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ABSTRACT 

A detailed photophysicochemical study of some non-transition metal (AI, Zn, 

Si, Ge, and Sn) metallophthalocyanine (MPc) derivatives is presented. The effects of 

substituents, central metal ions and solvents on the photophysical and photochemical 

properties are investigated and rationalized accordingly. The presence of peripheral 

substituents on the macrocycle enhances the yield of the triplet state. Near infra-red 

absorptions of the solvents reveal that solvents which absorb around 1100 nm and 

around 1270 nm, quench the triplet state of the MPc derivative and singlet oxygen, 

respectively. Although water has a high singlet oxygen quenching effect, the singlet 

oxygen quantum yield (<1>J value for sulphonated zinc phthalocyanine in water is still 

reasonably high at 0.48, which may provide an explanation for the efficient 

photosensitization by this molecule in photodynamic studies. 

The lowering of <1>6 following protonation of the MPc macrocycle is attributed to the 

lowering of triplet energy to the level where energy transfer to ground state oxygen is 

no longer favourable. MPc inclusion complexes with cyclodextrins showed larger <1>6 

values when compared to the complexes before inclusion. Job's plots show that 2:1 

and 4:1 (CD:MPc) complexes may be formed. 

Fluorescence quenching by electron donors and acceptors were analysed by Stem­

Volmer relationship and the results used in determining fluorescence lifetimes of the 

complexes. 

Qualitative and quantitative interpretations of the interaction of sulphonated MPcs 

with bovine serum albumin (BSA) are provided in this thesis. 1: 1 adducts were 

formed with BSA, but the binding feasibilities varied markedly. Spectral, 

photophysical and photochemical properties of the complexes are altered in the 

presence of BSA. 
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Introduction 

1. INTRODUCTION 

The purpose of this chapter is to provide an introductory account of the basic concepts of 

photophysics and photochemistry, since these techniques form the integral part of the 

thesis. Also, a general review of the photophysical , photochemical and binding properties 

of metallophthalocyanines is presented in this chapter 



Introduction 

1.1 PHOTO PHYSICS AND PHOTOCHEMISTRY 

Photophysics is the study of the interaction of light with molecules which results in net 

physical (not chemical) change, and photochemistry is defined as the study of the 

interaction of light with molecules which results in net chemical change. 

1.1.1 Laws of photochemistry 

1.1.1.1 Grotthus and Draper law 

The first law of photochemistry, attributed to Grotthus and Draper in the 1800s 

(Grotthus and Draper law) states: Only the light absorbed by a molecule can be 

effective in producing a photochemical change. In other words, molecules that do not 

absorb light of a particular frequency will not undergo a photochemical reaction when 

irradiated at that frequency. 

1.1.1.2 Stark-Einstein law 

The second law of photochemistry, states that for each photon of light absorbed by a 

chemical system, only one molecule is activated for photochemical reaction. The law 

means that each photon of light can cause a photochemical reaction of only one light­

absorbing molecule. A related law states that the amount of photoreaction that takes place 

is directly proportional to the product of the light intensity and the time of illumination. 

In other words, more light produces more photoproduct. 
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1.1.1.3 The Energy gap law ("Proximity effects" in radiationless transitions) 

This law is exemplified by N-heterocycles and aromatic carbonyls which posses nn* and 

:n;:n;* states in close proximity. Molecular vibrations associated with these states can be 

modified by manipulating features like substitution, solvent and temperature. Such 

manipulation changes the energy separation between nn* and :n;:n;* states. For example, 

methyl substitution reduces the nn*- :n;:n;* energy difference in pyrazine [1 ,2], resulting in 

lower values of luminescence quantum yield and lifetime, and which is tantamous to an 

increase in the rate of non-radiative deactivation. The enhancement in fluorescence of 

iso-quinoline in protic solvents [3] is attributed to an increase in nn*- nn* energy gap, 

due to hydrogen bonding. The consequence is a reduction in the rate of non-radiative 

deactivation. Again, the observed decrease in fluorescence quantum yield and lifetime of 

iso-quinoline in alcoholic solutions as the temperature is raised, could be explained in 

terms of reduction of the nn*- :n:n* energy gap [1]. The concentration of hydrogen­

bonded species is less at high temperatures and so the n:n:*- :n;:n;* energy gap becomes 

smaller, and radiationless deactivation is enhanced. The energy gap law states that 

radiationless decay from the lower lying state of a vibrationally coupled pair is enhanced 

by decreasing the energy separation between the coupled states [4,5] . 

1.1.2 The Jablonski diagram 

The So state: Most polyatomic organic molecules do not have unpaired electrons in their 

electronic structures hence they adopt the singlet spin state. Prior to excitation, the 

3 
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molecules are in the ground state represented as So. When photons are absorbed, electrons 

move into higher valence orbitals called excited singlet states. 

The processes which occur during the absorption and emission of light are usually 

illustrated by a Jablonski diagram [6] (Fig. 1.1). According to the Franck-Condon 

principle, molecular excitation is not to the lowest vibrational level of the excited state 

(corresponding to a non-vibrational state), but somewhere higher (Franck-Condon state). 

This means that the molecule finds itself, after the absorption act, in a non-equilibrium 

state, and equilibrium can be established through a non-radiative relaxation to the non­

vibrational Vo state. 

The T 1 state: This state is formed as a result of intersystem crossing and it is an excited 

triplet state. The spin multiplicity is changed due to a change in the spin state of an 

electron. 

Thejate ojthe excited molecule 

A molecule, photochemically promoted to an excited state, does not stay there for long. 

Excitations to Sz and higher singlet states take place, but in liquids and solids these higher 

states usually drop very rapidly to the SI state (about 10-13 to 10-11 sec) by giving up the 

energy to the environment. This process is called an energy cascade (vibrational 

relaxation)' In a similar manner, molecules at different vibrational levels of SI cascade 

down to the lowest vibrational level of SI {vol as discussed above. Therefore, in most 

cases, the lowest vibrational level of the S, state is the only important level. This state can 

undergo various physical processes: 

4 
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Internal conversion - The process by which molecules in the lowest vibrational level of 

an electronic state are converted to upper vibrational levels of a lower-energy electronic 

state of the same spin multiplicity, via radiationless transition. 

Intersystem crossing - Molecules in the Sl state can cross to a Tl state without loss of 

energy (radiationless transition) and cascade down to its lowest vibrational level. 

Figure 1.1: Modified Jablonski diagram showing transitions between the excited 

electronic states and the ground state. 

Abs ::;;; Absorption; VR = Vibrational d~activation; Ie = Internal conversion; ISC = Intersystem 

crossing; F = Fluorescencej Ph = Phosphorescence; Rxn = Chemical reactionj ET = Energy transfer. 

Radiative transitions are indicated with straight arrows, while radiationlcss transitions are indicated 

with wavy arrows. 

5 



Introduction 

Fluorescence - A molecule in the S, state drops to some low vibrational level of the So 

state at once by giving off the energy in the form of light. This process generally happens 

within 10-9 sec, and is common for small and/or rigid molecules. As an aftermath of the 

post-absorption vibrational relaxation, the energy of fluorescence is usually less than that 

of absorption. Therefore, fluorescence naturally occurs at lower energies (longer 

wavelengths) than absorption. The difference between the spectral positions of the band 

maxima of absorbance and fluorescence arising from the electronic transition is called the 

Stokes'shift (Fig. 1.2). For many of the common fluorophores, the vibrational energy 

level spacing is similar for the ground and excited states, which results in a fluorescence 

spectrum that strongly resembles the mirror image of the absorption spectrum. This is due 

to the fact that the same transitions are most favorable for both absorption and emission. 

Although the Franck-Condon principle provided its interpretation, the phenomenon of 

Stokes' shift has been well established before the advent of the Franck-Condon principle. 

Phosphorescence - A molecule in the T, state may return to the So state by giving off 

light. 

In most typical cases, the fluorescent state is the lowest excited singlet state and the 

phosphorescent state, the lowest triplet state (Kasha's rule); the ground state being a 

singlet. 

Electronic excitation transfer - A molecule in an excited state (S, or T ,) may pass on 

its excitation to another molecule in the environment, m a process called 

photosensitization. The excited molecule thus drops to So while the other molecule 

becomes excited. 

The excited state could also undergo a chemical reaction (photochemistry) . 

6 
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Stokes' shift 

a. or I 

Figure 1.2: The Stokes' shift (displacement of fluorescence (F) band compared to the 

absorption (Abs) band of a molecule), 

1.1.3 The Stokes' shift 

As discussed above, the fluorescence spectrum is a mirror image of the absorption 

spectrum. Several factors influence the magnitude of the Stokes' shift. If the environment 

is rigid so that little rearrangement is possible then the Stokes shift is expected to be small. 

The magnitude of the shift depends on factors such as solvent polarity, viscosity and 

polarizability. It also depends on whether the excited state can undergo any specific 

interactions such as proton transfer or charge transfer to other molecules or (sometimes) 

within the same molecule. 
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Sometimes, there could be non-conformity to the mirror image rule for absorption and 

fluorescence. Such deviations are indicative of a change in geometry of the absorbing 

species soon after excitation and prior to emission. This implies that the ground state and 

the excited states now have different geometrical arrangements of their nuclei. Apart 

from change in geometry, excited state reactions could also result in a breakdown of the 

mirror image rule. For example the absorption and emission spectra of anthracene (in the 

presence of diethy laniline) [7] are not mirror images, due to the formation of a charge­

transfer complex between the excited state of anthracene and diethyaniline. 

1.1.4 Selection rules 

A selection rule is a quantum mechanical rule that describes the types of quantum 

mechanical transitions that are permitted. Transitions not permitted by selection rules are 

said to be "forbidden," although in practice, such transitions are generally forbidden "to 

first order" only, which means they may occur in practice but with low probability. Light 

absorption is a resonant process; hence the most fundamental condition for absorption is 

that the energy of the incoming photon must match the difference in energy between the 

two energy states involved in the transition (.6.E = hV). In addition to this energy matching, 

the probability of an electronic transition is predicted using a set of selection rules, which 

may be summarized as follows: 
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1.1.4.1 Spin selection rule (Ll.S = 0) 

Transitions involving spin changes (T<-S or S<-T; where S = singlet and T = triplet) are 

strongly forbidden. This rule can be relaxed in the presence of heavy atoms and 

paramagnetic species. The fact that spin-forbidden transitions can be observed at all is as 

a result of the phenomenon of spin-orbit coupling, which is the interaction of the 

electron's spin magnetic moment with its orbital magnetic moment. This interaction 

introduces a new term into the Hamiltonian operator which operates on both spin and 

space variables. In the presence of this new term, the zero-order wave functions of the 

system, which were pure singlets and triplets, are combined to form new wave functions 

of mixed multiplicity. T<-S and S<-T transitions therefore become somewhat probable 

because the singlet state is no longer pure singlet but has some triplet character mixed 

with it. The triplet state also has some singlet character. 

1.1.4.2 LaPorte selection rule (g<-+u; Ll.1 = ±l) 

Whether spin-allowed or spin-forbidden, some transitions (e.g. dod) are generally very 

weak. This could be due to the LaPorte selection rule which forbids transitions involving 

no change of parity (pHp, dHd, fHf). If the sign of the wave function changes on 

reflection through a centre of smmetry, then the symmetry is referred to as ungerade 

denoted u; if it is unchanged, it is termed gerade denoted g. Then according to this rule, 

u<-g and g<-u transitions are allowed, while u<-u and g<-g transitions are forbidden. 

The corollary of the LaPorte rule is that dHp and SHp transitions are allowed, while 

dHd, and sHd transitions are forbidden. The selection rule which states that transitions 

that cause a large change in linear or angular momentum of the molecule are forbidden, is 

9 



Introduction 

also consistent with the LaPorte rule. However, the LaPorte rule does not strictly apply in 

the presence of minor static distortions or asymmetric vibrational motions which remove 

the exact centrosymmetry. This could be responsible for the observed intensities of the 

d<-d transitions in octahedral complexes. 

1.1.4.3 Franck-Condon selection rule 

The classical Franck-Condon principle requires that, because an electronic transition is 

"instantaneous", the nuclear coordinates and momenta do not change. As a result of this 

transition, electron density is rapidly built up in new regions of the molecule and removed 

from others. The change in electron density causes a new force field on the stationary 

nuclei, which causes the molecules to vibrate. The most probable transition is from the 

ground state to the vibrational state lying vertically above it. In quantum mechanical 

terms, transitions are most probable when the wave function of the upper vibrational state 

most closely resembles the ground state vibrational wave function. 

1.1.4.4 Orbital overlap selection rule 

Orbitals involved in an electronic transition need to overlap. For example, the :n:*<- :n: 

transition in carbonyls is highly probable because the orbitals involved do overlap. This is 

not the case for the :n:*<- n transition, which is forbidden. 

10 
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1.1.5 The Quantum yield 

By definition, quantum yield is the number of defined events which occur per photon 

absorbed by the system. The quantum yield (<1» represents and quantifies the efficiency 

of a photophysical or photochemical process, Eq. 1.1: 

number of events 
<1>=-----------------

number of photons absorbed 
(Eq. 1.1) 

This definition emanates from the first and second laws of photochemistry, which 

proposed that for any photochemical process to take place, there must be absorption of 

photons, and that one photon activates only one molecule. Many factors, intrinsic and 

extrinsic to the system, can influence the efficiency of a photochemical process. <1> is a 

measure of the efficiency of such processes after light absorption. The efficiencies of all 

photochemical and photophysical processes are quantified by the quantum yield. The 

quantum yields for some photophysical and photochemical processes (which are of 

interest in this work) are defined by Eqs. 1. 2 to 1. 7: 

Fluorescence quantum yield: 

<1> _ no of fluorescing molecules 
F-

nQ of photons absorbed 

Internal conversion: 

= no of molecules undergoing internal conversion 

nQ of photons absorbed 

Intersystem crossing: 

<1> _ no of molecule undergoing intersystem crossing 
ISC -

nQ of photons absorbed 

11 
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(Eq. 1.4) 



Phosphorescence: 

no of phosphorescing molecules 

nQ of photons absorbed 

Photodegradation: 

no of photodegraded molecules 

nQ of photons absorbed 

Singlet oxygen: 

no of singlet oxygen molecules formed 

nQ of photons absorbed 

Introduction 

(Eg. 1.5) . 

(Eq. 1.6) 

(Eg. 1.7) 

Table 1.1 gives the representation of some of the processes which result, following 

excitation of a molecule. 

Table 1.1: Description of the regular photophysical properties 

Process Notation Quantum yield Timescale Rate constant 

designation (s) designation 

Vibrational Relaxation VR ~VR lO-i3 kVR 

Internal Conversion IC ~IC 10-12 
k1c 

Fluorescence F ~F 10-9 
kF 

Intersystem Crossing ISC ~ISC 10-12 
k lsc 

Phosphorescence Ph ~Ph 10-6 
k ph 
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1.1.6 Fluorescence quenching 

The fluorescence of a substance is said to be quenched if the addition of another 

substance to it reduces the intensity of fluorescence, provided that no chemical reaction 

occurs between the fluorescing substance (fluorescer or f1uorophore) and the quenching 

material (quencher). According to Stem and Volmer [8], the quenching process is a 

reaction of the second order, which competes with all other molecular and radiative 

processes, and is defined by Eq. 1.8: 

(Eq. 1.8) 

Where 10 and I are the intensities of fluorescence in the absence and presence of the 

quencher, respectively; [Q) is the concentration of the quencher, and Ksv, the Stem-

Volmer constant defined by Eq. 1.9 

(Eq. 1.9) 

where kQ is the bimolecular quenching constant, and 't~, the fluorescence lifetime of the 

fluorophore in the absence of quencher. Deviations from the Stem-Volmer relationship 

could be due to: presence of several excited states, the ionic strength of the solution and 

reactions between the fluorophore and the quencher. In such cases, the Stem-Volmer 

equation is modified to suit the situation. 
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1.1.7 Flash photolysis 

The idea of flash photolysis is to 'very quickly' introduce an intense pulse of light into an 

absorbing system to produce a sufficient concentration of a transient species; and then 

'very quickly' analyze the time evolution of the system by absorption or emission 

spectroscopy. When the excitation pulse is from laser source, the technique is called 

Laser flash photolysis. Flash photolysis uses two light beams: the excitation pulse and 

the analyzing light. The excitation pulse is directed to the sample to populate the excited 

states, while the analyzing light, usually very intense, passes through the sample into a 

detector. 

Flash photolysis has found a lot of use in the study of highly reactive and short-lived 

species like the excited singlet and triplet states as well as radicals. This technique 

enables the recording of kinetics in time ranges varying from a few picoseconds to 

seconds. For example, if the Tn .- Tl transition (Fig. 1.1) is moderately allowed, or if the 

rate constant of intersystem crossing is moderately high, it is generally possible to detect 

Tl by the measurement of its absorption spectrum. Once the absorption spectrum is 

established, the decay kinetics of Tl may be measured. Apart from triplet absorption 

detection, flash photolysis also gives information about the lifetime of an excited state or 

of any transient species formed after absorption, e.g. , charge transfer states, exciplexes, 

excimers, etc. 
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1.2 METALLOPHTHALOCYANINE CHEMISTRY 

The chemistry of phthalocyanines (Pcs, 2, Fig. 1.3) has continued to gain popularity in 

the last few decades because of the extensive application of these compounds in man's 

everyday life. The robust chemistry of Pcs is exploited in their use as electrocatalysts and 

photocatalysts. However, not many Pc derivatives can play both roles efficiently. While 

electrocatalysis requires the central metal in the metallophthalocyanine (MPc) to be 

electroactive, the existence of a transient but relatively long-lived excited state is vital in 

photocatalysis. Such a metastable state could be rapidly "quenched" in the presence of 

features which promote charge (electron) transfer. This excludes Pcs containing 

electroactive transition metal centres from photocatalytic activity. A diamagnetic metal 

centre is neither electroactive nor does it rapidly quench the metastable excited state. The 

choice of zinc (II) as the centre in this work is due to the potential use of zinc 

phthalocyanine derivatives in photocatalysis and photosensitization. Aluminium 

phthalocyanine derivatives have been successfully used in the photodynamic therapy 

(PDT) of cancer [9-11], and there is an on-going aggressive effort to use the zinc 

analogue for the same purpose. It is believed that zinc would have some advantages over 

aluminium, as it is not alien to the animal body system. Zinc is an essential nutrient for 

the functioning of a large number of enzymes involved in the growth of animals. 

The chemistry of phthalocyanines is not only of academic interest. The application of Pcs 

in man's everyday life and the industry cannot be overemphasized. Again, because of the 

similarity of the Pc structure to that of porphyrin, 1 (Fig.1.3), which is the core 

framework in hemoglobin and chlorophyll, Pcs have attracted much attention as 

replicates of such vital biological systems. 
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Figure 1.3: Molecular structures of porphyrin and phthalocyanine. 

1.2.1 General applications of phthalocyanines 

The substituted Pc derivatives function as active components in various processes driven 

by visible light [12,13]. In this respect, they find applications in photoredox reactions, 

photooxidations in solution [14,15], photochemical cells and photovoltaic cells [16]. Pcs 

also possess electronic and morphological characteristics that are especially favourable 

for semiconductive or conductive properties [12] . Pcs also find use as light absorbing 

layers in rewritable optical media (CD-RW) [17-19], photoconducting materials in laser 

printers [20], non-linear optics (optical communication) [13,21,22], chemical sensors 

[23,24), Langmuir-Blodgett (LB) films, [25-27] and as conventional dyestuffs. In fact, 

the Royal Mint uses the popular copper substituted variety as a blue dye in 5 pound notes. 

Worth stressing is the use of phthalocyanines in oncology, particularly PDT [28-33]. For 

this purpose, transition metal Pcs are not applicable, and so attention is focused on 
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phthalocyanines containing non-transition metal centres. For PDT action, it is necessary 

that the drug be easy to administer via injection into the blood stream. As the blood itself 

is a water-based system, water solubility then becomes an essential requirement for a 

PDT drug. Additionally, the drug will have to traverse lipid membranes - consequently, it 

should also be lipophilic. One should then speak of a water-soluble lipophilic drug. The 

Pc macrocycle itself is lipophilic, and water solubility could be achieved by introducing 

sulphonate ions as ring substituents. Mixed-sulphonated aluminium phthalocyanine 

(AlPcSmix) commercially known as Photosens® has been developed as a PDT drug in 

Russia, and has been used in hospitals with a fair measure of success [30]. 

oFuel cell 
obattery 

oDeodorant 
o Catalysis 

o Elecn-ochromic 
display 

Phthalocyanines 

o Pigments 
oOptical disks 
oNon-linear optics 
oHigh-density memory 
o Photodyanimc therapy 
of cancer 

Optical properties 

oCharge generator 
in photocopiers 
oSolar cells 

Electrical Properties 

-Organic semiconductors 
oSynthetic metals 

Figure 1.4: Actual and potential applications of phthalocyanincs in the industry [34]. 

17 



Introduction 

In summary, the potential industrial applications of Pcs can be represented by Fig. 1.4, 

with some overlaps among the various categories. 

1.2.2 Electronic structure and spectroscopy of Phthalocyanines 

The phthalocyanine molecule contains four isoindole groups, linked by four nitrogen 

atoms to form a symmetrical 18n electron conjugated aromatic macrocycle which is 

related to the naturally occurring porphyrins and possessing very high thermal and 

chemical stability. Pc (2) is known systematically as tetraazatetrabenzoporphyrin (TABP) 

(Fig. 1.3). Other related synthetic porphyrins include tetraphenylporphyrin (3 , TPP) , 

tetrabenzoporphyrin (4, TBP) and tetraazaporphyrin (5, TAP) (Fig. 1.5). Pc was 

discovered accidentally in 1907 by Braun and Tchemiac, as a by-product during the 

synthes is of o-cyanobenzamide [35]. 

TctraphenyJporphyrin 
(3) 

Tctrabenzoporphyrin 
(4) 

Figurc 1.5: Molecular structures of synthetic porphyrins. 
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The phthalocyanine structure was only determined about two decades later by 

independent efforts of Linstead [36-39) and Robertson [40-42). The X-ray diffraction 

analyses of Robertson also suggested the structure of metallophthalocyanine (MPc, 6) 

(Fig. 1.6) . 

Metallophthalocyanine 
(6) 

M = Metal ion 

Figure 1.6: Molecular structure of metallophthalocyanines. 

The four pyrrole nitrogens in the phthalocyanine structure form a cavity into which metal 

ions can bind by coordinate-covalent bonds between the metal and the nitro gens. Like the 

porphyrins, the Pc macrocycle can play host to over seventy different metal ions in its 

central cavity. In the absence of a metal ion, protons may bind to the negatively charged 

nitrogens, forming the so-called free base phthalocyanine (H2PC, 2), Fig. 1.3. Other 

phthalocyanine analogues include subphthalocyanine (7) and naphthalocyanine (8) (Fig. 

1.7). 
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Metallonaphtbalocyanine 
(8) 

of subphthalocyanine and 

The geometry of the nuclear skeleton is almost perfectly square planar with a It-electron 

system of D Zh symmetry and Cz axes in the x, y and z directions. The insertion of a metal 

into the cavity of the free-base phthalocyanine, while still maintaining the planarity of the 

molecules increases the symmetry from D Zh of HzPc to D4h of MPc. The increase in 

symmetry is also reflected in the reduction in number of allowed electronic transitions , 

within the molecule, resulting in spectra shown in Fig. 1.8. 

However, some metals do not perfectly fit into the Pc cavity, in which case the symmetry 

drops to C4v • For example in zinc phthalocyanines [43,44], zinc is displaced 45 pm from 

the plane of the aromatic ring, with Zn-N bond lengths of 206.1 pm, to form a domed 

shape. Also in tin phthalocyanine [45,46], tin is protruded out of the Pc cavity due to its 

ionic size. It is known [47,48] that , the diagonal N-N distance is smaller in 

phthalocyanines (396 pm) than in most porphyrins (402 pm), which implies that in some 
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cases, metals that fonn planar porphyrin complexes will fonn square pyramids in 

phthalocyanine complexes. 

~(b) 

(0) 

300 400 500 600 700 800 
Wavelength (nrn) 

Figure 1.8: Ground state electronic absorption spectra of free-base phtha\ocyanine 

(a) and rnetaIlatcd phthalocyanine (b). 

There have been several meticulous theoretical calculations and experimental data for the 

molecular orbitals of phthalocyanines; however, it is convenient to use the four-orb ital 

model proposed by Goutennan's group [49-51] . Goutennan proposed that the spectral 

properties of porphyrin analogues may be understood qualitatively by considering four 

frontier orbitals: the HOMO-I, HOMO, LUMO and LUMO+l orbitals. The first two are 

occupied (and nearly degenerate in porphyrins) while the last two are unoccupied and 

degenerate when the macrocyc1e is perfectly square planar. The introduction of an aza or 

benzo group into the porphyrin skeleton (resulting in an MPc) destroys the accidental 

degeneracy of the HOMO-l and HOMO in the porphyrin [49,50,52] (Fig~ 1.9). 
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The assignment of the ground state electronic absorption bands in MPcs may be done 

qualitatively on the basis of the Gouterman's model. The Q and B (Soret) bands both 

arise from Jt-Jt* transitions and can be explained in terms of linear combination of 

transitions from atu and a2u HOMO orbitals to the doubly degenerate eg (LUMO) orbitals. 

Phthalocyanine 

eg 

b zu ---------­

b) u ----------

~ 

Q B) 

Porphyrin 

eg 

b Zu -----------­

b) u ------------

LUMO, LUMO+l eg -..,----y--

Q B (Soret) 

HOMO HOM 0 azu __ --1..-_--1 __ 

HOMO-l a)u -----'--Bz 

HOMO-l 
eg 

b Zu ------------

azu ------------ a zu ------------

Figure 1.9: Electronic transitions in phthalocyanines and porphyrins - Origin of Q 

and B absorption bands. 

The accidental degeneracy of the at u and a2u orbitals of porphyrins is expected to lead to 

almost coincident absorption bands due to eg ~ atu and eg ~ a2u transitions, but in fact 

these two transitions mix together by a process known as "configurational interaction" , 

resulting in two bands with very different intensities and wavelengths (Fig. 1.10). 
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Constructive interference leads to the intense high-energy B band, while the weak low-

energy Q band is a result of destructive interference. 

, 

300 400 

B band 

\ 

Q band 

500 

Wavelength (nm) 

, 
600 700 

Figure 1.10: Ground state electronic absorption spectrum of tetraphenylzinc 

porphyrin (ZnTPP) in DMSO. 

On the contrary in phthalocyanines, the al u and azu orbitals are widely separated, giving 

no room for configurational interaction. The Q and B bands are - 320 nm apart (Fig. 

1.11). 

The UV Ivis spectrum of an MPc typically has a Q band near 670 nm with extinction 

coefficient greater than 105 L morl cm·I , and accompanied by a series of vibrational 

bands. It has been evidenced [53-57] that the Soret of MPcs is a superimposition of two 

bands BI and Bz in the 350 nm expanse, especially in the absence of strong axial ligands. 

Additionally, three other transitions could be observed below 300 nm in the ground state 
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electronic absorption spectra of diamagnetic MPcs such as ZnPc and MgPc [43]. These 

give rise to the N, Land C bands in order of increasing energy respectively. 

Q band 

\ 
300 400 500 600 700 800 

Wavelength (nm) 

Figure 1.11 : Ground state electronic absorption spectrum of zinc phthalocyanine 

(ZnPc) in DMF. 

A tricky situation is also observed in the optical spectra of MPcs, which is due to the 

presence of non-bonding electrons on the azomethine nitrogens of the macrocyc1e. The n 

orbitals are proximal in energy to the :n: orbitals (HOMO) and consequently, the rr* f- n 

transition is expected to be coupled with :n:* f- rr transition. Huang et al. [58,59] proposed 

that the band around 605 in the optical spectra of MPcs could have a partial contribution 

from the rr* f- n transition. This idea was supported by the clear observance of the 605 

run band in the spectra of oxidized and reduced MPc ions, in· which case the normal 

:n:* f- :n: (Q and Qv;b) transition probabilities are drastically weakened around the 605 nm 

and 670 nm regions [60], but the 605 nm band does not change. 
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1.2.3 Methods of Phthalocyanine synthesis 

1.2.3.1 Metal-free phthalocyanines 

The earliest synthesis of phthalocyanine (2) was achieved by heating o-cyanobenzamide 

(9) in ethanol under reflux [35), to yield the blue product in low yield (Scheme 1.1a). 

Linstead and co-workers [36) later showed that better yields could be obtained if Mg2+ 

ions are mixed with 9, the reaction mixture heated above 230°C and the resultant 

metallophthalocyanine demetalated with cone. H2S04 (Scheme 1.1 b). However, an 

attempt to synthesize substituted phthalocyanine using this method was unsuccessful. 

° cCNH

' 

l. MgO or MgCO" 
EtOH 240' 

2 01( ~ 2 
<l 2. cone. H,S04 

CN 

(a) (9) (b) 

Scheme 1.1: Synthesis of metal-free phthalocyanines from o-cyanobenzamide. 

Later studies showed that 2 can be synthesized by treating phthalonitrile (10) with an 

alkali metal n-pentoxide in alcoholic solutions at 140 °C (Scheme 1.2a). This reaction 

gave the alkali metal phthalocyanine, which was then demetalated to 2 with cone. H2S04 

[37,61). A simpler method involved the treatment of 10 with ammonia gas in 2-N,N-

dimethylaminoethanol to give 2 in very good yield [62) (Scheme 1.2b) . Phthalonitrile 

(0) can be fused with magnesium or sodium metal above 200°C to give 

metallophthalocyanines [37,63), from which 2 can be obtained by acid treatment (Scheme 

1.2c). In the presence of a reducing agent like hydroquinone, substituted phthalonitriles 
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(10) can be fused at 180°C to give the corresponding substituted phthalocyanine in good 

yield, Scheme 1.2d. 

1. M+ 'OR R 
a) .. 

Z. H+ 

j):CN N-oH 
I 

1.0 b) .. R R CN 
(10) 

c) 
1. Mg or Na .. 
2 H+ 

(e.g., R = a PhO, PhS, etc) 

R 

d) 
t., Reduci ng agent .. (e.!} , R = a PhO, PhS, etc) 

Scheme 1.2: Synthesis of metal-free phthalocyanine derivatives from substituted 

phthalonitrile. 

1.2.3.2 Unsubstituted Metallophthalocyanines (Scheme 1.3; R = H) 

Linslead and co-workers [37,63,64] first described the synthesis of 

metallophthalocyanines by heating a metallic salt with phthalodinitrile (10) in a high 

boiling solvent (Scheme 1.3a). This reaction was used for the synthesis of phthalocyanine 

pigments like copper phthalocyanine in industry. Phthalic anhydride (Il) (or related 

compounds like phthalic acid, phthalimide and phthalamide) has been used extensively in 

the preparation of metallophthalocyanines (6) [65-68] (Scheme 1.3b). Alternatively, 6 

could be prepared by refluxing 2 in the presence of a metal ion in organic solvents such 

as quinoline [69] (Scheme 1.3c). Tomoda et al. [69] reported that a variety of MPcs could 
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be prepared under mild conditions with strong organic bases such as 1,8-diazabicyclo 

[5.4.0] undec-7-ene (DBU) or l,s-diazabicyclo [4.3.0] non-S-ene (DBN). The reaction 

involves heating to reflux a mixture of phthalonitrile (10) and a metal salt in the presence 

of OBU or DBN as catalyst, in a primary alcohol such as I-pentanol (Scheme 1.3d). 

However, the products of these reactions usually lack purity, which calls for a vigorous 

purification procedure. 

R)CCCN 
a) 

R .& CN 

(10) 

R 

b) 

R 

0 

(11) 

2(R=H) c) 

RyyCN 

M d) 
R CN 

(10) 

MXn! quinoline .. 
200' - 300'C 

R R 

Urea, nitrobenzene, MClz 
~ 

ISO'C, catalyst 
R 

R 
MXn, A, quinoline .. 

n 

MXn' d, I-pentanol R R 

~I .. 
DBU (or DBN) II 6 

Scheme 1.3: Synthesis of metallophthalocyanines from phthalic anhydride and 

related compounds. 

!vIPcs have also been prepared quickly and efficienLly by the reaction of 10 with hydrated 

metal salts without solvents and under microwave irradiation [70,71] (Scheme 1.4). 
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~ : -- ~p 

~oN N a 
M = Mg, Zn, Cd, Cu, Ni, Pd, Pt, Co, Fe, ~ ~ 
Ru, Rh, Ti, Cr, Mn, V, Mo, V02, Eu 

(6) 

Scheme 1.4: Microwave synthesis of metallophthalocyanines 

1.2.3.3 Ring-substituted MPcs (Scheme 1.3; R variable) 

The most usual method of synthesizing ring-substituted Pcs is by cyclotetramerization of 

substituted phthalonitriles [72,73] (Scheme 1.3 a,d). If monosubstituted phthalonitriles 

are employed, tetrasubstituted Pcs are obtained, with the drawback of a mixture of 

positional isomers [72,74]. 4,5-Disubstituted phthalonitriles are used as starting materials 

for octasubstituted Pcs, with no problem of isomerism if the phthalonitrile substituents 

are similar [72,74-77]. The tetra- or octa-substituted Pc can now be metalated as 

described above (Scheme 1.3c). Weber and Busch [78] synthesized tetrasulphonated 

metallophthalocyanine complexes by reacting 4-sulphophthalic acid (12) and a metal salt 

in the presence of ammonium chloride, urea and ammonium molybdate, in nitrobenzene 

(Scheme 1.5) . 
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The reaction of an unsubstituted MPc with fuming sulphuric acid or oleum at 100 °c gave 

a mixture of differently sulphonated MPcs [79]. The mixture was shown to contain 

mono-, di-, tri- and tetra-sulphonated MPc [79] (Scheme 1.6). 

fuming oleum 

loooe 

(6) (14) 

Scheme 1.6: Synthesis of mixture of differently sulphonated MPc (MPcSn; n = 1, 2, 

3, or 4) 
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In this thesis, the photophysics, photochemistry and potential applications of sulpho­

substituted Pc and other substituted Pcs will be explored. 

1.2.4 Metallophthalocyanine aggregation 

MPc aggregation is recognized by broadening and/or splitting of Q band, indicating the 

presence of additional electronic levels of the aggregates. The overlapping of energy 

levels leads to radiationless excited state deactivation, thus making aggregates photo­

inactive. The aggregation behaviour of MPcs is well documented [80-84]. MPc 

aggregates could be formed in a number of ways, which include the following: 

(a) Direct linkage or bridge between two or more Pc rings, where the rings are close 

enough in space to allow intramolecular association [85] 

(b) Covalent bonding involving the metal as ~ oxo links , especially for iron, manganese 

and silicon-containing Pcs [86]. 

(c) Sandwitch-type complex formation, whereby two Pc rings share one central metal [67, 

87,88]. 

(d) Weak association in which peripheral substituents hold two Pc rings that are adjacent 

in space [89,90]. 

The degree of aggregation strongly depends on the metal inside the ring and the 

peripheral substitution at the benzo group [90,91]. For example, Pcs containing Si or Ge 

are not expected to form aggregates due to the presence of axial ligands on the metal, 

which tend to prevent :n;-:n; stacking between adjacent rings. It has been suggested [92] 

that :n;-:n; interactions between adjacent molecular rings stabilize columnar aggregates. 
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Aggregation tendency has been observed to be large in aqueous solutions for MPcs that 

contain substituents that impart water solubility, e.g., sulphonated derivatives 

[9,10,83,93]. However, aggregation in aqueous solution is very similar to that observed in 

the solid phase of tetrasulphonated copper(II)phthalocyanine [90]. In contrast, non-

substituted copper(II)phthalocyanine molecules do not form dimers even in the solid 

phase [90]. In view of these results, it is obvious that the hydrophylic groups at the benzo 

group must playa crucial role in the aggregation. 

MPc aggregation has a great influence on the intermolecular photoinduced processes, and 

it is easily characterised by a broadening and diminishing of the red absorption band, 

coupled with a blue shift of the band by 30 to 50 nm [94]. Aggregation can be overcome 

• 
by either, synthesizing metallophthalocyanines in which the metal has an axial ligand 

such as chlorine, or by adding bulky peripheral substitution to prevent the phthalocyanine 

macrocycle aggregating by simple steric hindrance. Bulky peripheral groups prevent an 

effective lHt interaction between the phthalocyanine subunits [95]. Alpha substitution 

(see Scheme 1.4 for notation) has also been shown to hinder phthalocyanine aggregation 

[96]. Bulky a-substituents impose a steric constraint on the molecule, thereby restricting 

conformational freedom and consequently, obstructing the approach of a second molecule 

to form a coplanar dimer. 

In this work, ~-substituted MPcs are studied and their properties compared with those of 

unsubstituted MPcs. The effects of aggregation on the photosensitizing capabilities of the 

~-substituted MPcs are also examined. 
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1.2.5 Reactions of Metallophthalocyanines 

Un substituted MPcs are generally impervious to chemical treatment. For example, 

heating to very high temperatures (> 500°C) would not lead to the macrocycJe's 

decomposition, with only a change of state (sublimation) being observed. Metal chelation 

with the four pyrrole nitrogen atoms of the macrocycJe stabilizes the complex. Hence, 

metallophthalocyanines are more stable than their metal-free counterparts. However, a 

few reactions of MPcs have been observed and documented: 

1.2.5.1 Redox reactions 

These are the most notable of all MPc reactions. Oxidation and reduction can be achieved 

in three principal ways viz: electrochemical, photochemical and chemical. The Pc ring 

has a great propensity to undergo redox reactions and its redox behaviour dominates the 

redox chemistry of the complex, especially if the central metal is not electroactive, e.g. 

zinc. With electroactive metals like the transition metals, the redox chemistry of the 

complex becomes complicated, as there is need to distinguish the redox attributes of the 

metal centre from those of the ring. The redox activity of the Pc ring is directly associated 

with the frontier orbitals (HOMO and LUMO) in the molecule. Oxidation implies the 

removal of electron(s) from the HOMO while reduction means the addition of electron(s) 

to the LUMO. In the light of this, it is logical to think that there is a correlation between 

HOMO energy and the ease of oxidation; and the LUMO energy and the ease of 

reduction. The Pc skeleton exists as a dianion Pc(-2), and the removal of one and two 

electrons from the HOMO (al u) results in the formation of Pc{-l) and Pc(O) respectively. 
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For Pc reduction, up to four electrons can be added to the LUMO, terminating in Pc{-6) 

species (Table 1.2), since the eg orbital is degenerate. 

