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ABSTRACT 

The syntheses, extensive spectroscopic characterization, photophysical and 

photochemical studies have been conducted for a variation of d10 metallophthaloycanines 

(MPcs). Comparisons have been made taking into consideration the influence of the 

central metal ion, solvent properties, substituent type and position. Coordination to heavy 

central metals i.e. Hg gives enhanced triplet state properties.  

Low symmetry metallophthalocyanine complexes were similarly characterized and the 

influence of interactions with nanoparticles on their photophysical and photochemical 

properties determined. The MPcs have been linked and adsorbed or mixed with 

nanoparticles i.e. chemically functionalized single-walled carbon nanotubes (SWCNT) 

and mercaptocarboxylic acid capped CdTe quantum dots (QDs) and changes in the 

spectra accounted for with respect to the proposed conjugate structures. Distinct 

differences occur for linked and adsorbed or mixed conjugates in the absorption, infrared 

(IR) and Raman spectra and for thermal gravimetric decay profiles, suggesting successful 

formation of covalent bonds (linked) and point to structurally different materials.  

SWCNT quench MPc fluorescence by a photoinduced electron transfer mediated process 

to give low fluorescence quantum yields.  

The QDs were used as energy transfer donors and facilitate energy transfer, through 

Förster resonance energy transfer (FRET) from the QDs to the MPcs. Improved FRET 

efficiencies were found for linked MPc-QD conjugates relative to the mixed species.  

Photophysicochemical properties of MPcs were, in general, improved as a result of 

interactions with nanoparticles.  
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1. Introduction 

 

This chapter gives a general overview of nanoparticles and 

metallophthalocyanines, including basic properties, nomenclature and 

associated characteristics. The characterization techniques used in this 

thesis have also been summarized.  
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1.1 Nanoscience 

Nanomaterials can be defined as aggregates of atoms within the nanometer (nm) size 

range. They are considered as a subdivision of a bulk material but possess properties that 

differ from those of pure bulk materials, as a result of their unique crystal structures [1,2].  

In this work, nanomaterials i.e. single-walled carbon nanotubes (SWCNT) and quantum 

dots (QDs) will be linked to phthalocyanines, hence they are discussed.  

 

1.1.1 Single-walled carbon nanotubes (SWCNT) 

Since their discovery, by Iijima and Ichihashi [3,4] in 1991, carbon nanotubes have 

become the focal point of widespread scientific research owing to their outstanding 

chemical, mechanical and physical properties. Single-walled carbon nanotubes (SWCNT) 

are defined as quasi-1-dimensional (1-D) quantum structures or pseudo-quantum wires 

due to the spatial confinement of electrons in 2-dimensions (Figure 1.1) [1,2].  

SWCNT consist entirely of elemental carbon in the sp2 hybridization; their structure is 

essentially a single graphite sheet rolled into a seamless hollow tube (Figure 1.2) with 

diameters ranging from 0.4-2 nm and lengths of several microns [5-8]. The orientation of 

the graphite plane relative to the tube axis and the tube diameter are pivotal in 

determining the unique physical properties associated with these structures which include 

high electrical conductivity, surface area, tensile strength, resilience, thermal stability and 

metallic to semiconducting current carrying capacity [6,9-14].  

SWCNT have been known to absorb up to 100 times their own volume of hydrogen 

atoms, which makes them of particular use for storage of hydrogen for fuel cells [15]. In 

vitro medical studies have shown that these carbonaceous tubules are useful molecular  
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Figure 1.1: Quantum confinement structural features and density of states (DOS) 

effects [2].   

 
transporters and can thus be used to deliver therapeutic drugs and diagnostic molecules 

into cells [16-19]. The ability of SWCNT to absorb light in the near-infrared (NIR) 

region and initiate cell death via a photothermal or photohyperthermia (PHT) effect [16] 

is of particular interest. Death of cancerous tissue is initiated since such tissue is sensitive 

to heat, while normal cells are often unaffected by application of high temperatures [20]. 

PHT is also known to improve the effectiveness of other cancer therapies such as 

chemotherapy, radiotherapy and photodynamic therapy (PDT). PDT is a cancer treatment 

that uses light, a photosensitizer and singlet oxygen to initiate cancer cell death.  
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Figure 1.2: Schematic representation of (a) a 2-dimensional graphite layer with 

the lattice vectors a1 and a2 and the roll-up vector Ch = na1 + ma2 ≡≡≡≡ (n,m) and (b) the 

resultant SWCNT tubular structure [5].  

 
The application of SWCNT in chemical, biochemical and biomedical applications is 

often limited by a lack of solubility [9,18,21,22]. End and side-wall functionalization is 

often necessary to enable solubilization, dispersion, dissolution and enhance the chemical 

compatibility of SWCNT with other molecules. Literature comments on two main 

modification pathways to functionalize SWCNT i.e. by covalent (Figure 1.3a and Figure 

1.4) and non-covalent (adsorptive) (Figure 1.3b) means. Biomedical applications, in 

particular, make reference to an additional method; the hybrid approach whereby a small 

‘anchor’ molecule is initially adsorbed onto the nanotube surface, following which 

covalent linkage occurs to the molecule of interest (Figure 1.3c) [18].  
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Covalent functionalization alters the conjugated sp2-hybridized system to sp3; which is 

seldom a desired characteristic as many of the optical, electrical and thermal properties 

are dependent on the extended π-conjugated system. 

 

 

Figure 1.3: Schematic diagram showing the 3 main approaches to obtain modified 

carbon nanotubes with biomolecules (a) the covalent approach, (b) non-covalent 

approach and (c) hybrid approach (i) a small anchor molecule is attached non-

covalently to the nanotube surface and then (ii) a chemical reaction links the 

biomolecule of interest to the anchor [18].  

 
The introduction of carboxylic acid groups on carbon nanotubes is the most common 

method for covalent functionalization. This can be readily achieved by reaction under 

oxidative conditions using strong acids, such as HNO3 and or H2SO4 which form 

carboxyl terminated groups primarily at the open ends or defect sides of SWCNT (Figure 
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1.4a) [6,9,10]. Such acid treatment generates dangling bonds that impart reactivity to the 

nanotubes [10]. Nitrene cycloaddition (Figure 1.4b), arylation, using diazonium salts 

(Figure 1.4c) or 1,3-dipolar cycloadditions (Figure 1.4d) can be employed for direct side-

wall functionalization [7,23].  

 

 
 
Figure 1.4: Carbon nanotube chemical modification by (a) oxidation using strong 

acids, (b) nitrene cycloaddition, (c) arylation using diazonium salts and (d) 1,3-

dipolar cycloaddition [18].  

 
Non-covalent surface modification is the result of intermolecular bonding processes, 

which preserve the π-conjugated backbone of the nanotubes and thus their intrinsic 

electronic and catalytic properties [1,22,24,25]. This functionalization is best served by 
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planar molecules that are capable of adsorbing onto the carbon nanotube surface via π-π 

interactions [26,27]. The resulting strong interactions between carbon nanotubes and 

other aromatic molecules can serve as a platform for further functionalization, 

particularly with biomolecules [18].  

In this work, acid and amine functionalized SWCNT will be used for the attachment of 

phthalocyanine (Pc) units. Development of such a bifunctional agent may be used in 

bimodal cancer therapy, combining PDT and PHT, for improved treatment of cancers.  

The SWCNT bound to Pc are thus characterized by fourier transform infrared (FT-IR), 

ultraviolet-visible (UV-Vis) electronic absorption and Raman spectroscopies [28-37]. 

 

1.1.2 Quantum dots 

Quantum dots (QDs) are defined as 0-dimensional semiconductor materials (Figure 1.1) 

as a result of quantum confinement of electrons in all 3 physical dimensions [1,2]. They 

are often synthesized from elements that belong to groups 12-14 or 13-15 with physical 

dimensions smaller than the exciton Bohr radius; usually less than 10 nm [2,38-40]. QDs 

have quantized energy which gives way to their unique optical properties, which lie 

between those of bulk and atomic materials [2,38-41]. Of particular interest is their broad 

absorption spectrum, which allows excitation over a broad range of wavelengths and their 

size tunable narrow emission spanning the ultraviolet (UV) to infrared region [39,42], 

which makes them well suited for imaging applications [43,44]. They also show great 

promise due to their excellent photostability [42].  

Due to their size dependent properties, QDs have also found application in various fields 

including high-density data storage, chemical sensing, optics, telecommunications, 
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computing and more extensively in biomedicine [2,39,41,45]. Recently QDs have found 

focus as a new generation of photosensitizers in photodynamic therapy (PDT) [41,45-47].  

QDs are capable of transferring energy to ground state molecular oxygen to generate 

cytotoxic singlet oxygen and thus enhance the efficacy of PDT [46,48,50]. The singlet 

oxygen generating capabilities of QDs are limited [46], therefore conjugation of QDs to a 

mediating PDT photosensitizer e.g. a metallophthalocyanine, facilitates the probability of 

increased PDT efficiency through energy transfer (ET).  

Therefore, the aim in this work is to synthesize mercaptopropionic acid (MPA) capped 

CdTe QDs. The terminal –COOH groups of the MPA capping agent will facilitate 

conjugation to mono-substituted phthalocyanines via the formation of an amide bond. 

Such biomolecules are of particular use for the imaging and therapeutic treatment of 

cancers.  

 

1.1.2.1 Aqueous synthesis of QDs  

QD synthesis is often tailored to specific requirements. Biomedical applications often 

require water-soluble systems to enable biological compatibility. For high quality QDs 

with narrow size distribution within 2 % [51], attention must be focused on the core, shell 

and coating characteristics, all of which may influence the photophysical properties i.e. 

photoluminescence (PL) quantum yields and luminescence lifetimes. Several methods 

exist for the surface modification of QDs [47,52,53] but currently two synthetic strategies 

are used to prepare QDs; non-aqueous and aqueous synthesis. The former, more common 

method produces QDs by pyrolysis of organometallic precursors in high boiling point 

organic solvents such as trioctylphosphine (TOP) or trioctylphosphine oxide (TOPO) to 
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give hydrophobic QDs [54-56]. Further modification is necessary to transfer the 

hydrophobic QDs to the aqueous phase; steps which often result in decreased 

photoluminescence [57-59]. Alternatively, the aqueous synthetic route is cheaper and 

more reproducible and produces water-soluble biocompatible QDs directly without the 

need for further modification [60].  

Therefore organic cappings that produce water-soluble QDs are frequently used for 

functionalization. Thiol moieties such as MPA are commonly used for surface attachment 

(Figure 1.5), while terminal carboxyl groups facilitate hydrophilic interactions and  

 

 
 

Figure 1.5: Schematic illustration of a QD nanocrystal coated with thiol 

solubilizing ligands.  

 
bioconjugation to other molecules [57,61]. Thiol groups are also useful in suppressing 

intermittence of emission (blinking) [62]. Following surface functionalization, further 
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molecular interactions can be achieved via covalent attachment, electrostatic forces, 

adsorption, hydrogen bonding and silanization [38,63]. 

The most common aqueous synthetic procedure is the hydrothermal method (Figure 1.6) 

[60,64,65]. It has been used for the synthesis of a variety of nanocrystals i.e. CdS, CdSe, 

CdTe, ZnS, ZnSe and HgTe. The focus of this work has been on CdTe. The method 

involves dissolution of the salt of interest e.g. Cd, in water followed by the addition of a  

stabilizer e.g. MPA, thioglycolic acid (TGA) under an inert, oxygen free, atmosphere, to 

form the Cd precursor solution. NaOH is added to adjust the solution pH to alkaline 

conditions. Rapid injection of a freshly prepared NaHTe (for CdTe QDs) solution [66-

68], follows, which reacts with Cd2+ and thus affords an aqueous colloidal CdTe solution. 

The introduction of heat (~ 100ºC) progresses QD growth via the Ostwald ripening 

process [69], which is subsequently terminated once the desired emission properties are 

attained. Under the basic pH conditions used for the reaction, the stabilizer binds to the 

QD surface and the carboxylic end is deprotonated into carboxylate and thus renders the 

QD water-soluble [70]. During growth, the stabilizer is responsible for control of the size 

and shape distribution, crystal structure and stability [71].  
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Figure 1.6: Diagram illustrating the synthetic route to obtain thiol-capped CdTe 

QDs.  

 
1.1.2.2 Absorption and fluorescence spectra of QDs 

The properties of bulk semiconductors are dependent on the energy bandgap between its 

valence and conduction band. A progression from bulk material to QDs results in 

discreteness and the density of states ceases to be continuous. As a result, there are a 

specific number of well-separated states for the electrons to occupy at a given energy 

(Figure 1.7) [72,73].  

Any alteration in the crystal size alters the size of the bandgap, where a decrease in size 

results in a larger bandgap identified by a shift in the absorption spectra from the infrared 

to the visible region. This allows one to tune the electronic and optical characteristics of 

the nanomaterial. Figure 1.8 shows the influence of size changes on the emission 

properties of QDs.  
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Figure 1.7: Simplified diagram illustrating discrete energy levels of a QD 

compared to the continuous levels in a corresponding bulk semiconductor crystal 

[72].  

 
The typical absorption spectra of QDs are characterized by sharp well resolved features 

(Figure 1.9). Broadening is often a consequence of dispersion in size and shape 

distribution. The lack of well resolved features may also be influenced by growth 

conditions i.e. temperature, pH and solvent properties, presence of defects and solution 

concentrations used for the spectra. Band flattening in CdTe QDs has been attributed to 

more pronounced confinement [40].  
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Figure 1.8: Size dependent fluorescence emission spectra of QDs. QDs have been 

drawn to scale.  

 
The radiative recombination [74] of excitons or free carriers in QDs leads to narrow 

distinctive photoluminescence or fluorescence emission spectra (Figure 1.9).  
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Figure 1.9: Classic absorption and fluorescence emission spectra of high quality 

QDs [55].  

 

1.1.3 Methods of characterizing nanoparticles 

A broad inventory of characterization and analytical techniques, other than those 

discussed, applies to nanostructure materials. In general two fundamental techniques exist 

for characterization of nanomaterials: imaging by microscopy and analysis by 

spectroscopy [75].  

X-ray diffraction (XRD) is a spectroscopic technique used for elucidation of structural 

information relating to the crystal lattice, Figure 1.10 [66,76,77]. The mean particle size 

can be determined using the Scherrer equation [78].   

βCosθ

kλ
d(Å) =           (1.1) 
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where k is an empirical constant (0.9), λ is the X-ray source wavelength (1.5405 Å for 

Cu), β is the full width at half maximum (FWHM) of the diffraction peak, and θ is the 

angle of the peak (Figure 1.10).  

 
 

Figure 1.10: Simplified diagram illustrating typical X-ray diffractogram of QDs 

[76,77].  

 
Fourier transform infrared spectroscopy (FT-IR) can be used for asymmetrical vibration 

analysis. It is particularly useful for the characterization of chemically functionalized 

CNT. Raman spectroscopy similarly is often used for characterization of SWCNT. 

Raman spectra of SWCNT are distinguished from other forms of carbon by 2 dominant 

Raman signatures i.e. the radial breathing modes (RBM) between 100 – 300 cm-1 and the 

G band, typically found around 1590 cm-1. UV-Vis electronic absorption spectroscopy is 

often employed for analysis of the optical properties that accompany nanoparticles such 

as SWCNT and QDs. Thermal gravimetric analysis (TGA) is a thermodynamic 
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characterization method that records the mass loss or gain from a sample versus 

temperature. The technique may be considered spectroscopic, where different decay 

profiles point to structurally different materials and provides information related to phase 

changes, thermal stability and composition.  

X-ray photoelectron spectroscopy (XPS) is used for surface analysis and depth profiling. 

Scanning electron microscopy (SEM) gives high-resolution images of the sample surface 

and transmission electron microscopy (TEM) is used to probe the internal surface 

structure and give access to morphological fine structural details. Atomic force 

microscopy (AFM) and scanning tunneling microscopy (STM) are scanning probe 

methods, both of which provide surface topological information, and imaging of the 

surface structure. Other commonly employed techniques include solid-state nuclear 

magnetic resonance spectroscopy (NMR) and differential scanning calorimetry (DSC) 

[19,36].  

In this thesis, XRD, FT-IR, UV-Vis and Raman spectroscopies and TGA have been used 

to elucidate the structural properties of SWCNT functionalized with carboxylic acid 

groups (-COOH, 1a) or ethylamine units (1b) and MPA capped CdTe QDs (2) (Figure 

1.11) and the interaction of these materials with metallophthalocyanines.  
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Figure 1.11: Basic structure of the nanoparticles used in this work.  
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1.2 Metallophthalocyanine (MPc) Chemistry 

Since their discovery in the early 1900s, the chemistry of phthalocyanines (Pcs) has been 

studied extensively owing to their high chemical and thermal stability, high degree of 

aromaticity, synthetic flexibility and ability to adapt to a wide range of applications. The 

term, ‘phthalocyanine’ was initially conceived by Linstead as a result of its structural 

origin from a phthalic acid precursor and ‘cyanine’ which refers to their blue colour [79-

82]. Metallophthalocyanines (MPcs, 3) are planar, tetrapyrolic macrocyclic aromatic 

compounds which absorb strongly in the red end region of the visible spectrum due to 

their highly conjugated 18-π electron system (Figure 1.12). Variation in the central metal, 

type, number and position of substituents (either α-non-peripheral substitution, β-

peripheral substitution or axial substitution), attached to the MPc macrocycle, greatly 

influence the robust chemical properties that make them applicable in a diverse range of 

fields [83,84].  

 

N N

M

N N

N

N

N

N

(3)  

M = Metal Ion 
 

Figure 1.12: Molecular structure of metallophthalocyanines (MPcs).  
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Commercial applications, in which MPcs are mostly used as dyes, rely on their 

characteristic intense blue-green colour, chemical stability and their exceptional fastness 

to light [85]. They have also found application in high-technology industrial applications; 

as photoconductors in laser printing devices, for optical data storage in the form of 

rewritable optical media (CD-RW) [86], in photochemical and photovoltaic cells for 

energy conversion [87], non-linear optics [88,89], Langmuir-Blodgett thin films [90,91], 

field effect transistors [92], chemical sensors [93], liquid crystals [94-96], as catalysts for 

degradation of pollutants [97] and in medicine, particularly as photosensitizers in PDT 

[98-101] and as photocatalysts [102-104].   

Extensive research has gone into the use of MPc photosensitizing properties for 

therapeutic cancer treatment i.e. PDT which combines the selectivity of fibre optic 

directed light with the cell destruction properties of singlet oxygen. For ease of 

administration via injection into the blood stream and transport across lipid membranes, 

water soluble, lipophilic derivatives have often been considered for PDT [98-

100,105,106]. The covalent or non-covalent conjugation of MPcs to site specific 

molecules, such as proteins, for targeted drug delivery, has also been reported [107].  

 

1.2.1 Phthalocyanine syntheses 

Success of the synthetic approach is dependent on several factors namely choice of: 

precursor, metal salt (metals, metal salts, oxides, sulphates and halides), solvent (high 

boiling point solvents), temperature (to facilitate melting of the precursor and rapid 

cyclotetramerization), base and catalyst.  
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The most common routes involve the use of different phthalyl groups (Scheme 1.1) i.e. 

phthalic acid (4) [108], phthalic anhydride (5) [109], phthalimide (6) [110], o-

cyanobenzamide (7), phthalonitrile (8) [111] or 1,3-diminoisoindoline (9). The use of 

phthalonitrile precursors is considered the simplest approach and generally gives highly 

pure products.  
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Scheme 1.1: Synthetic routes to obtain MPcs from different precursors.  

 
Phthalonitriles are often reacted at high temperature in the presence of a metal salt and a 

basic solvent, such as N,N-dimethylaminoethanol (DMAE) to afford cyclization of the Pc 

macrocycle. Alcoholic solvents e.g. 1-pentanol in combination with bases such as 1,8-
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diazabicylo[5.4.0]undec-7-ene (DBU), 1,5-diazabicyclo[4.3.0]non-5-ene (DBN), 

piperidine or cyclohexylamine can be used as an alternative route which facilitates mild 

and efficient cyclotetramerization of the phthalonitrile to the Pc [112].  

Labile metals such as lithium or sodium may be used for synthesis of Pcs with large 

central metals. Labile metal ions can be easily exchanged within the reaction vessel to 

form the desired MPc [113]. The presence of urea, which acts a source of nitrogen, and 

catalysts such as ammonium molybdate or boric acid, may also promote cyclization to 

form the Pc ring when using phthalic anhydride and phthalimide precursors [114].  

 

1.2.1.1 Symmetrically ring-substituted phthalocyanines 

Substitution at either the α (non-peripheral), β (peripheral) or axial positions of the MPc 

is known to enhance their solubility. Variation in the number of substituents attached to 

the Pc ring is achieved by the condensation of mono-, di- or tetra-substituted 

phthalonitriles, to produce the corresponding symmetrical tetra-, octa- or 16-substituted 

Pcs [115,116].  

The condensation of phthalonitrile (8) monosubstituted at either the 3 or 4-position 

[117,118] gives tetra substituted Pcs (Scheme 1.2), usually as a mixture of positional 

isomers with C4h, D2h, C2v, and Cs symmetries, with a relative allocation of 12.5 %, 12.5 

%, 25 % and 50 % respectively [119,120] for the β-substituted (Figure 1.12) complexes. 

Allocation in α-substituted (Figure 1.12) Pc complexes depends on the central metal ion 

and structure of the substituents. Isolation to give a single isomer can be achieved using 

specifically designed high performance liquid chromatography (HPLC) separation 

techniques, which are very difficult and often time consuming [121]. However, it has 
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been found that the enhanced solubility that often accompanies tetra substituted Pcs is a 

result of the presence of such isomers in addition to the use of bulky substituents, which 

prevent aggregation. The use of a mixture containing such isomers may be more useful 

than a single isomer, therefore purification steps to give a single isomeric compound have 

been omitted in this work.  
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Scheme 1.2: Synthesis of non-peripheral (12) and peripheral (15) tetra substituted 

MPcs from monosubstituted phthalonitriles (10) and (13).  

 

1.2.1.2 Low-symmetry A3B type phthalocyanines 

In recent years, research focus has shifted to studies on unsymmetrical Pc systems. The 

intrinsic symmetry of the Pc molecule at times presents limitations for various purposes; 
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therefore lowering the symmetry allows the co-existence of different functionalities and 

the fine tuning of their physical properties for various applications [122-126].  

A3B type phthalocyanines consist of one different and three identical isoindole subunits. 

There are 3 main synthetic approaches that can be employed to obtain these Pcs: the 

statistical condensation route [127-129], the polymer support route [130,131] and the 

subphthalocyanine (SubPc) route [132]. Owing to its simplicity, the statistical 

condensation approach is the most widely applied method to obtain these molecules. It is 

a non-selective method based on the reaction of two differently substituted phthalonitriles 

or 1,3-diiminoisoindolines (A and B) to afford in principle, a mixture of six compounds 

as indicated in Figure 1.13 [133,134]. The desired product can be isolated from the 

statistical mixture of compounds using chromatographic separation techniques.  

Increased solubility, less tendency to aggregate and reduced number of products can be 

attained by adding, at least one bulky or rigid group to the Pc macrocycle [135,136].  

In the quest to obtain optimum yields of the desired A3B derivative, particular 

consideration must be given to the stoichiometry of the reactants. Often a 3:1 ratio for 

two precursors of similar reactivity affords a mixture of products in the following 

predicted percentages: A4 (33 %), A3B (44 %) and 23 % for other cross-condensation 

products. Therefore a 3:1 ratio is commonly administered for favourable formation of the 

A3B type Pc [137-139]. Modification of the stoichiometry, to higher ratios, may be 

necessary upon consideration of the relative reactivity of the precursors involved, for 

example, A:B molar ratios of up to 9:1 may be used when the reactivity of B exceeds that 

of A [140,141].  
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Figure 1.13: Statistical condensation of two phthalonitriles to give 6 possible 

products [133,134].  

 
In this work, the desired low-symmetry derivatives have been prepared using 

conventional methods and involve either reaction between a substituted phthalic 

anhydride (16) and a phthalic dianhydride (17) precursor or reaction of two differently 

substituted phthalonitrile derivatives (19 and 20) (Scheme 1.3).  
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Scheme 1.3: Synthesis of A3B type MPcs.  

 

1.2.1.3 Phthalocyanines synthesized in this work  

The structures of the phthalocyanines that have been synthesized and studied in this work 

are shown in Figure 1.14. The synthetic routes used to obtain unsubstituted MPc 

derivatives of zinc (22), cadmium (23) and mercury (24) are well documented in 

literature [142-144]. Photophysicochemical studies have indicated the excellent 

photosensitizing ability of ZnPc (22) [145,146] and its substituted derivatives, such as 

tetrakis{2,(3)-pyridyloxyphthalocyaninato}zinc(II) (ZnTPyPc, 25a), which has been 

reported, but containing a 3-pyridyloxy substituent [147] instead of 2-pyridyloxy which is 
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used in this work. However, the photophysicochemical properties associated with 

ZnTPyPc (25a) was not reported. Similarly the synthesis of substituted tetrakis{2,(3)-

pyridyloxyphthalocyaninato}cadmium(II) (CdTPyPc, 26a) and tetrakis{2,(3)-

pyridyloxyphthalocyaninato}mercury(II) (HgTPyPc, 27a) derivatives is reported here for 

the first time. In general, there have been inadequate studies on CdPc and HgPc 

derivatives. 

A few reports have described the synthesis and spectroscopic properties of octa-alkyl 

substituted CdPc derivatives [148,149]. However, there is no literature on tetra-

substituted CdPc derivatives. CdPc complexes are expected to show enhanced triplet state 

properties; a characteristic that may be exploited in photocatalytic applications. It is for 

this purpose that aryloxy substituted CdPc derivatives (26a-d and 28a-d) will be 

synthesized and their photophysicochemical properties studied. The choice of the 

substituents is based on their bulkiness, often known to prevent aggregation and enhance 

solubility.  

Mystery surrounds the spectroscopic behaviour of HgPcs. Although some records make 

mention of HgPc complexes [150,151], not much is known about their photosensitizing 

tendencies. They have been used for the catalytic degradation of hydrogen peroxide 

[152], but there are no other reports on their triplet state yields and singlet oxygen 

producing capabilities to determine their efficacy in photocatalysis. In this work we 

report the photophysics and photochemistry associated with unsubstituted HgPc (HgPc, 

24) and a new pyridyloxy-substituted derivative (HgTPyPc, 27a).  

The synthesis of numerous symmetrical zinc phthalocyanine analogues, such as 

tetrakis{2,(3)-tert-butylphthalocyaninato}zinc(II) (ββββ-ZnttbPc, 29) [153] and  
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Figure 1.14: Structural representation of MPcs studied.  

 

tetrakis{2,(3)-mercaptopyridinephthalocyaninato}zinc(II) (ββββ-ZnTMPyPc, 30) [154], 

have been investigated, however synthesis of their low-symmetry counterparts has not 

been reported. Unsymmetrically substituted MPcs present interesting spectroscopic 

chemistry but there are limited accounts of their photophysicochemistry [155,156]. 
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Reported in this work, is the development of new low-symmetry ZnPc derivatives, tris{9 

(10), 16 (17), 23 (24)-(tert-butyl)imidophthalocyaninato}zinc(II) (ZnttbIPc , 31) and 

tris{9 (10), 16 (17), 23 (24)-(4-2-mercaptopyridine)-2-(4-

carboxyphenoxy)phthalocyaninato}zinc(II) (ZnPc-COOH, 32), with the aim of studying 

their photophysical and photochemical performance.  

This work thus reports on the spectroscopic and photophysicochemical properties of 

various MPc complexes, investigating the influence of the nature and position of 

substituents and symmetry reduction.  

 

1.2.1.4 Synthesis of phthalocyanine-nanoparticle conjugates 

Nanoparticles may enhance the photosensitizing properties associated with Pcs. The 

synthesis of low-symmetry ZnPc derivatives thus paves the way for conjugation to 

nanoparticles such as SWCNT and QDs and an investigation into the photophysical 

consequences of the interaction between them carried out to determine their potential as 

photocatalysts. The adsorptive interaction of single-walled carbon nanostructures with 

symmetrical phthalocyanines for application in PDT has been reported [16]. 

There have been a few reports on the synthesis of SWCNT-low symmetry ZnPc 

conjugates (Table 1.1) [33,157,158]. In both cases, however, the ZnPcs were substituted 

at 7, of the 8, β-positions to give hexa-(tert-butylphenoxy-2-

hydroxymethyl)phthalocyanine zinc(II) (33), hexa-(tert-butylphenoxy-4-

formylbenzoyloxymethyl)phthalocyaninato Zn(II) (34) and Zn(II) azidophthalocyanine 

(35). In the reported studies, the conjugates are formed by different reaction methods i.e. 

direct reaction between the functional groups attached to the carbon nanotubes and the 
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phthalocyanine unit without the use of coupling or activating agents. Also, the SWCNT 

were modified with complexes which are not readily available. The aim of this work is to 

form a direct chemical (amide) linkage between the ZnPc molecules and the 

functionalized SWCNT with the aid of commercially available complexes. As yet there 

have been no such studies with low-symmetry ZnPc complexes. Similarly, work using 

low-symmetry ZnPc complexes adsorbed onto SWCNT is reported here for the first time. 
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Table 1.1: List and structures of MPcs adsorbed on or linked to SWCNT.  

MPc aStructure bSWCNT Ref 

ZnPc (22) See Figure 1.14 SWCNT-COOH [16] 

ZnPc (33) 

N N

Zn

N N

R1R1

R1 R1

N

N

N
R1

R1

N
OH

 

R1 = p-(t-Bu)(C6H4)O  

SWCNT-COOH 

SWCNT-HiPco 

[33] 

ZnPc (34) 

N N

Zn

N N

R1R1

R1 R1

N

N

N
R1

R1

N
O

O

CHO

 

R1 = p-(t-Bu)(C6H4)O  

SWCNT-COOH 

SWCNT-HiPco 

[33] 

ZnPc (35) 

N N

Zn

N N

ORRO

RO RO

N

N

N
RO

RO
N

N3

 

R = 
 

SWCNT [157] 

at-Bu = tert-butyl; bHiPco= High-pressure carbon monoxide. 
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There have been numerous reports on the interaction of QDs and MPcs [154,158-166]. 

Passivation of the QD surface is known to facilitate interaction with other molecules, 

such as MPcs, via electrostatic forces, hydrophobic interactions, hydrogen bonding, 

adsorption or covalent attachment [38,47,63]. Adsorptive interactions between CdSe and 

CdTe QDs, capped with various carboxylic acid thiol groups i.e. L-cysteine (L-cys), 2-

mercaptoethanol (2-ME), MPA and TGA, and various symmetrically substituted MPc 

derivatives (including zinc (II) tetracarboxyphthalocyanine (ZnTCPc, 36) and aluminium 

(AlTSPc, 37) and zinc (ZnTSPc, 38) tetra-sulfonated phthalocyanines) (Table 1.2) are 

commonly reported [154,164,165]. However, the chemical coordination of MPcs to QDs 

has received little attention. Burda’s group has reported extensively on the synthesis of 

linked conjugates of SiPc [SiPc4 (39), SiPc117 (40), SiPc123 (41), SiPc158 (42)] with 

CdSe QDs, formed through axial ligation [46,47,158-163]. Recently the synthesis of a 

chemically coordinated CdTe MPA QD-ZnPc conjugate has been reported. The ZnPc is 

tetra-substituted with amino groups (ZnTAPc, 43) that can be attached to the QD surface 

ligands through an amide bond [166]. The presence of numerous amino groups presents a 

problem in identifying the number of ZnPc units coordinated to the QD-surface; one Pc 

unit may interact with several QD clusters. To date, there have been no reports on the 

covalent attachment of low-symmetry ZnPcs such as ZnttbIPc (31); thus the aim is to 

synthesize new conjugates of CdTe QDs and this molecule. The presence of a single 

imido-group allows specific attachment to the QDs through one point on the Pc ring.  
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Table 1.2: List and structures of MPcs adsorbed on or linked to QDs.  

aMPc bStructure cQD Ref 

ZnTPyPc 

(25a) 

See Figure 1.14 CdTe MPA 

CdTe TGA 

[154] 

ZnTMPyPc 

(30) 

See Figure 1.14 CdTe MPA 

CdTe TGA 

[154] 

 

ZnTCPc (36) 

N N

Zn

N N

N

N

N

N
COOH

COOH

COOH

HOOC

 

CdTe 2-ME 

CdTe TGA 

[165] 

AlTSPc (37) 

N N

Al

N N

N

N

N

N

R

R

R

R

Cl

 

R = SO3
- Na+

 

CdTe MPA 

CdTe TGA 

CdTe L-cys 

[164] 
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Table 1.2 contd.  

aMPc bStructure cQD Ref 

ZnTSPc (38) 

N N

Zn

N N

N

N

N

N

R

R

R

R

 

R = SO3
- Na+

 

CdTe TGA 

CdTe 2-ME 

[165] 

 

 

 

 

 

 

SiPc 

N N

Si

N N

OH

N

N

N

N

OR

 

Si N

NSi

NSi 2

NH2Si

(39) SiPc4     : R = 

(40) SiPc117 : R = 

(41) SiPc123 : R = 

(42) SiPc158 : R = 
 

CdSe TOPO 

CdSe TBPO 

 

[46,47,158-163] 
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Table 1.2 contd.  

aMPc bStructure cQD Ref 

ZnTAPc (43) 

N N

Zn

N N

N

N

N

N

NH2

NH2

NH2

NH2

 

CdTe MPA [166] 

aAlTSPc = alumunium (III) tetrasulfophthalocyanine; ZnTSPc = zinc (II) 

tetrasulfophthalocyanine; ZnTAPc = zinc (II) tetraaminophthalocyanine; bSiPc4 = 

HOSiPcOSi(CH3)2(CH2)3N(CH3)2; SiPc117 = HOSiPcOSi(CH3)2(CH2)5N(CH3)2; 

SiPc123 = HOSiPcOSi(CH3)2(CH2)3N(C6H13)2; SiPc158 = 

HOSiPcOSi(CH3)2(CH2)3NH2; 
cTBPO = tributylphosphine oxide.   

 

1.2.2 Ground state electronic absorption spectra of phthalocyanines 

1.2.2.1 Origins of spectra 

The absorption spectra of monomeric MPcs are characterized by intense electronic 

absorptions between 600-750 nm, to give the characteristic Q band (Q00), with a molar 

absorptivity often exceeding 105 L mol-1 cm-1 [167,168]. The less intense broad band at ~  

350 nm is the Soret or B band [167-169]. The B band consists of two bands, the B1 and 

B2 bands. The Q band is also accompanied by one or two weak vibronic bands (Qvib) with 

an absorbance of less than 10 % of the main Q00 band (Figure 1.15).  

