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Abstract 

Photoallergic compounds cause an allergy when applied to the skin and the skin is then 

exposed to light. Photoallergy is connected with the ability of the allergen to bind to 

the skin. This thesis describes much basic photochemistry of several photoallergens and 

has explained any differences in that photochemistry when on surfaces and in the 

presence ofH.S.A. 

Overall it has shown there is not one photochemical property which can be held 

responsible for photoallergy but that it is probably due to a combination of properties. 

The ground state absorption spectra were all below 400 nm and the fluorescence 

energies and phosphorescence energies were similar for all the compounds. Although 

radicals were found in 6 of the 8 compounds and the other two were suspected to form 

radicals it is still not known whether these are the radicals causing photoallergy, the 

quantum yield required to cause photoallergy and how the photochemical binding of 

the compounds to H. S.A. effects the photoallergy mechanism. There maybe minor 

radicals which have not been observed in this thesis which cause the allergic response. 

It is strongly suspected from these results however that the mechanism is not the same 

for all compounds. It may be possible that some photoallergens cause photoallergy via 

a singlet oxygen mechanism whereas others proceed via a radical mechanism. 

Fentichlor and bithionol have been shown to randomly dark bind to multiple sites on 

the H. S.A. Although it is clear that the compounds must bind with the skin, it is not 

clear if this binding must be dark binding or photochemical binding. 

Keywords : Photoallergen, Photochemistry, Laser flash photolysis, Human serum 

albumin, Dark binding, Radical. 
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Chapter 1 
. Introduction 



l.Introduction 

1.1. Photochemical principles 

Photochemistry is the study of the chemical changes which occur due to the interaction 

of visible or Ultra Violet light with a molecule. Light is a form of electromagnetic 

radiation and can be described using both the wave theory of electromagnetic radiation 

and particle theory. Electromagnetic radiation consists of an oscillating electric field 

and an oscillating magnetic field operating in planes perpendicular to each other and to 

the direction of propagation. The wavelength and the velocity of light are related by 

equation 1.1 Y 

c=vA. (1.1) 

Where, A. = wavelength, the distance travelled during a complete cycle, (Length). 

v = frequency, which is the number of cycles per second, (Time"1
). 

c =the speed of light in a vacuum, (Length Time"1
). 

1.1.1. Regions of the electromagnetic spectrum 

The electromagnetic spectrum was classically thought to consist only of the region 

which could be seen unaided by the eye. The spectrum is now known to consist of all 

the frequencies from 3x106 Hz to 3x1020 Hz. The electromagnetic spectrum can be 

split up into definite regions as listed below. 

1) Radiofrequency region:- 3xl06
- 3xl010 Hz, this is the region studied in Nuclear 

magnetic resonance spectroscopy. 

2) Microwave region:- 3xl010
- 3 x1012 Hz, this is the region of rotational 

spectroscopy and is the region studied in electron spin resonance spectroscopy. 

3) Infra red region:- 3x1012
- 3x1014 Hz, this is the region of molecular vibration 

spectra. 

4) Visible and Ultra Violet (UV) region:- 3x1014 - 3x1016 Hz, this is the region of 

electronic spectroscopy due to outer electrons, This can detected by the eye or by 

the use of a photomultiplier. 

5) X-ray region:- 3x1016
- 3x1018 Hz, this is the region of energy changes due to the 

inner electrons of an atom or a molecule. 
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6) r-ray region:- 3xl018
- 3x1020 Hz, this is the region of energy changes due to the 

rearrangement of the nuclear particles within an atom. 

The region most often studied by photochemists is the UVNisible region where the 

electronic transitions occur. 3 

1.1.1. Quantisation of energy 

In 1900 Max Planck proposed the idea of distinct energy levels. This showed the 

energy of the molecule could only be changed by a jump in energy between these levels 

shown in figure 1.1. The electromagnetic radiation can therefore only be emitted, or 

absorbed in discrete quanta of radiation called photons. 

LlE 

E, 
Figure 1.1. - Two energy states of a system of a molecule. 

Grottus and Draper formulated a law of photochemistry which stated that only the 

light absorbed by a molecule could produce photochemical change in the molecule. 

Stark and Einstein later said that if a species absorbs radiation then one particle is 

excited for each quantum of radiation absorbed.' The energy of excitation is the same 

as the energy difference between the different energy levels which is given by the 

Planck relation in equation 1.2. 

Llli= Nhv (1.2) 

Where, h = Planck's constant, 6.63x10"34
, (Energy Time). 

N = Avagadro's number, 6.02x1023
, (mo1"1

). 

Lffi =Energy difference between two different energy levels, (KiloJoules). 
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This equation refers to the primary photochemical process of a species. These 

processes may induce chain reactions consuming many further molecules of the starting 

material without the need for more light. 2 

1.1.2.1. Typesojtransition 

The Highest Occupied Molecular Orbitals (HOMO) are usually bonding, 7t and a, or 

nonbonding, n. The absorption of radiation may cause promotion of an electron into 

the Lowest Unoccupied Molecular Orbital (LUMO) which is usually an antibonding 1t* 

or a* orbital 
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Figure 1.2. - Energy level diagram showing the most common electronic transitions. 

1.1.3. Electronic structure of atoms 

Schrodinger' s wave equation gives three results which define the electronic state of a 

atom. These solutions are called the quantum numbers and consist of n, the principal 

quantum number, I, the Azimuthal quantum number and Ill( the magnetic quantum 

number. The principal quantum number gives the position of the electron relative to 

the nucleus and has integer values greater than zero. The Azimuthal quantum number 

is related to the electron orbital angular momentum and takes values 0,1,2, .... n-1. The 

magnetic quantum number, Ill( takes values I, 1-1, 1-2, .... -1. 1 

There is a fourth quantum number which is found from Dirac's equation called the 

magnetic spin quantum number represented by m. which takes values of +1 h and -1 h 

These values represent the two spin states of the electrons, usually considered as the 

spin up and spin down configurations. In 1924 Wolfgang Pauli said that no two 
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electrons in an atom should possess the same set of quantum numbers n, l, lilt and m,. 

This restricts the number of electrons to two per orbital, these electrons are spin 

paired. 

1.1.4. Molecular orbitals (MO) 

The electronic structure of molecules is best understood using Molecular orbitals. 

Molecular orbitals are formed as linear combinations of the valence shell atomic 

orbitals. 

>.., 
01 
L 
Q) 

c 
w 

Atomic 
orbital 

Molecular 
orbital 

'1'( u) 

/ " 

Atomic 
orbital 

'i'(A) / "- '1'(8) 

Atom(A) ~;---- ~.;> Atom(B) 
1 s orbital "- / 1 s orbital 

'1'(9) 

'i'(g) Bonding molecule orbital 

'i'(u) Antibonding molecule orbital 

Figure 1.3. - Energy levels of s-s atomic and molecular orbitals. 

One MO is a bonding orbital and the other is an antibonding orbital. The bonding MO 

is more stable than the initial Atomic Orbitals (AO) and the antibonding MO are of 

higher energy than the initial AO and therefore less stable. The electrons from the 

AO's occupy the lowest energy bonding molecular orbitals before the antibonding MO 

therefore gaining stability compared to the atomic orbitals. However Hund's rule 

stated that electrons must occupy different orbitals when energetically possible and 2 

electrons occupying degenerate orbitals will have parallel spins in the low energy state. 

Three types of molecular orbitals may be distinguished, cr and 7t bonding, cr* and 1t* 

antibonding and nonbonding orbitals, n. The quantum numbers for molecular orbitals 

are calculated from the vector sum of the atomic quantum numbers of the electrons in 

the valence shell. 
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The total spin angular momentum, S, for the molecule is used to calculate the spin 

multiplicity of the molecule by the equation 1. 3. 

Spin multiplicity = 2S+ 1 (1.3) 

For example if the excited state has 2 unpaired electrons with the same spin, S = 1, the 

excited state is a triplet state and if they have a different spin, S = 0, the excited state is 

a singlet state. The singlet and triplet states have different physical and chemical 

properties. The triplet state has a lower energy than the singlet state due to the 

repulsive nature of the spin-spin interaction between electrons of the same spin. 4 

1. 1.4. I. Selection rules for transitions 

There are several main selection rules for electronic transitions which decide whether 

the transition is allowed or forbidden. 

1) AS = 0 for allowed transitions that means there should be no change in the spin 

during the transition. 

2) AL= 0, ±1 for diatomic and linear molecules, where AI = ±1 for the electron. 

3) There should be good spatial overlap between the orbitals of the molecule involved 

in the transition. 1 

There are transitions which are allowed even though there appears to be a change in 

spin during the transition, this is due to spin orbit coupling. This is where the spin and 

orbital angular momentum are combined, blurring the distinction between the singlet 

and triplet states, so causing each state to take a little of the other's character. This 

effect is more significant with heavier atoms 

l.I.4.2. Franck Condon principle 

The electronic transitions occur rapidly compared to nuclear motion, therefore the 

nuclei remain essentially frozen in their ground state configuration during the transition 

and vice versa. The excited state is likely to have different structural properties to the 

ground state, therefore a change in the nuclear cOnfiguration must occur after the 

transition has taken place. The Franck Condon principle states that electronic 

transitions are most favourable where the nuclear geometries of the initial and final 
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states are similar. The most probable transition takes place from the position ofhighest 

Franck Condon probability, represented as the centre of the vibrational level on the 

potential energy diagram. In a molecule where the nuclear geometry of the ground 

state and excited state are similar, the most probable transition is from v"=O to v'=O 

levels as seen in figure l.4a. If the molecule has a very different equilibrium geometry 

in the excited state to the ground state, the most probable transition would be from 

v"=O to v'>O levels, possibly due to excitation into the antibonding state. In complex 

molecules there will be rotational quanta coupled to the vibrational spectra and the 

excitation would be to several different vibrational levels so giving broad absorption 

spectra.1 

a b 

>. >. 
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Q) ., .... .... 
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c.. c.. 

Intermolecular distance Intermolecular distance 

Figure 1.4. - Franck Condon transitions for a) similar ground state and excited state 

geometry, b) different ground state and excited state geometry. 

1.1.5. Absorption of radiation 

When a photon passes close to a molecule there is an interaction between the electric 

field from the molecule and the electric field of the radiation. This causes the photon to 

be absorbed by the molecule so changing the electronic structure. In terms of 

molecular orbitals this means a change in the occupation patterns within the orbitals, 

which is the same set of orbitals in the excited state as in the ground state. This is a one 

electron excitation. The energy of the photon may not exactly match the energy 

difference between lowest vibrational levels of the ground and excited electronic states 

6 



of the absorbing molecules. This is because the initially produced electronic state is an 

upper vtbrational state and will later lose energy and relax back down to the lowest 

vibrational state. The electrons in the ground state of a diamagnetic are spin paired and 

therefore singlet. On excitation the spin of the electrons can be can preserved to 

produce an excited singlet state or inverted to produce an excited triplet state. The 

absorption of a monochromatic beam oflight by a molecule at a given frequency is 

related to its concentration and the pathlength of the solution through the Beer 

Lambert law (1.4). 

(1.4) 

where, Io = Incident light intensity. 

I = Transmitted light intensity. 

c = Concentration, (mol Length"3
). 

I = Pathlength of the light through the solution, (Length). 

E -= The decadic molar absorption coefficient which characterises the 

probability of an interaction for the molecule, (mol"1 Length2
). 

The function log1o Io/1 is called the absorbance or the optical density of the solution. 4
'
5 

1.1.6. Deactivation of electronically excited molecules 

After absorption of electromagnetic radiation the electronically excited molecule is 

energetically unstable with respect to its ground state. The molecule must either lose 

its excitation energy, rearrange or fragment for the molecule to return to a more stable 

conformation. 

There are three methods for a molecule to lose its excitation energy 

1) Radiative processes- This is the emission of electromagnetic radiation by excited 

molecules as they return to the ground state. 

2) Non radiative processes- This is where the population of one excited quantum state 

is transferred into another without any accompanying emission. 
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3) Quenching process- This is the bi or terrnolecular quenching of an excited molecule 

by the transfer of energy from the excited molecule to the molecules which collide 

with it. 

1.1. 6.1. Radiative transitions 

There are two different types of spontaneous radiative transition fluorescence and 

phosphorescence. 

Fluorescence is the emission from an excited state of the same spin multiplicity as the 

lower state in the transition. There are two types of fluorescence 

I) Prompt fluorescence, where excitation to the excited singlet state is followed by the 

immediate emission of radiation to the ground state. This ahnost always occurs 

from the lowest vibrational excited singlet state, as other processes such as internal 

conversion compete favourably to lower the vibrational level. This means that the 

fluorescence is independent of the exciting wavelength. This transition is strongly 

spin allowed, and therefore is a relatively fast transition, with typical time scales of 

10"10 s to 10-6 s. It is characterised by first order exponential kinetics. Fluorescence 

is similar to absorption in that it essentially occurs before changes in the nuclear 

configuration have time to take place. Emission occurs from v' = 0 level, therefore 

emission intensity according to Franck Condon is greatest from 0-0 transition but it 

can also go to higher vibrational levels. If the vibrational level spacings are similar in 

both the excited and ground states the emission spectrum will be a mirror image of 

the absorption spectrum. 

2) Delayed fluorescence is a longer lived emission from excited states of the same 

multiplicity and can occur by two mechanisms. The first mechanism occurs due to 

the formation of the singlet excited state from two excited triplet states. This is 

called p-type delayed fluorescence and depends on the accumulation of a high triplet 

state concentration. The other type of delayed fluorescence is called e-type delayed 

fluorescence. This is where thermally activated reverse intersystem crossing occurs 

from vibrationally excited levels of the Tt state.2 
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Phosphorescence occurs when the spin multiplicity of the excited state differs from that 

of the lower state. This emission is usually seen from the lowest excited triplet state to 

the singlet ground state. Phosphorescence is spin forbidden (.6.S = 1) but occurs due to 

spin orbit coupling which makes it weakly allowed. This means that the.transitions are 

longer lived with typical lifetimes of l0"3s- 10s. The phosphorescence emission is 

always at higher wavelengths than the fluorescence emission. It is very susceptible to 

quenching collisions with impurities in the solvent and in very pure solvents 

bimolecular depopulation, due to its long radiative lifetime. 6 This means that 

experiments are usually performed in rigid organic glasses to reduce the diffusion of 

the quencher and at low temperatures to reduce the rate of quenching. 7•
8 

Heavy atom effect 

1n cases where the fluorescence is strong the phosphorescence will be lower, it is 

therefore necessary to increase the phosphorescence by increasing the intersystem 

crossing. In light atoms there can be some interaction between spin angular momentum 

and orbital angular momenta of an electron. This means transitions between states of 

different spin multiplicity's can occur with a small probability. This interaction is 

known as spin orbital coupling. When a molecule has heavy atoms present strong 

interactions occur between the spin angular momentum and the orbit angular 

momentum of the electron . This is called the internal heavy atom effect. The external 

heavy atom effect occurs when a heavy atom is added to the molecule to form a weak 

transient complex. This means that the triplet state acquires some singlet character and 

the singlet state acquires some triplet character. This condition favours a high 

probability of intersystem crossing from the lowest excited singlet state to the lowest 

excited triplet state in a molecule. 9 

1.1.6.2. Non radiative transitions 

This is the conversion of one molecular quantum state to another without the emission 

of radiation. This is most probable in molecules with a small energy gap between the 

different states. 
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There are two types of non radiative transitions:-

!) Internal conversions - Ibis is the transfer of the population between electronic 

states of the same spin multiplicity. The rate of internal conversion is dependent on 

the separation between the two states, the larger the energy gap the slower the 

transition and vice versa due to the Franck Condon principle. 

2) Inter system crossing- This is due to the transfer of the population between 

electronic states of different multiplicity, which is allowed due to spin orbit 

coupling. Inter system crossing often occurs from the S1 to T 1 states as the triplet 

state is at lower energy than the singlet state. Ibis produces a T 1 state with excess 

vibrational energy which must be lost before phosphorescence can occur. T1 - S1 

intersystem crossing can occur where the energy difference between T 1 and S 1 is 

very small, which is the origin of e type delayed fluorescence. 

1.1.6.3. Vibrational relaxation 

Some electronically excited states produced following intersystem crossing or internal 

conversion have a large vibrational energy. In solution or in the gas phase at high 

pressure, collisions between the excited molecules and solvent molecules rapidly 

remove the excess vibrational excitation, converting it into heat, vibrational, rotational 

and translational excitation or if the collisions are infrequent, vibrational de-excitation 

may be achieved by emission ofi.R radiation with a frequency which equals the 

energy gaps between vibrationallevels.10 

1.1.6.4. Quantum Yields 

The quantum yield of a photochemical reaction is defined as 

No. of molecules under going a process per unit volume per unit time 

t/18 = No. of quanta of light absorbed by molecules per unit volume per unit time 

(1.5) 

Ibis also applies to the quantum yields of fluorescence , phosphorescence, product 

formation etc. The quantum yields should be measured in the same solvent or it should 

be corrected for the difference in the refractive indices of the two solvents. The sum of 

11 



the quantum yields for all primary processes, including deactivation, going from one 

energy level to another is unity. Quantum yields greater than I may be seen, for 

example where the photochemical process initiates a radical chain reaction. 1 

1.1.7. Energy Transfer 

This is the transfer of energy from the singlet or triplet state of one molecule to 

excite another molecule into the excited singlet or triplet state. This reaction is 

shown for two molecules A and D in equation 1.6. 

D* +A~D+A* (1.6) 

For this reaction to occur the energy level of A* must be lower than D*. There are 

3 types of energy transfer which are classed as either radiative or non radiative 

energy transfer. 

1.1. 7.1. Radiative 

This is where the emission from D* is reabsorbed by A 

D* ~D+hv A+hv~A* (1.7) 

This requires the emission spectrum ofD* to overlap the absorption spectrum of 

A. The efficiency of the process is dependent on the extent of the overlap. 

1.1. 7. 2. Non- radiative 

This involves a specific interaction ofD* and A. There are two types of non 

radiative energy transfer 

1) Coulombic- This is due to long range dipole-dipole interactions causing 

perturbations of the electronic structures of the energy donor and acceptor. The 

dipole perturbations of the donor molecule will cause the acceptor molecule to 

oscillate leading to the excitation of an electron into the lowest unoccupied 

molecular orbital of the acceptor with a corresponding deactivation of the 

excited electron in the donor molecule. 
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Figure 1.6. -Energy level diagram showing the electron movement in long 
range Coulombic energy transfer. 

2) Electron-exchange energy transfer - This is where the excited electron from the 

donor molecule transfers into the lowest unoccupied molecular orbital of the 

acceptor molecule. Simultaneously an electron from the highest occupied 

molecular orbital of the acceptor molecule is transferred to the corresponding 

orbital of the donor molecule. This requires close contact between the excited 

state donor and the ground state acceptor molecules so their electron orbitals 

overlap. The energy transfer is more efficient when the distance between the 

donor and acceptor electronic energy levels is small. 

The most common example of this is triplet - triplet energy transfer which occurs 

via electron exchange due to the close approach of the donor and acceptor 

molecules. This process can not occur via coulombic energy transfer due to the 

spin forbidden nature of the process. 

,-tb~ 
---'---

1b 1 
D 

Figure 1.7.- Energy level diagram showing electron exchange energy transfer. 

1.2. Flash Photolysis 

In 1949 Porter and Norrish developed a technique called flash photolysis. This was 

where an extremely high intensity light was passed into an absorbing system 

forming a high concentration of intermediates. These intermediates could then be 

studied using spectroscopic techniques such as the absorption of light, allowing the 
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mechanisms of reactions to be followed. This technique allowed the identification 

of free radicals and triplet species and elucidation of the primary photochemical 

processes of different compounds. The initial sources used for this work were 

white light sources such as gas discharge lamps which had a flash duration of I 0-6 

s. In 1970 Porter and others started using Q switched lasers as the excitation 

source with flash lengths of 1 0'9 s allowing shorter lived intermediates to be 

studied. 

1.3. LASER 

LASER is an acronym for Light Amplification by the Stimulated Emission of 

Radiation. 

1.3.1. Stimulated emission 

A sample can emit energy spontaneously or as the result of a stimulus acting on the 

molecule, this is called stimulated emission. In a normal situation the total rate of 

absorption will be balanced by the rates of both spontaneous and stimulated 

emission as shown in figure 1.8. 
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Figure 1.8. - Energy level diagram showing the different types of emission. 
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The relationship between absorption and the two types of emission is shown by 

equation 1.8. 

Where,Nm,Nn are the populations of two energy state Em, E •. 

A and B are the Einstein coefficients for spontaneous and stimulated 

emission respectively. 

Pv =density of radiation of energy, hv 

For stimulated emission to occur the energy of the light directed into the system 

must have a photon energy that exactly matches the gap between the excited state 

and the lower energy state. The light emitted will be of the same frequency as the 

supplied radiation. The stimulated emission will occur in the direction of the 

stimulating beam, unlike spontaneous emission which is random. This is then 

amplified in intensity. The radiation emitted by stimulated emission has three 

important qualities-

I) The beam will be highly collimated with low divergence properties. 

2) The radiation will be coherent i.e. the radiation is in phase with the stimulating 

emission in both time and space. 

3) The radiation will be monochromatic i.e. one frequency, which will be the same 

as the frequency of the stimulating emission. 3 

1.3.2. Population inversion 

Stimulated emission is unlikely to happen naturally as there are few molecules in the 

excited state due to a bias towards the ground state as described by the Boltzmann 

law. Therefore the chance of the photon encountering an excited molecule is low. It is 

therefore necessary to achieve a population inversion to produce a laser. This can be 

achieved using an intense excitation source such as a flash lamp or another laser. This 

process of exciting is called pumping and the excitation source is called the pump. The 
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medium in which the population inversion occurs is called the active medium which 

can be gas, liquid or solid and depends on the type of output required. Each substance 

has its own set of energy levels so the frequency of the light emitted depends on which 

levels are excited. The active medium in the laser needs to be one where the rate of 

spontaneous emission is slow. The population inversion is both hard to achieve and to 

maintain. In Neodymium : Yttrium Aluminium Garnet (Nd: YAG) lasers this is 

achieved by using a four level laser system. The laser transition involves the Nd ions in 

the host lattice Yttrium aluminium garnet. 
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Figure 1.9. -A diagram showing the energy levels in a 4-levellaser. 

The population inversion is maintained in the laser in figure 1.9 as the E2 state decays 

rapidly to the ground state and the population of the ground state is not important. 

1.3.3. Amplification of the stimulated emission 

A single pass of photons through a medium does not usually produce enough 

stimulated emission for a useful laser, therefore the intensity needs to be amplified by 

passing the beam through the active medium several times. This is achieved by placing 

mirrors at each end of the laser medium, so the light emitted perpendicular to the 

mirrors is trapped and will bounce back and forth indefinitely. Any photons which are 

spontaneously emitted in random directions will not be reflected and therefore will pass 

out of the medium. These mirrors are called the resonators and are usually planar and 

perfectly parallel. The use of confocal concave mirrors allows slightly off axis beams to 
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be reflected as well as the perpendicular beams. The beam is emitted by making one of 

the mirrors partially transmitting. The total amplification can be enhanced by increasing 

the path length over which the light beam interacts with the medium or by increasing 

the number of times the light beam passes through the medium. The region where the 

beam is amplified is called the optical cavity. 

1.2.4. Frequency conversion 

The fundamental wavelength from aNd: Y AG laser is at I 064 run and for most 

photochemical studies it is necessary to change this to a more useful wavelength. This 

is achieved using frequency doubling and mixing crystals 

lhis process give an output which is twice the frequency of the original i.e. half the 

wavelength at 532 run. The crystals used to frequency double to 532 run are either 

KDP (KH2P04) or Lithium Niobate (LbNB04). The third and fourth harmonics at 355 

nm and 266 run can also be achieved by this process .. 

1.2.5. Pulsing techniques 

The laser output can be a continuous wave but it is often desirable to have a pulsed 

laser beam. This effect can be achieved by a process known as Q-switching. Q

switching is where the rate of energy loss from the laser cavity is suddenly reduced. 

The idea of Q switching is that a large population inversion is achieved before a high 

intensity beam is emitted in a shutter type action. With the Q-switch the Q factor is 

first decreased then increased, where the Q-factor is defined as 

2;r x energy stored in the cavity 
Q = energy loss per optical cycle 

(1.9) 

The shutter is based on an electro-optical principle using a Pockel cell. A Pockel cell is 

a cell of crystalline material (usually potassium dihydrogen phosphate) which shows a 

proportional change in the refractive index on applying an electric field, i.e. the Pockels 

effect. With the potential difference applied there is a 90° rotation of the polarisation 

plane of the light in the Pockel cell, causing a shutter effect. This allows a high 

population inversion to be achieved in the laser material. When the voltage is removed 

the polarisation returns to normal and a high intensity beam can be emitted. This 
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usually on a nanosecond scale.9
'
11 Picosecond pulses can be achieved using a technique 

called mode locking. lbis is where all the light waves in the laser cavity are constrained 

to show a phase relationship i.e. all the same phase at I time. lbis causes intervals 

where maxima of the waves will coincide in time so the light output will be a series of 

evenly spaced short pulses. 

1.3 Diffuse reflectance 

The reflection of light from a surface consists of two components 

1) Specular reflection- a mirror like reflection which takes place at the surface of the 

sample. 

2) Diffuse reflection - this is due to light penetrating into the interior of the sample, 

where some of the light is absorbed. 1bis light is then scattered 

many times at the boundaries of the particles making up the 

sample, before returning to the surface. This reflection mainly 

occurs from matt or dull surfaces. 12 

The proportion of specular and diffuse reflection depends on the nature of the 

reflecting material. 13 

1.31. Kubelka Munk theory 

Kubelka and Munk14
'
15 devised a theory to connect the diffuse reflectance with the 

concentration of absorbers in optically thick solid samples. This theory makes the 

following assumptions 

1) The sample contains randomly distributed, uniformly absorbing and scattering 

particles, which are a lot smaller than a layer thickness. 

2) The sample is irradiated with monochromatic light. 

3) The layer has an infinitely lateral extension, i.e. no edge effects. 
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Figure 1.10: The absorption and scattering of light through a layer of particles 

1(0) is the light entering the sample and J(O) is the light reflected from the sample. The 

decrease in the intensity ofl in the direction +x will fall off exponentially with the 

depth of penetration into the sample. 

The light entering the sample can be expressed using equation 1.10 

dl(x) = {-I(x)(K+S)dx}+{J(x)Sdx} 

Where K = Absorption coefficient 

S = Scattering coefficient 

(1.10) 

The generated flux has the opposite sign due to the direction of the reflected light 

being regarded as travelling in the -x direction, therefore, 

dJ(x) = {J(x)(K+S)dx}-{I(x)Sdx} (1.11) 

The reflectance (R) ofthe sample can be calculated using equation 1.12. 

R = J(O) (1.12) 
1(0) 

19 



If the sample is an ideal diffuser then the radiation has the same intensity in all 

directions. The above equations can be solved for the entire thickness of an infinitely 

thick sample, where the transmittance will be zero and the reflectance will be equal to 

R.,. 

(K 2 +2KS)2 j{ I}) J(x) = RI(x) = RI 0 exp 
8 

x (1.13) 

Therefore, from the equations 1.13 for an infinitely thick sample, the Kubelka Munk 

equation is stated in 1.14. 

( )- (1-R~)' K 
F R~ - 2R S 

~ 

(1.14) 

Where F(R.,) = remission function, which is directly proportional to the concentration 

of the absorber16 

AsK can also be defined using equation 1.15. 

K= roeC 

where E = extinction coefficient of absorbing species 

C = concentration of absorbing species 

(1.15) 

ro = geometry factor which allows for the angular distribution of diffusely 

reflected light. 

The value for ro for an ideal diffuser is 2, therefore the remission function can be 

defrned according to equation 1.16. 

2sC 
F(R~)=s 

20 
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F(R.,) is dependent of wavelength, therefore F(R) against wavelength will give the 

ground state diffuse reflectance spectrum.17 The ground state reflectance spectrum is 

usually measured against a total reflector (white) where K=O and R is taken to be 1 

with actual values being usually 0.99 or 0.98. The reflectance will be found from the 

ratio of the sample reflectance against the standard reflectance as shown in equation 

1.17. 

=r 
R..srANDARD ~ 

RooSAMPLE 
(1.17) 

If the value ofR.srANDARD = 1 then the remission function can be written as shown in 

equation 1.18. 

(1 r )2 

F(R) = ~ 
2r~ 

K 
s (1.18) 

The remission function is directly proportional to the concentration giving a 

relationship for diffuse reflectance which is comparable to the Beer Lambert law for 

solutions. Strongly absorbing samples will show a deviation from the Kubelka Munk 

theory because there is incomplete diffusion in scattering processes. 

1.3.2. Diffuse Reflectance Laser Flash Photolysis (D.R.L.F.P.) 

In the early 1980's it was discovered that opaque and highly scattering systems could 

be studied by observing the changes in the diffusely reflected analysing light following 

laser excitation.16 An apparatus was developed to allow measurements to be made on 

highly scattering powders18 and microcrystalline materials19 which is now available for 

both nanosecond and picosecond measurements.20 D.R.L.F.P. allows the 

photoexcitation of a homogeneously distributed ground state to give a transient or 

permanent change in the absorption of the compound. This change occurs just below 

the irradiated surface. For DRLFP the parameter measured is AR(t) which is the 

change in diffusely reflected light, at the analysing wavelength, at time t after the laser 

flash, as shown in equation 1.19. 
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R0 -R, 
I!.R,= R 

0 

where Ro = sample reflectance before excitation, 

R, = reflectance at time t after the laser pulse, 

(1.19) 

M 1 = Change in diffusely reflected light intensity at time t following laser pulse, 

Jo =intensity of diffusely reflected light before laser excitation.21 

In order to analyse the kinetic data from diffuse reflectance laser flash photolysis the 

concentration of the excited state as a function of the penetration depth must be 

known. This is dependant on many parameters including the concentration of the 

ground state molecules before excitation, the molar extinction coefficient at the laser 

excitation wavelength, the scattering coefficient of support material, the reflectance, 

the pulse intensity and the quantum yield of conversion. 

There are 2 limiting cases for the concentration profiles of excited states as a function 

of depth into the sample: 

c 0.8 0 ·;;; 

i 0.6 u 
8 
~ 
1: 0.4 g 
~ -~ 
0 

':;:l 0.2 0 

e! 
~ 

0.0 
0.0 0.1 0.2 0.3 0.4 0.5 

Penetration Depth I mm 

Figure 1.11. - A diagram showing the limiting cases for concentration in diffuse 
reflectance laser flash photolysis. 
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1) This is a homogeneous profile obtained with large laser energy and/or a lower 

concentration of ground state absorbers, with a low extinction coefficient at the 

laser excitation wavelengths. This gives total conversion from the ground state to 

the excited state to a certain depth into the sample, called a plug of the excited 

state. On reaching a certain depth the concentration of the excited state will fall off 

sharply. The analysing light does not reach as far into the sample as the plug, 

therefore the sample is homogeneous in the presence of the analysing light. The 

Kubelka Munk equation therefore applies, providing the sample is infinitely thick 

and only the transient species absorbs. 15
•
22 

2) In this profile the transient concentration falls off exponentially as a function of the 

penetration depth. This is for samples with a low ground state to excited state 

conversion, which mostly occurs when there is a low laser intensity and a high 

ground state extinction coefficient. This results in the laser pulse losing intensity 

rapidly on entering the sample. For this concentration profile the Kubelka Munk 

equation is not valid, as the concentration of the absorber is not randomly 

distributed as a function of penetration depth into the sample. It is found from 

equation 1.13 that D.R(t) a. CT where D.R(t) < 0.1. For D.R(t) values of up to 0.3 

deviation from linearity is small, becoming more significant as ~ t) approaches 

one. The decay function for concentrations below 0.1 is defined using equation 

1.20. 

(1.20) 

3) There are intermediate cases where concentration profiles show behaviour of both 

the plug and exponential models. This is where there is a total conversion of the 

ground state at the surface but this falls off rapidly deeper into the sample in an 

exponential manner. In this case neither of the previous analytical methods can be 

used to analyse the kinetic data. The transient concentration can however be 

calculated via computer simulation, using several parameters such as the laser 

intensity, concentration, the scattering coefficient, the quantum yield of conversion, 

and the extinction coefficient of the ground state at the laser excitation wavelength. 
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1.4. Singlet oxygen 

The ground state of molecular oxygen contains two unpaired p electrons of the same 

energy spin, i.e. it is paramagnetic in the ground state. This conformation produces the 

maximum multiplicity and therefore the lowest energy state according to Hund's rule. 

a* 

11"* n* 

1 \ I 1 
X 

I \ 

\ I 
X 

% I \ % 
1T 7r 

a 

Figure 1.12. -Molecular orbital diagram for oxygen in the ground state. 

The ground state of oxygen is a triplet and is given the group symbol 3 :E;. There are 

two different types of transition, usually seen on the excitation of molecular oxygen, to 

the two low lying singlet excited states. 23 The 1 ~g state is 400 times longer lived than 

the 1 :E; state and the 1 :E; state decays to the 1 ~g state with unit efficiency very quickly 

therefore, the singlet oxygen observed is due to the 1 ~g state. These transitions give an 

emission at 1269 nm and 742 nm for 1 ~g and 1 :E; states respectively.24 Due to the 

forbidden nature of intersystem crossing, these transitions are rarely seen by direct 

excitation, but are readily seen by sensitisation from both the triplet and singlet excited 

states of other molecules. 
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Figure 1.13. - Sensitisation of ground state molecular oxygen to the lowest lying 
singlet excited state. 

This sensitisation proceeds via an electron exchange energy transfer mechanism, as 

described in section 1.1. 7.2., so quenching the excited state of the molecule involved. 

The triplet excited states of the molecule when quenched by oxygen, may or may not 

produce singlet oxygen as shown in equations 1.21 and 1.22. 

3M*+0,( 3 L;) ~ 1M+O,(tAg)+heat 

3M*+0,( 3L;) ~ 1M+0,( 3L;)+heat 

(1.21) 

(1.22) 

The quenching of a sample by oxygen is quite often used to identifY the triplet state. 

The singlet state of a molecule can be quenched by molecular oxygen, due to 

intersystem crossing into the excited triplet state. This lowers the energy of the 

molecule, and may or may not produce singlet oxygen. 

IM*+ 3o,(3L;) ~ 3M*+ to,(tAg) 

IM*+ 3o,(3L;) ~ 3M*+ 3o,(3L;) 

25 

(1.24) 
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If the oxygen quenches both the singlet and triplet states the quantum yield of singlet 

oxygen could have a value of two. The radiative lifetime of singlet oxygen from 

measurement of the integrated absorption coefficient is 45 minutes. However in 

solution the lifetime is considerably lower, due to the interaction of the 1ilg state with 

the solvent. 25
.2

6 The lifetime is shortened the most in solvents such as hydrocarbons, 

water and alcohols. The singlet oxygen therefore deactivates by electronic vibrational 

energy transfer. The amount of singlet oxygen can be measured by several different 

techniques including photothermal methods, chemical methods and near I.R 

methods.27 The near I.R method uses a germanium photodiode, to detect the 1270 nm 

phosphorescent emission due to the excited singlet state of oxygen returning to the 

ground state. 

