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ABSTRACT

Zinc phthalocyanines (ZnPc) are currently being investigated in relation to their use as
sensitisers for Photodynamic Therapy (PDT). In particular, the photophysical properties
of these dyes are of interest since their ability to generate the cytotoxic species, singlet
oxygen (10y), is believed to be central to their role in causing tumour necrosis. In this
study, a detailed investigation of the photophysical properties of substituted znc
phthalocyanines under various conditions is described.

Two novel p-tetra substituted zinc phthalocyanines have been synthesised,
ZnPc(CMe(CO,Me),)4 and ZnPc(CHMeCO,H),. The nature of peripheral substituents
has litle effect on triplet state or singlet oxygen production by ZnPc, however,
ZnPc(CHMeCO,H), displays a remarkable sensitivity to the ionic strength of non-
aqueous solutions. Ion concentrations below 104 mol dm-3 induce dimerisation whilst
concentrations greater than this promote monomerisation. This behaviour is attributed
to ion pairing effects. Photophysical properties of substituted zinc phthalocyanines in
heterogenous media and on solid substrates are also described.

The temperature and pH of solvent media greatly influence the photophysical properties
of phthalocyanines. Octadecyl zinc phthalocyanine (C10) aggregates upon cooling to
77 K in ether-pentane-alcohol (5:5:2) solution. Additional structure in the absorption
spectrum is observed, accompanied by the appearance of a fluorescence emission band at
760 nm. Aluminium phthalocyanine chloride in methanol dimerises upon addition of 2.5
x 10-3 mol dm-3 fluoride ions. Dimer species are characterised by a blue shifted peak in
the absorption spectrum and are non-fluorescent. These results are ascribed to different
aggregate geometries and discussed in terms of exciton theory. Low pH induces
stepwise protonation of the azomethine bridges of the phthalocyanine ring, Pc + nH+
= PcH, ™, where n = 0 to 4. Protonation results in significant changes in absorption,
fluorescence and triplet state properties of the phthalocyanine. A dramatic decrease in
singlet oxygen generation by the phthalocyanine (@4 (n = 0) = 0.54, ®A (n = 1) = 0.075)
is reported, and occurs under surprisingly mild conditions (pK, of ZnPcS, in 1% Triton
X-100/H,0 = 4.4). ‘

The propensity of ZnPc's to bind to serum protein and to participate in electron transfer

reactions with potential electron donors is discussed.
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CHAPTER [
INTRODUCTION

1.1 Background

Photodynamic Therapy, or PDT, is an alternative treatment for cancer which is currently
undergoing clinical trials. The principle on which it is based has been known for almost
one hundred years. Around that time, Meyer-Betz self administered haematoporphyrin
to determine its biological effect!!] and Von Tapiener's laboratory(?! in Munich reported
the destruction of skin tumours by the use of topical eosin and light. Progress was slow
in the early years, the only major breakthrough coming in 1948 when Figge and
co-workers® noticed that porphyrins and metalloporphyrins have a tendency to
accumulate in neoplastic, traumatised and embryonic tissue. The build-up of porphyrins
can be recognised by their characteristic red fluorescence upon irradiation by light. This
principle was seized by Figgel® in 1955 and again by Lipson!®) in 1961, to show that
porphyrins could be used to aid in the detection of malignant growths. Lipson and his
group were also responsible for the development of HpDI6), one of the first compounds
to be clinically tested as a photosensitiser for PDT. HpD is a haematoporphyrin
derivative which was shown to exhibit greater localisation than the original porphyrin.
Throughout the 1970's the destruction of various types of tumour such as bladderl7},
leukaemic!®], breast!®, lung(!% and colon cancers!!!], using HpD as a photosensitiser, was
reported and it was suggested that singlet oxygen may be an important intermediate in
the cytotoxic process!12h13]. Studies on HpD, including its chemical composition!!4] and
mechanisms for its transport and distribution throughout the body continued throughout
the 1980's and complications associated with using HpD were realised!!5]. In 1985 Ben-
Hurl!¢! proposed phthalocyanines as a second generation class of sensitisers in an attempt
to overcome these problems. Studies of both the biological and photophysical properties
of this class of drugs have proved promising and research continues to increase
understanding of the mechanism of cell destruction and sensitiser localisation.

1.2 Principle of PDT!17):[18]

The basic principle of PDT is very simple. The treatment involves the use of a light
activated drug, known as a photosensitiser, and a light source such as a laser. The
photosensitiser is injected intravenously and, after a period of 48 - 72 hours, the drug is
observed to be preferentially located within malignant tissue (Figure 1.1). The
photosensitiser is activated by directing light at the tumour, usually from a laser source -
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Figure 1.2.

Jablonski diagram showing absorption and deactivation processes of sensitisers.

In the absence of quenchers, these include radiative emission (fluorescence), internal
conversion (when the states involved are of the same spin multiplicity) and intersystem
crossing. Intersystem crossing involves a transition between states of different
multiplicity, S; — T; or T} — S, and is a prerequisite for population of the triplet state
(T1). This process is forbidden by the zero order approximation{!%); however, the
influence of spin-orbit perturbations render the pathway viable. It is the properties of the
T} state that are of importance in the mechanism of PDT. In the absence of oxygen and
other quenching species, triplet species decay via phosphorescence emission or by spin
forbidden intersystem crossing to the ground state, S;. However, in a biological
environment, there are generally believed to be two types of reaction which may occur,
Type I and Type II (Figure 1.3). The Type I mechanism involves interaction of the
sensitiser triplet state with solvent molecules or biological substrates to produce radicals
or radical ions by hydrogen atom or electron transfer. These radicals react with oxygen
to produce the cytotoxic superoxide radical anion. Alternatively, the triplet state can
interact directly with ground state oxygen in an energy transfer reaction to produce

singlet oxygen, (lAg) 0,, 10,.
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Figure 1.3. Destructive pathways of PDT.

The formation of 10, has been discussed in detail in a review by Kearns[20!. Production
is believed to occur via an energy transfer mechanism from excited singlet (Equation 1.1)
or triplet (Equation 1.2) sensitiser states to ground state molecular oxygen.

ISens*+302———>3Sens*+102 (1.1)

3Sens” +30,— 4 51(Sens..0,) —— 03("ag)+ LSensy  (a)

I(Sens..0,) — 0x(*£ ;" )+ 1Sensy () 12)

3(Sens..02) — 02(32 g_)+ ISenso (c)

3(Sens..0; ) ()

where kg represents the diffusion controlled rate constant. In practice, singlet state
quenching is rarely observed due to the short lifetime of these states with respect to the
diffusion rate of molecules through solution, i.e. the number of 1Sens™ and 30, collisions
is small. It can be seen from Equations 1.2a to 1.2d above, that singlet oxygen species
result from only one out of nine possible collision complexes. This leads to a theoretical
triplet state quenching constant, ko,, of 1/9 k4. Experimentally?!], values of ko, an
order of magnitude lower than k; were obtained, lending credence to this theory.
Molecular orbital schemes for the formation of lAg and 12g+ are depicted in Figure 1.4.
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Figure 1.4. Formation of singlet oxygen.

125+ and 1A, excited states of O, occur at 13121 cm! and 7882 cm! above the ground
state respectively. The ratio of each state formed is dependent on the triplet state
energy, ET, of the sensitiser. For Et values of ~ 160 kJ mol-! (~ 13350 cm-1) or less,
1A, is the major product.

Both superoxide radical species and singlet oxygen cause oxidative destruction of tissue
and hence may perform a vital role in the mechanism of PDT. However, it is generally
believed that 105 is the major intermediate responsible for photodynamic action although
confirmation is prevented by lack of data regarding in vivo detection. Detection is
difficult due to rapid quenching of 10, in an in vivo environment, indeed, it has been
shown that singlet oxygen phosphorescence generated by sensitisers incorporated into
cells?2) is of greatly reduced intensity and shorter lifetime with respect to that in a
homogeneous environment. A summary of the competing processes is given below:

Sg+hv — §* Absorption I

S1* = Sp+hv Fluorescence kd S4]

S1* = Sp + heat Internal Conversion ki [S;]

Si* > T* Intersystem crossing  ks.[S1]

Ti* = Sg+hv Phosphorescence kp[T4]

T1* = S + heat Intersystem crossing  kis[T;]

Ty* + Subs — Sens*- + Subs*- Electron transfer k;[T;][Subs]

T + 02(32g-) >M+ 02(1Ag) Energy Transfer kp[T1[O5]
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The properties of the drug administered are extremely important and, whilst it is easy to
specify those which make an ideal sensitiser, in real terms it is much more difficult due to
the many biological factors which may have an influence. To avoid destruction of
healthy tissue, a sensitiser should be retained solely by neoplastic tissuef?3). It should
absorb in the red region of the spectrum with little or no absorption in the ultraviolet
region in order to minimise sensitisation to sunlight after intravenous administration of
high concentrations of dye and allow optimum penetration of tissue. It should have a
defined chemical composition and, perhaps most important, are the photophysics of the
sensitiser and its ability to generate high concentrations of cytotoxic intermediates such
as singlet oxygen. There have been large amounts of work carried out in order to
develop photosensitisers which fulfil the criteria listed above.

Porphyrins, specifically a water soluble haematoporphyrin derivative and its purified
form, marketed as Photofrin IIR, were the first compounds recognised to have potential
as PDT sensitisers(6. These were shown to be clinically effective in many cases using
both animal and human subjectsi?4l[25] however, a number of problems were
encountered. Dealing with a complex mixture of compounds made it difficult to
replicate the exact formula. Storage times and synthetic routes both affected the
composition and the extent of aggregation. Variations(26h27] such as these lead to
reduced biological efficiency in certain environments and different distributions between
malignant and healthy tissue. The strong absorption band of porphyrins in the ultraviolet
region of the spectrum also introduced a serious side effect to PDT treatment(1).
Retention of significant amounts of porphyrin in the skin led to the patient becoming
sensitised to sunlight in the period following treatment, thus risking the development of
skin cancer. This was compounded by the low extinction coefficient of porphyrins at
630 nm which made it necessary to inject high concentrations in order to obtain a

satisfactory response.

As a result of these problems, a series of second generation sensitisers has been
proposed. These include chlorinsf?8), purpurins?®), phenylporphyrinsi3® and
phthalocyaninesB!l. It is the phthalocyanines (Pc) that are of interest in this study and
detailed reviews of these and other sensitisers can be found elsewhere(321.331.(34]
Phthalocyanines are derivatives of the porphyrin family in which the methine bridges have
been replaced by nitrogen and the pyrrole moieties are extended by conjugation with
extra benzene rings (Section 1.3). These modifications lead to a remarkably different
absorption spectrum with a sharp peak at ~ 670 nm and no absorption between 400 nm
and 600 nm. The large extinction coefficients of Pc's in the red region of the spectrum
and their transparency at shorter wavelengths give them an immediate advantage over
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porphyrins as much lower doses are required and the risk of photosensitisation is
substantially reduced. Coordination of certain metals to the Pc ligand has been shownBs!
to create a more efficient PDT agent. In general, diamagnetic metals, e.g. Al, Ga and Zn,
are the most suitablel®] (13 of ZnPcl®] = 270 us) due to modifications of the
photophysical properties which result in long triplet lifedimes and high quantum yields
and therefore a greater ability to generate 102. Paramagnetic metals such as Cu, Ni, Fe,
Cr and Pd increase the rate of intersystem crossing (Ty — Sp) and substantially reduce
the lifetime of the triplet state (t7 of CuPcl®*) = 0.04 us). Sulphonated aluminium
phthalocyanines have been the subject of many studies[391140141] and shown to have great
promise as future sensitisers. Incorporation of sulphonate groups onto the
phthalocyanine ring renders the molecule soluble in aqueous media, useful for
intravenous administration, however the efficacy has been shown to depend on the
degree on sulphonation!?l. This leads to complications, as separation of the various
isomers produced during AlPcS,, synthesis is a formidable task. Alternative methods of
controlling the hydrophilicity and lipophilicity of sensitiser macrocycles through the use
of axial ligands on chemically pure phthalocyanines such as silicon phthalocyanine(*3! and
ruthenium naphthalocyaninel4 have also shown promise.

1.3 Electronic Structure of Phthalocyanines

A typical absorption spectrum of a monomeric metallophthalocyanine (ZnPc in 1%
pyridine/toluene solution) is depicted in Figure 1.5. Two major bands can be observed at
~ 350 nm and ~ 670 nm, termed the Soret and Q bands respectively. Many theoretical
investigations have been performed to assign the transitions responsible for these
bands[451.1461,1471,148]_
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Figure 1.5. UV/Visible absorption spectrum of ZnPc¢ in 1% pyridine/toluene solution.

Absorption is dominated by phthalocyanine ligand electronic structure and it is generally
agreed that the Q band arises from a ntt* (eg < aj,) transition from the highest occupied
molecular orbital, HOMO, to the lowest unoccupied molecular orbital, LUMO (Figure
1.7). Peaks at ~ 605 nm and ~ 640 nm are assigned to vibrational modes of the first
excited statel*9). These hypotheses are supported by fluorescence emission with a ‘'mirror
image' band structure and a small Stokes shift of ca. 10 nm. Transitions are sharp with
narrow bandwidths due to rigidity of the planar macrocycle. The HOMO of metal
substituted phthalocyanines consists of two degenerate energy levels, corresponding to
transitions polarised along the x and y directions’®®. In metal free phthalocyanines,
degeneracy of the S state is lifted and splitting of the main Q band occurs, resulting in
two transitions separated by ~ 880 cm-l. By convention, the lower energy transition is
referred to as Qy and the S « S transition as Q. Q is believed to be polarised along
the H-H axis, as depicted in Figure 1.6.
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S
aacy

Figure 1.6. Structure of tetra 'butyl metal free phthalocyanine.

Transitions responsible for Soret band absorption are more difficult to identify.
Gouterman suggested the main absorption was a ®n* transition of €g < ap, Symmetry,
i.e. HOMO-1 to LUMO (Figure 1.7), which was broadened by nn* transitions of

comparable energy.

b2u

lu

Soret

Figure 1.7. Energy level transitions of Q and Soret bands.

This has since been confirmed through absorption and x-ray photoelectron spectroscopy
experimental studies performed by Nyokongts!l and Khalibl®2, Rosals® performed

28




1. Introduction

density functional calculations on the electronic states of several metallophthalocyanines
and concluded that the Soret band consists of a mixture of several mm* and nr*
transitions. Morley ez all*’l have calculated the position and magnitude of electron
density in the HOMO, HOMO-1 and LUMO of zinc phthalocyanine (Figure 1.8). Q
band absorption involves large changes in the electron distribution of the excited state
with respect to the ground state. Density shifts from inner ring carbon atoms to nitrogen
atoms. By contrast, Soret band absorption (HOMO-1 to LUMO) results in minimal
changes in the electronic distribution.

LUMO

Figure 1.8. Electron density of the HOMO, HOMQ-1 and LUMO of ZnPe.
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1.4 Transport and Delivery Systems

One method of introducing photosensitisers in vivo is to use delivery systems®4 such as
liposomes, oil emulsions, proteins or antibodies. In this way, hydrophobic sensitisers
such as zinc phthalocyanine may be administered intravenously. There have been many
studies investigating the suitability of potential vehicles and their effect on the transport
mechanism and localisation of sensitisers. Schieweck!SS] and Joril56) have shown that
ZnPc may be incorporated into liposomes of various types in its monomeric form,
retaining its phototoxic properties. For germanium phthalocyanines, Cremophor EL has
been demonstrated to be most suitable since aggregation was observed in liposomal
solution3”).  Liposomes and oil emulsions such as Cremophor EL are by far the most
common methods chosen for solubilisation of hydrophobic dyes, however, delivery via in
vitro binding to low density lipoprotein!® (1dl) or monoclonal antibodiesS9 has also been
demonstrated. After injection into the bloodstream, sensitiser molecules are believed to
interact with human serum proteins/®®. Human serum protein has many different
components including albumin, low density lipoprotein (ldl), high density lipoprotein
(hdl) and very low density lipoprotein (vldl). The affinity of many different sensitisers for
individual components depends on their hydrophilic / lipophilic character. For example,
it has been shown that the more hydrophilic dyes such as AIPcS,[6!) bind to albumin,
whilst those of lipophilic character, e.g. ZnPc, will interact with low density
lipoproteins[621631164], Protoporphyrin shows evidence of binding to 1dl65), chlorin E6
demonstrates binding to albumin and hdl but not 1d1(6¢} and haematoporphyrin associates
with albuminf®”], thus, it is clear that binding is highly sensitive to the nature of the
chosen sensitiser. The mechanism by which liposomes are incorporated into Idl has been
investigated by Rensen et al.[8] who have shown that neither aggregation nor fusion of
particles are involved. However, the exact mechanism has yet to be elucidated.
Distribution to proteins is also affected by the nature of the delivery system. Work by
Kessell®9] has demonstrated that Cremophor EL promotes binding of tin etiopurpurin to
Idl whilst Polo{701 and Joril”!] have found that the nature of liposomal formulations also
has an effect on the transport mode, e.g., 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) liposomes
encourage release to lipoproteins whilst 1,2-dimiristoyl-sn-glycero-3-phosphocholine
(DMPC) allows delivery to both albumin and lipoprotein fractions.
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1.5 Retention and Localisation

An understanding of the factors which influence and control the localisation and
retention of photosensitisers within neoplastic tissue is an important area for
development of photodynamic therapy. There has been a large body of work carried out
in this area and many theories have been proposed. However, in vivo processes are
complex and further study is necessary. Hypotheses concerning retention and
localisation may be grouped loosely into two categories, one regarding the
physical/biological properties of neoplastic tissue and the other concerning sensitiser
characteristics such as its hydrophilicity (Figure 1.9).

Tumour Sensitiser
Properties Properties
| | [ 1
Low 1d1 High Hydrophilicity/ Affinity
pH Receptors Membrane! | Hydrophobicity for Protein
High Inefficient K, Aggregation
Vascular Lymphatic
Permeability Drainage

Figure 1.9. Factors affecting retention of sensitisers in a tumour.

A tumour may be divided into five main areas’?): Vasculature, which provides blood
supply and nutrients to the growth; Necrotic or dead areas, prevalent in inner regions of
the tumour where blood supply is poor; Immune cells, in particular macrophage cells
capable of engulfing and destroying foreign particles; Stromal areas, which are
composed largely of proteins such as collagen and elastin and form the tissues that make
up the framework of a growth and, of course, malignant tumour cells. A detailed
description of the composition of a cell may be found in any standard biology
publication, such as ‘Molecular Biology of the Cell' by Alberts er al.[3]. For the purposes
of this text, however, a simple model may be considered (Figure 1.10).
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Mitochondrion Membrane

Endoplasmic Reticulum|
Necrotic Areas

Nucleoli

Nugcleus

Ribosome

MALIGNANT CELL
TUMOUR Lysosome

Neovasculature

Endoplasmic Reticulum: Forms a link between the cell and the nuclear membrane.
Interstitial Space: Space in between cells.

Lymphatic System: Drains molecules that are too large to pass into blood capillaries.
Lysosome: Organelle which degrades molecules which have been transported into a cell.
Macrophage: Large cell that is able to engulf and destroy foreign particles.

Membrane: Sheet-like tissue that lines cells. Consists of lipid bilayer and is permeable
to water and fat soluble substances but impermeable to polar complexes such as sugars.
Mitochondria: Structures which carry out aerobic respiration and contain many
enzymes of the cell. Known as the "power house" of the cell.

Necrotic Areas: Dead areas within the tumour, inaccessible to oxygen.

Nucleoli: Contained within the nucleus, nucleoli play an important role in ribosome
manufacture.

Nucleus: Control centre of the cell, contains genetic information.

Ribosome: Attached to the endoplasmic reticulum, ribosomes are involved in protein
synthesis.

Stroma: Tissue that forms the framework of a growth.

Vasculature: Network of vessels for circulating fluids.

Figure 1.10. Schematic representation and glossary of a tumour and cell.
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The vascular system of tumour growths has been shown to have a greater permeability to
plasma proteins than that of healthy tissuel’. This, in combination with a poor
lymphatic drainage system(’s! leads to an accumulation of hydrophilic sensitisers in
interstitial regions(7¢]. Intratumoral pH is low with respect to healthy tissuel’” due to
production of lactic acid and carbon dioxide by anaerobic glycolysis(’8]. Bech and Pottier
have both considered the importance of pH. Bech!” studied the effect of pH on the
production of protoporphyrin IX from 5-aminolevulinic acid (ALA) whilst Pottier(8] has
shown that the biodistribution of haematoporphyrin is affected by pH. Tumours require
a greater amount of cholesterol than healthy cells and, therefore, possess a higher
concentration of low density lipoprotein (1dl) receptors8!} possibly encouraging retention
of hydrophobic sensitisers. Finally, the membrane potential of malignant cells is higher
than that of healthy cells. This promotes transport of hydrophobic sensitisers through the
cell membranel®2, in particular cationic dye species, which have been observed to
accumulate in mitochondria®] of the cell. Species which hyperpolarise the cell
membrane, such as nigercin, have been shown to increase the efficiency of photodynamic
action(®4}185], probably due to an increased uptake of the dye. For cell bound sensitisers,
photodynamic action acts to destroy neoplastic growth directly. It is already clear that
the site of localisation of sensitiser molecules varies according to the hydrophilicity. In
general, hydrophilic sensitisers localise in the vascular stromal®é] since negative peripheral
substituen§ prevent transport across cell membranes. Cell death is achieved as a result
of damage to the blood vessels which supply the malignant growth(&7],

The aggregation state, ionic distribution and pK, of sensitisers are also important.
Bellnier and Lin'®8] suggest that porphyrin molecules are trapped in intracellular sites due
to aggregate formation that prevents exit through the cell membrane. Work carried out
by Wood and co-workers®! has demonstrated the importance of ionic charge of
photosensitisers. In their study, cellular uptake of cationic ZnPc sensitisers was far
greater than that of anionic or neutral species. The site of retention also differed.
Cationic and anionic species initially resided in lysosomes whilst neutral molecules
located in the plasma membrane. After irradiation, charged species redistributed to
nucleoli of the cell. In addition, Johnson er al.®® have shown that only positively
charged rhodamine dyes are capable of crossing the negatively charged cell membrane to
reside in the mitochondria of the cell. It follows that pK, values of sensitisers will have
extreme mportance in controlling localisation properties. Protonation will alter the jonic
state of the molecule and hence the propensity to cross the cell membrane.

Localisation is also affected by the delivery mechanism employed. Kessel has shown!9]
that although tin etiopurpurin is efficiently delivered to cells when injected in an ethanolic
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solution, cytotoxicity was enhanced when a vehicle such as Cremophor EL was utilised.
This implies different mechanisms of retention. Reddil*] observed a two fold increase in
tumour:normal tissue retention ratio in MS2 fibrosarcoma when 1dl was used as delivery
vehicle as opposed to liposomes. The kinetics and accumulation rate of a silicon
naphthalocyanine sensitiser in urothelial cell carcinoma were also observed to depend on
the mode of delivery!®!l. It is clear that generalisations regarding transport mechanisms,
localisation phenomena and cytotoxic pathways should be regarded with caution.
Indeed, Peavy and co-workers®2 have shown that the biodistribution of AlPcS varied
with tumour type, e.g. distribution throughout tumour tissue was observed in
fibrosarcoma, however, in squamous cell carcinoma, sensitiser species were limited to
the vascular stroma. It is important to improve understanding in this area of PDT since a
knowledge of localisation and retention mechanisms would allow sensitisers to be
tailored to provide the optimum conditions for effective treatment of cancer.

1.6 Aim

The aim of this study was to investigate the photophysical properties of substituted zinc
phthalocyanines under a range of conditions. The effect of ring modifications such as
peripheral substitution by acid, ester or alkyl groups has been considered. In addition,
the influence of environmental factors such as medium, temperature and pH has been
determined. The propensity of zinc phthalocyanine to interact with biological substrates
such as bovine serum albumin or DNA via binding or electron transfer reactions was also
of interest. In this way it was hoped to develop an understanding of the photoproperties
of zinc phthalocyanine in relation to its use as a sensitiser for photodynamic therapy.

A brief summary of chapters two to six is given below:

Chapter 2:  Describes the photophysical techniques used throughout this work
including background theory necessary for a basic understanding of the

principles involved. Synthesis of two novel, substituted znc
phthalocyanines, ZnPc(CMe(CO,;Me),)4 and ZnPc(CHMeCO,H), is also
reported.

Chapter 3:  Discusses the solution state and photophysical properties of
ZnPc(CMe(COyMe),)4 and  ZnPc(CHMeCO,H),. The effect of
peripheral ligand substitution and the nature of the surrounding medium
(homogeneous, heterogeneous or solid state) on the photophysical
properties of substituted ZnPc's are also considered.
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Chapter4:  Dimerisation of phthalocyanines is investigated. The photophysical
properties of a novel, fluorescent dimer / aggregate of C10 are reported
and compared with those of a face-to-face dimer of aluminium
phthalocyanine. The properties of both species are discussed in terms of
exciton theory. Chapter 4 also describes the steady state fluorescence
anisotropy of phthalocyanines and how it may be used to study the nature
of excited states.

Chapter 5: A complete photophysical evaluation of mono to tetra protonated species
of tBuyZnPc in ethanol is given. The tendency of ZnPcS, to protonate in
micellar media and on solid state substrates is also described.

Chapter 6:  Discusses the propensity of substituted zinc phthalocyanines to bind to

biological substrates such as protein and DNA. Their ability to participate
in electron transfer reactions is also studied.
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CHAPTER 2
EXPERIMENTAL TECHNIQUES

In this work, photophysical techniques were employed to investigate the properties of
phthalocyanines under various conditions. A brief description of experimental methods
and relevant theory follows. Where further detail is required, the reader is referred to
comprehensive  texts  referenced  throughout. The synthesis of JB
-tetra-1,1-di(methoxycarbonyl)ethyl zinc phthalocyanine, ZnPc(CMe(CO,Me),)4, and f3
-tetra-1-carboxyethyl zinc phthalocyanine, ZnPc(CHMeCO,H), is described.
Modification of metal free phthalocyanines to produce the zinc metallated derivatives is

also included.

2.1 Photophysical Measurements
2.1.1 UV/Visible Absorption Spectroscopy

UV/Visible absorption spectra were carried out with an ATI Unicam UV2-100
spectrometer. Spectra were performed using quartz cuvettes, pathlength = 10 mm, over
an appropriate wavelength range (usually 300 nm to 800 nm). A baseline was obtained
using a suitable solvent prior to use. Molar extinction coefficients (g, dm3 mol-1 cm-1)
were determined using the Beer-Lambert law,

I
A=£cl=log1070 2.1)

where A is the absorbance at the wavelength of interest, ¢ is the concentration of
solution (mol dm-3), 1 is the pathlength of the cuvette (cm), I is the intensity of incident
radiaton and I is the intensity of radiation after passing through the sample.

2.2.2 Fluorescence Spectroscopy
2.12.]1 Spectra

Fluorescence emission and excitation spectra were recorded using a Perkin Elmer LS50B
luminescence spectrometer fitted with a red sensitive, Hamamatsu R928 photomultiplier
tube (PMT). The optical bench was controlled by FL-Winlab 3.0 running on an Elonex
P90 computer. In order to minimise inner filter effectsll], samples were prepared such
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2.1.2.2 Fluorescence Quantum Yields

The fluorescence quantum yield is defined as the number of photons emitted as
fluorescence as a ratio of the number of photons absorbed. This can be expressed in
terms of competing decay processes by assuming steady state conditions, i.e. the rate of
formation of singlet state equals the rate of decay.

Process Rate
SO +h > Sl Ia
Sl -—)So+hv kf[Sl]
Sl - SO + heat kic[Sl]
Sl - Tl kisc[Sl]
Using the steady state approximation:
Ia=ky[SplHkic[Syl+kise[S1] 22)
k
- O ! (2.3)

k f +k ict k isc
Fluorescence quantum yields determined in this work were obtained using the
comparative method of Williams et al.[?! in which the quantum yield is expressed as

Astd Ix n% (2 4)

Dx=Dgq. . .
Ax Isy n?td

where @, and @4 are the quantum yields of the unknown and standard respectively. A
is the absorbance of the solution at the excitation wavelength, I is the integrated area of
fluorescence emission and n is the refractive index of the solvent. Stock solutions of the
unknown and standards were prepared with absorbances below 0.05 to minimise
excitation and emission inner filter effects. Measurements were performed using several
dilutions of each sample to ensure that concentration had no effect on the fluorescence
yield. Chlorophyll a in ether (®gl) = 0.32) and zinc phthalocyanine in 1 % pyridine /
toluene (P = 0.3) were used as standards (maximum concentration = 3 x 10-7 mol
dm-3). Fluorescence emission was corrected for the wavelength dependent sensitivity of
the detector and then integrated to obtain the area of emission, I. Manipulations of data
points were carried out using Microsoft Excel.
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2.1.2.3 Fluorescence Anisotropy

Fluorescence anisotropy is a valuable analytical technique which may be used to obtain
information regarding the size, shape and rotational motion of a fluorophore, the lifetime
and nature of its emissive state and the temperature/viscosity of the surrounding solvent.
The technique is based on the principle that when a fluorophore emits, the total emission
intensity is composed of the sum of components polarised in the x, y and z directions (I,
Iy and I,). When the exciting radiation is vertically polarised and oriented perpendicular
to the direction of detection, I, = Iy, so the total intensity may be expressed by, I =
1,421, or I = Iyy+2lyy, where the subscripts refer to the direction of polarisation of the
incident and emitted radiation respectively (V, vertical and H, horizontal). Anisotropy is
defined as the difference in vertically and horizontally polarised emission relative to the
total emission intensity, Iyy-Iyg/I and can be expressed by Equation 2.5.

_ Iyy —Glyy 25)
IVV +2GIVH

I'av

where G = Igy/Igyg is a correction factor for the polarisation dependence of the

apparatus.

Fluorescence anisotropy measurements were carried out using a Perkin Elmer LS50B
luminescence spectrometer, with built in vertical and horizontal polarising filters to
orientate incident and emitted radiation (Figure 2.2). Four scans were performed to
obtain 1; Iyy(A), Iyg(A), Igy(X) and Igg(A). Data obtained from each scan was
substituted into Equation 2.5 and analysed using Microsoft Excel to calculate 1y, the
steady state fluorescence anisotropy.
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Figure 2.2. FExperimental arrangement for measurement of fluorescence anisotropy.

2.1.3 Time Correlated Single Photon Counting
2.1.3.1 Introduction to Measuring Fluorescence Lifetimes

The theory of time correlated single photon counting (TCSPC) is described in detail in
several textsCh®! and only a brief outline will be given here. The decay of fluorescence
from a fluorophore usually occurs via a first order process and may be represented by a
single exponential decay. If more than one species is present then the decay may be
described by a sum of exponential terms (Equation 2.6), in which A, represents the
intensity at time zero, T, is the characteristic lifetime and I(t) is the intensity at time, t.

I(t)=Ae~ "1 + Aye™ "2 . 4,07 (2.6)

The number of terms required is governed by the number of emitting species present in
the sample. Contributions of each component to the overall decay are represented by the
yield, as defined by Equation 2.7.

Yield = [A;e™%i = A;t; (2.7)
0

Decays are recorded using a sub-nanosecond pulsed excitation source (such as a laser or
flashlamp) to excite the sample repeatedly. The time, t, taken for a single photon to be
detected is recorded for each event and a histogram of number of photons (I(t)) vs time,
t, built up. The histogram is based on the probability of detecting a photon. A short time
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after excitation, the probability is greater than at large time intervals when the
fluorescence has decayed. The time, t, is measured using a time to amplitude converter
which may be started by the excitation pulse and stopped on detection of a photon, or
vice versa. The latter case is only feasible when a highly regular excitation source such
as a mode locked laser is employed. The measured decay consists of a convolution of
the time response of the excitation source, the electronics of the apparatus and the true
fluorescence decay. On analysis, the true fluorescence decay may be determined using a
process termed ‘iterative re-convolution'. The instrument response function is re-
convolved with an exponential function with estimate values for A and T. These are
varied until the best fit - as judged by non-linear least squares analysis - is obtained. The
quality of a calculated fit is judged by statistical parameters such as the reduced 2, the
Durbin-Watson parameter, random residuals and the correlation function.

2.1.32 Experimental Arrangement

Fluorescence lifetime measurements were carried out using the time correlated single
photon counting equipment at Imperial College, London (Figure 2.3). The apparatus is
described in detail elsewherel’). In brief, the experiment used a frequency doubled, mode
locked Nd:YAG laser (Coherent, Antares 76S) to pump a cavity dumped dye laser
(Coherent 701 dye laser & 7220 cavity dumper). DCM was used as the gain medium.
This provided an excitation wavelength of 638 nm with a pulse duration of < 10 ps.
Fluorescence was detected at 90° to the excitation beam using a microchannel plate
photomultiplier (PHOTEK 413 LJ), discriminator (Ortec 584) and time to amplitude
converter (Ortec 547). A double monochromator (Instruments SA 1602) was employed
to select the desired wavelength of fluorescence emission. An intensity vs. time
distribution was built up using a multichannel analyser (Canberra Series 35) which
consisted of 512 channels with a chosen time interval of 36 ps per channel. Decays were
recorded to 20000 counts in the peak channel. Samples were prepared such that their
maximum absorbance did not exceed 0.05. The instrument response function was
recorded by replacing the fluorophore with a scattering medium and monitoring the
resulting signal at the wavelength of excitation. Decays were transferred to a computer
and analysed using a non-linear least squares fitting program (Glife, Imperial College).
The fitting function was judged to be acceptable when 0.8 < %2 > 1.4, residual plots
appeared random and the Durbin-Watson parameter had a value between 1.7 and 2.2.
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Figure 2.3. Time correlated single photon counting setup.