The origin of these bands can be explained using Gouterman’s four-orbital model [170], 

which considers four frontier molecular orbitals: Highest occupied molecular orbital-1  
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Figure 1.15: Typical ground state electronic absorption spectra of symmetrical 

(red) and low-symmetry (blue) MPcs.  

 
(HOMO-1), HOMO, lowest unoccupied molecular orbital (LUMO) and LUMO+1 

account for transitions that give rise to the first two allowed transitions in the UV-visible 

spectrum (Figure 1.16). These transitions are generally π-π* (x/y polarized), where the Pc 

Q band (Q00) is the result of a transition from the a1u (HOMO) to the degenerate eg 

(LUMO) orbital while the transition from a2u and b2u to eg results in the B band 

absorptions (B1 and B2). Additional bands referred to as N, L and C, in terms of 

ascending energy, are accessible below 300 nm in UV-transparent solvents such as 

dichloromethane (DCM) [171,172]. Significant energy separation between the a1u and a2u 

orbitals results in less configuration interaction and thus accounts for the greater intensity 

of the Q band versus the B band.  
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eg

a1u

a2u

b2u

eg

b1u

Q00 B1 B2

HOMO

LUMO, LUMO+1

eg

a1u

a2u

b2u

eg

b1u

Qx Qy

HOMO-1

HOMO

LUMO
LUMO+1

a2u a2u

(a) (b)

 

Figure 1.16: Electronic transitions (a) in symmetrical MPcs showing the origin of 

the Q(00) band and B1 and B2 absorption bands [176] and (b) in symmetry lowered 

MPcs showing the origin of the Qx and Qy bands.  

 
The absorption spectra of Pcs are sensitive to changes in central metal, solvent, 

substitution pattern and tendency to aggregate [173,174]. These will be considered in turn 

below.  

Metal free Pcs are characterized by D2h symmetry. Introduction of a metal that fits into 

the Pc cavity (3.96 Å) [175,176] maintains the planarity of the molecule and results in 

increased symmetry to D4h and an accompanied reduction in number of allowed 

electronic transitions. Further symmetry perturbations can occur on the introduction of 

large metals ions i.e. Zn2+, Sn2+, Pb2+, which often do not fit into the Pc cavity and thus 

lower the symmetry to C4v. Zinc is displaced 0.45 Å from the plane of the aromatic ring 
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to form a domed shape [171,177] and Pb2+ ions force the Pc to adopt a shuttlecock 

configuration [178].  

Absorption spectra, in solvents of different polarity, affect the shape, position and 

intensity of absorption bands. In general, with increasing polarity, the Q band becomes 

red shifted [179]. The use of coordinating solvents such as N,N-dimethylformamide 

(DMF), dimethylsulfoxide (DMSO) and pyridine results in interactions which stabilizes 

the LUMO to give Pcs with red-shifted Q bands [180]. Conjugated and aromatic solvents 

have a similar effect [181]. Acidic solvents such as DCM and chloroform can effect ring 

oxidation, at times resulting in demetallation [145,173,182] or protonation [146] and their 

non coordinating nature favours the formation of Pc aggregates [180,183].  

Non-peripheral (α) substitution results in a larger destabilization effect on the HOMO and 

thus red shifted spectra relative to peripherally (β) substituted complexes when 

coordinated with electron donating groups, while the situation is reversed on attachment 

of electron-withdrawing groups [184,185]. This effect is in relation to the magnitude of 

atomic orbital coefficients at the α- or β-position; molecular orbital (MO) calculations 

have found that coefficients at the α-carbon atoms tend to be larger than those at the β-

position. Symmetry reductions by reaction of differently substituted precursor units may 

alter the shape of the absorption spectra, often resulting in a split Q band (Figure 1.15) as 

a result of a transition from the HOMO to orbitally non-degenerate split LUMO and 

LUMO+1 levels (Figure 1.16).   
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1.2.2.2 Phthalocyanine aggregation 

In polar solvents such as water and methanol (MeOH), Pcs are particularly prone to 

aggregation due to their large π-system [186]. This intrinsic property alters their 

absorption features giving an indication of the presence of additional electronic levels of 

the aggregates (Figure 1.17). By definition, aggregation is referred to as a coplanar 

association of Pc rings progressing from monomer to dimer and higher-order complexes 

often driven by non-covalent interactions i.e. π-π interactions between the conjugated Pc 

rings or hydrophobic interactions in polar solvents that arise as a function of their 

lipophilicity [186-188]. The molecular arrangement of the Pcs in the aggregate can result 

in broadening and splitting of the main absorption Q band with the loss of resolution of 

the vibrational components and a hypsochromic (blue) or bathochromic (red) shift 

[189,190].  

According to the exciton coupling model [191,192], interactions between molecules that 

have sufficient overlap, gives rise to a splitting of the degenerate excited state (E) to 

generate two new exciton states E′ and E′′. For parallel transition dipoles, an out of phase 

dipole arrangement corresponds to a lowering in energy (E′′), while an in-phase 

interaction causes repulsion and thus an increase in energy (E′). The sum of the 

individual transition dipole moments for a transition to E′′ is zero and thus forbidden 

while transitions to E′ are highly allowed resulting in a blue-shifted absorption spectrum 

(Figure 1.17a). This is the case for cofacial dimers and these arrangements are commonly 

referred to as H-aggregates. For a co-planar Pc arrangement, with in-line transition 

dipoles, transitions to the lower energy (E′) become allowed, while a transition to the 

higher energy (E′′) is forbidden owing to a transition moment of zero. This gives rise to 
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red-shifted absorption (Figure 1.17b) characteristic of J-aggregates, which are observed 

in some molecules, usually under certain conditions such as the nature of the solvent and 

substituents attached to Pc ring periphery [193]. 

The tendency for Pcs to aggregate is dependent on the central metal, position and type of 

substituents on the Pc periphery as well as the solvent properties such as polarity 

[188,194-196] and coordinating power [184]. Introduction of bulky substituents, 

particularly at the α-position of the Pc ring, are predominantly helpful in reducing the 

tendency to aggregate as a consequence of their ability to impose steric repulsion 

[197,198]. Bulky substituents can also distort the Pc ring from planarity to give a 

significant reduction in aggregation [199]. 

 

 

 
Figure 1.17: Exciton coupling in (a) co-facial dimers that gives rise to blue-shifted 

spectra and (b) co-planar dimers that gives characteristic red-shifted spectra [192]. 
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1.2.3 Magnetic circular dichroism (MCD) spectroscopy  

This spectroscopic technique has been applied to metallocomplexes since 1970 to 

explicate their electronic structures [167,176,200-203]. MCD is based on the wavelength 

dependent differential absorption of left (lcp) and right (rcp) circularly polarized light in 

the presence of a magnetic field to form excited electronic states. The signal that arises is 

due to similar transitions as those seen in the electronic absorption spectrum, but with a 

variation in the selection rules. Intensity in the UV-Vis absorption spectrum is dominated 

by the electric dipole moment (m), however, the MCD intensity is dependent on the 

coupling of the ground and excited states through the electric (m) and magnetic dipole 

moments (µ) [204,205]. The MCD intensity equation, modified from a previous form 

adopted by Piepho and Schatz [204], is given in terms of ∆A l-r  for the difference in 

absorption of lcp and rcp by Equation 1.2: 
















 ++






⋅= f
kTdE

df
Bcl. 0

01

C
BA5152

Ε

∆Α r-l       (1.2) 

where B is the field strength (in Tesla), cl is the product of the concentration in mol L-1 

and path length in cm-1, E represents the energy coordinate in cm-1, f refers to the 

normalized band shape function (normally assumed to be a Gaussian shaped curve). The 

expression takes into account the rigid-shift, Born-Oppenheimer and Franck-Condon 

approximations [201,206]. Analysis of the MCD spectra is thus a function of an 

estimation of the magnitudes of the three Faraday terms AAAA1111, BBBB0000 and CCCC0000 based on the 

Zeeman splitting of the absorption bands for lcp and rcp, the field−induced mixing of 

zero−field states and the Zeeman splitting based ground state population adjustment, 

respectively (Figure 1.18).  
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Figure 1.18: The origin of the Faraday (a) AAAA1111 (b) BBBB0000 and (c) CCCC0000 terms in MCD 

spectra [176]. 

 
The Faraday AAAA1111 term is a temperature independent term that arises from the presence of 

orbitally degenerate excited states that become split by application of the magnetic field. 

The Zeeman splitting of the band centers of the lcp (∆MJ = +1) and rcp (∆MJ = -1) 

absorption bands is given by Equation 1.3: 

BM2gLµ∆Ε JB=          (1.3) 
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where gL = Landé factor (g-factor), µB = Bohr magneton, B = field strength. The Zeeman 

splitting is responsible for the characteristic derivative shape (Figure 1.18a). The AAAA1111 term 

is generally anticipated for molecules that possess at least a 3-fold symmetry axis, 

therefore the MCD spectra of planar D4h, MPc complexes are typically dominated by 

derivative−shaped x/y−polarized AAAA1111 terms [206].   

The Gaussian shaped, temperature independent BBBB0000 term arises from mixing of the excited 

states with nearby transitions via magnetic dipole transition moments. A lowering in 

molecular symmetry, below D4h, results in MCD spectra that are completely dominated 

by coupled oppositely−signed, Gaussian−shaped x− and y−polarized Faraday BBBB0000 terms 

(Figure 1.18b) [207,208]. Pseudo-AAAA1 terms often occur as a result of small splitting of the 

x/y−polarized transitions.  

The CCCC0000 term gives Gaussian shaped bands that show strong (1/kT) temperature 

dependence (Figure 1.18c) used to identify an orbitally degenerate ground state. The 

temperature dependence is a function of the Boltzmann population distribution across the 

split orbital components of the degenerate ground state [209,210]. Pcs lack ground state 

degeneracy, therefore the CCCC0000 term can be excluded when considering the MCD spectra of 

MPcs.  

MCD spectroscopy provides the ground and excited state degeneracy information 

required to fully understand the electronic structure of high symmetry complexes based 

on the orbital angular momentum properties of the frontier molecular orbitals (MOs) 

[204,206]. MCD is also utilized to accurately assign absorption bands. A combination of 

UV-Vis electronic absorption and MCD spectral data allows for spectral deconvolution 
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that provides good estimates of the band energies, polarizations and intensities which can 

be used to test the validity of theoretical calculations [176,201,206,209,210].  

 

1.2.4 Molecular orbital (MO) theoretical calculations 

The application of theoretical models is of particular use for correlation with 

experimental spectral data. Calculations allow determination of the MOs involved in 

transitions responsible for the optical spectra, the energies of these orbitals and the 

intensities of the resultant transitions. The earliest orbital assignments made for the 

porphyrins to give a straight-forward molecular orbital picture of the porphyrin π-ring 

was described by Simpson [211] and was based essentially on the 18-π MO arrangement 

in a cyclic polyene. This method is applicable today as an introduction to the spectral 

properties of porphyrins and Pcs. Later, calculations specific for Pcs were introduced and 

today several revised techniques, based on similar theoretical models, exist [170,212-

215]. Modern computational techniques such as density functional theory (DFT) [216] 

and more common time-dependent DFT (TD-DFT) [217,218] can provide a significantly 

more accurate description of the ground state geometry than the semi-empirical 

techniques used by Gouterman and Michl [170,211-215]. TD-DFT based UV-Vis and 

circular dichroism (CD) predictions using the electric and magnetic dipole based 

properties enables determination of the expected ground state electronic absorption and 

MCD spectra of radially symmetric and low symmetry porphyrinoids using the Gaussian 

03W software package [219-221].  

Calculations based on mono-substituted low symmetry Pc derivatives are of particular 

interest [181,204,219,222]. The MO calculations reveal several characteristic features: 
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(1) a characteristic split Q band to give Qx, Qy peaks can be assigned to transitions from 

the HOMO to the LUMO (Qx) and HOMO to the LUMO+1 (Qy), the lower energy 

transition (Qx) often being of weaker intensity. However the presence of extra nitrogens 

at the meso positions of Pcs is known to shift the Q band to longer wavelengths with a 

concomitant increase in intensity compared to porphyrins. Therefore, the condition with 

respect to intensity may be reversed in such cases for the Qx and Qy bands; (2) Soret band 

splitting is also possible but is often difficult to distinguish as a result of a 

superimposition of several transitions [172]; (3) the oscillator strength (f) is a function of 

the size of fused molecules, with larger magnitudes for the attachment of larger 

molecules; (4) ring expansion destabilizes the HOMO considerably while there is 

minimal effect with respect to the HOMO-1 and LUMO [181,222].  

In this work, molecular orbital calculations were performed with the aid of the G03W 

software package [221] to analyze the electronic structure of a low symmetry Pc 

molecule.  The molecular geometries were first optimized at the DFT level using the 

B3LYP functional with 6-31G(d) basis sets, followed by TD-DFT calculations.  

 

1.3 Photophysical Properties 

The photophysical properties of Pcs are of particular importance in PDT, optical data 

storage systems as red or near-infrared (NIR) light absorbers, photoconductors and in 

solar cells. The Jablonski diagram [223-225] (Figure 1.19) explains the origin of the 

radiative (fluorescence (F), phosphorescence (P)) and non-radiative (internal conversion 

(IC), vibrational relaxation (VR), intersystem crossing (ISC)) photophysical properties 

[224].   
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Figure 1.19: A modified Jablonski diagram showing the transition between the 

singlet ground state (S0) and electronic excited states (S1 and T1). A = absorption, F 

= fluorescence, VR = vibrational relaxation, IC = internal conversion, ISC = 

intersystem crossing, P = phosphorescence. S1 = singlet excited state and T1 = triplet 

excited state.  

 

1.3.1 Fluorescence 

1.3.1.1 Fluorescence spectra 

Fluorescence in MPcs is usually short lived, of the order 10-8 s. MPc fluorescence 

properties such as fluorescence intensity, fluorescence quantum yield (ΦF) and 

fluorescence lifetimes (τF) are influenced by several factors which include but are not 

limited to, aggregation, solvent properties, concentration (quenching), nature of the 
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central metal atom, substituent type (particularly halogenation) and photo-induced energy 

transfer [101]. Fluorescence is reduced substantially in the presence of paramagnetic 

metals and metals of high atomic number, an effect in response to the heavy atom effect. 

These types of compounds encourage ISC, a spin-forbidden process, but which occurs as 

a consequence of spin-orbit coupling (SOC).  

As a result of the lower energy emitted photon, Pc fluorescence emission spectra are at 

longer wavelengths than the absorption spectra (Figure 1.20), where the difference in 

spectral position is known as the Stokes shift. Minimal rearrangement of the atomic 

coordinates of normal Pcs on photoexcitation results in small Stokes shifts [210].  

 

 
 
Figure 1.20: Typical (a) absorption and (b) fluorescence emission spectra of a 

symmetrical D4h type MPc [165].  

 
In general, the excitation spectra are similar to the corresponding absorption spectra; 

however conformational reorganization on excitation may influence alteration in the 

shape of the spectra. Such a change reflects a difference in the nuclear arrangement of the 
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ground and excited states as a result of changes in the structure of the absorbing 

molecule. This is typical of MPcs with reduced symmetry as a result of protonation or the 

presence of large central metals prone to demetallation [146,226].  

 

1.3.1.2 Fluorescence quantum yields and lifetimes 

Quantum yields (Φ) are used to give a measure of the efficiency of a photophysical or 

photochemical process. Fluorescence quantum yields (ΦF) are determined by steady-state 

fluorescence measurements and give a measure of the efficiency of an emission process. 

ΦF is defined by a ratio of the number of fluorescing molecules to the number of photons 

absorbed. Relative ΦF can be determined by a comparative method using a standard 

reference [227,228], whereby the ΦF of an unknown substance is related to that of a 

sample with a known ΦF value (standard) using Equation 1.4: 

2
StdStd

2
StdStd

FF .A.nF

.nF.A
ΦΦ =         (1.4) 

where Std
FΦ is the fluorescence quantum yield of the standard; F and Fstd refer to the areas 

under the fluorescence emission curves of the MPc and reference respectively; A and Astd 

are the absorbances of the sample and reference, respectively, at the excitation 

wavelength and n and nstd are the refractive indices of the solvents used for the sample 

and standard, respectively.  

Fluorescence lifetimes are usually performed in either the frequency [229-231] or time 

domains [232,233], although other techniques involving multi-pulse measurements have 

also been demonstrated [234]. Time domain measurements are more commonly used. 

The equipment used for time-domain measurements is based on gating the fluorescence 
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signal using either time-correlated single-photon counting (TCSPC) techniques [231,235] 

or gated image intensifiers [232]. Fluorescence lifetime determinations can also be made 

using the absorbance and emission spectra of MPcs [236,237] in the PhotochemCAD 

software package [238], which is based on application of the Strickler-Berg equation 

[239]. The equation is legitimate only for molecules that do not interact with the solvent 

and that do not, upon excitation, undergo geometric changes. Figure 1.21 shows a typical 

fluorescence decay curve for QDs, obtained using a TCSPC set-up.  
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Figure 1.21: Typical fluorescence decay curve of QDs.   

 
The fluorescence lifetimes of MPcs are usually of the order of a few nanoseconds (10-9 s). 

Table 1.3 lists the photophysical properties of some ZnPc and CdPc derivatives [145,240-

246]. The results show a strong dependence on the choice of central metal. According to 
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the SOC theory, the ΦF values of Pcs coordinated to large metals, such as Cd, tend to be 

lower than those that correspond to small metal ions eg. Zn, as Table 1.3 shows.  

There is a lack of photophysical data pertaining to CdPc and HgPcs in general. Therefore 

the aim of this work is to determine the properties with respect to unsubstituted CdPc 

(23) and HgPc (24) derivatives, as well as several new substituted CdPc (26a-d and 28a-

d), and HgPc (27a) derivatives. Photophysics relating to low-symmetry MPc derivatives 

is also quite sparse, hence is reported for ZnPc complexes 31 and 32.  

 

Table 1.3: Photophysical properties of some MPcs.  

aMPc Solvent ΦΦΦΦF ΦΦΦΦT τT (µs) Ref 

ZnPc DMF 0.30 0.58 330 [145,240,241] 

 DMSO 0.18 0.65 350 [145,242] 

CdPc DMF 0.03-0.08 - 27 [243] 

 Quinoline 0.03-0.08 - - [244] 

ZnPc(t-Bu)4 Benzene 0.37 0.24 41.1 [245] 

ZnPc (t-Bu)3(OH)2 Benzene 0.18 0.038 176 [245] 

 DMSO - 0.50 250 [246] 

at-Bu = tert-butyl. 

 

1.3.1.3 Förster resonance energy transfer (FRET) 

FRET is a photophysical process based on fluorescence. It involves the non-radiatve 

transfer of excitation energy from an excited donor fluorophore to a ground-state acceptor 

fluorophore, brought into close proximity, which radiatively emits a lower energy photon 
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(Figure 1.22) [247-249]. As a result, the excited state lifetime of the donor is reduced. 

The process is driven by dipole-dipole interactions and is largely dependent on the 

amount of spectral overlap between the donor fluorescence emission spectrum and the 

acceptor absorption spectrum and minimal center-to-center separation distance (r), 

between the donor and acceptor, to enable efficient through space energy transfer from 

the donor to the acceptor [250]. The relative orientation of the donor and acceptor 

transition dipoles also has a significant influence in addition to the fluorescence quantum 

yield of the donor [248].  

 

 

 
Figure 1.22: Simplified Jablonski diagram showing the origin of transitions that 

give rise to Förster resonance energy transfer (FRET). D = donor, A = acceptor, DA 

= donor absorption, DE = donor emission, VR = vibrational relaxation, NRDR = 

non-radiative donor relaxation, ET = energy transfer (FRET), AE = acceptor non-

radiative excitation, ASE = acceptor sensitized emission. S0 = singlet ground state 

and S1 = singlet excited state [224,249]. 
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The FRET efficiency accounts for the fraction of excitons transferred from donor to 

acceptor, by non-radiative means, and can be determined experimentally by monitoring 

the changes in the donor and/or acceptor fluorescence intensities from the fluorescence 

quantum yields of the donor in the absence (ΦF(D)) and presence of the acceptor (ΦF(DA)) 

as shown in Equation 1.5 [248,250-252]: 

F(D)

F(DA)

Φ

Φ
1−=Eff          (1.5) 

The FRET efficiency is related to the sixth power, of the donor-to-acceptor center-to-

center distance (r, Å) by Equation 1.6 [247,248]:  

66
0

6
0

rR

R

+
=Eff           (1.6) 

where R0 (the Förster distance, Å) is the critical distance between the donor and the 

acceptor molecules for which efficiency of energy transfer is 50 %. R0 is given by 

Equation 1.7 [247,248];  

JF(D)
42236

0 Φnκ108.8R −×=         (1.7) 

Thus it depends on the quantum yield of the donor (ΦF(D)), refractive index of the 

medium (n), the Förster overlap integral (J) and κ2, the dipole orientation factor. κ2 

depends on the relative orientation of the donor and acceptor dipoles in space; its value is 

assumed to be 2/3. This assumption is often made for donor-acceptor pairs in a liquid 

medium, since their dipole moments are considered to be isotropically oriented during the 

excited state lifetimes. The use of the isotropic dynamical average (κ2= 2/3) is more 

appropriate than the static isotropic average (κ2= 0.476) because the donor-acceptor pair 

is not in a rigid medium.  
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The Förster overlap integral, J, is a quantitative measure of the donor-acceptor spectral 

overlap and is defined by Equation 1.8: 

λλλελ ∂∫= 4)()( ADfJ         (1.8) 

where fD is the normalized donor emission spectrum, λ refers to the wavelength of the 

acceptor (nm) and εA is the molar extinction coefficient (M-1 cm-1) of the acceptor. These 

FRET parameters are often computed using the program PhotochemCAD [238].  

Until recently, QD-Pc interactions via a FRET mechanism had received modest attention 

in literature [46,48,158-166]. In most reports the main interaction avenue is by adsorptive 

means. There has been limited research on chemically linked conjugates of QDs and 

photosensitizers, particularly Pcs [46,47,158-163,166]. The chemical linking of QDs to 

low symmetry phthalocyanines is unknown. Therefore, in this work, the implications of 

the attachment of a low-symmetry Pc analogue to the terminal carboxyl groups of 

carboxylic acid thiol capped CdTe QDs have been investigated. Indirect activation of the 

MPc, via FRET is examined and the efficiency of the energy transfer process determined. 

Although the study is not carried out in aqueous media, which is ideal for biological 

applications, the study will give an indication of the benefits, if any, of using low-

symmetry Pc-QD conjugates.   

 

1.3.2 Triplet quantum yields and lifetimes  

The triplet state properties of MPcs are often determined by laser flash photolysis, which 

involves the rapid introduction of an intense pulse of light, using a laser source, into an 

MPc solution, followed by analysis of the time-evolved electronic absorption signal. In 

this way, the relative population of (ΦT) and the time spent (τT) in the triplet state (T1) 
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can be determined. The technique essentially monitors the absorption from the T1 state to 

a higher Tn state (Figure 1.19) [225,249]. Apart from triplet absorption detection, flash 

photolysis also provides information on the excited state lifetime of transient species. A 

typical triplet state decay curve is shown in (Figure 1.23).  

 

 

Figure 1.23: Typical triplet decay curve of MPcs.  

 
The triplet quantum yield (ΦT) may be determined by the relative method using Equation 

1.9  

T
Std
T

Std
TTStd

TT
ε∆A

ε∆A
ΦΦ

⋅
⋅⋅=          (1.9) 

where Std
TΦ is the triplet quantum yield of the standard; ∆AT and Std

T∆A are the changes in 

the triplet state absorption of the sample and standard respectively; Tε and Std
Tε refer to the 

triplet state molar extinction coefficients of the sample and standard respectively and are 

determined using Equation 1.10 [242]: 
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S

T
ST
∆A

∆A
εε ⋅=           (1.10) 

where ∆AT and Std
T∆A are the changes in the triplet state absorption of the sample and 

standard respectively and εs is the singlet state molar extinction coefficient of the sample.  

The triplet state lifetime (τT) is determined by the time resolved absorption measurement 

described above.  

Fitting of the triplet decay curves (as shown in Figure 1.23), using OriginPro 7.5 software 

has been used in this work for determination of the lifetimes of the MPc transients. MPc 

T1 lifetimes are in the range between micro-seconds (µs) and milliseconds (ms), Table 

1.3. The forbidden T1→S0 transition accounts for this longer lifetime.  

The triplet state properties intrinsic to phthalocyanines are particularly sensitive to 

changes that deactivate fluorescence. High triplet state quantum yields (ΦT) are expected 

to accompany low fluorescence quantum yields (ΦF) and vice-versa. The ΦT and ΦF 

values of MPcs in solution are particularly influenced by the nature of the central metal 

ion; heavy diamagnetic metal ions or paramagnetic metal ions are known to enhance the 

triplet state yield. Diamagnetic metal ions such as Zn2+ also promote long lived lifetimes, 

while a shortened lifetime is experienced in the presence of paramagnetic species, such as 

Cu2+, due to the presence of low-lying d-orbitals which endorse quenching of the T1 state 

via charge transfer processes. Heavy metals e.g. Cd, show low τT, Table 1.3. 

Condensation reactions that result in substitution with heavy atoms, particularly halogens, 

also result in high ΦT. However, the T1→S0 transition may be enhanced as a result of 

heavy atom induced structural deformation. This results in subsequent reduction in 

energy transfer efficiency to ground state molecular oxygen (photosensitization). Features 
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that lead to amplified molecular rigidity lessen the likelihood of non-radiative electronic 

energy ‘leaking’ which promotes fluorescence [253]. This rigidity feature may also be 

subjective to solvent properties such as polarity, viscosity, refractive index and 

temperature. Low ΦF values are often predicted for aggregated MPcs [254,255] and on 

the departure of molecular symmetry from D4h in symmetry-lowered Pc analogues [256-

258]. 

Although there have been extensive reports on the photophysical and photochemical 

parameters associated with MPcs [145,146,157,185,240-246], there is still a need for 

more in-depth deliberation, particularly with respect to unknown MPc derivatives. The 

photophysical properties associated with CdPc are shown in Table 1.3. However, there 

has been no further development with respect to substituted CdPc derivatives. Therefore 

this work has undertaken an investigation of the photophysics and photochemistry of 

various aryloxy substituted CdPcs. The properties associated with symmetrically 

substituted ZnPc derivatives have been reported extensively [145,146,259-261]. The 

influence of the nature and position of substituents and solvent properties of solvents 

used is reported in this thesis. The effect of central metal is also investigated with a set of 

similarly substituted Zn, Cd and HgPcs. Symmetry lowering considerations are also 

detailed.  

The interaction between low-symmetry ZnPc analogues, such as ZnPc(t-Bu)3(OH)2 

(Table 1.3), covalently linked to SWCNT has been reported and their photophysical 

properties studied [33,157]. These conjugates have been explored as photoconducting 

entities in photovoltaic applications. The adsorptive interaction between a symmetrical 

ZnPc molecule and carbon nanohorns has been explored for double PDT-PHT cancer 
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therapy [16]. The aim in this work is to carry out a similar study using novel low-

symmetry ZnPc derivatives adsorbed on and chemically linked to SWCNT. Charge 

transfer, from a charge separated state, to molecular oxygen generates oxygen radicals 

(O2
• ―) and other reactive species such as hydroxyl radicals which subsequently promote 

the death of nearby cancer cells [262-264]. The aim is to conduct a similar study using 

low-symmetry ZnPcs adsorbed on and/or linked to SWCNT.  

Photophysical properties in relation to QD-Pc interactions are similarly not well 

established [154,164,165], particularly triplet data pertaining to low-symmetry Pc-QD 

conjugates.  Determination of the triplet state properties of QD-Pc and SWCNT-Pc 

conjugates in this work are particularly relevant for elucidation of the influence of 

nanoparticles on the improved efficacy of PDT.  

 

1.4 Photochemical Properties  

1.4.1 Singlet oxygen  

Singlet oxygen (1O2, 
1
∆g) is believed to be the ‘chief’ cytotoxic species generated by 

electronic excitation transfer as a result of the interaction between the excited triplet state 

of an MPc species (3MPc*) and ground state molecular oxygen (3O2, 
3
Σg

-) (Scheme 1.4, 

Type II mechanism).  

This process is known as photosensitization and is the predominant method for 

production of 1O2 in the laboratory. 1O2 is a highly reactive species responsible for the 

light-induced oxidative attack in a number of systems, but of particular significance in 

PDT where it is known to initiate premature death of cancerous tissue and in the 

photocatalytic conversion of industrially important by-products. The efficiency of the  
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Scheme 1.4: Type I and Type II photochemical mechanisms. Sub = substrate. 

 
photosensitization process is reliant on the transfer of energy from the T1 state to triplet 

oxygen. The T1 state must lie above 94 kJ mol-1; the energy of singlet oxygen above its 

ground state [101,102]. Triplet states are more significant for photochemical reactions 

owing to the longer-lived lifetimes i.e. T1 = 10-6 s versus S1 = 10-10 s [265].  

The Type II mechanism, Scheme 1.4, is understood to be the most prominent method of 

interaction between 3MPc* and ground state dioxygen in PDT and most photo-oxidation 

processes. The Type I mechanism may also lead to photosensitization. The process 

involves the generation of radical species, by electron transfer or hydrogen atom 

abstraction, to allow photo-initiated autoxidation (Scheme 1.4) [101].  
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The quantum yield of singlet oxygen (Φ∆) is used as a quantitative measure of the 

efficiency with which various photosensitizers generate singlet oxygen. The Φ∆ varies as 

a function of the triplet state properties of the respective MPc molecules i.e. triplet state 

quantum yield (ΦT), triplet state lifetime (τT), triplet energy (ET), energy transfer 

efficiency (quantified by S∆) and substituent quenching abilities. Relative Φ∆ values are 

often elucidated by a comparative method, using Equation 1.11:  

abs
Std

Std
absStd

∆∆ I . R

I . R
.ΦΦ =          (1.11) 

where  Std
∆Φ  is the singlet oxygen quantum yield of the standard; R and RStd are the 

singlet oxygen quencher (1,3-diphenylisobenzofuran, DPBF) photobleaching rates in the 

presence of the respective MPc complexes under investigation and the standard 

respectively; Iabs and Std
absI  are the rates of light absorption by the MPc and standard 

respectively.   

Singlet oxygen quenchers include, DPBF, 1,4-diazabicyclo-octane (DABCO), 

tetrasodium α,α-(anthracene-9,10-diyl) dimethylmalonate (ADMA) and sodium azide 

(NaN3); the latter two are often used in aqueous conditions, while the former are often 

employed in organic solvents. The quencher is mixed with the photosensitizer solution, 

the mixture irradiated and absorption decay of the quencher monitored spectroscopically 

over a period of time and the values of singlet oxygen generated determined using 

Equation 1.11. The disappearance of 1O2 in the mixture, in the presence of the DPBF can 

be via a series of reactions (Scheme 1.5)  

 



Introduction  

 

60 
 

 

 
Scheme 1.5: Photochemical reactions leading to the decay of singlet oxygen in a 

solution of photosensitizer (MPc) and quencher (DPBF); kd, kchem and kphys refer to 

the rate constants for first order natural decay, chemical and physical quenching by 

DPBF respectively; kprod and kp are the rate constants for chemical and physical 

quenching of singlet oxygen by the photosensitizer.  

  
DPBF acts exclusively as a chemical quencher [266,267] in organic media, therefore 

reaction (iii) is ignored. In addition, the rate of reaction of singlet oxygen with the 

photosensitizer is insignificant; therefore (iv) is also ignored. Reaction (v) is also 

overlooked, as the singlet oxygen quantum yield is not dependent on the photosensitizer 

(MPc) concentration. Consequently, the rate of decay of singlet oxygen depends entirely 

on reactions (i) and (ii) resulting in Equations 1.12, for standard (Std) and sample (S) 

respectively, which becomes Equation 1.11 after manipulation [268].  
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Singlet oxygen can be detected through the use of 1O2 quenchers, as shown above, or by 

the detection of its characteristic luminescence at 1270 nm [269]. With the latter method, 

the dynamic course of 1O2 concentration [1O2] can be clearly recorded, following 

Equation 1.13 as theoretically described in literature [270].         

)]
τ

t
exp()

τ

t
[exp(

ττ

τ
AI

DTDT

D −−−
−

=        (1.13) 

where I is the luminescence signal intensity of 1O2 at time t, τD is the lifetime of 1O2, τT is 

the lifetime of MPc at triplet state, and A is a coefficient involved in sensitizer 

concentration and 1O2 quantum yield. 

1O2 quantum yields can then be determined using Equation 1.14: 

ODA

ODA
Φ

Std

Std
Std
∆∆ ⋅

⋅⋅Φ=          (1.14) 

where Std
∆Φ  is the singlet oxygen quantum yield of the standard; A and AStd refer to the 

coefficient for the sample and standard respectively and; OD and ODStd to the optical 

density or absorbance of the sample and standard respectively at the excitation 

wavelength. A typical singlet oxygen decay curve for MPcs is of the form shown in 

Figure 1.24.  

The singlet oxygen producing capabilities of an MPc are affected by the nature of the 

central metal. The presence of large central metal ions facilitates ISC to the triplet state, 

through the SOC theory, thus the prospect of 1O2 generation is increased. Aluminium and 

zinc Pc complexes have a closed-shell configuration (d0 and d10 respectively) and have 

shown appreciable Φ∆ values in relation to long lived triplet lifetimes. Solvent induced 

effects also bring about trends [101].  
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Figure 1.24: Typical singlet oxygen decay signal for MPcs.  

 
The photochemistry of a number of aryloxy substituted ZnPc derivatives have been 

reported (Table 1.4) [145,146,259-261]. However data pertaining to similarly substituted 

CdPc and HgPc derivatives is yet to be obtained. Heavy metals tend to promote 

population of the triplet state via ISC, through SOC processes, hence improved Φ∆. 

Singlet oxygen yields of QD-Pc conjugates give a quantitative measure of the efficiency 

of PDT; therefore the photochemical properties of these complexes will also be 

determined in this thesis.  

 

 

 

 



Introduction  

 

63 
 

Table 1.4: The photochemical properties associated with some ZnPc derivatives. 

MPc Solvent ΦΦΦΦ∆∆∆∆ ΦΦΦΦPd (10-5) Ref 

ZnPc DMSO 0.67 2.61 [145,146,262] 

ZnPc αααα-(BenzyloxyPhenoxy)4 DMSO 0.76 0.50 [261] 

ZnPc ββββ-(BenzyloxyPhenoxy)4 DMSO 0.52 0.33 [261] 

ZnPc ββββ-(t-Bu)4 DMSO - 0.13 [259] 

 EtOH 0.54 - [260] 

ZnPc ββββ-(t-Bu-Phenoxy)4 DMF 0.42 9.41 [146] 

 DMSO 0.60 3.33 [146] 

 

1.4.2 Photodegradation 

Photodegradation is the photochemical induced oxidative degradation of a molecule into 

lower molecular weight fragments [271]. It is often a singlet oxygen mediated process, 

since the ability of macrocyclic metal complexes to react with singlet oxygen has been 

reported [272-274], and is used to determine the stability of MPc molecules to light. The 

photodegradation process generally involves oxidative attack of the MPc excited triplet 

state macrocycle by singlet oxygen via a Diels-Alder cycloaddition mechanism, the 

product of which is the respective substituted phthalimide (Scheme 1.6) [102,272,273]. 

