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ABSTRACT 

Cancer remains a global pandemic and is rapidly overtaking other diseases as the no.1 

killer in developing nations. Photodynamic therapy (PDT) has been advanced as a minimally 

invasive cancer therapy. In addition, the emergence of harmful microbes with increasing 

resistance to drugs has prompted the employment of photodynamic antimicrobial 

chemotherapy (PACT) as a promising alternative to combat antibiotic resistance. In PDT and 

PACT, a photosensitizer (dye/drug) upon activation by light transfers energy to molecular 

oxygen producing singlet oxygen which kills cells. There is increased attention and research 

into more selective and non-aggregated photosensitizers that will better PDT in treating 

cancer. This research work is focused on design and synthesis of non-aggregated asymmetric 

phthalocyanines (dyes) tagged with mitochondrial targeting vehicles to maximize selectivity 

and photo-killing of tumor cells. 

Chapter 1 presents a brief review of the current status of PDT and treatment of cancer. 

The three components of PDT namely, light, oxygen and the photosensitizer, are briefly 

discussed giving a concise overview of the development of each of them in bettering PDT as 

an alternative to cancer therapy. 

Chapter 2 outlines the design, synthesis and characterization of two non-aggregated 

symmetric ZnPc isomers that have improved water solubility due to incorporation of 

triethylene glycol groups. The extension of the max absorption to near-IR via non-peripheral 

substitution on the Pc macrocycle is reported, while comparing the photophysical 

characteristics of both isomers. 
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Chapter 3 details the improved selectivity of photosensitizers by conjugating ZnPcs to 

rhodamine B, a delocalized lipophilic cation, which targets the mitochondria of the cell. This 

conjugation achieved 70% more cell death suggesting that incorporation of rhodamine 

improved cellular uptake and localization of the photosensitizers which is crucial. 

Chapters 4 and 5 cover the design, synthesis, characterization, and photodynamic therapy 

evaluation of ZnPc and phosphorous phthalocyanines. Introduction of phosphorous as an 

electron deficient central atom promoted a 42 nm bathochromic shift relative to the 

corresponding ZnPc isomer. Additionally, the effect of peripheral and non-peripheral 

substitution on phototoxicity of these new compounds is studied and reported. Chapter 5 also 

gives concluding remarks, and future directions of this work. 

 

Note: The text, figures, and tables in Chapters 2 and 3 were reproduced with permission 

from the publishers (ScienceDirect and Elsevier respectively)  
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Chapter 1 : INTRODUCTION 

1.1. The Cancer Pandemic Current Statistics 

Cancer is defined as a group of diseases characterized by the uncontrolled growth 

and spread of abnormal cells often leading to death if not treated.1  According to the World 

Health Organization (2011), 84 million people worldwide died from cancer between 2005 

and 2015. This number is expected to increase if no intervention measures are taken. 

Development of cancer is caused by external factors (chemicals, tobacco, infectious 

organisms, and radiation) and internal factors like hormones and immune conditions. In their 

review Cancer is a Preventable Disease that Requires Major Lifestyle Changes, Preetha 

Anand et al. point out that it is only 5-10% of all cancer cases that are attributable to genetic 

effects with the remaining 90-95% emanating from environment and lifestyle. For instance, 

it is estimated that 25-30% of cancer cases are tobacco related, while 30-35% come from 

poor diet.2 

 1.2. Current Methods of Cancer Treatment 

Radiation therapy, surgery, chemotherapy, blood product donation and transfusion, 

stem cell transplant, hyperthermia, targeted therapy, immunotherapy, and photodynamic 

therapy are some of the modalities that have been employed to treat cancer. Radiation therapy 

uses high energy particles to damage cancerous cells, surgery involves physical removal of 

tumor, chemotherapy and targeted therapy rely on anticancer drugs that kill cancer cells 

while immunotherapy utilizes the body’s immune system to fight cancer. Hyperthermia uses 

heat to treat cancer and is among the oldest methods applied. Each of these methods of cancer 

treatment present individual advantages as well as shortcomings. Radiation therapy has been 
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among the most common treatment methods but is blamed for skin problems, diarrhea, 

itching, and fatigue, among others.3,4 Chemotherapy has a host of side effects ranging from 

hair loss, memory changes, bleeding problems, fatigue, anemia, appetite changes, 

constipation/diarrhea, nausea and vomiting, among others.5,6 Photodynamic therapy 

(discussed in the section below) provides a promising and less invasive option to treat 

cancer.7  

 1.3. Photodynamic Therapy  

Photodynamic therapy (PDT) employs the synergy between a photosensitizer, 

molecular oxygen, and light to kill cancer cells. The photosensitizer transfers energy to 

molecular triplet oxygen and transforms it to singlet oxygen which is cytotoxic. PDT has 

become an attractive modality as a minimally invasive cancer therapy.8 The only known 

major side effect of PDT is skin photosensitivity9,7,10 that imposes limits on a patient’s 

exposure to light after treatment.  

The advantages of PDT are: 

 Double selectivity offered by drug and light 

 Excellent healing 

 Can be repeated without adverse effects on patient and without inducing 

tumor resistance to treatment 

 Can be administered with other forms of treatment without contraindications 

 Has minimal side effects with skin hypersensitivity which limits exposure of 

patient to light post-PDT 

The limitations of PDT include: 
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 Optimization of light-drug doses may be different for each patient, lesion-to-

lesion, which makes protocol standardization difficult 

 Each new photosensitizer requires extensive pre-clinical and clinical trials  

1.3.1. Historical Background of PDT 

 The phenomenon of phototherapy dates back ancient times when primitive 

man used plant extracts and sunlight to cure skin diseases. For example, psoralens obtained 

from Psoralea corylifolia seeds were used in India as early as 1400 B.C. to treat vitiligo.11a 

However, the term “photodynamic therapy” was coined by Dr. H. von Tappeiner in 1900 

when his medical student Oscar Raab noticed that paramecia in acridine orange solution 

could not divide when exposed to laboratory light.11b It was also discovered that other light 

absorbing dyes induced rapid cell death in presence of light, and molecular oxygen was 

needed in the processes. In 1908, Hausmann and co-workers reported the photohemolysis of 

rabbit erythrocytes with hematoporphyrin (Hp).11c This prompted a rapid exploration and 

demonstration of Hp as a photosensitizer in mice, guinea pigs and man, respectively.12 In 

1960s and 1970s, Dougherty and co-workers conducted extensive research on Hp on long-

term cures of large mice tumors at wavelengths beyond 600 nm.13,9 Photofrin® (Figure 1.1), 

a purified Hp derivative, was FDA approved in 1995 to treat various cancers.9 Table 1 

summarizes the numerous photosensitizers in the market or currently in clinical trials. A 

more detailed discussion on photosensitizers is given later.  
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Figure 1.1. Examples of photosensitizers currently employed in PDT14 
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Table 1.1. Photosensitizers currently used in PDT treatment. *in clinical trials 

(reproduced from 14) 

 

Photosensitizer Basic Structure Wavelength 

(nm) 

Dose 

(mg/kg) 

Coordinated 

metal 

Manufacture 

Photofrin® Porphyrin 630 2.0 - Axcan Pharma, Inc. 

Photogem® Porphyrin 630  - Moscow Institute of 

High Chemical 

Technologies 

Hematoporphyrin 

IX 

Porphyrin 630  - Chongqing Huading 

Modern 

Biopharmaceutics 

Co. 

Hemporfin® Porphyrin 630  - Fudan-zhangjing 

BioPharmaceuticals 

Co. 

Levulan® Aminolevulinic 

acid 

635 30.0 - DUSA 

Pharmaceuticals 

Metvix® Aminolevulinic 

acid 

635  - PhotoCure USA 

Visudyne® Benzoporphyrin 689  - Novartis 

Pharmaceuticals 

Foscan® Chlorin 652 0.15 - Biolitec AG 

HPPH 

(Photochlor*) 

Chlorin 665  - Roswell Park 

Cancer Institute 

(RPCI) 

Talaforfin® Chlorin 664  - Light Sciences 

Purpurinimide 

277* 

Chlorin 700  - RPCI 

Photrex®* Purpurin 664  Tin Miravant Medical 

Technologies 

Purlytin 

TOOKAD®* 

Bacteriochlorin 763  Palladium Negma-Lerads & 

Steba Labs Ltd. 

Lutex®* Texaphyrin 732  Lutetium Pharmacyclics Inc. 

Pc4®* Phthalocyanine 680  Silicon V.I. Technologies 

CGP55847* Phthalocyanine 680  Zinc QLT 

Phototherapeutics 

Photosense® Phthalocyanine 670 1.0 Aluminum General Physics 

Institute 

1.3.2. Mechanisms of PDT Action 

In PDT, the photosensitizer absorbs light to achieve an excited singlet state. Due to 

its short lifetime, the excited singlet state rapidly decays radiatively or non-radiatively 

(Figure 1.2).15 One of the processes involved in the relaxation of the excited state is 

intersystem crossing (ISC) whereby the triplet state (T1) of the photosensitizer is populated. 

The triplet state is typically much longer lived (µs range) which allows time for interaction 

with surrounding substrates in two ways.16 In Type I mechanism, a hydrogen atom 
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abstraction or electron transfer to biomolecules takes place resulting in formation of 

cytotoxic free radicals and other reactive oxygen species (ROS). This pathway has been 

suggested to dominate in tumor environments where O2 levels are low.17 A Type II 

mechanism involves the energy transfer from T1 to ground state molecular oxygen which 

leads to generation of cytotoxic excited singlet O2. It is largely accepted that the Type II 

mechanism predominates in PDT with singlet oxygen playing a key role in apoptotic or 

necrotic cell death. However, it has also been reported that both mechanisms may act in 

harmony in some cases.18 Cell death is the end result regardless of the mechanism. 

 

Figure 1.2. Jablonski diagram outlining generation of ROS species in Type I and Type II 

PDT mechanisms   

1.3.3. Modes of Cell Death after PDT: Apoptosis vs. Necrosis 

 Apoptosis is defined as the cell programmed multi-pathway present in each cell.19 

This process can be initiated either by the activation of death receptors or the mitochondrial 



23 

 

release of cytochrome c which, in turn, triggers caspases responsible for cell death.20 On the 

other hand, necrosis occurs when a cell violently and rapidly responds to external stress, 

leading to cell and plasma membrane disruption, and consequent cell death.21 In PDT, both 

cell death pathways can occur depending on time of light administration, and site of 

photosensitizer localization. Apoptosis is usually dominant when intracellular 

photosensitizer localization is achieved while necrosis dominates in extracellular 

environments.  It should be emphasized that it is usually a combination of different pathways 

that results in cell death post-PDT (Table 1.2).   

Table 1.2. Main cell death pathways post-PDT (Reproduced with permission from16) 

Mode  Organelles Cell death processes 

 

 

 

Direct cell damage 

Mitochondria (Cytochrome c 

release, Bcl-2 damage) 

Cytoplasm (NFKB damage) 

 

Endoplasmatic reticulum 

 

Cell membrane disintegration 

 

Apoptosis 

 

 

Autophagy 

 

Necrosis 

 

Vascular 

shutdown 

Local depletion of oxygen and 

nutrients 

Apoptosis, Necrosis, Autophagy 

Activation of 

immune response 

Cytotoxic T cells Granzyme mediated apoptosis 

1.3.4. The Three Components of Photodynamic Therapy 

 As mentioned, PDT combines non-toxic components of light, photosensitizer, and 

molecular oxygen. The application and development of light in PDT has been extensively 

reported in the literature. Singlet oxygen’s role in post-PDT apoptotic and/or necrotic cell 

damage is also widely studied although the mechanism of cell death pathways are not yet 

fully understood.  The development of well performing photosensitizers remains a trial and 

error affair despite the plethora of photosensitizers synthesized and studied. This review 

seeks to compile the structural information that can be gleaned from the literature to develop 
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photosensitizers, particularly phthalocyanines (Pcs). The following sections describe each of 

these components and the progress made so far in improving PDT. 

A. Light 

The light sources employed in PDT can be categorized into two groups; coherent and 

non-coherent light sources (Table 1.3).22,23 Non-coherent light, such as one emitted from a 

normal lamp, has photons of the many wave frequencies oscillating in different directions. 

On the other hand, a coherent light source produces a beam of photons of the same frequency 

and phase. Lasers (Light Amplification by Stimulated Emission of Radiation) are good 

examples of coherent light sources. PDT light sources can be summarized into three groups: 

lasers, lamps, and light emitting diodes (LEDs). 

Table 1.3. Coherent and non-coherent sources of light in PDT (Reproduced with 

permission from22) 
Type Advantage Disadvantage Examples 

Non-coherent 

light sources 

Easy to use 

Less expensive 

Safer to use 

Can be used with optical fiber 

for output selective wavelength 

Broad spectra of wavelengths 

 

Unwanted thermal output 

Low light intensity 

Difficult to control light 

dose 

Lamps (e.g. LumaCareTM) 

LEDs 

Coherent light High energy output 

Monochromatic with narrow 

bandwidth 

Focused light 

Easy use with optic fiber 

Less expensive, portable, 

versatile (diode lasers) 

Expensive 

 

Lasers 

 

A1. Lasers as PDT Light Sources 

Different lasers are currently the most commonly used light source choice for PDT 

due to their high power output, focused, and mostly monochromatic light. A Monochromatic 

light source in PDT can reduce the time necessary to deliver a given light dose but the choice 

of wavelength depends on the absorption of the photosensitizer to be used. At present, lasers 



25 

 

are the only PDT light sources that can access tumors located in areas only reachable by 

optical fibers. Optical fibers provide a directed light dose to malignancies and work best with 

monochromatic light. Table 1.4 summarizes the different lasers currently used in clinical 

PDT.  

Table 1.4. Different lasers currently employed in PDT (Reproduced with 

permission from22) 
Laser Wavelength 

(nm) 

Bandwidth Dose 

(fluence, 

W/cm2) 

 Pulse 

duration 

Comments 

Argon laser 488 and 514.5 Monochrom. 0.5-1 CW Most common, requires high 

level technical support 

Dye laser pumped 

by argon laser 

500-750  5-10 nm 0.01-0.2 CW Most common, requires high 

level technical support 

Metal vapor laser UV-Vis Monochrom. Up to 10 pulsed Large cross section, popular in 

Europe 

Dye laser pumped 

by metal vapor 

500-750 5-10 nm 0.01-.5 Pulsed Large cross section, can be 

used in large tumors 

Solid state laser 266, 355, 532, 

1064 

Monochrom. Up to 10 Pulsed Most recent lasers, more 

compact design, Near IR 

Dye laser pumped 

by solid state 

400-750 5-10 0.01-.5 Pulsed  

Optical parametric 

oscillators 

250-2000 Monochrom. Up to 1 Pulsed Near-IR, tenability, deeper 

penetration 

Semiconductor 

diode lasers 

600-950 Monochrom. Up to 0.7 CW or 

pulsed 

Optical fiber delivered only, 

extremely compact, versatile, 

portable 

 

Argon lasers and argon-pumped dye lasers are among the most commonly used in 

PDT but require high level technical support due to their narrow cross-section which requires 

regular re-adjustments. Metal vapor, solid state, optical parametric oscillator, and diode 

lasers can administer pulsed light at varying irradiance. Diode lasers are poised as a major 

breakthrough for clinical PDT use because they are portable, extremely versatile, easy to 

operate, air cooled, and can be used both in continuous (CW) or pulsed mode.24,25,23 

A2. Lamps 

Non-coherent light sources (e.g. arc lamps) were the first to be used in PDT. Modified 

lamps are still used because they are cheaper, easier to operate, and unlike lasers, offer a 



26 

 

broader spectrum of wavelengths which allows usage of wide range of photosensitizers. 

However, hyperthermia (elevated heat) is a significant drawback for lamps as light sources 

in PDT.  Various lamp types are presented in Table 1.5. Appropriate wavelength filters are 

typically used when selective absorption is desired based on the photosensitizer. 

Table 1.5. Currently lamp sources in clinical PDT Reproduced with permission 

from22) 

 

Lamp Wavelengt

h (nm) 

Bandwidth Dose 

(fluence, mW/cm2) 

 Light 

delivery 

Comments 

Tungsten filament 400-1100 10-100 nm Up to 250 (typically 

1.8) 

Direct or liquid 

state guide 

Near-IR, mainly for 

topical PDT 

Xenon arc 300-1200 10-100 nm Up to 300 (typically 3) Normally 

liquid state 

guide 

Near-IR, high output, 

mainly for non-

melanoma skin 

cancer26,27,28 

Metal halide 250-730 10-100 nm Up to 250 (typically 

1.2) 

Direct or liquid 

state guide 

For direct exposure, 

wavelength depended 

on metal, used for 

superficial lesions29 

Sodium (phosphor 

coated) 

590-670 10-80 nm Up to 100 Direct 

illumination 

Similar to metal 

halide 

For skin lesions30 

Fluorescent 400-450 ca. 30 nm Up to 10 Direct 

illumination 

Focused mainly for 

Soret band excitation 

Used for superficial 

lesions 

 

A3. LEDs and Other PDT Light Sources 

Constant development and advancement in photonics technology continues to 

develop new light technologies for PDT such as LEDs and femtosecond solid state lasers.22 

LEDs offer a broad emission range from UVA (350 nm) to near-IR (1100 nm). Light dose 

administration in PDT via LEDs involves appropriate geometric arrays of LEDs to deliver 

light. LEDs are cheaper (relative to other light sources) and are versatile. Femtosecond solid 

state lasers have been used in two photon excitation (TPE) to attain high photon density.31 

The great advantage of these lasers is the Near-IR irradiation which allows deeper tissue 

penetration desired in PDT.32 
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B. Singlet Oxygen 

Singlet molecular oxygen (1O2) was discovered in 1924 but was not used in 

laboratory studies until 1963 when Khan and co-workers generated singlet oxygen from 

chemiluminescence of hypochlorite-peroxide.33 This more reactive form of oxygen consists 

of higher energy states of molecular oxygen.34 1O2 is produced mainly via type II 

photosensitization methods whereby energy transfer occurs from the triplet excited state of 

a photosensitizer to ground state oxygen.35 1O2 was first proposed as a reaction intermediate 

in dye-photosensitized photo-oxygenation in 1931 by Kautsky.36,37
 Since then, singlet 

oxygen application into chemical research and medicine has developed rapidly. 