Table 1.2: Electronic description of phthalocyanine oxidation states 

Species Pc{O) Pc(-l) Pc{-2} Pc{-3) Pc(-4) Pc{-S} Pc(-6} 

G.E.C - Ground state electronic configuration. 

Electrochemical oxidation/reduction of the Pcs involves the deliberate application of 

potential to the electrode. Electrodes used in electrochemistry are composed of metals, or 

metal-like materials. In these materials there are no distinct orbitals , but continuous bands 

of energy that the electrons can occupy. Like the HOMO in a molecule, there is a Fermi 

level in a metal. All the energy levels below the Fermi level are occupied at 0 K. When 

one applies a negative potential to the electrode, the Fermi level moves to higher energy 

(higher tendency to reduce the analyte). On the other hand, application of a positive 

potential moves the Fermi level to lower energy (higher tendency to oxidize the analyte) 

(Fig. 1.12). If the HOMO energy of the Pc molecule is increased, oxidation is favoured, 

while a lowering of the LUMO energy favours reduction. The literature on 

electrochemical redox processes of Pc is robust [97,98] and the rich electrochemistry of 

Pcs is exploited in many applications. 
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Figure 1. I 2: Relation between redox potentials and frontier orbitals. 

Photochemical redox reactions of Pcs are carried out at room temperature using visible-

wavelength light and an electron donor or acceptor. In the photo-assisted reduction, 

Stillman's group used hydrazine as the electron donor and CBr4 as electron acceptor in 

organic solvents [43, 99-103]. However, it was very difficult to obtain stable solutions of 

the oxidized and reduced species despite degassing the solutions before the experiments. 

Chemical reduction of MPcs has been achieved by direct reaction with a strong reducing 

agent (alkali metal film in an air-free vial) to give the reduced species [104-106]. 
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1.2.5.2 Decolouration and destruction in aqueous solutions 

The destruction of MPcs (M = Co, Fe) in aqueous solutions has been reported [107]. 

These reactions take place in the presence of an alkali and a stream of oxygen, and are 

oxidative in nature. 

1.2.5.3 Reaction with ligating agents 

Most MPc complexes interact with a variety of molecules such as pyridine [108], cyanide 

[109], carbon monoxide [110] and imidazole [111], to form axially coordinated species. 

Axial ligand displacements have also been reported, and are known to be dissociative and 

occur in stepwise manner [108,110,111]' 

1.2.5.4 Reaction with acids 

The reaction of MPcs with acids leads to a successive protonation of the azomethine 

nitro gens. These reactions have been studied using dilute or concentrated sulphuric acid, 

HCOOH, HS03Cl [112-115], CF3COOH [116] and a mixture of H2S04 and CF3COOH 

[117,118]. MPc protonation has also been observed from reaction with Lewis acids 

[119,120] in organic solvents. A harsh acid treatment on MPcs leads to substitution 

reactions at the benzo rings. For example, sulphonated MPcs are usually synthesized by 

heating the MPc in oleum or fuming sulphuric acid at 100 °C [79] (Scheme 1.6). The 

stepwise protonation of the MPc ring gives rise to characteristic successive bathochromic 

shifts of the Q band [121,122], with the tetra-protonated species absorbing about 170 nm 

to the red of the unprotonated Pc [123]. These protonated species have been found to be 

fluorescent and their emission spectra are also red shifted, compared with those of the 

35 



Introduction 

unprotonated Pcs [123]. However, the fluorescence quantum yield and lifetime are 

reduced on protonation [123]. An interesting feature in the spectra of the protonated 

species is the change in symmetry accompanying consecutive protonation. Theoretical 

investigations of the Pc [116,124] using a four orbital model, describe the spectral 

changes upon protonation. It has been shown that monoprotonation leads to a reduction in 

symmetry from D4h to C2" resulting in a splitting of the Q band. Di (trans)- and tri­

protonation results in a splitting of the Q band due to C2v or D2h symmetry while the Q 

band of the diprotonated cis form is not expected to split [119]. Tetraprotonation reverts 

back to the D4h symmetry and only one Q band is predicted. 

Apart from input by Beeby's group and a few others [121 ,123,125,126]' literature is very 

sparse on the effects of protonation on the photophysicochemical properties of MPcs. 

Beeby et at. [123] demonstrated that protonation reduces the energy of the excited states 

and their lifetimes. In particular, the triplet energy is lowered to a value where energy 

transfer to ground state oxygen is no longer favourable. This work investigates the effects 

of substituents, solvents and acid strength on the ease of protonation of MPcs with 

various ring substituents and axial ligands; as well as the effects of protonation on the 

photophysicochemical properties (e.g. fluorescence quantum yield, cDF; singlet oxygen 

quantum yield, cD,,; and photodegradation quantum yield, cDPd) of the complexes. 

1.2.6 Solvent effects on MPc spectra 

The wavelength and intensity of absorption bands are both affected when a molecule is in 

a solvent environment compared with its spectrum in the gas phase. This is due to the 
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unequal perturbation of the ground and excited electronic states of the molecule, which 

depends on the nature of the solvent-solute interactions in the two states. Solvent effects 

on spectra of organic molecules have been linked with a range of solute and solvent 

properties. For example, solvents effects were used to distinguish between Jt*- Jt and 

:n:*<- n transitions [127,128]; changing from a non-polar solvent (e.g., hexane) to a polar 

solvent (ethanol) results is a shift of the (Jt*- n) band to shorter wavelengths (blue shift) , 

and the (Jt*- Jt) band to longer wavelengths (red shift) [127]. The observed solvent 

shifts in the aromatics were also attributed to hydrogen bonding, which tends to cause 

electron migration in the solute molecule [129]. Solvent effects have also been ascribed 

to the stabilization of preferred resonance structures in the solute by certain solvents due 

to their dielectric constants and their acid-base properties [130,131]. 

The shifts in the absorption wavelength are often interpreted in terms of the dielectric 

constant (relative permittivity) and refractive index of the solvent. A qualitative account 

of these effects in terms of dipole, polarization and hydrogen-bonding forces has been 

given [132]. 

The interpretation of solvent effects is difficult because they are often small and not easy 

to measure precisely and also because they are often the result of several individual 

effects which sometimes reinforce one another and sometimes cancel out. All organic 

solution spectra are subject to a general polarization red shift. The electromagnetic field 

of the absorbed light induces in the solute molecules an electric dipole moment, which 

oscillates at the same frequency of the incident field; the 'transition dipole' thereby 

formed induces a momentary polarization in the solvent molecules. The solute's excited 
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state, now polar, experiences a greater stabilization from the solvent than the ground state, 

the result being a red shift in the spectrum. 

Superimposed on the polarization red shift are other shifts due to the fact that the solute 

molecule, in accordance with the Franck-Condon principle, at the instant of excitation is 

not in equilibrium and is therefore in a state of strain with respect to its environment. This 

Franck-Condon strain can be related partly to the polarity of the solute and solvent 

molecules and the changes in dipole moment of the solute during the transition 

(orientation strain); and partly due to parking strain arising from changes in the 

dimensions of the solute due to the excitation. 

It has been suggested [133,134] that the interaction between coordinating solvents with 

Pc molecules stabilizes the LUMO of the complexes. The band positions in titanium (IV) 

phthalocyanine (Ti(IV) Pc) complexes were red shifted as the polarity of the solvent 

increased for non-coordinating solvents, with the magnitude of the red shift following the 

order hexane < toluene < chloroform < 1-chloronaphthalene. The electronic absorption 

spectra of MPc complexes in various organic solvents have been analysed using the 

method originally described by Bayliss [135] (Eg. 1.10), 

n' -1 
F =---,,-

2n' + 1 
(Eq. 1.10) 

F is the polarizability function and n, the solvent's refractive index. 

The positions of the Q band absorption of Ti(IV)Pc complexes showed a linear 

dependence on the function F in Eg. 1.10, suggesting that the shifts were caused mainly 

by solvation [133]. 
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The effect of solvents and the environment on MPc fluorescence spectra are complex, 

and there is no simple theory which can account for all these effects. Spectral shifts result 

from the general effects of solvent polarity whereby the energy of the excited MPc 

decreases with increasing solvent polarity. This effect is usually accounted for by the 

Lippert equation (Eq. 1.11) [136]. 

V A - V F = - - 2 E 3 G + constant - - 2 ( £ - 1 n 2 - 1 J (Il - Il ) 2 

hc 2£ + 1 2n + 1 a 
(Eq. 1.11) 

Where VA and vF are the wavenumbers (cm-I
) of the absorption and emission, 

respectively; h, the Planck's constant; c, the speed of light; and a, the radius of the cavity 

in which the absorbing molecule resides. e, nand Il are solvent parameters - dielectric 

constant, refractive index and dipole moment, respectively while the subscripts 'E' and 

'G' denote the excited state and ground states respectively. 

Spectral shift can also occur due to specific fluorophore-solvent interactions and due to 

charge separations in the excited state, as polar solvents are expected to support charge 

separation while non-polar solvents are not. Absorption spectra are generally less 

sensitive to solvent polarity than emission spectra. This is because absorption of light 

occurs in about 10-15 s, a time which is too short for motion of the absorbing molecule or 

solvent. Absorption spectra are not affected by the post-absorption decrease in the 

excited-state energy. 

The effects of solvents on the photophysical and photochemical properties of MPcs have 

not been fully explored. Thus this thesis studies the effects of a wide range of sol vents on 

the photophysical and photochemical properties of selected MPc complexes. 

39 



Introduction 

1.2.7 Photophysics and photochemistry of MPcs 

The literature on photophysics and photochemistry of MPcs is very extensive. As earlier 

stated, MPc species show a strong absorption in the red region (Q band) of the solar 

spectrum (8 - 105 M" cm" ) and a moderately intense (broader) one in the near-UV 

region (Soret or B band). When an MPc molecule is irradiated at its Q band maximum, 

the excited triplet state is populated (as a result of intersystem crossing from the excited 

singlet state). The efficiency of this intersystem crossing is quantified by the triplet 

quantum yield (<DT) , which in tum is determined by flash photolysis. The TJ (MPc) state 

absorbs in the region 450-500 nm, with 8 values of - 104 M-' cm-'. Both the S,(MPc} and 

T, (MPc) states undergo radiative and non-radiative deactivation processes and fall back 

to the ground state (So), as described in the Jablonski diagram (Fig. 1.1). 

1.2.7.1 Fluorescence and triplet lifetimes {and quantum yields} of MPcs 

The lifetime of an excited state is defined as the time taken for the concentration of the 

molecules in that state to decrease to lie of its original value. The usual lifetime of the 

first singlet excited (S,) state of MPcs is of the order a few nanoseconds (ns), and is 

strongly dependent of factors which include: (i) the nature of the central metal ion, (ii). 

nature of peripheral andlor non peripheral substituents, (iii) nature of the solvent and (iv) 

the presence of other species interacting with the molecule in the S, state. The typical 

lifetime a T,(MPc) state ranges between the microsecond (fLS) and millisecond (ms). The 

TJ --> So transition is forbidden; and this is responsible for the longer lifetime if the 

T, (MPc) state. The metastable nature of the T, state makes it a good candidate for 

sensitization and photochemistry. The S,(MPc} state is deemed too short-lived for any 
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substantial sensitization or chemical reaction. During the lifetime of the Tl state, the 

molecule is more susceptible to non-radiative deactivation or quenching than 

luminescence. As a result, MPc phosphorescence is not readily observed in solution at 

room temperature. MPc phosphorescence can mainly be observed by trapping the T 1 state 

in a rigid glass (matrix) [43]. 

Fluorescence and intersystem crossing are two complementary photophysical processes. 

Hence in Table 1.3, high <1>F values are accompanied by low <1>T values for the MPc 

complexes. The nature of the central metal ion has a great effect on <1>F and <1>T values; 

heavy metal ions and paramagnetic metal ions enhance the yield of the triplet state. The 

paramagnetic effect, as anticipated, shortens the lifetime of the triplet excited state ("tT), 

due to the presence of low-lying d-orbitals, which promote the quenching of the Tl state 

by charge transfer processes; the same features that promote Tl r Sl transition, would 

also promote the So <- Tl transition. In particular, MPcs in which M is a paramagnetic 

transition metal ion (e.g. Cu2+, Cr2+) posses very short"tT values (Table 1.3). 

MPcs show higher <1>T values than the metal-free Pc. Apart from the heavy atom effect, 

other factors like molecular rigidity and solvent type have also been reported to influence 

MPc fluorescence and intersystem crossing. For instance, solvents like chloroform and 

carbon tetrachloride, which contain heavy Cl atoms, tend to promote intersystem crossing; 

hence fluorescence would be weak in such solvents. 

Again, features that impart greater rigidity on the macrocycle, are expected to make it 

more fluorescent, as there exists a less likelihood of electronic energy 'leaking out' non­

radiatively. This explains why the <1>F value of silicon naphthalocyanine (SiNPc, 0.38) is 
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higher than that of silicon phthalocyanine (SiPc, 0.18) [137]. The fusion of an extra benzo 

group in SiNPc makes the molecule more rigid. 

Table 1.3: PhotophysicaI properties of some metallophthalocyanines [138]. 

Compound 'ts (ns) clIF 'tT (1lS) clIT 

HzPc 6.0 0.70 140 0.14 

HzTSPc 9.8 0.62 170 0.22 

ZnPc 3.8 0.30 

ZnTSPc 2.9 0.32 245 0.56 

AlClPc 6.8 0.58 500 0040 

AITSPc 5.3 500 

CuPc 0.035 > 0.70 

CuTSPc < 10.4 0.065 0.92 

CrPc .0.02 

Much has been reported on the photophysics and photochemistry of MPc derivatives 

[76,77,139-143], however there is still ample room for literature expansion in this area. 

For example, the photophysics and photochemistry of MPc complexes of silicon, 

germanium and tin, though, present in the literature [76,139,140]' are yet to be fully 

explored; there is no account of the photophysicochemical studies of water-soluble 

derivatives of these complexes. Again, the zinc analogues, although, well documented 

[77,143-145] , have not been studied in a systematic manner. This work gives an in-depth 
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account of the effects of substituents, solvents and different metals on the photophysical 

and photochemical properties of various MPc derivatives. The prospects of their 

relevance in PDT and other applications are also examined. 

1.2.7.2 UV (versus visible) irradiation of MPcs . Photophysical and photochemical 

consequences 

The photophysicochemical consequences of UV irradiation of MPc complexes were well 

reviewed by Tokumaru [146]. Red visible light irradiation of MPc complexes leads to the 

population of the SI (MPc) state, while UV irradiation populates higher excited states (Sz 

and higher). UV light irradiation is known to result in more efficient reactions than red 

light irradiation [147,148]. For example, it was found that red light irradiation of 

copper(JI) tetrakis(N-octyldecylsulfamoyl)phthalocyanine in chloroform did not give any 

product but UV irradiation led to substitution of the CHClz group (from the solvent) on to 

the Pc ring [149]. Also, rhodium(III) acidophthalocyanine (RhIllpc(CH30H)X; X = halide) 

in acetonitrile, in the presence of 2-propanol under UV irradiation and xenon flash light 

(- 600 nm) oxidized 2-propanol to acetone more efficiently than when red light was used 

[150,151]. It was also found that zinc(II) tetrasulphophthalocyanine (ZnTSPc) was stable 

towards visible light but degraded under strong UV irradiation [152]. A lot more has been 

reported on the photochemical behaviour of ZnTSPc; for example, Nishimura et al. [153] 

observed no result when an acetonitrile solution of ZnTSPc was irradiated with red light 

in the presence of triethanolamine; but ZnTSPc was reduced when UV irradiation was 

used. Transient absorption showed that the T 1 (ZnTSPc) state was not quenched by the 

amine, and so the reactive species was presumed to be a higher excited singlet state. 
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Kaneko et al. [154] also observed similar results for ZnTSPc and CuTSPc in aqueous 

acetonitri le and in the presence of amines (triethanolamine, triethylamine and 

ethylenediaminetetraacetic acid). Irradiation of ZnTSPc and CuTSPc at 365 nm resulted 

in the macrocycles' reduction. 656 nm irradiation did not induce such a reaction, and the 

mechanism of the reaction was discussed in terms of the participation of a higher excited 

singlet state of the macrocycles. In a similar manner, a-octabutoxyphthalocyanine (a­

Hz(OBu)8PC) was reduced by triethanolamine under UV irradiation, but not with red light 

[154]. 

With UV excitation, ZnTSPc (in aqueous acetonitrile) and a-Hz(OBu)8PC (in ethanol) 

fluoresce at 450 nm and 440 nm, respectively and with quantum yields of 0.038 and 

0.013 respectively. Whereas with red excitation, their fluorescence occurred at 680 nm 

(<l>F = 0.31) and 788 nm (<l>F = 0.19) respectively [155]. There is also a report [156] that 

a -octaalkoxyphthalocyanines (a-Hz(OR)8PC, where R = OCzHs, OC3H7, OC4H9, OCsHII 

and OC IOHz1 ), on UV excitation in ethanol, fluoresce at - 420 nm, but with considerably 

lower quantum yields than those of red fluorescence. The triplet quantum yields with 

UV- and red-excitations were found to be 0.53 and 0.44, respectively, for the (a­

Hz(OR)sPc molecules. The higher <l>T value with UV excitation was ascribed to the 

presence of an additional pathway for intersystem crossing from the higher excited 

singlet state. Accordingly, this state rapidly undergoes intersystem crossing to a higher 

triplet state at a higher rate than the competing internal conversion to the SI state. This 

also explains the observed lower <l>F values with UV excitation than those with red 

excitation. 

44 



Introduction 

Generally, an increase of energy gap between the lowest and a higher excited state tends 

to reduce the rate constant of deactivation from the higher to the lower state; this 

lengthens the lifetime of the higher state, therefore making the state more susceptible to 

reactions with other species [146]. Photochemical irradiation of MPcs with UV light 

populates their higher excited states, which rapidly dissipate in a unique manner different 

from the lowest excited states (populated under visible light irradiation of the Q band). 

The higher excited states often exhibit characteristic emission and enhanced reactivity via 

electron transfer, energy transfer, etc, competing with rapid fluorescence. This is an 

exception to the Kasha-Vavilov rule, which states that the quantum yield of luminescence 

is independent of the excitation wavelength. In almost every case in which an MPc has 

been used to sensitize a photo-reaction, it is the excited triplet state that is active [145]. 

The longer lifetime of the T, (MPc) state compared with that of the S, (MPc) or Sn(MPc) 

state is a significant advantage since at a given concentration of quencher the number of 

diffusional encounters between a molecule in an excited state and a quencher molecule 

increases as the lifetime of the excited state increases. 

This work will concentrate on visible irradiation for the study of photophysical properties 

of sulpho- and other substituted MPc complexes. As earlier stated, the effects of 

substituents and solvents will be investigated. 

1.2.8 MPc fluorescence quenching 

The study of fluorescence quenching using phthalocyanine compounds (which are related 

to biologically important chlorophyll) is of interest. In plants, chlorophyll is responsible 
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for trapping the solar energy that will be used to make sugars. Once extracted from plants, 

chlorophyll no longer has the ability to trap energy to make sugars, and the energy is 

emitted and observed as fluorescence. It is possible to block this fluorescence by adding a 

compound that interacts with the excited chlorophyll molecules, thus reducing the 

intensity of light emitted as fluorescence. As in chlorophyll, the process of MPc 

fluorescence quenching permits the capture of solar energy and storage for subsequent 

use for other purposes. There are two main modes of fluorescence quenching namely 

energy transfer (ET) and charge transfer (CT). Energy transfer is only possible if the 

energy of the fluorophore's excited state is greater than that of the quencher, while the 

possibility of charge transfer could be determined by considering the electrode potentials 

of the couples involved in the charge transfer process. It is known from the literature that 

the following compounds efficiently quench MPc fluorescence: azaferrocence [157], 

methyl viologen [158,159]' benzoquinone [160], and hydroquinone [159] to mention but 

a few. 

MPc fluorescence quenching by CT is well documented [157,159,161] . The suitability of 

a particular substance as an MPc fluorescence quencher by CT could be predicted from a 

comparison of the redox potentials of the excited MPc and the supposed quencher. For 

example, the triplet state of sulphonated aluminium phthalocyanine, Tt(AIPcS), did not 

react with methyl viologen (MV), benzyl viologen (BV) and anthraquinone-2,6-disodium 

sulphonate (AQDS) [159], because the redox potential of the *AIPcS/AIPcS'+ (triplet) 

couple is - -0.02 V, while the redox potentials of MV, BV and AQDS are -0.44 V, -0.36 

V 'and -0.33 V respectively. Whereas the *AIPcS/AIPcS'+ (singlet) couple has a redox 

potential of - -0.63, and so its reaction with the quenchers is feasible. 
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Fluorescence quenching of differently substituted MPcs using benzoquinone (BQ) and 

hydroquinone (HQ) in different solvents will be explored in this thesis. The use of 

fluorescence quenching techniques for the determination of MPc fluorescence lifetimes is 

not known in literature, and is reported in this thesis. 

The chemistry of light harvesting and energy transducing molecular arrays has attracted a 

lot of attraction over the years because of their ability to mimic the function of 

chlorophyll in artificial photosynthesis [162,163]. These molecular arrays have also 

found use as light harvesters in molecular phototonics [163-165]. Ideally, a light 

harvesting system should be able to capture solar energy over a broad spectral range and 

channel the energy swiftly for use in chemical reactions. An important prerequisite for a 

good molecular photonic device is the ability to undergo excited state charge transfer. 

Multiporphyrin-phthalocyanine arrays have proved to be successful candidates for 

application in light harvesting and molecular photonics due to reasons which include: (1) 

a spread of ground state absorptions covering the entire visible region of the solar 

spectrum, (2) the absorption spectra of porphyrins and phthalocyanines do not overlap, (3) 

there is a considerable overlap between the emission spectra of porphyrins and the 

absorption spectra of phthalocyanines, which makes energy transfer to be possible, and (4) 

phthalocyanines are easier to reduce than porphyrins, implying that charge transfer is 

possible between the two. There has been a lot of input into the study of phthalocyanine­

porphyrin heterodimers [166,167], but apart from the efforts by Lindsey's group and a 

few others [164,165]' literature is scanty on the synthesis and photophysics of higher 

phthalocyanine-porphyrin oligomers. 
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In order to elucidate the mechanism of intramolecular fluorescence quenching, the effect 

of solvent viscosity, polarity and temperature on the fluorophore's fluorescence must be 

studied. The mechanism for the intramolecular quenching, of a tetraporphyrin­

phthalocyanine heteropentarner is investigated in this thesis. 

1.3 MPcs AND PHOTODYNAMIC THERAPY 

1.3.1 Photodynamic therapy 

Chemotherapy and radiotherapy are the two principal techniques used for cancer 

treatment, apart from radical surgery. While combating cancerous escalation with some 

success, both methods can also bring on grave consequences largely because they destroy 

indiscriminately both normal and cancerous cells. As a result of this inadequacy, 

discriminative tumour destruction has become a major goal in oncology research over the 

last few decades [168]. Photodynamic therapy (PDT) has developed as a preferred 

alternative for treatment of certain types of cancer. 

PDT is a non-invasive, oxygen-dependent treatment modality involving the dynamic use 

of specific-wavelength visible light. The light is used to excite light-sensitive 

(photosensitizer) dyes within target cells and generate cytotoxic radical and non-radical 

derivatives of oxygen (e.g. Oz('tlg), Oz', Oz' and OR'). The highly reactive nature of these 

derivatives limits the effects of PDT to the immediate vicinity of the photosensitizer. 

Consequently, the intracellular location of the photosensitizer plays an important role in 

determining the ultimate fate of the target cell(s) since certain subcellular structures 
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within a cell are more prone to PDT -induced damage than others; mitochondria and 

nuclei are known to be particularly PDT-sensitive. It is therefore of interest to design 

photosensitizers which display precise intracellular targeting in order to maximize PDT-

induced cell death. For most applications of PDT, the cytotoxic species is produced by 

one of two different processes: Type I and Type II, Scheme 1.7. These processes are 

mediated by excited triplet state of the photosensitizer which is sufficiently long lived, 

hence has enough time to intercept other species [168]. 

Sensitizer 
hv 

--"':":"'-•• lSensitizer 

Radicals or 
Radical ions ..... ------ 3Sensitizer 

oon, O2-, on, etc . 

• Substrate 

Oxidation products 

ISC 

Scheme 1.7: Photochemical processes involved in PDT. 
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Type I mechanism involves electronlhydrogen transfer directly from the photosensitiser, 

producing ions or radicals. These then react rapidly, usually with oxygen, resulting in the 

production of highly reactive oxygen species (e.g. the superoxide and the peroxide anions 

or radicals), which then attack cellular targets. 
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Type II reactions produce the electronically excited and highly reactive state of oxygen 

known as singlet oxygen. Direct interaction of the excited triplet state photosensitiser 

with ground state molecular oxygen results in the photosensitiser returning to its singlet. 

ground state and the formation of singlet oxygen. 

In PDT, it is difficult to distinguish between the two reaction mechanisms. There is 

probably a contribution from both Types I and II processes indicating that the mechanism 

of damage is dependent on oxygen and photosensitiser concentrations. However, the 

generation of singlet oxygen via the Type II pathway in solution is fairly easily identified 

and analyzed either by chemical traps (scavengers) or by its weak phosphorescence at -

1268 nm using a near infra-red photodetector. The observation of singlet oxygen 

phosphorescence in vivo, although very rare (with only a few reported claims of direct 

observation), led to the widespread belief that singlet oxygen (Type II mechanism) is 

invariably the mediator in PDT [168]. MPcs are becoming more acceptable for use in 

PDT [28-33]. Their superior attributes , such as (i) red or near infra-red light absorption, 

(ii) non-toxicity, with low skin photosensitizing potency, (iii) selective localization in 

tumours, (iv) efficient generation of singlet oxygen and (v) appreciable fluorescence for 

vi sualization ; makes them to be first-rate candidates for this purpose. The attributes 

mentioned here are obligatory for any PDT sensitizer. 

1.3.2 Photosensitized singlet oxygen production by MPcs 

Photosensitization is the process by which a photochemical or photophysical alteration 

occurs in one molecular entity as a result of initial absorption of radiation by another 
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molecular entity called a photosensitizer. MPcs have proved to be efficient 

photosensilizers, essentially due to their strong light absorption and also due to the 

relatively long lifetime of their excited triplet state. Oxygen is a potent quencher of the 

excited states of molecules . . When the quenching of an excited state takes place, the 

excitation energy may be transferred to the oxygen molecule, generating the first excited 

slate of the oxygen molecule known as singlet oxygen. Oxygen is unusual in that it has 

a triplet ground state, and hence relaxation of the singlet state to the ground state is spin 

forbidden, resulting in a long lifetime for singlet oxygen. Singlet oxygen is a highly 

reactive species and is responsible for oxidative damage in a number of systems 

[28,29,169-176]. 

cr Zp ' (Jzp* 

~ .~ 1l 
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Energy 

1l 1l 11 11 ., 
1t 2px 7tzpy 7t zpx 1t 2px 
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cr 2p 
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3~ -
g 
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g 

Scheme 1.8: Molecular orbital diagrams showing the electron distribution in triplet 

triplet and singlet oxygen. 

51 



Introduction 

In the ground state, the outermost electrons are distributed according to Hund's of 

maximum multiplicity, in the 1t2px* and 1t2py' antibonding orbitals [177,178]. The extreme 

reactivity of (02) 't.g arises from the pairing of two electrons into one of the 1t2p' 

antibonding orbitals (Scheme 1.8). 

Singlet oxygen 

The two electronically excited states immediately above the ground state are both singlet 

'It is very short-lived, and rapidly decays to the lower singlet state 't.g. For practical 

purposes we can regard the 'Ig + state, if formed in solution, as being deactivated 

immediately to the' t.g state, which has a lifetime of a few microseconds in the condensed 

phase. Consequently, singlet oxygen is conventionally referred to as 't.g• The properties 

of the three states of oxygen are summarized in Table 1.4 [30]. 

Table 1.4: The three lowest electronic states of dioxygen. 

State Common Energy Lifetime in Electronic 
Designation Name Condensed Configuration of 

Phase HOMO 
KJ mor' v cm-' 

.~ + - 155 13120 < 10'> S ++ g 

• t.g Singlet oxygen 94 7882 - 10 f-I-s *-'02 

j~ • Oxygen, '02 , 0 0 00 ++ g 
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However, the description given here does not properly reveal the zwitterionic character of 

O2 e L'lg). Perturbation by an attacking reagent will polarize the electronic structure. 

Scheme 1.9 shows Lewis structures depicting the zwitterionic character of singlet oxygen. 

+ + .. .. .. •• .. •• 
:0=0: .. :0=0: .. :0=0: 

•• • • • • •• • • • • 

Scheme 1.9: Lewis structures depicting the zwitterionic character of singlet oxygen. 

The lifetime of singlet oxygen in solution is solvent-dependent (Table 1.5). 

Table 1.5: Lifetimes of singlet oxygen in various solvents 

'tA (JlS) 2 7 24 200 700 3900 20 - 76000 

1.3.2.1 Singlet oxygen generation 

Photosensitization (Scheme 1.10) is by far the most common method of producing 0 2eL'lg) 

in the laboratory. 

1. hv 

2. isc 

Scheme 1.10: Generation of singlet oxygen by photosensitization. 
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Other methods of 02(1 Ll.g} generation can be classified into chemical and physical 

methods as itemized below (Scheme 1.11). 

Chemical methods: 

(a) Reaction of hydrogen peroxide with sodium hypo halite 

HO'=LOI<:'-OCI 

H .. ~O .. 02 {II\} + CI' \1 
(b) Reaction of N-chlorosuccinimide with alkaline hydrogen peroxide 

~2JOOH • O~O o N 0 + 0, (lLl.g) + CI' 
I I 
C H 

(c) Thermolysis of endoperoxides 

l'h Ph 

7' 
I o~ e.g. CoHo. 7' '-'::: '-'::: 

• I + 02 (lLl. g) 
~ L;;,. ~ .0 .0 

Ph Ph 

(d) Thermolysis of phosphate-ozone complexes_ 

0 
CH,Cl, 0 in CH,Cl, 

.. {PhO}3 PO 0, {'Ll.g} (PhO),P + 03 .. (PhO), p/ \ + 
_70' 6-0 -30' 

Scheme 1.11: Chemical methods for smglet oxygen generation. 
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Physical methods: 

• By direct excitation 

• By microwave discharge, Scheme 1.12. 
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Scheme 1.12: Singlet oxygen generation by microwave discharge. 

Introduction 

Singlet oxygen has been implicated in photosensitized oxidation reactions. Such reactions 

have been exploited in, for example, photodamage of viruses [169,170], photodynamic 

therapy (PDT) [28,29], photocarcinogenesis [171,172] and photodegradation of pollutants 

[173,174]. The enormous reactivity of singlet oxygen also finds applications in bleaching 

and disinfection reactions as well as in many chemical syntheses, such as the reaction of 

singlet oxygen with aromatic compounds, which leads to the formation of endoperoxides 

[175,176]. 

1.3.2.2 Detection of singlet oxygen 

Luminescence 

As 0 2et..g) decays (in first order kinetics) back to the ground state, some of its energy is 

emitted as light. The light from O2 e t..g) appears in the near infra-red as - 1268 nm [179] 

as shown in Eq. 1.12. 

(Eq. 1.12) 
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Singlet oxygen scavengers 

02et:.g}, once generated, can be trapped using an appropriate singlet oxygen scavenger 

(quencher). The disappearance of the quencher can then be determined spectroscopically, 

and thus serves as a monitor for singlet oxygen. Examples of singlet oxygen quenchers 

include DPBF (l,3-diphenylisobenzofuran), ADMA (tetrasodium anthracene-9,10-bis-

methylmalonate), carotene, ascorbate, thiols and histidine. The reaction of 02('t:.g} with 

DPBF gives an endoperoxide (Scheme 1.13). 

Ph 
DPBF '0 2 

Ph 

o 
I 0 o 

Ph 

Endoperoxide 

Scheme 1.13: [4+2] cycloaddition reaction of DPBF with singlet oxygen. 

1.3.2.3 Photodegradation of MPcs by singlet oxygen 

Photodegradation is the photochemical transformation of a molecule into lower molecular 

weight fragments, usually in an oxidation process. The ability of singlet oxygen to react 

with macrocyclic metal complexes has been documented [180,181]. Singlet oxygen 

reacts with tetra-azaporphyrin derivatives in a Diels-Alder [4+Z]-cycloaddition, with the 

MPc ring acting as a diene and singlet oxygen as the dienophile. For MPcs, phthalimide 

was found to be the photo-oxidation product [181] (Scheme 1.14). 
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Photodegradation (photo bleaching) studies are undertaken in order to determine the 

stability of the MPcs towards photo-irradiation. As stated above, it is widely believed that 

photodegradation is a singlet oxygen-mediated process and so its efficiency should 

depend on the concentration of singlet oxygen. The presence of electron-donating 

substituents on the MPc ring was reported [77] to bring about rapid photodegradation, 

which is attributed to the ease of oxidation of the ring due to the presence of these 

substituents. 

/=N 
I 

---l ..... /-N 

./: N 

MPc 
Phthali mi de 

Scheme 1.14: [4+2] cyc1oaddition reaction of MPc with singlet oxygen. 

On the other hand, electron-withdrawing substituents tend to stabilize the ring in the 

presence of light; therefore, complexes containing electron-withdrawing groups are more 

difficult to oxidize and hence more resistant to oxidative degradation. Experiments 

performed in deuterated solvents gave enhanced photodegradation [77, 140]. It is known 

that singlet oxygen has a longer lifetime in deuterated solvents; therefore, the probability 

of its reaction with the MPc ring is increased, giving rise to enhanced degradation. In the 
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presence of diazabicyc100ctane (DABCO), a singlet oxygen scavenger, photodegradation 

rate was found to decrease [77,140]. This observation further supports the suggestion that 

singlet oxygen is actually involved in the photodegradation process. In aqueous solutions, 

photobleaching rate is low, presumably due to aggregation. Singlet oxygen generation is 

low for the aggregated species; hence photodegradation rate is expected to be low. In 

spite of all the above, literature on photo degradation of MPcs is still very slim. For 

instance, there exists no report relating MPc photodegradation to organic solvent 

parameters; also, the effect of protonation on MPc photodegradation is not known in 

literature. This thesis aims at exploring the effects of solvents and protonation on the 

photodegradation properties of MPc complexes. 

1.3.3 Cyclodextrins 

For PDT action, it is necessary that the drug be easy to administer via injection into the 

blood stream. As the blood itself is a water-based system, water solubility then becomes 

an essential requirement for a PDT drug. Additionally, the drug will have to traverse lipid 

membranes - consequently, it should also be lipophilic. The question now is how to 

produce a water-soluble lipophilic drug. The Pc macrocyc1e itself is lipophilic, but as 

already stated; water solubility could be achieved by introducing sulphonate ions as ring 

substituents. The study of the photophysical and photochemical behaviour of water­

soluble MPc complexes is of importance for their potential application in PDT. Apart 

from the use of solubility-imparting substituents, an appropriate drug delivery system 

(such as cyclodextrins) could also be used in administering hydrophobic sensitizers. 
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Cyclodextrins (CDs) are a class of non-reducing, cavity-containing, cyclic compounds 

able to form molecular inclusion complexes. CDs (the host) provide a 'method for 

anchoring or entrapping other chemical compounds (the guest). without the formation of 

covalent bonds. The guest molecule may be wholly or partially contained in the cavity. 

CDs with six, seven or eight glucopyranose rings (known as a, ~ and y cyclodextrin 

respectively) are known and can be synthesized. The basic structure of CDs (Fig. 1.13) 

consists of glucopyranose units joined together by a-l,4-linkages. The units are arranged 

in such a way that the molecule forms a cone shape with the hydroxyl groups on the open 

ends of the cone, the primary hydroxyl groups on the narrow end and the secondary 

hydroxyl groups on the wide end, oriented towards the outer surface. This arrangement 

results in the molecule having a hydrophobic cavity, suitable for inclusion of hydrophobic 

molecules, and a hydrophilic outer surface which renders CDs soluble in aqueous 

medium. Thus for photosensitizer administration in PDT, a hitherto insoluble molecule 

can be made soluble by encapsulating it within the CD cavity, without necessarily 

compromising the photosensitizing capability of the molecule. The natural CDs, a, ~ and 

y CDs have internal diameters of about 0.5 , 0.6, and 0.8 nm respectively. Inclusion in 

CDs can exert a profound effect on the physicochemical properties of the guest molecules 

as they are temporarily caged within the CD cavity, giving rise to beneficial 

modifications of guest molecules not otherwise achievable. Inclusion complexes between 

porphyrin derivatives and CDs have been reported [182-1891. 
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MPc-CD inclusion complexes and their photochemical properties have received little 

attention hence literature in this field could be expanded considerably. This thesis 

presents the influence of cyclodextrin encapsulation on the fluorescence and 

photochemical properties of non-water-soluble zinc phthalocyanine derivatives. 

1.3.4 Serum albumin 

The efficiency of PDT depends on the development of new drugs and the ability of these 

drugs to accumulate selectively in tumour tissues in comparison to normal tissue. Most 

MPcs are insoluble in water and biologically compatible solvents. Thus, they must be 

administered in vivo by means of delivery systems [190,191] as described above. The 

transport of porphyrins in the blood stream via liposomes has been shown to provide a 

larger and more selective accumulation of the drugs in neoplastic tissues [192,193]' a fact 
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that is a basic requirement for PDT. The association of porphyrin-like sensitizers with 

serum proteins can also enhance the preferential uptake of hydrophobic photosensitizers 

by tumour tissues, since serum albumin is one of the key components in blood that 

influence drug distribution. It is therefore pertinent to carry out studies on the interaction 

of MPcs with serum albumin and the photophysicochemical consequences of such 

binding, as will be reported in this thesis. 

Serum albumin is one of the most widely studied proteins and is the most abundant 

protein in plasma with a typical concentration of 5gll00ml. Albumin is generally 

regarded to mean serum albumin or plasma albumin. 