However, the process may also occur without the involvement of singlet oxygen. 

Photodegradation varies as a function of the MPc structure i.e. nature of substituents 

attached to the ring periphery and central metal, solvent, light intensity and the 

concentration of singlet oxygen since it is a singlet-oxygen mediated process. Electron-  



Introduction  

 

64 
 

 

N N

M

N N

N

N

N

N N O
O N

O

O

1O2

MPc Phthalimide
 

Scheme 1.6: [4+2] cycloaddition reaction of MPc with singlet oxygen (1O2).  

 
donating substituents hasten the probability of Pc ring photooxidative degradation. On the 

other hand, electron-withdrawing substituents confer some stability to the Pc ring 

resulting in reduced photodegradation yields owing to the difficulty in oxidizing the MPc 

ring [275-277]. Substitution at the non-peripheral (α) positions of the macrocycle are also 

known to result in a stabilizing effect an order of magnitude greater than substitution at 

the peripheral (β) positions [275]. Photodegradation is more pronounced in chlorinated 

solvents such as chloroform (CHCl3) and DCM as a result of their low basicity, which 

leaves the MPc molecule open to oxidative attack [145,182,278]. Strongly coordinating, 

highly solvating basic solvents, such as DMSO, permit axial coordination to the central 

metal atom thus partly shielding the MPc molecule from oxidative attack [279]. Rates of 

photodegradation are also reduced in the presence of some singlet oxygen quenchers due 

to their ability to trap singlet oxygen [276,277]. 

Equation 1.15 is employed for the determination of photodegradation quantum yields:  

( )
StI

VNCC
Φ

abs

At0
Pd

−=          (1.15) 
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where C0 and Ct refer to the respective MPc derivative’s concentrations (M) before and 

after irradiation, respectively; V is the reaction volume, NA the Avogadro’s number; Iabs 

the overlap integral of the radiation source intensity and the absorption of the MPc in the 

region of the interference filter transmittance [280], S is the irradiated cell area (2.0 cm2) 

and t is the irradiation time, in seconds.  

The photochemical properties of ZnPc derivatives are quite widespread [145,146,259-

261]. The aim in this thesis is to study the photochemical behaviour of newly synthesized 

CdPc, HgPc and low-symmetry ZnPc complexes (Figure 1.14). Their ability to generate 

singlet oxygen and hence their photodegradation yields will determine their efficacy as 

photosensitizers in the photocatalytic transformation of industrially important molecules.  
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1.5   Summary of Aims of Thesis 

The aims of this thesis can be summarized as follows: 

1. Synthesis, spectroscopic (ground state electronic absorption and fluorescence), 

photophysical (fluorescence quantum yields, triplet quantum yields and lifetimes) and 

photochemical (singlet oxygen quantum yields and photodegradation quantum yields) 

studies of unsubstituted, α and β-aryloxy tetra-substituted (zinc, cadmium and 

mercury complexes) and low-symmetry ZnPc derivatives.  

2. Chemical functionalization and characterization (IR, TGA, Raman) of SWCNT. 

3. Synthesis and characterization of carboxylic acid thiol capped QDs.  

4. Conjugation (via adsorption or chemical bonds) of SWCNT and QDs to low 

symmetry Pcs. 

5.  Spectroscopic, photophysical and photochemical studies of:- 

a. Adsorbed and linked low symmetry Pc-SWCNT conjugates 

b. Mixed and linked low symmetry Pc-QD conjugates.  

 

The MPcs under investigation in this thesis are (Figure 1.14):  

Unsubstituted zinc (ZnPc, 22), cadmium (CdPc, 23) and mercury (HgPc, 24) 

phthalocyanine.  

Peripherally tetra pyridyloxy substituted zinc (ββββ-ZnTPyPc, 25a) and mercury (ββββ-

HgTPyPc, 27a) phthalocyanine.  

Peripherally and non-peripherally tetra pyridyloxy (CdTPyPc), 4-(benzyloxyphenoxy) 

(CdTBzPhPc), phenoxy (CdTPhPc), or tert-butylphenoxy (CdTtBuPhPc) substituted 

CdPc derivatives (26a-d and 28a-d).  
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Peripherally tetra tert-butyl or 2-mercaptopyridine substituted ZnPc complexes (ββββ-

ZnttbPc, 29 and ββββ-ZnTMPyPc, 30).  

Low-symmetry tetra substituted ZnPc complexes (ZnttbIPc, 31) and (ZnPc-COOH, 32).   

The nanoparticles used in this study are (Figure 1.11): 

Carboxylic acid or ethylamine functionalized SWCNT (SWCNT-COOH, 1a and 

SWCNT-NH2, 1b). 

Mercaptopropionic acid capped CdTe QDs (CdTe MPA, 2).  

 

 



Experimental 

 

 

2. Experimental  

 

Incorporated in this chapter are the experimental procedures used 

during the course of the study i.e. all synthetic procedures and methods 

of characterization for all molecules used in this work are reported 

here.  
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2.1 Materials 

2.1.1 Solvents 

Benzene, chloroform, dichloromethane (DCM), diethyl ether, N,N-dimethylformamide 

(DMF), dimethylsulfoxide (DMSO), ethanol (EtOH), hexane, methanol (MeOH),  

tetrahydrofuran (THF), toluene, glacial acetic acid, nitric acid (55 %), sulfuric acid (98 

%) and thionyl chloride were purchased from SAARCHEM. Bromine was purchased 

from Merck. Ammonia (25 %), deuterated chloroform (CDCl3), deuterated DMSO 

(DMSO-d6), deuterated pyridine (pyridine-d5), nitrobenzene and trifluoroacetic acid 

(TFA) were purchased from Sigma-Aldrich. All solvents were of reagent grade and 

purified according to the methods described by Perrin and Armarego [281]. 

 

2.1.2 Synthesis and photophysicochemical reagents 

Biobeads Sx-2 for size exclusion chromatography was purchased from BIO-RAD 

Laboratories. 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-

hydroxysuccinimide (NHS) were purchased from Fluka. 1-octanol, silica gel 60 (0.04 – 

0.063 mm) and silica gel 60 P F254 for column and preparative thin layer chromatography 

(TLC) respectively, were purchased from Merck. Ammonium molybdate, cadmium 

chloride, ethylenediamine, phenol, potassium carbonate, potassium bromide, sodium 

borohydride, sodium hydroxide, sodium nitrite were purchased from SAARCHEM. 4-

(benzyloxy)phenol, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), 4-(3,4-

dicyanophenoxy)benzoic acid, 1,3-diphenylisobenzofuran (DPBF), 2-hydroxypyridine, 3-

mercaptopropionic acid (MPA), 3-nitrophthalonitrile (10), 4-(2-mercaptopyridine), 4-

nitrophthalonitrile (13), 1-pentanol, 4-tert-butylphenol, 4-phenol, 4-tert-butylphthalic 
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anhydride (48), cadmium acetate dihydrate, calcium hydride, mercury chloride, 

phthalonitrile, pyromellitic dianhydride (benzene-1,2,4,5-tetracarboxylic dianhydride, 

17), quinoline, single-walled carbon nanotubes (SWCNT, 0.7 – 1.2 nm in diameter and 2 

– 20 µm in length), tellurium powder (200 mesh), thioglycolic acid (TGA), Triton-X 100 

(tert-octylphenoxypolyethoxyethanol), urea and zinc acetate dihydrate were purchased 

from Sigma-Aldrich. Reagents were used without any further purification. Ultra pure 

water of resistivity 18.2 Ω was obtained from a Milli-Q Water System (Millipore Corp., 

Bedford, MA, USA) and used for all aqueous solutions and for purification of the 

SWCNT.  

 

2.2 Instrumentation  

1. FT-IR spectra (KBr pellets) were recorded on a Perkin-Elmer spectrum 2000 FT-IR 

spectrometer.  

2. Ground state electronic absorption spectra were recorded on a Cary 500 UV/Vis/NIR 

spectrophotometer. 

3. 1H-nuclear magnetic resonance (1H-NMR) spectra were obtained in deuterated 

solvents, using a Bruker EMX 400 MHz NMR spectrometer and a Bruker AVANCE 

II 600 MHz spectrometer.  

4. Elemental analyses were carried out at Rhodes University using a Vario Elementar 

EL111 Series.  

5. MALDI-TOF mass spectra were recorded using an Applied Biosystems Voyager-DE 

STR at the University of Stellenbosch in Cape Town, South Africa.  
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6. Magnetic circular dichroism (MCD) spectra were recorded at Tohoku University, 

Sendai, Japan, with a JASCO J-725 spectrodichrometer equipped with a JASCO 

electromagnet producing magnetic fields of up to 1.09 T (tesla) with both parallel and 

anti-parallel fields. 

7. Molecular orbital calculations were performed at Tohoku University, Sendai, Japan, 

with the aid of the G03W software package [221] to analyze the electronic structure 

of the molecule.  The molecular geometries were first optimized at the DFT level 

using the B3LYP functional with 6−31G(d) basis sets, followed by TD−DFT 

calculations. 

8. Thermal gravimetric analysis (TGA) was carried out using a Perkin-Elmer TGA 7 

thermogravimetric analyzer at a heating rate of 10°C min-1 in a high-purity nitrogen 

and air atmosphere. The resultant data was analyzed with Pyris Version 4.01 

software.  

9. Raman spectra was obtained with a Bruker Vertex 70 – Ram II spectrometer 

(equipped with a 1064 nm Nd:YAG laser and a liquid nitrogen cooled germanium 

detector). Solid samples diluted with KBr were used.  

10. X-ray powder diffraction patterns were recorded on a Bruker D8, Discover equipped 

with a proportional counter, using Cu-Kα radiation (λ = 1.5405 Å, nickel filter).  

Data were collected in the range from 2θ = 15º to 60º, scanning at 1º min-1 with a 

filter time-constant of 2.5 s per step and a slit width of 6.0 mm.  Samples were placed 

on a silicon wafer slide. The X-ray diffraction data were treated using the freely-

available Eva (evaluation curve fitting) software. Baseline correction was performed 

on each diffraction pattern by subtracting a spline fitted to the curved background and 
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the full-width at half-maximum values used in this study were obtained from the 

fitted curves.  

11. Fluorescence emission and excitation spectra were obtained on a Varian Eclipse 

spectrofluorimeter. 

12. Fluorescence lifetimes were measured using a time correlated single photon counting 

(TCSPC) setup (Figure 2.1) (FluoTime 200, Picoquant GmbH) with a diode laser 

(LDH-P-670 with PDL 800-B, Picoquant GmbH, 670 nm, 20 MHz repetition rate, 44 

ps pulse width) or a light emitting diode (LED) and a linear polariser (PLS-500 with 

PDL 800-B, Picoquant GmbH, 497 nm, 10 MHz repetition rate). Fluorescence was 

detected under the magic angle with a peltier cooled photomultiplier tube (PMT) 

(PMA-C 192-N-M, Picoquant) and integrated electronics (PicoHarp 300E, Picoquant 

GmbH).  A monochromator with a spectral width of about 4 nm or 8 nm was used to 

select the required emission wavelength band. The response function of the system, 

which was measured with a scattering Ludox solution (DuPont), had a full width at 

half-maximum (FWHM) of about 300 ps and 950 ps for the diode laser and LED 

respectively. The data were analysed with the program FluorFit (Picoquant). The 

support plane approach [248] was used to estimate the errors of the decay times. 

 

 

 

 

 

 



 

 

 

 
Figure 2.1: Schematic diagram of the TCSPC set

 
13. A laser flash photolysis system was used for the determination of triplet absorption 

and decay kinetics (Figure 2.2). The

Ray Nd:YAG laser (1.5 J

laser (Pyridin 1 in methanol). The analyzing beam source was from a Thermo Oriel 

66902 xenon arc lamp, and a Kratos Lis Projekte MLIS

used as the detector. Signals were recorded with a two

time oscilloscope (Tektronix TDS 3032C); the kinetic curves were averaged over 256 

laser pulses.  

 

 

 

 

Schematic diagram of the TCSPC set-up.  

A laser flash photolysis system was used for the determination of triplet absorption 

and decay kinetics (Figure 2.2). The excitation pulses were produced by a Quanta

1.5 J / 90 ns at 8 Hz), pumping a Lambda Physic FL 3002 dye 

laser (Pyridin 1 in methanol). The analyzing beam source was from a Thermo Oriel 

66902 xenon arc lamp, and a Kratos Lis Projekte MLIS-X3 photomultiplier tube was 

used as the detector. Signals were recorded with a two-channel, 300 MHz digital real

time oscilloscope (Tektronix TDS 3032C); the kinetic curves were averaged over 256 
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A laser flash photolysis system was used for the determination of triplet absorption 

excitation pulses were produced by a Quanta-
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X3 photomultiplier tube was 

00 MHz digital real-
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Figure 2.2: Schematic diagram of a laser flash photolysis set

 
14. Photo-irradiations for singlet oxygen 

determinations were done 

General Electric Quartz line lamp (300W), a 600 nm glass cut off filter (Schott) and a 

water filter were used to filter off ultraviolet and infrared radiations 
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This solvent mixture allows for solubilization of the 

and phthalocyanine while maintaining the monomeric nature of the 

phthalocyanine. Absorption spectra of MPcs alone have been obtained in various 

solvents. All measurements were performed at room temperature, in a 1 cm quartz cell.  
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2.3.2 Magnetic circular dichroism (MCD) spectra 

MCD spectra were obtained at room temperature in a 1cm spectrophotometric quartz cell, 

using the same MPc solutions used for electronic absorption measurements, with 

concentrations of ~ 10-5 M. The solutions were placed in the MCD spectrometer and 

spectra recorded in parallel and anti-parallel magnetic fields.  

 

2.3.3 Fluorescence spectra and quantum yields 

In order to obtain fluorescence spectra, solutions of MPcs and SWCNT or QDs under 

investigation, and the required standards, were prepared such that the absorbance of each 

at the excitation wavelength was ~ 0.05. For the ZnPc-SWCNT conjugates, absorption 

corrections (with respect to the carbon nanotubes) were made to ensure an absorbance 

between 0.04 and 0.05 for ZnPc only. This is to ensure that excitation occurs for ZnPc 

only. The area under the curves was measured and fluorescence quantum yields (ΦF) 

calculated using Equation 1.4 and unsubstituted ZnPc in DMF ( Std
FΦ  = 0.30 [240]) or 

Rhodamine 6G in ethanol (Std
FΦ  = 0.94 [248,282]) as standards. The settings on the 

instrument remained unchanged until the end of the experiment, so that the spectra of the 

conjugates and the standard were comparable.  

 

2.3.4 Fluorescence lifetimes 

Fluorescence lifetimes (τF) for the MPc-SWCNT and MPc-QD conjugates were 

determined from TCSPC measurements using the setup shown in Figure 2.1. The ratio of 

stop to start pulses was kept low (below 0.05) to ensure good statistics.  All luminescence 

decay curves were measured at the maximum of the emission peak and the corresponding 
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lifetimes obtained by deconvolution of the decay curves using the FluorFit Software 

program (PicoQuant GmbH, Germany).  

 

2.3.5 Triplet quantum yields and lifetimes 

Triplet quantum yields (ΦT) and triplet lifetimes (τT) were determined by monitoring and 

recording triplet absorption and decay kinetic profiles using the laser flash photolysis set-

up as shown in Figure 2.2. Solutions of the respective MPc complexes (absorbance ~ 1.5) 

were introduced into a 1 cm pathlength spectrophotometric cell, de-aerated with argon 

gas for ~ 20 min and irradiated at the Q band with the laser system described above. 

Triplet quantum yields (ΦT) of the MPc complexes were determined by the triplet 

absorption method, Equation 1.9 using ZnPc (Std
TΦ  = 0.58 in DMF [241], 0.65 in DMSO 

[283] and 0.65 in toluene [284]) as standard. Triplet lifetimes were determined by 

exponential fitting of the kinetic curves using OriginPro 7.5 software.  

 

2.3.6 Singlet oxygen and photodegradation quantum yields 

Singlet oxygen quantum yield (Φ∆) and photodegradation quantum yield (ΦPd) 

experiments were carried out using the experimental set-up shown in Figure 2.3 

[278,280]. Singlet oxygen quantum yield (Φ∆) values were determined in air using a 2 mL 

solution of the respective MPc mixed with DPBF, which acts as a singlet oxygen 

chemical quencher in organic solvents, in a 1 cm pathlength spectrophotometric quartz 

cell fitted with a tight-fitting stopper and then photolysed at the Q band using a 300W 

General electric quartz lamp, as described above.  Determinations of photodegradation 

quantum yields are carried out in a similar manner, but in the absence of a chemical 
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quencher, where a steady decline in the Q band absorption intensity with time was noted 

and used for calculation of ΦPd according to Equation 1.15.  

Monitoring the degradation of DPBF, at ~ 416 nm, with time allowed the determination 

of Φ∆ values using Equation 1.11.  Chain reactions induced by DPBF in the presence of 

singlet oxygen often occur [273] therefore the initial concentration of DPBF was lowered 

to ~ 3 x 10-5 M for all solutions. The initial quencher concentrations (corresponding to an 

absorbance of ~1.0) were kept the same for both the standard and the MPcs. ZnPc in 

various solvents ( StdΦ∆  = 0.56 in DMF [273], 0.67 in DMSO [259], 0.53 in THF [285] 

and 0.58 in toluene [226]) was employed as a standard.  

The generation of singlet oxygen from MPc-QD conjugates was determined in air by 

direct detection of the 1270 nm emission of singlet oxygen using the setup shown in 

Figure 2.4. Determinations were made in the absence and presence of sodium azide 

(NaN3), a physical quencher of singlet oxygen. The dynamic course of 1O2 concentration 

[1O2] can be clearly recorded, following Equation 1.13 and Φ∆ thus determined using 

Equation 1.14, employing ZnPc in DMF (Φ∆ = 0.56 [273]) as standard.  

 

2.4 Synthesis 

2.4.1 Functionalization of single-walled carbon nanotubes (Scheme 3.1) 

Single-walled carbon nanotubes (SWCNT, 0.7 – 1.2 nm in diameter and 2 – 20 µm in 

length) were purchased from Sigma-Aldrich and used without any further purification.  

SWCNT: IR [(KBr) υmax/cm-1]: 3438, 2924, 2853, (C-H), 1639 (C=O). [Raman υmax/cm-

1]: 2540 (G*), 1595 (G), 1270 (D). 
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Functionalization of SWCNT (to form SWCNT-COOH) (1a) (Scheme 3.1(i)) 

Following literature methods [6,9,10,22], SWCNT (100 mg, 8.3 mmol of C) were heated 

at 70°C, for 2 h, in a mixture of sulfuric acid and nitric acid (3:1 by v/v), Scheme 3.1(i). 

The acid modified SWCNT were centrifuged with millipore water several times until pH 

7 was obtained, giving carboxylic acid functionalized SWCNT, SWCNT-COOH 1a. 

The tubes were then dried overnight at 70°C to give 65.6 mg of SWCNT-COOH.  

SWCNT-COOH (1a): IR [(KBr) υmax/cm-1]: 3553, 3479, 3414 (O-H), 1639, 1617 

(C=O). [Raman υmax/cm-1]: 2546 (G*), 1597 (G), 1276 (D). 

 

Functionalization of SWCNT with ethylenediamine (to form SWCNT-NH 2) (1b) 

(Scheme 3.1(ii)) 

Pristine SWCNT (70 mg, 5.8 mmol of C) were mixed with NaNO2 (93 mg, 1.4 mmol) 

and ethylenediamine (85 mg, 1.4 mmol). Concentrated H2SO4 (0.061 mL, 1.2 mmol) was 

added and the mixture heated for 1 h at 60°C. The mixture was then allowed to cool, then 

DMF added and the mixture centrifuged and washed several times with this solvent and 

finally with water to remove any un-reacted ethylenediamine from the product.  

SWCNT-NH2 (1b): IR [(KBr) υmax/cm-1]: 3552, 3478, 3415 (N-H), 2921, 2852 (C-H), 

1639, 1617 (N-H). [Raman υmax/cm-1]: 2539 (G*), 1593 (G), 1268 (D). 

 

2.4.2 Synthesis of quantum dots (2) (Scheme 3.2) 

Thiol capped CdTe quantum dots were prepared by an aqueous hydrothermal method 

adapted from literature [60,64,65]. A Cd precursor solution was prepared by dissolving 

CdCl2.2H2O (2.19 g, 10 mmol) in millipore water (110 mL) in a 3-neck flask, Figure 1.6. 
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Mercaptocarboxylic acid (2.55 g, 24 mmol) used as a capping agent for the CdTe QDs 

(2), was then added under stirring at room temperature. The solution was then adjusted to 

pH 12 by dropwise addition of 1 M NaOH and nitrogen gas bubbled through the solution 

for 1 h. The aqueous solution was then reacted with a NaHTe solution. The typical molar 

ratio of Cd:Te:Thiol in each experiment was 2:1:4.8. The NaHTe solution was prepared 

separately by a method described in literature [60,66-68], with little modification. 

Briefly, 500 mg (13.2 mmol) of NaBH4 was transferred to a 15 mL 3-neck flask, 10 mL 

of millipore water was added and nitrogen bubbled through the solution. 640 mg of 

tellurium powder was added in the flask after which an ice bath was maintained around 

the reaction flask for cooling. A small outlet was connected to the flask during the 

reaction to discharge the pressure from the resulting hydrogen. After ~ 8 h, the black 

tellurium powder disappeared and a white sodium tetraborate precipitate appeared at the 

bottom of the flask. The resulting clear supernatant contained NaHTe and this was 

separated and used in the preparation of the required CdTe particles. The freshly prepared 

oxygen-free NaHTe solution was injected into the Cd precursor solution under vigorous 

stirring. A rapid change in color occurred at this stage. The solution was then refluxed 

under air at 100°C for different time periods to control the size of the CdTe QDs. 

Aliquots of the reaction solution were taken out at regular intervals and the fluorescence 

emission spectra recorded until the desired wavelength (and hence size) was achieved. 

Precipitation of the respective QDs from the aqueous solution was achieved using excess 

EtOH, following which the solutions were centrifuged to obtain solid QD samples (2) 

which were dried in vacuo. The MPA capped CdTe QDs (2) synthesized in this work had 
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an emission peak at 640 nm. The QD sizes were estimated using a polynomial fitting 

function (Equation 2.1) [286]: 

D = (9.8127 x 10-7)λ3 – (1.7147 x 10-3)λ2 + (1.0064)λ – 194.84   (2.1) 

where λ refers to the absorption maxima of the QDs. This fitting function is not valid for 

sizes of quantum dots outside the size range of 1-9 nm [286]. XRD was also employed as 

discussed in Chapter 3.  

CdTe MPA (2): IR [(KBr) υmax/cm-1]: 3467 (O-H), 2930, 2867 (C-H), 1576 (C=O). UV-

Vis (0.1 M NaOH):  λmax nm (log ε): 575 (4.54). [Raman υmax/cm-1]: 3235, 2827, 1604, 

881. 

 

2.4.3 Synthesis of unsubstituted MPcs [142-144]  

The synthesis of zinc (II) phthalocyanine, ZnPc (22) has been well documented in 

literature [142]. It can also be purchased from suppliers such as Sigma-Aldrich. 

ZnPc (22) Yield: 71 %. UV-Vis (DMSO): λmax nm (log ε): 342 (4.02), 640 (3.58), 672 

(5.38). IR [(KBr) υmax/cm-1]: 1605, 1490, 1462, 1441, 1349, 1334, 1279, 1211, 1145, 961, 

845, 809, 751, 728.  

  

Unsubstituted cadmium (II) phthalocyanine, CdPc (23) and mercury (II) phthalocyanine, 

HgPc (24) were synthesized and purified following a similar reported method [142-144] 

for ZnPc. Phthalonitrile (1.28 g, 10 mmol) and the corresponding metal salt (2.5 mmol), 

(CdCl2 for cadmium (II) phthalocyanine and HgCl2 for mercury (II) phthalocyanine) were 

suspended in 1-pentanol (5 mL) and refluxed at 120°C, for 6 h, in the presence of DBU 

(10 mmol). The dark blue-green precipitate was collected using methanol. The crude 
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product was then washed with methanol for 48 h, followed by acetone using Soxhlet 

apparatus. 

CdPc (23) Yield: 0.30 g (20 %). UV/Vis (DMSO): λmax nm (log ε): 346 (4.67), 612 

(4.57), 679 (5.37). IR [(KBr) υmax/cm-1]:  3048 (C-H), 1609, 1560 (C-C), 1113, 724 (C-

H). 1H-NMR (DMSO-d6): δ, ppm: 9.37 (8-H, m, Pc-H), 8.21 (8-H, m, Pc'-H).  

 

HgPc (24) Yield: 0.15 g (8.5 %). UV/Vis (DMSO): λmax nm (log ε):  330 (4.52), 618 

(4.27), 681 (5.25). IR [(KBr) υmax/cm-1]: 3049, 2541 (C-H), 1845, 1560 (C-C), 1217, 

1118, 733, 713 (C-H). 1H-NMR (DMSO-d6): δ, ppm: 9.55 (8-H, bs, Pc-H), 8.20-7.99 (8-

H, m, Pc'-H).  

 

2.4.4 Synthesis of mono-substituted phthalonitriles (Schemes 3.3 and 3.4) 

[117,138,147,183,261,287,288] 

3-(2-Pyridyloxy)phthalonitrile (44a): In the presence of a steady flow of nitrogen, 

2-hydroxypyridine (3.90 g, 41 mmol) and 3-nitrophthalonitrile (10) (5.00 g, 29 mmol) 

were suspended in dry DMSO (30 mL). Anhydrous K2CO3 (9.70 g, 70 mmol) was added 

and the mixture stirred at room temperature. Further aliquots of K2CO3 (2.43 g, 18 mmol) 

were added portion-wise after 4 h and 24 h of stirring. The reaction mixture was then 

stirred for a further 24 h. After 48 h total reaction time, the mixture was poured into H2O, 

thus resulting in a precipitate that was filtered, washed several times with water and 

finally recrystallized from MeOH/water (1:1) to give a brownish yellow solid product. 

Yield: 6.09 g (95 %). IR [(KBr) υmax/cm-1]: 2239 (C≡N), 1290 (C-O-C), 1210, 1182, 

1162 (C-N).  1H-NMR (400 MHz, DMSO-d6): δ, ppm: 8.28-8.26 (1-H, d, Ar-H), 8.12-
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7.93 (2-H, m, Ar-H), 7.78-7.72 (1-H, d, Ar-H), 7.65-7.61 (1-H, t, Ar-H), 6.60-6.58 (1-H, 

d, Ar-H), 6.46-6.44 (1-H, t, Ar-H). 

 

3-[(4-Benzyloxy)phenoxy]phthalonitrile (44b):  Synthesis and purification was as 

described for 44a, using 3-(4-benzyloxy)phenol (8.40 g, 42 mmol) and (10) (6.00 g, 35 

mmol) to give a light brown solid product. Yield: 6.84 g (91 %). IR [(KBr) υmax/cm-1]: 

2228 (C≡N), 1244 (C-O-C).  1H-N-MR (400 MHz, DMSO-d6): δ, ppm: 7.53 (1-H, s, Ar-

H), 7.47-7.32 (6-H, m, Ar-H), 7.05 (5-H, m, Ar-H), 5.10 (2-H, s, CH2). 

 

3-Phenoxyphthalonitrile (44c): Synthesis and purification was as described for 44a, 

using phenol (5.64 g, 60 mmol) and (10) (6.00 g, 35 mmol) to give a brownish yellow 

solid product. Yield: 7.52 g (97 %). IR [(KBr) υmax/cm-1]: 2231 (C≡N), 1264 (C-O-C).  

1H-NMR (400 MHz, DMSO-d6): δ, ppm: 7.08-6.95 (2-H, m, Ar-H), 6.77-6.61 (2-H, m, 

Ar-H), 6.56-6.35 (4-H, m, Ar-H). 

 

3-(4-Tert-butylphenoxy)phthalonitrile (44d): Synthesis and purification was as 

described for 44a, using 4-tert-butylphenol (7.80 g, 51 mmol) and (10) (6.00 g, 35 mmol) 

to give a brownish yellow solid product. Yield: 9.40 g (97 %). IR [(KBr) υmax/cm-1]: 2230 

(C≡N), 1208 (C-O-C).  1H-NMR (400 MHz, DMSO-d6): δ, ppm: 7.84-7.78 (2-H, m, Ar-

H), 7.50 (2-H, d, Ar-H), 7.26-7.21 (1-H, m, Ar-H), 7.14 (2-H, d, Ar-H), 1.30 (9-H, s, t-

Bu). 
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4-(2-(Pyridyloxy)phthalonitrile (45a): Synthesis and purification was as described 

for 44a, using 2-hydroxypyridine (7.00 g, 74 mmol) and 4-nitrophthalonitrile (13) (8.50 

g, 49 mmol) to give a brownish-yellow solid product. Yield: 10.3 g (95 %).  IR [(KBr) 

υmax/cm-1]: 2284 (C≡N), 1220 (C-O-C).  1H-NMR (400 MHz, DMSO-d6): δ, ppm: 8.34 

(1-H, s, Ar-H), 8.27-8.25 (1-H, d, Ar-H), 8.04-8.02 (1-H, d, Ar-H), 7.70 (1-H, d, Ar-H), 

7.52 (1-H, t, Ar-H), 6.52-6.49 (1-H, d, Ar-H), 6.37 (1-H, t, Ar-H).   

 

4-[(4-Benzyloxy)phenoxy]phthalonitrile (45b): Synthesis and purification was as 

described for 44a, using 4-(benzyloxy)phenol (8.40 g, 42 mmol) and (13) (6.00 g, 35 

mmol) to give a brownish yellow solid product. Yield: 7.18 g (63 %). IR [(KBr) υmax/cm-

1]: 2229 (C≡N), 1236 (C-O-C).  1H-NMR (400 MHz, DMSO-d6): δ, ppm: 7.26 (1-H, d, 

Ar-H), 6.88 (1-H, s, Ar-H), 6.67-6.48 (6-H, m, Ar-H), 6.36-6.30 (4-H, m, Ar-H), 4.32 (2-

H, s, CH2). 

 

4-Phenoxyphthalonitrile (45c): Synthesis and purification was as described for 44a, 

using phenol (5.64 g, 60 mmol) and (13) (6.00 g, 35 mmol) to give a brownish yellow 

solid product. Yield: 7.38 g (96 %). IR [(KBr) υmax/cm-1]: 2234 (C≡N), 1249 (C-O-C).  

1H-NMR (400 MHz, CDCl3): δ, ppm: 7.68 (1-H, d, Ar-H), 7.43 (2-H, t, Ar-H), 7.28 (3-H, 

m, Ar-H), 7.04 (2-H, d, Ar-H). 

 

4-(4-Tert-butylphenoxy)phthalonitrile (45d): Synthesis and purification was as 

described for 44a, using 4-tert-butylphenol (7.80 g, 52 mmol) and (13) (6.00 g, 35 mmol) 

to give a brownish yellow solid product. Yield 9.11 g (94 %). IR [(KBr) υmax/cm-1]: 2230 
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(C≡N), 1240 (C-O-C). 1H-NMR (400 MHz, CDCl3): δ, ppm: 7.70 (1-H, d, Ar-H), 7.47 

(2-H, d, Ar-H), 7.25 (2-H, d, Ar-H), 6.99 (2-H, m, Ar-H), 1.34 (9-H, s, t-Bu).  

 

4-(2-Mercaptopyridine)phthalonitrile (46), Scheme 3.4 [147,288]: Under a steady 

flow of nitrogen, 2-mercaptopyridine (2.33 g, 21 mmol) and (13) (3.63 g, 21 mmol) were 

dissolved in DMF (30 mL) and the mixture stirred for 15 min at room temperature. 

Thereafter, anhydrous K2CO3 (7.5 g, 54 mmol) was added portion-wise over a period of 4 

h and the reaction mixture left to stir for a further 12 h. The mixture was then added to 

water and stirred for 30 min. The resulting precipitate was filtered off, washed thoroughly 

with water, dried and recrystallized from ethanol to give a brownish yellow solid product. 

Yield: 3.79 g (76 %). IR [(KBr) υmax/cm-1]: 2231 (C≡N), 1282, 1157, 1129 (C-N), 643 

(C-S-C).  1H-NMR (400 MHz, DMSO-d6): δ, ppm: 8.50 (1-H, d, Ar-H), 8.28 (1-H, s, Ar-

H), 8.09 (1-H, d, Ar-H), 7.91 (1-H, dd, Ar-H), 7.81-7.68 (1-H, m, Ar-H), 7.46 (1-H, d, 

Ar-H), 7.35 (1-H, m, Ar-H). 

 

4-(3,4-Dicyanophenoxy)benzoic acid (47), Scheme 3.4 [138]: To dry DMSO (30 

mL) under nitrogen, was added 3.5 g (25 mmol) of K2CO3. 4-Hydroxybenzoic acid (2.36 

g, 17.1 mmol) and (13) (2.0 g, 11.5 mmol) were added to the suspension. After 4 h and 

24 h, more K2CO3 (3.5 g, 25 mmol) was added to the mixture. The mixture was stirred at 

room temperature for 5 days, following which the formed precipitate was dissolved in 

water (600 ml), and the pH of the solution adjusted to 1 by addition of HCl to give a 

beige coloured product. Yield: 3.10 g (69 %). IR [(KBr) υmax/cm-1]:  3088 (C-H), 2231 

(C≡N), 1678, 1591 (C=O), 1491, 1254 (C-O-C), 851 (C-H). 1H-NMR (400 MHz, 
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DMSO-d6): δ, ppm: 13.09 (1-H, s, -COOH), 8.13 (1-H, d, 6’-H), 8.03 (2-H, m, 3,5-H), 

7.89 (1-H, d, 3’-H), 7.58 (1-H, dd, 5’-H), 7.29 (2-H, m, 2,6-H).  

 

2.4.5 Synthesis of symmetrical aryloxy tetra-substituted MPcs (Scheme 3.3)  

Tetrakis{2,(3)-pyridyloxyphthalocyaninato}zinc(II) (ββββ-ZnTPyPc, 25a) [147,288]  

Under an inert nitrogen atmosphere, compound 45a (2.5 g, 14.6 mmol) was dissolved in 

dry 1-pentanol (~ 15 mL). To this solution, zinc acetate (0.60 g, 2.8 mmol) and DBU 

(1.49 mL, 10 mmol) were added and the mixture heated under reflux at 160°C for 16 h. 