'o 2 (1.26) 

The lifetime of the singlet oxygen may be reduced from that expected in the solvent, 

this may be due to energy transfer to the ground state of the molecule, if the energy of 

the triplet state of the molecule is lower than the excited state of the singlet oxygen. 

(1.27) 

High laser energy or high sensitiser concentration can also give lifetimes which are 

lower than expected. This is due to multiphoton processes producing species which 

can quench the singlet oxygen. 28 
· 
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2.1. Photoallergy 

In the 1960's there was an outbreak ofphotoderrnatitus that was found to be caused 

by salicylanilides in soaps. The main cause was found to be tetrachlorosalicylanilide 

(T 4CS). 29 The photoderrnatitus was discovered to be due to a photoallergic reaction. 

After T 4CS was identified as a photoallergen other compounds in soaps cleansers, 

sunscreens, antifungal agents and preservatives were also found to be 

photoallergens. 3o.36 All these products are either frequently used or have a long contact 

time with the skin. This led to the introduction of the photopatch tests to test various 

chemicals for a photoresponse, which showed that many compounds were phototoxic, 

but relatively few were photoallergens. 37 

Photoallergy is defined as the acquired altered capacity of the skin to react to light 

energy, alone or in the presence of an exogenous photosensitizer.33
•
34

.3
8
-40 Typically 

phototoxic compounds affect a large number of people and they only require one 

application to cause a reaction, but as soon as the substance is removed the toxicity 

will stop!1 Photoallergy however, typically requires several exposures but only effects 

a small fraction of the population. Photoallergy can cause either a transient light 

reaction or a persistent light reaction. The transient light reaction is where removal of 

the allergen will stop the allergy!2 A persistent light reaction is where once exposed a 

person remains sensitive for a long time afterwards even if there is no further contact 

with the photoallergen. 43 The substance or its effects can remain in the skin for over 6 

months and sometimes for years after application. The reaction must therefore occur in 

the dermis, as the epidermis is totally replaced every month. There are several possible 

explanations for the persistent light reaction, the first is that although the initial 

photosensitizer has been removed there could be a cross reaction with other 

photosensitizers. 43 Another explanation is that since many of the photoallergens are not 

soluble in water they could precipitate out in the dermis. This would also account for 

the fact that photoallergy is usually restricted to the site of application. 32 
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There are several factors which affect photoallergy 

1) the concentration of the photoallergen and its capacity to penetrate the skin, 

2) the quantity of radiation supplied and its capacity to penetrate the skin, 

3) the immunological state of the person 

4) temperature, humidity, pH, concentration of enzymes and solubility at the site. 

Photoallergy occurs when light energy of certain wavelengths, between 290nm and 

800run, 44 present in sunlight, are absorbed by the photosensitizer and chemically alter 

it. There are two major photochemical pathways by which these compounds could 

cause photoallergy. 

Type 1 - radical formation 

Type 2 - singlet oxygen mechanism 

It has been found from invivo tests that some photoallergens are dependent on oxygen 

being present, whereas others proceed whether oxygen is present or not.45 

It has been shown that photoallergy is connected to the ability of a compound to 

photochemically bind to proteins in the skin. Photochemical binding is the binding of a 

protein and a photoallergen in the presence ofUV light of the appropriate wavelength, 

to form covalent conjugates. It is thought to be free radicals produced on UV 

irradiation which react photochemically with the proteins. Not all proteins are capable 

ofbeing the carrier protein, the protein which is present for binding in the skin is 

human serum albumin (HSA). HSA has a molecular weight of 66439 and is an acidic 

and very soluble stable protein.46
'
47 From previous studies it has been shown that T4CS 

must non-covalently bind to a protein before photochemically binding to it. This is due 

to the lifetime of the reactive species formed being short therefore T4CS needs to be in 

close proximity to the protein to bind photochemically. The molar ratio ofT4CS bound 

to HSA was found to bel: I photoallergen:protein. In addition it was found that there 

was two major binding sites for T4CS on HSA, positioned between residues 182-298 

close to the tryptophan molecule. 48
'
52 

The way bithionol and fentichlor bind to proteins is different to the way T 4CS binds 

because they react non specifically with H.S.A. Bithionol however shows more 

specificity when binding to proteins than fentichlor. Although bithionol and fentichlor 
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can bind non covalently to H.S.A it does not appear to be essential for this to happen 

before photochemical binding can occur. This suggests that the active species of 

fentichlor and bithionol have longer lifetimes than the active species ofT4CS, therefore 

they have longer to react with the protein photochemically and it is not important that 

any be bound to it prior to irradiation. There is also a connection between radical 

lifetime and specificity of binding, the longer the lifetime of the radical the less specific 

the binding. When irradiated with H.S.A 8 molecules offentichlor were found to bind 

to 1 molecule ofH.S.A, and the fentichlor was found to be distributed fairly evenly 

through the entire H.S.A sequence. Bithionol was found to bind photochemically to 

H.S.A in a molar ratio of 6:1 photoallergen to protein. The molar ratio for 

photochemical binding of 6-methylcoumarin with protein was found to be 1: 1. 53
-" 

Another possible mechanism is where the protein carrier is altered, which could then 

accept altered or unaltered chemicals so acting as a complete antigen. 

hv epithelial proteins 
Photoallergen _;::.;....+ Photoallergen -~====~ 

(activated form) 

Inflammation+---

of tissue 

Scheme 1 : A proposed mechanism of photoallergy.39
•
40 

2.2. Photoallergens studied. 

Photoallergen 

Protein 

(complete antigen) 

Production 

t-lymphocytes 

The photoallergens investigated in this thesis were 6-methylcoumarin, fentichlor, 

bithionol, TBS, chlorpromazine, promethazine, ketoprofen and omadine.T4CS 

although being one of the strongest photoallergens has been investigated in detail by 

another Loughborough student56,and therefore was not studied. The strength of the 

photoallergens is unknown as the difference between photoallergy and phototoxicity is 
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hard to distinguish in photo patch tests, this results in photo allergens being ranked 

differently by different research groups. 51 

2.2.1. Fentichlor bithionol and Tribromosalicylanilide (TBS) 

H H 

Cl 

BI1HIONOL FENTICHLOR 

0---NH--Q-Br 

TRIBROMOSALICYLANILIDE 
CTBS) 

Bithionol (Bis(2-hydroxy-3,5-dichlorophenyl)sulfide) was used in antiseptic crearns.46 

Fentichlor (Bis(2-hydroxy-5-chlorophenyl)sulfide) was used as a hair cream and as a 

antifungal agent.58 TBS was widely used as an antibacterial agent. TBS, bithionol, 

fentichlor and T4CS are all structurally similar with a substitution on the 2-position of 

the phenol and a halogen on the 4 position.36 

2.2.3.1. Photochemistry ofbithionol andfentichlor 

The photochemistry of these compounds has not been studied in detail before. Most of 

the studies on these compounds has concerned the radicals produced by steady state 

irradiation, using techniques such as electron spin resonance spectroscopy (E.S.R). 

The absorption spectra ofbithionol and fentichlor have both been shown to change 

with pH. The absorption peaks have Amax at 330 nm for bithionol and 324 nm for 

fentichlor in alkaline solutions which move to lower wavelengths as the pH becomes 

more acidic.59
"
61 The irradiation offentichlor and bithionol at wavelengths> 300 nm 
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leads to dehalogenation demonstrating the formation of aryl radicals and free halogen 

ions. This is a process seen in many polyhalogenated phenols59
'
62

-64 including 

hexachlorophene which is structurally related to bithionol and fentichlor.65 It is well 

known that compounds which have substituents in the 2 position can donate electrons 

into the benzene ring, this helps to stabilize the radicals formed on UV irradiation. 66 

Aryl radicals are highly reactive chemicals which can abstract a hydrogen atom from 

any suitable donor. 59 F entichlor and bithionol form a benzoquinone type radical by the 

loss of 1 chlorine. The bithionol then loses the second chlorine to form a fentichlor 

type molecule and will then follow the fentichlor mechanism. 67
'
68 From irradiation in air 

the bithionol has been said to give different products to those seen in degassed solution 

and to produce hydroxyl radicals and to consume oxygen upon irradiation.69 This 

suggests the difference in the products is due to oxidation by molecular oxygen in the 

air. 59 However it has since been found that the same products are seen in both aerated 

and degassed solution60
•
70 and the substituents come from the solvent and not the air. 

This results in different products being seen in different solvents. In aqueous solvents 

the radical would abstract a hydroxyl group from the water to produce a semiquinone 

type radical.60
•
71 The pH was found to decrease the amount of semiquinone radical seen 

from pH's 10.7- 8.5. 

Fentichlor and bithionol are both made up of two 4-chlorophenols therefore the 

photochemistry is expected to be very similar to the photochemistry of 4-chlorophenol 

which has been studied. 72-?9 Upon irradiation 4-chlorophenol is also found to give aryl 

radicals by dehalogenation in older reports with E.S.R or in more recent reports using 

laser flash photolysis, a carbene species by loss ofHC1.72 In the reports where radicals 

were said to be formed they were assigned as benzoquinone radicals which then went 

onto form hydroquinone with more irradiation 73
"
77 which is a well known photoproduct 

of p-benzoquinone photolysis. 78 These products were not affected by oxygen however 

when applying the carbene mechanism these products were only seen in the presence of 

molecular oxygen.72
'
79 The distribution of the products was found to change with pH.80 
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2.2.3.2. Photochemistry ofTBS. 

From previous studies it has been shown that T4CS dechlorinates in alkaline solution 

initially from the 3 chloro position to give 3' ,4' ,5-tri CSA with the chlorines being 

replaced by hydrogen atoms. 81 The loss of the chlorine gives an aryl radical which is a 

very reactive species.63
•
82 The anilide ring was found not to be involved in the 

photochemical reaction except to stabilize the radical. This was found to be the same 

for TBS and most of the work done on T4CS can be used as a reference for TBS.83
'
86 

When TBS is irradiated with light above 300 nm the TBS will successively lose 

3,5,and 4' bromine atoms. 87 The 3 bromine is lost first then the 5 bromine is lost very 

quickly afterwards, the 4' bromine will only be lost under intense irradiation and in 

some solvents not at all. 

2.2.2. 6-Methylcoumarin 

6-MEIHYLCOUMARIN 

6-Methylcoumarin (6-methyl-1,2-benzopyrone) is a synthetic fragrance which is used 

in many toiletries. 88 1t is a proven photo allergen but it shows no photo toxic potential. 

Coumarin itself however, shows no photoallergic capability and its derivatives only 

become photoallergic if there is a methoxy or alkoxy group substituted onto the 6 or 7 

position of the benzopyran ring. 88
•
89 The basic photochemistry of 6-methylcoumarin has 

been studied previously and showed a ground state absorption spectra of 6-methyl 

coumarin with a peak at 325 nm due to a Jt--)Jt* transition. The fluorescence spectra at 

room temperature showed 1 peak with a Amax at 370 nm and a quantum yield of0.015. 

The phosphorescence emission was measured at 77K and showed a peak with a Amax at 

465.1 nm, a quantum yield 0.066 and a lifetime of0.4s.90 Laser flash photolysis gave a 

triplet absorption with a maximum at 420 nm which was attributed to a triplet state 

with a lifetime of2.3 J.lS and a quantum yield of0.04. This transition is thought to be 

due to a Jt--)Jt* transition.91 The skin sensitization is thought to be due to the 3
(1t1t*) 
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state, which has been shown to be the reactive state for cycloaddition of the 6-

methylcoumarin to the DNA pyrimidine bases. 

2.2.3. Omadine 

~ I 
OH 

OMADINE 

Omadine (1-hydroxypyridine-2-thione) was used in several antibacterial and antifungal 

formulations and as an active ingredient in several anti dandruff shampoos. 30 Omadine 

exists in 2 tautomeric forms, the thione and thiol forms, each of which may be present 

as cationic, anionic or neutral species. 

il ! 

~ 
pKa=4.67 

OH 

Scheme 2: The ionization states of the tautomers of omadine 
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The ground state absorption spectra however, show that there are only two ionization 

states seen at pH's between I and I 0.92 The thione form was found to be highly 

preferred to the thiol form for the neutral form of the compound. The equation 

between the neutral and the anionic species of the thione form has a pK. of 4.67. 

Above a pH of 5 the chances of seeing either anion is the same, therefore the ground 

state absorption of the anion is due to a mixture of the two anions. 93 On UV irradiation 

there is the production of the thiyl radical94 with the simultaneous production of 

hydroxyl radicals which can act as photoreducing agents.95
"
97 From flash photolysis at 

. pH 7.4 on ester derivatives ofomadine an instantaneous cleavage of the N-0 bond 

occurring during the laser pulse was found, then a peak at 460-490nm was observed 

which it was suspected was due to the 2-pyridylthiyl radical. 98 At pH 2 the 2-

pyridylthiyl radical was still observed but the triplet species, which is very short lived, 

could also be seen at 660 nm98 which was also seen with omadine esters. 99 

2.2.4. Ketoprofen 

KETO PRO FEN 

Ketoprofen (2-[3-benzoylphenyl]propionic acid) is a non steroidal anti-inflammatory 

which is topically used. It was found to be a common but weak photoallergen,100 which 

is not surprising due to its propionic acid structure which is phototoxic. 101 Irradiation 

ofketoprofen in a neutral aqueous solution gives 3-ethylbenzophenone as the major 

photoproduct. This is formed by the protonation of the benzylic carbanion due to 

hydrogen abstraction by the benzylic radical. There is also the formation of eight minor 

products, four formed from the benzylic radicals and the rest formed by the initial 

hydrogen abstraction by the excited benzophenone chromophore of ketoprofen. 102 
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There would be additional products seen in aerobic conditions from those seen in 

anaerobic conditions due to the addition of molecular oxygen. 103 

2.2.5. Phenothiazines 

~H2CH2CH2~CH3)2 

I 

CHLORPROMAZINE PROMErnAZINE 

Promethazine (2-dimethylarninopropylphenothiazine) is a well known antihistarnine104 

and chlorpromazine (2-chloro-N-(3-dimethylarninopropyl)phenothiazine) is a 

frequently prescribed antipsychotic drug.105 These substances were first used in 1952 

and are still used today. Chlorpromazine is usually taken orally and was found to 

produce photo toxicity on exposed skin. However the main photoallergy to this 

compound was found in people who worked on the production of the drug and in the 

nurses who administered the drug thereby getting it on their skin. Promethazine is 

usually topically applied and caused a photo allergy at the place of application. These 

compounds are both phototoxic and photoallergic and can cause either transient or 

persistent photo allergy. 44 

The photochemistry of both chlorpromazine and promazine has been studied before 

but no work has been carried out on promethazine. The transient absorption spectra of 

both chlorpromazine and promazine show bands at 460 run, 525 nm and 720 nm when 

excited with a picosecond laser. The 720 nm band was assigned to the hydrated 

electron which decays totally after 2 J.!S. The 460 nm band was assigned to the triplet 

state which lasts about 23 ns for chlorpromazine in a degassed solution. The same 

result was found for promazine but the triplet had a longer lifetime of3.1 J.!S in 

degassed solutions and 0.4 J.!S in aerated solutions.106 After the above two species have 

decayed the remaining peak at 525 nm is due to the cation radical. 107 Several different 

mechanisms have been suggested for the formation of the cation radical. Initially the 
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compound is excited to the singlet excited state, it then has several different routes 

available. It could form the cation radical directly from the excited singlet state as 

shown in equation 2.1. 

(2.1) 

or the excited singlet state could relax to the triplet state as shown in equation 2.2. 

(2.2) 

There are then two possible routes to form the radical cation . The first is by the 

absorption of another photon of light ( equation 2.3 ) making this a biphotonic 

process.108 This process is thought to be dominant at the laser excitation wavelengths 

above 310 run. The other route is the spontaneous formation of the radical cation, seen 

at laser wavelengths below 310 nm due to the chlorpromazine being excited into a 

higher initial vibrational singlet state. 106 

3CPz* + hv-'t CPz•• + e~q 

3CPz* _, CPz•• + e-aq 

(2.3) 

(2.4) 

Chlorpromazine may also show a peak at 510 nm due to the promazine radical being 

formed from loss of the chlorine radical from the triplet excited state. 107
•
109 

(2.5) 

Over 50% of chlorpromazine taken orally is metabolized to chlorpromazine sulphoxide 

during presystemmic absorption. Flash photolysis studies on chlorpromazine 

sulphoxide also gave the chlorpromazine cation radical in degassed solutions but in 

aerated solution there was also formation of hydroxyl radicals. In animals where 

sulphoxides are not formed there was no photoallergy reported.105 The dechlorination 

process was found to be very minor for sulphoxides and was therefore suggested not 

to be major cause ofphotoallergy for these compounds.110 Singlet oxygen has been 

detected in these compounds but would only be an important process if it took place in 

non aqueous part ofbody e.g. cell membrane, as very little singlet oxygen was seen in 

polar solvents. 106 
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2.3. Cellulose 

Cellulose is a polymer ofD-glucose in which individual units are linked by ~-glucoside 

bonds from the anomeric carbon of one unit to the C-4 hydroxy of the next unit. 

Cellulose is a linear polysaccharide where the isolated form contains an average of 

3000 units per chain giving a molecular weight of 500,000. Isolation of cellulose can 

cause some degradation, therefore in nature cellulose usually contains10000-15000 

glucose units, giving a molecular weight of 1.6-2.4 million.111 

2.3.1. Photochemistry of cellulose 

There have been many studies carried out on the photochemistry of compounds 

adsorbed onto cellulose.17
'
112

•
114 

The ground state diffuse reflectance spectrum of cellulose measured against barium 

sulfate is shown in figure 2.1. 
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Figure 2.1: Ground state diffuse reflectance spectrum of cellulose. 
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The cellulose was found to give a weak, structureless, reflectance change from 350 run 

-650 run after laser excitation at 266 run. However the reflectance change seen from 

the compounds was a lot greater than seen from cellulose alone. The cellulose weak 

transient absorption spectra could be due to two possibilities 

I. during the formation of cellulose there may be the formation of a few residual 

carbonyl moieties, which following laser excitation, could form excited states115 

2. direct photolysis of cellulose at 266 run leads to formation of free radical species via 

cleavage of the oxygen bridge between the two linked monomer units. 116 

The lifetimes of excited states of molecules adsorbed onto cellulose are often longer 

than those seen in solution. This is because the cellulose, through its rigidity and high 

hydrogen bonding capacity, can protect the excited state of molecules from quenchers, 

such as molecular oxygen. This effect is enhanced further by thorough drying of the 

cellulose.117 The spectra of the compounds are also quite often broader when adsorbed 

onto cellulose than the spectra seen in solution. This is due to the inhomogeneity of the 

medium which results in varying adsorption sites. 
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Chapter 3 
Experimental 



3. EXPERIMENTAL 

3.1 Preparation of samples 

3.1.1 Materials 

All solvents used were spectroscopy grade (99 .9% ), purchased from Aldrich. 

Bithionol, dansylamide, dansylsarcosine and ketoprofen were purchased from Sigma. 

The H.S.A. used was fraction 5 fatty acid free, purchased from Sigma. The monomer 

H.S.A. was prepared at Unilever using the method described in section 3.1.3. The 2-

acetonaphthone, acetophenone, anthracene, benzophenone, 2-bromobutane, carbon 

tetrabromide, 4-chlorophenol, chlorpromazine, 1-10 diphenylanthracene, iodine, 6-

methy1cournarin, naphthalene, promethazine, potassium iodide and sodium omadine 

were purchased from Aldrich. The tribromosalicyanilide was used as bought from 

Kodak. Flowers of sulfur were used as bought from Fisons. The microcrystalline 

cellulose DS-0 powder was purchased from Fluka. The pH 11.4 aqueous solutions 

were prepared using deionised water and 0.1M sodium hydroxide to make the 

solutions alkaline. The pH 7.4 solutions were prepared using pH 7.4, 0.1 M sodium 

phosphate buffer solution. Fentichlor could not be bought commercially and was 

therefore prepared using the method described by Dunning, Dunning and Drake118 

outlined in section 3 .1.2. 

3.1.2 Synthesis offentichlor 
Iodine (0.1 g), flowers of sulfur (0.32 g) and carbon tetrachloride (15 ml) were placed 

in a round bottomed flask with a side arm delivery tube and a magnetic stirrer in an ice 

salt bath at -5°C. Chlorine gas (0. 7 g) was prepared from concentrated hydrochloric 

acid and potassium permanganate crystals (> 1.58 g) and was bubbled slowly into the 

reaction mixture. The mixture was allowed to warm up to room temperature before 

adding 4-chlorophenol (2.57 g) in carbon tetrachloride ( 15 ml) with stirring. The 

solution was stirred in the dark for three hours then left to stand in the dark overnight. 

The resulting white precipitate was filtered off and washed with cold carbon 

tetrachloride. The product was recrystallised from toluene. The yield offentichlor was 

found to be approximately 18%. The melting point was found to be 173°C which was 

in good agreement with the literature value of 172-175°C.118 
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3.1.3 Preparation of monomer HSA 

A sephadex column was prepared by weighing out 25g ofG-150 sephadex then adding 

O.lM sodium phosphate buffer solution at pH 7.4 and standing the mixture in a 

boiling water bath for 3 hours to form a swollen gel. The mixture was then poured into 

a 2.6cm x 1 OOcm column and allowed to pack under gravity. It was then packed at a 

pump speed of2.75 for 22.5 hours in a degassed solution ofO.lM sodium phosphate 

buffer solution at pH 7.4. 

4.96mg ofSigma HSA was dissolved in 4.96 m1 of0.1M sodium phosphate buffer 

solution at pH 7.4. This was loaded onto the column and eluted with 0.01M sodium 

phosphate buffer solution at pH 7.4, at a pump speed of2. 75, for 15 minutes. The 

column was then eluted and fractions 45-57 were collected, pooled and then filtered 

through a 0.22f1m minisart filter to reduce microbial contamination. 0.5 m1 of this 

solution was then diluted with 1.5 m1 sodium phosphate buffer solution at pH 7.4. The 

optical density of this solution was found to be 0.677 at 280 nm. The undiluted 

concentration of the monomer HSA was calculated from equations 3.1 to 3.3. 

[ mHSA] = OD2so/extinction coefficient x path length x dilution factor 

(3.1) 

Total protein recovered = Fraction collected from column x [mHSA] 

(3.2) 

% Recovery = protein recovered/protein loaded onto column x 100 

(3.3) 

The total protein recovered was 340 mg and the % recovery was 69%. The monomer 

HSA was stored at +4 oc in a fridge. 119 
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3.1.4. Preparation of solid sa m pies 

Solid samples were prepared using cellulose as an adsorbing surface. The cellulose was 

dried for 3 hours in a vacuum oven at 70°C. Solutions of the compounds (3-IOOmg) 

were made up in 20ml ethanol, these were poured onto 3g ofthe dried cellulose and 

stirred. The use of ethanol causes swelling of the cellulose which allows penetration of 

the compound into the submicroscopic pores of the cellulose.120 The samples were 

placed in a fume cupboard to allow the solvent to evaporate. They were stirred to 

ensure a homogeneous distribution of the compounds. The samples were then placed 

in the vacuum oven at 50°C for 3-4 hours to remove the rest of the solvent. 

3.1.5. Degassing of solutions 

Triplet and singlet excited states can be quenched by molecular oxygen, therefore it is 

necessary to degas solutions. There are two ways of achieving this, the first is by 

saturating the solution with nitrogen, but such solutions do not stay deaerated for long 

periods of time. A better method for this work was a technique called freeze pump 

thaw. This is where a solution is frozen down in liquid nitrogen. The sample is then 

pumped down to pressures below 10.3 bar, sealed and defrosted allowing the oxygen 

in the gas above the solution to equilibrate with that in the solution. This process is 

repeated until there is no further change in the pressure when the sample is opened to 

the pump i.e. no further gas is left in the solution. The samples are left sealed. 

3.2 Ground state spectra 

3.2.1. UVNIS spectrometry 
All ground state absorption spectra of solutions in I cm x I cm quartz cells were 

recorded on a Hewlett Packard (8453) diode array spectrometer. The ground state 

diffuse reflectance spectra of solid samples were recorded using a Pye-Unicam 

PU8800 dual beam UV-Visible spectrophotometer with an integrating sphere (Pye 

Unicam). The internal surfaces of the integrating sphere were all coated with an 

optically thick layer of a white totally reflecting material (Kodak BaS04). The solid 

samples were packed into 2 cm x I cm cylindrical quartz cells ensuring an optically 

thick layer. The cell was placed in the integrating sphere and held in place with a black 

metal plate to reduce the specular reflection reaching the detector. The solid samples 

were measured against barium sulfate as standard. 
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3.2.2. pK.. calculations 

The pK, of the compounds were measured using the change in the ground state 

absorption spectra. By this method absorption spectra of the compounds are obtained 

in acidic and alkaline solution. The different forms of the compound in the ground 

state will absorb in different parts of the spectrum. If the equilibrium is taken to be 

A-HBA"+Ii 

The absorption spectrum seen in acidic solution will be due to the non-ionised form 

and the absorption spectrum seen in alkaline solution will be due to the totally ionised 

form. The equilibrium constant between the two forms is 

K. (3.4) 

therefore, 

(3.5) 

taking logs, 

if -log[H']eqm = pH, then 

([AH)..,.) 
pH= -IogK. -IogU A-]..,. (3.6) 

The absorbance of a solution is related to the concentration by Beers law, therefore the 

concentrations can be calculated from the absorbance, at two different wavelengths, in 

the above equations. The pH of a solution depends on the ratio between acid and base 

so when [AH] = [K] then pH= -logK,. Equation 3.6 is a straight line equation, 

therefore a plot of pH versus log\~~ should give a straight line with an intercept 

which is the pK,. 
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3.3. Emission spectroscopy. 

3.3.1 Fluorescence 
The fluorescence measurements were carried out using a Spex Fluoromax 

spectrofluorometer. The solutions were measured at right angles to the direction of 

excitation as were the solid samples with the use of a front face attachment. 

Experiments were carried out using solutions with an absorbance less than 0.1 to 

reduce errors due to inner filter effects. Some of the samples being measured undergo 

photodegradation therefore, for the emission scan the excitation slits were reduced to 

half the width of the emission. All spectra were corrected for any emission from the 

solvent used. The fluorescence lifetimes of the compounds studied could not be 

measured but an order of magnitude estimate of the radiative lifetime could be found 

from the relationship shown in equation 3. 7. 

Where, 'Z'R = Radiative fluorescence lifetime 

Emax =Molar absorption coefficient. 

(3.7) 

The actual fluorescence lifetime is found from the fluorescence quantum yield using 

equation 3. 8 

(3.8) 

3.3.2 Phosphorescence 

The phosphorescence measurements were carried out at 77K. This required the use of 

a quartz dewar to hold both the liquid nitrogen and the cell. The cells used for the 

phosphorescence measurements were 0.25 cm diameter quartz tubes. The solvent used 

was 7:3 isopentane:2-propanol121 or 1:1 methanol:ethanol, which form good organic 

glasses at 77K. For these experiments the absorbances of all the solutions needed to be 

the same at the exciting wavelength. It was found that the absorbances varied with 

temperature and they therefore needed to be measured at 77 K. This was achieved by 
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using the diode array and putting the cell in the presence of a stream of nitrogen. The 

absorbances could not be exactly matched, so an adjustment was made for the small 

difference. The HY laser described in section 3.4.1. was used to measure the lifetime 

of the phosphorescence, in emission only mode exciting at 355 nm and 266 nm and 

fitting the traces to first order exponential kinetics. 

3.3.3. Energy calculations 

Using equation 1.2 from chapter 1 the fluorescence and phosphorescence can be used 

to find the energy of the lowest excited singlet state and the lowest excited triplet state 

respectively. If the fluorescence and phosphorescence are structured the 0-0 vibronic 

level which will have the shortest wavelength is used to calculate the energy. If 

however the spectra are structureless, in the case of the triplet energy the maximum of 

the phosphorescence is used, which will give a lower limit for the lowest excited triplet 

state. The singlet state energy was calculated by taking the midpoint between the 

maxima of the fluorescence and the maxima of the ground state absorption spectra. 

3.3.4. Protein binding 

These experiments were carried out only on bithionol and fentichlor on a Perkin Elmer 

LS50 spectrofluorimeter. The fentichlor and bithionol fluorescence could not be seen 

on this instrument so quenching of the fluorescence of the tryptophan molecule at 295 

nm was studied. This was achieved by taking 3 m! of a fixed concentration of human 

serum albumin (H.S.A.), in the range 1x10-6
- 3x10-6 M in a phosphate buffer and 

recording the fluorescence intensity at 295 nm , then 10 f.Ll aliquots of a fixed 

concentration of fentichlor were titrated into the H.S.A., and the fluorescence intensity 

was recorded after each addition. The solution was stirred to reduce the 

decomposition of the sample. This procedure was repeated until there was no change 

in the fluorescence intensity. 

Fluorescence probe measurements were carried out on a Perkin Elmer LS50 

spectrofluorimeter and the Spex Fluoromax spectrofluorimeter. The fluorescent probes 

were used to find at which sites the compounds were binding to the H.S.A. 

Dansylamide is a site 1 probe and is excited at 350 nm and emits at 485 nm. 
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Dansylsarcosine is a site 2 probe which is excited at 370 run and emits at 478 run The 

experiments were carried out by taking 3 m! of lxl o-s M of HSA with a fixed 

concentration ofbithionol or fentichlor (lxl o-s -4xl o-s M), in phosphate buffer and 

recording the fluorescence intensity. This solution was then titrated against 10 111 

aliquots of a fixed concentration of the probe and the fluorescence intensity was 

recorded after each addition. This procedure was repeated until there was no further 

change in the fluorescence intensity. This procedure was also reversed so the 

fluorescence probe was added to the H.S.A. at a fixed concentration and this was 

titrated against the fentichlor or bithionol. This showed whether the competition 

depended on the order in which the compounds were added. All the probe 

experiments were carried out using H.S.A. fraction V and using monomer H.S.A. 

solution to see if the presence of dimers influenced the binding parameters. 

3.4. Nanosecond laser flash photolysis 

3.4.1. Transmission laser flash photolysis 

The nanosecond flash photolysis studies were carried out using 2 different Q switched 

Nd:YAG lasers, the HY200 (Lumonics) and the JK2000 (J.K.Lasers). The 

fundamental wavelength is 1064 run which can be frequency mixed to produce a 

harmonic at 354.7 run and frequency quadrupled to produce a harmonic at 266 run for 

use as the excitation source with energies of approximately! 0 mJ at 354.7 run and 18 

mJ at 266 run The laser apparatus is set up as shown in figure 3.1. 

The analysing beam used is from a 300 W xenon arc lamp (LOT Oriel Ltd) which gave 

a continuous beam of light through the sample at right angles to the excitation beam. 

Filters were placed between the lamp and the sample to cut off unwanted wavelengths 

of light from reaching the sample. Shutters were placed between laser and sample and 

analysing source and sample and these were computer controlled. The analysing 

shutter opened just before the laser fired and the laser shutter opened as the laser fired. 
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The laser flash photolysis experiments were carried out in I cm xl cm quartz cells. 

The samples were degassed under vacuum using the freeze-pump-thaw technique. A 

monochromator (Applied Photophysics Ltd, F/3.4 grating) with variable slit widths 

collected the analysing light and the signal was detected by a R928 photomultiplier 

tube with a high voltage supply. The signal from the photomultiplier went into a 

digitiser (Tektronix TDS 420 for the JK laser and Tektronix 2432A for the HY laser) 

which converted the signal from an analogue to digital signal which was then sent to 

the computer and stored for later analysis. The digitiser was triggered by the laser 

either by reflecting some of the laser pulse off a glass slide (JK2000) or using a 

photodiode which was triggered by the 1064 nm light leaking from the end mirror of 

the laser cavity (HY200). The quantity measured in transmission laser flash photolysis 

is the change in the absorbance with time (M) following laser excitation. 

3.4.2 Diffuse reflectance laser flash photolysis 

The method used to measure the excited states of solid samples is diffuse reflectance 

laser flash photo lysis. The laser must be set up so the laser and the arc lamp irradiate 

the front face of the sample and only the diffusely reflected light from the sample is 

collected. The specular reflection must not be allowed to enter the monochromator. 

This is achieved by changing the geometry of the laser, arclamp and monochromator 

with respect to each other as shown in figure 3.2. 

t.lonochrornatar 
And 

Photomultlpller 

L = Lens 
S = Shutter 

Sample 

Figure 3.2: The geometry required for diffuse reflectance laser flash photolysis 
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The samples were measured in 2 cm x I cm pathlength quartz cylindrical cells (Helma 

Ltd) and the sample was shaken after every measurement to reduce degradation of the 

sample. The quantity measured in diffuse reflectance laser flash photolysis is the 

change in the reflectance with time (LlR.,). 

3.4.3. Collection and analysis of data from nanosecond laser flash photolysis 

The traces collected from the computer are the baseline, transient absorption, emission 

and topline as shown in figure 3.3. These traces are all measured against time at one 

wavelength. 

-n~--------===========~--TTop Line 

V Em;.,;oo 

""" ~Transient Absorption 

____ l_J[~~-------===================------JLBaseLine 

Time 

Figure 3.3 : Schematic diagram of the experimental data traces recorded for laser flash 
photolysis experiments. 

The baseline is where only the analysing shutter is open and this represents the ground 

state transmittance/reflectance level. The topline is collected with both shutters closed 

and this represents the top level of the screen. The topline minus the baseline tell you 

the size of the screen. The transient absorption spectrum is measured when both the 

analysing and laser shutters are open and represents the change in absorption, or in the 

case of diffuse reflectance, the change in the reflectance due to the laser excitation of 
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the sample. The emission is recorded with just the laser shutter open and represents 

how much the sample emits. The emission trace is taken away from the transient 

absorption to give the final trace due to the transient absorption alone. 

The value of the change in transmission is found from the equation for the size ofthe 

transmission at timet as shown in equation 3.9. 

( ) (
Transient absorption- Emission) 

llT t = !-
Baseline- Topline 

(3.9) 

From Beer's law the value for Mean be found from equation 3.10. 

( ) I ( 
Baseline - Topline ) 

Mt = o 
g 10 Transient absorption- Emission 

(3.10) 

The equation for diffuse reflectance measurements (3.11) is very similar to that for 

transmission measurements (3.9). 

M(t) (Transient absorption -Emission) 
!:J.R(t) = --= 1-

llJ( 0) Baseline- Topline 

(3.11) 

The change in reflectance found in equation 3.11 will only show a linear relationship 

with the concentration if the reflectance values are kept below 0.1. The transient 

spectra were obtained from recordings of the decay traces at different wavelengths. 

