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Abstract 

The sensitised photo-oxidation of the insecticide Bioresmethrin (I) 
and the structurally related compounds (II) - (V) has been investigated. 

a 

OH 

(V) 
HO 

The rate of photo-oxidation of compounds (I) - (V) has been 
measured, and it has been deduced from the analysis of the kinetic data, 
the effect of solvent deuteration on reaction rate, and the effect of 
sodium azide on reaction rate that photo-oxidation occurs primarily via 
reaction with singlet oxygen. The effect of pH on the reaction rate has 
also been determined. 

The thermodynamic parameters for photo-oxidation have been measured. 
The rate constant for the reaction of singlet oxygen with compounds 
possessing a furan ring viz. Bioresmethrin and compounds (II) and (III), 
has a value of the order of 10B mol-~3s-1, whereas the rate constant 
for compounds (IV) and (V) containing the isobutenyl group has a value of 
the order of 106 mol-1dm3s-1 . The enthalpy of activation for the 
reaction of singlet oxygen with Bioresmethrin and compounds (II) and 
(III) is close to 0 kJmol-1, whilst the entropy of activation lies in the 
range - (96-103) JK-1rnol-1 in methanol and - (75-87) JK-1mol-1 in 
methanol/water. The rate constant with Bioresmethrin of singlet o}Cygen 
generated homogeneously, heterogeneously and exogeneously has the same 
value, within experimental error, and is of the order of 106 mol-1dm3s-1 . 

It is deduced from the thermodynamic data parameters for the reaction 
that the attack of singlet oxygen occurs initially at the furan ring site 
in Bioremethrin and compounds (II) and (III). Kinetic measurements have 
shown that approximately one encounter in seventeen between singlet 
oxygen and Bioresmethrin leads to reaction products, this being a factor 
of three and fifteen less than for compounds (II) and (III) respectively. 

An NMR study of the low temperature dye sensitised photo-oxidation 
of Bioresmethrin shows that the initial product is 2,5-furan endoperoxide 
derivative, which is present in two diatsereoisomeric forms. 

An autoradiographic study of final products formed in the sensitised 
photo-oxidation of Bioresmethrin has shown that (a) a complex mixture of 
products is formed, (b) the rate of reaction is reduced by the singlet 
oxygen quencher, ~-carotene, (c) the product distribution is largely 
independant of the sensitiser used (Rose Bengal, Methylene Blue, 

(ix) 



Chlorophyll). and (d) the product distribution is similar when singlet 
oxygen is generated homogeneously, heterogeneously and exogeneously. 

It has been discovered that soil samples of different pH can act as 
sensitisers for the exogeneous generation of singlet oxygen. This has 
implications in that the soil sensitised photo-oxidation of agrochemicals 
via reaction with singlet oxygen is a possible degradation pathway for 
such chemicals in the environment. 

(x) 



CHAPTER 1. 

Introduction. 



1.1. The development and uge Q~ '~~ectjcides 

1.1.1. Introductioo 

"And the locusts came ... and settled on the 

whole country of Egypt ... and they ate all 

the plants in the land and all the fruit 

of the trees ... not a green thing remained. 

neither tree nor plant of the field, through 

all the land.' 

Exa:ius 10: 14-15 

According to recent discoveries hummloids have existed on earth 

more than 3 million years, while insects are kn~ to have existed for 

250 million years. Yet human beings have learned to live and cOl!lPete 

with the insect world. Of the 800,000 species of insects 100,000 plant­

eating species add to the devastating loss of crops throughout the 

world. 

It has been est~ted that approx~tely one-third of the world"s 

food crops is destroyed by pests during growth. harvesting and 

storage< l} • Losses are even higher in emerging countries: Latin 

America loses to pests approximately 40% of everything produced. Cocoa 

prcx:iuction in Ghana. the largest exporter in the world, has been trebled 

by the use of insecticides to control just one insect speoies. Pakistan 

sugar production was increased 33% through the use of insecticides. The 

Food and Agriculture Organisation (FAD) has est~ted that 50% of cotton 

production in developing countries would be destroyed without the use of 

insecticides. 

Studies performed in the USA(2) give an indication of t!:e 

dramatic increase in crop yields that can be acheived through the use of 

insecticides (Table 1). It can be seen that increased yields of up to 

(1) 



Table 1 Comparison of losses caused by trsept§ jp plQts treated by * 
cc.c:a:cticcal mia: cf lDSecticjc:::s =CC uct.:::t=a plct.:i; 

Calculatea 10SSIS Ipercentaqa, 
Incraa.ea 

Wit" Wit"out yla/a 
Commoc1lty tr.atment treatmen, ( pen:entaqll 

Corn 
Southwesrern com borer 9.9 34.3 24.4 
Leathopper on silage corn :38.3 76.7 3S.4 
Corn roorworm 5.0 15.7 10.7 

Soybeans 
MeXican bean beeUe 0.4 26.0 25.6 
Slink bugs 8.5 15.0 6.5 
Velvet bean caterpillar 2.4 16.6 14.2 
Looper caterpillar 10.5 25.5 15.0 

Wheat 
Srown whe.t mite 21.0 100.0 79.0 
Cutworms 7.7 54.7 47.0 
White grUbS 9.3 39.0 29.7 

Cotton 
Boll w.evll 19.0 30.9 11.9 
Bollworm 12.1 90.8 78.7 
Pink bollworm 10.0 25.5 25.5 
Thrip. 16.7 57.0 40.3 

Polato •• 
Colorado porato b.eUe 1.0 46.6 45.6 
European corn borer 1.5 5U 52.S 
Potato I •• fhopper 0.4 43.2 42.8 

50% can be acheived through the control of just one insect species e.,. 

the European corn borer in potatoes. 

1.2. Pyrethrum and pyretbrojd:s 

1.2.1. Pyrethrum - hi:storx acd its COmmercial development 

Pyrethrum or "insect poWer" refers to the dried and poKiereci heads 

of the ChrY'SlJntheJDUJll cineraril!l.efoliUJIJ plant. There are numerous 

stories as to whom first discovered the insecticidal properties of this 

substance - the Iranians, the Dalmations or even the Chinese in the 1st 

century A.D.c3). What is known is that insect power was introduced 

into a number of European countries, from Dalmatia and Iran. in the 2nd 

and 3rd quarters of the 19th century and in use in Japan by 18B5 -

although it was in use in Russia well before this period. 

Pyrethrum. though readily used in its un-adulterated state, is 

actually a complex mixture of 6 esters (collectively known as the 

(2) 



pyrethrins) which are the active constituents of pyrethrum(4-6). The 

pyrethrins are named according to the parent alcohol. with the parent 

acid being identified by a roman number i.e. "I" for chrysanthemic acid 

and "II" for pyrethric acid (Figure 1). Pyrethrum extract usually 

contains equal proportions of chrysanthemic and pyrethric acid esters. 

methrolone esters (pyrethrins I (6) and II (7» account for 73%, 

cinerolone esters (cynerins I (8) and II (9» for 19% and jasmolone 

esters (ja.smolins I (10) and II (11» 8% of the total(?). The 

absolute configuration of pyrethrins has been established(e-ls>. 

1.2.2. Pyretbroids - a definition 

Pyrethroids have been arrived at by synthesis based on natural 

pyrethrins as models ,generally by systematic variation of parts of the 

molecule for the purpose of determining the effect of biological 

activity. A few jumps springing from inspiration or from the 

availability of materials may have been made, but by and large most 

pyrethroids may be recognised as having been derived from the 

constituent esters of pyrethrum, perhaps in several stages. even if a 

direct comparison between the starting point and the end product shows 

quite startling differences. It is also true that pyrethroids exhibit 

a range of biological properties, although compounds at opposite ends 

of this spectrum will differ quite markedly. 

One reason for this difficulty of definition may be that 

structure/activity relationships in pyrethroicis are based mainly on 

considerations of shape and stereochemistry rather than on electronic 

properties. so that they cannot be defined straightforwardly in terms of 

specific chemical groups. The only definition that is likely to last is 

a mutually accepted one based on evolution. A compound may be said to 

be a pyrethroid if its structure can be reasonably derived from that of 

(3) 



'=- Y H 

~ 
H C02H 

(1) chrysanthemic acid 

(3J pyrethrofone (6) pyrethrin , 

(4, cinerofone (8' cinerin I 

(5) jasmofone (10) jasmofin I 

CH:sOzC,=- V I 

/~H , \ 
H COzH 

(2J pyrethric acid 

(7) pyrethrin If 

(9' cinerin II 

(11' jasmofin II 

FIgure 1 Structnre: and absolute ccnf1'tnrations Of the coostjtuent acid? 
and alcohOlS Of the natnral pyrethrjo:r nod the names Of the SlX 

esters koQHO cQl1ectjyaly %2S pyretbrios. 

(4) 



the natural pyrethrins, and if it exhibits a range of biological 

properties that over lap to a considerable degree with those of existing 

nembers of the group. 

1.2.3. The development Of synthetic pyrethrgjds 

The first pyrethroid allethrin (12), became cOlDlllercially available 

in 1949< 18 .17), it marked the beginning of an era of complex syntheses, 

involving as many as 22 chemical reactions to produce the final 

insecticide. Allethrin is merely a synthetic duplicate of cinerin I (a 

component of pyrethrum), with a slightly more stable side chain, and it 

is more persistant than pyrethrum. Equally effective against houseflies 

and mosquitoes, but less so against cockroaches and other insects, it 

was readily synergised by the common pyrethrum synergists. Allethrin is 

the ester of racemic allethrolone with racemic cis/trans -

chrysanthemic acid< 17-20) • The ester of allethrolone and the 

naturally (1R)-trans acid is known as bioalletbrin (13), and the 

ester of the (lR)- tnms acid with (S)-alletbrolone as 

(S)-bioallethrin (14)(21). The prefix "bio" is generally used to 

indicate esters of the natural dextrorotatory (1R)- trans 

chrysanthemic acid. 

o 

(12) allethrin 
(13) bioallethrin {1 R-trsns, 4' RSJ 
(14) (5)-bioallethrin (lR·trans, 4'5J 

The second generation tetramethrin (15). which appeared in 1985(22), 

gives a stronger knockdown of flying insects than allethrin and is readily 

synergiseci. Resmethrin (16) appeared in 1967(23) and is 20 times IIlOre 

effective than pyrethrum in housefly knockdown, and is not synergised to 

any appreciable extent with pyrethrum synergists. Bioresmethrin (17). 

(5) 



a 

(16) resmethrin (17) bioresmethrin {lR-uansi 
(15) tetramethrin 

n 
OAO~ 

(18) prcrhrin 

(20' butethrin 

R - H. (21) phenorhrin 
R .. eN. (22' cyphenorhrin 

o 

(25) (1 RS-trans, 4' RSJ 

CI f 
CJ o 

Yr0~ 
O~ 

(19' prcpanhrin 

AoyOoD 
o R 

R - H, (23' 
R - eN. (24) fenprcpathrin 

CI,_ Y (o~ 
'CI~H )...Ji tV 

(("0 
H a 

(26) (1 R-transj 

(27) permethrin 

(6) 



also described in 1967c24 >, is 50 times more effective than 

pyrethrum against normal (susceptible to insecticides> houseflies. and 

also not. readily synergisea by pyrethrum synergists. Both remethrin snd 

bioresmethrin are more stable than pyrethrum. but decompose fairly 

rapidly on exposure to air snd sunlight. which explains why tr.ey were 

never developed for widespread agricultural use. Both of these latter 

insecticides have become the most used of this generation of pyrethroids 

for sprays and aerosols to control fly~ and c~ling insects indoors. 

A number of compounds described during this period appear to have been 

considered as candidates for commercial development as domestic 

insecticides - these include prothrin (18) C 2~ >, propathrin 

(19)(28) and butethrin (20)(27>, 

Sometillle after the discovery of benzylfurylchI'ysanthemates a group 

of Japanese workers(28.29> made the chrysanthemic acid esters cf 3-

phenoxybenzyl alcohol - phenothrin (21). As the form enriched in the 

lR- isomers (d-phenothrin) this compound is in use as a domestic 

insecticide. It is the related compound 3-phenoxybenyl-2.2.3.3-tetra­

methylcylopropane carboxylate (23) that has the distinction of be~ the 

first light-stable pyrethroid insecticide made. 

Following the discovery of 3-phenoxybenzyl eters, Japanese chemists 

investigating the effect of substituents at the benzylic carbon atom 

found that most substituents sharply reduced the activity, but that 2 

exceptions were the ethynyl group, which brought about a modest 

reduction in the activity, and the cyano group, which markedly enhanced 

the a.ctivity(30). Two compounds - cyphenothrin (22) and 

fenpropathrin (24) have been developed for agricultural snd domestic 

uses respectively(31.32) , 

The dichlorovinyl analogues of chxysanthemic acid were first 

(7) 



synthesised around 1857(33) in both cis and trans 

forms. The chlorinated analogue of allethrolone (25) had similar 

activity to its predecessor but the chlorinated analogue of bioresmethrin 

(26) has twice the activity against houseflies and mustard 

beetles{33-35). Further investigation lead to the synthesis of 

NRDC143 (27). later called permethrin. which was shown to be much more 

stable than any of the chl'ysanthemates or benzYl- furyl esters 

previously synthesised. to have activity of the same order as 

bioresmethrin. or greater. and to possess low mammalian toxicity. This 

work was then systematically extended to include the dibromo- and 

difluorovinylcyclopropanecarboxylic acids with 3-phenoxybenzYl alcohol 

and «-cyano-3-phenoxybenzYl alcohol. 

Of the 8 possible isomers deltamethrin (28) is the :nost singularly 

effective and was the most active insecticide known at its tillle\3B). 

Cypermethrin (29) also emerged at this tillle as one of the important 

agricultural insectic~es. 

One of the suprising developments in pyrethroid synthesis was the 

discovery of insectic~al activity in a group of phenylacetic acid 

esters(37) which lead to the synthesis of fenvalerate (30)(36). 

Only esters of (S)-2-methyl-3-(4-chlorophenyl)butyric acid have 

insecticidal activity - this configuration being reconciled with the 1R­

configuration of active cyclopropanecarboxylates(3S). Work carried 

out on a number of cycloalkylidenecyclopropanecarboxylates lead to the 

synthesis of bioethano-resmethrin (31)(40> and RU15525 (32) - the most 

active housefly knockdown agent known(41). 

Most recent variations in the acid component of pyrethroids are 

based on 3-vinylcyclopropanecarboxylic acids. although some sucesful 

work has been reported on vari3nts of the acyclic phenylacetate series. 

(8) 



Cl r 
CI 

~.;..c: H oxUoD 
a CN H 

(28) dejtamethrin 11 R-cis. as] 

(29) cypermethrin 

Cl opoD 
CN 

(30) fenvajerate ~H ~I 
H' rro 

o 
(31) bioethanoresmethrin {lR-transi 

cPo 
opoD /321 RU 15525 {lR-cisJ 

eN 

(33) cypothrin 

(34) flucythrinate (25. aRSJ 

(35) trajomethrin (lR-cis. aSJ 

Sr 

CJ CI 

(36) tralocythrin 
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Workers at American Cyanamid have investigated a series of spirc­

substituted cyclopropanecarboxylic acids with 3-phenoxybenzvl alcohol 

and its • -cyano derivative(42). Cypothrin (33) has acheived 

commercial status in animal health as a tickicide. whereas flucYthrinate 

(34) acts as a broad spectrum insecticide<43>. 

Bromination of the double bond of both deltamethrin. to yield 

tralomethrin (35)(44>, and cypermethrin(4~> have been described. 

Bromination introduces a new centre of assymetry, tralomethrin consists 

of two isomers. while bromination of cypermethrin produces sixteen (36). 

It can be seen that most recent work has resulted mainly in the 

synthesis of a number of compounds hav~ biological properties very 

sinilar to those of the first four pyrethroids to find use as 

agricultural insecticides. The success of the newer pyrethroids will 

depend on their ability to match or surpass the performance of the older 

compounds. or to offer a broader. or different spectrun of biological 

activity. 

1.2.4. Photochemjcal re3ctjons of the pyrethrojds. 

The photochemical breakdown of chemicals in the environment is a 

subject that merits discussion since it is in many cases the primary 

pathway for disposal of these chemicals. Much of what occurs after the 

application of a pesticide can be determined by its photoreactions 

mediated by sunlight. This is especially true of pyrethroids(48), 

which contain several light absorbing moieties and can thus be expected 

to yield considerable numbers of photoproducts. 

The pyrethroids that are derivatives of chrysanthemic acid contain 

an isobutenyl group which is very susceptible to biological(47) and 

photochemical(48) oxidations. This photolabile moiety was replaced 

with dihalovinyl substituents in the insecticidally potent compounds 

(10) 



!;lermethrin. cypermethrin and decamet:hrin. These compounds exhibit t'rlO 

major ultraviolet absorpt:ion bands: a relatively intense one at 

210-23Onm (E>lOOO mor1dm-3) for the transitionii-ilf'transition of the 

unsaturated groups and another at 250-28Onm (E<lOO) correspond~ to the 

carbonyls which is essentially n -rrllin charachter. It is the latter 

transition that is responsible for environmental photodegradation. 

1.2.4.1. Pbotochemjca1 ester cleavage 

There are three . main mechanisms that can cleave ester bonds: 

(i) scission of the carboxylate-carbon bond yielding carbonyl and alkyl 

CO2; (ii) cleavage of the carbonyl-oxygen bond and subsequent production 

of CO2; (iii) photonucleophillic attack by solvent or other nucleophiles 

(N) at the excited ester carbonyl. 

(i) 0 0 
R~ · R--\ + R.-

OR. O· 
-_I Rf+CO J 

(ii) RJ{.° R--'? + R.O· 
OR. 

--p R-+CO 

0 
R+OR, (iii) R~ N OR, N 

Cleavage of both cis- and trans-isomers of resmethrin upon exposure 

to sunlight wavelengths on silica gel and in aqueous solutions yields 

chrysanthemic acid but no corresponding alcohol i.e. 5-benzvl-3-furyl­

methanol(4S). Ester cleavage however does not occur to any appreciable 

extent for pyrethrin I, allethrin J tetramethrin or dimethrin when 

irradiated as thin films on glass by sunlight wavelengths<~O). The 

pyrethroid s-bioallethrin yielded chrysanthemic acid under a variety of 

conditions<~l), but the alcohol moiety photoproducts were not 

(11) 



characterised. 

Photolysis of the ester bond is a major reaction in the newer 

pyrethroids such as decamethrin<~2.~3), permethrin(M) and 

fenvalerate(~:5). When trans~ermethrin is irradiated in hexane or wter 

solution (A>29Onm.) the isometric dihalovinyl acid and 3-phenoxybenzYl 

alcohol are obtained: in methanol the corresponding ester and ether are 

formed (Figure 2). Cis-permethrin undergoes analogous reactions. 

Photolysis of decamethrin in hexane. alcohols and aqueous solutions 

results mainly in t~ modes of ester cleavage (eqns.(i) 8& (ii» including 

decarboxylation as a minor pathway (Figure 3). The reaction rate 

decreases in the order methanol>ethanol>propan-2-o1: either because 

of decreased nucleophilicity or by increased viscosity. 

Fenvalerate is rapidly decomposed in acetonitrile-water solutions. 

methanol and hexane upon irradiation (A>29Onm.). The major photoproduct 

(>60%) in all cases is the decarboxylated material (Figure 4). 

1.2.4.2. Reactions jnvo1ving the evc1acropyl grpup. 

The insecticidal activity of pyrethroids largely depends upon the 

configuration at carbon 1 (adjacent to the carbOXYl group) of the 

cyclopropyl ri.ng(71), the most active having a (lR)-configuration. Any 

epimerisation at this site would therefore result in a dramatic loss of 

activity. Furthermore the cis- and trans-isomers (about Cl. and C3) differ 

considerably in biostability and insecticidal activity(~7.~e). These 

factors make photoisomerisation an important reaction of pyrethroids. 

Early work on simple alkyl esters of chrysanthemic acid(~S) 

reported the formation of a lactone and elimination of a carbene to 

yield a dimethyacrylate (Figure 4). Chrysanthemol was photoisomerised 

to 2-isopropenyl-5-methyl-4-hexen-l-ol by 1,4-proton migration of the 

initially formed diradical intermediate. Direct irradiation of the 

(12) 
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trans-chr/Santhemum dicarboxYlic acid results in the formation of 

the cis-i~omer. the process could be enhanced by addition of 

isobutyrophenone as a sensitiser. The abscence of cis-trans 

isomerisaticn process in thin-films of pyrethrin. allethrin. tetra­

methrin and dimethrin(60) and in resmethrin<61) suggests that 

absorption by the alcohol moiety predominates. 

Kadethrin, which contains a thiolactone ring in conjugation with 

the vinyl side chain and thus resembles a pyrethrate, undergoes 

efficient cis-trans isomerisation of the cyclopropane ring as well 

as E-Z interconversion about the double bond<e2) upon sunlight 

photolysis (Figure 5). These processes are also apparent from the ester 

cleavage products identified. 

1.2.4.3. Tsomerj~ation in the alcobol moiety 

Allethrin posesses a substituted cyclopentenone chromophore which 

undergoes photochemical rearrangements with wavelengths greater than 

300nm in hexane solution to give the cyclopropyl derivative<63.84) 

(Figure 6). The chrysanthemate moiety is not involved in this reaction 

since allethrolone acetate undergoes the same process. The mechanism of 

conversion involves a di-il-methane rearrangement, sensitisation and 

quenching experiments suggest that the resulting vinylcyclopropane 

compound is formed via a triplet excited state. Jasmolin I (Figure 7) 

does not undergo the di-Tli---ethane rearrangement upon irradiation but 

yields instead the E-trans-isomer from the Z-cis-2-pentenyl 

group<ea). Neither allethrin nor jasmolin I have been found to 

yield lactones or dimethyl acrylates upon irradiation. 

1.2.4.4. Reductiye dehalogenaticn. 

Many halogenated pesticides undergo dehalogenation reactions 

readily at lo~ ~velengths(66) but not under sunlight irradiation 

(15) 



because of their lott' absorption at A >2SOnm. The dihalovinyl side chain 

in the newer pyrethroid iz a special case since the double bond is 

probably conjugated with the ester carbonyl via the the "bent" 

cyclopropane bonds which resemole an sp2 system. Thus. 

cis-tr~s isomerisation and reductive dehalogenation are 

competitive processes in the acid moiety of decamethrin (67.66) at 

254 and 30Onm. Cleavage of the carbon-halogen bond does not appear to 

proceed from a triplet state since the reaction cannot be quenched. 

Such processes are usually the result of bond homolysis which yields a 

free radical pair in a solvent cage, a further step may include 

electron transfer from halide and vinyl cations<ea.7o> (Figure 8). 

The free radical can then abstract from a proton donor (DH). the vinyl 

cation may react with a neucleophile (N) to give substitution products 

(eqn.(iv». 

Photoysis of permethrin in methanol, hexane or aqueous solutions 

yields the monochlorinated derivative of the parent ester and the acid 

moiety, but only as minor products (Figure 9). Decamethrin(71 ) 

debromination to the E and Z isomers is more efficient because of the 

decreased bond strength of the C-Br bond relative to that of the C-Gl 

bond. Only the free radical products are observed in all solvents. 

trans~ebromination being preferred by a factor of four. over 

cis~ebromination in methanol(72> . 

1.2.4.5. Pebromjoatjoo 

Photolysis of tralomethrin and tralocvthrin yield debrominated and 

dehvdrobroainated compounds. trans~ecamethrin and trans-

cypermethrin and ester cleavage products similar to those obtained from 

their precursers<73>. The debromination mechanism involves cleavage 

of a C-Br bond from the most highly halogenated site yielding a radical 

(16) 
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pair which can either recombine or separate by abstraction of a proton 

from the solvent: collapse of the resulting trihaloethvl radical by 

extrusion of a second bromine atom yieLds decamethrin or cis­

cypermethrin respectively (Figure 10). The yield of debrominated 

material is directly proportional to the proton4donating ability of the 

solvent, irradiation in solvent containing no abstractable protons leads 

to a complex mixture of polar or polymeric materials and decreased 

yields of debrominated products. 

1.2.4.6. Photcoxjdation of cbrzsanthemates 

Pyrethroids possessing the chrysanthemic acid moiety are very 

susceptable to oxidaton when photo lysed in the presence of 

oxygen(74). Several mechanisms operate resulting in oxidised 

products that resemble those obtained from metabolic systems (Figure 

11). A recent study of the photolysis of S-bioallethrin(7~) 

confirmed these findings and identified additional products arising from 

the epoxidation of the isobutenyl side chain. in analogy with the 

oxidation of tetramethrin and other chrysanthemates in mammals(78). 

When S-bioallethrin is irradiated in solution or in the solid phase " 

(S6Onm) inthe presence of oxygen, consierable amounts of epoxides from 

the substrate and its products are formed (Figure 12). Hydroxylation of 

the t-methyl group on the isobutenyl moiety also takes place. 

Formation of the epoxides upon irradiation is greater in benzene (33%) 

than in hexane (12%) or aqueous solutions (8%) J they are not detected in 

methanol. The reactions of S-bioallethrin can be sensitised by energy 

transfer from benzophenone, thus increasing the yields of triplet 

products, but the effect of benzophenone goes beyond that of a 

sensitiser. Benzophenone is a source of radicals in solution (Figure 

13) which can abstract protons from the isobutenyl methyl groups to 

(18) 
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yield the allylic ~lcohol. or tr3nsier oxy,gen to form epaxides. 

Epox~ation and allylic oxidations also take place in the absence of 

sensitisers presumably via radical reactions with triplet oxy,gen. since 

these processes are not detected in methanol or 1,3-cyclohexadiene 

solutions where readily abstractable hydrogen is available to terminate 

radicals. or in the presence of singlet oxYgen. It has been proposed 

that kadethrin(77) and resmethrin<7B) also undergo epoxidation 

in the acid moiety. However the major oxidative reaction in these 

processes involves degradation of the furan ring to yield a cyclic 

ozon~eperoxide by addition of oxygen across the unsatur~ted system 

(Figure 14) similar to those postulated as intermediates in the 

photochemistry of furans(79'. Migration of the benzyl c~ticn or 

radical would give the benzyloxYlactone; migration of a proton from the 

position symmetrical to the benzyl group would yield the hydroxYlactone. 

The hyroxY-cyclopentenolone. obtained as a major product only from 

resmethrin. may be formed by reduction of the cyclic peroxide to the 

diol. followed by rearrangement. 

The photo-oxidation of the furan ring is probably mediated by 

singlet oxy,gen<eo.e1) since Rose Bengal sensitisation in methanol 

yieLds a methoxY-hydropeoxide (Figure 15) by reaction of the solvent 

with the endoperoxide. 

1.2.4.7. Pbotooxjdatjoo of djhaloyjnylpropaoecarcoxylates. 

Permethrin and monochloropermethrin do not undrgo photo-oxidation 

within a week of irradiation in methanol containing singlet oxygen. 