The resultant dark-green coloured precipitate was then added to methanol, filtered and 

purified using methanol and acetone in Soxhlet apparatus to give a dark-green solid 

which was oven dried at 90°C.  Yield: 1.30 g (50 %). UV/Vis (DMSO): λmax nm (log ε): 

340 (4.50), 615 (4.32), 680 (5.36). IR [(KBr) υmax/cm-1]:  3040 (C-H), 1583 (C-C), 1245 

(C-O), 1135, 1096 (C-O-C), 865, 764 (C-H). 1H-NMR (400 MHz, DMSO-d6): δ, ppm: 

9.36-9.23 (8-H, m, Pc-H), 8.20 (4-H, bs, Pc'-H), 7.71-7.69 (16-H, m, pyridyloxy).  

MALDI-TOF-MS m/z: Calc. 950.254 amu; Found: 950.29 amu [M]+. Anal. Calc. For 

C52H28N12O4Zn: C (65.72), H (2.97), N (17.69); Found: C (66.60), H (3.01), N (17.92).   

 

Tetrakis{2,(3)-pyridyloxyphthalocyaninato}cadmium(I I)  (ββββ-CdTPyPc, 26a)  

The synthetic and purification procedure for 26a was similar to that used for complex 25a 

using cadmium chloride (CdCl2) instead of zinc acetate. Amounts of reagents used were: 

compound 45a (2.5 g, 14.6 mmol), 1-pentanol (15 mL) and CdCl2 (0.60 g, 2.72 mmol).  

Yield: 1.52 g (56 %). UV/Vis (DMSO): λmax nm (log ε): 355 (4.70), 618 (4.52), 685 

(5.30). IR [(KBr) υmax/cm-1]:  1614 (C-C), 1205 (C-O), 1133, 1090 (C-O-C), 765 (C-H). 
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1H-NMR (400 MHz, DMSO-d6): δ, ppm: 9.47-9.37 (8-H, m, Pc-H), 8.18 (4-H, bs, Pc'-H), 

7.71-7.69 (16-H, m, pyridyloxy).  MALDI-TOF-MS m/z: Calc. 997.264 amu; Found: 

998.01 amu [M]+. Anal. Calc. For C52H28N12O4Cd: C (62.62), H (2.83), N (16.86); 

Found: C (62.65), H (2.83), N (16.85).   

 

Tetrakis{2,(3)-(4-benzyloxy)phenoxyphthalocyaninato}cadmium(II) ( ββββ-CdTBzPhPc, 

26b) 

Synthesis was as outlined for 25a using the following reagents and quantities: 45b (0.625 

g, 1.82 mmol), cadmium acetate dihydrate (0.120 g, 0.452 mmol), 1-pentanol (~ 2 mL), 

DBU (0.243 mL, 1.63 mmol). However in terms of purification: the crude product was 

purified by column chromatography, eluting with CHCl3/MeOH (10:1). Soxhlet 

extraction first with acetone and then with EtOH gave the desired compound 26b. Yield: 

0.15 g (23 %). UV-Vis (DMSO): λmax nm (log ε): 341 (4.12), 631 (3.89), 656 (3.90), 688 

(4.13). IR [(KBr) υmax/cm-1]:  2848 (C-H), 1216 (C-O-C). 1H-NMR (400 MHz, CDCl3): 

δ, ppm: 7.83-7.16 (56-H, m, Ar-H/Pc-H/CH2). MALDI-TOF MS m/z: Calc. 1417.8 amu; 

Found: 1418.24 amu [M]+. Anal. Calc. For C84H56N8O8Cd: C (71.16), H (3.98), N (7.90); 

Found: C (70.16), H (4.02), N (8.33). 

 

Tetrakis{2,(3)-phenoxyphthalocyaninato}cadmium(II) (ββββ-CdTPhPc, 26c) 

Following a similar synthetic procedure as in 25a, 26c was prepared using 45c (1.15 g, 

5.22 mmol), cadmium acetate (0.50 g, 1.25 mmol excess) and DBU (5 mmol) in 1-

octanol (10 mL). Purification according to 26b was used. Yield: 0.23 g (18 %). UV/Vis 

(DMSO): λmax nm (log ε): 350 (4.83), 613 (4.61), 681 (5.22). IR [(KBr) υmax/cm-1]: 3167-
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3061 (C-H), 1232 (C-O-C). 1H-NMR (600 MHz, CDCl3): δ, ppm:  7.70-7.09 (32-H, m, 

Ar-H/Pc-H). Anal. Calc. For C56H32N8O4Cd: C (67.71), H (3.25) N (11.28); Found: C 

(68.58), H (3.85), N (11.42). 

 

Tetrakis{2,(3)-tert-butylphenoxyphthalocyaninato}cadmium(II) (ββββ-CdTtBuPhPc, 

26d) 

Following a similar synthetic and purification procedure as in 25a, 26d was prepared 

using 45d (1.38 g, 5.00 mmol), cadmium acetate (0.50 g, 1.25 mmol excess) and DBU (5 

mmol) in 1-octanol (10 mL). On cooling, the dark green solution was added to MeOH (~ 

50 mL), filtered and chromatographed using silica-gel 60, using THF as the eluting 

solvent. A dark green solid was obtained once the solvent was removed by evaporation. 

Yield: 0.25 g (17 %). UV/Vis (DMSO): λmax nm (log ε): 355 (5.08), 613 (4.80), 684 

(5.47). IR [(KBr) υmax/cm-1]: 2955 (C-H), 1235 (C-O-C). 1H-NMR (600 MHz, CDCl3): δ, 

ppm: 7.82-7.73 (2-H, br s, Pc-H),  7.69 (2-H, dd, Pc-H), 7.57 (3-H, m, Pc-H), 7.51 (5-H, 

m, Pc-H), 7.42-7.40 (7-H, m, Ar-H), 7.06-7.03 (9-H, m, Ar-H), 1.33 (36-H, s, t-Bu). 

Anal.  Calc. For C72H64N8O4Cd: C (71.01), H (5.30), N (9.20); Found: C (72.23), H 

(6.38), N (7.23). 

 

Tetrakis{2,(3)-pyridyloxyphthalocyaninato}mercury(I I) (ββββ-HgTPyPc, 27a)  

The synthetic and purification procedure for 27a was similar to that used for complex 25a 

using mercury chloride (HgCl2) instead of zinc acetate. Amounts of the reagents were: 

compound 44a (2.50 g, 14.6 mmol), 1-pentanol (15 mL) and HgCl2 (0.74 g, 2.72 mmol).  

Yield: 1.20 g (41 %). UV/Vis (DMSO): λmax nm (log ε): 340 (4.55), 623 (4.06), 690 
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(5.17). IR [(KBr) υmax/cm-1]: 3045 (C-H), 1586 (C-C), 1270 (C-O), 1130, 1098 (C-O-C), 

748 (C-H). 1H NMR (DMSO-d6): δ, ppm: 9.31-8.94 (8-H, m, Pc-H), 8.19 (4-H, bs, Pc'-

H), 7.80-7.68 (16-H, m, pyridyloxy).  MALDI-TOF-MS m/z: Calc. 1085.464 amu; Found: 

1085.66 amu [M]+. Anal. Calc. For C52H28N12O4Hg: C (57.53), H (2.60), N (15.49); 

Found: C (58.30), H (2.64), N (15.68).   

 

Tetrakis{1,(4)-(2-pyridyloxy)phthalocyaninato}cadmium(II) ( αααα-CdTPyPc, 28a) 

A similar synthetic procedure to that for 25a was followed employing cadmium acetate 

instead of zinc acetate. Amounts of reagents were: 44a (0.396 g, 1.82 mmol), cadmium 

acetate dihydrate (0.121 g, 0.456 mmol), 1-pentanol (~ 3 mL), DBU (0.243 mL, 1.63 

mmol). Purification according to 26b was used. Yield: 0.09 g (19 %).  UV-Vis (DMSO): 

λmax nm (log ε): 323 (4.40), 389 (4.16), 620 (3.99), 684 (4.80). IR [(KBr) υmax/cm-1]:  

1620 (C-C), 1110 (C-O-C). 1H-NMR (600 MHz, DMSO-d6): δ, ppm: 8.82-6.15 (28-H, m, 

Ar-H/Pc-H).  MALDI-TOF MS m/z: Calc. 997.27 amu; Found: 997.84 amu [M+H]+. 

Anal. Calc. For C52H28N12O4Cd: C (62.63), H (2.83), N (16.85); Found: C (62.44), H 

(2.82), N (16.80).   

 

Tetrakis{1,(4)-(4-benzyloxy)phenoxyphthalocyaninato}cadmium(II)   

(αααα-CdTBzPhPc, 28b) 

The synthetic procedure for 28b was similar to that used for complex 26b using 44b 

(0.625 g, 1.82 mmol), dry 1-pentanol (~ 2 mL), cadmium acetate dihydrate (0.121 g, 

0.454 mmol) and DBU (0.243 mL, 1.63 mmol). Purification was similar to that reported 

for 26b. Yield: 0.17 g (35 %). UV-Vis (DMSO): λmax nm (log ε): 327 (4.81), 397 (4.60), 
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632 (4.50), 702 (5.32). IR [(KBr) υmax/cm-1]:  2954 (C-H), 1199 (C-O-C). 1H-NMR (400 

MHz, DMSO-d6): δ, ppm: 9.73-9.03 (4-H, m, Pc-H), 8.66-8.22 (4-H, m, Pc’-H), 8.24-

7.68 (28-H, m, Pc’-H, Phenyl-H), 7.70-7.30 (12-H, m, Phenyl-H), 5.64-5.39 (8-H, m, 

CH2). MALDI-TOF MS m/z: Calc. 1417.8 amu; Found: 1419.12 amu [M+H]+. Anal. 

Calc. For C84H56N8O8Cd: C (71.16), H (3.98), N (7.90); Found: C (71.15), H (4.66), N 

(7.73). 

 

Tetrakis{1,(4)-phenoxyphthalocyaninato}cadmium(II) (αααα-CdTPhPc, 28c) 

Following a similar synthetic procedure as for 25a, 28c was prepared using  44c (1.10 g, 

5.00 mmol), cadmium acetate (~ 0.50 g, 1.25 mmol excess) and DBU (5 mmol) in 1-

octanol (10 mL). The crude product was then purified by column chromatography, 

eluting with THF. Following evaporation of the solvent, the product was purified further 

by Soxhlet extraction first with acetone and finally with EtOH. Yield: 0.61 g (49 %). 

UV/Vis (DMSO): λmax nm (log ε): 351 (4.73), 631 (4.56), 698 (5.26). IR [(KBr) υmax/cm-

1]:  2912 (C-H), 1244 (C-O-C). 1H-NMR (600 MHz, CDCl3): δ, ppm:   7.79 (4-H, d, Pc-

H), 7.74 (3-H, br s, Pc-H), 7.43 (8-H, t, Pc-H/Ar-H), 7.30 (5-H, m, Ar-H), 7.28-7.24 (4-

H, m, Ar-H), 7.08 (8-H, d, Ar-H). Anal.  Calc. For C56H32N8O4Cd: C (67.71), H (3.25), N 

(11.28); Found: C (68.29), H (3.35), N (9.94). 

 

Tetrakis{1,(4)-tert-butylphenoxyphthalocyaninato}cadmium(II) (αααα-CdTtBuPhPc, 

28d) 

A mixture of 44d (1.38 g, 5.00 mmol), cadmium acetate (0.50 g, 1.25 mmol) and DBU (5 

mmol) were heated to 140ºC in 1-octanol (10 mL) under a dry, inert nitrogen atmosphere 
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for 6 h. Purification according to 26d was used. Yield: 0.35 g (24 %). UV/Vis (DMSO): 

λmax nm (log ε): 329 (4.96), 629 (4.78), 698 (5.48). IR [(KBr) υmax/cm-1]:  2954 (C-H), 

1266 (C-O-C). 1H-NMR (600 MHz, CDCl3): δ, ppm: 7.79 (2-H, d, Pc-H), 7.74 (3-H, br s, 

Pc-H), 7.43 (4-H, t, Pc-H/Ar-H), 7.30 (7-H, m, Ar-H), 7.28-7.24 (4-H, m, Ar-H), 7.08 (8-

H, d, Ar-H), 1.35 (36-H, s, t-Bu). Anal.  Calc. For C72H64N8O4Cd: C (71.01), H (5.30), N 

(9.20); Found: C (72.72), H (6.11), N (5.96).  

 

2.4.6 Synthesis of symmetrical tert-butyl and alkanethio tetra-substituted MPcs 

(Scheme 3.5)  

Tetrakis{2,(3)-tert-butylphthalocyaninato}zinc(II) ( ββββ-ZnttbPc, 29, Scheme 3.5) 

[153,168,289,290] 

4-tert-butylphthalic anhydride (48) (3.86 g, 19 mmol), urea (3.37 g, 56 mmol), zinc 

acetate (1.04 g, 4.7 mmol) and ammonium molybdate (0.50 g, 0.40 mmol) were 

suspended in nitrobenzene (5 mL) and heated at 180°C for 8 h. After cooling, the mixture 

was precipitated with MeOH and washed several times with hot MeOH followed by hot 

water. The crude product was then purified by silica gel column chromatography eluting 

first with CHCl3, then CHCl3/MeOH (9:1) and finally with CHCl3. Yield: 12.8 mg (0.34 

%). UV-Vis (DMSO): λmax/nm (log ε): 351 (4.95), 612 (4.61), 678 (5.44). IR [(KBr) 

υmax/cm-1]: 3424 (C-H), 2923, 2853 (C-H), 1617 (C=O), 1389, 1329 (C-H), 1092 (C-O-

C), 598, 522. 1H-NMR (400 MHz, DMSO-d6): δ, ppm: 9.40 (5-H, bs, Pc-H), 9.31-9.27 

(3-H, m, Pc-H), 8.34 (4-H, bs, Pc-H), 1.79 (36-H, s, t-Bu). Anal. Calc. For C48H48N8Zn: 

C (71.85), H (6.03), N (13.97); Found: C (70.26), H (5.94), N (12.53).  
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Tetrakis{2,(3)-mercaptopyridinephthalocyaninato}zinc(II) ( ββββ-ZnTMPyPc, 30, 

Scheme 3.5) [154,291] 

A mixture of zinc acetate (0.60 g, 2.8 mmol), 46 (0.50 g, 2.1 mmol), DBU (1.66 mL, 12 

mmol) and quinoline (10 mL, doubly distilled over CaH2) was stirred at ~ 120°C for 5 h 

under an inert nitrogen atmosphere. On cooling the solution was precipitated in MeOH 

and washed several times with the same solvent. The crude product was dissolved in 

DMF and after concentrating, precipitated with hot EtOH, centrifuged and washed 

several times with EtOH then acetone. The product was purified by column 

chromatography using silica gel eluting first with CHCl3/MeOH (9:1) and then THF. 

Yield: 0.16 g (7.5 %). UV-Vis (DMSO): λmax/nm (log ε): 361 (4.45), 619 (4.20), 687 

(5.02). IR [(KBr) υmax/cm-1]: 3423 (O-H), 2921, 2852 (C-H), 1738, 1637 (C=O), 1452, 

1415, 1383 (C-H), 698 (C-S-C). 1H-NMR (600 MHz, DMSO-d6): δ, ppm: 9.01-8.74 (8-

H, m, Pc-H), 8.60-8.52 (4-H, m, Pc-H), 8.27-8.15 (4-H, m, Ar-H), 7.83-7.74 (4-H, m, Ar-

H), 7.49 (4-H, m, Ar-H), 7.26 (4-H, m, Ar-H). Anal. Calc. For C56H46N12S4Zn: C (61.56), 

H (2.78), N (16.57), S (12.64); Found: C (61.45), H (2.72), N (16.52), S (12.53).  

 

2.4.7 Synthesis of low-symmetry (A3B type) tetra-substituted MPcs (Scheme 3.6) 

[137-139] 

Tris{9 (10), 16 (17), 23 (24)-(tert-butyl)imidophthalcyaninato}zinc(II) (ZnttbIPc, 31)  

A well ground mixture of 4-tert-butylphthalic anhydride (48), pyromellitic dianhydride 

(17), zinc acetate dihydrate, well dried urea and ammonium molybdate was suspended in 

a 16:4:1:108:0.0003 molar ratio in nitrobenzene (10 - 15 mL) and heated under reflux to 

190ºC for ca. 8 h. Following removal of the solvent, the dark green solid residue was 
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washed several times with MeOH, hot water and finally with MeOH. Soxhlet extraction 

in acetone followed by CHCl3 afforded a dark green product upon removal of the solvent.  

The crude product was chromatographed first on silica gel and then on an Sx-2 column 

using CHCl3 as the eluent.  Recrystallization from a benzene/hexane mixture, provided 

277 mg (0.34 mmol) of the desired product in 7.1 % yield. UV/Vis (CHCl3): λmax nm (log 

ε): 356 (4.59), 604 (4.06), 648 (4.56), 668 (4.66), 715 (4.88). IR [(KBr) νmax/cm-1]: 3217 

(C-H), 1771, 1717, (N-H), 1616, 1356, 1306, 1254, 1115, 1084, 1045, 870, 752, 698, 

648, 559, 520. 1H-NMR (400 MHz, pyridine-d5): δ, ppm: 13.36 (1-H, s, N-H), 9.94-9.80 

(2-H, m, Ar-H), 9.78-9.53 (6-H, m, Ar-H), 8.52-8.50 (3-H, m, Ar-H), 1.84-1.66 (27-H, m, 

t-Bu). Maldi-TOF MS m/z: Calc. 815.25; Found: 812.72 [M]3+. Anal. Calc. For 

C46H39N9O2Zn: C (67.77), H (4.82), N (15.46); Found: C (67.28), H (5.24), N (15.12). 

 

Tris{9 (10), 16 (17), 23 (24)-(4-(2-mercaptopyridine)-2-(4-

carboxyphenoxy)phthalocyaninato}zinc(II)  (ZnPc-COOH, 32) 

Complex 47 (1.80 mmol) and 5.40 mmol of 46 were suspended in 25 mL of dry 1-

pentanol at 140°C under nitrogen gas. At this temperature, 250 mg (35 mmol) of lithium 

metal was added and the solution stirred for 15 min. On cooling to room temperature 

glacial acetic acid (50 mL) was added and the resulting precipitate centrifuged and 

washed several times with water. The product at this stage is the metal free substituted 

derivative. To give the metallated derivative the above product was heated at 80°C in 

DMF (30 mL) for 5 h in the presence of excess zinc (II) acetate dihydrate. The DMF 

solution was evaporated to dryness and the solid residue washed with water in a 

centrifuge. The product was dissolved in a minimum amount of DMF and 
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chromatographed on a silica gel Si60 column with diethyl ether/DMF (9:1) eluent, 

initially and gradually increasing to 100 % DMF at which point the second desired 

fraction was collected. Further chromatographic separations with CHCl3/MeOH (9:1) 

were conducted several times with the second fraction containing the desired product 

ZnPc-COOH, 32. Yield: 0.40 g (21 %). UV-Vis (DMSO): λmax/nm (log ε): 366 (4.85), 

619 (5.61), 687 (5.41). IR [(KBr) υmax/cm-1]: 3437 (O-H), 1676 (C=O), 1573 (C=C), 

1096 (C-O-C), 682, 617 (C-S-C). 1H-NMR (400 MHz, DMSO-d6): δ, ppm: 9.00-8.70 (8-

H, m, Pc-H), 8.59-8.49 (4-H, d, Pc-H), 8.28-8.12 (4-H, m, Ar-H), 7.82-7.70 (4-H, m, Ar-

H), 7.52-7.41 (4-H, m, Ar-H), 7.29-7.17 (4-H, m, Ar-H). Anal. Calc. For 

C54H29N11O3S3Zn: C (62.28), H (2.81), N (14.79), S (9.24); Found: C (62.24), H (3.49), 

N (14.79), S (9.79).  

 

2.4.8 Synthesis of MPc-SWCNT conjugates [18,24,292] (Schemes 5.1 and 5.2) 

ZnPc(31)-SWCNT-linked (49, Scheme 5.1(i)) 

The functionalized SWCNT, SWCNT-COOH 1a (10 mg, 0.83 mmol of C) were 

suspended in dry DMF (10 mL) and sonicated for several minutes. Following which, 

EDC (5 mg) and NHS (5 mg) were added and the mixture was stirred at room 

temperature for 2 h. ZnttbIPc, 31 (10 mg, 0.01 mmol) was then added to activated 1a and 

the mixture stirred for 4 days. The solid black product was obtained by centrifuging, 

washing in DMF and then drying at 70°C. IR [(KBr) υmax/cm-1]: 3432 (N-H), 2958, 2922, 

2853 (C-H), 1636 (C=O). [Raman υmax/cm-1]: 2543 (G*), 1596 (G), 1290 (D). 
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ZnPc(32)-SWCNT-linked (50, Scheme 5.1(ii)) 

ZnPc-COOH, 32 (10.40 mg, 0.01 mmol) was first dissolved in DMF (10 mL), then DCC 

(32.85 mg, 0.16 mmol) was added to convert the –COOH group into an active 

carbodiimide ester group. The mixture was left to stir at room temperature under a 

nitrogen atmosphere for 24 h. Thereafter, amine functionalized SWCNT, 1b (10 mg, 0.83 

mmol of C) was added to the reaction mixture and then left for another 48 h. The solid 

product was extracted and washed several times with DMF (to remove excess unreacted 

complex 31 and any DCC intermediate by-products) using a centrifuge. This was 

followed by oven drying at 70°C to give a dark black-green powder ZnPc(32)-SWCNT-

linked, 50. IR [(KBr) υmax/cm-1]: 3416 (N-H), 2920, 2851 (C-H), 1653 (C=O). [Raman 

υmax/cm-1]: 2548 (G*), 1597 (G), 1267 (D). 

 

ZnPc(31):SWCNT-adsorbed (51, Scheme 5.2(i)) 

SWCNT-COOH, 1a (10 mg, 0.83 mmol of C) was sonicated for ~15 mins in dry DMF 

(40 mL) to give a brown coloured suspension. ZnttbIPc, 31 (10 mg, 0.01 mmol) was then 

added (resulting in a green coloured suspension) and the mixture stirred for 12 days at 

which point the green colour had faded to brown (indicating adsorption of the ZnPc on 

the SWCNT), according to literature [24]. The solid product was separated from the 

solution by centrifuging and several washings with DMF (to remove excess unreacted 31) 

to give the adsorbed species ZnPc(31):SWCNT-adsorbed, 51. IR [(KBr) υmax/cm-1]: 

3551, 3476, 3418 (O-H), 2957, 2923, 2853 (C-H), 1637 (C=O). [Raman υmax/cm-1]: 2540 

(G*), 1594 (G), 1275 (D). 
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ZnPc(32):SWCNT-adsorbed (52, Scheme 5.2(ii)) 

Amine functionalized SWCNT, 1b (10 mg, 0.83 mmol of C) were sonicated for ~15 mins 

in dry DMF (40 mL) to give a dark suspension. Complex 32 (5 mg, 0.005 mmol) was 

then added (resulting in a green coloured suspension) and the mixture stirred for 17 days 

at which point the green colour had faded (indicating adsorption of the Pc on the 

SWCNT), according to literature [24]. The solid product was separated from the solution 

by centrifuging and several washings with DMF (to remove excess unreacted complex 

32) to give the adsorbed species ZnPc(32):SWCNT-adsorbed, 52. IR [(KBr) υmax/cm-1]: 

3433 (O-H), 2922, 2853 (C-H), 1681, 1633 (C=O, N-H). [Raman υmax/cm-1]: 2541 (G*), 

1596 (G), 1265 (D). 

 

2.4.9 Synthesis of MPc-QD conjugates (Scheme 5.3)   

ZnPc(31)-QD-linked (53, Scheme 5.3) 

MPA capped CdTe QDs, 2 (7.5 mg) were first dissolved in water (1 mL), then DMF (4 

mL) was added, followed by addition of DCC (3.28 mg, 0.016 mmol). The latter is used 

to convert the –COOH group into an active carbodiimide ester group. The mixture was 

left to stir at room temperature under an argon atmosphere for 24 h. Thereafter, ZnttbIPc, 

31 (0.13 mg, 1.56 x 10-4 mmol) was added to the reaction mixture and then left for 

another 48 h. The solid product was extracted and washed several times with DMF (to 

remove excess unreacted complex 31 and any DCC intermediate by-products) and also 

washed with water to remove unlinked QDs. The washings were continued until the 

supernatants were clear, giving ZnPc(31)-QD-linked, 53. IR [(KBr) υmax/cm-1]: 1645 

(C=O). [Raman υmax/cm-1]: 3184, 3138, 2862, 2147, 1940, 1886, 1086. 
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ZnPc(31):QD-mixed (54) 

Experiments were also performed where the QDs (2) were mixed with ZnttbIPc (31) 

without linking, giving ZnPc(31):QD-mixed, 54. 



Results and Discussion 

 

 

Results and Discussion 

3. Synthesis and Spectroscopic Characterization 

4. Photophysical and Photochemical Properties 

5. Interaction of Metallophthalocyanines with 

Nanoparticles 

 

 



Results and Discussion 

 

100 
 

Publications 

The results disccused in the following chapters have been presented in the articles listed 

below, that have been published or submitted for publication in peer-reviewed journals. 

These articles have not been referenced in this thesis: 

 

1. Synthesis and photophysics of new phthalocyanine derivatives of zinc, cadmium 

and mercury, Wadzanai Chidawanyika, Abimbola Ogunsipe, Tebello 

Nyokong, New J. Chem. 31 (2007) 377. 

2. Synthesis and solvent effects on the photophysicochemical properties of novel 

cadmium phenoxy phthalocyanines, Wadzanai Chidawanyika, Edith Antunes, 

Tebello Nyokong, J. Photochem. Photobiol. A: Chem. 195 (2008) 183. 

3. Spectroscopic and photophysicochemical behaviours of novel cadmium 

phthalocyanine derivatives tetra-substituted at the alpha and beta positions, 

Wadzanai Chidawanyika, Tebello Nyokong, J. Photochem. Photobiol. A: 

Chem. 202 (2009) 99. 

4. Effect of peripheral fused ring substitution on the optical spectroscopy and 

electronic structure of metal phthalocyanine complexes, Wadzanai 

Chidawanyika, John Mack, Soji Shimizu, Nagao Kobayashi, Tebello Nyokong, 

J. Porphyrins Phthalocyanines 10 (2009) 1053.  

5. The synthesis and photophysicochemical properties of low-symmetry zinc 

phthalocyanine analogues, Wadzanai Chidawanyika, Tebello Nyokong, J. 

Photochem. Photobiol. A: Chem. 206 (2009) 169. 



Results and Discussion 

 

101 
 

6. Characterization of amine-functionalized single-walled carbon nanotube-low 

symmetry phthalocyanine conjugates, Wadzanai Chidawanyika, Tebello 

Nyokong, Carbon (Submitted).  

7. Photophysical study of a covalently linked quantum dot-low symmetry 

phthalocyanine conjugate, Wadzanai Chidawanyika, Christian Litwinski, 

Edith Antunes, Tebello Nyokong, J. Photochem. Photobiol. A: Chem. 

(Submitted).  

8. Fluorescence behaviour of a low-symmetry zinc phthalocyanine covalently 

linked to single-walled carbon nanotubes, Wadzanai Chidawanyika, Christian 

Litwinski, Edith Antunes, Tebello Nyokong, (In preparation).  



Synthesis and Spectroscopic Characterization 

 

 

3. Synthesis and Spectroscopic Characterization 

 

Reported in this chapter are the syntheses and spectroscopic 

characterizaton of the nanoparticles i.e. SWCNT and QDs and 

metallophthalocyanines employed in this work.  
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Three sets of nanoparticles have been employed in this work. These have been listed in 

Table 3.1 below:  

 

Table 3.1:  List of functionalized or synthesized nanoparticles. 

aNanoparticle Abbreviation No. 

Carboxylic acid functionalized SWCNT SWCNT-COOH 1a 

Ethylamine functionalized SWCNT SWCNT-NH2 1b 

MPA capped CdTe QDs CdTe MPA 2 

 aMPA = mercaptopropionic acid.  

 

3.1 Functionalization, Synthesis and Characterization of 

Nanoparticles (SWCNT and QDs) 

The single-walled carbon nanotubes (SWCNT) and quantum dots (QDs) used in this 

thesis were either functionalized or synthesized as previously reported [6,7,9,23,28,60] 

and their spectrocsopic characterization gave features consistent with literature.  

 

3.1.1 Chemical functionalization of SWCNT 

Chemical functionalization of SWCNT can be achieved either by covalent attachment or 

by non-covalent (adsorption) with planar molecules capable of adsorbing onto the carbon 

nanotubes surface via π-π interactions (Figure 1.3 and 1.4) [26,27]. Following 

functionalization, the carbon nanotubes were characterized using UV-Vis, IR and Raman 

spectroscopies and by thermal gravimetric analysis (TGA).  
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The route used to obtain carboxyl-functionalized SWCNT, 1a has been well documented 

in literature (Figure 1.4a and Scheme 3.1(i)) [6,9,10,22].  

 

 
 
Scheme 3.1: Covalent functionalization of SWCNT to form (i) SWCNT-COOH 

(1a) and (ii) SWCNT-NH2 (1b).  

 
Initial reaction of the SWCNT in the presence of H2SO4 and HNO3 facilitates the 

attachment of the terminal carboxyl groups. The 3:1 concentrated mixture of these two 

acids is chosen since it is known to intercalate and exfoliate graphite [293]. The 

functionalization cuts the nanotube bundles and is essential in enhancing their solubility. 

The synthetic approach adopted for the amine functionalization of the SWCNT is based 

on a diazonium reaction method developed earlier for the attachment of para-substituted 

benzene rings to SWCNT [7,23,28], however in this case we have made use of a simple 

alkyl-chain amine, Scheme 3.1(ii).  
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There are no differences in the nature of the electronic absorption spectra of the pristine 

SWCNT and those functionalized with carboxylic acid groups (SWCNT-COOH, 1a) or 

ethylamine units (SWCNT-NH2, 1b). The spectra are all broad expressing no features in 

the region of interest.  

The FT-IR spectrum corresponding to the carboxylic acid functionalized SWCNT (1a, 

Figure 3.1(i)) and the amine functionalized SWCNT (1b, Figure 3.1(ii)) show two strong 

bands at 1617 and 1639 cm-1, which could correspond to the carbonyl (C=O) of the 

carboxylate that forms as a result of deprotonation of the weak carboxylic acid groups  

 

 

Figure 3.1: FT-IR spectra of (i) carboxylic acid functionalized SWCNT (SWCNT-

COOH, 1a) and (ii) ethylamine functionalized SWCNT (SWCNT-NH2, 1b).   
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that terminate the nanotubes in 1a or the NH2 groups of 1b [294]. It is difficult to make a 

distinction between the two (C=O and NH2), however the spectrum corresponding to 1b 

shows differences below 1600 cm-1.  

Figure 3.2 shows the room temperature Raman spectra of pristine SWCNT, SWCNT-

COOH (1a), and SWCNT-NH2 (1b). Raman spectra provide an insight on the extent of 

functionalization of the SWCNT. The spectra are characteristic of SWCNT with several 

radial-breathing modes (RBM) between 100 - 400 cm-1 and a tangential (G band) 

vibrational mode around 1590 cm-1. These two features, RBM and G band, are signatures 

of SWCNT that have previously been used for nanotube characterization [1,31]. The 

Raman disorder band (D band) appears, at ~ 1270 cm-1, due to disorder on the 

 

 

Figure 3.2: Raman spectra of (i) SWCNT, (ii) SWCNT-COOH (1a) and (iii) 

SWCNT-NH2 (1b). 
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hexagonal lattice on the nanotube sidewalls [31-33,36]. The D band vibration is slightly 

lower than the reported ~ 1355 cm-1 [33]. This could be a result of the preparation or 

treatment of the carbon nanotubes. Commercially obtained SWCNT often contain 

numerous impurities which may contribute to the observed shift. A change in the 

intensity of the D band signifies changes in the structure of the carbon nanotubes i.e. 

proof of sidewall functionalization [28,33-36], which inadvertently disrupts the sp2 

carbon matrix with sp3-hybridized carbon [32]. Shown in Figure 3.2 is an increase in the 

intensity of the D band upon functionalization, a feature indicative of disruption of the 

sp2 carbon hexagonal lattice to sp3 bonded carbons [31,32,36] due to sidewall 

functionalization [28,33-35] as a result of the covalent attachment of the COOH or 

ethylamine groups. The change in the D band intensity is more accurately expressed by a 

ratio between the integrated intensity of the D band and the integrated intensity of the G 

band (sp3:sp2 carbon ratio) (Equation 3.1) [23,36,37,295].  

G

D

I

I
R =           (3.1) 

Calculations reveal that there is a slight increase in this ratio on functionalization i.e. 0.22 

for SWCNT, 0.33 for carboxyl (1a) and 0.40 for amine (1b) functionalized SWCNT. The 

slightly higher ratio for 1b relative to 1a may be attributed to more efficient sidewall 

functionalization in the former.  

TGA has been used to confirm the structural differences between the pristine carbon 

nanotubes and functionalized carbon nanotubes. Different thermal decay profiles point to 

structurally different materials. The thermal decomposition profiles obtained under a 

steady flow of N2, at a heating rate of 10°C min-1 are shown in (Figure 3.3). The spectra 

of, SWCNT-COOH, 1a and SWCNT-NH2, 1b has two decomposition steps, with the first 
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shallow step, between 50 and 100°C, suggestive of solvent loss. The second main 

decomposition step from ~ 350 to 700oC is associated with functional group 

decomposition i.e. of the groups associated with the complexes e.g. –COOH and –NH2 

groups.  

 
 

 
 
Figure 3.3: TGA profiles of (i) SWCNT, (ii) SWCNT-COOH (1a) and (iii) 

SWCNT-NH2 (1b).  

 

3.1.2 Mercaptocarboxylic acid capped CdTe QDs 

Quantum dot synthesis was carried out following a slightly modified, well established 

literature method (Scheme 3.2) [60] as explained in the experimental section.  
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Cd2+ + SR-
N2

(Cd-SR)+ + SR-
N2

Cd-(SR)2

Cd-(SR)2 N2

NaHTe
(Cd-(SR))xTey

pH = 11

100oC Mercaptocarboxylic cappped

CdTe QDs (2)
 
Scheme 3.2: Synthesis of mercaptocarboxylic acid capped CdTe QDs.   

 
The CdTe MPA quantum dots synthesized in this work are characterized by broad 

absorption peaks, with tails extending into the near-infrared region, which are red shifted 

with an increase in size (Figure 3.4). The emission spectra were narrow as expected, 

Figure 3.5.  