2.1.4 Nanosecond Laser Flash Photolysis
2.1.4.1 Introduction to Flash Photolysis

The technique of flash photolysis was developed by Lord Porter who first observed that
light of high intensity could induce chemical reactions(®. The technique may be applied
to any photochemically activated system in which a transient species with a lifetime in the
nanosecond to millisecond timescale is produced®. For example, the transient species
produced by sunscreens upon absorption of ultraviolet radiation may be studied!?,
electron transfer processes may be initated and followed(!!] and energy transfer

processes examined!!2],

In this study, the photophysical properties of phthalocyanines are of paramount interest.
In these systems, a sample is irradiated using a laser to produce the first excited singlet
state, S;. S decays via several mechanisms such as fluorescence, internal conversion
and intersystem crossing to produce a triplet state, Ty (Figure 1.2). White Light is then
used as a probe (Figure 2.4) to gain information about the triplet state such as its lifetime

and quantum yield.
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Figure 2.4. Principle of flash photolysis.

The probe light pumps the T state into higher triplet states allowing the concentration of
T, to be followed by monitoring changes in the intensity of the probe light with time
(Figure 2.5). I, represents the intensity of probe light absorbed by transient species, I, is
the transmitted radiation and I is the intensity of incident probe irradiation.
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Figure 2.5. Typical transient decay.

The absorbance of the transient species can be calculated using Equation 2.8, where I, is
positive when the intensity of probe radiation decreases upon irradiation (i.e. an
absorbing species is formed) and negative when an increase is observed (i.e. bleaching of

the ground state occurs).
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AA=IOg10( ) (28)

IO_Ia

As Figure 2.6 demonstrates, it is possible to build up a three dimensional data set of the
new absorbing species by varying the wavelength at which measurements are taken,
enabling kinetic and spectral information about the triplet state to be extracted.

b:
. fb sorbance Spectral Measurements
Wavelength /nm a
/
s
e
< -~ —=—=—="" > Kinetic Measurements
N
7 7 Time /s
e
s
g

Figure 2.6. Three dimensional flash photolysis measurements.

Using three parameters - absorbance, wavelength and time - spectra can be plotted to
show the spectrum of the transient species and how it develops over time.
Determination of the triplet state lifetime, extinction coefficient and quantum yield are
described in more detail in Sections 2.1.4.3, 2.1.4.4 and 2.1.4.6 respectively.

2.1.4.2 Experimental Setup

Studies of phthalocyanine triplet states were performed using a nanosecond laser flash
photolysis system assembled in Durham. The apparatus (Figure 2.7) consisted of a Q
switched Nd:YAG laser (Spectra Physics, Quanta Ray GCR-150-10). This laser
produced a 10Hz train of pulses with a FWHM of ca. 8 ns and was frequency doubled to
produce 532 nm radiation (typically < 200 mJ pp) which was used to pump a dye laser
(Lambda Physik FL 2002). DCM or Pyridine 1 laser dyes (Lambda Physik) were used as
gain media to obtain light of wavelengths 630 nm to 700 nm. An excitation wavelength
of 355 nm was achieved via third harmonic generation of 1064 nm emission from the
Nd:YAG laser. A 5 mm diameter liquid light guide was used to deliver light to the
sample (absorbance ~ 0.3 at the excitation wavelength). Pulse energies were measured
using a calibrated pyroelectric energy meter (Gentek, ED 100, 133 mV/mJ) and were
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quenching terms respectively and the final term accounts for bimolecular quenching by

quencher molecules.

kT =kp+k0+kTT[T]+kPC[PC]+ZkQ[Qi] (2.9)
i

At room temperature, phosphorescence is negligible and decay is dominated by
radiationless deactivation pathways, i.e. terms 2 to 5. By careful control of experimental
conditions it is possible to eliminate the third and fifth terms.  Triplet-triplet
annihilation!!3L0141 occurs at high triplet state concentrations and introduces a second
order reaction into the decay (3Pc* + 3Pc* — }(PcPc*). This phenomenon is caused by
high conversion of ground state (S() molecules into T states and can be avoided by the
use of low laser powers (< 0.5 mJ/pulse) and dilute samples. Samples were thoroughly
degassed using the freeze-pump-thaw technique to remove oxygen, the major quenching
impurity in phthalocyanine solutions. Thus, term 5, deactivation by extrinsic quenchers,

can be ignored. Equation 2.9 is reduced to:
kr =kyp+kp.[Pc] (2.10)

It follows that, at any given concentration of phthalocyanine, triplet state deactivation
will follow first order kinetics and the rate of decay of T; may be determined from a
monoexponential fit to experimental data (absorbance vs time). This yields the
’ experimental, or observed, lifetime, tt (t7 = l/kg). At high concentrations of
phthalocyanine, T may be reduced due to self quenching of triplet species by ground
state molecules (3Pc™ + Pcy — Pcgy + Py + heat). The self quenching rate constant, kpc,
can be determined by measuring the lifetime, Tp, at various concentrations of
phthalocyanine. In this work, reported values of T are uncorrected for self quenching.

Quenching of phthalocyanine triplet states by extrinsic quencher molecules such as
oxygen or tetrathiafulvalene (TTF) (Chapter 6) is represented by Equation 2.11 if [3Pc)
<< [Pcgl, i.e. triplet-triplet annihilaton can be ignored. The concentration of
phthalocyanine was held constant for all samples, thus term 4 of Equation 2.9 may be
incorporated into the decay constant, k.

L kg =y +kyl0] (2.11)
ir
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The quenching rate constant, kg, was determined by monitoring Tr as a function of
quencher concentration, [Q]. kg can therefore be calculated from the gradient of a plot
of 1/z1 vs [Q], whilst the intercept gives the triplet lifetime in the absence of quencher

molecules.
2.1 4 4 Triplet Extinction Coefficient,

At any given wavelength, the observed transient decay is a mixture of two components;
triplet state absorption and ground state bleaching. If it is assumed that the
concentration of Sg species bleached upon excitation is equal to the concentration of T
species formed, then the observed change in absorbance may be given by Equation 2.12,

AA(A) = (7 (M) —e5(AM)T; ]I (2.12)

where e* and &g are the triplet and ground state extinction coefficients respectively, [T]
is the triplet state concentration and 1 is the path length (in cm). In this work, triplet state
extinction coefficients were determined using the singlet depletion method(5). It was
assumed that at the wavelength of maximum ground state absorption (i.e. 674 nm for
tBuyZnPc in MeOH), &1 was zero and £4!6) was 1.8 x 105 mol'! dm3 cm'l. AA may be

described by Equation 2.13 and [T, ] calculated.
AAXW =—&,[Tq]! (2.13)

For the majority of phthalocyanines the triplet state absorption band lies in a spectral
region where ground state absorption is negligible (400 nm - 600 nm) and hence €1 may

be calculated from Equation 2.12.

2.1.4.5 Transient Absorption Spectra

Transient absorption spectra were recorded by measuring AA at 5 nm wavelength
intervals over the range 400 nm to 800 nm. Decays were analysed using a suitable
exponential decay function (either mono- or bi- exponential fits were sufficient). AA at
to, the moment of excitation, and at a time delay, At, after excitation was noted. In this
way, a transient spectrum, AA vs. A, could be generated and its temporal characteristics
determined. Transient spectra were corrected for ground state absorption by adding a
fraction of the UV/Visible absorption spectrum of the sample to the measured ‘triplet

minus singlet' spectrum.
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2.1.4.6 Triplet Quantum Yields

Triplet quantum yields were determined using the comparative method!!”).  Solutions of
the unknown and standard were prepared such that they were optically matched at the
excitation wavelength. The quantum yield is defined in Equation 2.14.

_ No. of triplet state molecules formed (2.14)
No.of photons absorbed '

D,

The unknown and standard solutions have the same optical density, i.e. the number of

photons absorbed will be equal, therefore,

[Tl _(Tlsa (2.15)

No.of Photons absorbed o
T, x o T, std

where @ represents the quantum yield of triplet state formation, [T], is the
concentration of triplet formed, and x and std refer to the unknown and standard

respectively. Rearranging,

_ [T],
®r = e (2.16)

Using the Beer-Lambert law (Equation 2.1), the final equation, where € is the extinction
coefficient of the excited state and A is the transient absorbance, is obtained (Equation
2.17).

A, €
&op =, X Tsid 2.17
T T €rx Asd z17)

In this study, laser irradiation was carried out at 355 nm, 638 nm or 700 nm using pulse
energies of < 0.5 mJ. Benzophenone in acetonitrile (A = 525 nm, O =1, &1 =
6250)13, disulfonated aluminium phthalocyanine in methanol (App,y = 490 nm, O =
0.22, et = 36000)(18) and zinc phthalocyanine in 1 % pyt/tol (Armax = 490 nm, @1 =
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0.58, e1 = 36000)119) were used as standards. For each sample the power was varied and
the change in absorbance of the sample determined by probing at Appay. Ay and Agg
were obtained from the gradient of a graph of laser power vs AA (calculated using
Equatidn 2.8) and substituted into Equation 2.17 to find &1. For samples where large
overlap between transient and ground state absorption occurred, e.g. tri and tetra
protonated phthalocyanines, ®1 was measured by monitoring ground state bleaching in
preference to triplet state formation. Equation 2.17 was applied, however €1 was
replaced with the singlet extinction coefficient, €.

2.1.5 Singlet Oxygen Phosphorescence Detection

2.1.5.1 Introduction to Singlet Oxygen

Singlet oxygen, ( 1Ag)Oz, (10,) is generated from phthalocyanine molecules almost
exclusively through triplet state quenching by ground state oxygen, (3Zg‘)02, via an
encounter complex(20], lAg 1s assumed to be the only reactive state in solution. This
state is far more stable than 12g+ and in gaseous media may have a lifedme of minutes
due to the spin forbidden nature of the transition ( IAg - 3Zg')[2”. Equation 2.18 depicts
the expression for the quantum yield of singlet oxygen formation, ®x.

ka0, [02]

(2.18)
(kpo, + kg0, NO02] +ky + K,

where @ is the quantum yield of triplet state formation, kap, 1s the rate of quenching by
O, to Oz(lAg), ks0, is the rate of quenching by O, to give 02(3Zg-) and k,; & k;
represent non-radiative and radiative deactivation pathways of T; respectively. In most
systems quenching by oxygen is very rapid and (kao,+kso,) >> ky + ky, hence,

Equation 2.18 may be simplified to yield Equation 2.19.

k
®p=0p| —222 (2.19)
kA02 +kw2

The rate terms in brackets represent the fraction of triplet state molecules quenched by

ground state oxygen to yield singlet oxygen and is generally represented by S,.

Therefore,

(I)A =(I)TSA (220)
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Deactivation of singlet oxygen in solution occurs via two pathways: non-radiative decay
by transfer of vibrational energy to solvent molecules, and radiative decay in the form of
phosphorescence emission at 1269 nm (7882 cm-!). The quantum efficiency of 10,
phosphorescence emission is generally extremely small (®ar ~ 10-3)22) and deactivation
is dominated by non-radiative processes. Both the non-radiative deactivation rate, ky;,
and the radiative rate constant, k;, have been shown to be affected by the chosen solvent.
Non-radiative decay pathways are controlled by the ability of surrounding solvent

molecules to act as energy sinks by accepting electronic energy from excited oxygen
molecules as vibrational energy. Hence, the lifetime of 10,, 1p, is vastly different in

protiated and deuterated solventsi?3), e.g. 1o (H,0) = 4 ps and tA(Dy0) = 68 us. The
lifetime of emission, 1, is determined by k;, k;,; and molecular quenching rates, kq, thus,

L btk + 3k [0] (2.21)
Ta

For phthalocyanine dyes, the term kq[Q] has been found to be negligible, therefore, 1/1p
= kp, where kp is the sum of radiative and non-radiative decay pathways. The quantum
yield of singlet oxygen phosphorescence is given by Equation 2.22.

k
Dy, =@, (—Ar 2.22
Ar A( kAr " kAnr ) ( )

102(1Ag) may be detected using chemical traps or quenchers such as tryptophan or
cholesteroll?*); however, complications can arise due to lack of solubility in the system
under study or reaction between the added species and sensitiser molecules. Around
1979, direct detection of the phosphorescence from singlet oxygen (IAg - 3Zg') at 1270
nm was made possible through the use of a highly sensitive, large area germanium
photodiode coupled to a transient digitiser(2’. This provides a convenient and reliable
method for measuring the properties of 10, and is the method adopted in this study.

2.1.5.2 Experimental Methods

Singlet oxygen lifetimes and yields were determined using the experimental arrangement
depicted in Figure 2.8. A frequency tripled Nd:YAG laser was used as an excitation
source (A = 355 nm, 10 ns pulse, < 1 mJ per pulse). Luminescence at 1270 nm was
detected using a germanium photodiode (North Coast E0-817P) and amplifier
combination. A spherical mirror (Comar Instruments, 50 mm diameter, 50 mm focal
length) was used to maximise luminescence reaching the detector. To reduce noise, the
detector was cooled to 77 K with liquid nitrogen. Radiation from the sample was passed
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red emitting dyes such as phthalocyanines and, under certain experimental conditions,
may cause saturation of the DSO amplifier (See Appendix A and Reference 26). An
electronic switch has been developed to eliminate these effects(?’). This problem was not
so acute when a Tektronix TDS 320 oscilloscope was employed, therefore, in this work,
use of the switch was not required. Data was transferred to a computer and manipulated
using a curve fitting package (Grafit). The lifetime of emission could be found directly
by fitting a single exponential decay to the data (rate of decay (k) equals 1/7a). Quantum
yields were determined by comparison with reference compounds. Samples of the
unknown and standard were prepared such that the absorbance at the excitation
wavelength was similar (~ 0.3). In this work, Rose Bengal in EtOH (®p = 0.86),
MeOH or 1% Triton X-100/phosphate buffer saline (®p = 0.75) and
tetraphenylporphyrin in 1% pyridine/toluene solution (&5 = 0.8) or chloroform (Pa =
0.55) were used as standards(?8). The intensity of the emission was measured as a
function of laser power for the unknown and the standard, and the gradients, I, compared

using Equation 2.23.

Agg 1
D), =D, S _-x (2.23)
* s Ax Istd

A is the absorbance of the solution at the excitation wavelength and std and x refer to the
standard and unknown respectively. It is important that the unknown and reference
compound are used in the same solvent due to the large dependence of ky, and k; solvent

properties.
2.1.6 Low Temperature Measurements

Low temperature measurements were performed in ether-pentane-alcohol 5:5:2 (EPA)
solution or 100 % ethanol, cooled to 77 K using a liquid nitrogen cooled cryostat
(Oxford Instruments, DN 1704). Intermediate temperatures were obtained using a
temperature controller (Oxford Instruments, Intelligent Instrument Controller, ITC 4).
Samples were allowed to equilibrate for at least 30 minutes at each temperature.
UV/Visible, fluorescence and flash photolysis spectrometers were adapted to

accommodate the cryostat.
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2.1.7 Diffuse Reflectance Spectroscopy?30]

2.1.7.1 The
2.1.7.1.1 Reflection

Diffuse reflectance spectroscopy has been used since the early 1920's as a means of
measuring the optical properties of heterogeneous and solid samples. Due to the
inherent opacity of these substances, transmission measurements are impractical, thus
techniques have been developed to obtain information via detection of radiation scattered
from the surface of the sample. Reflection from matt surfaces has been shown to consist
of two components, specular or regular reflection, and diffuse reflection. Specular
reflection is well known and occurs from highly polished or mirrored surfaces. Its
behaviour is governed by Snell's Law (Equation 2.24), which defines the direction of
reflected and transmitted beams of radiation, and Fresnel's equationsi!) from which
Equations 2.25 and 2.26 are obtained. These determine the relative intensities of each

polarised component of reflected light.
Snell's Law: sin® ; = sin®, and nj sin®; = ny sinb (2.24)

where n; and n, are the refractive index values of each medium, 6; is the angle of
incidence, 6, is the angle of the transmitted beam and 6, is the angle of the reflected

radiation.

2

R = nzcosei—-[nz—sinzei]l/z (2.25)

- .
nzcosei+[n2——sin29i]1/2

cos®; — [n? —sin?@; ]/

2
R, = (2.26)
Losei +[n? —sinzei]1/2:|

where Ry is the intensity of reflected parallel polarised light, Ry is the intensity of

reflected perpendicularly polarised light and n is the relative index of refraction (ny/ny).

It should be noted that the proportion of specular reflection depends on both the angle of
incidence, ;, and on the polarisation of the incident radiation. Reflected radiation retains
the polarisation characteristics of the incident beam and is detected at a defined angle, O,
equal to 6; (Figure 2.10). For natural light, the total reflected radiation is given by Rgpec
= (Ry + RL)/2 which, in the case of normal incidence, yields
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Diffuse reflection occurs as a result of multiple scattering and absorption of an incident
beam by individual sample particles. In contrast to specular reflection, diffuse reflection
is unpolarised, isotropically distributed at all angles of observation, and independent of
the angle of incidence or polarisation of the incident light (Figure 10). It has been
observed to be affected by the particle size and absorbing power of a reflecting sample.
Several theories have been proposed to account for these phenomena, however, the most
commonly adopted is that proposed by Kubelka and Munk based on differental

equations(?91,

Irradiated Surface(x = 0) JO \[/10
0 0 > D D D ;T_’,_\Q 5

5 > DIRD

DEDM%@%? ‘
Q%ﬁﬂ e e
DD Reli PR a
o ko

Dark Surface (x = d)

Figure 2.11. Parameters for Kubelka-Munk theo

If one considers light of intensity, I, falling on a sample of randomly distributed
absorbers (Figure 2.11), the flux intensity will decrease as the radiation passes a distance,
X, through the medium (Equation 2.31). By comparison, the intensity of the reflected
light flux, J, will increase as further scattering occurs (Equation 2.32).

dl(x)==I(x)(K+S)dx + J(x)Sdx (2.31)
d(x)=J(x)(K+S)dx - I(x)Sdx (2.32)

K and S are the absorption and scattering coefficients respectively of the medium with
units cm'l. For an ideal diffuser, K = o = 2ec, where € is the Naperian extinction
coefficient (mol dm-3 cm-1) and c is the concentration (mol dm-3). The factor 2 accounts
for the increased average distance travelled by light due to scattering. Equations 2.31
and 2.32 consider only the case where irradiaton is perpendicular to the surface,
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however, the error introduced by this approximation is small when compared with the
overall assumption of ideal diffuse reflecton. In addition, these equations hold strictly
only for samples irradiated by diffuse light. In practise, many experimental arrangements
use a directed light source and the theory remains valid for an incident angle of 60°.
Using Equation 2.33 for the diffuse reflectance, R, and the integral solutions of
Equations 2.31 and 2.32 for a layer of thickness d, it can be shown (References 29 and
30) that the diffuse reflectance is given by Equation 2.34.

R=Jo (2.33)
10

sinh( bSy ) K+S

R=— where a = and b =(a2-1)112
asinh(bS; )+ bcosh(bSy )

(2.34)

In the special case of infinite layer thickness or 'optically thick' samples, d — oo, and the
diffuse reflectance is given by the more useful Equation 2.35.

—R )
F(R)=§=£1—2E—“L (2.35)

For a sample whose scattering coefficient is independent of wavelength, F(R) is termed
the remission function and represents the absorption spectrum determined by
ransmission spectroscopy. In practise, many differences may occur due to the
assumptions made by Kubelka-Munk theory. The over-riding assumption of this theory
is that of ideal diffuse reflection. Samples are supposed to consist of randomly
distributed absorbers with a particle size far smaller than the thickness of the layer and to
have infinite lateral dimension in order that edge effects may be neglected. Contributions
due to specular reflection are ignored and though this is acceptable (but not strictly true)
for weakly absorbing samples, as the absorbance (k and K) increases, contributions due
to specular reflection increase (Equation 2.30) whilst those due to diffuse reflection
decrease (Equation 2.34). Therefore, for strongly absorbing samples it becomes
unrealistic to discount specular reflection. Remission functions measured under these
conditions will underestimate the absorbance of a sample. Indeed, a paradoxical
situation may occur where concentrated solutions will appear to absorb less than their
dilute partners. This is a consequence of differences in the mean depth, d, travelled by
radiation through the medium. Light incident on a sample of weakly absorbing
molecules will penetrate deeply and, hence, may be absorbed more efficiently than in a
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concentrated sample where the penetration depth is small and large quantities of specular
reflection occur. In addition, derivation of Equation 2.35 assumes that K and S are
independent of x. This is true for a homogeneous sample of absorbers, however, when
the concentration or absorbance of molecules changes with penetration depth a different
analysis is required. This is discussed below for the case of transient formation upon

laser excitation.
2.1.7.1.2 Diffuse Reflectance Flash Photolysis

Diffuse reflectance flash photolysis has been pioneered by Frank Wilkinson and his group
at Loughborough32B33l.  The group recognised that the concentration of transient
species produced by flash photolysis will decrease as incident radiation is absorbed on
travelling through the sample. Therefore, the assumption of Kubelka-Munk theory that
K is independent of x is no longer valid. It can be shown that the concentration of
species produced by laser excitation falls off exponentially with penetration depth(34],
Modifications to Kubelka-Munk theory are therefore required. Lin and Kan[®*] have
solved Equations 2.31 and 2.32 for the case where K varies exponentially with x at an

analysing wavelength, a (Equation 2.36).

2
1+ g YW,
" =R%[ 5" S5+ 12! ] 2,36
~ .
1+y+1u+(y+1)('y+2)u

o o(6+1)2!

where Ry is the background reflectance at the analysing wavelength, ¥ = (b,R§ )_1 ,

+1-RE a
o= i b B ), u= ZKb I:S(O) where K2t is the absorption coefficient of the
€ €

2 12
K, +2K,S .
transient species at the analysing wavelength, and b, = (X, S eS] where K, is

- the absorption coefficient of the ground state at the excitation wavelength.

In diffuse reflectance flash photolysis experiments, the measured quantity is given by

Equation 2.37.
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[RE —R®(t)]
Ry

=1-R{ (2.37)

where R3g and R3(t) represent the reflectance before and after excitation respectively
and Ry is the relative transient reflectance. Kessler er al. have shown[36] by substitution
of typical values of S (5 - 500 cm™1), Rag (0.7 - 0.95) and K31 (0.1 - 10 cm-l) into
Equation 2.36 that for 1-R31 < 0.1, 1-R3y is linearly dependent on [T]. Assuming a
unimolecular reaction, decay lifetimes may be determined by fitting a monoexponential
curve to 1-R3 vs time. In bimolecular reactions, for example, triplet-triplet annihilation,

no simple kinetic analysis is possible.

For the purposes of this study it was assumed that an exponential decrease of triplet
species occurred within the sample, i.e. 1 - Ra o [T]. If the sample concentration is
low, or the laser power is high, complete sample conversion may occur at the surface.
For this situation, the plug model must be considered. Under these conditions, Equation
2.35 is valid and hence, 1-R is proportional to [T]1/2. This will not be discussed in detail
here and the reader is referred to Reference 34 for more information.

2.1.7.2 Experimental
2.1.7.2.1 Sample Preparation

Substrates (cellulose, filter paper or silica) were dried for 24 h in an oven at 100 °C prior
to use. Bovine serum albumin was used as received. Solutions of phthalocyanine in
ether, ethanol or methanol were mixed thoroughly with a known weight of substrate.
Solvent was removed under vacuum with intermittent stirring of the sample until
completely dry. A phthalocyanine/substrate weighting of ~ 50 pg gl for remission
function and transient absorption measurements and ~ 6 pg gl for fluorescence

measurements was used.
2.1.7.2.2 Remission Function Measurements

The remission function, F(R), was determined using an adapted Perkin Elmer LS50B
spectrometer. The optimum arrangement permitted the sample to be irradiated at 60° as
required by Kubelka-Munk theory and enabled maximum collection of diffuse reflection
whilst minimising contributions due to specular reflection. Reflectance spectra were
recorded by performing an average of ten synchronous scans over the wavelength range
300 nm to 750 nm. Spectra were performed for substrate (Rgyperae) and sample
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(Rsample) and executed using a neutral density filter in the emission beam and 5 nm slit
widths.

F(R) was calculated using Equation 2.35 where,

R
R, =__Sample (2.38)
Rsubstrate

Calculation of the remission function using clean substrate as a reference compensates
for any effects that the substrate may have on contributions to the signal resulting from

specular reflection.
2.1.7.2.3 Fluorescence Measurements

Fluorescence measurements were carried out using the sample arrangement employed for
remission function measurements. Emission scans were performed using slit widths of
10 nm and 5 nm for excitation and emission monochromators respectively, a scan speed
of 120 nm min’! and an excitation wavelength of 610 nm. Excitation spectra were
obtained by monitoring emission at 760 nm (Slits: 5 nm and 10 nm (excitation and

emission respectively), Scan speed: 60 nm min-1).
2.1.7 2. 4 Flash Photolysis

Diffuse reflectance flash photolysis was carried out using the experimental arrangement
depicted in Figure 2.12. 355 nm radiation from a frequency tripled Nd:YAG laser
(Spectra Physics, Quanta Ray GCR-150-10, 10 ns pulse, < 1 mJ per pulse) was used to
excite the sample at 60° to the normal. In this way, focusing of specular reflection into
the collection optics was avoided. A xenon lamp (Bentham 605) and filter combination
(420 nm cutoff filter (Schott glass-GG420, Comar Instruments, UK) and VO2*(aq)
chemical filter) was used as a probe beam. Diffuse reflection from the sample was
focused into a monochromator (Bentham TM300) and detected using a photomultiplier
tube, PMT (Hamamatsu R928). Decays were recorded using a digital storage
oscilloscope (Tektronix TDS 320) and transferred to a computer for analysis. Decays
were fitted to exponential kinetics using, Grafit, a curve fitting package.
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dy(250 MHz; CDCl3): 3.79 (s, 6H, CO,CH3), 4.74 (s, 1H, CH), 7.81-7.91 (m, 3H,
ArH)

CN K.CO CN Mel CN
3 KOH
/O: : : J©: Ve /@
O,N cN CHx(COOMe), \C CN MeOH C CN

A MeO,C~
MeO,C CO,Me 2 CO,Me
4-nitro phthalonitrile Dimethyl 3,4 dicyano phenylmalonate Dimethyl 3,4 dicyanophenyl
RMM =173 RMM = 258 1,1 ethanedicarboxylate
RMM =272
1 2
3

/Zn Acetate

OMe

MeOH/E:OH
e
NaOH

MeO OMe
O Me =0
OMe

Tetra-1-carboxyethyl Tetra-1,1-di(methoxycarbonyl)ethyl

zinc phthalocyanine zinc phthalocyanine

ZnPc(CHMeCO,H)4 ZnPc(CMe(CO,Me)y)4

RMM = 861.9 RMM =1154
5 4
Figure 2.13. Synthetic scheme for production of acid and ester substituted zinc

phthalocyanine.

it) Dimethyl 3,4' dicyanophenyl 1,1 ethane dicarboxylate (3)37). Compound 2 (2.15
g), KOH (0.47 g) and Mel (Aldrich, 10 ml) were refluxed in methanol (50 ml) at 50 °C
for three hours. Additional aliquots of KOH (0.24 g) and Mel (10 ml) were added and
the solution refluxed for a further hour. Following this, the condenser was removed and
heating was continued for one hour to remove excess Mel. MeOH was removed in
vacuo and crude product separated by solvent extraction from water into CH,Cl, (3 x 50
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ml), to yield an oil which was purified by column chromatography on silica using CH,Cl,
as eluent. 3 was obtained as an oily solid after evaporation. Yield =49 %.

IR(Vyax feml): 1727 (C=0), 2237 (CN), 2954 and 2997 (CH).

dy(250 MHz; CDCl3): 1.90 (s, 3H, CHj3), 3.80 (s, 6H, CO,CH3), 7.76-7.87 (m, 3H,
ArH)

iii) Tetra-1,1-di(methoxycarbonyl)ethyl zinc phthalocyanine (4)[37). Compound 3
(250 mg) was crushed with zinc acetate (Aldrich, purity 99.99 %, 250 mg) and heated
under an inert atmosphere to 200 °C for six hours. Product was purified by
chromatography on silica using 3 % MeOH:CH;Cl, as eluent and dried in a desiccator
under vacuum. Yield = 30 %.

IR (Vppax feml): 1721 (C=0)

Elemental Analysis: Found %: C, 58.03; H, 4.14; N, 9.41; Zn, 4.19. Calculated %: C,
58.3;H, 4.2; N, 9.7; Zn, 5.66.

UV/Vis (CHCl3, Apayx /nm (log €)): 347 (4.78), 611 (4.37), 677 (5.16)

iv) Tetra-1-carboxyethyl zinc phthalocyanine (5). Compound 4 was converted into
the tetra acid substituted phthalocyanine (5) using the method of Kahl and LiB8l. 4 was
dissolved in MeOH (20 ml), sodium hydroxide (NaOH) in ethanol (20 ml, ~ 0.15 mol
dm-3) was added and the reactants heated under reflux for six hours. The solution was
concentrated under vacuum, dissolved in water and filtered to remove insoluble particles.
Acidification using hydrochloric acid (HCI, 0.1 mol dm3), yielded a precipitate which
was separated by centrifugation and washed with distilled water (3 x 20 ml). The
product was dried under vacuum to yield a blue solid. Yield =79 %.

IR (Vppax femc1): 2900 (OH), 1700 (C=0)

di(250 MHz; DMSO) 1.90 (d, 3H, CHj3), 4.45-4.49 (m, 1H, CH), 8.18-8.22 (m, 1H,
ArH), 9.24-9.27 (m, 2H, ArH).

Elemental Analysis: Found %: C, 55.94; H, 3.68; N, 11.35; Zn, 5.63. Calculated %: C,
61; H, 3.72; N, 12.93; Zn, 7.55.

UV/Vis (CHCl3, Ay, /nm (log €)): 349 (4.65), 610 (4.38), 673 (5.15)

2.2.2 Metallation of Hy(BuO)gPc and H»(Cj5H34)sPc

Zinc derivatives of Hy(BuO)gPc and Hy(C;gHs34)gPc were prepared by refluxing with
excess zinc acetate in 1% pyridine/toluene solution for six hours®. Aqueous HCl was
added to remove unreacted zinc acetate. The aqueous phase was removed and the
organic layer washed with distilled water several times. The organic fraction was
retained, dried with MgSO, and filtered. Solvent was removed under reduced pressure,
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the product passed through a silica column using dichloromethane as eluent and dried

under vacuum.
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CHAPTER 3
PROPERTIES OF NOVEL PH THALOCYANINE
SENSITISERS

3.1 Introduction

Zinc phthalocyanine (ZnPc) has proved to be an efficient sensitiser for photodynamic
therapyl!l. Use of znc as the central metal ion results in high quantum yields of triplet
state?) and singlet oxygen formation. It has been shown to be effective at destroying
neoplastic cells in miceB! and exhibits a high uptake by tumoursi#l. One of the
drawbacks of unsubstituted ZnPc, however, is very low solubility in both aqueous and
organic solvents. This precludes direct injection of therapeutic quantities into the
bloodstream and hinders both in vitro and in vivo studies.

One method used to improve the solubility of phthalocyanines is to incorporate
substituents onto the peripheral benzene ringst). Pendant groups such as alkyl chains!®!,
estersl’), ethers®), amides!®) and alkoxy!!® substituents have been shown to render
phthalocyanines soluble in many organic solvents whilst hydrophilic sulfonic acid
substituents(!ll allow aqueous solutions to be prepared. In addition to improving
solubility, the nature of peripheral substitution affects the cytotoxicity and selectivity of
the sensitiser. Ben-Hurl!?! and Allen!!*! found that anti-viral activity of ZnPc was
inversely proportional to the number of sulfonate substituents whilst a study by
Zimmermann!!4] revealed that cationic side chains such as trimethylammonium (Me3N*)
groups induce selective photosensitisation of mitochondria. Rosenthal er al.l!5) have
shown that sulfonate groups have no effect on the photophysical properties of ZnPc.
Similarly, although the absorption spectrum of 1,4,8,11,15,18,22,25-octabutoxy znc
phthalocyanine was red shifted with respect to the parent moleculel!6), the yield of triplet
state  formation was  essentially  unaffected. Interestingly,  although
1,4,8,11,15,18,22,25-octadecyl zinc phthalocyanine exhibits a smaller shift in the S; «
So transition than the octabutoxy substituted phthalocyanine, CipHj1- chains induce
significant changes in the triplet yield relative to unsubstituted zinc phthalocyaninel!7),
Clearly, control over substituents of the phthalocyanine ring is an important means of
influencing both the photophysical and physiological properties of phthalocyanines in

vitro and in vivo.
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As an alternative to modification of the phthalocyanine ring, hydrophobic sensitisers may
be incorporated into delivery vehicles such as liposomes(i®l. These allow systemic
injection to the bloodstream where association with proteins is believed to occurl(!9l. The
proteins act as carriers to deliver sensitisers to lipophilic sites in tumour tissue, where
they accumulate. It is therefore important to determine the effect of micellar and solid
state media on the photophysics of any potential sensitisers.

The photophysical properties of a sensitiser are the core of photodynamic therapy and
determine its ability to generate cytotoxic species (See Section 1.2). The measurement
of photophysical parameters such as ®p, O and ®p is therefore extremely important
when evaluating the potential efficacy of a dye. One of the aims of this study was to
synthesise a novel, water soluble phthalocyanine and to investigate its solution state
properties in homogeneous and heterogeneous media. The influence of peripheral

substitution has also been investigated.