Plasma: This is the yellow or grey-yellow, protein containing fluid portion of the blood 

in which the blood cells and platelets are normally suspended. It contains water and its 

dissolved constituents including proteins (as albumin, fibrinogen and globulin), 

electrolytes (as Na+ and er), sugars (as glucose), lipids (as cholesterol and triglycerides) 

metabolic waste products (as urea), amino acids, hormones and vitamins. Serum is 

obtained by defibrinating plasma. It is the watery portion of plasma remaining after 

coagulation (after fibrinogen, prothrombin and other clotting factors have been removed 

by clot formation). The word 'albumin' is used to describe a crystallizable protein or a 

group of proteins defined by water solubility. Albumin is the most abundant protein in the 

circulatory system and constitutes about 80% to colloid osmotic blood pressure [194]. It 

has now been determined that serum albumin is chiefly responsible for the maintenance 

of blood pH [195]. 

The investigation of binding of porphyrin-like drugs with albumin is of interest and much 

energy has been invested into it [196-199]. Bovine serum albumin (BSA) is well-suited 
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for this investigation because it has been extensively characterized [200-202]. BSA is the 

serum albumin of a ruminant mammal of the genus Bos, such as an ox, cow or buffalo. 

Studying binding phenomena will help to explain the relationship between the structures 

and functions of proteins [203,204]. Since the intrinsic fluorescence of proteins is usually 

quenched upon binding to tetrapyrrolic compounds [205], this spectroscopic behaviour 

provides a means of studying the interaction between these compounds and BSA, 

permitting the determination of the binding constant and the binding stoichiometry of the 

complex formed [206]. In this thesis, the photophysical and photochemical behaviour of 

MPcs in the presence of BSA is studied. 

1.4 AIMS OF THE THESIS 

Metallophthalocyanines have once been described as "superman molecules" [34] due to 

their numerous applications to man; and such applications are not unconnected to their 

intrinsic photophysical and photochemical properties. Photophysical and photochemical 

studies on these compounds would further explicate their potential as photocatalysts in 

the industry and in oncology. As a result, a detailed photophysicochemical study of MPcs 

is inevitably desirable to the chemistry world at large. 

The major aims of this thesis are to: 

1. Synthesize non-transition metal metallophthalocyanines derivatives (including 

water-soluble ones) to be used for photophysical and photochemical studies, 
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2. Carry out detailed photophysical and photochemical experiments and calculations, 

leading to the determination of the following parameters: 

Lifetimes - fluorescence ('F) and triplet lifetime ('T); Quantum yields -

fluorescence quantum yield (<DF) , triplet quantum yield (<DT) , photodegradation 

quantum yield (<DPd) and singlet oxygen quantum yield (<D,,). 

3. Investigate the effects of different solvents and acid protonation on the spectral, 

photophysical and photochemical properties of the MPcs, 

4. Study the fluorescence quenching of the MPc complexes 10 the presence of 

different quenchers and compare the calculated quenching constants, 

5. Study the interaction of MPcs with proteins and cyc\odextrins, and investigate the 

spectral, photophysical and photochemical consequences of the interaction. 

The MPc complexes to be studied (Fig. 1.14a,b) are: 

Unsubstituted zinc phthalocyanine (ZnPc, 15); 

Tetrasubstituted ZnPc derivatives: tetraaminozinc phthalocyanine (ZnTAPc, 16), 

tetranitrozinc phthalocyanine (ZnTNPc, 17), tetrasulphonatezinc phthalocyanine 

(ZnTSPc, 18) and tetra(tert-butylphenoxy)zinc phthalocyanine (ZnTBPPc, 19); 

Octasubstituted ZnPc derivatives: Octaestronezinc phthalocyanine (ZnOEPc, 21), 

octaphenoxyzinc phthalocyanine (ZnOPPc, 22) and octamethylphenoyzinc 

phthalocyanine (ZnOMPPc, 23); 

ZnPc with axial ligands: cyanozinc phthalocyanine {(CN)ZnPc, 24}, piperidinozinc 

phthalocyanine {(pip)ZnPc, 25} and pyridinozinc phthalocyanine {(py)ZnPc, 26}; 
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Mixtures of differently sulphonated metallophthalocyanines: AIPcSm;x (27), 

ZnPcSm;x (28), SiPcSm;x (29) , GePcSm;x (30) and SnPcSm;x (31) ; 

Zinc naphthalocyanine (ZnNPc, 32) ; and 

Phthalocyanine-tetraporphyrin heteropentamer: (zinc(II) tetrakis(5-phenoxy-

10,15,20-triphenylporphyrin» zinc(II) phthalocyanine, (ZnPc-(O-ZnTPP)4, (20)). 

(15) 
(16) 

(17) 

(18) 

-o:i
~ ~ _»N. (19) 

~ t --=::: ~ 
R N-Zn-N R 

h : --:::: ~ 
I N 

N 7' -N 

ZnPc: 
ZnTAPc: 

ZnTNPc: 
ZnTSPc: 

ZnTBPPc: 

R=H 
R = NH, 

R = NO, 
R = SO,-

R= 0Oy-

(20) ZnPc(OZnTPP)4: R = 

R 

Figure 1.14a: Structures of MPc derivatives studied 
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(23) ZnOMPPc: 
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Figure 1.14b: Structures of MPc derivatives studied 
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(24) (CN)ZnPc: L= -C=N 

(25) (pip)ZnPc: L= NJ 
(26) (py)ZnPc: L= rO 

(27) AlPeS . : M = Al mox 

(28) ZnPcSmix : M = Zn 

(29) SiPeS mix: M = Si 
(30) GePcSmix : M = Ge 
(31) SnPcSmix : M = Sn 

(32) ZnNPc 



Equations and derivations 

CHAPTER 2 

EQUATIONS AND DERIVATIONS 

This chapter introduces and elucidates the various equations and derivations 

associated with the photophysical and photochemical studies on the 

metallciphthalocyanines derivatives. The chapter serves as a bridge between the 

concepts discussed in Chapter 1 and the experimental details of these concepts that 

will be discussed in Chapter 3. 
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2.1 Absorption 

When light is directed at a sample solution, some of it is transmitted or reflected, 

while the rest is absorbed. According to the first law of photochemistry , only the light 

absorbed by a molecule can be effective in producing a photochemical change, hence 

it is imperative to determine the exact amount of light absorbed by the solution. 

The Beer-Lambert law for light absorption is given by Eg. 2.1: 

A = eel (Eg.2.l) 

A is the absorbance, e, the molar extinction coefficient (M-l cm-l ) and I, the path 

length. 

The fraction of incident light intensity absorbed (a) is given by Eg. 2.2: 

I - I 
u= _o--=l-T 

I 
(Eg.2.2) 

Where T is the transmittance, Io, the intensity of incident light and I, the intensity of 

transmitted light. 

T = lO-Ed (Eg. 2.3) 

Combining Egs. 2.2 and 2.3 gives Eg. 2.4: 

(Eg.2.4) 

Eg. 2.4 is only valid for a monochromatic light. If however a polychromatic light is 

used, the integrated fraction of light absorbed is the sum of the as over the entire band 

of incident light, and is given mathematically by eguation 2.5: 

(Eg.2.5) 

AI and 1.2 are the lower and upper wavelength limits of the incident light. 
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2.2 Fluorescence 

Fluorescence intensity IF varies linearly with the absorbed intensity labs 

(Eq.2.6) 

(Eq.2.7) 

Eq. 2.7 implies that fluorescence intensity varies non-linearly with the concentration 

of the analyte. However, a linear dependence may be assumed between the two 

parameters as long as the absorbance is < 0.05 [207] . 

By definition, fluorescence quantum yield <PF is the fraction of the excited molecules 

that get deactivated by emitting a fluorescence photon. It is the ratio of the number of 

emitted photons to the number of absorbed photons per unit time (Eq. 2.8). 

<D, = No. of emitted photons 

No. of absorbed photons 
(Eq.2.8) 

It is therefore understandable that the fluorescence quantum yield is directly related to 

the radiative (kf) and non-radiative (kn,) rate constants of deactivation by the 

relationship (Eq. 2.9): 

<D = k, 
, k +k , ~ 

(Eq. 2.9) 

The measurement of absolute fluorescence quantum yield is critical and requires 

special equipment. It is necessary to know precisely the intensity of the exciting light 

as well as the intensity of fluorescence. The measurements are usually done by the use 

of scattering agents and integrating spheres or actinometers to calibrate the system 

[207,208]. For routine work, it is often satisfactory to determine the relative 

fluorescence quantum yields. The quantum yield of an unknown is then related to that 

of a standard by Eq. 2.10. 
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(Eq.2.1O) 

<DF is the fluorescence quantum yield; F, the area under the corrected emission curve; 

A, the absorbance at the excitation wavelength; and n the solvent's refractive index. 

When light passes from one medium to another, part of it is lost to reflection, which 

depends on the difference between the refractive indices of the two media. Hence it is 

necessary to introduce refractive index correction to the fluorescence quantum yield 

equation. Subscripts 'X' and 'S' denote the unknown substance and reference 

standard respectivel y. 

2.3 Lifetimes 

The lifetime (-t) of a chemical species, which decays in a first-order process, is the 

time needed for a concentration of this species to decrease to lie of its original value. 

Statistically, "t represents the mean life expectancy of an excited species. In a reacting 

system in which the decrease in concentration of a particular chemical species is 

governed by a first-order rate law, "t is equal to the reciprocal of the sum of the 

(pseudo) unimolecular rate constants of all processes, which cause the decay. 

For any molecular entity which decays in a first order kinetics, 

-dA 
Rate of decay = - - = kd [A) 

dt 
(Eq.2.11) 

kd is the first order decay constant. Rearranging Eq 2.11 gives Eq. 2.12: 
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Integrating, 

fA 1 J.' - dA=-kd dt 
A. [Aj 0 

and 

From the definition above, 

[Aj 
t = t, when [Aj = __ 0 

e 

Substituting Eg. 2.16 into eguation 2.15 gives: 

lne 
t=-

kd 

And 

logee 1 
"t= - - = -

k d kd 

Equations and derivations 

(Eg. 2.12) 

(Eg.2.13) 

(Eg. 2.14) 

(Eg. 2.15) 

(Eg.2.16) 

(Eg.2.17) 

(Eg.2.18) 

(Eg.2.19) 

In the field of photochemistry, as already stated, two important excited states are 

known: the singlet and the triplet excited states. The lifetimes of these states are 

designated t F and tT respectively. The photophysical processes that deactivated the 

first excited singlet state are shown in Scheme 2.1: However, there exists a term 

called the radiative lifetime, designated as to. 
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So + hv • S, Rate = I"" Absorption 

S, • So + hVF Rate = kF[S,] Fluorescence 

S, • So + heat Rate = kIdS,] Internal conversion 

S, • T, Rate = k,sc[S,] Intersystem crossing 

Scheme 2.1: The primary photophysical processes deactivating the excited singlet 

state 

The radiative lifetime, "to, is a measure of the probability of emission, which is related 

to the probability of absorption. The radiative lifetime is represented by Eq. 2.20: 

(Eq.2.20) 

By definition, "to is the lifetime of an excited molecule in the absence of radiation less 

transitions. The radiative lifetime is not the actual lifetime of the excited state; it is the 

lifetime if fluorescence was the only process deactivating the excited state, and it is 

the reciprocal of the first order rate constant of fluorescence (Eq. 2.20). Following 

excitation, the molecule will also relax by internal conversion and intersystem 

crossing, in addition to fluorescence; so that the rate of decay of the singlet excited 

state is the sum of these three decay processes (Eq. 2.21). 

- d[S,] 

dt 
(Eq. 2.21) 

The lifetime of the excited state is the reciprocal of the first order rate constant for 

decay. 

(Eq.2.22) 

The triplet state formed can undergo further relaxation processes (Scheme 2.2): 
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Phosphorescence 

Intersystem crossing 

Scheme 2.2: Photophysical processes deactivating the excited triplet state 

Typically, the rate of triplet formation is much faster than the rate of triplet decay, i.e. , 

As in the case of the singlet state, 

- d[T,l 

dt 
(Eq.2.23) 

And the phosphorescence (triplet) lifetime is given by Eq. 2.24: 

1 
(Eq.2.24) 

In all cases, the excited triplet state is longer lived than the singlet counterpart because 

the decay (radiative or non-radiative) of the TJ to the So state is forbidden. 

In Fig. 2.1, a typical first order decay curve is simulated. 

tIme Is) 

Fig. 2.1: A typical triplet absorption curve (simulated) 
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2.4 The triplet quantum yield 

The quantum yield of triplet fonnation (<t>T) is based on the absorption of the triplet 

state generated during a flash photolytic experiment. The measurement of MPc triplet 

absorption is possible because this state absorbs far away (- 500 nm) from the region 

of ground singlet absorption (- 680 nm). However, considering the depletion of the 

ground singlet state after photo-irradiation, one could make another estimate of the 

triplet absorption. For both methods, the change in absorbance of the triplet state 

molecules (t.A) resulting from photo-irradiation is related to the triplet quantum yield 

2.4.1 Triplet absorption 

The extent of attenuation of the analyzing light around 500 nm is a measure of the 

number of molecules in the excited triplet state. 

Let 10 be the intensity of analyzing light in the absence of sample (maximum 

transmittance) at - 500 nm; I;, the intensity of the analyzing light in the presence of 

sample but with no ground state excitation (the excited singlet state not populated, 

hence no triplet fonnation); and Ir, the intensity of the analyzing light in the presence 

of sample and with ground state excitation (excited singlet state populated and 

subsequently, the excited triplet state also becomes populated) 

It should be noted that Ir < I; :. Ar> A; (' i' and 'f' stand for 'initial' and 'final' 

respectively). A is the absorbance. 

I 
T; (Initial transmittance) = - ' 

10 

and 

(Eq.2.25) 
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Tf (Final transmittance) = _f 

10 

Therefore, 

and 

If 10 
Af =-log - =log -

10 If 

10 10 
I'lA=A f -A; = log--log -

I f I; 

10 I 
I'lA= log-.-' 

If 10 

I 
I'lA=log-' 

If 
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(Eq.2.26) 

(Eq. 2.27) 

(Eq.2.28) 

(Eq.2.29) 

(Eq.2.30) 

(Eq.2.31) 

However, tPT depends not only on I'lA of the excited triplet state (Fig. 2.1), but also on 

molar extinction coefficient of the excited triplet state (ET). 

ET is determined using Eq. 2.32 [209]: 

(Eq.2.32) 

Where MT and I'lAs are the changes in absorbance of excited triplet and ground 

singlet states, respectively. ES is the molar extinction coefficient of the ground singlet 

state. 

The triplet quantum yield (<PT) is directly proportional to the change in triplet 

absorbance (MT) and inversely proportional to the triplet extinction coefficient (ET) , 

as represented in Eq. 2.33; and is usually determined with reference to a standard 

whose value (<p~td ) is known. 
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For the reference standard, we also have: 

M
Std 

oc __ T_ 

eSld 
T 

Taking ratios of Eq. 2.33 over Eq. 2.34, 

MS Std 
(Jls = (Jl Std T . E T 

T T' 'AStd S 
L> T . ET 

2.4.2 Singlet depletion 

Equations and derivations 

(Eq.2.33) 

(Eq.2.34) 

(Eq.2.35) 

The extent of attenuation of the analyzing light around the Q band of the MPc is a 

measure of the number of molecules remaining in the singlet ground state. Two 

crucial assumptions are made while using this method: (i) that all non-fluorescing 

molecules in the excited singlet state automatically undergo intersystem crossing and 

(ii) that the absorptions of the excited singlet and triplet states at the working 

wavelength are negligible when compared to that of the ground singlet state. 

Let 10 be the intensity of analyzing light in the absence of sample (the maximum 

transmittance of the analyzing light); Ij, the intensity of the analyzing light in the 

presence of sample but with no ground state excitation (the excited singlet state not 

populated, hence all the molecules are in the ground state -low transmittance); and If, 

the intensity of the analyzing light in the presence of sample and with ground state 

excitation (excited singlet state populated and subsequently, the excited triplet state 

also becomes populated; the number of molecules remaining in the ground singlet 

state has reduced - high transmittance). 

It should be noted that If> Ii :. Af < Ai 
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As in the triplet absorption method, Eqs. 2.25 - 2.31 hold, and <PT depends not only 

on M s, but also on Cs. cs is determined using the Beer-Lambert relationship (Eq. 2.1). 

<PT here is also determined with reference to a known standard; and Eq. 2.36 [210] 

applies: 

t:.A S S,d 
<D s _ <D S'd S . €s 

T - T • 'As'd S 
£.:. S . €s 

(Eq.2.36) 

A typical singlet depletion curve is simulated in Fig 2.2. 

time (s) 

Fig 2.2: A typical singlet depletion curve (simulated) 

2.S Photodegradation quantum yield 

Photodegradation (or photobleaching) is the photochemical transformation of a 

molecule into lower molecular-weight fragments, usually in an oxidative process. 

Photodegradation is identified by loss of absorption or emission intensity occurring as 

a result of absorption of light quanta by the substrate. The photodegradation quantum 

yield (<PPd) is defined as the ratio of the number of moles of a substance degraded to 
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the number of moles of photons absorbed (Eg. 1.6). The differential photo degradation 

guantum yield is defined by Eg. 2.37: 

<D 
_ b.n/b.t 

Pd -
labs 

(Eg. 2.37) 

Where b.n/b.t is the rate of photo degradation and r,bs is the number of moles of 

photons absorbed per unit time. 

According to Beer-Lambert law, 

c = A (For a cell of thickness 1 cm) 
E 

(Eg.2.38) 

Where c, A and E are the concentration (M), absorbance and molar extinction 

coefficient (M·I cm·l
) of the degrading substance, respectively. 

Since 

n 
c =-

V 
(Eg.2.39) 

Where n is the number of moles of the degrading substance and V is the reaction 

Combining Egs. 2.38 and 2.39 and rearranging, we have Eg. 2.40: 

AV 
n= ­

E 
(Eg.2.40) 

Therefore, the rate of photodegradation (b.n) is given by Eg. 2.41: 
M 

(Eg. 2.41) 
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The unit of labs depends on the unit of incident intensity (1). If a power meter is used, 

the intensity I' is given in J cm·2 
S-l. For a monochromatic light, the Einstein relation 

gives the energy of one photon: 

(Eq.2.42) 

The number of photons present in l' is therefore given by Eq. 2.43: 

(Eq.2.43) 

However, only a fraction of the incident light intensity is absorbed 

(Eq.2.44) 

In order to obtain labs in photon moles S· l, it is necessary to introduce a factor ~ 
NA 

into Eq. 2.44; where S is the irradiated cell area (cm2) and NA is the Avogadro 's 

constant (mole-!), i.e. 

. aSI 
I ,b, (photon moles s ') = -

NA 
(Eq.2.45) 

Substituting Eqs. 2.41 and 2.45 into Eq. 2.37 gives Eq. 2.46: 

<D = M V NA 
Pd t..t· E • aSI 

(Eq.2.46) 

2.6 Singlet oxygen quantum yield 

Singlet oxygen is produced as a result of quenching of the excited triplet state of 

photosensitizers; the excitation energy is transferred to ground state oxygen molecule, 

generating the singlet oxygen. By definition, singlet quantum yield (<Dc.) is the ratio of 
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the number of singlet oxygen moles formed to the number of moles of photons 

absorbed by the photosensitizer (Eq. 1. 7). 

As earlier stated, 0 2et.g), once generated, can be trapped using an appropriate singlet 

oxygen scavenger (quencher). The disappearance of the quencher can then be 

determined spectroscopically, and thus serves as a monitor for singlet oxygen. The 

quencher (in this case DPBF or ADMA) is mixed with the photosensitizer solution 

and the mixture is irradiated. The following reactions lead to the disappearance of 

02e t.g) in the mixture, in the presence of DPBF (Scheme 2.3): 

Oz(1t.g) 
kd 

02(3~g) Natural decay (i) • 

DPBF + O2 (1 t.g) 
kChem Products Chemical quenching (ii) • 

DPBF + 02(1t.g) 
k phyS 

DPBF + 0P~g') Physical quenching (iii) • 

S + 0 2(1 t.g) 
kprod 

• Products Chemical quenching (iv) 

S + 02(It.g) 
kp S + 0 (3~ ') Physical quenching (v) • 2 g 

Scheme 2.3: Reactions leading to the decay of singlet oxygen in solution; 

DPBF = quencher, S = photosensitizer; kd• kChern and kphys are the rate constants for first 

order natural dccay, chemical quenching and physical quenching by DPBF respectively; 

kp<o' and k p are the rate constants for chemical and physical quenching of singlet oxygen by 

the photosensitizer. The singlet oxygen quenchers used in this work are DPBF. 

Reaction (iii) is ignored because DPBF acts exclusively as chemical quenchers in 

organic solvents [211]; reaction (iv) is also ignored because the rate of reaction of 

singlet oxygen with the photosensitizer is negligible, compared to that with the 

quencher. Again, reaction (v) is disregarded because singlet oxygen quantum yield 

does not depend on the concentration of the photosensitizer, so physical quenching 
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can be overlooked. Therefore, the rate of disappearance of Oze t.g) solely depends on 

reactions (i) and (iil as given by Eg. 2.47: 

However, using steady state approximation, 

(Eg.2.48) 

Where Rf{Ozet.g)} and Rdis{Olt.g)} are the rates of formation and disappearance of 

olt.g) respectively. 

But singlet oxygen guantum yield (<t>,0 is given by Eg. 2.49: 

(Eg.2.49) 

Combining Egs. 2.47 - 2.49 results in Eg. 2.50: 

(Eg.2.50) 

Rearranging, we have: 

(Eg.2.51) 

The rate of disappearance of the gUencher( - t.[D!BF]), is given by Eg. 2.52: 

_t.[DPBF]=k [DPBF][O ('t.)] 
~t Chern 2 g 

(Eg.2.52) 

Therefore, the guantum yield of disappearance of DPBF (<l>-[DPBFJ) is: 

(Eg.2.53) 

Substitution of Eg. 2.51 into Eg. 2.53 gives Eg. 2.54: 

<l> = k Ch,rn [DPBF]. <t> 6 

-IDPBF] k [DPBF] + k 
Chern d 

(Eg.2.54) 
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At low DPBF concentrations, kd »> kChem 

<I> _ k Ch,m [DPBF]. <I> 6 

-IDPBF] - k 
d 

(Eq.2.55) 

For a photosensitizer (S) and a reference standard (Std) , Eqs. 2.56 and 2.57 hold: 

<l> S = k ch,m [DPBF]S .<I>~ 
- IDPBFj 

<I> Std 
- IOPS!'1 

_ k Chem [DPBF]S'd . <I> ~'d 

kd 

Dividing Eq. 2.56 by Eq. 2.57 results in Eq. 2.58: 

<I>~IDPBF] [DPBF]S . <I> ! 
<l> S'd [DPBF]S'd . <I> :'d -IDPBF] u 

This can be rewritten as: 

<l> S = <l>SId <l>~IDPBF]· [DPBF]S'd 
, 6 . <l> S'd [DPBF]S -IDPBF]· 

But as in Eq. 2.46, <l>-[DPBF] is defined by Eq. 2.60: 

CDPBF uS! 
<I> -IDPBF] = (t:.A) t:.t DPBF 

V NA 
---

Eq. 2.59 can then be written as: 

(~y 
<l> s = <l> S'd ~ US,d [DPBF]S'd 

6 6· (t:.A)SId . Us . [DPBF]S 

t:.t DPBF 

(Eq.2.56) 

(Eq.2.57) 

(Eq.2.58) 

(Eq.2.59) 

(Eq.2.60) 

(Eq. 2.61) 

V, EDPBF, NA, S and I cancel out since they are the same for both the Sensitizer and the 

standard. Eq. 2.61 suggests that the singlet oxygen quantum yield is inversely 

proportional to the fraction of light absorbed and the initial concentration of the 

quencher. Eq. 2.61 was also employed for the calculation of <1>,; using ADMA as 

quencher. 
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2.7 Rate constants for excited state deactivation 

An alternative description of the quantum yield of a process emanating from an 

excited state is in terms of the relationship between the rate constant for the specified 

process and the sum of rate constants of all processes deactivating the excited state. 

For example, Eq. 2.62 gives the quantum yield of fluorescence (<l>F): 

(Eq.2.62) 

Substituting Eq. 2.22 into Eq. 2.62 give Eq. 2.63: 

(Eq.2.63) 

If the lifetime of an excited state as well as the quantum yields of all processes 

deactivating it are known, it is possible to calculate the rate constants for the 

deactivating processes. Eqs. 2.64 a-c give the expressions for rate constants for the 

intrinsic processes (fluorescence, F; internal conversion, Ie and intersystem crossing, 

ISC), which deactivate the excited singlet state of a molecule: 

k 
_ <l>F 

F -
TF 

(Eq. 2.64a) 

(Eq.2.64b) 

(Eq.2.64c) 

It is believed that photodegradation mostly takes place from the excited triplet state, 

since this state is sufficiently long-lived to encounter species that are responsible for 

the molecules ' degradation; hence the rate constant for this process should be 

calculated from the value of <l>Pd and 'T (Eq. 2.64d). 

(Eq.2.64d) 
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2.8 Fluorescence quenching 

Eq. 2.22 gives an expression for the fluorescence lifetime of a fluorophore when only 

the three intrinsic processes deactivate the excited singlet state, i.e., no external factor 

contributing to the singlet decay. Rearranging Eq. 2.22 gives Eq. 2.65: 

(Eq.2.65) 

1: ~ is the fluorescence intensity in the absence of a quencher. However in the presence 

of a reactant (Q, also known as a quenched that intercepts the S1 state, the following 

excited state reaction takes place: 

(Eq.2.66) 

The rate law for this reaction is written as: 

(Eq.2.67) 

Where kQ is the bimolecular quenching constant; [Sd and [Q] are the concentrations 

of the S1 state and the quencher respectively. 

Assuming that the reaction is pseudo-unimolecular with [Q] » [81], we can state 

that: 

Rate = k'[8d (Eq.2.68) 

Where 

k' = kQ[Q] (Eq.2.69) 

As a result of this quenching reaction, the fluorescence lifetime of the fluorophore is 

lowered, and Eq. 2.65 is modified to give Eq. 2.70: 

(Eq.2.70) 

Taking ratios of Eqs. 2.65 and 2.70, 

83 



Equations and derivations 

(Eq. 2.71) 

Simplification of Eq. 2.71 gives Eq. 2.72: 

(Eq.2.72) 

A vital assumption made in the treatment of fluorescence quenching data is that the 

rate constants for the intrinsic processes (Eq. 2.64) do not change in the presence of a 

quencher. This implies that for any system, 

, ~ <I> ~ 10 
- = - =-
'F <I> F I 

(Eg.2.73) 

Eq. 2.72 can then be rewritten as: 

(Eq.2.74) 

This is the familiar Stem-Volmer (S-V) equation, which is usually written as given in 

chapter 1 as Eq. 1.8. 

10 
- =l+K sv [Q] 
I 

(Eq. 1.8) 

Where kQ (Mol sol) is the bimolecular quenching rate constant, the Stem-Volmer 

constant (Ksv, Mot ) is defined by Eq. 1.9 (from Chapter 1): 

(Eq. 1.9) 

I 
A plot of ....Q.. versus [Q] should give a straight line with intercept 1 and slope Ksv. 

I 

The observation of a straight line from this plot would indicate that the quenching 

process is solely by a collisional mechanism (dynamic quenching). 
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2.8.1 Deviation from Stern-Volmer (S-V) relationship 

A large number of reactions deviate from the S-V relationship. Positive deviations, 

recognized by an upward curvature of the S-V plot could be caused by a number of 

factors which include the presence of several excited states, the ionic strength of the 

solution and the formation of a non-fluorescent ground state complex between the 

fluorophore and the quencher (static quenching, represented by the static rate constant 

Ks). Negative deviation from the S-V relationship is usually due to fractional 

accessibility of the fluorophore to the quencher. Static quenching is responsible for 

most observed positive deviations from the S-V relationship. In order to accommodate 

static quenching, the S-V equation needs to be modified. 

Assuming molecules of the fluorophore (M) and quencher (Q) as continually 

approaching and separating in the ground state (Eq. 2.75), the non-fluorescent ground 

state complex formed between them does not emit a photon, and the association 

(static) constant (Ks) for this complex is given by Eq. 2.76 [212]: 

(Eq.2.75) 

K = [M .... Q] 
S [M][Q] 

(Eq.2.76) 

In order to account for the positive deviation arising from this static quenching, the S-

M 
V equation is multiplied by a factor _0 , where Mo is the total number of fluorophore 

M 

molecules and M, the number of uncomplexed fluorophore molecules. Hence 

Mo [M] + [M .... Q] 
= 

M [M] 
(Eq.2.77) 

Combining Eqs. 2.76 and 2.77 yields Eq. 2.78: 

(Eq.2.78) 
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Multiplying the S-V equation (Eq. 1.8) by Eq. 2.78 gives rise to the modified S-V 

equation (Eq. 2.79) , which caters for both dynamic (collisional quenching of excited 

fluorophore) and static (ground state complex formation) quenching mechanisms 

(where in the presence of both dynamic and static quenching, the Ksv in Eq. 1.8 is 

replaced with Ko, giving Eq. 2.79). 

(Eq.2.79) 

Ko and Ks are the dynamic and static quenching constants respectively. 

To obtain Ko for a reaction described by both (dynamic and static) quenching 

mechanisms, the values of Ksv are calculated by means of Eq. 1.8 and plotted against 

[Q] . The values of Ksv are then extrapolated to [Q] = O. The dynamic quenching 

constant (Ko) is the value of Ksv when [Q] = 0 [212]. Ks can be determined by 

rearranging Eq. 2.79 to give Eq. 2.80. 

10 
(Eq.2.80) 

Using the value of Ko obtained above, the plot of 10 versus [Q] gives the 
I(1+Ko)[Q] 

static quenching constant Ks. 

2.8.2 The Sphere of Action Quenching Model (SAQM) 

Occasionally, positive deviations from S-V are observed even after all factors 

mentioned earlier have been eliminated, and there is no evidence of complexation 

between the fluorophore and the quencher. This type of apparent static quenching 

process is often interpreted in terms of the "sphere of action" quenching model 

(SAQM) [213-215]. Imagine fluorophore and quencher distributions at the instant of 
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excitation. There is a certain probability that at this instant, some fluorophore 

molecules are in contact with the quencher. Fluorophore molecules in contact with the 

quencher at the instant of excitation will not fluoresce; hence we again have a 

coexistence of both dynamic and static quenching mechanisms in the same system. 

The customized S-V equation that takes care of this scenario is given by Eq. 2.81 

[213]. 

(Eq.2.81) 

This rearranges to Eq. 2.82: 

10 
(Eq.2.82) 

Where K's (= VNA) is the' sphere of action' static quenching constant, and is related 

to the sphere of action volume V (the volume of the sphere that surrounds the 

fluorophore within which the quencher is considered to be in contact with it) and 

Avogadro's constant (NA). 

K's is obtained from the plot of In 10 against [Q]. 
1(1 + Ko[Q]) 

2.8.3 Interpretation of the bimolecular quenching constant 

The bimolecular quenching constant (kQ) is indicative of the effectiveness of 

quenching and the accessibility of the fluorophores to the quencher. According to the 

Einstein-Smoluchowski approximation, diffusion-controlled quenching typically 

results in values of kQ near 1 x 1010 M·I S·I, at room temperature. Smaller values of kQ 

can result from steric shielding of the fluorophore, and larger apparent values of kQ 

usually indicate some type of binding interaction [215]. The diffusion-controlled 
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bimolecular rate constant (kR) may be calculated using the Einstein-Smoluchowski 

equation: 

(Eq.2.83) 

NA is the Avogadro's number, Df and DQ are the diffusion coefficients of the 

fluorophore and quencher respectively; Rf and RQ are the radii of fluorophore and 

quencher respectively. kR is similar in meaning to kQ except that kR is due to collision 

and not necessarily quenching; while kQ is the rate constant due to collisional 

quenching. 

The diffusion coefficient D is given by the Stokes-Einstein equation: 

D=~ 
61t1]R 

(Eq.2.84) 

Where k is the Boltzman constant; T, the absolute temperature; 11, the solvent's 

viscosity and R, the molecule's radius. 

The bimolecular quenching constant kQ is related to the diffusion-controlled 

bimolecular rate constant kR by Eq. 2.85: 

(Eq.2.85) 

Where fQ is the efficiency of collision. 

2.8.4 Determination of fluorescence lifetime by fluorescence 

quenching technique 

It is possible to determine the lifetime of an excited singlet state by monitoring the 

fluorescence emission intensity as a function of added quencher concentration. If the 

s-V quenching constant (Ksv, Eq. 1.8), and the bimolecular quenching constant (kQ, 
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Eq. 2.83 - Eq. 2.85) are known, the fluorescence lifetime (tF) can then be calculated 

from Eq. 1.9. 

2.8.5 Fluorescence quenching in multiporphyrin-phthalocyanine 

oligomers and mixtures 

Under the assumption that only the intrinsic processes deactivate the excited singlet 

states of the monomeric phthalocyanine (Pc) and porphyrin (P), Eq. 2.86 holds; and 

the singlet excited state lifetime (,~) of Pc or P monomer (M) is given by Eq. 2.87 

(similar to Eq. 2.65): 

(Eq.2.86) 

(M = Pc or P) (Eq.2.87) 

The quantum yields of intrinsic processes (OF' ",c and ",sc) are related to their 

respective rate constants (kF, k,c and klSc) by Eq. 2.64 a-c. 

Maintaining the assumption that the rate constants for intrinsic processes (kF, k,c and 

k,sc) are the same in the monomer, oligomer and mixture (the mixture consists of free 

Pc and P monomers in solution without chemical coupling), it can be shown that for 

Pc or P in the monomer (M), oligomer (Olig) and mixture (Mix), Eq. 2.88 applies. 

<l> M <l> Olig <l> M;, 
F,Pe _ F,re _ F,Pe _ k 
-M--~-~- F,Pe 
't F.Pe 't F,Pe 't F,Pe 

(Eq.2.88) 

Wh mM ", Olig d m M;, h fl . Id fP . ere 'l' F.P" '" F,P, an '" F. P, are t e uorescence quantum Yle soc In monomer, 

I· d' t t' I d Pc .,..Oli g d Mix th fl o 'gomer an mIx ure, respec Ive y, an 'F.P, ' '.F.P' an 'F.P, are e uorescence 
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lifetimes of Pc in monomer, oligomer and mixture, respectively. Similar equations 

could be written for P by replacing the subscripts 'Pc' with 'P' in Eq. 2.88. 

Using Eq. 2.88, the values of T~.;~c and T~;, can be calculated from the experimental 

r 
values of <D~p" <D ~.l~~ and <D~~: respectively, and literature values of T~p,. Eqs. 2.89 

and 2.90, similar to Eq. 2.88 could also be written for k,sc and k,c, i.e., 

<l> Pc <I> O]ig cI> Mix 
T, Pe _ T ,Pe _ T, Pe _ k 
-p-,--~-~- lSC,Pe 

T F,Pe 't F,Pe '[ F,Pe 

(Eq.2.89) 

And 

<I> Pc <l> Olig <I> Mix 
le,pc _ le,pc _ le,pc _ k 
-p,--~-~- Ie,pc 

't F,Pe l' F,Pe 't F,Pe 

(Eq. 2.90) 

Here, it is assumed that <D,sc = <DT• 

In the oligomer, an additional deactivation pathway is introduced for the Pc excited 

singlet state: charge transfer quenching. It is known [60] that porphyrins are more 

easily oxidized than phthalocyanines; hence an electro(lic charge gradient is set-up 

between these two components of the pentamer. The efficiency of this charge transfer 

is expressed in terms of charge transfer quantum yield (ocr)' An expression for the 

singlet excited state lifetime of Pc in the oligomer (or in the mixture) is thus given by 

Eq.2.91: 

(Eq. 2.91) 

However for P (in the oligomer or mixture) , the singlet excited state is being 

deactivated by further deactivation process (energy transfer), since the lowest 

unoccupied molecular orbital (LUMO) for porphyrins are higher in energy than for 

phthalocyanines. The expression for the fluorescence lifetime of P in the oligomer (or 

in the mixture) is thus given by Eq. 2.92: 
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~ OIiS _ ____ _ 1 ___ _ 
"' FP -

. kF + k,sc + k,c + kE,T 
(Eq.2.92) 

Where kw is the sum of rate constants for charge transfer (kcr) and energy transfer 

Combining Eq. 2.87 with equations Eqs. 2.91 and 2.92 gives equations Eqs 2.93 and 

2.94, respectively 

(Eq.2.93) 

and 

1 1 
k ExT = alig - M"'" 

't F, P -r F,P 

(Eq.2.94) 

Maintaining the assumption that kF is the same in both the monomer and the oligomer 

(or mixture), Eq. 2.95 applies: 

q, Ol;g q, M 
_F_ = _ F_ = k, 

Olig '[ M 
'F F 

and can be rearranged to Eq. 2.96 

q,M 
= -;-;----,--F ;::c­

't Olig t M <D Olig 
F F' F 

1 

(Eq.2.95) 

(Eq. 2.96) 

Substituting for -0
1
,. in Eqs. 2.93 and 2.94 gives Eqs 2.97 and 2.98: 

'[ 'S 
F 

(Eq.2.97) 

(Eq.2.98) 

Having obtained the rate constants for charge transfer and the combination of charge 

and energy transfer (kCT and kE,T' respectively), the corresponding quantum yields (oCT 

and °E'T) may be calculated using the Eqs. 2.99 and 2.100 : 
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(Eg.2.99) 

(Eg. 2.100) 

2.9 Binding of sulphonated metallophthalocyanines 

(MPcsmix) complexes to bovine serum albumin (BSA) 

2.9.1 MPCSmix-BSA binding analysis 

Since the inherent fluorescence of proteins is usually guenched upon binding to 

tetrapyrrolic compounds, [205). this spectroscopic behaviour provides a means of 

studying the interaction between metallophthalocyanines (MPcs) and bovine serum 

albumin (BSA). 

The basic reaction between an MPc complex and BSA is represented as: 

BSA + nMPc -7 BSA:(MPc)o (Eg.2.101) 

Then, the expression for the binding constant '(Kb) in the above eguation is given by 

Eg.2.102: 

K = [BSA : (MPc) 0) 
b -[B- S- A- )-=-[M- P- c-")O'- (Eg.2.102) 

If Fo is the fluorescence intensity of BSA in the absence of MPc; F, the fluorescence 

intensity of BSA in the presence of MPc; F~, the fluorescence intensity of BSA 

saturated with MPc; and n, the number of binding sites on a BSA molecule, Eg. 2.102 

could be rewritten as: 

K = [Fo - F) 
b [F _ F_ )[MPc) ° 

(Eg.2.103) 
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Eq. 2.103 presupposes that fluorescence emission intensities of BSA are directly 

proportional to its concentrations. 