 

 
Figure 3.4: Ground state electronic absorption spectra of as synthesized MPA 

capped CdTe QDs (2) in aqueous media.  
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Figure 3.5: (i) Normalized ground state electronic absorption and (ii) emission 

spectra of CdTe MPA QDs (2) in 4:1 v/v DMF:water (λλλλexc = 510 nm). 

 
The FT-IR spectrum showed an intense characteristic broad O-H band at 3472 cm-1, C-H 

vibrations at 2982, 2930 and 2860 cm-1 and asymmetric C=O stretches at 1656 and 1576 

cm-1.  

XRD was used for particle size determination, Figure 3.6. The diffraction pattern 

corresponds well with the three characteristic peaks for bulk CdTe structure.  

The particle diameter was generated by the computer software using the Scherrer 

Equation 3.2 (same as Equation 1.1); 

βCosθ

kλ
d(Å) =           (3.2)  

XRD generated data related to the main peak at ~ 25° and gave a particle size of 3.41 nm.  
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The QD sizes were also estimated using a polynomial fitting function (Equation 3.3; 

same as Equation 2.1) [286]: 

D = (9.8127 x 10-7)λ3 – (1.7147 x 10-3)λ2 + (1.0064)λ – 194.84   (3.3) 

where λ refers to the absorption maxima of the QDs. This fitting function is not valid for 

sizes of quantum dots outside the size range of 1-9 nm [286]. 

This size obtained using XRD is slightly smaller but possibly more accurate in 

comparison to the size determined using the polynomial fitting function i.e. 3.50 nm.  

 

 
 
Figure 3.6: X-ray diffractogram of MPA capped CdTe QDs (2).  
 
 

3.2 Metallophthalocyanines 

Table 3.2 lists the MPcs reported in this work.  
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Table 3.2: List of synthesized symmetrically and unsymmetrically tetra-

substituted MPcs.  

MPc Abbreviation No. 

Zinc(II)phthalocyanine ZnPc 22 

Cadmium(II)phthalocyanine CdPc 23 

Mercury(II)phthalocyanine HgPc 24 

Tetrakis{2,(3)-pyridyloxyphthalocyaninato}zinc(II) ββββ-ZnTPyPc 25a 

Tetrakis{2,(3)-pyridyloxyphthalocyaninato}cadmium(I I) ββββ-CdTPyPc 26a 

Tetrakis{2,(3)-(4-benzyloxy)phenoxyphthalocyaninato}cadmium(II) ββββ-CdTBzPhPc 26b 

Tetrakis{2,(3)-phenoxyphthalocyaninato}cadmium(II) ββββ-CdTPhPc 26c 

Tetrakis{2,(3)-tert-butylphenoxyphthalocyaninato}cadmium(II) ββββ-CdTtBuPhPc 26d 

Tetrakis{2,(3)-pyridyloxyphthalocyaninato}mercury(I I) ββββ-HgTPyPc 27a 

Tetrakis{1,(4)-pyridyloxyphthalocyaninato}cadmium(I I) αααα-CdTPyPc 28a 

Tetrakis{1,(4)-(4-benzyloxy)phenoxyphthalocyaninato}cadmium(II)  αααα-CdTBzPhPc 28b 

Tetrakis{1,(4)-phenoxyphthalocyaninato}cadmium(II) αααα-CdTPhPc 28c 

Tetrakis{1,(4)-tert-butylphenoxyphthalocyaninato}cadmium(II)  αααα-CdTtBuPhPc 28d 

Tetrakis{2,(3)-tert-butylphthalocyaninato}zinc(II)  ββββ-ZnttbPc 29 

Tetrakis{2,(3)-mercaptopyridinephthalocyaninato}zinc(II)  ββββ-ZnTMPyPc 30 

Tris{9 (10), 16 (17), 23 (24)-(tert-butyl)imidophthalcyaninato}zinc(II)  ZnttbIPc 31 

Tris{9 (10), 16 (17), 23 (24)-(4-(2-mercaptopyridine)-2-(4-
carboxyphenoxy)phthalocyaninato}zinc(II)  

ZnPc-COOH 32 
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3.2.1 Unsubstituted MPcs 

The synthesis of the unsubstituted derivatives zinc(II)phthalocyanine (ZnPc, 22), 

cadmium(II)phthalocyanine (CdPc, 23) and mercury(II)phthalocyanine (HgPc, 24) was 

carried out according to a well established procedure [142-144]. ZnPc is also available 

commercially.  

The IR spectra indicated the loss of the characteristic nitrile stretch at ~ 2300 cm-1, 

(indicative of phthalonitriles) on formation of the various metal substituted Pc’s. The 1H-

NMR spectra for the unsubstituted derivatives was similar and indicated the 8 non-

peripheral protons as a singlet between 9.55 and 9.37 ppm while the peripheral protons 

resonated upfield as a broad singlet, integrating for 8 protons, between 8.28 and 7.99 

ppm. 

The absorption spectra of complexes 22, 23 and 24, show typical monomeric behaviour 

in DMSO and DMF (Figure 3.7). These complexes remain monomeric up to ~ 2 x10-5 M. 

CdPc and HgPc are insoluble in CHCl3, DCM and THF, while ZnPc is soluble in all, 

though sparingly so in CHCl3 and DCM. The shift to longer wavelengths with the 

increase in size of the central metal is due to an increase in electron density.  
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Figure 3.7: Ground state electronic absorption spectra of (i) ZnPc (22), (ii) CdPc 

(23) and (iii) HgPc (24) in DMSO. Concentrations: ZnPc = 1.5 x 10-5 M, HgPc and 

CdPc = 1.0 x 10-5 M.  

 
Table 3.3 lists the spectral properties of unsubstituted Pc complexes of zinc (22), 

cadmium (23) and mercury (24), in various organic solvents. In the table, it can be 

observed that the molar extinction coefficients of the MPcs vary with the size of the 

central metal ion, with the value being highest for 22 and least for 24.  
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Table 3.3: Spectral properties of unsubstituted MPc complexes 22, 23 and 24 in 

various organic solvents.  

MPc Solvent aQ band, λλλλmax/nm Log εεεε 

ZnPc (22) Toluene 672 5.25 

 THF 668 5.48 

 DMF 670 5.37 

 DMSO 672 5.38 

CdPc (23) DMF 674 5.38 

 DMSO 679 5.36 

HgPc (24) DMF 681 5.11 

 DMSO 684 5.25 

aλλλλmax = wavelength maximum. 

 

3.2.2 Symmetrically tetra-substituted metallophthalocyanine derivatives 

3.2.2.1 Mono-substituted phthalonitriles 

The substitution reaction of a nitro derivative with a phenol derivative to give mono-

substituted 2-pyridyloxy, 4-(benzyloxyphenoxy), phenoxy, 4-tert-butylphenoxy 

phthalonitrile derivatives (44a-d, 45a-d, Scheme 3.3) has been well documented and has 

been shown to proceed via a base catalyzed nucleophilic displacement reaction 

mechanism [296]. The syntheses of 2-mercaptopyridine (46) and 4-(phenoxy)benzoic 

acid (47) substituted phthalonitriles were carried out under slightly different conditions 

(Scheme 3.4) [138,147,288]. However, in all cases, the substitution reactions were 
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performed at room temperature under an inert atmosphere (using either nitrogen or argon) 

as stated in literature [117,296-301].  
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Scheme 3.3: Synthetic routes to Zn(II), Cd(II) and Hg(II) tetra-aryloxy ββββ-

substituted (25a, 26a-d and 27a) and αααα- (28a-d) Pc complexes.  
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Scheme 3.4: Syntheses of mono-substituted phthalonitriles, 46 and 47.  

 
Following the necessary purification procedures, the characteristic nitrile (C≡N) stretch, 

at ~ 2300 cm-1, was found in the FT-IR spectra of all substituted phthalonitriles prepared 

in this work. 1H-NMR was used for further structural characterization and the results are 

in agreement with the predicted structures, as indicated in the experimental section.  

 

3.2.2.2 Symmetrical aryloxy tetra-substituted MPc derivatives 

Zinc, cadmium and mercury aryloxy substituted Pc complexes were synthesized by 

treatment of the corresponding substituted phthalonitriles with the necessary metal salts 

i.e. Zn(OAc)2, CdCl2 (or Cd(OAc)2) or HgCl2 in the presence of a high boiling solvent 

such as 1-pentanol or 1-octanol and DBU (Scheme 3.3). DBU acts as a nucleophilic base 

which permits the reaction to proceed under more mild conditions while also preventing 

the formation of side products typical of reactions that make use of strong bases [297]. 

The cyclotetramerization reaction affords the peripherally or non-peripherally substituted 

complexes 25a, 26a-d, 27a, 28a-d. All complexes formed are tetra-substituted; however, 

the use of different precursors i.e. 3-nitrophthalonitrile (10) or 4-nitrophthalonitrile (13) 
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results in substitution patterns at different points of the MPc macrocycle i.e. α- or β-

substituted MPcs, each with their own unique solution and solid-state properties [296]. 

The complexes were purified by column chromatography, Soxhlet extraction of the 

impurities or a combination of the two, to give yields ranging from 17 % to 60 %.  All 

complexes exhibit excellent solubility in highly polar organic solvents, such as DMF and 

DMSO. CHCl3, DCM, THF and toluene have also been used as solvents; however MPc 

complexes such as 25a, 26a and 27a exhibited limited solubility in these weakly polar 

solvents, which may be in response to the polar nature of the pyridyloxy substituents 

attached to the MPc ring. The new complexes were characterized by various 

spectroscopic methods; IR, 1H-NMR, UV-Vis and elemental analyses and were in 

agreement with the predicted structures as indicted in the experimental section (Chapter 

2). The IR spectra show the loss of the characteristic nitrile stretch at ~ 2300 cm-1 

(indicative of phthalonitriles) on formation of the various metal substituted Pcs. The 

complexes showed characteristic aromatic C-H stretching between 3167 cm-1 and 3045 

cm-1, aliphatic C-H stretching at ~ 2955-2848 cm-1 and vibrations due to ether linkages 

(C-O-C) at 1266-1216 cm-1 as shown by the spectrum of 28d (α-CdTtBuPhPc) in Figure 

3.8.  

Owing to the presence of isomers in tetra-substituted complexes and Pc aggregation as a 

result of the high concentrations used for NMR measurements [153], the 1H-NMR 

spectra of the complexes show complex splitting patterns and poorly resolved signals. 

However, on close investigation, the data gave the correct number of protons in 

accordance with the predicted structures. The differences in the chemical shifts of the 

spectra of 28a-d and 26a-d is a function of the different substitution patterns, i.e. α-
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substituted (non-peripheral) phenoxy complexes versus the β-substituted (peripheral) 

phenoxy complexes. The type of substituents introduced at these positions is also 

significant.  

 

 
 
Figure 3.8: FT-IR spectrum of αααα-CdTtBuPhPc (28d).  

 
The ground state electronic absorption spectra of the aryloxy substituted MPc complexes 

in various solvents showed, for the most part, sharp, intense single Q band maxima 

depicting monomeric behaviour up to 1 x 10-5 M (Figure 3.9 and Figure 3.10).  

The α-substituted derivatives (28b-d) occur with red-shifted spectra, relative to that of 

the β-derivatives (26b-d), Figure 3.10, Table 3.4. Substitution at the α-positions gives a 

larger destabilization of the highest occupied molecular orbital (HOMO), resulting in a 

smaller HOMO-LUMO band separation [302], the extent of which is further enhanced on 

the introduction of electron-donating groups such as the phenoxy, tert-butylphenoxy and 

benzyloxyphenoxy groups employed in this work. However, the pyridyloxy α-derivative  
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Figure 3.9: Ground state electronic absorption spectra of Zn(II), Cd(II) and 

Hg(II) tetra-pyridyloxy substituted complexes 25a, 26a and 27a in (i) DMF and (ii) 

DMSO. (Concentration = ~ 5.0 x 10-6 M).  
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Figure 3.10: Ground state electronic absorption spectra of Cd(II) tetra (a) 

pyridyloxy, (b) phenoxy, (c) tert-butylphenoxy and (d) benzyloxyphenoxy αααα-

substituted (28a-d) and ββββ-substituted (26b-d) Pc complexes in (i) DMF and (ii) 

DMSO (Concentrations = ~ 5.0 x 10-6 M).  
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Table 3.4: Spectral properties of Zn(II), Cd(II) and Hg(II) tetra-aryloxy 

substituted  MPc complexes in different solvents.  

MPc Solvent Q band, λλλλmax/nm Log εεεε 

ββββ-ZnTPyPc (25a) DMF 673  5.18 

 DMSO 680 5.36 

ββββ-CdTPyPc (26a) DMF 682 5.11 

 DMSO 685 5.30 

ββββ-CdTBzPhPc (26b) Toluene 704, 668 5.08 

 CHCl3 703, 667, 636 4.12, 4.30, 4.35 

 THF 700, 664, 634 4.15, 4.34, 4.38 

 DCM 701, 666, 634 4.03, 4.24, 4.32 

 DMF 684 5.29 

 DMSO 688 5.32 

ββββ-CdTPhPc (26c) Toluene 681 5.15 

 CHCl3 681 5.18 

 THF 677 5.13 

 DMF 677 5.22 

 DMSO 681 5.23 

ββββ-CdTtBuPhPc (26d) Toluene 681 5.38 

 CHCl3 681 5.43 

 THF 678 5.34 
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Table 3.4 contd.  

MPc Solvent Q band, λλλλmax/nm Log εεεε 

ββββ-CdTtBuPhPc (26d) contd.  DMF 678 5.46 

 DMSO 684 5.47 

ββββ-HgTPyPc (27a) DMF 685 5.08 

 DMSO 690 5.18 

αααα-CdTPyPc (28a) CHCl 3 684 4.89 

 THF 682 4.86 

 DCM 683 4.75 

 DMF 682 5.11 

 DMSO 684 5.30 

αααα-CdTBzPhPc (28b) Toluene 701 5.08 

 CHCl3 707 5.56 

 THF 699 5.33 

 DCM 703 5.27 

 DMF 698 5.29 

 DMSO 702 5.32 

αααα-CdTPhPc (28c) Toluene 694 5.21 

 CHCl3 700 5.23 

 THF 693 5.14 

 DMF 694 5.25 
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Table 3.4 contd.  

MPc Solvent Q band, λλλλmax/nm Log εεεε 

αααα-CdTPhPc (28c) contd.  DMSO 698 5.26 

αααα-CdTtBuPhPc (28d) Toluene 694 5.39 

 CHCl3 700 5.44 

 THF 693 5.36 

 DMF 694 5.46 

 DMSO 698 5.48 

 

(28a) and β-derivative 26a showed no significant differences. The Q band maxima of the 

α-substituted complexes were also found to shift to longer wavelengths as follows 

pyridyloxy (a) < phenoxy (c) ≡ tert-butylphenoxy (d) < benzyloxyphenoxy (b) for 

substituted CdPc complexes in DMF and DMSO (Table 3.4). This may be in response to 

the increase in electron donating ability of these substituents from pyridyloxy to 

benzyloxyphenoxy. In general, for all complexes (25a, 26a-d, 27a and 28a-d), a change 

in the solvent is accompanied by a change in the position of the Q band. It has been 

suggested previously that the solvent’s refractive index affects its Q band maxima 

[180,226]. Solvents with strong coordinating properties such as DMF and DMSO (with 

donor numbers of 26.6 and 29.8 kcal mol-1 respectively [296,303,304]) interact with the 

Pc molecule (through either the sulfur or oxygen atoms [305,306]) which gives rise to a 

more stable lowest unoccupied molecular orbital (LUMO) and thus results in a smaller 

HOMO-LUMO band separation resulting in red-shifted Q bands in these solvents. A 
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change in the central metal ion is also significant, as observed by the data corresponding 

to 25a, 26a and 27a (Figure 3.9) where the order of the Q band positions is 27a > 26a > 

25a; this is the order of extent of destabilization of the HOMO in the complexes. Mercury 

having more electrons in its atomic structure (more reducing), destabilizes the HOMO 

more than cadmium and zinc do, hence bringing about a shorter HOMO-LUMO 

separation and consequently the most red-shifted spectra.  

The spectra of some of the MPc complexes showed deviations from monomeric 

behaviour. Complexes 25a and 26a were aggregated in CHCl3 (Figure 3.11) and DCM. 

The aggregating tendencies of MPc complexes in non-coordinating solvents are well 

documented [180,183], and are attributed to the formation of π-π interactions between 

adjacent MPc rings. Coordinating solvents are axially ligated to the central metals in the 

MPc complexes, thereby preventing columnar aggregation. Addition of a surfactant, 

Triton X-100 (1 x 10-4 M) to a CHCl3 (or DCM) solution of 25a or 26a results in partial 

disaggregation into monomers, as seen in Figure 3.11. Complex 27a is also monomeric in 

DMF and DMSO (Figure 3.9) but is demetallated in CHCl3 (Figure 3.12) and DCM, as 

evidenced by a split in the Q band, typical of demetallation in MPc complexes [176]. 

Studies have shown that in chlorinated solvents, MPcs undergo oxidation, with the 

formation of HCl as a by-product [182], which in certain cases reacts with the MPc to 

cause demetallation. The diagonal N-N distance of the Pc core is 3.96 Å [176]. The Hg2+ 

ion, with a radius of 110 pm [307], is expected to be out of the plane of the Pc ring since 

a smaller metal ion such as Mg2+, with a radius of 71 ppm [307] is out of the plane of the 

Pc ring [176]. Thus, the mercury atom in 27a protrudes out of the planar phthalocyanine 

ring, making the molecule highly susceptible to demetallation.  
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Figure 3.11: Disaggregation absorption spectra of ββββ-CdTPyPc (26a) using different 

concentrations of Triton X-100 and a constant concentration of 26a = 2.4 x 10-6 M in 

CHCl 3. Triton X-100 concentrations: (i) 0, 0.2 x 10-4, 0.3 x 10-4, 0.4 x 10-4, 0.5 x 10-4, 

0.6 x 10-4, 0.8 x 10-4, 0.9 x 10-4 and (ii) 1 x 10-4 M.  

 
 

Figure 3.12: Ground state electronic absorption spectrum of ββββ-HgTPyPc (27a) in 

CHCl 3. Concentration of 27a = 8.7 x 10-6 M.  
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Complex 26b also showed interesting spectral behaviour in chlorinated solvents. In this 

case, spectra are characterized by a very broad band extending from ~ 550 nm to 700 nm, 

Figure 3.13. Studies with 26a, as discussed above, showed broadened spectra in  

  

 
 
Figure 3.13: Ground state electronic absorption spectra of ββββ-CdTBzPhPc (26b) in 

(i) DCM (concentration = 4.63 x 10-5 M), (ii) CHCl 3 (concentration = 2.55 x 10-5 M) 

and (ii) THF (concentration = 2.42 x 10-5 M).  

 
chlorinated solvents; where the addition of Triton X-100 led to partial disaggregation into 

monomers. However in the case of 26b, no change occurred on addition of the surfactant  

to solutions of 26b, which is an indication that this complex is in a monomeric state. The 

observed spectra may be attributed to differences in solvent properties i.e. coordinating 

nature, where coordinating solvents such as pyridine, DMF and DMSO (Figure 3.10) are 

capable of axial ligation to the central metal in MPc complexes. The oxidizing nature of 

the solvents may also play a role; chlorinated solvents are known to oxidize some MPc 

complexes [182]. The presence of two sharp peaks in the 700 nm area for 26b in CHCl3 
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and DCM, Figure 3.13, suggests partial demetallation. A recent report by Chambrier et 

al. has shown that successive additions of iodine (an oxidizing agent) give rise to 

phthalocyanines with similar absorption spectra to that shown in Figure 3.11 with 

absorptions between 550 – 650 nm [148]. It was shown that such spectra is typical of 

triple-decker and higher oligomeric complexes often formed more readily with 

phthalocyanine ligands substituted with alkenyl substituents at the ring periphery [308]. 

However there was no evidence of such oligomers for 26b. The addition of a reducing 

agent (NaBH4) to solutions that gave rise to the spectra in Figure 3.13, gave some form of 

reversal of the observed spectrum i.e. a change to more monomeric species (Figure 

3.14a); suggesting the presence of an initially oxidized form. These changes were only 

observed in solvents of low co-ordination number i.e. THF, CHCl3 and DCM, which are 

prone to promoting oxidation [182]. CHCl3 in particular is slightly acidic and is known to 

result in the oxidation of the phthalocyanine molecule [145,182,278]. Demetallation of 

26b occurred in toluene. Oxidation, using Br2, of 26b in a coordinating solvent i.e. 

DMSO resulted in spectra similar to that obtained in CHCl3, DCM and THF (Figure 

3.14b), suggesting that the spectra in Figure 3.13 is partly due to oxidation. However, 

what is unusual is the increase in absorption intensity on increments of Br2. Typical 

phthalocyanine oxidation is often expected to give a decrease in absorption intensity in 

the Q band region. Addition of bromine to solutions of 26b in CHCl3 resulted in spectral 

changes shown in Figure 3.14c.  The two sharp peaks near 700 nm increased in intensity, 

suggesting that oxidation with bromine results in demetallation. Addition of zinc acetate 

to a solution of 26b in DCM resulted in the collapse of the two sharp bands confirming 
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that the peaks were due to demetallation. Thus in DCM, CHCl3, THF and toluene, 

complex 26b showed some oxidation and partial demetallation.  

 

 

 

 
 

 

0.0

0.4

0.8

1.2

1.6

2.0

300 400 500 600 700 800

A
bs

or
ba

nc
e

Wavelength (nm)

(a)

0.0

0.4

0.8

1.2

1.6

2.0

2.4

300 400 500 600 700 800

A
bs

or
ba

nc
e

Wavelength (nm)

(b)

(i)

(ii)

(iii)
(iv)

(v)



Synthesis and Spectroscopic Characterization 

 

130 
 

 

 
 
Figure 3.14: Ground state electronic absorption spectra of (a) ββββ-CdTBzPhPc (26b) 

(initial concentration = ~ 2.84 x 10-5 M) in THF on successive addition of NaBH4, (b) 

26b (concentration = ~ 7.29 x 10-5 M) in DMSO (i), on addition of Br2 fumes (ii-v) 

and (c) 26b (concentration = 2.73 x 10-5 M) in CHCl 3 (i) on successive addition of Br2 

fumes (ii-v).  

 
Cadmium complexes 26c, 26d, 28c and 28d showed a small band between 740 and 750 

nm in toluene, CHCl3 and THF (Figure 3.15(i)). In literature this has been referred to as 

the ‘X’ band, a feature which has been attributed to the flexible σ attachment of phenoxy 

(C-O-C) groups at the Pc-periphery [309-311]. This flexibility allows the groups to 

‘twist’ about the bond and induce a slight loss in symmetry, hence splitting the Q band 

[312]. The band near 750 nm was observed for complexes 26c and 26d only in CHCl3, 

while it was observed for complexes 28c and 28d in CHCl3, THF and toluene. However, 

this band was not observed in DMF and DMSO. Thus this band is solvent dependent  
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Figure 3.15: Protonation of ββββ-CdTPhPc (26c) (concentration = ~ 4.0 x 10-6 M) in 

CHCl 3 using TFA. Spectra in the absence (i) and presence (ii) of 2.0 x 10-3 M TFA.  

 
hence may not be due to the phenoxy group twisting discussed above. Toluene and THF 

also have small amounts of acid (hence the ‘X’ band is observed in these solvents). In 

DMSO and DMF the band is not observed since these solvents do not contain acid. 

Figure 3.15 shows the expected spectral changes due to protonation of 26c using 

trifluoroacetic acid (TFA), a protonating agent. The figure shows the enhancement of the 

band at 750 nm on protonation, thus confirming that this band may be due to protonation.  

 

3.2.2.3 Symmetrical tert-butyl and alkanethio tetra-substituted MPcs  

The symmetrical zinc analogues, β-ZnttbPc (29) and β-ZnTMPyPc (30) were synthesized 

acccording to literature reported methods [290,291] as shown in Scheme 3.5. Complex 29 

was obtained by the anhydride method [153,168,289,290], making use of a tert-butyl 
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Scheme 3.5: Synthetic route to zinc tetra tert-butyl (ββββ-ZnttbPc, 29) and 2-

mercaptopyridine (ββββ-ZnTMPyPc, 30) substituted phthalocyanine complexes.  

 
substituted phthalic anhydride (48) as starting material which is converted to the zinc 

phthalocyanine (29) in the presence of urea, zinc acetate and with ammonium molybdate 

as a catalyst. This method relies on the use of high-boiling solvents, therefore quinoline 

was used for the procedure. Cyclotetramerization of the thiol-substituted phthalonitrile 

(46) with zinc acetate in the presence of DBU gave complex 30. The complexes were 

obtained in relatively low yields 0.34 % and 7.5 % respectively. Such low yields may be 

a consequence of the extensive purification steps employed. 



Synthesis and Spectroscopic Characterization 

 

133 
 

Both complexes show good solubility in most organic sovlents, and in particular those 

selected for this study, namely CHCl3, DCM, DMF, DMSO and THF. Complex 29 also 

shows solubility in toluene. Characterization techniques used include IR, UV-Vis, 1H- 

NMR, and elemental analyses, giving data that is in accordance with the predicted 

structure of the molecule, as shown in the experimental section. IR spectra showed the 

characteristic C-H vibrations for 29 at 2923 and 2853 cm-1 while C-S-C vibrations, for 

30, appeared at 698 cm-1. The 1H-NMR spectra of 29 showed ring protons at 9.40 ppm, 

9.31-9.27 ppm and at 8.34 ppm, and peaks corresponding to the tert-butyl groups at 1.79 

ppm. 1H-NMR spectra of 30 showed well resolved α-ring protons between 9.01 and 8.74 

ppm and between 8.60 and 8.52 ppm for the β-ring protons. A series of protons, 

attributed to the thiol-substituents, were observed between 8.27 and 7.26 ppm. Integration 

of all the peaks gave data in good agreement with the predicted number of protons for 

each complex.  

The ground state electronic absorption spectra of 29 and 30 showed monomeric 

behaviour in CHCl3, as evidenced by a single Q band typical of metallated Pc complexes 

(Figure 3.16). Similar spectra were obtained for both derivatives in DCM, DMF, DMSO 

and THF. The spectral properties of 29 and 30 are listed in Table 3.5; which indicates a 

red-shift of 8-10 nm and 13-22 nm in the position of the Q band for 30 relative to 29 and 

ZnPc (22) (Table 3.3) respectively. This can be attributed to the use of electron-donating 

sulfur substituents, as sulfur donates electron density to the phthalocyanine ring, resulting 

in an extension of the ring π-conjugation. 
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Figure 3.16: Ground state electronic absorption spectra of ββββ-ZnttbPc (29) and ββββ-

ZnTMPyPc (30) in CHCl3 (concentration = ~ 4.0 x 10-6 M).  
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Table 3.5: Spectral data of zinc(II) phthalocyanine complexes, 29, 30, 31 and 32 

in various organic solvents.  

MPc Solvent Q band, λλλλmax/nm Log εεεε 

ββββ-ZnttbPc (29) Toluene 677 4.95 

 CHCl3 678 4.99 

 THF 671 5.44 

 DCM 677 5.03 

 DMF 674 5.42 

 DMSO 678 5.44 

ββββ-ZnTMPyPc (30) CHCl 3 686 4.97 

 THF 680 5.10 

 DCM 686 4.84 

 DMF 684 5.06 

 DMSO 687 5.02 

ZnttbIPc (31) Toluene 708, 668 4.92, 4.79 

 CHCl3 715, 668 4.90, 4.67 

 THF 701, 661 4.96, 4.82 

 DCM 712, 667 4.85, 4.70 

 DMF 707, 665 4.90, 4.80 

 DMSO 708, 668 4.90, 4.81 

ZnPc-COOH (32) CHCl3 686 5.43 
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Table 3.5 contd.  

MPc Solvent Q band, λλλλmax/nm Log εεεε 

ZnPc-COOH (32) contd.  THF 681 5.06 

 DCM 685 5.10 

 DMF 683 5.45 

 DMSO 687 5.41 

 

3.2.3 Low-symmetry (A3B type) tetra-substituted MPcs 

Low symmetry 3:1 type phthalocyanine derivatives can be synthesized using several 

different approaches i.e. statistical condensation employing two different phthalonitriles 

[133,137,313], ring opening of a subphthalocyanine [132,314-316] or reaction of a 

polymer-bonded phthalonitrile with differently substituted dicarbonitriles in solution 

followed by cleavage of the formed phthalocyanine [130,317]. Statistical condensation 

was employed in this work to synthesize ZnttbIPc (31) and ZnPc-COOH (32) (Scheme 

3.6). Pyromellitic dianhydride (17), and 4-tert-butyl phthalic anhydride (48) were 

employed as starting materials, for the synthesis of 31. A 3:1 ratio of reactants is known 

to give the highest yields of the desired 3:1 compound when using precursors of similar 

reactivity [140,318-320].  An increase in the reaction ratio is often required when the 

reactivity of the precursors differs markedly, however. A 4:1 molar ratio of anhydride 

(48) to dianhydride (17) was, therefore, used in this work. The presence of bulky tert-

butyl groups facilitates solubility in organic solvents, suppresses aggregation and 

facilitates chromatographic separation [122]. 
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Scheme 3.6: Syntheses of low-symmetry zinc(II) phthalocyanine derivatives 

ZnttbIPc (31) and ZnPc-COOH (32).  

 
The standard 3:1 molar ratio was employed for 4-(3,4-dicyanophenoxy)benzoic acid (47) 

and 4-(2-mercaptopyridine) phthalonitrile 46 in the presence of 1-pentanol and lithium 

metal, to give the metal free substituted phthalocyanine. Reacting this product in DMF 

with excess zinc acetate affords the desired low-symmetry derivative ZnPc-COOH (32, 

Scheme 3.6). Mixed condensation reactions have a significant drawback given the fact 

that product mixtures of radially symmetric Pcs and mono-, di- and tri-substituted Pcs are  
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inevitably formed, but this approach remains the standard strategy used in the preparation 

of these derivatives [321].  

Complexes 31 and 32 are structurally related to the symmetrical analogues β-ZnttbPc 29 

and β-ZnTMPyPc 30 respectively; differing only by one substituent group. Therefore, for 

the most part, 31 and 32 possess similar spectroscopic characteristics as 29 and 30 

respectively. Thus 31 and 32 exhibit excellent solubility in CHCl3, DCM, DMF, DMSO 

and THF. IR, UV-Vis, 1H-NMR, mass spectra and elemental analyses were used for 

characterization, as reported in the experimental section. The characteristic nitrile (C≡N) 

stretch of phthalonitriles 46 and 47 is absent from the IR spectra of complex 32. N-H 

stretches due to the imide group attached to the periphery of 31 occur at 1771 and 1717 

cm-1. The IR spectra of 32 shows the C=O vibrations at 1676 cm-1, C-S-C vibrations at 

617 cm-1 and the C-O-C vibrations were also observed at 1096 cm-1. The 1H-NMR 

spectra is fully consistent with the target structures. For complex 31, the imide N-H 

signal lies furthest downfield since the proton is highly deshielded, as a result of the ring 

current effect associated with the Pc macrocycle. There is a downfield shift of the signals 

of the two adjacent α-protons, 9.94 – 9.80 ppm, for similar reasons. The peaks for the six 

remaining α-protons appear as a multiplet between 9.78 – 9.53 ppm. The β-position 

proton peak lies between 8.52 – 8.50 ppm. The upfield signal at 1.84 – 1.66 ppm can be 

assigned to the highly shielded tert-butyl protons. The 1H-NMR spectrum of 32 shows 

the 8 non-peripheral protons as a poorly resolved multiplet between 9.00 and 8.70 ppm. 

The peripheral ring protons are found between 8.59 and 8.49 ppm and are followed by a 

series of aromatic protons pertaining to the 2-mercaptopyridine and carboxyphenoxy 

groups. The terminal proton of the carboxyl group is often difficult to observe, as in this 
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case which accounts for its absence in the 1H-NMR spectrum. The resolution of the 1H-

NMR signals is low due to the presence of structural isomers associated with the fact that 

the substituent groups (tert-butyl for 31 and 2-mercaptopyridine and carboxyphenoxy for 

32) can be located on either β-carbon.  MALDI-TOF MS and elemental analysis provide 

data that further support the predicted structures.  

The ground state electronic absorption spectrum corresponding to 32 in CHCl3 is shown  

in Figure 3.17 and indicates a slightly broadened but typical monomeric phthalocyanine 

spectrum with no splitting of the Q band [138,322,323]. The complex has the same Q  

 

 

Figure 3.17: Ground state electronic absorption spectra of ZnPc (22) in CHCl3, ββββ-

ZnTMPycPc (30) in THF (concentration = ~ 1.31 x 10-5 M) and ZnPc-COOH (32) in 

CHCl 3 (concentration = ~ 4.74 x 10-6 M).  

  
band maximum as complex 30 (Table 3.5) (considering the same solvent), the presence 

of one extra sulfur does not result in red-shifting in 30 (Table 3.5). In DCM, 32 shows 
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broadening which may be associated with rare J-type aggregation, Figure 3.18. The red-

shifted broadening also suggests there may be protonation. However, the addition of a 

surfactant, Triton X-100, to the DCM solution of 32 results in disaggregation to give a 

slightly blue shifted monomeric peak.  

Of note, with regard to compound 32, is its unsplit Q band in all solvents used for this 

study (similar to that of the symmetrical analogue 30).  The spectrum of low symmetry 

derivatives is often characterized by a split in the main phthalocyanine Q band peak due 

to transitions to non-degenerate orbitals. However, only slight broadening is observed for 

32, suggesting only a slight lowering of the symmetry.  

 

 
 
Figure 3.18: Electronic absorption spectra of ZnPc-COOH (32) in DCM (i) in the 

absence of Triton X-100 (concentration = 4.41 x 10-6 M) and (ii) in the presence of 

Triton X-100.  

Complex 31, however shows a spectrum more typical of a low-symmetry derivative i.e. a 

lowering in the symmetry of the phthalocyanine molecule (from β-ZnttbPc (29)-D4h to 
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ZnttbIPc (31)-C2v), accompanied by a split in the phthalocyanine Q band giving rise to a 

Qx and Qy band at 715 and 668 nm respectively (in CHCl3) (Figure 3.19) as a result of  
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Figure 3.19: Electronic absorption and MCD spectra of ZnttbIPc (31) in CHCl3 

(concentration = ~ 7.0 x 10-6 M).  

 
two separate transitions from the highest occupied molecular orbital (HOMO; a1u) to the 

lowest unoccupied molecular orbitals (LUMO; egx
* and egy

*). The terminal fused imido-

ring may have resulted in the red-shift of the main Q band at 715 nm compared to the Q 

band position of symmetrical tetra tert-butyl substituted β-ZnttbPc (29). In chlorinated 

solvents such as CHCl3 and DCM the Q band exists at slightly longer wavelengths for 31 
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(Table 3.5). Often such a bathochromic shift is a function of an increase in solvent 

polarity; however this then brings to question the behaviour in DMF and DMSO, which 

are solvents of even higher polarity and are expected to have longer wavelength 

absorption bands. The low absorption coefficients of 31 (versus those of 29) as listed in 

Table 3.5 may be of concern; however it has been found in earlier literature that the 

absorption coefficients of Q bands tend to decrease with a decrease in molecular 

symmetry [132].  