The value of /lA(t) or /lR(t) is found for five different times in the decay traces for 

each wavelength. The spectrum is then plotted as change in absorption or reflectance 

against wavelength for each of the five different times. The transient decay traces were 

usually fitted to first order kinetics using equation 3.12. 

Rate= A exp(- kt) (3.12) 
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In several cases the absorption after the end of the decay had not return to the initial 

absorption and a baseline needed to be added changing equation 3.12 to equation 3.13. 

Rate = A exp( -kt) + C (3.13) 

3.5. Flashgun flash photolysis experiments 

The equipment was the same as used for transmission laser flash photolysis, except the 

laser excitation source was replaced by a Mets C45-1 flashgun. The flashgun was used 

for bithionol and fentichlor because the amount of transient seen with the laser was 

very small and the lifetime of the transient was very long, so allowing a longer 

excitation source to be used. The difference between a laser and a flashgun is that a 

laser emits a pulse of high energy radiation, with a very short pulse time at one 

wavelength, whereas the flashgun uses a wider range of wavelengths of light, that last 

milliseconds, but are of a lower energy. The advantage of using the flashgun is that the 

samples absorb more over the range of wavelengths emitted from the flashgun than at 

either 355 nm or 266 nm alone. The other advantage of the flashgun is that the area of 

solution which can be excited is larger, therefore a 5 cm cell can be used instead of a 1 

cm cell so increasing the amount of solution which can be excited. 

3.6 Product analysis 

3.6.1. Arc lamp degradation 

The photoproducts can be analysed and the quantum yield calculated using an arc 

lamp with a UV interference filter to irradiate at one wavelength. The cells used, were 

l cm pathlength cylindrical cells, were put in front of the arclamp at a distance of 

about 30 cm. The degradation was monitored using the ground state absorption 

spectra. The samples used in the chromatography experiments were degraded using an 

ecetoc lamp with a 305 nm cut off filter. 

3. 6.1. 1. Actinometry using potassium ferrioxalate 

The quantum yield of the photoproducts was measured using potassium ferrioxalate 

actinometry. The [Fe(C204)3t ions disproportionate into [Fe(C204)r and [Fe(C204)2]" 
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in the acidic medium. The reaction with UV light is then as shown in equations 3.14 

and 3.15. 

hv 
(3.14) 

The quantity of ferrous ions formed during a set irradiation period is determined 

spectroscopically by measuring the absorbance at 510 run of the complex formed 

between the ferrous ions and 1-10 phenanthroline. The absorbance should be in the 

region of0.2 to 1.8. The original ferric ions do weakly complex with 1-10 

phenanthro line but this complex does not absorb at 51 0 run. 

The actinometry was carried out by irradiating 3 rn1 ofK3Fe(C204)3 solution for I 0 

minutes at 300 run in a quartz 1cm cell. The actinometer solution (2 rnl) was mixed 

with 1-10 phenanthroline (2 rnl) and buffer (1 rnl) and made up to 10 m1 with water. 

The solution was then left for an hour before the absorbance was measured. A blank 

solution was prepared as above but using non-irradiated actinometer solution. The 

difference between the two absorbances at 510 run was recorded and the intensity of 

the arclarnp was calculated122 using equation 3.16. 

AV2V3 
I= Ed~t.tVt 

Where A= absorbance at 510 run 

d = cell pathlength 

& = extinction coefficient ofFe2•1-10 phenanthroline complex-

1.11x104 mo1"1dm3cm"1 

~.=quantum yield ofFe2
+ production- 1.24 

V 1 = volume of irradiated actinometer solution used 

V 2 = volume of actinometer solution irradiated 

V3 =volume of volumetric flask used for dilution 

t = irradiation time 
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The quantum yield for the sample can then be calculated using equation 3.17: 

Number of moleculesof product formed I unit time I unit volume 
Number of quanta absorbed I unittime I unit volume 

(3.17) 

This quantum yield was calculated assuming there was no product at the analysing 

wavelength. The quantum yields were measured after 1 minute to get the initial 

quantum yield where the extinction coefficient of the product would be very similar to 

that of the starting material. The number of molecules of product formed was 

calculated from the change in the absorbance using Beer's law. 

3.6.2. High performance liquid chromatography (H.P.L.C) 

Waste 

uv 
Detector 

Figure 3.4: HPLC set-up 

Column 

Sample 
loop 

Pump 

The HPLC system used consisted of a Spectraphysics P4000 pump with an AS 1000 

autosampler, as shown in figure 3.4. The separation was done using a C18 Whatman 

Partisphere reverse phase column ( 4.6 mm x 25 cm). An isocratic solvent system was 

used for the separation which was 100% water to 100% MeOH in 10 minutes, hold at 

100% MeOH for 10 minutes, then 100% MeOH to 100% water in 1 minute and hold 

at 100% water for 9 minutes. The sample was detected using a UVIOOO detector set at 

290 nrn. The size of the sample injected was 20 fll. The flowrate through the system 

was 1 ml/min. The fractions were collected manually and concentrated by evaporation. 
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3.6.3. Gas Chromatography-Mass Spectroscopy (GC-MS) 

The samples used were 0.1% solutions bithionol and fentichlor both irradiated and 

non-irradiated, in methanol. The bithionol and fentichlor were injected(Hewlett 

Packard 7673 Autosampler 1 Jll optic-2 splitless injection) into the gas chromatogram 

(Hewlett Packard 5890 with 15 m x 0.25 mm J + W DB-I column). The temperature 

in the column was programmed to rise from 40°C to 270°C at 10°C/min before 

entering the mass spectrometer(VG Trio-1000 electron impact ionisation 70eV source 

200 C, !50 JlA) with a photomultiplier detector which scanned from rnlz 50 to 500. 

Quantitative comparisons were made to a solution of 10 Jlg/ml of C10,C15, C20, C25 n

alkanes. 

3.7. Singlet oxygen 

The singlet oxygen quantum yields were found for all the compounds using the singlet 

oxygen detector, comprising of a Judson germanium photo diode (Jl6-8SP-1205M, 

active diameter 0.5 cm) coupled to a Judson PAl 00 amplifier.123
•
124 This measures the 

luminescence of the sample at 1270nm, as this is the wavelength at which singlet 

molecular oxygen emits. This is due to the emission from the lowest excited singlet 

state of molecular oxygen C dg)as explained in section 1.4. The samples were 

measured in quartz cells excited at 355 nm using a laser. Filters were placed in the 

laser beam to remove 1064 nm (BG38- LOT Oriel) and 532nrn. For excitation at 266 

nm there were no filters available to remove the 1064 nm and 532 nm light therefore, 

the laser beam was reflected off a 266 nm dichromic mirror at 45° to the laser. The 

detector was placed close to the cell face at right angles to the laser with a silicon cut 

off filter between the sample and the detector. The samples were recorded in 

acetonitrile over a timescale of 500 JlS. The quantum yield of singlet oxygen produced 

was calculated by comparison with a standard. The intensity of singlet oxygen of the 

standard was measured at several different laser energies using sodium nitrite filters to 

lower the laser energy. A graph was then plotted of singlet oxygen intensity against 

laser energy to find the region of linearity. The intensity of the singlet oxygen from the 

sample was measured and suitable filters were used to keep the intensity within the 

linear region. The quantum yield could then be found from equation 3.18. 
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(3.18) 

Where, S = slope of a plot of intensity against laser energy. 
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Chapter 4 
Experiments with H.S.A. 



4. Experiments with Human Serum Albumin 

4.1 Dark binding of fentichlor and bithionol with H.S.A. 

4.1.1. Introduction 

It has been shown from previous studies that for photochemical binding to occur in 

T4CS it is necessary for the compound to dark bind with the protein first. This was 

thought not to be true for bithionol and fentichlor, however the compounds can dark 

bind first and this can be used to find the position of binding on the H.S.A. Dark 

binding is the noncovalent binding of a compound to a protein molecule without light 

being used in the reaction. The dark binding of ligands has been investigated in detail 

using human serum albumin as the protein, as this is the most abundant and the only 

binding protein in blood plasma. Large numbers oflow molecular weight compounds 

bind reversibly to HSA which is the major protein in the skin. HSA has a molecular 

weight of64639. It is made up of SS amino acid groups and it is known to have 2 

major binding sites. 125
•
126 Most ligands are bound to a few high affinity sites as well as a 

number of weaker sites. The data collected from binding studies is usually analysed 

using the Scatchard model, 127 where it is assumed that a ligand is bound to classes of 

identical independent binding sites. The binding studies give the number of binding 

sites on the protein for the interacting species and the affinity of binding sites for the 

ligand concerned. The binding to albumin is affected by the concentration of ligand and 

albumin, pH, 128 temperature and ionic strength. 

The best methods used to investigate protein binding are spectroscopic methods 

because the optical properties of a protein ligand complex are different to the ligand or 

protein alone. Fluorescence is more sensitive to the environment than absorption, 129 

therefore the signal change on protein ligand binding is likely to be greater if a 

tluorophore is present. The advantage offluoritnetry is that results are obtained 

instantly and the compounds can equilibrate and be measured in one vessel, so there 

are no separation problems. The disadvantage of this method is the operator has no 

prior knowledge of how large an optical change is expected on binding, therefore it is 

difficult to establish a stoichiometry of protein-ligand interaction by spectroscopic 

methods alone. Another problem is, if multiple binding sites are present, it is assumed 

that the spectral change on binding the second or third ligand molecule will be 
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identical to that of the first. 130
'
137 There are several methods to investigate the binding 

of a compound to HSA the first is by the quenching of the tryptophan signal at 

295nrn.135 For quenching experiments it has been found that it is not necessary to use 

very high protein concentrations132 to determine the relationship between the 

concentration of bound ligand and a physical property change. 

The method used to analyse the binding data, uses the titration of the compound 

against a fixed concentration ofHSA to observe the quenching. In this method it is 

necessary to find the maximum fluorescence when all the ligand is bound. When the 

concentration of the ligand is a lot greater than the concentration of the acceptor the 

interception with they axis of the graph of 1/t.F Vs 1/[ligand] gives D.Fmax; where, 

F =observed fluorescence, 138 t.F =change in fluorescence. 

The binding constants can then be calculated using the equations set out below. 

The binding parameters are calculated using equation 4.1. 

1<.! = e//b 

where :1<.! =dissociation constant of the protein- ligand complex 

e = concentration of free binding sites at equilibrium 

I = free concentration of added ligand at equilibrium 

b = concentration ofbound ligand at equilibrium 

rearranged this gives equation 4 .2. 

where :n =number of binding sites per protein molecule 

eo= total concentration of binding sites for ligand 

/ 0 = total concentration of added ligand at equilibrium 

e -e 
a= fraction of protein sites bound to ligand = - 0

-
eo 

a is calculated using t.F/D.Fmax for each value of lo 
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A plot of /0/a Vs 11(1-a) will giv9'a slope ofl<.! and the intercept of eo. 131 This should <:-
give a linear plot for 1 independent binding site. A non linear plot can occur where 

more than one class of binding site is present136·139 or where the compound is affecting 

the fluorescent properties of binding sites to which it is not bound.116 At high 

concentrations all accessible residues are quenched therefore any remaining 

fluorescence is independent of quencher concentration. 

Enhancing the compound signal at its maximum wavelength e.g. fentichlor 341 nm. 

is also a method which has been used to investigate the binding with protein unless as 

in the case offentichlor and bithionol the fluorescence is too weak to be measured 

accurately.tl4,t4o 

Another method which has been used to investigate the binding of drugs to H.S.A., 

was by using a fluorescent probe. A fluorescent probe is defined as a compound which 

undergoes a change in one or more of its fluorescent properties when bound to certain 

proteins.141·142 The change in fluorescence characteristics associated with these probes 

binding to a protein, are similar to the change seen when they are transferred from a 

polar to a non polar environment. The probes bind to the hydrophobic binding sites on 

proteins causing the fluorescence to shift to the blue, increasing the quantum yield. 143 

The compounds used to displace them are assumed to have a hydrophobic area at the 

binding site. The relative strength of the binding of fentichlor and bithionol to a protein 

has been studied by the ability of these compounds to decrease the fluorescence of the 

probe bound to the protein. Probes with a single binding site or two sites with widely 

separated dissociation constants could be used as specific probes ofH.S.A. binding 

sites. 

There are said to be two sites for binding on H.S.A. which can be probed called site 1 

and site 2. These binding sites lie in the subdomains IIA and IliA which are 

hydrophobic pockets accessed through 10 A openings. Subdomain IIA (site 1) spans 

from Lys 199 to Glu 292 and subdomain IliA (site 2) is from Pro 384 to Phe 488. The 

position and character of binding depends on the structure of the compound. The class 

of probes generally used are the dansylarnino acids. Two probes which are commonly 
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used are dansylamide which is a site 1 probe and dansylsarcosine which is a site 2 

probe. 

In this method the compound of interest was bound to the H.S.A. initially then the 

H.S.A. and compound were titrated against the probe. This was then compared to 

values obtained when the compound wasn't present. The study relies on competition of 

the binding between the compound and the fluorescent probe. Competition is only 

observed if the compound binds at the same site as the probe.144 The model used to 

interpret the data is the Scatchard mode1127 expressed in equation 4.3. 

Where: rd =no of probe molecules per mole ofHSA 

K.! =binding constant of probe molecule 

[A] =concentration ofunbound probe molecules 

n =number of binding sites 

(4.3) 

Using a plot ofr/[A] against r you obtain a slope of -I<.! and an intercept ofnK.! 

Inverting the above equation gives equation 4.4. 

(4.4) 

using a plot of 1/r against 11[ A] should give a straight line plot with a slope of 1/Ktn 

and an intercept of 1/n. The parameters for equations 4.3 and 4.4 were calculated from 

the fluorescence intensity using the equations below 

therefore, 
cb 

r ---
d- [HSA] 
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Therefore the unbound ligand concentration can be calculated145
'
146 using 

In the presence of these compounds equation 4.3 could be expanded as shown in 

equation 4.5. to find binding constants for the compounds rather than the probes. 

(4.5) 

where, rr = no offentichlor molecules per mole ofHSA 

The inverse of equation 4.5 gives equation 4.6 which should again give a straight line 

plot. 

1 1 
rd Kd[A](n-rr)+(n-rr) 

(4.6) 

In equations 4.5 and 4.6 there is the term rrwhich cannot be measured and one must 

therefore be able to calculate it from the parameters already known. One method to 

find the value ofrr is to solve the quadratic equation 4.7. 

rearrange to get 

where f =concentration offentichlor added 

1 
. . + ~b2 -4ac 

so vmg usmg -b_ Za 
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which gives the equation 4.8 for rr 

(4.8) 

The quenching of the probe-HSA fluorescence observed could be less than expected if 

the quench er did not penetrate into the interior of the protein. This could be due to a 

surface only effect which is characterised by a downward curve of the graph of 1/r 

against I/[A]. 

Where the probe has bound, an indication of the strength of the binding can be 

calculated from 

%probe bound= Fo!Fb x IOO 

where Fb = bound fluorescence 

F0 = observed fluorescence 

F,/F 1 x I 00 = fluorescence as % initial fluoresceD~. 147
•
148 

All the above methods of analysing dark binding data were used to find the binding 

parameters ofboth bithionol and fentichlor binding to H.S.A. 

4.1.2. Dark binding results 

4.1.2.l.Fluorescence quenching of tryptophan fluorescence by bithionol 

and fentichlor. 

Binding studies were initially carried out by the quenching the fluorescence of 

tryptophan residue in the H.S.A. The quenching data obtained was analysed using the 

Scatchard equation 4.2. From this equation a plot of /of a against 1/(I-a) should give a 

straight line for a compound which binds to I independent binding site on H.S.A 

Bithionoi and fentichlor however both gave a curved plot of /olav's I/(I-a), 
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suggesting the presence of more than 1 class of binding site,136
'
139 or the presence of 

many weaker binding sites as seen by other groups with photochemical binding, or that 

bithionol or fentichlor affects the fluorescent properties of binding sites to which they 

are not bound possibly by disrupting the conformation of the H.S.A. molecule.149 This 

suggests that the sites are not identical or independent which is an assumption made 

with the Scatchard equation. 

Figure 4.1: The binding of increasing concentrations ofbithionol to lxl0-6 M H.S.A. 

2.5xl0 

2.0xl0 
• 
• 

Jil, 
...1 

• 

1.5xl0 

l.Ox!O 

1.0 1.2 I .4 1.6 1.8 2.0 2.2 2.4 2.6 

1/(I·a) 

Figure 4.2: The binding of increasing concentrations offentichlor to lxl0-6 M H.S.A. 
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The plot of fluorescence quenching is curved therefore it is difficult to derive binding 

parameters from the plots as binding at different sites may cause varying degrees of 

quenching. 14s By fitting the initial part of the curve a value can be obtained for the 

binding parameters of the strong sites when multiple sites are present. The initial part 

of these curves were fitted to a straight line and were found to give the binding 

parameters listed in table 1. 

Compound n I<Jmor1I 

Fentichlor 0.16 l.lx10-6 

Bithionol 0.44 5.1x10 ... 
. . . . . 

Table 1: Bmdmg parameters obtamed by the quenching of the tryptophan stgnal. 

The value for n, the number of binding sites, should be an integer because it is not 

possible to have a fraction of a binding site. Therefore there are obviously problems 

with the values obtained. There is no explanation with this theory for the nuntber of 

binding sites being lower than 1, however previous studies have approximated all 

values above 0.5 to be 1.1so It could however be that the compounds are binding to 

several sites at one time or affecting the fluorescence of several sites to which the 

photoallergens are not bound. The problem with using equation 4.2 is that the double 

reciprocal plot of 1/llF against 11{ligand] to find llF...,. is not always perfectly linear 

and therefore the answer for llF...,. is not very accurate. A small change in the gradient 

causes a large change in llF...., which will cause a large change in the values of n and 

k. One explanation for the lowering of the binding constant was due to the use of 

commercial H.S.A which is shown later in this thesis to be partly dimerised and it is 

only the monomer H.S.A which is bound. The use of monomer H. S.A should more 

than double the binding constants and therefore the values could be approximated to 1 

as seen previously.1so 

The second part of the trace may be due to several weaker binding sites. Other 

methods of analysing the data, IS 
1 including fitting the raw data directly to the equation 

4.2, were carried out but were unsuccessful. These experiments have proved that 

binding possibly occurs between both fentichlor and bithionol and H.S.A and that the 
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binding occurs initially strongly to I class of sites before binding to many weaker 

binding sites. It has also shown that the Scatchard model is not a good model for these 

compounds as the binding sites are probably not independent or identical. 

4.1.2. DNSA and dansylsarcosine as fluorescent probes 

DNSA and dansylsarcosine are used as fluorescent probes for drugs binding to H.S.A.. 

DNSA binds to site 1 and Dansylsarcosine binds to site 2 on H.S.A. The experiments 

were carried out on both commercial H.S.A. and monomer H.S.A..130 Monomer 

H.S.A. gives a different result for the binding parameters to the results obtained with 

commercial H.S.A. possibly due to dimerization occurring in commercial H.S.A.. Since 

binding only takes place with the monomer H.S.A .. it is better to remove the dimer 

from any H.S.A. used. 
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•••• 
• • • Monomer 

• •• • • 

• •• 
• •• • • • • Commercial 

0+-~--.-~-.--~-.--~-.--~.-~--. 
0.0 l.Oxlo·' 2.0xl0·5 3.0xlo·' 4.0xlo·' S.Oxl0-5 6.0x10-5 

DNSA Concentration/M 

Figure 4.3: The increase in the fluorescence with increasing DNSA concentration for 
commercial and monomer H.S.A(lxl0-6 M). 

Figure 4.3 shows the difference in the binding between monomer and commercial 

H.S.A. The initial experiments were carried out with just the probe and H.S.A. present. 

Equation 4.3 was used to analyse the data and was found to give a straight line plot for 
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r/ A against r as found by Sudlow et al. 146 The double reciprocal plot of 1/r against 

1/[A] from equation 4.4 also gave a straight line as found in previous work with 

various drugs. 146 The fentichlor was added to the H.S.A., to competitively bind with 

the probes, and this mixture was titrated against the probe. Several different 

concentrations offentichlor were used but the concentration ofH.S.A. used was 

always the same (lxlo-s M). The graphs ofr/A against r in the presence offentichlor 

were no longer linear but the double reciprocal plot of 1/r against 11 A still gave a 

straight line as shown in figures 4.4 and 4.5. and seen by Sudlow et al/46 allowing 

binding parameters to be calculated. 

5 . 
vu•••••' • I t • • 

0+---r--.--~--,---r--,--~------~~ 
0.0 4 

S.OxlO 
s s 

l.OxlO l.SxlO 
1/[A] 

s 
2.0x10 

s 
2.5x10 

Figure 4.4: The competitive binding between fentichlor and DNSA to lxl 0-6 M 
HS.A. 
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Figure 4.5: The competitive binding between fentichlor and dansylsarcosine to 
lxl0-6 M H.S.A. 

From these plots of 1/r against I![ A], from equation 4.4, values ofn and K could be 

found, where the slope= 1/nK.id and the intercept= 1/n which are shown in tables 2,3 

and 4. The 40 11M titration ofH.S.A. with fentichlor and H.S.A. shows a move away 

from linearity perhaps due to the H.S.A. binding sites being saturated. In these tables 

the ~d represents the binding constant for the probe and ~r is the binding constant for 

the fentichlor. 

Fentichlor n I<.Jctfmol·1I 

concentration/11M 

0 0.37 ± 0.02 8.7lxl04 ± 200 

0 0.37 ± 0.01 7.84xl04 ± 200 

10 0.23 ±0.005 5.43xl04 ± 100 

10 0.26± 0.04 6.17xl04 ± 100 
. Table 2: Bmdmg parameters obtamed from tltratmg DNSA With commercial H.S.A. 
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] 
I 

Compound 

Compound concentration K.JctfMO }" 11 K.ttf'M 0 1" 11 n 
IJlM 

None 0 0.662 ± 0.007 1. 79x1 os ± 1000 0 

0.763 ± 0.008 1.04x10s ± 1000 

Fentichlor 10 0.51 ± 0.01 4.66x1 04 ± 350 8.4x1 os ± 4000 

0.524 ± 0.008 5.17x1 04 ± 400 6.1x1 Os ± 3500 

Fentichlor 20 0.64 ± 0.01 1.59x104 ± 100 6.3x1 os ± 3000 

Bithiono1 5 0.56 ± 0.01 3.32x1 04 ± 300 1.761x106 ± 5000 
0 

Table 3: Bindmg parameters obtamed from t1tratmg DNSA With monomer H.S.A.. 

Compound 

Compound concentration K.tctfMo 1" 11 K.ttf'M 0 1" 11 n 
IJlM 

None 0 0.9 ± 0.1 6.10x10s ± 1200 0 

0.84 ± 0.08 1.171x106 ± 1300 0 

Fentichlor 10 0.75 ± 0.05 5.34x10s ± 1000 1.13x10s ± 1500 

0.81 ± 0.06 3.213x10s ± 800 

Fentichlor 20 1.03 ± 0.02 6.31x104 ± 200 8.90x1 os ± 2000 

Fentichlor 40 1.09 ± 0.03 2.24x104 ± 100 1.112x106 ± 5000 

Bithionol 5 0.86±0.06 2.482x1 os ± 900 1.914x106 ± 5000 
1 
j Table 4: Bmdmg parameters obtamed from t1tratmg Dansylsarcosme With monomer 

0 

H.S.A. 

There is a difference in the results obtained from commercial H.S.A. and monomer 

H.S.A. as seen in tables 2,3 and 4. This shows that only the monomer H.S.A. is binding 

and that the commercial H.S.A. has a large amount of dimer present. Therefore the 

values ofn and K.!d are lower in commercial H.S.A. than in monomer H.S.A .. 

Fentichlor and bithionol compete with both dansylsarcosine and DNSA to bind to 

H.S.A. which shows they bind to H.S.A. in both the site 1 and the site 2 positions. The 
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number of binding sites in each case is ,.J.145 The K.!d decreases with increasing 

concentration of fentichlor, however the value of n is always similar as seen with 

drugs. 147
•
148 Figure 4.6 shows the change in the binding constant with change in the 

mole ratio offentichlor and H.S.A.. 

7x!O' 

6x!O' 

Sx!O' 

4x!O' -•-Dansylsarcosine 

~· 3x10' 
-.t.-DNSA 

2x!O' 

lx!O' 

0 ~·-----. 
0 10 20 30 40 

Concentration of fentichlor/J.tM 

Figure 4.6: The effect offentichlor concentration on the binding constant. 

The increase in the fentichlor concentration causes a decrease in binding constant 

probably with more sites being filled by the fentichlor. This shows there is more 

competition for the binding sites at higher fentichlor concentrations. This would 

suggest that the concentration offentichlor added was not enough to saturate all the 

DNSA binding sites possibly due to the fentichlor binding to another site. 

When the titration is performed the other way around n is still equal to 1 but K.id is 

ahnost double the value. It has been assumed that this reaction is in equilibrium 

between the photoallergen and the fluorescent probes for the binding sites on the 

H.S.A .. This may not be true as the protein binding may actually not be totally due to 

competitive displacement but may also result from conformationally mediated 

interactions between distinct binding sites. Therefore a high degree of conformational 

mobility means that binding sites for exogenous components are unlikely to be 
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independent 145
•
148 Also the fentichlor and bithionol may bind to other sites on the 

H.S.A. in addition to or instead of the sites being probed. Other groups have noted 

that when a compound binds to both site 1 and site 2 it could also bind to a third site. 

It has also been speculated that the compounds may in fact not be bound to sites 1 and 

2 but be bound to another site close by which is affecting the fluorescence. 146 Also 

drugs were shown to bind to H. S .A. but not to either site 1 or site 2 showing the 

presence of 1 other major site or several other minor binding sites.146 The binding of 

some drugs to site 2 caused changes in the structure of site 1. 148 This is further 

evidence of the possible presence of multiple binding sites seen in the tryptophan 

quenching experiments with fentichlor and bithionol. 

The use of fluorescent probes has found the binding parameters for the probe DNSA 

and dansylsarcosine but still gives no indication of the binding parameters for the 

fentichlor. A method to find the binding parameters was found using the equation 4.8 

and the results for K.tr, the binding constant offentichlor and bithionol, are shown in 

tables 2,3 and 4. The value obtained for K.tr for fentichlor were in the region 6 - 8x1 05 

for site 1 and 1x105
- 1x106 for site 2 and for bithionol K.trwere 1.78x106 for site 1 and 

1.91x106 for site 2. 

The strength ofbinding to a site on H.S.A. can be estimated from a plot of% 

fluorescence as a function of initial fluorescence against mole ratio as explained earlier. 

As can be seen from figure 4. 7 the % fluorescence as a function of initial fluorescence 

dropped with an increase in the fentichlor concentration which is probably due to there 

being less freely available sites where DNSA could bind. This suggests that less DNSA 

or dansylsarcosine is bound due to there being more competition by the fentichlor. The 

%displacement of the DNSA probe with 10 lJM fentichlor is 20% and for 

dansylsarcosine is 15% which shows that the binding to these sites by the compounds 

is not very strong and therefore these may be minor sites or that bithionol and 

fentichlor could be binding to other sites. Photochemical binding suggests binding to 

many weaker sites rather than 1 major site40 and the same may be true for dark binding. 
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Figure 4.7: The effect offentichlor concentration and 10 JlM H.S.A. on the% 

fluorescence intensity. 

Summary 

40 

Quenching of the tryptophan signal on H.S.A. by fentichlor and bithionol showed that 

dark binding occurs between fentichlor or bithionol and H.S.A .. These showed the 

possible presence of 1 class of binding sites to which fentichlor and bithionol bind 

initially and the presence of many weaker sites to which they bind randomly. These 

sites are probably not independent or identical and therefore the Scatchard equation 

would no longer be valid for the analysis of the binding data. The use of fluorescent 

probes to investigate the dark binding showed that both fentichlor and bithionol bind to 

site 1 (Lys199-Giu292) and site 2 (Pro384-Phe488) on H.S.A.146 Binding constants for 

bithionol was found to be 1-10x105 and for fentichlorto be 6-8x105
• The competitive 

reaction between the fentichlor and the probes was found to be not in equilibriwn, 

which suggests that the fentichlor binds to other sites or affects the fluorescence of 

other sites on the H.S.A. Fentichlor and bithionol only bound weakly to site 1 and site 

2 which suggests they are minor rather than major sites. This may suggest the presence 
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of another major site or the presence of several minor sites as seen with 

photo binding. 40 There is a need for a different method of analysing the binding data, 

which does not make the assumption that the binding sites are independent and 

identical. 

4.2. Photochemistry of H.S.A. 

The photochemistry of the H.S.A. was measured in pH 7.4 buffer. The ground state 

absorption spectrum ofH.S.A. shows I peak with a Amax at 280 nm. On the addition of 

H.S.A. to the photoallergens the resulting absorption spectrum was due to the sum of 

the two compounds. 
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Figure 4.8: Ground state absorption spectrum ofH.S.A. in pH 7.4 buffer. 

The fluorescence spectrum ofH.S.A. showed I peak with a A..u,, at 345 nm when 

exciting the tryptophan residue at 295 run. 
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Figure 4.9: Emission spectrum ofH.S.A. at room temperature exciting at 295 nm with 
excitation slits = 1 mm, and emission slits = 2 mm. 

There was no transient absorption detectable after laser excitation at 355 nm or 266 

run, at any of the experimental parameters used in this thesis: 
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Chapter 5 
Results and Discussion 



5. Results and discussion 

The purpose of this thesis was to find the definition of a photoallergen. In the previous 

studies of photoallergens a single compound has been studied by a variety of methods 

including E.S.R., laser flash photolysis and by in vivo methods. In each case the 

photochemistry observed has been assumed to be the cause of the photoallergy as with 

T4CS81
"
87

, or not, as with chlorpromazine and promazine. 104-no These reports have not 

attempted to find what actually constitutes a photoallergen. This thesis sets out to 

investigate the photochemistry of 8 separate photoallergens to try and find a 

connection between all the photoallergens and therefore find what constitutes a 

photoallergen. This should allow photoallergens to be identified without the need for 

animal tests. 

This chapter is concerned with the determination of the photochemistry of these 

compounds and the discussion of their photochemistry as individual compounds. The 

comparison of the photochemistry and any connections made with photoallergy are 

made in the last chapter. The photochemistry of the photoallergens were measured in 

three different situations. The basic photochemistry was carried out in solution. 

Various different solvents were used in order to understand the full photochemistry of 

the compounds, as the photochemical properties of the compounds sometimes varied 

with solvent. The main solvent used was either water or~ 10"/o (v/v) ethanol in water 

as it was assumed that the photoallergy reaction would be occurring in aqueous 

solutions in the body. 

Once the basic photochemistry of these compounds had been established, these results 

were compared with the photochemistry of the compounds adsorbed onto cellulose. 

These experiments were carried out to investigate any differences in the 

photochemistry seen due to adsorption onto surfaces. The cellulose ground state 

experiments were recorded against barium sulfate. However it was found that barium 

sulfate showed some deviation from 100% reflectance below 300 nm. There were also 

problems with emission from both the photoallergens and the cellulose below 300 nm 

causing the intensity of the ground state spectra to be lower than expected at 

wavelengths below 300 nm. 
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The final experiments carried out were in aqueous solutions with the addition of 

H.S.A. to investigate the effect the presence of a protein had on the photochemistry of 

the photoallergens. This was considered necessary as it has been shown from in vivo 

studies that the photoallergens bind, either covalently or non covalently, to the proteins 

in the skin before causing a photo allergic reaction. 46
'
55 The measurement of the 

phosphorescence at 77 Kin aqueous solutions meant the glass formed was very 

cracked and therefore the results were not as accurate as would be liked. The quantum 

yields measured in the presence ofH.S.A. showed the maximum change in the 

quantum yields obtainable with H.S.A .. 

5.1. Bithionol and Fentichlor 

Fentichlor and bithionol are structurally related compounds as shown in section 2.2.1 

and would therefore be expected to have a similar photochemistry. Fentichlor and 

bithionol are only soluble in aqueous solution above pH 8 but they are soluble in most 

organic solvents. The solvent chosen for these studies therefore, was an ethanol water 

mixture usually consisting of 10% ethanol to 90% water. 

5.1.1. Ground state absorption spectra 

Ground state absorption spectra for fentichlor and bithionol in ethanol are shown in 

figures 5 .I. 

The Amax which is due to a 1t~1t* transition was located at 305 nm in both bithionol 

and fentichlor. The ground state absorption spectra were taken for these compounds in 

toluene, propanol and acetonitrile and little difference was found in the position of the 

Amax between the different solvents. The molar absorption coefficient at the peak was 

calculated and found to be 6300 mor'cm-1dm3 ± 200 mor'cm-1dm3 for bithionol in 

10% ethanol and 90% water at pH 7.4 and 6000 mor'cm-1dm3 ± 250 mor1cm-1dm3 for 

fentichlor in ethanol and water at pH 7.4. As explained later the spectra ofbithionol 

and fentichlor are very sensitive to pH changes and therefore these values for the 

extinction coefficient will vary with pH-
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Figure 5.1 : Ground state absorption spectra of 8.2x1 o·5 M fentichlor in ethanol and 
l. Ox 104 M bithiono I in ethano I. 

The ground state absorption spectra ofbithionol and fentichlor are known to change 

with changing pH5
9-<i

1 in 95 %ethanol solutions this effect is shown in figures 5.2 and 

5.3. The increase in the pH leads to a red shift in the position of the Amax· This is due to 

the deprotonation of the hydroxyl groups. 

R 
pKa,h 

Cl Cl 

Where R = Cl or H. 
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Figure 5.2: Ground state absorption spectra ofbithionol, l.Oxl0-4 M, at various pH's 
in 10% ethanol90% water solution 
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Figure 5.3: Ground state absorption spectra offentichlor 9.9x10"5 M at various pH's in 
10% ethanol90% water solution. 
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The peak at 330 run for bithionol and at 324 run for fentichlor are due to the non 

protonated form of the compounds and have molar absorption coefficients of9300 

mor'cm"1dm3 ± 525 mor1cm"1dm3 for fentichlor and 10000 mo1"1cm"1dm3 ± 650 mor 
1cm"1dm3 for bithionol at pH 11.4. These values are very similar to the values of8000 

and 13000 for fentichlor and bithionol respectively at pH 9 found by Chignell et al.60 

The peaks at 305 run for fentichlor and bithionol are for the protonated forms of the 

compound. 

There are two sets of isosbestic points in the spectra which show that there are three 

protonation states involved in this reaction and therefore there are two pKa's. There 

were no more changes seen even though the ground state absorption spectra were 

measured down to pH 1. This result does not agree with Chignell et al60 who claim that 

there is only one isosbestic point present at these pH's and therefore there is only one 

protonation reaction occurring. They believe the two species involved are the partially 

.protonated form and the deprotonated form. However it does not seem likely that this 

compound would be in the partially protonated form at pH's as low as pH 1 rather 

than the fuJiy protonated form. Inspection of the spectra presented in this pap~ also 

show imperfect isosbestic points which may indicate the presence of two isosbestics 

very close together which would agree with this work where two of the isosbestic 

points were very close together at 314 run and 315 run for fentichlor and 312 run and 

313 run for bithionol. The loss of one hydrogen occurs over a very small range of pH's 

and the second hydrogen is lost very quickly after the first. 