Taking logs of both sides of Eq. 2.103 and rearranging yield Eq. 2.104: 

log 0 = logK b + nlog[MPc 1 [
(R -F)] 
(F - F_) 

(Eq.2.104) 

Plots of 109[ (Fo - F) ] against log [MPc] should give a straight line with slope nand 
(F - F_) 

intercept log Kb• 

2.9.2 Determination of MPCSmix fluorescence lifetimes from 

MPCSmix -BSA interaction 

MPCSmix fluorescence lifetimes were determined by monitoring the fluorescence 

intensity as a function of quencher concentration. Here, two sets of data were obtained 

from: (i) quenching of BSA fluorescence by MPCSmix and (ii) quenching of MPCSmix 

fluorescence by BSA. For (i), the quenching of BSA by MPCSmix, the changes in BSA 

fluorescence intensity were related to MPCSmix concentrations by the Stem-Volmer 

relationship (Eq. 2.105), similar to Eq. 1.8: 

(Eq.2.105) 

and K:~A is given by Eq. 2.106 (similar to Eq. 1.9): 

K BSA _ k BSA 
sv - Q 'F (Eq.2.1 06) 

Where pBSA and F BSA are the fluorescence intensities of BSA in the absence and o 

presence of MPCSmix respectively; K:~A , the Stem-Volmer quenching constant; kQ, 

the bimolecular quenching constant; and ,~SA , the fluorescence lifetime of BSA. ,:SA 
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is known from literature, thus from the values K :~A obtained from the plots of 

pBSA 

O.SA versus [MPCSmixl. the value of kQ may be detennined from Eq. 2.106. For 
F 

quenching of MPCSmix by BSA, Eqs. 2.107 and 2.108 apply. 

pMP, 

_0_ = 1 + K MP, [BSA] 
FMPc sv 

(Eq.2.107) 

K MP, =K , MP, 
sv Q F (Eq. 2.108) 

Where FO
MPC and FMP

, are the fluorescence intensities of MPCSmix in the absence and 

presence of BSA respectively; K~:' , the Stern-Volmer quenching constant; kQ, the 

bimolecular quenching constant; and ,~P' , the fluorescence lifetime of MPCSmix. In both 

cases, kQ is assumed to be the same. Using K~:' from the plot generated by Eq. 2.107, 

and kQ from Eq. 2.106, we can obtain the value of ,~pc from Eq. 2.108. 
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3 EXPERIMENTAL 

This chapter discusses the experimental procedures undertaken during the course of 

the study, leading to this thesis writing. It gives an experimental complement to the 

theoretical and mathematical portrayal of this study as discussed in the previous 

chapters. 
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3.1 EQUIPMENT 

The various equipments used in this study are listed alongside the techniques for 

which each was used, as follows: 

(i) Ground state electronic absorption spectra: Varian Cary 500 Scan UV -Vis-

NIR spectrophotometer. 

(ii) Infra-red spectra: Perkin Elmer Spectrum 2000 FT-IR Spectrometer. 

(iii) 
! . 
H nuclear magnetic resonance: Broker EMX 400 NMR spectrometer. 

(iv) X-ray powder diffraction: Philips PW 1012 diffractometer. 

(v) Chromatographic separation: Quad-Gradient HPLC system, Agilent 11 00 

Series; fitted with an analytical column, J.! Bondapak CIS (390 x 3.00 mm) 

and connected to a variable wavelength UV -Vis detector (set at A = 365 

nm). The mobile phase comprised of 50:50 methanol:water mixture, with a 

flow rate of 1 ml minot and sample injection volume of 20 J.!l. 

(vi) Fluorescence excitation and emission spectra: Varian Cary Eclipse 

Fluorescence spectrophotometer. 

(vii) Photo-irradiations were done using a 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 respectively. An interference 

filter (Intor, 670 nm with a band width of 20 om) was additionally placed 

in the light path before the sample (Fig. 3.1). 
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R1 , Interference filter ITI 
----.~ LJ) -- ~ @-LlJ 

Cut-off filter 
Water filter Sample cell 

-0 
Collimating lens 

Voltage regulator 

Fig. 3.1: The photo-irradiation set-up 

(viii) Light intensities were measured with a POWER MAX 5100 (Molelectron 

detector incorporated) power meter. 

(ix) Triplet absorption and decay kinetics were recorded on a laser flash 

photolysis system. The excitation pulses were produced by aNd: Y AG 

laser (Quanta-Ray, 1.5 J /8 ns)- pumped tunable dye laser (Lambda Physic 

FL 3002, Pyridine 1 dye in methanol). The analyzing beam source was 

from a Thermo Oriel xenon arc lamp, and a photomultiplier tube (PMT) 

was used as detector. Signals were recorded with a Tektronix TDS 360 

two-channel digital real-time oscilloscope. 

A schematic representation of the laser flash photolysis set-up is shown in Fig. 

3.2. 
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O"'illmcope 
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Monochromator PMT 

Fig. 3.2: Schematic diagram ofthe laser flash photolysis set-up. 

3.2 MATERIALS 

3.2.1 Solvents 

All solvents used in this study were purchased from either Aldrich or SAARCHEM. 

A list of the solvents is given below: 

Benzene, benzonitrile, n-butylamine, chlorobenzene, chloroform, 1-

chloronaphthalene, deuterated chloroform (CDCI3), dichloromethane, diethyl ether, 

N,N'-dimethylformamide (DMF), dimethylsulphoxide (DMSO), 1,4-dioxane, ethanol, 

ethyl acetate, methanol, nitrobenzene, propanol, pyridine, quinoline, tetrahydrofuran 

(THF), toluene, triehtylamine (TEA) and a-xylene. DMSO (SAARCHEM) was dried 

on alumina before use and DMF was freshly distilled. Phosphate buffer solution 

(PBS, pH 7.4) was prepared by mixing KHZP04 (0.008695 mol) and NazHP04 
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(0.03043 mol) in 1 kg of mill i-pore water. All other solvents were used as received 

without further purification. 

3.2.2 Reagents 

Aluminium chloride (AICh), l,4-benzoquinone (BQ), chloroaluminium 

phthalocyanine (ClAIPc, 33), chlorophyll a (34), 1,3-diphenylisobenzofuran (DPBF), 

napthalene dicarboxylic acid, 4-nitrophthalimide, 4-nitrophthalonitrile, phthalonitrile, 

sodium sulphide and zinc acetate were purchased form Aldrich; bovine serum 

albumin (BSA) and trifluoroacetic acid (TFA) , from FLUKA; hydroquinone (HQ) 

and potassium cyanide, from May & Baker; germanium(IV) chloride and piperidine, 

from Riedel-de-haen AG; sodium hydroxide (NaOH) and concentrated sulphuric acid, 

from SAARCHEM; and alumina, ~-cyclodextrin (~-CD), hydroxypropyl-y­

cyclodextrin (HPy-CD) and Triton X-100 (TX), from Sigma. Tetrasodium anthracene-

9,10-bis-methylmalonate (ADMA) was a gift from Dr N. Kuznetsova. 

3.2.3 Methallophthalocyanine (MPc) substrates 

The MPc substrates used in this study were either bought or synthesized according to 

the referenced literature methods: 

Unsubstituted zinc phthalocyanine (ZnPc, 15) and tetraphenylzinc porphyrin (ZnTPP) 

were bought from Aldrich; tetrasulphozinc phthalocyanine (ZnTSPc, 18 [78]), (tert­

butylphenoxy)zinc phthalocyanine (ZnTBPPc, 19 [77]) , octaestronezinc 

phthalocyanine (ZnOEPc, 21 [77]) , octaphenoxyzinc phthalocyanine (ZnOPPc, 22 

[77) and octamethylphenoyzinc phthalocyanine (ZnOMPPc, 23 [77), 

dichlorosilicon(IV) phthalocyanine (ChSiPc, 35 [140]) and dichlorotin(IV) 
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phthalocyanine (CIzSnPc, 36 (76) were synthesized in our laboratory as referenced; 

Phthalocyanine-tetraporphyrin heteropentamer : zinc(II) tetrakis(5-phenoxy-l 0, 15,20-

triphenylporphyrin)zinc(II) phthalocyanine (ZnPc-(O-ZnTPP)4, 20), ZnPc with axial 

ligands: cyanozinc phthalocyanine {(CN)ZnPc, 24}, piperidinozinc phthalocyanine 

{(pip)ZnPc, 25} and pyridinozinc phthalocyanine {(py)ZnPc, 26}; mixtures of 

differently sulphonated metallophthalocyanines: AlPcSmix (27), ZnPCSmix (28), 

SiPcSmix (29), GePCSmix (30) and SnPCSmix (31); and zinc naphthalocyanine (ZnNPc, 

32), dichlorogermanium(IV) phthalocyanine (C\zGePc, 37), dihydroxygermanium(IV) 

phthalocyanine (GePc(OHlz, 38), dihydroxysilicon(IV) phthalocyanine (SiPc(OHlz, 

39) and dihydroxytin(IV) phthalocyanine (SnPc(OHlz, 40) were synthesized and 

characterized according to established literature methods as described in the following 

sections. 

3.2.3.1 Syntheses of tetranitrozinc phthalocyanine ZnTNPc (17, [216]) and 

tetraaminozinc phthalocyanine (ZnTAPc (16. [216]) - Scheme 4.1. 

ZnTNPc (17) 

4-Nitrophthalimide (41, 1.81 g, 9.45 mmo!) , zinc chloride (0.3529 g, 2.59 mmo\), 

ammonium chloride (0.2474 g, 4.63 mmo!) , ammonium molybdate (0 .0282 g, 0.02 

mmo!) and excess urea (3 g) were finely ground and added to nitrobenzene (10 cm3
) 

in a 500 cm3 flask. The mixture was refluxed for 5 hrs at 190 "C after a gradual 

temperature increase from 25 to 190 "C over 30 min. After filtration and washing with 

methanol to remove the nitrobenzene, the deep purple solid was added to sodium 

chloride-saturated 1M hydrochloric acid (30 cm3
). This suspension was boiled for 

about 5 min and filtered after cooling. The solid was added to 1M sodium hydroxide 

(30 cm3
) containing sodium chloride (11 g) and heated at 90 "C for 30 min. After 
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filteration, the solid product was treated with sodium chloride-saturated 1M 

hydrochloric acid (30 cm3
) and 1M sodium hydroxide (30 cm3

) containing excess 

sodium chloride (as before) twice alternatively and separated each time by 

centrifugation. The green compound obtained was washed with water (100 cm3
) and 

dried overnight at 135"C to yield ZnTNPc (17) (0 .79 g, 45%); IR [(KBr) Vmaxicm,l]: 

3098w, 1521s (NOz asym), 1338vs (NOz sym), 1118w, 1091m, 1060w, 936w, 857w, 

765s; UV-Vis [DMSO, Ama.,Jnm (log E)]: 682 (4.88), 645 (4.66) , 347 (4.79). 

(ZnTAPc (16) 

ZnTNPc (17, 0.74 g, 0.98 mmol)) was finely ground and suspended in water (20 

cm3
). Sodium sulphide nonahydrate (3.7 g, 15.41 mmol) was added and the mixture 

stirred at 50 "C for 5 hrs. The dark green product was separated by centrifugation and 

treated with 1M hydrochloric acid (60 cm3
). After removal of residual solids by 

centrifuging, the acidic solution was stirred in 1M sodium hydroxide (40 cm3
) for 1 hr 

and centrifuged again. The green product was washed with water (40 cm3
) and dried 

overnight at 140 "C to yield the green amine, ZnTAPc (16) (0.59 g, 95%); IR [(KBr) 

vmaxicm,I]: 3350w (N-H str) , 3187w, 1618s (NH2 def), 1411m, 1341 w, 1306w, 

1252w, 1133m, 1095m, 1052m, 949w, 865w, 832w, 746w, 731m; UV-Vis [DMSO, 

AmaJnm (log E)] : 727 (4.75),647 (4.40), 354 (4.75). 

3.2.3.2 Syntheses of cyanozinc phthalocyanine {(CN)ZnPc, 24}, piperidinozinc 

phthalocyanine {(pip)ZnPc, 25} and pyridinozinc phthalocyanine 

{(py)ZnPc, 26} [108,109] 

For (pip)ZnPc (25) and (py)ZnPc (26), ZnPc was refluxed, respectively in piperidine 

and pyridine for 3 hrs. The solvents were then evaporated in air; the solid dried at 60 

101 

r 



Experimental 

°c and washed with hexanes. In the case of (CN)ZnPc (24) synthesis, 4.6 x 10'4 M 

ZnPc was mixed with excess potassium cyanide and the mixture refluxed in DMF for 

3 hrs. The resulting solution was evaporated to dryness; the solid washed in water and 

recrystallized from absolute ethanol. The axially ligated ZnPc derivatives are known 

to be five-coordinate [47] and are thus represented as {(pip)ZnPc}, {(py)ZnPc} and 

{(CN)ZnPc}, respectively. These complexes gave satisfactory spectroscopic data as 

reported in literature [108,109]. 

(CN)ZnPc (24): IR [(KBr) V rnaxlCm,l]: 3411m, 2108s (C=N), 1608w, 1488m, 1461m, 

1440m, 1349m, 1209m, 1283s, 1207w, 1166m, 1139s, 948s, 860w, 790w, 761s; UV­

Vis [DMF, Arnax/nm (Jog E)]: 672 (5.38), 640 (4.61), 605 (4.64), 390 (4.65), 330 

(4.79). 

(pip)ZnPc (25): IR [(KBr) vrnax/Cm·1]: 3409m, 1609w, 1491m, 1460m, 1438m, 

1348m, 1467m, 1450m, 1346m, 1217m, 1279s, 1210w, 1169m, 1144s, 959s, 849w, 

800w, 755s; UV-Vis [DMF, Arnax/nm (Jog E)]: 670 (5.40),639 (4.62), 603 (4.66), 352 

(4.82). 

(py)ZnPc, (26): IR [(KBr) vrnax/cm'l]: 3414m, 1605w, 1490m, 1464m, 1441m, 

1348m, 1466m, 1449m, 1334m, 1220m, 1277s, 1211 w, 1171m, 1143s, 961s, 844w, 

803w, 751s; UV-Vis [DMF, Arnax/nm (Jog E)]: 669 (5.44), 639 (4.63),604 (4.68), 350 

(4.84) . 

3.2.3.3 Dichlorogermanium(IV) phthalocyanine (CIzGePc, 37) [217] (Same as 

Scheme 1.3a with R = H) 

Germanium(IV) chloride (3.55 g, 10 mmoI) was added under nitrogen to 20 ml of 

quinoline and brought quickly to reflux. When the temperature of the solution reached 
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200 QC, phthalonitrile (IO) (6 g, 39 mmo!) was added to the mixture. The solution was 

next refluxed for 4 hrs and then allowed to cool slowly to room temperature over 2 

hrs. The purple microcrystalline product was filtered off, washed with DMF and 

ether, and dried in air (Yield: 90%). The product gave satisfactory spectroscopic data 

as reported in the literature [217]. IR [(KBr) vmax/Cm,l]: 1612m, 1591 w, 1514s, 1423s, 

1331s, 1288s, 1165m, 1125s, 1095w, 1080w, 961 w, 900s, 885m, 868m, 801 w, 784s, 

768w, 752s, 723s, 689m, 643w, 611w, 577m, 510m and 435w (Ge- C!), 423w; UV­

Vis [DMSO, Amax/nm]: 676, 644, 608, 358. 

3.2.3.4 Dihydroxygermanium(IV) phthalocyanine (GePc(OH}z, 38) [218] 

CIzGePc (37) (0.3 g, 0.21 mmo!) was refluxed in 1:1 pyridine:conc. ammonia solution 

(20 m!) for 6 hrs. The blue hydroxide was dried at 110 QC. IR [(KBr) v max/Cm,l]: 

3204br (O- H), 1606m, 1584w, 1503s, 1423m, 1349m, 1334s, 1293s, 1197w, 1177w, 

1169m, 1136s, 1125s, 1099w, 1071s, 1001w, 988w, 951m, 900s, 872w, 798w, 780m, 

770m, 759s, 709s, 675w, 648s (Ge-O), 641w 610w, 571m, 504m; UV-Vis [DMSO, 

Amaxlnm): 676, 645, 609, 357. 

3.2.3.5 Dihydroxysilicon(IV) phthalocyanine (SiPc(OH}z, 39) (219) 

CIzSiPc (35) (0.44 g, 0.72 mmo!) , NaOH (0.11 g, 2.75 mmo!) , H20 (20 ro!) and 

pyridine (5 m!) were refluxed for 1 hr. The product was recovered by filteration, 

washed with water and dried in vacuo. Spectroscopic data for the compound were 

satisfactory. IR [(KBr) vmaxlcm,l): 3201br (O-H) , 1610m, 1599w, 1516s, 1430s, 

1333s, 12915, 1222w, 1168m, 1133m, 1120s, 1075s, 1071s, 1023w, 990w, 976w, 

947w, 910m, 873w, 8315 (Si-O), 7795, 776w, 759s, 7305, 701w, 675w, 641m, 618w, 

573m, 530m, 448w; UV-Vi5 [DMSO, Amax/nm): 672, 641, 602, 341. 
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3.2.3.6 Dihydroxytin(IV) phthalocyanine (SnPc(OHh, 40) [217] 

CIzSnPc (36) (0.13 g, 0.18 mmo!) was hydrolysed by mixing with NaOH (0.1 g,2.5 

mmo!) , pyridine (5 m!) and H20 (20 m!). The mixture was refluxed for 5 hrs and then 

allowed to cool slowly. The blue solid was filtered off, washed with water and dried 

in a vacuum desiccator. IR [(KBr) vmax/cm·1
]: 3208br (O- H) , 1614m, 1406m, 1342s, 

1331s, 1294w, 1285s, 1187w, 1164m, 1136m, 1112s, 1081s, 1049s, 1005w, 981w, 

953w, 893s, 805w, 779m, 766m, 756s, 715s, 701m, 678w, 638w, 564s (Sn-O), 505m, 

435m; UV-Vis [DMSO, "max/nm]: 698, 630, 358. 

3.2.3.7 Syntheses of AIPcSmix (27), ZnPCSmix (28), SiPCSmix (29), GCPCSmix (30) 

and SnPCSmix (31) [79] (As in Scheme 1.6). 

These complexes, containing differently substituted sulphophthalocyanines were 

synthesized from CLAIPc (33), ZnPc (15) , (OH)zSiPc (39), (OH)zGePc (38) and 

(OH)zSnPc (40) respectively, using fuming sulphuric acid (30% S03') according to 

the reported procedures for AIPcSmix [79,174]. The respective precursor (named 

above, 8 mmo!) was stirred and heated to 100 "C. Oleum (25 ml, containing 30% S03) 

was added and the mixture stirred vigorously and maintained at 100 "C for 25 mins. 

The reaction was quenched by pouring unto crushed ice (200 g) and the resulting 

mixture was adjusted to pH 7.0-7.5 by addition of NaOH solution. The resulting 

solution was evaporated to dryness and the residue was Soxhlet extracted with 

methanol (200 m!) for 12 hrs. The solvent was removed by evaporation. The MPCSmix 

complexes are known [9] to contain a mixture of the di-, trio, and tetra- sulphonated 

derivatives with an average of three sulphonate groups per molecule. 
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AIPcSm;x (27): IR [(KBr) vmax/cm-']: 3200br (O-H), 1730m, 1637m, 1497w, 1399w, 

1332m, 1231m, 1175m, 1111s, 1031s (S=O), 916m, 753m, 721m; UV-Vis: [pH 7.4, 

Amajnm (log E) ]: 674 (5.18), 607 (4.40), 349 (4.78)]. 

ZnPcSm;x (28): IR [(KBr) vmaxlcm-']: 3210br (O- H) , 1734m, 1624m, 1545w, 1391s, 

1222m, 1203w, 1145m, 1091w, 1040s (S=O), 977w, 905w, 745m, 716w; UV-Vis: 

[pH 7.4, Amax/nm (log E)]: 673 (4.89),630 (4.55)]. 

SiPcSm;x (29): 1R [(KBr) vmax/cm-']: 3211br (O-H) , 1642m, 1618w, 1572m, 1389m, 

1287w, 1191m, 1133m, 1037s (S=O), 897w, 830w (S i-O), 621w; UV-Vis: [pH 7.4, 

Amax/nm (log E)]: 678 (5.11) , 641 (4.83),605 (4.62),339 (5_00)]. 

GePcSm;x (30): IR [(KBr) vmaxlcm-']: 3217br (O-H), 1647m, 1621m, 1577m, 1391m, 

1288w, 1193m, 1138m, 1042s (S=O), 905w, 815w, 647w (Ge-O), 627w; UV-Vis: 

[pH 7.4, Amax/nm (log El]: 680 (5.01), 610 (4.29), 354 (4.65)]. 

SnPcSm;x (31): IR [(KBr) vmaxlcm-']: 3206br (O-H), 1728m, 1586m, 1397w, 1305w, 

1202m, 1136w, 1079s, 1036s (S=O) , 887m, 850w, 803w, 745m, 713m, 638w, 566w 

(Sn-O); UV-Vis: [pH 7.4, Amax/nm (log E) ]: 688 (4.57), 640 (4.39)]. 

3.2.3.8 Synthesis of ZnNPc (32) [220] - Scheme 4.2 

Naphthalene-2,3-dicarboxylic acid (42, 2 g, 9.3 mmo]) was mixed with urea (3 g, 50 

mmo]) , and zinc acetate (1 g, 5.5 mmo]); the mixture was heated to 310 QC for 40 

mins. Purification of the crude product was first achieved by sublimation of volatile 

impurities and then by extraction with pyridine for 48 hrs. 

IR [(KBr) vmax/cm-']: 3049w, 2927m, 1709m, 1606m, 1517m, 1425m, 1365m, 1162s, 

1088s, 1020m, 891m, 756m cm-' ; UV-Vis: [DMSO, Amax/nm (log E)]: 766 (5.20) and 

332 (4.62). 
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3.2.3.9 Synthesis of (ZnPc-(O·ZnTPP)4, (20) - Scheme 4.3 

This molecule has not been reported in the literature; hence full characterization 

details are provided. 

Preparation of 5-[4-(J,4-dicyanophenoxy)phenyl], 10, 15,20-triphenylporph yrin 

(CNOTPP, 45) 

5-hydroxyphenoxy -1 0,15 ,20-triphenylporphyrin, (P -OH)TPP, 43, was synthesized 

according to literature methods [221]. A mixture of (P-OH)TPP (43, 0.23 g, 0.365 

mmol), 4-nitrophthalonitrile (44, 0.104 g, 0.6mmol) and K2CO) (0.276 g, 2 mmol) in 

dry DMSO (20 m!) was heated at 70 QC for 5 hrs with stirring under a nitrogen 

atmosphere. The reaction progress was monitored by thin layer chromatography 

(TLC). After cooling to room temperature, the purple reaction mixture was poured 

into 100 ml dichloromethane and washed three times with 100 ml water. The 

dichloromethane was removed by evaporation, Column chromatography on silica gel 

with dichloromethane as eluent gave two bands; the first band was found to be the 

product. The second band was the starting material. Evaporation of the 

dichloromethane afforded 0.20g (72.3%) of purple solid. The purple crude product 

(45) was recrystallized from dichloromethane with absolute methanol. IH NMR (400 

MHz, CDCl), 0 8.89 (d, 2H, phenyl H), 8.85 (d, 6H, phenyl H), 8.30 (d, 2H, phenyl-

H), 8.23 (d, 6H, phenyl-H), 7.88 (d, lB, J= 8.6 Hz, phthalonitrile), 7.77-7.83 (m, 9H, 

pyrrole-H (8) & phenyl-H(I)) , 7.63 (s, lB, J = 2.4 Hz, phthalonitrile H), 7.56 (d, IH, 

J = 8.63, Hz, phthalonitrile H) , 7.46 (d, 2H, phenyl-H), -2.78 (s, 2H, N-H); IR [(KBr) 

vmax/Cm,l]: 3316w, 2231m (C=N) , 1473w, 1207 (C-O-C), 966m; UV-Vis [CHCb, 

Am,x/nm (Jog E)]: 306 (3.18), 417 (5.52), 515 (4.23), 550 (3.85), 590 (3.66), 645 

(3.51). 

106 



Experimental 

Preparation of 5-[4-(3,4-dicyanophenoxy)phenyl],JO,J5,20-triphenylporphyrin zinc 

(II) (ZnCNOTPp, 46) - Scheme 4.3 

A mixture of CNOTPP (45, 0.12 g, 0.159 mmo!) and hydrous zinc acetate (0.171 g, 

0.75 mmo!) in chloroform (10 m!) was heated at reflux for 5 hrs with stirring. After 

cooling to room temperature, the mixture was washed with 100 ml water three times 

to remove excess zinc acetate and acetic acid. Column chromatography on silica gel 

with dichloromethane as eluent gave one band. Removal of dichloromethane by 

evaporation afforded 0.115 g (88.2%) of a purple-red solid. The purple-red crude 

product (46) was recrystallized from dichloromethane with absolute methanol. lH 

NMR (400 MHz, CDCb), 8 8.99 (d, 2H, phenyl H), 8.96 (d, 6H, phenyl H) , 8.31 (d, 

2H, phenyl-H), 8.22 (d, 6H, phenyl-H) , 7.88 (d, lH, J = 8.67 Hz, phthalonitrile), 7.67 

-7.83 (m, 9H, pyrrole-H (8) & phenyl-H(I)), 7.63 (s, lH, J = 3.0 Hz, phthalonitrile 

H), 7.56 (d, lH, J = 8.43 Hz, phthalonitrile H), 7.46 (d, 2H, phenyl-H); IR [(KBr) 

YmaxiCm,ll: 2229m (C",N) , 1484w, 1205s (C-O-C) ; UV-Vis [CHCb, Amax/nm (log E)l: 

306 (3 .80),419 (5.57),556 (4.14) , 595 (3.29); 

Preparation of the tetra(5-phenoxy-JO,J5,20-triphenylporphyrin zinc (II)) zinc(II) 

phthalocyanine (ZnPc-(O-ZnTPP),.) (20, Scheme 4.3) 

A mixture of ZnCNOTPP (46, 20 mg, 0.025 mmo!) and sodium methoxide (5 mg) 

was added to distilled methanol (5 m!). Anhydrous ammonia gas was bubbled through 

the strirred suspension for 1 hr. The suspension was then refluxed for 6 hrs with 

continued addition of ammonia gas, giving an imido internediate, which was not 

isolated. The methanol was removed, then hydrous zinc acetate (11 mg, 0.05 .rumo!) , 

DBU (2 drops) and propan-l -ol (2 m!) was added. The mixture was heated at 95QC for 

2hrs with stirring under a nitrogen atmosphere. The reaction procedure was monitored 
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by UV -Vis spectroscopy. After cooling to room temperature, the blue-purple solution 

was poured into 20 ml dichloromethane, washed three times with 100 ml water. The 

dichloromethane layer was collected, evaporated and the solid applied to a silica gel 

column. A series of purple bands was eluted by dichloromethane. The desired 

compound (blue bands) was eluted using dichloromethane with 5% methanol. 

Removal of dichloromethane and methanol by evaporation afforded 3.3 mg (15.8%) 

of a dark-purple solid (20), which was recrystallized from dichloromethane with 

hexane. IH NMR (400 MHz, DMSO-d6) , b 9.05 (d, 4H, phthalocyanine H) , b 8.89 (d, 

4H, phthalocyanine H), 8.55 - 8.78 (m, 32H, pyrrole H), 8.31 (broad s, 4H, 

phthalocyanine H) , 7.86 -8.17 (m, 32H, phenyl-2, 6 H), 7.72, 7.45 -7.58 (m, 44 H, 

phenyl-3, 4, 5 H); IR [(KBr) vmaxlcm·1l : 2923s, 2851s, 1587m, 1472s, 1205s (C-O-C), 

1165m, 1092w, 881w, 751w; UV-Vis [DMSO, Amaxlnm (log E)l: 682 (5.04), 602 

(4.10),561 (4.63),429 (5.59), 365 (4.83); 

3.3 PROTONATION OF ZnPc DERIVATIVES 

Protonation of the MPc ring was performed (in different solvents, Table 4.18) by the 

addition of the protonating agent (trifluoroacetic acid (TFA), concentrated sulphuric 

acid or aluminium chloride) in increasing concentrations to a fixed concentration of 

the ZnPc derivative, and observing the spectral changes that accompanied the addition 

of the protonating agent. Protonation is achieved when the intensities of the new red­

shifted bands reach their maxima. Only the mono- and di-protonation were obtained 

using TFA. With concentrated H2S04, however, tetra-protonation was achieved. The 

substituted ZnPc derivatives degraded on addition of H2S04• 
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Experimental 

OF ZnPc 

DMSO was employed as solvent for the inclusion process. The inclusion of the 

complexes into cyclodextrins (CDs) was performed using a 1:6 (ZnPc:CD) molar 

ratio. The ZnPc:cyclodextrin mixture (1:6) was dissolved in DMSO and heated at 80 

2C for 24 hrs. The solution was then cooled in an ice bath and kept at 5 QC for a 

further 24 hrs. Uncomplexed CD precipitated out during this time and the precipitate 

was removed by filteration. Ethyl acetate was added to the solution to precipitate out 

the inclusion complex. which was then obtained by filteration. ~-CD was employed 

for the inclusion of ZnPc (15), ZnTAPc (16) , ZnTNPc (I7) and ZnNPc (32), while 

ZnTBPPc (19) was included in HP-y-CD, due to the large cavity of this CD which can 

accommodate the large tertiary butyl substituents of 19. Formation of the complexes 

was confirmed by X -ray powder diffraction and 1 H NMR spectroscopy. The resul ting 

inclusion complexes were used for photochemical and fluorescence studies. For 

comparison, compounds 15 and 32 were additionally included into ~-CD by 

cogrinding method as follows: ~-CD (29.2 mg, 2.57 x 10.5 mol) was placed in a small 

mortar, and the mortar placed in a closed vessel containing water to encourage the 

entrapment of water molecules into the CD cavity. After 12 hrs, 15 (3.71 mg, 4.8 x 

10.6 mol) or 32 (5 mg, 8.7 x 10.6 mol) was added, the mixture thoroughly milled in the 

mortar and dried in the oven at 100 2C for 12 hrs. The inclusion complex formation 

happens by replacement of water molecules in the CD cavity with a guest molecule 

[222]. 

The stoichiometry of the inclusion complexes with CD was evaluated by Job's 

method. Various dilutions of solutions of the MPc derivatives (2.0 x 10.6 M) and the 
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CDs (2.0 x 10-5 M) were mixed to standard volumes to make the mole fractions 

shown in the appropriate figures. After an equilibration period of 24 hrs, the 

absorption spectra of each solution measured, and Job's plot was constructed for the 

absorbance differences at the Q band maximum. 

3.5 MPcSmix BINDING TO BOVINE SERUM ALBUMIN 

The binding of the MPCSmix complexes to BSA was studied by spectrofluorometry at 

25 QC. A solution of BSA in PBS 7.4 was titrated with increasing concentrations of 

the respective MPCSmix solution. BSA fluorescence was excited at 280 nm and 

recorded between 290 nm and 500 nm, with excitation and emission bandwidths of 5 

nm. The steady diminution in BSA fluorescence with increase in MPCSmix 

concentration were noted and used in the determination of the binding constant and 

the number of binding sites on BSA, according to Eq. 2.1 04. 

3.6 MPc PHOTO PHYSICS 

3.6.1 Fluorescence quantum yields 

The determination of fluorescence quantum yield begins with the choice of the right 

standard. Then solutions of the MPc complex under investigation and the standard 

(concentration - 1 x 10-6 M) were prepared, the absorbance of each determined, and 

finally the emission spectra of these solutions were recorded in order to measure the 
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area under the curves. Where different solvents were used for the MPc and the 

standard, a correction for the refractive indices was done. Absorbances were 

measured at the wavelengths that were later used for excitation. These wavelengths 

were lower than those of the absorption maxima, as exciting at wavelengths very 

close to the absorption maxima did not yield the full emission spectra of the MPcs. 

The absorbances used for the measurements ranged between 0.04 and 0.05. The 

solutions with absorbances around 0.04 - 0.05 were not prepared directly, due to lack 

of precision of most instruments in this range [207]. Instead, absorbances of - 0.4 -

0.5 were recorded and the solutions diluted by a factor of 10. 

The excitation bandwidth was kept small on the instrument, since excitation is 

assumed to be monochromatic. The settings on the instrument remained unchanged 

until the end of the experiment, so that the spectra of the MPc and the standard were 

comparable. During the experiments, it was ascertained that the baseline returned to 

zero in the red region. Fluorescence quantum yields were calculated using Eq. 2.10, 

and chlorophyll a in ether (<DF = 0.32, [223]) was used as standard. 

3.6.2 Triplet quantum yields and lifetimes 

Triplet absorption and decay kinetics were recorded with the flash photolysis system 

described above (Section 3.1). The solution of the MPc under investigation (abs - 3.5 

in a 1cm ceJl) was introduced into a 2 mm x 10 mm spectrophotometric ceJl, nitrogen 

bubbled through for 20 mins and the solution irradiated at the Q band maximum using 

the Nd: Y AG laser-pumped dye laser. Triplet quantum yields (<DT) were determined 

by triplet absorption (Eq. 2.35) or singlet depletion (Eq. 2.36) . Depending on the 

solvent in which the determination was being made, the following reference standards 
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were employed: ZnPc in DMSO (<DT = 0.65, [167]); ZnPc in toluene (<DT = 0.65, 

[224]) and ZnTSPc in H20 (<DT = 0.56 [158]). 

The kinetic curves obtained were averaged over 256 laser pulses using an 

oscilloscope. Triplet lifetimes were determined by exponential fitting of the kinetic 

curves using the OriginPro 7.5 software, and Eq. 2.19. 

For ZnPc(-OZnTPP)4 (20), photophysical studies were performed for the pentamer, 

the individual components and for the mixture of the components (ZnPc/4ZnTPP). 

3.6.3 MPc fluorescence quenching by benzoquinone (BQ) and 

hydroquinone (HQ) 

Fluorescence quenching experiments were carried out by adding increasing 

concentrations of the quencher (BQ or HQ) to a fixed concentration of the MPc 

complex. The quencher concentrations in the resulting mixtures were 0, 0.008, 0.016, 

0.024, 0.032, 0.040 and 0.048 M. The fluorescence spectra of the MPc substrate in the 

absence and presence of the various quencher concentrations were recorded, and the 

changes in fluorescence intensity with quencher concentration analysed by the Stern-

Volmer (S-V) equation (Eq. 1.8). The ratios ~ were calculated at each quencher 
I 

concentration and plotted against [Q], the quencher concentrations. 

3.6.4 Fluorescence lifetimes 

MPc fluorescence lifetimes were determined from steady-state measurements; using 

the S-V fluorescence quenching technique described above. The diffusion-controlled 
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bimolecular rate constant (kR) for the reaction between the excited MPc and the 

quencher was calculated from Eqs. 2.83 and 2.84, and kR was related to the 

bimolecular quenching constant, kQ, by Eq. 2.85. A knowledge of kQ (from Eq. 2.85) 

and Ksv (from Eq. 1.8) afforded the calculation of fluorescence lifetime (TF) by Eq. 

1.9. 

3.7 MPc PHOTOCHEMISTRY 

3.7.1 Photo degradation quantum yields 

Photodegradation quantum yield (<l>Pd) determinations were carried out using the 

experimental set-up described in Section 3.1 (vii), Fig. 3.1 [77,140,225) and Eq. 2.46. 

A 2 ml portion of the respective MPc solution (absorbance - 1.0 at the Q band 

maximum) in a spectrophotometric cell was irradiated at the Q band maximum using 

the General electric quartz lamp as described in Section 3.1. The intensity of light 

used for photo degradation experiments was 4.82 x 1016 photons S·1 cm·2
• 

The absorbances of the MPc solution and the interference filter were converted to 

transmittances. The interference filter chosen was one whose transmittance overlaps 

with the absorbance of the respective MPc. A differential computation was performed 

to determine the value of a (the fraction of incident light absorbed), for use in <l>Pd 

determination (Eq. 2.46). An illustration of the computation is shown in Table 3.1. 
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Table 3.1: Computation of a (fraction of incident light absorbed) for ZnPc in 

DMSO (Abs - 1.0) 

Wavelength Transmittance Transmittance I-TMpc T p (1-TMpc) 

(nm) of filter (T p) ofMPc (TMpc) 

655 0.575 0.642 0.358 0.206 

656 0.597 0.597 0.403 0.241 

660 0.625 0.404 0.536 0.335 

665 0.663 0.230 0.770 0.511 

670 0.663 0.114 0.883 0.587 

675 0.625 0.118 0.882 0.551 

680 0.579 0.242 0.758 0.439 

685 0.575 0.481 0.519 0.298 

686 0.539 0.539 0.461 0.249 

LTp = 5.441 LTp(J-TMPc) = 3.417 

a was then calculated using Eq. 3.1: 

(Eq.3.1) 

The steady reduction in Q absorption intensity with irradiation time is recorded and 

used for the calculation of <D Pd according to Eq. 2.46. 

According to Eq. 3.1. a = 3.417 = 0.628 from the above illustration. 
5.441 

3.7.2 Singlet oxygen quantum yields 

For singlet oxygen quantum yield (<D",) determination, a 2 ml portion of the respective 

MPc solution (absorbance - 0.2 at the irradiation wavelength) containing the singlet 

oxygen quencher (DPBF or ADMA) was irradiated in the Q band region with the 
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same set up as in the photodegradation experiment. The radiant light intensity used for 

<Dt, determination was ~ 5 x 1015 photons S-1 cm-2 (using the setup in Fig. 3.1). a 

values in Eq. 2.61 were calculated as illustrated above (Section 3.7.1). The relative 

method shown by Eq. 2.61 was employed for calculations of <Dt,. The initial quencher 

concentrations (corresponding to absorbance ~ 1.0) were kept the same for both the 

standard and the MPcs. Table 3.2 shows the molar extinction coefficients of 

quenchers and the <Dt, values of standards used in various solvents. 