3.2 Materials and Methods
3.2.1 Materials

The synthesis and purification of [-tetra-1,1-di(methoxycarbonyl)ethyl zinc
phthalocyanine (ZnPc(CMe(CO,Me),),) and B-tetra-1-carboxyethyl zinc phthalocyanine
(ZnPc(CHMeCO,H)4) was described in Chapter 2. Tetra tertbutyl zinc phthalocyanine
(‘BuyZnPc) and disulfonated zinc phthalocyanine (ZnPcS,) were prepared by Dr. A.
Beeby and used as received?®. 1,4,8,11,15,18,22,25-octadecyl znc phthalocyanine
(C10) was a gift from Prof. M. J. Cook, University of East Anglial?ll. Solvents were
Analar grade or better and were used without further purification. Phosphate buffer
saline (PBS) was purchased from Sigma and prepared using distilled water. Triton X-
100, Triton X-100 reduced and hexadecyl trimethylammonium bromide (CTAB -
CH3(CH,;)15N(CH3)3Br) were purchased from Aldrich and used as received. Ether-
pentane-alcohol (5:5:2) solution was prepared from diethyl ether, isopentane (IP) and

ethanol.
3.2.2 Methods

Dimerisation constants were calculated by measuring absorbance at the wavelength of
maximum monomer absorption (A ,x) for a range of phthalocyanine concentrations.
Two analytical methods were employed, that of Tai er al.l?2l and that suggested by
Fernandez er al.?3). Tai assumed a one step equilibrium between monomeric and dimeric
phthalocyanine and also made the important assumption that the extinction coefficient of
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dimer, € << the extinction coefficient of the monomer, €, at the monitored wavelength.

This yielded Equation 3.1,

log[C,(1~—-)] =log(nK)+ nlog[Cy(—~)] (3.1)

s s

where C, is the total phthalocyanine concentration, € is the observed extinction
coefficient, & is the monomer extinction coefficient (assumed to be 180000 dm3 mol-1
cml at A, 24), n is the average aggregation number and K is the dimerisation
constant. Plots of log [C,(1-g/g()] vs log [C,(e/€)] yielded linear fits from which n may
be determined from the gradient and K estimated from the intercept. Equation 3.2 gives
the formula employed by Fernandez[23].

(1+8KC, )% -1
4K

A=:—;([(1+8KC,)1/2—1]+87D[C,— ] (32)

C:, K and g have the same meaning as above and ep is the extinction coefficient of
dimeric species. The dimerisation constant was determined by fitting this equation to
experimental data using a curve fitting package (Grafit). C, and g were treated as
constants while €p and K were allowed to vary until the best fit was achieved.

Stock micellar solutions of ‘BuyZnPc and ZnPc(CMe(CO,Me),), were prepared by
sonicating phthalocyanine in Triton X-100 (TX) or Triton X-100 reduced (TXR)
followed by dilution to 1% w/v surfactant solution (1.5 x 10-3 mol dm3) using
phosphate buffered saline (PBS). Micellar solutions of C10 were prepared by
evaporation of toluene from a toluene/1% TX/PBS emulsion. C10 was dissolved in
toluene and thorough/ly mixed with the surfactant solution. Toluene was removed by
stirring and blowing argon over the solution to assist evaporation. Water soluble
phthalocyanines (ZnPcS, and ZnPc(CHMeCO,H),4) were added directly to 1% TX/PBS
solution and sonicated to achieve solubilisation. All surfactant solutions were prepared

immediately prior to use.

UV/Visible absorption spectra, fluorescence measurements, triplet state data and singlet
oxygen quantum yields were determined using the apparatus and sample conditions
described in Chapter 2 (pp 42-71).
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3.3 Results and Discussion
3.3.1 Synthesis

Two novel substituted zinc phthalocyanines, ZnPc(CMe(CO,Me)y)s (4) and
ZnPc(CHMeCO,H)4 (5), have been prepared and characterised (Figure 2.13). The
copper complex of 4 is already knownl?), however the zinc complex has not been
previously reported. Compound 5§ differs from known phthalocyanines in the nature of
the carboxylic acid substituents(?¢! - synthesis of a phthalocyanine with carboxylic acid
substituents separated from the phthalocyanine ring by an alkyl group (-CHMe-) is
reported for the first ime. Water solubility of 5 was achieved through hydrolysis of
peripheral methyl ester groups of 4. The synthetic scheme followed to prepare these
phthalocyanines is depicted in Figure 2.13. Synthesis of dimethyldicyanophenyl malonate
(2) and dimethyl 3,4-dicyanophenyl-1,1-ethane dicarboxylate (3) was readily
accomplished following the method of Roze er al.?5l. A yield of 69% for 2 was
comparable to that reported by Roze, whilst the yield of 3 was somewhat improved
(49%, c.f. 33%). IR and NMR data for both compounds were in good agreement with
literature values. Cyclisation of 3 to produce the tetra ester substituted znc
phthalocyanine, 4, was carried out by heating to high temperature (200 °C) under a
nitrogen atmosphere in the presence of zinc acetate. Following chromatographic
purification, a 30% yield of 4 was obtained. This relatively low yield is typical of
condensation reactions of this type and is comparable to that obtained by both Roze and
Kahil?7), Compound 4 was characterised by spectroscopic data and elemental analysis.
The infra red spectrum exhibited a strong carbonyl absorption at 1721 cm! whilst the
UV/Visible absorption spectrum was characteristic of monomeric phthalocyanine with
absorption maxima at 347 nm and 677 nm in CHCl3. A molecular ion was observed in
the mass spectrhm at m/z = 1153.65, corresponding to the parent ion (RMM = 1153.9).

Hydrolysis of 4 to S was accomplished by refluxing 4 with NaOH in methanolic solution
for several hours. A good yield (80%) was achieved for this reaction. Compound 5§ was
well characterised by IR and NMR data. A carbonyl stretch at 1700 cml, shifted to
lower energy than that of 5 (v = 1721 cm-1), was recorded. This is consistent with the
behaviour generally observed for acid and ester compounds?®. The NMR spectrum
displayed a clear doublet at 1.9 ppm, characteristic of splitting of methyl hydrogens by
the single C-H. UV/Visible absorption data was typical of monomeric phthalocyanine,
absorption maxima being observed at 349 nm and 673 nm. Using the Beer-Lambert law
(Equation 2.1), an average extinction coefficient at Ap,y, €p, of 1.4 x 10° mol dm-3
cm-! was determined. Assuming?4 g to be 180000 mol dm3 cml, it can be concluded
that ZnPc(CHMeCO,H), has a purity of ~ 80%. This may explain why the elemental

analysis was inconsistent with calculated values.
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Absorbance

550 600 650 700 750 800
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Figure 3.1. Absorption spectra of ZnPc(CMe(CO,Me),) 4, 1 mm pathlength. a)
CHCl; (9.6 x 10-3_mol dm-3), b) MeOH (2 x 10~ mol dm-3), ¢) Calculated dimer
spectrum.

The acid functionality has hydrophilic properties, thus ZnPc(CHMeCO,H), was soluble
in polar solvents such as THF, methanol and ethanol but insoluble in dichloromethane
and toluene. Dimerisation in ethanol was found to be extremely sensitive to the ionic
strength of the solution. Addition of NaCl, zinc acetate, Ca(ClOy),, HCI or NaOH (0 <
[ions] < 104 mol dm-3) was found to induce aggregation of ZnPc(CHMeCO,H), in
EtOH (Figure 3.2A), whilst high ion concentrations (>10-3 mol dm3) caused
monomerisation (Figure 3.2B). For samples with high ionic strength, the proportion of
dimer species was found to increase as any particular solution was diluted due to a
reduction in the ionic strength of the solution. This contradicts the general behaviour of
phthalocyanines which predicts a decreasing proportion of dimer as concentration
decreases3%.  Under the same conditions, the spectra obtained from ZnPcS, were

consistent and predominantly monomeric in character.
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Figure 3.2. A. Aggregation of ZnPc(CHMeCQ>H),in EtOH induced by potassium

acetate. a. ~0 mol dm3 b. 104 mol dm3.
B. Disaggregation at high ionic strength a. 10 mol dm=3.b. 5 x 104 mol dm3 c. 6 x
104 mol dm=3 d. 10-3 mol dm-3.

Low concentrations of tetrabutylammonium salts were found to promote aggregation but
at high concentrations monomerisation did not occur. In addition to dimer species at
633 nm, concentrated solutions of ZnPc(CHMeCO,H), in THF showed an absorption
band at 704 nm, red shifted with respect to the main absorption peak. This disappeared
upon dilution of the phthalocyanine and by analogy to results described in Chapter 5 (pp
160-184) was ascribed to protonation of the phthalocyanine ring by H* ions released

from the carboxylic acid functionalities.

Both phthalocyanines were insoluble in distilled water. However, ZnPc(CHMeCO,H),4
was soluble in phosphate buffered saline (PBS), pH = 7.4, in an aggregated form.
Clearly, since the ionic strength of PBS is high (140 mmol dm-3 Na/KCl), ions do not
promote monomerisation in an analogous manner to the situation in organic solvents.
However, disaggregation could be induced by addition of 0.02 mmol dm-3 hexadecyl
trimethylammonium bromide (CTAB). This concentration is well below the critical
micelle concentration®!! (0.9 mmol dm-3) of this surfactant. Alkaline conditions had no
effect on the state of aggregation of ZnPc(CHMeCO,H), whilst PBS acidified with HC!

to pH = 2 caused further aggregation (Figure 3.3).
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Figure 3.3. UV/Vis spectra of ZnPc(CHMeCO,>H), in PBS.
H=74b. pH=11c pH=2d. pH=7.4(0.02 mmol dm> CTAB).

3.3.2.2.2 Photophysical Properties

The energy of the S; « S transition of '‘BuyZnPc was found to vary with solvent.
Figure 3.4 shows the position of the absorption maximum (Ap,,) of BuyZnPc in a
variety of solvents as a function of dielectric constant, €, dipole moment, [, donor
number, DN and refractive index, np,. No correlation was observed between the polarity
or dipole moment of the solvent and Ap,,. A tentative link between the donor number
of the solvent and A, may be implied, while a reasonably clear linear dependency on

the refractive index was observed.

79
















3. Properties of Novel Phthalocyanine Sensitisers.

0.6
A 1 665|.5 nm
0.9 -
05+ 8 b
2 081 pes
E 0.7 + Tmpeu:use
g 06+
04 4 Zosl
5] <.
g 04 + 667.5 nm
g 031 0.3 } + } + } a
g 650 655 660 665 670 675 680
3 Wavelength/nm
02+
0.1 4
0 = T T : 1' : T
550 570 590 610 630 650 670 690
Wavelength/nm
0.35 .
B 672 nm - 0042 1 674nm\ b
0.3 - b 41 C
0.35 +
¥ 0.25 - 8 o3l
£ e O 675.5 nm
3 0.2 =S 025+
o Bt
S 0.15 § 0.2 1 a
= 0.15 +
< 0.1 - <
0 0.1 +
0.05 - 0.05 +
0 — 0 F—————+—
550 575 600 625 650 675 700 550 575 600 625 650 675 700
Wavelength/nm Wavelength/nm
0.25
D 675 nm 0.25 E a
4 671 i
o 0.2 nm\ b 02 +
g 8
s 0.15 + a 5015 +
5 =
% 0.1+ Z 01+ b
Z .
< 625\nm ﬁ
0.05 + 0.05 +
0 ; + t t t f 0 t + + -
550 575 600 625 650 675 700 550 600 650 700 750

Wavelength/nm

Wavelength/nm

Figure 3.7. Effect of temperature (a. RT, b. 77 K) on the UV/Vis spectra of

A. ZnPcS, in EtOH (inset: Magnification of Q band peak), B. 'Bu,ZnPc in EPA
C. ZnPc(CHMeCQyH)4in EPA, D. ZnPc(CMe(CO;Me)y)yin EPA, E. C10 in EPA.

Concentration of phthalocyanine is 2-3 x 10-6_mol dm-3._Spectra have been corrected

for shrinkage of solvent upon cooling,
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A.ZnPcS, in EtOH displayed partial splitting of the Q band accompanied by band
narrowing (FWHM (293K) = 21 nm, FWHM (77K) = 12.5 nm). At room temperature,
a single peak, Apax = 667.5 nm, was observed for ZnPcS, in EtOH. At 77 K, this

maximum split to give two peaks at 665.5 = 1 nm and 668 * 1 nm.

B.BuyZnPc in EPA showed an apparent increase in the extinction coefficient,
narrowing of the full width at half maximum (FWHM) from 17 nm to 10 nm and a red
shift from 670 nm to 672 nm at 293 K and 77 K respectively (Figure 3.7 B).

C. The monomeric form of ZnPc(CHMeCO,H), in EPA was induced by adding 0.01
mol dm-3 potassium acetate. Similar behaviour to ‘BusZnPc was observed except a 1.5

nm blue shift occurred on cooling.

D. The energy of the S; < S transition of ZnPc(CMe(CO,Me),)4 in EPA showed a
shift from 671 nm to 675 nm on cooling, in addition to the band narrowing observed for
all the phthalocyanines under study. A new absorption peak at 625 nm also appeared.

E. The absorption spectra of C10 in EPA displayed the most striking change on cooling.
A highly structured absorption spectrum was observed which bore little resemblance to
the monomeric spectrum observed at room temperature. Further discussion of this
result, and information regarding fluorescence and triplet state properties of C10 at 77 K
may be found in Chapter 4 of this review (pp 111-159).

Intensity (Arbitrary Units)

0 L } + T
550 600 650 700 750 800
Wavelength/nm

Figure 3.8. a) Excitation (A,,, = 750 nm) and b) Emission (A,, = 630 nm) spectra at

77 K. A.ZnPcS,in EtOH, B. ZnPc(CMe(CO,Me),), in EPA. Spectra are offset for
clarity and have been normalised at A, ;.
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subsequent underestimation of K. For ZnPc(CMe(CO,Me),)4, therefore, Equation 3.2
provides a more accurate value for K. In the case of CHCl3, K could not be determined
since a linear Beer-Lambert plot was obtained over the concentration range studied (up
to 1 x 10 mol dm3). The dimerisation constant of ZnPc(CMe(CO,Me),)4 has been
shown to vary as the dielectric constant of the solvent system changed. This variation is
not a simple linear dependency and it is clear that aggregation is controlled by a number
of factors. Dimerisation equilibria are partly controlled by a balance between attractive T
T interactions between the hydrophobic phthalocyanine rings and repulsive electronic and
steric factors introduced by the substituentBél, This has been demonstrated by
Wohrlel®7], who showed that octabutoxy substituted zinc phthalocyanine is easily soluble
in organic solvents such as pyridine, toluene and CCly whilst the analogous methoxy
compound is not. For unsubstituted metallocyanines, monomers are favoured by non-
polar solvents, 1.e. those with a low dielectric constant. In the work presented here, ester
group substituents on the [ ring positions (Figure 3.9) of zinc phthalocyanine have been
found to promote solubility in chloroform (CHCl3) and dichloromethane (CH,Cly), as

has been mentioned earlier.

Figure 3.9. o _and [ _positions of zinc phthalocyanine.

In chloroform, ZnPc(CMe(CO,;Me),)4 was found to be monomeric at concentrations < 1
x 104 mol dm-3. Similarly an aggregation constant of 3100 dm3 mol-! was obtained for
experimental in CHyCl,. These values are very low when compared with those reported
in the literature. Osburn e al.[) have postulated an aggregation constant in CHCl3 of K
> 1 x 108 dm3 mol-! for a copper phthalocyanine peripherally substituted by ester groups
attached directly onto the ring. They suggested that the propensity of phthalocyanines to
aggregate is controlled by the electron withdrawing nature of peripheral substituents and
demonstrated a correlation between the total substituent constant, ¢*, and K for ester,
amide and alkoxy substituents of copper phthalocyanine. This has also been observed by
Abraham38] who rationalised this observation in terms of an increased metal to nm*
coupling. Comparison between reported K values and ¢* for several substituted zinc

phthalocyanines are shown in Table 3.6.
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or CHyCl,. Thus, unfavourable substituent/solvent interactions promote aggregation in
a comparable manner to dimerisation promoted by hydrophobic alkyl chain
substituentsi!l in aqueous solution. In methanol, unfavourable phthalocyanine
ring/solvent interactions become the dominant factor so attractive nnx Van-der-Waals
interactions outweigh favourable ester/solvent interactions and steric factors preventing

association.

In the case of, ZnPc(CHMeCO,H),, the hydrophilic nature of these substituents favours
interaction with polar solvents, hence, this phthalocyanine is soluble in organic media
with high dielectric constants such as MeOH. Hydrogen bonding between carboxyl
groups and solvent molecules is possible, thus aiding solvation. An extreme sensitivity to
the ionic strength of the solution was observed. Many reports have been published
commenting on increased aggregation of ionic porphyrins!“2l/phthalocyanines(!!) in
aqueous ionic media, however, little has been mentioned regarding the effect of ions in
organic systems. Indeed, Pasternack er al.l43] have shown that addition of acetone to a
0.1 mol dm3 ionic strength aqueous solution of nickel tetracarboxyphenylporphyrin
counteracts the electrolyte effect and shifts the dimerisation equilibrium towards the
monomeric form. Interestingly, the analogous zinc porphyrin was observed to remain
monomeric in 0.1 mol dm-3 salt solution. This was ascribed to a combination of two
effects; the presence of an axial ligand to the metal and non-planarity of the porphyrin
ring. Dimerisation is enhanced due to ion pairing between the electrolyte and porphyrin

substituents.

A similar effect is likely to be responsible for aggregation of ZnPc(CHMeCO,H), in
ethanol by Na*, K+, Mg2+, Zn2* or 'BuyN* ions, irrespective of the nature of the ions.
The concentrations of electrolyte concerned (~10# mol dm-3) are considerably less than
those reported4}:4%] in aqueous solution (0.01 mol dm-3 or greater). In fact, with the
exception of tetraalkylammonium salts, monomeric ZnPc(CHMeCO,H), species were
observed at ionic strengths of this magnitude in ethanol. This behaviour illustrates the
complexities of aggregation phenomena. In aqueous solution, substituent groups, in this
case carboxylate ions, are hydrated. That is, they are surrounded by a solvation shell of
ordered water molecules. This has two conflicting effects. Firstly, hydration reduces the
effective negative charge of carboxylate ions, therefore, ionic repulsion effects will be
lessened(*6).  Secondly, acid groups are protected from ions in the bulk media. Of
course, electrolyte ions will also be highly solvated, e.g. the free energy of hydration7},
of Na* ions is 375 kJ mol-!l and that of Ca?+ is 1584 kJ mol-l. Hence large
concentrations of ions are necessary for ion pairing to occur. In non-aqueous solution,
ion solvation energies are lowerl*8] with respect to water, for example, the free energy
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greater. It should be noted that the effect of ions on the ordering of non-aqueous
solvents is generally less than that of water. Two dimensional hydrogen bonding, such as
may occur in alcoholic solution, is less influenced by solute than the three dimensional H-
bonding that exists in water(3¢). This is because non-aqueous solvents are inherently less
ordered systems than water (entropy of water = 69.9 J K-1 mol-1, entropy of ethanol =
160 J K-1 mol-1)i57,

The properties of ZnPc(CHMeCO,H), in aqueous solution are very different. The
observed insolubility of the carboxylate in distilled water may be explained by reference
to the acid dissociation constants. Due to the separation of the carboxylate groups from
the phthalocyanine skeleton, phenylacetic acid®8 (pK, of 4.3 at 293 K in water) may be
used as a model for the pK, of the phthalocyanine carboxylate groups. Accordingly, the
acid groups of ZnPc(CHMeCO,H),, would be expected to remain largely undissociated
in water (pH ~ 4.5-5) and consequently have little effect on the overall solubility of the
phthalocyanine - c.f. ZnPc(CMe(CO,Me),)y. ZnPcS, is soluble in H,O due to the
greater acidity of the sulfonic acid substituents in comparison to the carboxylate groups
above (pK, = 2.5)°). PBS renders both ZnPc(CHMeCO,H), and ZnPcS, soluble. This
buffer has a pH of 7.4, a pH at which both sulfonates and carboxylates are fully
dissociated. This explanation is corroborated by the effects observed on altering the pH
“of PBS. Alkaline conditions encouraged dissociation of the acidic groups, thus the state
of aggregation was unaffected. At low pH (2) further aggregation occurred due to
protonation of carboxylic acid side chains. Phosphate buffer saline (PBS) contains 0.1
mol dm-3 NaCl ions. In aqueous solution, ZnPc(CHMeCO,H), is dimeric for the
reasons discussed above, i.e. intermolecular ionic repulsions between negatively charged
substituents are screened by hydration shells, favourable entropic considerations and
solvophobic forcesl®0l. Any structure breaking capacity of Na* or Cl- ions is too weak to
have any effect. CTAB, however, effectively induces monomerisation. Ben-Hur er
al.'®l) have used 1% hexadecyl trimethylammonium bromide (CTAB) solution to
monomerise sulfonated metallocyanines however, at this concentration (~0.03 mol
dm-3), monomerisation is most likely to be caused by incorporation into micelles. The
concentrations used in this study (0.02 mmol dm-3) were well below the cmc of CTAB
(0.9 mmol dm-3), therefore, disaggregation is not due to incorporation into micelles.
Hence, this effect may be explained in terms of ion pairing. In contrast to the effect of
1on pairing discussed above, where pairing in ethanol induced dimerisation due to linking
of substituent carboxyl groups by metal cations, here dimerisation is prevented due to
steric inhibitions introduced by pairing of bulky hexadecyl trimethylammonium groups to
the ionic side chains of the phthalocyanine.
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3.3.2.3.2 Photophysical Properties

The effect of solvent on A, is a complex and involved issue. Foley(7# reported a blue
shift in the absorption spectrum of AlPcS, with increasing dielectric constant whilst
Harazonol¢?! et al. observed a red shift in the S; « S transition of titanium (IV) oxide
phthalocyaninate (TiOPc) as solvent polarity and dipole moment increased. It is
generally accepted that the wavelength of mm* transitions increases with solvent
polarity®3! due to a greater stabilisation of the excited state with respect to the ground
state. The results obtained here (Figure 3.4) show a random distribution of absorption
maxima with dielectric constant and solvent dipole moment. A possible connection
between the electron donating propensity (DN) of the solvent and Ap,,, is suggested
whilst a reasonable linear correlation with refractive index was observed. These plots are
llustrative of the complexities encountered when trying to apply a simple trend.

In the case of phthalocyanines, it is not possible to consider purely one type of
intermolecular interaction. Electrostatic forces between solute and solvent, hydrogen
bonding capacity and the potential of the solvent to act as a ligand must all be
considered. = Harazono attempted to separate these contributions with dubious
success!®?l. Refractive index is a measure of the polarisability of a solvent. Limantara ez
al.®4l have demonstrated that the dependency of the Q, and Qy transitions of
bacteriochlorophyll a on the refractive index of polar and non-polar solvents follows
Equation 3.3. A red shift of absorption maxima was observed with increasing refractive

index.

2
V=—d.R(np)+e where R(nD)=—"-D2—1 (3.3)
np +2

Application of Equation 3.3 where np is the refractive index of the solvent to the data
obtained for BuyZnPc yielded a plot (Figure 3.10) with a linear fit of gradient, -1900
cm! (coefficient d) and intercept, 15300 cm! (coefficient €). This is in good agreement
with Limantara's values of -2333 cm-! and 17680 cm'! (d and e respectively) for
bacteriochlorophyll a in polar solvents.
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Figure 3.10.

Relationship between solvent refractive index and A, ,, (UV/Vis.) of ‘Bu,ZnPc.

The effect of substituents on the position of the Q band absorption may be rationalised in
terms of their propensity to donate electrons to the © system of the phthalocyanine ring.
It has been shown experimentally that electron donating substituents on the
phthalocyanine rings cause red shifts in the absorption spectrum of ZnPcl). The
magnitude of the shift was reported to depend on the site of peripheral substitution in
addition to the strength of the donor. This was corroborated by Ford ez al.[16] in 1989
who demonstrated that the absorption spectrum of o substituted octabutoxyzinc
phthalocyanine was shifted ~70 nm to longer wavelengths with respect to ZnPc in the
same solvent. In contrast, octabutoxy substitution in the B positions had little effect on
the position of Ay, B7:65. Of the compounds investigated in this study, the octadecyl
substituents of C10 were observed to have the largest effect, inducing a red shift of 33
nm with respect to the parent phthalocyanine. This is in agreement with a previous
study(1”] of the basic photophysics of C10. Alkyl chains are known to act as electron
donors when attached to a © electron systeml®6). A theoretical explanation for these
effects has recently been published by Morley et al.l7). The Q band of phthalocyanine
molecules is a wn* transition or HOMO to LUMO transition. Substituent donors can
stabilise the LUMO by donating electrons to the nitrogen atoms of the ring. o and f
substituents both stabilise in this way, however, o substituents are more effective, thus a
greater decrease in the transition energy is observed. This explains the smaller shift of
"BuyZnPc with respect to C10 since the butyl groups were located in the P positions.
Electron withdrawing groups may also be expected to induce a small red shift.
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Peripheral substitution had little effect on the propensity of ZnPc's to produce singlet
oxygen. This corroborates results by Fernandez er al.[23] who found that substitution by
nitrogen containing substituents neither enhanced nor depleted the yield of triplet state
and singlet oxygen formation by ZnPc. Similarly, Ben-Hurl!2) has reported that sulfonate
group substitution of aluminium phthalocyanine had no effect on its photophysical
properties. In this study, the fluorescence, triplet and singlet oxygen quantum yields
remained approximately constant, with the notable exceptions of ZnPc(CHMeCO,H), in
0.02 mmol dm-3 CTAB/PBS and C10. In these cases, a dramatic decrease in ®p from
0.25 to 0.06 and 0.082 respectively was observed. For ZnPc(CHMeCO,H), in 0.02
mmol dm-3 CTAB/PBS the most reasonable explanation for this and the low value of ®
(0.18) is the presence of Br-, a heavy atom which will act to quench the excited state. A
comparable value of @ was measured by Valdugal®8! for ZnPc in CTAB micelles. C10
displayed a concurrent increase in &1 (0.8) with respect to unsubstituted ZnPc,

suggesting that k;q. has increased17].
3.3.2.3.3 Low Temperature Measurements

Sharpening of absorption and fluorescence spectra on lowering the temperature may be
attributed®® to a decrease in the thermal motion of surrounding solvent molecules,
leading to a reduced inhomogeneous broadening of the transition. Shifts in A,, are
more difficult to explain. Cupane er al.l’® observed a red shift upon cooling a solution
of Ni(II) octaethyl porphyrin to 100 K. This was ascribed to an equilibrium between
planar and non-planar macrocyclic structures, shifting towards the lower energy non-
planar conformation at low temperatures. Phthalocyanines are remarkably planar in
structure, non-planarity only having been observed in special cases(’!], therefore, this
scenario is viewed as rather unlikely for this class of compounds. The hypothesis of
Hoshino er al.l’2 who ascribe a shift of dimeric chlorophyll a from 695 nm to 706 nm on
cooling from 160 K to 77 K, to a change in configuration of the dimer is more
reasonable. It is feasible that rearrangement of solvent molecules around the
phthalocyanine and/or peripheral substituent configuration changes at low temperature
may be responsible for the shifts observed here. This has been demonstrated by the
effect of temperature on (BuO)gZnPc (vide infra). Large red shifts in the absorption
spectrum upon cooling indicate that the nature of the solvent and potential interactions
with peripheral substituents of the phthalocyanine ring are very important. Shifts in EPA
and EtOH of ~ 40 nm suggest that stabilisation of the LUMO occurred. The most likely
cause of this is formation of hydrogen bonds between solvent molecules and oxygen
atoms of the substituent. This is corroborated by behaviour in aprotic solvents, MeTHF
and Et,O:IP, in which hydrogen bonding is impossible and far smaller shifts were
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obtained (AA = 13 nm and 14 nm respectively). Not surprisingly, low temperatures
resulted in a smaller Stokes shift of emission. This stems from reduced rotational
deactivation pathways at 77 K due to the rigidity of the solvent glass which inhibits
molecular motion. More interesting is the solvent dependency of the magnitude of the
change. A significantly larger decrease was observed in aprotic solvents (11 nm — 2
nm) than in protic solvents (14 nm — 11 nm) whilst the absolute value was larger for
protic solvents, i.e. those capable of hydrogen bonding. Hydrogen bonding to the
chromophore increases the number of vibrational deactivation modes available and hence
facilitates energy loss to surrounding molecules. Protic solvents will therefore cause a
larger decrease in the energy of emission with respect to absorption. At low
temperatures, the number of hydrogen bonds increased whilst vibrational motion is
reduced. These conflicting effects mean that the Stokes shift is not reduced as
significantly in protic solvents as in aprotic solvents where the only process to be
considered is that of reduced vibrational deactivation pathways.

Sheppard er al.[*l suggested that increased polarity of solvent molecules at low
temperature was responsible for a red shift in the absorption spectrum of non-ionised
merocyanine. It is generally accepted that Tn™ transitions are red shifted with increased
solvent polarity, suggesting that this may be a feasible explanation; however, it has
already been shown that the S < S transition energy of zinc phthalocyanines does not
exhibit straight forward behaviour with solvent polarity. The effect of temperature on
the refractive index of ethanoll’3) may be described by Equation 3.4.

d’;? =-37x10~ K (34)

where npy is the refractive index and T is the absolute temperature. dnp/dT is negative
for most solvent media and demonstrates that as the temperature of a solution is
lowered, the refractive index increases. Hence, by reference to Figures 3.4 and 3.10
which show a shift in A, with np, a bathochromic shift of A,,, may be predicted. The
red shifts of 'BuyZnPc and ZnPc(CMe(CO,Me),)4 may be explained by this theorem.
ZnPc(CHMeCO,H), and ZnPcS, show an opposite shift suggesting a different
interaction which causes destabilisation by solvent molecules at low temperature.

The appearance of an absorption peak at 625 nm in the low temperature spectrum of

ZnPc(CMe(COyMe)y)4 (Figure 3.7D) may be ascribed to dimeric phthalocyanine
species. Lack of additional emission at 77 K and the absence of this peak in an excitation
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spectrum is typical of non-fluorescent dimer species formed by phthalocyanines(74. It is
well known that aggregation of dyes increases at low temperature!73):7¢],

As a consequence of sharpening of absorption bands at low temperature, resolution of
spectra is improved. This is demonstrated by the spectra of ZnPcS, in which broad 'flat
topped’' peaks were observed at 77 K in both UV/Visible and excitation spectra. There
are several possible explanations for this. ZnPcS, used in this study consisted of a
mixture of isomersl’”] with substituents in both o and B positions of the ring. As has
been discussed, o and [ substituents have different propensities to affect the position of
Amax- It is therefore not unreasonable to assume that a mixture of isomers would result
in a broad absorption band consisting of several individual peaks, unresolvable untl
rotational broadening is quenched. Similar behaviour has been observed for disulfonated
aluminium phthalocyanine at room temperature(’8l. This was attributed to unsymmetrical
polarisation of the molecule in x and y directions in those isomers where sulfonate
groups were in asymmetric positions, removing the degeneracy of the S; excited state.
By considering the emission spectrum recorded for ZnPcS, at 77 K, in which a single,
sharp emission peak was observed (Figure 3.8A), it can be concluded that emission must
be from a single molecule. If splitting of the UV/Visible spectrum was due to absorption
by more than one phthalocyanine species, €.g., a mixture of o and B substituted isomers,
it would be expected that the splitting would also be observed in the emission spectrum.
However, in an analogous fashion to that discussed by Bishop, removal of S; degeneracy
will only result in one emission level due to rapid deactivation of the higher state. It is
concluded that the low temperature phenomenon observed here may be ascribed to
asymmetric X and y polarisations of the phthalocyanine ring.

3.3.3 Properties in Heterogeneous Solution
3.3.3.1 Micellar Systems

Triton X-100 non ionic surfactant, (Figure 3.11) has been used to investigate the

photophysical properties of modified ZnPc's. Triton X-100 (TX) is a polydisperse
sample of isooctylphenoxypolyethoxyethanol with an average of 9.5 oxyethylene units

H H H
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3
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@

&
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-

Figure 3.11. Structure of Triton X-100.
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This is an amphiphilic molecule, consisting of a hydrophobic head group (alkyl
substituted phenyl ring) and long hydrophilic polyoxyethylene tail. At low
concentrations free, monomeric surfactant chains exist in soluton. When the
concentration of surfactant molecules is increased to what is known as the critical
micelle concentration (cmc), aggregation to form micelles occurs (Figure 3.12). At the
cme (0.26 mmol dm-3)B, the gain in free energy obtained by removing energetically
unfavourable water/tail interactions becomes more significant than the loss of entropy
associated with the ordered nature of the micelle. The phenyl groups associate to form a
hydrophobic core while the oxyethylene chains extend into the aqueous phase. On
average, TX micelles are formed from ~140 individual molecules and have a diameter of
110-125 A and a radius of gyration of 30.9 A. Triton X-100 reduced, TXR, is a
chemically réduccd form of Triton X-100, ie. the phenyl ring is saturated to
cyclohexane. This results in removal of absorption bands in the ultraviolet region but the
micellar properties of Triton X-100 reduced do not differ significantly from those of
Triton X-100180),

Hydrophobic Core

Hydrophilic Chains
K

Bulk Aqueous Phase

Figure 3.12. Simple diagram of a normal micelle.

3.3.3.2 Photophysical Properties

Incorporation of hydrophobic zinc phthalocyanines into the hydrophobic core of neutral
surfactant micelles (Triton X-100) allows aqueous solutions to be prepared. UV/Visible
absorption  spectra of 'BusZnPc, ZnPcS,;, ZnPc(CMe(CO,Me),)s  and
ZnPc(CHMeCO,H), were characteristic of monomeric species at low concentrations
giving linear Beer-Lambert plots below 2 x 10-® mol dm3. Above this concentration,
ZnPcS, and ZnPc(CMe(CO,Me),)4 remained monomeric across the concentration range
of interest for photophysical measurements (< 5 x 10 mol dm-3) while the Beer-
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Lambert plots of ZnPc(CHMeCO,H)4 and 'BuyZnPc showed a small degree of negative
curvature (Figure 3.13), indicative of aggregation.
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Figure 3.13. Beer-Lambert plots
'Bu,ZnPc and ZnPc(CHMeCO,H) ,in 1% TX/PBS.