An accurate value for the pKa cannot be found due to the isosbestic points on the 

absorption spectra being very close together and also due to the presence of ethanol in 

the solvent causing slight inaccuracies in the measurement of the pH values. An 

estimate of the pKa's was made for both compounds and it was found that pKa1 was 8 

and 7 and pKa2 was 8.5 and 8 for fentichlor and bithionol respectively. These values 

are close to the pKa value of9.4 found for the same protonation reaction with 4-

chlorophenol by Brown et al. 152 
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The ground state diJfuse reflectance (Kubelka Munk) spectra were measured for 

bithionol and fentichlor adsorbed onto cellulose. The spectra were found to be very 

similar to the ground state absorption spectra of these compounds in polar solvents 

shown in figure 5.4, which are due to the protonated form of the sample. 
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Figure 5.4: Ground state diJfuse reflectance (Kubelka Munk) spectrum of 5 mg/g 
fentichlor and 12 mg/g bithionol 

The Amax occurs at 305 nm for bithionol and 300 nm for fentichlor compared to 305 nm 

for both compounds in ethanol. The peaks are broader when adsorbed onto cellulose 

than in solution due to the inhomogeneity of the cellulose. There is a change in the 

ratio of the peaks with adsorption of the compounds onto cellulose. This effect causes 

the adsorption at higher wavelengths to be greater than the adsorption at lower 

wavelengths probably due to the emission from bithionol and fentichlor as explained 

earlier. 
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5.1.2. Emission spectroscopy 

5.1.2.1. Fluorescence 

These compounds were found to be only weakly fluorescent when excited at 314 mn. 

They show a A.... at 400 mn for bithionol and 430 mn for fentichlor at pH 7.4 in 

ethanol and water as shown in figure 5.5. 
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Figure 5.5: Emission spectra of 4.lx1 o-s M bithionol and 3 .02xl0"5 M fentichlor in 
1 00/o ethanol solution exciting at 314 mn with excitation slits = 1 mm and 
emission slits = 2 mm .. 

The position of the emission was found to be independent of the exciting wavelength. 

The energy of the lowest excited singlet state could be calculated from the midway 

position between the A,.,. of the fluorescence and ground state absorption as described 

in chapter 3 and was found to be 326 kJmor1 ± 4 kJmor1 for fentichlor and 339 kJmor 
1 ± 5 kJmor1 for bithionol. The fluorescence spectra were recorded with and without 

the presence of oxygen and were found not to be affected by the presence of oxygen 

and therefore the fluorescence measurements could be carried out in aerated solutions. 

This suggests the lifetime of the fluorescence was too short to be quenched by 

molecular oxygen. The lifetime however, can not be found experimentally in our 

laboratory due to the low quantum yield of the fluorescence, but an estimate of the 
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radiative lifetime, using the method described in chapter 3, is -1. 6x I o-s s. The quantum 

yield could not be measured accurately but was taken to be approximately Ixi0-4 and 

from this the real fluorescence lifetime was calculated to be -1.6x10-12s. The excitation 

spectrum was found to be the same as the ground state for both compounds showing 

there were no other impurities present. 

The fluorescent emission spectra for both compounds were measured at different pH's 

exciting at 314 nm, which was the isosbestic point of the ground state absorption 

spectra with changing pH This exciting wavelength was chosen so the absorbances of 

all the compounds would be the same value for the same concentration of the 

compounds. The fluorescence spectra show a red shift with increasing pH which is the 

same effect as seen with the ground state absorption spectra which is the same as the 

red shift of the fluorescence with increasing pH seen with 4-chloropheno1. 152 However 

the fluorescence spectra ofbithionol and fentichlor are very weak and noisy so no 

further information about the protonation reactions of the excited states was gained 

from these spectra. This would suggest the excited singlet state exists in all the same 

protonated forms seen in the ground state. This agrees with the results found for 4-

chlorophenol where the excited state pKa was found from the fluorescence spectra to 

be 9.4 which is identical with the ground state pKa. 152 

The emission spectra of fentichlor and bithionol adsorbed onto cellulose was very 

weak but showed 1 peak with a A,... at 360 nm for both compounds. This emission is 

at a lower wavelength than in solution at pH 7.4 as shown in figure 5.6 but is the same 

as seen in alcoholic solutions which is probably due to the compounds being initially 

dissolved in alcohol. 
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protonated forms seen in the ground state. This agrees with the results found for 4-
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weak but showed 1 peak with a A.max at 360 nm for both compounds. This emission is 

at a lower wavelength than in solution at pH 7.4 as shown in figure 5.6 but is the same 

as seen in alcoholic solutions which is probably due to the compounds being initially 

dissolved in alcohol. 
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Figure 5.6: Emission spectra of 12 mg/g bithionol and 5 mg/g fentichlor absorbed onto 

cellulose, Slit widths Ex = 1 mm, Em= 2 mm. 

The addition ofH.S.A. to solutions ofbithionol and fentichlor greatly enhanced the 

fluorescence and caused a red shift in the fluorescence as shown in figures 5. 7 for 

bithionol with and without H.S.A. This enhancement of the fluorescence is quite often 

used to study the dark binding of a compound to H.S.A., as seen in chapter 4 as the 

H.S.A.-photoallergen complex is found to be far more fluorescent than the 

photoallergen alone. There are several possible explanations for the increase observed 

in the fluorescence. 
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Figure 5. 7: Emission spectra ofbithionol with and without 5.0xl o-6 M H.S.A. exciting 

at 314 nm with excitation slits= 0.75, emission slits= 1.5 mm in pH 7.4 

buffer. 

Other research has suggested that the quenching seen in the tryptophan residue 

fluorescence on addition of compounds to be bound is due to radiative energy 

transfer.150 However energy transfer cannot be used to explain the reverse reaction as 

the ground state absorption spectra ofbithionol and fentichlor do not overlap the 

fluorescence emission spectrum ofH.S.A. and the enhancement ofbithionol and 

fentichlor is seen even when the excitation wavelength is in a position where the 

H.S.A. does not absorb. Another explanation for the increase in the fluorescence could 

be that the binding of the bithionol and fentichlor to the H.S.A. forms a complex which 

decreases the competing nonradiative transitions from the excited singlet state or the 

dissociative decay of the excited singlet state. 
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5.1.2.2. Phosphorescence 

Bithionol and fentichlor showed no phosphorescence at room temperature which was 

probably due to the phosphorescence having a long radiative lifetime and therefore 

being quenched in solution as explained in chapter I. The samples were therefore 

cooled to 77 K to form an organic glass of 3:7 2-propanol:isopentane.1s3 The samples 

were excited at 310 nm and showed a very broad and structureless emission spreading 

form 350 nm to 550 nm. 
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Figure 5.8:Emission spectra ofbithionol and fentichlor in 7:3 isopent~e:2-propanol at 
77K exciting at 310 nm with emission slits= 0.3 mm, excitation slits= 
0.15 mm. 

The A....x for the phosphorescent emission was found to be 445 nm for fentichlor and 

450 nm for bithionol as shown in figure 5. 8. The difference in the wavelength being 

attributed to the red shift due to the extra chlorines on the bithionol. The lower limit of 

the lowest excited triplet state energies could be calculated from the position of the 

)...,.. of phosphorescence as described in chapter 3 and was found to be~ 268 kJmor1 ± 

3 kJmor1 and for bithionol to be~ 265 kJmor1 ± 3 kJmor1
. The separation between 

the lowest excited triplet state and the lowest excited singlet state was found to be ~ 

57 kJmor1 ± 7 kJmor1 for fentichlor and ~ 73 kJmor1 ± 8 kJmor1 for bithionol. The 
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quantum yields were measured against benzophenone whose quantum yield is known 

to be 0.84 in non polar solvents, 154 and they were found to be 0.56 for fentichlor and 

0.34 for bithionol. The phosphorescence quantum yield offentichlor is a lot higher than 

that ofbithionol which is unexpected as the bithionol has more chlorine atoms than the 

fentichlor. It would therefore be expected that the bithionol would have a greater rate 

ofintersystem crossing than the fentichlor due to the heavy atom effect, thereby 

increasing the phosphorescence. However chlorine is not a very heavy atom and the 

rate of intersystem crossing is already large, which is seen by the large phosphorescent 

quantum yields, and therefore the presence of2 extra chlorines may have very little 

effect on the rate of intersystem crossing. 

The phosphorescent lifetimes were measured using the HY laser in emission only mode 

exciting at 266 nm and were found to be 6.3 ms ± 0.25 ms for bithionol and 8.8 ms ± 

0.08 ms for fentichlor. 

The energy gap may suggest that the transition from the singlet to the triplet state is a 

n~n* transition, however the low ~F and high ~P together with the millisecond lifetime 

of the phosphorescence is more typical of a 3(nn*). However with no obvious 

chromophores to support this transition. The triplet state is more likely to be a 3(l,n*) 

state probably due to the lone pairs on the sulfur. 

There was no change in the intensity or lifetime of the phosphorescence of either 

compound on the addition ofH.S.A. showing that binding to H.S.A. does not affect 

the triplet state of the molecule. This result may be considered surprising as an increase 

was observed in the fluorescent quantum yield which was assumed to be due to a 

decrease in the nonradiative transitions including the intersystem crossing. This can be 

explained where the quantum yield of fluorescence is defined in terms of the rate of 

fluorescence, rate of intersystem crossing and rate of internal conversion as shown 

below. 
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Where, ~F =Quantum yield of fluorescence ofbithionol or fentichlor alone. 

kF = Rate of fluorescence of fentichlor or bithionol alone. 

k1c =Rate of internal conversion offentichlor or bithionol alone. 

krsc =Rate ofintersystem crossing offentichlor or bithionol alone. 

If it is assumed that in solution kF << krc + krsc 

k/SC 
Then, ifi1sc = k k 

IC + ISC 

Where, ~rsc = Quantum yield of intersystem crossing. 

When the fentichlor and bithionol are complexed to H.S.A. the fluorescence increases 

therefore the non radiative transitions decrease i.e. 

k' re + k' rsc < krc + krsc 

where, k'rc =Rate of internal conversion in the presence ofH.S.A. 

k'ISc =Rate ofintersystem crossing in the presence ofH.S.A. 

If ~rsc does not vary much with complexation to H.S.A. it follows that kF< k'rc + k' rsc. 

Therefore a large change in the rate of fluorescence will only result in a small change in 

the intersystem crossing. Also the fluorescence measurements were carried out at room 

temperature whereas the phosphorescence measurements were carried out at 77 K and 

therefore these results could only be compared if the rate of internal conversion and the 

rate of intersystem crossing were independent of temperature. 

5.1.3. Nanosecond laser flash photolysis 

The samples were excited with the laser at 266 nm and 355 nm in an attempt to 

observe the transient absorption spectra for these compounds. However only a weak 

transient absorption was recorded at all wavelengths above 370 mn, following 355 mn 
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laser excitation, in both degassed and aerated solutions, which was too noisy to be 

analysed. The weak transient absorption could be due to a long lived transient (>I 0 

ms) or the formation of a product. The lack of transient absorption assignable to the 

triplet state could be due to the triplet having a very low quantum yield or the lifetime 

of the triplet being too short to be measured using our apparatus. The former could be 

overcome by sensitisation of the triplet, using a suitable triplet sensitiser. The sensitiser 

chosen was benzophenone which has a triplet energy154 of287 kJmol"1 which is higher 

than the triplet energies ofbithionol or fentichlor which were calculated from the 

phosphorescence data. These experiments were carried out in acetonitrile and the 

samples were degassed using the freeze pump thaw technique described in chapter 3 to 

ensure that the triplet state of the sensitiser or the compound would not be quenched 

by oxygen. The samples were found to show a large amount of degradation during the 

laser experiments, therefore it was necessary to shake and replace the solutions 

frequently. Following laser excitation at 355 nm of the compounds in the presence of 

benzophenone a weak transient absorption was produced with a l.....xat 375 nm for 

bithionol and 360 nm for fentichlor as shown in figures 5. 9 and 5.1 0. 
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Figure 5.9:Transient absorption spectrum of 2.54x10"3M bithionol sensitised 
by 2.0xl0"3 M benzophenone in acetonitrile exciting at 355 nm 
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In addition to the bithionol and fentichlor transient being observed at 370 nrn the 

benzophenone triplet at 530 nrn was reduced in the presence of fentichlor and 

bithionol. This confirms that the transient species observed is either a triplet or is 

formed directly from the triplet. The transient absorption spectrum does not fully 

return to the original absorption suggesting the presence of a longer lived species or 

the formation of a product. The kinetic decay traces recorded at 370 nrn were fitted to 

first order kinetics and a baseline to give lifetimes of7.0 x10'5 s ± 3xW"s and 6.5x10'5 

s ± 4xl o"'s for fentichlor and bithionol respectively. These lifetimes confirm that the 

reason the triplet species or species formed from the triplet can not be seen, is not that 

the lifetimes are too short for the instruments but that the quantum yield ofbithionol 

and fentichlor triplets are very low. The phosphorescence data however showed a high 

triplet quantum yield, at 77 K in an organic glass, which suggests that there is a singlet 

state reaction occurring in the fluid solution which reduces the triplet quantum yield. 
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5.1.4. Flash Photolysis. 

Previous work on these compounds using methods such as E.S.R. have shown the 

formation of radicals upon irradiation with light. 59
•
60

•
65

"
71

· It is these radical species 

which have been said to cause photoallergy. Excitation at the two wavelengths of the 

laser showed the presence of a weak long lived transient which could not be measured 

accurately using the laser as the excitation source. The sensitisation experiments 

showed the presence of triplet species or a species formed from the triplet but it also 

showed the presence oflonger lived species. These can be investigated over longer 

timescales and using a different excitation source. The laser was replaced with a flash 

lamp which gave a wider range of exciting wavelengths. The l cm cell used for laser 

flash photolysis was replaced with a 5 cm pathlength cylindrical cell which increased 

the area being excited. This showed the presence of a transient which was initially 

assigned as a radical species, as reported in E.S.R. studies,59
'
60

'
67

"
71

• due to the loss of 

one chlorine which is a usual reaction to form aryl radicals. 155 These results can be 

compared with those found for 4-chlorophenol by E.S.R 71
•
75 and by laser flash 

photolysis.n.156 There has been much controversy about the mechanism by which 4-

chlorophenol reacts with light. Older reports show the presence of an aryl radical 

species due to dechlorination, which tl)en reacts with the solvent to form a product 

which was identified by H.P.L.C .. 73
'
76

•
77

•
15

2.
157 More recent reports seem to favour the 

formation of a carbene by loss ofHCl which in aerated aqueous solutions reacts with 

molecular oxygen to forn1 a peroxy radical which can then go onto form products.n.156 

This would suggest that the species found from bithionol could also either be a radical 

or a carbene species. 

The transient absorption spectra were recorded in both degassed and aerated solutions. 

The intensity of the absorption change seen in degassed solution was slightly less than 

that seen in aerated solutions which suggests that oxygen must play some part in the 

formation of the product. The lifetime however showed no change with a change in 

oxygen concentration. There has been some controversy in the literature over whether 

the products formed after irradiation, detecting with E.S.R., depend on oxygen. Some 

groups have reported different products in aerated solutions to those found in 

degassed solutions59 whereas others say the difference seen in the products was due to 

the differences in the solvent used. 60
'
69

• 
70 This can be compared with 4-chlorophenol 
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where its reaction with oxygen depends on whether the transient is assigned as a 

radical or a carbene. 79
•
152 If the transient is assigned as a radical its lifetime and 

abundance is not affected by oxygen. However with the carbene model molecular 

oxygen affects the final products seen and reduces the lifetime of the carbene. 72
•
156 The 

reduction in the amount of product seen with the carbene model is due to the 

molecular oxygen in the air reacting with the carbene and therefore this model could be 

used to explain the differences seen with bithionol and fentichlor. The effect of oxygen 

on the product formation ofbithionol and fentichlor will be investigated further later. 

The transient spectra of the compounds were taken at two different pH's, pH 7.4, the 

physiological pH, and pH 11.4 , where the fully ionised form of the compound is being 

excited. The results at pH 11.4 are shown in figures 5.11 and 5.12. 
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Figure 5.11: Transient absorption spectra of 7x1 o·5M fentichlor in 10% ethanol 
90% water solution at pH 11.4 exciting with a flashlamp. 
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Figure 5.12: Transient absorption spectra of 8xl 0'5 M bithionol in 10% ethanol 
90% water solution at pH 11.4 exciting with a flashlamp. 

The transient absorption spectra for both compounds showed only 1 peak whose Amax 

are listed in table 5 

Compound pH Amaxlnm Lifetime/s 

Fentichlor 11.4 370 0.10 ± 0.02 

Fentichlor 7.4 370 0.050 ± 0.007 

Bithionol 11.4 370 0.12 ± 0.04 

Bithionol 7.4 350 0.062 ± 0.008 

Table 5 : Transient absorption data from flash photolysis expenments on bithionol and 
fentichlor at two different pH's. 

The end of trace transient decay trace at 3 70 nm for both compounds shows the 

presence of a pennanent absorption change after the decay of the transient at each pH. 

This absorption is almost certainly due to the fonnation of a product. The lifetime of 

the initial transient varied between the two pH's and was found by fitting the transient 

decay traces to first order kinetics with a baseline which gave the values listed in 
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table 5. The lifetime of the transient is affected by the pH and this may be due to the 

transient being in different protonation states. It was seen earlier in the fluorescence 

studies that the excited singlet state showed two distinct protonated forms of the 

compound. If the radical is formed from the singlet state it is highly likely that the 

radical will also be in two different protonated forms. The intensity of the absorption at 

the end of the trace is also be reduced by a drop in the pH. This effect has also been 

reported by Chignell et a! working with E.S.R.60 who suggest that the product 

distribution varies with pH. 

The transient was suspected to be a radical species due to the previous work on the 

subject using E.S.R. and the fact that the transient was not quenched in oxygen. From 

an inspection of the structures offentichlor and bithionol, the radical species most 

likely to be formed would be due to loss of the chlorine to form substituted phenyl 

radicals. Phenyl radical scavangers carbon tetrabromide158 and THF153 were mixed with 

the compound to see whether they quenched the transient absorption signal. They were 

found to quench the transient signal by reducing the lifetime of the transient linearly 

with increasing quencher concentration giving the kq values listed in table 6. This 

would suggest that the transient seen is a radical species and not a carbene as seen with 

4-chloropheno1,72
•
156 this may be due to extra stability from the sulfur and second 

phenol group. However it is not known if carbontetrabromide quenches carbenes, and 

further work would have to be done to find this out. The quenchers also reduced the 

formation of the product in the same proportion as they quenched the radical. 

Compound pH kq from CBr41'1f1s·' kq from THFM's·' 

Fentichlor 11.4 l.Sxl 05 ± 5x1 04 2.76xl03 ± 300 

Bithionol 11.4 5.4xl04 ± 9x103 1.75xl03 ± 250 

Fentichlor 7.4 2.6xl 05 ± 3xl04 6.47xl03 ± 400 

Bithionol 7.4 3.3xl05 ± 3xl04 1.34xl 04 ± 550 

Table 6: Radical quenching constants for blthionol and fent!chlor. 
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This suggests that the product is formed from the radical rather than directly from the 

triplet which corroborates the fact that the product could be seen in both aerated and 

degassed solutions. 

The transient difference spectrum ofbithionol and fentichlor adsorbed onto cellulose 

was measured and gave I peak with a A.max at 390 run for fentichlor and at 370 run for 

bithionol as shown in figure 5.13 and 5.14. The peaks are in similar positions to the 

transient species seen in solution for the radical species of fentichlor and bithionol 

respectively at pH 7.4 and the triplet species seen at 375 run and 360 run for bithionol 

and fentichlor respectively. 
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Figure 5.13: Transient difference spectrum offentichlor 5 mg/g adsorbed onto 
cellulose, exciting at 266 run. 
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Figure 5.14: Transient difference spectrum ofbithionol12 mg/g adsorbed onto 
cellulose, exciting at 266 nm 

The transients seen when bithionol and fentichlor are adsorbed onto cellulose are 

probably due to the radical species, even though the triplet absorbs in the same region, 

as the lifetime of the transient is very long. However in the case ofbithionol there are 

signs of absorption at 350 nm which could be due to the triplet species. The lifetimes 

were found by fitting the transient decay traces to first order kinetics and were found 

to be O.lls for fentichlor and 0.09 s for bithionol. These lifetimes were found to be 

higher than for fentichlor and bithionol in solution due to the greater rigidity and high 

hydrogen bonding capacity of cellulose which can protect the excited states from 

quenchers as explained in chapter 2. 

The Amax for the transient absorption was in the same place with H.S.A. present, for 

experiments using the flash lamp as the excitation source. The H.S.A. alone was not 

affected by the flash lamp therefore any changes seen in the transient absorption were 

due to the compounds or their complexes with H.S.A .. The similarity in the shape of 

the spectra shows that these transient species are the same as the transients seen in 

solution. The intensity of the end of trace absorption increased with the addition of 
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H.S.A. for fentichlor, which suggests the formation of more product. This is in 

contrast to bithionol where the intensity of the laser induced time dependent difference 

spectrum decreased on addition ofH.S.A., showing the formation ofless product. 

Both compounds showed an increased transient lifetime from 0.05 s to 0.082 s for 

bithionol and from 0.06 s to 0.085 s for fentichlor. The increased lifetime may be 

expected if the product is formed from the singlet state as there has already seen to be 

a decrease in the non radiative processes from the singlet state, shown by an increase in 

the fluorescence. The difference in the behaviour of the end of trace absorption cannot 

be so easily explained and experiments to study the products with and without H.S.A. 

need to be carried out. 

5.1.5. Singlet Oxygen 

Singlet oxygen was measured using an I.R. detector described in chapter 3 exciting 

solutions offentichlor and bithionol at 355 nm with the JK2000 laser. Singlet oxygen 

yields were measured in acetonitrile with the absorbances of the solutions all being 

about 0.5. The quantum yield of singlet oxygen production was measured relative to 

the yield for 2-acetonaphthone, whose quantum yield is known to be 0. 79, by the 

method described in section 3.7. Fentichlor produced virtually no singlet oxygen. 

Bithionol however produced enough singlet oxygen to be measured and the singlet 

oxygen quantum yield was found to be 0.03. This singlet oxygen is formed from the 

quenching of the triplet state as the singlet state i.e. fluorescence was not quenched by 

oxygen. This value is very low suggesting that this probably plays little or no part in 

the photoallergy process as there are several stronger photochemical processes 

occurring. 

5.1.6. Product analysis 

The compounds were seen to form a product when excited with the laser, these 

products needed to be identified to help define the mechanism. The compounds were 

initially degraded in front of an arc lamp with a 300 nm interference filter. The 

absorption spectra were recorded at regular time intervals until the spectra no longer 

changed. The ground state absorption spectra showed a blue shift of the A.m.x as the 

irradiation time increased at both pH 11.4 and pH 7.4 as shown in figures 5.15 and 

5.17 and 5.16 and 5.18 for fentichlor and bithionol respectively. 
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Figure 5.15: 1.2x10_. M Bithionol at pH 11.4 irradiated over time at 300 nm 
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Figure 5.16: 9.9xl0·5 M Fentichlor at pH 11.4 irradiated over time at 300 nm 
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Figure 5.17: 2.1x104 M Bithionol at pH 7.4 irradiated over time at 300 nm. 
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Figure 5.18: 1.4x104 M Fentichlor at pH 7.4 with irradiation with time at 300 nm. 
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The spectra of the products show that Amax moves to lower wavelengths which are 

given in table 7. The quantum yield of initial degradation was calculated using 

ferrioxalate actinometry as described in chapter 3 and the quantum yields were found 

to vary with pH as shown in table 7. The variation in the quantum yields with pH may 

be due to the difference in the ground state properties due to protonation of the 

compounds or to the difference in the substitution reactions of the solvent. In pH 11.4 

solutions even with ethanol present there is an excess of Olf ions which may cause 

hydroxyl ions from the water to add to the radical, whereas at pH 7.4 the radical may 

abstract a hydrogen atom from the ethanol in the solvent. 

Compound pH Product Amax cjl 

Fentichlor 11.4 310 0.458 

Fentichlor 7.4 290 0.253 

Bithionol 11.4 320 0.239 

Bithionol 7.4 295 0.253 

Table 7: Quantum yields of degradation for bithionol and fentichlor at different pH's 
and the Amax of the product. 

It has been suggested by previous workers, using TLC, that both compounds lose 

chlorines upon irradiation and that bithionol forms fentichlor59
•
62

'
64 upon irradiation by 

loss of the ortho chlorines. This could not be proven from the irradiation studies alone 

but it can be seen that there is the removal of an auxochromic group which could be 

the chlorine ion. The compounds were found to degrade less with degassed solutions 

again showing the dependence of the product formation on the presence of oxygen. 

The degradation of the fentichlor is different with the presence ofH.S.A. On 

irradiation at 300 nm the ground state absorption spectra showed a blue shift in the 

Amax , however there was little change in the amount of degradation seen. Bithionol 

showed a substantial degradation alone but with the addition ofH.S.A. the amount of 

degradation was reduced and with an excess ofH.S.A., degradation was stopped, i.e. 

reducing the formation of the product. These results agree with the laser flash 

photolysis results for the end of trace absorption but are surprising as it would be 

expected that the degradation would be affected in the same way for both compounds. 

However the difference could be due to different products being formed with the 
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presence ofH.S.A. to those formed without H.S.A. which have different molar 

absorption coefficients. This seems likely in the case of fentichlor where a shift in the 

spectra could also be seen. However it could also be due to the position of the binding 

preventing the loss of the ortho chlorines in bithionol but freely allowing the loss of 

the para chlorines in fentichlor. 

5.1. 6. I. High Performance Liquid Chromatography 

The system was set up as described in section 3.6.2. The concentrations of all the 

irradiated samples were 0.1% before irradiation. The fentichlor and bithionol non

irradiated samples were 0.025% each and were run together to show that a separation 

could be achieved between the two compounds. The peaks were seen at 14'35 mins 

for bithionol and 13 '36 mins for fentichlor which is as expected since bithionol is less 

polar than fentichlor. Samples of each compound were irradiated at 305 nm for 1.5 

hours to form the products. Although the product distribution changed with time, this 

irradiation time was chosen to show a large yield of initial photo products as well as 

some secondary photoproducts. These samples were then run through the column 

separately to obtain the chromatograrns for the products of fentichlor and bithionol. 

These chromatograrns show the presence of extra peaks compared to the non

irradiated compound. 

The irradiated bithionol shows peaks at 14'08, 13'35 and 12'39 as well as the original 

bithionol peak. Comparing these retention times with those for the standards of 

fentichlor and bithionol it is found that the peak at 13 '35 is probably due to fentichlor. 

This suggests that the peak at 14'08 would be due to loss of 1 chlorine as it is at a 

longer retention time therefore it must be less polar than fentichlor. This confirms the 

literature67
•
68 data which dictates that bithionol goes to fentichlor by systematic loss of 

the ortho chlorines upon irradiation. Also it is well documented that the ortho chlorines 

to sulfur, oxygen or phenyl groups cleave first and faster than the meta or para 

chlorines.159 The peak at 12.39 is the result of further degradation this could be better 

identified by looking at the irradiated fentichlor chromatogram which shows peaks at 

12'53, 12'19, 11 '37, 2'44 as well as the non irradiated fentichlor peak. The peaks at 

12'53 and 12'19 are probably due to the systematic loss of the para chlorines as they 
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are at shorter retention times therefore they are more polar compounds but this can 

not be confirmed by this method. 

5.1.6.2. Gas Chromatography- Mass Spectrometry 

The results obtained using HPLC are a good indication of the mechanism for bithionol 

photodegrading to fentichlor in an alcohol based solvent but they cannot identifY the 

mechanism by which fentichlor photo degrades. Therefore it was decided to use GC

MS where the products could be identified from their mass spectra. All the compounds 

concentrations were 0.1% so a comparison of amounts can be made from the peak 

areas. The bithionol was run through the GC-MS and gave a chromatogram on which 

a few minor impurities could be identified but the main peak was due to bithionol 

which was confirmed by its mass spectrum. The irradiated bithionol was run through 

the GC-MS and it gave a chromatogram which showed the presence of additional 

peaks and a reduction in the bithiono I peak. The results are listed in table 8 and the 

major products were identified as due to the loss of 1 ortho chlorine, to fentichlor, and 

to chlorophenol. 

Starting material R, ofpeaks/mins Molecular Weight Product 

Non-irradiated Bithionol 20.78 354 Bithionol 

Irradiated Bithiono1 20.78 354 Bithionol 

19.38 320 Bithionol - Cl 

18.41 286 Fentichlor 

6.31 128 p-Chloropheno1 

Non-irradiated Fentichlor 18.53 286 Fentichlor 

Irradiated Fentichlor 18.53 286 Fentichlor 

16.66 252 Fentichlor - Cl 

14.63 218 Fentichlor- 2Cl 

5.89 128 p-Chlorophenol 
. . 

Table 8: GC-MS results from rrradrnted b1thionol and fentichlor . 

A sample of non irradiated fentichlor was run through the GC-MS and was found to 

give both fentichlor and the o,p chlorine derivative which suggests the sample is not 

isomerically pure and therefore there may be products present due to both isomers. 
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The distribution between the p-p fentichlor and o-p fentichlor was lo-p :20 p-p. The 

irradiated sample offentichlor gave a chromatogram which showed peaks due to loss 

of 1 and 2 para-chlorines as well as para-chlorophenol. 

These results show the stepwise mechanism for formation of the products is probably 

as in scheme 3. 

OH OH 

Bithionol 

I 

Fentichlor 

hv -

Fentichlor 

2-Hydroxyphenyl sulphide 

Scheme 3 : Stepwise mechanism for the reaction ofbithionol with light. 

The GC-MS results also show that the sulfur bridge can be broken during irradiation to 

give para-chlorophenol but it is unknown at which stage of the mechanism this occurs. 

The flash photolysis work and the degradation studies both showed the formation of 

more product in aerated solutions than degassed solutions. Some previous studies of 

these compounds using E.S.R. have stated that the products vary with the presence of 

oxygen and in aerated solutions it would therefore be expected to see the substitution 

of an hydroxyl group rather than a hydrogen atom to form the semiquinone type 

radicals. However this GC-MS work which was carried out in aerated solutions of 

methanol which shows the presence of only hydrogen substitution causing me to agree 

with those60
•
70 who have stated that the type of products seen depends on the solvent 

used and not whether oxygen is present. The substitution of hydrogen in the above 

reactions is from the methanol which is used as the solvent, in an aqueous solvent there 
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would be the substitution of hydroxyl radicals to get different products. This is the 

same effect as seen with 4-chlorophenol as both the radical and the carbene have been 

shown to be proton sensitive, when the proton is present in high concentrations. 68
•
72 

The basic mechanism for the formation of products from bithionol and fentichlor in 

aqueous solution however, will probably be the same as seen in methanol. 

Summary of the photochemical properties of bithionol and fentichlor 

The ground state absorption spectra of these compounds show I.,.,. at 305 nm in 

ethanol which has been assigned as a 1t--)1t* transition. The ground state absorption of 

these compounds varied with pH showing a shift to the red with increasing pH This 

effect has been seen before but no attempts were made to calculate the pKa of the 

reaction or to assign the peaks to the different protonated forms of the compounds. 

Previous work has suggested that only 1 protonation reaction is occurring. 60 This work 

however, has shown that the peak seen at higher wavelengths are due to the non 

protonated form of the compounds and at the lower wavelengths are due to the fully 

protonated form of the compounds. There is no obvious spectra for the partially 

protonated form showing the loss of one hydrogen ion is followed very quickly by the 

loss of the second hydrogen ion. The adsorption ofbithionol and fentichlor onto 

cellulose did not alter the position of the ground state absorption peaks, but it did alter 

the ratio of the molar absorption coefficients of the peaks. When adsorbed onto 

cellulose these compounds showed greater absorption at longer wavelengths. 

These compounds were found to weakly fluorescence with a I.,.,. around 400 nm with 

quantum yields~ 10-4. The addition ofH.S.A. to bithionol and fentichlor in aqueous 

solutions was found to have a large effect on the singlet state seen by an increase in the 

fluorescence quantum yield. This is possibly due to a reduction in the nonradiative 

transitions from the singlet state. 
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The phosphorescence emission from these compounds at 77 K was strong with 

quantum yields of0.56 and 0.34 for fentichlor and bithionol respectively and lifetimes 

of6.3 ms and 8.8 ms for bithionol and fentichlor respectively. The triplet state was 

assigned as 3(~7t)* from the lifetime and quantum yield of the phosphorescence, due to 

the lone pairs on the sulfur. 

Transient absorption spectra showed the presence of a triplet species, or a species 

formed from the triplet, in the presence of a triplet sensitiser with lifetimes of 7. Oxl o-s 
s and 6.5xl o-s s for fentichlor and bithionol respectively. With a millisecond excitation 

source the transient absorption showed the presence of another species at the same 

wavelength with lifetimes in the 50 - 100 ms region depending on the pH. This was 

identified as a phenyl radi~ via radical quenching experiments, due to dechlorination 

of the fentichlor and bithionol. When bithionol and fentichlor were adsorbed onto 

cellulose the position of the peaks remained the same suggesting the species was the 

same as seen in solution. The lifetimes increased due to the cellulose protecting the 

excited state from quenchers as explained in chapter 2. 

Chromatographic analysis was carried out on the products of these compounds to help 

identify the mechanism of degradation. These found that the initial products were due 

to systematic loss of a chlorine, in the case ofbithionol the ortho chlorines to form 

fentichlor. Then the fentichlor lost the para chlorines to form 2-hydroxyphenylsulfide. 

The products were then formed by abstraction of a hydrogen atom from alcoholic 

solutions or a hydroxyl group in aqueous or alkaline solutions. The products were 

found to be both solvent dependent and oxygen dependent, although the mechanism by 

which oxygen affects the product is still unknown. This mechanism confirms those 

postulated by previous workers from experiments carried out using E. S.R. to identity 

the radicals involved.60
'
70 
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5.2. Tribromosalicylanilide (TBS) 

The structure ofTBS is very similar to T4CS therefore it is expected that the 

photochemistry will also be very similar. T4CS photochemistry has been studied in 

detail before56 by laser flash photolysis, gas chromatography81 and E.S.R.160 and will be 

used as a model to compare these results with. This compound would not dissolve in 

water therefore most experiments are done with a small amount of ethanol added. 