Also shown in Figure 3.19 is the MCD spectrum of 31 in CHCl3. The B1/B2 band region 

is very similar to that of ZnPc with the MCD spectrum being dominated by a broad 

intense positive pseudo-AAAA1111 term. The peaks for the component Faraday BBBB0000 terms lie at 331 

and 368 nm. Marked differences (compared to symmertic MPcs) can be observed in the 

Q band region between 600 – 800 nm where spectral band widths are typically much 

narrower leading to greater resolution of the main electronic and vibrational bands. Two 

negative BBBB0000 terms at 684 and 713 nm are followed at higher energy by positive BBBB0000 terms at 

643 and 667 nm and a broader BBBB0000 term at 612 nm, which is followed at higher energy by a 

weak tail of absorbance. A weak derivative-shaped feature at 416 nm can be assigned 

tentatively as the 2nd π → π* band. A weak negative BBBB0000 term at 484 nm is not observed 

in the spectrum of ZnPc (22) (Figure not shown) [171,324].  

DFT geometry optimizations using the B3LYP functional with 6-31G(d) basis sets, were 

also carried out, for a ZnttbIPc (31) model structure without the peripheral tert-butyl 

groups (ZnIPc). Calculated electronic absorption spectra were derived from TD-DFT 

calculations on this basis, Figure 3.20 and Table 3.6. The calculation accurately predicts  
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Figure 3.20: The experimental (gray line plotted against right hand axes) and TD-

DFT (triangles denoting band energies and oscillator strengths) electronic 

absorption spectra of ZnPc (22) and ZnIPc. Light gray triangles are used for ππππ → ππππ* 

transitions, while larger black triangles denote n → ππππ* transitions associated with 

lone pair orbitals of the nitrogens. No vibrational bands are calculated in the TD-

DFT spectrum so the number of bands does not match what is observed in the 

experimental data. Details of the calculated spectra are provided in Table 3.6.   

the magnitude of the splitting of the Q band but the band energies are overestimated as is 

typically observed for porphyrinoid TD-DFT calculations [219]. The splitting of the Q 

band into x- and z- polarized components due to the presence of the fused peripheral 

imido group along the z-axis results in significantly sharper peaks than are usually 
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observed in the Q band region for MPc complexes (Figure 3.19, Figure 3.20). A similar 

splitting was recently reported by Kobayashi and Nakai [210] in the optical spectra of 

NiPc complexes partially substituted with strongly electron withdrawing trifluorosulfonyl 

substituents at the α-positions in which the splitting of the Q band is comparable to what 

is observed for H2Pc. In the UV-region, a complex set of coupled oppositely-signed BBBB0000 

terms are predicted, while only a single pair is observed in the MCD spectrum. Greater 

predicted complexity than what is observed experimentally in the UV region has been 

reported previously both for TD-DFT calculations of radially symmetric and low 

symmetry porphyrinoids [219,220]. The energies of the frontier MOs of 22, and ZnIPc, 

which are associated with Gouterman’s 4-orbital model are broadly similar, Figure 3.21.  

There are marked differences between the Qvib bands of 22 and 31, Figure 3.20. The two 

repeating sequences of Faraday BBBB0000 terms with +/−/+/+ sign patterns in ascending energy 

terms to the red of 604 nm in the MCD spectrum of (CN−)ZnPc as found by Mack et al. 

[324] are replaced by what appears to be a single coupled pair of intense oppositely 

signed Faraday BBBB0000 terms at 643 and 687 nm, which overlap the symmetry-split Q00 bands. 

 

 

 

 

 

 

 

 



Synthesis and Spectroscopic Characterization 

 

145 
 

Table 3.6: TD-DFT calculated spectra of ZnPc (22) and ZnIPc.  

ZnPc (22, D4h) 

#a Symb    ννννc Exd fe    λλλλf  Wavefunctiong =  Bandh 

1 1A1g ---- ---- ---- --- groundstate --- 

2 [, 3] 1Eu 16.6 14.9 0.41 602 72% 1a1u → 1egx* ; 10% 1a2u → 1eg* ; … Q (x/y) 

4 [, 5] 1Eg 24.4 ---- 0.00 410 98% 1b1g
N → 1egx*; … n → π* (−) 

8 [, 9] 1Eu 26.9 23.5 0.01 372 89% 1b2u → 1egx*; … 2nd π → π* (x/y) 

10 [, 11] 1Eg 27.1 ---- 0.00 369 97% 1b2g
N → 1egx*; … n → π* (−) 

17 [, 18] 1Eu 29.3 27.2 0.17 341 46% 2a2u → 1egy*; 40% 1a2u → 1egy* ; … B1 (x/y) 

19 [, 20] 1Eu 30.0 ---- 0.36 333 78% 1b1u → 1egy*; … π → π* (x/y) 

25 [, 26] 1Eu 30.7 29.8 0.32 325 37% 2a2u → 1egy*; 28% 1a2u → 1egy* ; 12% 2a1u → 1egx*; 
… 

B2 (x/y) 

31 [, 32] 1Eu 31.7 ---- 0.12 316 89% 1a1u → 2egy*; … π → π* (x/y) 

33 [, 34] 1Eu 34.8 35.5 0.17 287 89% 2a1u → 2egx*; … N (x/y) 

ZnIPc (C2v) 

#a Symb    ννννc Exd fe    λλλλf  Wavefunctiong =   Bandh 

1 1A1
 ---- ---- ---- --- groundstate --- 

2 1A1 16.1 14.3 0.54 620 73% 1a2(1a1u) → 1a2*(1egy*) ; … Q (z) 

3 1B1 17.1 14.7 0.39 586 73% 1a2(1a1u) → 1b2*(1egx*) ; … Q (x) 

4 1A2 23.5 ---- 0.00 425 98% 1a1
N(1b1g

N) → 1a2*(1egy*); … n → π* (−) 

6 1B2 24.5 ---- 0.00 408 98% 1a1
N(1b1g

N) → 1b2*(1egx*); …  n → π* (y) 

7 1B1 26.1 23.8 0.01 383 54% 1b2(1b2u) → 1a2*(1egy*); 35% 2b2 → 1a2*(1egy*); … 2nd π→π* (x) 

11 1B2 26.9 ---- 0.00 365 85% 2b1
N(1b2g

N) → 1a2*(1egy*); 11% 1b1
N(imidoN) → 1a2*(1egy*); 

… 
n → π* (y) 

13 1A1 27.3 24.3 0.00 367 70% 1b2(1b2u) → 1b2*(1egx*); 17% 2a2(1egy) → 1a2*(1egy*); … 2nd π→π* (z) 

15 1A2 27.9 ---- 0.00 358 94% 2b1
N(1b2g

N) → 1b2*(1egx*); … n → π* (−) 

16 1B1 28.3 ---- 0.12 353 46% 4b2(2egx) → 1a2*(1egy*); 31% 3b2(1egx) → 1a2*(1egy*); … π → π* (x) 

18 1B1 28.8 27.6 0.10 347 43% 5b2(2a2u) → 1a2*(1egy*); 27% 4b2(2egx) → 1a2*(1egy*);  
10% 2b2(1a2u) → 1a2*(1egy*) ; … 

B1 (x) 

19 1A1 29.3 ---- 0.10 342 34% 3a2(1b1u) → 1a2*(1egy*); 24% 2b2(1a2u) → 1b2*(1egx*);  
18% 4a2(2egy) → 1a2*(1egy*); 10% 4b2(2egx) → 1b2*(1egx*); … 

π → π* (z) 

21 1B1 29.8 ---- 0.23 335 43% 3a2(1b1u) → 1b2*(1egx*); 12% 1a2(1a1u) → 3b2*(1b2u*); … π → π* (x) 

22 1A1 30.0 31.0 0.23 333 32% 4a2(2egy) → 1a2*(1egy*); 23% 2b2(1a2u) → 1b2*(1egx*);  
12% 5b2(2a2u) → 1b2*(1egx*); 12% 4b2(2egx) → 1b2*(1egx*); … 

B1 (z) 

23 1B1 30.3 ---- 0.26 329 29% 5b2(2a2u) → 1a2*(1egy*); 18% 4a2(2egy) → 1b2*(1egx*);  
15% 3a2(1b1u) → 1b2*(1egx*); 12% 3b2(1egx) → 1a2*(1egy*); … 

π → π* (x) 

26 1A1 30.7 ---- 0.53 326 34% 4a2(2egy) → 1a2*(1egy*); 29% 3b2(1egx) → 1b2*(1egx*);  
11% 1a2(1a1u) → 3a2*(1b1u*); 10% 4b2(2egx) → 1b2*(1egx*); … 

π → π* (z) 

30 1A1 31.5 ---- 0.13 318 37% 5b2(2a2u) → 1b2*(1egx*); 19% 5a2(2a1u) → 1a2*(1egy*);  
18% 1a2(1a1u) → 3a2*(1b1u*); … 

π → π* (z) 

38 1A1 34.7 ---- 0.24 288 54% 5a2(2a1u) → 1a2*(1egy*); 10% 1a2(1a1u) → 172(2egy*); … N (z) 

40 1B1 35.3 ---- 0.10 283 84% 5a2(2a1u) → 1b2*(1egx*); … N (x) 
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aThe number of the state assigned in terms of ascending energy within the INDO/s 

calculation. Only states located below 50 000 cm−1 resulting from allowed electronic 

transitions with an oscillator strength of greater than 0.01 are included. bSymmetry of the 

state. c,dThe calculated and observed band energies (103cm−1). eCalculated oscillator strength. 

fCalculated band wavelength in nm. gThe calculated wave functions based on the 

eigenvectors predicted by INDO/s. In the case of ZnIPc the corresponding MOs based on D4h

symmetry are provided in parentheses to enable comparison with the calculated spectrum of 

ZnPc. One-electron transitions associated with Gouterman’s 4-orbital model are shown in 

bold. N as a superscript refers to lone pair MOs associated with pyrrole- and aza-nitrogens.

Only eigenvectors greater than 5 % are included. hBand assignment described in the text 

with band polarizations in parentheses. 
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Figure 3.21: MO energy diagrams for ZnPc (22) and ZnIPc between 0 and −−−−8 eV.  

Diamonds are used to denote occupied MOs. The four frontier ππππ-MOs from 

Gouterman’s 4-orbital model [170] are shown in gray. Transitions between these 

MOs are predicted to provide significant contributions to the main Q and B1 bands 

in the spectra of ZnIPc. MOs associated primarily with the lone pair MOs 

associated with the aza- and pyrrole-nitrogens and the peripheral imido groups are 

offset to the right. Gray diamonds are used to distinguish occupied MOs primarily 

associated with the imido group of ZnIPc.  
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3.3 Conclusions 

Symmetrical zinc, cadmium and mercury phthalocyanine derivatives have been 

successfully synthesized and characterized by various spectroscopic means. All the 

complexes are soluble in highly polar solvents such as DMF and DMSO. Some of the 

complexes tend to exhibit limited solubility in toluene, CHCl3, THF and DCM. MPcs 

containing heavy metal ions, such as Cd or Hg, exhibit interesting spectral behaviour, 

with some complexes showing extensive aggregation and others indicating spectra typical 

of oxidation. The synthesis and spectroscopic characterization of novel low-symmetry 

zinc complexes has also been reported, where the influence of a lowering in symmetry 

has been investigated with respect to the properties of various solvents and can be used to 

give deeper insight into the electronic structure of phthalocyanines. All complexes 

synthesized gave spectroscopic data indicating high purity and in accordance with the 

predicted structures.  
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4. Photophysical and Photochemical Properties 

 

The photophysicochemical properties of the QDs and MPcs synthesized 

are discussed. For the MPcs, comparisons are made with respect to the 

presence of different metal ions, substituents, substitution positions and 

solvent properties.  
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4.1 Fluorescence Spectra  

4.1.1 Nanoparticles (SWCNT and QDs) 

The functionalized SWCNT used in this work do not show any fluorescence in the UV-

Vis region. Therefore there are no spectra pertaining to these compounds.  

The normalized fluorescence emission spectra of the MPA capped CdTe QDs (2) 

synthesized in this work are shown in Figure 4.1. With increasing size, the emission 

spectra are characterized by narrow peaks (full width at half maximum (FWHM) of ~ 72 

nm at a wavelength of 640 nm) with good symmetry. Figure 4.1 gives an indication of 

how the QDs show size dependent luminescence properties, with emission wavelengths 

ranging from ~ 540 to 640 nm, at which point the growth process was terminated.  

 

 
 
Figure 4.1: Normalized fluorescence emission spectra of as-synthesized 

mercaptopropionic acid capped CdTe QDs (2) in aqueous media.  

 
CdTe QDs capped with thiols are known to aggregate in acidic conditions due to 

detachment of surface ligands [325]. Aggregation of QDs results in red shifting in the 
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emission spectra accompanied by broadening and decrease in the fluorescence lifetime 

[326]. Solvents also have an effect on the aggregation nature of CdTe QDs [326]. 

However, in this case, there was no change in the emission spectrum of the QDs recorded 

from direct synthesis conditions in NaOH or when recorded using DMF:water (4:1 v/v) 

mixture, (Figure 4.2, Table 4.1), showing that DMF has no effect on QDs.  

 

 
 
Figure 4.2: Comparison of fluorescence emission spectra of CdTe MPA QDs (2) 

in (i) 0.1 M NaOH and (ii) DMF:water (4:1) solvent mixture. 

 

Table 4.1: Spectral properties, fluorescence quantum yields and lifetimes of 

MPA capped CdTe QDs (2) in various solvents.  

 

CdTe MPA 

QDs (2) 

Solvent Refractive Index 

(nD) 

aEmission 

λλλλmax (nm) 

ΦΦΦΦF(QD) 

(±±±± 0.01) 

ττττF-1 (ns) 

(±±±± 0.5) 

ττττF-2 (ns) 

(±±±± 0.2) 

0.1 M NaOH 1.333 640 0.41 26.3 4.3 

DMF:water 1.419 638 0.09 26.4 3.4 

aλλλλexc = 510 nm.  
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4.1.2 Metallophthalocyanines 

4.1.2.1 Symmetrically substituted metallophthalocyanines  

The fluorescence excitation and emission spectra of 22-24, 28b, 29, 30 reported here are 

typical of phthalocyanine complexes in all solvents; i.e. emission occurs at longer 

wavelengths than absorption, with Stokes shifts ranging from 3 nm to 19 nm (Table 4.2). 

The fluorescence excitation spectra are mirror images of the emission spectra and are 

similar to the absorption spectra as shown in Figure 4.3 for β-ZnTMPyPc (30).  

The closeness of the Q band maxima for absorption and excitation spectra shows that 

there are no changes in the configuration of the complexes following excitation.  

 

 

Figure 4.3: Normalized (i) absorption, (ii) fluorescence emission and (iii) 

excitation spectra of ββββ-ZnTMPyPc (30) in THF (λλλλexc = 610 nm).  
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As discussed earlier, β-ZnTPyPc (25a), β-CdTPyPc (26a), β-CdTTPhPc (26c), β-

CdTtBuPhPc (26d), β-HgTPyPc (27a), α-CdTPyPc (28a), α-CdTPhPc (28c), α-

CdTtBuPhPc (28d), and β-CdTBzPhPc (26b) showed spectra which were solvent 

dependent. Hence, there is a lack of mirror symmetry in the absorption and fluorescence 

emission spectra, in some solvents (especially chlorinated ones). In DMF and DMSO the 

emission spectra were mirror images of the absorption spectra for these complexes.   

The mercury complex (27a) showed an emission spectrum that differs from the 

absorption in that the emission is broad, (Figure 4.4a), suggesting loss of symmetry in the 

fluorescing molecule, in chlorinated solvents.  

A large splitting of the Q band was observed in the emission spectra for complexes 28c 

and 28d in toluene, CHCl3 and THF, (Figure 4.4b for 28d), showing that upon excitation, 

the loss of symmetry, discussed earlier with respect to the absorption spectra, becomes 

more enhanced as shown by the presence of the much higher intensity of the ‘X’ band 

(Figure 4.4b). This is further proof that α- (non-peripheral) substitution is affected by 

protonation to a larger extent, which also affects emission spectra.  

The excitation spectrum of 26b consistently shows a split peak, in the Q band region, in 

toluene, CHCl3, THF and DCM (Figure 4.4c), suggesting a change in the nature of the 

molecule following absorption of light and excitation, probably due to a change in 

symmetry. The excitation spectrum of 26b was similar to the absorption spectrum of an 

unmetallated derivative, suggesting that loss of symmetry is due to demetallation.  
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Figure 4.4: Normalized (i) absorption, (ii) fluorescence emission and (iii) 

excitation spectra of (a) ββββ-HgTPyPc (27a) in DMSO (concentration = ~ 2.3 x 10-6 M), 

(b) αααα-CdTtBuPhPc (28d) in CHCl3 (concentration = ~ 7.5 x 10-7) and (c) ββββ-

CdTBzPhPc (26b) in DCM (concentration = ~ 5.25 x 10-5 M). (λλλλexc = 640 nm for (a), 

610 nm for (b) and 620 nm for (c)).  

 

4.1.2.2 Low-symmetry metallophthalocyanines 

For the low symmetry complex 31 there is also a lack of mirror symmetry in the 

absorption and fluorescence emission spectra in all solvents; although the excitation 

spectra are similar to the absorption. A single red-shifted monomeric peak as shown in 

Figure 4.5 characterizes the emission spectrum of 31. This is because fluorescence occurs 

from the lowest energy vibrational band (ν0) of S1 (i.e. a transition from one energy level 

rather than two as is the case for the absorption spectrum of 31). The emission is thus of 
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lower energy than the absorption band, i.e. the short-lived excited singlet state (S1) 

relaxes to a lower energy conformation before it emits [101]. 

 

 

Figure 4.5: Normalized (i) absorption, (ii) fluorescence emission and (iii) 

excitation spectra of ZnttbIPc (31) in CHCl3 (concentration = ~ 5.19 x 10-6 M). (λλλλexc 

= 610 nm).  

 
The emission and excitation spectra of the low-symmetry derivative, ZnPc-COOH 32, is 

typical of symmetrically substituted metallophthalocyanine complexes, where the 

excitation spectra are identical to absorption and fluorescence emission spectra are mirror 

images of the absorption spectra (Figure 4.6). This is surprising since the structure of 32 

suggests that the excitation should show a split peak indicative of a lowering in 

symmetry. As stated earlier this suggests there is only a slight lowering in molecular 

symmetry for 32.  
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Figure 4.6: Normalized (i) absorption, (ii) fluorescence emission and (iii) 

excitation spectra of ZnPc-COOH (32) in THF (concentration = ~ 4.0 x 10-6 M). (λλλλexc 

= 610 nm).  
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Table 4.2: Fluorescence data of all complexes studied in various organic solvents.  

MPc Solvent Q band 

λλλλmax (nm) 

aEmission 

λλλλEm (nm) 

bExcitation 

λλλλExc (nm) 

ΦΦΦΦF 

(±±±± 0.01) 

ZnPc (22) Toluene 672 675 672 0.13 

 THF 668 672 668 0.23 

 DMF 670 676 670 0.30 

 DMSO 672 682 672 0.17 

CdPc (23) DMF 674 683 674 0.02 

 DMSO 679 691 679 0.02 

HgPc (24) DMF 681 700 675 0.02 

 DMSO 684 698 670 0.01 

ββββ-ZnTPyPc (25a) DMF 673 684 673 0.17 

 DMSO 680 686 680 0.08 

ββββ-CdTPyPc (26a) DMF 682 695 682 0.02 

 DMSO 685 698 685 0.01 

ββββ-CdTBzPhPc (26b) Toluene 704, 668 709 705, 668 0.14 

 CHCl3 703, 667, 636 711 706, 669 0.25 

 THF 700, 664, 634 707 705, 668 0.21 

 DCM 701, 666, 634 709 705, 668 0.27 

 DMF 684 697 685 0.13 

 DMSO 688 699 689 0.10 
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Table 4.2 contd.  

MPc Solvent Q band 

λλλλmax (nm) 

Emission 

λλλλEm (nm) 

Excitation 

λλλλExc (nm) 

ΦΦΦΦF 

(±±±± 0.01) 

ββββ-CdTPhPc (26c) Toluene 681 687 680 0.13 

 CHCl3 681 688 681 0.27 

 THF 677 683 675 0.29 

 DMF 677 687 678 0.29 

 DMSO 681 691 681 0.20 

ββββ-CdTtBuPhPc (26d) Toluene 681 687 681 0.14 

 CHCl3 681 689 681 0.27 

 THF 678 686 678 0.27 

 DMF 678 685 678 0.32 

 DMSO 684 692 685 0.21 

ββββ-HgTPyPc (27a) DMF 685 702 677 0.01 

 DMSO 690 704 676 <0.01 

αααα-CdTPyPc (28a) CHCl 3 684 701 697, 684 0.17 

 THF 682 699 683 0.18 

 DCM 683 696 685 0.18 

 DMF 682 695 684 0.16 

 DMSO 684 705 689 0.16 

αααα-CdTBzPhPc (28b) Toluene 701 714 704 0.14 
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Table 4.2 contd.  

MPc Solvent Q band 

λλλλmax (nm) 

Emission 

λλλλEm (nm) 

Excitation 

λλλλExc (nm) 

ΦΦΦΦF 

(±±±± 0.01) 

αααα-CdTBzPhPc (28b) contd.  CHCl 3 707 722 713 0.15 

 THF 699 710 697 0.18 

 DCM 703 719 707 0.15 

 DMF 698 713 699 0.19 

 DMSO 702 718 706 0.05 

αααα-CdTPhPc (28c) Toluene 694 770, 700 695 0.05 

 CHCl3 700 746, 703 698 0.39 

 THF 693 772, 698 692 0.47 

 DMF 694 699 696 0.31 

 DMSO 698 706 702 0.06 

αααα-CdTtBuPhPc (28d) Toluene 694 770, 702 696 0.27 

 CHCl3 700 750, 708 698 0.49 

 THF 693 714, 698 693 0.50 

 DMF 694 700 698 0.53 

 DMSO 698 706 700 0.06 

ββββ-ZnttbPc (29) Toluene 677 683 678 0.08 

 DMF 674 684 674 0.23 

 DMSO 678 687 678 0.14 
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Table 4.2 contd.  

MPc Solvent Q band 

λλλλmax (nm) 

Emission 

λλλλEm (nm) 

Excitation 

λλλλExc (nm) 

ΦΦΦΦF 

(±±±± 0.01) 

ββββ-ZnTMPyPc (30) DMF 684 694 684 0.19 

 DMSO 687 698 686 0.10 

ZnttbIPc (31) Toluene 708, 668 719 709, 667 0.05 

 DMF 707, 665 721 712, 666 0.08 

 DMSO 708, 668 721 713, 667 0.10 

ZnPc-COOH (32) DMF 683 695 685 0.25 

 DMSO 687 700 687 0.16 

aλλλλEm = fluorescence emission wavelength, bλλλλExc = fluorescence excitation wavelength.  

 

4.2 Fluorescence Quantum Yields and Lifetimes 

4.2.1 Nanoparticles (QDs) 

The quantum yield of fluorescence for the CdTe MPA QDs (2) was calculated using 

Equation 1.4, shown as Equation 4.1: 

2
StdStd

2
StdStd

FF .A.nF

.nF.A
ΦΦ =          (4.1) 

A quantum yield of 0.41 was obtained for the QDs in 0.1M NaOH. Studies in a mixture 

of DMF and water gave a yield of 0.09 (Table 4.1). The decrease in the mixture may be 

attributed to a change in the solvent properties, particularly the refractive index (for water 
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= 1.333 and DMF:water = 1.419). The ΦF values also often increase with increasing 

viscosity according to the Förster-Hoffmann equation, Equation 4.2 [327]: 

η logCΦ Log F +=          (4.2) 

The fluorescence lifetime (τF) of 2 was determined using a time correlated single photon 

counting setup (TCSPC). The data in NaOH or DMF:water mixture remained unchanged 

(Figure. 4.7), further confirming lack of aggregation and indicates there is not much 

influence of a change in solvent, with respect to the lifetimes of the QDs in NaOH (τF-1 = 

26.3 ns and τF-2 = 4.3 ns) and DMF:water (τF-1 = 26.4 ns and τF-2 = 3.4 ns) (Table 4.1). 

The presence of biexponential decay kinetics is a common occurrence for QDs. Literature 

suggests that the short lifetime component may be attributed to the intrinsic 

recombination of initially populated core states [328-330]. The origin of the longer 

lifetime component may be due to the involvement of surface states in the carrier 

recombination process [331]. The increase in radiative lifetime as a result of trapping of 

carrier states, by surface states, is a well established feature [329]. Therefore, it seems 

plausible that this may account for the data we have obtained. However, other researchers 

contradict this theory and suggest the faster decay component may rather be attributed to 

the surface states [332,333]. The difference in the short lifetime component that we 

obtained, under the influence of different solvents, may also support this theory, since a 

change in the solvent may exert more influence on the surface state properties of the QDs 

as opposed to the core. Therefore at this stage assignments cannot be made with respect 

to the origin of the short and long lifetime components. 
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Figure 4.7: Photoluminescence  decay curves of CdTe MPA QDs (2) in 0.1 M 

NaOH (red) and DMF:water (4:1) solvent mixture (blue). 

 

4.2.2 Metallophthalocyanines  

Fluorescence quantum yields (ΦF) were calculated in various solvents using Equation 4.1 

and are shown in Table 4.2. The influence of the central metal ion is immediately evident 

on comparison of corresponding zinc, cadmium and mercury Pc derivatives and 

considering the same solvent. The order of fluorescence quantum yield values is ZnPc 

(22) > CdPc (23) ≅ HgPc (24) and ZnTPyPc (25a) > CdTPyPc (26a) > HgTPyPc (27a). 

This order is expected on grounds of spin-orbit coupling induced by the respective central 

metal ions. Hg(II), being the heaviest of the three metal ions, brings about the strongest 

SOC, thereby increasing the likelihood of the spin-forbidden intersystem crossing and an 
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attendant decrease in the spin-allowed fluorescence and internal conversion. Under this 

circumstance, the Hg(II) derivatives are also expected to give the highest triplet quantum 

yield values, and the Zn(II) derivatives, the lowest.  

In general, the effect of introducing substituents to peripheral (β) and non-peripheral (α) 

positions on the MPc ring is a reduction in ΦF values (comparing the same solvent), 

compared to those of the unsubstituted analogues (Table 4.2). The substituents perhaps 

encourage the deactivation of the excited singlet state via non-radiative means 

(intersystem crossing and internal conversion) rather than via fluorescence.  

In general, higher ΦF values were observed for the α-CdPc derivatives compared to 

corresponding β-derivatives in DMF. However, the situation is reversed in DMSO, where 

the β-complexes show much higher quantum yields; this excludes the α- (28a) and β-

CdTPyPc (26a) complexes in this solvent. Comparison of ΦF values obtained in different 

solvents, found that values in DMSO are generally the lowest, which could be explained 

by the premise that DMSO itself contains heavy sulfur atoms, which tend to promote 

intersystem crossing to the triplet state, via spin-orbit coupling, and deactivate molecules 

against non-radiative transitions to the ground state. There were however exceptions for 

ZnPc (22), β-CdTPhPc (26c), β-CdTtBuPhPc (26d), β-ZnttbPc (29) and ZnttbIPc (31) in 

toluene. The low solvent viscosity of toluene can be used to account for the low ΦF 

values in this solvent relative to data obtained in higher viscosity solvents such as DMF 

and DMSO. There is increased possibility of deactivation of the excited state by 

radiationless transitions such as internal conversion (IC) in low viscosity solvents [226], 

see also Equation 4.2.  



Photophysical and Photochemical properties 

 

165 
 

An increase in ΦF values has been reported with the use of electron-donating nature of 

the substituents [275]. Table 4.2 generally shows lower ΦF values for pyridyloxy and 

phenoxy substituted Cd complexes (β-CdTPyPc 26a, β-CdTPhPc 26c, α-CdTPyPc 28a, 

and α-CdTPhPc 28c) compared to the tert-butyl-phenoxy substituted complexes (β-

CdTtBuPhPc 26d and α-CdTtBuPhPc 28d). An exception in this instance, is the 

benzyloxyphenoxy substituted derivatives (β-CdTBzPhPc 26b and α-CdTBzPhPc 28b), 

which show unexpected low values, despite the high electron donating ability of the 

substituent. Thus the ΦF values were found to decrease in the order tert-butylphenoxy > 

phenoxy > benzyloxyphenoxy > pyridyloxy.  

The ΦF values of low symmetry complex 32 are higher than for the symmetrical 

derivative 30 in both DMF and DMSO (Table 4.2). This is reversed for 29 and 31, where 

the low symmetry derivative (31) is less fluorescent than the symmetrical (29) compound 

in toluene, DMF and DMSO. With respect to the low symmetry derivatives, compound 

32 is more fluorescent than 31 in DMF and DMSO (Table 4.2). The data for 31 does not 

vary significantly, with a change in solvent, although the yields are considerably low. The 

low fluorescence quantum yields for 31 could be a result of intramolecular quenching of 

the excited singlet state by the amino group [334,335].  

 

4.3 Triplet State Quantum Yields and Lifetimes of MPc Complexes 

The lowest excited triplet states of light-absorbing molecules are populated as a result of 

intersystem crossing from the lowest excited singlet states. The fact that this spin-

forbidden process takes place at all is as a result of spin-orbit coupling. Therefore ΦT 

values provide a measure of the fraction of absorbing molecules that undergo intersystem 
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Table 4.3: Triplet state quantum yields and lifetimes of the MPcs studied in 

different organic solvents.  

MPc Solvent ΦΦΦΦF 

(±±±± 0.01) 

ΦΦΦΦT 

 

ΦΦΦΦIC 

 

ττττT 

(µµµµs) 

ZnPc (22) Toluene 0.13 0.65a 0.22 340b 

 DMF 0.30 0.58c 0.12 330d 

 DMSO 0.17 0.65e 0.18 350 

CdPc (23) DMF 0.02 0.77 0.21 5 

 DMSO 0.02 0.70 0.28 30 

HgPc (24) DMF 0.02 0.86 0.12 4 

 DMSO 0.01 0.87 0.12 40 

ββββ-ZnTPyPc (25a) DMF 0.17 0.68 0.15 7 

 DMSO 0.08 0.80 0.12 350 

ββββ-CdTPyPc (26a) DMF 0.02 0.85 0.13 5 

 DMSO 0.01 0.83 0.16 30 

ββββ-CdTBzPhPc (26b) Toluene 0.14 0.82 0.04 30 

 DMF 0.13 0.77 0.10 5 

 DMSO 0.10 0.36 0.54 30 

ββββ-CdTPhPc (26c) Toluene 0.13 0.87 0.00 4 

 DMF 0.29 0.40 0.31 90 

 DMSO 0.20 0.61 0.19 190 
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Table 4.3 contd.  

MPc Solvent ΦΦΦΦF 

(±±±± 0.01) 

ΦΦΦΦT 

 

ΦΦΦΦIC 

 

ττττT 

(µµµµs) 

ββββ-CdTtBuPhPc (26d) Toluene 0.14 0.76 0.10 5 

 DMF 0.32 0.41 0.27 100 

 DMSO 0.21 0.54 0.25 260 

ββββ-HgTPyPc (27a) DMF 0.01 0.90 0.09 4 

 DMSO <0.01 0.89 0.11 20 

αααα-CdTPyPc (28a) DMF 0.16 0.70 0.14 10 

 DMSO 0.16 0.61 0.23 40 

αααα-CdTBzPhPc (28b) Toluene 0.14 0.51 0.35 30 

 DMF 0.19 0.53 0.28 7 

 DMSO 0.05 0.38 0.57 9 

αααα-CdTPhPc (28c) Toluene 0.05 0.73 0.22 6 

 DMF 0.31 0.49 0.20 20 

 DMSO 0.06 0.66 0.28 130 

αααα-CdTtBuPhPc (28d) Toluene 0.27 0.49 0.24 5 

 DMF 0.53 0.56 0.09 10 

 DMSO 0.06 0.61 0.34 150 

ββββ-ZnttbPc (29) Toluene 0.08 0.40 0.52 4 

 DMF 0.23 0.71 0.06 20 
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Table 4.3 contd.  

MPc Solvent ΦΦΦΦF 

(±±±± 0.01) 

ΦΦΦΦT 

 

ΦΦΦΦIC 

 

ττττT 

(µµµµs) 

ββββ-ZnttbPc (29) contd.  DMSO 0.14 0.73 0.13 200 

ββββ-ZnTMPyPc (30) DMF 0.19 0.74 0.07 4 

 DMSO 0.10 0.73 0.17 160 

ZnttbIPc (31) Toluene 0.05 0.41 0.54 6 

 DMF 0.08 0.77 0.15 70 

 DMSO 0.10 0.82 0.08 180 

ZnPc-COOH (32) DMF 0.25 0.68 0.07 8 

 DMSO 0.16 0.82 0.02 230 

a[286], b[268], c[241], d[145], e[283]. 

 

crossing (ISC) to the triplet state. Triplet lifetimes (τT) also give a measure of the 

efficiency of a photosensitizer such as the phthalocyanines discussed in this work. The 

ΦT and τT values for the MPc complexes studied, in different solvents, are listed in Table 

4.3. The ΦT values were calculated using Equation 4.3 (same as Equation 1.9)  

T
Std
T

Std
TTStd

TT
ε∆A

ε∆A
ΦΦ

⋅
⋅⋅=          (4.3) 

Transient absorption curves can be obtained for the various complexes by using argon 

degassed solutions and exciting the Q band maximum wavelength. The point of 

maximum triplet absorption is determined using a plot similar to that of 31 in toluene 
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(Figure 4.8a(i)), which shows a Q band shape, at the triplet state, that is similar to the 

ground state electronic absorption spectrum (although the split is not as well defined)  

 

 

 

 

Figure 4.8: (a) Transient absorption spectra of (i) ZnttbIPc (31) and (ii) ββββ-

CdTtBuPhPc (26d) in toluene (concentration = ~ 2.0 x 10-5 M). λλλλExc = 708 nm. (b) 

Triplet decay curve for 26d.  
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indicating there is no change in the structure of the molecule following excitation. The 

transient absorption spectra of the aryloxy complexes tend to show peak broadening 

above 700 nm as shown in Figure 4.8a(ii) for β-CdTtBuPhPc (26d). It is believed that the 

changes in the spectra are a result of symmetry loss, following photoexcitation, as a result 

of the attachment of flexible σ-bonded substituents (C-O-C bond between phenoxy 

substituents and the Pc-ring). Twisting of these groups about the σ-bonds distorts the 

molecules and so a slight loss of symmetry occurs [336]. A similar effect was observed 

for octaphenoxy zinc phthalocyanine, in which case the twisting of the ring substituents 

resulted in ground state absorption spectral changes [226]. Phthalocyanines typically 

show a transient absorption between 450 and 550 nm. The maxima of the complexes 

studied ranged between 490 and 545 nm. Shown in Figure 4.8b is the triplet decay curve 

of 31, which is typical of MPc complexes which obey second order decay kinetics. This 

is typical of MPc complexes at the high concentrations used (> 1 x 10-5 M), due to triplet-

triplet recombination [337]. The concentrations employed in this work were in this range; 

hence triplet-triplet recombination is expected. Triplet data was obtained in toluene, DMF 

and DMSO. The lack of reference standards in CHCl3, THF and DCM prevented the 

determination of data in these solvents. 

