adaptation de Foscan® 

de la thérapie photodynamique conventionnelle à un photon à la thérapie à deux photons. 

La troisième partie couvre la conception et la synthèse organique d'un nouveau 

photosensibilisateur à base de porphyrine pour une application à deux photons. Suite à l'optimisation 

de plusieurs voies de synthèse et à la conception de nouvelles procédures, les molécules synthétisées 

sont toutes caractérisées par RMN 1H standard et spectrométrie de masse. Les noyaux de porphyrine 

synthétisés sont en outre caractérisés par l'absorption UV-Visible et leurs propriétés d'absorption à 

deux photons mesurés à l'aide de la technique Z-scan. Les valeurs calculées de la section efficace 

d'absorption à deux photons affichent également des améliorations modestes par rapport aux 

photosensibilisateurs bien connus. 

La dernière partie de cette thèse comprend l'expansion du macrocycle de la porphyrine. Ce travail 

particulier traite de l'expansion à l'aide de naphtalène et de la substitution pour inclure des éléments 

lourds (thiophène, sélénophène et tellurophène). Les propriétés d'absorption à deux photons des 

composés de cette section sont mesurées à l'aide de la technique de balayage Z et leurs valeurs de 

section efficace à deux photons sont calculées. Ces molécules présentent des valeurs raisonnables 

jusqu'à 1400 nm, des longueurs d'onde non mesurées auparavant pour ces types de composés. 

Les résultats de chaque section de cette thèse présentent des améliorations par rapport aux 

photosensibilisateurs déjà établis, prouvant l'utilité de ces changements de conception et offrent de 

nombreuses possibilités pour l'utilisation future de ces types de composés. Nous espérons que ce 

travail aidera à optimiser et à modifier les photosensibilisateurs pour les applications d'absorption à 

deux photons, en particulier la thérapie photodynamique. 

 

Mots clés : Absorption à deux photons ; section efficace d'absorption à deux photons ; la thérapie 

photodynamique; balayage Z ; Émission induite par laser femtoseconde ; photosensibilisant; 
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nanoparticules; lignine acétylée; Foscan® ; synthèse organique; macrocycle expansé; 

naphthiporphyrine 
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