Permethrin does not react with excess m""Chlorobenzoic acid or 

trifluoro-peroxyacetic acid in dichloramethane at 298KCB2). Tbe 

epoxide of monochloropermethrin is. however, obtained with an excess of 

oxidant. Decamethrin is also resistant to epoxidation(B3) but its 

(21) 
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methyl es~er Yields oxidation products lackir~ one bromine 

constituent<64>(Fio~re 16). Oxidation of the dihalovinyl moiety 

may be possible under different photolysis conditions since other 

deactivated alkenes. such as tri- and tetrachloroethYlene are epoxidised 

by irradiation at high temperatures<e~>. 

1.3. Singlet Oxyg"'!l 

A brief historY 

Mulliken. in 1928(88), studying the absorp~ion bands of atmos-

pheric oxy,gen established the electronic states of oxy,gen. There were 

three low lying states. the triplet ground state3f.·, and two 

excited singlet states l~,.'" and li:.·. The chemical species 

singlet oxy,gen • the lAc+state J was discovered soon afterwards by 

Kautsky<87' in 1931 where he described it as "a short-lived. very 

reactive type of oxygen molecule. that is generated via the transfer of 

absorbed photon energy to the ground state oxygen molecule". However 

singlet oxygen remained in the realms of atmospheric spectroscopy until 

the mid 1960' s when it began to attract the attention of organic 

chemists and biologists as a chemical species of some importance. 

1.3.l.The Electrcnjc structure of Singlet Oxygen 

Molecular orbital theory predicts three low lying electronic states 

as proposed by Mulliken, vide infra, and this is borne out by the 

calculated potential energy curves of molecular oxygen (Figure 17>. 

Information on the electronic structure and behaviour of molecular oxygen 

may be obtained from these curves. The three low lying states 3Ia: l~.+ 

and l!a+have nearly identical equilibrium inter-nuclear 

distance separations for their minima and dissociate to the same products 

in the limit of zero bindi.ng. These similarities must stem from a 

fundamental base and arise from the fact that the same initial electronic 

(24) 



Figure 17 Potentj31 energy Cllrv-"'S for the lowest electtpnjc states of 
molecular oxygen. 
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::onfiguration. 

02(l~g)2(16u)2(2og)2(2ou)2(3o.)2(lrru)4(1~.)2 

gives rise to the three lowest energy states. This electronic 

configuration shows how the six valency electrons are disposed among the 

available molecular orbitals. Since all of the orbitals up to the last 

two are filled the differences between the three states must be directly 

attributed to the distribution of these last two electrons in the lrr. 

orbitals. 

Us~ the simplest of models one may highlight the main differences 

in the electronic structure of the electronic states; though it should 

be made clear that this model is fraught with many inaccuracies upon 

rigorous inspection. The two outermost electrons are required to fill 

the two cigenerate 111". antibonding orbitals. The combination of two 

indistinguishable electrons and two degenerate orbitals results in a 

total of six sub-states. each having different electron distributions. 

energies and magnetic properties. The six electronic sub-states consist 

of three degenerate 3r.-states, two degenerate lAg·states and 

a single lE.~state (Figure 18). 

According to Hund's Rule the electronic state of highest multiplicity 

is the one of lowest energy, therefore 3r.-is the ground state of 

molecular oxygen and l~.+and lra+the first and second excited states 

respectively. 

1.3.2. The Physic~l Properties Of SU]glet Oxygen. 

The most important properties of singlet oxygen arise as a direct 

consequence of its electronic structure, The relatively long lifetime 

of the two excited states arise from the fact that the singlet-triplet 

transitions 1~.~ and lr.~r.-are "spin-forbidden" according to 

Pauli's Exclusion Principle. This fact is borne out by the extremely 
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long lifetimes in the gaseous state. Excluding any intermolecular 

collisions the lifetimes of the lra+and the 16./" states were 

est~ted at 7.1 secs. and 45 mins. respectively<8S). In the 

liquid phase, however, the lifetimes are considerably shorter, due to 

\ ~ter~ction with t~e vibrational levels of th:. solvent, the order of 10-8 and 

~-3S. respectively, depending on the solvent used<ee.ea). 

1.3.2.1. Quench;ng of Singlet Oxygen 

The term "quenching" may be used to encompass both the "chemical" 

and "physical" deactivation of the 102 state. 

-eel) 
Q + 102 

(2) 

---- Q + 3Q2 

--_II 002 

Process (1) is usually referred to as the purely "physical" quenching of 

the excited state, with no oxygen consumption or products formed (from 

now on termed quenching). The "chemical" quenching (2), involves the 

reaction of the quencher, Q, with singlet oxygen and the production of a 

product or intermediate oo:z (from now on termed reaction). If both 

processes occur simultaneously then the whole process is termed "total 

quenching" . 

There are 2 major mechanisms of singlet oxygen quenching: charge-

transfer and energy-transfer. Both mechanisms are major deactivation 

pathways of 102 but the energy-transfer mechanism appears to 

be marginally more efficient (2xl01 QM-1 sec-1 vs. 109M-1sec-1 ) 

under most circumstances. 

A Energy-Transfer Q,enching 

Originally proposed in 1968(91), this mechanism is the reverse of 

the dye-sensitisation mechanism as proposed 'earlier by Golnick(S2). A 

triplet quencher and ground state oxygen are formed when the triplet state 

~ 

of the quencher is equal to or below the energy of the 102 (lAS)· 

(27), 



state of 22 kcal.mol.- 1 . 

This mechanism has been documented for ~ -carotene(S3-98) and 

is probably also the same for many other conjugated systems(sa). It 

should be noted that charge-transfer would also be a feasible mechanism 

for singlet o~en quenching in these systems. 

B,Cbarge-Trapsfer Queocb;pg 

Charge-transfer quenching is much more general than energy-transfer 

and involves the interaction of the "electrophilic"singlet oxygen molecule 

with an electron donor to form a charge-transfer complex, where the 

intersystem crossing restrictions are relaxed. finally dissociating into 

donor and ground state o~en<100-103): 

The rate has been shown to be proportional to the oxidation potential of 

the donor, the reduction potential of the acceptor and the excitation 

energy of the excited species< 10.6). 

Some compounds that quench by this mechanism also react with 

singlet oxygen. The proportion of reaction versus quenching is 

dependant on structure and on the solvent. It is likely that the 

charge-transfer complex which results can either transfer the electron 

back. giving ground state oxygen, or combine to give product (002): 

The ratio of reaction to quenching varies with structure(120) and 

probably on solvent. 

Although there is no single definition of a singlet oxygen 

quencher, a likely compound must fulfill at least t~o basic criteria: 

(a) It should accelerate the deactivation of the singlet state in a 

given system ~ithout reacting with singlet oxygen. 

(28) 



(b) The rate of singlet o~en deactivation by the quencher should be 

geater than the solven~ dependant decay of singlet oxygen. 

If we assume a biological system contains water, then the rate of 

quenching action. kq, must be greater than the solvent deactivation rate 

for water (ka=5xl0:5S-1). Assuming concentrations of the quencher to be 

=10-2 to 10-3M. kq wouLd have to have a minimum value of =Sxl07 -

5xlO8M-1s-1 to be effective. Many naturally occurring compounds have 

values far in excess of this value and some even quench singlet oxygen 

reactions with rates approaching diffusion controlled reactions 

(3xl010M-1S-1)(10S). It has been proposed that one of the principal 

ftmctions of these compounds is to quench potential singlet oxygen 

reactions. Below are examples of some of the reported singlet oxygen 

quenchers: 

Carotenojds 

The carotenoids are the most extensive class of compounds recognised 

as singlet oxygen quenchers - an estimated loa tons are prcxiuced in 

nature every year( 107). Most of this staggering output is in the 

form of four major carotenoids (fucoxanthin. lutein. violanthin and 

neoxanthin) containing conjugated systems of at least nine double bonds 

each. All of these pigments quench singlet oxygen reactions with rates 

approaching diffusion controlled reactions<loa.l0a>,via an 

energy-transfer mechanism(110). 

Carotenes, although they quench singlet oxygen reactions very 

efficiently, are not very stable to oxidation - especially in the 

presence of light. This factor limits their usefulness as photo­

stabilisers. The nature of the oxidation prcxiucts is not completely 

certain but some progress has been made in this field(111.112). 

Amines 

(29) 



Although less efficient at Quenching singlet oXYgen reactions than 

carotenoids, aliphatic and cycloaliphatic amines have kq values from 10:5 

to 4xl07M-1s-1 and aromatic amines; 5xl08 to 1.5xlOSM-1g-1; 

as determined by Ogryzlo and co-workers< 113.114) . Nicotine( 37) was the 

(37) (38) 

first amine reported to Quench singlet oxygen( 11~), at a rate of 5.4 times 

as fast as it is oxidised by singlet oxygen. OABCD (1.4-Diazabicyelo-

2.2.2.-octane)(38) does not react Rith singlet oxygen(11B), as 

does (37), but quenches singlet oxygen seven times as fast. 

OABCO, although more efficient than (37), is still only moderately 

effective as a singlet oxygen quencher (kQ:2.4xlO7}f-1S-1) having an 

efficiency of about 1000 times less than ;,-carotene. Because of its 

ride spectral absorption and oxidative stability, DABCD has been widely 

used as a diagnostic tool for a singlet oxygen mechanism(117-126>. 

AIlines of low ionisation potential are better quenchers i. e. 

tertiary) secondary) pri.mary amines. This result would infer a charge-

transfer intermediate being formed. A small spin-orbit coupling betReen 

the singlet and triplet states in the intermediate would allow a SPin 

flip to occur and hence a facile inter-sytem crossing from 1Q2~2: 

102 + NR3 ~ (102- NR31 - [302- NR31 - 3()2 + NR3 

The results of Young et al. (11B) suggests only a partial charge-transfer 

complex and therefore maybe the reaction with singlet oxygen should be 

written trus: 

102 + NR3 ~ [102 .... NR3] - 3()2 + NR3 

(30) 



Other amines react to a greater or lesser extent: the products are 

complex and often arise from secondary reactions. One of the major 

processes is oxidation of alkyl groups at the ... position to the aldehyde 

level. Abstractable protons "'. to the 8lIline are a requirement for the 

reaction to occur: in their abscence. amines are pure quenchers for 

singlet oxygen( 127). N-Hethyl groups in particular are remily oxidised. 

leading to de-methylation(128.12S). 

Davidson and Tretheway(130.131) studying the dye-sensitised 

photo-oxidation of triethylamine and other amines. found that at high 

amine concentration the dye triplet is quenched by the 8lIline - whereas at 

lem concentration. the reaction proceeds by a singlet oxygen mechanism. 

They also showed that the amine oxidation rate can either be promoted or 

inhibited by an increase in the oxygen or amine concentration, depending on 

the conditions. 

Sulpbide:_ 

Sulphides are knmm to both react and quench singlet oxygen. 

depending upon the conditions, via a persulphoxide intermediate. 

/2R2SO 

R2S + l()2 - (R2S-af] ~ R2S + 3()2 

R2S02 

(a) 

(b) 

(c) 

The followtng experimental conditions are favoured(132): 

Reaction (a) - room temperature. protic solvents 

Reaction (b) - room temperature. &pratic solvents 

Reaction(c) - low temperature (198K), aprotic solvents and high 

dilution 

Phenols 

In a similar manner to amines and sulphides. it appears that 

phenols are capable of both quenching and reacting with singlet oxygen 

(31) 



under ~itable conditions. Thomas(173) has made a detailed study of 

the reactions rates of 2.4.6-tri-substituted phenols. Further evidence 

(12~) corroborates these findings, suggesting that the phenolic hydrogen 

does not take part in the ra.te~etermining step and also proposes the 

intermediacy of phenoxY' radicals in at least one of the reactions. 

Solvent and temperature effects were similar to those encountered with 

the sulphides<133-136>. 

Metal COmpleXes 

Many metal complexes, primarily Ni(II)chelates, have been 

studied as possible singlet oxygen quenchers. The kq values for these 

range up to diffusion controlled rates, with many being employed as 

commercial photostabilisers for polymers<137-13S>. Some of these 

phctostabilisers work by mechanisms other than singlet oxygen quenching 

i.e.decomposing peroxides without initialising radical chain reactions 

and the ability to quench excited states other than singlet oxygen. 

The exact mechanism for singlet exygen quenching is not certain,but 

it appears likely to be that of energy-transfer, however a charge­

transfer mechanism would also be possible for some. In general. the 

quenching ability of the complexes decreases in the order: 

Ni(II) > Co > Cu. Pt. Pd, Zn 

Ioorgaoic Catjons 

This field of study has not had the attention as that of the other 

compounds - in fact there has only been four reported kq values. and 

those being in 1976<140,1.1). These range from the rather inefficient 

Br- anion (kq = 1.2xlO6M-1s-1 ), to the quite efficient 02 anion 

(kq =7xlOe M-1s-1). The relative order of quenching of 

singlet oxygen is: 

I-> N3-> Sr-> Cl-

(32) 



1.3.3. Cbemical and Physical Source: Of Singlet Oxygen 

The studies of singlet oxygen behaviour and its chemical signifi­

cance have been intrinsically related to the research on its generation. 

Thus the impetus for finding new sources of singlet oxygen was prompted 

not only by the need for better and more efficient producers of s~let 

oxygen for S'YIlthetic purposes, but also by the desire to understand its 

potential role and mechanisms of formation in biology, organic 

chemistry, atmospheric chemistry and various complex systems. 

At present, there is an impressive variety of sources of singlet 

OJCYIen available. These can be conveniently divided into the following 

categories:-

1. Photosensitisation 

2. Gaseous discharge 

3. Decomposition of hydrogen peroxide 

4. Thermal. decomposition of orpnic ozonides 

5. Thermal decomposition of photoperoxides 

8. Miscellaneous sources 

1.3.3.1. Pbptosensitjsaticn· 

It was Kautsky<1-62) in 1939 who first noted that the combined 

effeet of Baht, sensitiser and oxygen could lead to the oxidation of a 

substrate physically separated from. the sensitiser. Kautsky correctly 

proposed that the light excited the sensitiser which in turn excited the 

ox:nen to his newly discovered singlet oxygen species, which in turn 

reacted and therefore oxidised the substrate. 

It has been proved(1"2) that the triplet state of the 

sensitiser, be~ the longest living state - with respect to the singlet 

states - reacts with the ground state oxygen molecule to form a 

collision complex which decays to form the ground state sensitiser 
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molecule and singlet o~en through energy transfer. 

Because of the inherent proximity of the substrate to the 

sensitiser in the photosensitisation reaction there is a possibility of 

the excited state sensitiser molecules interacting ~ith the ground state 

substrate molecules. These side reactions are classified as 'Type 

I' (144) to distinguish them from 'Type II· mechanisms that yield singlet 

oxygen. A Type I process involves the prcx:iuction of free radicals and 

radical ions by interaction of the sensitiser triplet ~ith a reducing 

substrate (RH) via hydrogen or electron transfer: 

RH 

RH 

--_. -sa 

---'" S:" 

+ 

+ 
• + 

Both transients (R and RH1 prcx:iuced can react directly ~ith ground 

state oxygen. leading to photooxidation products or can initiate free 

radical chain autooxidation. The reduced sensitiser S:or SHe is further 

oxidised by oxygen to prcx:iuce 02 or its conjugate acid H02~ which can 

react further to produce a complex variety of side reaction products. 

The factor that determines whether a Type I or Type II reaction 

occurs is the competition between the substrate and oxygen for the 

triplet sensitiser. The chemical structures of the sensitiser and the 

substrate determine the extent of their interaction. In general. sens-

itisers of ketonic structure (ketones. quinones and quinone-type dyes) 

with low lying triplet states are powerful abstractors of hydrogen from 

organic molecules. and react as such. 

Substrates that favour a Type I mechanism are those that are 

readily oxidised (phenols. amines etc.), readilY reduced quinones 

etc.), or prone to hydrogen abstraction (paraffins). Conversely 

sensitisers of fairly high energy triplet states (fluorescein- and 

phenothiazine-type dyes, aromatic compounds) react more often by a 
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singlet o~en mode. 

In general, the less reactive the acceptor is towards singlet 

oJ(ygen. the more significant the side reactions will be. 

Not suprisingly, the oxygen ~ substrate concentrations in solut­

ion can also dictate the occurence of Type I or Type II reactions with 

tendancy to Type I reactions in solvents of low oxygen concentration 

e.g. organic solvents, other things being equal. Singlet o~en 

lifetines also vary accord~ to solvent, with the shortest lifetimes in 

hydroxylic solvents e.g. water:"= 3 Jls., and the longest lifetimes in 

perfluorinated hydrocarbons and deuterated solvents e.g. D:zO:~ = 52.5 

}ls, and C2C14:"" = 1200 ps etc.). 

1.3.3.2. Gaseogs discharge 

A stream of oxygen gas is subjected to electrodeless disharge thus 

exciting the molecules to higher electronic states, before they are 

deactivated both physically and chemically, usually with some fluores­

cence. Using this procedure concentrations of up to 10% of singlet 

OXl"Iten can be reached. 

Concentrations of singlet oxygen in the gas stream can be monitored 

by the intensities of the light emission bands corresponding to its 

decays. Since the major relaxation path for the lrg~state is the more 

stable 1~· state the majority of reactions in the gaseous state are by 

102 photooxidation. 

The least desirable contaminants in this system are oxygen atoms 

and ozone. The formation of ozone is easily avoided by operating the 

discharge at a low pressure of a few torr. 

The oxygen atoms in the discharged stream can be supressed by a 

fi~ of mercuric oxide deposited inside the reactor tube immediately 

after discharge< 14a) • This film removes the oxygen atoms from the 
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stre8l1 without affecting the singlet oxygen molecules. The presence of 

oxygen molecules in the gas stre8l1 can be detected by the weak yellow 

air glow that can be viewed in darkness. This glow is the chemi­

luminescent result of the reaction between nitric oxide and atomic 

oxygen: 

NO + 0 .,N02 + hv 

The small amounts of NO are formed in the discharge from the con­

taminant traces of N2 in the 02 cYlinders. the discharge appearina red 

from the 102 emission in the absence of atomic oxyaen. By purposely 

injecting NO into the system, oxnen atoms can be accurately titrated 

spectroscopically. 

This method of 102 generation is ideally suited for studying p.s 

phase reactions and the gas stre8l1 ID8¥ be bubbled through a reaction 

solution to produce a relatively 'clean' supply of 102 without Type I 

side reactions interfering. 

1.3.3.3.Dccompgsft1gn of Hydrogen PerQx~e. 

The decomposition of hydrogen peroxide using NaDel is the oldest 

method of generating 102 with the original reaction performed 

in 1927(1. ... 8). It was not until 1963 that Kahn and Kasha(1"'7) 

recorded and resolved the emission bands from the reaction and proposed 

102 as the species responsible for the chelliluminescence. The 

NaOCl - H2D2 reaction was used in 1964 for the first time as a 

chelDical reagent for the preparative peroxidation of unsaturated 

compounds(14.n. The reaction can be performed by adding either NaOCl 

solution to a solution of H2D2 or by passina C12 gas 

through an alkaline solution of 1i202. 

The mechanism and kinetics of the two electron oxidation of H202 by 

. hypochlorous acid have been studied in detail (148. laO) • Using radio-
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labelled oxygen it was concluded tr.at the molecular oxygen originates 

from the H2D2 and not from Cle or H20(l~l). 

The main mechanisms for the reaction have been shown to be: 

H2D2 + OCl - - HOCI + H02-

H02 - + HOCl - Hca:l + OH -

HCXX:l + OH - H2O + CIOO -

C1OO- - 102 + Cl -

~ith the rate determining intermediate in the reaction being the 

chloroperoxy ion, ClOO-. The yield of 102, based on hypochlorite, 

varies from 60% in methanol and ethanol to 40% in isopropanol. and belolol 

10% in other water-miscible solvents such as THF, dioxane and 

acetonitrile(1~2). 

1.3.3.4. Thermal decompositioo of organjc ozgnjdes. 

In 1964 Corey and Tay lor< 1~3) proposed that singlet oxygen was 

likely to be formed during the thermal decomposition of ozone-phosphite 

adducts. and this lol8S confirmed from experimental data of Murray and 

Kaplan( 1M) in 1969, using the triphenyl phosphite ozonide. 

The triphenyl phosphite ozonide could oxidise typical singlet 

oxygen acceptors to give the same products as those formed during 

dye-sensitised photo-oxidation. Additional confirmation of singlet oxygen 

involvement w.s provided by its chemical trapping in the gas phase<15t) 

and by spectroscopic detection using E.S.R.(l~~). 

Subsequently, Bartlett and Mendenhall(1~B) provided 

experimental evidence for a direct reaction between the aryl phosphite 

ozonide and some singlet oxygen acceptors, to yield typical singlet 
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oxygen prcx:iucts at temperatures far less than that required to Yield 

~2 fom the adduct. 

Because of this direct reaction, the ozonide cannot serve as a 

thermal source for singlet oxygen at temperatures below 248K. However, 

the use of pyridine in methanol as the reaction medium facilitates the 

smooth liberation of singlet oxygen at temperatures as low as 173K to 

yield similar yields of singlet oxygen as dye-sensitised photooxidation 

under the same conditians<1~7>. 

1.3.3.5. Thet1M1 decomposition Of photOPerox;de:s 

Many polycyclic aromatic transannular peroxides undergo loss of 

IDOlecular singlet oxygen upon thermolysis accompanied by regeneration of 

the parent tr.Idrocarbon< 1~B>. Studies< 1~a) performed using 9,10-

diphenylanthracene peroxide propose the following mechanism: 

(lv) 

The photoperoxide is generated by the dye-sensitised photooxidation of 

the hydrocarbon in carbon disulphide at 273K (iv). The resulting 

peroxide is stable at 273-278lt in the solid state, dissociating rapidly 

as the temperature is increased to full dissociation at 353K (v). 

(v) 

This metha:i of singlet oxygen formation can be used to oxidise a wide 

variety of acceptors in aprotic solvents but alcoholic solvents are not 

suitable media as they react directly with the peroxide. There have 
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also been reports that the peroxides of other aromatics also release 

singlet oxygen including alkyl napthaleneso .BO ) and a copolymer 

9,lO-di,p-styryl-anthracene-styrene<1B1>. For water-soluble 

singlet oxygen sources the endoperoxide of 3-(4-methvl-1-napthyl)prop­

ionic acid(39) and 9.10-diphenylanthracene-2.3-dicarboxYlic acid methyl 

ester<1B2)(40) may be used. 

(39) (40) 

1.3.3.6. MiscelJgneQu~ ~rnltce~ of ~inglet oxygen. 

Even though the direct excitation of ground state molecular oxygen 

to the singlet state is spin-forbidden a small proportion may be 

excited with either (a) a He-Ne or Nd-YAG laser at high pressures in Freon 

113 (183.194) or (b) a K+ pumped dye laser with molecular oxygen in 

gaseous form at 8-10 torr preessure. 

The direct photolysis of oxygen in vacuum by U.V. radiation of 

147nm. has also been found to yield a small concentration of singlet 

oXYlien< 1Ba) . 

Numerous other methods of generating singlet oxygen have been 

reported<lse-1Be),each yielding only small concentrations of singlet 

oxygen. 

1.3.4. Chemical Reacticns Of Singlet Oxygen 

It has been mentioned that the quenching of singlet oxygen may be 

physical or chemical in nature. For many compounds with a ii-system. 

which can react chemically with electrophilic singlet oxygen. physical 

quenching is thought to be unimportant in the majority of cases. There 
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are many factors affecting the rate and mechanism of s~let oxygen 

reactions. but one may gain an insight into this plethora of reactions by 

selecting a few examples from groups of compounds possessing similar 

chemical environments about the reactive ii-system. 

1.3.4.1. The React jon of Sipglet Oxygen with Pienes and Aromat~; 

Hydrocarbons 

With acceptors such as cis~ienes or aromatic hydrocarbons 

stnglet oxygen appears to behave as a good dienophile as some of the 

following examples show. The similarities of the reactions shown to the 

more familiar Diels-Alder reaction is obvious, and in fact. the parallels 

between the two are quite good(lS8). In general. those molecules 

which are more reactive in the Diels-Alder reaction are also more reactive 

towards singlet oxygen. Thus, while anthr3.cene reacts well, both with 

singlet oxygen and lolith other goed dienophiles. napthalene appears to be 

unreactive towards stnglet oxygen and all but the most potent dienophiles 

The concerted character of the addition reaction is indicated by 

examination of the reaction of the cisoid conformation of 1,1' -bi-

cyclohexenyl(41l. The reaction leads exclusively to the cis-

(42) 
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peroxide (42) as the only preduct. The trlJl1s preduct could be 

formed in a non-concerted two-step reaction involving the formation of an 

intermediate diradical. but this is ruled out experimentally(171). 

To account for these and other experimental observations. it is suggested 

that the addition of singlet oxygen proceeds via a 6-membered ring 

transition state. analagous to the Diels-Alder reaction(172). 

In contrast to the polyuomatics, phenols quench singlet oxygen by a 

combination of physical and chemical processes. It has been sho~ for a 

series of 2,4,6-tri-substituted phenols that the logarithm of the 

quenching rate constant is a linear function of the half-wave oxidation 

potential(173) and that both phenols and the corresponding ethers fit 

the same plot(174). From these studies the 2,4,6-triphenyl phenoxy 

R¢OH R 
, + 

~ 

R 

OH 
R R R 
····Ot·-~ 

R 

;/ ~ 
Q 

OH 
R R R 
'I V + Q,('L".-I 

R OOH R 

radical is proposed as an intermediate in the quenching of singlet oxygen. 

1.3.4.2. Reactions of Singlet Oxygen with Olef'ns Formation of 

Allylic Hydrgperoxides. 

Perhaps the most thorC\.1ihly studied of all singlet oxygen reactions 

is the "ene" reaction in which singlet oxygen adds to olefins to form 

allylic hydroperoxides. Some examples of this mode of reaction are 

summarised below: 

(41) 



OOH 

>-< ~ +-< 

There have been numerous interllediates proposed for this mOOe of 

reaction, and these are summarised in Fi$lre 19 . 
, \ 

E:oe Mechanism - It ~ould appear from initial considerations that 

this classic intermediate is the most probable mechanism by ~hich this 

reaction proceeds. For instance, it accounts for the stereochemistry of 

the reaction, the absence of any evidence of radical intermediates. the 

lack of solvent and substituent effects and excellent correlation bet~een 

photo-oxidation and rates of peracid oxidation<174.17~>. 

Rad;c:] Intermediates- Known radical traps have been shown to have no 

effect on singlet oxy,gen reactions thus dismissing this intermediate 

(174) . 

Ionic Iotermediates- If ionic intermediates were present then one would 

expect solvent effects to strongly influence the rates of reaction. There 

is some solvent effect but no correlation with solvent polarity(177.17B). 