Table 3.2: Standards for <Il" determination in different solvents 

Solvent Singlet oxygen Am.x g Standard 

Quencher 

DMF DPBF 417 23,000 ZnPc 0.56 [226] 

DMSO DPBF 417 23,000 ZnPc 0.67 [227] 

Benzene DPBF 416 18,000 Chlorophyll a 0.60 [30] 

Pyridine DPBF 417 27,500 Chlorophyll a 0.59 [30] 

Toluene DPBF 416 18,000 Chlorophy II a 0.60 [228] 

PBS 7.4 ADM A 380 12,600 ZnPCSmix 0.45 [229] 
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4 RESULTS AND DISCUSSION 

This chapter dwells in the general discussion and explanation of observations made 

during experiments in this study. 

The spectral, photophysicaJ and photochemical properties of monomeric, aggregated 

or mixed MPc complexes are presented. For the monomeric species, these properties 

are well defined, but for the aggregated species, the measured parameters are those for 

the monomeric components. MPCSmix complexes (containing mixtures of mono-, di-, 

tri- and tetra-sulpho MPcs) were not separated, but studied as mixtures. It is important 

to study them in this form since AIPcSmix has been applied in photodynamic therapy 

(PDT). A comparative study of the photophysical and photochemical parameters of 

MPCSmix complexes containing different central metal ions is of value; this would 

give vital information as to the relevance of other MPCSmix complexes (apart from 

AIPcSmixl in PDT and other photosensitizing applications. 

The photophysical and photochemical parameters presented here are the averages for 

the different components of the mixtures. 
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4.1 SPECTROSCOPIC CHARACTERIZATION OF 

COMPLEXES 

4.1.1 IR spectra of MPc derivatives 

4.1.1.1 Peripherally substituted ZnPe derivatives 

ZnTAPc (16) and ZnTNPc (17) were synthesized following literature methods [216] 

as explained in Section 3.2.3.1. Scheme 4.1 shows the well-established synthetic route 

[216] to 16 and 17. 

o ZnClz' NH.C1, Urea, 

OzN~ (NH4)6Mo,o24. 4Hz0 
I ~ NH -------1 ... 

Nitrobenzene; 190°C Oz 
o 

41 

O,N 

S-N NO 
: ~z ~-fn- ~I 'oN I ,,~ -:: N 

'. Ij_~ 17 

NOz 

NazS.9HzO 

Scheme 4.1: Syntheses of ZnTNPc (17) and ZnTAPc (16) 
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ZnTAPc (16) showed two weak vibrational bands at 3350 and 3187 cm-' in the IR 

spectrum. These bands are assigned to the symmetric and asymmetric stretching 

vibrations of the amino groups. The intense absorption band at 1618 cm-' is due to the 

-NHz in-plane bending vibrations. The other bands at 1133, 1095, 1052, 949, 865 and 

746 cm-' are due to the phthalocyanine skeletal vibrations. 

ZnTNPc (17) showed the vibrations due to the phthalocyanine skeleton in addition to 

characteristic bands assigned to the NOz symmetric (1338' cm-') and asymmetric 

(1521 em" ) bending vibrations. 

ZnNPc (32) was also synthesized following literature methods as shown in Scheme 

4.2: 

~COOH 

~COOH 

42 
Scheme 4.2: Synthesis of ZnNPc (32) 

32 

The IR bands of the naphthalocyanine, 32, are the usual bands for phthalocyanines 

and naphthalocyanines. The band at 3049 cm-' is assigned to the outer benzene ring 

C-H stretching, while that at 1709 cm-' could be due to the macrocycIe's C=C or C=N 

vibration. The pyrrolic C=C vibration is assigned at 1517 cm-'. 
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4.1.1.2 Axially ligated MPc complexes 

The infrared (IR) spectra of (CN)ZnPc (24), (pip)ZnPc (25) and (py)ZnPc (26) are 

typical of non-ring-substituted MPc complexes. For 24, the vibration at 2108 cm-! is 

attributed to C=N stretching. This vibration band is conspicuously absent in the 

spectra of 25 and 26. 

There is an extensive literature on the dichlorometallophthalocyanine (CIzMPc) and 

dihydroxymetallophthalocyanine (OHzMPc) vibrational spectra [217]. The most 

important signals here are those attributed to the axial ligands. Metal complexes 

containing M- X (X = halogen) bonds give rise to relatively intense IR bands in the 

region below 650 cm-!. The frequencies of these bands could be related to the mass 

and oxidation states of the metal ions, among other parameters. The bands observed 

for CIzGePc (37) at 435 and 510 cm-! could be assigned to Ge-CI vibration. Most of 

the vibrations in OH2GePc (38) are also observed in ClzGePc (37). The band at 648 

cm-! in 38 is 'assigned to Ge-O stretching, which is typical of germanols [217]. The 

Sn-O stretch has been assigned at 562 cm-! [217]; in this work, the Sn-O bond in 

OHzSnPc (40) is assigned at 564 cm-!. In OHzSiPc (38) , the band at 831 cm-! is 

assigned to Si- O stretch; such transitions generally occur in the 830 - 950 cm-! region 

on silanes [217]. 

4.1.1.3 Sulphonated MPc complexes 

For the MPCSmix complexes (27 - 31), the distinctive bands are those associated with 

S=O vibrations. The characteristic bands of the S=O vibrations appeared in the 1030 -

1060 cm-! region. The other bands are MPc regular bands: aromatic C-C stretching 

(1475 - 1600 cm-!) and aromatic C-H out-of-plane bending (690 - 900 cm-\ The 

bands due to M- O vibrations still occurred weakly in the MPCSmix complexes as 
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follows: Si-O (830 cm-\ Ge-O (647 cm-I
) and Sn-O (566 cm- I

). These spectral 

assignments are in concordance with li terature reports [217], and suggest that 

MPCSmix (M = Si, Ge, Sn) have OH groups axially coordinated. However throughout 

the thesis, the OH group is not shown for simplicity. 

4.1.2 IR and NMR spectra of ZnPc(O-ZnTPP)4 (20) 

The synthetic route to the heteropentamer (ZnPc(0-ZnTPP)4, 20) is shown in Scheme 

4.3; since this is a new compound, a detailed characterizationis provided. 

O'N'C(N 
OH· 1 "* CN 

• 
at 70 0 C for 5 h 

O~N 
~CN 

44 CNOTPP 

(P-OH)TPP 45 

43 
Zn(OAc),.2H,O renux for 30 min 1 

CHCI, 

NH 

a-ccCN 

I"" 
.& CN 

o iX NaOCH" HOCH, r ~ 
1 NH .... >--__ ---

A NH3, -

NH reflux for 6 hrs 

ZnCNOTPP 

R= 

Zn(OAc),.2H,O l DBU 
propan-l-ol reflux for 2 hrs 

" 11" ~"'N , r ~ 
')-J: )'I ~ 

~
N ,zn~N 

_N N ~ 

~" >--N '>.. ~ ~ ZnPc-(O-ZnTPP), 

R 20 R 

46 

Scheme 4.3: Synthetic route to the heteropentamer ZnPc-(O-ZnTPP)4 (20) 
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The compounds are abbreviated as indicated in the experimental section. CNOTPP 

(45) was characterized by IR (C=N stretch at 2231 em-I and aromatic ether at 1207 

em-I) as well as IH NMR spectroscopy as shown in Fig. 4.1. The proton resonances 

may be compared to the structure given. The reference protons used for integral 

measurement were the two N-H protons in the porphyrin (Hj in Fig. 4.1) . The 

attachment of the phthalonitrile group onto one of the phenyl rings splits the 

resonances at 8.3 ppm and 8.9 ppm into two sets of doublets with the smaller doublets 

integrating for a third of the larger doublets. indicating a 2:6 proton ratio (Compare H. 

H. 

, 
'.8 

, 
' .6 

\ 1.1 

, i 
B,4 8 . 2 

I 

, 
8 . 0 

H, 

I I 
ppm 

7.8 7.6 ppm 

o \~( ~\ ~ \~ ......... co '" "*' N ... 0'\ 0 <;> 

.....: .;. .;.....: ~ 

, , , 
1 

, , , , , , 
9 8 7 6 5 , 3 2 1 o 1 2 ppm 

Fig. 4_1: IH NMR spectrum of CNOTPP 
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The three protons on the phthalonitrile ring (He, Hg and Hh) are present in the correct 

ratios. Finally, the multiplet at - 7.8 may appear anomalous with 9 protons but it 

actually consists of 8 overlapping pyrrole doublets with one terminal phenyl proton 

(Hr ) which differs in environment from the other two terminal phenyl protons (H,). 

The IR and NMR spectra of ZnCNOTPP (46) are the same as those of CNOTPP (45), 

except for the absence of N-H resonances in the NMR spectra of the former. 

The infrared spectrum of ZnPc-(O-ZnTPP)4 (20) did not have a cyano peak at - 2230 

cm-I but retained the phenyl ether peak at 1207 cm-I. The IH NMR resonances for 20 

were generally broad due to the complex mixture of isomers formed, typical of a 

tetrasubstituted phthalocyanine species. 

4.1.3 Ground state electronic absorption spectra 

4.1.3.1 MPc complexes with single Q bands 

The ground state electronic absorption spectra of ZnPc (15), ZnTBPPc (19) and 

ZnNPc (32) in DMSO are typical for monomeric phthalocyanines, Fig. 4.2. 

The Q band of ZnTBPPc (19) in DMSO is not as sharp as those of 15 and 32; the 

former exhibits some broadening, even at very low concentrations. The broadening of 

bands and formation of an extra band called the "X" band, have been attributed to a 

slight reduction of symmetry of the molecule due to the presence of bulky groups at 

the non-peripheral positions [230]. The observation of slight broadening of spectra for 

complexes containing bulky peripheral substituents may suggest that steric effects of 

the substituents in this position could also cause some lowering in symmetry. A 

flexible cr bond connects the phenyl rings to the local MPc ring. Twisting of the 
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phenyl ring about this (J bond distorts the molecule and so a slight loss of symmetry 

occurs [230]. 

ZnNPc 

., 

~ 
0 

~ 
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Wavelength (nm) 

ZnPc 

i 
I 
I 
I 

ZnTBPPc 

\ 
I 
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I 
I 
\ 
I 
\ 

700 800 

Fig. 4.2: Electronic absorption spectra of ZnPc (4 x 10' 

and ZnNPc (6 x 10.6 M) in DMSO. 

M), ZnTBPPc (6 x 10' M) 

The electronic absorption spectra of ZnOPPc (22) and Zn0MPPc (23) (spectra not 

shown) are also typical of monomeric MPcs, with strong Q bands around 680 nm. 

The effect of axial ligands on the electronic absorption spectra of ZnPc is very slight, 

with a shift of a few nanometers from that of unsubstituted ZnPc (Fig. 4.3 , Table 4.1). 

The presence of axial ligands prevents aggregation, thus (CN}ZnPc (24), (pip}ZnPc 

(25), and (py}ZnPc (26) show monomeric behaviour in solution. MPc complexes 

containing cyanide axial ligands are identified by a split B band as shown in Fig. 4.3. 
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300 

Single B band for ZnPc 

400 500 

Wavelength (nm) 
---------------------

(CN)ZnPc (2<tt-----.A 

• • • 
• ZnPc (15) --------.; 

600 

• • • 

\ 
700 

Fig. 4.3: Ground state electronic absorption spectra of ZnPc (15) and (CN)ZnPc 

(24) in DMF, showing the spectral effects of axial ligation. 

Beer's law was obeyed for all the monomeric MPc complexes at concentrations up to 

2 X 10.5 M (Fig. 4.4). 

5 

4 

.., 
" = 3 
~ .c ... o 
'" .c 2 

< 

1 

O~--------r-------~--------'---------r--------' 
O.OOE+OO 5.00E-06 1.00E-05 1.50E-05 2.00E-05 2.50E-05 

[ZnPc]/M 

Fig. 4.4: Beer's law dependence of ZnPc (15) absorption in DMSO 
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Table 4.1: UV· Vis absorption and emission band positions of MPc derivatives in 

DMSO (or PBS 7.4). 

Compound Solvent A.max Loge Amax 

(QAb" nm) (QEm. nm) 

ZnPc (15) DMSO 672 5.38 679 

ZnTAPc (16) DMSO 727 4.75 732 

ZnTNPc (17) DMSO 682' 4.88 691 

ZnTSPc (18) DMSO 680 4.54 686 

ZnTBPPc (19) DMSO 681 5.15 692 

ZnPc(OZnTPP)4 (20) DMSO 682 5.26 682 

ZnOEPc (21) DMSO 681' 5.44 689 

ZnOPPc (22) DMSO 674 5.13 687 

ZnOMPPc (23) DMSO 679 5.12 686 

ZnNPc (32) DMSO 766 5.24 773 

(CN)ZnPc (24) DMSO 673 5.39 680 

(pip)ZnPc (25) DMSO 672 5.40 678 

(py)ZnPc (26) DMSO 673 5.42 679 

AIPcSmix (27) PBS 7.4 674 5.18 677 

ZnPcSmix (28) PBS 7.4 673 4.89 677 

SiPcSmix (29) PBS 7.4 678 5.11 682 

GePcSmix (30) PBS 7.4 680 5.01 686 

SnPcSmix (31) PBS 7.4 688 4.57 699 

aOnly monomeric peak shown. 
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4.1.3.2 MPcs with broad or split Q bands 

The UV -visible spectrum of ZnTNPc (17, Fig. 4.5) shows cofacial aggregation in 

DMSO, as is typical for such complexes [84,231,232]' This is seen by the presence of 

two non-vibrational peaks in the Q band region. The lower energy (red-shifted) band 

at 682 nm is due to the monomeric species, while the higher energy (blue-shifted) 

band at 645 nm is due to the aggregated species. Fig. 4.5 also shows the UV-Vis 

spectra of ZnTAPc (16) and ZnOEPc (21); the spectrum of 16 is broad (hence still 

aggregated), but with only one defined Q-band, showing less aggregation than 17. 

The absorption spectrum of 21 can be likened to that of 17 because it shows an 

additional band around 630 nm, which is attributable to the presence of aggregates in 

solution. As will be discussed later, this aggregation tendency if 21 is solvent-

dependent, as it is observed only in DMSO. 

0.5 ZnOEPc 

ZnTNPc 
0.4 

'" '"' 0.3 = • 
~ • • .Q • .. • 0 • 
'" • 

.Q 0.2 • • -<t: • 

0.1 

O+-----~~----~------~------r_----~------~ 
500 550 600 650 

Wavelength (nm) 

700 750 800 

Fig. 4.5: Electronic absorption spectra of aggregated ZnPc derivatives in DMSO 

For the highly aggregated compounds (16, 17, 18 and 21), deviations from Beer's law 

were observed at concentrations higher than 4 x 10.6 M (Fig. 4.6). 
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Fig. 4.6: Deviation from Beer's law of ZnTNPc (17) absorption in DMSO at 

concentrations higher than 4 x 10-6 M. 

4.1.3.3 Sulphonated MPc complexes 

The spectrum of dilute solution of ZnTSPc (18) in DMSO shows a strong Q band at 

680 nm, implying that monomeric species are predominant. A similar spectrum is 

being exhibited by ZnPcSmix (28) in the same solvent. Fig. 4.7 shows the electronic 

absorption spectra of AIPcSmix (27), ZnPcSmix (28), SiPcSmix (29) and SnPcSmix (31) in 

PBS 7.4. The formation of aggregates in sulphophthalocyanines is characterized by 

broadening in the visible region spectra and the presence of a low energy band near 

630 nm due to sandwich type dimer formation. Addition of a surfactant (Triton X-

100) to the solutions of 27, 29 and GePcSmix (30) in PBS 7.4 did not bring about any 

noticeable change in shape and intensity of the spectra. The lack of change in the 

intensity of the spectra on addition of Triton X-lOO (TX) suggests that these 

complexes are in monomeric states. 
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The degree of aggregation in PBS increases with Jipophilicity [10] hence, the 

prevalence of the less sulphonated fractions in solution is expected to increase 

aggregation. 

" " = .. 
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700 800 

Figure 4.7: Ground state electronic absorption spectra of MPCSmix complexes in 

PBS 7.4. (~ 5.0 xl0-6 M for 27 and 29; ~ 1.2 x 10-5 M for 28 and 31). 

Thus the lack of aggregation in AlPcSmix (27), SiPcSmix (29) and GePcSmix (30) could 

be due to the prevalence of fractions with higher degree of sulphonation. This was 

attested by HPLC results discussed below, which showed the presence of mainly the 

highly sulphonated derivatives in the mixture for complexes 27, 29 and 30. It is 

known [9] that sulphonated aluminium phthalocyanine containing three sulphonate 

substituents is not aggregated in solution. The split in the Q band observed in Fig. 4.7 

for the 29 (and also for 30, not shown in Fig. 4.7, and a slight broadening for 27) are 

assigned to unsymmetrical species in solution [9], since aggregation has been ruled 

out by the addition of TX, or the different sulpho species absorbing at diferent 

wavelengths. 
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Addition of TX to solutions of ZnPcSmix (28) and SnPcSmix (31) brought about 

considerable increase in intensity of the low energy side of the Q band (Fig. 4.8), 

suggesting that the molecules are aggregated and that addition of TX breaks up the 

aggregates. 

500 550 

(b) 

(a) 

f\ 
I .. : . 

/ 

600 650 700 
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750 800 

Fig. 4.8: Electronic absorption spectra of ZnPcSm;x (28) in PBS 7.4 (a) and in 

the presence of Triton X-100 (b). [28] = 5 x 10.6 M and [TX] = 0.02 M. 

Following the discussion above, the observed aggregation for 28 and 31 could reflect 

the dominance of fractions with lower degree of sui phonation compared to the rest of 

the complexes under investigation in this work. As will be established by HPLC 

studies below, fractions with lower degree of sui phonation are prevalent in complexes 

28 and 31. The degree of aggregation was 49% for 28 and 35% for 31. It is important 

to point out that the degree of aggregation and the Q band maxima reported (Table 

4.1) in this work are slightly different from those reported in pH 7 [174]. The spectra 

of sulphonated MPc complexes are known to be affected by slight changes in the 
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medium such as the ionic strength [233]. Also different batches of MPCSmix may 

contain different mixtures of isomers, affecting spectral and other physical properties 

[174]. 

Chromatographic (analytical) separation of MPcSmu complexes 

Based on the different degrees of sui phonation in the component fractions in the 

various MPCSmix complexes, the most highly sulphonated (most soluble) fraction 

comes out of the column first, and so gave the lowest retention time, Figs. 4.9 and 

4.10. For the five MPCSmix samples, the HPLC signals with the lowest retention times 

(- 1 min) are assigned to the tetrasulphonated fractions, using tetrasulphozinc 

phthalocyanine (ZnTSPc, 18) as reference. The assignment of other signals on the 

HPLC trace were done based on the idea that the higher the degree of sulphonation, 

the lower the retention time [79], such that the monosulphonated fractions gave the 

highest retention times. 

. 
o 0.5 1 

/ 

. 
1.5 2 2.5 
Retention time (min) 

Fig. 4.9: HPLC trace for GePCSmix (30) 

130 

3 3.5 4 



Results and discussion 

o 1 2 3 4 5 

Retention time (min) 

Fig. 4.10: HPLC trace for ZnPCSmix (28) 

For AIPcSmix (27) , SiPCSmix (29) and GePCSmix (30), there is clustering of signals in 

the low-retention-time part of the HPLC traces (Fig. 4.9), which implies the 

prevalence of fractions with higher degree of sulphonation in these species. In the 

case of ZnPcSmix (28) and SnPcSmix (31) however, the signals are appreciable in the 

relatively high retention time regions of the HPLC traces (Fig. 4.10). 

These observations suggest the prevalence of the highly sulphonated fractions in 

AIPcSmix (27), SiPcSmix (29) and GePcSmix (30), while in ZnPcSmix (28) and SnPcSmix 

(31) , the less sulphonated fractions are prevalent. 

4.1.3.4 Tetraporphyrin-phthalocyanine pentamer 

The ground state absorption spectra of monomeric ZnTPP and ZnPc. respectively in 

toluene are shown in Fig. 4.11. The spectra are typical of these complexes in solution. 

The spectrum of ZnPc(O-ZnTPP)4 (20) (Fig. 4.12) is however not just a simple 

combination of these two monomeric spectra; the Q band maximum of ZnPc (15) is 

shifted bathochromically by 8 nm for the pentamer (678 nm) compared to the 
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monomer (670 nm), due to the presence of bulky peripheral substituents. It is known 

[234] that the presence of electron donating bulky peripheral substituents gives rise to 

bathochromic shifts in the Q absorption wavelengths of phthalocyanines. 
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Fig. 4.11: Ground state absorption spectra of (a) ZnTPP (37) and (b) ZnPc (15) 

in toluene. Concentration = 4 x 10-6 M for both complexes. 
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Fig. 4.12: Ground state absorption spectrum of ZnPc(OZnTPP)4 (20) (4 x 10-6 M) 

pentamer in toluene. 
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4.1.3.5 Solvent effects on ground state electronic absorption spectra 

The ground state absorption spectra of ZnOEPc (21) was found to show aggregation 

in DMSO even at very low concentrations < 4 x 10.6 M; this is evidenced by 

broadening of the Q band and the appearance of the band associated with aggregates 

at the higher energy side (629 nm) of the Q band, Fig. 4.13a. Conversely in other 

solvents (e.g., THF, pyridine and benzene) investigated for 21, such broadening was 

not observed, Fig. 4.13b. The ZnOPPc (22) species showed the presence of an extra 

band at low energy (698 nm) in THF, Fig. 4.13c. 

500 550 600 650 700 750 

wavelength (nm) 

Fig. 4.13: Electronic absorption spectra of ZnOEPc (21) in (a) DMSO and (b) 

THF. (c) Electronic absorption spectra of ZnOPPc (22) in THF. Concentration = 

~ I x IO·6 M. 

Observation of two bands in the Q band region of MPc complexes is normally 

associated with the presence of monomeric (Jow energy) and aggregated (high 

energy) species (as earlier stated) as observed for ZnOEPc (21) in DMSO. However, 

comparison of the spectrum of 22 with the spectra for systems where monomer/dimer 
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equilibrium exists (e.g. Fig 4.13a) shows that the main Q band at 674 nm in Fig. 4.13c 

is due to the monomer, there is no dimer peak evident to the higher energy side of this 

peak. The band at 698 nm needs some explanation. Charge transfer bands involving 

the central metal are not expected in ZnPc complexes. A similar band termed the "X" 

band has been observed before is substituted ZnPc complexes [230]. This band was 

observed in non-polar or less polar solvents such as benzene and chloroform, but not 

in more polar solvents such as DMF, acetone and DMSO [230]. This band was 

observed more clearly only in THF in this work. The origin of the "X" band was 

explained in terms of the distortion of the Pc ring in substituted ZnPc complexes. 

Thus the presence of an extra band at 698 nm for the ZnOPPc (22) complex in THF, 

suggests loss of symmetry in this molecule due to the distortion of the MPc molecule. 

Such departure from planarity is common in tetraphenyl porphyrins [235]. It is also 

known that the presence of eight phenyl groups on the peripheral positions of the 

phthalocyanine ring results in high distortion of the ring [236] . This distortion may be 

more pronounced in 22 due to the more flexible nature of the phenoxy rings compared 

to the estrone group. Also, the presence of substituents on the phenyl ring (as in 

ZnTBPPc (19) and ZnOMPc (23) is expected to reduce the flexibility of the ring, 

thereby lowering the extent of the distortion. The reason why the 698 nm was clearly 

observable in THF may be due to the observation [230] that the presence of oxygen at 

the axial position of ZnPc complexes results in the distortion of the Pc ring. THF 

contains oxygen which may interact with the central Zn metal of the ZnOPPc (22) 

molecule, enhancing the distortion. However solvents such as DMF and DMSO also 

contain oxygen, but the latter may be S-bonded in MPc complexes [237]. 
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4.1.4 Fluorescence Spectra 

4.1.4.1 Monomeric ZnPc derivatives 

The absorption and fluorescence excitation spectra of the monomeric ZnPc species were 

similar and bear mirror-image resemblance to their fluorescence emission spectra. This 

shows that the molecules remain the same (in their monomeric forms) prior to and after 

excitation. ZnPc (15) and its axially ligated derivatives - (CN)ZnPc (24) , (pip)ZnPc (25) 

and (py)ZnPc (26) showed monomeric absorption and emission spectra (figure not 

shown). As earlier stated, the absorption spectra of ZnTBPPc (19) , ZnOMPc (23) and 

ZnNPc (32) also show monomeric behaviour in DMSO; therefore, their monomeric 

fluorescence behaviours exemplified by Fig. 4.14 (for ZnNPc) are not unexpected. 

650 700 

Abs 

750 

Wavelength (nm) 

800 850 

Fig. 4.14: Absorption and fluorescence emission spectra of ZnNPc (32) in DMSO. 

The fluorescence excitation spectrum (not shown) of ZnNPc (32) is similar to the 

absorption spectrum, implying that it is the absorbing species (monomeric), which also 

fluoresce. This similarity between fluorescence excitation and absorption spectra were 

also observed for the monomeric species (IS, 19, 23, 24, 24 and 26) mentioned above. 
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4.1.4.2 Aggregated and non-symmetrical ZnPc derivatives 

The absorption and emission spectra of ZnTNPc (17) in DMSO are shown in Fig. 

4.15. The ground state absorption spectrum of this complex shows considerable 

aggregation even at low concentrations. It is widely known that aggregates generally 

do not fluoresce, thus the fluorescence in Fig. 4.15 can be attributed to the monomeric 

species of compound 17. A similar monomeric fluorescence was observed for 

ZnT APc (I 6), which showed a broad Q band (in the absorption spectrum) due to 

aggregation. These fluorescence spectra are typical of monomeric MPc species. 

;>., -...... '" = <I) -= -

500 550 600 650 700 750 800 
Wavelength (run) 

850 

Fig. 4.15: Normalized absorption and fluorescence emission spectra of ZnTNPc 

(17) in DMSO. 

Fig. 4.16 shows the absorption, fluorescence excitation and emission spectra of 

ZnOEPc (21) in DMSO. It is shown here that the fluorescing species are monomeric. 
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The fluorescence excitation and emission spectra of 21 (in DMSO) shown in Fig.4.16 

were also observed in DMF, pyridine, benzonitrile, benzene, toluene and THF; and 

this confirmed that it is the monomeric species which fluoresces. The slight difference 

(in Q band positions) in the absorption and fluorescence excitation spectra of ZnO EPc 

(21) indicates that the molecule undergoes some structural rearrangement in-between 

absorption and fluorescence. 

o .-ell = .., -= -

500 

EXC~I ~Em 
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600 700 

Wavelength (run) 

800 

Fig. 4.16: Absorption and Fluorescence (excitation and emission) spectra of 

ZnOEPc (21) in DMSO, Excitation wavelength (A.Exc) = 630 nm. 

The fluorescence excitation and emission spectra for the ZnOPPc (22) showed two 

bands, Fig. 4.17, associated with the loss of symmetry as discussed in Section 4.1.3.5, 

Fig. 4.13. 

The presence of two peaks in the excitation and fluorescence spectra was observed 

not only in THF, but also in pyridine, benzene and toluene, and not in the more polar 

solvents such as DMF or DMSO. This observation suggests that in the former group 
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of solvents, loss of symmetry occurs following excitation. This loss of symmetry was 

observed only for THF in the ground state of 22 (Section 4.1.3.5). 
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Fig. 4.17: Fluorescence excitation (0 and emission (ii) spectra of ZnOPPc (22) in 

THF, Excitation wavelength (t'E,J = 630 nm. 

4.1.4.3 Sulphonated MPc derivatives 

In PBS 7.4, the absorption and fluorescence excitation spectra (not shown) of 

AIPcSmix (27) are in close agreement, suggesting that the absorbing species is also the 

fluorescing species. Also, the emission spectrum of 27 was found to be a mirror image 

of its absorption spectrum. For SiPcSmix and GePCSmix, absorption and fluorescence 

excitation spectra are similar, but not mirror images of the fluorescence emission 

spectrum, Fig. 4.18, in PBS 7.4. The differences could be due to the non-fluorescence 

of some of the species in solution. 
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Fig. 4.18: Fluorescence excitation (a) and emission (b) spectra of SiPcSmix in PBS 

7.4. 

Fig. 4.19 shows the UV -Vis absorption and fluorescence (excitation and emission) 

spectra of ZnPcSmix (28) in PBS 7.4. Obviously, there is a lack of agreement between 

the absorption and fluorescence excitation spectra. The band around 630 nm, 

associated with the dimer is not seen in the fluorescence excitation spectrum; which 

suggests that it is only the monomer that fluoresces. Similar scenarios were observed 

for ZnTSPc (18) and SnPCSmix (31), which are extensively aggregated in aqueous 

solutions. In these cases, the Am,x of absorption are different from those of 

fluorescence excitation, which implies that the absorbing species are somewhat 

different from the fluorescing species. 
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Fig. 4.19: Normalized absorption (Abs), and fluorescence excitation (Exc) and 

emission (Em) spectra of ZnPCSmix in PBS 7.4. 

In DMSO, the absorption and fluorescence excitation spectra of AlPcSm;x (27) and 

ZnPcSm;x (28) are similar and are mirror images of their emission spectra. However 

for SiPcSm;x> GePcSm;x and SnPcSm;x> single Q bands were observed in the 

fluorescence excitation spectra, in contrast with the split Q bands in these complexes' 

absorption spectra; probably suggesting that not all components of each mixture are 

equally fluorescent. 

4.1.4.4 Tetraporphyrin·phthalocyanine heteropentamer (20) 

Excitation of ZnPc(O-ZnTPP}4 (202) could be carried out on ZnPc (at 640 nm) or 

ZnTPP (at 550 nm) part of the molecule. Excitation at 640 nm resulted in 

fluorescence only from ZnPc, while 550 nm excitation resulted in fluorescence not 

onl y from ZnTPP, but also from ZnPc, as will be discussed later. 
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In toluene (with 640 nm excitation) , the absorption and fluorescence excitation 

spectra of the pentamer (20) were similar, and bore a mirror image resemblance to the 

emission spectrum (Fig. 4.20). 

600 650 700 
Wavelength (nm) 

750 800 

Fig. 4.20: Ground state electronic absorption (i) and fluorescence emission (ii) 

spectra of ZnPc(O-ZnTPP)4 (20) (1 x 10-6 M) in toluene (/"Exc = 640 nm). 

This type of fluorescence spectrum (Fig. 4.20) is typical of monomeric MPc 

complexes. Fig. 4.21 shows the absorption and emission spectra of 20 in DMSO ; a 

different behaviour from that in toluene is observed. 

With ZnPc excitation at 640 nm, the pentamer molecule reaches an excited state that 

is localized on the phthalocyanine component of the system. This is called the locally 

excited state (LES). Since electron transfer (internal charge transfer, leT) is possible 

between excited phthalocyanine and porphyrin, a charge transfer state (CTS) is 

formed soon after excitation (Scheme 4.4). 
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Abs (hv) LES lCT CTS 
Pc-P 4------'--'--~ ... -[Pc-P 41*--------;0 ... - [Pc --p 4 +1* 

Em (Toluene) 

Em (DMSO) 

Scheme 4.4: Electronic states of ZnPc(-OZnTPP)4 (20). Abs ;: absorption; Em ;: 

Emission; ICT ;: Internal charge trancfer; LES ;: Locally excited state and CTS ;: Charge 

transfer state. 

In toluene (with low polarity and viscosity), the LES is the fluorescent species (see 

explanation below), with ZnPc fluorescence shown in Fig. 4.20 and a Stokes ' shift of 

about 10 run. 

In DMSO (with high polarity and viscosity) however, the CTS becomes the 

fluorescent species. Charge transfer is favoured in highly polar solvents, hence CTS is 

reached in DMSO. It is thus expected that fluorescence occurs from CTS in DMSO. 

In toluene (with less polarity, hence not favouring charge transfer), only the LES state 

is attained, and fluorescence occurs from this state. Little or no Stokes' shift was 

obtained in DMSO (Fig. 4.21). This may be explained as follows: the formation of 

the CTS results in an increased dipole moment. Consequently, a strain is created in 

the solvent molecules with respect to both orientations and positions. Relaxation of 

the solute-solvent system into equilibrium with a new charge distribution therefore 

involves reorientation of the solvent molecules. The reorientation (relaxation) of the 

solvent molecules depends on temperature and viscosity [136). In viscous solvents 

like DMSO, equilibrium around the CTS is not reached prior to emission, and so 

emission occurs during relaxation. The effect of this partially relaxed emission under 

steady state conditions is the observation of little or no Stokes' shift in the emission 

spectrum (Fig. 4.20. 
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Fig. 4.21: Ground state electronic absorption (i) and fluorescence emission (ii) 

spectra of ZnPc(-OZnTPP)4 (I X 10-6 M) in DMSO O"Exc = 640 nm). 

A comparison of the absorption and fluorescence excitation spectra of the 

heteropentamer (20) in DMSO (figure not shown) showed that the two spectra are not 

entirely similar suggesting changes in the nature of the molecules following 

excitation. The lack of agreement between the ground state absorption and 

fluorescence excitation spectra of the pentamer in DMSO also substantiates the fact 

that the LES (which is expected not to have a different structure in the excited state) is 

not the fluorescent species in this solvent. 

The fluorescence of the pentamer (20) with 550 nm excitation (in DMSO and toluene) 

is discussed fully in Section 4.2.1.4. 

In the mixture containing ZnPc and 4 molar equivalents of ZnTPP, the components 

behave as individual entities; they both adopt their monomeric behaviours. The 

absorption and fluorescence spectra are simply a sum of those of the monomeric 

species. 
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4.1.5 Quantitative interpretation of solvent effects 

Table 4.2 shows that with the exception of chloroform, larger red shifts of the 

Q band were observed for ZnPc (IS) in aromatic solvents, the largest red shift being 

observed in l -chloronaphthalene. The shift to longer wavelength could be due to 

either the destabilization of the highest occupied molecular orbital (HOMO) or the 

stabilization of the lowest unoccupied molecular orbital (LUMO) . 

Table 4.2: Polarization red shifts of ZnPc (15) in various solvents. AQ band for 

ZnPc (IS) vapour = 660 nm [47). 

Solvent Dipole Refractive Q-band Polarization red 

Moment, Il Index,nD Amax (nm) shift, /:"A (nm) 

Triethylamine 0.72 1.401 666 6 

1,4-Dioxane 0.45 1.422 666 6 

THF 1.69 1.406 668 8 

n-Butylamine 1.3 1.401 669 9 

DMF 3.79 1.43 670 10 

Dichloromethane 1.36 1.445 671 11 

DMSO 3.96 1.479 672 12 

Toluene 0.38 1.097 672 12 

Benzene 0 1.501 672 12 

o-Xylene 0.62 1.505 672 12 

Chloroform 1.9 1.438 673 13 

Chlorobenzene 1.72 1.524 673 13 

Pyridine 2.21 1.509 674 14 

Benzonitrile 3.5 1.528 674 14 

l-Chloronaphthalene 1.55 1.633 677 17 
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It has been suggested [133] that the interaction between coordinating solvents and the 

phthalocyanine molecule stabilises the LUMO of the complexes. The observed red 

shift suggests that aromatic solvents stabilise the LUMO in MPc complexes, with 1-

chloronaphthalene containing a more extend Jt system stabilizing the LUMO to a 

larger extent. It is known [238] that the Q band shifts to longer wavelengths with 

enlargement of Jt conjugated system of the phthalocyanine ring. This work suggests 

that the presence of conjugation in solvents also shifts the Q band to the red. 

It has been reported before [133] that Q band positions in Ti(IV)Pc complexes were 

red-shifted as the polarity of the solvent increased for non-coordinating solvents, with 

the magnitude of the red shift following the order hexane < toluene < chloroform < 1-

chloronaphthalene. The trend observed in Table 4.2 for these solvents is as follows: 

benzene = toluene - chloroform < l -chloronaphthalane. 

Table 4.2 shows that in general, as the refractive index of the solvent increased 

the red shift of the Q band increased. The electronic absorption spectra of ZnPc (15) 

in the various solvents was analysed by using the method described originally by 

Bayliss [133,135]. The plot of n: -1 (where n is the refractive index) versus the red 
2n +1 

shift in the Q band (the polarization red shift) is shown in Fig. 4.22. The linear nature 

of the plot suggests that the red shifts in the Q band are mainly a result of solvation 

rather than coordination. The relationship for the solvents evaluated can be expressed 

by Eq. 4.1: 

t.AQ = -7.298 F - 44.73 (Eq.4.1) 

With R2 = 0.945 
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y = -7.2984. + 44.734 

R2 = 0.9453 
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Fig. 4.22: Plot of polarization red shift vs. F where F = 
n 2 -1 

2 ' and n is the 
2n +1 

refractive index of the solvent for ZnPc (IS) - (a) 1-chloronaphthalene, (b) 

benzonitrile, (c) chlorobenzene, (d) benzene, (e) DMSO, (I) dichloromethane, (g) 

DMF, (h) THF, (i) triethylamine. 

There is no correlation in Table 4.2 between the coordinating strength of the solvent 

and the red shift. A coordinating solvent such as DMSO gives the same red shift as, 

for example, dichloromethane, a non-coordinating solvent; confirming that 

coordination of the solvent does not playa significant role in the red shift. There was 

also no clear trend in the variation of the Q band positions with dipole moments 

considering all the solvents in Table 4.2. 
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4.2 PHOTO PHYSICAL STUDIES 

4.2.1 Fluorescence 

4.2.1.1 Fluorescence quantum yields of ZnPc derivatives 

Table 4.3 shows the fluorescence quantum yield (<t>F) values of the ZnPc derivatives 

in different solvents. ZnPc (15), ZnOEPc (21), ZnOPPc (22) and ZnPCSmix (28) were 

studied in a wider variety of solvents than the rest of the complexes. For complexes 

15 and 22, the highest <t>F values were obtained in THF. The high <t>F values in THF 

could reflect the low quenching abilities of THF for the excited singlet states. Toluene 

consistently showed the lowest <t>F values for ZnPc (15), (py)ZnPc (26) and ZnOPPc 

(22) , and a relatively low value for ZnOEPc (21), Table 4.3. Factors like temperature, 

solvent parameters (polarity, viscosity, refractive index and the presence of heavy 

atoms in the solvent molecule) are widely known to influence the yield of 

fluorescence. Toluene has a low viscocity of 0.61 cP [239] compared to 2.1 cP, 1.24 

cP and 0.974 cP for DMSO, benzonitrile and pyridine, respectively. 