The absorption spectra for C10 in 1% TX/PBS and 1% TXR/PBS are shown in Figure
3.14. The spectrtum carried out in 1% TX/PBS shows increased absorption between 640
nm and 690 nm which may be due to aggregated species, although linear Beer-Lambert
plots were obtained across the concentration range studied. The spectrum of C10 in 1%
TXR/PBS is characteristic of monomeric phthalocyanine. Since the micelle properties of
this surfactant are not significantly different to those of Triton X-100, these results imply
that the saturated nature of Triton X-100 reduced provides a better solvent environment

for this phthalocyanine.
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The quantum yields of triplet state and singlet oxygen formation were comparable with
those determined in homogeneous media and are typical of values measured for
monomeric phthalocyanines. Tt displayed an increase with respect to those measured in
organic solvents (Table 3.4). C10 behaved differently to the other phthalocyanines. No
effect on the fluorescence yield was observed upon incorporation into micelles, however,
a significant decrease in the quantum yield of triplet state was observed. Coupled with
ground state absorption data, this was ascribed to aggregation of the phthalocyanine.
Changes in the fluorescence yield may have been within experimental error and hence
undetectable. Incorporation into TXR/PBS micelles increased the measured triplet yield
to 0.8 - comparable to that measured in 1% pyr/tol - and confirmed the presence of

monomeric species in this system.
3.3.4 Properties in the Solid State

Using the method described in Section 2.2.7.2, it was possible to prepare monomeric
samples of 'BuyZnPc adsorbed onto silica, cellulose powder, filter paper or protein
(BSA). Figure 3.15A shows the remission function calculated for 'BusZnPc on silica.
The position of the absorption maximum (A,,x) Was determined by the nature of the
substrate. A,y is a good indicator of the environment of phthalocyanine (See Section
3.3.2.3.2), and shifted progressively from 670 nm to 678 nm to 678.5 nm as the substrate
was changed from silica to bovine serum albumin to cellulose respectively. Slight
broadening of the spectrum (FWHM = 20 nm, c.f. 19 nm in MeOH) is attributed to the
large distribution of environments available on solid substrates. Figure 3.15B shows the
remission function of ZnPc(CHMeCO,H), on silica, prepared from a methanolic
solution. This phthalocyanine shows evidence of aggregation (denoted by broad,
unstructured absorption) superimposed on the spectrum of monomeric phthalocyanine.
A large FWHM (43 nm) was obtained as a result of aggregation and the inhomogeneous
nature of the environment. The aggregated state of ZnPc(CHMeCO,H), on silica
suggests that the dye molecules do not participate in any strong chemical interactions
with the substrate.
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Figure 3.15. Remission functions of phthalocyanines on silica.
A.'Bu,ZnPc. B. ZnPc(CHMeCO,H),. Spectra have been offset for clarity.
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Figure 3.16. A. Excitation (a) and emission (b) spectra of ‘Bu,ZnPc on cellulose
Ao =740 nm, A, =610 nm). B. Corrected for artefacts. Spectra have been offset

for clarity.
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The emission and excitation spectra obtained from a 'dilute' (~6 pg g-!) sample of
BugZnPc on cellulose are shown in Figure 3.16. Unexpected peaks were observed at
638 nm, 786 nm and 820 nm in the emission spectrum and 610 nm in the excitation
spectrum. The intensity of these peaks relative to phthalocyanine emission was reduced
by increasing the concentration of the sample. It was concluded, therefore, that these
peaks arose due to an artefact rather than the behaviour of phthalocyanine

The source of these ‘emission’ bands was investigated. It was found that the positions of
the peaks were independent of the substrate used, ruling out fluorescence or absorption
artefacts of cellulose. When an empty sample holder was used (with quartz plate) these
peaks were still observed, but when the same holder was used without a quartz plate, i.e.
when teflon was the only scattering surface, a flat baseline was obtained. It was
concluded that 'emission’ originated from either the quartz window or an inherent
impurity within it. Variation of the excitation wavelength or monitored emission
wavelength caused peaks at 610 nm (P;) and 638 nm (P,) to shift (Figure 3.16A). The
position of emission peaks at 786 nm and 820 nm remained constant. Clearly, spurious
peaks are due to two different phenomena. It is probable that static peaks were caused
by fluorescence emission from impurities in the quartz. The same difficulty was
encountered whilst making singlet oxygen measurements (Appendix A). The energy
difference, AE;, between Ap,,(P1) and the monitored emission wavelength, Ao, was
constant at 2700 + 200 cml. AE,, the energy difference between Ap,,(P;) and the
wavelength of excitation, Ay, was 2850 + 200 cm'l. AE; = AE,. It is tentatively
suggested that this phenomenon may be due to a previously unreported Raman band of
quartz or of an impurity therein. Spectra were corrected by scanning a 'blank’, i.e.
substrate only, as a background signal with subsequent subtraction from sample spectra.
In this way, excitation and emission spectra resembling solution state, monomeric
phthalocyanine were obtained (Figure 3.16B).

Transient absorption decays obtained by diffuse reflectance flash photolysis fitted well to
monoexponential decay curves (Figure 3.17), yielding lifetime values of 90 ps = 15 us on
silica and 130 ps + 20 ps on cellulose. These lifetimes are slightly reduced compared
with the lifetime observed in degassed homogeneous solution (170 us). The decay of
'BugZnPc on a cellulose substrate had a longer lifetime than that of phthalocyanine
adsorbed on silica. There have been many reports of extended triplet state lifetimes of
molecules adsorbed on cellulosel81:82.  Cellulose protects samples from oxygen
quenching due to the rigidity of the cellulose matrix and poor mobility of oxygen
molecules through dry cellulose!®3]. This suggests that complete deoxygenation of the
sample was not achieved. The transient absorption spectrum was centred at 490 nm,
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consistent with triplet species in solution and was independent of delay time (Figure

3.18).
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Hence, it is possible to incorporate substituted zinc phthalocyanines onto solid substrates
whilst retaining photophysical activity.

3.4 Conclusion

Two novel, substituted zinc phthalocyanines, ZnPc(CMe(CO,Me),y)s and
ZnPc(CMe(CO,H)4, have been synthesised. The photophysical properties, g, 1, 11
and ®@p_of ZnPc(CMe(CO,H)4 and ZnPc(CMe(CO,Me),)y, are typical of substituted
zinc phthalocyanines making these ideal candidates as sensitisers for photodynamic
therapy. ZnPc(CMe(CO,Me),), displays remarkably monomeric character in CHCly
due to the bulky nature of its peripheral substituents, whilst ZnPc(CMe(CO,H)4 was
soluble in aqueous solution at physiological pH. Such solubility properties are important
for intravenous administration in therapeutic applications, however in EtOH solution
aggregation of this phthalocyanine displayed an unusual dependence on ionic strength.
Aggregation was found to be promoted by ion concentrations between zero and 5 x 104
mol dm-3, while disaggregation occurred at concentrations > 10-3 mol dm-3. It is likely
that ion pairing between acid substituents and cations results in aggregation at low ionic
strengths. At higher ionic strengths, 'structure breaking' of solvation shells surrounding
phthalocyanine removed energetically favourable entropic factors of aggregation, leading
to regeneration of monomeric phthalocyanine species. It has also been shown that
disaggregation in PBS can be induced by 0.02 mmol dm-3 CTAB due to steric inhibitions
introduced by ion pairing. Considerable ion effects such as these may have important
consequences in vivo where ion transport across cell membranes is a vital biological
function(®¥). Certain sensitisers are known to locate in the cell membrane(®5. In the case
of ZnPc(CMe(CO,H),, its aggregation state, and consequently its efficacy as a sensitiser,
may be controlled by the ionic strength of the surrounding medium.

The effect of peripheral substitution of ZnPc by various groups (X) has also been
considered. The position of the absorption maximum, Apy,,, Was found to be dependent
on the position of substitution in the ring (ot or ) and the refractive index of the solvent.
The photophysical properties of ZnPcX, were unaffected by the identaty of X,
differences being observed only in the case of X = CygHp;. By contrast, effects of low
temperature (77 K) on the absorption and fluorescence spectra of ZnPcX,, were found to
be highly dependent on the nature of substituents.

It has been shown that, despite their hydrophobicity, these phthalocyanines may be
incorporated into aqueous micellar systems or adsorbed onto solid substrates without
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loss of photoactivity. This has important consequences with respect to incorporation of
phthalocyanines into lipid bilayers or onto tumour tissue in vivo where a change in
physical (e.g. aggregation) or photophysical (e.g. ®a, 1) properties would render the

dye less efficient.
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CHAPTER 4
DIMERISA TION OF PH THALOC YANINES

4.1 Introduction

It has been demonstrated in Chapter 3 that dimerisation and aggregation of znc
phthalocyanines occurs readily and is highly dependent on the nature of peripheral ring
substituents and the surrounding medium. In biological media, accumulation of
phthalocyanine molecules may lead to high local concentrations (103 mol dm3 to 104
mol dm-3)[1L2) and therefore promote aggregation. Accordingly, it is extremely
important to determine the efficacies of monomer and dimer components. In this
section, the in vitro photophysical properties of phthalocyanine dimers are investigated.
Luminescence from dimers has been a controversial topic for many years. It is generally
accepted that it is the monomeric form of the dye which is responsible for photodynamic
action®! and many reports have been published regarding the lack of fluorescence from
aggregated species. It has been shownl*h5] that the excited states of the well
characterised face-to-face stacking dimer of p-oxo aluminium (III) phthalocyanine are
rapidly deactivated by non-radiative routes and Kobayashi and Levers] have
demonstrated Stern-Volmer quenching of fluorescence from crown ether substituted
phthalocyanines as dimerisation was induced by the addition of K* ions. However, there
have also been reports of luminescent phthalocyanine dimers. Yoon et al.l] claimed to
have observed emission from aggregated sulfonated aluminium phthalocyanine chlonide
at high concentrations and Kanezaki and co-workers(®] detected dimer transitions in the
fluorescence excitation spectrum of ZnPc at 77 K. The work of Yoon has been
questioned by Dhami er al.[®) who suggest that reabsorption was responsible for some of
the effects observed. The behaviour of porphyrin dyes is markedly different. It is
accepted that aggregates such as p-oxo dimers of scandium octaethylporphyrin
((TPPSc),0)101  aluminium tetraphenylporphyrin  ((TPPAD),O)(11}  and niobium
tetraphenylporphyrin ((TPPNb),0)[12] - which form face-to-face dimers with non-parallel
monomer sub-units - exhibit intense fluorescence from the lowest excited singlet state.
This difference in behaviour can be explained using exciton theory!!3} which describes the
energy levels of an electronically excited dimer molecule based on its ground state

geometry.

Aggregation of dye molecules results in the splitting of excited states. The aim of the
work described in this chapter was to study the singlet and triplet state properties of




4. Dimenisation of Phthalocyanines.

phthalocyanine dimer species. In addition, the use of steady state fluorescence
anisotropy as a means of studying excited state energy levels has been investigated.
tBuyHyPc was chosen as a model compound for anisotropy measurements due to the
inherent non-degeneracy of its first excited singlet state and its properties compared to
those of the metalled compound, ‘BugZnPc. Results obtained from this study were then
applied to the study of phthalocyanine dimer species produced by octaalkyl
metallophthalocyanines.

4.2 Theoretical Background
4.2.1 Exciton Theory

Effects of aggregation on the energy levels of phthalocyanine dye molecules may be
explained using exciton theory!12L(13L,{14L015] which was developed by Kasha in the
1950's. The theory describes splitting of excited states which may occur in molecular
aggregates with strong electronic transitions in the monomer sub-units and negligible
electron overlap between those units. If negligible overlap is assumed, molecular units
preserve their individuality and wave-functions for the aggregate species may be
determined in terms of the wave functions for the electronic states of monomer
components. The theory is based on a point-dipole approximation, i.e. it is assumed that
transition dipole moments may be considered to be localised at the centre of the
molecule. The magnitude of splitting is dependent on the geometry of the constituent
monomers. Specifically, the angle between monomer transition moments and the line
connecting the monomer centres, 6 and the distance separating the sub-unit centres, T,
must be considered (Figure 4.1). Three main arrangements will be discussed in this text:

A. Dimers consisting of monomer sub-units with coplanar, parallel transition moments,
B. Dimers with oblique transition moments,
C. Dimers with out-of-plane transition dipole moments.

Figure 4.1 illustrates the effect of © on the observed splitting of a dimer consisting of two

monomers with coplanar, parallel] transition moments.
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Figure 4.1. Energy level splitting on exciton coupling of a 'slipped’ dimeri!3],

For this configuration, exciton band splitting, AE (EX- E!), may be given by Equation 4.1
where IMI is the transition moment for the singlet-singlet (S; < S) transition in the
monomer. r and 6 have been defined above. 54.7° represents the 'magic angle' at which
no splitting will occur. Below this value, transitions to the lower level are allowed,
whilst at higher values those to the upper level are allowed.

_2mP?

3

AE (1-3cos?9) 4.1)

This may be explained qualitatively by considering the vector sum of constituent
transition dipoles. Consider the limiting case of 6 = 90°, e.g., when monomer units are
cofacially stacked. The higher energy level originates from repulsive forces between
dipoles, 1.e. when they are aligned, whilst the lower energy level results from opposed
dipoles. Vector addition of aligned dipoles leads to a positive dipole moment whilst
opposed dipoles cancel each other out and lead to a net dipole of zero. Thus transitions
to the lower level are forbidden. At the opposite extreme, 6 = 0° and monomer sub-units
lie in the same plane. Aligned dipoles will now give rise to an allowed, lower energy
transition whilst opposed dipoles result in a higher energy level to which transitions are
forbidden due to a net zero dipole. This results in dimer peaks in the absorption
spectrum which are red or blue shifted with respect to the monomer absorption
depending on the angle 6. Kasha's rule says that fluorescence usually occurs from the
lowest excited state, thus, dimers with lower energy transitions (red shifted) will have
allowed radiative deactivation pathways, i.e. they may fluoresce. Those absorbing into
upper excited states (blue shifted dimers) will undergo vibrational relaxation to the lower
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level from which they cannot undergo radiative decay so deactivation will occur via

radiationless pathways.

Type B dimers, or those with oblique transition dipoles, give rise to exciton splitting with
the energy level diagram shown in Figure 4.2.

EII

S ] N — 'Allowed’ Transition
E!

S

0 N\

Monomer Dimer ‘Oblique’ geometry

Figure 4.2. Exciton coupling of an 'oblique’ dimer!?3],

In this case the splitting is given by Equation 4.2.

_2iM12

e

AE (cosa+3cos26) (4.2)

where o is the angle between transition dipole moments shown in Figure 4.2 and other
terms are as described previously. In dimers with an oblique geometry, there are finite
transition dipoles for in phase and out-of-phase alignments; thus, transitions are allowed
to both excited states. This type of dimer will exhibit a symmetric splitting about the
monomer Q band in the absorption spectrum and will emit fluorescence from EL
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Figure 4.3. Exciton coupling of an 'out-of-plane’ dimer!?3,

Finally, Type C dimers should be mentioned, i.e. those with non-planar transition dipoles.
Figure 4.3 depicts the energy level diagram for a dimer of this type. As a, the angle
between monomer molecular planes approaches 90°, E! becomes progressively more
allowed. The exciton splitting is defined by Equation 4.3.

_21mP?

3

AE (cosoz—3c0526) (4.3)

Dimers of Types A and B are well represented by published examples of porphyrin(1€!
and phthalocyaninel*l:¢! complexes. Work by Osuka and Maruyamal!é) details a range of
porphyrin dimers coupled by naphthalene, anthracene or biphenylene bridges at varying
substituent positions. 1, 4 naphthalene bound complexes displayed planar, Type A
geometry, i.e. 8 ~ 0°. As predicted by exciton theory, a red shift of the Q absorption
band with respect to that of the constituent monomers was observed and the complex
was fluorescent. By contrast, a Type A dimer in which 6 ~ 90° - 1,8 biphenylene bridged
zinc diporphyrin - displayed a blue shifted absorption peak and was shown to be virtually
non-fluorescent. Various examples of dimers with oblique transition dipoles (Type B)
are also discussed. In these complexes, the Soret band was observed to split into two
separate transitions and the relative intensities of each absorption were shown to be
related to the dihedral angle (0) between constituent monomers. As expected for Type B
dimers, these compounds were fluorescent. p-oxo porphyrins, (TPPNb),0l2 and
(OEPSc),0M101 also fall into this category. An example of a Type C dimer has been
published by Oball”], who observed splitting of the absorption spectrum of chlorophyll a'
upon dimerisation. A 'T-shape’ geometry, in which constituent monomer transition
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dipoles are non-planar, was proposed to account for the observed spectroscopic

properties.
4.2.2 Fluorescence Anisotropy!18L19] of Phthalocyanines

The maximum fluorescence anisotropy of any particular molecule is termed the principal
anisotropy, 1y, and occurs when excitation of a luminescent molecule leads directly to the
first excited state, i.e. the energy level from which the bulk of fluorescence originates. In
this situation, the angle between the absorption transition dipole and the emission
transition dipole, 6,, (Figure 4.4) is zero.

z
Ns O = Angle formed between planes
defined by OZ, A and A, F directions.

F 6, = Angle between absorption, A and

Vertically Polarised > o '
Incident Radiation emission, F transition dipoles.
0
1 :r *T = >y

Figure 4.4. Representation of 6, -

Angle between absorption and emission transition dipoles!8!,

When absorption produces a higher excited state, rapid deactivation to the emitting state
occurs, which may result in the absorption and emission dipoles being non-coincident, 6,
> 0. In this case, the anisotropy is termed the fundamental anisotropy, rs. Information
regarding the value of 8, may be obtained using the Perrin Equation (Equation 4.4).

rf=0.2(3cos29a -1) (44)

According to this equation, ry has limiting values of -0.2 and 0.4 when 8, = 90° and 0°
respectively. When 6, = 0, 1y = r, = 0.4. It should be noted that experimentally
determined values are always lower than 1y due to inherent depolarising processes: these
include rotational motion, torsional vibrations, excitaton energy transfer between
molecules and secondary fluorescence. These effects, with the exception of torsional
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vibrations, may be minimised by optimising experimental conditions. Secondary
fluorescence may be eliminated by controlling the intensity of excitation radiation, energy
transfer by using low concentrations of fluorophore and rotational motions via highly
viscous or rigid solutions. The maximum anisotropy which may be obtained
experimentally, having considered these effects is the limiting anisotropy, rg. However,
when molecules such as benzene and deuterobenzene are considered(2%, ry (0.091 and
0.081 resp.) is vastly different from the theoretical value of 1, (0.4). In order to account
for this difference, which is too large to be explained by the depolarising mechanisms
mentioned previously, spatial oscillators must be used instead of the linear oscillators
assumed so far. In brief, the transition moment is considered to be composed of three
dipoles, each oriented along one of the Cartesian coordinate axes, x, y and z. The axes
are arranged such that the maximum dipole moment lies along one axis and the minimum
along another, thereby determining the direction of the third axis. Using spatial
oscillators in this way, ry may be defined by Equation 4.5.

3 1
r=520.G. 5 (45)

where I represents the absorption intensities along each of the principal axes and
G; = ZTcos20, where 8, is the angle between the absorption and emission dipoles. For
anisotropic oscillators, I';y = 1, I’y =I's =0 and G; = cos28,, which leads to the original
Perrin Equation (Equation 4.4). For a symmetric, planar molecule such as benzene, I'; =
I'y=G; =Gy =05 and I'3=Gs=0, yielding a principal anisotropy, rp, of 0.1, thus
explaining the low values of 1y observed. This situation is also applicable to molecules
with Dy}, symmetry such as ZnPc. For an isotropic absorption and emission process no

anisotropic fluorescence would be expected.

Thus far, rotational motions of fluorophores have been neglected and, while this
assumption is valid in rigid or highly viscous media, rotations due to Brownian motion
must also be considered in the solution state. Under these conditions, the anisotropy 1s
time dependent and has been shown to decay exponentially following Equation 4.6

r(t)= roe_6Dt (4.6)

where 1(t) is the time dependent anisotropy, r is the limiting anisotropy and D is the time
dependent diffusion coefficient of rotational motion. It is possible to measure 1(t) using
time correlated single photon counting techniques. However, r(t) has not been

117




4. Dimerisation of Phthalocyanines.

investigated in this study. Steady state conditions were employed. In this case, the time
averaged value, 1,,, of Equation 4.6 is applicable. This is expressed by the steady state
Perrin Equation (Equation 4.7)

3T
Do _7+2°F (4.7)
Tay TR

where TR is the rotational relaxation time, Tg is the fluorescence lifetime and 1y is the

limiting anisotropy.
4.3 Materials and Methods

Aluminium phthalocyanine chloride was purchased from Kodak and used as received.
1,4,8,11,15,18,22,25- octadecyl zinc phthalocyanine (C10) was a gift from Prof. M. J.
Cook, University of East Anglia, 2,3,9,10,16,17,23,24-octa-hexadecyl phthalocyanine
(HpCy6) was a gift from Dr. N. McKeown, University of Manchester and
1,4,8,11,15,18,22,25-octabutoxy phthalocyanine ((BuO)gH,Pc) was purchased from
Aldrich. H;C;¢ and (BuO)gH,Pc were converted into the zinc metallated derivatives
(ZnC16 and (BuO)gZnPc respectively) via the procedure described in Section 2.2.2.
Methanol (MeOH), diethyl ether (Et;O), ethanol (EtOH) and isopentane (IP) were
Analar grade or better and were used as received. 2-methyl tetrahydrofuran (MeTHF)
was purchased from Aldrich and distilled before use. Triton X-100 (TX-100),
tetrabutylammonium fluoride (*BuyNF) - 98% purity, 1, 4 Diazabicyclo [2,2,2] octane
(DABCO) - 99% purity, trans 1,2-dipyridyl ethylene (DiPE) - 97% purity and
4,4'-bipyridine (bipy) - 98% purity were purchased from Sigma-Aldrich. All were used

as received.

Anisotropy measurements were performed using the method described in Section
2.1.2.3. Rotational motion of fluorophores was minimised by cooling to 77 K in ether-
pentane-alcohol (5:5:2) (EPA) solution or by encapsulating molecules in Triton X-100
micelles. Dimer studies were carried out using the photophysical procedures and
apparatus described in Section 2.1. Samples of aluminium phthalocyanine chloride and
tetrabutylammonium fluoride (tBuyNF) were allowed to equilibrate in the dark for twelve

hours prior to measurement.

Photophysical techniques are described in Chapter 2 (pp 42-71).
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4.4 Results and Discussion

4.4.1 Fluorescence Anisotropy

4.4.1.1-Preparative Studies
4.4.1.1.1 Results

The UV/Vis absorption spectrum of 'BuyH,Pc in EPA was investigated over the
temperature range between 293 K and 77 K. At liquid nitrogen temperatures (77 K)
improved resolution of the spectra was observed, two peaks (630 nm and 642 nm) being
observed instead of the single maximum at 640 nm obtained at 293 K (Figure 4.5). A 2
nm red shift in the peaks at 656 nm and 640 nm occurred accompanied by an increase in
the intensity. Peaks at 695 nm, 630 nm and 595 nm exhibited only changes in intensity.
The relative intensities at 656 nm and 695 nm were reversed at 77 K, the peak at 656/8
nm becoming more intense than that at 695 nm. Aggregation was shown not to be

induced via the cooling process.

0.45
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Figure 4.5. Temperature dependence of UV/Visible absorption spectrum of
!Bu H,Pc in EPA. a) 77 K, b) 120K, ¢) 160K, d) 210 K, e) 293 K. The baseline
absorption of all samples was equal at 750 nm. Spectra have been offset for clarity.

Fluorescence excitation spectra mirrored changes in the absorption spectrum. Emission
spectra displayed a main emission peak at 700 nm which became narrower and more

intense - as would be expected on cooling (Figure 4.6).
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‘Figure 4.7. Temperature dependence of emission from ‘Bu,H,Pc in EPA at 665 nm.

4.4.1.12 Discussion

There have been various reports!h(221 discussing the energy levels of 'BuyH,Pc
associated with each band in the absorption spectrum. Peaks at 695 nm and 656 nm can
be assigned to the Q, and Qy transitions respectively and represent absorption to the first
and second energy levels, denoted S; and S;. It is generally accepted that the Q, and Qy
bands involve transitions perpendicular to each other in the xy plane with Q, polarised
along the H - H axis of the molecule. The degeneracy of Q, and Qy has been removed
due to the lower symmetry of ‘BuyHyPc (D) with respect to metallophthalocyanines
(Dy4p)- The remaining peaks at 640 nm and 595 nm (at 293 K) may be assigned to
vibrational overtones of Q and Qy respectivelyl?)l. Temperature effects on the
absorption maxima of Qy and Qy may be rationalised in terms of a study by Limantara et
al.?4) which details the effects of changes in solvent refractive index on the absorption
spectrum of bacteriopheophytin a. The report explains the origin of red shifts in the
transition wavelengths of Q, and Qy which were observed as R increased (R = (n2-
1)/(n2+1) where n is the solvent refractive index). Qy displayed a greater shift. This was
ascribed to increased solvent interaction which resulted from the large fluctuation of
solute dipoles in higher energy levels. It should be noted that Limantara has referred to
Qy as the higher energy transition throughout. For consistency with this work, in which
Qy represents the higher energy transition and O, the lower one (polarised along the H -
H axis) this nomenclature has been reversed. The results of this study are in agreement
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with Limantara's work. Qy demonstrated a red shift from 656 nm to 658 nm as the
refractive index of the solvent increased due to cooling, whilst Q, remained stationary.
The additional peak at 642 nm which became clear at temperatures < 180 K has been
observed before but not conclusively assigned?3]. The most likely cause of this transition
is absorption to a vibrational mode of Q, or Qy. Leznoff and Lever?%) suggest that a
small amount of absorption may occur along the 'z' axis. Anisotropy data obtained in this
study is in agreement with either of these explanations since absorption into a higher
energy level than the emitting state is implied (Section 4.4.1.2).

As expected, the majority of fluorescence occurred from the lowest excited singlet state,
S;, at a wavelength of 700 nm. Calculation of the energy difference between this
emission band and the peak observed at 665 nm yielded an energy separation of 10.7 kJ
mol-1 which is consistent with published data?? for the energy difference (10.6 kJ mol-1)
between the first and second unoccupied molecular orbitals, 6b3g and 6by,. It is
concluded that emission observed at 665 nm was due to fluorescence from the second
excited state, Sp. S, emission is very uncommon since relaxation to the lowest excited
state takes place very rapidly (ps), i.e. before emission has occurred. Soret band
emission has previously been reported at 430 nm by Kobayashil®), however, the authors
themselves question its authenticity and suggest the observed emission band may be due
to impurities in the sample. In the case of 'BuyHyPc, S; and S, excited states are very
close to each other in energy, thus, thermal repopulation of S, occurs. Consider a
Boltzmann distribution of molecules in S; and S, excited states (Equation 4.10)

AE

P2 o kT (4.10)
nj

where ny and n; are the populations of S, and S; respectively, AE is the energy gap
between states, k is the Boltzmann constant and T is the absolute temperature. AE has
been shown to be ~ 10.7 kJ mol-1. Hence, when T is 293 K, ~ 1.5 % of excited state
molecules will populate the S, level, giving rise to detectable emission upon radiative
decay. At 77 K the figure becomes negligible (< 10-5 %). The excitation spectra
resembled the absorption spectra and mimicked any changes that were observed with
temperature. It was, therefore, concluded that the anisotropy of 'BusH,Pc and
BuyZnPc could be studied without interference from aggregation effects.

122



4. Dimerisation of Phthalocyanines.

4412 Anisotr Measurement,
4.4.1.2.1 Results

The anisotropy, r,, of 'BuyH,Pc exhibited a strong dependence on both excitation and
emission wavelengths. Figure 4.8 shows the correlation between the excitation spectrum
of BusH,yPc and the anisotropy of emission at 700 nm using excitation wavelengths

between 585 nm and 690 nm.
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Figure 4.8. a) Excitation spectrum (), = 750 nm) and b) anisotropy (A,,, = 700

nm) of ‘BuyHPc in EPA at 77 K. Inset: r,, of a) ‘BuyH»Pc (in EPA at 77 K) and b)

‘Bu ZnPc (in 1% TX/H,0 at293 K) by excitation into the Soret band.

Excitation into the lowest energy level, Sy, i.e. excitation at wavelengths > 680 nm, gave
a large positive value, 1, = 0.28 £ 0.005, which rapidly decreased to negative values as
the excitation energy increased (-0.1 at 655 nm). It should be noted that 640 nm
excitation resulted in a negative anisotropy, r,, = -0.07 £ 0.005, whilst 630 nm excitation
incurred a positive anisotropy of 0.026 £ 0.005. A steady increase in r,, was observed as
excitation into higher excited states was induced using 300 nm to 400 nm radiation (Inset

of Figure 4.8).
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The detection wavelength of 'BusHyPc emission also influenced the magnitude of 1y,
(Figure 4.9). The anisotropy appears to modulate across the spectrum. Three negative
regions (arrowed sections of Trace b) can be observed, interspersed with positive
sections. The positive regions coincide with minima in the emission spectra. In order to
complicate matters further, variations of r,, with A.;,, were dependent on the excitation
wavelength used. A 3-dimensional plot was therefore required to visualise the entire
picture (Figure 4.10). Large positive anisotropy at emission wavelengths of 665 nm -
685 nm resulted from S, emission (A, = 595 nm to 635 nm). The yellow plateau
. obtained with excitation wavelengths greater than 655 nm represents values > 0.4 where
scattered incident light dominated the measured radiation.

By contrast with 'BugH,Pc, 1,, values for 'BuyZnPc remained constant at 0.075 £ 0.005
as the excitation wavelength was varied between 300 nm and 400 nm (Inset of Figure
4.8). In EPA at 77 K, 1,, was constant with emission wavelength across the range 665
nm to 695 nm, in 1% TX/H,O the range from 665 nm to 740 nm was constant.
However, variations in the anisotropy as the fluorophore was excited using wavelengths
between 605 nm and 665 nm were observed. Figure 4.11 shows how r,, depended upon
the energy of the incident radiation when measurements were performed in EPA at 77 K
(a) and 1% TX/H,O at 293 K (b). It was observed that modulation in the value of r,,
was more pronounced when the experiment was carried out at 77 K (rax = 0.1, 150 =
0.003) than in 1% TX/H,O at room temperature. (ry,,x = 0.086, 1, = 0.063).
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Figure 4.11. Anisotropy of ‘BuyZnPc as a function of excitation wavelength.
a)in 1% TX/H,0 at 293K, b) in EPA at 77K.
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Figure 4.12 shows how the average anisotropy of 'BusZnPc in EPA was affected by
temperature. Using this information and Equation 4.7, it was possible to calculate the
change in the rotational relaxation time, 1R, of the phthalocyanine molecules.
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Figure 4.12. Temperature dependence of r,, of '‘Bu,ZnPc in EPA.
oy =630 nm, A,,, =665 nm - 685 nm).

g, 1€. T,, at infinite viscosity, was estimated as 0.075 * 0.005. The lifetime of
fluorescence was assumed to be 3.6 x 102 s (Chapter 3). Table 4.1 shows rotational
relaxation time, TR, rotational correlation, T, and depolarisation, ¢, data calculated using

Equation 4.7 and other simple relations (shown in table)!!8l,
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axis appears reasonable. Considering an angle of 90° between Q, and Q,, theory
predicts a maximum anisotropy of -0.2 (Equation 4.4). Experimentally, a value of -0.07
was calculated, however, this value is likely to be raised by state mixing of this transition

with neighbouring absorption (630 nm) into a vibrational level of S;.

Differences in anisotropy due to emission wavelength are more difficult to explain and
have caused much controversy over the years. Turoverovi?] has demonstrated that the
polarisation spectra of protein emission varies with emission wavelength. The magnitude
of variation was affected by the wavelength of excitation. This behaviour is directly
analogous to that observed in this study for ‘BuyH,Pc (Figure 4.9). Turoverov
concluded that the observed dependence resulted from transitions to different vibrational
states. On the other hand, GurinovichB9 ascribed an emission wavelength dependent
polarisation of magnesium phthalocyanine to the presence of several different electronic
transitions. The authors expressed the opinion that changes were too large to be
accounted for by vibrational motion. In this case, when excitation wavelengths below
680 nm are considered, positive anisotropy at emission wavelengths from 665 nm to 685
nm may be ascribed to emission from S,. Since excitation at these wavelengths produces
the emissive state directly (6, = 0°), a large positive anisotropy is not surprising. When A
em > 685 nm, the emitting state is Sy, thus, 6, = 90°, and 1,, becomes negative. Reasons
for further variation (i.e. those depicted in Figure 4.9) are less obvious. tBusZnPc shows
no such dependence on emission wavelength. The observed dependence of r,, on the
excitation wavelength of 'BuyZnPc is similarly difficult to account for. r1,, was
determined to have a mean value of 0.071 in both EPA at 77 K and TX-100 at 293 K.
This is consistent with a limiting anisotropy of 0.1, expected for a symmetric molecule in
which I'y = I'; = 0.5. Metallocyanines possess Dyj, symmetry in which Qy and Qy
transitions are degenerate, thus the above condition applies. Bauer er al.l3 have
reported a tendency for the anisotropy to decrease as the energy of excitation increases.
They suggest that vibrational excess energy increases the torsional vibrations of the
molecule and this, accompanied by a possible mixing of states, causes lower values of
T,v. An increase in the local temperature of the emitting molecule has also been
proposed as a possible explanation!32l. Rapid relaxation of vibrational excess energy
(VEE) in conjunction with slow dissipation of this energy causes an increase in the
temperature of the fluorophore, thereby, increasing vibrations and lowering the
anisotropy. Alternatively the energy may be dissipated into the surrounding solvent(33,
thus affecting the rotational depolarisation properties of the luminescent molecule. This
issue is still under discussion and concrete conclusions as to the origin of the wavelength
dependency have yet to be made. It is unlikely that any of these proposals can solely
account for the A, dependency observed in this study since r,, does not decrease
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continuously with increasing excitation energy. Two maxima were observed (625 nm
‘and 650 nm) accompanied by a minimum at 635 nm in the wavelength range studied.
This trend was observed in both EPA at 77 K and 1% TX/H,O at 293 K (although the
effect is much less pronounced in Triton-X). It is possible that an averaging process
occurred in 1% TX/HpO solution due to greater vibrational/rotational motion under

these conditions.