Peroxjraoe I~termediates- This mechanism appears to correlate well 

with all experimental observations. The similarity bet~een the rates of 

peracid oxidation of olefins and their rates of reaction with singlet 

oxygen can only be expected due to their mechanistic similarities, as 

illustrated belo~. 
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Figure 19 A Sqmmanr Of the Intermediates Proposed for the FOt1M,tign 

Of Allyl;C Hydrgp=rozjdes 
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Dioxetane Intermediates- Although dioxetanes have been shown to be 

formed in the reaction of singlet oxy,gen with certain olefins(lBe.178>. 

it is clear that the dioxetanes are not intermediates in the formation of 

allylic hytiroperoxides. It has been shown(lBO.181) that tetra-

methyleth:yne thermally decomposes to yield only acetone, but no ally lie 

hycircperoxide. Other experimental observations such as the lack of 

substitution effects (181), the stereochemistry and the absence of 

Makovnikov directing effects(177.178) are all consistent ~ith this 

mechanism. 

1.3.4.3. React jon of Singlet Qxygen ~itb Q1efins ~ormat;cn of 
Pioxetapes. 

A further mode of reaction between singlet oxygen and olefins is a 

1,2-cycloadciition to form relatively unstable dioxetanes ~hieh may 

cleave to yield carbonyl fragments: 

The appearance of carbonyl fragments in singlet oxygen mechanisms during 

early investigations was often attributed to secondary oxidation 

reactions, and it ws not until 1968 when the first stable dioxetane was 

isolated that this mechanism gained true acknowledgement( 182) • The 

general significance of dioxetanes as intermediates in singlet oxygen 

reactions with electron-rich olefins becomes clear ~hen it is shown that 

a dialdehyde. the sole product from the sensitised photo-oxidation of 

indene, does not arise from the unstable allylic hydroperoxide(178). 
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Studies performed since these discoveries have have further invoked 

the intermediacy of dioxetanes in singlet o~en reactions with electron­

rich olefins. Some of these reactions are illustrated below: 

ReActant Photcprrxtncts 

(0) (0_0 .. 
0 0"'0 

Q.-o 
0 

• Q,o + lO 
0 0 

+ 

0 
0 

1.3.4.4. ReZ!,Ction: of Singlet Oxygen Hjth Heterocyclic Compound: 

Addition of stnglet oxygen to a heterocyclic system usually occurs 

by one of three methods:(a) 1,4-acidition to the 1,3-diene system as 

frequently encountered in furans, pyroles, oxazoles, thiazoles, 

imidazoles and purines; (b) dioxetane formation, often encountered in 

benzofurans, certain imidazoles and purines; (c) hydroperoxide formation 

by atypical ene-type reaction. These processes may be preceded by the 

initial formation of a ~itterionic species in which the heteroatom 

releases elecrons to the electrophilic singlet oxygen through an 

adjacent double bond as shotm in the en8lline-like reaction below: 

(4S) 
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/ \ 

The great diversity among the products formed in the reactions 

bet~een singlet oxygen and heterocycles is due more to the ~ide variety 

of routes to peroxidic intermediates than the mode of degradation 

follo~ing singlet oXYJ!ten attack on the heteroeyclic system. In these 

subsequent reactions it is the effect of solvent, temperature, geometry 

and substituents that determines the nature of the products obtained. 

One of the most studied groups of all heterocycles are the furans. 

undergoing distinctive 1,4-sdciltion to the furan ring, with the 

formation of a transannular-(2,5)-endoperoxide. which may be detected at 

low temperatures(183). 

Allylic furans yield hydroperoxides as shoRn below for 2.5-dimethyl 

furzm ( 184 ) . 

Whilst the transannular allylic hydroperoxides have been difficult to 

isolate and study due to their instability, a number of aryl furan 

sdducts have been reported including those of 2,54:fiphenylfuran 

(18S) and 1,34:fiphenylisoben%ofursn(le8) 
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ocfu 
Ph 

(48) 

The endoperoxide (47) can be used to generate the parent furan by 

~ing to room temperature. If the endoperoxide (48), once isolated 

and separated at temperatures lower than 20OK, is warmed to room 

temperature it ~ld explode. Warming in solution would yield the 

expected o-dibenzoylbenzene (49). 

Ph 

0 O¢0 I 
A .. 

~ I .40 
0 

Ph Ph 

(49) 

The reaction of pyrroles with singlet oxygen closely parallels 

that of the furans. The photo-oxidation of pyrrole in water yields the 

hl'droxy derivative, whereas in methanol a maleimide and methoxY 

derivative are formed<le7.1es,. 

o N 

10 2 ·~o 
H 

o -C-~_l.;;.~~~ __ -~o + Hi )::0 
CHJ 

The reaction of singlet oxygen with alkyl pyrroles has been 

studied< lea) resulting in the conclusion that they react to yield 
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only three different products as s~ below: 

\-t __ '0,___ ):i:R, - R, It, 

t(",~ MeOH 
N R, 0 N OH 
H H 

+ 

The proportion of each photoproduct is very much dependant on the nature 

of the alkyl group substituents. Similar to that of pyrrole, the 

mechanism proposed is that of a Diels-Alder addition of singlet oxygen 

to form a transannular endoperoxide intermediate. 

The formation of hydroxylactams has been shewn to occur when 

N-substituted pyrroles are reacted with singlet oxygen, as shoRn 

below< 1&0) • 

o N , 
R 

Most of the research undertaken into the reactions of singlet 

ox:n{en with pyrroles has been closely linked to the role of liirht in the 

breakdown of bilirubin; of great importance in the treatment of neonatal 

jaundice in prematurely bom babies (re. 1.3.5.2.). If artificial light 

is nat used to aid in the breakdown of the excess bilirubin motor 

development is retarded, or in some cases death. The breakdown of 

bilirubin in the blood serum to form water-soluble derivatives, which 

can be excreted from the body in the urine, is shown in Figure 2Q. 

Bilirubin (50) when reacted with singlet oXYl{en in methanol produces 

biliverdin (51) and photoproducts (52)-( 55). Both bilirubin and 

biliverdin quench singlet oxygen reactions very efficiently with rates 
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Fjgure 20 The Degradation Of Bilirnbin by Singlet omen 

H~C C(hH 

(51) 
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OHC (52) CHO + 
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of =lQJBmol-ldm3 s-.1. 

The reactivity of indoles towards singlet oxy,gen is essentially 

characteristic of electron-rich compounds. the principal products at 

room temperature be~ those resulting from the dioxetane fragmentation 

as shown below: 

~Me u.NJ + Oz{J~,,} , 
Me 

Me 

CJcU , 
Me 

Indole derivatives and their reactions with singlet oxygen are of 

particular interest in connection with the photodynamic degradation of 

tryptophan residues in proteins. and the possibility that these 

oxidations may represent model reactions for the biological oxidation of 

tryptophan catalySeci by monooxygenases and dioxygenases. 

Studies have also been performed on purine and pyrimidine compounds 

similar to those contained in RNA and DNA. Purines containing the 

iaidazole nucleus react with a sinilar mechanism to form photoproducts 

via endoperoxide or dioxetane intermediates. as illustrated below<l.B1): 

R -alkyl 

R. alkyl 

This type of reaction has been studied for a large number of 

purines including xanthine and uric acid(1B2). 
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The pyrimidine nucleus is generally unreactive tcmards 

electrophiles. such as singlet oxygen, due to the destabilising effect 

of the electronegative nitrogen atoms on any transition state ~hich 

might arise from the electrophilic attack. However. electron donating 

substituents increase reactivity, and the substituted pyrimidine (55) 

was found to react with singlet oxygen to produce the unstable 

crystalline endoperoxide shown below(193). 

(55) 

The herbicide terbacil (56)(194) and bromacil C57)(19S' 

have both been shown to react with singlet oxygen to give several 

products. as detailed below, via dioxetane intermediates. 

~o similar compounds ethirimol (58) and dimethirimol (59), used as 

systemic fungicides. and a product (50' arising from the hi'tirolysis of 

the insecticide pir~icarb are thought to react efficiently ~ith singlet 

~en( 19a). ~ith rates of ':]RJ7mol-1dm3s-.1 The intermediate in 

these reactions is thought to be solvent dependant - a charge transfer 

type leading to a dioxetane type intermediate in polar solvents; and a 

Zlitterionic type (61) and/or hytlroperoxide intermediate leading to an 

ene type mechanism in non-polar solvents(19a.197). 
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(58) (59) (60) (61) 
1.3.5. Singlet oxygen and jts applicatjons 

1.3.5.1.Enyiroomental aspects of singlet oxygen 

Singlet oxygen has gained importance in the realm of pollution 

studies over the last three decades with the discovery that singlet 

oxygen may be formed in many ways, and once formed it can be involved in 

processes that may be detr~ental to various aspects of life. 

Among the more important ways that singlet oxygen may be generated 

in the environment is through the direct photolysis of ozone with short 

wavelength ultraviolet radiation which exists in solar radiation. 

S~let oxygen generated by this method is thought to explain some of 

the ultraviolet absorption anomalies in the upper atmosphere(19S-2oo>. 

Evidence is accumulating that a wide "";;".~i"'~-~'Of pollutants(201-203) 

may act as sensitisers. Thls compounds such as phosphite esters<2CH), 

ethers and alcohols(2oa) react with ozone to yield singlet oxygen. as 

may sulphides, sulphoxides, amines and phosphines. 

Studies have been performed to ascertain whether singlet oxygen has 

a sufficiently lang lifetime in order to react with other compounds in 

the environment(20S). Complex reaction mechanisms have been 

proposed for the photo-oxidation of gaseous nitric oxide(207) and 

the photodegradation of polyethylene, to name but a few. 

The photodegradation of polymer surfaces has received great 

attention once it was realised that gaseous singlet oxygen could oxidise 

the surface of cis-polybutadiene films in a heterogeneous reaction(208). 

Oxidations of this kind have been found to promote modification, chain 
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degradation or cross-linking which change the physical and mechanical 

~roperties of the polymer. It is because of these drastic cr~es that 

much work has been performed on the oxidation of polymers by singlet 

o~en - resulting in an enormous quantity of published work(20a.210>. 

S~let oxygen has also been shown to be produced by natural 

substances such as chlorophylls a and b(211) in plants; haelllS (239), and 

fulvic and humic acids in various soils and natural waters (212-213>. It 

appears that singlet oxygen, along tolith other excited species of oxygen. 

is of fundamental importance in the day-to-day multitude of natural 

processes that make up our fragile ecosystem. Most of these processes 

still remain shrouded in mystery due to their incredibly complex nature. 

but singlet oxygen is being invoked in an ever increasing number of 

these processes as more and mere research is be~ undertaken. 

In addition to naturally occuring sensitisers there exists a number 

of natural quenchers, one could propose that their role is to limit the 

effect that the p~rful singlet oxygen species has on natural systems. 

The most readily available of this group of natural singlet oxygen 

quenchers is the carotenoids, which readily quench singlet oxygen 

reactions at concentrations as l~ as l0-4H(219). It is even 

thought that the physiological function of carotenoids is to protect 

enZYmes, nucleic acids and membrane lipids against damage caused by 

singlet oxygen(200). 

In the environment evidence is accumulating that a wide variety of 

pollutants may act as sensitisers i.e. olefins, aromatic and poly­

aromatic compounds from exhaust fumes(201.202> and oil-spillages(203). 

Suprisingly, other pollutants have been found to be susceptible to 

singlet oxygen attack and are rapidly degraded in the environment by 

natural sensitisers e.g. humic and fulvic acids<217.219>. 
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1.3.5.2. The biological and biQcbemjc~1 aspects of singlet cxygen 

Oxidation processes are of paramount importance in cellular 

systems. Hany aspects of metabolic change rely on oxidation steps for 

their proper functions; other oxidation events induced by exogeneous or 

adventitious initiators can be severely damaging to organisms. The 

known reactions of singlet oxygen with heterocyclic compounds have lead 

many authors(23~.232) to the suggestion that biological systems 

containing these groups could be destroyed by singlet oxy,gen. It is 

possible to categorize the effects under t~ major headings: 

(1) Oxidations induced by the presence of light, a sensitiser 

(extrinsic or intrinsic), and oxygen - Photodynamic Effects. 

(2) Naturally occurring metabolic processes that proceed via oxidation 

without assistance from radiant energy. 

A. Photodynamic Effects 

A great deal of work has been published over the last 15-20 years 

on the great potential to treat some forms of malignant tumours with 

light and sensitisers i.e. in vivo generation of singlet oxygen . 

In its simplest form the patient is treated as shown belof.1. 

In,ecnon 01 HOd 

Red fluo,escenc. 
abourti90nm 

Violet ftCltMlOn 
.r407nm 

Hpd Hpd Hpd 

Hpd 

Hpd 
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(a) The patient is injected with a porphyrin sensitiser (Haemato­

porphyrin derivative - Hpd) and this is allowed to trans­

locate within the body. 

(b)-(c) Naturally occurr~ sensitisers.: and' Hpd. have been mown 
for some time to naturally accumulate in neoplastic (cancerous) 

tissues< 234) and after a few hours this accumulation has been 

completed. 

(d) It is only now that the true extent of the tumour can be seen for 

the tumour cells can have a very similar appearance to ordinary 

cells. Fortunately, Hpd has the property to fluoresce at 690nm 

(Red) when irradiated with light of wavelength 407nm (Violet) 

therefore a three-dimensional picture of the tumour can be 

generated. 

(e) Once the tumour has been assessed it may be destroyed by 

irradiation with light of wavelength 63Onm, usually generated by 

a laser. 

The rate of tumour necrosis (death) may be monitored periodically 

by the same fluorescence method. This method of treatment has great 

potential for future development providing that operating parameters 

can be optimised and the purity of the sensitiser can be raised to 

limit side reactions encountered with the present work. 

There is a disorder called Erythropoietic protoporphyria (EPP) 

which occurs in susceptible patients on exposure to sunlight and is 

characterised by swelling.. The photosensitivity of EE'P patients can 

be reduced by oral administration of ~-carotene(23~), a well known 
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singlet oxygen quencher. The red blood cells of EPP patients contain 

large amounts of free pro~oporphyrin. similar in sensitising efficieny 

to Hpd. These cells are haemolysed upon irradiation with visible light 

via photo-oxidation of membrane components. Further evidence for 

s~let oxygen participation in this reacion arises from the protection 

afforded by Vitamin E(23B) and the detection of 3-hydroxY-5-hydro­

peroxycholestene (the photo-oxidation product of cholesterol<237». 

using red blood cells from EPP patients. 

At the biochemical level there is clear evidence that some amino­

acids. particularly histidine, methionine, tyrosine and tryptophan, 

are photo-oxidised via a singlet oxygen mechanism(238). Leading 

on from this the deactivation of the enzymes alcohol dehydrogenase(23B) 

and tryptophan residues in several enzymes (lysozyme and papain) 

(2.0.241) have been attributed to stnglet oxygen mechanisms. 

In all of the biological photo-oxidations examined so far in which 

stnglet oxygen is invoked, nowhere has its intervention been directly 

demonstrated. All the evidence relies on the correlation of oxidation 

products with those of established stnglet oxygen reactions, the effects 

of D20 and quencher on the reaction, and on the identification of 

specific reaction products from added reactive substrates. Further work 

is desired to close the gap and offset the need for the long 

extrapolation from chemical properties to biological processes. 

B. Polymorphonuclear Leukocytes. 

Scientists have long been intrigued by the body's defensive system 

whereby foreign bodies, and in particular microbes, are repelled by the 

many complex cells that make up this system. 80th intra- and extra­

cellular processes give rise to microbial action. 

Intracellular microbiocidal activity is carried out by a variety 
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of phagocytic cells and higher organisms possessing to;:o circulating 

phagocytic cells. the polymorphonuclear leukocyte and the mononuclear 

leukocyte, the latter eventually becoming tissue macrophages. Work 

performed on polymorphonuclear leukocytes has shown that many of the 

processes o;:hich occur in these cells are also applicable to other types 

of phagocytic cells and may serve as examples of a general type of 

intracellular microbial action. 

The process o;:hereby invading micro-organisms are recognised and 

investigated by phagocytic cells has been described in several reviews 

(242.243) Follo"ing the recognition of the opsonised micro-organism. 

phagocytosis is initiated by the formation of pseudopodia from the 

surface of the phagocytic cell. These pseudopodia gradually surround 

the invading micro-organism and ultimately will totally enclose it in a 

membrane-bound vesicle called a phagosome. It is during this process 

that the metabolic activity of the phagocytic cell alters - a 

respiratory burst of 10- to 20-fold increase in the rate of oxygen 

consumption! The products of the reaction are initially the 

superoxide radical. oi. and its breakdown product. H202. 

The production of H202 from the radical can occur either 

spontaneously (1) or "hen catalysed by the enzyme superoxide dismutase 

(2) • 

-02 + 02 "._AtI........ H202 + 02 ( 1) 

(2) 

It was Howes and Steelec2• S ) who first noted the appearance of 

chemiluminescence during the metabolism of liver microsomes and 

correctly attributing this to to the generation of singlet oxygen. 

Co-workers subsequently proposed the generation of singlet oxygen from 

phagocytosing polymorphonuclear leukocytes based on similarlY observed 
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chemiluminescence. 

Hyeloperoxidase (MPO)(24a) is an example of that class of enzYme 

which. in the presence of H2D2. catalyses the oxidation of a 

number of substrates. It was proposed by Howesand Steele(248) that 

the chemilUll"inescence produced during the oxidation of NADPH was due to 

the generation of singlet oxygen, as shown in (3). 

02 and/or H2D2 HPO-.102 Chemiluminescence (3) 

The presence of Cl - or any halide ion is an important co-factor in the 

reaction. Singlet oxygen ws confirmed by the use of t~ strains of 

s.lutes. one containing carotenoid pigments and the other one 

without. The one with the pigment afforded protection against singlet 

oxygen to the polymorphonuclear leukocytes, whilst the other afforded 

no protection and was killed(247). 

C.Enzmne systems. 

One of the earliest suggestions that singlet oxygen might be 

involved in an enzymatic reaction was made by Krishnamuty & Simpson in 

1970(248). They were working with the fungus Aspergi.llus 

f'lsvus. which prcx:iuces an inducible oxygenase quercitin. Through 

1SQ2 studies quercitin was found to be a dioxygenase. 

Matsuura(24a) obtained the same depside following the 

photosensitised oxidation of quercitin. ttlls concluding that the enzyme 

utilises an "activated" oxrgen molecule to form a cyclic peroxide 

intermediate which decomposes to produce the depside. 

It was Stauff(2ao.2S1) who repeated that xanthine oxidase 

when incubated with one of its substrates, xanthine, gave rise to 

chemiluminescence. It was first thought that this was due to singlet 

QXYien being generated by the spontaneous disproportionation of 02 

but more recently(2S2) it has been suggested that the chemilumin-
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escence is from the recombination of carbonate and bicarbonate radicals. 

Pederson and Aust (2~3) using xanthine oxidase to study the 

effects of 02 on rat liver microsomal lipids found that the 

presence of solubilised iron markedly increased the effect of lipid 

peroxidation. The peroxidation could be inhibited by the addition of 

either superoxide dismutase (SOD) or by adding diphenylisobenzofurm 

(DPBF). The addition of DPBF did not affect the rate of 02 

production but did yield DBB when it inhibited lipid peroxidation. 

Although DPBF can be converted to DBB by reactions that do not involve 

singlet oxygen, this evidence was used to support their mechanism that 

02, generated by the action of xanthine oxidase. could decompose 

to yieLd singlet oxygen which wouLd then initiate lipid peroxidation. 

o Miscellaneous oxygen effects 

There are a number of other systems in which there is indirect 

evidence that singlet oxygen may be involved. 

(a) Red blood cell damage - many examples exist whereby red blood cells 

can be damaged by singlet oxygen, but the majority involve the use of 

excgeneous or endogeneous sensitisers. It has been proposed however(2M) 

that red blood cells associated with oxidative hemolytic diseases are 
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susceptible to damage. The Haber-Weiss reacticn<2~) was also 

invoked as generating either singlet oxygen or hyciroxyrzujical (OH-) 

which can subsequently lead to denaturation of haemoglobin and damage 

to the red blood cell membrane. both effects cubninating in a haemolytic 

condition. 

(b) Cytotoxic agents - agents such as hytiroxy- and amino- substituted 

dopamines have been studied(2~8) and are suspected of producig both 

02 and H202 during auto-oxidation. In addition Cohen and Heikkila 

(2159) were able to demonstrate. through the formation of ethylene 

from methanal • that ·OH was also produced during the auto-oxidation of 

these compounds. Since both catalase and SOD inhibited ethylene 

production. it was concluded that the Haber-Weiss reaction was 

responsible for the production of·OH radicals. 

As with all systems that invoke this reaction. the possibility 

exists that singlet oxygen is either formed directly or may result from 

the associated reaction involving quenching of the 02 byeOH. 
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CHAPTER 2. 

Apparatus & Materials. 



2.1. Photolysis aPParatus. 

2.1.1. The oxygen electrode. 

An oxygen electrode was used to follow the rate of removal of 

oxygen from the solutions in photolysis experiments. The oxygen 

electrode (Rank Bros. of Bottisi1am. Cambridge) shown in Figure 21 

measures the dissolved oxygen concentration in a solution placed within 

its sample chamber. In this apparatus an Ag/Agel electrode is connected 

to a platinum electrode via a paper membrane saturated with molar KCI 

solution to form a salt bridge. The reaction solution is separated from 

the platinum electrode by a thin (D.2mm) square of teflon. It is 

through this teflon square that oxygen dissolved in the reaction 

solution diffuses and is reduced by the follow~ cell reactions: 

02 + 2e- + 2H+- H202 

- -+ 2H202 + 2e - 2H + 2H20 

The current flow~ in the cell is directly proportional to the 

concentration of oxygen in the reaction solution. The reaction solution 

is kept at a specific predetermined temperature by a circulating pump 

that feeds water from the water bath through the circulating jacket. 

around the sample chamber and back to the bath. The bath was either 

heated. by means of the bath heater. or cooled. by immersion of a 

cooling probe. to within D.SK of the desired temperature. 

After the sample solution was inserted into the chamber an 

air-tight stopper was capped on the vessel along with a "nitrogen 

blanket" above the solution to prevent oxygen from the atmosphere 

diffusing into the solution to replace that lost when photolysis takes 

place. The magnetically-stirred reaction solution was irradiated through 

a Wratten filter using a 40W microscope lamp via a magnifying lens. used 

to focus the light on the solution. At the back of the oxygen electrode 
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Apparatus 

A. thermcstatted wter bath 
B. magnetic stirrer control 
C. oxygen electrode on stirrer mount 
D. magnifying lens with gelatine filter 
E. microscope lamp 
F. light proof box 
G. oxygen lIleter 
H. X - Y plotter 

Cbcnten Electrode 

1. rubber cork 
2. locking nut 
3. reaction lIlixture 
4. ~ter to bath 
5. circular Ag anode 
6. central Pt cathode 
7. connections to oxYl5en lIleter 

Fig. 23 - OXYgen eiectrcde 
appar3.ms. 

-+f--H-- 1 

8. "Teflon' membrane held with '0' ring 
9. saturated KCl solution 
10. water from bath 
11. ni trcgen atmosphere 
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on the outside of the water jacket ws attached a strip of aluminium 

foil to reflect any stray light back into the sample chamber to gain 

maximum absorption efficiencies from the sensitiser in solution. To 

exclude light of wavelengths other than those that can pass through the 

filter the whole of the apparatus was enclosed in a light-tight box as 

detailed in Figure 23. 

The signal from the cell is amplified and plotted as a function of 

time on an X-Y plotter. A typical trace showing the change in oxygen 

concentration with time is shown in Figure 24. The initial rate of oxygen 

consumption. -d(02)!dt. was determined using the expression 

Gradient = - dC021 = (Y2-Yl). [02] . S 
dt (X2-X1) . Y1 

where [02 J represents the initial concentration of oxygen in the 

solution, expresed in mol dIn-3, 5 is the chart speed in um sec-1 

and Y and X values are used to calculate the gradient of the line, and 

are expressed in m. 

2.1.2. Quantitative phptochemiCAl reactor. 

The use of equation (20) (re. page 81) to determine the rate 

constant, kov. for the overall interaction of singlet oxygen with 

a substrate requires that a set of sample solutions absorb the same 

amount of photon radiation. This was acheived using the 'merry-go-round' 

apparatus shown in Figure 26. 

This quantitative photochemical reactor was designed by Moses et 

a1.(143) and a copy built in Kingston Polytechnic workshops. Sample 

solutions were prepared in a darkroom and placed in the sample wells of 

the reactor. The reactor was immersed in a thermostatted water bath so 
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A. Equipment switched on, trace left to stabilise. 
B. Light switched on, ~en in solution is converted into singlet 

oxnIen - which reacts with the substrate and therefore the free 
axnJen concentration decreases. 

C. Both the l1aht source and oxnen meter are switched off to obtain 
the • zero' oxyaen concentration in the system - as confirmed by a 
sod~ dithionite calibration solution. 
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F~re 28 - Merry gO rgund Apparatus. 

A. Hg - vapour discharge lamp 
B. lamp cooling solution in 
C. lamp cooling solution out 
D. sample tubes 
E. glass filters 
F. machined ~indow 
G. phosPhour - bronze spindle 
H. ·Teflon' bearing 
1. chain drive 
J. to stirrer motor 
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that reactions may be performed at a variety of temperatures, this 

system was then placed within a light proof box to exclude stray light. 

2.1.3. Preparative photochemjcal reactor. 

The preparative photochemical reactor is shown in Figure 27. The 

reactor consists of a central compartment where a magnetic stirrer and 

glass reaction vessel could be sited, surrounded by a thin metal fr8.lle 

to support the desired light filters. Outside of the frame was a 

composite light source of 6 x 100w standard pearl light bulbs mounted 

radially and equidistant around the central sample well. The bulbs were 

so aligned that light from them would pass through the filters and into 

the sample solution. The light bulbs were surrounded by a circular 

metal outer wall to reflect light inwards and the components all mounted 

on a circular wooden base. The samples were shielded from extraneous 

light by enclosing the whole apparatus with a heat resistant wooden lid. 

Low temperature photolyses were performed in a 5mm diameter boro­

silcate nmr tube that was situated in the cooling vessel as illustrated 

in Figure 28. A slurry of ·cardice' (solid carbon dioxide) and acetone 

was used to keep the temperature of the tube at approximately 20OK, 

whilst the water-filled beaker was used to balance the slurry bath and 

aid heat dissipation. An air bleed was inserted into the photolysis 

solution and compressed air gently bubbled through the system so that 

oxygen consumed in the reaction could be quickly replaced. 