Table 4.3: Fluorescence data for ZnPc derivatives in organic solvents. 

Complex Solvent AEm (nm) Stokes' cJ)F 

Shift (nm) (±O.Ol) 
ZnPc (15) DMSO 679 7 0.20 

DMF 675 5 0.17 

THF 672 5 0.23 

Pyridine 681 7 0.20 

n-Butylamine 674 5 0.12 

Benzonitrile 681 7 0.13 

Benzene 676 4 0.06 

Toluene 676 4 0.07 
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Table 4.3 contd. 

Complex Solvent "'Em (nm) Stokes' <lip 

Shift (nm) (±O.OI) 

ZnTAPc (16) DMSO 732 5 <0.02 

ZnTNPc (17) DMSO 691 9 0.022 

DMF 690 8 0.12 

ZnTSPc (18) DMSO 686 6 0.07 

ZnTBPPc (I 9) DMSO 692 11 0.14 

DMF 689 10 0.13 

ZnOEPc (21) DMSO 689 8 0.15 

DMF 684 4 0.19 

THF 682 5 0.13 

Pyridine 692 8 0.21 

n-Butylamine 687 6 0.15 

Benzonitrile 691 8 0.16 

Benzene 687 5 0.20 

Toluene 687 6 0.17 

ZnOPPc (22) DMSO 687 8 0.21 

DMF 684 7 0.17 

THF 680, 703 6,4 0.31 

Pyridine 689 8 0.23 

n-Butylamine 683 5 0.12 

Benzonitrile 688 8 0.26 

Benzene 686, 704 7, 5 0.21 

Toluene 684. 704 5,5 0.10 
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Table 4.3 contd. 
Complex Solvent AEm (nm) Stokes' Shift (nm) 4>F 

(±O.OI) 

ZnOMPPc (23) DMSO 686 7 0.24 

DMF 684 7 0.20 

(CN)ZnPc (24) DMSO 680 7 0.18 

DMF 678 6 0.14 

(pip)ZnPc (25) DMSO 678 6 0.19 

DMF 677 7 0.16 

(py)ZnPc (26) DMSO 679 6 0.19 

DMF 676 7 0.22 

Benzene 676 4 0.16 

Toluene 677 5 0.08 

'ZnPcSmix (28) DMSO 682 7 0.14 

DMF 679 6 0.18 

Pyridine 684 7 0.23 

n-Butylamine 679 6 0.27 

H2O 680 6 0.16 

D20 680 6 0.19 

ZnNPc (32) DMSO 773 7 0.07 

aAverage <I>F for the mixture. 

A decrease in viscosity of the solvent increases the possibility of deactivation of the 

excited state by external conversion. A chromophore could be rigid in the ground 

state, but loosens up after excitation in low-viscosity solvents. <PF values in Table 4.3 

demonstrate that fluorescence is influenced by the environment of the fluorescing 
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molecule. In DMSO, ZnPc (15) and its axially ligated counterparts - (CN)ZnPc (24), 

(pip)ZnPc (25) and (py)ZnPc (26), have almost the same <l>F within experimental 

error. However in DMF, (py)ZnPc (26) showed higher <l>F than ZnPc (15) , (CN)ZnPc 

(24) and (pip)ZnPc (25). 

The variation of <l>F values for ZnPcSmix (28) with solvent type is shown by Table 4.3. 

The highest value of <l>F was observed in n-butylamine in which the complex exists 

mainly in the more fluorescent monomeric forms, as judged by the UV-Vis spectrum. 

One would expect the amine part of the solvent molecules to quench the complex's 

fluorescence, but it is known [240] that organic amines are inactive as quenchers of 

the singlet excited states of MPc complexes. 

As earlier stated (Fig. 4.15), it is mainly the monomeric species which fluoresce, for 

aggregated species. Aggregation lowers the photo-activity of molecules through 

dissipation of energy by the aggregates. In light of this, aggregated species like 

ZnTAPc (16) and ZnTNPc (17) have unsurprisingly low <l>Fvalues, Table 4.3. 

4.2.1.2 Fluorescence quantum yields of MPCSmix complexes 

Table 4.4 lists the fluorescence quantum yield (<l>F) and emission wavelengths for 

the MPCSmix complexes (27 - 31) in aqueous and non-aqueous media. It is a familiar 

understanding that aggregation usually leads to quenching of fluorescence [241 ,242] ; 

this is again demonstrated by the low values of <l>F for ZnPcSmix (28) and SnPcSmix 

(31) in PBS, which show aggregation in PBS compared to those of the monomeric 

AIPcSmix (27), SiPcSmix (29) and GePcSmix (30), Table 4.4. The trend observed among 

the monomeric MPCSmix complexes for <l>F could be explained in terms of the heavy 

atom effect. The order observed for <l>F is 27 > 29 > 30, in either DMSO or PBS, 

which corresponds to the increase in atomic masses of the central metals. Germanium, 
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being a heavier metal, induces a greater propensity to undergo intersystem crossing 

than Si and AI, resulting in lower <l>F for GePcSmix (30), and a correspondingly higher 

triplet state quantum yield (<l>T) value, as will be discussed later. 

Table 4.4: Fluorescence data for MPCSmix complexes in aqueous and non-

aqueous solutions (<l>F average for the mixture). 

Complex Solvent AEmm Stokes' <l>F 

(nm) Shift (nm) (±0.0l) 

AlPcSmix (27) PBS 7.4 677 3 0.44 

DMSO 690 5 0.39 

ZnPcSmix (28) PBS 7.4 677 4 0.16 

PBS+TX 683 10 0.21 

DMSO 682 7 0.14 

SiPcSmix (29) PBS 7.4 682 4 0.34 

DMSO 685 5 0.29 

GePcSmix (30) PBS 7.4 686 6 0.30 

DMSO 692 7 0.21 

SnPcSmix (31) PBS 7.4 699 11 0.05 

PBS+TX 684 4 0.19 

DMSO 701 5 0.13 

Any procedure that results in the monomerization of aggregates will ultimately give 

rise to an enhanced fluorescence. This is seen in the notable increase in <l>F values of 

ZnPcSmix (28) and SnPcSmix (31) (in PBS 7.4) in the presence of Triton X-100. 

Contrary to what might be expected on grounds of DMSO's higher viscosity than 

water, <l>F values were found to be lower in DMSO than in PBS 7.4, except for 
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SnPcSm;x. This observation may be ascribed to the presence of relatively heavier 

atoms in DMSO than in water, which would tend to favour intersystem crossing rather 

than fluorescence. As will be seen shortly, quantum yields of triplet formation are 

consistently higher in DMSO than in aqueous solutions. 

4.2.1.3 Fluorescence parameters for ZnPc(O-ZnTPP)4 and ZnPc/4ZnTPP 

(Excitation at 640 nm) 

For the pentamer or mixture, where excitation can be either on the ZnPc (represented 

as Pc) or ZnTPP (represented as P) component of the system, excitation was done at 

both 640 nm (Pc excitation, since there is no P absorption at this wavelength) and at 

550 nm (P excitation, since there is no Pc absorption at this wavelength). <h values 

were determined using Eq. 2.10, by monitoring either the Pc or P emission spectrum, 

and are listed in Table 4.5. 

Values of quantum yield of charge transfer (<!lcr) between Pc and P units were 

calculated and also listed in Table 4.5. However, a separate value of <!lcr could only 

be determined for Pc and not for P, since for P, energy transfer (ET) is also possible, 

in addition to charge transfer (CT). Hence the term excitation transfer (ExT), which 

implies a combination of both CT and ET, is used in the case of P singlet excited state 

deacti vation. 

Eq. 2.99 (now written as Eq. 4.2) shows how <!lcr was determined. 

.... - k p,.p, 
'*'cr - cr·'tP,Pc (Eq.4.2) 

Where kcr is the rate constant for charge transfer; "t~~~~', the lifetime of ZnPc in the 

pentamer or mixture and PC-P4 represents either pentamer or mixture. The mixture is a 

1:4 (molar proportions) mixture of ZnPc:ZnTPP in solution. 
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Quantum yields of excitation transfer (hxT) were calculated using Eq. 2.100 (now 

written as Eq. 4.3): 

(Eq. 4.3) 

Where kExT is the rate constant for excitation transfer and "t~~/' , the lifetime of ZnTPP 

in the pentamer or mixture. 

The fluorescence lifetimes of ZnPc ("t~~~:' ) or ZnTPP ("t~~~r. ) in the pentamer or 

mixture were determined using Eq. 4.4a and b, which are modifications of Eq. 2.88: 

<I> Pc - p .. ,,[Pc 
'tPc-p .. _ F,Pe' F,Pe 

F.Pe - <I> Pc 
F,Pe 

(Eq.4.4a) 

(Eq.4.4b) 

Where <l>~~p, and <l> ~~;:' are the fluorescence quantum yields of ZnPc monomer and 

ZnPc in the pentamer (or mixture) respectively, while "t ~~p" the fluorescence lifetime 

of ZnPc monomer. Likewise, <l>~.P and <l>~~;P. are the fluorescence quantum yields of 

ZnTPP monomer and ZnTPP in the pentamer (or mixture) respectively; while "t~.P is 

the fluorescence lifetimes of ZnTPP monomer. 

The values of <l>~~p, and <l>~~;:' (or <l>~p and <l>~~;P. ) were determined 

experimentally, while "t~~p, (or "t~.p) value was obtained from literature. "t~~~~' and 

"t~~/' values calculated here are listed in Table 4.5. 

kcr and kExT were calculated from the lifetimes determined above using Eqs. 4.5 and 

4.6 (similar to Eqs. 2.93 and 2.94): 

1 1 
k =-- --CT pc -p.. Pc 

t F,Pe 1" F,Pe 

(Eq.4.5) 
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1 1 
k - --- -

exT - Pc -P" P 
't F, P 't F,P 

(Eg. 4.6) 

The values of k CT and "t~~~~' were substituted in Eg. 4.2 ; while the values of kExT and 

"t ~~;P' were substituted in Eg. 4.3 to give c:DCT and c:DExT respectively (listed in Table 4.5) . 

The significance of the observed values of kCT and k ExT will be discusses later. 

Table 4.5: Fluorescence data for ZnPc and ZnTPP as monomers and in the 

pentamer (or in the mixture of monomers) 

(A) ZnPc parameters using 640 nm excitation, unless otherwise stated 

'tF (ns) <l>F (± 0.01) <l>CT 

DMSO ZnPc monomer 4.73 [84] 0.20 

ZnPc in Pentamer 0.71 0.03; <0.01 a 0.85 

ZnPc in Mixture 3.07 0.13 0.35 

Toluene ZnPc monomer 3.80 [243] 0.Q7 

ZnPc in Pentamer 1.09 0.02; 0.02' 0.69 

ZnPc in Mixture 3.78 0.Q7 < 0.01 

(B) ZnTPP parameters using 550 nm excitation 

'tF (ns) <l>F (± 0.01) 6<1> ExT 

DMSO ZnTPP monomer 1.80 [244] 0.04 [244] 

ZnTPP in Pentamer 0.63 0.01 0.65c 

ZnTPP in Mixture 1.67 0.04 0.08c 

Toluene ZnTPP monomer 2.70 [167] 0.Q3 [167] 

ZnTPP in Pentamer 0.41 < 0.01 0.85d 

ZnTPP in Mixture 1.64 0.02 0.39d 

ll.Excitation at 550 nm; bCombination of charge transfer and energy transfer; CMajor contribution 

from charge transfer; dMajor contribution from energy transfer. 

154 



Results and discussion 

The <l>F values of ZnPc and ZnTPP in different fonns - monomer, pentamer (ZnPc(O­

ZnTPP)4) and mixture (ZnPc/4ZnTPP); and in two different solvents (DMSO and 

toluene) are shown in Table 4.5. Excitation of the pentamer at 640 nm resulted in 

fluorescence exclusively from the phthalocyanine (Pc) component of the system, Fig. 

4.20. This is expected since 640 nm photons would not excite the porphyrin (P) 

component, which absorbs at a higher energy. However, the <l>F value of ZnPc in the 

pentamer (0.03 in DMSO) is several times smaller than that in the monomer (0.20 in 

DMSO, Table 4.5-A). The same situation applies in toluene where <l>F = 0.02 in the 

pentamer and 0.07 in the monomer. This implies that ZnPc fluorescence is quenched 

in the presence of the porphyrin substituents. Such quenching could have resulted 

from either energy transfer (ET) or charge transfer (CT) . The possibility of ET is 

however ruled out because energy transfer from Pc to P is not possible (since the 

LUMO of Pes is lower in energy than that of Ps). The Pc component of the pentamer 

absorbs and emits photons at lower energies than the P component. Consequently, the 

observed lower <l>F values of ZnPc in the pentamer compared to ZnPc alone (Table 

4.S-A) may only be due to CT interaction between the P and Pc following excitation 

(<l>CT = 0.85 and 0.69 in DMSO and toluene respectively, in the pentamer; and <l>CT = 

0.35 and < 0.01 in DMSO and toluene respectively, in the mixture). As already 

discussed (Section 4.1.4.4), normal fluorescence is observed in toluene (Stokes ' shift 

= 10 nm), which was assigned to the locally excited state (LES). In DMSO however, 

fluorescence was from a charge transfer state (CTS); Scheme 4.4. This explains the 

higher <l>CT values in DMSO than in toluene. These observations could be attributed to 

the differing abilities of the solvents to support and sustain charge transfer, which in 

turn depends on the solvent's dielectric constant and polarity. While DMSO is 

supposed to promote charge transfer, toluene is expected to inhibit it. 
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4.2.1.4 Fluorescence parameters for ZnPc(O-ZnTPP)4 and ZnPc/4ZnTPP 

(Excitation at 550 nm) 

550 nm excitation of the pentamer or mixture populates only the singlet excited state 

. of P in the system, since the Pc component does not absorb at this wavelength. As a 

result, no Pc fluorescence is expected with 550 nm (porphyrin Q band) excitation. The 

observation of an intense Pc fluorescence at 688 nm when the pentamer is excited at 

550 nm in toluene (Fig. 4.23b, which could not have resulted from CT, as CT would 

not result in any enhancement of fluorescence), suggests energy transfer from P to Pc, 

since as already stated, P energy lies higher than that of Pc. The fluorescence peaks of 

ZnTPP in the pentamer in toluene are observed at 598 nm and 650 nm, with a <I>F 

value of < 0.01, compared to 0.03 for ZnTPP alone. These results demonstrate that ET 

is favoured in toluene, which results in the observed high <I>ExT of 0.85 for ZnTPP 

within the pentamer (and 0.39 within the mixture) in this solvent (Table 4.5-B) . 

550 600 650 700 750 800 

Wavelength (nm) 

Figure 4.23: Fluorescence emission spectra of ZnPc within the pentamer in (a) 

DMSO and (b) toluene. Excitation wavelength in both cases was 550 nm. 
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In DMSO, a very weak Pc fluorescence (<I>p < 0.01) is observed at 691 nm on 

excitation at 550 nm, Fig. 4.23a. This weak Pc fluorescence relative to that of P (at 

609 nm and 663 nm), when compared with the intense Pc fluorescence in toluene 

suggests that different mechanisms operate in DMSO and toluene; ET is not dominant 

in DMSO, as it is in toluene. The <I>p value of ZnTPP within the pentamer in DMSO is 

0.01, compared to 0.04 for ZnTPP alone in DMSO. The lower value in the pentamer 

may suggest a combination of CT and ET, with ET being less efficient than CT . 

(unlike in toluene, where ET is dominant). 

In polar solvents like DMSO, it is known that the Pc fluorescence is drastically 

reduced when the P moiety of a heteroligomer is selectively excited, which is 

attributed to conformational change of the heteroligomer due to the nature of solvent 

interactions [167]. Since the possibility of ET being the major pathway for the ZnTPP 

singlet excited state decay has been ruled out in DMSO (Fig. 4.23a) , it follows that 

the calculated <I>ExT value for ZnTPP in DMSO (0.65 in the pentamer and 0.08 in the 

mixture) should be largely due to CT between the ZnTPP and ZnPc moieties in the 

system, with very little contribution being due to ET. As earlier stated, the difference 

in the prevailing mechanisms on going from DMSO to toluene (CT and ET 

respectively) is associated with the physical properties of the solvents. 

4.2.1.5 Pentamer versus mixture (versus monomer) 

The appreciable <I>cr value (= 0.35) for the mixture in DMSO with 640 nm excitation 

(Table 4.5-A) shows that there is CT in this solvent even though the molecules are not 

chemically bound. However in toluene, there is virtually no CT, judging from the 

value of<I>cr in this solvent « 0.01). 

157 



Results and discussion 

For 550 nm excitation in toluene, <DExT = 0.39 in the mixture, compared to the value 

(0.08) in DMSO. The data confirms that DMSO does not support ET, which results 

on excitation at 550 nm. Both <Dcr and <DExT are lower in the mixture than in the 

pentamer; suggesting the significance of chemical bonding in CT and ET interactions 

in molecular arrays. It is known [245,246] that the efficiency of energy transfer in 

molecular photonic systems is directly related to the proximity of the donor and 

acceptor in the system. It is believed that ET occurs whenever the donor-acceptor 

distance is close to the Forster distance. The Forster distance is the distance between 

the donor and the acceptor at which energy transfer efficiency is 0.5 [246]. It is 

supposed that the donor-acceptor distance in the ZnPc/4ZnTPP exceeds that 

recommended by Forster, hence lower values of <I>ExT and <Dcr are expected in the 

mixture than in the pentamer. It can be concluded therefore that intramolecular CT or 

ET is more efficient than intermolecular CT or ET. 

In DMSO, the values of <Dcr for ZnPc in the pentamer and mixture (0.85 and 0.35 

respectively) are greater than the corresponding <DExT values of ZnTPP in the same 

systems (0.65 and 0.08 respectively); these imply that ZnPc experiences a greater 

excited state quenching than ZnTPP in the pentamer and in the mixture. This could be 

due to the fact that the central ZnPc moiety is being quenched by four equivalents of 

ZnTPP in the same system; while on the other hand, only one one ZnPc unit quenches 

four of ZnTPP. 

<DF values for Pc or P in the mixture are the same as for the respective monomers 

(except for DMSO, with 640 nm excitation), and are larger than for the pentamer, 

showing that the components of the mixture behave as individual entities. 
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Similarly, tF values are consistently less for both ZnPc (Table 4.S-A) and ZnTPP 

(Table 4.S-B) in the pentamer compared to the mixture, implying a more efficient 

singlet excited state quenching in the pentamer than in the mixture. 

4.2.1.6 Rate constants for ZnPc and ZnTPP excited single state deactivation 

processes 

Table 4.6 shows values for the rate constants for all processes deactivating the excited 

singlet states of ZnPc and ZnTPP in the monomer, pentamer or mixture. These values 

were calculated using Eqs. 2.64a-c for kF, kIC and kISC respectively; and Eqs. 4.S and 

4.6 for kCT and kExT respectively. 

kF = rate constant for fluorescence - radiative decay from the singlet excited state to 

the ground state; 

kIC = rate constant for internal conversion - non-radiative decay from the singlet 

excited state to the ground state; 

kIsc = rate constant for intersystem crossing - non-radiative energy transfer from 

singlet excited state to triplet excited state; 

kCT = rate constant for charge transfer between P and Pc in the pentamer or mixture, 

and 

kExT = rate constant for the combination of charge transfer and energy transfer 

between P and Pc in the pentamer or mixture. 

The rate constant values indicate the efficiency of the respective deactivating process 

from a kinetic point of view. The rate constants for the inherent processes (kF, kISC 

and kIC, each of which is assumed to be the same in the monomer, pentamer and 

mixture) are consistently lower in toluene compared to DMSO, with SSO nm 
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excitation. However. the value of hxT (550 nm excitation) is higher in toluene 

compared to DMSO. 

Table 4.6: Rate constants for excited singlet state deactivation processes in ZnPc 

and ZnTPP within pentamer in DMSO and toluene. 

Kinetic data for ZnPc 

(640 nm excitation) 

DMSO 

Toluene 

Kinetic data for ZnTPP 

(550 nm excitation) 

DMSO 

Toluene 

4.23 

1.84 

2.22 

1.11 

13.7 

17.1 

48.9 

32.6 

3.17 

7.37 

4.44 

3.33 

120 (11.4) 

63.3 

103 (4.3) 

207 (23.8) 

Concentrations of ZnTPP and ZnPc in the mixture were 2 x 10.6 and 5 x 10') M respectively: 

Values for ZnPc/4ZnTPP mixture in brackets. 

With 640 nm excitation, there is no clear trend in the values of the rate constants 

when comparing DMSO with toluene. 

The conspicuously high values of kcr and kExT for both ZnPc and ZnTPP in the 

pentamer compared to those in the mixture (Table 4.6), is an indication of the effect 

of chemical bonding on the efficiency of CT and ET. 

4.2.2 The triplet quantum yield and lifetime 

4.2.2.1 MPc derivatives 

In aqueous media, due to the weak triplet absorption in the 450 - 550 nm region, 

singlet depletion (Eq. 2.36) was employed in the detennination of <DT and tT values. 
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However in organic solvents, where triplet absorption was appreciable, triplet 

absorption (Eq. 2.35) was employed. Due to lack of suitable reference standards, <DT 

values could only be determined in DMSO and aqueous solutions. 

Table 4.7 gives the values of triplet quantum yield, <DT and triplet lifetime ('tT) 

for some MPc derivatives. Fig. 4.24 shows the triplet decay curve for ZnTBPPc (19). 

The presence of certain substituents on ZnPc encourages intersystem crossing from 

excited singlet to triplet state, since they have larger <DT values (in DMSO) than the 

unsubstituted ZnPc (IS), e.g., ZnTSPc (18), ZnTBPPc (19) and ZnPcSm;x (28). The 

increase in <DT values is complemented by a decrease (going from ZnPc to substituted 

ZnPc) in fluorescence quantum yield (<DF, in DMSO) values for all the derivatives 

except ZnOMPPc (23), Table 4.3 (also included in Table 4.7). In the case of ZnNPc 

(32), both the excited singlet and triplet states probably suffer serious internal 

conversion, such that the rate constant for internal conversion would be high for both 

states, resulting in low <DT• Also 32 (as will be seen later) degrades fast on photolysis, 

hence reducing the number of molecules in the excited state. 
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Figure 4.24: Triplet decay curve for 2 x 1 

A.xc = 680 nm; ATdplct Ab, = 520 nm. 
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Table 4.7: Triplet quantum yields and lifetimes MPcs in different solvents. 

Solvent a«l>T 'tT(~) '«I>]C «I>F 

ZnPe (15) DMSO 0.65 [167] 350 0.15 0.20 

DMF 330 0.17 

THF 230 0.23 

Benzonitrile 260 0.13 

n-Butylamine 300 0.12 

Pyridine 0.65 [224] 340 0.15 0.20 

Toluene 0.65 [224] 340 0.28 0.D7 

ZnTNPc (17) DMSO 0.62 310 0.36 0.022 

ZnTSPc (18) DMSO 0.88 470 0.05 0.07 

ZnTBPPc (19) DMSO 0.85 160 0.01 0.14 

ZnOMPPc (23) DMSO 0.63 370 0.13 0.24 

b AIPcSmix (27) DMSO 0.52 800 0.09 0.39 

PBS 7.4 0.44 2.93 0.12 0.44 

bZnPCSmix (28) DMSO 0.86 530 0.01 0.14 

DMF 290 0.18 

n-Butylamine 200 0.27 

Pyridine 250 0.23 

H2O 0.55 190 0.29 0.16 

D20 420 0.19 

PBS 7.4 0.53 2.95 0.31 0.16 

PBS +TX 0.61 2.37 0.18 0.21 

bSiPcSmix (29) DMSO 0.58 430 0.13 0.29 

PBS 7.4 0.45 2.9 0.21 0.34 
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Table 4.7 contd. 

Solvent acJ>T 'tT(~) acJ>IC cJ>F 

bGePcSmix (30) DMSO 0.79 760 0.01 0.21 

PBS 7.4 0.67 2.76 0.03 0.30 

bSnPCSmix (31) DMSO 0.87 120 0.01 0.13 

PBS 7.4 0.59 2.52 0.36 0.05 

PBS +TX 0.68 2.32 0.13 0.19 

ZnNPc (32) DMSO 0.37 126 0.56 0.07 

'Due to lack of suitable references in different solvents, <1>T (and <1>,d values are compared for 

just a few solvents; baverage parameters for the mixture. 

<I>T values depended on the heavy atom effect as well as on aggregation. In PBS 7.4 

where they are aggregated, ZnPCSmix (28) and SnPCSmix (31) have lower <I>T values 

(0.53 and 0.59 respectively) than in DMSO (0.86 and 0.87 respectively), where they 

are monomeric. The values in PBS are lower than are expected on the premise of 

heavy atom effect; for example, <I>T value for 31 is lower than that of GePCSmix (30) in 

PBS 7.4 (Table 4.7), which is attributed to the aggregation of the former in aqueous 

solutions. 

However in DMSO, where all five MPCSmix complexes are monomeric, ZnPCSmix (28) 

and SnPCSmh (31) gave the highest <I>T values among the five. In DMSO, the <I>T 

values for AIPcSmix and SiPcSmix are consistently lower than for ZnPcSmix (28), 

GePCSmix (30) and SnPCSmix (31); this observation is indicative of the smaller atomic 

masses of Al and Si compared to Ge, Sn and Zn. 

An evaluation of <I>T values in different media shows that higher values were obtained 

in DMSO than in PBS 7.4 (or PBS 7.4 plus Triton X-IOO); this observation reinforces 

the earlier proposition that intersystem crossing is favoured in DMSO than in aqueous 
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solution. As expected, the presence of Triton X-100 resulted in increased <l>T values 

for the hitherto aggregated SnPcSmix and ZnPcSmix in aqueous solutions, as monomers 

have greater tendencies to undergo intersystem crossing because less energy is lost 

through internal conversion. 

There is no particular trend in the variation of tT with substituent type. However, it is 

striking from Table 4.7 that sulphonation brings about a longer triplet lifetime 

compared to the corresponding unsubstituted derivatives. For example, ZnTSPc (18) 

and ZnPcSmix (28) have tT values of 470 and 530 !-Is respectively in DMSO (Table 

4.7) , compared to a value of 350 !-Is for ZnPc (15) in the same solvent. This implies 

that the anionic complexes are less efficient at dissipating energy of the excited triplet 

state. Of interest is the relatively low tT value (160 !-Is) for ZnTBPPc (19) in DMSO. 

It appears that the a C-H bonds of the tert-butyl substituents may exhibit the so called 

"loose bolt" effect [247], associated with the vibration of bonds set off by the parent 

molecule in a similar manner as a loose bolt in a moving part of the machine, which 

tends to be set into motion by other moving parts of the machine. The "loose bolt" 

effect accelerates internal conversion, since electronic energy "leaks out" through C­

H vibrations. The "loose bolt" effect is expected to be less pronounced in ZnOMPPc 

(23) molecules since there are less C-H bonds than in 19. The fact that tT value of 23 

is more than twice that of 19 in DMSO suggests that the triplet state of the former is 

probably being stabilized by some other factors. ZnNPc (32) gave the shortest triplet 

lifetime in DMSO compared to other ZnPc derivatives. Naphthalene itself is known to 

be an efficient triplet state quencher [248,249]. The triplet lifetimes for ZnPc (IS) in 

Table 4.7 do not change much as the solvent is changed, with ZnPc (IS) in THF and 

benzonitrile showing marginally shorter lifetimes than in other solvents. 
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ZnPcSmix (28) is of current interest in PDT and its photophysical and 

photochemical studies in aqueous media are essential. Table 4.7 shows that tT value 

for 28 is very low in water compared to the non-aqueous solvents or DzO. The reason 

for this can be explained in terms of the near IR spectra of the solvents. Fig. 4.25 

shows the near IR absorption spectra of three solvents: DMSO, DMF and H20, and 

how these affect the triplet and singlet oxygen lifetimes in solution. The triplet energy 

of ZnPc (15) and many of its derivatives in solution is - 1.12 eV [158,250] , which 

corresponds to an absorption wavelength of - 1108 nm. The intensity and broadness 

of the solvent's absorption in this wavelength region should have considerable effect 

on the triplet lifetime of the ZnPc derivative. HzO shows a very broad absorption near 

1108 nm, which implies that non-radiative decay and quenching of the sensitizer's 

triplet state would be more rapid in HzO than in DMSO or DMF where the 11 08 nm 

absorption in minimal. Thus tT values are lower in water when compared to DMSO or 

DMF, Table 4 .7 . 
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Figure 4.25: Ncar IR absorption spectra of some common solvents; DMSO, DMF 

and water. 
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The low value of 'tT for ZnPcSm;x (28) in n-butylamine could be a result of the 

quenching of the triplet state by the amine group. 

Triplet lifetimes (-tT) among the MPcSm;x complexes do not vary in a well-defined 

fashion in Table 4.7. Ordinarily, one would expect lower 'tT values for complexes 

containing heavy metals; although this is manifested to some extent in DMSO (Table 

4.7), with AIPcSm;x (27, 800 !-IS) showing the highest and SnPcSm;x (31, 120 f.ls) 

showing the lowest LT values, the observed trend among the five MPcSm;x species 

does not strictly conform to that predicted on the basis of heavy atom effect. 

There is a striking increase in 'tT values on going from PBS 7.4 (or PBS 7.4 plus 

Triton X-I 00) to DMSO among all the complexes. Also, triplet lifetimes for SnPcSm;x 

(28) and SnPcSm;x (31) are slightly lower in the presence of Triton X-IOO, in spite of 

monomerization. It is possible that molecular vibrations in Triton X-lOO could 

accelerate triplet quenching, suggesting that solvent effects in this case overrides that 

of monomerization by Triton X-I 00. These observations demonstrate that the effect of 

solvents on the triplet lifetimes of MPc complexes cannot be overstressed. 

In PBS 7.4, triplet lifetimes of the MPcSm;x complexes ranged from 2.52 f.ls 

(SnPcSm;,j to 2.95 f.ls (ZnPcSm;,j, with an average value of 2.81 f.ls. These values are 

almost equal, considering a 10% error margin. The explanation for this observation 

could be that the triplet quenching of these complexes in PBS 7.4 is so severe that the 

heavy atom effect on intersystem crossing (from the triplet state to the ground singlet 

state) becomes insignificant in this solvent. 

The determination of ¢F and ¢T values for the MPc complexes paved the way 

for the calculation of internal conversion quantum yield (¢Id, Eq. 4.7. 

¢lc=l - (¢F + ¢T) (Eq.4.7) 

166 



Results and discussion 

It is obvious in Table 4.7 that solvent effects on <DIe values are significant. For 

example, <DIC value of ZnPc (IS) in toluene is greater than those in DMSO and 

pyridine, which are more viscous solvents. In low-viscosity toluene, the rate constant 

for fluorescence is lower than the rate of internal conversion; hence internal 

conversion is favoured above fluorescence. In the same vein, <DIC values of the 

MPCSrnix complexes are higher in aqueous solutions than in DMSO, which suggests 

that the molecules are more photo-active in DMSO than in aqueous solutions. This 

could again be attributed to the lower viscosity of water than DMSO as well as the 

aggregation tendencies of MPCSrnix complexes in PBS. As earlier stated, aggregation 

hinders fluorescence and intersystem crossing; hence most of the electronic energy of 

the excited singlet state is lost through internal conversion to the ground singlet state. 

<D IC is drastically reduced for SnPCSrnix and ZnPCSrnix in PBS 7.4 in the presence of 

Triton X-lOO, due to the monomerizing effect of this surfactant. In DMSO, <D IC values 

for the MPCSrnix with heavier atoms (M = Ge, Sn and Zn) are close to zero. 

4.2.2.2 ZnPc(O-ZnTPP). hetcropentamer 

Triplet quantum yield and lifetimes for ZnPc in the pentamer or mixture were carried 

out in DMSO with excitation at 682 nm. The triplet states of Pcs normally absorb in 

the 450 - 550 nm wavelength range; therefore, triplet absorption could not be 

monitored for the Pc because the P component of the system absorbs in this region. 

As a result, Pc triplet quantum yields and lifetimes were determined by singlet 

depletion method (Eq. 2.36), following excitation at 682 nm, and are listed in Table 

4.8. The porphyrin Q band excitation (550 nm) could not be carried out because the 

wavelength of the available laser light was> 650 nm. Consequently, all the values for 

ZnTPP in Table 4.8 were either calculated or obtained from literature. 
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Table 4.8: Triplet data for ZnPc and ZnTPP as monomers and in the pentamer 

(or mixture). 

(A) ZnPc parameters using 640 nm excitation 

'T(IlS) '(»T b(» Ie 

DMSO ZnPc monomer 350 0.65 [167] 0.15 

ZnPc in Pentamer 230 0.12 (0 .10) 0.02 

ZnPc in Mixture 230 0.39 (0.42) 0.10 

Toluene ZnPc monomer 340 0.65 [224] 0.28 

ZnPc in Pentamer 240 0.23 (0.19) 0.11 

ZnPc in Mixture 250 0.63 (0.65) 0.28 

(B) ZnTPP parameters (from literature or caJculated)C 

'T (flS) b(»T (»JC 

DMSO ZnTPP monomer 0.88 [244] 0.08 

ZnTPP in Pentamer (0.31) 0.03 

ZnTPP in Mixture (0.81) 0.07 

Toluene ZnTPP monomer 1400 [167] 0.88 [167] 0.09 

ZnTPP in Pentamer (0.13) 0.D1 

ZnTPP in Mixture (0.54) 0.05 

'Values in brackets () were calculated using Eq. 4.8; 'calculated using Eq. 4.7; 'no experimental 

values obtained; cnot determined experimentally due to laser wavelength limitations. References 

given in square brackets. 

For comparison, <I>T values were also calculated for Pc in the pentamer or mixture, 

and the values were compared with experimentally determined values. 

<I>T values were calculated using Eq. 2.89 (now written as Eq. 4.8) 

", p, 
'*' r ,pc 

Pc 
t r,Pe 

= 
¢pc-p~ 

T, Pe 

Pc P4 
't P, Pc 

(Eq.4.8) 
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Where ep ~~po and ep ~~;:' are the triplet quantum yields of ZnPc monomer and ZnPc in 

the pentamer (or mixture) respectively; while ';~Po and ,;~;:' are the fluorescence 

lifetimes of ZnPc monomer and ZnPc in the pentamer (or mixture) respectively. PC-P4 

represents the monomer or mixture. 

",Po b' df I' h'l Po d Po- P, .. Tbl 45 "'T Po was 0 tame rom Iterature, w Ie 'F,Po an 'F,po are given mae " 

using these values, ep~~;:, values were determined from Eq. 4.8, and are listed in 

Table 4,8. 

Triplet quantum yields and lifetimes for ZnPc and ZnTPP monomers (Table 4,8) were 

lowered in both the pentamer and the mixture, compared to the monomer. The lower 

values of epT could be as a result of the increase in the number of processes competing 

with intersystem crossing in deactivating the excited singlet state, Again here, the 

extent of lowering in epT value was greater in the pentamer than in the mixture, 

supporting the earlier conclusion about the higher efficiency of intramolecular CT or 

ET transfer than intermolecular CT or ET, 

In DMSO ar!d toluene, the experimental epT values of ZnPc in the pentamer and 

mixture (Eq, 2.36) agree well (within error limits) with those calculated (Table 4,8). 

Triplet lifetimes (-tT) of ZnPc were almost similar in both the pentamer and mixture, 

but lower than those of the monomers, 

Table 4,8 shows that quantum yields of internal conversion (epld for ZnPc and ZnTPP 

are greater in the monomer than in the pentamer. This is not unexpected because in 

the pentamer, the singlet excited states of ZnPc and ZnTPP are quenched by CT or 

CT, rather than undergoing internal conversion, However in the mixture, epIC values 

are almost the same as in the monomer. This observation constitutes a further 
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evidence in support of the fact that CT and ET are more efficient in the pentamer than 

in the mixture. 

4.2.3 Fluorescence quenching 

4.2.3.1 Fluorescence Quenching OfMPCSmix complexes by benzoquinone (BQ) 

Fig. 4.26 shows the fluorescence emission spectra of GePcSmix (30) in the presence of 

varying concentrations of benzoquinone (BQ) , in PBS 7.4. There is a progressive 

decrease in fluorescence intensity as the concentration of BQ increases. A similar 

trend was observed for AIPcSmix (27) , ZnPcSmix (28), SiPcSmix (29) and SnPcSmix (31). 
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Figure 4.26: Change in fluorescence intensity of GePeSmix with BQ 

concentration. [BQ) = 0, 0.008, 0.016, 0.024, 0.032, 0.040 and 0.048 M. [30) = 6 x 

I 
The plot of ~ versus concentration of BQ (using Eq. 1.8) gave a positive deviation 

I 

from Stern-Volmer (S-V) relationship (Fig. 4.27a) , which is recognized by an upward 
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curvature in the plot. The positive deviation is an indication of the coexistence of both 

static and dynamic quenching mechanisms. 

As earlier explained in Chapt. 2, The linear S-V plot was obtained by calculating the 

apparent values of Ksv using Eq. 4.9 (similar to Eq.1.8): 

~ = 1 + Ksv [BQ] 
I 

(Eq.4.9) 

The apparent Ksv values were then plotted against [BQ] and extrapolated to [BQ] = 

o to obtain KD, the dynamic quenching constant. 
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Figure 4.27: Stern-Volmer plot for ZnPcSmix (28) quenching by benzoquinone 

showing positive deviation (a) and the expected Stern-Volmer plot (b). 

A straight line from ~ = 1 of slope KD represents the expected S-V plot, Fig. 4.27b. 
I 

The static quenching constant (Ks) was determined using Eq. 4.1 0 (similar to Eq. 

2.80) : 

10 
(Eq.4.10) 
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Using the value of KD obtained above, the plot of 10 versus [BQ] gives 
I(1+K D )[BQ] 

the constant Ks. 

The values of KD and Ks for the various MPcSm;x complexes are listed in Table 4.9. 

Ks values range from 3.27 to 8.08 M·l for the MPcSm;x complexes. 

Eq. 4.10 could be rewritten as Eq. 4.11 (similar to Eq. 2.79): 

(Eq.4.11) 

Considering only the static component ofEq. 4.11 gives Eq. 4.12: 

(Eq.4.12) 

Using Eq. 4.12, the concentrations of the quencher required to quench half of the 

f1uorophore molecules (that is to decrease the fluorescence intensity by half), via 

static quenching (complex formation), ranges from 0.12 to 0.27 M for the range of Ks 

values shown in Table 4.9. 