 B1. Electronic structure and lifetime 

Molecular orbital (MO) theory has been employed to explain the electronic structure 

and states of molecular oxygen. Triplet ground state (3∑g
-) is the lowest electronic state of 

molecular oxygen with two unpaired electrons.37,38 Excitation of this state (via absorption of 

energy) leads to rearrangement of the electron spins in the two degenerate orbitals resulting 

in singlet excited states, 1∆g and 1∑g
+

 (Figure 1.3). The 1∆g state is 23 kcal/mol above ground 

state 3∑g
-
 and has both electrons paired in one of the orbitals. The higher energy excited state 

(1∑g
+) is 37 kcal/mol above the ground state and occurs as a result of electron spin pairing in 

the two degenerate orbitals. Neither 1∆g state nor 1∑g
+ are radicals since there are no unpaired 

electrons.  
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Figure 1.3. Different forms of electronic structure and relative energies of 

molecular oxygen species34 

 

The lifetime of 1O2 is dependent on the nature of the solvent environment.39,40 For 

example, 1O2 lifetime in H2O is only 2 µs but is 20 µs in D2O, which portrays a case of 

isotope effects.41 The 1∑g
+ state is much more short-lived than the 1∆g form (t1/2 in aqueous 

environment is ns compared to µs for 1∆g) because it is more reactive and decays to delta 

singlet oxygen (1∆g) before it reacts with other substrates.35 This decay is favored because of 

the spin-allowed transition from 1∑g
+ to 1∆g. The degeneration from 1∆g state to the ground 

state is spin-forbidden hence the longer lifetime of 1∆g state.34 Table 1.6 below shows the 

lifetime of 1O2 in various solvents. It should be noted that these experimental lifetime values 

differ depending on the method of measurement but literature shows general agreement for 

the those solvents whose lifetime is less than or about 100 µs.41  
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Table 1.6. Lifetime of singlet oxygen in different solvents39,40,42 

Solvent t/µs Solvent t/µs 

H2O 2 CHCl3 60±15 

D2O 20 CDCl3 300±100 

CH3OH 7 CCl4 700±200 

CH3CH2OH 12 CS2 200±60 

CH3COCH3 26 Freon 11 1000±200 

C6H12 17 CH3CN 58±3 

C6F6 600±200 C6H6 25 

 

B2. Singlet oxygen generation and detection 

Physical Methods 

One of the physical methods involves the transfer of energy from a dye to ground 

state molecular oxygen upon excitation by light. This photosensitization process forms the 

basis of photodynamic therapy where a cytotoxic agent is produced via Type I or Type II 

mechanisms (Figure 1.2).43 In Type I process, the excited triplet state of the photosensitizer 

interacts with substrate or solvent to yield radicals or radicals ions. These radicals can further 

react with oxygen to form superoxide radical anion which produces the reactive HO2
· at low 

pH. The Type II forms the main pathway for PDT9,43 whereby the photosensitizer’s excited 

state transfers energy to nearby molecular O2 resulting in the formation of cytotoxic singlet 

oxygen. Both Type I and Type II pathways produce cell death. 

Chemical Methods 

 The reaction of hydrogen peroxide and hypochlorite ions to form 1O2 is a significant 

biologically relevant reaction since the enzyme myeloperoxidase can form OCl during 

phagocytosis (Eqn.1).44 Singlet oxygen has also been chemically produced via thermolysis 

of endoperoxides of some aromatic compounds and organic ozonides.35  
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(Eqn. 1) 

B3. Detection and quantification of singlet oxygen 

Numerous techniques for detection and quantification of 1O2 have been developed. 

Higher sensitivity methods include electron spin resonance (ESR),45 laser deflection 

calorimetry,46 photo-ionization,47 and time-resolved spectroscopy.48,49 The decay of 1O2 to 

ground state emits light at 1268 nm in a process called luminescence, which allows direct 

determination of singlet oxygen.50 Techniques that use chemical “traps” are more practical, 

cheaper and suitable. Some chemical scavengers such as azides (Eqn. 2), carotene, ascorbate, 

thiols, and histidine, and 1,3-diphenylisobenzofuran (DPBF) have been used to detect 1O2 

since they can inhibit a reaction dependent on 1O2.
51 Some other methods of detection 

employing 1O2 traps involve quantification of the product formed when the chemical 

scavenger reacts with the highly electrophilic singlet oxygen in a reaction manner discussed 

below.  

   (Eqn. 2) 

B4. Typical reactions of singlet oxygen 

The Wigner spin conservation rule52 severely restricts the reactivity of ground state 

oxygen due to the two unpaired electrons of the same quantum number. The rule states that 

transitions likely to occur are those whose total spin is conserved. 1O2 is highly electrophilic 

and can react as follows (Scheme 1.1): 

1) Diels-Alder reaction (a). 1O2 is a good dienophile for the well- known Diels-Alder 

[4+2] reaction because it is highly electrophilic. The intermediate endoperoxides 

formed fragment to corresponding carbonyl compounds. 1,3-DBPF is an attractive 
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four electron substrate for this reaction and has been employed as a chemical trap for 

1O2.
53  

2) [2+2] reaction with electron rich systems (b). Electron rich olefin systems with 

adjacent electron donating atoms such as nitrogen and sulfur react with 1O2 to form 

oxetane-type adducts that fragment to corresponding carbonyl compounds.39 

3) Alder-ene reactions (Schenck reaction) (c). In these reactions, 1O2 adds to alkyl 

substituted olefins to give allylic hydroxyperoxides which further convert to 

unsaturated carbonyl compounds and allyl alcohols.54 

Scheme 1.1. Typical chemical reactions of singlet oxygen54 

 

B5. How does 1O2 react with biological systems in PDT? 

 Singlet oxygen has an appreciable half-life of 1-50 µs in aqueous systems and ca. 1 

µs in human plasma (which is rich in antioxidants). This means that 1O2 can diffuse through 

cellular environment imparting damaging effect in various biomolecules such as lipids, 

proteins, and DNA.55,34,9 Of these, lipids are the most susceptible to the damaging oxidative 

stress upon reaction with 1O2 via lipid peroxidation reaction. Unsaturated fatty acids react 

with 1O2 forming hydroperoxides (CHOOHs) that degrade to various products. This leads to 
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cellular membrane degeneration, hemolysis of erythrocytes among others.56,57 Lipid 

peroxidation modifies permeability characteristics of cellular membranes leading to loss of 

selectivity (of substrates in and out of cells) and fluidity (elasticity) due to formation of cross-

links between fatty acid chains.58,59 

 Reaction of 1O2 with DNA bases can result in DNA strand breaking and altered 

bases.35 The effect of 1O2 on single stranded DNA was found to be more than in the double-

stranded one, with bases like guanosine being most susceptible.60 Singlet oxygen has been 

found to directly oxidize DNA when released within the cell.61 DNA damage via UVA (320-

400 nm) has also been reported to be mediated by 1O2.
62 

 The photo-oxidation of free amino acid or in a protein molecule depends on the 

sensitizer, reaction conditions involved such as pH, solvent, and concentration of both the 

substrate and oxygen.39 Only five essential amino acids have been found to be susceptible to 

1O2 photo-oxidation.63 These are cysteine, histidine, methionine, tryptophan and tyrosine 

(Scheme 1.2).64 The photo-oxidation of tryptophan leads to degradation of the pyrrole ring 

to produce CO2 and ammonia, or kynurenine and β-hydroxyl-kynurenine.65,66,67 Cysteine 

oxidation by 1O2 has been proposed to occur via the zwitterion (RS+-OO-)68,69 which further 

decomposes to cystine, thiosulfinates and other products.68,70 Similarly, methionine reacts 

with 1O2 to form zwitterionic species (R2S
+-OO-) which can eliminate H2O2, depending on 

the pH, to give a single mole of MetSO.71  Oxidation of histidine (free and in proteins) forms 

one or more endoperoxides72 that further degenerate to products such as urea, aspartic acid, 

and asparagine.73-74 The photo-oxidation of tyrosine by 1O2 proceed via unstable 

endoperoxides which ring open to yield C1 hydroperoxides, and cyclized products.75-76 The 

modification of amino acids in proteins results in protein damage such as enzyme 



33 

 

inactivation, protein fragmentation, aggregation, signaling defects, and protein 

unfolding.39,64,65  

Scheme 1.2. Reactions of 1O2 with amino acids. 

 

B6. Diffusion Length of 1O2 in Biological systems 

 Earlier claims that 1O2 produced outside a cell can diffuse77 into it have since been 

disputed because it is hard to exclude the sensitizer, and other reactive oxygen species (ROS) 

from penetrating the cells.78 No DNA strand breaks were observed when 1O2 was produced 

outside E. coli  bacteria79 neither was there photo-oxidation of DNA in human cells when 

hematoporphyrin sensitizer was excited outside the cell.80 Moan and co-workers78 recorded 
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1O2 diffusion length of about 0.05 µm which were in agreement with Firey’s81 experimental 

estimation of ca 0.07 µm. A human cell has a diameter of 10-100 µm. This means that a 

sensitizer on or outside plasma membrane can hardly reach the nucleus whose radius is at a 

minimum of 5 µm.78 It is not surprising, therefore, that the most promising photosensitizers 

in PDT are those which reach their target (selective) before photo-excitation.82 

B7. Quenching of singlet oxygen 

 Relaxation of 1O2 to its ground state proceeds via two main ways: 

1. Physical quenching (energy transfer): In this process, 1O2 interacts with a substrate 

resulting in deactivation of singlet oxygen with no new product formation or O2 

consumption (Eqn. 3). This involves energy transfer from 1O2 to a substrate to form 

ground state O2 and excited state of the substrate.83,84  

(Eqn. 3) 

2. Chemical quenching (charge transfer): Deactivation of 1O2 leads to formation of a 

new product via a chemical reaction (Eqn. 4). The reactions of 1O2 with the different 

compounds described above depict this pathway.85,86 

(Eqn. 4) 

C. Photosensitizers 

Photosensitizers in photodynamic therapy are the key components involved in the 

transduction of energy into a type II chemical reaction resulting in toxic reactive oxygen 

species (ROS) that kill cells.87 Historically, a good photosensitizer should have the following 

properties: (1) strong light absorption in the “therapeutic window” of 600-800 nm where 
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body tissue is transparent;8,7 (2) a triplet excited state of adequate energy (ET ≥ 95 kJ/mol) 

for efficient energy transfer to ground state O2; (3) a triplet state with high quantum yield 

(ΦT > 0.4) and long lifetime (τT > 1 µs). Additionally, an ideal photosensitizer should also be 

a single unit, non-toxic in the absence of light, and have high photochemical and 

photophysical stability.34,88,15 

Photosensitizers in PDT have been classified into three generations: 1st, 2nd, and 3rd 

generation (Figure 1.4).34 Hematoporphyrin derivative (HpD) and its analogues form the first 

generation photosensitizers. These analogues are porphyrin derived photosensitizers and 

have been used commercially as first generation therapeutics.9 These include Photofrin®, a 

purified Hematoporphyrin derivative, which was FDA approved to treat esophageal cancers 

in 1995.9,89 However, these photosensitizers have shown significant limitations. For instance, 

they have their strongest absorption at 400 nm and only weak absorption at 630 nm which is 

used in PDT. Weaker absorption (smaller molar absorptivity) requires larger doses of 

photosensitizer which is undesirable because of skin photosensitivity. Second generation 

photosensitizers are dyes that have been structurally modified to absorb light at longer 

wavelengths. Phthalocyanines (Pcs),90,91 naphthalocyanines (NPcs),92,93 texaphyrins94,95 

chlorins,96,97 and bacteriochlorins98,99 are some of the examples of this class of 

photosensitizers that have strong light absorptions in the “therapeutic window” where animal 

tissue is transparent. Third generation photosensitizers constitute second generation 

photosensitizers that have been tagged to tumor selective carriers.100-101 This category forms 

what is known as “targeted photodynamic therapy”, which seeks to improve the poor 2-5 

fold tumor to normal tissue selectivity of free 2nd photosensitizers.102 Improved selectivity 

has been observed in conjugation to biomolecules such as monoclonal antibodies,103,104 
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whole antibodies105 (although this approach has been largely unsuccessful due to solubility 

problems102), peptides,106 sugars,107 folic acid,108,109 nanoparticles.110,111  

 

Figure 1.4. Categories of photosensitizers applied in PDT 

C1. Phthalocyanines in PDT 

Phthalocyanines (Pcs, Figure 1.5) are 18 π- electron aromatic macrocycles with four 

isoindole sub-units connected together via nitrogen atoms.90-112 A Pc macrocycle has up to 

17 substitution sites comprising of 8 peripheral and 8 non-peripheral positions, and the 

central dibasic site that can chelate more than 70 different elements in the periodic table. 
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Non-metallated phthalocyanines (H2Pc), also known as free base Pc, adopts a square planar 

geometry with D2h symmetry.  

 

Figure 1.5. Structure of Pc core highlighting substitution sites for modification. 

 

Pcs have a characteristic absorption profile comprised of Q and B bands (Figure 1.6). 

The shorter wavelength (ca. 400 nm) B band results from electronic transitions from HOMO-

1 orbital to the LUMO. The Q-band arises from HOMO to LUMO transitions and the actual 

wavelength of absorption maxima depends of the electronic nature of the Pc. H2Pcs have a 

split Q-band due to inherent lower symmetry of the Pc due to transitions arising from non-

degenerate HOMO levels of the Pc. In MPcs, these non-degenerate HOMO levels become 

equal in energy due to higher symmetry therefore resulting in a single absorption Q-band. 

The Q-band is sensitive to the electronics (e- rich or e- poor) of the Pc which determine the 

precise absorption wavelength maxima.  
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Figure 1.6. Typical UV-Vis absorption spectrum of a Pc 

Pcs are attractive chromophores with near-IR absorption (600-700 nm) that can make 

promising photosensitizers because they are (1) relatively non-toxic; (2) strongly light 

absorbing (ε ~ 105 M-1 cm-1, allows lower dosage use in PDT reducing skin photosensitivity 

side effects); (3) chemically inert with minimum photobleaching; and (4) amenable to 

structural modification giving access to longer wavelength absorption, desired amphiphilic 

balance, singlet oxygen yields (via central metal flexibility), selectivity through conjugation 

with tumor-targeting moieties among others.  

The last two decades have seen increased attention and research into closed shell 

MPcs as second and third generation photosensitizers with the main focus being more 

selective and less aggregated photosensitizers.89, 113,114 However, Pcs are inherently 

hydrophobic in nature and their use in a biological environment is greatly hampered by their 

severe aggregation due to limited water solubility and self-association. Aggregation inhibits 

singlet oxygen generation in photosensitizers rendering them PDT inactive. 
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The sections below outline the structural modifications that can be made to Pcs to 

optimize them for PDT applications. 

C2. Light absorption in the phototherapeutic window 

Light penetration in body tissue is maximal in the spectral range 600-1000 nm 

(known as the phototherapeutic window).115 In this spectral window, light is minimally 

absorbed by endogenous chromophores (melanin, cytochromes and hemoglobin) and poorly 

scattered by mammalian tissues.116 Light penetration in body tissue is defined as the depth 

in the tissue at which the incident light intensity is reduced to 1/e (37%) of its initial value,116 

and is dependent on the wavelength of excitation (Figure 1.7). For deeper penetration, 

photosensitizers which absorb at longer wavelength (near-IR) are better suited for PDT. 

However, extension of the (inherent) π-system of photosensitizers to obtain λmax absorption 

in the red cannot be pushed too far because it leads to kinetically unstable photosensitizers 

which are more susceptible to photobleaching, due to decreased oxidation potential. 

Additionally, the excited triplet state energy of such photosensitizers may fall appreciably 

lower than 23 kcal/mol which is the minimum energy essential to interact with ground state 

oxygen to produce reactive oxygen species in PDT.117 Furthermore, photons absorbed at 

wavelengths above 900 nm may not have adequate energy to initiate photochemical reactions, 

and water absorbs light at wavelengths longer than 800 nm converting it to heat energy.118 

Therefore, the in vivo phototherapeutic window has been accepted as the range 600-800 

nm.119   
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Figure 1.7. Optical penetration depth of light into skin over wavelength range116 

(reproduced from www.spectramedics.com images) 

The central atom at the macrocycle core influences the absorption wavelength of the Pc 

macrocycle. The Q-band has been reported to shift within a range of ca. 100 nm (620-720 

nm) depending on the central atom’s size, nature of co-ordination, and oxidation state.90 

Generally, open- shell metal centers such as Cu2+, Fe2+, Co2+, and Ru2+ have been observed 

to shift the Q-band to the blue, absorbing from 630 to 650 nm. On the other hand, closed-

shell metal centers such as Zn2+, or Mg2+ have absorption maxima around 670 nm. Recently, 

Kobayashi et al. used phosphorous as a central atom to produce Pcs with absorption maxima 

near 1000 nm.120,121 In their design, they reasoned that the smaller phosphorous atom (ionic 

radius of hexa-coordinated P(V) ~ 0.52 Å) forces the Pc core to shrink in order to coordinate 

to the P-atom. This ring distortion leads to stabilization of the LUMO resulting in a 

bathochromic shift. However, other reported phosphorous Pcs (PPcs) have shown absorption 

maxima between 670 nm (unsubstituted dihydroxy PPc)122, and 689 nm123,124,125 This 

indicates that the bathochromic shift observed by Kobayashi and co-workers could have been 

http://www.spectramedics.com/
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due to a combination of the effect of non-peripheral substitution with group 16 elements (S, 

Te, and Se) with the group 15 elements (P, As, Sb) rather than just the central atom. Therefore, 

it is imperative to mention that the bathochromic shift of the Q-band resulting from central 

atom alone is relatively minor, and the effect of substitution on the Pc periphery also affects 

the position of the Q-band. 

The nature of substitution on the Pc periphery influences the shift of Q-band absorption 

by largely modulating the HOMO level. In general, electron-withdrawing groups have been 

found to red-shift the Q-band (destabilize the HOMO) while electron-donating groups 

effected a more modest blue shift (stabilizing the HOMO). Substitution on the non-peripheral 

(α) positions leads to stronger effects on the Q-band shifting than peripheral (β) 

substitutions.90 This is because there is more HOMO contribution from the α position than 

there is from β positions.121 The effect of axial ligands on the central atom has been found to 

have relatively small effect on Q-band shifting.90    

C3. Aggregation Inhibition 

Aggregation is observed when two or more molecules associate or interact. A vast 

majority of photosensitizers employed in PDT are polyaromatic macrocycles that self-

aggregate via intermolecular forces, limiting their photosensitizing efficiency by self-

quenching of the triplet state.126
 These intermolecular forces include van der Waal’s type 

association,127 intermolecular hydrogen bonding, hydrogen bonding with the solvent,128 and 

co-ordination with metal ions (metal-ligand interaction) found within sensitizer 

structure.129,130 The strength of the molecule-molecule association is dependent on the 

sensitizer structure, temperature, solvent, dye concentration, and specific interactions with 

biological molecules.131-132 Generally, dyes aggregate more in aqueous systems than in 
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organic solvents.132 This presents a major challenge which has prevented many 

photosensitizers becoming efficient in PDT since water makes up most (65-75%) of body 

transport systems.102 Phillips opined that “aggregation and biological properties rather than 

photochemical abilities of PSs will determine the success of PDT.” 102 

Aggregation greatly shortens the lifetime of the photosensitizer excited triplet state 

via self-quenching which affects singlet oxygen quantum yields (Φ∆).133,134 These yields are 

lowest in solvents in which photosensitizers aggregate. It is not surprising, therefore, that 

most photosensitizers have higher yields in organic solvents but lower in water.135 For 

example, Tanielian et al. recorded Φ∆ = 0.76 (methanol) and 0.50 (water) for 

hematoporphyrin photosensitizer. The presence of dimer aggregates also showed a marked 

decrease in Φ∆ from 0.76 of the monomer to 0.12 (dimer).136 This highlights the critical 

influence that aggregation of photosensitizers possess over the overall photodynamic activity 

efficacy. 