5.2.1. Ground state absorption spectra 

The ground state absorption spectrum ofTBS shows two peaks with Amax at 360 nm 

and 275 nm as shown in figure 5.19 in 10% ethanol: 90% water at pH 7.4. This was 

assigned as a 1t~1t* transition. The molar absorption coefficient ofTBS at 360 nm 

was found to be 8700 mor1dm3cm'1 ± 320 mor1dm3cm'1• 
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Figure 5.19: Ground state absorption spectra of 4x1 0'5M TBS in acetonitrile and 
ethanol:water at pH 7.4. 

The ground state absorption spectrum shows some change in the position of the Amax 

with different solvents. In protic solvents there is an absorption band at 360 nm where 

as in aprotic solvents, such as acetonitrile the absorption band is at 330 nm. This is the 
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same effect as seen with T4CS where there is a peak at 360 nm in alcohols and a peak 

at 330 nm in solvents such as acetonitrile. For this transition to be a 1t~1t* transition 

the absorption spectra ofTBS in an aprotic solvent should be red shifted in relation to 

TBS in a protic solvent. There is however another peak present when TBS is in 

acetonitrile at 375 nm which is due to the n~1t* nature of this transition. The 

absorption spectra show a difference in the position of the A....x with a change in pH as 

shown in figure 5.20. 
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Figure 5.20:Ground state absorption spectra of 4.4xl0'5 M TBS at different pH's 

The increase in the pH leads to a red shift in the position ofA....x from 320 nm to 360 

nm. The molar absorption coefficient at 320 nm was found to be 6500 mol'1dm3cm'1 ± 
200 mol'1dm3cm·'. The pKa was calculated according to the method explained in 

chapter 3 and was found to be 6.9. This is due to the deprotonation reaction below. 
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It follows from the value of the pKa that in experiments performed at pH 7.4, the 

physiological pH, the TBS will be in the non protonated form in the ground state. The 

pKa is higher than that of T4CS of5.5. 56 

The ground state diffuse reflectance (Kubelka Munk) spectrum ofTBS adsorbed on 

cellulose appears a different shape compared to the ground state absorption spectrum 

in solution as seen in figure 5.21. 
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Figure 5.21: Ground state spectra ofTBS adsorbed onto cellulose and in 10% ethanol 
90 % water solution. 
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The peak at 275 run has been reduced in intensity relative to the peak at 360 run, this 

may show that the compounds have an increased absorption oflonger wavelengths of 

light. It may also be an indication of some absorption of the light by the barium sulfate 

below 300 run as explained earlier. The peak at 275 run in solution has been red shifted 

to 310 run when adsorbed onto cellulose. 

5.2.2. Emission spectroscopy 

5.2.2.1. Fluorescence 

The solution fluorescence measurements were carried out in a 10% ethanol and water 

mixture. The Amax for fluorescence emission was seen at 440 run when exciting at 355 

run as shown in figure 5.22 which is similar to the emission maximum ofT,CS at 438 

run. The excitation spectrum was found to be the same as the ground state absorption 

spectra showing the emission to be due to the TBS alone. 
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Figure 5.22: Emission spectrum ofTBS in 10% ethanol90 % water solution with 
excitation slits= 0.2 mm and emission slits= 0.4 mm exciting at 330 run. 

The energy of the lowest excited singlet state was calculated from the mid position 

between the Amax of fluorescence and the Amax of the ground state absorption as 
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explained in chapter 3 and it was found to be 299 kJmor1 ± 5 kJmor1
. The quantum 

yield of fluorescence was calculated in ethanol using 9,10 diphenylanthracene as a 

fluorescent standard whose quantum yield is known to be 0.9 in polar solvents.161 Tills 

gave a value for the fluorescence quantum yield of0.065. The fluorescence quantum 

yield ofT4CS is 0.3456 and the difference is probably due to the internal heavy atom 

effect. The bromines ofTBS are heavier atoms than the chlorines ofT4CS therefore 

increasing the intersystem crossing to the triplet state and quenching the fluorescence. 

The fluorescence was not affected by the presence of oxygen this suggests the lifetime 

is very short. The lifetime could not be measured but the radiative lifetime was 

calculated using the method described in chapter 3 to be 1.2xl 0-ss. The estimated 

lifetime found using the quantum yield of fluorescence was 7.5xl0"10 s. The 

fluorescence ofTBS showed a red shift with decreasing pH, as shown in figure 5.23. 
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Figure 5.23: Emission spectra ofTBS with variation in the pH with excitation slits= 
0.3 mm and emission slits= 0.6 mm when exciting at 330 nm. 

Tills is as a result of the same protonation reaction which caused the change in the 

ground state absorption spectra. There however was no clear isosbestic point of these 

spectra which may be due to problems with solubility at low pH's. 
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It can then be seen that the A.,., for TBS adsorbed onto cellulose is at 480 run which is 

the same as seen in polar solvents. There is a slight broadening of the fluorescence 

peak when the TBS is adsorbed onto cellulose compared to the fluorescence observed 

in solution which is expected for compounds absorbed onto cellulose due to the 

inhomogeneity of the surface as explained in chapter 2. 
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Figure 5.24: Emission spectrum of I mg/g TBS adsorbed onto cellulose with excitation 
slits= 0.3 mm, emission slits= 0.6 mm, exciting at 360 run. 

On the addition ofH.S.A. the quantum yield decreased and the position of the peaks 

showed a slight blue shift as shown in figure 5.25. 
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Figure 5.25: Emission spectra ofTBS without and with H.S.A. exciting at 360 nm 
with excitation slits= 0.4 mm, and emission slits= 0.8 mm in 10% ethanol 
90% pH 7.4 buffer. 

The fluorescence quantum yields measured in pH 7.4 buffer were lower than measured 

in ethanol and the fluorescence quantum yields in the presence ofH.S.A. were 

measured at the maximum change in fluorescence. The decrease in the fluorescence 

quantum yield was small, changing from 0.019 without H.S.A. present to 0.014 with 

H.S.A. present. However in repeated experiments the decrease was found to always be 

present, showing a distinct difference on the addition ofH.S.A. This effect has been 

reported for many compounds including T4CS56 and is often used for measuring the 

dark binding of compounds to H.S.A. 138 The decrease in fluorescence quantum yield 

varied with concentration ofH.S.A. down to a minimum value for the fluorescence, 

where the fluorescence no longer decreased with H.S.A. concentration. This was the 

value used to measure the quantum yield in the presence ofH.S.A. Changes in the 

quantum yield in the past have been suggested to be due to radiative energy transfer, 150 

however that can not be the case here as the fluorescence spectrum ofTBS does not 

overlap the ground state absorption spectrum ofH.S.A. The most likely explanation 

for a decrease in the fluorescence intensity is due to an increase in the rates of non 
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radiative transitions from the singlet state probably by the formation of a protein-TBS 

complex. 

5.2.2.2. Phosphorescence 

The TBS showed a phosphorescence emission with a A,.,. at 460 nm in an organic 

glass of ethanol at 77 K when excited at 360 nm as shown in figure 5.26. 
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Figure 5.26: Emission spectrum ofTBS in ethanol at 77K exciting at 360 nm with 
excitation slits= 0.2 mm and emission slits= 0.4 mm. 

The phosphorescent emission was broad and structureless. The energy of the lower 

limit of the lowest excited triplet state was calculated to be 260 kJmor1 ± 4 kJmor1 

from the !..,.,. of the phosphorescence. This results in the energy gap between the 

singlet and triplet excited states being 39 kJmor1 ± 9 kJmor1
. The quantum yield of 

phosphorescence was calculated using benzophenone as a phosphorescent standard, 

whose quantum yield is known to be 0.84 in polar solvents154 and found to be 0.59 in 

polar solvents. The lifetime of the phosphorescent decay was found to be 8.8rns ± 0.1 

rns using the transient emission trace observed following excitation at 355 nm. The low 

energy gap between the singlet and triplet state together with the millisecond 
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phosphorescent lifetime and the large phosphorescence quantum yield suggest that the 

transition from the ground state to the triplet excited state is a n~1t* transition. 

However the presence of bromine atoms in this compound could contribute to a heavy 

atom effect and therefore the lowest triplet state could actually be 3(1t1t*). 

The phosphorescence intensity ofTBS was increased with the presence ofH.S.A. This 

suggests that the presence of H. S .A promotes intersystem crossing to the triplet state. 
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Figure 5.27: Emission spectra ofTBS with and without the presence of2xlO'' M 
H.S.A at 77K. exciting at 350 run with excitation slits= 0.15 mm and 
emission slits= 0.3 mm. 

This agrees with the decrease seen in the fluorescence and corroborates the theory that 

the change in the quantum yields is due to increased nonradiative transitions including 

intersystem crossing. However, the phosphorescence and fluorescence data may not be 

compared directly as the fluorescence experiments were carried out at room 

temperature whereas the phosphorescence experiments were carried out at 77 K and 

the rates of intersystem crossing and internal conversion may not be the same at both 

temperatures. The peak also showed a slight blue shift as shown in figure 5.27 this is 

the opposite of the red shift seen in many compounds when their fluorescence is 
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enhanced in the presence ofH.S.A. The lifetime of the phosphorescence also showed a 

slight increase with H.S.A. present. 

5.2.3. Laser flash photolysis 

The TBS was excited at 355 run and the transient difference spectrum was recorded. 

TBS in a degassed solution of acetonitrile showed two broad overlapping peaks as 

shown in figure 5.28 
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Figure 5.28: Transient absorption spectra of 8xl o·' M TBS in acetonitrile 
exciting at 3 55 nm. 

600 

The Amax for these peaks was found to be 440 run and 550 nm. The lifetime of the peak 

at 550 run was found to be 8.5x10.,; s ± 5x10'7 sand for the peak at 440 run to be 9.6 

xl0-6 ± 6x10'7 s. The peak at 550 run may be due to a triplet species as it is quenched 

in the presence of oxygen. The peak at 550 run was confirmed as a triplet by using a 

triplet quencher. A suitable quencher was found to be naphthalene which has a triplet 

energy162 of253 kJ/mol in nonpolar solvents which is lower than the triplet energy of 

TBS calculated from the phosphorescence data. The decay rate constant of the triplet 

species was found to increase linearly with increasing concentration of quencher as 

shown in figure 5.29 to give a kq of2.1x109 M 1s'1 ± 2x108 M 1s·1
• 
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Figure 5.29: A graph showing the quenching by naphthalene of the transient 
absorption at 550 run observed following laser excitation of 9.2xl o·5 M 
TBS in acetonitrile 

In addition to the decrease seen in the TBS transient there was also an increase in the 

naphthalene transient seen at 415 run. This confirms that the species seen at 550 run is 

due to the triplet or a species formed directly from the triplet. The peak at 440 run was 

probably also due to the triplet species due to the similarity in the lifetime with the 

species at 550 run. However in aerated solutions there was still a very weak absorption 

at 440 run suggesting the presence of another species. The presence of 2 species was 

difficult to confirm in degassed solution due to the large absorption by the triplet 

species. The species present at 440 run in aerated solutions maybe a radical species as 

it is not quenched by oxygen. With T4CS a peak was found at 460 run in 10% ethanol 

90% pH 7.4 buffer in both degassed and aerated and was identified as due to the 

radical and the triplet species therefore it is likely the peak at 440 run on TBS is also 

partly due to a radical species. The TBS peak at 440 run was investigated in more 

detail by changing the solvent to a I 0 % ethanol 90 % water solution, where it was 

found that the triplet species could no longer be observed, possibly caused by a 

reaction with the solvent. In this solvent there is only one peak present with a Amax at 

440 run as shown in figure 5.30 which is seen in both degassed and aerated solutions in 

the same amounts. The lifetime of the radical in this solvent was found to be 3.2x10'6 s. 
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Figure 4.30: Transient absorption spectrum of9.4x10-5M TBS in 10% ethanol solution 
exciting at 3 55 nrn. 

The radical is suspected to be due to the loss of the bromine atom so experiments were 

carried out using the phenyl radical quencher carbontetrabromide.158 This showed total 

quenching at high concentrations of the quencher confirming the species as being a 

phenyl radical. These laser flash photolysis results for TBS agree with the results found 

with T4CS where the peak at 660 nm was assigned as a triplet and the peak at 460 nm 

was assigned as due to the radical and triplet species. 56 The difference between the 

transients seen in the two different solvents is probably due to the difference in the 

protic/aprotic nature of the solvent. There was a residual absorption present at the end 

of the decay trace in both aerated and degassed solutions. This shows the formation of 

a product which is probably formed from the radical species as it is seen in the same 

quantities in both aerated and degassed solutions, whereas the triplet species is only 

seen in degassed solutions. This product is also seen in the same region of the 

spectrum as the radical species. The radical and the product are probably formed from 

the singlet state which is not quenched by oxygen, whereas the triplet state has been 

shown in the above experiments to be quenched by oxygen. 
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The transient difference spectrum of TB S adsorbed on cellulose was obtained using a 

laser excitation wavelength of355 nm. This spectrum again shows the presence of the 

two peaks seen in the acetonitrile solution spectrum. 
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Figure 5.31: Transient difference spectrum of1 mg!g TBS adsorbed onto cellulose, 
exciting at 355 nm. 

The two peaks have A.... at 570 nm and 470 mn, which is the same as seen for TBS in 

acetonitrile. The spectrum ofTBS on cellulose should be the same as seen in a polar 

solvents113 as shown by other work on cellulose and therefore the presence of the 

radical species should be clearly seen. The peak at 550 nm was assigned to a triplet 

species in solution and was therefore assumed to be the same when TBS was adsorbed 

onto cellulose. This transient was fitted to first order kinetics to give a lifetime of 

1.62x10-4 s which is longer than the value of8.85x10"" s seen in solution. The second 

peak at 470 nm has been shown in solution to be a phenyl radical species in polar 

solvents. The lifetime of the species at 470 nm was found to be 1.82 xl0-4 s which is 

the same lifetime as seen at 570 nm which would 5uggest that the species at 470 nm on 

cellulose is due to the triplet species agreeing with the results obtained in acetonitrile. 
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However some radical species may still be present absorbing at this wavelength as it 

was seen in solution when the triplet species was not there to mask it. 

In an aqueous solution at pH 7.4 the only transient seen is the radical at 460 nm which 

has been assigned as a substituted phenyl radical. On the addition ofH.S.A to TBS the 

intensity of this radical species decreases. These results provide more evidence for 

increased intersystem crossing to the triplet state on the addition ofH.S.A .. This 

agrees with the fluorescence and phosphorescence data, assuming the radical species is 

formed from the singlet state of the compound. There is a slight decrease in the lifetime 

from 1.3xiO"' s ±6x10"7 s without H.S.A present to 8.0xl0-6s±3x10"7 s withH.S.A. 

present. There is still no sign of the triplet species in this solvent even with increased 

nonradiative transitions from the singlet state including intersystem crossing to the 

triplet state. 

5.2.4. Singlet oxygen 

Singlet oxygen was detected from a solution ofTBS in acetonitrile after excitation at 

355 nm. The quantum yield was found to be 0.04 when measured compared to 2-

acetonaphthone whose quantum yield is known to be 0.79 in acetonitrile by the method 

described in chapter 3. This value shows that the triplet quantum yield must have a 

value of at least 0.04. This is because the singlet oxygen must be formed from the 

triplet state alone as the fluorescence was shown earlier not to be quenched by oxygen. 

This is a low value therefore it is likely that the production of singlet oxygen does not 

play a major role in the photoallergy process. 

The quantum yield of singlet oxygen production was reduced in 020 in the presence of 

H.S.A. This cannot be explained by the increased intersystem crossing as an increased 

triplet quantum yield should increase the singlet oxygen quantum yield. Therefore this 

effect is probably due to the H.S.A. protecting the triplet species from molecular 

oxygen, which is similar to the effect seen by adsorbing these compounds onto 

cellulose, therefore preventing the formation of singlet oxygen. The singlet oxygen was 

measured in 020 as the signal from water would be too quick to measure. The lifetime 

is markedly shorter and the quantum yield smaller in water than in acetonitrile which is 
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expected as the oxygen concentration in water is a factor of ten less than in acetonitrile 

and the triplet decay was not detected in water. 

5.2.5. Photodegradation 

The laser transient decay traces showed the formation of long lived species. A 

comparison made of the ground state absorption spectrum before and after laser 

flashing shows a permanent difference in the spectrum. This was investigated further 

by placing the TBS in front of an arc lamp using a 350 nm interference filter. The 

quantum yield of initial degradation, assuming there was no absorption of the product 

at the analysing wavelength of380 run, was found using the method described in 

chapter 3 to be 0.12 which shows there is a large amount of degradation ofTBS. The 

ground state absorption spectra show a decrease in the absorption at 360 nm and 275 

nm as shown in figure 5.32. There is however an increase in the absorption at 325 nm. 

There was no difference seen in the degradation between aerated and degassed 

solutions. 
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Figure 5.32: 1.5x104 M TBS at pH 7.4 with irradiation over time at 350 nm. 
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Irradiation moves the position of the peak at 360 nm to 340 nm. This blue shift is 

probably due to the stepwise loss of the bromine ions which would agree with the 

E.S.R work carried out by others81
'
87 showing the systematic loss of3, 5,4' bromines 

from TBS and their being substituted with a hydrogen from the solvent as seen with 

T4CS when studied by gas chromatography.81 This substitution has not been shown to 

be dependent on solvent from this or previous work on either TBS or T4CS by 

E.S.R.,81..s6 however the work carried out on bithionol and fentichlor showed some 

solvent dependence and it is therefore possible that the TBS radical may abstract 

different groups from different solvents in the same manner. The effect of solvents on 

TBS would need further investigation using methods such as HPLC and GC-MS. 

Irradiation ofTBS in the presence ofHS.A was found to give considerably less 

degradation than without HS.A present and with an excess ofH.S.A present it was 

found to be almost non existent. This may suggest that the product is from the singlet 

state as this was found to decrease as shown by the fluorescence data. 

Summary of the photochemical properties of TBS 

TBS has been shown here to have a very similar photochemistry to T 4CS which has 

been studied previously. 56 The ground state absorption spectra showed a peak at 360 

nm in water which was assigned as a 7t47t* transition. In acetonitrile a peak was also 

seen at 380 nm which was assigned as an n~7t* transition. The gi'oood state 

absorption ofTBS varied with pH showing a pKa of 6.9 which is higher than the value 

obtained for T4CS of5.5s6
• The ground state spectra ofTBS adsorbed onto cellulose 

was the same as that seen in polar solutions except for a greater relative absorption at 

longer wavelengths. 

TBS has shown a fluorescence emission with a quantum yield of0.065 which was 

lower than the 0.34 found with T4CSs6 due to the bromine atoms on the TBS 

increasing the intersystem crossing to the triplet state. The phosphorescence emission 

at 77 K gave a quantum yield of0.59 and a phosphorescent lifetime of8.8 ms. The 

triplet state was assigned as a 3(n7t*) state due to the small energy gap between the 

excited singlet and triplet state and the millisecond lifetime of the phosphorescence. 
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However the bromine atoms could contribute to a heavy atom effect and this transition 

could therefore be a 1t~1t* transition. The addition ofH.S.A. to the aqueous solution 

ofTBS showed an increase in the intensity of the triplet state and a decrease in the 

fluorescence intensity from the singlet state. 

Laser flash photolysis studies have shown that in acetonitrile there are two peaks 

present at 550 nm and 440 nm which were both assigned as the triplet species by triplet 

quenching experiments with naphthalene. However in aerated solutions it was found 

that a fraction of the peak at 440 nm was still present. This showed the possible 

presence of a radical species at 440 nm underlying the triplet species. This radical was 

investigated further by changing the solvent to 10 % ethanol: 90 % water where the 

triplet was no longer observed and it was found that in this environment the radical 

was the only species present and had a lifetime of3.2x10-6 s. The radical was identified 

as a phenyl radical due to the loss of a bromine, using carbontetrabromide as a phenyl 

radical quencher. This agrees with the photochemistry found for T4CS56 where a triplet 

species was found to give an absorption change at 660 nm and 460 nm and the radical 

was found to absorb at 460 nm which was due to the loss of the 3 chlorine from the 

phenyl ring. 8I-8s 

On cellulose only the triplet species ofTBS was observed in the same place as in 

solution but it was found to have a longer lifetime than seen in solution. The addition 

ofH.S.A. in aqueous solutions was found to decrease the lifetime of the radical and the 

amount of radical seen. This would agree with the data found for the changes seen in 

the fluorescence and phosphorescence on adding H.S.A. if the radical were formed 

from the singlet state. It seems likely that the radical is formed from the singlet state as 

it is not quenched by oxygen whereas the triplet state has been shown that it is 

quenched by oxygen. 

Singlet oxygen production showed a low quantum yield of 0.04 in D20 which would 

suggest that it is not the main pathway for photo allergy to occur in this compound. 

However this does tell us that the quantum yield of the triplet species is at least 0.04, 
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as the singlet oxygen must come from the triplet species as the fluorescence is not 

quenched by oxygen. 

The degradation studies carried out on TBS showed the formation of a product or 

several products. Work carried out by others using E.S.R 81
'
87 have shown that 

bromines are lost step wise from the 3,5, 4' positions with increasing amounts of 

radiation. The products are then formed from the radicals by hydrogen abstraction 

from the solvent. 

5.3. 6-Methylcoumarin 

Coumarins have been studied in detail before91 but very little work has been carried out 

on 6-methylcoumarin. 6-methylcoumarin has been shown to be a photoallergic 

compound whereas coumarin shows no photoallergic capability. Photobiological 

studies have shown89 that a substitution of an alkoxy or methyl group on the 6 or 7 

position on the benzopyran ring will confer photoallergic capability. 88
•
89 

5.3.1. Ground state absorption spectra 

The ground state absorption spectra of 6-methylcoumarin was recorded in ethanol as 

shown in figure 5.33. 
./ 

The position of the absorption maximum, which is due to a 1t~1t* transition, is at 320 

nm. 62 Although it has been predicted by Beck er et al91 that a n--+1t* transition should 

occur due to the lone pair on the oxygen of the carbonyl it could not be found at any 

concentration in the present work or by Becker et al. 91 
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Figure 5.33: Ground state absorption spectra of2.lxl04 M 6-methylcournarin in 
ethanol. 

The molar absorption coefficient measured at 320 run in ethanol was found to be 4700 

dm3mo1"1cm·' ± 250 dm3mo1"1cm·'. The molar absorption coefficient was measured in 

different solvents and was found to increase with increasing polarity as shown in table 

9. 

Solvent Molar absorption coefficient/dm3mol"1cm·' 

Acetonitrile 4300±200 

Propanol 4700±200 

water 5000±200 
. Table 9 : Molar absorption coefficients of 6-methylcournarm at 320 run m 

different so !vents 

The ground state diffuse reflectance (Kubelka Munk) spectrum of 6-methylcournarin 

adsorbed onto cellulose showed peaks at 325 run and 280 run showing a slight red shift 

from those observed in ethanol. The size of the peaks relative to each other has 

changed, as shown in figure 5.34. 
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Figure 5.34: Ground state spectra of 6-methylcournarin adsorbed onto cellulose 
and in ethanol. 

The peak at 324 run has become the larger of the two peaks in cellulose compared to 

6-methylcournarin in ethanol where the 275 run peak is the larger peak due to 

fluorescence by the sample as explained earlier. The broadening of both peaks when 6-

methylcournarin is adsorbed onto cellulose causes the peaks to show an increased 

overlap and less peak definition. This is caused by the inhomogeneity of the cellulose 

which results in varying adsorption sites. 

5.3.2. Emission Spectroscopy. 

5.3.2.1. Fluorescence 

6-methyl coumarin is found to fluoresce when excited at 340 run giving rise to I peak 

with a l..max at 405 run, as shown in figure 5.35, which is not the same as the literature 

value of 370 run inl,4 dioxane.91 
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Figure 5.35: Emission spectrum of6-methylcournarin in ethanol exciting at 320 nm 
with excitation slits= 0.5 mm and emission slits= 1 mm. 

The energy of the lowest excited singlet state can be calculated from the A.... of 

fluorescence and the A.... of the ground state absorption and was found using the 

method described in chapter 3 to be 331 kJmol"1 ± 5 kJmol"1
• The fluorescence was not 

affected by the presence of oxygen which suggests the singlet excited state is not 

quenched by oxygen and that the fluorescence lifetime must therefore be very short. 

The quantum yield of fluorescence of6-methylcournarin was found by comparison 

with anthracene whose quantum yield is known to be 0.29 in ethanol. 163 This gave a 

quantum yield of0.013 for 6-methylcournarin in ethanol. This is a lot greater than the 

value of 104 found by other groups for coumarin, 164
'
165 the difference therefore being 

due to the presence of the electron donating effect of the methyl group in 6-methyl 

coumarin. The fluorescence of 6-methylcournarin was too fast for the lifetime to be 

measured directly, however the radiative lifetime was calculated using the method 

described in chapter 3 to be 4.lxlO..s s. The estimated lifetime of the fluorescence 

found using the measured quantum yield was 5.2 xl0'10 s. The excitation spectra was 
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the same as the ground state absorption spectra showing no impurities were present to 

effect the fluorescence emission. 

The emission spectrum was unchanged when adsorbed onto cellulose compared to the 

fluorescence spectrum seen in solution. There is 1 peak with a A.max at 400 nm which is 

close to the value of 405 nm seen in solution. 
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Figure 5.36: Emission spectrum of 6-methylcoumarin 2 .. 3 mg/g adsorbed onto 
cellulose with excitation 0.3 mm, emission slits 0.6 mm. 

The fluorescence in the presence ofH.S.A. also had a A.max at 406 nm showing this 

spectrum is due to the same species, but the fluorescence intensity was reduced by the 

presence ofH.S.A. as shown in figure 5.37 
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Figure 5.37: Emission spectra of 6-methylcournarin with and without 2x10·6 M H.S.A. 
exciting at 330 run with excitation slits= 0.4 mm and 
emission slits = 0.8 mm. 

The amount of quenching was measured down to a maximum at which the addition of 

H.S.A. had no more affect on the fluorescence and the amount of quenching could not 

be attributed to H.S.A. absorption at 330 run. The quenching of the fluorescence with 

addition ofH.S.A. is the same effect as seen with TBS and again the quenching of the 

singlet state can not be explained by an energy transfer mechanism. As with TBS the 

decrease in the fluorescence is probably due to an increase in the rate of the 

nonradiative transitions from the singlet state. This may be caused by the formation of 

a protein-6-methylcournarin complex on binding and the position in which the 

photoallergen binds. 

5.3.2.2. Phosphorescence 

The phosphorescence of 6-methylcoumarin was found to be a structured emission over 

the range 450 run to 600 run with the main peaks at 460 run and 500 run in 7:3 

isopentane:2-propanol at 77K as seen in figure 5.38. 
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Figure 5.38:Emission spectrum of6-methylcoumarin in 7:3 isopentane: 2-propanol at 
77 K exciting at 320 nm with excitation slits= 0.3 mm and emission slits= 
0.6mm 

The peak seen at 460 nm was due to the 0-0 vibronic transition and this was used to 

calculate the triplet energy for 6-methylcoumarin as being 260.1 kJmor1 ± 4 kJmor1
• 

This is almost the same as the triplet energy of 258 kJmor1 for coumarin91 suggesting 

the presence of the methyl group has very little effect on the triplet state energy. The 

separation between the excited singlet and triplet states was therefore found to be 3 9 

kJmor1 ± 9 kJmor1
• There was also an emission seen at 400 nm which was assigned to 

the fluorescence as it occurs at the same wavelength as the fluorescence seen at room 

temperature. This means thltt the intersystem crossing quantum yield must be low for 

this molecule. An external heavy atom quencher was added to try and promote the 

intersystem crossing, by quenching the fluorescence and increasing the 

phosphorescence. The heavy atom containing compound chosen was potassium 

iodide166
, this was added in increasing quantities to see the effect on the fluorescence 

and the phosphorescence as shown in figure 5.39 
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Figure 5.39: Emission spectra of6-methylcoumarin in 7:3 isopentane:2-propanol at 
77K with different concentrations of potassium iodide with excitation slits 
= 0.3 mm and emission slits= 0.6 mm exciting at 320 run. 

The fluorescence was quenched by the iodide ion at high iodide concentrations the 

fluorescence disappeared totally. The phosphorescence, however was also reduced by 

increasing iodide concentrations. This could be due to competition from radiationless 

processes from the excited triplet state. The same effect was seen by using iodine in 

ethanol as the quencher. 167 The quantum yield of the phosphorescence was calculated 

compared to benzophenone whose phosphorescence quantum yield is known to be154 

0.84 and was found to be 0.075 which is slightly higher than 0.066 quoted by other 

groups91 and very similar to 0.055 found for coumarin.91 The lifetime of the 6-

methylcoumarin phosphorescence was calculated using the HY laser in emission only 

mode to be 0.10 s ± 0.02 s by fitting the emission decay trace at 460 run to first order 

kinetics at 77K in 7:3 isopentane:2-propanol. The long phosphorescent lifetime 

suggests the to triplet state was a 3(1t,1t*) state. 
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The 6-methylcoumarin showed an increase in the phosphorescence intensity in the 

presence ofH.S.A. compared to the phosphorescence seen without H.S.A.. as shown 

in figure 5.40. 
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Figure 5.40: Emission spectra of6-methylcoumarin with and without lxl0-6 M H.S.A. 
at 77K exciting at 355 nm, with excitation slits= 0.5 mm, emission slits= 
I mm. 

The lifetime in the presence ofH.S.A was longer than without H.S.A. increasing to 0.3 

s from O.lls. These results confirm the theory that the H.S.A. increases the 

nonradiative transitions from the singlet state by forming a complex with the 6-

methylcoumarin. In this case H.S.A. appears to be promoting intersystem crossing 

from the singlet to the triplet state causing the fluorescence to decrease and the 

phosphorescence to increase. However the fluorescence and phosphorescence can not 

be compared directly as the temperatures at which the experiments were carried out 

were different and the rates of the nonradiative transitions may vary with temperature. 

5.3.3. Laser flash Photolysis 

Degassed and aerated solutions of 6-methylcoumarin were flashed at 355 nm and 266 

nm in an attempt to see the transient reported by others. A variety of concentrations of 
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6-methylcoumarin, solvents, both polar and nonpolar and laser energies were used but 

no transients were observed. The triplet-triplet absorption has been observed by other 

research groups91 and found to have a A.,.. at 420 nm and a lifetime of2.3 ItS in 

methanol, but the triplet quantum yield was found to be only 0.04 in benzene which is 

very similar to coumarin where the triplet species is seen at 400 nm with a lifetime of 

3.8 ItS in nonpolar solvents and a quantum yield of 0.054.168 The low quantum yield of 

6-methylcoumarin suggests the lack of transient could be due to a lower laser energy 

or a less sensitive detector than used by other groups. It was therefore decided to use a 

triplet sensitiser. A suitable sensitiser was found to be benzophenone169
•
170 which was 

known to have a triplet energy of287 kJmor' in nonpolar solvents154 which is higher 

than the triplet energy of 6-methylcoumarin whose triplet energy is 260 kJmor' found 

from phosphorescence data. This produced a spectrum for 6methylcoumarin with a 

A.,.. at 430 nm as shown in figure 5.41. 
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Figure 5.41: Transient absorption spectra of2.8xl04 M 6-methylcoumarin sensitised 
with 4.3xl0'3 M benzophenone in acetonitrile exciting at 355 nm. 

It is known that although the benzophenone triplet171 has an absorption with a A.,.. at 

530 nm there is also some absorption at 430 nm. It was therefore necessary to use a 

concentration of 6-methylcoumarin where the benzophenone triplet could no longer be 

seen to interfere at 430 nm. There was also a decrease in the benzophenone transient at 
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530 nm allowing the position where the benzophenone triplet was fully quenched to be 

detected. This decrease in the benzophenone triplet lifetime also confirmed that the 

species being detected from excitation of 6-methylcoumarin was due to a triplet 

species or formed from it. The lifetime of the transient of 6-methylcoumarin was found 

from first order kinetic fitting of the transient decay trace at 430 nm to be 2.6 JlS ± 0.5 

JlS. This confirms that the reason the transient could not be seen was not a short triplet 

lifetime but the low quantum yield of the triplet. The transient decay trace returns to 

the original absorption showing no long lived species are being detected using laser 

flash photolysis. 

When 6-methylcoumarin was adsorbed onto cellulose a transient was seen with a A..n.x 

at 420 nm as shown in figure 5.42. This value agrees with literature values for Amax in 

solution91 and values obtained by sensitisation experiments in solution, which gave 

values for Amax of 420 nm and 430 nm respectively. 
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Figure 5.42:Transient difference spectrum of2.3mg/g 6-methylcoumarin adsorbed 
onto cellulose 
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This was identified as being due to the triplet species and the lifetime was found to be 

0.04 s which is a lot longer than the 2.3 JlS found by Becker et a! in methano191 and 2.5 

!lS found by sensitisation in solution. The increase in the lifetime on adsorbing 6-

methylcoumarin onto cellulose which agrees with previous compounds and other work 

carried out on cellulose as explained earlier. The rigidity of the cellulose must also 

cause an increase in the intersystem crossing, therefore increasing the triplet yield as 6-

methylcoumarin has a very low triplet quantum yield in solution and was only seen in 

this work using a triplet sensitiser, whereas when it is adsorbed onto cellulose the 

triplet species is easily seen. Cellulose is also known to protect the triplet species from 

quenchers such as molecular oxygen as explained in chapter 3. 

The 6-methylcoumarin and H.S.A were mixed together without a sensitiser and a 

transient absorption was detected at 420 mn which is the wavelength at which the 

triplet species was shown to be present in this thesis and by Becker et al91
. H.S.A. has 

been shown in the phosphorescence and fluorescence studies to be increasing the 

intersystem crossing to the triplet state and this experiment now allows the triplet 

species to be seen directly by laser flash photolysis. 
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Figure 5.43: Transient decay trace at 420 mn of a degassed solution of 1.7x!0-3 M of 
6-methylcoumarin withl.lxl0-4 M H.S.A., exciting at 355 mn. 
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The lifetime however, was quicker at 4.7x10"7 s than seen in solution with a sensitiser, 

which was 2.5 f.IS. Degassed solutions of 6-methylcournarin, H.S.A. and a sensitiser 

were excited with the laser to observe any changes in the transient spectrum. There 

was no obvious change in the intensity or the lifetime however this was not felt to be 

an accurate way to measure any differences due to the number of compounds present. 

5.3.4. Singlet Oxygen 

A singlet oxygen signal for 6- methyl coumarin was detected with excitation at 355 nm 

but it was very weak signal. The value for the quantum yield was found to be 0.02 

compared to 2-acetonaphthone whose quantum yield is 0. 79 in acetonitrile. This low 

value is to be expected due to the low value for the triplet quantum yield of0.04. This 

value for the singlet oxygen quantum yield of 6-methylcournarin is very similar to the 

singlet oxygen quantum yield of 0.03 in methanol known for cournarin.172 The low 

value for the singlet oxygen quantum yield of 6-methylcournarin may suggest that 

singlet oxygen production would not be a major pathway in photo allergy, although the 

amount of singlet oxygen which may be required is not known. However since the 

triplet yield is also very low and very little other photochemistry has been observed this 

may actually prove to be a significant process in the 6-methylcoumarin photoallergy 

mechanism. 