Table 4.9: Variation of quenching constants (BQ quenching) with metal ionic 

radii. 

aR (pm) KD(M·I
) Ks (M-I) K's (M- l

) 'tF (ns) kQ (M·I S·l) 

AIPcSmix (27) 67.5 22.09 3.27 12.04 5.00 [159] 4.42 x109 

ZnPcSmix (28) 88 31.20 8.08 18.84 2.90 [158] 1.08 x1010 

SiPcSmix (29) 54 10.18 4.77 7.10 

GePcSmix (30) 67 17.71 4.81 10.64 

SnPCSmix (31) 83 27.48 5.00 15.42 

aR is the radius of a central metal ion; References in square brackets. 

Thus an average BQ concentration of - 0.2 M is required to quench half of the 

MPcSm;x complexes by the type of static quenching resulting from formation of a 
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ground complex between the fiuorophore and the quencher. This concentration is 

large compared to the quencher concentrations (ranging from 0.0008 to 0.0048 M, 

Fig. 4.26) employed in this work, implying that the MPCSmix complexes do not 

actually form ground state complexes with BQ. This is supported by the fact that the 

wavelength of the Q bands in the absorption spectra of the MPCSmix complexes did 

not change on addition of BQ. Thus, the positive deviation of the S-V plot in Fig. 

4.27a must due to another form of static quenching, which is often interpreted in 

terms of the proximity of the fluorophore to the quencher at the moment of excitation 

- the "sphere of action quenching model" (SAQM) (Fig. 4.28) [213-2151. This model 

limits the number of fluorophore (MPCSmix) molecules, which can fluoresce and be 

quenched by molecules of BQ via the dynamic quenching process. 
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Figure 4.28: Determination of sphere-of-action static quenching constant (K's) 

for ZnPCSmix (1.2 x lO·6 M) with benzoquinone quencher. 

Values of the sphere-of-action static quenching constant (K's) obtained from Eq. 4.13 

(similar to Eq. 2.82), are listed in Table 4.9. 
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10 eK's[BQ] 
I(1 + K D [BQ]) 

(Eq.4.13) 

kQ (bimolecular quenching constant) values were calculated (Eq. 4.14) for only 

AIPcSmix (27) and ZnPCSmix (28) (where literatures values fluorescence lifetimes were 

available) and are listed in Table 4.9. kQ values for 27 and 28 are 4.42 x109 and 1.08 x 

1010 M ·l ·1 . I k I 1 1010 M -l . l . . h h s , respective y. Q va ues near x s are In agreement Wit t e 

theoretical Smoluchowski~Stokes-Einstein approximation at 298 K [224]. 

k 
_ KD 

Q -

'F 
(Eq.4.14) 

Influence of central metal ion on BQ quenching of MPCSmix complexes 

It is interesting to note in Table 4.9 that an increase in the radius of the central metal 

ion resulted in increase in the values of the quenching constants: KD (dynamic), Ks 

(static) and K's (sphere of action). ZnPCSmix (28) showed the highest values, while 

SiPcSmix (29) showed the lowest values. It is known [251] that since ionic radii differ 

for different metals, their spatial molecular structures would differ slightly. While 

some MPc complexes are flat, some have protruding metals because of the big ionic 

radii of the coordinating metals. Such metals are bigger than the cavity in the 

phthalocyanine's backbone. For example in zinc phthalocyanines [43,44], zinc is 

displaced 45 pm from the plane of the aromatic ring, with Zn-N bond lengths of 206.1 

pm, to form a domed shape. Also in tin phthalocyanine [46,251]' tin is protruded out 

of the Pc cavity due to its ionic size. It is logical therefore to conclude that the higher 

the radius of a metal ion, the greater the extent of displacement from the planar Pc 

ring, which amounts to a greater molecular volume of the respective MPc complex. In 
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the foregoing discussion, differences in molecular volume could be responsible for the 

observed trend in the variation of the quenching constants - KD, Ks and K's among the 

MPCSmi' complexes. It is proposed here that the greater the molecular volume of the 

fluorophore, the larger the K's values and hence the more efficient the apparent static 

quenching, which occurs at the moment of excitation. The same applies to the 

dynamic quenching constant, KD and the association (static) constant Ks. Thus the KD, 

K's and Ks values are most pronounced in ZnPCSmi' (28), with the largest molecular 

volume. 
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Figure 4.29: Dependence of quenching constants of MPCSmix complexes on 

central metal ionic radii. 

Fig. 4.29 relates quenching constants (KD and K's) to the radii of central metal ions 

[252-255). The frequency of collision of the quencher with the fluorophore should 

increase with the size of the molecule. The quencher molecules travel a little distance 

before encountering a fluorophore molecule for the larger molecules. 

4.2.3.2 Fluorescence Quenching of MPCSmix complexes by Hydroquinone (HQ) 
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In the presence of HQ quencher, a reaction takes place between the excited MPCSmix 

and the HQ molecules. According to Darwent et al.[1591. the following mechanism 

holds for the reaction: 

(Eq.4.15) 

(Where BQH2 represents HQ and BQ is benzoquinone). 

The MPCSmi: molecule interacts with HQ by diffusional collision, hence dynamic 

quenching applies. 

The fluorescence quenching of MPCSmix by hydroquinone (HQ) in PBS 7.4 was found 

to obey S-V kinetics (Eq. 4.9, with [BQ] replaced by [HQ]; Fig. 4.30). Such 

behaviour was not observed in the case of BQ (Fig. 4.27), which did not obey S-V 

kinetics. Only the Stern-Volmer dependence of quenching of AIPcSmix (27) by HQ in 

aqueous solution has been reported before [159]. 
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Fig. 4.30: Stern-Volmer dependence of fluorescence quenching of SiPCSmix (29) 

by hydroquinone. 

Ksv values for the HQ quenching of MPCSmix are listed in Table 4.10. The observed 

order of the values is 27 > 29> 30 > 28 > 31. It is interesting to note that this is the 
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exact order of molar extinction coefficients of the respective complexes. The molar 

extinction coefficient value is an indication of the probability of light absorption by 

ground state molecules; and since the interaction of the excited molecules with HQ is 

diffusion-controlled, it follows from collision theory of reaction rates that the higher 

the probability of absorption, the higher the likelihood of collision; and the more 

collisions there are, the greater the quenching constant (Ksv). 

Table 4.10: Rate constants for various excited state deactivation processes of 

MPcSmix complexes in PBS 7.4; kD = 8.4 x 109 M·I 
S·I. 

aA.Q Ksv (M·I
) 'tF (ns) bkF (S· I) bkIC (S· I) bkISC (s·l) bkpd(s·l) 

(nm) (Jog s) 

AIPcSmix (27) 674 (5.18) 44.86 5.34 8.24 x10' 2.25 x 10' 8.24 x10' 1.37 

ZnPCSmix (28) 673 (4.89) 23.35 2.78 5.76 x107 1.12 x10s 1.91 x10s 12.37 

SiPcSmix (29) 678 (5.11) 38.22 4.55 7.47 x107 4.62x107 9.89 x107 2.45 

GePCSmix (30) 680(5.01) 36.29 4.32 6.94 x107 6.94 xl06 1.55 x10s 1.63 

SnPCSmix (31) 688 (4.57) 17.05 2.03 2.46 x107 1.77 x10s 2.91 x10s 6.31 

"Q band maxima shown for the low energy band only where bands are split. ·Values calculated 

using Eqs. 2.64a-d: k F = 4> F ; k IC = 4> IC; k ISC 
TF TF 

4> ISC m <l> Pd 
----'=-,,:.... ; k Pd = --. <l>F taken from Table 

TF TT 

4.4; 4>T and 4>IC from Table 4.7, 4>Pd from Table 4.12 (next Section). 

The rate of movement of materials by diffusion can be predicted mathematically using 

the Fick's law of diffusion, given by Eq. 4.16: 

J =-D (ac o ) 
o 0 ax (Eq. 4.16) 

Where Jo is the diffusional flux (rate of movement of material by diffusion); Do, the 

diffusion coefficient; and (ac o), the concentration gradient. It is expected that the ax . 
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aggregated species (SnPcSmix and ZnPcSmix), would give lower Jo values, since 

aggregation slows down molecular motion. Aggregation, coupled with the relatively 

low molar extinction coefficients of these molecules results in their low Ksv values. 

Fig. 4.31 shows the variation of Ksv with the log of molar extinction coefficients (log 

f). 
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Fig. 4.31: Dependence of Stern-Volmer quenching constants of MPCSmix 

complexes on molar extinction coefficients 

Determination of MPCSmixfluorescence lifetimes from HQ-quenching data 

This work presents a simple route to determining the fluorescence lifetimes of 

fluorophores from fluorescence quenching data. This however, could only be possible 

if the bimolecular quenching constant (kQ) is known (Eq. 4.14). kQ values for the 

MPCSmix complexes were calculated according to Eqs. 2.83 - 2.85 (from kR, the 

diffusion-controlled bimolecular rate constant), assuming that the efficiency !j) of 

MPCSmix-HQ collision is unity (HQ quenches the fluorescence of MPCSmix complexes 

effectively) [159]. Using the values of - 7.7 x 10.10 m and 3.9 x 10-10 m for molecular 

radii of an MPc molecule [256] and HQ [257] respectively (assuming that a change of 
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the central metal ion has little effect on the molecular radius of the MPc backbone); 

the bimolecular rate constant (kR) value for the HQ-quenching of each MPcSm;x 

species was found to be 8.4 x 109 M·I 
S·I. From the values of Ksv (slope in Fig. 4.30) 

and kQ, the fluorescence lifetimes (tp) could be calculated according to Eq. 4.14 (KD 

replaced with Ksv when only diffusion-controlled quenching is present). 

This procedure for the determination of tp for the MPcSm;x complexes could however 

not be used when BQ was used as quencher; this is because quenching in this case is 

not absolutely diffusion-controlled, and such treatment would definitely lead to 

erroneous results. 

The determination of tp afforded the calculation of the rate constants for the intrinsic 

processes from quantum yield values of the respective processes (Eq. 2.64a-c) - See 

Table 4.10. 

The rate constant values of processes deactivating the excited states of the MPcSm;x 

complexes are listed in Table 4.10. Rate constants for fluorescence (kp) ranged from 

2.46 x 107 
S· I (SnPcSm;x, 31) to 8.24 x 107 

S· I (AlPcSm;x. 27); while klsc values range 

from 8.24 x 107 
S· I (AlPcSm;x. 27) to 2.91 x 108 

S· I (SnPcSm;x. 31) . 

Among the MPcSm;x species, AlPcSm;x (27) showed the highest value of kp, while 

SnPcSm;x (31) showed the lowest. Obviously, the lower values for 28 and 31 

compared to the rest could be due to their aggregated nature in aqueous solution. 

The values of klSC, as expected, increased with the mass of the central metal lon, 

which is a manifestation of the heavy atom effect that promotes intersystem crossing. 

As expected, 28 and 31 gave the highest value of klc, which is again readily attributed 

to aggregation. GePcSm;x (30) gave the lowest value of klC, indicating that this species 

is perhaps the most photo active in the list. 
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4.3 PHOTOCHEMICAL STUDIES 

4.3.1 Photodegradation (photobleaching) quantum yields 

4.3.1.1 Solvent and substituent effects 

Table 4.11 gives the photodegradation (photobleaching) quantum yield (<t>Pd) values 

for ZnPc (15), ZnOEPc (21) and ZnOPPc (22) in the various solvents. 

Photobleaching is identified by a reduction in the spectral intensity without the 

formation of new peaks (Fig. 4.32). 
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Fig. 4.32: Photodegradation of 15 (3.1 X 10' M) in DMSO. Irradiation 

wavelength 670 ± 20 run. 

Phthalocyanine molecules in general photodegrade oxidatively via attack by singlet 

oxygen generated by them (see Scheme 1.14). However, reductive photodegradation 

has also been reported [225] for phthalocyanines containing pyridine rings 

800 

(porphyrazines). It is believed that photodegradation takes place at the excited triplet 
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state of a photosensitizer; it therefore follows that the higher the population of 

molecules in this state, the higher the probability of photodegradation. 

In general , Table 4.11 shows that photodegradation is more pronounced in pyridine, 

DMF and DMSO for all the ZnPc derivatives , with the exception of ZnPc (15) in 

benzonitrile. For all the ZnPc derivatives, the lowest photobleaching quantum yields 

were observed when n -butylamine or THF were employed as solvents. N-butylamine 

is highly basic with solvent basicity (SB) = 0.944 [258], compared to SB = 0.581 for 

pyridine, hence the basicity of n-butylamine may prevent the oxidative degradation of 

MPc complexes. Pyridine (SB = 0.581) , DMSO (SB = 0.647) and DMF (SB = 0.613) 

are less basic than n-butylamine (SB = 0.944) , Table 4.11. Thus pyridine, DMSO and 

DMF will be less efficient in stabilising the ring against oxidative attack than n-

butylamine, resulting in higher photodegradation rates. THF (SB = 0.591, Table 4.11) 

is less basic than DMSO and DMF, hence it would be expected to show high 

photodegradation quantum yield using the argument that low donor number (low 

basicity) of solvent gives rise to less stabilization of the ring against oxidative attack. 

Different substituents exhibit different effects on the .Pd values of ZnPc. While some 

substituents stabilize the ring against photodegrdation, some make it more vulnerable 

to oxidative attack. For example, it has been observed before [77] that phthalocyanine 

molecules containing biological molecules on the peripheral positions are more easily 

degraded compared to other octasubsitituted MPc complexes. 

Table 4.11: Photodegradation quantum yields of ZnPc (15), ZnOEPc (21) and 

ZnOPPc (22) in different solvents. 

Compound Solvent 

ZnPc (15) DMSO 

Solvent 

Basicity (SB) 

0.647 

181 

10-5/ E (dm3 M·l cm-i) 105/<1IPd 

Qband 

2.38 2.61 



Results and discussion 

DMF 0.614 2.35 2.23 

Pyridine 0.581 2.65 5.85 

THF 0.591 3.05 0.152 

n-Butylamine 0.944 2.9 0.543 

Benzonitrile 0.281 2.5 4.99 

ZnOEPc (21) DMSO 0.647 1.74 3.51 

DMF 0.614 2.76 6.21 

THF 0.591 2.62 0.121 

Pyridine 0.581 2.18 6.15 

Benzonitrile 0.281 2.78 1.71 

Benzene 0.124 2.91 1.89 

n-Butylamine 0.944 2.35 0.643 

ZnOPPc (22) DMSO 0.647 1.34 2.53 

DMF 0.614 1.26 12.1 

Pyridine 0.581 1.58 4.93 

Benzonitrile 0.281 1.67 2.16 

Benzene 0.124 1.7 1.39 

n-Butylamine 0.944 2.08 0.699 

Axial ligands impart some extra photostability on the Pc ring compared to ring 

substituted or unsubstituted derivatives containing no axial ligands, as judged by the 

low ·Pd values for (CN)ZnPc (24), (pip)ZnPc (25) and (py)ZnPc (26) compared to the 

rest of ZnPc derivatives in Table 4.12. 

Table 4.12: Effects of substituents and solvents on photodegradation quantum 

yields of MPc complexes. 
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Compound 

(DMSO) (PBS )7.4 (PBS + TX) 

ZnTSPc (18) 4.03 

ZnTBPPc (19) 3.33 

ZnOMPPc (23) 2.12 

(CN)ZnPc (24) 0.21 

(pip)ZnPc (25) 

(py)ZnPc (26) 

C AlPcSmix (27) 

CZnPCSmix (28) 

CSiPCSmix (29) 

CGePCSmix (30) 

CSnPCSmix (31) 

ZnNPc (32) 

0.24 

0.51 

5.79 

13.65 

7.35 

9.74 

14.01 

16.35 

0.40 

3.65 7.02 

0.71 

0.45 

1.59 4.13 

Results and discussion 

"'Only the MPcSmix complexes were studied in aqueous media; the non-supbonated derivatives 

were insoluble in water, hence no data in aqueous solutions for these complexes. 

"Tx = Triton X-IOO; only the aggregated ZnPcSm;, (28) and SnPcSm;, (31) showed spectral 

changes in the presence of TX. Caver age fothe mixture. 

Among the MPCSmix derivatives (27-31) in PBS, the aggregated complexes - ZnPcSmix 

(28) and SnPcSmix (31) show higher <DPb values (Table 4.12). These species have 

lower <De, values than GePcSmix (30) (as will be seen later); this implies that MPCSmix 

photodegradation is probably not initiated by singlet oxygen alone. The excited triplet 

stale of a photosensitizer is sufficiently long-lived to intercept other species in 

solution. <DPb values are consistently higher in DMSO than in aqueous solution for the 

MPCSmix complexes, and this could be a reflection of the higher <DT (hence high <De,) 

values in DMSO. 
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A study of the solvent effects on the photostability of ZnPcSm;x (28) revealed that 

photostability of this species increases with solvent basicity, as already discussed 

(Fig. 4.33). This is attributed to the differing extents of screening of the MPc ring 

from oxidative attack, by the solvents' donor abilities. The solvent basicities of 

DMSO, DMF, pyridine and n-butylamine [258] correlate well with the observed cI>Pd 

values for 28 in these solvents (13.65, 15.97, 16.38 and 9.03 x 10'5 respectively). 
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Fig. 4.33: Dependence of of photostability of ZnPcSmix (28) on solvent basicity. 

4.3.1.2 Phototransformation 

Symmetry 

In THF, ZnOPPc (22) species underwent phototransforrnation rather than 

photobleaching, Fig. 4.34. The phototransforrnation process involved an increase in 
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the low energy band at 698 nm and a very slow decrease in the main Q band for 22 in 

THF. As discussed earlier, the observation of the band at 698 nm may reflect loss of 

symmetry by distortions of the MPc molecule as photolysis progressed. 
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Fig. 4.34: Electronic absorption spectra observed during photo-irradiaton of 

ZnOPPc (22) in THF. 

Disaggregation 

Upon irradiation of ZnTNPc (I7) in DMSO solution, the intensity of the absorbance 

peak corresponding to the monomeric units (longer wavelength) increases, while that 

corresponding to the aggregated species decreases (Fig. 4.35). A valid explanation for 

this observation is that photo-irradiation disturbs the monomer to aggregate 

equilibrium, the re-establishment of which is in favour of the monomer due to the 

presence of coordinating DMSO molecules. Thus, disaggregation is obtained upon 

irradiation. For both of the highly aggregated complexes ZnT APc (I6) and ZnTNPc 

(I 7) , photodegradation (i.e. disappearance of the Q band) was not observed; only slow 
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phototransformation from the dimer to the monomer were seen, hence <DPd values 

could not be determined for these complexes. 

500 600 700 800 
Wavelength (nm) 

Fig. 4.35: Photo-disaggregation of ZnTNPc (17, 1 x 10.5 M) in DMSO. 

4.3.2 Singlet oxygen quantum yields 

Figs. 4.36 and 4.37 show the decay of DPBF and ADM A respectively, in the presence 

of singlet oxygen generated from the photo-excited MPc complexes studied. There 

were no significant changes in the intensities of the Q bands within the timescale of 

the photo-irradiation. The decrease in DPBF and ADMA absorbances were monitored 

at 417 nm and 380 nm respectively, in order to avoid any interference from the B 

bands of the MPc complexes, which ranged between 330 nm and 250 nrn. 
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Fig. 4.36: Photo degradation of DPBF in the presence of ZnPc (IS). [ZnPc) = 8.4 x 

1O-'M and the starting concentration of ADMA = 4.8 x 10-'M. Irradiation 

wavelength = 670 nrn ± 20 nrn, solvent is DMSO. 
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Fig. 4.37: Photodegradation of ADMA in the presence of ZnPcSml, (28). 

[ZnPcSml, ) = I x 10-6 M and the starting concentration of ADMA = 8 x 10-' M. 

Irradiation wavelength = 670 nrn ± 20 nrn, solvent is PBS 7.4. 
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The singlet oxygen quantum yield (<1>a) is a measure of a photosensitizer's ability to 

generate singlet oxygen. In a particular solvent, the value of <1>a could depend on a 

number of factors: (i) triplet quantum yield, eDT. (ii) triplet lifetime, 'T, (iii) triplet 

energy, Er, (iv) ability of substituents to quench singlet oxygen and (v) the efficiency 

of energy transfer from the excited triplet state to ground state molecular oxygen. It is 

difficult to actually identify which of these factors is predominant in explaining the 

observed trends in eDa values. 

4.3.2.1 Ring-substituted derivatives 

The unsubstituted ZnPc (IS) shows a higher singlet oxygen quantum yield than most 

of its substituted derivatives, Table 4.13, despite its lower triplet quantum yield than 

those of some of the complexes studied. 

Table 4.13: Singlet oxygen quantum yields and related parameters of ZnPc and 

its ring-substituted derivatives in DMSO. 

<1>T ~T (!lS) <1>a S6, 

ZnPc (15) 0.65 [167] 350 0.67 [227] 1.03 

ZnTNPc (17) 0.62 310 0.11 0.18 

ZnTSPc (18) 0.86 470 0.46 0.52 

ZnTBPPc (19) 0.85 160 0.60 0.71 

ZnOMPPc (23) 0.63 370 0.51 0.81 

' ZnPCSmix (28) 0.86 530 0.72 0.84 

ZnNPc (32) 0.37 126 0.19 0.51 

References in square brackets; 

Ilaverage for the mixture. 
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For the substituted ZnPc derivatives, it is possible that intramolecular vibrations 

associated with the introduction of certain subsituents quench singlet oxygen as soon 

as it is formed. The effects of aggregation in ZnTAPc (I6, «Dr, = 0.11), ZnTNPc (I7, 

«Dr, = 0.11), ZnTSPc (18, «Dr, = 0.46) and ZnOEPc (21, «Dr, = 0.43) cannot be ruled out. 

As already stated, aggregates take up electronic energy and convert it into vibrational 

motion i.e., shortens the triplet lifetimes of photosensitizers. As a result, molecular 

interaction with singlet oxygen is reduced drastically, thereby bringing about low <Pr, 

values. ZnNPc (32) in particular has a low «Dr, value due to its low values of <PT and 

'T. Also because the triplet energy of 32 is very low compared to that of ZnPc (IS), 

this may result in a less efficient energy transfer from this state to ground state 

molecular oxygen. 

The high value of <Pr, for ZnPcSmix (28) in Table 4.13 could reflect the relative 

monomeric nature of this molecule in DMSO. Table 4.13 shows that in DMSO the 

value of <Pr, for 28 is higher than that of ZnPc (IS). This suggests that 28 should be a 

better sensitizer than IS in all applications involving singlet oxygen. 

Interaction between vibrational levels of the solvent molecules and the electronic or 

vibrational levels of singlet oxygen results in the deactivation of singlet oxygen in 

some solvents, especially protic ones such as water and methanol [30]. Table 4.14 

shows that <Pr, values for ZnPc (IS) do not vary much with changes in solvent, with 

values ranging from 0.56 (DMF) to 0.67 (DMSO). 

In Table 4.14, a large variation in <Pr, values is observed for the octa-substituted ZnPc 

derivatives - ZnOEPc (21) and ZnOPPc (22). Considering different solvents, «Dr, for 

21 ranged from 0.43 (DMSO) to 0.64 (pyridine), and for 22, the <Pr, ranged from 0.45 

(toluene) to 0.60 in DMSO. These complexes are known [77] to show aggregation at 

concentrations as low as 1 x 10-5 M in DMSO. The variation in <Pr, values with solvent 
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for each complex may reflect different extents of aggregation in this complex in the 

various solvents. Pyridine as a solvent (containing a nitrogen donor) does not seem to 

quench singlet oxygen significantly since <l>A values in pyridine are not lower than in 

the other solvents listed in Table 4.14. 

Table 4.14: Singlet oxygen quantum yields (<l>,J of ZnPc derivatives in five 

different solvents. 

DMSO DMF Pyridine Benzene Toluene 

ZnPc (15) 0.67 [227] 0.56 [226] 0.61 0.62 0.58 

ZnOEPc (21) 0.43 0.60 0.64 0.51 0.54 

ZnOPPc (22) 0.60 0.53 0.52 0.47 0.45 

SA (Eq. 4.17, [142]), the fraction of triplet state quenched by triplet state oxygen, 

leading to formation of singlet state oxygen is less than unity for the substituted ZnPc 

derivatives, Tables 4.13, but unity of ZnPc. 

S 
_ <p. .- <PT 

(Eq. 4.17) 

This suggests that not all triplet quenching by ground state oxygen leads to singlet 

oxygen formation, but the quenching is efficient since the values are not too far from 

unity with the exception of ZnTSPc (18) and ZnNPc (32), Table 4.13. The low value 

of SA for the latter may be attributed to either the fast degradation of 32 (Table 4.12) 

or the inefficient transfer of energy to oxygen by this molecule, as discussed above. 

4.3.2.2 Axially ligated ZnPe derivatives 

(CN)ZnPc (24), (pip)ZnPc (25) and (py)ZnPc (26) are more soluble than the ZnPc 

species without axial ligands. Therefore, it is expected that the <l>A values would be 
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higher based on solubility alone. However, there is a general lowering of the <l>" 

values for 24, 25 and 26 in DMSO and DMF, compared to ZnPc (IS), Table 4.15. 

This can only be explained by the possible quenching of the singlet oxygen by the 

axial ligands when attached to the ZnPc complex, in a similar manner to singlet 

oxygen quenching by other electron donors. 

Table 4.15: Singlet oxygen quantum yield (<l>,J values for axially ligated ZnPc 

derivatives in DMSO and DMF. 

DMSO DMF 

ZnPc (IS) 0.67 [227] 0.56 [226] 

(CN)ZnPc (24) 0.61 0.51 

(pip)ZnPc (25) 0.59 0.31 

(py)ZnPc (26) 0.63 0.48 

References is square brackets. 

4.3.2.3 MPcSm;x complexes 

Singlet oxygen absorbs at - 1267 nm, and as earlier argued, the solvent's absorption 

around this wavelength should have great effect on singlet oxygen lifetime, Fig. 4.25. 

For example, the short lifetime of singlet oxygen in H20 (4.2 I-ls [259]) could be due 

to the broad absorption of water near 1267 nm. Singlet oxygen lifetimes ('tA) , are 

longer in DMSO (30 I-ls [260]), pyridine (20 I-ls [261]) and DMF (191-ls [262]) , than in 

H20 because the former solvents exhibit little absorption in the 1267 nm region. D20 

does not have the O-H vibration, hence singlet oxygen suffers less quenching from 

DzO than from H20. Thus <l>t, values of ZnPcSm;x (28) are higher for pyridine, DMSO, 

DMF and DzO than in aqueous media (H20 and PBS 7.4), Table 4.16. 
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Table 4.16: Singlet oxygen quantum yields (average) and related parameters of 

MPCSmix complexes in aqueous and non-aqueous solutions. 

Solvent a<l>T ~T(~) <1>,.. S,.. 

AIPcSmix (27) PBS 7.4 0.44 2.93 0.42 0.95 

DMSO 0.52 800 0.48 0.92 

ZnPCSmix (28) PBS 7.4 0.53 2.95 0.45 0.85 

PBS +TX 0.61 2.37 0.54 0.89 

DMSO 0.86 530 0.72 0.84 

DMF 290 0.58 

H2O 0.55 190 0.48 0.87 

D20 420 0.53 

Pyridine 250 0.62 

SiPcSmix 29 PBS 7.4 0.45 .2.90 0.49 1.09 

DMSO 0.58 430 0.52 0.90 

GePcSmix 30 PBS 7.4 0.67 2.76 0.68 1.01 

DMSO 0.79 760 0.78 0.99 

SnPcSmix 31 PBS 7.4 0.59 2.52 0.42 0.71 

PBS +TX 0.68 2.32 0.52 0.77 

DMSO 0.87 120 0.65 0.75 

aDue to lack of reference standards, <l>T values could not be determined in DMF, DzO and 

pyridine. 

The relatively low <Dc, value for SnPcSmix (31) (0.42) compared to GePcSmix (30) (0.68) 

in PBS is not unexpected since, even though the former will have a greater probability 

of undergoing intersystem crossing to the triplet excited state, due to the heavy atom 

effect, its aggregated nature results in the dissipation of triplet energy. Within 

experimental error, <Dc, values for the Al (27), Zn (28), Si (29) and Sn (31) MPCSmix 
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complexes are not too different in PBS 7.4 (but are different in DMSO). GePcSmix 

(30) on the other hand has a comparatively larger <Do. value, considering the same 

solvent. This could be due to both the lower degree of aggregation (compared to 31 

and 28) and the increase in excited state triplet yield through the heavy atom effect, 

compared to AIPcSmix (27) and SiPcSmix (29). Also, the composition of each MPCSmix 

complex could influence the values of <Do.. Comparing 27 and 28, one would expect 

the latter to have a substantially larger value of <Do., on grounds of the heavy atom 

effect. However, the values are not too different in PBS due to the aggregated nature 

of 28 in aqueous solution. Except for 29, the <Do. values in PBS shown in Table 4.16 

(for 27, 28 and 31), are similar to those reported [174] before, within experimental 

error. The larger value of <Do. for 29 (<Do. = 0.49) compared to <Do. = 0.16 reported 

before [174] , could reflect the known [9] fact that the average number of sulphonate 

groups per molecule varies with different preparations of MPCSmix complexes, and 

that the <Do. values vary with number of sulphonate groups [9]. The value of <Do. for 30 

is reported for the first time in this work. 

4.4 PROTONATION of ZnPc DERIVATIVES 

4.4.1 Effects of protonation on the ground state electronic 

absorption spectra 

Spectral changes accompanying the protonation of MPc complexes have been 

reported [263] and as explained in the introduction, the spectra consists of shifting of 

the Q band to the red, with successive protonation, Fig. 4.38. The Q band is split for 

the mono-, di- and tri-protonated derivatives due to loss of symmetry as seen in Fig. 
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4.38. The tetra-protonated species regains symmetry, hence the Q band spectra is not 

split. Cis di-protonation is of CZv symmetry and is expected to show a single Q band 

[119]. The fact that we see a split Q in Fig. 4.38 for di-protonated species, suggests 

that trans (of DZh symmetry) protonation occurs. 
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Fig. 4.38: Absorption spectral changes observed on addition of sulphuric acid 

(98%) to ZnPc (15) in DMF. Spectrum (i) is for ZnPc (15) before addition of 

acid, (ii) 1st, (iii) 2nd, (iv) 3rd and (v) 4th protonations. Sulphuric acid 

concentrations = 1.84,7.36,11.04,12.88 M, for (ii), (iii), (iv) and (v), respectively. 

The protonations occured with isosbestic points as shown in Fig. 4.39. Tri- and tetra-

protonation could only be obtained for non-ring substituted ZnPc derivatives, 

including axially ligated (CN)ZnPc (24), (pip)ZnPc (25) and (py)ZnPc (26) species 

using a strong acid such as sulphuric acid, and not when trifluoroacetic acid (TFA) 

was employed. Ring substituted ZnPc derivatives decomposed on addition of 

sulphuric acid. 
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Fig. 4.39: Isosbestic spectral changes observed for the first protonation of ZnPc 

(IS) in DMF, using increasing concentrations of TFA. TFA concentrations 

increase as follows: 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 5.2 and 7.0 M. 

Fonnation constants for the first protonation (Kf ) were determined from the absorption 

spectra of the solutions using Eq. 4.18 [123]: 

(Eq.4.18) 

Where A is the absorbance of the protonated derivative, fpc and fPeW ' the extinction 

coefficients of the unprotonated and protonated ZnPc derivative respectively, CT, the 

total concentration of the ZnPc derivative and [H+l. the concentration of TFA. Kf 

values (Table 4.17), for the ZoPc derivatives in DMF ranged from 0.23 to 0.63. These 

values are comparable to those reported in the literature for protonation of 

phthalocyanines [123,264]. 

Protonation occurred more readily in the presence of electron donating peripheral 

substituents as expected, Fig. 4.40. Thus ZnTBPPc (19) (Kf = 0.63) containing 

phenoxy ring substituted with C(CH3h groups was easier to protonate than ZnPc (15) 
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(J(f = 0.23). The axially ligated complexes - (CN)ZnPc (24), (pip)ZnPc (25) and 

(py)ZnPc (26), with Kf - 0.3 gave similar plots as the one for 24 in Fig. 4.40. 

It has also been reported [119] that annulation or extension of the It conjugated system 

tends to increase the basicity of the ring, hence enhancing protonation. Thus on this 

basis alone, ZnOPPc (22) is more readily protonated than ZnPc (15) . 
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Fig. 4.40: Change in absorbance with concentration of TF A for selected ZnPc 

complexes in DMF. 

Considering only the low energy component of the split Q band, the magnitude of the 

shift of the Q band to the red compared to the corresponding unprotonated species 

(second number in brackets) was larger for the ZnPc species containing electron-

donating substituents - ZnTBPPc (I9) and ZnOPPc (22) than for ZnPc (15), which in 

turn had a larger shift than ZnTNPc (17) containing electron-withdrawing 

substituents, Table 4.17. Smaller red shifts have been reported for porphyrins 

substituted with electron-withdrawing compared to electron-donating substituents 

[265]. 
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Table 4.17: Q band shifts following protonation ofZnPc in DMF, using TFA. 

A.Q band (nm) 

Unprotonated First proton" Second protona KJ 
(Jog E in brackets) (I s, protonation) 

ZnPc (IS) 666 (5.37) 678,701 (10,33) 685,713 (17,45) 0.23 

ZnTAPc (16)b 720 (3 .02) 

ZnTNPc (17) 647, 683 (4.45,4.67) 685, 712 (2, 29)' 

ZnTBPPc (19) 679 (5.02) 688, 717 (9,38) 710,744 (31,65) 0.63 

ZnOEPc (2I)b 679 (5.44) 

ZnOPPc (22) 677 (5.10) 688, 715 (11,38) 702, 732 (25,55) 0.42 

(CN)ZnPc (24) 672 (5.38) 679,702 (7,30) 684, 714 (12,42) 0.30 

(pip)ZnPc (25) 670 (5.40) 678, 702 (8,32) 684, 714 (14,44) 0.31 

(py)ZnPc (26) 669 (5.44) 680, 701 (I 1.32) 685,713 (16,44) 0.34 

"Numbers in brackets are tbe wavelength numbers by which the Q band of the protonated 

species has red-shifted compared to the neutral species; the first numher is the shift of the first 

peak and second number for the second peak. b Aggregated in solution and did not protonate. 

'Wavelength shifts based on the Q band associated with the monomeric peak at 683 nm. 

Q band positions of protonated species vary as the protonating agent is changed as 

follows for first protonation of ZnPc (15): TFA (678,701) < H2SO. (684,707) - Lewis 

acid (AICI3) (685.708). suggesting that the Q band red-shifting is proportional to the 

strength of the acid, since this trend follows the order of the strength of the acid. AICI3 

undergoes hydrolysis in solution fonning a complex acid H+·[AICI.) - [119). It has 

been reported [266) that complexes are fonned between the protonated species and 

the undissociated acid, and this could result in the observed shift in the spectra with 

different acids. 

ZnTNPc (17) gave spectral changes shown in Fig. 4.41 on addition of TFA. Before 

addition of TFA. the complex showed aggregation as evidenced by the presence of a 
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broad high energy band at 647 run (dimer or aggregate) in addition to the sharper 

band at 685 nm (monomer). 

500 550 600 650 700 750 800 

Wavelength (nm) 

Fig. 4.41: Spectral changes observed on addition of TFA to ZnTNPc (17) (3.2 x 

10.5 M) in DMF. (i) No TFA (ii) [TFA] = 1.18 M, (iii) [TFA] = 2.35 M. 

The spectral changes observed on addition of acid to solutions of 17 consisted of a 

decrease in the monomer peak and an initial increase in the peak due to the 

aggregated (dimeric) species. The latter then began to decrease in intensity. These 

changes suggest that addition of protonating agents results in the shift of the 

monomer-dimer equilibrium towards the dimeric species, followed finally by 

protonation as shown in Fig. 4.42. 

Only the first protonation could be achieved for this complex (I7), and the 

protonation required a very large concentration of TFA. Spectral changes observed 

for ZnTAPc (16) and ZnOEPc (21) on addition of protonating agents were similar to 

those shown in Fig. 4.41. However, protonation was not achieved for 16 and 21 even 

at very high TFA concentrations. Addition of large concentrations of TFA resulted in 
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the degradation of both of these complexes (16 and 21). The aggregated natures of 16 

[265], ZnTNPc (17) [265] and 21 [77] complexes have been reported before. 

500 550 600 650 700 750 800 

Wavelength (nm) 

Fig. 4.42: Evolution of spectra due to protonation of ZnTNPc (17). (0 the last 

spectrum (iii) in Fig. 4.37 and (ii) final spectrum obtained following addition of 

acid (1.2 x 10' mol dm" ofTFA). 

Aggregation in phthalocyanines occurs via intermolecular 1t-1t interactions [267,268]. 

For this type of aggregates, the monomers are not chemically bonded but exist as 

loosely associated species. The presence of axial ligands prevents aggregation. Thus, 

the observation of increased aggregation on addition of acids to these complexes may 

suggest possible weak coordination of the solvent to the axial position, which may be 

lost on addition of acid, thereby enhancing aggregation. The observation also suggests 

that the aggregated species is not readily protonated as judged by the lack of red shit 

for 16 and 21, and by the large concentration of TFA which was required to complete 

the first protonation of 17. 
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Fig. 4.43 shows that protonation of ZnPc containing axial ligands - (CN)ZnPc (24) , 

(pip)ZnPc (25) and (py)PZnPc (26) proceeds by the loss of the axial ligands as judged 

by the small blue shift of the Q band on addition of the acid. Also MPc complexes 

containing cyanide axial ligand are identified with a split B band. In Fig. 4.43, the B 

band collapses into one on protonation, hence confirming the loss of the axial ligand. 

However, as the observations stated below will demonstrate, axial ligands still have 

an effect on the protonation, suggesting that axial ligands are probably lost 

simultaneously with the protonation process. Immediately after addition of acid, peaks 

due to the protonated species were observed at the same time as the blue shift in the Q 

band. The axial ligands employed in this work are electron-donating and all show 

easier protonation than ZnPc (15) in DMF (which is presumably (DMF)ZnPc), (See 

Fig. 4.40 for the (CN)ZnPc (24) derivative, and Kf values in Table 4.17). Thus this 

work also suggests that the basicity of the Pc ring is enhanced by the axially 

coordinated ligands. 