In Pcs, aggregation is usually exhibited in the form of π-π stacking due to their 

inherent planarity.90 This co-planar stacking forms dimers (mostly), trimers, and higher order 

aggregates. Pc aggregation can be categorized as H-type or J-type depending on the tilt angle 

of the aggregates. H-type aggregation is characterized by a tilt angle of 54.7° to 90° while 

tilt angles lower than 54.7° indicate J-type aggregation. H-type aggregation causes blue 

shifting of the Q-band while J-type aggregation results in a bathochromic shift.137 In one 

study, the effect of metal center on aggregation in metallated Pcs was found to follow the 

trend Cu > H > VO > Zn >>Al, with aluminum Pc (AlPc) mainly in monomeric form over a 

wide range of concentration.138 Typically, MPcs exist as monomers at concentrations ranges 

of 10-6-10-5 mol L-1 and aggregate at higher concentrations depending on the sovent.139 
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Normally, the aggregation of chromophores is easily detected by absorption and emission 

spectroscopy because aggregation leads to spectral shifts, deviations from Beer’s law, and 

fluorescence quenching, all due to second-order spectroscopic interference between 

chromophores (Figure 1.8).132   

 

Figure 1.8. UV-Vis absorption of cationic ZnPc in DMF (solid line) and H-

aggregation in water (----) leading to blue shifting of Q-band (reproduced with 

permission)140 

The main challenge is controlling aggregation of photosensitizers within the 

biological environment which is difficult. In addition to the aqueous nature of biological 

media inducing aggregation, some photosensitizers have been found to interact with cellular 

membranes affecting local dye concentration and consequently increasing aggregation.141,142 

Incorporation of emulsifiers/polymers has been employed in PDT to curb aggregation.143,144 

However, the most fitting solution would be avoiding aggregation in the target tissue by 

using molecular structures that inherently do not aggregate.126 
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In Pcs, aggregation can be minimized by incorporating axially ligated central atoms, 

Pc core substitution with bulky groups, or a combination of both. While introduction of 

axially substituted central metals has been reported to curb aggregation,145,88 not all metals 

with axial ligands are suited for PDT because they are open shell metal.146 When 

photosensitizers do not support axial substitution, bulky peripheral147,148 and non-peripheral 

substitution149,150 can be employed to inhibit co-facial Pc association (Figure 1.9).  

 

Figure 1.9. Examples of substitutions (axial 1, and peripheral 2) on Pc to prevent 

aggregation. 

 

C4. Amphiphilicity 

 Amphiphilic molecules are those that possess relatively hydrophobic and hydrophilic 

parts in different regions allowing each region of the compound to interact independently 

with the medium. Several reports have emerged in the literature depicting amphiphilic 
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photosensitizers to be generally more photodynamically active than symmetrically 

hydrophobic or hydrophilic analogs.151,152 This has been attributed to improved cellular 

uptake of the amphiphilic photosensitizers with localization at the hydrophobic-hydrophilic 

membrane interfaces and protein surfaces.151-153 Amphiphilicity also affects the degree of 

aggregation of a photosensitizer consequently influencing its photoactivity. Hydrophilic 

photosensitizers are reported to be transported by human albumin and other serum proteins 

but the sensitizers do not diffuse across cellular bi-layer lipid membranes due to their low 

lipophilicities.154 Intravenously introduced hydrophobic sensitizers are thought to bind to low 

density lipoproteins (LDLs) and are retained at the lipophilic regions of the cells often 

leading to mutagenicity and skin hypersensitivity due to slow clearance.154, 155 Amphiphilic 

compounds are believed to bind to hydrophobic-hydrophilic interfacial proteins increasing 

their transport in and out of cells.118 

Structurally, the macrocyclic Pc core is largely hydrophobic in nature. Therefore, 

substitutions (whether peripheral or non-peripheral) should be aimed at introducing 

hydrophilicity. Mono-substitutions are made on one of the four quadrants, leaving the other 

three same (asymmetric substitution). Based on the limited literature, it is our opinion that 

di-substitutions on the Pc core should be made such a way that the two groups introduced 

are either on the same quadrant, or on two adjacent ones to achieve asymmetry. In this way, 

the overall system has a hydrophobic part and hydrophilic end. Asymmetric Pcs have been 

reported to be more photodynamically active than their symmetric analogues. Di-sulfonated 

AlPcs156 and ZnPcs151, 157 were observed to be more phototoxic towards EMT-6 and Chinese 

hamster cells than the corresponding symmetric counterparts. Similarly, mono-substituted 
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cationic,158 mono-glycosylated ZnPcs,159 and di-α-substituted ZnPcs160 have shown lower 

IC50 values than their symmetric analogues.  

The specific position of substitution (i.e. peripheral or non-peripheral) is still a matter of 

debate. Recently, Dennis Ng et al. indicated there was increased photodynamic activity in 

their Pcs with peripheral substitution compared to the non-peripheral ones. In their two 

separate reports, both ZnPc-β-Gal and di-cationic β-ZnPc had significantly low IC50 values 

towards HT 29 human colon adenocarcinoma and HepG2 human hepatocarcinoma cells 

compared their corresponding α-substituted ZnPcs. However, we noticed the opposite effect 

when colon 26 cells were exposed to ZnPcs with the α isomer being more photo-cytotoxic 

than the β ZnPc (unpublished work).  

The choice of hydrophilic groups to use for conferring Pc water solubility/amphiphilicity 

can vary. Water soluble phthalocyanines have been recently reviewed.161 Sugars,159, 162-163 

triethylene and poly (ethylene) glycol,150,164,137 carboxylic acids,165-166 sulfonates,167,168 

polyhydroxylates,169-170 and amino groups171-172 have been employed. Incorporation of these 

water solubilizing moieties on the Pc core does not necessary impart water solubility. The 

site of substitution and the number of groups can play a significant role. For example, 

peripheral octa-substituted glycerol Pc 3173,170 was found to be virtually insoluble in water, 

while the tetra-substituted peripheral Pc 4,174 tetra non-peripheral Pc 5 and non-peripheral 

octa-substituted analogue 6 were water soluble (Figure 1.10).161 Water solubility can also be 

achieved via bulky groups that inhibit aggregation.175  
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Figure 1.10. Water solubility variations of glycerol substituted Pcs as a function of site 

of substitution, and number of substituents. (reproduced with permission from161) 

Clearly, the hydrophobic-hydrophilic balance of the overall PS system should be 

achieved. This means that absolute water solubility of the PS is not desired since this limits 

the cellular uptake of the PS (vida supra). It has been reported that the degree of pegylation 

and position in porphyrins influenced their PDT activity. Sibrian-Vasquez et al. observed 

that porphyrins with one or two carboxylic-terminated PEG groups were more 

photodynamically active towards Hep2 cells than those with more than two PEG chains. It 

was postulated that more PEG chains increased the hydrophilicity of the photosensitizer, 

hampered their cellular uptake, and consequently shut down their photosensitizing 

abilities.176 This provides some evidence that extensive pegylation is undesired since it 

inhibits cellular uptake and may lead to increased unwanted aggregation of the 

photosensitizer. Therefore, the number of PEG chain groups should be kept between one to 

four for better hydrophilic balance. Furthermore, the presence of the two PEG chains on the 

same side of the macrocycle improved the cellular uptake and phototoxicity which affirms 

our earlier propositions that di-substitutions on the Pc should be on the same quadrant. 

Overall, cationic photosensitizers (e.g. quarternized amines, delocalized lipophilic 

cations, etc.) have been extensively reported to be more phototoxic than anionic and neutral 
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ones. This has been attributed to the much improved cellular uptake and subsequent 

mitochondrial localization of the cationic photosensitizers.177,178,179 Mitochondrial targeted 

PDT is considered attractive owing to the importance of this organelle in cellular 

functions.180 

C5. Singlet oxygen generation 

 As mentioned above, singlet oxygen is necessary for PDT. Singlet oxygen quantum 

yields depend on the triplet state lifetime of the PS. The excited triplet state of a 

photosensitizer is obtained when the excited singlet state non-radiatively decays in a 

reversible process called intersystem crossing (ISC).181 ISC populates the excited triplet state 

of the photosensitizers and is more likely when there is favorable vibrational level overlap 

of the two excited states which ensures energy conservation in the transition. Intersystem 

crossing is most common in heavy-atom molecules such as those with halogens.182 In these 

molecules, the electron spin-orbit coupling is more pronounced and change of electron spin 

is more favorable. Spin-orbit coupling increases with increasing nuclear magnetic field 

which is directly proportional to the effective nuclear charge and the atomic number. It 

follows then that spin-orbit coupling increases with increasing atomic number.183 This 

phenomenon is known as the heavy-atom (H-A) effect. The presence of heavy atoms in 

chromophores can impact both photophysical and photochemical processes in a 

photosensitizer. For example, McClure and co-workers observed decreased phosphorescence 

lifetime (which also decreased the triplet state lifetime) of compounds whose atomic number 

of H-A substituent increased.184 Phosphorescence, the decay of triplet state (T1) to ground 

state singlet state (S0), is another example of intersystem crossing since it is spin-forbidden.  
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In selecting the central atom to use in Pc core for PDT purposes, one must be mindful of 

the effect of the central atom on singlet oxygen generation. High singlet oxygen quantum 

yields arise from chromophores with long lived excited triplet states and high triplet quantum 

yields.7,87,82,185 The central atom in the macrocycle cavity influences the lifetime of the 

photosensitizer. Generally, complexation of Pcs with diamagnetic or closed shell metal ions 

such as Zn2+, Al3+, and Ga3+ gives photosensitizers with both long lived triplet states and 

high quantum yields as compared to open shell metal ions.15  This is because the open shell 

metal ions such as Cu2+, Pd2+, Cr3+, and Ni2+ give sensitizers with relatively shorter triplet 

lifetimes (nanosecond range) due to increased intersystem crossing back to the ground state. 

Closed shell metal ions result in longer triplet lifetimes (microsecond range) which lead to 

higher quantum triplet yields which are in excess of 94.5 kJ/mol of the required energy to 

excite ground state O2.
186 Redmond and Gamlin compiled an extensive database on the 

singlet oxygen quantum yields of majority of the dyes used as photosensitizers, including 

Pcs, in different solvents.113 Among the metallated Pc-based photosensitizers, ZnPcs have 

been most exploited due to ZnPcs’ high singlet oxygen quantum yield (~0.67),113 availability 

and biocompatibility.187  

C6. Photosensitizer Size, Partition Coefficients and Their Uses: Lipinski’s Rule of 5 

The bio-availability (the amount of drug available to achieve therapeutic effect) of a 

compound depends on the compound’s absorption, metabolism, and excretion in the 

body.188,189 According to Lipinski et al., most drug-like molecules are absorbed in the body 

depending on their molecular weight, number of H-bond donors and acceptors, and their 

partition coefficient (expressed as log P). Lipinski’s rule of 5 supposes that poor absorption 

of molecules is most likely when: (1) the molecular weight is greater than 500; (2) the log P 
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(Eqn. 5) is greater than 5; (3) the number of H-bond donors (the sum of NHs and OHs) is 

greater than 5; and (4) the number of H-bond acceptors (the sum of Ns and Os) is greater 

than 10.188 An exception to this rule is observed for those classes of compounds in biological 

transporters.  

 (Eqn. 5) 

In PDT, optimal photodynamic efficacy has been predicted for photosensitizers with 

a log P value of -0.43,151 but Woodburn et al.190 observed that cationic porphyrins with log 

P = +1 gave optimal photoactivity for cell inactivation. This calls for care when extrapolating 

partition coefficient-photoactivity values to distinctly different classes of photosensitizers. 

However, it can be inferred that a hydrophilic-hydrophobic balance in a photosensitizer is 

desired.  

Another strategy applied to selectively localize PS in tumors is by utilizing the 

enhanced permeability and retention (EPR) effect. In this approach, bio-compatible 

compounds of high molecular weights (> 50 kDa) accumulate in tumor cells more than in 

normal cells due to increased vascular permeability, defective vascular and lymphatic 

network, and extensive angiogenesis.191 Compounds exhibiting a large EPR effect usually 

have large molecular size above their renal clearance, and typically take 6 hrs for effective 

circulation. On this account, a PS has to have the required molecular size to utilize the EPR 

effect. Dendritic PSs and supramolecularly delivered photosensitizers (e.g. liposomal 

formulations, polypeptides, etc.) are suitable candidates for this approach. The 

supramolecular approach of delivering photosensitizers is based on specific binding and 

affinity of PS via non-covalent interactions. This approach promotes transport and offers 
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flexibility which may sometimes lack in other targeted delivery of sensitizers due to 

rigidity.119 However, some of the systems used are too large (e.g. whole antibodies) or fail 

due to insolubility issues, and undesired aggregation in aqueous environments.  

 1.3.5. Other Emerging Parameters (Brightness, Phototoxic Power) 

 Photosensitizers have been used in optical imaging via utilizing their fluorescence 

emission.15, 192 However, high fluorescence quantum yields mean that there is reduced 

intersystem crossing to the triplet state, reducing singlet oxygen quantum yields. 

Fluorescence competes with singlet oxygen generation, and a sensitizer cannot have both 

high fluorescence and high singlet oxygen quantum yields. In their review, Awuah et al. 

propose the need to have a better term for representing in vivo phototoxicity of a PS (other 

than using its singlet oxygen quantum yields) that incorporates molar extinction coefficient 

(ε) and singlet oxygen generation quantum yield (ф∆).193 The “phototoxic power” (PP) of a 

PS at its excitation wavelength can be defined as PP = ф∆ x ε while “brightness” can be 

described to be equal to the fluorescence emission quantum yields. Fluorescence brightness 

can be used for imaging. Consequently, an ideal PS can structurally be designed to have a 

balance between these two parameters whereby maximized PP is matched with sufficient 

brightness. A good example of this is the aza-boron dipyrromethane (BODIPY)-based PS 

ADPM06 (Figure 1.11) which has been reported to have fluorescence (brightness) yields of 

0.1 and high singlet yields of 0.74 (PP ca. 5.0 x 104).194 In this case, the two bromide atoms 

are introduced to increase singlet oxygen generation via the heavy atom effect.193 
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Figure 1.11. Aza-BODIPY based photosensitizers with good brightness and phototoxic 

power making it a good PDT candidate 

1.4. Conclusion 

At present, PDT has been used in clinical trials for skin, superficial bladder, head and 

neck, gastrointestinal, intracranial, endobronchial and ocular cancers. More clinical trials are 

extensively conducted on various promising photosensitizers. PDT is a promising treatment 

option for cancer but major challenges are posed by inadequate light dosimetry and/or 

photosensitizer selectivity.   

Overall, the success and future of PDT is dependent on better photosensitizers since 

it is the key component. The efficacy of PS phototoxicity depends on several factors 

including concentration, activation wavelength, PS incubation and illumination time, light 

dosage, PS extinction coefficient at activation wavelength, its SOG yields, and intracellular 

localization, among other parameters such as the cell type used.87,9,14 This plethora of 

parameters makes it challenging to narrow down to one sole determining factor in generating 

new photosensitizers. However, it has been established that photosensitizers with absorption 

in the near-IR phototherapeutic region (600-800 nm) are desired because they offer deeper 

tissue penetration. 
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Phthalocyanines (Pcs) are among the attractive near-IR absorbing chromophores that 

make promising photosensitizers because they are (1) relatively non-toxic; (2) strong light 

absorbing with high extinction coefficient (allows lower dosage use in PDT reducing skin 

photosensitivity side effects); (3) chemically inert with minimum photobleaching; and (4) 

amenable to structural modification giving access to longer wavelength absorption, desired 

amphiphilic balance, singlet oxygen yields (via central metal flexibility), selectivity through 

conjugation with tumor-targeting moieties among others. However, Pcs are inherently 

hydrophobic in nature and their use in biological environment is greatly hampered by their 

severe aggregation due to limited water solubility and self-association. As mentioned earlier, 

aggregation inhibits singlet oxygen generation in photosensitizers rendering them PDT 

inactive. Nonetheless, careful design with appropriate parameters (such as the ones discussed 

here) can produce better Pc-based photosensitizers. 

1.5. Scope of the Current Research 

 The current contribution focuses on making less aggregated, water-soluble, 

and near-IR ZnPcs via conjugation with water solubilizing triethylene glycol groups (chapter 

2). To functionalize the Pcs to achieve better cellular localization and tumor selectivity, we 

utilize asymmetric synthesis and rhodamine B (as a delocalized lipophilic cation) to get 

access to mitochondria targeted ZnPc photosensitizers that promote singlet oxygen 

generation and phototoxicity (Chapter 3). We also demonstrate the effect of site of Pc 

substitution on photoactivity of less aggregated ZnPcs as promising photosensitizers 

(Chapter 4), and the prospect of axially substituted phosphorous Pcs as novel PDT agents 

(Chapter 5). 
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Chapter 2 : NON-AGGREGATED, DENDRITIC, WATER-SOLUBLE 

NEAR-IR ABSORBING ZINC PHTHALOCYANINES FOR 

ANTIMICROBIAL PHOTODYNAMIC THERAPY 

2.1. Introduction 

Research into closed shell metallated phthalocyanines (Pcs) as viable second 

generation photosensitizers for photodynamic therapy (PDT) continues to be an active 

field.87 The recent emergence and growth of antibiotic resistant microbes, coupled with a 

modest pipeline of new antimicrobial drugs, has encouraged investigation of antimicrobial 

photodynamic therapy (aPDT) inactivation of harmful bacteria, viruses, and fungi.195,196,197 

In PDT, a photosensitizer, upon activation by specific wavelengths of light, reacts with 

molecular oxygen to produce cytotoxic reactive oxygen species (ROS), mainly singlet 

oxygen (1O2).
9,10 Among the several critical parameters a photosensitizer should meet, a large 

absorption coefficient with strong absorption at longer wavelengths (above 600 nm) where 

normal tissues are transparent is desired.7,198 Phthalocyanines (Pcs) are attractive in this 

regard because they can be modified to strongly absorb light (ε ~ 105 M-1cm-1) without losing 

their photochemical stability.114 A major limitation of Pcs in PDT is their inherent tendency 

toward molecular aggregation. This is undesired because it diminishes their photosensitizing 

ability by quenching the triplet state, a necessity for sensitizing molecular oxygen.171 Water 

solubility of the photosensitizers is desired, but aggregation of Pcs in this medium is typically 

high.199,200 Numerous water soluble Pcs161 have been reported, based on, e.g., 

carboxylate,201,202,203 peptide,204 and ethylene glycol205 residues, but most of these exhibit 

aggregation in aqueous media as evidenced by spectroscopic studies. In previous work, we 
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reported dendritic octasubstituted Pcs and Ncs with inhibited aggregation due to added bulky 

groups on the macrocycle periphery, although in non-aqueous solvents.206,207,208 Successful 

combination of both dendritic and ethylene glycol substitution to prevent Pc aggregation has 

been elusive. 

In previous work on post-synthetic modification of Pcs,209,210 we utilized the Cu(I)-

catalyzed azide-alkyne cycloaddition (CuAAC) reaction211 which has been demonstrated as 

a mild and straightforward method for functional modification of Pcs.201-203,212-218,204 Herein, 

we describe the use of this methodology to modify ZnPcs with dendritic water-solubilizing 

groups with the aim of achieving non-aggregated ZnPcs in water. We have designed, 

prepared and characterized two novel ZnPc isomers 2.7 and 2.9 (Scheme 2.1) bearing water 

solubilizing tetraethylene glycol (TEG) groups. We demonstrate the ready water solubility 

of both derivatives, and, by integration of non-peripheral substitution in 2.9, we have 

minimized aggregation and modulated the absorption of this photosensitizer toward the near-

IR where body tissue has increased transparency, permitting deeper light penetration and 

minimized risk of laser hyperthermia. 