5.3.5. Photodegradation of 6-methylcoumarin 

There was no sign of the formation of product or a longer lived species at any 

wavelength for 6-methylcournarin from the laser flash photolysis work. An aerated 

solution of 6-methylcoumarin was irradiated for several hours and it was found that a 

small amount of degradation took place over this time. 
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Figure 5.44: 6-Methylcoumarin in ethanol with irradiation using a full arc lamp over 
time. 

This suggests there is some formation of a product from aerated solutions. The amount 

of degradation in degassed solutions is the same as for aerated solutions which 

suggests that the product is formed from the singlet state, since it is not affected by the 

presence of oxygen. The position of the peaks did not change but the amount of 

absorption decreased at 420 nm and 275 nm. There was an increase in absorption 

above 330 nm due to the formation of a product. There has been no formation of 

products seen from the laser flash photolysis work and no transients observed in 

aqueous solutions. However the presence of some degradation in aerated solutions 

may suggest the possibility of radical formation from the singlet state at quantum yields 

too small to be detected by our equipment which then go on to form the 

photoproducts seen here. 

Due to the small amount of degradation over very long periods of time seen in aerated 

solutions in figure 5.44 it was very hard to tell ifthere was any difference seen in the 

presence ofH.S.A. A more accurate method of measuring the degradation would be 
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needed for such small changes in the degradation to be measured with certainty. If the 

product is formed from the singlet state it would be expected that there would be a 

drop in the degradation with H.S.A present. 

Summary of the photochemical properties of 6-methylcoumarin 

The basic photochemistry of this compound has been studied before and the data found 

in this thesis confirms those findings.91 The ground state of6-methylcoumarin showed 

peaks at 320 and 275 nm the peak at 320 nm being assigned as a 1t~1t* transition. As 

seen with bithionol and fentichlor on adsorbing 6-methylcoumarin onto cellulose the 

ratio of the peaks altered causing the peak at the higher wavelength to become the 

larger peak. 

The fluorescence spectra was shown to have a maximum at 405 nm which is 

approximately the same as seen in the literature at 370 nm.91 The quantum yield of 

fluorescence was measured to be 0.013 in ethanol. The phosphorescence spectra was 

found to give a structured phosphorescent emission over the range 450 nm -600 run, 

however it also showed the presence of fluorescent emission at 400 run. The addition 

of potassium iodide as a heavy atom quencher caused both the fluorescence and the 

phosphorescence to decrease due to competition from radiationless transitions from 

the triplet state. The triplet state was assigned as a 3(1t,1t*) from the long 

phosphorescent lifetime ofO.ll s with a quantum yield of 0.075. The addition of 

H.S.A to the 6-methylcoumarin was found to increase the lifetimes and intensities of 

the phosphorescence and the triplet species seen after laser flash photolysis but to 

decrease the fluorescence emission. This suggests that the presence ofH.S.A. increases 

the nonradiative transitions from the singlet state by the formation of a protein-6-

methylcoumarin complex. 

Becker et al91 have observed the triplet species directly by flash photolysis but in this 

work it was necessary to use a triplet sensitiser to observe the triplet species due to the 

low triplet quantum yield. The sensitisation experiments showed the presence of a 

triplet species confirmed by a decrease in the benzophenone triplet species. The 

lifetime of the triplet was found to be 2.6 J.LS which is very similar to the 2.3 J.LS seen by 
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Becker et al 91 and to the 3.8 JlS observed for coumarin.168 When the 6-methylcoumarin 

was adsorbed onto cellulose the triplet species was observed at the same wavelength as 

seen in the sensitisation experiments in solution but with a longer lifetime. This is 

probably due to the cellulose protecting the 6-methylcoumarin from quenchers present 

in fluid solutions. The addition ofH.S.A. to a solution of 6-methylcoumarin allowed 

the triplet species to be observed, probably due to an increase in the intersystem 

crossing or a decrease in the nonradiative transitions from the triplet state. 

Singlet oxygen production was measured and found to give a low quantum yield of 

0.02 which is very similar to the coumarin singlet oxygen quantum yield of0.03. Since 

6-methylcoumarin shows very little other photochemistry, the singlet oxygen may be 

considered a major pathway but since the similar amount of singlet oxygen is recorded 

for coumarin it seems unlikely. 

The photochemistry of6-methyl coumarin has been shown to be very similar to that of 

coumarin which has been studied before. 168 However coumarin is not a known 

photoallergen and this would therefore suggest that the triplet species is not involved 

in the photoallergy mechanism. The singlet oxygen is also probably not involved in the 

photoallergy mechanism but may cause phototoxicity as it is seen in both coumarin and 

6-methylcoumarin. 

There has been no previous steady state irradiation on this compound or on coumarin 

but 6-methylcoumarin showed a limited amount of degradation occurred in aerated 

solution showing the formation of a product. This is probably formed from the singlet 

state as previous work91 shows the triplet state is quenched by oxygen as a lifetime of 

2.3 JlS would indicate. This suggests the involvement of another transient which is not 

affected by oxygen, in addition to the triplet species, which could possibly suggest a 

radical species. This species must have a very low quantum yield and would therefore 

need to be investigated using methods such as spin trapping. The photodegradation of 

coumarin should also be investigated for comparison as it is known not to be a 

photoallergen. 
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5.4. Omadine (sodium salt) 

Omadine was found to dissolve easily in water therefore most of the experiments were 

done in water which was usually buffered to pH 7 .4, the physiological pH. There have 

been several studies using E.S.R. 93
'
95

'
97

•
98on omadine and with laser flash 

photolysis. 94
•
98 

5.4.1. Ground state absorption spectra 

The ground state absorption spectra of omadine has Amax at 335 nm 280 nm and 240 

nm in water as seen in figure 5.45. 
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Figure 5.45: Ground state absorption spectra of 1.2xl04 M omadine in water at pH 7 

The peak at 335 nm being due to a 1t~1t* transition. The molar absorption coefficients 

was calculated to be 2900 mol'1dm3cm'1 ± 200 mol'1dm3cm'1 at 335 nm in water. There 

are known to be two tautomers of omadine, the thione and thiol forms 92 and as 

explained in chapter 2 the thione form is highly preferred to the thiol form in the 

neutral state. Each tautomer can be present in three ionisation states, cationic, anionic 
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and neutral so experiments were carried out varying the pH of the solution to find the 

change in the ground state absorption spectrum as shown in figure 5.46. 
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Figure 5.46: Ground state absorption spectra of l.lx1 0-4 M omadine in water at 
varying pH. 

There are 4 isosbestic points at 227 nm, 261 nm, 278 nm an 305 nm but these points 

do not move with pH showing that only 1 protonation reaction is occurring from pH 1 

to pH 12, which agrees with results found by other groups in aqueous solution.92 The 

peak at 243 nm is due to the protonated form of omadine and the peak at 213 nm is 

due to the non protonated form which has a extinction coefficient at pH 2 of 4800 mor 
1dm3cm'1 ± 200 mo1"1dm3cm'1 at 333 nm. The pKa was calculated using the method 

described in chapter 3 and was found to be 4. 7. This value agrees with the value of 

4.67 found by other groups.92
'
93 There is only one protonation reaction which is shown 

below. There may also be some of the thiol tautomer present in the anionic form.92
•
93 
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The ground state diffuse reflectance (Kubelka Munk) spectrum of omadine has peaks 

with Amax at 340 nm, 290 nm and 245 nm as shown in figure 5.47 which is 

approximately the same as seen in solution. 
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Figure 5.47: Ground state spectra of omadine adsorbed onto cellulose and in water. 

The size of the peaks relative to each other has changed when the omadine is adsorbed 

onto cellulose, compared to omadine in water. The peak at 290 nm is now the same 

size as the peak at 245 nm, this may however be accounted for by some absorption by 

the barium sulfate standard used as explained earlier. 
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5.4.2. Emission spectroscopy 

5.4.2.1. Fluorescence 

There was no fluorescence detected from omadine on our instrument exciting at any 

wavelength. Thus the quantum yield of fluorescence is too small for our instrument to 

be able to detect it. 

5.4.2.2. l'ho~horescence 

The omadine was excited at 350 nm in ethanol at 77K and was found to give a broad 

structureless phosphorescent emission over the range 440 nm to 700 nm. The 

phosphorescent emission had a A...,. at 500 nm as shown in figure 5.48. 

8.0x10' 

;g., 6.0x10' 
~ 
.~ 
j 
·~ 4.0x105 

0 
'iil ., 
·a 
"' ~ 2.0x10' 

F< 

0.0 L----L-_.__.....____..__--~. _ _.__.....____......_--~. _ _.___J 

450 500 550 600 650 700 

Wavelength/nm 

Figure 5.48: Emission spectrumofomadine in 1:1 ethanol: methanol at 77K exciting 
at 350 nm with slits of excitation= 0.35 mm and emission= 0.7 mm. 

The A...,. of the emission was used to calculate the lower limit of the lowest excited 

triplet state and was found to be 239 kJmor' ± 3 kJmor1
. The quantum yield was 

calculated compared to naphthalene 173 which has a quantum yield of0.039, exciting at 

300 nm. This gave a value for the quantum yield ofomadine of0.04. The 

phosphorescent lifetime, which was measured on the HY laser in emission only mode, 
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was found to be 1.83xl0-3s ± 6xl04 sin 1:1 ethanol:methanoL The triplet state was 

assigned as a (1t,1t*) state. 

The phosphorescence intensity of ornadine increases in the presence of H.S.A. The 

phosphorescent lifetime is longer with H.S.A. than without H.SA changing from 

1.5xl0"3 s without H.S.A. present to 2.7xl0"3 s with H.S.A present in aqueous media. 

3 6.0x!O 

_q 3 

~ 4.0xl0 
Q) 

.5 
§ 

-u:~ 

"' ·a 2.oxi03 

~ 

0.0 

0.00 0.02 0.04 0.06 0.08 0.10 

Time/s 

Figure 5.49: Emission decay trace of ornadine with and without the presence ofH.S.A. 
exciting at 355 nm at 77 Kin phosphate buffer. 

This suggests a decrease in the nonradiative transitions from the triplet state or an 

increase in the nonradiative transitions including intersystem crossing from the singlet 

state. However as the fluorescence is so low it suggests that the intersystem crossing 

yield is already very high and therefore the increase in the phosphorescence is probably 

just due to the phosphorescence competing more favourably with the radiationless 

transitions. 

5.4.3. Laser flash photolysis 

The transient absorption spectra were obtained using a laser excitation wavelength of 

355 nm. These experiments were carried out at two different pH's. The first pH was 
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pH 7.4, the physiological pH. This showed the presence of a very weak transient at 

460 nrn as shown in figure 5.50. 
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Figure 5.50: Transient absorption spectra of3.8 x104 M omadine in water at 
pH 7 exciting at 355 nrn. 

The transient was present in both degassed and aerated solutions. The transient was 

assigned as 2-pyridylthiyl radical as seen by Redmond et al by laser flash photolysis. 98 

The lifetime of this radical was found by fitting the transient decay at 460 nrn to first 

order kinetics with a baseline and was found to be 0.6J.lS which agrees with the 

literature value of0.5J.ls found for the thiyl radical using laser flash photolysis. 

Previous laser flash photolysis experiments have also shown the cleavage of the N-0 

bond allowing formation of hydroxyl radicals in aqueous solution at pH 7.4 which are 

known to be photosensitisers.94 These hydroxyl radicals could be used to probe this 

reaction in future experiments. The thiyl radical has also been seen using E.S.R. with 

the simultaneous production of hydroxyl radical. 93
'
95

'
97

"
98 The transient absorption signal 

was very weak and therefore prevented radical quenching experiments being carried 

out. There appeared to be a residual absorption still present after the decay had 

finished, possibly due to the formation of a product which needs further investigation. 
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At pH 2 the spectrum was very similar to that seen at pH 7.4. Redmond et a! 98 have 

seen the presence of the triplet at 660 nm in methanol using laser flash photolysis at 

this pH but this could not be seen in these experiments possibly due to a low triplet 

quantum yield. The lifetime of the transient at 460 nm was found to be 0.5 J.!S which is 

slightly shorter than seen at pH 7.4. From previous studies using laser flash photolysis 

at pH 294
•
99 it has been shown that the most likely intermediate is the thiyl radical 

The transient difference spectrum of omadine adsorbed onto cellulose shows 1 peak 

with a A....x at 480 nm as shown in figure 5.51 which is red shifted from the A....x of 460 

nm observed in pH 7.4 buffer. 
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Figure 5.51: Transient difference spectrum of 4mg/g omadine adsorbed onto cellulose 
exciting at 3 55 nm 

The transient decay traces at 470 nm shows the reflectance does not return to the 

initial reflectance level This suggests the formation of a product which could not 

clearly be seen in solution due to the weak signal This however would be expected 

from other work done using E.S.R93
•
95

•
97

•
98

, where it has been shown that the formation 

of a product was due to the thiyl radicals reacting with each other. The lifetime of 

omadine on cellulose was found to be 2.11 x1 o·' s which is longer than the 600 ns seen 
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in solution. This species has previously been identified as a thiyl radical in solution by 

previous workers by E.S.R. and laser flash photolysis.93
"
95

'
97

'
98 There is a second peak 

seen at 650 run on cellulose which was not seen in aqueous solution but has been seen 

by Redmond et a! at pH 2, 98 which is probably due to the triplet species. This is seen 

on cellulose due to the increased rigidity and due to it protecting the triplet species 

from quenchers which may be present in solution. 

There appears to be no change in the transient absorption intensity or lifetime with the 

addition ofH.S.A The peak is due to the thiyl radical and these experiments seem to 

suggest it is formed from the singlet state rather than the triplet state. This is because 

the triplet state is affected by the presence ofH.S.A shown by phosphorescence 

studies whereas the transient absorption is not affected by the presence ofH.S.A.. The 

triplet species is still not seen either due to a very low quantum yield or due to rapid 

decay of the triplet due to quenchers in solution. 

5.4.4. Singlet oxygen 

There was no singlet oxygen detected when the compound was excited at 355 run. 

5.4.5. Photodegradation 

The product seen at the end of the laser trace shows that the compound degrades to 

form products. The most likely product is due to the 2-pyridylthiyl radicals reacting 

together as suggested by several workers on the basis ofE.S.R. studies.93
•
95,97,9s 

Attempts to degrade at one wavelength produced no change in the ground state 

absorption spectra, therefore the quantum yield could not be measured. The rate of 

degradation was however shown to be slow relative to the other photoallergens with 

only a small quantum yield of formation of product. The compound was therefore 

irradiated in front of a full arc lamp as shown in figure 5.52. 
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Figure 5.52: 8.5x10'5 M omadine irradiated over time using a full arc lamp. 
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The peaks at 340 run, 240 run and 280 nrn all decreased in absorption while there was 

an increase in the absorption above 225 run. There was very little absorption above 

365 run where the laser flash photolysis work was analysed. The isosbestic points on 

the degradation spectra are good and it suggests a constant ratio of products with no 

secondary photochemistry occurring. If time had allowed a fuller investigation of the 

products, GC-MS would have been carried out. The product is probably formed from 

the singlet state via the radical as the formation of the product is seen the same amount 

in both degassed and aerated solutions whereas from previous work the triplet species 

has been shown to be quenched by oxygen as a lifetime of0.5 JlS would suggest. 

There is no change in the degradation of omadine with the addition ofH.S.A .. This is 

further confirmation of the product being formed from the radical species as that is also 

not affected by the presence ofH.S.A from the laser flash photolysis experiments. The 

triplet state however is affected by the presence ofH.S.A and it might therefore, be 

expected that if the product is formed directly or indirectly from the triplet state it 

would also be affected by the presence ofH.S.A. These results also suggests that the 

singlet state is not affected by the presence ofH.S.A. and therefore the increase in the 

phosphorescence is not due to increased intersystem crossing. 
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Summary of the photochemical properties of omadine 

This thesis has shown the ground state spectra of omadine has peaks at 280 nm, 340 

run and 335 run the latter of which was assigned as a 1t~1t* transition. The ground 

state spectrum was found to change with pH due to the deprotonation of the hydroxyl 

group giving a pKa of4.7 which confirms the findings of other groups.93 

It has been shown here that this compound shows no fluorescence at room 

temperature but has a phosphorescent quantum yield of0.04 at 77 K. The 

phosphorescent lifetime was found to be 1.83xl0"3 sand the triplet state was assigned 

as a 3(1t,1t*) state. The addition ofH.S.A. to the omadine in aqueous solution shows an 

increase in the phosphorescence intensity and lifetime due to the phosphorescence 

competing more favourably with the radiationless transitions due to the formation of 

the protem-omadine complex. 

Previous work has shown the presence of a thiyl radical at pH 7.4 after laser excitation 
94

•
98 and with E.S.R. 93

/15·
97 and the presence of both the radical and triplet species at 

pH 2. This work found the radical at both pH's with differing lifetimes of600 ns at pH 

7.4 and 450 ns at pH 2 but there was no sign of the triplet species at either wavelength. 

With adsorption of the omadine onto cellulose the lifetime of the transient at 460 run 

increased and an additional transient species was observed at 650 run after laser 

excitation at 266 run. This species was assigned as a triplet species due to the triplet 

species having been seen at 660 run at pH 2 by other researchers.98 The addition of 

RS.A. to the omadine in aqueous solution had no effect on the lifetime or amount of 

the transient seen compared to that observed in solution. If the thiyl radical is furmed 

from the singlet state this may suggest that H.S.A. has no effect on the singlet state 

which would suggest that there was no change in the rate of intersystem crossing. 

There has been no previous study of the degradation of the compound which was not 

very large in aerated solution. The ground state absorption spectra showed good 

isosbestic points upon degradation showing a constant ratio of products with no 

secondary photochemistry. The product is probably due to the thiyl radical reacting 

with itself and this could be further investigated using GC-MS. 
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5.5. Ketoprofen 

Ketoprofen is a substituted benzophenone derivative it is therefore expected in view of 

the structurally similarity it could also be photochemically similar to benzophenone. 

The photochemistry ofbenzophenone has been studied in detail before, whereas only 

E.S.R studies have been carried out on irradiated ketoprofen. 102
•
103 

5.5.1. Ground state absorption spectra 

The ground state absorption spectra were recorded using ethanol as solvent, they gave 

showed peaks at 255 nrn and 205 nrn as shown in figure 5.53. 
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Figure 5.53: Ground state absorption spectra of 1.5xl0-4 M ketoprofen in ethanol 

Benzophenone has an absorbance at 340 nrn due to a n~n* transition174 due to the 

lone pair on the oxygen of the carbonyl group. The spectra for ketoprofen does not 

show a peak at this wavelength in the above spectra. However at high concentrations a 

peak appears at 335 nrn as shown in figure 5.54 which was assigned as a n~n* 

transition. 
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Figure 5.54:Ground state absorption spectra of lxl o·3 M ketoprofen in ethanol. 

The peak at 255run is therefore assigned as a 1t~1t* transition. The molar absorption 

coefficient was calculated to be 700 mo1"1dm3cm"1± 50 mol"1dm3crri1 in 10%ethanol: 

90% water solution at 335 run and 14700 mol"1dm3cm"1 ± 350 mol"1dm3cm"1 in 10% 

ethanol : 90 %water solution at 255 run. The low value for the molar absorption 

coefficient at 335 run being typical of a n~1t* transition of a carbonyl compound. 

The ground state diffuse reflectance (Kubelka Munk) spectrum of keto pro fen adsorbed 

onto cellulose shows a peak with a Amax at 266 run as shown in figure 5.55. 
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Figure 5.55: Ground state spectra ofketoprofen adsorbed onto cellulose and in 
ethanol. 

The peak at 335 run is also noticeable on cellulose whereas it was only detectable in 

solution at high concentrations. The peak at 255 nrn is slightly broader when 

ketoprofen is adsorbed onto cellulose than in ethanol due to the non homogeneous 

nature of the cellulose as explained in chapter 2. The ratio of the peaks has again 

altered with adsorption of the ketoprofen onto cellulose due to some absorption of the 

barium sulfate below 300 nrn as explained earlier. 

5.5.2. Emission spectroscopy 

5.5.2.1. Fluorescence 

No fluorescence was detected from ketoprofen using our instruments probably due to 

the quantum yield of fluorescence being too small for the detector. This agrees with 

values found for benzophenone fluorescence175 where the quantum yield of 

fluorescence is known to be 4x10.,;. 
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5.5.2.2. Phosphorescence 

The ketoprofen phosphorescence was measured in ethanol at 77 K, exciting at 266 nm 

and produced a structured emission over the range 400 nm to 600 nm. 
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Figure 5.56: Emission spectra of M ketoprofen in ethanol at 77K exciting at 266 nm 
with excitation slits= 0.2 mm, emission= 0.4 mm. 

The structure shows three peaks with A.... occurring at 445 run, 415 nm and 475 nm. 

The peak at 415 nm was taken to be due to the 0-0 vibronic level of the lowest excited 

triplet state and was used to calculate the lowest triplet energy ofketoprofen. The 

triplet energy was found to be 288 kJmol"1 ± 5kJmo1"1 which is very similar to the 

triplet energy value of289 kJmor' found for benzophenone176 in polar solvents. The 

phosphorescence ofketoprofen is the same shape as the phosphorescence for 

benzophenone in solution, therefore the quantum yield of phosphorescence was found 

by comparison with benzophenone. The value for the quantum yield of 

phosphorescence was found to be 0.95 which is higher than the value of0.84 used for 

benzophenone.1s4 This is probably caused by the electron withdrawing nature of the 

carboxylic acid group. The high value obtained for the phosphorescence quantum yield 

ofketoprofen suggests that like benzophenone171 the quantum yield ofintersystem 
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crossing from the singlet state to the triplet state must be - 1. The lifetime of the 

phosphorescence was found to be 5.7x10"3 s ± 2xiO"" s which is approximately the 

same as the phosphorescent lifetime ofbenzophenone154 of6x10"3 s. The triplet state 

was assigned as a \n,1t) state due to the millisecond phosphorescent lifetime and the 

high quantum yield of the phosphorescence. 

The ketoprofen showed a phosphorescence peak in the same place with H.S.A. present 

as without H.S.A. present when excited at 266 nm. The shape of the phosphorescence 

was less well defined than seen for ethanol. This was because the experiments were 

carried out in aqueous solutions which do not form good glasses at 77 K as explained 

earlier. The intensity of this phosphorescence however, was smaller in the presence of 

H.S.A. than without H.S.A. and could not be explained by any absorption from the 

H.S.A. at 266 nm. 
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Figure 5.57:Emission spectra ofketoprofen with and without the presence of2x10-6 M 
H.S.A. at 77 K exciting at 266 nm with excitation slits= 0.3 mm, emission 
slits= 0.6 mm. 

The lifetime of the ketoprofen phosphorescence was reduced in the presence ofH.S.A. 

from 9.4xiO"" s without H.S.A. to 8.6xiO"" s with H.S.A present. This decrease has not 
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been seen with the other compounds. It appears in this case that the addition ofH.S.A. 

is increasing the rate of the non radiative transitions from the triplet state or decreasing 

the intersystem crossing from the singlet state to the triplet state. It can be seen here 

that the change in the lifetime with the addition ofH.S.A. is not as significant as the 

change in the intensity which may be explained using the equation 

tftp 

where, tftp = quantum yield of phosphorescence 

k P = Rate coefficient of phosphorescence 

k1sc = Rate coefficient of intersystem crossing from the singlet state 

IJv = Rate coefficient of all decay pathways from the triplet state 

I:k, = Rate coefficient of all decay pathways from the singlet state. 

Where it can be seen that although the quantum yield of phosphorescence is dependent 

on the rate of phosphorescence it also depends on the rate of intersystem crossing and 

other decay routes from both the singlet and triplet states. It is not known which of 

these rates is altering and therefore it can not be predicted how the rate of 

phosphorescence will alter in relation to the quantum yield of phosphorescence. 

5.5.3. Laser Flash Photolysis 

The ketoprofen does not absorb light at 355 nm therefore it was necessary to use the 

fourth laser harmonic at 266 nm to excite the sample. On excitation there was a very 

weak transient seen with a Amax at 530 run, as shown in figure 5.58. This is the same 

Amax as for the benzophenone triplet species.171 

150 



"' 0 a 
-e 
0 
U) 

~ 

0.06 

0.05 

0.04 

0.03 

0.02 

0.01 

0.00 

' 

.. 
--1.93xl0 s .. ------4.59xl0 s .. 
·········9.75xl0 s 

·5 -·--·--2.04xl0 s 
.s 

-··-··-··-·8.72xl0 s 

. " " ... 
; .· .... --·-........ . ...... '---...__ 

,"" ,.,.- -, ·. .. .. 
·.~----~·-·.·_·.·_··_·.-~~-··.-··.-··.-·::.:~----·-·-·""· ... · ·....... ·-.. ------ ... ---- .... 
- -- ·------... :~:.::.:.::::.::. ... ~:.:.::.:::·····: .. 

.. ---- ~---'· ... ·'~·· ··---..... _ .... ·-------------------------.... ___ .. ·--..... _ . .... ~ - ..... ___ ... --·-·· ......... ___ ... . .... . 

400 450 500 550 600 650 

Waveleng1h/nm 

Figure 5.58: Transient absorption spectra of 4xl0"5 M ketoprofen in acetonitrile 
exciting at 266 run 

The transient species could not be seen in the presence of oxygen which suggests this 

transient is a triplet species. This was confirmed by using naphthalene as a triplet 

quencher, which has a triplet energy175 of253 kJmor' which is lower than the triplet 

energy ofketoprofen found from phosphorescence. Naphthalene quenched the 

ketoprofen triplet with a kq of7.9xl09 M 1s-1 as shown in figure 5.59. There was also a 

corresponding increase observed in the naphthalene triplet at 415 run, which confirms 

the species seen is due to the triplet. 
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Figure 5.59: A graph showing the quenching of the ketoprofen triplet with increasing 
concentration of naphthalene. 

The lifetime of the transient was found by fitting the decay trace obtained at 530 run to 

first order kinetics which gave a lifetime of 1.17x10·5s ± 5x10·7 s. This value is longer 

than the 7x10-6s in nonpolar solvents seen for benzophenone.177 The difference may 

well be from the carboxylic acid group present on the ketoprofen. 

Benzophenone photochemistry shows the presence of the ketyl radical at 545 run in 

alcoholic solutions due to hydrogen abstraction from the solvent by the carbonyl 

group178
• The ketyl radical is formed via the triplet state by the mechanism shown 

below. 

hv EtOH • • 
P~ COH + CH3 C HOH 

It was therefore decided to excite the ketoprofen in alcoholic solutions to see if the 

ketyl radical could also be seen in ketoprofen. 
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Figure 5.60: Transient absorption spectrum of 4.2 xl o·' M keto pro fen in 
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Figure 5.60 shows there was a change in the transient absorption spectrum with a 

second peak becoming apparent at around 550 nm which agrees with the value of 545 

nm seen in alcoholic solutions ofbenzophenone.178 The kinetic traces showed non

exponential behaviour which probably shows the presence of the ketyl radical. The 

photochemistry so far has been comparable with benzophenone and shows the 

carboxylic acid group has very little effect on the photochemistry seen here. 

The transient seen when ketoprofen was adsorbed onto cellulose was at 540 nm as 

shown in figure 5.61 which is slightly higher than the 530 nm observed in solution. 
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Figure 5.61: Transient difference spectrum of 4mg/g keto pro fen adsorbed onto 
cellulose exciting at 266 run. 

This transient was identified as the same triplet species seen in solution due to the peak 

being observed at a similar wavelength to that seen in solution. The lifetime of this 

transient was found to be 6.25xl 04 s on cellulose which as expected is longer than the 

1.2x10·' s found in solution. 

There was no change in the intensity of the transient absorption for keto pro fen in the 

presence ofH.S.A,. in degassed aqueous solutions but the signal was very weak and 

therefore it is hard to make an accurate assessment either way. The lifetime is a more 

accurate assessment of the effect of the H.S.A. on the triplet species. It was found that 

with H.S.A. present the lifetime of lxlO·' s was shorter than the lifetime of 1.5xl o·' s 

without H.S.A. This transient is due to the triplet species and therefore this agrees with 

the decrease seen in the phosphorescence lifetime with the addition ofH.S.A. 

5.5.4. Singlet oxygen 

Singlet oxygen was detected exciting at 266 mn using the set up described in chapter 

3. The standard used for calculation of the singlet oxygen quantum yield was 

benzophenone whose quantum yield in acetonitrile179 is known to be 0.37. The value 
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for the singlet oxygen quantum yield ofketoprofen was found in this work to be 0.25. 

This value is large enough for this to play a part in the photoallergy mechanism 

however benzophenone has a similar singlet oxygen quantum yield but is not 

considered to be a photoallergen. 

5.5.5. Degradation studies 

There was no sign of a product being formed from the laser flash photolysis studies but 

the formation of products may have a low quantum yield. The ketoprofen when 

degraded in front of a full arc lamp showed a very small amount of degradation in 

aerated solutions. 
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Figure 5.62: An aerated solution of7xl0'5 M Ketoprofen irradiated over time with a 
full arc lamp 

The ground state spectrum showed a shift to the blue region from 255 run to 250 nrn. 

This reaction probably comes from the singlet state as it is seen in aerated solution 

where the triplet species has been shown to be quenched by oxygen. This is possibly 

due to the reaction shown below which has been suggested by E.S.R. of neutral 

aqueous solutions ofketoprofen carried out by Bosca et al .102 There have been no 

radical species seen in these laser flash photolysis experiments however, this may just 
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mean these radicals have very low quantum yields and can not be detected by our 

instrumentation. 

A degassed solution ofketoprofen showed more degradation than the aerated solution 

which suggests there is some formation of the product from the triplet state. This 

would probably occur via the ketyl radical species and would therefore only occur in 

hydrogen containing solvents. 

There was very little difference in the degradation observed with or without the 

presence ofH.S.A. in aerated solutions. This suggests the product is not formed from 

the triplet state as this is reduced by the presence ofH.S.A.. However in degassed 

solutions where more degradation is seen, probably due to the triplet state, the 

presence ofH.S.A. decreases the amount of degradation as expected. This shows the 

difference in the degradation between degassed and aerated solutions is due to the 

triplet forming a product in the degassed solutions, probably via the ketyl radical. 

Summary of the photochemical properties of Ketoprofen 

Ketoprofen has only been photochemically studied using E.S.R and E.P.R before so all 

the photochemistry reported here has not been studied before. The ground state 

absorption spectrum shows these peaks at 255 nrn and 205 nrn. At 335 nrn which was 

assigned as a n--+11* transition, from it's very low molar absorption coefficient, due to 

the carbonyl group. This peak at 335 nrn was also noticeable when the ketoprofen was 

adsorbed onto cellulose. The peak at 255 nrn was assigned as a 1t--+1t* transition due 

to its large molar absorption coefficient. 

Emission spectra recorded at room temperature and 77 K showed that while there was 

no fluorescence observed, the quantum yield of phosphorescence was 0.95 with a 

lifetime of5.7xto·3 s. The triplet state was therefore assigned as a 3(n,11*) state due to 

the millisecond lifetime of the phosphorescence. The high triplet quantum yield 

suggests that like benzophenone171 the intersystem crossing quantum yield must be 
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approximately one. The addition ofH.S.A. to the aqueous solutions ofketoprofen 

gave a decrease in the phosphorescence intensity and lifetime. 

Laser excitation of the ketoprofen produces a triplet species at 530 run with a lifetime 

of 1.2xl0.5 sin acetonitrile, which was approximately the same as the triplet species 

seen for benzophenone in acetonitrile. The ketoprofen transient was confirmed as a 

triplet by oxygen quenching and triplet quenching using naphthalene. The triplet 

species was also seen when ketoprofen was adsorbed onto cellulose but with a longer 

lifetime due to the non homogeneous nature of the cellulose. In alcoholic solutions 

there was a difference in the spectrum and the kinetics which was probably due to the 

formation of the ketyl radical ofketoprofen. This is the same effect as seen in 

benzophenone in alcoholic solutions. 182The singlet oxygen quantum yield was high at 

0.25 however, it is very similar to the value of0.37 seen for benzophenone which is 

not a known photoallergen. 183 

Irradiation of the ketoprofen in alcoholic solutions showed degradation in degassed 

solutions which was probably formed from the ketyl radical especially as very little 

product was seen in acetonitrile solutions. In aerated solutions the amount of 

degradation was reduced but there was still some occurring. An explanation for the 

degradation in aerated solutions is a radical reaction involving the carboxylic acid 

group as seen by Bosca et al. 102 

The photochemistry ofketoprofen has been found to be very similar to the 

benzophenone photochemistry suggesting the additional carboxylic acid group is not 

involved in the photochemistry reported here. This would therefore suggest that the 

photochemistry seen is not responsible for photoallergy as benzophenone is not a 

known photoallergen. The photoallergy reaction may therefore possibly be connected 

to the radical reaction which occurs with the carboxylic acid group which has been 

seen previously by E.S.R.102 and probably seen in this work as the degradation 

observed in aerated solution. This radical would need to be studied in more detail using 

a more sensitive technique such as spin trapping due to the small quantum yield of this 

species. 
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5.6. Chlorpromazine and Promethazine 

These compounds have a very similar structure and are therefore expected to have a 

similar photochemistry. There have been many studies carried out on chlorpromazine 

t06,to7,t09•110 but none carried out on promethazine. 

5.6.1. Ground state absorption spectra 

The ground state absorption spectra of chlorpromazine and promethazine were very 

similar both showing several peaks, with A.... at 310 run, 260 run and 21 Onm for 

chlorpromazine and peaks at 300 run, 255 run and 210 run for promethazine as shown 

in figure 5.63. 
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Figure 5.63: Ground state absorption spectra 8xl0-5M chlorpromazine and 1.2xl04 M 
promethazine in 10% ethanol90% water solution. 

The molar absorption coefficient of chlorpromazine at 310 run was found to be 4000 

mort dm3cm-t ±ISO mort dm3cm-t and for promethazine at 300 run to be 4100 mor 

tdm3cm-t ± 200 mort dm3cm-t These transitions are both assigned as 1t--Ht* transitions. 

The presence of the chlorine on the chlorpromazine is thought to act as an electron 

withdrawing group causing a red shift in the absorption maximum for chlorpromazine. 
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The effect of pH on the ground state absorption spectra was studied for promethazine 

in 10% ethanol90% water solution and it was found that the ground state absorption 

spectra changed with pH showing a blue shift in the Amax as shown in figure 5.64. 
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Figure 5.64: Ground state absorption spectra of 5.1x10·5 M promethazine at various 
pH's 

The 255 mn peak was found to move to 248 mn changing position at about pH 8. The 

peak at 305 mn moves to 295 mn at lower pH's. Chlorpromazine was not studied due 

to solubility problems at the higher pH's. This reaction is probably due to the 

pro to nation of the tertiary amine group and the effect should be the same in 

chlorpromazine. 