Ik---671nm 

o.d--- 668nm 

300 400 500 600 700 800 
Wavelength (nm) 

Fig. 4.43: Absorption spectral changes observed for the first protonation of 

(CN)ZnPc (24) (4.26 x 10'6 M) in DMF, using TFA. [TFA) = 1.18 M to 6.0 M. 
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4.4.2 Solvent effects on protonation 

Q-band positions of protonated derivatives of ZnPc species are almost the same, 

Table 4.18, irrespective of solvent type (except in the case of chloroform). The 

concentration of TFA needed to effect protonation increased linearly with solvent 

basicity as shown in Fig. 4.44, hence confirming that the less basic solvents encourage 

protonation more than the more basic solvents. Chloroform being an acidic solvent, 

may add to the acid strength of TFA, resulting in a larger red shift. This is 10 

agreement with the argument presented above that extent of red-shifting IS 

proportional to acid strength. 

Table 4.18: Effect of solvent on the Q band maxima of protonated (ZnPe-H)+. 

Dipole Solvent Q-bandb Amax/nm Am.x/nm [TFA]/M 
moment, Basicity, 1st 2nd 1 st K/ Solvent 

SBa Amax (om) 
protonC protonC protond 

IJ. 

Chloroform 1.90 0.071 670 683, 708 690, 720 0.75 2.7 

Benzonitrile 3.50 0.281 673 677, 703 683,713 1.80 0.95 

1,4-Dioxane 0.45 0.444 665 678, 703 683, 712 3.41 0.45 

THF 1.69 0.591 666 677, 703 683, 712 5.11 0.32 

DMF 3.79 0.613 668 678, 701 685,713 6.71 0.23 

DMSO 3.96 0.647 670 678, 703 685,713 6.11 0.27 

n-Butylamine 1.30 0.944 668 678, 703 684,711 7.13 0.21 

Triethylamine 0.72 0.885 664 

Pyridine 2.21 0.581 673 

aValues from reference 258; uQ band maxima of the unprotonatcd species. e Q band maxima of 

protonatcd species. • Concentration of TFA required to complete first protonation. 'K, = stability 

constants for monoprotonated species. 
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There was no protonation when pyridine and triethylamine were used as solvents. 

Pyridine formed a white precipitate of pyridinium trifiuoroacetate with TFA. Thus, 

TFA reacted with the solvent instead of the ring. Amines are basic; hence the 

formation of a quaternary salt on adding TFA to an amine solution is not unexpected. 

Protonation in the highly basic n-butylamine was accompanied by a great loss of heat 

and effervescence. 
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Fig. 4.44: Variation of solvent basicity with the concentration of TFA required 

completing the first protonation of ZnPc (IS). 

Two factors (basicity and coordinating strength of solvent) may be competing 

in determining the relative ease of protonation of the Pc ring. While solvent basicity 

impedes ring protonation, axial coordination of the solvent may aid it by increasing 

the basicity of the ring. Table 4.18 shows that DMSO, with a relatively high dipole 

moment of 3.96 hence more strongly coordinated to the central zinc ion, results in 

easier protonation of the ring (slightly higher Kf value) than for DMF with a lower 

dipole moment. 
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In spite of the higher basicity of n-butylamine compared to triethylamine, protonation 

was observed in the former instead of precipitation observed for the latter. This could 

be attributed to the higher polarity (coordinating strength) of n-butylamine, which is 

responsible for its coordination to the central ZnPc metal. As observed above for the 

axially ligated ZnPc derivatives (24 - 26), the axial n-butylamine will be lost on 

protonation. Broadening of the Q band of the neutral species was observed on 

addition of TFA to solutions of ZnPc (I5) in n-butylamine, suggesting that the loss 

axially coordinated n-butylamine ligand is accompanied by aggregation. 

Stepwise deprotonation of the protonated ZnPc derivaties was achieved on addition of 

hydrazine to the solution of the protonated species, as evidenced by reversal of 

spectral changes. 

4.4.3 Effects of protonation on photochemical and fluorescence 

properties 

4.4.3.1 Singlet oxygen quantum yields 

Table 4.19 shows singlet oxygen quantum yield (<Dr,) values for the unprotonated and 

mono-protonated ZnPc complexes under discussion. <Dr, values for the unprotonated 

ZnPc derivatives are all higher than for the corresponding protonated derivatives as 

has been reported before for tetra-tert-butylzinc phthalocyanine [123]. The lowering 

of <Dr, values following protonation is attributed to the lowering of the triplet energy to 

the level where transfer of energy to ground state oxygen is no longer favourable, as 

suggested before [123]. 

For the ZnTAPc (16) and ZnOEPc (21), <Dr, for the protonated species were 

not obtained since these species did not protonate. 
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4.4.3.2 Photodegradation quantum yields 

The quantum yields of photobleaching (<PPd) were found to decrease for ring 

substituted ZnPc derivatives and for unsubstituted ZnPc containing no axial ligands 

following protonation, Table 4.19. Phthalocyanine molecules in general photodegrade 

oxidatively via attack by singlet oxygen generated by them. 

Table 4.19: Photochemical data for neutral and protonated ZnPc derivatives. 

Results refer to first protonation only. Solvent: DMF. 

Complex <Pd 10'/<PPd <PF 

ZnPc (I5) 0.56 [226] 2.23 0.18 

[15·Ht 0.39 0.23 0.12 

ZnTNPc (17) 0.24 0.12 

[17·Hj+ 0.11 

ZnTBPPc (19) 0.42 9.41 0.13 

[19·Ht 0.12 2.33 0.076 

ZnOPPc (22) 0.53 12.1 0.17 

[22·Hj+ 0.26 2.62 0.042 

(CN)ZnPc (24) 0.51 0.12 0.14 

[24·Hj+ 0.37 1.38 0.11 

(pip)ZnPc (25) 0.31 0.14 0.16 

[25·Hj+ 0.25 1.63 0.18 

(py)ZnPc (26) 0.48 1.32 0.22 

[26·Hj+ 0.41 2.09 0.19 

As suggested stated, protonation impedes singlet oxygen generation, hence it is 

expected that <PPd values of protonated species would be generally lower than for 
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corresponding unprotonated derivatives, and this is the case in Table 4.19 for non­

axially ligated ZnPc derivatives. However for the axially ligated ZnPc derivatives, 

protonation resulted in an increase in <l>Pd value. Considering unprotonated 

derivatives, axial ligands impart some extra photostability on the Pc ring compared to 

ring substituted or unsubstituted derivatives containing no axial ligands, as judged by 

the low <l>Pd for the axially ligated derivatives compared to the rest, Table 4.19. 

As earlier suggested however, protonation leads to the loss of these axial ligands, 

which amounts to the removal of this extra photostability. As a result, the <l>Pd values 

increase when the axially ligated ZnPc derivatives are protonated. For the protonated 

form of 17 ([ZnTNPc-H]+), no spectral changes were observed on photo-irradiation, 

showing that this complex is stable to photodegradation. 

4.4.3.3 Fluorescence quantum yield 

As observed before [123], the fluorescence quantum yield (<l>F) is lowered on 

protonation. This was generally observed in Table 4.19. The fluorescence excitation 

spectrum of the monoprotonated complex (Fig. 4.45) was similar to the absorption 

spectrum, consistent with the fact that the absorbing species is also the fluorescing 

species under the conditions used in this work. 

The difference in shape between the fluorescence excitation and emission spectra 

(Fig. 4.45) suggests a change in symmetry after excitation and prior to emission. For 

ZnTnPc (17), <l>p could not be obtained since very dilute solutions are required for 

fluorescence studies, and dilution of protonated 17 resulted in its deprotonation back 

to the neutral species, hence confirming the ease of reduction of this species. 

205 



Results and discussion 

600 650 700 

Wavelength (nm) 

750 

Fig. 4.45 Fluorescence excitation (i) and emission (ii) spectra of [ZnPc-H]+ in 

DMF. Excitation wavelength (A'Exc) = 630 nm. 

800 

4.5 CYCLODEXTRIN INCLUSION COMPLEXES OF 

ZnPc DERIVATIVES 

4.5.1 Spectroscopic studies on inclusion complexes 

These studies were done for ZnPc (15), ZnTAPc (16), ZnTNPc (17) and ZnTBPPc (19), 

and ZnNPc (32), as representative complexes. 

Inclusion complexes between cyclodextrins (CDs) and the ZnPc derivatives resulted in a 

significant increase in the intensity of the complexes' Q band absorption peaks, but no 

noticeable peak shifts were obtained, (Fig. 4.46) for 15, 19 and 32. 

For the highly aggregated complexes e.g. ZnTNPc (17), there was an increase in the 

intensity of both peaks. There was no disappearance of the high energy band associated 

with the dimeric species for compound 17, showing that addition of CD does not 
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disaggregate the dimeric species of this molecule. Furthermore for this compound, a 

reduction in the background intensity was observed as well as a slight narrowing of the 

absorption bands. The increase in intensity for ZnPc (15) , ZnTBPPc (19) and ZnNPc (32), 

and the narrowing of the bands for ZnT APc (16) and ZnTNPc (17) suggest the formation 

of an inclusion complex between CD and the studied compounds. 
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Fig. 4.46: Absorption spectral changes observed on addition of ~·CD to DMSO 

solution of ZnPc (15). Ratio 15:CD starting from 1:0 to 1:4. 

Changes such as enhancement or decrease in the intensity of the absorption and 

fluorescence bands have been associated with the formation of an inclusion complex 

between CDs and porphyrins [182,184]. Fig. 4.47 shows that there was improvement in 

the Beer's law behaviour for the aggregated ZnTNPc (17) following formation of the 

. inclusion complex, even though this was not evident from the spectra, i.e. there was no 

observable decrease in the dimeric peak for 17 upon addition of CD. 

Job's plots for the formation of the inclusion complexes between CDs and ZnPc 

derivatives were obtained. For ZnPc (15), ZnTAPc (16) , ZnTBPPc (19) and ZnNPc (32), 

which showed only one peak in the Q band region, the changes in the intensity of this 

peak were monitored following addition of CD, and allowing an equilibration time of 24 
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hr. For compound 17, the low energy band (due to monomeric species) in the Q band 

region was followed. 
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Fig. 4.47: Deviation from Beer's law for ZnTNPc (17) and its inclusion complex 

with l3-cyclodextrin in DMSO. 

12 

Fig. 4.48 shows a Job's plot for the monomeric ZnTBPPc (19); a maximum was observed 

at an inclusion ratio of about 1.5:1 (or - 2:1; CD:19). 
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Fig. 4.48: Job's plot for the inclusion of compound ZnTBPPc (19) into 

hydroxypropyl-y·cyclodextrin using DMSO as solvent. 
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For ZnTNPc (I7), the Job's plot showed some interesting behaviour as a maximum was 

observed at 4:1 (CD:17) and at a ratio of 1.5: 1 (- 2:1; CD:17) (Fig. 4.49). This behaviour 

is most likely due to the coordination of CD to the aggregated as well as non-aggregated 

components of the molecule, with the 4:1 (CD:17) being coordination of 4 CDs to the 

aggregates and 2:1 (CD:17) to the monomeric species. The binding of CDs to porphyrins 

is known to be a two-step process involving first the formation of a 1:1 complex, which 

evolves into a 2:1 complex [185]. The cyc10dextrin molecule coordinates in a stepwise 

manner to the porphyrin ring substituents such as the phenyl groups in 

tetraphenylporphyrin molecules. A 2:1 (CD:MPc) complex was also formed for the 

unsubstituted ZnPc (15). The coordination of the CD to 15 and its derivatives is expected 

to involve the outer benzene ring and the substituents attached to it. Coordination of CD 

to the un substituted compound 15 confirms that it is not only the phthalocyanine ring 

substituents which coordinate to the CD, but also the fused benzene part of the 

phthalocyanine. 
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Fig. 4.49: Job's plot for the inclusion of ZnTNPc (I7) into /3-cylcodextrin in 

DMSO. 

209 

1 



Results and discussion 

The formation of the solid complex between CD and ZnPc derivatives was confirmed by 

X-ray powder diffraction (XRD) (Fig. 4.50) peaks of the inclusion compound of ZnPc 

(15) when compared to peaks due to CD or the phthalocyanine compounds alone. The 

XRD pattern change upon inclusion suggests formation of inclusion complexes. 

15 

15+ CD 

1 
~CD 

..--=;- .. "-T -o 10 20 30 40 50 60 70 

9 Angle 

Fig. 4.50: Powder x-ray diffraction patterns of ZnPc (IS), the inclusion complex 

and ~ -cyclodextrin. 

4.5.2 Fluorescence and photochemical studies on MPc-cyclodextrin 

inclusion complexes 

The increase in fluorescence intensity upon addition of CD has been reported for 

porphyrin complexes [182] ; but a decrease in fluorescence intensity has also been 

reported for some porphyrins [184]. In both cases, these changes were attributed to the 

formation of inclusion complexes. The fluorescence quantum yields (<I>F) for the MPc 

derivatives were however not significantly affected by addition of CD for all the 

complexes (Table 4.20), except for ZnNPc (32) where <I>F decreased on inclusion. 
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Singlet oxygen quantum yields (q,,J for the MPc derivatives and the naphthalocyanine, 

compound 32, are also given in Table 4.20. 

On addition of CDs to the ZnPc derivatives, there was a general increase in the q,,,, values 

for ZnPc (15) , ZnTNPc (17), ZnTBPPc (19) and ZnNPc (32) , but not for ZnTAPc 

ZnTAPc (16), considering experimental error. The increase in q,,,, values for these 

complexes may suggest that CD removes aggregation which may be present to some 

extent even in the complexes which appear to be monomeric from their spectra (e.g. 

ZnTBPPc, 19), resulting in an increase in absorption intensity on addition of CD. 

Table 4.20: Singlet oxygen (q,A), photodegradation (q,Pd) and fluorescence (<l>F) 

quantum yields for ZnPc derivatives and their inclusion complexes in DMSO. 

Complex AQband, nm AF, nm <1>F <1>1\ "<1>Pd (x 10') 

ZnPc (15) 672 678 0.20 0.67 2.61 

15·I3CD 672 681 0.18 0.74 0.68 

ZnTAPc (16) 727 732 <0.01 0.11 

16·I3CD 727 732 <0.01 0.11 

ZnTNPc (17) 682 691 0.022 0.11 

17·I3CD 682 691 0.022 0.21 

ZnTBPPc (19) 681 692 0.14 0.60 3.33 

19·HP·yCD 681 692 0.14 0.75 2.75 

ZnNPc (32) 766 773 0.065 0.19 16.35 

32·I3CD 766 772 0.059 0.27 20.40 

'<I>Pd values could not be obtained for 16 and 17 (and their inclusion complexes) because these 

complexes did not photobleach; rather, they underwent photo transformation. 

Photobleaching studies were undertaken in order to determine the effects of CD on the 

stability of the ZnPc derivatives in the presence of light. The presence of CD decreased 
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the cDPd values (for 15 and 19) compared to the values in the absence of CDs, the notable 

exception being ZnNPc (32). The decrease in ¢Pd may be due to the partial protection of 

the phthalocyanineOring (by CD) from attack by singlet oxygen. 

4.6 MPc BINDING TO BOVINE SERUM ALBUMIN 

(BSA) 

4.6.1 Interaction of MPCSmix with BSA 

The binding constants (Kb) obtained for MPCSmix-BSA binding, together with the 

binding stoichiometry of the complex formed were obtained as described by Eq. 

2.104, given below as Eq. 4.19 (Fig. 4.51); and the results are presented in Table 4.21. 

The values are typical for MPc-albumin interactions in aqueous solutions [190]. 

log 0 = 10gKb + nlog[MPcS mi, 1 [
(F: -F) ] 
(F-U 

(Eq.4.19) 

o Logkb = 1.2575 Log[SiPcS\ + 6.1091 

R' = 0.9962 

-1.2 +-----r-----r-----r----T----,.------. 
-5.8 -5.6 -5.4 -5.2 

Log[SiPcS] 

-5 -4.8 

Fig. 4.51: Determination of MPcSmix-BSA binding constant in PBS 7.4. 
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The highest value of Kb was obtained for AIPcSmix (27) which is particularly 

monomeric while the aggregated ZnPcSmix (28) and SnPcSmix (31) complexes gave 

the lowest values. This shows that aggregation plays an important role in the binding. 

The involvement of a dimer in BSA binding is indirect, via dissociation into 

monomers. Consequently, Kb values for aggregated species are expected to depend 

largely on, and be limited by the inherent dimer dissociation constants. 

Table 4.21: Binding and quenching data for MPcSmix-BSA interaction in PBS 

7.4. 

Complex Kb n K BSA K MPCS kQ '"tF 
S s 

xlO-6 (M-I) xl 0-4 (M·I) xlo·3 (M·I) xlO-12 (M-Is-I) ns 

AIPcSmix (27) 17.21 1.396 11.45 58.43 1l.40 5.13 (5.34) 

ZnPcSmix (28) 0.10 1.008 7.36 7.36 b2.9 (2.78) 

SiPcSmix (29) 1.29 1.258 6.90 34.36 6.90 4.98 (4.55) 

GePcSmix (30) 0.81 1.077 4.54 18.48 4.54 4.07 (4.32) 

SnPcSmix (31) 0.08 1.004 1.98 1.98 (2.03) 

'Values in brackets obtained from hydroquinone quenching data, bvalue from reference 158. Ks 

and hence t F coukd not be determined for the aggregated species (28 and 31), as the fluorescence 

quenching of theses species by BSA was overridden by the effects of monomerization. 

The variation of Kb with the nature of the complex in Table 4.21 could also be a 

reflection of the relative affinity of BSA for the respective MPCSmix species. Again, 

the observed variation in the values of Kb could suggest the predominance of species 

containing a larger number of negatively charged sulphonate groups in some of the 

MPCSmix mixtures, since it is known that serum albumins have high affinities for 

negatively charged molecules [269]. As HPLC studies have shown (compare Fig. 4.9 

and Fig. 4.10), AlPcSmix (27), SiPcSmix (29) and GePcSmix (30) have derivatives 
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containing more of the highly sulphonated derivatives in the mixture (more negatively 

charged groups), hence higher affinities for BSA than ZnPCSmix (28) and SnPCSmix 

(31), which contain more of the less sulphonated derivatives in the mixture. The 

number of binding sites on BSA (n) obtained from the experiments is ~ 1 (Table 

4.21), which suggests a 1: 1 stoichiometry for all the MPcSmix:BSA adducts. 

4.6.2 MPCSmix-BSA fluorescence quenching analysis 

BSA and each of the MPCSmix species display mutual quenching on one another. 

These reciprocative fluorescence quenching could have arisen from either dynamic 

(no complexation) or static (due to non-fluorescent ground state complex) quenching. 
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Fig. 4.52: Fluorescence emission spectral changes of BSA on addition of 

increasing concentrations of SiPcSmix (29). 

The Stem-Volmer analysis (Eq. 4.9) of fluorescence data was used to discern the 

actual quenching mechanism. Figs. 4.52 and 4.53 show the quenching of BSA by 

SiPCSmix and of GePCSmix by BSA in PBS, respectively. The slopes of the plots shown 
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in Figs. 4.54 and 4.55 gave K~~A and K~:'Sm" , respectively. Fig. 4.53 shows the 

quenching behaviour of MPCSmix by BSA, typical of the un-aggregated complexes 

(AI, Si and Ge complexes). For the Zn and Sn complexes, there were increases in 

fluorescence intensities (rather than quenching) upon addition of BSA, hence the 

K:'Sm', values could not be determined (see Section 4.6.3); whereas all five MPCSmix 

complexes (27 - 31) quenched BSA, with K ~~A values shown in Table 4.21 as K ~SA 

(see below) . 
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Fig. 4.53: Fluorescence emission spectral changes of GePCSmix (30) on addition of 

increasing concentrations of BSA. 
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Fig. 4.54: Stern-Volmer plot for SiPcSmix (29) quenching ofBSA. 

2.5 

2 

~1.S 

1 

y;;; 18477x + 1 

R' = 0.9932 

1.60E-OS 

o .S +-------~------~------,_------,_------~------~ 
O.OOE+OO 1.00E-OS 2.00E-OS 3.00E-O S 4.00E-OS 

[BSA] /M 
S.OOE-OS 

Fig. 4.55: Stern-Volmer plot for BSA quenching of GePCSmix (30). 

6.00E-OS 

Values of kQ (bimolecular quenching constant) were determined from Eg. 4.20 

(similar to Eq. 2.106) for quenching of BSA by MPCSmix, using a value of 10-8 s [270] 

for the fluorescence lifetime of the BSA biopolymer (-t~SA ); and are listed in Table 
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4.21. The kQ values from Eq. 4.20 were then used to calculate the MPc fluorescence 

lifetime"t ~P's •• , according to Eq. 4.21 (similar to Eg. 2.108). 

(Eq.4.20) 

(Eq. 4.21) 

kQ values are of the order of 1012 M-I 
S-I, Table 4.21. However, the acceptable value 

of kQ for dynamic quenching according to Einstein-Smoluchowski approximation 

[224] at room temperature is of the order of 1010 M·I S-I. The high values of kQ 

observed in Table 4.21 , suggests that the fluorescence quenching of BSA by MPcSmix 

is not initiated by dynamic quenching, but by static quenching (Eq. 2.78, shown here 

as Eq. 4.22), and the K:~A and K~:'S.i' values in equation Eqs. 4.20 and 4.21 are due 

to static quenching, hence may be represented by K ~SA and K~1P'S.i' , respectively. 

(Eq.4.22) 

Where Q is either BSA or MPSmix. 

The static quenching constants (K~SA and K ~PoSmi'; Table 4.21) for BSA and the 

MPcSmix complexes reveal the relative degrees of interaction between BSA and the 

MPcSmix complexes. Both constants are highest for AIPcSmix (27). From these values, 

it could be inferred that 27 (K:SA = 11.45 x 104 M-I
) possesses the highest degree of 

interaction with BSA while SnPcSmix (31, K: SA = 1.98 x 104 M-l
) has the lowest. The 

observed lower values of K~SA for ZnPcSmix (28) and SnPcSmix (31) are not 

unconnected with their aggregation in aqueous solution; and the relatively higher 

values for the former (28) could imply the lower aggregation tendency of 28 

compared to 31. The high K:SA and K~P'Smi' values for 27 compared to the other 
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monomeric complexes - SiPcSmix (29) and GePcSmix (30), suggests that the latter two 

have lower affinities for BSA than the former. 

MPCSmixjluorescence liJetimesjrom BSA binding data 

A crucial assumption was made in this study; that kQ values are the same for both 

MPcSmix-quenching of BSA and BSA-quenching of MPCSmix. Making this 

assumption, it was possible to calculate the fluorescence lifetimes (T~P'Sm;' ) of the 

MPCSmix complexes, using Eq. 4.21, knowing the value of K~P's"" . The fluorescence 

lifetimes (Table 4.21) calculated for the MPCSmix complexes, using this method, are 

quite close to the typical MPc fluorescence lifetimes [79,158] . The procedure 

described here could however not be employed in the case of ZnPCSmix (28) and 

SnPCSmix (31), whose fluorescence intensities increased on BSA addition (see 

discussion below). 

Among the three complexes: AIPcSmix (27), SiPcSmix (29) and GePCSmix (30) which 

are monomeric, fluorescence lifetime decreases as the atomic mass of central metal 

ion increases, most probably due to an enhanced intersystem crossing. The literature 

value for 28 (158] is notably less than those calculated for 27, 29 and 30, which is 

attributable to the aggregated nature of this species in aqueous solution. Comparing 

the lifetime values (for 27, 29 and 30) obtained using this procedure with those 

obtained from HQ quenching of MPCSmix> one can say that the values are the same, 

considering a 5 % error margin (Table 4.21). 
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4.6.3 Effects of BSA binding on photophysical and photochemical 

properties of MPCSmix complexes. 

BSA shows a strong absorption around 280 nm (log E = 4.65) which is characteristic 

of tryptophan residues [200,271]. Fig. 4.56 shows the ground state electronic 

absorption and fluorescence emission spectra of BSA in PBS 7.4. 
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Fig. 4.56: Ground state electronic absorption (i) and fluorescence emission (ii) 

spectra of BSA in PBS 7.4. 

In Fig. 4.57, one can observe the small bathochromic shift (- 2 nm) in Q band 

position of AIPcSmix (27) when bound to BSA. This implies that a complex is actually 

being formed between the photosensitizer and the biopolymer. A similar subtle 

change in Q band position was observed for SiPcSmix (29), but not for ZnPcSmix (28), 

GePcSmix (30) and SnPcSmix (31). 

This observation could be an indication of the varying degrees of feasibility of 

binding to BSA, with 27 and 29 showing the highest probability. HPLC showed that 

ZnPCSmix (28) and SnPCSmix (31) have more of the less sulphonated derivatives, hence 

will show lower tendencies to bind with BSA. 
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Figure 4.57: UVlVis spectral effect of A1PcSm;x binding to BSA in PBS 7.4. 

750 

Fig. 4.58 shows the fluorescence emission spectra of mainly monomeric AIPcSm;x 

(27) and mainly aggregated ZnPcSm;x (28) (free and BSA-bound). 

For the monomeric MPcSm;x species, BSA binding resulted in reasonable fluorescence 

quenching which is manifested in decrease in spectral intensity in the presence of 

BSA. For ZnPcSm;x (28), an increase in emission intensity is observed in the presence 

of BSA (Fig. 4.58). The fluorescence quantum yield (<l>F) values of AIPcSmix (27), 

SiPcSm;x (29) and GePCSmix (30) (Table 4.22), are larger than those of their BSA-

bound counterparts. On the other hand, BSA binding resulted in increase in <l>F values 

for the aggregated ZnPcSmix (28) and SnPCSmix (31) (Table 4.22), which suggests that 

BSA actually monomerizes the aggregated species. 
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Figure 4.58: Fluorescence emission spectra of MPCSmi. in the presence and 

absence of BSA in PBS 7.4. 

Table 4.22: Photophysical and photochemical parameters of MPCSmix complexes 

in PBS 7.4. 

AQ (nm) AF (nm) ClIp CIIT CIIIC 10' ICIIPd CllII ~oP 
<J)SnPeS..u 

OP 

AIPcSmix (27) 674 677 0.44 0.44 0.12 0.40 0.42 

(677) (683) (0.34) (0.59) (0.59) 

ZnPCSmi. (28) 673 677 0.16 0.53 0.31 3.65 0.45 

(676) (681) (0.20) (17.1) (0.37) 

SiPcSmix (29) 678 682 0.34 0.45 0.21 0.71 0.49 

(679) (682) (0.30) (0.86) (0.40) 

GePcSmi. (30) 680 686 0.30 0.67 0.03 0.45 0.68 

(680) (686) (0.24) (0.44) (0.57) 

SnPcSmi. (31) 688 699 0.05 0.59 0.36 1.59 0.42 

(685) (688) (0.07) (1.77) (1.00) 

Values in brackets arc in the presence of 10 molar proportions of BSA. 
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4.6.4 Photosensitized oxidation of BSA 

MPc photodegradation is believed to be a singlet oxygen-mediated process [180], and 

so its efficiency should be related to the rate of singlet oxygen generation, among 

other factors. With the exception of GePcSmix (30) for which the value of !l>Pd did not 

change (Table 4.22), MPCSmix photobleaching was enhanced in the presence of BSA. 

This is attributed to the formation of active oxidative albumin species which could 

additionally react with the MPCSmix. 

In the photobleaching experiment on BSA-bound MPCSmix> MPCSmix photobleaching 

was accompanied by substantial intensity increase in the UV region of the spectrum 

(Fig. 4.59) , implying that BSA competes with the MPCSmix for singlet oxygen. It is 

difficult to identify which species is responsible for the UV region intensity increase, 

but it could be due to some BSA photo-oxidation products, which absorb in the UV 

region. 
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Figure 4.59: Photobleaehing of AlPeSmix (27) and photosensitized oxidation of 

BSA in PBS 7.4. Irradiaiton at 27's Q band maximum. Light intensity used was 

4.82 XlO l6 photons S-I em-I. 
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Due to the relatively large concentration of BSA used in the experiments and the high 

rate constants for reaction of singlet oxygen with some amino acid side chains (272). 

it is logical to think that BSA would be a target for singlet oxygen. A series of 

endoperoxides and hydroperoxides have been indicated as products of oxidation of 

amino acid side chains in proteins (272) . 

In order to quantify the efficiency of BSA photooxidation. the intensity increase in the 

UV region (305 nm) was used. and this is related to the photooxidation quantum yield 

(<Pop). by Eq. 4.23: 

(Eq. 4.23) 

Where At and Ao are the absorbances at 305 nm after irradiation for t secs and before 

irradiaiton respectively; V. the reaction volume; E. the molar extinction coefficient of 

oxidation product; and l abs. the intensity of absorbed light in photon mol S·l. 

But 

R = (A, - A o)V/E 

t 
(Eq.4.24) 

Where R is the rate of formation of oxidation product. It therefore follows that 

(Eq.4.25a) 

For another photosensitizer. we can write a similar equation: 

Taking ratios. 

<D ~p = R '.labs 

<D OP 
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Values of BSA photooxidation quantum yields were obtained relative to that in 

SnPcSmix (31), which is given an arbitrary value of 1.00. The relative values of <PoP 

for all MPCSmix complexes studied are listed in Table 4.22. 

Singlet oxygen quantum yield experiments in the presence of BSA yielded no results, 

as the singlet oxygen trap employed (ADM A) was not bleached during the 

experiment. However, slight spectral changes (similar to those attributed to 

photooxidation) were observed for BSA. BSA is probably more susceptible to singlet 

oxygen oxidation than ADMA. 

4.6.5 Kinetic data from MPCSmix·BSA binding (fluorescence 

lifetimes) 

The rate constants for the excited singlet state deactivation processes (kF, kIC and kIScl 

were calculated from the determined values of MPCSmix fluorescence lifetimes and the 

quantum yields of the respective singlet excited state deactivation processes (<PF, <DIc 

and <DIscl, and are listed in Table 4.23. 

Table 4.23: "Rate constants for MPCSmix intrinsic processes in PBS 7.4. 

Complex 'tF kF (xlO" ) k ISC (xlO" ) k IC (xl 0' ') 

(ns) (S·l) (S·l) (S·l) 

AIPcSmix (27) 65.13 8.58 8.58 2.34 

ZnPcSmix (28) c2.78 5.76 19.10 11.20 

SiPcSmix (29) b4.98 6.83 9.04 4.22 

GePcSmix (30) b4.07 7.37 16.71 0.74 

SnPcSmix (31) c2.03 2.46 29.10 17.70 

224 



Results and discussion 

'Yalues calculated using Eqs. 2.64a-c: k F = <l> F; k IC = <l> IC; k ISC 

'F 'F 

<l>ISC (11 
-e::..::..cc:... <l>F taken from 

'F 

Table 4.4; "'T and "'IC from Table 4.7: bYalues obtained from BSA quenching data (Table 4.21); 

'Yalues from HQ quenching data (Table 4.10) . 

The superior photo-activity of this species is also shown in Table 4.22, where its 

values of <1>F, <1>T and <1>/1 are consistently high. 

The values of kF, kISC and k1c determined from BSA binding are within the same order 

or magnitude as those determined from HQ quenching (Section 4.2.3.2), Table 4.10. 
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5 CONCLUSION 

This thesis has presented a comprehensive investigation of the effects of 

peripheral substituents, axial ligands, central metal ions and solvents on the 

photophysical and photochemical properties of non-transition metallophthalocyanine 

derivatives. The variation of fluorescence quantum yield (¢T) with substituent type is 

slight; this parameter was found to be more responsive to change of solvent than to 

change of substituents. 

The presence of sulpha substituents leads to the enhancement of intersystem crossing, 

as evident from the higher values of triplet quantum yields (¢T) compared to that of 

unsubstituted ZnPc. Most of the substituted ZnPc derivatives gave lower singlet 

oxygen quantum yield (¢",) values than the unsubstituted ZnPc, due to the probable 

quenching of singlet oxygen by vibrations in the substituents. The anionic 

sulphonated ZnPc derivatives again gave longer triplet lifetimes (tT) and higher triplet 

state quantum yields compared to the rest of the complexes, probably due to the poor 

ability of anionic species to dissipate excitation energy non-radiatively. The low 

triplet lifetimes of some of the complexes, e.g., ZnTBPPc (19), was interpreted in 

terms of the flexibility of the substituents, the motion of which accelerates non­

radiative decay of the excited states. Since it is desirable for molecules to have 

reasonably high values of ¢T and tT for efficient photosensitization, the design of new 

photosensitizers should take into consideration the charge and flexibility of the 

molecules. 

This work stresses the importance of solvent consideration in the spectral, 

photophysical and photochemical studies of MPc complexes. The largest red shift of 

Q band of ZnPc (15) was observed in aromatic solvents, the highest shift being 
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observed for l-chloronaphthalene. Split Q band in the emission and excitation spectra 

of ZnOPPc (22) was observed in some solvents and this was explained in terms of the 

lowering of symmetry following excitation. THF proved to be a solvent which 

behaves quite differently from the rest of the solvents; for example, higher tIlF values 

were obtained in this solvent for ZnPc (15) and ZnOPPc (22) ; also, 

photo transformation, rather than photo degradation, was observed for 22 in this THF. 

Solvent studies revealed that strong near-IR absorption of some solvents is 

responsible for the short singlet oxygen and triplet lifetimes in such solvents, and that 

photostability of the complexes is a function of solvent basicity. 

The tIlT and tIl" values of MPCSmix complexes, where M = AI, Zn, sr, Ge or Sn, 

suggest efficient sensitization for the production of singlet oxygen, the chief cytotoxin 

in PDT. ZnPCSmix (28) and SnPCSmix (31) showed aggregation in PBS 7.4 and this is 

explained in terms of the preponderance of the relatively lipophilic low-sulphonated 

MPc fractions present in solution, as proved by HPLC studies. Among the non­

aggregated complexes, 30 gave the largest value of tIl" compared to 27 and 29, and 

this is explained in terms of the heavy atom effect. Low values of tIlF were observed 

for the aggregated 28 and 31, as aggregation leads to severe quenching of 

fluorescence. 

The departure from linearity of the S-V plots for the fluorescence quenching of 

the complexes by BQ was ascribed to the coexistence of both dynamic and static 

quenching mechanisms, and the latter was interpreted according the "sphere of action 

quenching model". Quenching efficiency was found to vary directly as the size of the 

central metal ions of the complexes. On the contrary, MPCSmix fluorescence 

quenching by HQ was found to be diffusion-controlled (obeyed the Stem-Volmer 

relationship) and so was used to estimate the fluorescence lifetimes of the MPCSmix 
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complexes. In-depth photophysical studies of photosensitizers are usually hampered 

by the lack of fluorescence lifetime data; determination of fluorescence lifetimes 

involves the use of high-level equipment which are beyond the reach of many 

researchers. The fluorescence quenching analysis in this work is of great academic 

interest; it provides a simple route to the determination of fluorescence lifetimes of 

photosensitizers from simple fluorescence quenching experiments. The fluorescence 

lifetime values obtained compared well with typical MPc fluorescence lifetime 

literature values. 

Qualitative and quantitative interpretations of the interaction of MPCSmix 

mixtures with bovine serum albumin (BSA) were also discussed in this thesis. Results 

of binding experiments showed that each of the MPCSmix mixtures formed a 1: 1 

adduct with BSA. However, the binding feasibilities varied markedly, as evident from 

the values of binding constant (Kb) for the MPCSmix-BSA adduct; with AIPcSmix (27) 

giving the highest Kb value, while SnPCSmix (31) gave the lowest. The observed trend 

in the values of Kb was explained in terms of aggregation and the greater affinities of 

some of the species for BSA, than others. The spectral as well as photophysical and 

photochemical properties of the complexes were altered in the presence of BSA, thus 

providing a justification for this study. As in the case of HQ quenching, fluorescence 

lifetimes of the MPCSmix complexes were determined from MPCSmix-BSA binding 

data (which also obeyed the Stem-Volmer relationship), which is a simple but unique 

route to the determination of fluorescence lifetimes of MPc complexes from steady­

state measurements. Fluorescence lifetime values obtained in both cases mentioned 

above are closely comparable, within a 5 % error margin. 

This work also showed that ZnPc derivatives containing different peripheral 

substituents can form inclusion complexes with cyclodextrins. The resulting inclusion 
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complexes generally showed larger eDt. values when compared to the complexes before 

inclusion. Jobs plots showed that 2:1 and 4:1 (CD:MPc) complexes may be formed. 

Photobleaching is decreased after inclusion of the MPc derivatives into CD, while 

fluorescence quantum yields generally remained unchanged following inclusion into CDs. 

Protonation of ZnPc derivatives is dependent on the presence of axial ligands 

ring substituents; electron-donating axial ligands and ring substituents enhance the 

ease of protonation, while electron-withdrawing substituents make protonation more 

difficult. Ring-substituted ZnPc complexes which were aggregated in solution were 

nol readily protonated. Addition of protonating agents resulted in enhanced 

aggregation, as axial ligands were lost on protonation. The ease of protonation 

decreased with the increase in the basicity of the solvent, because a highly basic 

solvent competes with the MPc for protonation. In all cases protonation decreases the 

singlet oxygen and fluorescence quantum yields. Photobleaching quantum yields 

decreased for the protonated derivatives except when axial ligands were present, 

where protonation resulted in decrease in stability (increase in eDPd). 

Photophysical studies on the tetraporphyrin-phthalocyanine heteropentamer, 

20, revealed that there was a mutual quenching of the singlet excited states of both 

ZnPc and ZnTPP moieties when each was selectively excited in the pentamer. 

Quenching in the case of ZnPc was attributed to charge transfer while ZnTPP 

quenching was due to a combination of both charge transfer (CT) and energy transfer 

(ET). A ZnPc charge transfer state (CTS) was identified as the fluorescent species in 

DMSO (high dielectric constant), while the locally excited state (LES) was the 

fluorescent species in toluene; an observation that was related to the viscosity and 

polarity of the respective solvents. Comparison of the data for the pentamer and a 1:4 

molar mixture of ZnPc and ZnTPP showed greater efficiencies of charge transfer and 
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Conclusion 

energy transfer in the pentamer, which was attributed to the proximity of the donor 

and acceptor in the pentamer. 
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