MPc complexes in which the strongest spin-orbit coupling is induced should have the 

highest triplet quantum yield (ΦT) values. In Table 4.3, the order of variance of ΦT values 

is consistent with the strengths of the induced spin-orbit coupling in the complexes (when 

considering the central metal ion), i.e. Hg(II) complexes (24 and 27a) show the highest 

values while Zn(II) complexes (22 and 25a) show the least values.  
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The presence of ring substituents generally brought about increases in ΦT values, 

implying that the substituents, used in this work, induce spin-orbit coupling.  

Since fluorescence and triplet yields are complementary processes, low ΦF values should 

be accompanied by a subsequent increase in values determined for ΦT, and this trend is 

generally followed as indicated by the data shown in Table 4.3, with the exception of the 

benzyloxyphenoxy derivatives 26b, 28b and complex 29 which show considerably low 

ΦT in DMSO, which do not correspond to their low ΦF values (Table 4.3). 

In DMF and DMSO, higher ΦT were found for the α-substituted CdPc derivatives (28c 

and 28d) than for the corresponding β-substituted derivatives (26c and 26d).  However, 

the value of ΦT for peripherally substituted 26b is larger than for non-peripherally 

substituted 28b in toluene and DMF and are almost equal in DMSO. Larger triplet yields 

(in DMF and DMSO) were also observed for peripherally substituted 26a than for the 

non-peripheral derivative 28a, suggesting that peripheral substitution, particularly for 

these complexes, enhances intersystem crossing to the triplet state. In toluene, the ΦT 

values are also often lower for α-substituted derivatives (28b-d) compared to β-

substituted (26b-d) ones. In DMF, the substituents follow the same trend as the 

fluorescence data; in which case the pyridyloxy complexes (26a and 28a) give the largest 

ΦT values. The overall order of decreasing ΦT values is pyridyloxy > benzyloxyphenoxy 

> phenoxy ≅ tert-butylphenoxy.  

There were no huge differences in ΦT values that were obtained for 31 and 32 relative to 

their corresponding symmetrical counterparts (29 and 30) in DMF suggesting little 

influence of lowering in molecular symmetry. However, both complexes 31 and 32 gave 

the highest yields in DMSO in comparison to 29 and 30.  
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There is a large variation in the values determined in different solvents, from as low as 4 

µs to 350 µs (Table 4.3). Phthalocyanines containing heavy central metal ions are 

expected to exhibit short lived lifetimes.  

As expected, τT values for the Cd(II) (23 and 26a) and Hg(II) (24 and 27a) complexes are 

generally lower than those for similar Zn(II) derivatives (22 and 25a); this is attributed to 

the heavy atom effect, which induces intersystem crossing from the excited triplet state to 

the ground state. Table 4.3 shows that the order of triplet lifetimes with respect to the 

central metal ions is Zn(II) > Cd(II) > Hg(II), with HgPc (24) in DMSO presenting an 

exception. 

In general, ring substituents reduce the lifetime of the molecules in the triplet state, since 

there is a reduction in the lifetime in going from an unsubstituted molecule e.g. ZnPc (22) 

to the peripherally ring substituted derivatives listed in Table 4.3 in different solvents. 

This is as a result of the presence of heavy atoms (heavy atom effect) within the modified 

phthalocyanine structure.  

Lifetimes were in general relatively long-lived in DMSO relative to data obtained in 

DMF and toluene, which may be attributed to the highly viscous nature of DMSO. High 

viscosity solvents, such as DMSO, cause more efficient deactivation of non-radiative 

transitions of excited state molecules, which normally occur in response to numerous 

diffusion-like molecular movements. These diffusion-like movements (which enhance 

non-radiative deactivation of excited states) are less frequent in DMSO than in DMF and 

toluene; as a result, triplet lifetimes are longer in DMSO.  

Considering the different substituent groups, the tert-butylphenoxy substituted CdPcs 

(28d and 26d) gave the longest lifetimes in DMSO (150 µs and 260 µs respectively) in 
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comparison to the pyridyloxy [28a (40 µs) and 26a (30 µs)], benzyloxyphenoxy [28b (9 

µs) and 26b (30 µs)] and phenoxy [28c (130 µs) and 26c (190 µs)] Cd derivatives.  

Following laser irradiation, some of the complexes discussed in this work were partly 

degraded as depicted by a decrease in absorption intensity in the absorption spectra. In 

the case of the pyridyloxy-substituted derivatives (26a and 28a), slight broadening and 

shifting of the spectra, to the red, was observed (Figure 4.9). These changes may be  

 

  
 
Figure 4.9: Absorption spectra of ββββ-CdTPyPc (26a), in DMSO, (i) before and (ii) 

after laser photolysis.   

 
ascribed to photoinduced twisting pyridine groups about the flexible σ-bonds that attach 

them to the local MPc ring. The extent of this twisting varies with intensity of light 

applied where more intense light (laser light) results in a more significant drop in 

intensity and shift in wavelength. The possibility of oxidation or reduction of the 

complexes was ruled out by the addition of reducing or oxidizing agents after laser 
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irradiation. The original spectra could not be regenerated by exposure of the final solution 

to air, the addition of reducing or oxidizing agents or by a change in temperature.  

The quantum yields of internal conversion (ΦIC), which deactivates the excited singlet 

states, have also been calculated (Table 4.3) using Equation 4.4 

( )TFIC ΦΦ1Φ +−=     (4.4) 

which assumes that only three intrinsic processes (fluorescence, intersystem crossing and 

internal conversion) jointly deactivate the excited singlet state of an MPc molecule. 

However, the data shown in Table 4.3 offers no well defined trend among the complexes.  

 

4.4 Singlet Oxygen and Photodegradation Quantum Yields of MPc 

Complexes 

4.4.1 Singlet oxygen quantum yields (ΦΦΦΦ∆∆∆∆) 

The cytotoxic species, singlet dioxygen (1O2; 
1∆g) is believed to be the product of an 

energy transfer process from the triplet excited state of a metallated phthalocyanine 

molecule (3MPc*) to triplet ground state dioxygen (3O2; 
3Σg

-). Using UV-Vis 

spectroscopy, the absorption decay of a singlet oxygen quencher, 1,3-

diphenylisobenzofuran (DPBF), was monitored  at ~ 416 nm over a period of time 

(Figure 4.10) and the values of singlet oxygen generated determined using Equation 4.5 

(same as Equation 1.11). 

abs
Std

Std
absStd

∆∆ I . R

I . R
.ΦΦ =          (4.5) 
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Figure 4.10: Typical electronic absorption spectra for the determination of singlet 

oxygen quantum yield for αααα-CdTBzPhPc (28b) in THF (concentration = 3.4 x 10-6 

M). DPBF initial concentration = ~ 5.0 x 10-5 M. Irradiation wavelength = 670 ±±±± 20 

nm.  

 
The singlet oxygen quantum yields calculated, in different organic solvents, for the MPc 

complexes discussed in this work are presented in Table 4.4. No photobleaching effects 

were observed during the determinations for all compounds in the Q band region.  
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Table 4.4:  Singlet oxygen and photodegradation quantum yields of MPcs 

studied in different organic solvents.  

MPc Solvent  aΦΦΦΦT a,bΦΦΦΦ∆∆∆∆ aS∆∆∆∆ b,c,dΦΦΦΦPd (x 10-5) 

ZnPc (22) Toluene 0.65e 0.58f 0.89 0.19 

 CHCl3 - 0.57 - - 

 THF - 0.53g - 3.05 

 DMF 0.58h 0.56i 0.96 2.23 

 DMSO 0.65j 0.67k 1.03 2.61 

CdPc (23) DMF 0.77 0.58 0.75 0.19 

 DMSO 0.70 0.78 1.11 0.05 

HgPc (24) DMF 0.86 0.57 0.66 0.15 

 DMSO 0.87 0.82 0.94 0.09 

ββββ-ZnTPyPc (25a) DMF 0.68 0.40 0.59 c 

 DMSO 0.80 0.46 0.57 c 

ββββ-CdTPyPc (26a) DMF 0.85 0.64 0.75 c 

 DMSO 0.83 0.74 0.89 c 

ββββ-CdTBzPhPc (26b) Toluene 0.82 0.04 0.06 d 

 CHCl3 - 0.02 - d 

 THF - 0.03 - d 

 DMF 0.77 0.39 0.51 35.8 

 DMSO 0.36 0.23 0.64 d 
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Table 4.4 contd.  

MPc Solvent  aΦΦΦΦT a,bΦΦΦΦ∆∆∆∆ aS∆∆∆∆ b,c,dΦΦΦΦPd (x 10-5) 

ββββ-CdTPhPc (26c) Toluene 0.87 0.32 0.37 0.98 

 CHCl3 - 0.19 - 4.40 

 THF - 0.31 - 2.72 

 DMF 0.40 0.39 0.97 3.55 

 DMSO 0.61 0.41 0.67 0.42 

ββββ-CdTtBuPhPc (26d) Toluene 0.76 0.33 0.43 0.92 

 CHCl3 - 0.19 - 3.84 

 THF - 0.27 - 0.07 

 DMF 0.41 0.26 0.63 2.47 

 DMSO 0.54 0.35 0.65 0.41 

ββββ-HgTPyPc (27a) DMF 0.90 0.56 0.62 c 

 DMSO 0.89 0.78 0.88 c 

αααα-CdTPyPc (28a) CHCl 3 - 0.50 - c 

 THF - 0.52 - 55.7 

 DMF 0.70 0.60 0.86 c 

 DMSO 0.61 0.44 0.72 61.1 

αααα-CdTBzPhPc (28b) Toluene 0.51 0.33 0.65 56.3 

 CHCl3 - 0.26 - 61.5 

 THF - 0.42 - 10.9 
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Table 4.4 contd.  

MPc Solvent  aΦΦΦΦT a,bΦΦΦΦ∆∆∆∆ aS∆∆∆∆ b,c,dΦΦΦΦPd (x 10-5) 

αααα-CdTBzPhPc (28b) contd.  DCM - - - 118 

 DMF 0.53 0.41 0.77 16.3 

 DMSO 0.38 0.31 0.81 9.2 

αααα-CdTPhPc (28c) Toluene 0.73 0.58 0.79 2.53 

 CHCl3 - 0.31 - 2.20 

 THF - 0.43 - 4.01 

 DMF 0.49 0.42 0.86 3.89 

 DMSO 0.66 0.80 1.21 2.86 

αααα-CdTtBuPhPc (28d) Toluene 0.49 0.40 0.82 1.80 

 CHCl3 - 0.49 - 3.30 

 THF - 0.44 - 1.67 

 DMF 0.56 0.56 1.00 2.13 

 DMSO 0.61 0.59 0.97 0.19 

ββββ-ZnttbPc (29) Toluene 0.40 0.54 1.35 21.4 

 CHCl3 - 0.51 - 1350 

 THF - 0.53 - 0.17 

 DCM - - - 89.96 

 DMF 0.71 0.46 0.65 4.68 

 DMSO 0.73 0.55 0.75 0.40 
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Table 4.4 contd.  

MPc Solvent  aΦΦΦΦT a,bΦΦΦΦ∆∆∆∆ aS∆∆∆∆ b,c,dΦΦΦΦPd (x 10-5) 

ββββ-ZnTMPyPc (30) CHCl 3 - 0.40 - 3.99 

 THF - 0.47 - 0.04 

 DCM - - - 1.67 

 DMF 0.74 0.40 0.54 6.26 

 DMSO 0.73 0.48 0.66 0.31 

ZnttbIPc (31) Toluene 0.41 0.51 1.24 0.19 

 CHCl3 - 0.57 - 2.49 

 THF - 0.51 - 0.05 

 DCM - - - 0.64 

 DMF 0.77 0.45 0.58 1.65 

 DMSO 0.82 0.59 0.72 0.07 

ZnPc-COOH (32) CHCl3 - 0.49 - 8.37 

 THF - 0.62 - 0.27 

 DCM - - - 0.17 

 DMF 0.68 0.63 0.93 6.93 

 DMSO 0.82 0.64 0.78 0.11 

aValues undetermined due to lack of reference standards in different solvents for 

ΦΦΦΦT, ΦΦΦΦ∆∆∆∆ and S∆∆∆∆, bValues undetermined due to limited solubility, 

cPhototransformation, dNo change in absorption intensity with time, e[284], f[226], 

g[285], h[241], i[273], j[283], k[259]. 
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It is clear from Table 4.4 that CdPc and HgPc derivatives (23, 24, 26a and 27a) show 

higher Ф∆ values than their ZnPc counterparts (though there is not much difference for 

the unsubstituted derivatives in DMF), which could be ascribed, in principle, to the 

higher triplet state population in Cd and Hg-containing derivatives (23, 24, 26a and 27a). 

Values for the HgPc derivatives, HgPc (24) and β-HgTPyPc (27a) are in some cases 

lower than those of the corresponding CdPc derivatives, considering the same solvent.  

Table 4.4 shows that the α-substituted phenoxy and tert-butylphenoxy CdPc derivatives 

α-CdTPhPc (28c) and α-CdTtBuPhPc (28d) show higher Φ∆ values than their 

corresponding β-substituted derivatives 26c and 26d. The values of Φ∆ were, however 

higher for the β-substituted complex β-CdTPyPc (26a) compared to the corresponding α-

derivative 28a in DMF and DMSO. The reverse is true for CdTBzPhPc 28b and 26b, 

which follow a similar trend to 28c and 28d, where yields are lowest for the peripherally 

substituted derivative 26b in all solvents where values could be obtained. The very low 

Φ∆ values of 26b compared to 28b in THF, CHCl3 and toluene are due to the partial 

oxidation and demetallation discussed earlier, with regard to the absorption spectra 

(Chapter 3). The behaviour of the pyridyloxy and benzyloxyphenoxy derivatives also 

differs when considering complexes with the same substituent but different point of 

substitution i.e. 28a versus 26a and 28b versus 26b. There is a trend towards lower yields 

for phthalocyanines substituted with benzyloxyphenoxy groups, suggesting that these 

groups quench the ability of molecules to produce singlet oxygen efficiently.  

The singlet oxygen yields of β-ZnttbPc (29) and β-ZnTMPyPc (30) have been calculated 

and comparisons made with their corresponding low symmetry derivatives ZnttbIPc (31) 

and ZnPc-COOH (32). In the case of 29 and 31, the highest yields occur in DMSO, with 
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the lowest values occurring in DMF for both compounds. The singlet oxygen yields for 

32 in DMSO, DMF and THF are similar (0.64, 0.63 and 0.62 respectively). Although 

lower singlet oxygen quantum yields prevail for 30, compared to 32, similarly there is not 

much variation in the same solvents (0.48, 0.40 and 0.47, for DMSO, DMF/CHCl3 and 

THF, respectively) (Table 4.4).  

Solvent effects on photochemical properties depend on the solvents’ polarities and 

coordinating power. In Table 4.4, there appears to be no distinct trend regarding solvent 

effects; however Φ∆ values for 28d increased with an increase in the solvent polarity. 

Some of the lowest values tend to occur in CHCl3, a feature attributed to the protic nature 

of the solvent. Solvent-singlet oxygen interactions in protic solvents have been found to 

cause deactivation of the singlet oxygen species formed, hence accounting for the low 

singlet quantum yields in such solvents [101]. S∆ (Equation 4.6) gives a measure of the  

T

∆
∆

Φ

Φ
S =           (4.6) 

efficiency of excitation energy transfer from the triplet state photosensitiser to ground 

state molecular oxygen. A value close to unity suggests high transfer efficiency. Values 

could only be determined in toluene, DMF and DMSO, due to the lack of suitable 

reference standards in CHCl3, THF and DCM. Overall there is efficient generation of 

singlet oxygen as reflected by the S∆ values in Table 4.4. The S∆ values for some 

complexes are slightly larger than 1, but within experimental error these values are close 

to unity.  

The data in Table 4.4 reflects generally higher transfer efficiencies for CdPcs substituted 

at the α-positions as opposed to those substituted at the CdPc β-positions. Substitution at 

the peripheral positions possibly results in quenching of the triplet state.  
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S∆ values are generally the highest in DMSO which could be related to the lifetimes of 

the triplet states in this solvent. In DMSO, triplet lifetimes are longer; hence there is more 

time for diffusional collisions with O2 (3Σg
-) than in other solvents, resulting in more 

efficient energy transfer. The low S∆ for 26b in this solvent may also be due to partial 

oxidation and demetallation as discussed earlier.  

 

4.4.2 Photodegradation quantum yields 

Monitoring the photo-induced decomposition of MPc complexes can be used to 

determine the stability of these derivatives under intense light. It is especially important 

when considering phthalocyanines that may be applied as photocatalysts for the 

degradation of pollutants and transformation of alkenes and alkanes [102,338-340]. The 

degradation of phthalocyanine molecules often occurs via attack by singlet oxygen in an 

oxidative process [272,274]. It is characterized by the decrease in absorption intensity, in 

the Q and B band regions, without the appearance of new bands in the visible region or a 

shift in the maxima on exposure of the MPc to intense light. Figure 4.11 (for ZnPc-

COOH 32) shows typical spectral changes that are observed during the photodegradation 

of MPcs. Theory suggests that the efficiency of the process should depend on the Φ∆ 

values. Variations in solvent properties and molecular structure (substituents and central 

metal) may also be used to account for the photodegradation data (ΦPd) which is 

calculated using Equation 4.7 (Equation 1.15). 

( )
StI

VNCC
Φ

abs

Ato
Pd

−=          (4.7) 

Data shown in Table 4.4 indicates that photodegradation is generally more pronounced in  
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Figure 4.11: Photodegradation spectral changes of ZnPc-COOH (32) in CHCl3 

(initial concentration = ~ 5.0 x 10-6 M). Irradiation wavelength = 670 ±±±± 20. 

 
chlorinated solvents i.e. CHCl3 and DCM. The photodegradation quantum yield is 

particularly pronounced for β-ZnttbPc (29) in CHCl3 (ΦPd = 1350 x 10-5), due to the 

extremely low basicity of this solvent, which leaves the MPc molecule open to oxidative 

attack [145,182,278]. Chlorinated solvents also tend to encourage Type I radical 

photooxidation (Scheme 1.4) which may also account for the significant 

photodegradation quantum yields in such solvents. DMSO, being a strongly coordinating 

and highly solvating solvent, is capable of axial coordination to the central metal atom 

thus partially shielding the Pc from oxidative attack [279]. Thus, the ΦPd values in 

DMSO are in general lower in comparison to those in non-coordinating and poorly 

coordinating solvents such as toluene, CHCl3, THF and DCM thus implying higher 
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photostability of these complexes in strongly coordinating solvents. DMSO is also more 

basic hence stabilizes the Pc ring against oxidative attack.  

Substituents may also confer some stability to the Pc ring. Electron-donating ring 

substituents enhance the probability of Pc ring photooxidation, while electron-

withdrawing groups reduce it [275]. This can be used to account for the values obtained 

for ZnttbIPc (31) and ZnPc-COOH (32). The data for these complexes fall within the 

range expected of stable phthalocyanines, due to the fused imido ring (for 31) and the 

terminal carboxyl group of 32 which tend to stabilize the Pc ring against oxidative attack, 

thus making the Pc entity more resistant to oxidative degradation. The highly electron-

donating nature of pyridyloxy and benzyloxyphenoxy groups accounts for the high ΦPd 

values for the complexes substituted with these groups i.e. α-CdTPyPc 28a, α-

CdTBzPhPc 28b and β-CdTBzPhPc 26b. Substituents at non-peripheral positions of the 

macrocycle are known to result in a stabilizing effect an order of magnitude greater than 

substitution at the peripheral positions [275]. However, as shown in Table 4.4, the non-

peripherally substituted derivatives α-CdTPhPc (28c) and α-CdTtBuPhPc (28d) showed 

less stability than the corresponding peripherally substituted derivatives β-CdTPhPc 

(26c) and β-CdTtBuPhPc (26d) in toluene and THF, but the latter complexes are less 

stable in CHCl3 and conform to no particular trend in DMF and DMSO.  

Photodegradation quantum yields could not be expressed as such for the pyridyloxy-

substituted derivatives β-ZnTPyPc (25a), β-CdTPyPc (26a), β-HgTPyPc (27a) and α-

CdTPyPc (28a), as they underwent a phototransformation process, as indicated by a shift 

in the Q band maxima (Figure 4.12). These changes depict some distortion of the 

pyridyloxy-substituted phthalocyanine macrocycle on exposure to intense light. A similar 
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Figure 4.12: Changes in absorption spectra of αααα-CdTPyPc (28a) (initial 

concentration = ~ 1.50 x 10-5 M) in DMF on photolysis.  

 
effect has been observed on exposure to laser light as previously discussed.  

Attempts to degrade 26b in most solvents (toluene, CHCl3, THF, DCM and DMSO) were 

unsuccessful, with no decrease in absorption intensity. Except for DMSO, these are the 

same solvents in which 26b is shown to have unusual or broadened absorption spectra. 

This suggests that these complexes are very stable, and may be a consequence of the 

initial partial oxidation mentioned earlier and low Φ∆ values.  

 

4.5 Conclusions 

The photophysical and photochemical properties associated with the molecules 

synthesized in this work were determined and found to vary as a function of the central 

metal ion, substitution position (α vs β) and solvent properties. The HgPc complexes 

show enhanced triplet quantum yields relative to their ZnPc and CdPc counterparts. Non-
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coordinating solvents promote the loss of symmetry, which becomes more pronounced 

upon excitation, while the pyridyloxy substituents were found to experience a similar 

change in molecular structure owing to their structural flexibility. The oxidizing ability of 

chlorinated and poorly coordinating solvents was used to account for the unusual 

spectrum of the benzyloxyphenoxy peripherally substituted CdPc derivative. The same 

solvent properties have been used to account for the extreme photodegradation quantum 

yields obtained in these solvents. The photophysical and photochemical parameters of the 

complexes studied show that they have potential in both industrial applications, as 

photocatalysts, or in medical applications such as PDT (zinc complexes only, due to the 

toxicity of the others).  
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5. Interaction of Metallophthalocyanines with 

Nanoparticles 

 

This chapter discusses the interaction between the low symmetry 

metallophthalocyanines reported in this work and single-walled carbon 

nanotubes (SWCNT) or quantum dots (QDs) with respect to 

spectroscopic behaviour and photophysicochemical properties.  
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5.1 Interaction of Metallophthalocyanines with Single-Walled 

Carbon Nanotubes 

Reports on the use of unsymmetrically substituted phthalocyanines for coordination of 

carbon nanotubes are rare [33,157,341,342], due to the difficulty in obtaining these 

complexes. Monosubstitution of phthalocyanines ensures only one linking point of Pc to 

SWCNT, allowing for a more defined structure of the conjugate. Non-covalent 

immobilization is often preferred since it is known to preserve the π-network of carbon 

nanotubes and thus their electronic and catalytic properties [24,26,343]. This work thus 

aims to explore the synthesis and photophysical properties of two low-symmetry 

phthalocyanine molecules i.e. ZnttbIPc (31) and ZnPc-COOH (32), covalently linked to 

(Scheme 5.1) or adsorbed on (Scheme 5.2) the chemically functionalized SWCNT 

discussed earlier; SWCNT-COOH (1a) and SWCNT-NH2 (1b) respectively. It is possible 

for more than one Pc molecule to link to the SWCNT, but in each case (31 and 32) there 

is only one functional site on the ZnPc derivative.  

 

5.1.1 Synthesis and spectroscopic characterization of MPc-SWCNT conjugates 

Formation of the linked conjugates ZnPc(31)-SWCNT-linked (49) and ZnPc(32)-

SWCNT-linked (50) was achieved by making use of either 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) or dicyclohexylcarbodiimide (DCC) as 

coupling agents and facilitate formation of an amide bond between the imide-ring fused 

Pc, 31 and the carboxylic acid functionalized carbon nanotubes (1a) (Scheme 5.1(i)) or 

between the amine functionalized carbon nanotubes (1b) and the mono-phenoxy carboxy 

group attached to the periphery of complex 32 (Scheme 5.1(ii)) [18]. The adsorbed 



Interaction of Metallophthalocyanines with Nanoparticles 

 

189 
 

complexes ZnPc(31):SWCNT-adsorbed (51) and ZnPc(32):SWCNT-adsorbed (52) were 

obtained via π-π stacking interactions [24,292], (Scheme 5.2).  

 

 
Scheme 5.1: Synthesis routes to (i) ZnPc(31)-SWCNT-linked (49) and (ii) 

ZnPc(32)-SWCNT-linked (50). Some structural features omitted for clarity. 

(Structures are not drawn to scale).  

 
FT-IR, UV-Vis and Raman spectroscopy and thermal gravimetric analysis (TGA) were 

used for characterization of the formed conjugates. The FT-IR spectra of SWCNT-COOH 

(1a) prior to and following linking with 31 are shown in Figure 5.1. The SWCNT, 1a 

show two strong bands at 1617 and 1639 cm-1, Figure 5.1(i). As discussed earlier 

(Chapter 3), similar bands are observed for the amine functionalized SWCNT, 1b. 

Therefore, these bands may correspond either to the carbonyl (C=O) of the carboxylate  



Interaction of Metallophthalocyanines with Nanoparticles 

 

190 
 

 

 
Scheme 5.2: Synthesis routes to (i) ZnPc(31):SWCNT-adsorbed (51) and (ii) 

ZnPc(32):SWCNT-adsorbed (52). (Structures are not drawn to scale).  

 
that forms as a result of deprotonation of the weak carboxylic acid groups that terminate 

the nanotubes (1a) or the NH2 groups associated with 1b. Upon reaction of the carboxyl-

terminated SWCNT with ZnttbIPc a single broad peak, due to the carbonyl of the 

resultant amide bond, appears at 1636 cm-1, Figure 5.1(ii). The shift, relative to the 

functionalized carbon nanotubes, may be attributed to extended conjugation. The –NH 

stretch that appears at 3432 cm-1 for 49 can be attributed to interaction of the lone pair of 

electrons associated with the nitrogen atom (involved in the amide bond) and any water 

molecules that may be present. Residual peaks that appear at lower wavenumbers i.e. 

1260 and 797 cm-1 are due to 31 alone, Figure 5.1(iii). Shown in Figure 5.2(i), are the IR 

spectra of 1b (i), ZnPc-COOH 32 (ii) and ZnPc(32)-SWCNT-linked (50). As expected,  
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Figure 5.1: FT-IR spectra of (i) SWCNT-COOH (1a) (ii) ZnPc(31)-SWCNT-

linked (49) and (iii) ZnttbIPc (31). 

 
C-H stretches between 2850 and 2922 cm-1 are present in all species (Figure 5.2) under 

investigation. Structural variation in going from 1b to the linked conjugate 50 is 

confirmed by the differences in the spectral patterns of the two, particularly between 

1630-1653 cm-1 where peaks are found to correspond either to the –NH stretch of the 

amide bond or the C=O stretch associated with complex 32 or an overlap of the two. The 

peak at 1653 cm-1 in ZnPc(32)-SWCNT-linked 50 is the higher frequency, C=O 

stretching, amide I band, typical of primary amides. The second amide II band, is chiefly 
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N-H bending, and occurs at lower frequencies (~ 1637 cm-1). The spectrum 

corresponding to complex 32 shows a broad signal at 3435 cm-1 due to the -OH group of 

the phenoxy carboxy unit. There are numerous other peaks, characteristic of 

phthalocyanine macrocycles i.e. 1385, 1016 and 803 cm-1, which are also evident in the 

linked conjugate Figure 5.2(iii).  

 

 
 
Figure 5.2: FT-IR spectra of (i) SWCNT-NH2 (1b), (ii) ZnPc-COOH (32) and (iii) 

ZnPc(32)-SWCNT-linked (50).   

 
The IR spectra of the adsorbed complexes 51 and 52 are shown in Figure 5.3. The 

spectrum of 51 is characterized by peaks at 3418 and 1637 cm-1; which correspond to the 
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–COOH functional groups on the nanotube surface. The sharp peaks at 2923 and 2853 

cm-1 are representative of the C-H stretches of the tert-butyl groups. These peaks are also  

 

 
 
Figure 5.3: FT-IR spectra of (i) ZnPc(31):SWCNT-adsorbed (51) and (ii) 

ZnPc(32):SWCNT-adsorbed (52).  

 
clearly evident in the phthalocyanine spectrum (Figure 5.1(iii)), but slightly shifted. The 

shift of the 3432 cm-1 peak in 49 to 3418 cm-1 in 51 may be a result of electron 

delocalization due to π-π interactions in the latter, i.e. non-covalent functionalization of 

31 on 1a was achieved via π-π stacking [24,192]. Not much variation exists in the 

spectral patterns of the linked conjugate 50 and adsorbed 52 conjugates (Figure 5.2 and 

Figure 5.3); however there are slight peak shifts. For example, the peak due to C-C-C 
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bending at 1109 cm-1, in the amine functionalized carbon nanotubes (1b), shifts to 1100 

and 1016 cm-1, due to extended conjugation on interaction with complex 32, for the 

linked (50) and adsorbed (52) conjugates respectively. The shift from 1100 to 1016 cm-1 

can further be explained by the different modes of interaction i.e. adsorption versus 

covalent attachment. The broadening of the peaks in this (1000 – 1100 cm-1) region may 

be attributed to the interaction between the phthalocyanine macrocycle and carbon 

nanotube backbone. These observations, though not definite, suggest that 31 and 32 were 

successfully attached to SWCNT. 

The ground state electronic absorption spectra corresponding to pristine 31 (i), pristine 

carbon nanotubes (SWCNT) (ii), oxidized nanotubes 1a (iii), 49 (iv), 51 (v) and 31 mixed 

(without allowing time for adsorption) with 1a (1:9 w/w) (vi) in DMF is shown in Figure 

5.4. A split (due to unsymmetrical nature) Q band with peaks at 707 and 666 nm and a B 

band at 357 nm characterizes 31, Figure 5.4(i), Table 5.1. Not much difference exists in 

the nature of the spectra of the pristine SWCNT and those functionalized with carboxylic 

acid groups 1a Figure 5.4(ii) and (iii). Literature has shown that the absorption spectrum 

of 1a consists of broad featureless curves that extend into the near-infrared region [22].  

Conjugate 49, shown in Figure 5.4(iv) has a broadened spectrum in the Q band region, 

indicating a substantial change in the structure i.e. further evidence for the covalent 

attachment. The broadening may be a consequence of the chemical bond formation 

between 1a and 31. The linked conjugate, 49 has peaks which correspond to the main 

absorption bands (Q bands) of the phthalocyanine unit at 704 nm, 665 nm and 648 nm i.e. 

evidence for the presence of the phthalocyanine unit, Figure 5.4(iv), Table 5.1. A slight 

shift in the position of the bands indicates some perturbation of the π-system i.e. some 
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electronic communication between the electron donating phthalocyanine and the 

electron-accepting SWCNT [33,344]. A red shift and extensive broadening of the Q band  

 

 
 
Figure 5.4:  Ground state electronic absorption spectra of (i) ZnttbIPc (31),  (ii) 

SWCNT, (iii) SWCNT-COOH (1a), (iv) ZnPc(31)-SWCNT-linked (49), (v) 

ZnPc(31):SWCNT-adsorbed (51) and (vi) ZnttbIPc+SWCNT mixed composite (1:9 

w/w) in DMF (0.2 mg ml-1).  

 
has been reported [345] on coordination of a bisphthalocyanine to SWCNT. The red shift 

was attributed to strong intramolecular interactions [345,346]. In this work the 

broadening of the Q band is observed, but the slight shifting is to the blue rather than the 

red either due to the electron withdrawing nature of the C=O groups attached to the 

SWCNT or due to aggregation of the phthalocyanine species on interaction with the 

nanotubes. The spectrum corresponding to the adsorbed species 51, Figure 5.4(v) is  
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Table 5.1: Absorption and fluorescence properties of linked and adsorbed MPc-

SWCNT conjugates.  

Compound Q band 
 

λmax/nm 

Emissiona 
 

λEm/nm 

Excitation 
 

λExc/nm 

Stokes 

Shift/nm 

ΦF 

(±±±± 0.01) 

ττττF 

(±±±± 0.04) 

ZnttbIPc (31) 707, 666 721 712, 666 14 0.08 1.75 

ZnPc-COOH (32) 683 695 685 12 0.25 2.42 

ZnPc(31)-SWCNT-

linked (49) 

704, 665 715 714, 666 11 <0.01 

(13.3)b 

1.75 

ZnPc(32)-SWCNT-

linked (50) 

683 693 687 10 0.04 

(6.3)b 

2.52 

ZnPc(31):SWCNT-

adsorbed (51) 

706, 666 715 713, 667 9 0.01 

(7.6)b 

1.96 

ZnPc(32):SWCNT-

adsorbed (52) 

684 694 687 10 0.06 

(4.2)b 

2.42 

aλλλλexc at 610 nm. bValues in brackets represent quenching factors 














orbed)Linked/Ads-F(ZnPc

F(ZnPc)

Φ

Φ
 

 

similar to that of 49, Figure 5.4(iv) with peaks at 706 nm, 666 nm and 643 nm. However 

the adsorbed and linked species also show broadening in the Soret band region due to the  

presence of SWCNT. A physically mixed (not allowing for time to adsorb) composite of 

31 and 1a shows no marked difference from that of pristine 31, Figure 5.4(vi).  

Figure 5.5 shows the absorption spectra, in DMF, corresponding to complex 32 (i), 1b 

(ii), 50 (iii) and 52 (iv). Complex 32 is characterized by a distinct monomeric Q band at  
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Figure 5.5: Ground state electronic absorption spectra of (i) complex 32, (ii) 

SWCNT-NH2 (1b), (iii) ZnPc(32)-SWCNT-linked  (50) and (iv) ZnPc(32):SWCNT-

adsorbed (52) in DMF (0.2 mg ml-1). 