The ground state diffuse reflectance (Kubelka Munk) spectra of these compounds 

adsorbed onto cellulose and in ethanol are shown in figure 5.65 and figure 5.66. 
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Figure 5.65: Ground state spectra of chlorpromazine adsorbed onto cellulose and in 
ethanol 

4 

,., 
I ' s ' ' 

3 ' ' '§ ' ' ' ' I ' 
~ ' ' I 

~ 
I 

I 
I 

"' 2 ' c I 

-~ 
I 

I ------Solution I 

0) I 

~ Cellulose 

"Cl 1 g 
t5 

0 
250 300 350 400 450 

Wavelength/nm 

Figure 5.66: Ground state spectra of promethazine adsorbed onto cellulose and in 
ethanol. 
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There is a slight red shift in the position of the A...x of the peaks when these 

compounds are adsorbed onto cellulose. The peaks at 255 mn for promethazine and 

chlorpromazine are slightly reduced in relation to the peak at 310 mn when adsorbed 

onto cellulose compared to the spectra obtained in ethanol. This maybe due to the 

effect of some absorption by the barium sulfate at wavelengths below 300 mn as 

explained earlier. 

5.6.2. Emission spectroscopy 

5. 6. 2. 1. Fluorescence 

Chlorpromazine and promethazine both showed one fluorescence peak with a A...x at 

450 mn for chlorpromazine and 440 mn for promethazine from this and the ground 

state absorption spectra, the energy of the lowest excited singlet state was found, using 

the method described in chapter 3, to be 314 kJmor1 ± 4 kJ mor1 for chlorpromazine 

and 323.0 kJmor1 ± 4 kJmor1 for promethazine. The fluorescence was quite weak and 

broad as shown in figure 5.67. 
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Figure 5.67: Emission spectra of promethazine and chlorpromazine in ethanol 
using excitation slits = 0. 5 mm, emission slits = I mm, exciting at 266 mn. 
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--------------------------- ------· 

The quantum yield of fluorescence was calculated compared to the fluorescent 

standard 9,1 0-diphenylanthracene, whose fluorescence quantum yield is known to be 

0.9 180 and it was found that the quantum yield for chlorpromazine was 0.004 and for 

promethazine it was 0.012. This difference in the quantum yields could be due to the 

extra chlorine on the chlorpromazine causing an increase in the rate of intersystem 

crossing due to the internal heavy atom effect. The presence of oxygen had no effect 

on the fluorescence suggesting the lifetime for the fluorescence is very short. The 

radiative lifetime for the fluorescence was found using the method described in chapter 

3 to be - 2.5x1 o·8 s for chlorpromazine and promethazine. The estimated lifetime was 

calculated using the fluorescence quantum yields to be around- 9.8 x10.11 s and-

2.94x1 o·IO s for chlorpromazine and promethazine respectively. The excitation spectra 

were the same as the ground state absorption spectra showing there were no impurities 

present which could effect the fluorescence. 

The effect of pH on the fluorescence spectra was investigated and again there were 

problems with the solubility of chlorpromazine at high pH's but the fluorescence of 

promethazine was shown to change with pH. There is only a slight blue shift with 

increasing pH but a large drop in the fluorescence quantum yield. 

The fluorescence of chlorpromazine and promethazine was also seen on cellulose 

figure 5.68 and was found to be very similar to that seen in solution. The 

chlorpromazine and promethazine emission were in the same positions as seen in the 

solution, but show a slight broadening. This shows the adsorption of chlorpromazine 

and promethazine onto cellulose has very little effect on the fluorescence. 

162 



8xl05 

5 
"' 7x10 
fr 
~ 5 

·~ 6x!O 

'8 5xl0
5 

8 
~ 4xl0

5 
:> 

li:; 

3xl 

........ 
.. · · . 

·. 
........ ·Promethazine 
---<Chlorpromazine 

·. 
·. 

····. 
············ 

2xl 05 3L.J8'-0-'--40.._0_._4..J.2 0---'-4--'4'-0-'--46'-0-'-4...1.80---'-5--'0-0....__52'-0-'-5...1.4-0 "-5--'6'-0-'--5 8'-0_...___,600 

Wavelength/nm 

Figure 5.68: Emission spectra of 5mg/g chlorpromazine and 6mg/g promethazine 
adsorbed onto cellulose exciting at 310 nm with excitation slits = 0.3 mm, 
emission slits = 0.6 mm. 

The fluorescence observed in the presence ofH.S.A. was the same as the fluorescence 

of the compounds on their own. There was no change in the position of the peaks or 

the intensity which suggests that the singlet state is not affected by the presence of 

H.S.A. It could be suggested that there is no binding is occurring for these 

compounds. However by exciting the tryptophan residue ofH.S.A. it can be seen that 

the presence of these compounds reduces the tryptophan fluorescence. Very low 

concentrations of chlorpromazine and promethazine were used in these experiments 

and therefore any changes in the fluorescence were probably caused by the formation 

of a protein-photoallergen complex rather than due to the photoallergen absorbing 

some of the light. These experiments therefore indicate that binding is occurring 

between the photoallergens and the protein. 
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5.6.2.2. Phosphorescence 

The phosphorescence was found at 475 run for chlorpromazine and 480 run for 

promethazine in ethanol at 77 K. They were shown to be structureless spectra as 

shown in figure 5.68. 
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Figure 5.68:Emission spectra of chlorpromazine and promethazine in 1: 1 ethanol : 
methanol at 77 K with excitation slits= 0.2mm and emission slits= 0.4 mm 

The triplet energy was found using the method described in chapter 3 from the ~ to 

be 249 kJmo1"1 ± 3 kJmor1 for chlorpromazine and 252 kJmol"1 ± 4 kJmo1"1 for 

promethazine which means the energy difference between the singlet and the triplet 

state is 65 kJmo1"1 ± 7 kJmol"1 for chlorpromazine and 71 kJmol"1 ± 8 kJmo1"1 for 

promethazine. These values for the energy gap between the singlet excited state and 

the triplet excited state indicate that the singlet to triplet transition is a 1t~1t* 

transition. The quantum yield of the phosphorescence was measured compared to 

naphthalene which phosphoresces in the same region. The phosphorescence quantum 

yield of chlorpromazine was found to be 0.63 and for promethazine to be 0.79. These 

values are very similar however, it would be expected that the phosphorescence 

quantum yield of chlorpromazine would be larger than the phosphorescence quantum 
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yield of promethazine due to the increased intersystem crossing to the triplet state from 

the extra chlorine. However chlorine is not a very heavy atom and therefore the rate of 

intersystem crossing may be too fast to be perturbed by the chlorine. The 

phosphorescent lifetimes were found to be 0.068 s ± 0.009 s for promethazine and 

0.073 s ± 0.009 s for chlorpromazine. 

There was no change in the phosphorescence spectrum or lifetime of chlorpromazine 

with or without the presence ofH.S.A .. However for promethazine there was a very 

slight increase in the intensity and lifetime of the phosphorescence. 

5.6.3. Laser Flash Photolysis 

Laser flash photolysis was carried out at both 266 nm and 355 nm for chlorpromazine 

and at 266 nm only for promethazine. The transient absorption spectra for both 

compounds show the presence of one peak as seen in figure 5.69 and 5.70 
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Figure 5.69: Transient absorption spectrum of 1.7xl04 M chlorpromazine in 10% 
ethanol exciting at 266 nm. 
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Figure 5. 70: Transient absorption spectrum of 1.8xl O"' M promethazine in I 0 % 
ethanol solution exciting at 266 nm. 

However on closer inspection it can be seen that for both compounds there are actually 

two peaks in the spectra. The first peak is around 460 nm is seen at short times and at 

longer times a second peak appears at around 510 nm for promethazine and 525 nm 

for chlorpromazine. These two peaks are more noticeable for promethazine where 

there are peaks at 460 nm and at 510 nm. Previous laser flash photolysis 106
•
107 data 

showed that on laser excitation of chlorpromazine the peak seen at 525 nm is due to 

the cation radical, which is also detected by E.S.R.109 which is unaffected by oxygen, 

and the peak at 460 nm is due to a triplet species only, which is quenched by oxygen. 

The peak at 510 nm can be seen in both degassed and aerated solution but appears 

reduced in aerated solution as shown in figure 5. 71. 
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ethano~ exciting at 266 nm degassed and aerated. 
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The peak at 460 nm reduced in aerated solutions for both chlorpromazine and 

promethazine showing it is probably partly due to a triplet species or a species formed 

directly from the triplet. The peak at 525 nm for chlorpromazine and 510 nm for 

promethazine is probably due to the cation radical species found by other researchers 

by laser excitation106
•
107

•
110 and E.S.R.109 The decrease in the peak at 460 nm in aerated 

solution is due to the triplet species being quenched by oxygen. The cation radical 

which also shows transient absorption at this wavelength is not affected by the 

presence of oxygen as the lifetime of the cation radical seen at 525 nm in aerated and 

degassed solution is the same. Previous reports using laser flash photolysis 106
•
107

•
110 

have speculated on whether the cation radical is formed from the triplet or the singlet 

state as explained in chapter 2. This thesis has shown that the radical is probably 

formed via direct photoionisation of the singlet state, as the triplet state is shown to be 

quenched by oxygen whereas the cation radical is not quenched by oxygen. The 

transient at 460 nm was confirmed as a triplet species using a triplet quencher. 
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Figure 5.72: A graph of the promethazine transient at 460 nm being quenched 
by naphthalene. 

The quenching constant for the promethazine triplet in the presence of naphthalene 

was 1.52xl09 M 1S"1
• The chlorpromazine triplet was seen to be fully quenched by the 

naphthalene but the quick lifetime of the triplet did not allow more detailed studies to 

be carried out. The naphthalene triplet was also seen to increase as the chlorpromazine 

and promethazine triplets decreased. There have been previous laser flash photolysis 

studies 106
•
107

•
110 carried out on chlorpromazine which have identified the species at 460 

nm as due to the triplet species, this work has confirmed that it is a triplet and also 

shown that the species at 460 nm for promethazine is also a triplet species. The kinetic 

traces of these compounds show the presence of two species and therefore needed to 

be fitted for two exponentials. 
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Figure 5.73: Transient decay trace of 1.8x10'4 M promethazine at 510 nm fitted to 
biexponential kinetics 

The traces were also fitted at wavelengths above 510 nm for first order kinetics as only 

the cation radical is present at these wavelengths. The decay traces also showed the 

presence of a permanent change of absorption at these wavelengths which was taken to 

be due to formation of a product. The permanence of the product was checked by 

recording the absorption spectra before flashing, after flashing and 24 hours after 

flashing. 

The promethazine shows a lot longer initial part of the curve which suggests that the 

triplet is longer lived than the chlorpromazine triplet. It is known that the promazine 

triplet is longer lived than the chlorpromazine triplet therefore it is likely that 

promethazine will also be longer, due to the lack of the chlorine and the addition of a 

methyl group. The lifetime of the triplet species for promethazine was found to be 

2.J Xi 0'5 
S ± 2x} 0·6 

S which is longer than the promazine trip Jet which has a lifetime Of 

3.1x10'6 s, showing the presence of the methyl group actually increases the triplet 
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lifetime. The lifetime of the triplet for chlorpromazine could not be found accurately 

on this laser but an estimate of the lifetime would be in the region of 100 ns which 

agrees with the values found by Navaratam et al107 but is longer than the values of 

Chignell et al106 of23 ns in nitrogen saturated solutions. It seems likely that the longer 

lifetime is correct as the triplet has been shown both here and by previous 

workers106
•
107 to be quenched by oxygen and the shorter lifetime would probably not be 

fully quenched by the concentration of oxygen present in aerated solutions. More 

accurate measurements of the triplet lifetime of chlorpromazine would require the use 

of a picosecond laser. The lifetime of the cation radical of promethazine was found to 

be 9.4x10-s s ± 4x10'5s and for chlorpromazine the lifetime of the cation radical was 

found to be 5.6xlQ'5 
S ± JxJ 0'6 

S. 

Navaratnam et al 107 with chlorpromazine has shown a peak at 510 nm due to the 

promazine radical in 2-propanol, although it was not seen in aqueous solutions, formed 

by the loss of the chlorine radical. The promazine radical was thought to be formed via 

the triplet state as explained in chapter 2. However this work is in agreement with 

Chignell et al 106
•
110 who could not observe this species with this type of experiment 

due to the presence of the triplet and the cation radical at the same wavelengths. The 

peaks identified earlier as the cation radical and triplet are not due to the promazine 

radical, as they are at the same wavelengths as those seen by other workers 106
•
107

•
110 

with chlorpromazine and promazine and in this work for promethazine. 

The transient difference spectra shows peaks with Amax at 510 nm and 480 nm for 

chlorpromazine and promethazine adsorbed onto cellulose respectively. The 

promethazine again shows the presence of two peaks when adsorbed onto cellulose. 

However the chlorpromazine shows the presence of only 1 peak which is assigned to 

the cation radical species as shown in figures 5.74 and 5.75 
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Figure 5.74: Transient difference spectrum of 5mg/g chlorpromazine adsorbed onto 
cellulose, exciting at 266 nm. 
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Figure 5.75: Transient difference spectrum of promethazine 6mg/g adsorbed 
onto cellulose, exciting at 266 nnn 
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The transient decay traces for chlorpromazine however, still show the presence of a 

small very short lived species which is probably due to the triplet species. The trace 

was analysed using biexponential kinetics and found to give a lifetime for the cation 

radical species at 510 run of2.2x10'3 s. For promethazine the kinetic decay trace 

clearly showed the presence of two species and was therefore fitted to biexponential 

kinetics. The promethazine triplet was found to have a lifetime of2.0x1 o-3 sand the 

cation radical which was located at 510 run had a lifetime of9.2x10'3 s. All the 

lifetimes of these species were found to be longer than seen in solution due to the 

cellulose protecting the excited species from quenchers as explained in chapter 2. 

There is no change in the transient absorption spectrum or lifetime on the addition of 

H.S.A. to chlorpromazine. The H.S.A. appears to have no affect on the 

photochemistry of these compounds. Although fluorescence studies show these 

compounds appear to be binding, it may be the position of the binding is such that it 

does not effect the photochemistry. 

5.6.4. Singlet oxygen 

Both these compounds show large singlet oxygen quantum yields. The quantum yields 

were found compared to 2-acetonaphthone in acetonitrile and were found to be 0.25 

for promethazine and 0.20 for chlorpromazine which is very similar to the literature 

value for chlorpromazine of0.27 in benzene 181 when excited at 308 run. These values 

were found using laser excitation at 266 run because the concentration required to 

excite these compounds at 355 run caused quenching of the singlet oxygen by the 

compound. This quenching could be either physical or chemical or both and if it is 

chemical quenching it could a be significant process in the photo allergy mechanism. 

The quenching constant was found by taking the value for the rate constant at various 

different concentrations of the compound when exciting at 266 nm. The quenching 

constant was found from figures 5.76 and 5.77 to be 4.27x106 s'1M 1 for 

chlorpromazine and 3.93xl 06 s'1M 1 for promethazine. 
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Figure 5.76: Quenching of the singlet oxygen by promethazine in acetonitrile exciting 
at 355 nm 
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Figure 5.77: Quenching of the singlet oxygen with chlorpromazine in acetonitrile 
exciting at 3 55 nm 

Promethazine showed a decrease in the singlet oxygen quantum yield when measured 

in D20 in the presence ofH.S.A. compared to without H.S.A. As no change was seen 

in the triplet yield of promethazine with the addition ofH.S.A. this change is probably 

due to the H.S.A. protecting the triplet from molecular oxygen due to the position of 

the binding. 

173 



5.6.4. Photodegradation 

The samples were degraded under a full arc lamp as shown in figures 5.78 and 5.79. 
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Figure 5.78: Irradiation of promethazine using a full arclamp over time. 
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Figure 5. 79 Irradiation of chlorpromazine using a full arclamp over time. 
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The promethazine absorbance increases to give peaks at 335 run at 295 run 270 run and 

230 run but decreases at 250 run therefore more peaks are present after degradation 

than before. Chlorpromazine shows a similar trend but shows a product absorbing 

above 325 run. The peak above 325 run seen in chlorpromazine could be due to the 

loss of the chlorine in a free radical process which has been reported in E.S.R. studies 

carried out by other research groups.109
'
107 As the degradation takes place in aerated 

solutions it is probably partly due to the singlet state which is not quenched by oxygen. 

The triplet is quenched by oxygen, however the cation radical is not quenched by 

oxygen and therefore, one can conclude the cation radical is probably formed from the 

singlet state. The cation radical is likely to be involved in the formation of the product. 

The radical formed from loss of the chlorine has been suggested by Navaratnam et a! 
107 to form from the triplet state as explained in chapter 2, however this work can not 

confirm or deny this result. 

There was no change in the degradation of either compound on addition ofH.S.A. 

which is not unexpected as there has been no change observed to either the triplet or 

the singlet state on the addition ofH.S.A. 

Summary of the photochemical properties of chlorpromazine and 

promethazine. 

Chlorpromazine has been studied by laser flash photolysis previously but there have 

been no previous photochemical studies carried out on promethazine. The ground 

state spectra showed 3 peaks for each compound the lowest energy transition being 

due to a 1t~1t* transition at 300 run for promethazine and 310 run for chlorpromazine. 

The ground state absorption spectra of promethazine was found to alter with pH which 

was due to the protonation of the amine group. The adsorption of both compounds 

onto cellulose caused a slight decrease in the absorption at lower wavelengths as seen 

in several other compounds. 

These compounds showed fluorescence emission at 450 run and 440 run for 

chlorpromazine and promethazine respectively, at room temperature in ethanol, giving 

fluorescence quantum yields of0.004 and 0.012 respectively. The phosphorescence 
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emission measured at 77 K showed an emission at 475 mn and 480 mn for 

promethazine and chlorpromazine respectively with quantum yields of 0. 79 and 0.63 

respectively. The lifetime of the phosphorescent emission was found to be 0.073 sand 

0.068 s for chlorpromazine and promethazine respectively. The energy gap between 

the triplet and singlet excited states was found to be 65 kJmor1 and 71 kJmor1 for 

chlorpromazine and promethazine respectively indicating the transition from the 

ground state to the triplet state is a n:~n:* transition. The presence ofH.S.A. seemed 

to have no effect· on the photochemical properties of these compounds. 

The laser flash photolysis of these compounds showed the presence of a triplet species 

at 460 mn and a cation radical species at 510 mn for promethazine and 525 mn for 

chlorpromazine. The chlorpromazine results were the same as recorded by other 

research groups.106
'
107

•
110 The triplet species was confirmed by oxygen quenching and 

triplet quenching using naphthalene. The cation radical was shown to come from the 

singlet state since neither the lifetime nor the amount of the cation radical were 

affected by oxygen and the triplet state was found to be quenched by oxygen. This was 

different to the results found by Chignell et a! by laser flash photolysis 106 who suggest 

the cation radical came from the triplet state. The lifetime of the promethazine triplet 

was found to be 2.1xlO"' sand an estinlate of the lifetime of the chlorpromazine triplet 

was found to be lOOns. This chlorpromazine lifetime is the same as found by 

Navaratnam et al107 but longer than found by Chisnell et al.106 However since both 

groups, as well as the results found here, show quenching of the triplet species with 

oxygen the longer lifetinle seems more likely. The cation radical species had lifetimes 

of9.4xlO"' sand 5.6xlO"' s for promethazine and chlorpromazine respectively. There 

was no absorption change seen for the promazine radical due to loss of the chlorine 

with chlorpromazine which had been observed by Navaratnam et al107 The effect of 

adsorbing chlorpromazine and promethazine onto cellulose was mininlal except for an 

increase in the transient lifetimes due to the cellulose protecting the transient species 

from quenchers as explained in chapter 3. 

The singlet oxygen quantum yields of these compounds were 0.20 for chlorpromazine 

and 0.25 for promethazine which are high enough to be involved in reaction. These 
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compounds also showed quenching of the singlet oxygen which could be either 

physica~ chemical or both. The quenching constants for the quenching of the singlet 

oxygen was 4.27x106 s·'M' and 3.93x106 s·'M' for chlorpromazine and promethazine 

respectively. The chemical quenching of the singlet oxygen by these compounds may 

play an important part in the photoallergy process. 

The degradation of these compounds under the full arclamp showed the formation of 

products probably by the hydrogen abstraction by the cation radicals. There was a 

difference in the spectra after irradiation between chlorpromazine and promethazine 

seen as a increase in the absorption above 325 nm. This may well be due to the loss of 

the chlorine to form a promazine radical and by hydrogen abstraction of a hydrogen 

atom from the solvent to form a product. This promazine radical has been seen in 

E.S.R. studies and with laser flash photolysis in alcohol previously107
•
109 and the 

transient difference spectra here have shown no differences between the two 

compounds suggesting the formation of the promazine radical is in very small yields. 
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Chapter 6 
Conclusions and Further 

Work 



6. Conclusions and Further Work. 

6.1 Summary and comparison of photoallergens 

The aim of this PhD was to find a physical model of the properties of a photoallergen. 

This would also allow photoallergens to be identified from their photochemistry. The 

previous work carried out on these compounds falls into 2 categories. The first of 

these is from biological work carried out invivo to identify which compounds are 

photoallergens. The second type, studies the photochemistry of these compounds 

mostly using techniques such as E.S.R and some laser flash photolysis. These studies 

have not connected the photochemistry observed to the mechanism ofphotoallergy. 

Past workers39
·4() have suggested that photoallergy occurs only if the compound has 

previously photobound to a protein in the skin, usually assumed. to be H. S.A It was 

therefore thought that a reactive species would need to bind to the protein. This 

species has been assumed in many cases to be a radical species. Although it can be seen 

that the compounds must bind to the skin by the fact that they can remain in the skin 

for several months there is no clear evidence to show this binding must be 

photochemical binding rather than dark binding. If the binding were dark binding rather 

than photochemical binding, the need for a reactive species would be removed and the 

photochemistry would be for the photoallergen protein complex and not the compound 

alone. 

In the cases ofT4CS, fentichlor and bithionol which have been studied by E.S.R59
•
60

•
67

" 

71 the radicals found due to dehalogenation were assumed to be responsible as no other 

reactive species were detected with the methods employed. Chlorpromazine was 

studied using laser flash photolysis and E.S.R and was shown to form a cation 

radical10
6-

110 after excitation, however this radical was not believed to be responsible 

for the photoallergy due to the biphotonic nature of the excitation needed at 355 run, 

which would not be reproduced in sunlight. A previous thesis written by another 

Loughborough student on T4CS found radicals due to dehalogenation and has assumed · 

these to be responsible for the photoallergy. 56 However no conclusive proof can be 

shown in support of this mechanism. 
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This thesis has tackled the problem from another angle by studying several different 

photoallergens in an attempt to find a common factor in the photochemistry of all the 

photoallergens and therefore be able to define photoallergy. 

From the previous chapter it can be seen there is no obvious connection between all 

the photoallergens and therefore the definition of photoallergy is probably very 

complex involving several different factors. The relative strength of the photoallergens 

may also have an effect on the mechanism of the photoallergy. The relative strengths of 

the photoallergens however are hard to distinguish, as no clear order of photoallergy 

has been found, due to the difficulty in differentiating between photoallergy and 

phototoxicity. 37
•
88 From different papers an approximate ranking can be found with 

chlorpromazine and promethazine as the strongest photoallergens, followed by 6-

methylcoumarin, bithionol and fentichlor lower down and TBS as the weakest 

photoallergen. Ketoprofen and omadine were not included in these ranking tables as 

very little information on their photoallergic strength is available, although ketoprofen 

has been shown to be a weak photoallergen.37
•
88 

The comparison of the results found in the previous chapter may therefore be useful in 

suggesting some possibilities for the connection between photoallergy and the 

photochemistry of these compounds. 

All the photoallergens were white compounds and therefore have no absorption above 

400 nm. The ground state of the compounds in general showed peaks at around 300 

nm due to 1t-t1t* transitions as shown in Table 10. However, sunlight is more intense 

above 320 nm and although it can emit light down to 290 nm the intensity of the 

radiation is lower at these wavelengths. 87 The radiation from the sunlight only 

penetrates to the dermis, where photoallergy is believed to occur, at wavelengths 

below 320 nm. Ketoprofen has a low value for the 1t-t1t* transition but has a higher 

n-t7t* transition and TBS has a n-t1t* transition around 380 nm. This shows not all 

the photoallergens show the same transition as their lowest excited singlet state. 
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Compound Amn Transition 

Bithionol 305 7t~7t* 

Fentichlor 305 7t~7t* 

TBS 360 7t~7t* 

Omadine 335 7t~1t* 

6-methylcoumarin 320 1t~1t* 

Chlorpromazine 310 7t~1t* 

Promethazine 300 7t~1t* 

Ketoprofen 340 n~1t* 

255 1t~1t* 

Table 10: Ground state parameters of the photoallergens m aqueous or 10% 
ethanol:90% water solvents. 

The fluorescence emission was detected to be present in some compounds but not in 

others. The quantum yields of fluorescence where they were able to be measured were 

low for all compounds as seen in table 11. 

Compound Wavelength/nm Quantum yield Energy oflowest 

of fluorescence excited singlet state 

Bithionol 400 <104 299 

Fentichlor 400 <10-4 278 

TBS 440 0.0649 299 

Omadine - - -
6-methylcoumarin 406 0.00125 299 

Chlorpromazine 450 0.00379 266 

Promethazine 450 0.0118 286 

Ketoprofen - - -
Table 11 : Fluorescence parameters of the photoallergens 

The singlet energies for the transition from the ground state to the lowest excited 

singlet state are all between 265 nm and 300, where they were able to be measured. 
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The A..nax of the fluorescence was seen to vary from 400 run to 450 run and it may 

therefore be characteristic for the photoallergens to fluoresce in this region with low 

fluorescence quantum yields. However T4CS, which is known to be a strong 

photoallergen although fluorescing in the same region at 440 nm, has a high quantum 

yield56 of0.34 which would seem to dispel this theory. The fluorescence quantum yield 

however could vary with photoallergic capability, with the stronger photoallergens 

having a higher quantum yield than the weaker photoallergens. On closer inspection, 

TBS has the highest fluorescence quantum yield of the photoallergens measured in this 

thesis, which seems to dismiss this theory. If however the changes in the results seen 

for the fluorescence in the presence ofH.S.A are taken into account, the fluorescence 

quantum yields could show a different trend. The quantum yield ofTBS fluorescence 

decreases with the addition ofH.S.A, whereas the fluorescence quantum yields of 

compounds such as chlorpromazine and promethazine do not change. This change in 

the fluorescence quantum yields could cause the quantum yield to increase with the 

photoallergic strength, but this relationship would need further study. 

The triplet species of these compounds were studied at 77 K using phosphorescence. 

The energy of the lowest energy triplet state were all found to be around 239 to 288 

kJmo1"1
. The highest is ketoprofen which is thought to be a n~1t* transition. Both 

ketoprofen and 6-methylcournarin phosphorescence spectra are structured so the 

energy measured is for the average energy of the lowest excited triplet state rather than 

the lower limit of the lowest excited triplet state and the values for these compounds 

will be slightly higher than the other compounds. There would seent to be a general 

rule that the triplet energies are all relatively close. It was found in general that the 

quantum yield of phosphorescence were high, except 6-methylcournarin and omadine. 

The measured value for the quantum yield of phosphorescence for 6-methylcournarin 

may be low due to the large amount of fluorescence seen at this temperature. 
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Compound cjlp -r:p/S Type of ET/kJmor1 E Sl-+Tl 

Transition /kJmor1 

Bithionol 0.34 6.3x10"3 
l~7t· 268 73 

Fentichlor 0.56 8.5x10-3 l~7t· 265 57 

TBS 0.59 8.8x10"3 
1t~1t· 260 39 

n~7t* 

Omadine 0.037 1.8x10-3 
1t~1t· 239 -

6-methyl coumarin 0.075 0.11 1t~1t· 260 39 

Chlorpromazine 0.67 0.073 7t~1t· 249 65 

Promethazine 0.79 0.068 1t~1t· 252 71 

Ketoprofen 0.951 5.7x10'3 
n~7t* 288 -

Table 12: Phosphorescence parameters of the photoallergens at 77K. 

The lifetime of the phosphorescence was in the millisecond range except for 6-

methylcoiJ1lllll'in. promethazine and chlorpromazine. These are thought to be the 

stronger photoallergens, therefore it may be postulated that the lifetime could be 

longer in stronger photoallergens. 6-methylcoumarin however, is a longer lived than 

any other, but is not the strongest photoallergen. As with the fluorescence the addition 

of H.S.A changes the phosphorescence of the compounds in different ways as seen in 

table 16. These changes in lifetime and quantum yields may cause the phosphorescence 

quantum yields and lifetimes to follow the order of the photoallergic strength. This 

would need further study of this relationship to confirm this result. 

The triplet -triplet absorption results obtained from laser flash photolysis experiments 

varied considerably, and in three cases the triplet species was only seen with the 

presence of a: sensitiser. This was found in all three cases to be due to the triplet 

species having a low triplet quantum yield rather than a short lifetime. 
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Compound r;y/s Amax 

Bithionol 7xl0-3 370 

Fentichlor 6xlo-s 370 

TBS 8.5x10-6 550 

Omadine 660 -

6-methylcoumarin 2.5xl0-<> 430 

Chlorpromazine 2.3xlo-• 460 

Promethazine 2.lx10-' 460 

Ketoprofen 1.2xlo-' 530 

Table 13: Tnplet- tnplet absorption parameters obtamed usmg laser flash photolysis. 

The lifetimes of the triplet species also varied immensely. There was no obvious 

variation with photoallergic capability, although the stronger photoallergens 

chlorpromazine, promethazine and T 4CS appear to show the largest triplet quantum 

yields. Also T 4CS has also been shown to have a lot larger triplet quantum yield than 

TBS, where T 4CS is a stronger photoallergen. There was no correlation in the position 

of the triplet which varied from bithionol at 370 nm to omadine at 660 nm. This triplet 

species is probably not directly responsible for the photoallergy as for both ketoprofen 

and 6-methylcoumarin the triplet species seen were very similar to their related 

compounds benzophenone and coumarin, which are not photoallergens. 

The easily observable radical species which have long thought to be responsible for 

photoallerw9
•
40 were seen in all but one of the photoallergens upon laser excitation. 

All past papers have assumed radicals are responsible for photoallergy, mainly because 

it was believed that a relatively stable reactive species was needed to bind with the 

protein. Little actual evidence however, has been produced in defence of photobinding 

rather than dark binding. 
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Compound !..,.. of radical 'tradical/ s 

Bithionol 370 0.12 

Fentichlor 370 0.1 

TBS 400 3x10"' 

Omadine 460 6x10"" 

6-methylcoumarin - -
Chlorpromazine 525 5.6x10"5 

Promethazine 510 9.4x10"5 

Ketoprofen 520 

Table 14: Photochemical parameters of the radical species produced after laser 
excitation of the photoallergens. 

The radicals seen after laser excitation were not the same type for all the compounds. 

The halogen containing compounds all appeared to lose the halogen to form a phenyl 

type radical and with bithionol, fentichlor and TBS this was the only radical seen. 

Even with these compounds, the lifetimes varied from 0.05 s to 3x10"' s. The 

difference in the lifetimes has been said to change the way these compounds bind. If 

the radical is long lived it is thought to photobind to multiple sites in a random manner, 

whereas if the radical is short lived it will dark bind to 1 major site before photobinding 

to that site. 53 The difference in the radical lifetime therefore may not affect whether the 

photoallergic mechanism goes via the radical species but may effect the mechanism by 

which a radical is involved. With this suggestion the lifetime cannot be used to 

characterise a photoallergen. 

In chlorpromazine, the phenyl radical due to dehalogenation was not seen in this work 

but has been reported using laser flash photolysis by Navaratnum et al. 107 With both 

chlorpromazine and promethazine the radical seen after laser excitation was a cation 

radical with a lifetime of-10"5s. However in other work on these compounds using 

both E.S.R and laser flash photolysis (ns and ps) it has been suggested that this radical 

was not responsible for photoallergy due to the biphotonic nature of the excitation. 108 

At wavelengths above 310 nm the biphotonic process is thought to be dominant and 

below 310 nm the monophotonic process is thought to dominate. 108 As the intensity of 

sunlight is greater at wavelengths above 320 nm the biphotonic nature of the excitation 
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is not likely to be reproduced by sunlight. In order to rule these radicals out, further 

work is needed to measure the true dependence of the nature of the excitation on the 

excitation wavelength, and whether sunlight at wavelengths below 310 nm is strong 

enough to cause the photoallergic reaction to occur. The phenyl radical formed by loss 

of the chlorine with chlorpromazine cannot be responsible for photoallergy as the 

photoallergic strength is thought to be similar for both promethazine and 

chlorpromazine. This suggests a similar photochemistry is responsible for the 

photoallergy in both of these compounds. This would seem to weaken the argument 

that the radical caused by the loss of a halogen in TBS, fentichlor and bithionol is 

responsible for the photoallergy. It is possible however, that different radicals could be 

responsible for the allergy in different compounds. 

The radical seen for ketoprofen was a ketyl radical. This is the same as seen with 

benzophenone in alcoholic solutions and therefore is probably not responsible for 

photoallergy as benzophenone is not a known photoallergen. There was no sign of the 

3-ethylbenzophenone radical seen by others using ESR102 in this work which suggests 

it is formed in very low quantum yield and it could be this radical which is responsible 

for photoallergy in ketoprofen. With omadine a 2-pyridylthiyl radical was detected · 

using laser flash photolysis and this could be responsible for the photoallergy but this 

would confirm the theory that there is no one type of radical responsible for 

photoallergy. The radicals seen were all found in aerated solutions and all thought to 

be formed from the singlet state. 

The products formed from the irradiation of the photoallergens may be the species 

which are responsible for causing the allergic reaction. The presence of products was 

investigated by irradiating the photoallergens with an arc lamp and recording the 

change in their ground state absorption spectra. The data gathered from irradiation of 

the compounds in aerated solutions showed the formation of products for all the 

photoallergens. This data was important in cases like 6-methylcournarin and 

ketoprofen where no transients were seen in aerated solutions using laser flash 

photolysis but a product was seen with steady state irradiation in aqueous solutions. 

This suggests the excited state has either a small quantum yield or a short lifetime and 

is probably formed from the singlet state as in the case of ketoprofen the triplet state is 
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quenched by oxygen. This is where the use ofE.S.R is useful as past reports102 have 

shown the presence of radical species for ketoprofen due to loss of the carboxylic acid 

group. All the absorption spectra taken after irradiation showed an increase in 

absorption above 350 run. Further investigation of these products using methods such 

as GC-MS which were employed on bithionol and fentichlor would reveal the nature of 

these products. 