2.1.4. Surface-separated-reactor. 

The surface-separated-reactor is shown in Figure 29. The reactor 

is of the same design as that reported in the literature(20-30). In 

the reactor light from the radiation source impinges on the sensitiser 

which is adsorbed on a silica gel plate positioned ~1mm above the 

surface of the substrate solution which is contained in up to eight 
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Figure 26 
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1. Petri dish containina substrate &: sensitiser in solution. 
2. Plain ,lass plate to cover petri dish. 
3. Wrattan gelatine filter. 
". Beaker of w.ter to absorb heat from the light source. 
5. Solvent. 
6. Substrate in solution. 
7. Lid of large petri dish. 
6. Serusitiser absorbed onto silica gel plate. 
9. Inverted petri dish. 
10. TU: plate spotted with reactants. 
11. Glass supports for filter & beaker. 
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wells on a Boerner slide. The sensitiser plate and Boerner slide are 

within a covered petri dish containing solvent and the petri dish is in 

contact with a cold plate to prevent solvent evaporation during 

irradiation. After irradiation the Boerner slide was removed and the 

substrate solution analysed sPectrophotometrically or by hplc. 

The sensitiser (Rose Bengal. Methylene Blue or Chlorophyll) was 

coated onto the tIc plate by immersion into a saturated solution of the 

appropriate sensitiser; i.e. methanolic solutions of Rose Bengal and 

Chlorophyll or ethanolic solutions of Methylene Blue. The tIc plate was 

left immersed for approximately 10 minutes and then retrieved and placed 

in a vacuum oven at ambient temperature and under a partial vacuum of 

100mbar for 30 minutes. The tIc plate was finally insPected and any 

loose particles were blown from the surface by a high pressure stream of 

nitrogen. 

The light source was either a 120W Wotan sPotlight bulb or a 400W 

medium pressure mercury discharge lamp. The former was used when either 

Rose Bengal. Methylene Blue or Chlorophyll was employed as sensitiser 

and the light was filtered through a Wratten gelatine filter to remove 

radiation of wavelength less than 42Onm. The latter source was used 

when soil samples were acting as sensitisers. but in such cases the 

light filter was not used. 

Kinetic studies were performed using the reactor as described 

above. Studies on the products formed in different systems were 

carried out with one of the arrangements (a)-(c) described below and 

depicted in Figure 30. 

In system (a) the sensitiser and substrate are in solution. along 

with a quencher when required. In system (b) the sensitiser and 

substrate are separated as described above. In system (c) both 
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sensitiser and substrate are applied as acetone solutions to a tIc plate 

as a single spot i.e. the substrate is first applied, followed by the 

quencher (if required), and finally the chosen sensitiser is applied to 

the spot. The tIc plate is rested on a small petri dish and this 

combination replaced the large petri dish atop the cooling plate. The 

vessel of water and filter are retained above the new combination by a 

supported glass sheet to allow air to circulate above the tIc plate. 

2.1.5. Filters. 

The filter used in the quantitative photochemical reactor was a 

Wratten gelatine filter (No.l2) which absorbed radiation of wavelength 

greater than 355 nm. The filter used in the other apparatus was a 

Wratten gelatine filter (No.B) which absorbed radiation of wavelength 

greater than 42Onm. 

2.2. Analytical instrtJmentatjen. 

Ultraviolet-visible spectra were recorded on a Kontron Uvikan 860 

spectrophotometer equipped with a printer. Absorbance measurements 

at a fixed wavelength were recorded on a Perkin Elmer Coleman 55 digital 

spectrophotometer. For all absorbance measurements the solutions were 

held in silica glass cells. 

Low temperature proton magnetic resonance spectra were measured ustng 

a Brucker AH250 Fourier Transform instrument equipped with a temporary 

low temperature unit consittng of a copper tube coil immersed in a vat 

of liquid nitrogen, which in turn was connected to the nitrogen inlet 

for the probe. A stream of dried nitrogen was passed through the coil 

into the probe unit at a sufficient rate to decrease the probe 

temperature to below 243K (estimated by measuring the inlet and outlet 

temperatures of the nitrogen stream). The instrument was run at 

250.lMhz using a IH/l3C dual probe unit. Data was analysed using a 
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Standard Fourier Transform algorithm after a Lawrencian to Gaussian 

transformation. 

Purity and identity checks of reagents, products and stable 

intermediates measurements were performed on a Perkin-Elmer R32 

continuous-wave spectrometer. In all measurements involving the R32 

the internal locking reference was from a trace quantity of 

tetramethylsilane (TMS) that was injected into the sample. For low 

temperature work the internal reference was that of deuterium from the 

deuterochloroform solvent. 

High performance liquid chromatography was employed to determine 

compound (I) and (III) concentrations in reacticm mixtures. 

The system used was a simple modular one consisting of the following 

parameters:-

Pump: Applied Chromatography Services hplc pump 

Detector: Cecil Instruments CB2l2A variable wavelength uv lIIOl'litor 

set at 24cms. 

Integrator: Shimadzu C-R3A 

Column: 5p nitrile spherisorb (20 x 4.6mm) 

Column temp: Ambient 

Injection 
volume: 

10pL 

Eluent: Hexane + 0.5% Propan-2-ol 

Retention times: for compound (I) was found to be =5 mins. whilst that 

for compound (III) was =12 mins. 

Autoradiography was used to detect degredates in the product 

distribution studies (re.3.4.). Determinations of the (14C) activity 

of solutions were made using a portable radiation monitor with the 

radiation probe close to the surface of the liquid. The (14C) 
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activity of compound (I) which was absorbed on tIc plates was measured 

using a Geiger-Huller tube (22mm dia.) placed with its thin mica window 

touching the tIc plate. The G-H tube (Mullard ZP/481, operating at 450 

volts) was connected to a rate counter. 

Total organic carbon content of the soils used as sensitisers were 

obtained from Butterworth Laboratories Ltd. of Teddington. Middlesex. 

2.3. Chromatm;raphv. 

2.3.1. Thin layer chromatmttBPhy 

Merck Silica Gel F254 plates (thickness O.2mm. size 10cm x 100m) 

were used. The most common elution mixture was of dichloromethane/ether 

(3:1). 

Autoradiographic plates were developed us~ a solvent mixture of 

chloroform/acetonitrile/hexane (8:1:1). 

2.3.2. Column chromatography. 

Column chromatography was carried out using Merck Silica Gel F254 

(70-200 mesh). A slurry of the silica gel was made up in the solvent 

system to be used for the development of the column. The slurry was 

packed into a glass column (100 x 3 cm) and solvent was eluted through 

the column for at least 30 minutes to ensure the silica gel was evenly 

packed throughout the column. The sample mixture was dissolved in a 

small quantity of the solvent (=20cm3 ) before being added to the 

top of the column. Elution of the various fractions of the sample from 

the column were monitored by thin layer chromatography of the collected 

samples. 

Column chromatography was used for the separation of chlorophylls 

a and b(224). This process required the use of a DEAE 

sepharose column, with acetone followed by an acetone/methanol (10:3) 

mixture as the eluents. 
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2.3.3. H j gh pefotwmce liou j d chromatOgraphY (HPLC). 

This technique was used for the detection of compound (I) at 

low concentration levels before, during, and after photolySis in 

various systems. Normal-phase chromatography was employed using a 

~ nitrile column (20 x 4.Smm) and a mobile phase of hexane + O.SX 

propan-2-ol. Column temperature was ambient with detection being made 

at 240nm using a uv detecter. 

2.3.4. Autoradiography 

Autoradiography was performed on radioactive samples that had been 

developed on thin layer chromatography (tIc) plates. The plate was 

positioned in a specially constructed holder and an X-ray film (Kodak 

NS.59T) was placed directly on the silica gel. A piece of oPaQue glass 

was placed on the film and held by clips on the holder. The complete 

system was wrapped in black polythene system and placed in a 

light-proof wooden box. After exposure, typically 72 hrs for an initial 

count rate of 10 counts per second (cps), the film was developed BBi 

fixed using Ilford photographic chemicals. The entire operation was 

performed in a darkroom fitted with Kodak SB safelights. 

2.4. Chemicals. 

2.4.1. Substrates. 

The structures of the chemicals used in this study are shown below .. 

OH 

(IV) 0 

(V) 
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The compounds are labelled with the nUIDSrals (I)-(V) for identification 

pUrposes at different points in later text. 

Compounds (I), (III) and (IV) were gifts frOll the Rothamsted 

Experimental Station, supplied as 'Tecmical" grade and were pUrified 

by preparative colum chromatography before use. CClIJpOUld (II) was 

made by simple esterification of compound (III) with acetic acid, 

followed by recrystalisation at 273K with hexane. Compound(V) was 

pUrchased from Aldrich Chemical Co. Ltd., of a purity at least of 99%, 

and used without further purification. Confirmation of structure was 

proved by nmr analysis of the compOWlds in deuterochloroform so luticns . 

Anthracene-9, 10~iethanol was synthesised using the method 

prescribed by Evans( l1e) for the preparation of Anthracene-9, 10-

diethsne sulphonate, but was curtailed once the diethanol intermediate 

had been prepared. This intermediate was recrystallised from ethanol 

at ~73K and its identity confirmed by nmr. 

2.4.2. Sensitisers DOd guencheCl. 

Rose Bengal (4,S,6, 7-tetrachloro-2",4" ,S", T-tetraicxio-fluorescein 

sodium salt), Methylene Blue (methylthionine chloride), scxiium azide 

(NaNa) and trans-~ -carotene were obtained from Aldrich 

Chemical Co.Ltd. and were used as supplied. 

Chlorophyll was prepared by extraction, at low temperature (273K), 

from spinach leaves into acetone< 1'4->. Separation of chlorophylls 

a and b, from the oligosacharides, was achieved by colum 

chromatography . 

Soil samples were kindly donated by the School of Geography, 

Kingston Polytechnic. The soils were dried under vaccum overnight at 

353K and sieved through a 2SOpm mesh to obtain a sterilised sample. 
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Soils were categorised by their relative pH, as defined by a soil 

testing kit. Three soil samples were used, the pH and total organic 

carbon content of each sample is given below: 

Sample (1) (2) (3) 

pH 4.2 5.S 7.5 

Organic C 2.9 1.8 3.1 
content (%) 

2.4.3. Solvents 

The solvent systems used throughout the initial kinetic studies 

of the photo-oxidatian of compounds (I)-(V) are given in Tfble 2 below: 

Solvent 

Methanol/Water 
(1:1 v/v) 

Methanol 

Compounds Studied 

(II), (III), (IV), (V) 

(I), (II), (III), (V) 

In order to study the effect of pH on the photo-oxidation of 

compounds (II)-(V) in Methanol/Water (1: 1) the water portion of the 

solvent mixture was substituted for a buffered solution of the desired 

pH, the Methanol portion remaining unaltered. To study the effect of 

solvent deuteration on the rate of photo-oxidation of compounds (III) 

and (IV) H:zO lo7as exchanged for D:zO and CH::DH exchanged for 

CD3DD, both of at least 99.9% deuterium isotope. 

Solvents for recrystallisations, sample, and standard 

preparations, general chromatography and spectroscopy lo7ere of "AnalaR" 

quality, whilst solvents for HPLC studies lo7ere of "Hypersolv" quality 

(BOH Chemicals). Solvents used for nmr spectroscopy studies were of 

'100%' isotopic purity and were obtained from Amersham International. 
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CHAPTER 3. 

Experimental & Results. 



3.1. Kinetjc Equations llSed in Conjunct jon With Exper;mental Results. 

Of all the many methods that have been used to generate singlet 

oxygen, dye sensitisation was chosen in the present study for its 

consistency of operation and high quantum yields of generation of 

singlet oxygen. Three systems have been used with the sensit1ser and 

substrate in various physical states as shown below: 

substrate 
liquid solid 

liquid (a) ----
sensitiser 

(a) sensitiser and substrate 
both dissolved in solution 
- homogeneous. 

solid (b) (c) (b) singlet oxygen exogeneous­
ly generated from solid 
phase sensitiser, substrate 
in solution. 

(c) both substrate and sensitiser 
in solid state absorbed onto 
silica plate. 

Kinetics have been performed on systems (a) and (b) and the results 

analysed using the equations derived in the follo~ing sections. 

3.1.1. Measurement of the Rate Constant for the Reaction Of Singlet 
Oxygen With a Substrate. 

Since the excited states of oxygen cannot be directly generated in 

any appreciable quantity, they have to be generated by energy transfer 

from a donor molecule(184.1e~>. The donor. usually a dye such as 

Rose Bengal or Methylene Blue, transfers absorbed energy to 

the ground state oxygen molecule thus returning to its own ground 

state but promoting the oxygen molecule to a higher energy state. 

In homogeneous solution the follo~ing processes(18e.187) 

occur in the dye sensitised formation of singlet oxygen: 

Dye (So) Ia • Dye (51) 

Dye (S1) ktt r Dye (So) + hV" 

Dye (Sl) k10 • Dye (So) 

Dye (Sl) k1.o - Dye (T1) 
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--- kcs' --- Dye (So) 

Dye (Tl) + 302 - koxy - Dye ( 5 1 ) + 102 

(7) 

(8) 

where Ia represents the intensity of the absorbed irradiation,So. 

Sl,T1 represent respectively the ground and first singlet states and 

the first triplet state of the dye molecule. The prefix "k" denotes the 

respective rate constant for the proccess with the suffixes "f,ic,isc,d'" 

and "oxy" representing respectively fluorescence, intemal conversion, 

intersystem crossing, deactivation of the triplet excited state and the 

quenching of the exei ted dye by the ground state oxygen molecule. 

Applying the steady state principle to the above reaction scheme gives 

rise to the following expression for the rate of singlet oxygen 

production 

d (lOa) 
d t -

where mr is the quantum yield for formation of the dye triplet 
state 

Since ~ is normally = 2 x 10SH-1S-1 and kd· is 

normally ~ ~ S-l equation (9) simplifies to 

d [lO2] = Ia. ~ 
d t 

If a substrate, (A), is present which reacts with singlet 

(9) 

(10) 

(11) 

axy.gen the following further processes have to be taken into account 

102 - kd - 302 

A - kz.. - Products 

(12) 

(13) 

where kd represents the rate constant for physical quenching, and kz.. 

the rate constant for chemical quenching of singlet oxygen. This assumes 

that there is no significant interactions between the singlet and triplet 

dye states and that the species, A, reacts exclusively with singlet oxygen. 

The rate of removal of singlet oxygen by reactions (12) and (13) 
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is represented by 

- dJ~21 = [k.o + kr [AJ].clO2] (14) 

Assuming that there is no build up of singlet oxygen in the reaction 

system equations (9) and (14) can be combined to give the steady state 

concentration of s~let oxygen as 

(15) 

The rate of removal of oxygen from the system is equal to the rate 

of reaction of singlet oxygen, as represented by equation (13) arx:t is 

given by 

- d [02] = kz..[ AJ.[102] 
d t 

Combining equations (15) and (16) gives 

- d (oJ = kz. ~J . Ia . !Jho 
d t + 1(; • [A] 

Inversion of equatiCl'l (17) results in equation (18) 

[
- dd[~2]] -, . 1 1 kd 1 

~ • Ia.1l' . k&o • rAJ 

(16) 

(17) 

(18) 

If the above mechanism represents that for the dye-sensitised photo­

oxidation of a substrate then a plot according to equation (18) of the 

reciprocal of the rate of oxygen consumption versus the reciprocal of 

the substrate concentration, should yield a straight line plot. The 

ratio of slope/intercept is equal to the ratio kdlkz. and as 

kd is known for a variety of solvents< 10e), the value for kz. 

can be determined. 

3.1. 2. Mea:mrcment of tho Overall Rata Constant. kov, for the 
Interaction of Singlet Oxygen with Compound (I). 

The interaction of singlet oxygen with a substrate, A, can have 

outcomes, either physical quench~ of stnglet oxygen to produce ground 

state triplet oxygen or chemical reaction with the resultant formation 
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of products. These processes are depicted schematically below, along 

with the rates constants, k, for these processes: 

<
kq_ 3()2 + A 

kov \, kav = kz. + kq 

~ - Products 

(19) 

If the substrate A is added to a system in which 102 reacts 

wi th another substrate, A', then the rate of removal of A' from the 

system will be reduced relative to that when no substrate A is added, 

because of competition between A and A' for 102. It has been 

Shown(l2:S) that if two solutions of equal volume, one containing 

substrate A and one without A and each having the same initial 

concentrations of A", are each exposed to the same amount of 

102, then kav can be calculated from the equation: 

,.. j" kov = kox <[A"] -[A"] ) + kd. In tA", 
"" _A' ~ (20) 
[A J . In.l!.:l 

l[~ , 
in which [A'] is the initial concentration of A", [A'], the final 

concentration of A" in the solution not containing substrate A, and (A J: 
the concentration of substrate A, kox is the rate constant for 

the reaction of singlet oXYl{en with A", and kd is the rate 

constant for the deactivation of singlet oXYl{en. 

It can be seen from equation (19) that kov = kq +~. Thus if 

the value of kov is determined for any system, the value of kq 

can be calculated using the value of ~ determined by the method 

,i ven in the previous section. 

In our system the substrate A was compounds (I)-(V) and the 

substrate A" was Anthracene-9, 10-diethanol(ADE). 
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3.1.3. The Order of Reaction for the React jon Of Singlet Oxygen with 
Substrate in Solution (Singlet Oxygen Generated ExogeneoJUsly ) 

The diffusion of singlet oxygen across the air gap between the 

sensitiser and the solution containing a substrate, 5, in a surface-

separated reactor is depicted schematically below: 

RADIATION 
+ • 

~ S ~ ;o~ L Sensitiser 

I s I 
Once the singlet oxygen reaches the solution it may react with 

the substrate, S, and the reaction may be written as: 

102 + S - k - Products 

where k is the rate constant for the reaction. 

The rate of reaction w. r . t. the consumption of S during the 

reaction is given by 

- d 5 _ k. [102]-. r 5] b 

dt 

where a and b represent the order of reaction w. r. t. singlet oxygen and 

the substrate S respectively. 

If the intensity of radiation is kept constant so as to maintain 

the concentration of singlet oxygen, [102]' constant at the surface 

of the solution then the above rate equation reduces to 

- d 5 = (constanth. [S]b . 
dt 

If b=l, then the rate equation becomes that of a first order reaction 

for which the following expression hoLds: 

log [5]0 = (constant)2 • t 
rsTt 

where [SJo, [SJt represent the initial concentration of S and 
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the concentration at time t, respectively. 

If b=O or 2, then either the standard zero order or second order rate 

equations would describe the reaction. 

3.1.4. Measurement Of the rate constant for the reaction of 
exogeneously generated singlet oxygen with a substrate 
CMetbcd I) 

Consider a surface-separated reactor as shown below in which there 

are two wells containing an equal volume of solution with a substrate, 

S, of lmown concentration. and in which in system (a) there is no 

Quencher present but in system (b) there is a Quencher, G, present. 

(b) (a) 

RADIATION RADIATIon 

~=='~=~~~I ~' ~~~===~~. 
~ S 102 ~sitisetll--"';:~:'--s-+-~t...Q......:1O;.::2~ 

no quencher present 102 quencher 

The processes involving singlet oxygen in the two systems are 

depicted below: 

System Ca) System (b) 

102 + S - k. - prcxiucts 102 + S - k. - prcxiucts 

Assuming a steady state concentration of singlet oxy,gen in each 

solution 

Rate of diffusion of 102 into solution = Rate of removal of 102 

Thus the follow~ expression can be written for system (a) 

Rcsur = kd. [102] + kz.. [102].(SJ 

Likewise for system (b): 

Rcsur = kd.[102] + k. [102][S] + kq.[102].[Q] 

{83} 

(21) 

(22) 



Equations (21) and (22) can be rearranged to give equations (23) and 

(24) respectively 

~2 = Rdlrr (23) 
kd + kz. • [SJ 

102 = Rcu.r: (24) 
kd + kz.. [S] + kq .(G] 

The rate of removal of substrate. S. in each solution is given by the 

expression 

= 

Substitution of equations (23) and (24) into equation (25) gives 

equations (26) and (27) respectively 

(25) 

- deS] 
dt 

kr , Rcurr 
kd + kz. (SJ 

(26) 

- .9.ill 
dt = kr , Rcurr (27) 

kd + kz. (sj + kq Q 

Dividing equation (26) by equation (27) gives the following expression 

(- d S / dt ). _ 1 + kq • [Q] (28) 
(-as Idt)b - kd+k&OtSJ 

The terms on the UIS of equation (28) can be written in the form shown 

in equation (29) 

(5] t=O - (5] tat _ 1 + kq • [Q] (29) 
[S] t=O - LSJ t=t - kd + kz. ~SJ 

where [S] t=o, [5] t-t, [S] t=O, [S] t=t represent the respective 

initial concentrations of 5 in system (a), the concentration of 5 at time 

t in system (a), the initial concentration of 5 in system (b), the 

concentration of 5 at time t in system (b). If these concentrations can 

be determined experimentally then equation (29) shows that a plot of the 

LH5 of equation (29) against rQJ should yield a straight line with an 

intercept of one and a slope equal to k:q/kd + kr [5] . 

Thus if kq, kd and [5] are mown, the value of the rate constant, 

kr, for the reaction of ~2 with the substrate can be 

determined . 
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3.1.5. Measurement of the Bate Constant for the React jon of 
Exogeneously Generated Stnglet Oxygen with a Substrate 
(Methcxi II) 

Consider a surface-separated reactor as shown below in which there 

are two wells containing an equal volume of solution with one containing 

a substrate, 51, and the other containing substrate, 52. 

RADIATION RADIATION 
J , , 

I i I 

( ~ ~ 102 ~it~1 ~ # I 102 I 51 52 

The reactions of 102 which lead to the removal of the 

substrates are depicted below: 

102 + 51 - k1 -_a Products 

102 + 52 - k2 - Products 

I 

(30) 

(31) 

The rate of removal of substrate in each system can be expressed as 

-<1[5111 dt = k1 [102]. [51J 

-<1[5211 dt = k2 (102J. (52J 

(32) 

(33) 

The rate of diffusion of singlet oxygen into solution will be the same 

for each system and as the steady state concentration of singlet o~en, 

102 , is determined by this rate of diffusion so this 

concentration will be the same in each system. Thus dividing equation 

(32) by equation (33) results in the expression 

(34) 

It can be seen from equation (34) that if the rates of removal of 

substrates 51 and 52 can be measured at !mown values of [51] 

andC52Jthen the ratio of kl/k2 can be determined. If the 

value of k1 is known for the substrate 51, then the value of 
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the rate constant, k2, for the reaction of singlet oxnten with any 

other substrate 52 can be determined. 

3.2. Kinetic Experiments using the Oxygon EleQtrgde 

The rate of removal of oxygen from reaction systems was measured 

using the oxygen electrode (re. 2.1.1.). For each exPeriment a set of 

solutions of varying substrate concentration (lxlO-3M to 1xl0-2M) 

with constant dye sensitiser concentration (2xl0-etf) were 

photolysed. The photolyses were performed in triplicate for each 

substrate concentration. The substrate concentrations were chosen so 

that an acceptable distribution of points was obtained when the 

reciprocal of the observed rate of reaction against the reciprocal of 

substrate concentration was plotted. 

Assuming the mechanism of dye sensitistion proposed by Davi.dsa1 

et ale (131)(re. 3.1.1.), then a plot according to equation 

(18) should yield a straiaht line, from which the ratio of slope/ 

intercept lives the ratio kcv'b, where kz. is the rate 

constant tor the reaction of singlet ~en with substrate, and kd 

the inverse of the lifetime of singlet oxygen. The lifetime of singlet 

oxygen in water was reported by Merkel and Kearns< WB) to be 2ps and 

in water/methanol 3.5ps. Knowing kd the value of kz. can be 

determined trom the ratio kcv'b. 

3.2.1. The Effect of Temperature po the Rate of Dye sensitised Photo­

oxidetipo of the Cpmpgunds CI >-(Y> and Anthrecene-9, 10-

dietbanol CAPE> 

Solutions ot compounds (I)-(V) and (ADE) in water/methanol (1:1) 

and in methanol, of concentrations varying between 1 X 10-3M and 

lO-2M containing Rose Bengal (2 x 10-6M) were photolysed in 
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the oxygen electrode apparatus at different temperatures. Plots 

according to equation (18) (the inverse of the rate of oxygen removal 

against the inverse of substrate concentraticn) were obtained at each 

temperature. The results are given in Tables 3-22. Figures 31-50 for 

water/methanol was used as solvent. and Tables 23-47, Figures 51-75 

for systems in which methariol was used as solvent. 

The value of the rate constant ratio kdlkr for each system 

studied was obtained from the ratio of slope/intercept of Figures 

31-75. Since the value for kd is mown to be 2.Bxl01SS-1 in water/ 

methanol(123) and 5.Ox10!5S-1 in methanol the value of 

kr for each system could be determined. These values are given in 

Tables 7, 12. 17, 22 and Tables 27, 32. 37, 42 & 47 respectively. The 

average % error in the value of kr is ± 18%. The Arrhenius plots 

derived from the data are illustrated in Figures 35, 40, 45, 50 and 

Figures 55, 60, 65, 70 & 75 respectively. The energy and entropy of 

activation obtained from the Arrhenius plots are S\llDID8rised in Tables 

48 and 49. 

3.2.2. The Effect of pH on the Rates of DYe-sensitised Photo-oxidation 
of Compounds (III) and (IV). 

Standard solutions of compounds (III) and (IV) of concentration 

varying between lx10-3M and lx10-2M and having the same 

concentration of Rose Bengal (2xl0-ISM) were prepared using water 

buffered to pH values of 4.0, 7.0 and 9.0. Samples of the solutions 

at the three pH values were then photo lysed in the oxygen electrcxie 

apparatus. The kinetic data for the rate of oxygen removal Le. the 

rate of photo-oxidation, is shown in Tables 50-55, and the plots 

according to equation (18) are given in Figures 76-81. The value of 

the rate constant, kr, for the photo-oxidation of compounds (III) 
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and (IV) at the different pHs are given in Table 58. 

3.2.3. The Effect of Solycmt Deuter:J,tion on the Rates of Dye 

sensitised Photo-oxidation Of COmpgunds (III) and (IY) 

Individual solutions of compounds (III) and (IV) with 

concentrations varying between 5x10-4H and lxlQ-2H containing 

Rose Bengal (2xlO-&H) in D2D/CDaOD (1: 1 v/v) were photo lysed 

in the oxygen electrode apparatus. The kinetic data for the rate of 

oxygen removal is shown in Tables 57 and 58, with plots according to 

equation (18) given in FiaUres 82 and 83. The rate catStant, kao. 

for the photo-oxidation of compounds (III) and (IV) derived from the 

plots in Figures 82 and 83 are given in Table 59, along with the 

correspooding values in the non-deuterated solvent. The ratio 

kz.(deute&"ated) : kz.(non-deut.&"&ted) is also listed in Table 59 

under the heading of isotope effect. 

3.2.4. The Effect Of SocUnm Azide em the Bate Of Photo-oxjdation Of 
Compguods (III) and (IV) 

Two sets of ID8thanolic solutions containing Rose Bengal (2xlQ-&H) 

and compound (III) (1.OxlO-3-l.xlO-2H) were pepared, with one 

of the sets cootaining sodium azide (lx10-4H) in each solution. 