 
683 nm (Figure 5.5(i), Table 5.1). The presence of this peak in both conjugates (linked 

and adsorbed) is proof of the presence of the phthalocyanine unit. It appears that the 

attachment of the amine grouping (attached to the SWCNT), although electron donating, 

does not exert any significant influence on the absorption spectra of both the adsorbed 

and linked species i.e. no shifting of the Q band is observed. It is suspected that the amine 

group alone is insufficient to give such an effect, however the use of a phenylamine 

functional group may prove slightly more effective [295]. The spectrum corresponding to 

1b is similar to 1a (Figure 5.4(iii)), expressing no features in the region of interest. 
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The Raman spectra for the conjugates are shown in Figure 5.6 and Figure 5.7. The 

Raman spectra obtained for SWCNT 1a, 49 and 51 (Fig. 5.6), show slight variations in 

the position of the main features (G band, D band), although small these are significant 

and point to structurally different materials. The intensity of the D band (relative to the G 

band) decreases on modification of the SWCNT backbone i.e. from SWCNT to 1a to 49 

and 51. The opposite effect is observed for 1b, 50 and 52 (Figure 5.7). However, both 

events suggest that addition of the phthalocyanine moiety modifies the CNT surface,  

 

 

Figure 5.6: Raman spectra of (i) SWCNT, (ii) SWCNT-COOH (1a) (iii), 

ZnPc(31)-SWCNT-linked (49) and (iv) ZnPc(31):SWCNT-adsorbed (51). The 

intensities have been normalized with respect to the G band.  

 
which may be further evidence for the formation of the adsorbed and linked conjugates. 

The D:G band ratio gives a measure of the degree of side-wall functionalization. 

Calculations for the D:G band ratio shows an increase in the ratio on additional  
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Figure 5.7:  Raman spectra of (i) SWCNT (ii) SWCNT-NH2 (1b) (iii) ZnPc(32)-

SWCNT-linked (50) and (iv) ZnPc(32):SWCNT-adsorbed (52). The intensities have 

been normalized with respect to the G band. 

 
modification with the phthalocyanine moiety, 32 to form the linked and adsorbed units 

i.e. 0.48 for 50 (Figure 5.7(iii)) and 0.46 for 52 (Figure 5.7(iv)). However, a decrease in 

the ratio is observed for 49 (0.18, Figure 5.6(iii)) and 51 (0.20, Figure 5.6(iv)). The 

diazonium approach adopted for amine functionalization, in this work, is specific for 

side-wall functionalization [7,23,295], whereas the introduction of carboxyl groups 

occurs primarily at the open ends of the carbon nanotubes [6,9,10]. Therefore, the 

decrease in the ratio, for 49 and 51 relative to 1a, may be due to less efficient side-wall 

functionalization. The ratios of the adsorbed and linked conjugates are however only 

marginally different.  
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Structural differences between the functionalized carbon nanotubes (1a and 1b) and the 

linked (49 and 50) or adsorbed (51 and 52) conjugates were further confirmed using 

thermal gravimetric analysis (TGA). It is immediately apparent that the profiles for 31 

and the linked (49) or adsorbed (51) complexes are quite different (Figure 5.8). Weight  

 

 
 
Figure 5.8: TGA profiles of (i) SWCNT-COOH (1a), (ii) ZnPc(31)-SWCNT-

linked (49), (iii) ZnPc(31):SWCNT-adsorbed (51) and (iv) ZnttbIPc (31)  (10°°°°C min-

1 under N2). 

 
loss may be attributed to solvent loss or decomposition of functional groups associated 

with the molecules involved e.g. carboxyl groups of the oxidized carbon nanotubes or the 

amino group involved in formation of the amide bond [24,33,157,342]. The thermal 

decay profile, corresponding to 31 (Figure 5.8(iv)), shows four shallow decomposition 
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stages. The first step between ~ 140 and 250oC suggests solvent loss. The second and 

third stages are the main decomposition steps but could also be phase changes. The fourth 

step is further decomposition but not complete decomposition as it does not reach 0 % at 

700°C. The thermal profile of the linked system (49, Figure 5.8(ii)) is remarkably similar 

to that of the functionalized SWCNT (Figure 5.8(i)), with two decomposition steps. The 

first step (~ 150 – 290oC) could once again be attributed to solvent loss. The second step 

from 320oC is associated with decomposition. The thermal profile obtained for 51, Figure 

5.8(iii), is markedly different from that for the linked complex (Figure 5.8(ii)) and this 

difference could be attributed to the presence of a chemical bond in the latter. The 

SWCNT (not shown in Figure 5.8) decompose to 56 % of their original mass, 1a to 46 %, 

49 to 50 %, 51 to 54 % and 31 decomposes to 49 % at 700°C. Using these percentages 

the weight loss due to the functional groups may be estimated to be 10 % for 1a, 6 % for 

49 and 2 % for 51. Using the formula reported in literature [157], the number of 

functional groups in 1a was then estimated as 1 per 34 carbon atoms, 1:1120 in 49 and 

1:3510 in 51. The values present a rough estimation since pristine 31 decomposes to 49 

%. The low ratio of functional groups to carbon atoms of 1:3510 in 51, compared to 

1:1120 in 49, is unusual and may be a consequence of the reaction conditions i.e. the 

process does not facilitate the adsorption of numerous phthalocyanine (31) units on the 

SWCNT surface. This may be in relation to the extent of side-wall functionalization 

discussed earlier. However, such a low degree of functionalization may be favourable as 

it preserves the intrinsic electronic properties of carbon nanotubes [33]. 

The thermal decay profiles corresponding to conjugates formed with 32 and 1b are 

shown in Figure 5.9. Similar to the conjugates discussed above, the initial mass loss  
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Figure 5.9: TGA profiles of (i) SWCNT, (ii) SWCNT-NH2 (1b), (iii) ZnPc(32)-

SWCNT-linked (50), (iv) ZnPc(32):SWCNT-adsorbed (52) and (v) ZnPc-COOH 

(32) (10°°°°C min-1 under N2).  

 
experienced for each sample between 50 and 100°C may be attributed to solvent losses. 

Any accompanying weight loss, above 200°C may be ascribed to functional group 

decomposition i.e. of the –NH2 groups associated with the complexes. The pristine 

SWCNT decompose to 71 % of their original mass, amine functionalized SWCNT 1b to 

59 %, 50 to 65 %, 52 to 55 % and pristine complex 32 decomposes to 63 % at 650°C. 

Using these percentages the weight loss due to the functional groups may be estimated to 

be 12 % for 1b, 16 % for 52 and 6 % for 50.  Using the same calculation as above [157], 

TGA results allow an estimate of 1 amine functional group per 37 carbon atoms in 
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functionalized SWCNT (1b), 1:482 in 52 and 1:1430 in 50. Since 32 alone decomposes 

only to 63 %, the values above are a very rough estimate. The low ratio of functional 

group to carbon atoms of 1:1430 for 50 compared to 1:482 for 52 and 1:37 for 1b 

suggests that chemical functionalization makes the conjugate stable and results in the 

presence of fewer ZnPc (32) molecules linked to the carbon nanotube surface. The 

greater decomposition of the adsorbed species relative to the linked, suggests the 

presence of a larger number of functional groups prone to thermal decomposition. It 

seems more likely, however, that the presence of a covalent bond in the linked form 

limits the extent of decomposition attainable, for the same functional groups.  

 

5.1.2 Fluorescence spectra, quantum yields and lifetimes 

The emission behaviour of complexes 31 and 32 was discussed in Chapter 4. The 

fluorescence spectra of 31 or 32 linked or adsorbed on SWCNT were obtained by 

exciting at the same wavelength and at constant absorption (following subtraction of 

absorption due to SWCNT). This is to avoid inner filter effects which lead to a decrease 

in the emission intensity as a result of reabsorption of the emitted radiation due to high 

optical densities, sample turbidity or strong overlap of the absorption and emission 

spectra [227,248]. The fluorescence emission spectra of all the conjugates, ZnPc(31)-

SWCNT-linked, 49 (Figure 5.10(ii)), ZnPc(32)-SWCNT-linked, 51 (Figure 5.11(ii)), 

ZnPc(31):SWCNT-adsorbed, 50 (Figure 5.10(iii)) and ZnPc(32):SWCNT-adsorbed, 52 

(Figure 5.11(iii)) show a distinct phthalocyanine Q band emission peak, however the 

intensity is substantially reduced in the presence of the carbon nanotubes relative to the 

pristine complexes 31 (Figure 5.10(i)) and 32 (Figure 5.11(i)), a feature which may be  
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Figure 5.10: Fluorescence emission spectra of (i) ZnttbIPc (31), (ii) ZnPc(31)-

SWCNT-linked (49)  and (iii) ZnPc(31):SWCNT-adsorbed (51) in DMF. (Curves for 

49 and 51 have been corrected for carbon nanotubes absorbance and multiplied by 

a factor of 10). (λλλλexc = 610 nm).    

 
attributed to rapid intersystem crossing (ISC) to populate the triplet state as a result of the 

heavy atom effect. It is more feasible that this effect is due to an electron transfer 

mediated process (Figure 5.12) from the electron-donating phthalocyanine moiety to the 

electron accepting SWCNT resulting in rapid deactivation of the photoexcited 

phthalocyanine [342] (this was confirmed by the lack of triplet absorption or singlet 

depletion curves using laser flash photolysis). As already stated, fluorescence in 

phthalocyanine complexes such as 31 often occurs from the lowest energy vibrational 

band (ν0) of S1 (i.e. a transition from one energy level), resulting in one fluorescence  
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Figure 5.11: Fluorescence emission spectra of (i) ZnPc-COOH (32), (ii) ZnPc(32)-

SWCNT-linked (50) and (iii) ZnPc(32):SWCNT-adsorbed (52) in DMF. (Curves for 

50 and 52 have been corrected for carbon nanotube absorption). (λλλλexc = 610 nm).    

 
peak [101,347]. However transitions from the lowest energy vibrational band (ν0) to 

other vibrational levels in the S0 state can also occur, which accounts for the presence of 

two peaks in the fluorescence spectra, as in this case; where the fluorescence spectra of 

31 (alone, linked or adsorbed) in DMF show two peaks, with the low energy peak being 

less intense (Figure 5.10), as was also observed in Figure 4.5 (Chapter 4). 

The likelihood of an electron transfer mediated process, as shown in Figure 5.12 for 

conjugates of 31 or 32, is further expressed by the low fluorescence quantum yields (ΦF) 

obtained in the presence of the carbon nanotubes. The absorption contribution of the 

SWCNT has been accounted for in these calculations in order to ensure that the data  
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Figure 5.12: Possible deactivation pathways of ZnttbIPc (31) or ZnPc-COOH (32) 

upon photoexcitation. (ET = electron transfer, ISC = intersystem crossing, CR = 

charge recombination).  

 
expressed refers to the phthalocyanine unit. Comparison of the fluorescence quantum 

yields (ΦF) gives quenching factors (ΦF(ZnPc)/ΦF(ZnPc-SWCNT)) of 13.3 and 7.6 (Table 5.1) 

for 49 and 51 respectively and 6.3 and 4.2 for 50 and 52. These values suggest that the 

interaction that occurs due to the existence of a formal bond between the phthalocyanine 

unit and the SWCNT is more effective in lowering the quantum yield (as a result of faster 

electron transfer) as opposed to the π-π interaction. 

Time-resolved fluorescence measurements indicate a mono-exponential decay for the 

pristine Pcs 31 and 32, with fluorescence lifetimes (τF) of 1.75 and 2.42 ns respectively 

(Figure 5.13, Table 5.1). This falls within the range typical for most monomeric 

metallated phthalocyanines. The lifetime of the Pcs 31 and 32 in the adsorbed and linked 
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conjugates unexpectedly also showed typical mono-exponential decay curves, with 

lifetimes that correspond essentially to the presence of free monomeric Pc (Table 5.1). 

Surprisingly, there was no decrease in lifetimes, for the Pcs in the conjugates.  
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Figure 5.13: Fluorescence decay profile for ZnPc(31)-SWCNT-linked (49) in DMF.  

 

5.2 Interaction of Metallophthalocyanines with Quantum Dots 

The low symmetry complex, ZnttbIPc (31) was used in this study. Studies were 

conducted with a covalently linked conjugate of 31 and the mercaptopropionic acid 

capped CdTe quantum dots (2), formed as shown in Scheme 5.3, and with a mixed 

conjugate; subsequent studies were used to determine the influence of a covalent bond on 

the photophysicochemical properties. Studies for these conjugates were performed in a 

4:1 (v/v) DMF:water solution to enable solubilization of the quantum dots and 

phthalocyanine while maintaining the monomeric nature of the phthalocyanine.   
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5.2.1 Synthesis and spectroscopic characterization of MPc-QD conjugates 

Studies with the developed CdTe MPA QDs (2) were carried out upon coupling of the 

QDs with ZnttbIPc (31) using DCC (a coupling agent often used in organic solvents) to 

activate the carboxylic acid end of the thiol groups and thus give a linked conjugate,  
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Scheme 5.3: Synthetic route to ZnPc(31)-QD-linked conjugate (53). 

 
ZnPc(31)-QD-linked (53). In this case the carboxylic acid groups that terminate the 

(MPA) thiol groups used to passivate the QD surface were linked to the imide group of 
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31 via an amide bond (Scheme 5.3). Studies with a mixture of 31 and 2 i.e. 

ZnPc(31):QD-mixed (54) were also conducted. 

FT-IR spectroscopy gave evidence of the formation of the amide bond for 53. A broad 

band at 1645 cm-1 that can be attributed to the carbonyl (C=O) stretch of the resultant 

amide bond is shown in Figure 5.14(iv). Such a band was not observed for 2 alone, 31 

alone or for 54 (Figure 5.14).  

 

 
 
Figure 5.14: FT-IR spectra of (i) CdTe MPA QDs (2), (ii) ZnttbIPc (31), (iii) 

ZnPc(31):QD-mixed (54) and (iv) ZnPc(31)-QD-linked (53).  

 
Raman spectra were additionally employed to characterize the new conjugate, Figure 

5.15. The main difference between the linked (53, Figure 5.15(iv)) and mixed (54, Figure 
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structure at 2851 and 2870 cm

alone (Figure 5.15(ii)) is similar to that in 

its change in shape for 53 suggests the presence o
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Figure 5.15: Raman spectra of (
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UV-Vis absorption spectra were used for further characterization of the mixed and linked 

species in the DMF:water solvent mixture (Figure 5.16). This solvent mixture allows for  

 

 
 
Figure 5.16: Ground state electronic absorption spectra of (i) CdTe MPA QDs (2), 

(ii) ZnttbIPc (31), (iii) ZnPc(31)-QD-linked (53) and (iv) ZnPc(31):QD-mixed (54) in 

4:1 (v/v) DMF:water solution. 

 
solubilization of the quantum dots while maintaining the phthalocyanine in its 

monomeric form. A split (due to unsymmetrical nature) Q band with peaks at 707 and 

666 nm characterizes 31 (Table 5.1). Interestingly there was a shift in the high energy 

component of the Q band of 54 towards higher energies (707 to 695 nm). This is 

indicative of non-specific binding of the MPcs onto the surface of QDs. No significant 

shift in the Q band of 31 was observed on introduction of the QDs for the linked form.  
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This difference in spectra between the linked and mixed is an indirect way of confirming 

the linkage. There was an increase in the absorption in the 500 nm region for 53 and 54 

due to the presence of QDs. The linked conjugate, 53 shows lower absorption in the 500 

nm region than 54, due to different amounts of QDs in the two. For the mixture (54), the 

interaction is probably in the form of adsorption. 

 

5.2.2 Fluorescence quantum yields and lifetimes  

Fluorescence quantum yields (ΦF(QDs)) of CdTe MPA QDs (2) were calculated using 

Equation 1.4, also shown as Equation 4.1 and are listed in Table 5.2. The quantum yields 

of QDs in the linked (53) and mixed (54) forms are reduced relative to ΦF values of the 

QDs alone, suggesting that the interaction with 31 results in a quenching of the QD 

fluorescence. This is a regular occurrence for QDs in the presence of phthalocyanine 

units [46,154,158,164,165] and the quenching has been attributed to the transfer of 

energy from donor QDs to phthalocyanine acceptor molecules. This results in a lowering 

of QD fluorescence intensity, in either a Pc-QD-linked or Pc:QD-mixed species, and 

therefore a reduction in fluorescence quantum yields of the QDs. Non-radiative (NR) 

decay processes may also be used to account for the decline in ΦF values. The ΦF of 31 

(ΦF(ZnPc)) was calculated to be 0.08 which is the same as the value determined in DMF 

alone (Table 4.2), hence showing no influence from the presence of water. The ΦF(ZnPc) 

were not determined in the presence of QDs (linked or mixed), since excitation of 31 

without exciting the QDs was not possible due to the broad absorption of the QDs. 

Fluorescence lifetimes (τF) have been determined for the QDs alone in NaOH and the 4:1 

v/v DMF:water mixture (Table 4.1) as well as for conjugates 53 and 54 (Table 5.3). The  
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Table 5.2: Fluorescence quantum yields and photophysical parameters of 

ZnttbIPc (31) in the presence of QDs in DMF:water (4:1 v/v). Values in brackets 

refer to data for 31 alone. 

Compound aΦΦΦΦF(QDs)
 b Linked/Mix

F(QD)Φ  

 

c Linked/Mix
T(ZnPc)Φ  

d Linked/Mix
(ZnPc)∆Φ  Linked/Mix

IC(ZnPc)Φ

 

e Linked/Mix
T(ZnPc)τ  (µs) 

ZnPc(31)-QD-

linked (53) 

0.09 0.02 

 

0.73 

(0.77) 

f 

(0.45) 

0.26 

(0.15) 

48 

(70) 

ZnPc(31):QD-

mixed (54) 

0.09 0.04 0.81 

(0.77) 

0.53 

(0.45) 

0.15 

(0.15) 

15 

(70) 

aΦΦΦΦF(QDs) = fluorescence quantum yield of QDs alone (λexc = 510 nm); b Linked/Mix
F(QD)Φ  = 

fluorescence quantum yields of QDs (2) in the linked conjugate ZnPc(31)-QD-linked 

(53) (λexc = 510 nm) or in the mixture ZnPc(31):QD-mixed (54) (λexc = 510 nm); c

Linked/Mix
T(ZnPc)Φ = triplet quantum yields of ZnttbIPc (31) in 53 or 54 (λλλλexc = 666 nm); d

Linked/Mix
(ZnPc)∆Φ  = singlet oxygen quantum yields of 31 in 53 or 54 (λλλλexc = 666 nm); e

Linked/Mix
IC(ZnPc)Φ  = quantum yields of internal conversion of 31 in 53 or 54; fValue 

undetermined due to weak signal.  

 

data obtained is shown in Table 5.3, which indicates there is not much change for the 

mixed conjugate, 54 (τF-1 = 28.6 ns and τF-2 = 3.2 ns), compared to 26.4 and 3.4 ns for 

QD alone, for which we expect slightly faster relaxation times due to energy transfer. In 

this case, there may be numerous QD-Pc interactions, due to random distribution of 

donor-acceptor (QD-Pc) separations, owing to the lack of a formal bond. Hence, the 
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presence of numerous acceptors (Pcs) at more than one distance results in complex 

decays. As a result, the signal is dominated by the free QDs due to the poor interaction. 

However, the linked conjugate, 53 shows faster decay components which can be 

explained by the presence of a distinct bond between the QDs and Pc, which enable better 

interaction between the two and results in extensively quenched lifetimes (Table 5.3), 

which is a clear indication of energy transfer. 

 

Table 5.3: Time resolved fluorescence data for CdTe MPA QDs (2) alone and in 

conjugates 53 and 54 in DMF:water (4:1 v/v).   

Compound aRelative A1 

 

ττττF-1 (ns) 

(±±±± 0.5) 

aRelative A2 

 

ττττF-2 (ns) 

(±±±± 0.3) 

CdTe MPA QD (2) 0.57 26.4 0.43 3.4 

ZnPc(31)-QD-linked (53) 0.21 9.6 0.79 1.7 

ZnPc(31):QD-mixed (54) 0.57 28.6 0.43 3.2 

aA = amplitude of fluorescence decay signal.  

 

5.2.3 Förster resonance energy transfer (FRET) 

The spectral overlap between the fluorescence emission of the CdTe MPA QDs (2) with 

the absorption spectrum of 31 is shown in Figure 5.17. The QDs in the linked, 53 and the 

mixed, 54, form were excited at 510 nm, where 31 does not absorb, and this resulted in a 

large decline of the QD emission accompanied by stimulated emission of 31 at ~ 720 nm 

(Figure 5.18(ii)), for 53 and 718 nm (Figure 5.19(ii)), for 54 respectively. This increase in 

fluorescence emission for 31 in the presence of the MPA-capped QDs infers transfer of 
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energy, via FRET, from 2 to 31. Although there is stimulated emission for 31 in the 

linked conjugate (53), the extent of this emission is reduced in comparison to the mixed 

species. This may be attributed to the relative concentrations of 31 and 2 present in 

solution. This makes any comparisons with the mixed species difficult. No significant  

 

 
 
Figure 5.17: Normalized ground state electronic absorption spectrum of (i) 

ZnttbIPc (31) and (ii) normalized fluorescence emission spectrum of CdTe MPA QD 

(2) in 4:1 v/v DMF:water solution (λλλλexc = 510 nm).  

 
emission was observed for 31 alone on excitation at 510 nm (Figure 5.18(iii) and 

5.19(iii)). The presence of a second broad band at ~ 680 nm in the emission spectra of 

QDs, for both the mixed and linked conjugates may be attributed to exposure of surface 

defects at the QD surface which results in radiative recombination as a result of 

conjugation [192,348,349]. This may also contribute to the reduction in QD fluorescence 

intensity [350].  

The efficiency with which FRET occurs is known to be dependent on several parameters, 

namely the spectral overlap (J) (Equation 5.1, same as Equation 1.7), the values of which  
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Figure 5.18: Fluorescence emission spectra of (i) CdTe MPA QDs (2) alone, (ii) 

ZnPc(31)-QD-linked (53) and (iii) ZnttbIPc (31) alone in 4:1 v/v DMF:water solution 

(λλλλexc = 510 nm). 

 

 
 
Figure 5.19: Fluorescence emission spectra of (i) CdTe MPA QDs (2) alone, (ii) 

ZnPc(31)-QD:mixed (54) and (iii) ZnttbIPc (31) alone in 4:1 v/v DMF:water solution 

(λexc = 510 nm). 
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are shown in Table 5.4 are estimated by the overlap of the QD emission and ZnttbIPc 

absorption (Figure 5.17).  

λλλελ ∂∫= 4)()( ZnPcQDfJ         (5.1) 

 

Table 5.4: Energy transfer parameters for ZnPc(31)-QD-linked (53) and 

ZnPc(31):QD-mixed (54) interactions in DMF:water (4:1 v/v). 

Compound J (x 10-13 cm6) R0 (x 10-10 m) r (x 10-10 m) Eff ss 

ZnPc(31)-QD-

linked (53) 

6.40 44.68 34.70 0.82 

ZnPc(31):QD-

mixed (54) 

6.40 44.68 44.08 0.52 

 

The value obtained for the mixed (54) and linked (53) conjugate, is quite large but lies 

within the expected range found for interactions with other phthalocyanine molecules 

[154,164,165]. A large J value is an indication of good spectral overlap and thus 

enhanced FRET efficiency. The Förster distance, Ro (Å) is the critical distance between 

the donor and acceptor molecules for which energy transfer is 50 % [247] is also shown 

in Table 5.4. The center-to-center separation distance, r (Å), between donor and acceptor 

were 44.08 Å and 34.70 Å, for the mixed and linked respectively. These values were 

calculated using Equation 5.2 (Equation 1.6) and shown  

66
0

6
0

rR

R
Effss +

=          (5.2) 



Interaction of Metallophthalocyanines with Nanoparticles 

 

218 
 

in Table 5.4. These values are < 80 Å which suggests that there is a high probability of 

energy transfer (FRET) [350] from the synthesized CdTe MPA QDs (2) to 31, and in 

particular for 55. The steady state FRET efficiencies (Effss) shown in Table 5.4, were 

calculated using Equations 5.3 and reflect relatively high transfer efficiencies i.e. 0.52  

F(QD)

Linked
F(QD)

Φ

Φ
1−=ssEff          (5.3a) 

F(QD)

Mix
F(QD)

Φ

Φ
1−=ssEff          (5.3b) 

and 0.82 for the mixed and linked respectively. It appears that the large J values in 

combination with the small values of r result in ease of energy transfer and thus the high 

transfer efficiencies reflected in Table 5.4. The efficiency determined for 54 is lower than 

for 53. In the mixed conjugate, interactions between the QD and Pc occur only through 

Van der Waals interactions. Therefore energy transfer occurs only through space 

resulting in lower transfer efficiencies. Similar behavior has been observed for the 

interaction between SiPcs bearing methyl and tert-butyl axial ligands and CdSe QDs 

[159]. The higher efficiency determined for 53 suggests the amide linkage brings the 

donor MPA capped QDs (2) and the acceptor ZnttbIPc (31) into closer proximity (smaller 

r than for 54), resulting in better spectral overlap between the QD emission and Pc 

absorption and increased interaction, which thus facilitates better FRET. However it is 

also feasible that the FRET efficiency observed for the linked species is also inclusive of 

non-radiative processes, due to the strong involvement of surface states that may 

deactivate the QD fluorophores. Thus the data obtained may not be a true reflection of 

FRET alone. FRET efficiencies can also be computed based on fluorescence lifetime 
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measurements of the donor (QDs), in the absence (τD) and presence (τDA) of the acceptor 

(31) by using Equation 5.4;  

D

DA

τ

τ
1−=trEff           (5.4) 

However, this equation makes the assumption that the decay of the donor is a single 

exponential in the absence (τD) and presence (τDA) of acceptor and thus holds rigorously 

only for a homogeneous system (i.e. identical donor-acceptor complexes) in which the 

donor and donor-acceptor complex have single-exponential decays [248]. Such single-

exponential decays are rare in biomolecules. Thus for donor-acceptor systems decaying 

with multiexponential lifetimes the energy transfer efficiency must be calculated from the 

amplitude weighted lifetimes, Equation 5.5; 

iiii ταΣτ =           (5.5) 

where αi is the relative amplitude contribution to the lifetime τ. Therefore, in this case the 

amplitude weighted time constants for τD and τDA, have been used, to determine the 

transfer efficiency, for the linked species (53), using Equation 5.4. Efficiencies 

determined, for 53, by steady state fluorescence and TCSPC were similar at 0.82 (by 

steady state fluorescence, Table 5.4) and 0.80 (by TSCPC), hence showing the 

compatibility of the two techniques.  

 

5.2.4 Triplet quantum yields and lifetimes 

The triplet quantum yields of ZnttbIPc (31) in the presence of QDs (mixed or linked) are 

shown in Table 5.2. An increase in (ΦT) was observed on introduction of the QDs i.e. 

increase from 0.77 to 0.81 for ZnPc(31):QD-mixed (54). The increase may be attributed 
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to the presence of heavy Cd and Te atoms, which encourage ISC i.e. the heavy atom 

effect. The increase in triplet yield in the presence of QDs has been observed before 

[154,164,165], Table 5.2. ZnPc(31)-QD-linked (53) gave a slightly lower yield of 0.73. 

This may be in relation to a lower concentration of phthalocyanine units attached to the 

QDs as opposed to what may be present in the mixed species.  

Figure 5.20 shows the transient absorption spectra of ZnttbIPc (31) in the absence and 

presence of MPA capped CdTe QDs (2) and indicates not much difference upon  

excitation with laser light.  

 

 
 
Figure 5.20: Normalized transient absorption spectra of (i) ZnttbIPc (31) and (ii) 

ZnPc(31):QD-mixed (54) in DMF (concentration of 31 = ~ 1.90 x 10-5 M). (λλλλexc = 666 

nm).  
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A reduction in the triplet state lifetimes (τT) of 31 in 53 and 54 may be related to the 

increase in size as a result of conjugation and the presence of heavy atoms such as Cd and 

Te.  

There is an increase in ΦIC value for 53 (ΦIC = 0.26) compared to that for 31 alone (ΦIC = 

0.15), while for the mixed complex 54 there is no change in ΦIC value (= 0.15); this  

suggests that ZnttbIPc molecules become more deactivated through internal conversion 

as a result of linking to the CdTe MPA QDs.  

 

5.2.5 Singlet oxygen quantum yields 

Singlet oxygen quantum yields were determined using Equation 5.6 (Equation 1.13), with  

IA

IA
ΦΦ

Std

Std
Std
∆∆ ⋅

⋅⋅=          (5.6) 

a decay curve as shown in Figure 5.21. Excitation was at 666 nm where ZnttbIPc (31) 

absorbs. In the presence of CdTe MPA QDs i.e. ZnPc(31):QD-mixed (54), the singlet 

oxygen quantum yields were found to increase slightly, suggesting that the QDs enhance 

the transfer of energy from the triplet excited state of 31 to ground state molecular O2. In 

general, QDs alone do not produce significant amounts of 1O2 (1 %) [351]. However they 

exert some influence on the singlet oxygen generating capabilities of complex 31. The 

efficiency of singlet oxygen generation is dependent on the amount of molecules that 

populate the triplet state i.e. triplet quantum yield (ΦT) and their lifetime in this state 

(triplet lifetime, τT). High triplet yields and long lifetimes encourage increased molecular 

interactions between the triplet state of the photosensitizer (31) and ground state oxygen 

resulting in higher singlet oxygen yields. Therefore the higher Φ∆ for 54 relative to 31 

alone may be in response to higher population of the triplet state, as discussed above,  
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Figure 5.21: 1O2 decay curve for ZnttbIPc (31) in DMF-water (4:1 v/v). 

 
from which energy is readily transferred to ground state molecular oxygen with high 

efficiency. The Φ∆ value for the ZnPc(31)-QD-linked was not determined since the signal 

was very weak, most likely due to low concentrations of 31 in the linked complex. 

 

5.3 Conclusions 

Linked and adsorbed or mixed MPc-SWCNT and MPc-QD conjugates have successfully 

been synthesized using the two low symmetry derivatives reported in this work and the 

carboxylic acid and ethylamine functionalized SWCNT and MPA capped CdTe QDs. 

Various spectroscopic techniques have been used to characterize the conjugates. 

Fluorescence spectra pertaining to the low symmetry Pc derivatives are quenched 

extensively in the presence of SWCNT, suggesting a rapid electron transfer mediated 
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process from the electron donating Pcs to the electron accepting nanotubes. Fluorescence 

spectra gave evidence of FRET in both the mixed and linked MPc-QD conjugates. 

Interaction of the MPcs with nanoparticles led to improved photophysicochemical 

properties, particularly in cases where the nanoparticles (SWCNT and QDs) have been 

attached to the MPcs by a covalent chemical bond. This is expressed more significantly 

with the use of ZnttbIPc which in the linked MPc-QD conjugate gave the largest FRET 

efficiency, hence showing that linking enhances FRET. 

These results show that the use of low symmetry derivatives to form linked MPc-

SWCNT and MPc-QD conjugates may be useful agents for application in PDT or 

bimodal PDT-PHT.  
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6. General Conclusions and Future Prospects 

 

This chapter summarizes the results obtained for the studies conducted 

and reported in this thesis and future prospects.  
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6.1 General Conclusions  

The synthesis and spectroscopic characterization of numerous symmetrical zinc, 

cadmium and mercury tetra-substituted MPc complexes have been reported in this work. 

The introduction of heavy central metal ions such as Cd and Hg presents interesting 

spectroscopic phenomena, such as symmetry loss and oxidation as a function of the 

solvent properties and the site of substitution i.e. α vs β. Novel, low-symmetry zinc 

derivatives are also presented and spectral characterization was explained with respect to 

their unique molecular structures. The nanoparticles used gave spectroscopic information 

typical of such complexes.  

Thorough examination of the photophysical and photochemical properties of the 

synthesized MPc complexes have been obtained and tend to show variations with 

changes in the central metal ion, solvent and position and type of substituents. HgPc 

complexes showed enhanced triplet quantum yields (ΦT), singlet oxygen quantum yields 

(Φ∆) relative to the smaller metal ions containing corresponding derivatives, particularly 

in DMSO. This emphasizes the need to give adequate consideration to the solvents 

employed for such determinations. This is additionally expressed by the 

photodegradation quantum yields (ΦPd) obtained. These were predominantly affected by 

poorly coordinating or chlorinated solvents, in which the oxidative process becomes more 

accessible. Phototransformation of aryloxy substituted CdPcs was observed during 

photolysis and has been attributed to the structural framework.    

The spectroscopic behaviour of the low-symmetry complexes reported as a result of 

interactions with single walled carbon nanotubes or quantum dot nanoparticles has also 

been investigated. The absorption spectra for the MPc-SWCNT and MPc-QD conjugates 
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were for the most part similar to the pristine MPc complexes, varying only by minuscule 

shifts or slight broadening in the Q band region. However, distinct spectroscopic 

differences exist for conjugates that have distinct covalent bonds between the MPcs and 

nanoparticles and those simply formed by adsorption.  

Extensive quenching of Pc fluorescence in the presence of carbon nanotubes suggests 

photoinduced electron transfer from the electron donating Pcs to electron accepting 

nanotubes. Photoinduced energy transfer emerged as the dominant form of interaction for 

MPc-QD conjugates, evident from quenching of the fluorescence emission of the highly 

photoluminescent QDs coupled with sensitized emission for the MPcs. The involvement 

of surface states exerts an influence on the fluorescence quantum yields and lifetimes (τF) 

that were determined.  

The photophysical and photochemical properties were enhanced as a result of interactions 

of MPcs with nanoparticles. MPc-SWCNT conjugates may be exploited for 

combinational PDT-PHT while the MPc-QD conjugates may be used for imaging, due to 

the fluorescent nature of QDs while the Pc portion serves as a useful photosensitizer, for 

example in PDT.  

 

6.2 Future Prospects 

Due to the high photophysical properties determined for the Cd and HgPc complexes, 

photocatalysis studies may find that these molecules are of use in industrial catalysis 

operations.  

The low symmetry MPc-nanoparticle conjugates need to be investigated further. 

Femtosecond laser flash photolysis will give more insight with respect to the 
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photoinduced electron transfer process for the MPc-SWCNT conjugates. Electrochemical 

characterization may also prove useful. Spectroscopic studies of the low symmetry MPcs 

in the presence of a variation of QD, particularly those considered to exhibit low toxicity 

can be explored. The development of MPc-nanoparticle conjugates characterized by low 

toxicity, intense red absorption and excellent photophysical and photochemical properties 

may advance ongoing research for the treatment of cancers.  
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