2.2. Synthesis of ZnPc-TEGs 

We prepared peripherally alkynyl-substituted ZnPc 2.6 by cyclization of known 

phthalonitrile 2.2209 followed by metallation with Zn(OAc)2 (Scheme 2.1). We used a similar 

approach for the synthesis of non-peripheral alkynyl-substituted ZnPc 2.8. The 

corresponding non-peripheral phthalonitrile 2.4 was prepared by nucleophilic aromatic 

substitution on Pn 2.1 with 4-hydroxythiophenol to give phthalonitrile 2.3 in 70% yield, 

followed by alkylation of 2.3 under Mitsunobu conditions.205 Treating 2.3 with 5-hexyn-1-

ol in the presence of DIAD and triphenyl phosphine with sonication gave 2.4 in 78% yield. 
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The alkynyl group length of six carbons was chosen, based on previous investigations in our 

lab,209  to provide adequate solubility of the alkynyl-substituted Pc in common organic 

solvents. Macrocyclization of Pn 2.4 gave alkyne-substituted ZnPc 2.8 in 18% yield with 

DBU as a non-nucleophilic base.219 ZnPcs 2.6 and 2.8 were characterized by UV/Vis 

spectrophotometry, NMR spectroscopy, gel permeation chromatography (GPC), combustion 

analysis, and mass spectrometry. We observed 2.8 to be more polar than 2.6 under 

chromatography conditions. The more polar eluent of 98:2 DCM/AcOH was required to elute 

ZnPc 2.8, while DCM alone was sufficient to elute Pc 2.6. Presumably the non-peripheral 

substitution in 2.8 inhibits π-π stacking and aggregation of the Pc core. ZnPcs 2.6 and 2.8 

were conjugated with azide 2.5 using CuAAC to give water-soluble TEGylated ZnPcs 2.7 

and 2.9 in good yields. ZnPcs 2.7 and 2.9 were characterized by UV/Vis spectrophotometry 

(vide infra), NMR spectroscopy, combustion analysis, and mass spectrometry. 

Scheme 2.1. Synthesis of clicked symmetric ZnPc-TEG isomers. 

2.7 2.9

Reagents and conditions: (a) 1. DBU, LiBr, 1-pentanol, 145 °C; 2. Zn(OAc)2, THF, reflux; 

(b)DBU, Zn(OAc)2, 1-pentanol, 18%; (c) 4-hydroxythiophenol, K2CO3, DMSO, 70%; (d) 

5-hexyn-1-ol, PPh3, DIAD, THF, 78%;(e) 2.5, CuI, DIPEA, THF (2.7, 63%; 2.9, 68%). 

Inset: aqueous solutions (ca. 1 mM) of 2.7 and 2.9. 
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2.3. Ground State Absorption Spectra and Partition Coefficients  

The UV/Vis analyses of 2.7 and 2.9 showed the expected characteristic ground state 

electronic peaks (Figure 2.2a). As expected, the non-peripheral substitution of 2.9 resulted 

in a bathochromic shift of the Q band absorption peak ca. 80 nm relative to the peripherally 

substituted 2.7. Non-peripheral substitution is known to destabilize the energy of the HOMO 

of the macrocycle causing the bathochromic shift. Although both derivatives were readily 

soluble in water, evidence of aggregation was obtained when comparing the ground state 

spectra to that in dichloromethane (DCM). Compound 2.7 exhibited the hypsochromically 

shifted peak (ca. 660 nm) characteristic of Pc aggregates in not only water but also methanol 

and PBS buffer. In contrast, the spectra of 2.9 in these same solvents exhibits little difference 

from that in DCM (Figure 2.2b). These claims are supported by the aggregation results 

discussed (vide infra). The ready solubility in water is further corroborated by direct 

measurement of partition coefficients. n-Octanol/pH 7.4 buffer partition coefficient 

measurements revealed a high preference for aqueous media (Figure 2.2) with log D7.4 values 

much below one (Table 2.1). In addition, we note that the non-peripheral isomer 2.9 preferred 

the ionic buffer over n-octanol with the smaller coefficient. 2.7 was 77% more hydrophobic 

than 2.9. From these values, it can be deduced that the non-peripheral substitution on the Pc 

macrocycle in this case increases water solubility. 



58 

 

 

400 500 600 700 800 900

2.9

2.7

0

0.2

0.4

0.6

0.8

1

A
b

s
o

rb
a

n
c
e
 (

A
. 

U
.)

Wavelength (nm)

722 nm

801 nm

(a)

400 500 600 700 800 900

2.7-DCM

2.9-DCM

2.7-MeOH

2.9-MeOH

2.7-PBS

2.9-PBS

2.7-H
2
O

2.9-H
2
O

0

0.4

0.8

1.2

1.6

A
b

s
o

rb
a

n
c
e
 (

N
o

rm
a

liz
e
d

)

Wavelength (nm)

(b)

 

Figure 2.1. (a) Absorbance spectra of 2.7 and 2.9 in distilled water (ca. 1 µM); (b) 

Absorption spectra in different solvents, normalized at the Q-band max. 1x PBS was used in 

this experiment. 

 

 

Figure 2.2. Partition coefficient measurements in n-octanol and phosphate buffer for 2.7 

(A) and 2.9 (B). 

2.4. Aggregation Studies 

  Typically, aggregation of chromophores can be monitored by absorption and 

emission spectroscopy because aggregation leads to spectral shifts, deviations from Beer’s 
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law, and fluorescence quenching at elevated concentrations, all due to second-order 

spectroscopic interference between chromophores.220 It is paramount that the Pcs do not 

aggregate because this greatly shortens the lifetime of the photosensitizer triplet state via 

self-quenching affecting the quantum yields.221 Aggregation studies on both ZnPcs 2.7 and 

2.9 in EtOH/H2O mixtures were conducted using UV/Vis absorption spectroscopy (Figure 

2.3). The extent of aggregation for 2.7 and 2.9 was assayed from the ratio between aggregate 

(at 660 and 720 nm, respectively) and monomer (at 710 and 800 nm, respectively) 

components of the Q band of the ZnPcs, with larger values indicating relatively more 

aggregation (Figure 2.3c,d). Overall, peripheral isomer 2.7 showed a greater degree of 

aggregation with increasing water content of the solvent mixture relative to non-peripheral 

isomer 2.9 (Figure 2.3,b). There was significant aggregation of the non-peripheral ZnPc 2.9 

across the tested EtOH/H2O ratios. Interestingly, the lowest evident level of aggregation for 

both compounds was in a mixed EtOH/H2O mixture of predominantly EtOH, rather than 

pure EtOH. 

However, it should be emphasized that ZnPc 2.7 is readily soluble in distilled water. 

There was no significant observable change in aggregation of both ZnPcs 2.7 and 2.9 in PBS 

media relative to pure water (not shown), although non-peripheral ZnPc 2.9 showed overall 

less aggregation in this media as well. From these data, we conclude that the non-peripheral 

ZnPc 2.9 is relatively monomeric in distilled water and PBS, possibly because of the presence 

of the non-peripheral substituents excluding π-π stacking of the Pc core, whereas the 

peripheral isomer 2.7 exhibited a much higher level of aggregation in aqueous media. We 

carried out a qualitative solubility study of the ZnPcs in which the dyes were dissolved in 

PBS 1x, 2x, 4x, 6x, 7.3x and 10x to determine at which PBS concentration the dyes were 
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insoluble. Approximately 0.5 mg of ZnPcs 2.7 and 2.9 were dissolved in 2 mL of PBS 

solutions. The Pcs were found to readily dissolve in 1x-4x PBS, while it took 20 h for them 

to completely dissolve in 6x and 7.3x PBS. The dyes remained insoluble in 10x even after 

48 h. 

 

Figure 2.3. Absorbance spectra of (a) 2.7 and (b) 2.9 in EtOH/H2O mixtures (21 μM); 

Ratio of absorbance at aggregate wavelength to monomer wavelength for (c) 2.7 and (d) 

2.9. 

2.5. Singlet Oxygen Generation 

We indirectly compared the quantum yields of 2.7 and 2.9 with the known yields of 

methylene blue by quantitatively monitoring the disappearance of 1,3-DPBF as recently 

described to test the activity of other Pcs (Figure 2.4a).222 Both ZnPcs 2.7 and 2.9 produced 
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singlet oxygen yields comparative to those of methylene blue (Figure 2.4b). This agrees 

(within acceptable range) with literature values for ZnPc.113 The non-peripheral isomer 2.9 

was found to be unstable during irradiation at 800 nm with the Xe lamp as evidenced by the 

diminishing Q band. This degradation occurred to approximately 10% over the span of the 

16 minute irradiation. This loss of absorbance, which has been observed for other non-

peripheral ZnPcs,222 could be a consequence of the destabilization of the HOMO of this 

isomer by the non-peripheral substituents that results in the bathochromic shift of the Q 

band.90 If this is the case, the extension of λmax by this approach has limitations because this 

leads to a decrease in the oxidation potential of the aromatic system, with the photosensitizer 

becoming less stable and subject to photobleaching.223 
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Figure 2.4. (a) UV-Vis spectra during the photo-oxidation of 1,3- diphenylisobenzofuran 

(DPBF) in the presence of 2.9 (0, 2, 4, 6, 8, 10, 16 min.). The peak at 400 nm is from 

degrading DPBF, and the decrease in absorbance at 800 nm is photobleaching of 2.9. (b) 

Photo-oxidation of DPBF sensitized by 2.7, 2.9, and methylene blue (MB). 

2.6. Antimicrobial Photodynamic Inactivation Studies 

No statistically significant dark toxicity was observed for 2.7 and 2.9 on bacteria and 

yeast tested at 10 μM of dye concentration. Preliminary in vitro antimicrobial photodynamic 

inactivation (aPDI) studies for screening the efficacy of these two photosensitizers were 

performed as described previously.224,225,226 At a concentration of 10 µM of compound 2.7, a 

1 log unit reduction (90% cell inactivation; P<0.05) in colony forming units per mL 

(CFU/mL) was noted for the Gram-negative bacterium P. aeruginosa (ATCC-97) using 30 

min of visible light illumination (400 – 850 nm; fluence rate of 65±5 mW/cm2 @ 550 nm 

and 15±2 mW/cm2 @ 725 nm). Direct comparisons with other photosensitizers are difficult 

due to differences in illumination conditions and strain specific responses. However, under 
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identical illumination conditions, a 4-5 log unit reduction has been noted for this strain using 

500 nM of a BODIPY-based photosensitizer whereas under approximately similar 

illumination conditions, a 6+ log unit reduction in CFU was obtained using 10 µM THPTS 

(tetrahydroporphyrin),227 and a nearly 4 log unit reduction was observed for a ~10 µM PPC 

(cationic pyridinium phthalocyanine).228 

When the efficacy of 2.9 at a concentration of 5 µM was examined against the Gram-

negative bacterium A. baumannii (ATCC-19606), no statistically significant 

photoinactivation was observed upon illumination with visible light (400 – 850 nm; fluence 

rate of 65±5 mW/cm2 @ 550 nm and 15±2 mW/cm2 @ 725 nm) for either 15 or 30 minutes. 

Under similar illumination conditions, this compares with a 6 log unit reduction of A. 

baumannii using 2 µM NMB (new methylene blue N),229 2-3 log unit reductions using 2 µM 

DMMB (dimethyl methylene blue), MB (methylene blue), and TBO (toluidine blue O),229 a 

~7+ log unit reduction using 3.7 µM TMPyP,230 and a 4-5 log unit reduction using 250 nM 

of a BODIPY-based photosensitizer. When the 2.9 concentration was doubled to 10 µM and 

the light fluence increased by at least 15-fold, no CFUs were detected; the survival rate was 

therefore below the detection limit of <0.0001%, corresponding to 6+ log units reduction in 

viable cells (P<0.001), and suggests that aPDI using 2.9 requires high light doses for 

observation of a photobactericidal effect against this strain of A. baumannii.  

No photoinactivation under any conditions examined was found for either the Gram-

positive bacterium S. aureus (ATCC-2913) or the pathogenic yeast strain C. albicans 

(ATCC-90028), and aPDI of these pathogens was not explored further. 
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Table 2.1. Phototoxicity cell survival studies and partition coefficientsc of 2.7 and 2.9. 

Organism Compound         

(Log D7.4
c) 

Conc. (μM) Illumination 

time (min) 

% Cell Death 

Pseudomonas 

aeruginosa 

2.7 (0.22) 10 30 90 

Acinetobacter 

baumannii 

2.9 (0.05) 1, 5 

10 

15,30 

30 

0 

100a,b 

Staphylococcus 

aureus 

2.9 (0.05) 1,5 15,30 0 

Candida 

albicans 

2.9 (0.05) 10 30 0 

a performed at a light intensity >975 mW/cm2 @ 550 nm and >225 mW/cm2 @ 725 nm; b detection 

limit (<0.0001% cell survival). cn-Octanol/pH 7.4 buffer partition coefficients of the dyes, logD 

values were obtained as log [Absn-octanol/AbsPBS] 

2.7. Conclusion Remarks 

In summary, two novel dendritic water-soluble ZnPcs isomers 2.7 and 2.9 were 

synthesized and characterized by MS, UV/Vis absorption, 1H NMR and elemental analysis. 

The water solubilizing TEG groups were incorporated onto the Pc macrocycle via CuAAC. 

Both ZnPcs strongly absorb light in the near-IR “therapeutic window” of 710 - 810 nm with 

the non-peripheral ZnPc 2.9 80 nm more red-shifted. The ZnPcs are readily soluble in 

distilled water and PBS and preferred distilled water over n-octanol. Non-peripheral isomer 

2.9 exhibited markedly less aggregation than in peripheral isomer 2.7 in EtOH/H2O solvent 

mixtures. Both isomers were efficient at singlet oxygen generation producing yields 

comparable to methylene blue which is a known photosensitizer. Both ZnPcs showed 

negligible dark toxicity on bacteria and yeast, and initial antimicrobial photodynamic 

inactivation studies demonstrated these compounds to be phototoxic to A. baumannii and P. 

aeruginosa at micromolar concentrations with high light doses, suggesting that future 
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optimization of these scaffolds could lead to highly effective photosensitizers for 

photobactericidal applications. 

2.8. Experimental Section 

Compounds 2.2209 and 2.1231 were prepared according to the literature. All other 

chemicals were obtained from commercial sources and used as received. NMR spectra were 

recorded on commercially available instrumentation. Chemical shifts were referenced to the 

deuterated solvent resonance for 1H (7.24 ppm for CDCl3, 5.30 ppm for CD2Cl2 and 2.50 

ppm for DMSO-d6) and 13C (77.0 ppm for CDCl3) NMR. Mass spectrometry data was 

recorded on Bruker MALDI-TOF mass spectrometer. UV/Vis absorption data was recorded 

in 10 mm quartz cells. Molar absorptivity (ε) values were determined from Beer’s law plots 

using five data points from serial dilutions. Singlet oxygen photo-oxidation measurements 

were performed using a PTI monochromator xenon arc lamp (Model 101/102, 6 mW/cm2). 

2.8.1. Partition Coefficients (LogD7.4) 

Partition coefficients (LogD7.4) were determined using the “shake flask” method232 in 1x 

phosphate buffer solution (PBS) and n-octanol. To prepare the samples, saturated solutions 

of the dyes were made by dissolving the solid dyes in n-octanol: PBS (1:1, v/v), total 2 mL. 

These solutions were then sonicated for 30 min, and left to stand overnight. The resulting 

two layers were separated, each diluted with 10 mL DCM, and UV/Vis absorption profiles 

recorded. LogD values were obtained as log [Absn-octanol/AbsPBS]. All measurements were 

performed in triplicate. 
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2.8.2. Aggregation Studies 

To assay aggregation, ZnPcs 2.7 and 2.9 were dissolved in bulk EtOH, distilled water and 

phosphate buffered saline (PBS) solution to make homogeneous stock solutions (ca. 21 μM) 

in each of the solvents. 1x (10 mM) PBS solution was used for this purpose since both ZnPcs 

were not soluble in 10x (0.1 M) PBS. Solvent mixtures of the solutions were made to 

constitute different EtOH/H2O and PBS/H2O ratios and analyzed by UV/VIS absorption.   

2.8.3. Singlet Oxygen Quantum Yield Measurement 

Singlet oxygen generation of ZnPcs was monitored by the disappearance of 1,3-

diphenylisobenzofuran (DPBF). ZnPcs 2.7, 2.9 and methylene blue were dissolved in bulk 

MeOH to make homogeneous solutions (ca. 2.5 μM). The dye solutions were then purged 

with O2 for 15 min and left to stand over 20 h. To prepare the dye and 1,3-DPBF samples, 2 

mL of each dye were mixed with 2 mL of 1,3-DPBF in a 10 mm quartz cuvette and excited 

using PTI monochromator Xenon Arc lamp set at 75 W, 5.05 amp. The samples in cuvettes 

in the monochromator were maintained at 25 ± 0.03 °C with a water chiller. 

2.8.4. Antimicrobial Photodynamic Inactivation Studies 

All bacteria were grown in 5 mL cultures incubated at 37 °C on an orbital shaker 

under the following growth conditions: Acinetobacter baumannii (ATCC-19606) was grown 

in Miller-LB media without antibiotics; methicillin-susceptible Staphylococcus aureus 2913 

was grown in tryptic soy broth media without antibiotics; methicillin-resistant Pseudomonas 

aeruginosa (ATCC-97) was grown in BD Difco Nutrient Broth #234000 with 5 μg/mL 

tetracycline. Each bacterium was grown to a concentration of 1–4 × 108 CFU/mL 

(determined spectrophotometrically from growth curves using a Genesys 10 UV scanning 
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spectrophotometer) prior to being pelleted by centrifugation (10 min, ~3700 g). Once 

pelleted, the supernatant was decanted and the cells were resuspended in 5 mL of PBS (170 

mM NaCl, 3.4 mM KCl, 10.0 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.2) containing 0.05% 

Tween-80. Candida albicans (ATCC- 90028) was grown aerobically overnight in yeast 

extractpeptone-dextrose (YPD) broth at 37 °C. Cells were harvested by centrifugation (10 

min, ~3700 g) and washed twice with PBS. The cells were resuspended in PBS and diluted 

to ~107 CFU mL-1 (determined spectrophotometrically). 

All photosensitization experiments were performed using a non-coherent light 

source, PDT light model LC122 (LumaCare, USA), and the fluence rate was measured with 

an Orion power meter (Orphir Optronics Ltd, Israel). Sterile stock solutions of the 

photosensitizers were prepared in filter sterilized ultrapure water and the appropriate organic 

solvent. 5 mL cultures were incubated in the presence of the photosensitizer on an orbital 

shaker in the dark for 5 (bacteria) or 15 (yeast) minutes. After incubation, three 1 mL aliquots 

of the cell suspension were transferred to a sterile 24-well plate (BD Falcon, flat bottom) and 

illuminated with visible light (400 – 850 nm; fluence rate of 65±5 mW/cm2 @ 550 nm and 

15±2 mW/cm2 @ 725 nm) for either 15 or 30 minutes while magnetically stirred. For the 

bacterial studies, the remaining 2 mL were kept in the absence of light (as the dark control). 

Photosensitization studies employing yeast were performed as above, with the exception that 

1 mL of the culture was set aside prior to the addition of the photosensitizer as a no compound 

light control. 

After illumination, each well was 1:10 serially diluted five times. 10 μL from the 

undiluted well and from each dilution, as well as from the dark control, were plated and 

incubated in the dark at 37 oC. Each bacterium was grown on gridded six column square agar 
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plates made with their respective growth media without antibiotics. The survival rate was 

determined from the ratio of CFU/mL of the illuminated solution versus that of the dark 

control. Variations in the concentration of the starter culture (1–4 x 108 CFU/mL for bacteria, 

and 1–4 x 107 CFU/mL for yeast) resulted in a variation of the detection limit spanning the 

region of 0.001–0.0001% survival for bacteria, and 0.01- 0.001% for yeast, respectively. 

Samples with PS present but kept in the dark (dark control) and illuminated samples without 

PS (light control) served as controls. All experiments were conducted in triplicate at a 

minimum, and statistical significance was assessed via a two-tailed, unpaired Student’s t-

test. 