Samples of each solution were photolysed in the oxygen electrode 

apparatus. The rate of oxygen removal was determined in each case and 

plots obtained of the inverse of the rate against the inverse of the 

concentration of compound (III). The same procedure was used for 

compound (IV). The values of the rate constants, kz.. calculated 

from Figures 84 " 85 are given in Table 82,along with the values of 

the rate constants for non-quenched systems. The ratio of the rate 

constant, It&- (quenohed) : kz. (non-quenohed), is also 

listed in Table 62 under the heading of quencher effect. 
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3.3. Kinetic Experiments Ustng the °Merry_go_Bognd' Reactpr 

3.3. 1. Determinatieo of tbe Rate Constant, kpy, for the Dye 

sensitised Photo-oxjdatipn pf Compounds (I), (II), (III) & (y), 

A set of solutions containtng compounds (I), (II), (III) and (V) 

individually at concentrations of (2x1D-3H) arxi anthracene-9,10-

diethanol (AD!) (1.6xlO-3M) were prepared in methanol, as was a 

control solution of AD! (1.6xlO-3M) in methanol. Two samples of 

each solution were photo lysed in the "Merry-go-Round" reactor for 15 

hours at 298K. The cmcentration ot ADB in each solution before and 

after irradiation lnlS determined by II88!IUring the absorbance of the 

soluticn at 44Ckun. All experimental readings were the average of six 

determinations, three measurements were taken for each of the two 

samples. In all procedures involving AD!, S81;)le preparation and 

analysis were performed in a dark room fitted with Ilford F904 

safeliahts. 

Substitution of the values for the concentration of ADE into 

equation (20) (re. 3.1.2.), along with the values of the rate constant, 

kr (=kax), for the photo-oxidation ot AD! (re. Table 47), gave 

the value for the rate constant, kov. These values are listed in 

Table 63. 

3.4. Kinetic experiments usimt the surface-:I8Puated-reactpr, 

In the surface-separated-reactor the sensitiser is physically 

removed from the substrate solution by an air gap of =lmm, and singlet 

oxygen produced by the sensitiser haS to traverse this gap before 

reacting with the substrate. Singlet oxygen produced in this way is 

referred to herein as exogeneously generated singlet oxygen. 

3.4.1. Testing the surface-sepuated-reactpr fpr its ability to 
generate singlet oxygen, 

The surface-separated-reactor was tested for its ability to 
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generate singlet oxygen by using the well documented histidine/N ,N­

dimethyl-4-nitorosoaniline (RNO) reaction< 183-188). If singlet 

oxygen is formed in the apparatus the absorbance of RNO at 440nm would 

decrease proportionally with irradiation time. 

Solutions of histidine (IO-2M) and RNO (IO-etf) in phosphate 

buffer (pH = 7.2, 0.02 M) were placed in the wells of a Boerner slide 

and covered with a silica gel tlc plat8 onto which chlorophyll had 

been adsorbed as a sensitiser. The chlorophyll was then irradiated with 

radiation of wavelength greater than 42Onm. S8llPles of the reaction 

solutions were taken at regular intervals and the absorbance of fK) at 

440nm was lDOI'litored with respect to irradiation time. The results 

are given in Table 64 and Figure 88. 

3.4.2. Tho effect of SeDsitiser on the rate of reZlCtion Of expgenOQUSlx 
&nmerated siMlet oxygen reaction with compounds (1) and <III). 

The reaction of exogeneously generated singlet CIXYIlen with 

compounds (I) and (III) was studied using Rose Bengal and Chlorophyll as 

sensitisers. Solutions of caq;xxmd (I) (IO-2M) were prepared in 

benzene, along with solutions of compound (I) (lo-2M) containing 

,s-carotene (IO-3M). Samples of these solutions were placed in the wells 

of a Boerner slide as described below. The samples in section C did 

not contain ,e.-carotene and were covered by the sensitiser plate with the 

sensitiser coated side uppermost. These solutions were the controls, C. , , 
I I 

o oio 010 0 
I I 

o o!o olo 0 
I I 

c Q 
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The samples in section U did not contain p -carotene and llere covered by 

the sensitiser plate with the sensitiser coated side down. These 

solutions are referred to herein as unquenched, U. The samples in 

section Q contained~-carotene and were covered by the sensitiser plate 

with the sensitiser coated side down. These solutions are herein 

referred to as quenched, Q. 

The sensitiser plates/Boerner slides were irradiated using a 150W 

spot lamp as radiation source. Samples from the sections C, U and Q 

were wittrlrawn at regular intervals and the concentration of coq;Gmd 

(I) present in each sample was determined by hplc analysis. The sam 

procedure was repeated for compound (III). 

The experimental data showing the relative concentrations of 

compound (I) and compound (III) with respect to irradiation time is 

given in Tables 65-66 and Figures 87-90. 

3.4.3. Investigation of SOil SAmples M Sensitisers for the ReZlCtign 
of Exo!tenegtlsly Generated Singlet Oxygen with Compounds eI) 
and CIII) 

Three soil samples were kindly donated from the reference 

collection of the School of Geography, each of different pH. The soils 

were sterilised and sieved (re. 2.4.2.) to obtain a fine sample of even 

particle size. Double-sided adhesive tape was attached to one face of a 

pre-cut glass slide to form a thin semi-transparent film onto which the 

chosen soil sample was sprinkled. The soil surface was blown with a 

high pressure stream of nitrogen to remove any loose particles. 

A solution of compound (I) (lO-2M) was prepared in benzene. as 

was a solution of this compound containing ~ -carotene (lO-3M). 

Samples of these solutions were placed in the wells of the Boerner slide 

using the scheme described in the previous section. The Boerner slide 

was covered by a sensitiser plate to which a soil sample was adhered 
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and irradiated in the reactor using a medium-pressure Hg vapour 

discharge lamp as light source. Samples from sections C, U and Q of the 

Boerner slide were wittrlrawn at regular intervals and the concentration 

of compound (I) present in each sample was determined by hplc analysis. 

The same procedure was repeated for compound (III). 

The experimental data showing the relative concentrations of 

compounds (I) and (III) with respeot to irradiation time is given in 

Tables 67-68 and Figures 91-96. 

3.4.4. Determination at the Order at React jon H.r.t Compound en 
tor the Reaction at Singlet Oxygen with Cgmpound (I) in 
Homogeneous Solutjon (Singlet Oxygen Generated Exogeneously) 

If the reaction of singlet oxygen with compound (I) was first-

order w. r. t. compound (I) then according to the analysis given in 

seotion 3.1.3. the following equation would hold 

log [I]o / [I]t = (constant) . t 

where [IJo, [IJt represents the initial concentration of 

(35) 

oompound (I) and the concentration at time t respectively. In such a 

oase a plot of log [IJoI ( I] against time should yield a straight 

line passing through the origin. 

A solution of compound (I) (lO-2M) was prepared in benzene, 

and samples of the solutions were placed in the wells of a Boerner 

slide. The Boerner sl~e was covered by a sensitiser plate on which 

Rose Bengal was adsorbed as the sensitiser, and the irradiated in the 

reactor using a 150W spot lamp as light source. Samples were wittrlrawn 

at regular intervals and the concentration of compound (I) in each sample 

was determined by hplc analysis. The relative concentration of compound 

(I) at each sample time is given in Table 69 as are the corresponding 

values for log [I]o/ (I] . A plot according to equation (35) is 

shown in Figure 97. 
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3.4.5. Determination of the Rate Constant for the Reaction of 
Exogeneously Generated Singlet Oxvgen with Compound (I) 
(Metba:i n, 

Three sets of solutions of Compound (I) were prepared in benzene, 

with concentrations of 1xID-3M, 2xIO-3M at 3x10-3M. and 

distributed between the wells of a Boerner slide as indicated below. 

Each well contained lOOpI of the appropriate solution. To each of the 

wells was added a varying volwoe of ,a-carotene stock solution 

(lO-2M in benzene) followed by a quantity of benzene so that the 

final volume in each well was 25CJ1l. The Boerner slide was covered 

with a silica-coated plate, upon which Rose Bengal had been absorbed via 

a saturated methanolic solution; the silica-coated side facing downwards. 

key: 

I I 
I I 
I I 

8 er8 el8 8 
I I 

e e!e 
I 

e!8 
I 

8 
I 

lxlD-3M [IJ 2xlO-3 M [I] i 3xlO-3H [I] 

(a) - lxIO-3M "-carotene 
(b) - 2x10-3M ~-carotene 
( c) - 3xIO-3M fJ -carotene 
(d) - 4x10-3M S -carotene 

After 5.5 hours of irradiation the samples were analysed by hplc 

analysis, concentrations of Compound (I) relative to that of the 

solution not containing quencher are given in Table 70. Plots of the 

data given in Table 70 according to equation (29) are shown in Figure 

98. The gradient of each of the lines gives rise to a value for kr 

- values for kd and kq being readily available in the literature; 
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kd = 36900s-1 and ltq = 1. 3 X 101.OM-1S-1. < 234) . The average value 
..... 

for kr is given in Table 72. 

3.4.6. Determination of the Bate Constant for the React jon Of 
Exggeneously Generated Singlet Oxygen Hith COmpound (I) 
(Metba:f II). 

Solutions of 2,5-0imethylfuran (OMF) (lo-2M) and competmd (I) in 

benzene were placed in the wells of the Boerner sl~e and a silica gel 

plate with absorbed Rose Bengal as sensitiser was placed over the sU.~c:. 

The system was irradiated with light from a "Wotan" spotlight lamp. 

Samples were with:irawn at hourly intervals and analYSed by hplc to 

determine the relative concentration of OMF and of compound (I) 

remaining. The results are given in Table 71 and the data plotted in 

Figure 99. 

Equation (34) as applied to the present system is given below 

-d[OMF] Idt _ koKP rOMP] 
-dtIJ/dt-~· m 

where the rates of removal of OMF and compound (I) are given by the 

slopes of the plots of Figure 99, [OHEJ and CI J are respectively the 

initial concentrations of 2,5~imethylfuran and compound (I), koHP' is 

the rate constant for the reaction of singlet oxygen with 2,5-dimethyl-

furan in benzene (2.3xlO-3M)<234), and kz. is the desired rate for 

the reaction of singlet oxygen with compound (I) in toluene. The 

calculation of the value of kz. is shown below: 

1~188 = 
10.60 

1.4 x 10e 10-3 

kz. • 10-3 

kz. = 1.4 x 10e / 1.4 

kz. :: 1 X 108 M-1s-l 

This value is compared with that obtained from Method I and that 

obtained from the homogeneous generation of singlet oxygen using the 

oxygen electrode (cf.3.1.1.) in Table 72. 
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3.5. Product Studies 

3.5.1. A Comparison Of the Product Distribution Arising from the 
Photo-oxidation Of COmpound (I) using Different Modes of 
Singlet Oxygen Generatjon 

(i) Homogeneously Generated Singlet Oxvgen, 

Two solutions were prepared in benzene containing Rose Bengal 

(10-2M) and 14C-labelled compound (I) (2l ).lC, 10-4M), with 

one of the solutions containing tJ-carotene (10-4Ji) as quencher. 

Samples of these solutions were photolysed for 2 hours wi~h radiation 

of wavelength greater than 420 nm using the apparatus shown in Figure 

3lI( a). 

(ii) HeterogeneOUsly Generated Singlet Oxygen 

Two solutions were prepared in benzene containing 14C-labelled 

compound (I) (21pc, 10-4Ji), with one of the solutions containing 

,a-carotene (lO-4M) as quencher. To each solution was added silica 

gel impregnated with Rose Bengal, and samples of the solutions were 

photo lysed for 2 hours with radiation of wavelength greater than 420 run 

using the apparatus shown in Figure 3lI(a). 

(iii) Exogeneously Generated Singlet Oxygen 

Two solutions were prepared in benzene containing 1.oJC-labelled 

compOWld (I) (21 pc, 10-4Ji), with one of the solutions containing /1-

carotene (lO-4H) as quencher. Samples of these were placed in 

Boerner wells in the surface-separated reactor, covered with a Rose 

Bengal impregnated silica gel plate which was irradiated with radiation 

of wavelength greater than 420 nm{Figure 30(b»,for 2 hours. 

The photo lysed samples produced were evaporated to dryness and then 

dissolved in acetone (= 2 ml). Each sample solution was spotted onto a 

silica plate such that each spot had an activity count of 10 counts per 
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second (±5X). The spots were allowed to dry. The tIc plate was 

developed in Chloroform/Acetonitrile/Hexane (80:10:10). dried. and an 

autoradiogram obtained as described in section 2.3.4. The autoradiogram 

is shown in Figure lOO(A). 

3.5.2. A Comparison of the Product Distrjbution Arising from the 
Photo-oxidation Of Compound 'I) using Rose Bengal and a Soil 
Sample as Seositisers for the Exogeoegus Format jon Of Singlet 
Oxygen 

Two solutions of l"-C-labelled c~':Jlllld (I) (21 JlC. 10-4H). were 

prepared in benzene. with one of the solutions containing ~ -carotene 

( 10--H) as quenoher. Samples of the solutions were placed in 

Boerner wells in the surface-separated reactor. covered with a Rose 

Bengal impregnated silica gel plate which was irradiated with radiation 

of wavelength greater than 420 nm (Figure 30(b) •• for 2 hours. 

The experiment was repeated using similarly prepared solutions -

but the Boerner wells were covered using a glass plate with a soil 

sample adhered to the underside (re. 2.3.4.). The solutions wore then 

irradiated with a medium pressure mercury discharge tube for 2 hours. 

Both sots of samples ware evaporated to dryness and then dissolved 

in acetone (= 2 ml). These sample solutions were spotted onto a silica 

gel plate such that each spot had an activity count of 10 counts per 

second <±5%). The spots were allowed to dry. The tIc plate was 

developed in Chloroform/Acetonitrile/Hexane (80: 10: 10). dried and an 

autoradiogram obtained as described in section 2.3.4. The resulting 

autoradiogram is shown in Figure 1OO(B). 

3.5.3. A Comparjson of the Prcxillct Distribption Arisini from the 
HeterOienemls Photo-oxidation Of Compound (I) usini varjgus 
Sensitisers. 

A solution of compound (I) (10--H) was prepared in acetone 

and spotted onto a silica gel plate such tbat each spot had an activity 

(96) 



count of ~ counts per second (+5%). The spots were allowed to dry. A 

saturated solution of p -carotene in acetone was prepared and ~ )l1 of 

this solution was spotted onto selected spots on the plate containing 

compound (I). The spots were allowed to dry. Each of the spots on the 

plate was further spotted with an acetone solution containing one of 

the sensitisers - Rose Bengal, Methylene Blue or Chlorophyll. The 

spots were allowed to dry. The tIc plate was then placed beneath a 

light source in the apparatus shown in Figure 3?J( c) and irradiated with 

radiation of wavelength greater than 420 nm, for 2 hours. The tIc 

plate was developed in Chloroform/Acetonitrile/Hexane (00: 10: 10), dried 

and an autoradiogram obtained as described in section 2.3.4. The 

resulting autoradiogram is shown in Figure l.OO(C). 

3.6. Attempted Identification of Intermediates Resulting from the 
Dye Sensitised Pboto-oxidation of Compound (I) at low 
Temperature. 

A solution of Rose Bengal (W-4H) and compound (I) (10-2M) 

in a 1:1 deuteromethylene chloride:deuteroacetone mixture was aerated with 

oxygen and photolysed for 24 hours at 203 K in a borosilicate NMR tube, 

using the apparatus described in section 2.1.3. The 1H NMR spectra 

of the solution, before and after photolysis, were obtained below 243K 

and are shown in Figures 101-104. 

3.7. Estimation of Experimental Errors. 

Errors in experimental measurements maybe divided into two classes: 

(a) Random Errors and (b) Systematic Errors. The first class of errors, 

random errors, or accidental errors, is indicated by fluctuations in 

successive measurements and are random variations due to small errors 

beyond the control of the observer. Since the true value is generally 

unknown, this error may be minimised by using the mean of a. series of 

determinations; the difference between the mean va.lue and the observed 
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value being the residuals. Typically, instrument readings and experiments 

were performed so that the mean of at least three determinations could be 

calculated. The difference between the residuals and the mean was found 

to be acceptably low (~ 1.5%) for all techniques. 

It is possible to correct for the second class of errors, and they 

are therefore designated corrigible or determinate errors. Many 

systematic errors may be eliminated by the application of familiar 

corrections or by determining corrections experimentally. 

The main equation to determine the rate constant, kr, using the 

oxygen electrode apparatus is given in Equation 18. This simplifies to: 

- . 
(AJ dt 

Allowing for tolerances in glassware (pipettes and volumetric flasks) and 

fluctuations in temperature of the solutions it could be rationalised 

that the maximum inherent error encountered in the preparation of a 

solutions is : 0.5%. The error asociated with measuring the rate of 

oxygen consumption was experimentally found to be t 15%. The constant kd, 

obtained from the mean of literature values, was found to have a maximum 

possible error of 2.5%. The limit of confidence in the overall result is 

then the sum of the constituent inherent errors. Thus, the error in the 

value of kr derived from measurements using the oxygen electrode is taken 

as ± 18%. 

The merry-go-round apparatus is used to determine the overall rate 

constant, kov, for a substrate and 1s governed by the equation: 
,. p 

kev = kax ([A'] - CA'] ) + kd . In tA'J~ 
", _A 'J; 
[A] . lnl!:L 

CA']; 

Similar arguments may be used. to assign inherent errors in the 

determination of kox and kd - these will have errors of 3.17. and 2.5% 
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respectively associated with them. Concentrations of A' are determined by 

UV-visible absorbances and thus typically were found to deviate by =~.3r.. 

The overall maximum error associated with this technique is a complex 

summation of substituent contributions, numerically equal to = 13%. 

Calculation of the exogeneous rate constant for a substrate is 

governed by the Stern-Volmer equation: 

[s] t=O - [s1 t=t _ 1 + kq 
[n.S~J ~t=="""O ---:CS:T]-"t"-="-t - ~kd-=+ :l.:-kr----:[~SJ 

The determination of the overall maximum inherent error with this 

technique is a compilation of the constituent errors. These have been 

calculated to be =15%, 

Calculation of the rate constant for a substrate by comparison of 

its reaction rate with that of a documented singlet oxygen quencher 

involves the use of the following equation: 

Experimental results have shown that the error associated with the 

determination of the rates of quencher disappearance are in the order 

of ~ 5% with determination of the substrate using hplc techniques 

possesing an error of = 1Ql%. Assuming that k1 has a maximum error of 5r., 

the overall maximum error can be taken as 20%. 

Spmmnrv, 

Kinetic Technique Max. Error (%) 

Oxygen Electrode 18 

Merry-Go-Round 15 

Stern-Volmer 15 

Rate comparison 20 
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Table 3 Rata Of Bose Bange] ~ens;r~~~ ~~oto-nx;d3ticn Of 
Comprn!nd (II) jn metbacQl/r~te~ (l'l) at 29~ K 

l()3(II) lQ8Rate 10-3 (II)-1 
(mol dm-3 ) (IDOl d,m-3 S-1) (mol-1dm3 ) 

10.0 4.65 0.1 

4.5 3.55 0.22 

3.0 2.80 0.33 

1.75 2.19 0.57 

1.25 1.84 O.BO 

1.0 1.36 1.0 

Figure 31 Plot Acccrr:Hng to Egnat;cn OS) of Ahem: Data 

8.0 

B.O 

10-&Rate-1 

(mcl-1dIn3 s) 

4.0 

2.0 

0.0 
0.0 0.3 O.S 0.9 

(100) 

10-15Rate- l 

(1lC1-1dm3 s) 

2.15 

2.B1 

3.56 

4.56 

6.06 

7.35 

1.2 



Table d E~tr~; Rqse Bengal Sen?jti~ed prqtC-qxjdstjon of 
CQlDPOl1t'" (II) jo metb(mol/vater O' J) at 298 K 

103(II) 10BRate 10-3(II)-1 
(mol dm-3 ) (mol dm-3S-1 ) (mol-ldm.3 ) 

10.0 4.80 0.1 

4.5 3.64 0.22 

3.0 2.83 0.33 

1.75 2.28 0.57 

1.25 1.65 O.BO 

1.0 1.44 1.0 

Figure 32 Plot AccOrdipg to Equatjon (18) Of Above Data 

8.0 

6.0 

10-aRate- 1 

(mol-1dm3 s) 

4.0 

2.0 

0.0 
0.0 0.3 0.6 0.9 

10-3 (II)-l (mol-~3) 

(101) 

10-~Rate-1. 

(mol-ldm3s) 

2.08 

2.74 

3.53 

4.39 

6.07 

6.96 

1.2 



Table 5 Bate of Rose Bengal ~ens~t!~ed Phetc-oxidatj=n Of 
Compollnd (II) in methane 1bzater(1 ; 1) at 3Q3 t{ 

103(II) 108Rate 10-3(II)-1 
(mol dm-3 ) (mol dm-3 S-1) (mol-1dm3 ) 

10.0 5.48 0.1 

4.5 3.97 0.22 

3.0 3.17 0.33 

1.75 2.13 0.57 

1.25 1.76 0.80 

1.0 1.64 1.0 

Figure 33 Plot Accon;HOi to Equation (lB) Of Above Data 

B.O 

6.0 
10-~Rate-l 

(lIlOl-ldm3 s) 

4.0 

2.0 

0.0 
0.0 0.3 0.6 0.9 

10-3 (II)-l (mol-~3) 

(102) 

10-SRate-1. 
(mol-ldm3 s) 

1.82 

2.54 

3.15 

4.67 

5.69 

6.09 

1.2 



Table 6 Pate Of Rose Bengal ~onsjtised Photo-ox;datjon of 
Cgmpguod (II) ;p meth:nol/water (}:1) at 308 K 

103 (II) 10BRa.te 10-3 (II)-1 
(IDOl dm-3 ) (mol dm-3 g-1 ) (1D01-ldm3 ) 

10.0 4.45 0.1 

4.5 3.46 0.22 

3.0 2.84 0.33 

1.75 2.05 0.57 

1.25 1.58 O.BO 

1.0 1.35 1.0 

F!smrc 34 Plot According tp fgnatiQD (18) of Above Dab! 

B.O 

B.O 
10-&Rate-1. 
(1C01-ldm3 s) 

4.0 

2.0 

0.0 
0.0 0.3 0.6 0.9 

10-3 (II)-l (mol-~3) 

(103) 

10-l5Rate-1 

(mol-1dm3 s) 

2.24 

2.89 

3.51 

4.87 

6.35 

7.41 

1.2 



Table 7 Bate Constaot~ for tb~ of Rose Bengal ~ensitjsed P~otO-~Y;d8t~-~ 
Of c~mprn1Pd (II) ~n methanol/water (1;1) 

10-Bkr T In~ 
(mol-l.dm3 g-1 ) (K) 

7.85 293 20.48 

8.24 298 20.53 

8.8S 303 20.35 

7.99 308 20.50 

Fjm1re ~5 Arrb~n;us Plot Accord jog to Above Data. 

25.0 . 

22.5 
In kr 

20.0 

17.5 

15.0 
3.12 3.20 3.28 3.36 

103 T-1 (K-1) 

(104) 

103'1'-1 
(K-1) 

3.41 

3.36 

3.30 

3.25 

3.44 



Table e p,te of Rose Bengal Sensjti~ed PMotc-oxjdatiQo Of 
Com;oucd (III) ;n metbaoQl/wate~ '1'1) at 293 K 

103(III) 1Q"7Rate 10-3( III)-l 
(mol dm-3 ) (mol dm-3 S-1 ) (mol-1dm3 ) 

4.5 1.51 0.22 

3.0 1.39 0.33 

2.0 1.14 0.50 

1.7 0.79 0.59 

1.0 0.79 1.0 

Figure 36 Plot AcccrrHng to Fenation (la) of Above Data 

1.6 

1.2 

10-7 Rate-1 

(1lO1-1dm3 s) 

O.B 

0.4 

0.0 
0.0 0.3 0.6 0.9 

(lOS) 

10-7 Rate-1 

(mol-1dm3s) 

0.66 

0.72 

O.BB 

1.06 

1.27 

1.2 



Table 9 Bate of Pose ~engal ~en~jt~~ed Photo-o~idati;o of 
Compplmd (III) in methanpl/water (1:1) at 298 K 

103(III) 107 Rate 10-3(III)-1 
(11101 dIn-3 ) (11101 dm-3 S-1 ) (1l101-1dm3 ) 

10.0 1.7Z 0.1 

4.5 1.47 0.22 

3.0 1.33 0.33 

Z.O 1.07 0.50 

1.7 0.88 0.59 

1.0 0.75 1.0 

Figure 37 Plot According tQ Equation (18) Of Above Data 

1.6 

1.Z 
10-7 Rate-1 

(1D01-1dm3 s) 

0.8 

0.4 

0.0 
0.0 0.3 0.6 0.9 

(106) 

10-7Rate-1 
(1l101-1d,m3 s) 

0.58 

0.68 

0.7S 

0.94 

1.13 

1.33 

1.2 



Table 10 Rate 1f Pose Bengal ~Qnsjtj~ed Photo-oxjdGt~t~ ~~ 
Compound (III) '0 methanol/water (1'1) at ~Q3 K 

103(III) 107 Rate 10-3(III)-1 10-8 P.ate- 1 

(11101 dm-3) ( IIIC 1 dm-3s-1.) (mcl-1dm.3) (mol-1dm3s) 

10.0 1.70 0.1 0.59 

4.5 1.46 0.22 0.S8 

3.0 1.28 0.33 0.78 

2.0 1.01 0.50 0.99 

1.7 0.94 0.59 LOS 

1.0 0.S8 1.0 1.46 

Figure 38 Plot Accordiog to EquAtion (18) Of Ahcve Qata 

1.6 

1.2 

10-8 Rate-l. 
(mcl-ldm3 s) 

O.B 

0.4 

0.0 
0.0 0.3 0.6 0.9 1.2 

10-3 (III)-l (mcl-1dm3) 
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Table 11 Rate of Base Bengal Sen~itised Photo-gxidatjcc c~ 
CgmgtlPd 'III) j n methjmO Itxmter (1; 1) at 308 K 

103(III) 107Rate 10-3(III)-1 
(mol dm-3 ) (mal dm-3s-1 ) (mal-1dm3 ) 

10'.0 1.56 0.1 

4.5 1.35 0.22 

3.0 1.20 0.33 

2.0 0.95 0.50 

1.7 0.84 0.59 

1.0 0.64 1.0 

Figure 39 Pl Qt ACCQrdipg to EquatiOp (18) of Above Data 

2.0 

1.5 

10-7Rate-1 
(1101-1<1m3 s) 

1.0 

0.5 

0.0 
0.0 0.3 0.6 0.9 

(108) 

10-7Rate-1 

(mcl-1dm3 s) 

0.64 

0.74 

0.84 

1.05 

1.18 

1.57 

1.2 



Table J2 R:te Constants for ~~e Bose Brnga l SeositiSed PhQtQ-rxjdat~~o 
Qf CCmprnlPd (III) in metbepol/water (1-1) 

10-e~ T In kr 103'l' 
(mol-1dm3 s-1 ) (It) (It-i) 

1.73 293 18.97 3.41 

1.57 298 18.87 3.36 

1.38 303 18.75 3.30 

1.23 308 18.63 3.25 

Figure dO Arrhenjus Plot Ac:cOrdmg to Above Oat: 

20 

a a 

15 

ln k. 