Singlet oxygen has previously been known to cause skin irritations and is thought to be 

phototoxic. It has not however been shown to be connected to photoallergy. 45 

Compound Quantum yield of singlet oxygen 

Bithionol 0.025 

Fentichlor 0 

TBS 0.036 

Omadine -
6-methylcoumarin 0.015 

Chlorpromazine 0.20 

Promethazine 0.25 

Ketoprofen 0.25 

Table 15: Smglet oxygen parameters of the photoallergens 

From the studies of singlet oxygen in this thesis there were only 3 compounds which 

showed a high singlet oxygen quantum yield. These were ketoprofen, chlorpromazine 

and promethazine. All the other compounds except omadine showed some singlet 

oxygen production. It is not known how much would be required to cause 

photoallergy and therefore the amount produced may be enough for the singlet oxygen 

to be involved in the photoallergy mechanism. In the case of 6-methylcoumarin where 

there is very little other photochemistry observed, the low singlet oxygen quantum 

yield maybe the most important process. In all the above cases where the fluorescence 

was measured it was found not to be quenched by oxygen and therefore the singlet 

oxygen is probably formed from the quenching of the triplet state. Therefore in all 

these cases there is a correlation between the amount of triplet seen and the quantum 
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yield of singlet oxygen except ketoprofen. This may suggest that the singlet state is 

contnbuting towards the singlet oxygen quantum yield or the triplet is being quenched 

by other factors on laser excitation. It is clear that singlet oxygen could play a part in 

photoallergy and there may therefore be two types of photoallergy, one with singlet 

oxygen involved and one with a radical mechanism. 

Cellulose appears to have very little affect on the photochemistry of these compounds. 

In all cases there is an increase in the lifetime of the excited species seen after laser 

excitation. It also has the effect of increasing the quantum yield of some of the excited 

species therefore allowing the species to be detected using laser flash photolysis. For 

example in the case of 6-methylcournarin and omadine. The cellulose results should 

give an indication of the effect of adsorbing the photoallergen onto a surface. It 

appears there is very little difference apart from the above and that on a surface the 

effect of oxygen is no longer important which maybe the same in skin. 

Photoallergy is thought to depend on the ability of the radicals to bind with H.S.A. 

This binding could either be photochemical or dark binding or both 48
'
55 It is not clear 

which is necessary for photoallergy. It was also felt that dark binding to H.S.A. may 

effect the photochemistry of the photoallergens. This was investigated by adding 

H.S.A. to the photoallergens and recording any changes in the fluorescence, 

phosphorescence and excited states from laser excitation. The addition ofH.S.A. to 

the photoallergens was found to have a varied effect on the H.S.A.. As stated earlier 

these experiments were all carried out in water as H.S.A. is denatured by organic 

solvents.128 It may not be correct to carry out these experiments in aqueous solutions 

as it is not known whether photoallergy occurs in an aqueous or non aqueous part of 

the skin. 
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Compounds Fluorescence Phosphorescence Triplet Radical Singlet 

oxygen 

Bithionol t ,!. t -
Fentichlor t ,!. t -

TBS ,!. t ,!. -
Omadine - t - -
6-methyl ,!. t t -
coumarin 

Chlorpromazine X X X X 

Promethazine X X X X 

Ketoprofen - ,!. Shorter -
lifetime 

Table 16: H.S.A parameters of the photoallergens where, t =increase in quantum 
yield and lifetime, -!. = decrease in quantum yield and lifetime, - = not 
measured and X= no change. 

-

-
,!. 

-

-

,!. 

,!. 

-

The addition ofH.S.A. to the photoallergens in solution shows no trends across all the 

allergens studied. The singlet oxygen quantum yield decreased in the presence of 

H.S.A. for all the compounds in which it was measured. This was probably due to the 

triplet species being protected from oxygen and most of the singlet oxygen is produced 

from the quenching of the triplet state. The effect ofH.S.A. on the photochemistry of 

these compounds varied with different compounds. This variation may be due to the 

position of binding on H. S.A. and may therefore not tell us which photochemical 

properties are involved in photoallergy. On binding, the H.S.A. and compound 

probably form a complex or a series of complexes whose photochemistry may be 

different to the parent compounds. 

Dark binding offentichlor and bithionol by quenching of the tryptophan signal on 

H.S.A. showed that dark binding occurs between fentichlor or bithionol and H.S.A .. 

These experiments showed the possible presence of one class of binding site to which 

fentichlor and bithionol bind initially and the possible presence of many weaker sites to 

which they bind randomly. The use of fluorescent probes to investigate the dark 

binding showed that both fentichlor and bithionol bind to site 1 (Lys199-Giu292) and 
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site 2 (Pro384-Phe488)147 on H.S.A. Binding constants for bithionol were found to be 

1-10xl05 mor11 and for fentichlor to be 6-8xl05 mor11. Fentichlor and bithionol 

probably bind to other sites, or affect the fluorescence of other sites on the H.S.A. and 

therefore site I and site 2 are probably only minor sites as the strength of binding was 

not large. There is less specificity of binding than seen with T4CS which showed 2 

major binding sites. 56 

6.2. Conclusions 

This thesis describes much basic photochemistry of several photoallergens and has 

explained any differences in that photochemistry when on surfaces and in the presence 

ofH.S.A. Overall it has shown there is not one photochemical property which can be 

held responsible for photoallergy but that it is probably due to a combination of 

properties. The ground state absorption spectra were all below 400 nm and the 

fluorescence energies and phosphorescence energies were similar for all the 

compounds. Although radicals were found in 6 of the 8 compounds and the other two 

were suspected to form radicals it is still not known whether these are the radicals 

causing photoallergy, the quantum yield required to cause photoallergy and how the 

photochemical binding of the compounds to H.S.A. effects the photoallergy 

mechanism. There maybe minor radicals which have not been observed in this thesis 

which cause the allergic response. It is strongly suspected from these results however 

that the mechanism is not the same for all compounds. It may be possible that some 

photoallergens cause photoallergy via a singlet oxygen mechanism whereas others 

proceed via a radical mechanism. Although it is clear that the compounds must bind 

with the skin, it is not clear if this binding must be dark binding or photochemical 

binding and more information is needed about the type and position of binding of these 

compounds before the cause of photoallergy can be identified. 

6.3. Further work 

It is still believed that the radical species are involved in photoallergy mechanisms. It is 

therefore, necessary to identifY which radicals are responsible and how differences in 

lifetime affect the photoallergic response. The radicals could be studied in several 

different ways. 
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1) Some compounds showed no radical species using laser flash photolysis, which may 

be due to low yields, therefore these compounds could be studied using sensitisation 

or radical trapping experiments. 

2) The opposite approach could be applied to these experiments so that the radical 

intermediates being responsible for photoallergy could be studied using a model 

compound with high radical quantum yields. 

3) The examination of compounds of similar structure with similar radical 

intermediates but different photoallergic strengths may help to explain the 

photoallergy mechanism. Examples of this are chlorpromazine and promethazine, 

which have shown very similar photochemistry, bithionol and fentichlor , and TBS 

and T4CS. The difference in the photoallergic potential is biggest in TBS and T4CS 

and these may be the best choice for studying the differences. 

Singlet oxygen has long being held responsible for the phototoxic effects seen from 

these compounds, and further investigation of the singlet oxygen production would 

help to clarifY its position, if any, in the photoallergy mechanism. Singlet oxygen may 

also be involved in radical formation in some compounds, for example by the ground 

state reacting with the singlet oxygen to produce an intermediate, which may undergo 

further reactions not available to the parent compound. Therefore it is necessary to 

determine the quantum yields of singlet oxygen, the rate constants for the reaction of 

singlet oxygen with various compounds and the relative extents of physical and 

chemical quenching. The difference in the singlet oxygen quantum yield with H.S.A 

present was found in two compounds to be reduced, due to the H.S.A. protecting the 

species from molecular oxygen, therefore further studies of this effect may give some 

idea of how important oxygen is in the role of photoallergy and whether the presence 

of singlet oxygen can be held responsible for photoallergy. 

The binding to H.S.A. of these compounds has been shown by this work to be 

important in the photoallergic mechanism. Therefore further study of both the dark and 

photochemical binding of these compounds is necessary. It would be particularly 

interesting to see whether there is any correlation between the position of binding, on 

the H.S.A. and how the photochemical properties are affected by the H.S.A. and 

whether this affects the strength of the photoallergic reaction. Further information is 
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also required to determine whether the photochemical binding and dark binding occur 

in the same place and whether they occur to the same extent. T4CS must dark bind to 

H.S.A. before it can photochemically bind, whereas fentichlor and bithionol have 

shown no need to dark bind first. This was related to the lifetime of the radicals 

involved. Radicals with long lifetimes do not need to dark bind first, whereas with 

shorter lifetimes they do. This relationship needs to be investigated further and with 

other compounds. 

The use of solvents in this thesis has been varied to find the basic photochemistry 

whereas when studying in H.S.A it was necessary to use aqueous solutions or less 

than 10% ethanol: 90% water solutions. Binding of the compounds to H.S.A. is 

known to be to the hydrophobic part ofH.S.A., however it is not known whether the 

photochemistry occurs in the aqueous part or the hydrophobic part of the protein. 

Many of the compounds are not very soluble in water and therefore it is likely that they 

occur in hydrophobic regions in which case the solvent should be altered accordingly. 

The photochemical compounds have generally been studied in solution, and on 

cellulose to see the effect of adsorbing them onto a surface There have been some 

experiments with H.S.A. to see the effect that binding to a protein has on the 

photochemistry. The next step would be to adsorb the compounds onto skin to see 

how their photochemistry varied. The technique to study compounds on skin would 

initially be carried out using a model compound with well known photochemistry. 

Further investigation of how the compounds bind, where they bind and to exactly 

which protein or amino acid would need to be carried out. The skin is not a 

homogeneous surface and may therefore still not be good for many basic studies of a 

photoallergen. With further understanding of the biology of the skin and the way in 

which the compounds bind to it, it may be possible to find a better model for studying 

the photoallergens than that used in this thesis, such as the use of micelles. In the last 

20 years there have been extensive photochemical studies carried out in aqueous 

micellar solutions. It has been found in many cases to dramatically change the nature 

and/or rate of reaction compared to homogeneous media. 182"18~his is due to their 

ability to solubilise hydrophobic molecules into a bulk aqueous solution. The change in 
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the products seen and/ or the rates of reaction, compared to homogeneous media can 

help to identity the mechanism of the reaction. 

The photoallergens are known to protein bind into a hydrophobic environment and it 

has been shown187
'
188 that micelles are a good model for this biological environment. 

Chlorpromazine has been studied in micelles using irradiated samples with liquid 

chromatography and for this allergen it was found that the dechlorination reaction, 

which was not seen in aerated solutions, now becomes important. 187 

192 



References 



References 

1. J.G.Calvert and J.N.Pitts, Photochemistry, J.Wtley and sons, 1966, pp. 1-350. 

2. C.E.Wayne, RP.Wayne, Photochemistry, Oxford University Press, 1996, pp. 1-55. 

3. C.N.Banwell, Fundamentals ofMolecular Spectroscopy, 3rd Edn., M'Graw Hill 
Book Co., 1983, pp. 1-30 & 155-240. 

4. J.ABaltrop, J.D.Coyle, Principles ofPhotochemistry, John Wtley and sons, 
Chichester, 1978, pp. 1-155. 

5. A. Cox, T.J.Kemp, Introductory Photochemistry, M'Graw Hill, 1971, pp. 1-40. 

6. S.Cheng Tsai, G.W.Robinson, J. Chem. Phys., Vol. 49, 1968,3184. 

7. L.G.N.Lewis, M.Kasha, J. Am. Chem. Soc., Vol. 66, 1944, 2100. 

8. R.J.Hirtubise, Phosphorimetry, V.C.Publishers Inc., 1990, pp.16-28 & 99-134. 

9. RJ.Lukasiewicz, J.J.Moux, J.D.Wmefordner, Analytical chemistry, Vol. 44, 1972, 
963. 

10. A. Gilbert, J.Baggott, Essentials of Molecular Photochemistry, Blackwell Scientific 
Publications, London, 1991, pp.1-181. 

11. D.L.Andrews, Lasers in Chemistry, Springer Verlag, Berlin, 21111 Edn., 1990, pp. 1-
105. 

12. W.W.Wendlandt, H.G.Hecht, Reflectance Spectroscopy, Wtley. New York, 1966, 
pp. 46-82. 

13. G.Kortum, Reflectance Spectroscopy, Springer Verlag, Berlin, 1969, pp. 103-120. 

14. P.Kubelka, F.Munk, Z. Tech. Phys., Vol. 12, 1931, 593. 

15. P.Kubelka, J. Opt. Soc. Am., Vol. 38, 1948, 448. 

16. F.Wtlkinson, Proc. Indian. Acad. Sci., Vol. 103, 1991, 305. 

17. F.Wtlkinson, P.ALeicester, L.F.V.Ferreira, V.M.M.RFreire, Photochem. 
Photobiol., Vol. 54, 1991, 599. 

18. F.Wtlkinson, R W.Kessler, J. Chem. Soc. Faraday Trans., Vol. 77, 1981, 309. 

19. F.Wtlkinson, C.J.Wilsher, Chem. Phys. Letters, Vol. 104, 1984, 272. 

193 

• ! 



20. F.Wilkinson, C.J.Wilsher, P.A.Leicester, J.R.M.Barr, M.J.C.Smith, J. Chem. Soc. 
Chem. Commun., 1986, 1216. 

21. F.Wtlkinson, C.J.Wdsher, Applied Spectroscopy, Vol. 38, 1984, 897. 

22. F.Wilkinson, C.J.Willsher, D.Oelkrug, W.Honnen, J. Chem. Soc. Faraday Trans.2, 
Vol. 83, 1987,2081. 

23. C.S.Foote, Accounts of Chemical Research, Vol. 1, 1968, 104. 

24. F.Wdkinson, W.P.Helman, A.B.Ross, J. Phys. and Chem. Ref. Data, Vol. 22, 
1993, 113. 

25. J.R.Hurst, J.D.M'Donald, G.B.Schuster, J. Am. Chem. Soc., Vol. 104, 1982, 
2067. 

26. M.A.J.Rodgers, J. Am. Chem. Soc., Vol. 105, 1983,6201. 

27. S.Nonell, R.W.Redmond, J. Photochem. Photobiol. B:Biol., Vol. 22, 1994, 171. 

28. P.R.Ogilby, C.S.Foote, J. Am. Chem. Soc., Vol. 104, 1982, 2069. 

29. D.S.Wdkinson, Br. J. Derm., Vol. 73, 1961, 213. 

30. A.Dooms-Goosens, I.Blockeel, Clinics in Dermatology, Vol. 14, 1996, 67. 

31. I. Willis, J.A.M.Kligman, J. Invest. Derm., Vol. 51, 1969, 385. 

32. J.H.Epstein, Arch. Derm., Vol. 106, 1972, 741. 

33. I.E.Kochevar, Photochem. Photobiol., Vol. 30, 1979, 437. 

34. J.N.Burry, Arch. Derm., Vol. 95, 1967, 287. 

35. O.F.Jilson, R.D.Baughman, N.H.Hanover, Arch. Derm., Vol. 88~, 1963, 409. 

36. Wennersten et a!, Contact Derm., Vol. 10, 1984, 305. 

37. E.Holzle, N.Neumann, B.Hausen, B.Przybilla, S.Schauder, H.Honigsmann, 
A.Bircher, G.Plewig, Clinical Reviews, Vol. 25, 1991, Part 1. 

38. F.P.Jenkins, D.Welti, D.Baines, Nature, Vol. 201, 1964, 827. 

39. L.Turkson, Mphil., CardiffUniversity, 1989. 

40. M.D.Barratt, R.U.Pendlington, lnt. J. Cosmetic Science, Vol. 12, 1990, 91. 

41. L.C.Harber, R.L.Baer, J. Invest., Derrn, Vol. 43, 1972,271. 

194 



42. W.Frain-Bell, Cutaneous Photobiology, Oxford University Press, 1985, pp. 93-
105. 

43. K.H.Kaidbey, A.M.Kigman, Contact Derm. Vol. 6, 1980, 161. 

44. L.C.Harber, RL.Baer, J. Invest. Derm., Vol. 58, 1972, 327. 

45. S.O.Lock, J.V.Friend, Int. J. Cosmetic Science, Vol. 5, 1983, 39. 

46. M.D.Barratt, K.RBrown, Toxicol. Letters, Vol. 2, 1984, 1. 

47. P.S.Herman, S.M.Mitchell, J. Lab. Clin. Med., 1971, 572. 

48. I.E.Kochevar, L.C.Harber, J. Invest. Derm., Vol. 68, 1977, 151. 

49. D.M.Rickwood, M.D.Barratt, Photobiochem. Photobiophys., Vol. 5, 1983,365. 

50. D.M.Rickwood, M.D.Barratt, Photochem. Photobiol., Vol. 35, 1982,643. 

51. Y.Nakayama, M.A.Pathak, Photochem. Photobiol., Vol. 23, 1976,273. 

52. D.M.Rickwood, M.D.Barratt, Biophysical Chemistry, Vol. 19, 1984,69. 

53. J.N.Delahanty. J.C.Evans, C.C.Rowlands, RU.Pendlington, M.D.Barratt, 
Biochem. Pharmacology, Vol. 38, 1989,38. 

54. M.D.Barratt, B.F.J.Goodwin, W.W.Lovell, lnt. Archives of Allergy and Applied 
Immunology, 1986. · 

55. M.D.Barratt, D.M.Rickwood, Chem. Bioi. Interaction.S, Vol. 52, 1984,213. 

56. G.G.Sturley, PhD Thesis, Loughborough University, 1998. 

57. R.D. Baughman, Arch. Derm., Vol. 90, 1964, 153. 

58. C.A.Ramsay, J. Invest. Derm., Vol. 72, 1979, 99. 

59. A.S.W.Li, C.F.Chignell, Photochem. Photobiol., Vol. 46, 1987,445. 

60. A.S.W.Li, C.F.Chignell, Photochem. Photobiol., Vol. 49, 1989, 25. 

61. D.J.Cripps, T.Enta, Br. J. Derm., Vol. 82, 1970, 230. 

62. T.Horio, Int. J. Derm., Vol. 23, 1984, 376. 

63. J.W.Goodin, G.Kemp, RS.Davidson, Advanced Organic Physical Chemistry, 
1983, 192. 

64. J.Grimshaw, A.P.De Silva, Chem. Soc. Rev., Vol. 10, 1981, 181. 

195 



65. G.W.Shaffer et a!, Photochem. Photobiol., Vol. 13, 1971, 347. 

66. J.T.Pinhey, R.D.G.Rigby, Tetrahedron Letters, Vol. 6, 1969, 1276. 

67. J.N.Delahanty, J.C.Evans, C.C.Rowlands, M.D.Barratt, Photochem. Photobiol., 
Vol. 48, 1988, 223. 

68. J.N.Delahanty, J.C.Evans, C.C.Rowlands, M.D.Barratt, I. Chem. Soc. Faraday 
Trans.1, Vol. 83, 1987, 135. 

69. A.A.Schothorst, D.Suurmond, A.DeLijster, Photochem. Photobiol., Vol. 29, 1979, 
531. 

70. J.N.Delahanty, J.C.Evans, C.C.Rowlands, M.D.Barratt, R.U.Pendlington, Free 
Radical Biology and Medicine, Vol. 7, 1989, 231. 

71. J.C.Evans, C.C.Rowlands, L.A.Turkson, M.D.Barratt, J. Chem. Soc. Faraday 
Trans., 1, Vol. 84, 1988, 3249. 

72. K.Oudjehani, P.Boule, I. Photochem. Photobiol., AChem, Vol. 68, 1992,363. 

73. Grabowski, Z. Phys. Chem., Vol. 27, 1961, 239. 

74. E.Lipczynska-Kochany, J.Kochany, J.R.Bolton, J. Photochem. Photobiol. 
AChem., Vol. 62, 1991, 229. 

75. E.Lipczynska-Kochany, J.R.Bolton, I. Chem. Soc. Chem. Commun., 1990, 1596. 

76. E.Lipczynska-Kochany,J.R.Bolton, J. Photochem. Photobiol. AChem., Vol. 58, 
1991,315. 

77. A.Mills, S.Morris, R.Davies,J. Photochem. Photobiol. A:Chem., Vol. 70, 1993, 
183. 

78. A.P.Y.Durand, R.G.Brown, D.R. Worrall, F.WJikinson, I. Photochem. Photobiol. 
A: Chem., Vol. 96, 1996, 35. 

79. P.Boule, C.Guyon, J.Lemaire, Chemosphere, Vol. 11, 1982, 1179. 

80. K.Omura, T.Matsuura, Tetrahedron, Vol. 27, 1971,3101. 

81. G.A.Epling, J.L.Wells, U.C.Yoon, Photochem. Photobiol., Vol. 47, 1988, 161. 

82. A.K.Davies, N.S.Hilal,J.F.McKellar, G.C.Phillips, Br. I. Derm., Vol. 92, 1975, 
143. 

83. J.A.Coxon, F.P.Jenkins, D.Welti, Photochem. Photobiol. Vol. 4, 1965, 713. 

196 



84. M.D.Alani, Br. J. Derm., Vol. 89, 1973, 361. 

85. I.E.Kochevar, L.C.Harber, J. Invest. Derm., Vol. 68, 1977, 151. 

86. L. C.Harber, H.Harris, RL.Baer, J. Invest. Derm., Vol. 46, 1966, 303. 

87. F.Morikawa, Y.Nakayarna, M.Fukuda, M.Harnano, Y.Yokoyarna, T.Nagura, 
M.Isihara, K.Toda, In Sunlight and Man, University ofTokyo Press, Tokyo, 1974, 
pp. 529-548. 

88. J.Menz, S.Muller, S.Connolly, Clinical Reviews, Vol. 18, 1988, 1044. 

89. K.H.Kaidbey, AMKigman, ArchDermatol. Vol. 117, May 1981,258. 

90. W.M.Mantulin, P.S.Song, I. Am. Chem. Soc., Vol. 95, 1973, 5122. 

91. RS.Becker, S.Chakravorti, C.AGartner, J. Chem. Soc. Faraday Trans, Vol. 89, 
1993, 1007. 

92. RAJones, ARKatritzky, I. Chem. Soc., 1960, 2937. 

93. K.J.Reszka, C.F.Chignell, Photochem. Photobiol. Vol. 61, 1995,269. 

94. B.M.Aveline, I.E.Kochevar, RW.Redmond, J. Am. Chem. Soc., Vol. 117, 1995, 
9699. 

95. K.J.Reska, C.F.Chignell, Photochem. Photobiol., Vol.. 60, 1994,442. 

96. J.Bowen, E.Crepon, S.Z.Zard, Tetrahedron Letters, Vol. 31, 1990,6869. 

97. K.J.Reska, C.F.Chignell, Photochem. Photobiol., Vol. 60, 1994,450. 

98. B.M.Aveline, I.E.Kochevar, R.W.Redmond, J. Am. Chem. Soc., Vol. 118, 1996, 
10113. 

99. C.Bohne, RBoch, J.C.Scaiano, J. Organic Chem, Vol. 55, 1990, 5414. 

100. N.Mozzanica, P.Pigatto, Contact Derm., Vol. 23, 1990, 336. 

101. S.Ophaswongse, H.Maibach, Contact Derm., Vol. 29, 1993, 57. 

102. F.Bosca, M.AMiranda, G.Carganico, D.Mauleon, Photochem. Photobiol, Vol. 
60, 1994, 96. 

103. L.L.Costanzo, G.De Guieli, G.Condorelli, ACambria, M.Farna, Photochem. 
Photobiol., Vol. 50, 1989, 359. 

104. E.Sidi, M.Hinckey, AGervais, J. Invest. Derm., Vol. 24, 1955, 345. 

197 



105. C.F.Chignell, Pure and Applied Chemistry Vol. 62, 1990, 301. 

106. G.R.Buettner, R.D.Hall, C.F.Chignell, A.G.Motten, Photochern. Photobiol., Vol. 
49, 1989, 249. 

107. S.Navaratnam, B.J.Parsons, G.O.Phillips, J. Chem. Soc. Faraday Trans.1, Vol. 
74, 1977, 18811. 

108. C.Garcia, G.A.Smith, W.G.McGimpsey, I.E.Kochevar, R.W.Redmond, J. Am. 
Chem. Soc., Vol. 117, 1995, 10871. 

109. G.R.Buettner, C.F.Chignell, A.G.Motten, Photochem. Photobiol., Vol. 42, 1985, 
9. 

110. G.R.Buettner, RD.Hall, C.F.Chignell, A.G.Motten, Photochem. Photobiol., Vol. 
44, 1986,5. 

111. A.Streitwieser, C.H.Heathcock, Introduction to Organic Chemistry, 3rd Edn., 
Macmillan publishing eo., New York, 1989, pp. 917-918. 

112. F.Wiikinson, D.R.Worrall, L.F.V.Ferreira, Spectrochemica Acta, Vol. 48A, 
1992, 135. 

113. L.F.Vieira Ferreira, J.C.Netto-Ferreira, I.V.Khernelinskii, A.R.Garcia, 
S.M.B.Costa, Langmuir, Vol. 11, 1995, 231. 

114. G.P.Kelly, P.A.Leicester. F.Wtlkinson, D.R.Worrall, L.F.Vieira Ferreira, 
R.Chittock, W.Toner, SpectrochimicaActa, Vol. 46a, 1990,975. 

115. G.O.Phillips, J.C.M' Arthur, ''Photochemistry and Radiation Chemistry of 
Cellulose" from T.P.Nevell, S.H.Zeronian, Cellulose Chemistry, Halsted Press, New 
York, 1985, pp. 292. 

116. N.Duran, E.Gomez, M.Haun, J. Photochern. Photobiol. A:Chern., Vol. 51, 1990, 
469. 

117. E.M.Schulman, R.T.Parker, J. Phys. Chem., Vol. 81, 1977, 1932. 

118. F.Dunning, B.Dunning, W.G.Drake, J. Am. Chern. Soc., Vol. 53, 1931,3466. 

119. Personal communication from R.Pendlington, Unilever Research, Colworth 
Laboratory. 

120. L.F.V.Ferreira, J.C.Nettoferreira, I.V.Khmelinski, A.R.Garcia, S.M.B.Costa, · 
Langmuir,Volll, 1995, 231. 

121. J.C.Scaiano, Handbook of Organic Photochemistry, Vol. 1, C.R.C. Press, pp. 
237. 

198 



122. A.M.Braun, M.T.Maurette, E.Oiiveros, Photochemical Technology, Wiiey and 
sons, 1991, pp. 70. 

123. J.P.Keene, D.Kesse~ E.J.Land, R W.Redmond, and T.G.Truscott, Photochem. 
Photobiol., Vol. 43, 1986, 117. 

124. F.Wilkinson, A.F.Oiea, D.J.McGarvey, D.R Worrall, J. Brazillian Chem. Soc., 
Vol. 6, 1995, 211. 

125. T.Peters, Serum albumin-Advances in Protein Chemistry, Vol. 37, 1985, 161. 

126. HeJGamin, D.C.Carter, Nature, Vol. 35, 1992, 209. 

127. G.Scatchard, I.H.Scheinberg, S.H.Armstrong, J. Am. Chem. Soc., Vol. 72, 1950, 
535. 

128. A.H.Vidt, K.Wallvik, J. Biological Chem., Vol. 247, 1972, 1530. 

129. M.M.Bradford, Analytical Biochemistry, Vol. 72, 1976, 248. 

130. F.Brunner, RZini, J-P.Tillement, J. Pharm. Pharmacol., Vol. 35, 1983, 526. 

131. C.RBagshaw, D.A.Harris, Spectrophotometry and Spectrofluorimetry- a 
practical approach 1988, IRL Press, Oxford, pp. 50-53. 

132. RF.Steiner, J.Roth, J.Robbins, J. Biological Chem. Vol. 241, 1966,560. 

133. H.Polet, J.Stienhardt, Biochemistry, Vol. 7, 1968, 1348. 

134. L.Brand, J.RGohlke, D.S.Rao, Biochemistry, Vol. 8, 1967, 3510. 

135. N.A.Attalah, G.F.Lata, Biochimica et Biophysica Acta, Vol. 168, 1968, 321. 

136. Marty, M.Boiret, M.Deumie, J. Chem. Education Vol. 63, 1986,365. 

137. M.C.Meyer, D.E.Guttman, J. Pharm. Sciences, Vol. 57, 1968, 895. 

138. L.D.Ward, Methods in Enzymology, Vol. 22, 400. 

139. P.Yohita, Y.Matsushita, I.Morigughi, Chem. Pharm. Bull., Vol. 42, 1994,937. 

140. L.A.Luzzi, H.W.Jun, J.K.A.Ma, J. Pharm. Sciences, Vol. 64, 1975, 493. 

141. J.K.H.Ha, P-L.Hsu, L.A.Luzzi, J. Pharm. Sciences, Vol. 63, 1974,27. 

142. J.K.H.Ha, P-L.Hsu, L.A.Luzzi, J. Pharm. Sciences, Vol. 63, 1974, 32. 

143. RF.Chen, Arch. Biochem Biophys., Vol. 120, 1967, 609. 

199 



144. H.W.Jun, R. T.Mayer, C.M.Himmel, Journal ofPharm. Sciences Vol. 60, 1971, 
1821. 

145. G.Sudlow, D.J.Birkett, N.D.Wade, Molecular Pharmacology, Vol. 9, 1973, 649. 

146. G.Sudlow, D.J.Birkett, N.D.Wade, MolecularPhannacology, Vol. 11, 1975,821. 

147. G.Sudlow, D.J.Birkett, N.D.Wade, Molecular Pharmacology, Vol. 12, 1976, 
1052. 

148. G.Sudlow, D.J.Birkett, N.D.Wade, Molecular Pharmacology, Vol. 13, 1977, 987. 

149. M.D.Barratt, D.M.Rickwood, Biophysical Chern., Vol. 19, 1984, 69. 

150. S.Kashai,T.Horie, T.Mizuma, S.Awazu, J. Pharm. Sciences, Vol. 76, 1987,387. 

151. C.J.Halfinan, T.Nishida, Biochemistry, Vol. 11, 1972,3493. 

152. A-P.Y.Durand, D.Brattan, R.G.Brown, Chemosphere, Vol. 25, 1992, 783. 

153. J.C.Scaiaino, Handbook of Organic Photochemistry Vol. I, C.R.C. Press, pp. 
235-238. 

154. Taken from S.L.Murov, I Carrnicheal, G.L.Hug, Handbook ofPhotochemistry, 
Marce1 Dekker Inc., 1993. 

Data originally from S.L.Murov, PhD Thesis Univ. Chicago, 1967, 227. 

155. R.S.Davidson, J.W.Goodwin, G.Kernp, Advanced organic chemistry, 1983, 192. 

156. G.Grabner, C.Richard, G.Kuhler, J. Am. Chem. Soc., Vol. 116, 1994, 11470. 

157. E.Lipczynska-Kochany, J.R.Bolton, Environmental Science and Technology 
Research, Vol. 26, 1992, 259. 

158. R.G.Kryer, J.P.Lorand, N.RStevens, N.R.Herron, J. Am Chem Soc., Vol. 105, 
1983,3609. 

159. Bratt et al, J. Chem. Soc., Perkin Trans. 1980, 648. 

160. C.F.Chignell, RH.Sik, Photochern. Photobiol., Vol. 50, 1989, 287. 

161. J.V.Morris, M.A.Maherny, J.R.Huber, J. Phys. Chern., Vol. 80, 1976, 967. 

162. M.Z.Hoffinan, G.Porter, Proc. R. Soc., London, Vol. 268, 1962,46. 

163. W.R.Davidson, M.W.Wmdsor, J. Phys. Chem., Vol. 72, 1968,3251. 

164. J.B.Gallivan, Molecular Photochemistry, 1970, 191. 

200 



----------------------------------------- -----

165. R.Giri, S.Seathi, M.K.Machive, V.V.S.Murti, Spectrochimica Acta, Vol. 44A, 
1988, 805. 

166. G.D.Boutiller, J.Wmeforder, Analytical Chemistry, Vol. 51, 1979, 1384. 

167. J.M.G.Martinho, J. Phys Chem., Vol. 93, 1989, 6687. 

168. E.J.Land, T.G.Truscott, Photochem. Photobiol., Vol. 29, 1979, 861. 

169. F.WIIkinson, G.P.Kelley, L.F.Vierra Ferreira, V.M.M.R.Friere, M.l.Ferreira, J. 
Chem. Soc. Faraday Trans., Vol. 87, 1991, 547. 

170. M.Yamaj~ T.Kiyota, H.Shizuka, Chem. Physics Letters, Vol. 226, 1994, 199. 

171. J.K.Hurley, N. Sinai, H.Linschele, Photochem. Photobiol., Vol. 38, 1983, 9. 

172. S.E.Gorov, A.A.Krasnovsky, A. Ya Potapenko, Biophysics, Vol. 31, 1986, 172. 

173. D.N.Dempster, T.Morow, M.F.Quinn, J. Photochem., Vol. 2, 1974, 32. 

174. Taken from S.L.Murov, I Carmicheal, G.L.Hug, Handbook of Photochemistry, 
Marcel Dekker Inc., 1993. 

Data originally from V.L.Ermolaev, Soc. Phys. U.S.P., Vol. 6, 1963,333. 
Translated from: U.S.P.Fiz. Nauk, Vol. 80, 1963,3. 

175. P.B.Merke~ D.R.Kearns, J. Chem. Phys., Vol. 58, 1973, 398. 

176. W.J.Leigh, D.R.Arnold, J. Chem. Soc. Chem. Commun, 1980,406. 

177. M.W.Wolf: R.E.Brown, L.A.Singer, J. Am. Soc., Vol. 99, 1977,526. 

178. G.Porter, F.WIIkinson, Trans. Faraday Soc., Vol. 57, 1961, 1686. 

179. S.K.Chattopathyay, M.V.George, P.K.Das, C.V.Kinar, J. Organic Chem., Vol. 
50, 1985, 2533. 

180. J.V.Morris, M.A.Mahaney, J.R.Huber, J. Phys. Chem. Vol. 80, 1976, 967. 

181. T.~ Y.Nishimura, M.S~ H.Fujita, Z.Matsuo, H.Sakaragi, K.Tokumaru, 
Bull. Chem. Soc. Japan, Vol. 64, 1991, 2169. 

182. B.A.Undig, M.A.J.Rodgers, Photochem. Photobiol., Vol. 31, 1980,617. 

183. N.E.Shore, N.J.Turro, J. Am. Chem. Soc., Vol. 96, 1974, 306. 

184. N.E.Shore, N.J.Turro, J. Am. Chem. Soc., Vol. 97, 1975, 2488. 

185. H-C. Cheung, A.Lukto, J. Phys. Chem., Vol. 79, 1975, 1935. 

201 



186. N.J.Turro, M.Aikawa, A Yekta, J. Am. Chem. Soc., Vol. 101, 1979, 772. 

187. G.AEpling, C.Black, V.Rawal, J.Chem.Soc. Perkin Trans. 2, 1983, 1313. 

188. W.M.Vaughan, G.Weber, Biochemistry, Vol. 9, 1970, 464. 

202 