2.8.5. Synthesis 

Synthesis of 3,6-bis((4-hydroxyphenyl)thio)phthalonitrile (2.3) 

Following a procedure reported in the literature,209 4-hydroxythiophenol (0.85 g, 6.7 

mmol), K2CO3 (2.95 g, 21.0 mmol), phthalonitrile 2.1 (0.99 g, 2.1 mmol) and DMSO (40 

mL) yielded 2.3 (0.56 g, 70%) as an off-yellow solid after flash chromatography (SiO2, 3:2 

hexanes-ethyl acetate, Rf = 0.44)): 1H NMR (500 MHz, acetone-d6) δ 9.02 (s, 2H), 7.46 – 

7.42 (m, 4H), 7.07 (s, 2H), 6.98 – 6.94 (m, 4H); 13C NMR (125 MHz, acetone-d6) δ 160.40, 

144.40, 137.97, 132.42,118.41, 118.19, 114.60, 114.13. Anal. Calcd. for C20H12N2O2S2: C 

63.81, H 3.21, N 7.44; found: C 63.73, H 3.47, N 7.42. 

Synthesis of 3,6-bis((4-(hex-5-yn-1-yloxy)phenyl)thio)phthalonitrile (2.4)  

A procedure from the literature209 was modified as follows: A solution of 5-hexyn-1-

ol (0.16 g, 0.16 mmol), phthalonitrile 2.3 (0.18 g, 0.48 mmol), triphenylphosphine (0.43 g, 

1.6 mmol), and DIAD (0.33g, 1.6 mmol) in THF (10 mL) was sonicated at room temperature 

under argon for 3 h. The reaction mixture was diluted with CH2Cl2 (50 mL), washed with 
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water (3x30 mL), and dried (Na2SO4). The solvent was removed under reduced pressure to 

obtain crude product as a yellow, thick oil. The crude product was sonicated in hexanes (100 

mL) for 30 min and the resulting precipitate was filtered and washed with hexanes to obtain 

a yellow solid. The yellow solid was purified by flash chromatography (SiO2, 3:2 hexanes-

ethyl acetate, Rf = 0.72) to afford 2.4 (0.20 g, 78%) as a yellow solid: 1H NMR (500 MHz, 

CDCl3) δ 7.41 – 7.36 (m, 4H), 6.92 – 6.86 (m, 4H), 6.79 (s, 2H), 3.97 (t, J = 6.2 Hz, 4H), 

2.26 (td, J = 7.0, 2.6 Hz, 4H), 1.95 (t, J = 2.6 Hz, 2H), 1.90 (dd, J = 8.8, 6.5 Hz, 4H), 1.70 

(dd, J = 8.6, 6.5 Hz, 4H); 13C NMR (125 MHz, CDCl3) δ 160.69, 143.74, 137.05, 130.91, 

119.13, 116.17, 113.68, 113.58, 83.86, 68.76, 67.55, 28.07, 24.94, 18.11 ppm; MS (ESI, 

positive mode): m/z: 537.2 [M+H]+; C32H28N2O2S2 requires 537.2. Anal. Calcd. for 

C32H28N2O2S2: C 71.61, H 5.26, N 5.22; found: C 71.61, H 5.48, N 5.37. 

Synthesis of 5-(azidomethyl)-1,2,3-tris(2-(2-(2-methoxyethoxy)-ethoxy)ethoxy)benzene 

(2.5) 233 

  A mixture of 5-(chloromethyl)-1,2,3- tris (2- (2- (2- methoxyethoxy)-ethoxy) ethoxy) 

benzene234 (0.16 g, 0.26 mmol), NaN3 (0.11 g, 1.69 mmol) and DMF (10 mL) was stirred at 

room temperature under N2 for 20 h. The reaction mixture was filtered, and the organic layer 

was washed with H2O (25 mL), brine (2 x 25 mL), then dried over MgSO4. The reaction 

mixture was then filtered over a pad of silica gel, and concentrated to yield 2.5 as a yellow 

oil (0.17 g, 99%) : 1H NMR (400 MHz): δ 6.50 (s, 2H), 4.19 (s, 2H), 4.12 (dt, J = 8.5, 5.2 

Hz, 6H), 3.81 (dd, J = 5.3, 4.7 Hz, 4H), 3.75 (dd, J = 5.5, 4.7 Hz, 2H), 3.68 (ddd, J = 5.0, 4.2, 

3.2 Hz, 6H), 3.64 – 3.58 (m, 12H), 3.51 (dd, J = 5.5, 3.5 Hz, 6H), 3.36 – 3.31 (m, 9H); 13C 

NMR (100 MHz, CDCl3) δ 152.80, 138.41, 130.67, 107.81, 72.24, 71.86, 70.75, 70.62, 

70.49, 70.46, 70.44, 69.64, 68.88, 58.94, 54.84; MS (ESI positive mode) m/z 642.3 (M+Na)+, 
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C28H49N3O12Na requires 642.3. Anal. Calcd. for C28H49N3O12Na: C, 54.27; H, 7.97; N, 6.78. 

Found: C, 54.11; H, 7.90, N, 6.78. 

Synthesis of Zinc (II)-2,3,9,10,16,17,23,24-Octa (4- (4- (1- (3, 5-bis ((3,5- bis(benzyloxy) 

benzyl) oxy) benzyl)-1H-1,2,3-triazol-4-yl)-butoxy) phenthio) phthalocyanine (2.7) 

  A procedure was adapted from the literature209 as follows: A mixture of 2.6 (50.0 mg, 

23.0 μmol), CuI (8.5 mg, 45 μmol), 2.5 (1.15 g, 1.86 mmol), DIPEA (70 mg, 0.54 mmol) 

and dry THF (15 mL) was degassed and back-filled with argon three times and then stirred 

for 3 days. The reaction mixture was diluted with CH2Cl2 (100 mL), washed with 0.1 M 

EDTA (4 x 100 mL), 1N HCl (4 x 100 mL), and then dried over MgSO4. Solvent was 

evaporated and the crude product upon flash chromatography (SiO2,1% AcOH/5% 

MeOH/DCM, Rf = 0.47) afforded 2.7 (0.10 g, 63%) as a green solid: 1H NMR (500 MHz, 

CD2Cl2 with 3 drops of pyr-d6): δ 8.9 (br s, 8H), 7.56 (br s, 16H), 6.98 (br s, 16H), 6.46 (br 

s, 16H), 5.32 (br s, 16H), 4.06-3.27 (m, 384H), 2.75 (br s, 16H), 1.89 (br s, 32H); MS 

(MALDI) m/z 7171.8 (M+H)+, C352H504N32O104S8Zn requires 7170.8. Anal. Calcd. for 

C352H504N32O104S8Zn: C, 58.97; H, 7.09; N, 6.25;Found: C, 57.96; H, 7.01; N, 6.25. 

Synthesis of Zinc (II)-1, 4, 8, 11, 15, 18, 22, 25 –Octakis (4- (hex-5-ynyloxy) phenylthio) 

phthalocyanine (2.8)  

Following a procedure reported in the literature,209 Pn 2.4 (0.15 g, 0.28 mmol), DBU 

(0.07 g,0.43 mmol), Zn(OAc)2 (0.03 g, 0.15 mmol), and 1-pentanol (1.4 mL) yielded 2.8 

(0.03 g, 18%) as a brown solid after flash column chromatography (SiO2, 2% AcOH/DCM, 

Rf = 0.50): 1H NMR (500 MHz, CDCl3) δ 7.65 (d, J = 8.2 Hz, 16H), 6.91 (d, J = 8.4 Hz, 

16H), 6.84 (s, 8H), 3.98 (t, J = 6.0 Hz, 16H), 2.30 – 2.27 (m, 16H), 1.97 (t, J = 2.6 Hz, 8H), 

1.94 – 1.90 (m, 17H), 1.75 – 1.71 (m, 16H); MS (MALDI, positive mode): m/z: 2209.446 
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[M+H]+; C128H113N8O8S2Zn requires 2209.57. Anal. Calcd. for C128H113N8O8S2Zn: C 69.49; 

H 5.10; N 5.07; found: C 69.82, H 5.50, N 4.80. 

Synthesis of Zinc (II)-1,4,8,11,15,18,22,25- Octakis(4- (4- (1- (3, 5-bis ((3,5-Bis(benzyloxy) 

benzyl) oxy) benzyl)-1H-1,2,3-triazol-4-yl)butoxy) phenthio)phthalocyanine (2.9) 

  Following the procedure for 2.7, Zn phthalocyanine 2.8 (9.0 mg, 4.1 μmol), CuI (1.7 

mg, 8.9 μmol), 2.5 (0.22 g, 0.34 mmol), DIPEA (20 mg, 0.16 mmol) and dry THF (2 mL) 

yielded 2.9 (0.02 g, 68%) as a brown solid after flash column chromatography (SiO2, 1% 

AcOH/5% MeOH/DCM, Rf = 0.50): MS (MALDI, positive mode): m/z: 7169.389 [M]+; 

C352H504N32O104S8Zn requires 7169.22. Anal. Calcd. for C352H504N32O104S8Zn: C 58.97; H 

7.09; N 6.25; found: C 59.25, H 7.06, N 6.08. 
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Chapter 3 : ASYMMETRIC ZnPc-RHODAMINE B CONJUGATED FOR 

MITOCHONDRIAL TARGETED PDT 

3.1. Introduction 

Selectivity of the photosensitizer is crucial because singlet oxygen has both a short 

lifetime (<0.04 µs) and subcellular diffusion radius in body tissue (<0.02 µm).235 Thus, only 

cells that contain the photosensitizer are photodynamically damaged by singlet oxygen. 

Delocalized lipophilic cations (DLCs) (Figure 3.1) like rhodamine B (Rh B) have been used 

in drug delivery to target mitochondria because of their preferential accumulation in this 

organelle.236,237 The mitochondrion is a vital powerhouse organelle with a plethora of 

functions in eukaryotic cells including generating cellular energy, key role in cell death 

pathways, and secondary functions like redox signaling.238, 239,240 

 

Figure 3.1. Some examples of DLCs that have been used to target mitochondria 

The mitochondrion consists of two membranes: the porous outer mitochondrial 

membrane (OMM) and a dense inner mitochondrial membrane (IMM). The mitochondrial 

matrix has a reported highly negatively charged microenvironment (~180 mV) which enables 

more mitochondrial localization of positively charged compounds relative to the 

extracellular matrix.241,242 Recently, Pallavi et al. demonstrated higher mitochondrial 

localization of photosensitizers by conjugating Rh B to porphyrins (TPP and CMP, Figure 
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3.2) where they observed increased cellular uptake and mitochondrial localization of DLC 

tagged porphyrins resulting in higher phototoxicity with negligible dark toxicity.243,244 Zhao 

et al. recently reported highly selective mitochondria targeting amphiphilic SiPcs with axial 

Rh B moieties that improved water solubility and reduced aggregation. 245 By incorporating 

tetra-ethylene glycol spacers between Si and Rh B, they were able to increase the 

hydrophilicity of the SiPcs. 

 

 

Figure 3.2. TPP, CMP and SiPc conjugated with DLCs for mitochondrial targeting 
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Asymmetric amphiphilic photosensitizers have been shown to be more 

photodynamically active than symmetric ones,246,152, 247 presumably due to their higher 

cellular uptake. In the following sections, we report the design and synthesis of asymmetric 

ZnPc-Rh B conjugates 3.5 and 3.6 (Scheme 3.1). By incorporating arylthiolate substitution 

on the Pcs in 3.6, we have tuned the absorption of the photosensitizers even further to the 

near-IR where body tissue is more transparent, permitting deeper light penetration and 

minimized risk of laser hyperthermia. The synthesis, characterization and photoactivity of 

these asymmetric ZnPcs are detailed. 

3.2. Synthesis 

Alkylation of ZnPcs 3.1 and 3.2248 under basic conditions gave 3.3 and 3.4 in 

moderate to excellent yields (Scheme 3.1). Conjugation of 3.3 and 3.4 with Rh B via the 

corresponding DIC activated esters afforded the desired target ZnPc-Rh B conjugates 3.5 

and 3.6. In this reaction, DIC, HOBt and Rh B were first allowed to react overnight to form 

the activated ester followed by the addition of the corresponding ZnPc-OH. This approach 

was found to result in shorter reaction times (reaction mostly complete within 12-16 h upon 

addition of the ZnPc-OH compared to 3 days when all the reagents were added together).  
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Scheme 3.1. Synthesis of ZnPcs and ZnPc-Rh B conjugates 

 
Reagents and conditions: (a) 3-chloropropanol, K2CO3, KI, DMF, 80 °C (3.1, 96%; 3.2, 

65%). (b) Rhodamine B, DIC, HOBt, DMF, rt (3.5, 47%; 3.6, 56%). 
 

3.3. UV/Vis Characterization 

All the expected characteristic absorption peaks were observed for 3.5 and 3.6 with 

the Rh B peak slightly shifted from 554-566 nm in both conjugates (Figure 3.3). This could 

be due to a change in polarity of the immediate environment presented by the ZnPcs.249,250 

Conjugation of ZnPcs with Rh B slightly lowered the molar extinction coefficients of 3.5 

and 3.6 from the expected absorptivities of 105 M-1cm-1 (Table 3.1). This could be attributed 

to ground state aggregation251 of the conjugates in DMSO although there was no observable 

significant peak broadening and blue shifting of the absorption peaks (Figure 3.4).  
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Figure 3.3. UV/Vis normalized absorption spectra of dyes in THF normalized at the Q-

band. 
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Figure 3.4. UV/Vis absorption of 3.5 (0.3, 0.9, 2.3, 5.7, and 14.3 µM) and 3.6 (0.3, 0.8, 

1.9, 4.8, and 11.8 µM) in DMSO. Both conjugates obey Beer’s law in the concentration 

range tested (insets). 

3.4. Partition Coefficients 

 n-Octanol/pH 7.4 buffer partition coefficient measurements revealed that the 

conjugated dyes were more hydrophobic than the non-conjugated presumably due to the 

esterification of hydroxyl group with the cationic Rh B. ZnPc-Rh B conjugate 3.6 was the 

most lipophilic of all the dyes while 3.4 had similar properties as Rh B (Table 3.1). 

Table 3.1. UV/Vis absorption (DMSO) and partition coefficients of 3.3, 3.4, 3.5, and 3.6. 

Compound B Band (εa) Q band, Rh B (εa) Q band, ZnPc (εa) Log D
7.4

 

3.3 352 (0.48)  681 (1.12)  2.31 

3.4 366 (0.45)   710 (1.02)  2.23 

3.5 353 (0.38) 566 (0.50) 682 (0.88) 2.43 

3.6 366 (0.40) 566 (0.57) 713 (0.89) 2.48 

Rh B  554 (0.051)b  2.22 

Molar extinction coefficients were obtained from serial dilutions in µM range. LogD values 

were obtained as log [Absn-octanol/AbsPBS]. a ×10 –5 M–1cm–1.  b in DCM 
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3.5. Aggregation Studies 

Aggregation is a phenomenon observed when two or more molecules associate or 

interact. In Pcs, aggregation is usually in the form of stacking due to their inherent planarity 

and geometry. 139 Generally, aggregation affects the photophysical properties of dyes by 

decreasing the lifetimes of the excited states (quenching).132 In PDT, aggregation of 

photosensitizers is undesired because it decreases the lifetime of the photosensitizer triplet 

state that is required for producing singlet oxygen resulting in reduced phototoxicity of the 

photosensitizer. Fluorescence emission has been used to monitor the degree of aggregation 

of porphyrin dyes since aggregation quenches fluorescence.243,244 In these tests, fluorescence 

emission in a good solvent (DMSO) and phosphate buffer saline (PBS) media were 

investigated. 

The aqueous media is used as a representative of biological environment. All the dyes 

were found to aggregate in aqueous media and less in DMSO with the non-conjugated ZnPcs 

being most affected (Figure 3.5). Overall, the conjugates 3.5 and 3.6 showed highest 

fluorescence emission meaning less aggregation in aqueous media than the other dyes while 

Rh B was found to aggregate more in DMSO than in media as we recently reported. 243, 244 
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Figure 3.5. Fluorescence emission of ZnPc-Rh B conjugates 3.5, 3.6 and Pcs 3.3, 3.4 in 

DMSO and phosphate buffer saline solution. 

3.6. Singlet Oxygen Generation Studies 

The efficiency of the dyes to generate singlet oxygen was determined in solution 

using UV/Vis absorption to monitor the oxidation of 1,3-diphenylisobenzofuran (DPBF) 

which has been previously used as a singlet oxygen trap for Pcs.222  It was observed that all 

the dyes produced singlet oxygen in DMSO and THF with the ZnPc-Rh B conjugates 3.5 

and 3.6 giving lower yields compared to their non-conjugated counterparts (Figure 3.6). 

Although the mechanism was not understood, a similar trend has been reported by 

Kuznetsova et al. in their ZnPc-Rh B conjugates where they noticed ca. 40% decrease in 

singlet oxygen quantum yields (ΦΔ) compared to the unconjugated ZnPcs. 252 Singlet oxygen 
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generation from 3.5 and 3.6 plateaued after 6 min while the non-conjugated ZnPcs 3.3 and 

3.4 continued producing singlet oxygen beyond 14 min.  
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Figure 3.6. Singlet oxygen generation studies in DMSO. 3.3 and 3.5 were excited at 682 

nm while 3.4 and 3.6 excitation wavelength was 710 nm. DPBF absorbance readings were 

taken at 416 nm. 

3.7. Dark Toxicity and Phototoxicity 

There was negligible dark toxicity observed when colon 26 cells were treated with 

up to 5 µM of the four dyes 3.3, 3.4, 3.5 and 3.6. 10-15% cell death was observed when cells 

were treated with 15 µM of the dyes in dark. 3.5 showed more dark toxicity at 30 µM than 

the rest of the dyes which had similar cell mortality to the one at 15 µM (Figure 3.7a). When 

the 15 µM dye-incubated cells were illuminated with 45 J/cm2
 light, 70% cell death was 

observed for ZnPc-Rh B conjugates 3.5, and 3.6 while no killing for non-conjugates 3.3 and 
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3.4 (Figure 3.7b). This suggests that the incorporation of the Rh B in the photosensitizer 

might lower aggregation and thus improve cellular uptake and subsequent phototoxicity.  

 

 

Figure 3.7. Dark toxicity (a) and phototoxicity (b) of 3.3 (green), 3.4 (blue), 3.5 (black), 

and 3.6 (red). Cells treated with 15 µM dye concentration were illuminated with a light 

dose of 45 J/cm2 for 30 min. Error bars are SEM 

 

Since the conjugates were designed to target mitochondria, mitochondrial 

localization was studied using fluorescence dual staining with mitochondrial molecular 

probe, Rhodamine 123 (Rh 123)253 (Figure 3.8). Green filter (excitation 480/40 emission 

527/30) was used to obtain signal from Rh 123. Red filter (excitation 450/80 emission 600LP) 

was used to obtain signal from the photosensitizer. ZnPc-Rh conjugates 3.5 and 3.6 showed 

a very similar staining pattern to Rh-123 (Figure 3.8c & 3.8f). These conjugates were 

distributed throughout the cytoplasm like Rh-123 (green signal). This sub-cellular 

localization of 3.5 and 3.6 was further confirmed by the overlapping of the two images 
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(Figure 3.8c & 3.8f), where yellow area represent co-localization of the conjugates and Rh 

123. 3.5 and 3.6 might have accumulated in mitochondria due to the presence of the DLC 

that facilitated their accumulation in mitochondria. On the other hand, unconjugated 

photosensitizers 3.3 and 3.4 did not show any significant staining of mitochondria (Figure 

3.8i & 3.8l). Very minimal fluorescence signal from unconjugated photosensitizer was 

obtained (Figure 3.8g & 3.8j). Poor solubility due absence of a cation in the structure could 

have led to lower intracellular accumulation. The flat planar structure of the molecules could 

also have caused aggregation of 3.3 and 3.4. 