10 

o 
3.12 3.23 3.28 3.30 

lCJ3 T-l (K-l) 
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Table 13 Rate Of Rose Bengal Sensitised PhotQ=Qxjdat;on of 
Componnd cry) jo metMnolbrnter (1; 1) at ZRJ K 

103 (IV) lCJ7Rate 10-3 (IV)-1 
(mol dm-3 ) (mol dm-3 S-1 ) (1IlO1-1dm3 ) 

10.0 0.96 0.10 

4.5 O.Bl 0.22 

3.0 0.41 0.33 

1.75 0.26 0.57 

1.25 0.18 O.BO 

Figure 41 Plot According to Equatjon (18) Of Ahgye Data 

6.0 

4.5 

10-'7 Rate-1 

(mol-1dm3 s) 

3.0 

1.5 

0.0 
O.d' 0.2 0.4 0.6 

10-3 (1V)-l (lIlOl-~3) 

(110) 

10-7Rate-4 

(mol-1dm3 s) 

1.04 

1.64 

2.44 

3.83 

5.55 

0.8 



Table 14 Rate Q~ Rose eengal Sen:it;~ed PhotO-Qx;datjoo Of 
ComrnlOd (Ty) ;0 methanOl/water (1; 1) at 298 K 

103 (IV) 107Rate 10-3 (IV)-1 
(1101 dm-3 ) (IDOl d,m-3 S-1) (mcl-1dm3 ) 

10.0 0.67 0.10 

4.5 0.43 0.22 

3.0 0.29 0.33 

1.75 0.17 0.57 

1.25 0.17 0.60 

F!gnrc 42 Plot AccQrd;ng to Egyatico OS) Of Above Data 

B.O 

4.5 

10-7 Rate-1 

(1I01-1d.m3 s) 

3.0 

1.5 

0.0 
0.0 0.2 0.4 0.6 

(111) 

10-7Rate-1. 
(1D01-1dm3 s) 

1.14 

2.31 

3.50 

5.75 

6.00 

II 

O.B 



Table 15 Bate of Bose Bengal ~ensitiaed PbotO=Qx;datipn cP 

Comprnlpd (rV) jn m=th:no1/water (1:1) at 303 K 

103(IV) l()7Rate 10-3(IV)-1 
(mol dm-3 ) (mol dm-3 S-1 ) (mol-1dm3 ) 

4.5 0.38 0.22 

3.0 0.31 0.33 

1.75 0.25 0.57 

1.25 0.19 O.BO 

1.0 0.13 1.00 

Figure 43 Plot According to Egmsticm (lB) of Above Data 

B.O 

6.0 

10-7 Rate-1 

(mal-1dm3 s) 

4.0 

2.0 

0.0 
0.0 0.3 0.6 0.9 

10-3 (IV)-l (mol-ldm3 ) 

(112) 

lO-7P.ate-1. 
(mcl-ldm3 s) 

2.52 

3.22 

4.03 

5.13 

7.42 

1.2 



Table 16 Bate Of Rose Bengal Secsjtised Photo=Qx;datiQp Of 
Cgmprnlcd (IY> in methanol/water (1;1) at 30S K 

103(IV) lQ'7Rate 10-3(IV)-1 
(mol dm-3~ (mol dm-3 S-1 ) (1D01-1dm3 ) 

10.0 0.57 0.10 

4.5 0.42 0.22 

3.0 0.36 0.33 

1.75 0.24 0.57 

1.25 0.20 O.BO 

F'gure 44 Plot According to Fnnation (lS) Of Above Oat a 

6.0 

4.5 

10-7 Rate-1 

(mol-1dm3 s) 

3.0 

1.5 

0.0 
0.0 0.2 0.4 0.6 

(113) 

10-7 Rate-1 

(mol-1dm3 s) 

1.76 

2.40 

2.76 

4.23 

4.92 

O.B 



Table 17 Rate Constants for the Ro:e Bengal Sen:itj~ed Photo-QX;d~tico 
gf ccmpa1nd (IY) iO methanOl/water (1;1) 

10-7kr T lnkr 
(1n01-1dm3g-1 ) (K) 

1.33 293 18.40 

2.09 29S 18.86 

4.15 303 17.54 

8.50 308 18.26 

Fjgure ciS Arrhenius Plot ACCQrd~Og to Above Data 

21.0 

19.5 

18.0 

16.5 

15.0 
3.12 3.20 3.28 3.36 

1Q3 T-1 (K-l) 

(114) 

lCJ3'l' 
(K-l) 

3.41 

3.36 

3.30 

3.25 

3.44 



Iabl!: H3 Bat!: cf BQ~= 8:0831 S!:c~1tj~=a ebQtQ:c~~g=tjgc Qf 
Cgmpggnd (Y) in m=tbaCQllHater (1:1) nt Z9J K 

103 (V) 10eRate 10-3 (V)-1 10-eRate-1 
(mol dm-3 ) (mol dm-3 S-1 ) (1J01-1dm3 ) 

10.0 1.59 0.10 

4.5 0.71 0.22 

3.0 0.48 0.33 

1.75 0.31 0.S7 

1.25 0.21 0.80 

1.0 0.17 1.0 

Figure 46 Plot According tQ Egnatim (16) Of Ahave Deta 

8.0 

6.0 

la-a Rate-I. 
(mol-1dm3 s) 

4.0 

2.0 

0.0 
0.0 2.5 5.0 7.5 

(liS) 

(ml-1dm3s) 

0.63 

1.41 

2.09 

3.28 

4.8a 

6.03 

10.0 



Tabl~ lS Bat~ ef Be:= B:::Jal S=c::it1:=:.! fCQtc;:g"~r:lzst:tQl cf 
Cgmgund cy> jn m=thancllwat~r (1;1) at 298 E 

103 (V) 10eRate 10-3 (V)-1 10-eRate-1 

(mol tim-3 ) (mol dm-3 s-1.) (mol-1dm3 ) (mol-ldm3 s) 

10.0 0.B9 0.10 1.13 

4.5 0.54 0.22 1.B7 

3.0 0.34 0.33 2.9B 

1.75 0.22 0.57 4.63 

1.25 0.14 O.BO 6.91 

1.0 0.12 1.0 8.64 

"mlTe 47 f1ct AccCtd1Di tc Eguzstioo (18) Cf Ahem: Dab 

to.o 

7.5 
10-8 Rate-1 

(mcl-1dm3 s) 

5.0 

2.5 

0.0 
0.0 0.25 0.5 0.75 1.0 

(116) 



Iable ZC Bat= cf Bc:= 8:Cial S=c:itl:=d ehctc:cx~catjcc cf 
Cgmprnlnd lY> jn m=tbancl/water (1;1) at 303 K 

103(V) 10-Rate lQ-3(V)-1 lQ-8Rate-l. 
(mol dm-3 ) (mol dm-3 s-1.) (mol-1dm3) 

10.0 1.28 0.10 

4.5 0.58 0.22 

3.0 0.39 Q.33 

1.75 0.21 0.57 

1.25 0.15 O.BO 

1.0 0.13 1.0 

!Jgur= 48 e1ct Acccrdjpi tc Rgmlt' co (la) of Ahem: Data 

10.0 

7.5 

10-8 Rate-l. 
(1DC1-1dm3 s) 

5.0 

2.5 

0.0 
0.0 0.25 0.5 0.75 

(117) 

(IIIQ 1-1<fm3s ) 

0.78 

1.73 

2.58 

4.78 

a'58 

7.81 

1.0 



Table 21 Rate Of Rose Bengal ~en:;t;~ed Photo=Qx;dat;gn Q~ 
CQmpQUCd <Y) ;n methanol/water (1;1) at 3QB K 

103 (V) llJ8Rate 10-3 (V)-1 10-8Rate-1 

(mol dm-3 ) (mol d,m-3S-1) (mol-l<fm3 ) (mal-1dm3 s) 

10.0 3.45 0.10 0.29 

4.5 1.75 0.22 0.57 

3.0 0.97 0.33 1.03 

1.75 0.60 0.57 1.67 

1.25 0.43 O.SO 2.30 

Figure: 49 Plot AccorrHng to F.gnaticn (8) of Above: Oat" 

2.40 

1.BO 
10-8 Rate-1 

(mol-l<fm3s) 

1.20 

0.60 

0.00 
0.0 0.2 0.4 0.6 O.S 

10-3 (V)-1 (mcl-~3) 

(118) 



Table 22 Rate Cocstants for tb= 80$= Bengal Sen=itised PhOto=QXjdatj;o 
of COMQOUOd 'Y' jo methanol/water (1·1) 

10-~kr T Inkr 
(mol-1dm3 g-1 ) (K) 

4.52 293 13.02 

5.01 29B 13.12 

6.97 303 13.45 

8.63 308 13.67 

F'gure 50 Arrbenius Plot AccQrrHog to Above Data 

15.0 

13.5 

lnk. 

12.0 

10.5 

9.0 
3.12 3.20 3.28 3.36 

102 T-1 (K-1 ) 

(119) 

lQ3T 
(K-l) 

3.41 

3.36 

3.30 

3.25 

3.44 



Table 23 Rate of Rose Bengal ~en:itised Photo-ox;daticn Of 
Comprnlod (I) ;0 Methanol at 29~ K 

l03(I) 10"Rate 10-3 (I)-1 
(IDOl dm-3 ) (IDOl dm-3 S-1 ) (1D01-1dm3 ) 

5.0 0.28 0.2 

2.25 0.25 0.44 

1.5 0.16 0.67 

0.86 0.12 1.14 

0.63 0.08 1.BO 

Figure 51 Plot According to Egm1ticn (18) of Above Data 

16 

12 
10-7 Rate-1 

(ml-1dm3 s) 

8 

4 

o 
0.0 0.4 0.8 1.2 

(120) 

10-7 Rate-1 

(mol-1dm3 s) 

3.62 

3.96 

6.32 

8.01 

12.30 

D 

1.B 



Table 24 Bate of Bose Bengal Sen:it;sed Photo-axidption of 
Compouod (I) jn Methanol at 298 K 

103(I) 10eRate 10-3(I)-1 
(mol dm-3 ) (mol dm-3 S-1 ) (mol-1dm3 ) 

5.0 O.SO 0.2 

2.25 0.31 0.444 

1.5 0.22 0.667 

0.875 0.14 1.143 

0.625 0.10 1.60 

FJmttC 52 Plot Accordjng to Equation (18) Of Above Data. 

8.0 

8.0 
10-7 Rate-1 

(1lO1-1dm3 s) 

4.0 

2.0 

0.0 
0.0 0.3 0.6 0.9 

(121) 

10-7Rate-1 
(mol-1dn3 s) 

1.99 

3.22 

4.50 

7.16 

9.93 

1.2 



Table 25 B"te Of RQ:se Bengal Sen:sit1:sed Phcto-oxjdat;fon Of 
Compound (1) in Methanol at 30:3 K 

103(I) 10eRate 10-3 (I)-1 10-'7Rate-1 

(IDOl dm-3) (IDOl dm-3 S-1 ) (ml-1dm3 ) (mol-1dm3 s) 

10.0 0.37 0.1 1.$ 

4.50 0.35 0.22 2.98 

3.0 0.31 0.33 4.46 

1.15 0.12 0.511 8.19 

1.25 0.10 O.BO 10.11 

Figure 53 Plot AcccnHng to Egpation (18) Of Ahove Data. 

10.0 

7.5 
10-7 Rate-1 

(lDOl-1dJD3s) 

5.0 

2.5 

0.0 
0.0 0.2 0.4 0.6 O.B 

(122) 



Table 26 a"t= Of RQ!l= Benal S=,:iti:;ed Photg-ox;dnt:jgn gf 
Cgmpgund eI) in Methangl at 30S K 

l~(I) loeRate 10-3 (I)-1 
(mol dm-3 ) (mal dm-3 s-1.) (1D01-1<Jm3) 

5.0 4.66 0.2 

2.25 1.SS 0.44 

1.5 0.93 0.687 

0.875 O.SS 1.143 

0.625 0.4B 1.60 

"gnre 54 Plgt According tg F.mustian OS) gf Ahcm: Data. 

24.0 

IB.O 

10-7 Rate-1 

(1IC1-1dm3 s) 

12.0 

6.0 

0.0 

0.0 0.4 0.6 .. 1.2 

(123) 

10-7 Rate-1. 
(mol-1dJn3s) 

2.14 

6.46 

10.Bl 

17.0 

20.97 

1.6 



Table 27 Bate Cgnztant: fO: tbe 2933 Bengal cen3it i 5ed PhQto=Qx;dat;cn 
Qf Cgmrnmd cn in HethzmQl 

lQ-7kz. T lnk&- lQ3T 
(mol-1Qm3s-1) (It) (It-l) 

5.93 293 17.90 3.41 

5.25 29B 17.78 3.36 

4.52 303 11.63 3.30 

5.98 308 17.90 3.25 

FiAla:!: 55 Ar:ben;n: PIQt ACCQrdjng tQ Abgye Data 

20 

15 

In k. 

10 

5 

o 
3.12 3.23 S.2B 3.30 3.44 

(124) 



Table 28 Bate of RO$e Bengal Sensit~sed PhotO=Qx;dation Of 
Cgmpguod (II) jn Methanol at 293 K 

103 (II) 10"'Rate 10-3 (II)-1 
(mol dIn-3 ) (mol dm-3 S-1 ) (mcl-1dm3 ) 

10.0 1.81 0.1 

4.5 1.59 0.22 

3.0 1.38 0.33 

1.75 0.84 0.57 

1.25 0.60 0.80 

F'm'r= sa Plot According to Eguatign (18) Of Aboxe Data 

20 

15 

10-7 Rate-1 

(1D01-ldm3 s) 

10 

5 

o 
0.0 0.2 0.4 0.6 

(l2~) 

10-8Rate-1. 
(mcl-ldm3 s) 

5.53 

8.28 

7.Z1 

11.92 

16.78 

II 

0.8 



Table 29 Rate of Rose Bengal Sensitised PhQto=QYidatian of 
Compglnd <II) jn Methanol at 298 K 

10:!(II) lQ'7Rate 10-3 (II)-1 
(mol dm-3 ) (mol dm-3 S-1 ) (mol-1dm3 ) 

10.0 4.90 0.1 

4.5 3.31 0.22 

3.0 2.98 0.33 

1.75 2.31 0.57 

1.25 1.26 0.80 

1.0 0.81 1.0 

Figure 57 Plot AccQrding to FmUltion (18) Of Above Pata, 

12.0 

9.0 
10-7Rate-1 

(mol-1dm3 s) 

B.O 

3.0 

0.0 
0.0 0.25 

1m 

0.5 0.75 

(126) 

10-8Rate-1 

(mol-ldm3s) 

2.04 

3.02 

3.38 

4.33 

7.96 

11.54 

1.0 



Table 30 Rate Of Rose Bengal Sen:itised Phpto-gx;daticn Of 
Cgmpgand (II) je Methanol at 3Q3 K 

10:!(II) l0'7Rate 10-3 (II)-1 
(mel dm-3 ) (mol dm-3 S-1) (mel-1cfm3) 

4.5 2.37 0.22 

3.0 1.53 0.33 

1.75 0.14 0.51 

1.25 0.59 O.BO 

1.0 0.44 1.0 

Figure 56 Plot According to F.ouat1on (18) Of Abave Data 

24.0 

18.0 
10·' Rate-1 

(mel-1dm3s ) 

12.0 

8.0 

0.0 
0.2 0.4 0.6 O.B 

(127) 

10-eRate-l 
(mol-1dm3s) 

4.22 

6.55 

13.47 

16.90 

22.57 

1.0 



Table 31 BAte of Be:;e Bmllm 1 Sen:aiti:;ed ehoto-oxfdati QP Qt' 
Compgynd CII) jo Methanol at 308 K 

103 (1I) lrJ7Rate 10-3 (II)-1 
(mol dm-3 ) (mol dm-3S-1 ) (mol-1dJn3) 

10.0 1.91 0.1 

4.5 1.79 0.22 

3.0 0.98 0.33 

1.75 0.78 0.57 

1.25 0.60 O.BO 

Figure 59 Plot According to Egpatign (18) of Ahcyc: Data 

20 

o 
0.0 0.2 0.4 0.6 

(128) 

10-8Rate-J. 
(mol-1dm3s) 

5.24 

5.58 

10.23 

12.76 

16.73 

O.B 



Table 32 Bate Ccpgtgnt: for the Ro:e Ben"] Sen:;t
'
sed Photo=Qx;datiga 

Of Comound <II> in Methanol 

lO-7~ T lnkr 
(1IlO 1-l<:fm3s-1 ) (It) 

5.05 293 17.74 

6.35 298 17.f!1 

6.25 303 17.95 

5.24 308 17.78 

Fignre eo Arrhen;n: Plot Acco:r;Ung to Abcm: pats 

20 

15 
Ink&-

10 

5 

o 
3.12 3.20 3.28 3.36 

1~ T-1 (K-1) 

(129) 

1Q!!T 
(1t-1) 

3.41 

3.35 

3.30 

3.25 

3.44 



Ia.bl~ JJ ~.a.t~ cf Bc~= B~l St:l~lti:i=C ebctc:;jJ~lc~tjQlJ cf 
C~lnC (III) in M=tbanc1 at 2$3 K 

103(III) lQ7Rate 10-3 (III)-1 
(mol dm-3 ) (mol dm-3 S-1 ) (mol-1dm3 ) 

10.0 5.33 0.10 

4.50 4.33 0.22 

3.00 3.30 0.33 

1.75 2.66 0.57 

1.25 1.90 O.BO. 

1.00 1.73 1.00 

Fignr= 61 P1ct AcccrcHng to Eamltion (lB) of !have Data 

6.0 

4.5 
10-8Rate-1 

(mol-1dm3 s) 

3.0 

1.S 

0.0 
0.0 0.3 0.6 0.9 

(130) 

lo-eRate-l. 
(mol-ldmas) 

1.BB 

2.31 

3.03 

3.74 

5.27 

5.7B 

1.2 



Table 34 Rate of RQ$e Bengal Sensit'sed Phctc-rndd"ticn pf 
Cgmppund (III) in Methanol at 2SB K 

103 (III) lQ7Rate lQ-3{III)-1 
(mol dm-3 ) (mol dm-3 S-1) (mol-1dJD3) 

10.0 5.07 0.10 

4.50 3.22 0.22 

3.00 2.51 0.33 

2.00 1.56 0.50 

1.70 1.28 0.57 

!1mU'e 62 Plpt ACCO:rHng tp Rgm!t"co (lB) pf Abpye Data 

8.0 

4.0 

2.0 

0.0 
0.0 0.15 0.3 0.45 

(131) 

lQ=8Rate-1 

(mol-1dm3s) 

0.20 

0.31 

0.40 

0.64 

0.89 

0.6 



Table 35 BAte Of Bose Bengal Sens;t;sed PhotO=QX;d,t;QO of 
Comprnmd ( III) ; n Hethzmo 1 at 30:3 K 

103 (III) lCJ7Rate lQ-3(III)-1 10-8 Rate-1 
(mol dm-3 ) (mol dm-3 S-1) (mol-1dJll3) (1II01-1<!m3 s) 

10.0 5.BB 0.10 1.70 

4.50 4.58 0.22 2.19 

3.00 2.28 0.33 4.39 

1.75 1.85 0.S7 5.39 

1.25 1.48 O.BO 6.77 

1.00 1.11 1.00 9.01 

Fimare 63 Plot Accon::Ung tQ Egm1t;ign (18) of Ahem: Data 

10.0 

7.5 
107 Rate 
(1DC1 dm-3 s-1 

5.0 

2.5 

0.0 
0.0 0.25 

• 

0.5 0.75 1.0 
10-3 (III)-l (mol-~3) 

(132) 



Teh1e 36 Rate of Bose eena1 Sen:sit:iser;t Photo-mddat;oo of 
Cfm:n1+Od (III) jn Metbanol at 308 K 

103(III) lQ'7Rate lQ=3(III)-1 
(IDOl cim=3) (mel dm-3S-1) (1DC1-1Qm3) 

10.0 3.36 0.10 

4.50 1.90 0.22 

3.00 1.47 0.33 

1.15 1.21 0.57 

1.25 0.76 O.BO 

'''titre A4 Plot ACCQrding to Esnatim (la) of Above Data 

16.0 

12.0 

lQ=8Rate-1 

(l2Cl-1dJD3s) 

8.0 

4.0 

0.0 
0.0 0.2 0.4 0.6 

(133) 

lO-8Rate-l. 
(mcl-1dmas ) 

2.97 

5.26 

8.B2 

B.2S 

13.0B 

Gl 

O.B 



Table 37 Bate Cgn~tgnt: for the RQ:= Bengal Sen:i t 1:nd PhotQ=px;dnticn 
of Cgmpgpnd (III) jn Methenol 

lO-7kz, T lnltz. 
(mol-1dm3 s-1 ) (1) 

2.95 293 17.20 

2.99 298 17.21 

2.51 303 17.04 

2.94 308 17.20 

limn:\! 65 Attben;n: Plot According to Abtm: Data 

20.0 

15.0 
Ink&-

10.0 

7.5 

0.0 
3.12 3.20 3.28 3.36 

103 T-1 (K-l) 

(134) 

1~ 
(1-1 ) 

3.41 

3.36 

3.30 

3.25 

3.44 



Table 38 eate of Ro:;e 6eaged Sea:;iti~ed PhotO-Q"idaticn of 
Compound ,y> in HettmnQl at 289 It 

10~(V) . 1WRate 10-3 (V)-1 
(mel dm-3 ) (mel c::tm-3 S-1 ) (mel-1<fm3 ) 

10 0.70 0.10 

4.5 0.50 0.22 

3.0 0.36 0.33 

1.75 0.29 0.57 

Figure S6 PIQt ACCQrding to Egmltigo (18) of Ahem: Pata 

40 

30 

10-8 Rate-1 

(1D01-ldm3 s) 

20 

10 

o 

0.0 0.15 0.3 0.45 
10-3 (V)-l (mcl-1<fm3) 

(135) 

10-8Rate-l 
(1I01-1dm3s) 

14.37 

20.12 

27.59 

35.07 

0.6 



Table 39 Rate Of Bose Sengel Sensjt;§ed Ehoto=px;det;pp of 
COmprn1nd <Y) in Methanol at 294 K 

103(V) l()7Rate 10-3(V)-1 
(mol dm-3 ) (mol dm-3 s-l.) (mol-1dm3 ) 

10 2.33 0.10 

4.5 0.66 0.22 

3.0 0.32 0.33 

1.75 0.21 0.57 

E! ,nrc: 61 Plot ACCO;dimt ta Egm'tipn (18) af Abgvr: Data 

60.0 

45.0 

10-8 Rate-l. 
(mol-1Om3 s) 

30.0 

15.0 

0.0 
0.0 0.15 0.3 0.45 

10-3 (V)-l (mol-1dm3) 

(136) 

10-8Rate-l. 
(mcl-1dm3 s) 

9.28 

18.26 

30.87 

48.70 

0.6 



Table 40 Rate of Eose Sensa] Sensitised Photo-gyjdatiOD of 
ComQUDd 'V) ;n MetMnc l at 2S8 K 

l03(V) lQ'7Rate lQ-3(V)-1 lQ-sRate-1 

(IDOl dm-3 ) (mol dm-3 S-1 ) (1D01-1c:fm3 ) (mol-1dm3s) 

10 4.35 0.1 2.30 

4.5 2.12 0.22 4.71 

3.0 1.37 0.33 7.31 

1.75 0.84 0.57 11.95 

1.25 0.58 0.80 17.26 

Fignre S8 Plot accordWg to Equation (18) Of the Above DJta. 

20.0 

15.0 
lQ-8Rate-1 

(1D01-1d.m3 s> 

10.0 

5.0 

0.0 
0.0 0.2 0.4 0.6 O.B 

(137) 



Table 41 Rate Of Rose Benc l Sensitised Photo-mddaticn Of 
Compopnd <Y) io Methaool at 303 K 

103 (V) 1Q7Rate 10-3 (V)-1 
(11101 dm-3 ) (11101 dm-3 S-1 ) (1I101-ldm3 ) 

10 9.56 0.10 

4.5 4.76 0.22 

3.0 2.54 0.33 

1.75 1.92 0.57 

Fignre 69 Plot ACCQrding to F.gpatjcn (18) of Above D3t3 

6.0 

4.5 
10-8 Rate-1 

(1I101-ldm-3 s) 

3.0 

1.5 

0.0 
0.0 

CI 

0.2 0.4 0.6 

(138) 

10-8 Rate-1 

(1I101-1Qm3 s) 

1.05 

2.10 

3.93 

5.21 

o.e 



Table 42 Rate Constants for tbe Rose Bengal Sensj t1 sed Photo-gxidation 
of compound <Y' jn Methanol 

10-BIb T 1nk» 
(mol-1dm3 s-1 ) (It) 

2.25 284 14.63 

4.96 298 15.42 

15.04 29B 16.53 

72.10 303 18.09 

Figure 70 . Arrhcoim'j Plot Accord;ng tQ Ahern: Data 

20.0 

17.5 

lnltz. 