Changes in the anisotropy as the temperature increased reflect increasing rotations and
vibrations which depolarise radiative emission. This is exemplified by an increase in the
probability of depolarisation by Brownian motion, @, that was observed on increasing the
temperature from 152 K to 292 K (1.76 ns'!) and the corresponding decrease in the
rotational correlation time, T, from 20 ns to 0.5 ns. It is possible to predict 1. in various

solvents using Equation 4.110181,

%
T, =% (4.11)

where V = Volume of rotation of fluorophore, 1 = viscosity of solvent, k = Boltzmann
constant and T = temperature in Kelvin. The volume of rotation was estimated by
assuming that rotation about the x or y axis represented the volume of a cylinder, defined
using crystallographic dimensions of analogous phthalocyaninesB34. 'Bu,ZnPc was
estimated to be a square with 16 A by 16 A dimensions33),i.e.1=8 x 10-10mand h= 16
x 10-10 m. The volume of rotation was therefore calculated to be 3.2 x 1027 m3 using
the standard equation, V = mr?h. For BugH,Pc, V = 1.3 x 1027 m3. The viscosity of
EPA at room temperature was approximated as the average of the three component
solvents, i.e. 0.325 x 10-3 Pas. 1, in Triton X was calculated using 1 = 140 x 103 Pa
si3€] and 1 = 18 x 103 Pa sB37). These figures are only approximations. It should be
noted that in micellar solution rotational dynamics within the micelle as well as rotation
of the micelle itself (T, = 72 ns for TX-1001281) and translational diffusion of the
fluorophore across the surface of the micelle must be considered?8l. Table 4.2 lists T,
calculated for !BugH,Pc and ‘BuyZnPc in both EPA and TX.
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4.4.2 Dimerisation of Phthalocyanines

4.4.2 1 Aluminium Phthalocyanine Chloride (AIPcCl)

442.1.1 Results

Addition of small amounts of fluoride (F-) ions to a methanolic solution of AlPcCl
induced changes in the absorption spectrum which are characteristic of phthalocyanine
dimer formation(®l. Specifically, formation of a peak at ~ 631 nm was observed, in
addition to a shift in A,,, of monomer absorption. A,,, underwent a continuous blue
shift from 673 nm to 662 nm upon increasing [F-] (Table 4.3). The yield and absorption
maximum of dimeric species was dependent on the concentration of fluoride ions (Figure
4.13).

0.6

Absorbance

@
(38
3

Increasing [F-]

0.1 T
0 :
550 575 600 625 650 675 700
Wavelength/nm
Figure 4.13.

A. Aggregation of 2 x 1076 mol dm-3 AIPcCl + F- a) 0 mol dm=3,b) 2.5 x 107 mol dm-3,
¢) 5x107 mol dm3, d) 1 x 106 mol dm=3, e) 5 x 106 mol dm™3, f) 1 x 10-5 mol dm?3,
g) 2.5 x 1075 mol dm-3.

B. Disaggregation of 2 x 10-6 mol dm-3 AIPcCl + F-. h) 5 x 10 mol dm3,i) 7.5 x
1075 mol dm?3, j) I x 10 mol dm™3, k) 5 x 104 mol dm=3, 1) I x 10-3 mol dm3, m) 5 x
10-3 mol dm?3.

A and B have been offset for clarity.
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Figure 4.14. Rate of formation of (AlPc),F- (2 x 10-6 mol dm3 AIPcCl + 2.5 x 105
mol dm3 F-in MeQH). a) 'Zero' seconds, 0) 2700 seconds (180 s intervals between
traces). Dimer is characterised by growth of absorption at 631 nm.

Inset: Fit of first order rate constant.

Figure 4.14 shows formation of dimer, (AlPc),F-, monitored by measuring the
absorption spectrum of a solution containing phthalocyanine (2 x 10 mol dm3) and
fluoride (2.5 x 109 mol dm-3) at 3 minute intervals. The recording of the first scan was
performed as quickly as possible after mixing and was taken as t=0. The inset shows a fit
of first order kinetics to data obtained. kg and €p, measured for a range of fluoride
concentrations are also collated in Table 4.4. ep was calculated using the Beer-Lambert
law (Equation 2.1) having corrected Ay,,, Of the dimer for monomer absorption. Ky,
kops and ep were not affected by the concentration of phthalocyanine over the range 4 x
107 mol dm-3 to 4 x 10-6 mol dm3.
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determined for samples of AIPcCl (A, = 630 nm), AIPcCl + 2.5 x 105 mol dm™3 F- (A
= 620 nm) and AlPcCl + 5 x 10-3 mol dm3 F- (A, = 630 nm) respectively.

Dimer species were also inactive with regard to the production of triplet state molecules.
Figures 4.16 a and b show the transient absorption spectra obtained for samples of 2 x
10-6 mol dm-3 phthalocyanine with zero (Sample A) and 2.5 x 10-5 mol dm3 (Sample B)
fluoride respectively. A shift of monomer ground state bleaching was observed from 670
* 2.5 nm to 665 * 2.5 nm, consistent with the shift induced in the ground state

absorption spectrum. Bleaching of dimer absorption (631 nm) did not occur.
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Figure 4.16. Transient absorption spectra of AIPcCl and (AlPc),F- (AIPcCl+2.5 x
105 mol dm-3 F-) in MeOH (), = 638 nm).

This was confirmed by &1 measurements. Sample B had a triplet yield of 0.08 £ 0.005
compared with a yield of 0.14 *+ 0.03 from the parent phthalocyanine (Sample A) and
0.36 from Sample C (2 x 10-6 mol dm-3 = [AIPcCI] + 5 x 10-3 mol dm"3 = [F-]). Triplet
lifetimes of 180 % 15 us, 285 £ 20 us and 400 £ 30 ps were measured for samples A, B

and C respectively.

Attempts to repeat this work using zinc phthalocyanine and various bidentate bridging
ligands were unsuccessful. Dimerisation induced by DABCO, bipy, diPE was
investigated using concentrations of each ligand ranging from 1 x 10-8 mol dm-3 to 0.1
mol dm-3 both at room temperature and 77 K. Despite, literature precedent for binding
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of porphyrins by bisamines0h41] and transition metal, e.g., Fe, Co and Mn,
phthalocyanines#2] by ligands such as SCN-, pyrazine and diisocyanobenzene, no

evidence of aggregation was obtained.
4.4.2.1.2 Discussion

The effects of F- on the absorption spectrum of AIPcCl may be described in terms of the
equilibria shown in Figure 4.17.

(CIPcAl-F-AIPcF) . [AIPcF),F~
AIPCCIF” AlP ch/,
& “
5
) klf \ _ ) RN )
AlPcCl + 2F — AlIPcCIF + F ~—— AlPcK,
K, K,
o K;' l/AchCl
(ALPcCD),
[AIPcCI,F ™ + F~

Figure 4.17.
Equilibria involved in dimerisation of AIPcClin MeQH upon addition of F-.

AlPcCl solutions were monomeric at the concentration of phthalocyanine used in this
study, therefore, aggregation, i.e. AIPcCl «> (AIPcCl),, at [F-] = O was assumed to be
negligible. Addition of low concentrations of F- ions (~ 5 x 10-7 mol dm-3), induced an
immediate shift in the position of Ay, (monomer) from 673 nm to 672.5 nm,
representative of binding of one fluoride to an axial position of aluminium
phthalocyanine. Shifts were observed immediately on adding F- ions implying that k¢ is
very fast (i.e. < 1 minute). Following this, an equilibrium between AIPcCIF-, AlPcCl and
(Fy,ClxAlPc-F-PcAICLF,) where (Fy,ClAlPc-F-PcAICLF,)" represents a mixture of
dimeric species and w+x = y+z = 1 was established. The most likely species to be
formed at fluoride concentrations of this magnitude is (AlPcCl);F-. (AIPcCl);F- was
represented by formation of a new absorption peak at 638 nm and proceeded with an
overall rate constant of 0.0080 + 0.0005 s-1. As the concentration of fluoride increased,
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the absorption maxima of monomeric and dimeric species shifted progressively towards
lower wavelengths, reaching limiting values of 662 nm and 631 nm respectively.
Monomer absorption at this wavelength may be ascribed to difluorinated species,
AlPcFy~. Hypsochromic movement of dimeric phthalocyanine absorption suggests
formation of more than one dimer species and indicates a shift of contributing absorption
from (AlPcCl),F- to that of more highly fluorinated dimers, (CIPcAl-F-AlPcF)- and
(AIPcF),F. A rate constant of 0.00080 £ 0.00005 s! was determined over the
concentration range 10-3 mol dm-3 < [F-] < 104 mol dm-3. This is comparable to that
observed by Martin and co-workersl! for the aggregation of tetrasulfonated aluminium
phthalocyanine hydroxide (AIPcS4OH) in 0.2 mol dm-3 NaOH. Dimerisation was
ascribed to the formation of a binuclear [-oxo dimer, (AlS4Pc),0 and was observed to

occur over four hours.
Experimentally determined equilibrium constants (Table 4.4) may be represented by

Equation 4.13 (See Appendix B).

K, = KsKi[F ]+ KqKi* [F™ 1% + KsKoKi* [F™ )
obs — - _—
(1+K;[F ]+K;K,[F]%)?

(4.13)

Limiting cases of this equation may be considered. At low [F-], second and third
numerator terms will tend to zero and, if 1 >> K [F-], denominator terms will reduce to

1. Hence, K5 can be represented by Equation 4.14.
Kops = K3K1[F™ ] (4.14)

Thus, dimer formation is dominated by K3. At higher [F], K;K;[F]? and KsK,K;2[F]3
terms will become progressively more important and dimer formation shifts to
production of (CIPcAl-F-AlPcF)- and finally, (AIPcF),F-. At very high fluoride
concentrations, i.e. if K{[F-] >> 1 then Equation 4.13 reduces to

K3+ K4K;[F~]+KsK,K [F~]?

K., = (4.15)
obs K[ [F J(1+Ky[F ] )2

Thus, as the concentration of fluoride increases, K, decreases as inactive, AIPcF,
monomeric species are formed (Figure 4.13B). Rate determinations indicate that
(AlPcCl),F- formation is very rapid (0.0075 s-1), whilst that of (AIPcF),F- is a factor of
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ten slower (0.0008 s1). It was not possible to measure the formation of
(CIPcAI-F-AIPcF)- directly, however, formation of dimer species with intermediate
absorption wavelengths (e.g. 634 nm), the most likely position for this dimer, occurred
very rapidly and kg, may be estimated to be > 0.01 s-1. All rate data fitted first order
kinetics. This is surprising since dimerisation would be expected to be a second order
process. However, kg is a complex function of forward and reverse reactions of all
equilibria present in solution[*3! and may appear as a ‘pseudo’ first order reaction.

By reference to exciton theory (Section 4.2.1), fluoride linked phthalocyanines may be
classified as Type A dimers in which 6 = 90° (Figure 4.18a), 1.e. face-to-face dimers with
cofacial, parallel transition dipole moments. In phthalocyanine molecules, transition
moments are thought to lie in the plane of the molecule along the N-M-N axes,

designated the x and y directions(231.
CL(F)
Y 2
AN
F

Cl(®

a) Dimer b) Difluorinated Monomer

Figure 4.18. Geometry of (AlPc),F- dimer (a) and AIPcF," monomer (b).

This type of dimer has allowed transitions to the upper energy level but those to the
lower level are forbidden. Thus dimer absorption appeared as a single peak, blue shifted
with respect to the monomer. Exciton splitting, AE, of Type A dimers is represented by
equation 4.1. In this case, AE was 1710 cm’l. The transition length, M,, was
determined using Equation 4.16/¢! and converted into the transition moment, M using

Equation 4.17.

2 _ € max _42‘_
T 2513G T A (4.16)

where G is the degeneracy of the state, AA is the half bandwidth, A is the wavelength of

maximum absorption and €, is the extinction coefficient.
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2_ oM}
dmhee (4.17)

where ¢ is the charge of an electron, h is Plank's constant, € is the permittvity of a
vacuum and c is the velocity of lightt M2 was calculated to be 0.983 A2 and M2 =
1.14 x 1023 m2. Thus, using Equation 4.1, assuming 0 is 90°, r was found to be 4.05 A.
This is in excellent agreement with Martin's valuel’] of 4.27 & for (AIPcCl),O and an
interplanar distance of 4.11 A calculated by Kobayashi and Lever!®! for crown ether
substituted copper phthalocyanine. A crystal structure study by Wynne*l showed the
phthalocyanine rings of (AIPcCl),0 to be eclipsed, and separated by a distance of 4.27 A.
These ring-ring distances are all slightly larger than those reported for (AIPcF-),, polymer
(3.6 A)44. Thus, by comparison with literature precedent, the assignment of the 631 nm
absorption to (AIPcF),F, a cofacial dimer with a ring separation of 4.05 A and a 6 value
of 90° would seem reasonable.

Reduced fluorescence and triplet state formation of solutions containing dimeric species
may be for one of two reasons: dimer inactivity or the effect of axial ligand replacement.
It has already been demonstrated that replacement of sulfonated aluminium
phthalocyanine axial hydroxide ligands by fluoride induced a small decrease in @ and a
concurrent increase in ®l*). This is corroborated by values determined using AIPcCl in
this study. However, the measured fluorescence yield of (FyClyAlPc-F-PcAICLF,)
(0.12) is smaller than can be accounted for by fluoride binding (Pg of AlPcF,- = 0.36).
In addition, a decrease in & was observed (P = 0.08) which is in contrast to an
increase produced by fluoride binding (&1 = 0.36). It is, therefore, concluded that
reduced photophysical activity is due to the formation of inactive dimer species rather
than replacement of axial chloride ligands by fluoride. Lack of fluorescence and triplet
state production by this type of dimer is consistent with the predictions of exciton theory
and also with observations made by Martinl®) and Kobayashil6! for other cofacial
phthalocyanine dimers. This geometry is prevalent in phthalocyanine dimer
formation[#6L4)I6] hence, phthalocyanine aggregates are generally accepted to be non-

fluorescent with reduced phototoxicity.

4422 14811.15182225-Octadecvl Zinc Phthalocvanine (C10
4.4.22.1 Results

Cooling of a solution of C10 in EPA to 77 K resulted in a significant change in the
structure of the UV/Visible absorption spectrtum (Figure 4.19). Peaks at 641 nm, 680
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nm, 693 nm, 705 nm and 741 nm were apparent compared with a single absorption peak
at 698 nm observed at 293 K, characteristic4”) of monomeric C10. The change was a
gradual one and thermal cycling experiments showed the temperature dependence to be
reversible. The concentration of phthalocyanine was found to affect the changes
observed at low temperature. Higher phthalocyanine concentrations resulted in a greater
increase in structure on cooling (Figure 4.20). The nature of the peripheral substituents
and their interaction with solvent molecules was found to be critical. The effect of
temperature on the absorption spectrum of a-substituted ZnPc(X)g in EPA decreased as
the length of the alkyl chain substituent (X) decreased, i.e. CyoHj; > CsH;; > CH3z. The
same trend was observed in MeTHF where -C;gH33 substituents induced structureless
aggregation of ZnPc at 77 K whilst C;gH,; substituted ZnPc remained monomeric. -
butoxy ligands didn't cause any additional structure in the low temperature spectrum in
EPA despite being isoelectronic with the a-CsH;; alkyl substituents.
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Figure 4.19. Absorption spectra of C10 in EPA at a) 293 K (1.3 x 106 mol dm*3) and
b) 77 K (1.7 x 1076 mol dm-3) and emission spectra of C10 in EPA at c) 293 K and
d) 77 K. (A, = 630 nm).

Fluorescence emission and excitation spectra exhibited similar behaviour to the
absorption spectra. Lowering of the sample temperature from 293 K to 77 K caused
emission to change from a single peak at 718 nm to two emission bands centred at 718
nm and 760 nm (Figure 4.19d). The relative yield of emission at 765 nm was observed
to increase as the concentration of C10 increased (Figure 4.21).
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Figure 4.20.

Concentration dependence of absorbance spectra of a) 1.7 x 10-6 mol dm3_and b)
1.4 x 10-3 mol dm-3 C10 in EPA at 77 K. Spectra have been offset for clarity.
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Figure 4.21. Effect of phthalocyanine concentration on the emission spectra of C10
in EPA at 77 K. _a) 2.67 x 107 mol dm3, b) 3.72 x 107 mol dm-3, ¢) 7 x 10-7 mol
dm3,d) 1.24 x 106 mol dm3, e) 1.67 x 10-6 mol dm-3, f) 3.04 x 105 mol dm3.

Spectra have been normalised at 718 nm.
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Excitation spectra obtained by monitoring emission wavelengths (A.y,) of 725 nm and
785 nm were very different, indicating the presence of at least two distinct species

(Figure 4.22).
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Figure 4.22. Temperature dependence of the excitation spectra of C10 in EPA.
A Ay =725 nm, B. A, =785 nm. a) 293K, b) 180K, c) 170K, d) 160 K, e) 150 K,

) 140 K, 2) 77 K. Spectra have been offset for clarity.
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The error in these measurements can be regarded as * 10 %. Greater than 88 % of the
yield of all decays could be represented by a single decay, T;, therefore, contributions of
T, and 13 to decays are neglected for the purpose of this discussion. The fluorescence
lifetime of C10 at room temperature was independent of wavelength of detection and is
marginally longer than a literature value of 1.7 ns recorded in 1% pyridine/toluenel8).
Reducing the temperature to 77 K caused an increase in the fluorescence lifetime
recorded at 710 nm and 765 nm of ~ 80 % and ~ 20 % respectively.

Triplet state studies also showed a marked temperature dependence. Transient decays
(Aex = 638 nm, Apyope = 520 nm) displayed an increase in lifetime on cooling, from 50 +
5 us at 293 K to 590 £ 60 us at 77 K. A steady decrease in the rate of deactivation of
T, was observed until temperatures reached 150 - 160 K which is likely to correspond to
the glass transition point of EPA - further cooling had minimal effect (Figure 4.24B). All
decays fitted to monoexponential kinetics. Monoexponential decays were also obtained
at 77 K when recovery of the ground state (Apyope = 620 - 750 nm) was monitored. This
is a surprising result when the transient absorption spectrum is considered (Figure
4.25Aa). After correction for ground state absorption (Trace b), this spectrum shows
absorption due to triplet state species and bleaching due to ground state monomeric
phthalocyanine. =~ Given the obvious presence of two separate processes, a
monoexponential decay would not be expected. Decays remained monoexponential all
temperatures below ~ 150 K. Above this temperature, two component decays were
obtained until the concentration of dimer became negligible (> 230 K). At this point,
monoexponential decays were once again observed. Figure 4.24A shows an example of
a two component decay consisting of a fast, exponential decay (kg = 9900 s°1) and a
slow, second order component (kqq, = 0.4 mol dm-3 s'1) recorded at an intermediate
temperature (200 K) using a probe wavelength of 700 nm. At this temperature, the
absorbing transient species shows a definite time dependence. At short time intervals
after excitation, e.g. 10 us, the transient spectrum resembles a difference spectrum, i.e.
triplet state absorption and bleaching of the ground state (Figure 4.25Ba). However, at
longer time intervals, e.g. 300 s, the triplet state species have decayed but the spectrum
shows the presence of a transient at 700 nm, resembling that of a monomeric
phthalocyanine (Figure 4.25Bc). This spectrum has been corrected for ground state
absorption by the sample. The yield of transient absorption due to triplet state species
was not significantly affected by changes in temperature.

Singlet oxygen studies were not performed due to reduced diffusional rates of oxygen at
low temperature which prohibited triplet state quenching.
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Figure 4.24 A. Transient decay of C10 in EPA at 200 K (Ap,op. =700 nm).
B. Effect of temperature on rate of triplet decay (Ap,yp,= 520 nm).
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Figure 4.25. Transient absorption spectra of C10 in EPA (A, =638 nm).
A. 77 K, a) 10 us after excitation, b) Trace a corrected for ground state absorption.
B. 200 K, a) 10 s after excitation, b) 300 us after excitation, ¢) Trace b corrected for

ground state absorption.
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44.2.2.2 Discussion

The results observed when C10 was cooled to 77 K may be ascribed to dimerisation.
Aggregation at low temperatures is not uncommon{*9h5% and it is well established that
low temperatures promote dimer formation!} due to thermodynamic considerations.
The extent of aggregation was observed to increase as the concentration of
phthalocyanine increased, consistent with the usual behaviour of molecules of this typel®).
Emission at 725 nm is assigned to residual monomer fluorescence. The excitation
spectrum of this emission shows a splitting of the Q band at low temperatures, analogous
to that observed at 77 K for ZnPcS, in EtOH (Section 3.3.2.2.3) but more pronounced.
A single emission peak results from both transitions, suggesting that degeneracy of the
S excited state has been removed. Fluorescence anisotropy measurements (Figure 4.23)
indicate this may be feasible since a negative value of 1,, was obtained at 690 nm (-0.05),
i.e. the angle between the emission transition dipole and absorption transition dipole is >
54.7°. At excitation wavelengths below 660 nm, anisotropy was approximately constant
at 0.075, consistent with the average value determined for monomeric BuyZnPc
(Section 4.4.1.2). A similar trend was observed by Gouterman!!9 for the fluorescence
polarisation of p-oxo scandium porphyrin dimers. In these molecules, the polarisation
was constant at 0.1 except in a region of excited state splitting where negative
polarisation was observed (P, = -0.152). The reason for removal of S; degeneracy is
not clear. Due to the inherent symmetry of this phthalocyanine it would be expected that
x and y polarisation axes would be identical, as indeed they appear to be at room
temperature. It would seem that as the temperature is lowered, interactions between the
C10 chains render the molecule asymmetric. Explanation of this phenomenon becomes
more difficult when the absorption spectrum of a more dilute sample of C10 (1.4 x 107
mol dm-3) is considered (Figure 4.20a). At this concentration, a significant fraction of
monomeric species remain at 77 K and it is clear that splitting of the monomer

absorption band did not occur.

Emission at 718 nm was accompanied by the appearance of a new band at 760 nm
(Figure 4.19d). The excitation spectrum obtained by monitoring emission at 785 nm
(Figure 4.22B(g)) is almost identical to the absorption spectrum and propounds that
aggregated phthalocyanine species are responsible for this emission. It can be shown
(Figure 4.26) that emission at 718 nm is linearly related to absorption by monomer
species, Ap,, whilst, that at 760 nm is proportional to dimer absorbance, Ay. A, and Ay
were calculated using Equations 4.18 and 4.19. Equation 4.18 was used to calculate the

spectrum of pure dimer species.

147




4. Dimerisation of Phthalocyanines.

ADTotal(k)=Aco,,c(l)—Const.Ad,-](l) (418)

where ApToa 1S the absorbance of pure dimer species, A o is the absorbance of a
concentrated C10 sample, Ag;; is the absorbance of a dilute C10 sample and Const. is a
normalising factor. By subtracting a fraction of ApTy, from C10 samples of interest
(Equation 4.19), absorbance due to residual monomer, and hence dimer, species was

determined.
A(A)—( yADTotal(}‘)) = xAMTotal(x)
where (4.19)
YADTotat (A)=Aq(LX) and xApyromi(A)=Apn(L)
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Figure 4.26.

Emission intensity vs absorbance due to monomeric and dimeric C10 in EPA at 77 K.

Such a linear correlation confirms that emission at 760 nm results from dimerc
phthalocyanine. From the gradient of each fit it may be calculated that at 77 K @gp =
0.35®p); where ®pp and Ppyq are the corrected fluorescence quantum yields of dimer
and monomer respectively. This result is very unusual and the first convincing evidence
to support the existence of luminescence from phthalocyanine dimers bound solely by
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Van der Waals forces. Fluorescence lifetime measurements support the theory of dimer
emission at 760 nm. An increase of only 20% was observed on cooling compared with
an increase of 80% in the lifetime of emission at 710 nm. This may be attributed to
availability of radiationless deactivation pathways in dimeric species. As T is lowered,
vibrational and rotational motions are reduced and with them k;., thus an increase in 1T
was observed. In dimeric phthalocyanine, additional radiationless pathways such as
disaggregation/recombination become available, counteracting to some extent the effects
of temperature. Hence, a much smaller increase in radiative lifetime was observed in the

emission of dimeric species (760 nm).

Dimer absorption was represented by two symmetrically displaced pairs of transitions, E;
(640 nm & 741 nm) and E; (680 nm & 705 nm) (Figure 4.19). At a first glance, these
pairs of transitions may be ascribed to the absorption bands of C10 dimers in which
exciton splitting of the excited state has occurred and transitions are allowed to both
energy levels created. This criterion is met by the geometrical arrangements B or C
considered in Section 4.2.1, dimer species with oblique, coplanar transition dipoles or
’clamshell’ type geometry, or those with out-of-plane dipoles, i.e. cofacial, staggered
phthalocyanine dimers. ‘Clamshell’ phthalocyanines have been synthesised by Leznoff
and co-workers by linking phthalocyanine rings through units such as oxygen(s3),
hydrocarbon chains(®3 or alkoxy unitsi®). The extent of coupling between monomer
subunits was dependent on the nature of the bridge and existed as a dynamic equilibrium
between various geometries. At room temperature, the absorption spectra of these
complexes represented a summation of all conformations co-existing in solution and
displayed distinct similarities to the monomer absorption spectrum. The fluorescence
emission spectrum was also representative of monomer emission, indicating an open
‘clamshell’ arrangement with little interaction between rings. At 77 K, the absorption
spectra displayed a greater degree of coupling, denoted by more intense absorption
between 600 nm and 650 nm. A new emission peak at 750 nm accompanying these
transitions was ascribed to emission from an exciton coupled excited state. This
behaviour is analogous to that observed C10. Emission at 750 nm is of comparable
energy to the emission observed from C10 dimers (760 nm). It would, therefore, seem
reasonable to assign E; and E; to the electronic transitions of C10 dimers with clamshell
arrangements of differing r and/or 6. This is quantified by Equation 4.2 which
demonstrates that small values of r and 6 give rise to a greater exciton splitting than
when separation between molecules is large or the tilt angle is small. It was not possible
to calculate the separation distance, r, since o and 6 are unknown quantities.
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Further consideration of the low temperature emission spectra in conjunction with the
absorption spectrum casts doubt upon this theory. Only one peak due to dimer emission
was obtained. If two different dimer configurations were responsible for transitions
observed in the absorption spectrum, as discussed above, it is reasonable to expect two
emission peaks to be detected. In addition, differences between the excitation spectrum
(Figure 4.22B, g) and absorption spectrum (Figure 4.19b) would be expected.
Contributions of monomer fluorescence to excitation monitored at 785 nm may be
considered to be negligible due to the vast excess of dimer fluorescence detected at this
wavelength. It is suggested that a situation similar to that depicted in Figure 4.27 must
be responsible for the observed behaviour. Exciton coupling of monomer excited states
occurred to give rise to five allowed transitions in the excited state dimer. A shift in the
centre of gravity, D, arises due to electrostatic interaction between monomer units. Fast
vibrational relaxation from each of these levels to the lowest excited state E' took place,
from where emission was observed. Fluorescence anisotropy measurements confirm an
energy level arrangement of this type. By analogy to r,, measurements for ‘BuyH,Pc
(Section 4.4.1.2), a large positive anisotropy at 740 nm (0.38) may be explained by
excitation into the emitting energy level of a molecule with a non-degenerate excited
state, in this case El. This value is very close to r; = 0.4, the theoretical maximum
anisotropy which occurs when 6, = 0°. Troughs at 640 nm and 680 nm correspond to
excitation into EV and EV respectively. r,, values of -0.007 and -0.054 at these
wavelengths correlate to angles of 55.5%°and 60.4° (Equation 4.4) between EIV & E! and
EV & E! respectively. These values represent minimum limits for 6, since it is probable
that mixing of states artificially raises the measured value. This is demonstrated by
transitions to EI and E in which an increasingly positive anisotropy was observed as the
excitation wavelength approached that required for population of EI .

AD EX

0™\

Monomer Dimer

Figure 4.27. Energy level splitting of C10 in EPA at 77 K.
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The reasons behind splitting of the monomer excited state into five energy levels are
complex and cannot be explained by simple exciton theory. Similar observations have
been made by other groups regarding the chemically bonded p-oxo dimers of silicon
phthalocyanine. Ferencz et al.b3} report the presence of five absorption peaks in the
spectrum of the p-oxo dimer of tetra(methoxy) tetraoctyloxy substituted silicon
phthalocyanine in non aromatic solvents such as dichloromethane and THF. Peaks are
similarly distributed with respect to monomer absorption to those observed in this study
for C10 aggregation. The oscillator strength of each of these transitions was affected by
the nature of the solvent and Schryver suggests that solvent/dye interactions influence
excitonic and vibrational coupling between the ring but states that a conclusive physical
explanation is not possible based on current knowledge. Oddos-Marcell¢] and co-
workers extended this work and suggest that transitions from the HOMO of one
monomer to the LUMO of another (ion pair or charge transfer configurations) may be
responsible for some of the ground state transitions observed and the changes invoked as
a function of environment. These are made possible by strong coupling between
monomers. Aggregation of dimers was also suggested as a conceivable explanation,
however, a satisfactory interpretation of these effects is still awaited. It is also possible
that inequivalent coupling between x and y dipole moments may be responsible. This has
been observed for a planar, binuclear zinc phthalocyanine, studied by Kobayashi and co-
workers57]. In planar phthalocyanine dimers, dipoles oriented along the x axis lie along
the same line, i.e. 8 = 0°, whilst dipoles oriented along the y axis are perpendicular to r,
i.e. O = 90°. This gives rise to two pairs of energy levels. Transitions will be allowed to
the lower energy level of the first pair (x dipole coupling) and the higher energy level of
the second pair (c.f. rules for Type A dimers), leading to the observation of a doublet in
the UV/Visible absorption spectrum. Non-equivalent splitting of x and y dipoles in
which transitions to both energy levels were allowed may explain El, E!, EV and EV
energy levels of C10 at 77 K. E! would then have to be ascribed to residual monomer

absorption.

A decrease in the non-radiative decay processes of the triplet species of C10 at 77 K is
not unexpected. Similar phenomena have been observed for the decay of triplet excited
states of pyrazinel>8] and propynal®®! at low temperature. Data collected for the decay of
pyrazine excited states was shown to display Arrhenius type behaviour, i.e. an activation
controlled process was responsible for the decrease in triplet state lifetime observed at
high temperature. It was suggested that this was due to vibronic mixing of higher
excited triplet states above a threshold energy. Data measured for 3C10* deactivation
did not follow Arrhenius behaviour, i.e. inhibition of more than one process was
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responsible for prolonged lifetimes at 77 K. Specifically, a decrease in vibrational
deactivation through long hydrocarbon side chains due to changes in Boltzmann
population of higher vibrational levels and a reduction in quenching by ground state
molecules, C10 (T7) + C10 (Sg) — C10 (Sp) + C10 (Sp), due to an increase in viscosity
of the solution. Below the glass transition temperature of EPA (~ 150 K - 160 K),
movement of molecules is severely restricted; further reduction of the temperature
having little effect on the triplet state lifeime. More surprising is the apparent
independence of triplet yield on temperature since temperature is a direct measure of the
aggregation state of C10. It is generally accepted that aggregated phthalocyanines do
not produce triplet state species due to the short lived nature of the S; states. C10
dimers have unique excited state properties which may be explained in terms of exciton
theory. Kashal69:[13] commented on enhanced triplet state formation in dimers with
reduced fluorescence yields. ®p has been calculated to be ~ 35 % of ®f, thus, it is
feasible that some degree of enhancement may be observed in this case. In addition,
transient measurements of substituted p-oxo SiPc dimer by Ferencz3d), showed the
position and yield of triplet state species to be very similar to that produced by the
monomer. Russegger et al.%9 have shown that in the absence of complicating factors
such as aggregation, ®ygc is unaffected by temperature.

At a temperature of 200 K, probing at wavelengths where ground state absorption
occurred, a decay with two clear components was observed (Figure 4.24A). The short
lived component of this decay (kg = 9900 s!) has a comparable decay rate to triplet
state deactivation (k = 8300 s~} at 200 K) and may be ascribed to recovery of ground
state equilibrium after bleaching due to triplet formation. The decay fits to
monoexponential kinetics despite contributions from two processes, i.e. 3Pc*— Pc and
3(Pc),*—(Pc),. From this it can be inferred that a dynamic equilibrium between 3Pc*
and 3(Pc),*, i.e. 3Pc* + Pc = 3Pc,*, exists within the lifetime of the triplet state.
Thus, kg, is an average of the rate of deactivation of both species. The key to the
identity of the slow component (Ko = 0.4 dm3 mol-1 1) lies in the transient absorption
spectrum. A distinct similarity to monomeric C10 was observed implying that

monomeric species are being produced on excitation ((Pc)y __hv> 2Pc). Figure 4.28

summarises the processes occurring upon excitation.

152



4, Dimerisation of Phthalogyanines,

Excited State Equilibrium

3pc’+pe ——— 3(Pc)2*

S
Ipc v Lipe)
'k 2
T SN
Pc +Pc V__—A (Pc)2

Ground State Equilibrium

Pc + Pc

Monomer Formation

Figure 4.28. Equilibria upon excitation of C10 in EPA at77 K .

At 200 K, monomers formed upon irradiation may diffuse through the solution to form
separated species. kg, obeyed second order kinetics indicating a bimolecular process
and may be ascribed to monomer-monomer recombination. Ferraudi and Srisankarf6!]
have reported a similar reaction when dimeric cobalt and copper phthalocyanines were
irradiated with ultraviolet light. Transient species were observed as a result of redox
chemistry which produced two radical phthalocyanine species. Recombination to the
ground state proceeded via a second order process. At 77 K, monoexponental decays
were obtained despite evidence from the transient absorption spectrum of the presence of
monomeric phthalocyanine. This may be because at 77 K, triplet decay and monomer-
monomer recombination occur at comparable rates; separation of each process being
prevented by experimental limitations (signal to noise ratio). Alternatively, it is possible
that in a rigid medium, diffusional separation of monomers is impossible so irradiation
produced dimeric species with enlarged internuclear separation (such that excitonic
coupling did not occur), resulting in an absorption spectrum representative of constituent
monomer sub-units. Since separation into two distinct species has not occurred,
relaxation would be expected to occur via a first order process. This theory is
corroborated by behaviour observed at 160 K and 180 K in which complex decays were
obtained. These temperatures are just above the glass transition temperature of EPA,
thus, it is possible that both processes contributed to a certain extent.