 

 

Figure 3.8. Sub-cellular localization of 3.3, 3.4, 3.5, and 3.6. 

MCF-7 cells treated with Rh 123 and one of the dyes. 3.5 + Rh 123 (15 μM + 2 μM) (a) 

Red filter (b) Green filter, and (c) overlap of (a) and (b); 3.6 + Rh 123 (15 μM + 2 μM) (d) 

Red filter (e) Green filter, and (f)  overlap of (d) and (e); 3.3 + Rh 123 (15 μM + 2 μM) (g) 

Red filter (h) Green filter, and (i) overlap of (g) and (h); 3.4 + Rh 123 (15 μM + 2 μM) (j) 

Red filter (k) Green filter, and (l) overlap of (j) and (k). 
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3.8. Experimental Section 

All reactions were run under nitrogen or argon atmosphere unless otherwise specified. 

All chemicals were purchased from commercial suppliers (Aldrich, Acros, and TCI America) 

and used without further purification. NMR spectra were recorded on commercially available 

instrumentation. Chemical shifts were referenced to the deuterated solvent resonance for 1H 

(7.24 ppm for CDCl3, 5.30 ppm for CD2Cl2 and 2.50 ppm for DMSO-d6) and 13C (77.0 ppm 

for CDCl3) NMR. Mass spectrometry data was recorded on Bruker MALDI-TOF mass 

spectrometer. UV/Vis absorption data was recorded in 10 mm quartz cells. Molar 

absorptivity () values were determined from Beer’s law plots using five data points from 

serial dilutions. Singlet oxygen photo-oxidation measurements were performed using a PTI 

monochromator xenon arc lamp (Model 101/102, 6 mW/cm2). UV/Vis absorption profiles 

were recorded in DMSO, DCM and THF.  

Partition coefficients (LogD7.4) were determined using the “shake flask”189 method 

in 1x phosphate buffer solution (PBS) and n-octanol. To prepare the samples, saturated 

solutions of the dyes were made by dissolving the solid dyes in n-octanol: PBS (1:1, v/v), 

total 2 ml. These solutions were then sonicated for 30 min, and left to stand overnight. The 

resulting two layers were separated and each diluted with 10 ml DCM and UV/Vis absorption 

profiles recorded. LogD values were obtained as log [Absn-octanol/AbsPBS]. All measurements 

were performed in triplicate. 

The degree of aggregation of the dyes was indirectly determined by comparing the 

dye fluorescence emission intensities in PBS to that in DMSO. The dyes were dissolved in 

DMSO to make 2 mM homogeneous stock solutions. 10 µL of these DMSO solutions were 

then added to 1990 µL of either 1x PBS or DMSO to make 10 µM solutions. The samples 
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were left to stand for 30 min before recording fluorescence readings in a 1 mL quartz cuvette 

using a 1 nm step size. The samples were excited at 681 nm (3.5, 3.3) and at 705 nm (3.6, 

3.4). Each experiment was performed in triplicate. 

Singlet oxygen generation of the dyes was monitored by the disappearance of 1,3-

diphenylisobenzofuran (DPBF) upon irradiation of a solution of dye in DMSO. ZnPcs 3.3, 

3.4 and ZnPc-Rh B conjugates 3.5, 3.6 were dissolved in DMSO to make homogeneous 

solutions and diluted to 10 µM. DPBF stock solution was prepared in DMSO and diluted to 

100 µM. To prepare the dye and DPBF samples, 2 ml of each dye solution were mixed with 

2 ml of DPBF in a 10 mm quartz cuvette and excited using a PTI monochromator xenon arc 

lamp set at 6 mW/cm2. The samples in the cuvettes in the monochromator were maintained 

at 25±0.3 ˚C with a water chiller. The samples were illuminated for 10 min, recording DBPF 

UV/Vis absorption at 416 nm every 2 min. 

Rh 123 probe was used for studying the subcellular localization of 3.5, 3.6, 3.3, and 

3.4. For these tests, MCF-7 cells (1 x 105) were seeded onto cover slip in 24 well plate 

overnight. The cells were initially incubated with 3.5, 3.6, 3.3, or 3.4 (15 µM) for 24 hrs in 

dark. The cells were then washed with PBS solution and stained with 2 µM mitochondria-

specific probe, Rh 123 for 1 hr. The cover slip was then mounted on a microscope slide and 

the emitted fluorescent signals of 3.5, 3.6, 3.3, 3.4 and Rh 123 from the cells were examined 

using the Leica DMI4000B fluorescence microscope fitted with a QImaging Fast 1394 

camera and spot advance version 4.6 processing software.  
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Synthesis of 2, 3, 9, 10, 16, 17 –Hexakis (4-pentylphenoxy)- 23- (3-oxypropanol) zinc 

phthalocyanine (3.3) 

ZnPc 3.1 (80.0 mg, 50.0 µmol), chloropropanol (24.2 mg, 0.30 mmol), K2CO3 (21.0 mg, 

0.15 mmol), KI (25.0 mmol), and DMF (10 mL) were combined in a 25 ml round-bottomed 

flask. The reaction mixture was heated at 80 ˚C with stirring for 12 h under N2 atmosphere. 

The mixture was cooled to r.t and diluted with 100 ml ethyl acetate, washed with water (3x50 

ml), brine (2x50 ml), dried over anhydrous Na2SO4, filtered and concentrated. The resulting 

green solid was purified by flash chromatography (silica gel; hexanes/EtOAc (4:1)) to give 

3.3 (80 mg, 96% yield) as a green solid: 1H NMR (499 MHz, CD2Cl2 with 3 drops of DMSO-

d6)  9.03 (d, J = 7.8 Hz, 2H), 8.97 (s, 1H), 8.92 – 8.83 (m, 6H), 8.68 (s, 1H), 7.57 (d, J = 

9.1 Hz, 2H), 7.29 – 7.06 (m, 24H), 4.51 (t, J = 6.4 Hz, 2H), 3.86 (m, 2H), 2.69 – 2.57 (m, 

12H), 1.68 – 1.59 (m, 12H), 1.40 – 1.35 (m, 24H), 0.97 – 0.92 (m, 18H); MS (MALDI) m/z 

1624.739 (M+), C101H106N8O8Zn requires 1622.743. Anal. Calcd. For C101H106N8O8Zn: C, 

74.63; H, 6.57; N, 6.89; Found: C, 74.22; H, 6.96; N, 7.26 

Synthesis of 2, 3, 9, 10, 16, 17-Hexakis (4-pentylthiophenoxy) -23-(3-oxypropanol) zinc 

phthalocyanine (3.4)  

Following the procedure for  3.3, ZnPc 3.2 (150.0 mg, 93.0 µmol), chloropropanol (90.0 

mg, 0.95 mmol), K2CO3 (40.0 mg, 0.28 mmol), KI (40.0, 0.28 mmol), and DMF (10 mL) 

yielded, after flash column chromatography (silica gel; hexanes/EtOAc (1:1)), 3.4 (100 mg, 

65% yield) as a green solid: 1H NMR (499 MHz, CD2Cl2 with 3 drops of DMSO-d6)  9.01 

– 8.91 (m, 4H), 8.85 (s, 1H), 8.74 (s, 2H), 7.61 (d, J = 8.1 Hz, 2H), 7.57 – 7.43 (m, 9H), 7.38 

(d, J = 8.2 Hz, 4H), 7.34 – 7.18 (m, 10H), 4.52 (t, J = 6.3 Hz, 2H), 3.89 (m, 2H), 2.77 – 2.71 

(m, 3H), 2.71 – 2.58 (m, 2H), 1.76 (m, 4H), 1.66 (m, 9H), 1.47 – 1.39 (m, 5H), 1.37 – 1.26 



86 

 

(m, 16H), 0.93 (m, 3H), 0.88 – 0.77 (m, 14H); MS (MALDI) m/z 1721.55 (M+), 

C101H106N8S8Zn requires 1718.61.  

Synthesis of ZnPc-Rh B conjugate 3.5  

Rh B (25.0 mg, 52.0 µmol), DIC (50.0 mg, 0.30 mmol), HOBt (10.0 mg, 74.0 µmol), and 

DMF (2 ml) were combined in a 25 ml round bottomed flask and stirred at rt for 12 h under 

N2 atmosphere. 3.3 (80.0 mg, 50.0 µmol) in DMF (3 ml) was then added to the reaction 

mixture. The reaction flask was completely covered with aluminum foil to exclude light, and 

the reaction mixture was stirred for additional 12 h. The reaction mixture was diluted with 

100 ml ethyl acetate, washed with water (3x50 ml), brine (2x50 ml), dried over anhydrous 

Na2SO4, filtered and concentrated. The resulting deep purple solid was purified by flash 

chromatography (silica gel; 3% MeOH/DCM) to give 3.5 (49 mg, 47%) as a deep purple 

solid: 1H NMR (499 MHz, CD2Cl2 with 3 drops of DMSO-d6)  9.10 (s, 2H), 9.06 (s, 1H), 

8.94 (d, J = 10.8 Hz, 4H), 8.41 (d, J = 7.1 Hz, 2H), 7.75 (d, J = 7.4 Hz, 4H), 7.30 – 7.01 (m, 

26H), 6.62 (m, 5H) 4.83 (m, 10H), 4.34 (m, 4H), 2.62 (m, 10H), 1.62 (m, 17H), 1.34 (m, 

21H), 0.97 – 0.77 (m, 29H); MS (MALDI) m/z 2048.94 (M+H)+. C129H135N10O10Zn+ requires 

2047.96.  

Synthesis of ZnPc-Rh B conjugate 3.6  

Following the procedure for 3.5, Rh B (50.0 mg, 0.1 mmol), DIC (30.0 mg, 0.23 mmol), 

HOBt (30.0 mg, 0.23 mmol), DMF (2 ml), and 3.4 (80.0 mg, 46.0 µmol) in DMF/DCM (3 

ml/2 ml), yielded, after flash chromatography (silica gel; 3% MeOH/DCM), 3.6 (59 mg, 59%) 

as a deep purple solid:1H NMR (499 MHz, CD2Cl2 with 3 drops of DMSO-d6)  9.04 (d, J = 

10.0 Hz, 2H), 9.01 – 8.90 (m, 3H), 8.41 (d, J = 9.4 Hz, 1H), 7.82 – 7.70 (m, 3H), 7.64 – 7.16 

(m, 31H), 7.03 (m, 5H), 6.61 (s, 4H) 4.35 (m, 2H), 2.74 – 2.59 (m, 6H), 1.65 (m, 7H), 1.32 
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(m, 20H), 0.85 (m, 53H); MS (MALDI) m/z 2144.00 (M+H)+, C129H135N10O4S6Zn+ requires 

2143.83. 

3.9. Conclusion 

In conclusion, two ZnPc dyes conjugated with Rh B were successfully synthesized. 

These dyes were found to be more lipophilic than the unconjugated ZnPc precursors due to 

the addition of the alkyl Rh B moiety. All four dyes produced singlet oxygen and negligible 

dark toxicity. Incorporation of rhodamine B as a DLC in the ZnPc-Rh B conjugates improved 

the phototoxicity of the dyes suggesting enhanced cellular uptake. 
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Chapter 4 : THE EFFECT OF Pc SUBSTITUTION ON PHOTOTOXICITY: 

ASYMMETRIC ZnPc-TEG PHOTOSENSITIZERS 

4.0. Introduction 

Several reports have emerged in the literature depicting amphiphilic photosensitizers to 

be generally more photodynamically active than symmetrically hydrophobic or hydrophilic 

counterparts.151,152 This has been attributed to improved cellular uptake of the amphiphilic 

photosensitizers with localization at the hydrophobic-hydrophilic membrane interfaces and 

protein surfaces.151,152,254,153 Amphiphilic molecules are those that possess partial 

hydrophobic and hydrophilic parts at different positions allowing each region of the 

compound to interact independently with the solvent.118 Amphiphilicity can also affect 

degree of aggregation of a photosensitizer (PS), consequently influencing its photoactivity. 

Hydrophilic photosensitizers are reported to be transported by human albumin and other 

serum proteins but the sensitizers do not diffuse across cellular bi-layer lipid membranes due 

to their low lipophilicities.154 Intravenously introduced hydrophobic sensitizers are thought 

to bind to low density lipoproteins (LDLs) and are retained at the lipophilic regions of the 

cells often leading to mutagenicity and skin hypersensitivity due to slow clearance.154, 155 On 

the other hand, amphiphilic compounds are believed to bind to hydrophobic-hydrophilic 

interfacial proteins increasing their transport in and out of cells.118 

Asymmetric phthalocyanines (Pcs) have been reported to be more photodynamically 

active than their symmetric analogues. Di-sulfonated AlPcs156 and ZnPcs151, 157 were 

observed to be more phototoxic towards EMT-6 and Chinese hamster cells than the 

corresponding symmetric counterparts. Similarly, mono-substituted cationic,158 mono-
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glycosylated ZnPcs,159 and di-α-substituted ZnPcs160 have shown lower IC50 values than their 

symmetric analogues. Structurally, the macrocyclic Pc core is largely hydrophobic in nature. 

Substitutions should be aimed at introducing hydrophilicity. Mono-substitutions are made on 

one of the four quadrants, leaving the other three same.  

Recently, Ng and co-workers indicated there was increased photodynamic activity in Pcs 

with peripheral substitution compared to non-peripheral. In two separate reports, ZnPc-β-Gal 

and di-cationic β-ZnPc had significantly lower IC50 values towards HT 29 human colon 

adenocarcinoma and HepG2 human hepatocarcinoma cells compared their corresponding α-

substituted ZnPcs (Figure 4.1).158, 159 Herein, we revisit this study on the effect of site of Pc 

substitution. ZnPc isomers with peripheral and non-peripheral mono-substitution were 

designed, synthesized, characterized, and their phototoxicity on colon-26 cells studied. 

Triethylene glycol (TEG) groups were used to impart hydrophilicity on the ZnPcs since they 

have been used in the literature to confer water solubility.150,164,137  

 

Figure 4.1. Mono-substituted ZnPcs with improved photodynamic activity. 

4.1. Synthesis of ZnPc-TEGs  

Treatment of commercially available nitro-phthalonitriles with TEG-OH234 under 

basic conditions gave teglated phthalonitriles 4.1 and 4.2 in moderate yields. These yields 

were expected because nitro-phthalonitriles have been observed to react with K2CO3 in 

DMSO at elevated temperatures forming competing products.255 Addition of excess of nitro-
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phthalonitriles to the reaction did not improve the yields of the desired products. ZnPc-TEGs 

4.4 and 4.5 were obtained from statistical condensation of the commercially available t-

butylphthalonitrile and Pns 4.1 and 4.2 under basic conditions (Scheme 4.1).   

Scheme 4.1. Synthesis of ZnPc-TEGs 4.4 and 4.5. 

 

4.3. UV-Vis Spectroscopy and Partition Coefficients  

 ZnPc-TEGs 4.4 and 4.5 showed the expected characteristic absorption peaks with Q-

band maxima at 678 nm and 682 nm in DCM, respectively (Figure 4.2). The slight 

bathochromic shift in non-peripheral substituted ZnPc 4.5 is expected because there exists 

more HOMO contribution from the ortho position relative to the peripheral one as reported.90 

n-Octanol/pH 7.4 buffer partition coefficients revealed that 4.5 was marginally more 

hydrophilic than 4.4 (Table 4.1)  
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Figure 4.2. UV/Vis normalized absorption spectra of ZnPc-TEGs 4.4 (red) and 4.5 (black) 

in DCM normalized at Q-Band. 

Table 4.1. UV/Vis absorption band maxima and extinction coefficients in DMSO and n-

octanol/pH 7.4 buffer partition coefficients of 4.4 and 4.5. 
Compounds B Band Q band % Q-Band 

degradation over 10 

mins 

Log D
7.4

 

  DCM (ε) THF (ε) DCM (ε) THF (ε) DCM THF   

4.4 350 (0.89) 348 (0.80) 678 (2.31) 673 (2.29) 0.66* 1.50 2.66 

4.5 347 (0.80) 346 (0.82) 682 (2.55) 678 (2.84) 2.52* 0.40 2.44 

Molar extinction coefficients (ε x 105 M-1cm-1) were obtained from serial dilutions in µM range. LogD7.4 

values were obtained as log [Absn-octanol/AbsPBS]. *% degradation measured for 6 mins.  

4.4. Aggregation Studies 

Pcs are inherently planar and aggregate via π-π co-facial packing to form dimers, and 

other higher order aggregates. For PDT purposes, aggregation is undesired for it leads to 

decreased singlet oxygen quantum yields consequently shutting down PS photosensitization 

capabilities. Fluorescence emission was chosen to study the aggregation behavior of 4.4 and 
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4.5 by comparing the emission in a good solvent (DMSO) and PBS which represents a 

biological environment. It was determined that the non-peripheral isomer 4.5 was less 

aggregated in DMSO (ca. by 61%) than the peripheral one (Figure 4.3a). This suggests that 

non-peripheral substitution perturbs π-π self-association in 4.5 more than in 4.4. Both 4.4 

and 4.5 were more aggregated in phosphate buffer as evidenced by diminished fluorescence 

emission in the solvent (Figure 4.3b).  
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Figure 4.3.  Aggregation of ZnPc-TEGs 4.4 and 4.5 as measured by fluorescence emission. 

4.5. Singlet Oxygen Generation Measurements 

 UV/Vis absorption was used to measure the efficiency of 4.4 and 4.5 to produce 

singlet oxygen. In this case, 1, 3-diphenylisobenzofuran (DPBF) was used as a singlet oxygen 

trap. The change in the disappearance of DPBF absorption band reflected the capability of 

4.4 and 4.5 to generate singlet oxygen in DCM and THF (Figure 4.4). It was observed that 

more SOG was produced in DCM than THF.  At 6 mins, ca. 84% of DPBF had been 



93 

 

consumed in DCM compared to 50% in THF.  This could be due to various reasons such as 

singlet oxygen excited state quench mechanisms (that has been reported to be solvent 

dependent135), and solvent effects. However, both 4.4 and 4.5 showed the same comparable 

efficiency in singlet oxygen yield quantum yield generation suggesting there was no 

significant effect between ortho and beta substitution in the two isomers. 

 The photophysical and photochemical stability of 4.4 and 4.5 during singlet oxygen 

was also monitored. This was determined by the receding absorbance of Q-band which 

indicates photobleaching. Overall, the dyes were found to degrade faster in DCM than in 

THF and the non-peripheral isomer 4.5 was most unstable (Table 4.1). However, it should 

be mentioned that the overall percentage decrease in Q-band was insignificant. 
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Figure 4.4. Comparison of singlet oxygen studies of 4.4 and 4.5 in DCM and THF. 4.4 was 

excited at 678 nm (DCM) and at 673 nm (THF) while 4.5 excitation wavelength was set at 

682 nm (DCM) and 678 nm (THF). DPBF absorbance readings were recorded at 416 nm. 

4.6. Cytotoxicity and Phototoxicity Studies  

 There was no significant dark toxicity when colon-26 cells were treated with up to 

10 µM of 4.4 and 4.5 (Figure 4.5). Further dark toxicity was observed at > 50 µM 

concentration.  