15.0 

12.5 

10.0 
3.20 3.80 3.36 3.44 

103 T-1 (It-1 ) 

(139) 

103T 
(It-l) 

3.46 

3.40 

3.36 

3.25 

3.52 



Table 43 Bate of Rose Bengal Sensjtj~ed P~QtQ=Qx;d~t;Qo of 
APE 10 Mett::mc1 at 293 K 

103(ADE) 
(mol dm-3 ) 

20.0 

9.00 

6.00 

3.50 

2.50 

8.0 

6.0 
10-7 Rate-1 

(JDCl-1dm3 s) 

4.0 

2.0 

0.0 
0.0 

llJ8Rate 
(mol dm-3 S-1 ) 

0.87 

0.43 

0.29 

0.17 

0.17 

0.1 

(140) 

10-3(ADE)-1 10-7 Rate-1 

(mol-1dm3 ) (mol-1dm3 s) 

0.05 1.45 

0.11 2.66 

0.17 3.05 

0.29 5.58 

0.40 7.29 

0.2 0.3 0.4 



Table 44 Bate of BO:= Bengal Sensitjsed PhotO=Qxidatjqn of 
APE ;0 Methanol at 2ge K 

103 (ADE) 10BRate 10-3 (ADE)-1 10-7 Rate-1. 
(mel dm-3 ) (mol dm-3 S-1 ) (1D01-1dm3 ) (1D01-1dm3 s) 

20.0 0.66 0.05 6.08 

9.00 0.49 0.11 12.16 

6.00 0.26 0.11 lB.02 

3.50 0.22 0.29 30.91 

Figure 'ZZ Plot AccQrding to Egm¢1an OS) Of Abcve DatA 

32.0 

24.0 
10-7 Rate-1 

(mel-1dm3 s) 

16.0 

8.0 

0.0 
0.0 0.08 0.16 0.24 0.32 

(141) 



Table 45 Rate Of eo:;e Benn 1 Sen:dtised Photo-oxjdatim Of 
ACE 1n MethanOl at 303 K 

103(ADE) lQ8Rate 10-3(ADE)-1 
(IDOl dm-3 ) (IDOl dm-3 S-1 ) (mol-1dm3) 

20.0 10.26 0.05 

9.00 7.35 0.11 

6.00 4.14 0.17 

3.50 2.46 0.29 

2.50 1.75 0.40 

limn:!!! '43 Plot According to Fquat 1pn (18) of Above pata 

6.0 

4.5 

10-7 Rate-1 

(1I01-1dJIl3s) 

3.0 

1.S 

0.0 

0.00 0.10 0.20 0.30 

(142) 

10-7Rate-1 

(1D01-ldm3s) 

0.97 

1.36 

2.42 

4.06 

5.72 

0.40 



Table 46 Rate of Bose Bengal Sen:sitiseri ehoto-ox;datipn Of 
APE jp Methanel at 308 K 

l03(ADE) 108 Rate 10-3 (ADE)-1 10-7Rate-l 
(mol dm-3 ) (mol dm-3 S-1) (mol-1dm3 ) (mol-1dm3s ) 

20.0 1.09 0.05 9.18 

9.00 0.47 0.11 21.44 

8.00 0.35 0.17 28.80 

3.50 0.20 0.29 SO.71 

Figure: 74 Plot ACCQrdicg to Fmu1tipn (l8) Of Aham Data 

60.0 

4:5.0 

10-7Rate-1 

(lDCl-1dm3 s) 

30.0 

1:5.0 

0.0 
0.0 0.1 0.2 0.3 0.4 

(143) 



Table 47 BAte Constants for the Rase Bengal Sensitised Photo-gxjdatign 
oxjdation Of APR ;0 Methanel 

10-Sk» T lnkz. 
(1lO1-1dm3 s-1 ) (It) 

2.25 293 14.63 

4.86 2S8 15.42 

15.04 303 16.53 

72.10 308 16.10 

E1,,,ro 75 Arrhenius Plot Acrnm;Hng to Abcmt Data 

20.0 

15.0 

lnkz. 

10.0 

5.0 

0.0 
3.16 3.24 3.30 3.36 

lCP T-1 (It-1 ) 

(144) 

103'1' 
(It-i) 

3.46 

3.40 

3.36 

3.25 

3.42 



Table 48 

Table 49 

~ . 
Energy. E, and Entropy, AS, of Activation for the Rose 
Bengal Sensitised Photo-oxjdation of CompQUDds (II)-(Y) 
in MetbanollWater (1; 1) 

Compound E· AS· 
kJ 1101-1 J It-1mo1-1 

(II) = a - 74.8 

(III) =0 - 87.2 

(IV) 93.4 209.4 

(V) 0.05 -133.6 

Bengal Sensitised PhotO=Q¥;datign of Compgunds eI), elI), 
(III), (IV) and APE ;n Methanol 

Compound E· ·S· 
kJ 1101-1 J It-1mo1-1 

(I) = a - 97.9 

(II) :: a - 96.5 

(III) =0 -102.7 

(V) 0.03 - 2.2 

ADE 139.0 . 345.7 

(145) 



Table 50 Rate Of Rose 9engal Sensitised Photo-oxidation of 
Comprnmd (III) at pH :: 4 

10:!(III) lrJ'7Rate 1O-3 (III)-1 
(mel dm-3 ) (mel dm-3 S-1 ) (1D01-1dm3) 

10 8.37 0.1 

4.5 6.49 0.22 

3.0 4.40 0.33 

1.75 3.50 0.571 

1.25 2.75 O.BO 

1.0 2.41 1.0 

Figure 78 Plot Accardi"g ta Fgugtian (18) at' Ahem: Data 

0.6 

0.45 
lQ-7Rate-1 

(lDCl-1dm3s) 

0.3 

0.15 

0.0 
0.0 0.3 0.6 0.9 

(146) 

10-'7Rate-1 

(mel-1dm3s) 

0.12 

0.15 

0.23 

0.29 

0.36 

0.41 

1.2 



Table 51 Bate ef Bese 8=c~1 SecsitlSeC fbetc:c~jc=tlac ef 
Ccnnprnrnd UII) at pH :: 7 

103 (III) 1Q"7Rate 1Q-3(III)-1 
(mel dm-3 ) (mel c:tm-3 S-1) (mel-1dm3 ) 

10 10.15 0.1 

4.5 6.96 0.22 

3.0 5.38 0.33 

1.7S 4.32 0.571 

1.25 3.89 0.80 

1.0 3.29 1.0 

Pimu: n Plot ACCOnHng tc Fm;U,tiac (8) Cf Ahem: Dcb! 

0.32 

0.24 
lQ-?Rate-1 

(mcl-1dm3 s) 

0.16 

0.08 

0.0 
0.0 0.25 0.5 0.75 

(147) 

1Q-?Rate-1 

(mel-1dm3 s) 

0.10 

0.14 

0.19 

0.23 

0.27 

0.30 

1.0 



Table 52 ~=te of Bose 6enga 1 Sensit;~ed Photo=Qx;dat;cn Of 
Cgmponnd (III) at pH - 9 

103(III) lQ'7Rate 10-3(III)-1 
(IDOl dm-3 ) (mol dm-3 S-1 ) (1D01-1dJD3) 

10 14.09 0.1 

4.5 10.76 0.22 

3.0 B.55 0.33 

1.75 6.62 0.571 

1.25 5.61 O.B 

1.00 4.B6 1.0 

Fignre 76 Plot According to F.gnaticn (18) Of Above Oat= 

0.32 

0.24 

10-7 Rate-1 

(1D01-1dm3 s) 

0.16 

0.08 

0.00 
0.0 0.3 0.6 0.9 

(148) 

10-7 Rate-1 

(1D01-ldm3 s) 

0.07 

0.09 

0.12 

0.15 

O.lB 

0.21 

1.2 



Table 53 Rate of RQse Bengal Sensitised Pbcto-oxidntign of 
CnmpQlwd <IY> at pH : 4 

l~(IV) lQ'7Rate 10-3 (IV)-1 
(mol dm-3 ) (mol dr3 S-1) (mol-ldm3 ) 

10 3.B5 0.1 

4.5 2.07 0.22 

3.0 1.47 0.33 

2.0 0.95 0.50 

1.7 0.B8 0.571 

F1mlrc: 79 Plot According to Equation (18) Of Abem: Oat: 

1.6 

1.2 
10-7Rate-1 

(mol-1dJn3s) 

O.B 

0.4 

0.0 
0.0 0.15 0.45 

10-3 (IV)-1 (mol-ldm3 ) 

(149) 

10-7Rate-1. 
(mol-1dm3s) 

0.26 

0.48 

0.68 

1.05 

1.13 

0.6 



Table 54 B:ttc: of Base Bengel Seos;tisc:d PhQtg-o"idatign gf 
Cgmpgund (IV) at pH : 7 

IfJ3(IV) 1Q'7Ra.te 10-3 (IV)-1 
(mol dm-3 ) (IDOl d,m-3 S-1) (mol-ldm3 ) 

10 5.07 0.1 

4.5 3.22 0.22 

3.0 2.51 0.33 

2.0 1.56 0.50 

1.7 1.26 0.571 

F1gnr:: 80 Plot According tp EQnation (18) of Above nata 

O.B 

0.6 

lQ-7Rate-1 

(mol-1dm3s) 

0.4 

0.2 

0.0 
0.0 0.15 0.30 0.45 

(150) 

10-7 Rate-1 

(1l101-1<1m3s ) 

0.20 

0.31 

0.40 

0.84 

O.BO 

0.60 



Table 55 Bate Of BO== 8enm l Sen=it':cd Photo=Qx;datign Of 
Cgmpcupd (ry, at pH = 9 

103(IV) lrJ7Rate 10-3(IV)-1 
(mel dJn-3) (mel dm-3S-1) (1D01-1dm3 ) 

10 6.74 0.1 

4.5 2.87 0.22 

3.0 1.76 0.33 

2.0 1.27 0.50 

1.7 1.06 0.571 

!imu'!! 81 Plot According to Equation oa) of Above Pata 

1.00 

0.75 

lO-"Rate-1 

(mcl-ldm3 s) 
0.50 

0.25 

0.00 

0.0 0.15 0.30 0.45 

(1~1) 

lO-"Rate-1 
(mel-1dm3s) 

0.15 

0.37 

0.57 

0.78 

0.94 

0.8 



Table 56 Effect of pH 00 We: Constants. kr · fO: Ro:se: Be:OIml 
Sen:sjtjseri Photc-mddatiQD Of Crnnponnds (III) and (IV) 
Teme::atn:e :: 29B K 

pH W-7}u. (III' W-7 Ju. (IV) 
1101-1 dm3 1101-1 dm3 

4.0 7.95 1.29 

7.0 11.37 0.44 

9.0 21.71 0.37 

(152) 



Table 57 Rate Of Rose Bengal iensjtised Photo-ox;datjon Of 
COmpound (III) in (1; 1) CP;iJO; P<!l 

103 (III) 108 Rate 10-3 (III)-1 
(mel dm-3 ) (mel dm-3 S-1) (lDCl-1dm3 ) 

10 1.47 0.1 

2.0 1.38 0.5 

1.25 1.32 0.8 

0.8 1.27 1.25 

0.6 1.13 1.66 

0.5 1.02 2.0 

Fimlr~ 82 Plot Accordipg to Srnlatico (18) of Above Data 

1.20 

0.90 

10-8Rate-1 

(lDCl-1dm3 s) 

0.60 

0.30 

0.00 
0.0 0.5 1.0 1.S 

(153) 

10-8 Ra.te-1 

(mol-1dm3s) 

0.S8 

0.72 

0.76 

0.79 

0.B9 

0.S8 

ar 

2.0 



Table 58 Rate of Rose Bengal Sensjt;sed Photo-oxjdatjon Of 
COmpound (IY) in (1; 1) CO;ilp; paC 

103 (I1)-1 1Q7Ra.te 10-3 (IV)-1 
(mel dIn-3) (mol dIn-3S-1 ) (mol-1Qm3) 

10 3.84 0.1 

4.5 . 1.78 0.22 

3.0 1.56 0.33 

2.0 1.08 0.50 

1.7 0.92 0.588 

Figure 63 Plot AccQrdjng to Eguaticn (18) of Abcve Data 

1.SO 

1.20 
10-7 Rate-l. 
(mol-1dm3 s) 

0.80 

0.40 

0.00 
0.0 0.15 0.3 0.45 

10-7Ra.te-l. 
(mol-1dm3 s) 

0.26 

0.56 

0.56 

0.93 

1.09 

0.5 



Table 59 Fffect Of Deuter:tign 00 the Bat= Cgnstgnts for the Photc­
gxjdjltjgn Of CgmpQWJdS (III) and cry) I=moratnr=:: 258 K 

Compound 

(III) 

(IV) 

where: 

Deuterated­
lO-7}u. 

( 11101-1 dn3 ) 

7.95 

11.37 

Non-deuteratedb 

1Q-7kr 
( 11101-1 dm3 ) 

1.29 

0.44 

- - Solvent: (1:1) deuteromethano1:deuterium oxide 

b - Solvent: (1:1) methanol:~ter 

Isotope 
Effect 

7.0 

8.6 

Rate constants for the deuterated solvent systems were derived from 
Figures 82 and 83 whereas, data for the non-deuterated solvent was 
derived from Figures 32 and 42. 

(l~~) 



Table 60. Rate of Rose Benel Sensitised Photo-oxidation Of 
Comgund erI!) in Hethangl/Water (1; 1) !!It 29$ in 
the presence of Scrlium Azide. fNaNel) = lxW-4H. 

103 (III) 1CJ'7Rate 10-3 (III)-1 10-8 Rate-1 
(1101 dm-3 ) (mol dm-3 S-1 ) (mol-1dm3 ) 

10.0 2.78 0.1 

3.0 2.17 0.33 

1.75 1.72 0.57 

1.25 1.44 0.80 

1.0 1.22 1.0 

Figure B4 Plot AQcording to Egpaticn et8) Of Above Data 
1.2 

0.9 

10-7 Rate-1 

(1I01-1dm3 s) 

O.B 

0.3 

0.0 

0.0 0.3 O.B 0.9 
10-3 (III)-l (mol-~3) 

(156) 

(mol-1dm3s) 

0.38 

0.46 

0.58 

0.89 

0.B2 

1.2 



Table 61 Bate of Bose Benqa) Sensitised Photo-oxidatjon of 
Compound (IY) jn Hotbanol/Water (1:1) at 29eK in 
the presence of Scx:tium Az;de,CNaN31= 1x1QJ-4M 

103 (IV) 1Q'7Rate 1Q-3(IV)-1 
(mol dm-3 ) (mol dm-3S-1) (mol-1dm3) 

10.0 3.03 0.1 

3.0 1.M 0.33 

1.75 1.01 0.57 

1.25 0.63 O.BO 

1.0 0.59 1.0 

Plot According to F..gmlti en (18) of Abgye pata 

2.0 

1.5 
1Q-7Rate-1 

(mol-1dJn3s) 

1.0 

0.5 

0.0 
0.00 0.25 0.50 0.75 

(157) 

10-7Rate-1 

(mol-1dm3s) 

0.33 

0.65 

0.99 

1.60 

1.69 

1.00 



T~ble 62 Eff?ct cf Sodium Azide on the Rate Constants for :~~ D~oto­
oxid8tion of COmpOunds (III) aod (ry) in He~banOl/Water 
(1:1', Temperature = 298 K 

a b Quenched Non~uenched Quencher 
Compound 10-ekz. 10-ekz. Effect 

(mol-1 dm3 ) (I mol-1 dm3 ) 

(III) 0.98 1.57 1.S 

(IV) O.OS 0.21 3.S 

a [NaN3] = lx10-4M. kr values derived from Figures 84 and 85. 

b kr values taken from Tables 12 and 17. 

Table 63. Rate Constants fer tbe Oyera ll Interaction. kov. 

Compound 

(I) 

(II) 

(III) 

(V) 

Chemical Reaction. kr . and Physic31 Quenchjng. kg. 
in the Rose Benga 1 Sensjtised Pboto-mddatico Qf Compcupds 
(I). (II), (III). CV) in Methanol. Temperture = Z9eK. 

10-e~v 10-7 kz- .. 10-e kq b kq / kr 
(1101-1 dm3 s-1 ) (mol-1dm3 S-1 ) (IDOl-1 dm3 g-1) 

9.55 5.25 9.03 17.19 

2.13 S.35 1.49 5.00 

0.S5 2.99 0.35 1.17 

0.15 4.96 0.10 2.0S 

.. Values taken from Tables 27, 32, 37 & 42. 

b Values derived from equation kev = kr + kq 

(1S8) 



Table 64 Change in Absorbance of RNQ with Tr~iatiQn Time jn the 
StlrfJ,ce-SeparJ,ted-Reactor 

Irradiation Absorbance Change in 
Time (hrs) at 44Onm. Absorbance 

0 1.16 0.00 

1 1.06 0.10 

2 0.92 0.24 

3 0.81 0.35 

4 0.67 0.49 

Figpre 86. Plot of Change in RNO Absorbance With Irradiation T'me 
in the Surface-Separated-Reactor. 

nn 

0.60 

0.45 

Change in 
Absorbance 

0.30 

0.15 

0.00 

0.0 1.0 2.0 3.0 4.0 

Irradiation Time (hrs.) 

(159) 



Table 65 The % of Cpmponnd <I) Remaining in Solution After Reaction 
With Exo@neouslv Generated Singlet Oxygen. Solyent­
Benzene. Temperature - 280 K 

Irradiation 
time (hrs) 

a 
1 

2 

3 

4 

Rose Bengal+ 
C Q U 

100 100 100 

87.8 87.3 81.0 

76.3 67.3 74.3 

62.6 55.8 49.2 

62.9 42.8 31.0 

Chlorophyll+ 
C Q U 

100 100 100 

96.3 91.8 88.0 

92.5 82.4 75.6 

88.6 73.3 64.0 

85.2 66.0 51.9 

where: C = Control. Q = Quenched reaction (Quencher: ,,-carotene) 

U = Unquenched reaction 

+ = Sensitiser used for exogeneous generation of singlet oxygen 

Table 66. The % Of Compound (III) Remajnjpg 1n Solution After 
Reactign With Excgenegusly Generated Singlet Oxygen 
Solvent - Benzene. Temperature: - 280 K 

Irradiation 
time (hrs) 

a 

1 

2 

3 

4 

Rose Bengal + 
C Q U 

100 100 100 

85.5 87.5 82.0 

79.1 68.1 63.4 

57.3 53.2 44.6 

39.0 37.0 23.3 

Chlorophyll+ 
C Q U 

100 100 100 

90.3 84.2 84.4 

67.8 71.3 59.6 

58.2 55.3 42.0 

48.5 40.6 29.2 

where: C = Control, Q = Quenched reaction (Quencher: ,8-caratene) 

U = Unquenched reaction 

+ = Sensitiser used for exogeneous generation of singlet oxygen 

(160) 



Figure 87 Dose Benga l ~Qosit;~ed P~oto-oxid3tion of Ccmpcuod (I) 
in Solution 
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Fjm1re 88 Chlorophyll sgnsjtjsgd Photo-oxjdatjon of Cqmpound (I) 
in Solution 
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(%) 
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25 
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Q 

u 
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(161) 



Figure 89 Rose Bengal Sensitised Photc-oxidation of Co~gynd (III) 
in SOlutj on 

100 

75 

Residual 
Compound 

(X) 

50 

25 

a ~--------~--------~--------~--------~---
0.0 1.0 2.0 3.0 4.0 
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Fjmlre 90 Chlorgphyll sensitised Photo oxjdation of Compound (III) 
in Solution 

100 

7S 

Residual 
Compound 

(X) 
50 

Q 

25 U 

a 
0.0 1.0 2.0 3.0 4.0 

Irradiation Time (hrs .) 
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Table 67 The % Of Compound (I) Remajntng in Solution After Reaction 
Wjtb Sojl Sensjtjsed. Exogeneously Generated Singlet Oxygen. 
Solvent - Benzene. Temperature - ?80 K 

Irradiation pH 4.2 pH 5.5 pH 7.5 
time (Hrs) C Q U C Q U C Q U 

a 100 100 100 100 100 100 100 100 100 

1 91.0 82.1 82.4 93.2 89.0 87.0 93.6 94.4 88.5 

2 80.5 70.5 63.7 88.3 82.4 74.2 90.4 88.1 74.2 

3 70.3 55.1 50.5 83.0 68.8 61.9 84.3 81.1 62.3 

4 62.4 34.6 28.3 76.7 57.0 48.9 80.8 73.0 52.2 

where: C = Control, Q = Quenched reaction (Quencher: ~-carotene) 

U = Unquenched reaction 

Table 68 The % of Compound (III) Rema;ning in Solution After Reaction 
With Soil Sensitised. Exogeoeously Generated Singlet Oxygen 
Solvent - Benzene. Temperature - 280 K 

Irradiation 
time (Hrs) 

a 

1 

2 

3 

4 

pH 4.2 pH 5.5 pH 7.5 
C Q U C Q U C Q U 

100 100 100 100 100 100 100 100 100 

94.1 91.1 82.6 92.1 79.7 73.2 89.0 80.3 77.1 

83.3 81.9 67.0 87.9 61.2 53.2 70.7 59.3 53.8 

75.3 68.0 51.9 82.4 38.3 27.7 61.2 48.2 30.4 

69.0 61.8 37.6 75.8 20.6 5.8 48.8 19.9 14.2 

where: C = Control, Q = Quenched reaction (Quencher: ~-carotene) 

U = Unquenched reaction 

(163) 



Figure 91 The Photo-oxidation af Cgmg,md en Llsing a Soil 
Sensitiser of pH 4.2. 
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Figure 92. The Photo-oxidation of Cpmpound en using a Soil 
Sensitiser Of pH 5.5. 
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Figure 93 . The Photo-oxidation Of Crnnpound (I) using a Soil 
Sepsitiser of pH 7 5. 
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Figure 94. The PhotO=Qxidation of Compgund (III) using a Spil 
Sensitiser Of pH 4.2. 
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Fim,re 95. The Photo oxjdation of Compound (III) . --- ----- --------- -- -_______ uSlOi a Soil 
Sen~itiser of pH 5.5. 
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Figure 96. The Photo-oxidation Of Compgund CIII) using a SOil 
Sensitjser Of pH 7.5. 
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Table 69 Data for tre Re:ctigp of E~ogcnern,:ly Generated Singlet 
Oxygen With CgmpQWld CI) Solvcot - 8enz:ene . Sen:it!:;er 
Rose BencI 

!!mn::e ~Z. 
2.40 

loBO 

101 fIl. 
m 

1.20 

0.60 

0.00 

0.0 

Irradiation Relative r. log (Il. 
time (Hrs) conc. of (I) m 

0.0 100.0 0.00 

0.75 85.19 0.18 

1.5 68.52 0.39 

2.25 54.32 0.49 

3.0 38.89 0.98 

3.75 36.11 1.03 

4.5 28.40 1.28 

5.25 23.46 1.48 

8.0 14.81 1.94 

8.75 11.73 2.11 

210t of Data Given Abaxe. 

2.0 4.0 8.0 B.O 
Irradiation Time (Hrs) 

(167) 



Table 70. Relative concentrations of Compoynd (l) after reactign with 
exOgenegusly generated s~let gxygen Sensitiser - Bosc 
Bengal. So1yent - Benzene Tempcntnre - 280 K. 

[Quencher .. J Relative Concentrations 

(10-3 mol dm-3 ) Xb yo 

0 1.00 1.00 

1 1.14 1.22 

2 1.15 1.41 

3 1.24 1.81 

4 1.38 1.96 
.. ~ -carotene 

b Initial concentration of compound (I) = 1. OxlO-3 mol dm-3 

o Initial concentration of compound (I) = 2.OxlO-3mol dm-3 

b Initial concentration of compound (I) = 3.OxlO-~mol dm-3 
I 

Figure '18 - Plot of above data acCOrding to Equation (29). 

3.2 

CS]tsO -(SJtst 
(S]tsO -CSJt=t 

2.4 

1.6 

0.8 

Zd 

1.00 

1.42 

1.67 

2.14 

2.57 

z 

y 

x 

O.OL-------L-------~------~----~~O~ 
0.0 1.0 2.0 3.0 4. 

[Quencher l (lO-3mo1 dm-3) 

(168) 



Table 71. Relative concentr!!ltions of 2.5-Djmetttv1fur80 (00) nod 
COmpound CI) after reaction Ritb emg:eneouslx 5tenerAted 
stnalet oxygen. Seosjtiser - Rose BenlDl. Solvent -
Benzene.Temperature - 280 K. 

Irradiation 
Time (Hrs.) 

0 

1 

2 

3 

4 

5 

Figure 99 Plot Of aboye data 

100 

Residual 
Compound 

(X) 
75 

50 

25 

DMF I 
(X) (%) 

100.0 100.0 

88.2 91.7 

65.4 79.7 

55.7 67.4 

41.7 59.3 

25.6 46.5 

Compound (I) 

DMF 

o~--...----...~--...------~------~--------...~--6.0 0.0 1.5 3.0 4.5 
Irradiation Time (Hrs.) 
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Table 72. Rate constants for the reaction of Compound m with 
exogeneosly - & homogeneously generated singlet oxygen. 

lD2 Generation Method 

Exogeneous a 

Exogeneous b 

Homogeneous c 

llhere :-

1.51: 0.3 

1.01:0.2 

0.5 

a - average of the three results calculatEd usirllC the Stem-Volmer 
Method (I) (re.3.4.5.) 

b - result calculated using a reference singlet oxygen trap, Method 
(II) (re.3.4.6.) 

c - average of the results of the data in Table 27. 

(170) 



a b c d e f 

Flgure 100 (A) Autoradiogram resulting from the photo-oxidation of 
2-14C (l) in benzene using different modes of 
sinqlet oxygen generation 

(a) & (b) Homogeneously gener ted singlet oxygen 
- sample (b) contained a-carotene 

(c) & (d) HeterOgeneously generated sinqlet OXV en 
- sample (d) contained B-carotene 

(e) & (f) Exogeneously generated singlet oxyqen 
- sample (f) contained a-carotene 

171 



a b c d 

Fiqure 100 (B) Autoradiogram resulting from the photo-oxidation of 
2-14C (I) in benzene using Rose Bengal and a sOll 
sens1tiser for singlet generation. 

• 

(a) & (b) Rose Bengal, radiation> 420nm, sample (b) 
contained a-carotene 

(c) & (d) Soil sensitiser, radiation from Hg discharge 
tube, sample (d) contained B-carotene 

172 



a b c d e f 

Fiqure 100 (C ) Autoradiogram resulting from the sensitised photo­
degradation of 2-14C (1) (10-4M), on silica gel. 
Sens1t1ser: (a) & (b): Rose Bengal. (c) & (d): 
Methylene Blue, (e) and (f): Chlorophyll. Samples (b), 
(d) & (f) contain a-carotene quencher (10-4M). 
Wavelength of radiation > 420nm. 

113 
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Table 73. Analysis of NMB Spectral Data. 
",---, 

I Q , 
_ , HJ I 

,........ , 1 
... d \ ... -

" H~C.'( /Hi 
..... --" ,-

; ---" , 
I e He J 
\ '/ H ...... _..", c 

.... - .... " , 
\ H~ J .... ..-
o 

Before Photolysis; 

Shift, d(ppm) Multiplicity; J(Hz) Assi.inment 

1.05 
1.19 
1.41 
1.63 
1.99 
3.88 

4.73-4.00 
6.08 

7.14-7.32 
7.44 

s 
s 
d 
bs 
dd 
bs 
m 
s 
m 
s 

5.5 

7.1, 5.5 

Additional peaks Atter 24 Hgnrs: 

Shift, d(ppm) Multiplicity; J(Hz) 

1.06 s 
1.17 s 
1.40 d 5.5 
1.84 bs 
3.42 d 15 

4.62-4.85 m - d,d 15,1.4 
d,d 15,2.6 

4.64-4.92 m - d,Q 8.1.5 
6.25 Q. 1." 
8.43 d 15 

(178)' 

no 

J -cHa (a.b) 

-H (c) 
-cHa (d,e) 
-H (f) 
-cH2- (g) 
~- (1), -H (j) 
-H (k) 
phenyl protons (1) 
-H (m) 

Ass~t 

} -cH3 (a,b) 2 sets 

-H (c) 2 sets 
-cHa (d,e) 
-cH2- (g) 2 sets 
-cH2- (i) 1 set 
-cH2- (i) 1 set 
-H (j) 
-H (k) 2 sets 
-H (m) 2 sets 



CHAPTER 4. 