Attempts to induce aggregation of this type using different peripheral substituents were
unsuccessful. Monahan(62L.631.164] has shown that in organic solvents, aggregation is
driven by ring-ring interaction and, hence, must be energetically more favourable than
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ring/solvent interactions. Reduced aggregation was observed for B-octapentyl
substituents whilst zinc phthalocyanine substituted with B-methyl groups remained
monomeric. This suggests that solubilisation of shorter chain alkyl substituents is more
favourable in EPA than long chains. This was confirmed by studies of ZnC16 and C10 in
MeTHF in which ZnC16 was observed to aggregate to a great extent whilst C10
remained monomeric. This is surprising since peripheral substituents are often added to
improve solubility of phthalocyanine molecules in organic and aqueous solvents. Cuellar
and Marks(®%! have demonstrated an increase in solubility of nickel phthalocyanine in 1-
chloronaphthalene upon alkylation, however, in certain cases, e.g. peripheral substitution
of magnesium phthalocyaninel6], it has been shown that substitution has hindered rather
than assisted solubility. Substitution of a -CH,- unit for an oxygen atom in octabutoxy
zinc phthalocyanine also inhibited aggregation. Cook(67! observed a similar difference
between alkyl and alkoxy substituted zinc phthalocyanine in crystal packing studies.
Exciton coupling was obtained in crystals of octadecyl zinc phthalocyanine whilst no
evidence for splitting in the analogous octaalkoxy molecule was seen.

4.4.2.3 Conclusions

The first substantive evidence for a luminescent phthalocyanine dimer species has been
reported. C10 has been shown to aggregate in EPA at 77 K. Aggregation was
accompanied by the appearance of emission at 760 nm, red shifted with respect to
monomer emission, which has been proven to originate from dimeric / aggregated
species. The quantum yield of dimer fluorescence was calculated to be ~35% of
monomer fluorescence at 77 K. Triplet state studies have also been performed which
show the triplet yield of dimeric phthalocyanine at 77 K to be comparable to that of
monomeric phthalocyanine. Dimer dissociation to monomeric species was observed
upon excitation with either 355 nm or 638 nm radiation. Photophysical properties have
been compared with those of a cofacial aluminium phthalocyanine dimer and discussed in

terms of exciton theory.

It has been shown that the photophysical properties of dimeric phthalocyanines are
controlled by their geometry. With regards to photodynamic therapy, this may have
important consequences. It is known that accumulation of high concentrations of
sensitiser in cells leads to aggregation and it is generally accepted that aggregates are
non-cytotoxicl®l. The results of this study show that production of triplet state species
from aggregated phthalocyanines can occur. It is highly probable that under conditions
where diffusion of oxygen is possible singlet oxygen would be formed by these dimers.
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Hence, the photoactivity of dimers should not be summarily dismissed and may indeed
play an important role in the destruction of neoplastic tissue.
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CHAPTER &
PROTONATION QOF PHTHALOCVANINES

5.1 Introduction

The pH of tumour tissue is often substantially lower (~6.5) than that of normal, healthy
tissue (~7.6)l1. If the structural properties of a sensitiser are modified by a change in
pH, this could have a profound effect on the localisation, retention and photoactivity of
the dye. Indeed, it has been shown that the degree of ionisation of haematoporphyrin
(HP), a porphyrin-type first generation sensitiser, is highly dependent on the pH of its
environment(d. More acidic conditions encourage localisation and improve retention of
HP within neoplastic tissuellBl.  Cell death has also been reported to increase under

conditions of low pH&l.

There have been very few investigations of the photophysical properties of protonated
phthalocyanines despite potential effects on the photoactivity of these sensitisers.
UV/Visible absorption studies of PcH,"*, where n = 0 to 4, were published around 1980
by Gaspard®! and Iodkolé! and in 1993 Lang!”) reported data detailing the effect of
monoprotonation on the triplet state properties of sulfonated chloroaluminium
phthalocyanine. However, a comprehensive photophysical study of these compounds
has not been undertaken to date. Several studiesi®:®] of sulfonated aluminium
phthalocyanines in aqueous solution have been carried out at pH's ranging from 12 to 1,
but no observations of protonated species have been reported. In concentrated alcoholic
solutions of sulfonated aluminium phthalocyanine chloride, Yoon er al.119 discovered a
new species absorbing at 710 nm which was ascribed to the formation of luminescent
phthalocyanine dimers. The validity of this hypothesis has already been questioned(!!).
Protonation was not considered as a possible cause of spectral changes and in the work
presented here evidence pertaining to this explanation is discussed.

The purpose of this study was to provide a complete photophysical evaluation of
tetrabutyl zinc phthalocyanine (*BuyZnPc) in acidified ethanolic solution.  The
propensity of disulfonated zinc phthalocyanine (ZnPcS,) and !BuyZnPc to associate with
H* ions in 1% Triton X-100 /H,O solution and on solid substrates have also been

investigated.
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5.2 Materials and Methods

Tetra tertbutyl zinc phthalocyanine (!BugZnPc) and disulfonated zinc phthalocyanine
(ZnPcSp) were prepared by Dr. A. Beeby and used as received (unpublished results).
Solutions were prepared in absolute alcohol (Haymann Ltd. A.R. quality) and purite
water containing 1% Triton-X 100 (Sigmaultra grade) w/v (1% TX/H,0). The
concentration of H* ions was assumed to be negligible in freshly prepared solutions and
was adjusted using HpSO4. For experiments performed in buffered media, a solution
was prepared from 0.1 mol dm3 citric acid and 0.2 mol dm"3 K,HPO, with subsequent
adjustment of pH between 1 and 8 by addition of HCl or NaOH. The pH was measured
using a calibrated pH meter (Jenway model 3051). Preparation of solid state samples
and experimental details of photophysical techniques employed are described in Chapter
2 (pp 42-71).

5.3 Results and Discussion

5.3.1 'BuyZnPc in Acidified Alcoholic Solution

3.3.1.1 Results
5.3.1.1.1 Singlet State Measurements

Five distinct species were obtained in ethanolic solutions of '‘BusZnPc acidified with
sulfuric acid (Figure 5.1A). Isosbestic points were observed for each of the conversions
(except n = 3 — 4), indicating sequential protonation without the presence of side
reactions such as dimerisation or decomposition. By comparison with published
results(®] these were assigned to protonated forms of phthalocyanine, PcH "+, where n =
0 to 4, and represents the stepwise addition of a hydrogen ion to each azomethine bridge
of the pyrrole moieties. Mono, di and tri (n = 1 to 3) protonated species demonstrated a
splitting of both Soret and Q bands, whilst the spectrum of tetra protonated

phthalocyanine resembled that of the parent phthalocyanine, red shifted to 807 nm

(Table 5.1). The integrated area of all the spectra, jl\-,.d\—r , from 300 nm to 850 nm of

PcH ™ remained constant.
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Figure 5.2. Fluorescence emission spectra of PcH,™* in EtOH (), = 632.8 nm).

aln=0,bn=1.cln=2.dn=3,e)n=4. Spectra have been corrected for the

wavelength dependent response of the detector.
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Figure 5.3. Anisotropy of a) '‘Bu,ZnPc ([H*] =0 mol dm-3, A,,, = 665 - 685 nm)
and b) PcH* ([H*] = 3 x 102 mol dm3, A, = 700 - 715 nm) in EPA at 77 K.

Fluorescence lifetime data measured for PcH,** (n = O to 4) is collated in Table 5.3.

Greater than 90 % of each decay (Figure 5.4) can be represented by a single
monoexponential fit. These values represent the measured fluorescence lifetime, T, of
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Figure 5.5. Triplet transient decays (A,, =355 nm).
a) 'Bu,ZnPc (Probe = 490 nm) and b) *‘Bu,ZnPcH* (Probe = 500 nm).

S5.3.1.2 Discussion

Low pH induced a concomitant shift in absorption and fluorescence spectra, consistent
with a series of protonation equilibrialél (Equation 5.3).

H* H H* H*
Pc<— PcHt <=— PcH22+ <~ PcH33+ <~ PcH44+ (5.3)

The origin of red shifts in the spectra may be rationalised using the same theoretical
framework(!7] invoked to explain the effect of peripheral substituents on the wavelength
of monomer absorption (Section 3.3.2.3.2). Addition of a hydrogen ion onto peripheral
ring nitrogens stabilises the LUMO by withdrawing electrons from o positions of the
phenyl ring towards the nitrogen atoms (Figure 5.6). Excitation into the first excited
singlet state involves transfer of electron density from inner ring carbon atoms to
nitrogen atoms (Figure 1.8). This is facilitated by the electron attracting action of
hydrogen substituents, leading to a reduction of the HOMO-LUMO energy gap.
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Figure 5.6. Effect of protonation on conjugation of the ring.

Similar shifts have been observed in the absorption spectra of protonated Schiff base
metalloporphyrins(!® and attributed to a resonance effect of the withdrawing groups
rather than delocalisation of the positive charge onto the ring(!%l. This is not surprising
since in these molecules, the positive charge is located on an imine moiety of the ring
and, hence, is somewhat removed from conjugation of the ring. Large changes in the
Soret band were also observed on protonation (Table 5.1). These are analogous to
those induced by amino substituents on metallophthalocyanine!?® in which a band was
observed at 450 nm due to splitting of the Soret band. The theory of Morley er al.l17)
predicts very small shifts of the Soret band upon peripheral substitution, thus it would
appear that development of this theorum is required to cover all ligand binding cases.
Splitting of Soret and Q bands may be attributed to removal of the degeneracy of
transitions polarised along x and y directions. Binding of hydrogen to the
phthalocyanine ligand lowered the symmetry of the complex from Dyy to C,,, (Figure
5.7) so that x and y transitions are no longer equivalent. This is corroborated by
fluorescence anisotropy measurements. At hydrogen ion concentrations of 3 x 10-2 mol
dm3 (Figure 5.3), a similar spectrum to that measured for ‘BuyH,Pc (a Dy}, complex)
was obtained. A negative anisotropy was observed at wavelengths below 690 nm,
corresponding to excitation into a higher energy level than the emitting state. Using
Equation 4.4, and the measured r,, of -0.2, the angle between transition dipole moments
of absorbing and emitting states may be calculated to be 90° (A, = 605 nm). At
wavelengths > 605 nm, state mixing caused the measured value for r,, to be higher (less
negative) than its true value. An angle of 90° is consistent with removal of x and y
degeneracy. At wavelengths above 690 nm a large positive anisotropy was measured
(0.3 at 700 nm), i.e. excitation at this wavelength produced the emitting state directly.
Effects on the viscosity of the solution due to the addition of acid (0.03 mol dm-3) are
negligible. With no added acid, the anisotropy had an average value of 0.075 although
fluctuations with A, were observed, consistent with observations for a fluorophore of

Dyp, symmetry (Section 4.4.1.2).
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0 — 3
kp =A=8nh<v> B (5.4)

where A is the Einstein coefficient for spontaneous emission, n is the refractive index of
the medium, Vv is the average wavenumber of emission and B is the Einstein transition
probability of absorption, given by u2/6eg(h/2)2, where W is the transition dipole
moment and h is Plancks constant. Substitution for B into Equation 5.4 yields Equation

5.5 for the expression of kgP°.
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Figure 5.8. Dependence of kg® and k;. on AE (S; < Sy) of PcH,"*.

Figure 5.8A shows a plot of kg® vs 1/<v-3>. A good linear correlation was obtained.
This confirms that the absorption intensity (determined by B) remained constant
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throughout the series and that the calculated decrease in the intrinsic rate of radiative
emission of Sj (kg®) as protonation occurred is consistent with that predicted by theory.

Despite an increase in the intrinsic lifetime, T (19 = 1/kg®), the measured lifetime of
fluorescence decreased from 3 ns to (.88 ns upon complete protonation (Table 5.3).
This was due to a concurrent increase in internal conversion pathways. Non-radiative
transitions increase as the energy gap between states decreases according to the ‘energy

k = 0 -

where « is a proportionality constant. Figure 5.8B shows a plot of Ink;. vs AE. Least
squares analysis of the data yielded an intercept of 35, in reasonable agreement with the
value predicted by Equation 5.6 of In(1013), ie. 30. k. values are also in good
agreement with previously published data that has been related to the energy of the
singlet statel?4). The energy gap law can be qualitatively explained in terms of Frank-
Condon factors. As the energy gap between nuclear wavefunctions increases, the extent
of overlap decreases and deactivation becomes more unfavourable. If direct spin-orbit
coupling to a vibrational level of T; occurs, the rate of intersystem crossing may also be
expected to depend on the energy difference between S; and T;. ki, was found to
remain constant at 1.8 + 0.25 x 108 s-1 as pH was lowered. This implies that AE
between S; and T; remained approximately constant or that spin-orbit coupling to an

upper excited triplet level, T, occurred.

Equilibria contributing to excited triplet state dynamics are presented in Figure 5.9. k;
and k, represent the triplet decay rate of unprotonated and monoprotonated
phthalocyanine species, whilst, kf ki and k¢*, k,* are the rates of H?*
binding/dissociation in the ground and excited states respectively.

*

k
3pc* &+ HY —t—3(pcH *}

*
kb
k
1 k,
Pc + H' ___/,;kL— Pc-H”
k

b

Figure 5.9. Triplet state equilibria of PcH*.
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Experimentally, single exponential decays were obtained (Figure 5.5). This suggests
that fast exchange between 3Pc* and 3PcH*"* occurred within the lifetime of the excited
state such that k¢* and k" are faster than k; and ky consistent with theory(!5). The
equilibrium constant, K*, is represented by Equation 5.7.

K, 3p. 1
K =L [PH ] (57)
k, [P ][H"]

The experimentally observed decay may be represented by the sum of two first order
decays, -d[3Pc* + 3PcH*+*]/dt = k;[3Pc*] + ko[3PcH**]. Substituting for [3PcH*"]
gives Equation 5.8.

—~(1+K'[HY]) =(k;+k; K [HT])[*Pc" ] (5.8)

dr’pc’ ]

dt
However, -d[3Pc*]/dt = kg, [3Pc™], thus the observed rate of decay, kg, is a first order
process that may be expressed by Equation 5.9.

_ky+K*[H" ]k,

Kops = (5.9)
o J+K*[HY]

At high [H*], K*[H*] >> 1 therefore kg ~ kj - the rate of decay of 3PcH*" whilst at
low [H*], 1 >> K*[H*] hence kg ~ kj - the rate of decay of 3Pc*. At intermediate
[H*], an average value was observed which depended on the relative contribution of k;

and k2.

A large decrease in the yield of singlet oxygen formation was observed upon
protonation. Such a large reduction was inconsistent with the measured decrease in O
and T1. This may be explained by lowering of the triplet energy to a value where energy
transfer to ground state oxygen is no longer favourable. Lang er al.[) have reported a
substantial reduction in the rate of quenching, kg, by Oy of the triplet state of
protonated chloro-aluminium phthalocyanine (kq = 6.6 x 107 dm3 mol-! s-1) relative to
that of unprotonated phthalocyanine (kg = 1.6 x 107 dm3 mol! s1). It has been
shown(?] that k may be correlated with the energy gap between triplet state species
participating in energy transfer. It may be inferred that, since the energy required to
promote ground state molecular oxygen to its singlet state will remain constant, the
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The fluorescence properties of 'old' and 'fresh’ solutions were investigated. A 4 mm path
length cuvette was used to minimise inner filter effects. An additional emission band at
710 nm from the 'old’ solution was revealed (A, = 630 nm). Reabsorption effects were
not responsible for spectral changes and were ruled out using the method of Dhami et
al.l'l, In addition, emission at 710 nm was only observed for the ‘old’ solution although
the 'fresh' solution was of equivalent optical density. Figure 5.11 shows the emission
and excitaton spectra of the new absorbing species. These were calculated by
subtraction of a fraction of the ‘fresh’ solution spectrum from the spectrum of the ‘old’
solution (Equation 5.11).

I1g (M) = XIpresh (M) = INey (M) (5.11)

where Ig4, Igresh @and Iney, refer to the intensity of the 'Old’, Fresh' and 'New' species
respectively as a function of wavelength, A. x is an arbitrary constant. Similarity to the
monoprotonated form of ‘BuyZnPc in EtOH (Figure 2 and 3) is clear. Addition of a
small amount of solid CO, to the 'fresh’ phthalocyanine solution induced emission at 710
nm and an absorption spectrum resembling that of the ‘old' solution. Hence, it is
concluded that the acidity induced by atmospheric CO, dissolved in solution is sufficient
to induce protonation, a fact which has not been previously considered.

1.2

Intensity
(Arbitrary Units)
=)

[=,8

550 600 650 700 750 800
Wavelength/nm

Figure 5.11. Excitation and emission spectra of 'New' species formed in an old

solution of ZnPcS, in 1% TX/H0 (A,,, =760 nm, A, = 630 nm).

o
' 5

In buffer solutions with pH's ranging from 7 to 1, ZnPcS, showed a clear conversion
into another species as the pH was lowered (Figure 5.12). By analogy with results
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obtained for 'BusZnPc this species was assigned to the PcH* ionic form of
phthalocyanine. Using Equation 5.1 the pK, was calculated to be 4.4 + 0.4.

Absorbance

550 600 650 700 750 800
Wavelengthinm

Figure 5.12. Absorbance spectra of ZnPcS, in buffers ranging frompH 7 to 1.

H=a) 7.06 b) 5.8 ¢)5.3d)4.56e)4.17 f) 3.48 g) 3.38 h)2.5i) 2.1 ) 1.06.

Figure 5.13 shows the emission spectra of ZnPcS, in buffers of various pH's. The inset
shows the ratio of emission at Ay, of ZnPcS, (679 nm) to that of monoprotonated
phthalocyanine emission (707 nm). A typical pH curve was obtained. Using the method
of Haugland er al.?7] (Equation 5.12), a pK, of 4.1 £ 0.5 was determined (Figure 5.14).

Iy
I,

pH = pK, + c[logllj"ﬂ J+log (5.12)

max -R

where R is the ratio of emission of two wavelengths (in this case 679/707 nm) with
minimum and maximum limiting values of R;, and Ry, respectively. I, and I, are the
intensity in acid and base respectively at the wavelength used for the denominator of R

(707 nm). Thus, pK, was calculated from the intercept minus log(I/Iy) (log(I/I,) = 0.6
for this study).

This value is within experimental error of that calculated using UV/Vis absorption data
and is comparable to that reported for protonation of haematoporphyrin{!3l. Protonation
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of haematoporphyrin at this pH has already been shown to have physiological

implications.

679 Im'n

Intensity
(Arbitrary Units)
W

640 690 740 790 840
Wavelength/nm

Figure 5.13. Emission spectra of ZnPcS, in buffers ranging from pH 7 to 1 (Aor=

30nm). pH=a)7b)5.3c)4.56d)4.17 e) 3.92 ) 3.38 g} 2.5
Inset: Ratio of emission from unprotonated and protonated phthalocyanine species
(679 / 707 nm).
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Figure 5.14. Effect of pH on the intensity ratio 679 / 707 nm for ZnPcS, in buffer.
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Diffuse reflectance flash photolysis experiments revealed that the transient absorption
spectrum of ZnPcS; on cellulose was shifted by ~10 nm from 490 nm to 500 nm with
respect to that recorded using silica as the substrate. Decays fitted monoexponential
kinetics and yielded lifetimes of 138 £ 15 ps on silica and 216 £ 20 ps on cellulose.
Incorporation of 'BuyZnPc onto cellulose and silica substrates resulted in identical

transient spectra centred at 490 nm.

By analogy to results discussed in Sections 5.3.1 and 5.3.2, the red shifted absorption
peak observed by adsorption onto cellulose may be attributed to protonated
phthalocyanine species. Singlet state measurements are also consistent with this theory.
It has been shown (vide infra) that ZnPcS,H* in 1% TX/H,O emits at 707 nm, or 580
cm! to lower energy than the parent phthalocyanine. Solid state results are in good
agreement with this, exhibiting an emission band at 712 nm, red shifted by 511 cm-1.
Shifts in the transient absorption spectrum were identical to those observed for
monoprotonated phthalocyanine species in ethanol. Triplet state lifetimes of cellulose
based samples were longer than those prepared on silica. This is surprising considering
lifetimes measured in solution state (330 ps and 100 us for ZnPcS, and ZnPcS,H*
respectively) which indicate that protonated species have a much faster decay rate. In
solid state work it is known that diffusion of oxygen across cellulose is hindered
(Section 3.3.4), thus it is likely that the measured lifetime has been artificially enhanced,
counteracting a decrease induced by molecular changes. As for solution state
measurements, Pc*¥ + Ht =— PcH** equilibria were rapid compared with

deactivation processes.

Two possibilities present themselves as the reason behind protonation. Cellulose is a
large molecule with numerous sites available which are suitable for hydrogen bonding to

adsorbates (Figure 5.17)(281.

(¢HOH CH,OH CH,OH

OH OH OH‘%
OH OH OH

Figure 5.17. Structure of cellulose.
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It is plausible that hydrogen bonding to a bridging methine nitrogen of the
phthalocyanine ring would induce the results described above. Alternatively, excess free
hydrogen ions in cellulose may be responsible for protonation. If hydrogen bonding was
responsible, cotton fabric would be expected to produce the same effect as powdered
cellulose or filter paper. However, spectra recorded on cotton cloth were comparable to
those recorded for AlPcS, on muslin by Wilkinson??) and Oldham(0 and are
characteristic of a mixture of monomeric and aggregated phthalocyanine species. This
implies that excess hydrogen ions which have been removed from the cloth by some
process of manufacture, e.g. washing, must be the cause of protonation. Exposure of
samples to ammonia vapour removed any traces of protonated phthalocyanine species.
The implication of this is that excess hydrogen ions are removed via protonation of
ammonia, i.e. NH; + Ht = NH,*. Ammonia is a strong base (pK,(NHz*) =
0.25(311) and binds hydrogen ions more readily than phthalocyanine (pK, = 4.3).

5.4 Biological Relevance

Protonation of sensitisers for use in photodynamic destruction of tumour tissue may
have important consequences regarding the efficacy of the dye in vivo. As a
consequence of large lactic acid concentrations produced as a biproduct of anaerobic
glycolysis, the pH of tumour tissue has been demonstrated®? to vary from 5.85 to 7.68,
up to 1.15 units lower than that of healthy tissue (extracellular pH = 7.43, intracellular
pH = 7.00). Disulfonated zinc phthalocyanine has been shown to have a pK, value of
4.3 + 0.5 in aqueous buffered solution (vide infra), thus at pH’s of this magnitude a
significant proportion of dye molecules would be expected to exist as the protonated
form. Meso tetra 4-(sulfonatophenyl) porphyrin (TPPS4) demonstrated this property in
RR 1022 epithelial cells which were shown to have a pH low enough to encourage
protonation of this phthalocyanineB3l, A dramatic reduction in the propensity of
protonated zinc phthalocyanines to produce cytotoxic, singlet oxygen species has been
demonstrated. A significant shift in the absorption window to longer wavelength was
also observed. This may have a detrimental effect on the yield of excited state molecules
produced by the wavelength of the exciting light. Indeed, the in vivo absorption
spectrum of disulfonated aluminium phthalocyanine has been shown34] to be red shifted
by 15 nm with respect to the spectrum in aqueous solution. A shift of this direction and
magnitude was consistent with the therapeutic efficiency of this phthalocyanine causing
MS?2 fibrosarcoma and L1210 leukaemic cell death. The authors speculated that this
phenomenon must be due to a modification of the chemical structure of dye molecules.
Protonation of the ring is one possible explanation for these effects. Despite negative
effects of protonation, Lin er al. observed an increase in the photodynamic efficiency of
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Nile Blue derivative at low pH’s in the presence of the ionophore, nigericin{*l. A similar
effect was observed by a different group when chloroaluminium phthalocyanine was
used as sensitiser3], It has since been shown that the positive action of nigericin was
not due to its ability to lower intracellular pH, nevertheless, in the absence of nigericin,
cells were more susceptible to photodynamic therapy at low pH (6.0)1%¢1. It follows that
other mechanisms such as the effect of pH on the localisation and retention of sensitisers
must also be considered. The effect of pH on the localisation of porphyrin sensitisers
has been studied in detail by Pottier!!l and BraultBl. Both groups suggest that the ionic
distribution of haematoporphyrin will be significantly different at pH = 6.5 (tumour pH)
than at pH = 7.6. At the pH of tumour tissue, approximately 44% of porphyrin species
will exist as the non-ionic, HoP form, compared with just 2% at neutral pH. Regarding
this simply, retention in interstitial regions may be enhanced due to the lower solubility
of non-ionic species and consequent resistance to removal by lymphatic drainage.

If transport across cell membranes is considered, neutral molecules will penetrate into
the cell more readily than ionic species due to the net negative charge surrounding
plasma membranes. Once inside the cell, a higher environmental pH is experienced by
the dye and the ionic distribution alters accordingly effectively trapping the
phthalocyanine. This results in intracellular localisation of the dye molecules. A study
by Bohmer(37), in which enhanced cellular uptake of haematoporphyrin was observed at
low pH corroborates this theory. An alternative explanation was made concerning
reduced binding of porphyrin molecules to albumin delivery proteins.

Further experimental studies are required to evaluate the effects of in vivo pH on the
efficacy of substituted zinc phthalocyanines. It is possible that protonation of
phthalocyanine species (leading to cationic molecules) may promote association with cell
membranes and a consequent increase in dye retention. This may counteract to some

extent the detrimental effects of protonation on the photophysical properties of zinc
phthalocyanines, viz: reduced @t and Pa.
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5.5 Conclusion

It has been shown that protonation of zinc phthalocyanine molecules at the azomethine
bridges causes a significant reduction in photoactivity. As the pH of the solution was
lowered using H,SO4, a red shift of the absorption and fluorescence spectra
accompanied by a concurrent decrease in the fluorescence quantum yield was observed.
The quantum yields of triplet production and singlet oxygen sensitisation were also
reduced upon protonation. Solutions of ZnPcS, in 1% TX/H,O and on solid cellulose
substrates were found to protonate under surprisingly mild conditions. It is concluded
that bands due to the 'dimer' in the absorption spectrum reported by Yoon et al.ll0 were
in fact protonated phthalocyanine.
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CHAPTER &
LIGAND BINDING AND ELECTRON
TRANSFER PROPER TIES

6.1 Introduction
6.1.1 Ligand Binding

The effect of axial ligands on the photophysics of aluminium and zinc phthalocyanines
has not been widely studied and there have been relatively few publications on the
subject. It is generally accepted that triplet state sensitiser species are important
intermediates in the mechanism of PDT cell destruction (Section 1.2). Thus, any factors
which affect photophysical parameters, in particular the quantum yield or lifetime of the
triplet state and the rate of intersystem crossing, may have important consequences on
the effectiveness of the sensitiser. Work has been carried out to study the effect of axial
ligands on the photophysics of disulfonated aluminium phthalocyanine (AIPcS;) by
Phillips' group at Imperial College, London!!). During their studies, it was noticed that
addition of fluoride ions to AlPcS, solution had a significant effect on the absorption
spectrum and also on the rate of intersystem crossing, kjs.. The wavelength of maximum
absorption, Ap,y, Was blue shifted by 4-6 nm (solvent dependent), indicating an increase
in the HOMO-LUMO energy gap. Fluorescence and internal conversion rates, k¢ and k;.
respectively, were unaffected, however k;q. increased, resulting in a larger yield of triplet
state species. Ben-Hur er al. have reported similar results concerning the effect of F- on
AlPcS, 2. Clearly, interaction between fluoride ions and aluminium phthalocyanine
occurs. It has been suggested that F- replaces an axial OH- ligand to form [AIPcS,F],
causing the observed changes in the photophysical properties. Exchange of H,O/D,O as
axial ligand to AIPcS, has also been observed to induce photophysical changel®.. The
actual process by which axial ligands influence photophysical processes is not fully
understood. In studies of ruthenium phthalocyanine by Ferraudil and Doeff!s], the
relaxation rates of 3nn* and the kinetics of axial ligand exchange are investigated.
Ferraudi suggests that perturbations in the electronic structure of the phthalocyanine
occur due to the electron withdrawing properties of the ligand. An increase in the
lifetime of 3mn* states was observed which correlated with the electron withdrawing
tendency of the axial ligand (4 t-butylpyridine < pyridine < dimethylformamide <
dimethylsulfoxide < CO). This was ascribed to changes in the energy gap between
excited and ground states. A similar theory has been proposed by Nappal! to explain
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the results of his experiments on the complexation of the halogens to znc
tetraphenylporphyrin. A red shift of the absorption spectrum was reported which
increased in the order F- < ClI- < Br~. The shift increased as the electron donating
properties of the ligand increased. It is believed that complexation of these ligands
resulted in a greater transfer of charge onto the porphyrin ring.

Ben-Hur er al.l7M8] have observed that the addition of fluoride ions in vivo inhibited
photodynamic action of aluminium, gallium and zinc phthalocyanines. This is surprising
considering the beneficial effects of fluoride on phthalocyanine triplet state production.
It has been suggested!®! that the fluorocomplex of AlPcS, has a reduced binding affinity
for proteins and biological membranes. Serum albumins and low density lipoproteins are
believed to play an important role in the transport of photodynamic sensitisers from the
site of injection to receptor sites within malignant cells. Thus, reduced binding to protein
may lead to reduced localisation within cells and a consequent decrease in photodynamic

efficacy in vivo.

It has been demonstrated that hydrophilic dyes tend to bind to albumins(® whilst
hydrophobic sensitisers show a preference for lipoproteins(l). In order to be effective,
once the drug has reached necrotic tissue, transfer to receptor sites within the tumour
must occur. If binding between protein and drug is too strong, transfer will fail and the
sensitiser rendered less effectivel. Albumin is a helical, globular protein, containing
several loops and troughs where hydrophobic amino acid residues are situated(!2). These
constitute potential binding sites for hydrophobic molecules. Weaker binding by
hydrophobic sensitisers to water soluble albumins may therefore prove to be beneficial to
the photodynamic process by increasing the concentration of sensitiser transferred to

tumour receptor sites.

6.1.2 Electron Transfer Properties
6.1.2.1 Theory

When a molecule absorbs radiation to generate an excited electronic state there is a
profound change in the reduction/oxidation potential of the compound, hence this may
lead to a change in its redox chemistry which may allow it to enter into electron transfer
reactions. Absorption of light leads to the promotion of an electron into a higher energy
level, leaving an electron 'hole’ in the original molecular energy level. The molecule is a
better electron acceptor in its excited state and the redox potential of the couple
(Eox/Ereq) is raised by an amount equal to the energy of the excited state. At the same
time, the reduction potential of the excited state is raised as its ability to donate an
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electron increases. It is, therefore, possible for phthalocyanines in excited singlet or
triplet states to undergo chemical reactions that do not occur in ground state molecules.
Electron transfer quenching reactions are a prime example of this and have been widely
observed (Section 6.1.2.2). The theory of electron transfer reactions was developed by
Marcus!13L4]. He postulated that transfer occurs within the constraints of the Franck-
Condon principle, i.e. nuclei remain motionless for the duration of the transfer process.
The atomic configuration of reactant and product encounter pairs may be considered to
fluctuate due vibrational motion of the complex and rearrangement of surrounding
solvent molecules. Each encounter complex has an analogous potential energy profile,
however, due to differences in the electronic configuration of reactants and products
bond lengths and solvent orientation differ, thus, each profile occurs in a different region

of space (Figure 6.1).

N

Potential Reacrants

Energy

Products

V

Atomic Configuration

Figure 6.1. Potential energy profile of electron transfer(1%],

At the point where the two surfaces intersect, the encounter complexes differ only in the
position of an electron and transfer may occur. Marcus related the rate of reaction, kg,
to the activation energy, AG¥, of the transfer via a quadratic equation!!5), Application of
this equation using various values of AG, the free energy change for reaction, predicts an
'inverted region’ in the rate of electron transfer. When AG is endothermic (positive) little
or no reaction is predicted. As AG becomes negative, i.e. exothermic in nature, kg 18
predicted to increase to a maximum value before decreasing in highly exothermic
reactions due to overlap between potential energy curves being possible only at high

energies.

This hypothesis has been expanded by Rehm and Wellerll) who demonstrated that
Marcus theory is a useful guide for slightly positive or negative values of AG but found
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no evidence for the inverted region. In their experiments, a plateau was obtained where
diffusion control is dominant, placing a maximum value on the rate of quenching.
Fluorescence quenching via electron transfer may be represented by the scheme depicted

in Figure 6.2.
1 1&91 1_kd;1 * i\.lz *og t
. ¥ 1
SensO+ Q Sens* + “Q ~ Sens ... Q ~— (“Sens ..”Q )
\Ll 1t -d  Encounter -a Radical Pair
F Complex
k = Rate of Diffusion of Reactants
d k
deac
k = Rate of Dissociation of Encounter Complex

-d
ka = Rate of Electron Transfer (Activation Controlled Rate)

k-a = Rate of Reverse Electron Transfer

k deac™ Rate of Deactivation of Radical Ion Pair including Back Electron
Transfer to Ground State (krev ) and Radical Dissociation (k gjss )

Figure 6.2. Processes involved in fluorescence quenching by electron transfer(16],

AG, the free energy change for electron transfer, may be calculated using Equation 6.1
and used in Equation 6.2 to calculate the theoretical rate of electron transfer{16l.