 To test the dyes’ photoactivity, colon-26 cells were treated with dye of various 

concentrations for 24 hrs. The cells were irradiated at light doses 10 J/cm2 (Figure 4.6A), and 

45 J/cm2 (Figure 4.6B) at 690 nm after removing the unbound dye. Compound 4.4 did not 

show photo-toxicity upon irradiation at 10 J/cm2. An IC50 > 25 µM was observed upon 

irradiation with 45 J/cm2 light dose. Whereas, compound 4.5 showed IC50 approximately 

around 10 µM upon irradiation with 10 J/cm2 light dose and an IC50 value between 1-5 µM 



95 

 

upon irradiation with 45 J/cm2. Overall, the non-peripheral isomer 4.5 was found to be more 

photodynamically efficient (Table 4.2). 
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Figure 4.5. Dark toxicity studies of colon-26 cells containing 4.4 and 4.5. Negligible dark 

toxicity was observed when the cells were incubated with up to 10 µM of 4.4 and 4.5. 
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Table 4.2. Phototoxicity and dark toxicity studies of 4.4 and 4.5 including IC50. NA= not  

        applicable 

Compounds Experimental condition Light Dose (J/cm2) IC50 Values (µM) 

 

4.4 phototoxicity 10 >>10 

4.4 phototoxicity  45 >25  

4.4 dark toxicity NA >50 

4.5 phototoxicity 10 ~10 

4.5 phototoxicity  45 1-5 

4.5 dark toxicity NA  >50 
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Figure 4.6. Photo-toxicity of 4.4 (blue) and 4.5 (red) at 690 nm in Colon 26 cells (A) excited with   

 10 J/cm2 after removing the unbound dyes (B) excited with 45 J/cm2 after removing the 

 unbound dyes 

 4.7. Conclusion 

Two mono-substituted ZnPc isomers were successfully synthesized and 

characterized. Non-peripherally substituted ZnPc-TEG 4.5 was less aggregated in DMSO 
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compared to the peripheral isomer but both dyes were significantly aggregated in PBS. Both 

dyes were found to produce sufficient amounts of singlet oxygen, and showed negligible 

dark toxicity on colon-26 cells up to 10 µM. Irradiation of colon-26 cells incubated with the 

dyes indicated that the non-peripheral isomer was more photodynamically active. This is the 

opposite effect observed by Dennis Ng and co-workers when they reported their peripheral 

(α) mono-substituted isomers being more photo-cytotoxic than the β ZnPcs. More studies on 

this area (on effect of Pc substitution) are needed before any generalizations can be made. 

4.8. Experimental Section  

All reactions were run under nitrogen or argon atmosphere unless otherwise specified. 

All other chemicals were purchased from commercial suppliers (Aldrich, Acros, and TCI 

America) and used without further purification. NMR spectra were recorded on 

commercially available instrumentation. TEG-OH was synthesized following literature.234 

Chemical shifts were referenced to the deuterated solvent resonance for 1H (7.24 ppm for 

CDCl3, and 5.30 ppm for CD2Cl2) and 13C (77.0 ppm for CDCl3) NMR. Mass spectrometry 

data was recorded on a Bruker MALDI-TOF mass spectrometer. UV/Vis absorption data 

was recorded in 10 mm quartz cells. Molar absorptivity (ε) values were determined from 

Beer’s law plots using five data points from serial dilutions. Singlet oxygen photo-oxidation 

measurements were performed using a PTI monochromator xenon arc lamp (Model 101/102).  

Partition coefficients (log D7.4) were determined using the ‘ shake flask’ 

method189 in 1x phosphate buffer solution (PBS) and n-octanol. To prepare the samples, 

saturated solutions of the dyes were made by dissolving the solid dyes in n-octanol:PBS (1:1, 

v/v), total 2 ml. These solutions were then sonicated for 30 min, and left to stand overnight. 
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The resulting two layers were separated and each diluted with 10 ml DCM and UV/Vis 

absorption profiles recorded. Log D values were obtained as log [Absn-octanol/AbsPBS]. All 

measurements were performed in triplicate. 

The degree of aggregation of the dyes was indirectly determined by comparing the 

dye fluorescence emission intensities in PBS to that in DMSO. The dyes were dissolved in 

DMSO to make 2 mM homogeneous stock solutions. 10 µL of these DMSO solutions were 

then added to 1990 µL of either 1x PBS or DMSO to make 10 µM solutions. The samples 

were left to stand for 30 min before recording fluorescence readings in a 1 mL quartz cuvette 

using a 1 nm step size. The samples were excited at 678 nm (4.4) and at 682 nm (4.5). Each 

experiment was performed in triplicate. 

Singlet oxygen generation of the dyes was monitored by the disappearance of 1,3-

diphenylisobenzofuran (DPBF) upon irradiation of a solution of dye in DMSO. ZnPc-

TEGs 4.4, and 4.5 were allowed to dissolve in DCM or THF to make homogeneous solutions 

and diluted to 10 µM. DPBF stock solution was prepared in DCM or THF and diluted to 

100 µM. To prepare the dye and DPBF samples, 2 ml of each dye solution were combined 

with 2 ml of DPBF in a 10 mm quartz cuvette and excited using a PTI monochromator xenon 

arc lamp (output at 75 V). The samples in the cuvettes in the monochromator were 

maintained at 25 ± 0.3 °C with a water chiller. The samples were illuminated for 10 min, 

recording DBPF UV/Vis absorption at 416 nm every 2 min. 

Dark toxicity protocol: Colon-26 cells (10000 /well) were seeded for 24 h in a 96 

well plate. After 24 h, the cells were incubated with ZnPcs dyes for 24 h followed by removal 

of the unbound dye. MTT assay was performed on day 3. 
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Phototoxicity protocol: Colon-26 cells were incubated at various concentrations of 

ZnPcs for 24 h after which the unbound dyes were removed via washing with PBS and cells 

were irradiated at a light dose of 10 J/cm2 or 45 J/cm2 with diode laser 690±15nm for 30 

mins. MTT assay was then performed after 24 hrs post-PDT.  

4.8.1. Synthesis 

 Synthesis of 4-((3, 4, 5-tris (2-(2-(2-methoxyethoxy) ethoxy) ethoxy) benzyl) oxy) 

phthalonitrile (4.1)  

A mixture of 4-nitrophthalontrile (0.48 g, 2.8 mmol), TEG-OH (2.0 g, 3.4 mmol), 

K2CO3 (0.78 g, 5.6 mmol), and DMSO (10 ml) was stirred at 50 °C under argon for 20 h. 

Reaction progress was monitored by TLC (hexanes/EtOAc = 1:1). The reaction mixture was 

poured into ice-water and stirred for 1 h, and then extracted with DCM (5x25 ml). The 

combined DCM organic layer was washed with H2O (3x 50 ml), brine (1x50 ml), dried over 

anhydrous Na2SO4, filtered, and concentrated to give a brown oil. The crude oil was purified 

via flash chromatography (SiO2, 5% MeOH/DCM) (Rf = 0.3) to give 4.1 (1.07 g, 54%) as a 

thick brown oil): 1H NMR (400 MHz, CDCl3) δ 7.69 (dd, J = 8.8, 0.4 Hz, 1H), 7.31 (dd, J = 

2.6, 0.4 Hz, 1H), 7.21 (dd, J = 8.8, 2.6 Hz, 1H), 6.60 (s, 2H), 5.02 (s, 2H), 4.13 (m, 6H), 3.85 

– 3.80 (m, 4H), 3.79 – 3.75 (m, 2H), 3.73 – 3.68 (m, 6H), 3.67 – 3.60 (m, 12H), 3.55 – 3.50 

(m, 6H), 3.35 (d, J = 2.4 Hz, 9H);  13C NMR (101 MHz, CDCl3) δ 161.53, 152.94, 138.74, 

135.19, 129.75, 119.97, 119.60, 117.36, 115.53, 115.13, 107.48, 107.24, 72.25, 71.84, 71.81, 

70.99, 70.69, 70.56, 70.43, 70.42, 70.40, 69.59, 68.90, 58.91. MS (ESI-positive mode) m/z 

743.3 (M+Na)+, C36H52N2O13Na requires 743.34. 

Synthesis of 3-((3, 4, 5-tris (2-(2-(2-methoxyethoxy) ethoxy) ethoxy) benzyl) oxy) 

phthalonitrile (4.2)  



100 

 

Following the procedure for 4.1, 3-nitrophthalonitrile (0.68 g, 3.96 mmol), TEG-OH 

(1.30 g, 2.2 mmol), K2CO3 (0.55 g, 3.97 mmol), and DMSO (20 ml) yielded, after flash 

column chromatography (silica gel, 5% MeOH/DCM) (Rf = 0.25), 4.2 (0.6 g, 35%) as a 

viscous brown oil: 1H NMR (400 MHz, CDCl3) δ 7.58 (dd, J = 8.7, 7.7 Hz, 1H), 7.34 (dd, J 

= 7.7, 0.9 Hz, 1H), 7.22 (dd, J = 8.7, 0.9 Hz, 1H), 6.64 (s, 2H), 5.14 (s, 2H), 4.21 – 4.05 (m, 

6H), 3.86 – 3.80 (m, 4H), 3.79 – 3.74 (m, 2H), 3.73 – 3.67 (m, 6H), 3.63 (m, 12H), 3.55 – 

3.49 (m, 7H), 3.35 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 160.89, 153.03, 138.67, 134.45, 

129.89, 125.48, 117.60, 117.11, 112.98, 106.69, 72.32, 71.92, 71.90, 71.40, 70.75, 70.65, 

70.51, 70.48, 69.66, 68.98, 59.00. HRMS (ESI-positive mode) m/z 721.35422 (M+), 

C36H52N2O13 requires 721.35502. 

Synthesis of Zinc-2, 9, 23-tri-tert-butyl-17-((3, 4, 5-tris (2-(2-(2-methoxyethoxy) ethoxy) 

ethoxy) benzyl) oxy) phthalocyanine (4.4)  

A procedure from the literature248 was modified as follows: A mixture of 4.1 (0.12 g, 

0.17 mmol), tert-butylphthalonitrile (90 mg, 0.50 mmol), Zn(OAc)2 (50 mg, 0.25 mmol), 

DBU (40 mg, 0.25 mmol), and 1-pentanol (10 ml) in a 25 ml round bottomed flask was 

maintained at 155 °C under argon for 16 h. 1-Pentanol was then evaporated under reduced 

pressure to give a green solid. This resulting green solid was dissolved in minimum DCM 

and precipitated to n-hexanes. The mixture was centrifuged and the supernatant discarded. 

The crude residue was purified via flash chromatography (SiO2, MeOH/DCM, gradient from 

1%-5%) (Rf = 0.4 at 3% MeOH/DCM) to give 4.4 (70 mg, 31%) as a green solid: 1H NMR 

(499 MHz, CD2Cl2) δ 9.60 – 9.52 (m, 2H), 9.47 – 9.35 (m, 3H), 9.12 – 9.04 (m, 1H), 8.28 

(m, 2H), 7.88 – 7.77 (m, 1H), 7.76 – 7.66 (m, 2H), 7.21-7.14 (m, 1H), 6.99 (d, J = 4.6, 2H), 

6.67 (m, , 1H), 5.55 (s, 2H), 4.38 – 4.25 (m, 4H), 4.23 – 4.17 (m, 3H), 4.17 – 4.08 (m, 3H), 
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3.92 – 3.86 (m, 3H), 3.81-3.78 (m, 4H), 3.77 – 3.72 (m, 1H), 3.72 – 3.53 (m, 20H), 3.53 – 

3.43 (m, 7H), 3.34 – 3.25 (m, 8H), 1.88 – 1.70 (m, 18H). MS (MALDI-TOF, positive mode) 

m/z 1337.7 (M+H)+, C72H90N8O13Zn requires 1336.6. 

Synthesis of Zinc-10, 17, 24-tri-tert-butyl-1-((3, 4, 5-tris (2-(2-(2-methoxyethoxy) ethoxy) 

ethoxy) benzyl) oxy) phthalocyanine (4.5)  

 Following the procedure for 4.4, 4.2 (0.12 g, 0.17 mmol), tert-butylphthalonitrile (90 

mg, 0.50 mmol), Zn(OAc)2 (50 mg, 0.25 mmol), DBU (40 mg, 0.25 mmol), and 1-Pentanol 

(10 ml) yielded, after flash chromatography (SiO2, MeOH/DCM, gradient from 1%-5%) (Rf 

= 0.3 at 3% MeOH/DCM) to give 4.5 (50 mg, 23%) as a green solid: 1H NMR (499 MHz, 

CD2Cl2) δ 9.61 – 9.50 (m, 2H), 9.48 – 9.32 (m, 3H), 9.25-9.21 (m, 1H),9.09 – 9.04 (m, 1H), 

8.29-8.27 (m, 3H), 8.20 – 8.05 (m, 2H), 7.74 (d, J = 7.9 Hz, 1H), 7.40 (s, 1H), 7.31 (s, 1H), 

6.02 (s, 1H), 5.85 (s, 1H), 4.30 – 4.25 (m, 1H), 4.16 – 4.09 (m, 4H), 3.97 (t, J = 4.9 Hz, 2H), 

3.87 – 3.82 (m, 2H), 3.82 – 3.42 (m, 25H), 3.41 – 3.37 (m, 4H), 3.37 – 3.27 (m, 12H), 1.79 

– 1.76 (m, 18H). MS (MALDI-TOF, positive mode) m/z 1337.6 (M+H)+, C72H90N8O13Zn 

requires 1336.6. 
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Chapter 5 : DESIGN, SYNTHESIS AND PRELIMINARY STUDIES ON 

PHOSPHOROUS Pcs AS PDT PHOTOSENSITIZERS; CONCLUSIONS, 

MAJOR INSIGHTS, AND FUTURE DIRECTIONS 

5.1. Conclusions, Major Insights and the Road Ahead 

At present, PDT has been used in clinical trials for skin, superficial bladder, head and 

neck, gastrointestinal, intracranial, endobronchial and ocular cancers. More clinical trials are 

extensively conducted on various promising photosensitizers. PDT is a promising treatment 

option for cancer but major challenges are posed by inadequate light dosimetry and/or 

photosensitizer selectivity.   

The advancement of PDT presents a very promising front to counter the cancer 

pandemic and growing resistance of microbial organisms to drugs. The combination of the 

three non-toxic components of drug, light and molecular oxygen in PDT treatment not only 

provides a minimally invasive modality but also reduces the side effects that are currently 

experienced by patients in chemotherapy, radiotherapy, and surgery as the current methods 

of treatment. On the side of countering the fast growing microbial resistance, antimicrobial 

photodynamic inactivation (aPDI) gives an alternative to the fewer drugs in the market. 

Overall, the success and future of PDT is depended on better photosensitizers. 

Although there has been major breakthroughs in 2nd and 3rd generation photosensitizers (as 

discussed in chapter 1), more work needs to be done on more selective, non-aggregated, 

water-soluble, and efficient singlet oxygen generating photosensitizers. The efficacy of 

photosensitizer’s (PS) phototoxicity depends on several factors including concentration, 

activation wavelength, PS incubation and illumination time, light dosage, PS extinction 
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coefficient at activation wavelength, singlet oxygen quantum yields, and intracellular 

localization, among other parameters such as the cell type used.87,9,14 This plethora of 

parameters makes it challenging to narrow down to one sole determining factor in generating 

new photosensitizer. However, it has been established that photosensitizers (PSs) with 

absorption in the near-IR phototherapeutic region (600-800 nm) are desired because they 

offer deep tissue penetration. It well established that cationic PSs are taken up by cells and 

intracellularly localized more than neutral and anionic ones. More focus should be aimed at 

designing non-aggregated, asymmetric amphiphilic PSs with moderate partition coefficients.    

Phthalocyanines (Pcs) are among the most attractive near-IR absorbing 

chromophores that make promising photosensitizers because they are (1) relatively non-toxic; 

(2) strongly light absorbing (allows lower dosage use in PDT reducing skin photosensitivity 

side effects); (3) chemically inert with minimum photobleaching; and (4) amenable to 

structural modification giving access to longer wavelength absorption, desired amphiphilic 

balance, singlet oxygen yields (via central metal flexibility), selectivity through conjugation 

with tumor-targeting moieties, among others. However, Pcs are inherently hydrophobic in 

nature and their use biological environment is greatly hampered by their severe aggregation 

due to limited water solubility and self-association. As mentioned earlier, aggregation 

inhibits singlet oxygen generation in photosensitizers rendering them PDT inactive. Thus, 

suitable Pc-based photosensitizers could arise from designs with all the critical properties 

discussed in this work. 
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5.2. Preliminary Studies on Phosphorous Phthalocyanines as PDT Agents  

 The choice of suitable metal center in photosensitizers is crucial because it affects the 

overall photodynamic activity. Although photosensitizers with zinc, gallium, aluminum, and 

silicon have been widely studied, there is little known about the use of phosphorous as a 

central atom in phthalocyanine-based photosensitizers in PDT even though some reports 

have proposed phosphorous as a suitable central atom with abundantly long-lived triplet 

state, and singlet oxygen quantum yields in triazatetrabenzcorrole (TBC) and Pcs (Figure 

5.1).122, 256, 257  There is no single literature report on phosphorous Pcs (PPcs) being employed 

as PDT agents. In addition to its photophysical advantages, phosphorous is the lightest and 

smallest atom which could be used in the Pc core.258 It also exists in two oxidation states-PIII 

and V-which have been termed easy to study compared to transition-metals containing d 

electrons. Additionally, phosphorous provides an advantage in that photosensitizers with 

phosphorous as a central atom would produce cyto-harmless phosphate ions rather than toxic 

metals during demetalation in the cell.257, 259 
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Figure 5.1. Literature examples of phosphorous triazatetrabenzcorroles (TBCs, 5.1-5.3, 

5.6) and Pcs (5.4 and 5.5) whose excited triplet state, and singlet oxygen quantum yields 

have been measured. Singlet oxygen quantum yields of the TBC 5.6 has been determined 

as 0.63 in DMSO (compare with 0.67 for ZnPc) 

In PDT, phosphorous as a central “metal” could offer other advantages. Due to its 

smaller atomic radius, it forces macrocycles to shrink in order to co-ordinate to it.120, 121 This 

shrinking could act as a barrier to aggregation since ruffled systems may not π-π stack well. 
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Furthermore, axial substituents on phosphorous have the ability to perturb aggregation thus 

bettering the photosensitizing ability of a photosensitizer (PS). Phosphorous also promotes 

Near-IR absorption of Pcs. The combination of phosphorous as a central atom and 

substituents was utilized by Kobayashi et al. to give dimethoxy PPcs with Q-band absorption 

maxima at 747-1018 nm.120, 121, 260 This Near-IR absorption is desired in PDT for providing 

deeper tissue penetration due to increased transparency and diminished competitive light 

absorption by biomolecules.  

In this contribution, we report the design, synthesis and characterization of two 

asymmetric PPc isomers with near-IR absorption and improved hydrophilicity via 

conjugated TEG groups. The effect of site of Pc substitution on aggregation, and 

photophysical properties of the PPcs is also investigated.  

5.3. Synthesis  

Statistical condensation of commercially available tert-butylphthalonitrile with 5.7 

and 5.8 under basic conditions gave free base Pcs 5.10 and 5.11 whereby the base n-butoxide 

was generated in-situ using lithium wire and n-butanol (Scheme 5.1).120 The introduction of 

phosphorous in the Pc macrocycle to give PPcs 5.12 and 5.13 was achieved by treating the 

free base Pcs with excess phosphorous oxybromide under heat, and quenching with methanol 

to introduce the di-axial ligands. Gouterman et al. reported that pyridine is required in this 

“metalation” reaction because it forms a reactive activated complex 5.14a with PBr3 and 

similar reagents (Scheme 5.2).259 In their work, this reaction was not successful in other 

amines, quinolone, or picoline. We propose that the reaction involving POBr3 could proceed 

via complex 5.14b. It should be mentioned that water and oxygen should be kept out of 
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metalation step because it leads to formation of the dihydroxy P(OH)2Pc before the alcohol 

of interest is introduced as axial ligand. 