2

AG =9662(E(D* /| D)—E(A/ A" )-—2L—)_AE;y  (6.1)
4nepca

E is the reduction potential of donor, D and acceptor, A, E ( is the energy required to
produce the excited state, 96.62 is the Faraday Constant, € is the elementary charge, a is
the encounter distance, € is the dielectric constant of the solvent and g is the relative
permittivity of a vacuum. The term, ey?/4nggea, describes the free enthalpy change upon

bringing two radical ions to the encounter distance.

ko= k4
o~ #
1+ L( exp( AG
AVik jouc RT

(6.2)

AG
)+exp( ﬁ))
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where kj is the rate of diffusion through the solvent medium, AVy = ky/k 4, kgeyc is the
rate of deactivation of the radical pair, R is the gas constant, T is the temperature and
AG* is the activation free enthalpy. Rehm and Weller assumed AG¥ to be a monotonous

function of AG (Equation 6.3).

AGY = ((—A}G—)2 +(aG*0))%)1? +%Ci (6.3)

AG#(0) is the activation enthalpy when AG = 0 and was shown to be 10 kJ mol-! in

acetonitrile solution.

6.1.2.2 Electron Transfer Reactions of Phthalocyvanines

Excited states of phthalocyanines have been shown to act as both electron donors and
electron acceptors, i.e. in a reducing or oxidising capacity. Darwent and co-workers(17]
have investigated quenching of singlet and triplet states of AlPcS, using methyl viologen
(MV?2+), benzyl viologen (BV2+) and anthraquinone 2,6 disodium sulfonate (AQDS) as
electron acceptors. It was found that AQDS, MV2+ and BV2+ reacted to quench
fluorescence originating from the singlet state of AIPcS,. Flash photolysis studies
showed the triplet state to be unaffected by the addition of these acceptor species. By
comparison, Ohnol!8] describes triplet state quenching of ZnPc by 1,4-naphthalocyanine,
1,4-benzoquinone, trinitrofluorenone and organic oxidants at rates which may be
correlated to the reduction potentials of each acceptor. Quenching of 3nn* states of
ruthenium phthalocyanine (RuPc) species by nitroaromatic compounds and viologen salts

has also been reported!!°l.

In addition, phthalocyanines may be reduced by electron donors to form phthalocyanine
radical anions(17h20].  Aramendial?!] has carried out a considerable amount of work
conceming quenching of excited states of substituted zinc phthalocyanines by amine
donors in micellar solution. Detection of ZnPc™ radical species is reported. Darwent
and co-workers!!”] investigated electron acceptor properties of aluminium
phthalocyanine. When benzohydroquinone (BQH;) was used as an electron donor,
products corresponding to both singlet and triplet state reaction were detected. This is
unusual since singlet state electron transfer induces a short lived radical pair (Equation

6.4) which has a spin allowed back reaction. Two processes are in competition:

1) Dissociation from the geminate ion pair to give separate radical ions.
ii) Back reaction to regenerate the starting materials in the ground state.
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Back reaction occurs rapidly and, consequently, electron transfer products from the
singlet state are rarely detected. It was suggested that the extended lifetime in this case
was due to the influence of two deprotonation steps inherent in encounter complex

formation (Equation 6.4).
AlPcS,(S;) + BQH, — (AlPcS,--...BQ--) + 2H* (6.4)

Polar solvents stabilise radical species, thus aiding dissociation!??l. Reaction products
resulting from triplet state (3nn*) quenching are commonly observed23:24125]. In this
case, back electron transfer is forbidden due to the spin multiplicity of the geminate ion
pair. Consequently, free radical formation is favoured.

The mechanism of PDT has not yet been fully established and the extent to which
electron transfer reactions contribute to cell destruction is not clear. The importance of
singlet oxygen as an intermediate has been stressed by many authors, however, biological
studies by Ben-Hur provide conflicting evidence. In a study?? regarding
photosensitisation of Chinese hamster cells by hydrophilic phthalocyanines, lack of
reaction enhancement on substitution of H,O by D,O introduces doubts concerning the
involvement of singlet oxygen in the process. Yet in another study?’}, cytotoxic effects
of the superoxide radical anion are dismissed. Clearly there is confusion between in vivo
and in vitro studies. Further investigation into electron transfer reactions of sensitisers is

required in both homogeneous and heterogeneous media.

6.1.3 Aim

The aim of this study was to research the interaction of substituted zinc phthalocyanines
with simple organic and biological molecules in a ligand binding or electron transfer
capacity. Changes induced in the photophysical properties of substituted znc
phthalocyanines upon binding of axial ligands have been investigated and used to assess
binding of 'BusZnPc, ZnPcS, and C10 to bovine serum albumin. The propensity of
ZnPc's to act as electron acceptors has been studied using amine donors such as
diazabicyclo[2,2,2]octane (DABCO) and tetramethyl-p-phenylenediamine (TMPD).
Following this, electron transfer reactions involving biologically important species,
specifically ascorbic acid and selected amino acids, have been investigated with a view to
improving understanding of the role of Type I reactions in vivo.
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6.2 Materials and Methods
6.2.1 Materials

Phthalocyanines. Tetra tertbutyl zinc phthalocyanine (‘BugZnPc) and disulfonated zinc
phthalocyanine (ZnPcS,) were prepared by Dr. A. Beeby and used as received
(unpublished results). 1,4,8,11,15,18,22,25-octadecyl zinc phthalocyanine (C10) was a
gift from Prof. M. J. Cook, University of East Anglia®8. 2,3,9,10,16,17,23,24-Octakis
[4',5'-bis(hexylthio)tetrathia-fulvalen-4-ylmethoxymethyl] phthalocyanine (Pc(TTF)g),
2,14,26,38-Tetrakis[4,5-bis(hexylthio)-1,3-dithiol-2-ylidene]
4H,6H,10H,18H,22H,28H,30H,34H,36H,40H,42H,46H,48H-
tetrakis([1,3]dithiolo[4,5-c]dioxecino)  [7,8-b;7'.8'-k;7",8"-;7",8"-c']  phthalocyanine
(Pc(TTE),) and tetrathiafulvalene (TTF) were prepared by Prof. M. R. Bryce's group?%),
University of Durham and used as received (Figure 6.3).

Amines. 1, 4-diazabicyclo [2,2,2] octane (Sigma, >99% purity), N, N dimethylaniline
(Aldrich, 99% purity), 1, 4 dimethoxybenzene (Aldrich, 99% purity) were used as
received. 1,4-N,N,N',N'-tetramethylphenylenediamine (TMPD, Aldrich, 98% purity) was
recrystallised from hexane before use.

Amino Acids. N-acetyl L-tryptophanamide, N-acetyl L-tyrosinamide, N-'BOC L-
methionine and L-cysteine were purchased from Sigma and used as received.

Others. Tetrabutylammonium cyanide (Aldrich, 96% purity), ascorbic acid (Sigma),
ascorbic acid palmitate (Sigma, 96% purity) and bovine serum albumin (Sigma, >99%
purity) were used as received.

Solvents. Solvents were Analar grade or better and were used without further
purification. Phosphate buffer saline (PBS) was purchased from Sigma and prepared
using distilled water. Triton X-100 (TX) was purchased from Sigma.
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Figure 6.3. Structures of Pc(TTF)g and Pco(TTF ).
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6.2.2 Methods

Equilibrium constants for binding, K, were determined using the Hildebrand-BenesiB%
equation (Equation 6.5) and assuming an equilibrium A + B = AB.

[Alg[Bly _ 1 4 [B]y (6.5)
AAy K(esp—€4) (€E4p—€4)

where [A]j and [B] are the initial concentrations of species A and B respectively, AA is
the observed change in absorbance and €5 and €4 are the extinction coefficients of
complex, AB and reactant, A. AA was measured for a series of concentrations of B and
K obtained by dividing the gradient of a graph of [A]o[B]o/AA vs [B] by the intercept.

Micellar phthalocyanine solutions were prepared using the methods described in Section
3.2. Except where specified otherwise, protein studies were carried out in 1% Triton X-
100 / phosphate buffer saline (1% TX/PBS) solution in order to facilitate contact
between hydrophobic and hydrophilic phases. The electron transfer properties of TTF in
micellar solution were also investigated in Triton X-100 solution. Due to the relative
insolubility of TTF in 1% w/v TX/H,O solution, the concentration of TX was increased
to 10% w/v TX/H,O. Under these conditions, it was not possible to measure the
concentration of TTF directly so the extinction coefficient, €, was determined in
acetonitrile solution (g3 = 1900 dm3 mol-! cm™1) and used as an estimate for the value
of €3¢ in surfactant solution. Knowing this, and the absorbance of TTF 10% TX/H,0
solution at 360 nm, the concentration of micellar solutions of TTF could be determined.

Irradiation studies were performed using a xenon lamp (Bentham 605) and filter (RG610,
Comar Instruments, UK.) combination. Samples were irradiated with stirring for a time
interval, t and transferred directly to an absorption spectrometer (ATI Unicam UV2-100)

for spectral measurements.

All electrode potentials are quoted vs the normal hydrogen electrode. Literature values
have been converted to this scale using EO (Ag/AgCl) = 0.222 V vs NHE and EO, SCE
(Standard Calomel Electrode) = 0.24 V vs NHE.

Photophysical measurements were performed using the techniques described and

explained in Chapter 2 (pp 42-71).
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6.3 Results and Discussion

6.3.1 Ligand Binding
6.3. 1.1 Cyanide Ions and Tetrahvdrofuran

Figure 6.4A shows the effect of 0.01 mol dm-3 CN- ions on the absorption spectrum of
ZnPcS, in MeOH. A clear shift of the Q band from 666 nm to 672 nm was observed
accompanied by splitting of the Soret band. In Figure 6.4B a gradual shift was observed
as cyanide concentrations were varied from 0 mol dm=3 to 0.01 mol dm3. At
concentrations greater than this no further shift was detected. By analogy to results
reported regarding the effect of fluoride on the absorption spectrum of disulfonated
aluminium phthalocyaninel!! (AIPcS,) these changes were assigned to binding of CN-
ions to ZnPcS, as axial ligands (Equation 6.6).

K
ZnPcS, + CN —= ZnPcS,CN (6.6)

Hildebrand-Benesi analysis (Figure 6.5) was performed at several wavelengths and
yielded a binding constant, K = 800 £ 200 dm3 mol-!.

7.00E-07
6 00E'O7 1 y = SSOE‘OSX + 53E'08
A =400 nm, K = 1000 + 300 dm? mol’!

5.00E-07 4
<
< 4.00E-07 |
2
= -y = 1.9E-05x + 2.7E-08
z 300E-07 & A=655 nm,
- K =700 £ 150 dm® mol"!

2.00E-07 |

1.00E-07 4

y=1.4E-05x + 1.8E-08
A =680 nm, K = 780 £+ 50 dm? mol’!
0.00E+00 : : : : .
0 0.002 0.004 0.006 0.008 0.01
[CN-)/mol dm?

Figure 6.5. Hildebrand-Benesi plots of ZnPcS, + CN-_in MeOH.
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Figure 6.4. UV/Visible absorption spectra of ZnPcS; in MeOH + CN-_ions
A. a. 0 mol dm-3.b. 0.01 mol dm-3
B.a. 0 mol dm3b. 5 x 104 mol dm3c. 1 x103 moldm3d.2.5 x 103 mol dm3
e.5 x 103 mol dm-3 £ 7.5 x 10-3 mol dm-3 g. 0.01 mol dm-3.

This value is somewhat lower than that reported by Bishop et al.[!] for fluoride binding to
AlPcS, (4200 dm3 mol-1) but is comparable to results obtained by Ben-Hur ez al.[?] also
regarding binding of F- to AIPcS,, (K = 500 dm3 mol-1). At the midpoint of conversion
to ZnPcS,CN-, [CN-] = 1/K (assuming formation of a 1:1 complex). A calculated
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internal conversion pathways, kj., and an increase in the rate of intersystem crossing,
kisc- In the absence of time resolved data to characterise fluorescence lifetimes it is not
possible to calculate the rate of each process. Studies performed by Phillips' group at
Imperial College, London have demonstrated that the nature of the axial ligand is
important. Exchange of the axial H,O ligands on AlPcS, in aqueous solution for D,O
was observed to produce an increase in the triplet yields solely as a result of a decrease in
kic. This was ascribed to a decrease in Franck-Condon factors®l. By contrast, F- ions
induced a decrease in @ of AlPcS, and an increase in & and Ty simply through an
increase in the rate of intersystem crossing, kjs.. kj. was not affected. The reasons
behind this behaviour are unclear although it is proposed that changes in the S; — T,

energy gap may play some role.

0.3.1.2 Bovine Serum Albumin

The binding of bovine serum albumin (BSA) to substituted zinc phthalocyanines was
investigated using changes in photophysical properties as indicators of complexation.
Figure 6.6 shows monomerisation of ZnPcS, in PBS upon addition of BSA. In 1%
TX/PBS solution, ‘BusZnPc and ZnPcS, were monomeric, whilst C10 was slightly
aggregated (Chapter 3). BSA (5 x 104 mol dm-3) induced a 1 nm red shift in the
absorption maximum (Apy,,,) of ZnPcS, from 672 nm to 673 nm. Addition of BSA had
no effect on the ground state absorption spectra of C10 or '‘BuyZnPc in 1% TX/PBS.
These results are comparable to those obtained by Davilal36] relating to aqueous solutions
of trisulfonated aluminium phthalocyanine chloride (AlPcS3) and tetrakis 4-
sulfonatophenyl dichloro tin porphyrin (SnTsPP). AlPcS; showed a 2 nm red shift upon
addition of protein whilst the only indication of binding in the case of SnTsPP was a
subtle broadening of the Soret band. Small changes in the electronic structure such as
these indicate very weak binding between these phthalocyanines and water soluble BSA
protein. Results obtained in this study indicate a similar weak binding between ZnPcS,
and BSA but are inconclusive for 'BuyZnPc and C10.
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It has been reported that quenching of phthalocyanine triplet state species by molecular
oxygen is inhibited upon binding to proteint%:41l, Davila and Harriman[®¢] have shown
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Figure 6.7. Triplet transient decay of '‘BuyZnPc in 1% TX/PBS + 4 x 104 mol dm™3
BSA. Irradiation by A. 4 laser shots B. 30 laser shots C. 44 laser shots

A py= 638 nm, ~ 0.2 ml/pulse). Exponential fits and residuals are shown.
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that the triplet state lifetime of various phthalocyanines was affected by binding to human
serum albumin. Biexponential decays were obtained which were assigned to binding of
sensitisers to different sites available within the protein which protect the dye from
oxygen by varying amounts. It was proposed that extended lifetimes were due to binding
to an inner site, which protected excited states from quenching by oxygen. For bulky
phthalocyanines with axial ligands, such as AlPc, no evidence of an extended lifetime was
observed, suggesting that binding occurred exclusively to exposed sites on the surface of
the protein. In an attempt to corroborate binding of hydrophobic zinc phthalocyanines to
BSA, reaction of 3nn* states of ZnPcS,, BuyZnPc and C10 with O, in the presence of
BSA was studied. The lifetime, 71, was found to be dependent on the number of laser
pulses used to excite the sample. Figure 6.7 shows the triplet transient decay recorded
after 4, 30 and 44 laser pulses of ~ 0.2 mJ/pulse. After four shots (Sample B), a lifetime
of 4 + 2 ps was recorded for an oxygen concentration of 2.6 x 104 mol dm-3 (aerated
sample). This increased to 325 + 25 s after 44 shots (Sample C) and is comparable to
that measured in the absence of oxygen (310 us - Table 6.2). At an intermediate number
of pulses a biexponential decay was obtained (Sample B), indicative of decay from two
distinct types of triplet species. Agitation of Samples B and C regenerated the short
lived transient of Sample A.

The absorption spectra of the solutions were recorded before and after irradiation.
Evidence of increased absorption between 310 and 330 nm was observed. This is
representative  of photooxidadon of the tryptophan residue of BSA to N-
formylkynurenine (NFK)(421:[43] - a well known product of singlet oxygen reaction with
tryptophan. To investigate this further, a controlled study of photooxidation of BSA
sensitised by '‘BuyZnPc was performed. Formation of NFK was recorded by monitoring
the absorbance of the solution at 322 nm. As Figure 6.8 shows, a steady increase in 322
nm absorption was observed followed by a plateau region. Photooxidation sensitised by
C10 and ZnPcS, gave similar results.  Concurrent photodegradation of the
phthalocyanines was observed. This explains the reason behind the plateau region of
Figure 6.8 where production of NFK reaches a maximum. Specifically,
photodegradation of phthalocyanine resulted in the production of ever-decreasing
amounts of singlet oxygen - the active species involved in oxidation of BSA - thus, the
rate of production of NFK decreased until the concentration of singlet oxygen was
insufficient to induce further oxidation of tryptophan within the BSA.
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Figure 6.8. Increase in absorbance at 322 nm for ‘Buy,ZnPc + 5 x 1 0-5mol dm-3 BSA
upon irradiation by red light (A > 610 nm). Effect of irradiation on a phthalocyanine

only solution is also shown.

Figure 6.8 also shows the change in absorbance at 322 nm of a phthalocyanine only
solution. A decrease was observed which confirms that growth of absorption at 322 nm
in the presence of BSA was not due to formation of photodegradation products of the
phthalocyanine. Photooxidation of tryptophan is not a new or uncommon phenomenon
and has been studied in detail by several groups{441:[43}[46],

In order to study the effect of BSA on phthalocyanine triplet state properties in the
absence of photooxidation, 0.01 mol dm-3 NaN; was added to quench singlet oxygen
species as they were produced (kg = 3.8 x 108 dm3 moll s')7), je. 1o = 0.25 ps.
Figure 6.9 shows an example of triplet state quenching by ground state oxygen under
these conditions. In contrast to the results described above, monoexponential decays
were recorded at all concentrations of oxygen and were independent of irradiation

frequency.
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possible that whilst binding to parent BSA is very weak (if it is present at all), oxidation
of tryptophan residues to NFK may promote binding either directly or through
conformational changes of the protein. However, shifts in sensitiser ground state
absorption spectra were not observed, thus, this explanation is unlikely. Secondly, and
much more simply, it is possible that oxidation of protein molecules in the illuminated
volume depleted the available supply of oxygen, hence reducing quenching
(k = 3100 s1). Agitation of the sample regenerated the oxygen concentration and the
triplet state species was quenched once more (k = 270000 s'1). Alternatively, it is
possible that photoinduced cross-linking of BSA occurred to create a protective network
surrounding phthalocyanine, thus shielding excited states from deactivation. It is known
that cross-linking of proteins occurs following amino-acid oxidation[#8:49); thus this may
be a viable explanation, however, further work is required to confirm the reason for these

results.

From the experimental observations described above, it is not possible to confirm
Pc:BSA binding of 'BuyZnPc or C10. Fluorescence anisotropy measurements suggest an
interaction, however, this has not been corroborated by any of the photophysical
measurements performed. No effect on the absorption, fluorescence or triplet state
properties was observed and triplet state quenching by oxygen was unaffected by the

presence of BSA.
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6.3.2 Electron Transfer Reactions
2.1 Simple Organic Quencher.
6.3.2.1.1 Results

Electron transfer reactions of excited state phthalocyanines with several simple amine
and sulfur based quenchers have been investigated (Figure 6.10).

OMe NMe, NMe,
OMe NMe,
1, 4 Dimethoxybenzene 1,4 Tetramethylphenylenediamine Dimethylaniline
E(QT10)=159V EQ*10)=1.02V E(Q*-/Q)=04V

S S
; L~
R ~
Diazabicyclo[2, 2, 2] octane Tetrathiafulvalene
E(Q*10)=081V E(Q*10)=059V

Figure 6.10. Structure of simple organic quenchers.

a) Diazabicyclo[2,2,2]octane (DABCQO)

The fluorescence yield of ZnPc in 1% pyr/tol solution was unaffected by DABCO at
concentrations below 0.01 mol dm-3, however, a blue shift of the emission maximum,
Amax, from 680 nm to 679 nm was observed. A 1 nm hypsochromic shift of the ground
state absorption spectrum was also observed (672 nm — 671 nm). Addition of further
DABCO resulted in a steady decrease in the yield of fluorescence emission. Ap,x
remained constant at 679 nm and no further shift in the energy of the S; « S transition
was detected. A Stern-Volmer analysisi% (Equation 6.7) was performed to determine a

rate constant, kg, for the quenching process.

Dy

7()—=1+erp[Q] (6.7)
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where @y is the yield of emission at [Q] = 0 mol dm3, @ is the yield at a quencher
concentration, Q, kg is the rate constant for quenching and T is the fluorescence lifetime
at [Q] = 0 mol dm-3. Figure 6.11 shows the linear plot obtained.

Do/ P

1 v : I T Lf
0 0.02 0.04 0.06 0.08 0.1

[DABCO]/moldm™

Figure 6.11.

Stern-Volmer plot showing quenching of ZnPc emission by DABCO in 1% pyr/tol,

Tp=3.5ns, Aoy =630 nm.

kq was calculated to be 1.6 + 0.1 x 10° dm3 mol-! s1. A fluorescence lifetime study of

the quenching by DABCO was camied out, and a value of
kg = 1.2 £ 0.1 x 10% dm3 mol'! s’ determined. This value is an order of magnitude

lower than the diffusion limited rate in toluene (1.1 x 1010 dm3 mol-l s-1). 1 was
unaffected by 0.01 mol dm-3 DABCO.

It 1s unlikely that quenching was due to an energy transfer process since the singlet
energy of DABCO is much greater than that of the phthalocyanine. The results
described above may be explained by the reaction scheme depicted in Figure 6.12. K,
represents the equilibrium constant for complex formation and all other terms are defined

in Section 6.1.2.1.
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k
DABCO hv d
—_— 1 . O | *
ZnPc ——— ZnPc. DABCO—> 1ZnPc.DABCO — (DABCO..ZnPc.DABCO)
Kb DABCO Encounter Complex

- DABCO

rev

1 . -
( 2DABCO"" ... 2DABCOZnP¢’ )~
ITon Pair

kdiss

DABCO'" + DABCO.ZnPc™
Solvated Ions

Figure 6.12. Formation of DABCO...ZnPc.DABCO ion pair upon irradiation of
ZnPc in 1% pyritol in the presence of > 0.01 mol dm~> DABCQ.

Addition of small amounts of DABCO lead to the formation of a ground state complex -
DABCO.ZnPc - in which a molecule of DABCO has replaced the pyridine as the axial
ligand on the phthalocyanine . Evidence for this comes from the shift in the absorption
spectrum. The fluorescence lifetime was unaffected by ligand exchange (0.01 mol dm-3
DABCO). It is possible that at concentrations of 0.01 mol dm-3 two opposing effects
must be considered - a longer lifetime due to complex formation and reduction of this
lifetime due to quenching - leading to a net zero change. Alternatively, the electrode
potential of ZnPc may be changed by DABCO binding such that ZnPc.DABCO is less
susceptible to reduction than ZnPc.py. Upon addition of further quantities of DABCO,
photo-induced electron transfer from free DABCO molecules to ZnPc.DABCO was
observed. This may be assumed to follow the reaction profile of Rehm and Weller(16l.
Phthalocyanine radical anions could not be observed by nanosecond flash photolysis.
This was for two reasons. Firstly, toluene is a non-polar solvent, hence solvation of
radical products is poor and energetically unfavourable, i.e. ki is small. Secondly, the
ion pair resulting from singlet state quenching has a spin allowed back reaction.
Consequently, kg, is large and observation of radicals produced by singlet state
quenching is rare. Triplet state quenching by DABCO was not observed.
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b) N, N-Dimethylaniline (DMA)

Quenching of phthalocyanine fluorescence by DMA followed a simple Stern-Volmer
relation (Figure 6.13) with a quenching rate constant of 7.1 0.6 x 108 dm3 mol-! sl in
1% pyr/tol. No effect on the absorption spectrum was observed over the concentration

range employed.

2.1

19

y=2.55x + 0.95
1.7 -

1.5 A

1.3

Do/D

1.1 1

09 +

0.7 +

0.5 } } } } 1 } }
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04
[DMA}/moldm™

Figure 6.13. Stern-Volmer plot of ZnPc singlet state guenching by dimethylaniline

in 1% pyritol, tp = 3.6 ns, A, = 630 nm.

No evidence of 3nn* state quenching was obtained, kg < 105 dm3 mol-1 s-1.

¢) N, N, N', N'- Tetramethylphenylenediamine (TMPD)

Tetramethylphenylenediamine (TMPD) had no effect of the absorption properties of
ZnPc, but acted as an efficient quencher of the first excited singlet state. A plot of ®y/®

vs [TMPD] yielded a graph of positive curvature (Figure 6.14), and modification of the
Stern-Volmer equation was necessary to account for this behaviour.
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O Il | ! l J 1 L
i 14 T t t + i

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
[TMPD]/moldm™

Figure 6.14. Stern-Volmer plot of ZnPc fluorescence guenching by TMPD in 1%
pyritol, Tp = 3.5 ns, A, = 630 nm. Fit of static quenching model.

Curved Stern-Volmer plots can usually be accounted for using one of three explanations:

1) Ground state complex formation
i) Static quenching
1ii) Finite sink approximation

Ground state complex formation can result in an increase in rate constant, kQ, if the
complex formed between fluorophore and quencher is non-fluorescent. Complex
formation is usually indicated by a shift in the UV/Vis spectrum, therefore, in this case

can be dismissed.

Static quenchingl51.0321 occurs at high concentrations, when the fluorophore and
quenching molecule are already within the interaction sphere of volume, V, on excitation.
Under these conditons, diffusion is not required and quenching occurs almost
instantaneously. The probability of this situation arising depends on the volume of
interaction, V and the concentration of quencher molecules, [Q]. If the quencher is
randomly distributed, then the probability of static quenching is given by the Poisson
distribution, eVIQl. Thus, the Stern-Volmer equation may be modifieds! to give:
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(—I;;o-=1+KSV [0]e¥ (2] (6.8)
where Kgy is the Stern-Volmer constant, koTr.  Application of this equation to the
experimental data gave a good fit (Figure 6.14). A quenching constant of 1.5 £ 0.1 x
1010 dm3 mol-! s and a volume of interaction, V of 5.5 dm3 mol-1 were determined. V
represents the volume surrounding a fluorophore in which quenching may occur without
the need for diffusion controlled collision of both reactants. The value determined in this
study (5.5 dm3 mol-!) is comparable to that reported by Zeng(5] for static quenching of
hydroxyl dimethyl carbazole by a-tocopherol (3.7 dm3 mol-1).

The finite sink approximation531.54L1551 is a modification of the Smoluchowski, Collins
and Kimball (SCK) expression for the rate constant of a dynamic quenching system.
This is based on a solution of the time independent flux equation®®*] within the limits
[Q](0) at r(e0) and [Q](R) at R, where R is the reactant encounter distance. This leads
to Equation 6.9 (the reader is referred to References 53 and 54 for derivation of this

equation).

47NDRk,
Q~ 4INDR + k, (62)
where N is Avogadro's constant, D is the sum of the diffusion coefficients of the
reactants, and k, is the activation energy controlled rate constant describing quenching at
a distance R. In the case of efficient quenching, Equation 6.9 fails to account for a
dependence of kg on the quencher concentration. An increase of kg with (Q] may be
due to static effects described earlier or to effects introduced by an initnal time
dependence of the concentration gradient. These can be eliminated by assuming that
only the first encounter between fluorophore and quencher molecule is of importance,
thereby defining an initial average separation, 1y (sink radius). The diffusive region of
interest will therefore lie within the limits R < 1 < 1y and the flux equation can be
integrated using the boundaries [Q](rg) at ry and [Q](R) at R to give Equation 6.10.

(6.10)

. 4TNDRK,
@ 4xNDR+k, (1-R/"°)

The sink radius, r has been defined as the most probable nearest neighbour separation.
Substitution of the appropriate distribution for 1 (rg = (27N[Q])-1/3) into the inverse of
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Equation 6.10 and division by the fluorescence lifetime in the absence of quencher, 1,

yields the alternative Stern-Volmer relationship:

1
-1 -1 (27N )A A
=k%, " - L0173 6.11
Ksy KSy 4nNDT, [Q] (6.11)
where
4TNDR< . k
0 F 4 (6.12)

Kl =———F2_} 1
SV " 4nNDR+k, 2 °F

Thus, the quenching coefficient, kg was obtained from the intercept of a plot of Kgy'lvs
[Q1'73 (Figure 6.15). kg using this approximation was calculated to be 1.2 £ 0.1 x 1010

dm3 mol-1 s-1.

0.022 +
0.02 +
y =-0.037x + 0.028

E% 0.018 +
-

0.016 +

0.014 +

Cd
0.012 ; : " :
0.2 0.25 0.3 0.35 0.4 0.45
[TMPD]**/mol**dm™

Figure 6.15. Application of finite sink approximation to TMPD quenching data.

For comparison, the rate obtained by fitting a straight line to the data acquired at low
concentrations of TMPD was determined. In this case, kg = 1.5 = 0.1 x 1010 dm3 mol!

51,

Flash photolysis investigations of 3nn™* states of ZnPc in 1% pyr/tol solution revealed
efficient quenching of the triplet state by TMPD (Figure 6.16). A quenching rate of 3.7
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+ 0.3 x 108 dm3 mol-! s-! was obtained from the gradient of a plot of k (rate of triplet
state deactivation) vs [TMPD].

60000
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y = 3.7E+08x + 5600
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0 0.00002 0.00004 0.00006 0.00008 0.0001 0.00012
[TMPD}/moldm™

Figure 6.16. 3ZnPc* Triplet state quenching by TMPD in 1% pyritol.

Triplet state quenching may be assumed to follow a mechanism analogous to that
proposed for singlet state quenching (Figure 6.2). Due to the spin forbidden nature of
back electron transfer by ion pairs formed though triplet state electron transfer, ke, is
slow and the rate of dissociation, kg;s; may be expected to dominate. However, the non-
polar nature of toluene inhibited ion pair separation and recombination occurred; thus no

evidence of phthalocyanine radical anions was observed.

d) 1, 4 Dimethoxybenzene (DMB)

The absorption, fluorescence and triplet state characteristics of ZnPc in 1% pyr/tol were
unaffected by DMB. It was concluded that complex formation between ground or
excited states of phthalocyanine and dimethoxybenzene and electron transfer quenching

of singlet or triplet state species by DMB did not occur.
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e) Tetrathiafulvalene (TTF)
1) Homogeneous Solution

Tetrathiafulvalene (TTF) was found to efficiently quench the first excited singlet state of
'BusZnPc in 1% pyr/tol, kg = 1.1£ 0.1 x 1010 dm3 mol-! 51, c.f. kgier = 1.1 x 1010 dm?3
mol-! s-lin toluene. By contrast, when octadecylzinc phthalocyanine was used as the
electron acceptor, no evidence of fluorescence quenching was observed. Electron
transfer quenching of fluorescence emission from '‘BugH,Pc also yielded a diffusion
limited quenching rate constant of 1.1 = 0.1 x 1010 dm3 mol-1 571 in toluene (tf = 5.6
nsBél). TTF had no effect on the lifetime of triplet state species. The fluorescence yields
of coupled TTF-Pc complexes, Pc(TTF)g and Pc(TTF), (Figure 6.3) were measured.
Values of < 10 and 1.7 £ 0.3 x 103 were obtained for Pc(TTF)g and Pc(TTF)y,
respectively. These yields are negligible when compared with that determined for the
parent phthalocyanine, BusHyPc (@ = 0.5). We proposel?”, that in compounds
Pc(TTF)g and Pc(TTF)y4, rapid intramolecular electron transfer occurred between the
covalently linked TTF moieties to generate a charge transfer state, which rapidly
returned to the ground state, resulting in reduced fluorescence yields of these

compounds.

ii) Heterogeneous Solution

Having established that TTF will undergo redox reactions with excited singlet state
phthalocyanine in homogeneous solution, quenching kinetics in micellar solution (10%
TX/H,0) were investigated. Stern-Volmer plots obtained when singlet states of
BuyZnPc and C10 in 1% TX/PBS were quenched by TTF in 10% TX/H,O are
displayed in Figure 6.17. The rate constants of electron transfer were estimated using
the gradient at low concentrations of quencher molecules. Under these conditions it may
be assumed that the concentration of surfactant (TX) was constant and that [Q]T = [Q]L,
i.e. the total concentration of added quencher equals the concentration in the lipid phase.
The value obtained for ‘BusZnPc (kg = 1.8 + 0.1 x 1011 dm3 mol-! s1) is an order of
magnitude greater than that obtained in homogeneous media

In this system, it was possible to measure a decrease in the yield of fluorescence of C10
upon adding TTF (kq = 5.4 # 1 x 1010 dm3 mol-! s-1). This value was unattainable in
1% pyr/tol solution. The large increase in k¢ in micellar solution may be explained by
the location of fluorophore and quencher. Due to their hydrophobic nature,
phthalocyanines and TTF are both expected to be located within the micellar core,
allowing enhanced contact between the phthalocyanine and TTF, i.e. a much greater
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proportion of static quenching. It can be deduced from the negative curvature of these
graphs that the quenching rate constant decreased at high concentrations of donor

molecules.

a)y=550x+1

Oo/d

b)y=100x+1

O I Il 1 ! Il ! ]
T T T T Ll T 1

0 0.001 0.002 0.003 0.004 0005 0006 0.007 0.008
[TTF)/moldm™

Figure 6.17.
Stern-Volmer plots for quenching of a) ‘BuyZnPc in 1% TX/H,0, 1y = 3.6 ns and b)
C10in 1% TX/H0,tp = 2.2 ns, by TTF in 10% TX/H,0 (A, =630 nm).

This is unusual for micellar quenching studies since static quenching is known to lead to
positive curvature in the Stern-Volmer plots (Section 6.3.2.1.1.c), indeed plots such as
these have been routinely observed in micellar quenching studies(9.57], It is probable
that negative curvature observed in this study was due to a concurrent increase in
[micelle] with [quencher]. The mean number of quencher molecules associated with

each micelle may be givenl38] by Equation 6.13.