Scheme 5.1. Synthesis of PPcs 5.12 and 5.13. 
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Scheme 5.2. Formation of highly reactive activated complex in phosphorous metalation 

reaction. 

 

 Phosphorous Pcs 5.12 and 5.13 were characterized by UV/Vis absorption, NMR (1H 

and 31P), and mass spectroscopy. 1H NMR revealed the P(OMe)2 shielded at -1.31 ppm for 

5.12 and -1.21 ppm for 5.13. These proton signals appeared as doublets of doublets for both 

Pcs suggesting inequivalent chemical environments for the two –OMe groups. This is 

different from what we and Kobayashi et al.120, 121 observed for symmetric PPcs whereby the 

axial dimethoxy ligands appeared as a single doublet. There are no literature reports on 

asymmetric PPcs. However, it has been proven that the coordination number of the central 

phosphorus atom affects the chemical shifts of the P nuclei in 31P.261 For instance, hexa-

coordinated P(V) porphyrins are reported to appear between -180 and -200 ppm while 5-

coordinated ones were observed at -90 to -110 ppm.262 The 31P NMR proton decoupled peaks 

for 5.12 and 5.13 were observed at -175.48 ppm and -174.40 ppm, respectively.  

5.4. UV-Vis Spectroscopy Characterization and Partition Coefficients  

UV/Vis absorption spectroscopy showed that incorporation of the electron deficient 

P(V) as central atom red shifted the Q-band maxima to 720 nm (5.12) and 734 nm (5.13) in 
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DCM (compare to ZnPcs analogues at 678 nm and 682 nm in chapter 4) (Figure 5.2). Molar 

extinction coefficients revealed that the PPcs had ca. 50% reduced absorption intensity (both 

in B and Q bands) in THF compared to those in DCM. This could be due to instability of 

5.12 and 5.13 in THF as discussed below (Section 5.4). n-Octanol/pH 7.4 buffer partition 

coefficients revealed that 5.13 was significantly more hydrophilic than 5.12 by 36% possibly 

due to more ruffling of the Pc core by the non-peripheral substitution (Table 5.1).  
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Figure 5.2. UV/Vis absorption profiles of 5.12 (black) and 5.13 (red) in DCM. 
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Table 5.1. UV/Vis absorption band maxima and extinction coefficients (ε x 105 M-1cm-1) and n-octanol/pH 

7.4 buffer partition coefficients of 5.12 and 5.13. 

Compounds B Band Q band Log D7.4 

  DCM (ε) THF (ε) DCM (ε) THF (ε)   

5.12 339 (0.44) 348 (0.28) 717 (0.91) 718 (0.64) 2.26 

5.13 373 (0.44) 354 (0.25) 732 (1.26) 733 (0.53) 1.66 

Molar extinction coefficients were obtained from serial dilutions in µM range. LogD7.4 values were obtained 

as log [Absn-octanol/AbsPBS].  

5.5. Unusual Photophysical Behaviors of PPcs 

Interestingly, dilute solutions (ca. 10 µM) of 5.12 and 5.13 were observed to change 

from green to colorless, then to purple-pink within 5 mins in MeOH, DMSO, DMF, and 

acetone, with the latter taking the longest. However, 2 mM DMSO solutions stayed green for 

over one week, then turned deep purple. When the color change was followed by UV/Vis 

absorption in the mentioned solvents, new absorptions accompanied by a diminishing Q-

band were observed for both 5.12 and 5.13. A new band at ca. 580 nm was common to both 

PPcs in all the solvents whereas the “new” Q-band peaks were observed at 860 nm (5.12), 

and 875 nm (5.13) (Figure 5.3). We observed restoration of the green color by evaporation 

of pink solutions of 5.12 and 5.13 in MeOH, acetone and THF and redissolution in DCM 

(Figure 5.4). Maximum recovery of the Pcs was observed when the pink solutions were 

evaporated at no more than 24 hrs. The non-peripheral isomer 5.13 was the slowest in 

recovery, and also had the faster observed faster rates of degradation. This color and 

photophysical behavior has not been reported for symmetric PPcs,120, 121 although Kasuga et 

al.125 observed a brief color change from blue to pale for (tBu)P(O)(OH)Pc complex in 
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DMSO in air. However, there was no decomposition of the said compound when they 

dissolved it in methanol.  
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Figure 5.3. New bands and receding Q-band of 5.13 in MeOH monitored by UV/Vis 

absorption. The rapid decrease in Q-band absorbance was accompanied by new bands at 

580 nm and 875 nm. 
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Figure 5.4. Recovery of Q-bands of 5.12 (A) and 5.13 (B) in DCM after evaporation of 

polar solvents. 

In our case, both Pcs were found to be stable in DCM and 10 µM THF solutions of 

5.12 and 5.13 remained green when left to stand overnight. Addition of distilled water to fresh 

green THF Pc solutions resulted in a color change to pink in ca. 5 mins. This led us to believe 

water was a factor because the instability of the PPcs was only observed in polar solvents. 

By varying di-H2O concentration, we determined that the destabilization process was first 

order in water (Figure 5.5). Preliminary 1H NMR studies on 5.13 in 9:1 acetone-d6/D2O 

showed a marked signal disappearance of the axial ligand dimethoxy groups (Figure 5.6). 

This suggests a structural change to the axial substitution on central the P atom to possibly 

form other chromophores. 
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Figure 5.5. First order dependence of the formation of new band at 875 nm for 5.13 

monitored by UV/Vis absorption spectroscopy.  
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Figure 5.6. 1H NMR spectrum of 5.13 in 10% D2O/acetone-d6 showing disappearing –

OMe groups as highlighted by pale blue box.  

 To further probe this unusual color change and behavior of PPcs, symmetric 

compounds 5.15-5.17 and asymmetric compound 5.18 were synthesized. We observed that 

the symmetric 5.15 and 5.16 and asymmetric PPc 5.18 all exhibited the same color change 

and instability in MeOH, DMSO, DMF, THF, and acetone as observed for 5.12 and 5.13. 

However, 5.17 with tert-butoxy groups as axial substituents was stable in the mentioned 

solvents. This suggested that the observed degradation of the PPcs could be proceeding via 

an SN2 demethylation mechanism (Figure 5.7).263 We propose that the new red-shifted band 

(at ca. 875 nm) formed in H2O is due to formation of intermediate II with the hexa-

coordinated oxo-phosphorous. There are several literature reports on P(O)TBC macrocycles 

with Q-band maxima at ~656 nm-667 nm,122, 124, 264 but there is no literature precedent for 

P(O)Pcs.  We further hypothesize that, upon evaporation of the moist solvents and re-
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dissolution in DCM, the dihydroxy species III formed has Q-band maxima that coincides 

with the starting alkoxy PPc absorption maxima.   

 

Figure 5.7. Proposed degradation mechanism of phosphorous Pcs. 

5.6. Future Directions 

 To bring a closure on this work, symmetric PPcs (Figure 5.8) will be synthesized to 

study and decipher the degradation and recovery of these systems in polar solvents. If the 

water-induced process does form the dihydroxy intermediate III proposed in the degradation 

mechanism, then symmetric Pc 5.19 could be used to confirm this by comparing the 

spectroscopic behavior of this known Pc with the unknown intermediate. The proposed 
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mechanism starts with an SN2 attack of H2O on the alkoxy axial group on phosphorous. Thus, 

it is expected that this process should not affect compounds 5.20 and 5.21 with neopentoxy 

and phenoxy groups, respectively. This will support or refute the proposed mechanism 

above. By following the degradation and/or recovery processes of the PPcs by NMR kinetics, 

any chemical structural changes will be noted. For instance, our preliminary 1H NMR studies 

showed the disappearance of the dimethoxy groups on P atom.  It is expected that any 

changes to the oxidation state of central P atom will be reflected on the 31P NMR.  NMR 

spectra on the samples after restoration of the green color will be also be studied. 

Interestingly, the compound formed after evaporation of the polar solvents shows a 

restoration of the Q-band of the initial sample in UV/Vis absorption spectroscopy. It is 

possible that this new compound obtained is different in structure but has a Q-band that 

coincides with that of the initial sample. In this case, mass spectroscopy (soft ionization) 

could provide insights into changes in molecular formula. Presence of P=O and P-OH in the 

intermediates proposed in mechanism above can be confirmed by their IR vibrations at ~1295 

cm-1 and ~941 cm-1 respectively.264 We also plan to study the effect of the counterion by 

comparing PF6
-, ClO4

 and –OH. 

For PDT purposes, stable asymmetric PPcs will be sought. Earlier attempts to 

synthesize Pcs 5.22 and 5.23 were not successful. In each case, the dihydroxy analogue P 

(OH)2 was observed as evidenced by mass spectroscopy and NMR. Antunes et al. utilized 

Grignard reagents to introduce alkyl and aryl axial ligands on phosphorous to give PPcs 

under mild conditions.122 In this case, P (OH)2Pc was treated with Grignard reagents prepared 

in-situ. This synthetic methodology could be used to prepare 5.24. However, the stability of 

such P-Pcs has not yet been established.   
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Figure 5.8. Other phosphorous synthesized to study unusual degradation in polar solvents  

5.7. Experimental Section 

All reactions were run under nitrogen or argon atmosphere unless otherwise specified. 

All other chemicals were purchased from commercial suppliers (Aldrich, Acros, and TCI 

America) and used without further purification. NMR spectra were recorded on 

commercially available instrumentation. TEG-OH was synthesized following literature.234 

Pns 5.7 and 5.8 were synthesized following procedure for 4.1 and 4.2 (chapter 4) respectively. 

Chemical shifts were referenced to the deuterated solvent resonance for 1H (7.24 ppm for 

CDCl3, and 5.30 ppm for CD2Cl2) and 13C (77.0 ppm for CDCl3) NMR. Mass spectrometry 

data was recorded on a Bruker MALDI-TOF mass spectrometer. UV/Vis absorption data 

was recorded in 10 mm quartz cells. Molar absorptivity (ε) values were determined from 

Beer’s law plots using five data points from serial dilutions. Singlet oxygen photo-oxidation 

measurements were performed using a PTI monochromator xenon arc lamp (Model 101/102).  

Partition coefficients (log D7.4) were determined using the ‘shake flask ’ 

method189 in 1x phosphate buffer solution (PBS) and n-octanol. To prepare the samples, 
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saturated solutions of the dyes were made by dissolving the solid dyes in n-octanol:PBS (1:1, 

v/v), total 2 ml. These solutions were then sonicated for 30 min, and left to stand overnight. 

The resulting two layers were separated and each diluted with 10 ml DCM and UV/Vis 

absorption profiles recorded. Log D values were obtained as log [Absn-octanol/AbsPBS]. All 

measurements were performed in triplicate. 

Singlet oxygen generation of the dyes was monitored by the disappearance of 1,3-

diphenylisobenzofuran (DPBF) upon irradiation of a solution of dye in DMSO. PPc-

TEGs 5.12 and 5.13 were allowed to dissolve in DCM or THF to make homogeneous 

solutions and diluted to 10 µM. DPBF stock solution was prepared in DCM or THF and 

diluted to 100 µM. To prepare the dye and DPBF samples, 2 ml of each dye solution were 

combined with 2 ml of DPBF in a 10 mm quartz cuvette and excited using a PTI 

monochromator xenon arc lamp (output at 75 V). The samples in the cuvettes in the 

monochromator were maintained at 25 ± 0.3 °C with a water chiller. The samples were 

illuminated for 10 min, recording DBPF UV/Vis absorption at 416 nm every 2 min. 

5.7.1. Synthesis 

Synthesis of H2Pc-TEG (5.10)  

A procedure from the literature121 was modified as follows: A  mixture of Li wire 

(0.24 g) and n-butanol (20 ml) was refluxed at 130 °C for 1 h. After Li wire had dissolved, a 

mixture of 5.7 (0.29 g, 0.41 mmol), tert-butyl phthalonitrile (0.22 g, 1.22 mmol) and THF (4 

ml) was added with a syringe to the reaction mixture in a duration of 1 min. The reaction 

mixture was then refluxed for additional 2 h then allowed to cool to room temperature. The 

solvents were evaporated under reduced pressure to yield a green solid. The green solid was 
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re-dissolved in DCM (150 ml), washed with water (3 x 50 ml), brine (1 x 50 ml), dried over 

anhydrous Na2SO4, filtered and concentrated. The crude residue was purified via flash 

chromatography (SiO2, MeOH/DCM, gradient from 1%-5%) (Rf = 0.4 at 3% MeOH/DCM) 

to give 5.10 (0.24 g, 47%) as a green solid: 1H NMR (499 MHz, CD2Cl2 with 3 drops pyr-d5) 

δ 9.47 – 9.11 (m, 6H), 9.03 (m, 2H), 8.34 – 8.18 (m, 3H), 7.88 – 7.82 (m, 1H), 7.75 – 7.66 

(m, 2H), 7.05 (d, J = 3.0 Hz, 2H), 5.51 (s, 2H), 4.33 (t, J = 4.8 Hz, 4H), 4.24 (q, J = 5.5 Hz, 

2H), 4.15 (m, 2H), 3.95 – 3.88 (m, 4H), 3.81 (m, 4H), 3.76 – 3.67 (m, 6H), 3.68 – 3.53 (m, 

14H), 3.53 – 3.43 (m, 7H), 3.34 – 3.25 (m, 9H), 1.88 – 1.72 (m, 18H). MS (MALDI-TOF, 

positive mode) m/z 1275.6 (M+H)+, C72H90N8O13 requires 1275.5. 

Synthesis of H2Pc-TEG (5.11) 

Following the procedure for 5.10, 5.8 (0.19 g, 0.27 mmol), tert-butyl phthalonitrile 

(0.15 g, 0.80 mmol) and THF (4 ml) yielded, after flash chromatography (SiO2, MeOH/DCM, 

gradient from 1%-5%) (Rf = 0.3 at 3% MeOH/DCM) to give 5.11 (0.17 g, 51%) as a green 

solid: 1H NMR (499 MHz, CD2Cl2 with 3 drops pyr-d5) δ 1H NMR (499 MHz, CD2Cl2) δ 

9.50-9.45 (m, 2H), 9.43-9.20 (m, 4H),  8.30-8.20 (m, 4H), 8.10-8.03 (m, 2H),  7.76 – 7.66 

(m, 2H), 7.30 (d, J = 3.3 Hz, 1H), 7.20 (d, J = 3.3 Hz, 1H),6.58 (s, 1H), 5.91 – 5.87 (m, 1H), 

5.80 (s, 1H), 5.09 (s, 1H), 4.35 (s, 1H), 4.29 (t, J = 5.0 Hz, 2H), 4.22-4.18 (m, 4H), 4..17-

4.10 (m, 4H), 4.02 (t, J = 5.5 Hz, 4H), 3.87 (t, J = 5.0 Hz, 2H), 3.84 – 3.52 (m, 26H), 3.52 – 

3.37 (m, 15H), 3.37 – 3.23 (m, 15H), 1.88 – 1.74 (m, 18H). MS (MALDI-TOF, positive 

mode) m/z 1275.6 (M+H)+, C72H90N8O13 requires 1275.5. 

Synthesis of P-Pc-TEG (5.12) 

A procedure from the literature121 was modified as follows: A mixture of POBr3 (150 

mg, excess), 5.10 (10 mg, 7.8 µmol), and pyridine (2 ml) was stirred for 30 min under reflux. 
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After the solvent was removed under reduced pressure, the resulting residue was dissolved 

in a solution of DCM/MeOH (1:1 v/v, total 3 ml) and stirred for 30 min at room temperature. 

The reaction mixture was diluted with DCM (50 ml), washed with water (3 x 15 ml), brine 

(3 x 15 ml), dried, filtered and concentrated to give a bright green solid. The crude solid was 

purified via flash column chromatography (SiO2, 10% MeOH/DCM) to give a green solid. 

This green solid was then dissolved in DCM (5 ml) and NaClO4 (5 mg) was added. The 

reaction mixture was stirred at room temperature for 12 h. The reaction mixture was then 

micro-filtered, solvent removed, to yield 5.12 (3 mg, 26%) as bright green solid: 1H NMR 

(499 MHz, CDCl3) δ 9.99 – 9.93 (m, 1H), 9.71 – 9.52 (m, 6H), 9.43 – 9.27 (m, 1H),  8.71 – 

8.54 (m, 3H), 8.30 – 8.19 (m, 1H),  7.17 (dd, J = 15.5, 4.6 Hz, 2H), , 4.48-4.38 (m, 5H), 4.38 

– 4.13 (m, 6H), 4.01 – 3.46 (m, 51H), 3.42 – 3.27 (m, 14H),  1.83 – 1.78 (m, 27H), -1.31 (m, 

J = 28.2, 7.3, 2.2 Hz, 6H); 31P NMR (CDCl3) δ 175.48.  MS (ESI, positive mode) m/z 1365.4 

(M-ClO4
-)+, C74H94N8O15P requires 1365.7. 

Synthesis of P-Pc-TEG (5.13) 

Following the procedure for 5.12, 5.11 (60 mg, 5.0 µmol), POBr3 (0.5 g, excess), 

pyridine (8 ml), and NaClO4 (30 mg) yielded, after flash chromatography (SiO2, 10% 

MeOH/DCM) to give 5.13 (24.8 mg, 36%) as a bright green solid: 1H NMR (499 MHz, 

CD2Cl2) δ 9.67 – 9.50 (m, 6H), 9.41 – 9.32 (m, 2H), 9.29 (m, 1H), 8.57 (m, 3H), 8.52 (m, 

2H), 8.16 (m, 2H), 7.37 (d, J = 4.7 Hz, 2H), 7.29 (d, J = 5.4 Hz, 2H), 4.33 (m, 6H), 4.23 (m, 

3H), 3.88 – 3.44 (m, 43H), 3.33 (m, 12H), 1.95 – 1.71 (m, 27H), -1.16 – -1.26 (m, 6H). 31P 

NMR (CDCl3) δ 174.40.  MS (ESI, positive mode) m/z 1365.4 (M-ClO4
-)+, C74H94N8O15P 

requires 1365.7. 
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Pn 2.3 1H NMR 
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Pn 2.4 1H NMR 
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Pn 2.4 13C NMR 
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Clickable non-peripheral ZnPc 2.6 1H NMR 
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Clicked non-peripheral ZnPc-TEG 2.9 1H NMR 
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Asymmetric ZnPc-O-OH 3.3 1H NMR 
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Asymmetric ZnPc-S-OH 3.4 1H NMR 
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Asymmetric ZnPc-O-Rh B 3.5 1H NMR 
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Asymmetric ZnPc-S-Rh B 3.6 1H NMR 
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Peripheral Pn-TEG 4.1 1H NMR 
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Peripheral Pn-TEG 4.1 13C NMR 
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Non-peripheral Pn-TEG 4.2 1H NMR 
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Non-peripheral Pn-TEG 4.2 13C NMR 
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Peripheral ZnPc-TEG 4.4 1H NMR 
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Non-Peripheral ZnPc-TEG 4.5 1H NMR 
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Peripheral H2Pc-TEG 5.10 1H NMR 
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Peripheral P-Pc-TEG 5.12 1H NMR 
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Peripheral P-Pc-TEG 5.12 31P NMR 

 



141 

 

 

Non-Peripheral P-Pc-TEG 5.13 1H NMR 
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