<n>= [Q] _ (6.13)
[ Surfactant] —cmc / N

where <n> is the mean number of quencher molecules per micelle, [Q] is the total
quencher concentration, [surfactant] is the concentration of surfactant (Triton X), cmc is
the critical micelle concentration of Triton X (0.24 mmol dm-3) and N is the aggregation
number of each micelle (143)53%). Thus, an increase in [surfactant] at any particular [Q]
leads to a decrease in <n>, i.e. the number of quenchers available per fluorophore
(assuming a maximum of one fluorophore per micelle). Alternatively, a dependence of
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values are critically dependent on the electrode potentials chosen for quencher
compounds and reduction of the ground state of phthalocyanine. Some variation exists
in published values for electrode potentials; for example, values of -0.6 V62l and -0.72
VI65) are reported for E (ZnPc / ZnPc) and values for E (DABCO*- / DABCO) range
from 0.81 VI®¥ to 1.14 VIl Thus, inaccuracy in predicted values of kq is not
surprising. Perhaps most significantly, use of toluene as solvent may have a large effect
on E for all species involved. In the main, literature values reported were determined in
acetonitrile, a highly polar solvent, in which electron transfer properties are expected to
be different to those in a non-polar solvent such as toluene. Poor solubility of ZnPc in
MeCN prevented experiments being performed in this solvent system.

Quenching of 3Pc* by DABCO, DMA and TTF was not observed. Quenching by TMPD
was a factor of thirty slower (3.7 x 108 dm3 mol-! s-1) than the calculated diffusion
controlled rate in toluene (1.1 x 1010 dm3 mol-! s'1). The concentration of quencher
molecules is in large excess over the concentration of excited phthalocyanine species,
thus, changes in the concentration via reaction with singlet state species will be minimal.
In addition, it may be shown using Equation 6.7 and the calculated rate constant for
singlet state quenching (1.4 x 1010 dm3 mol-! s1) that at the concentrations of TMPD
used for triplet state quenching (< 104 mol dm3) < 1% of singlet state species have been
quenched, hence, this is unlikely to account for such a large difference. A more plausible
explanation is that triplet state quenching is activation controlled as opposed to singlet
state quenching which is diffusion controlled.

Studies comparing quenching of ZnPc with peripheral tertiary butyl and decyl ligands by
TTF, have clearly demonstrated that 'BugZnPc is a better electron acceptor than C10.
This may be for a number of reasons. Firstly, the energy required to produce the singlet
state of C10 is lower than that of 'BugZnPc, leading to a lower excited state reduction
potential. The reduction potential of 1({BugZnPc)* was calculated’®”] to be 1.23 V whilst
that of 1(C10)* was only 1.17 V (assuming the ground state reduction potential to be the
same as ZnPc (-0.6 V)). However, substitution of these values into Equations 6.1 to 6.3
leads to k) (calc) in HyO = 4.5 x 109 dm3 mol-! 51 for 'BuyZnPc vs 4.4 x 10? dm3 mol-1
s'1 for C10. Thus, quenching rates would not be expected to be significantly different.
Alternatively, it is possible that during studies performed in micellar solution, each
phthalocyanine may be located in a different region of the micelle, leading to varying
accessibility to quencher molecules. Zhang er al.[68 have shown that the electron
transfer rate from tyrosine to tetra sulfonated gallium phthalocyanine (GaPcS4) was
greatly increased upon incorporation into micelles of cetyltrimethylammonium chloride
(CTAC). By contrast, that of disulfonated zinc phthalocyanine (ZnPcS,) was unaffected.
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This difference in behaviour was ascribed to location of GaPcS, on the surface of the
micelle and ZnPcS, in the inner hydrophobic core. However, in this study, a similar
trend was observed in homogeneous solution, i.e. quenching of fluorescence originating
from tBuyZnPc was observed whilst that of C10 was unaffected. It is unlikely, therefore,
that the observed differences were caused solely by the position of the sensitiser within
the micelle. A final consideration concemns the value of ground state reduction. It has
been assumed that E (C10/C10~) and E (ZnPc/ZnPc) are equivalent. The observed
differences in kg may be explained if this is not the case and C10 is inherently less likely
to participate in electron transfer processes. This appears reasonable when published
data is considered since peripheral CN substituents have been shown to have a large
effect on the reduction potential of ZnPc (E (ZnPc(CN)g) / (ZnPc(CN)g)™ = 1.0 V)©2),

6.3.2.2 Biological Molecules
6.3.2.2.1 Amino Acids

Having shown that amines will react with the excited states of phthalocyanines,
photodynamic interaction with amino acids and their derivatives was investigated.
Electron transfer reactions of N-acetyl tryptophanamide, ‘BOC methionine, cysteine and
N-acetyl tyrosinamide (Figure 6.18) were studied.

|
NH:2 S
Me— S HO2C
O\H/O
o) o) NH:2

tBOC Methionine Cysteine

O

NH:2
H /N\H/ Me
o
N-Acetyl Tryptophanamide N-Acetyl Tyrosinamide

Figure 6.18. Structures of amino acids.
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No evidence of quenching of tBuyZnPc singlet state species was detected for any of the
aminoacids under study in either methanol or 1% TX/HO solution (kq < 1.4 x 10° dm3
mol-1 s-1).

Studies of '!BuyZnPc triplet state quenching by tBOC methionine in methanol revealed a
non-linear reduction in the lifetime of 3nn* species with increasing 'BOC methionine
concentrations (Figure 6.19). No effect on the wavelength of maximum ground state
absorption was observed at 'BOC methionine concentrations of 0.01 mol dm-3 so it was
assumed that ground state complex formation did not occur. No evidence for the
formation of radical species was obtained. The wavelength of maximum absorption of
triplet species, Apqayx = 490 £ 10 nm, was unaffected by the addition of 0.01 mol dm3

IBOC methionine.

k/s!

5500 + : : } 1 ;
0 0.002 0004 0006  0.008 0.01 0.012

[Methionine]/moldm’

Figure 6.19. Increase in rate of decay of 3nn* states of ‘BuyZnPc in MeOH upon
addition of ‘BOC methionine. The fit of Equation 5.9 (substituting [Met] for [H*]) to
the data is also shown.

Methionine has been shown to have a reduction potential of 1.34 V vs NHE, thus
Equation 6.1 predicts an endothermic electron transfer reaction with phthalocyanine. In
addition, no evidence of radical species was obtained, therefore, quenching of T by this
mechanism is unlikely. It is probable that methionine (Met) formed an excited state
complex (exciplex) with triplet state zinc phthalocyanine (3Pc*) which existed in
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equilibrium with unbound species (Figure 6.20). As the concentration of 'BOC
methionine increased, the equilibrium shifted to the right, forming a complex with decay
rate, ky. At zero concentration, the measured rate of decay was representative of that of
the parent phthalocyanine, k;. Experimentally, two limiting cases, k; and kj, were
measured to be 6000 + 300 s-! and 9500 + 500 s-! respectively. These correspond to a
lifetime of 100 Ws for bound Pc.Met species (0.01 mol dm-3 'BOC methionine) and 170
us for tBuyZnPc (0 mol dm-3 'BOC methionine). At intermediate concentrations of
IBOC methionine, the measured decay was representative of the average lifetime of
bound and unbound phthalocyanine species. Monoexponential character was retained,
indicating a fast binding equilibrium relative to the rate of triplet state deactivation
(Section 5.3.1.2). Figure 6.19 shows the fit of Equation 5.9 (substituting [Met] for
[H*]) to the measured data. A value of 770 dm3 mol-! was calculated for K*.

4

K *
p— 3Pc.Me:t

ES *
Pc + Met HIPC + Met H3Pc + Met —

boob

Pcy + Met Pcy + Met

Figure 6.20. Formation and decay of 3Pc.Met* Complex.

Exciplex formation is encouraged by net stabilisation of the electrons which occupy the
HOMO of both species. Consider complex formation in terms of molecular orbital
theoryl®l. Upon binding of two species, HOMO's and LUMO's interact to produce two
new molecular orbitals, one destablised with respect to the originals and one stabilised
(Figure 6.21). In ground state complexes, a net stabilisation of zero is obtained since
two electrons are stabilised and two are destabilised. However, in excited state
complexes, three electrons are stabilised and only one is destabilised, leading to net

stabilisation upon complex formation.
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Figure 6.21. Molecular orbital description xciplex formation.

Flash photolysis studies of tryptophan, tyrosine and cysteine derivatives in MeOH or 1%
TX/H,O solution showed the lifetime of 3Pc* to be unaffected by concentrations up to
0.01 mol dm-3 tryptophan and tyrosine and 0.5 mol dm-3 cysteine. This places maximum
limits on the quenching rate of 1 x 10° dm3 mol-! s-1 and 1 x 103 dm3 mol-! s!
respectively.

Using Weller's equations (Section 6.1.2.1), theoretical quenching rate constants may be
calculated (Table 6.8). Due to the polar nature of MeOH the electrostatic term of
Equation 6.1 is very small (~ 0.04 eV) and was neglected in calculations. Considering
these values, it is surprising that electron transfer from tryptophan, tyrosine and cysteine
derivatives to singlet state phthalocyanine species was not observed. It might also be
expected that cysteine would undergo reaction with triplet state phthalocyanine. Triplet
state quenching by tryptophan and tyrosine species, however, is highly energetically
unfavourable and consequently it is not surprising that evidence of reaction was not

obtained.
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Figure 6.22. Structures of ascorbic acid (AA) and ascorbic acid palmitate (AAP

Homogeneous Solution

Quenching of excited singlet states of ZnPc in 1% pyr/tol by ascorbic acid palmitate
(AAP) was prohibited due to solubility factors. A maximum concentration of 2 x 103
mol dm-3 AAP was achieved. At this concentration, no effects on the ground state
absorption spectrum or fluorescence emission properties of phthalocyanine were
observed. In methanolic solution a concentration of 0.02 mol dm-3 was attained - again
fluorescence quenching was not observed (kg < 7.1 x 108 dm3 mol-1 s-1).

AA and AAP in methanolic solution quenched the lifetime of 3nn™ states of BuyZnPc.
Figure 6.23 shows the increase in the rate of deactivation of T measured with increasing
concentration of AA and AAP. The presence of a new absorbing species at 570 nm and
600 nm with a lifetime of ~2500 pus (Figure 6.24) was used to infer an electron transfer
process. The measured transient shows rapid decay of triplet state followed by
absorption and gradual deactivation to the ground state of a long lived species. Figure
6.25 depicts the transient absorption spectrum of this species.
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Figure 6.23. Quenching of the triplet state of ‘Bu,ZnPc by ascorbic acid and
ascorbic acid palmitate in MeOH. Points measured for each quencher have been

offset for clarity.
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Figure 6.24. Transient study of 'Bu,ZnPc in MeOH + 0.01 mol dm3 ascorbic acid
palmitate, A, = 638 nm. Deactivation of triplet species (b) (probe wavelength = 490

nm) and formation and decay of Pcradical (a) (probe wavelength = 600 nm).
Decays have been offset for clarity.
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Figure 6.25. Transient absorption spectrum of *Bu,ZnPcradical in MeOH.
a) At=300us, b) At=1 ms (A, =638 nm).

Peaks at 575 nm and 600 nm were observed and by analogy to previously reported
transient spectra assignment to ZnPc radical species was made. Aramendial20)
investigated photochemically induced electron transfer from amines to ZnPc - Ay, =
580 nm, Mack[65! observed electron transfer from hydrazine to ZnPc upon irradiation -
Amax at 319 nm, 432 nm, 570 nm, 635 nm and 956 nm and Clack(73.(74] generated the
radical anion of ZnPc electrochemically - Apax at 323 nm, 560 nm and 635 nm. The
observed rate of quenching, kg, was estimated from the gradient at low concentrations
of quencher. Rates of 1.8 0.2 x 106 dm3 mol-! s-! and 2.1 #+ 0.2 x 106 dm3 mol-! s
were determined for AA and AAP respectively. As expected in a homogeneous medium,
these values are within experimental error of one another.

AA/AAP have several ionic forms(’) which are dependent on the pH of the medium

(Figure 6.26). In this study, the pH can be assumed to be ~7, thus the redox couple of
interest is that of HA-/HA-. This has a reduction potential, E, of 0.74 V vs NHE![76),
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Another way of looking at this is that the efficiency of electron transfer is < 1 and hence
kq may be expressed!’’] as a function of kg,

kq = kg (6.15)
where kj is the diffusion rate constant for the solvent under study and v is the efficiency

which may be expressed by Equation 6.16.

-— ka
ka +k—d +‘CF_1 +kd[Q]

(6.16)

This equation is derived in Reference 77 and all rates terms are defined in Figure 6.2. In
cases where k, < kg, the term k4[Q] may become significant, thus kg will vary with [Q]
leading to Stern-Volmer plots with negative curvature such as the ones observed in this
study. Using Equation 6.16 and a value of 1.1 x 1010 dm3 mol-! s-! for the rate of
diffusion in methanol, an efficiency of 1.8 x 104 may be estimated for this reaction. This
is very low as a consequence of the endothermic nature (AG is positive) of electron

transfer from triplet state zinc phthalocyanine to ascorbic acid.

Heterogeneous Solution

In micellar solution, AAP displayed a dramatic increase in the rate at which it reacted

with triplet state phthalocyanine (Figure 6.27). kQ increased by an order of magnitude
from 1 + 0.1 x 106 dm3 mol! s for the quenching rate by ascorbic acid to

1.3 £ 0.1 x 107 dm3 mol-! s-1 when AAP was employed as quencher. Since AAP is
hydrophobic, it would be expected to locate within the lipid phase of the micelles. AA is
water soluble and therefore remained in the aqueous phase. It can be assumed that
tBuyZnPc is held inside the micelle, thus reaction with AAP occurred at a faster rate
relative to that of AA due to its proximity to micelle bound phthalocyanine. It should
also be noted that electron transfer between a hydrophobic sensitiser and hydrophilic
quencher has been made possible through the use of a micellar solution, c.f. reaction
between a-tocopherol and ascorbic acidl®2l. As for TTF quenching, negatively curved
plots were obtained. In this case, however, [TX] remained constant and it is likely that

inefficient quenching (k, < k4) was responsible.
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Figure 6.27. Comparison of ‘Bu,ZnPc triplet state guenching by a) ascorbic acid
palmitate and b) ascorbic acid in 1% TX/H»0 solution.

The triplet state of sulfonated aluminium phthalocyanine by ascorbic acid in phosphate
buffer saline has been reported by Ben-Hur!’®! to quench triplet state species (kg = 5 x
10-8 dm3 mol-! s-1) to produce a transient radical that absorbed at 572 nm and 620 nm.
This corroborates the results above. It was also shown that the rate of photohaemolysis
of red blood cells increased upon addition of ascorbic acid implying that photodamage to
neoplastic tissue may occur via a Type I mechanism mediated by Vitamin C or that the
protective effect of Vitamin C towards membrane damage!’) has been reduced.

6.4 Conclusion

It has been demonstrated that axial ligands may bind to zinc phthalocyanines causing
changes in ground state absorption characteristics and excited singlet and triplet state
properties. Cyanide ions have been shown to cause a significant red shift in the ground
state absorption spectrum of ZnPcS,. The equilibrium constant of binding was
determined to be 800 dm3 mol-! in MeOH. Binding of THF to ZnPc(CMe(COyMe)y)4
induced an increase in the quantum yield and lifetime of triplet state species. It is likely
that these changes were caused by a combination of decreased internal conversion
pathways and increased intersystem crossing rates. It is suggested that in vivo ligand
binding may account for shifts in reported action spectra of sensitisers relative to their in

vitro absorption spectra.
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Interaction of peripherally substituted zinc phthalocyanines with bovine serum albumin
(BSA) has been investigated. No direct spectroscopic evidence for binding of
hydrophobic sensitisers, ‘BuyZnPc or C10 was observed. ZnPcS, displayed clear
changes in ground state absorption spectra recorded in PBS or 1% TX/PBS upon
addition of BSA, however, no effect on its fluorescence, triplet state or singlet oxygen
quantum yields was recorded. This implies that binding was weak, such that the
electronic structure of the phthalocyanine was not perturbed. Fluorescence anisotropy
measurements provided indirect evidence for binding. A significant increase in the steady
state anisotropy of ZnPc's was recorded upon addition of BSA, suggesting an increase in
the effective size of the fluorophore, i.e. binding to protein is implied. In contrast to
literature reports, phthalocyanine triplet state quenching by oxygen was not decreased by
the presence of BSA, however, some interaction between oxidised protein species and

zinc phthalocyanine is suggested. Reasons for this behaviour are unclear and further
work in this area is required. Evidence regarding binding of zinc phthalocyanines to

BSA remains inconclusive.

It has been demonstrated that ZnPc's undergo electron transfer reactions with several
electron donors, in particular with amine containing donor molecules. Reduced
fluorescence yields of phthalocyanines with chemically bound tetrathiafulvalene ligands
have been shown to be a result of intramolecular electron transfer quenching. In
addition, it has been demonstrated that the nature of peripheral substituents may affect
the propensity of a phthalocyanine to undergo Type I reactions. With respect to
photodynamic therapy this may be important since the mechanism of cell destruction is
stll unclear. The significance of singlet oxygen as an intermediate has been largely
accepted, however, there is still debate over the role of Type 1 reactions in causing cell
necrosis. In addition, photodegradation of phthalocyanines which as observed in vivol80
may be due to Type I reactions since it is known that in the main, phthalocyanines are
stable to singlet oxygen(8l, The ability of a sensitiser to undergo electron transfer
reactions with biological substrates such as proteins or DNA may, therefore, prove to be
vital if we are to fully understand the processes involved in PDT. It has been found that
Type I reactions with ascorbic acid may play an important role in the photodynamic
process, however, electron transfer between zinc phthalocyanines and amino acids

residues is unlikely to be significant.
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SUMMARY

&+ Two novel, B-tetra substituted zinc phthalocyanines have been synthesised. The
photophysical properties of ZnPc were not significantly affected by the nature of the
peripheral substituents.

+ The fluorescence anisotropy of metal free and zinc phthalocyanines is dependent
upon the exact experimental conditions, i.e. emission wavelength, excitation

wavelength, solvent and temperature.

+ The photophysical properties of zinc phthalocyanines were greatly affected by the
nature of their environment.

- The aggregation state of ZnPc(CHMeCO,H), displayed a remarkable
sensitivity to the ionic strength of non-aqueous solution.

- C10 aggregated at 77 K in EPA. The aggregate emitted fluorescence at 760 nm
and generated triplet state species upon irradiation by 355 nm or 638 nm light. This
is believed to be the first fluorescent phthalocyanine dimer bound solely by Van der
Waals forces to be reported.

- Low pH induced protonation of the azomethane bridges of the phthalocyanine
ring. Protonated species, PcH, "+, displayed large changes in their photophysical
properties with respect to the parent phthalocyanine including a dramatic reduction
in their ability to generate singlet oxygen. Protonation of ZnPcS; occurred at
physiologically important pH's and may have important implications for
Photodynamic Therapy.

+ Binding of bovine serum albumin to substituted zinc phthalocyanines has been

investigated, however, results were inconclusive.

+ Zinc phthalocyanines have been shown to act as electron acceptors in the presence of
certain amine or sulphur based donors. Electron transfer reactions were shown to be
important between ascorbic acid and phthalocyanine, however, reaction between
aminoacids - tryptophan, tyrosine, methionine and cysteine - and the phthalocyanines

was not observed.
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APPENDIX A
A NOVEL SWITCH FOR SINGLET OXYGEN MEASUREMENTS

A.l Introduction

Measurement and detection of singlet oxygen, 105, has been important for many years.
Singlet oxygen is a highly reactive species that is believed to be responsible for the
destruction of biological media such as cells and tissues. In certain applications, for
example, the photodynamic therapy of cancer (PDT), this is the required effect and
production and reaction of 1O, must be optimised for maximum benefit. However, in
other situations, e.g. skin sensitisation by pharmaceuticals, singlet oxygen is an
undesirable side effect to be avoided. The ability to measure the properties of 10,, ie.
its quantum yield and lifetime, with precision and accuracy is therefore of great interest.
There are two methods by which 10, can be detected. Chemical trapping or quenching
which involves an added acceptor species such as diphenylisobenzylfuran (DPBF) or B-
Carotene respectivelylll. This is sometimes unsatisfactory since the added species may
interfere with the chemistry in other ways. A second, more convenient and reliable
method, was developedi?] around 1980. Direct detection of singlet oxygen
phosphorescence at 1270 nm was made possible through the use of a highly sensitive
germanium photodiode coupled to a transient digitiser. However, when certain
sensitisers are investigated, in particular those with red shifted absorption and emission
bands such as the phthalocyanines, measurement of 10, emission still causes problems
due to the presence of a large spike at the start of the observed transient emission
decay®7l, It is thought that this phenemenon results from scattered laser light, sensitiser
fluorescence and possibly some fluorescence from bandpass filters used to select 1270

nm lightBl. As a result, the traces recorded by the transient digitiser show the electronic
effects and the 10, signal can become distorted, preventing reliable measurements of Ta

and ®p by this technique. Previous attempts to minimise this effect include careful
choice of solventl! and the use of interference filters to reduce unwanted emission

wavelengthsl. Neither solution is completely satisfactory.

In this study, it has been demonstrated that the observed effects are due to overloading
of electronic circuits in the amplifier of a digital storage oscilloscope, DSO. The
development of an electronic switch, based on a DG 403DJ analogue switch, which may
be used to eliminate fluorescence contributions is also reported. Using a variable time
gate to prevent the large spike due to fluorescence entering the DSO amplifier allows
saturation of the oscilloscope amplifier to be avoided, thus 10, detection is improved.



A. Novel Switch for Singl xygen M remen

A2 Materials and Methods
A.2.1 Materials

Several substances were used to test the performance of the switch. Rose Bengal (93 %)
was purchased from Aldrich. Styryl 9 was purchased from Lambda Physik and AlPcS,
was a gift from Imperial College, London. Solutions were prepared in Analar methanol.

A.2.2 Experimental

All experimental studies were performed at the Rutherford Appleton Laboratory Central
Laser Facility.

Excitation of the sample was carried out using the 355 nm output of an excimer
(Lumonix HE 460 (XeCl))) pumped dye laser (Lambda Physik FL3002) with a typical
pulse duration of 10 ns and energy within the range 0.1-0.5 mJ per pulse. Light was
delivered to the sample using a 5 mm diameter liquid light guide. The sample was held in
a 10 mm pathlength quartz cuvette, and the absorbance was adjusted to 0.3 at the
excitaton wavelength. The emission was collected at 90° to the excitation beam and
1270 nm radiation selected using an interference filter with a 20 nm bandpass (Infra-Red
Engineering). Selected radiation was incident upon the cooled germanium
photodiode/amplifier (NorthCoast EO-817P). In order to obtain the fastest response
time from the detector it was operated in the high speed mode, "H" (tjs ~ 200 ns,
FWHM = 400 ns). Output of the detector was either transferred directly to a digital
storage oscilloscope (Tektronics 2432A) or via the electronic switch box described
below. Traces were the average of sixteen shots and were transferred to a computer for

analysis by non-linear least squares methods.
Synchronisation of the firing of the laser and the oscilloscope was achieved using a

Stanford digital signal generator (DG 535). The same generator was also used to
provide a TTL pulse to operate the switching device (Figure A.1).
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A.3 Results and Discussion

A.3.1 Electrical properties

The first stage of the study was to investigate the electrical properties of the switch. It is
important that switching the amplifier on in this way should not introduce any spurious
signals that may influence the decay trace of 1O,. As Figure A.3 shows, the switch does
not perturb the baseline of the oscilloscope trace on a timescale over which the singlet
oxygen decay may typically be observed. Furthermore, it was confirmed that radio
frequency emission from the excimer laser HV discharge did not induce any signal in the

measured background baseline.
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Figure A.3. Physical properties of the switch.

Large 'switching transients’' can be observed. Subsequent examination of these on a
faster timescale (200 ns/div) reveals that any distortions caused by switching signals are
insignificant 1 ps after the amplifier is turned on. Hence they should cause little
interference with the measurements of 10,. Figure A.4 shows the distortion and
recovery of the baseline as the amplifier is switched off and again as it is turned on. The
gate width is 400 ns. It can be clearly seen that ringing due to the switching has
completely died away before distortions due to the 'on’ signal begin.
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Decay trace of switching transient as the switch closes following a 400 ns gate.

A.3.2 Performance

Having shown that operation of the switch should not interfere with 10, emission 1 ps
after the gate is closed, its performance was investigated. A strong fluorescence signal at
1270 nm was generated by the excitaton of a near infrared laser dye, Styryl-9 in
methanol. The fluorescence lifedme of this dye is short (<10 ns) compared to the
response of the Ge photodiode/amplifier (200 ns) and the dye does not sensitise singlet
oxygen. Using a vertical scale of 0.5 V/div, the 4 V luminescence signal lies well within
the range of the oscilloscope amplifier, saturation does not cause a problem and the trace

is displayed in Figure A.5a.

However, when a more sensitive scale was used, such as that required to detect 10,
emission (1 mV/division), large amounts of ringing were observed and a negative offset
was obtained (Figure A.5b) which recovered slowly over several milliseconds. This
saturation occurred due to the 4 V peak of the pulse exceeding the ‘overdrive' capacity of
the front end amplifier of the DSO. Recovery of this amplifier occurred on a millisecond

timescale.
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Figure A.5. a) Fluorescence recorded using 0.5 V/div. scale. b) Same reading on

1 mV/div, scale showing saturation of amplifier. c¢) Trace obtained using switch

(1 mV/div.). Traces have been offset for clarity.

When the switch was introduced into the circuit, the amplifier was inactive throughout
the majority of the fluorescence emission and saturation was avoided (Figure A.5c). The
baseline should quickly recover to zero after distortions caused by the switching
transient. In practise, however, a small decay with a lifetime of ~ 7 [s was observed.
The trace was repeated using a degassed solution and also one with sodium azide added
to quench any 10, present. Neither of these procedures had any effect on the decay
indicating that it was not due to singlet oxygen produced by energy transfer from Styryl
9. Substitution of the sample cuvette for one made by a different manufacturer
significantly reduced the yield of this transient. It is suggested that this trace was a result

of emission from impurites inherent in quartz.

In order to demonstrate the benefits that can be achieved by eliminating amplifier
saturation, a study was made of 1O, lifetimes obtained in methanol using various

sensitiser solutons.

244



A. Novel Switch for Singlet Oxygen Measurements

0.007
0.006 +
0.005
0.004 1
0.003 -
0.002 + r

0.001 + N..
0

Voltage /V

-0.001 -
-0.002 A
-0.003

I | L
¥ T 1

-10 0 10 20 30 40

Time /us

Figure A.6.
QOverlap of 10, decays sensitised by Rose Bengal with and without the switch.

Rose Bengal exhibits very little fluorescence leakage through the interference filter and
has only a small spike at the start of the singlet oxygen decay, making it an ideal
candidate to establish the effects of the switch on a singlet oxygen decay. Figure A.6
shows that use of the switch does not perturb measurement of either the yield of 10, or
the profile of the decay. Analysis of singlet oxygen decays obtained with variable gate
times yielded a lifetime value of 9.8 + 0.3 pus (Literature value = 10.4 us)P®l. Quenching
of the singlet oxygen by Rose Bengal has not been take into account for this data, (kq =
4+0.5x 107 mol-! dm3 s°!, unpublished data).

Phthalocyanines are known to have a large fluorescence spike at the start of their 10,
decay which interferes with any subsequent analysis. Use of the switch showed a
significant improvement in both the profile and calculated lifetime of the singlet oxygen
decay. With Styryl 9, a negative offset was obtained as a result of amplifier saturation
when the detector was attached directly to the DSO. Analysis of the decay (singlet
oxygen convolved with the amplifier recovery) revealed an average lifetime of 7.9 £ 0.4
s - clearly different from the quoted literature value of 10.4 ps. Introduction of the
switch removed the negative offset and significantly improved the lifetime value to 11.2
+ 0.4 ps. (Figure A.7).
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Figure A.7. 10, decay sensitised by phthalocyanine without (a) and with (b) the

switch (offset for clarity).

The most dramatic results were obtained when a mixture of Rose Bengal and Styryl 9
was used. Saturation of the amplifier occurred to such a degree that it was impossible to
detect singlet oxygen (Figure A.8A(a)). Use of the switch allowed detection and analysis
of singlet oxygen decays with the correct lifetime of 10.1 £ 0.2 pus (Figure A.8B).
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Figure A.8. A) Signal produced by a mixture of Styryl 9 and Rose Bengal with (a)
and without (b) Switch.

B) Singlet oxygen decay viewed on correct scale (1 mV/div.).
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A.4 Conclusions

It has been shown that problems in detecting 1O, produced by certain sensitisers are
caused by saturation of the input amplifier of the digital storage oscilloscope following
intense fluorescence emission. A rapid switch has been developed to overcome the
problem. Input to the oscilloscope input amplifier is controlled via a TTL pulse avoiding
saturation as a result of large voltage spikes. Convolution with amplifier recovery due to
saturation and decay of 10, has been removed to allow calculation of lifetimes to within
10 % of established literature values.
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APPENDIX B (Dimerisation Chapter)
Derivation of Equation 4.13.

K - K5 may be described as follows:

Ky = [AchClF—_] (a), Ky = [Alpcfz“] __(b), Ky = [(Ach—Cl)zF']
[AIPcCL][F™ ] [AIPcCIF~ J[F™] [ AIPcCIF™ ][ AlPcCl]
Ky = [(CchAl—F—AchF)'](d)’ Ks = [(AIPcF );F™ ] (e)

[AIPcCIF™ J[ AIPcCIF™ | [AIPcFy™ ][ AIPcCIF™ |
(B.1)

If it is assumed that the absorption spectra of all monomeric species, i.e., AlPcCl,
AIPcF,- and AIPcCIF, are equivalent (irrespective of the small shift observed), Ky, may
be defined as

[D
Kyps =42 ol (B.2)
[M] Total

where [M]rgu1 = [AIPcCl] + [AIPcCIF-] + [AIPcF;] and [Dlrgy = [(AlPcCl)F] +
[(CIPcAL-F-AIPcF)] + [(AlPcF),F]

Hence,

[(AIPcCl ), F~ ]+ [(CIPcAl —F — AIPcF )™ ]+ [(AlIPcF ), ]

Kops =
¢ ([ AIPcCl ] + [ AIPcCIF™ ]+ [ AIPcF, ] )([ AlPcCl] + [ AIPcCIF ™ ]+ [AlIPcF,y ])

(B.3)

This may be split into component fractions, Kgps = Kgps(A) + Kops(B) + Kqps(C).

[(AIPcCL),F™ ]

Ko (A)=
’ ([AIPcCl] + [ AIPcCIF ™~ ] + [ AlIPcF,™ ] )( [ AIPcCl] + [ AIPcCIF™ ]+ [ AIPcF, ™ ])

(B.4)
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[(CIPcAl—F — AIPcF )" ]
([ AIPcCl] + [ AIPcCIF~ ]+ [ AIPcF,™ ] ([ AIPcCl] + [ AIPcCIF~ ] + [ AlIPcF, ™ ])

Kys(B)=

(B.S5)

[(AIPCF ), ]
([ AIPcCl] + [ AIPcCIF~ ] + [ AIPcF,™ ] )([ AlPcCl] + [ AIPcCIF ™ ] + [ AIPcF, ™ ])

Kops(C) =

(B.6)
From Equations B.1a and B.1b, K,s(A) may be expressed as,
AlPcCl ), F~
Kops(A) = 4 o : 1
[AIPcCL](1+K;[F~ ]+ K;K3[F~ ]2 )[ AIPcCIF ™ J(———+1+K;[F™])
Ki[F™]
(B.7)
Rearranging,
AlPcCl ), F~ JK;[F~
Kops(A) = K _ )2 / 1—[ ! —32 .2 (B.8)
[AIPcCL][AIPcCIF~ J(1+K;[F™ ]+ K;K,[F ]°)
Finally, substituting for Equation B.]1c,
K;K3;[F~
Kops(A)= _1 sLF ) — 33 (B.9)
(1+K;[F ]+ K;Ky[F ]7)
Similarly, using Equation B.1a and b, K,s(B) may be expressed as
CIPcAl —F — AIPcF )~
Kops( B )= [ 7 ) J (B.10)
[ AIPcCIF~ ]2 (———+1+K,[F™ ])?
Ki[F~]

Rearranging and substituting for Equation B.1d gives
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K4K12[F_]2
(1+K;[F ]+ KK, [F™]% )%

Ky (B)= (B.11)

Finally K;(C) may be defined as Equation B.12 by substituting for Equations B.1a and
B.1b.

Kops(C) = (ATl 7 ]

[ AIPcCIF ~ ]( +1+K5[F™~])[ AlPcF;™ J( I >+ I _ .1
Kij[F~] KiKy[F~]° Ky[F™]
(B.12)
Using Equation B.1e and rearranging gives
KsKyKi” [F™ ]’
Kops (C)= (B.11)

(I1+K;[FT]+K;K,[F™]%)2

Recombining Kgpo(A), Kgps(B) and Kgp(C) yields Equation B.12, the desired

expression.

K,y = K3Kj[F~ ]+ K4K2 [FT 12+ KsKp K [F7]°
o (1+K;[F J+K K, [F™]?)?

(B.12)
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APPENDIX C (Protonation Chapter)
Derivation of Equation 5.1

Considering each protonation to be a separate step, the equilibrium may be expressed by
Equation C.1.

Pc+H?' <—K—)P(:HJr
(C.1)

where Pc = PcH,_1?1+ and PcH* = PcH"*-

Assuming conservation of mass, the total concentration of phthalocyanine species is
given by Equation C.2 and the equilibrium constant, K by Equation C.3.

Cr =[Pc]+[PcH"] (C2)
+
K = [Pch
[Pc][H™] (C3)

At any given wavelength, the absorbance, A(A), will be due to both PcH, ;™! and

PcH ™ species, i.e.,

A=Ep.[Pc]+& , v [PcH™ ]

(C4)
Substitﬁting for Equation C.3 gives
C £ C
A=E€po(— L —)+€, .Cp ——LH
I+K[H™] 1+K[H™] (5)
Rearranging,
Cr
A=(p;—Epy+ )+ Ep (T
1+K[H™] (C6)

Thus K may be calculated by non-linear fitting of Equation C.6 to a plot of A vs [H*].
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