Discussion. 



Prcxiuction of singlet ox.ygen (102) via energy transfer from a dye 

photosensitiser involves the following processes:(13m.131) 

Dye (So) - I .. - Dye (S1) 

Dye (S1) - ~ - Dye (So) + hv-

klC - Dye (So) 

If a substrate speoies (S) that reacts with singet oxygen is 

present, then the following reactions have to be included in the 

overall reaction meohanism: 

--- kct -. :lO2 

l()2 + S - lb - Products 

Application of the steady state principle, to the reaction seq­

uence given by the above mechanism results in the following expression: 

[-d(02)/dt]-1 = (1/IaIIFr) + (1/IalIh-) x (kct/ka,.) x (1/(S) 
(18) 

where fr = ks..o/(kttklo+ks..o) 

Plots according to equation (18) for the Rose Bengal sensitised 

photo-oxidation of oompounds (I)-(V) in methanol and methanol/water 

(1:1) are given in Figures 31-49, 51-54 and 56-69. The linearity of 

these plots infers that the photo-oxidation of. compounds (I)-(V) 

prooeeds via a reaction with singlet oxygen. The ratio of slope/ 

intercept is equal to the ratio kdllb and as kd is mown for a variety 

of solvents(2B8), the value of lb can be determined. A summary of the 

values of lu- for the photo-oxidation of compounds (I) - (V) is given 

in Table 77 (Page 183). In order to facilitate discussion of the 

results the struotures of oompounds (I) - (V) are shown below the \ 
./ 

table. 

The involvement of singlet oxygen in the reaotions studied is 

(179) 



further supported by comparison of the rate constants for the photo­

oxidation of compounds (III) and (IV) in deuteromethanol/deuterium 

oxide and the corresponding rate constants in methanol/water (Table 

59). It can be seen from the results in Table 59 that the rate 

constants for compounds (III) and (IV) increased by a factor of at 

least 7 upon deuteration of the solvent. The enhancement of the rate 

arises because the lifetime of singlet oxygen is significantly greater 

in the deuterated solvent than in the non-deuterated solvent ("'=35ps 

VB. " =3.5ps respectively)(2ss.2S7) - with the effect that the steady 

state oxygen concentration is appreciably higher in the deuterated 

solvent. This consequently results in a faster rate of reaction. 

The effect of sodium azide, NaN3, on the rate constants for 

the photo-oxidation of compounds (III) and (IV) is shown in Table 62. 

It can be seen that sodium azide, a well documented singlet oXYlien 

quencher(187), Quenched the photo-oxidation of both compounds (III) 

and (IV) by approximately 32J%. Inoue et ale (2eS) examined the 

effects of sodium azide on the photo-oxidation of various trypt8Jlline 

derivatives in a (1:1) methanol/water solvent system and the 

observations of incomplete quenching by sodium azide were taken to 

indicate that a non-singlet oxygen pathway (a Type I process) was 

occurring. The Type I processs probably involved reaction of the 

singlet oxy,gen or triplet state sensitiser with the substrate to give 

radicals. It is not expected that this pathway would be Quenched by 

scdium azide. Thus our results would imply that non-singlet oxygen 

processes played a part in the photo-oxidation ot compounds (III) and 

(IV). This would be in direct conflict with the conclusions drawn frOll 

the linearity of the plots according to equation (18) which is a test 

for deciding it a photo-oxidation proceeds via singlet oxygen. The 
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simplest explanation for this conflict is that the quencher 

concentration was only ~-4H, enough to show a marked fall in the rate 

of reaction if singlet oxygen is present but, probably not enough to 

quench all singlet oxygen interactions. 

Another process which has been reported<2e~) as occurring in 

sensitised photo-oxidation performed in polar solvents is the reaction 

of singlet oxygen with a substrate (S) to give the superoxide ion via 

electron transfer as shoRn below: 

S + 102 ---~. St + 

For the above process to occur the substrate has to have an oxidation 

potential less than 0.5 volts, i.e. be electron-rich. If compounds 

(III) and (IV) have oxidation potentials less than this figure then 

this may be a contributory reason for the discrepancy between the 

results obtained from the straight line plots and those from the 

sodium azide quenching of the photo-oxidations. 

Heasurement of the rate of photo-oxidation of compounds (III) and 

(IV) over a range of pH values resulted in the straight line plots 

shown in Figure 76-81 which were similar to those for the 

photo-oxidation of compounds (II) and (IV) in methanol/water. The 

lineari ty of the plots at low. intermediate and high pH values 

indicates that the mechanism of the reaction did not alter as the pH was 

changed and as oxygen was removed from the system via reaction with 

compounds (III) and (IV). Values for the rate constant. kr, of the 

reaction at different pH values are given in Table 56, from where it 

can be seen that the rate constant increased forcompound (III) as the 

pH was increased, and decreased for compound (IV) as the pH increased. 

Compound (IV) is chrysanthemic acid and as the pH is increased so the 

dissociation of the acid into the anionic form will increase. This may 

(181) 



account for the change in the rate constant value. In the case of 

compound (III), the formation of the anionic form at high pH may 

account for the increased rate of reaction or the increase in the 

value of kr with pH may be due to an increase in the steady-state 

concentration of singlet oxygen as the pH is raised. This would be in 

accord with previous findings(273.274) that the efficiency of singlet 

oxygen production, using dye-sensitisers, is much greater in a basic 

medium than in an acidic medium. 

One form of the Arrhenius equation is shown in Equation (36) 

below: 
.. kr = Ae- B /RT (36) 

where A is the pre-exponential factor, R is the gas constant, T is the 

temperature and K ~ is the activation energy for the reaction under 

consideration. According to Equation (36) a plot of In kr versus T-1 

should yield a straight line of slope equal to - B'" /R. Such plots for 

the photo-oxidation of compounds (I) - (V) are shown in Figures 35, 

40, 45, ~, 55, 00, 65, W and 75. The values of B derived from 

these plots are given in Tables 48 and 49 and are summarised in Table 

77. 

The Arrhenius equation can also be written in the form of 

Equation (37): 

kr = k T e - B .. / R T • e AS" / R (37) 
tl 

where AS* is the entropy of activation for the reaction. The 

advantage of Equation (37) is that from a measurement of kr and K t, 

the entropy of activation, ~S·, can be calculated. The value of AS·SO 

obtained for the photo-oxidation of compounds (I) - (V) are summarised 

in Table 77. 
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Table n - SpmmarY of Results. 

Substrate Methanol Methanol/water 

1Q7 It&- a E· 6.~ 1Q7 It&- • r:' ~~ 

(mol-~3S-1)(KJmol-l)(JK-lmol-l) (1D01-1dJa3s-1 ) (KJmol-1 ) (JIt-1mc 1) 

(I) 5.2 =0 - 87.9 

(II) 6.3 ::0 - se.5 82 SO - 74.8 

(III) 3.0 =0 -102.7 15 =-0 - 87.2 

(IV) 2.1 93 209 

(V) 0.5 ::0 - 2.0 0.1 ~ - 133 

• Temperature 29BK. 

--- Compound insoluble in solvent 

Structures of the Slbstratcs used in this SPldy. 

o 

o 

o 
<V) (III) 
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A comparison of the rate constants for the photo-oxidations of 

compounds (I )-(V) indicate that compound (I) reacts at approximately the 

same rate as the two other analogues possessing the furan moiety - (II) 

and (III). The rates of reaction of compounds (IV) and (V) are both 

markedly slower than those of the furan-containing compounds, 

approaching two orders of magnitude slower. These large differences are 

consistent with compound (I) reacting preferentially at its furan moiety 

rather than at its isobutenyl moiety. A comparison of the rate constants 

for the photo-oxidation of compounds (I) - (III) show that the subtle 

difference in electron density at the furan diene sysetem does not 

markedly affect the rate constant for photo-oxidation. Previous studies 

on furans'1~2.2ee.2e9> have reported kr values in the range (3-5) x~-8 

mor' .dm~s-I to be not uncommon, whereas studies performed on 

isobutenyl-containing compounds viz. tetramethylethylene, 2-Methylbut-

2-ene, have reported values in the range of 1 x~Bmol-~3s-1 (10e.283) 

These previous studies are in accord with our results in that the values 

of kr for the furan containing compounds are of the order of 10B 

mol-~3s-1 in both cases, whilst the values of kr for the isobutenyl 

containing compounds are of the order of 10B mol-1dm3s-1 • This supports 

the inference that singlet oxy,sen mechanisms are the predominant 

photo-oxidation pathways throughout these reactions. It can be seen from 

Table 77 that for compounds (I), (II) and (III) which contain a furan 

ring, the enthalpy of activation is approximately zero in each case and 

the entropy of activation is close to -~ kJ mol-1 in each case when 

methanol is the solvent. These values are in accord with previous 

studies'1~2> performed on a wide variey of substituted furans. The 

negative entropy of activation implies that the transition state is more 

ordered than the initial reactants, this being indicative of a 
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concerted, pericyclic process such as that found in the Diels-Alder 

reaction. There have been a number of intermediates proposed(233) for 

the transition state, in such a process, of which the classic (4 + 2) 

synchronous cyclo-addition is characterised by similar thermodynamic 

parameters as reported herein. The process is depicted in Figure 95: 

n f'o)' 
I I 
I I 

0=-=-=0 

_.(:1 
0--0 

Figure 95 -The praposed(4+2) 
cycloaddition of 102 
to a furan ring. 

--.. - further reaction 

It can be seen from Table 77 that the enthalpy of activation for 

the photo-oxidation of compounds (I), (II) and (III) is approximately 

zero in both methanol and methanol/water solvent systems suggesting that 

the reaction ordinate in the initial stages of the photo-oxidation of 

the compounds is the same in both solvent systems. However, the entropy of 

activation for the photo-oxidation of these compounds has a larger 

negative value in methanol than in methanol/water. This indicates that 

the transition state in the former solvent system is 'looser' or less-

tightly solvent bound than in the latter solvent system. 

The entropy of activation for the photo-oxidation of compound (IV) 

is large and positive (Table 77). This implies that the transition state 

of the reaction is considerably less ordered than the reactants. It can 

be deduced from past stuciies(2aa) that "electrophilic" singlet oxygen 

will attack at the isobutenyl C=C bond of compound (IV). It is believed 

that there are four alternative transition states arising from the 

attack of singlet on an olefin, as shown below: 
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0--0 

(a) biradical transition state K 
(b) antarafacial transition state >.k '0 

0-0 

(c) zwitterionic transition state ~ 
(d) periperoxide transition state ~ 

The large positive entropy of activation for compound (IV) is most 

readily explainable in terms of either the zwitterionic or periperoxide 

transition states as neither the biradical nor the antarafacial 

transition states possess sufficient disorder to explain the large 

positive entropy of activation. Concerted reaction transition states 

such as the Diels-Alder type antarafacial transition state have to be 

well ordered to allow the delocalisation of electrons around the rfng -

and thus because the transition state is less ordered than the reactants 

this is not such a process. Previous studies(2ae.2as) have proposed the 

periperoxide transition state to account for the photo-products isolated 

from the reaction - our findings reinforce this theory. 

Because compounds (IV) and (V) both possess an isobutenyl group 

one would expect a very s~ilar set of activation parameters and a 

s~ilar reaction mechanism for both compounds. This was found not to be 

the case for in both methanol/water (1: 1) and methanol the thermodynamic 

parameters for the photo-oxidation of compound (V) were found to be 

more s~ilar to those of compounds (I), (II) and (III) than those for 

compound (IV). This suggests that the photo-oxidation of compound (V) 

proceeds by a concerted-type reaction rather than by one of the reaction 

mechanisms proposed for compound (IV). The difference between (IV) and 
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(V) may be rationally explained by possible steric hindrance in compound 

(IV) to the oxygen molecule approaching the C=C bond of the acid other 

than "end-on". Values obtained for the activation parameters E ~ and AS· 

are in agreement with published data(262-284) and would be in accordance 

with this mechanism. A more likely theory for this difference could be 

explained by a frontier orbital analysis approach to the reaction 

between compound (V) and singlet oxygen. 

. ® • 
• 

If we consider the s~let oxygen molecule approaching the olefin 

at a bisecting angle, the olefin HOMO (with the extra -cH2 contribution 

added in) has the potential for positive interaction between C-H groups 

and the oxygen. In the absence of severe steric problems, the crowded 

side with two such interactions would be favoured. Work performed by 

Schuster and Hurst(270) on compound (V) using laser flash photolysis 

techniques has given rise to values for an E~value of approximately 

zero and a negative AS~value for the above bisecting reaction 

transition state. The low rates of reaction indicate that many hundreds 

of interactions between s~let oxygen and (V) are nonproductive. Once 

aligned in the precise orientation required for a favourable interaction 

there is no significant enthalpic barrier to completion of the 

transition state. If a similar frontier orbital analysis was performed 

on the chrysanthemyl moiety it would soon become apparent that it lacks 

the cis-like arrangement of the methyl protons to combine with the 

orbitals of the singlet oxygen molecule. 
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The pyrethroid, Bioresmethrin, of structure (I) contains both a 

furan ring and an isobutenyl group. It can be seen from Table 77 that in 

the photo-oxidation of compound (I) the values for the rate constant, 

the enthalpy of activation and entropy of activation are closely similar 

to those for compounds (II) and (III) which contain the furan ring only, 

and markedly dissimilar to those for the compounds (IV) and (V) which 

contain the isobutenyl group only. This can be taken as conclusive 

evidence that the photo-oxidation of compound (I) proceeds predominantly 

via attack of singlet oxygen on the furan ring. Secondary oxidation of 

compound (I) may occur( 2!58. 2!5S), but any contribution to the 

thermodynamic activation parameters is is masked by preferential reaction 

at the furan site. 

The interaction of singlet oxygen with a substrate can have two 

outcomes viz. physical quenching to produce ground state oxygen or 

chemical quenching to produce reaction products. 

-< 
kq --.. ~ + substrate 

lD2 + substrate I. 

JU" - photoproducts 

The rate constant, kov, for the overall quenching (physical and 

chemical) is given by 

The rate constant, kav, for the overall quenching in the reaction of 

singlet oxygen with compounds (I), (II), (III) and (V) was measured 

using the procedure of Monroe(228) and the results are given in Table 

63. The ratio kq,Ikz. can be used as an indicator of the relative number 

of interactions which result in physical quenching as compared to 

chemical quenching. It can be seen from Table 63 that the value of 

kq,Ilb for compound (I) is close to 17 and that this value is 
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significantly higher than the corresponding values for compounds (II), 

(III) and (V). This can be explained in terms of compound (I) 

possessing a relatively large molecular framework which can sterically 

hinder the approach of singlet oxygen to the chemically reactive furan 

ring site. The consequence of this is that approximately only one 

interaction in 17 between singlet oxygen and compound (I) results in 

photo-oxidation of the compound. 

It has been reported(181i!1) that singlet oxygen can be produced in 

the gas phase at atmospheric pressure using a 

surface-separated-reactor. The authors have shom that singlet oxygen, 

so generated, can travel distances of up to 1 mm before decaying and 

can react with substrates in solution which are held at distances less 

than 1 mm from the site of singlet oxygen generation. This report has 

important implications for the photo-degradation of agricultural 

chemicals in the environment in that singlet oxygen could well be 

generated by sensitisers (e.g. some pollutants) present in the 

environment and then diffuse in the gas phase to the location of 

pesticidal or other such material and cause the degradation of the 

material. In view of this, it was decided to investigate the reaction 

of exogeneously generated singlet oxygen with compound (I). The 

advantage of using gaseous singlet oxygen is that the reactions which 

subsequently occur with the substrate, in solution, should only be 

caused by singlet oxygen and by no other means. 

The capability of the surface-separated-reactor described in the 

experimental section for producini gaseous singlet oxygen was tested 

using the imidazole-~O system< 183) as substrate. The presence of 

sinilet oxygen in this sYStem would cause bleaching of the RNa. 

Conversely, the observation of ~O bleaching proves that singlet 
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oxygen is being generated in the reactor. Results obtained for the 

bleaching of RNO are shown in Table 64 and in Figure 86. Clearly the 

reactor used in our studies produces a significant amount of singlet 

oxygen. 

The results obtained for the reaction of exogeneously generated 

singlet with compound (I) and (III) in benzene solutions are presented 

in Tables 65 and 66 and shown in graphical form in Figures 87-00. It 

can be seen from the tables and figures that there is some degradation 

of compound (I) in the 'dark' controls where no singlet oxygen is 

generated, but that the degradation is significantly enhanced when 

singlet oxygen is produced. The fact that the enhanced degradation 

arises from the reaction with singlet oxygen is proved by the 

observation that ~-carotene, a known singlet oxygen quencher, causes a 

reduction in the rate of degradation relative to the situation when it 

is not present. 

If the order of reaction of singlet oxygen with compound (I) was 

first order with respect to the substrate, as one might expect from 

a simple photochemical addition reaction, then the following equation 

would hold: 

log (1)0 / (I)t = (constant) . t (35) 

where (1)0 and (I)t represents the initial concentration of compound 

(I) and the concentration of compound (I) at time t respectively. In 

such a case a plot of log(I)o / (I}t against time would result in a 

straight line plot. The results of this experiment shown in Table 69 

and Figure 97 prove that the exogeneous photo-oxidation reaction under 

these conditions is first order with respect to the substrate. 

Calculation of a rate constant for this first order reaction was 

thought to be acheivable by the use of either of two kinetic techniques. 
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The first of these techniques (Method I) involved the use of the 

Stern-Volmer relationship (c.f. 3.1.4.). This relationship compares two 

experimental systems identical apart from the fact that one contains an 

added singlet ~en quencher. The following equation is derived from 

the theoretical study of the two systems: 

[5 j t=O - [5] t=t :: 1 + ks . C Q ] 
[5 J t=O - (5] t=t kd + kz. [5J 

(29) 

where [51 t=0, C5J t=t, [5] t=0, [5] t=t represent the respective 

initial concentrations of 5 in system (a), the concentration of 5 at 

time t in system (a), the initial concentration of 5 in system (b), the 

concentration of 5 at time t in system (b) respectively. These 

concentrations were determined experimentally and the plot (Figure 98) 

according to the LH5 of equation (29) against [Q] yielded a straight 

line with an intercept of 1 end a slope equal to kq,Ikd + kz. • [5] . The 

values for the rate constant, ~, for the reaction of exogeneously 

generated sinalet oxygen with coq>ounci (I) were calculated by 

substituting the values for kd in benzene(2Ii'8), kq and [5 ] into the 

expression for the slope of the plot. The average value so obtained is 

given in Table 72 as 1.5 x 108mol-~3s-1 at a temperature of 283K and 

in benzene solution. This value is the same order of magnitude as the 

rate constant for the reaction of homogeneously generated singlet oxygen 

at 2981{ in methanol viz. 0.5 X 10Bmol-1dm3s-1. Obviously the rate 

constant values are not directly comparabe because of the different 

temperatures and solvents, the comparability of magnitude between the 

rate constant for the reaction involving 'pure' singlet oxygen alone 

(exogenously generated singlet oxygen) and the rate constant for the 

dye-sensitised photo-oxidation (homogeneously generated singlet oxygen) 

could be taken as further evidence that the latter photo-oxidation 

proceeds predominantly via reaction with singlet oxygen and not other 
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species. 

The second technique, (Method II), for the calculation of the 

exogeneous rate constant again involved two systems but, this time the 

only difference between the two was the substrate - one contained 

compound (I) the other contained a substrate that was known to react 

with singlet oxygen. A comparison of the two systems showed that the 

following equation would apply: 

- dC51]/ dt = 
- d(S21/ dt 

(34) 

The rates of removal of substrates Sl and 52 were measured at known 

values of Sl and 52 and the ratio of k1/k:z was determined (Table 71, 

Figure 99). Substituting into the equation a value of kl (1~2) for the 

known substrate 51, which was 2,5-dimethyl furan, the value of the rate 

constant, k:z, for the reaction of singlet oxygen with compound (I) 

was determined and is tabulated in Table 72. The value obtained of 1.~ 

X WBmol-1dm3 s-1 is in agreement, within experimental error, with the 

value determined by Method (I) described above. It has been 

reported(21e.217) that soils could have the potential to act as 

sensitisers for the production of singlet oxygen in heterogeneous 

systems. These reports prompted us to ascertain whether or not soil 

samples could act as sensitisers for the production of exogeneously 

generated singlet o~en. Consequently three soil samples of pH 4.2, 5.5 

and 7.5 were tested in the surface-separated-reactor to determine if 

they could sensitise the photo-oxidation of compounds (I) and (III). The 

results are given in Tables 67-68 and in the plots of Figures 91-96. It 

can be seen clearly from these results that the soil samples do act as 

sensitisers for the photo-oxidation. Although there was some 

photo-oxidation in the 'control' samples, brought about no doubt by 

direct UV irradiation of the sample, there is a very real marked 
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increase in the rate of photo-oxidation relative to the 'control' when a 

soil sample is used as a sensitiser. Furthermore, the photo-oxidation is 

inhibited in the presence of the singlet oxygen quencher. ~-carotene. 

This is direct evidence that the soil samples are producing singlet oxygen 

which traverses the air gap in the surface-separated-reactor to enter 

the solution containing the compounds (I) and (III) and bring about 

their oxidation. 

The finding that soil samples can produce singlet oxygen is 

important as it suggests that an agricultural chemical on a soil surface 

is liable to attack and subsequent degradation by reaction with singlet 

oxygen which has been generated by sensitisers in the soil. It is 

probable that the humic acids in soil are the active sensitising agents 

(284). The reaction of both compounds (I) and (III) with soils of 

different pH values was studied but. due to different loadings of the 

soil sensitiser on the plates, no deductions could be made apart from 

the fact that all three soil samples efficiently generated singlet 

oxygen. 

The present study has shown that the agrochemical, Bioresmethrin, 

can be photo-oxidised by reaction with either homogeneously generated 

singlet oxygen. In view of our findings that chlorophyll can act as a 

sensitiser for the homogeneous generation and that soil samples can act 

as sensitisers for exogeneous generation, it is quite likely that 

reaction with singlet oxygen is one of the modes of degradation of 

Bioresmethrin in the environment. The Question arises as to the 

photoproducts that might be formed when Bioresmethrin degrades by the 

singlet oxygen mode in the environment. This question led to a study of 

the products formed in the photo-oxidised degradation of Bioresmethrin. 

The pathway to the formation of products is depicted schematically 
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below: 

Bioresmethrin + '02 - Intermediate(s) - Products 

The product study was performed in two parts. First, an NMR study 

of the intermediate{s) formed in the low temperature dye-sensitised 

photo-oxidation of Bioresmethrin (compound (I)} was undertaken. The 

study was performed at low temperature in order to stabilise the 

intermediate(s) formed. The second part of the investigation consisted 

of an autoradiographic study of the products formed in the photo-

oxidation of compound (I) under different conditions using different 

sensitisers. The two parts of the study are discussed separately in the 

following. 

A solution of Rose Bengal and compound (I) in CD:zCl2/CD3C(D)3 was 

photo lysed at 203K. The proton NMR spectra of the reaction solution 

before and after 24 hours of photolysis are show in Figures 1.01-104 

along with assignments in Table 73. 

The spectrum after photolysis shows 3 components: starting 

material (='20%) and 2 closely related products, the structures of 

which may be assigned as a pair of diastereoisomers, arising from the 

attack of singlet oxygen from above or below the furan ring. 

The spectrum of the above endoperoxides is consistent with that 
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found in previous studies<232> on isolated 2,5-substituted furan 

endoperoxides. The furan proton chemical shifts for these compounds are 

compared with those obtained from this study in Table 74. 

Table 74. Furan Endoperoxjde Chemjcal Shifts in Selected Compounds, 

~H' 
,c.." H, 

x -- y l(o)fH.-
0 

o 0 0 0 

Compound Substituent Substituent lH Chemical 
X y Shifts, cr (ppm) 

a -cH3 -cH3 6.83 .. , 6.83b 

b -H -aJ:zC2Hs 6.77x, 6.79 .. , 6.86b 

c -C6H5 -CeHa 5.95 .. , 5.95b 

d -H -cH3 6.34x, 6.38&, 6.48b 

(I) -H -cH2- 6.262, 6.431 

The spectra in Figures ~1-~ show no indication of 

photo-oxidative attack at the chrysanthemyl moiety or cleavage of the 

ester into its conjugate acid or alcohol. Under these experimental 

conditions the degradation of compound (I) would appear to proceed 

solely by a Type (II) process to yield a 1:1 mixture of diastereo-

isomeric ozonides as the initial intermediates in the reaction of 

singlet oxygen with compound (I). This is in agreement with the 

conclusions drawn earlier from the kinetic studies. 

The final products in the sensitised photo-ciegradation of 

compound (I) were 'observed' by autoradiography of the mixture 

of products formed during experiments using 14C-labelled compound (I). 

The autoradiograms so obtained are shown in Figures 100 (A), (B) and 

(C). In each of the autoradiograms the 'leading' spot is the one with 

the longest Rr value, is that of compound (I). It is obvious from the 

autoradiograms that a complex mixture is formed under all the 
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conditions used, this being especially so when it is borne in mind 

that the autoradiograms only show those products carrying the . 

14(:-label. There could be many products formed which do not have the 

14C-labelled carbon atom in their structure. The complexity of the 

product mixtures precluded isolation of individual components and their 

characterisation by spectroscopic means. Whether the products observed 

in the autoradiograms were formed during the photolysis time of the 

sensitisation experiments or were formed on subsequent degradation of 

such products on the silca gel of the tIc plates is an open question. 

Notwithstanding this, inferences can be drawn from different 

experiments as discussed below. 

Comparison of the autoradiograms (a) and (b) of Figure 100 (A) 

which result from the reaction of compound (I) with homogeneously 

generated singlet oxygen shows quite clearly that the presence of the 

singlet oxygen quencher, ~ -carotene, in system (b) has inhibited the 

degradation of compound (I). Thus, in system (a) compound (I) has 

completely disappeared whereas in system (b), wich was photo lysed 

under the same conditions, a high percentage of compound (I) still 

remains. The inhibiting effect of ~-carotene is in accord with our 

findings that singlet oxYilen has a predominant role in the sensitised 

photo-oxidation of compound (I) in homogeneous solution. 

The number of products appearing .in the autoradiogram of system 

(a) is clearly greater than those of the other systems (b) - (d). 

However, this could be due to the fact that in the former system, 

compound (I) has completely degraded and the concentration of prcxiucts 

in this system, and hence spot intensity, will be higher than in 

systems (b) - (d) where only partial degradation of compound (I) has 

occurred. Clearly, however, a number of the prcxiucts formed are the 

(196) 



same for the situations where singlet oxygen is generated homo­

geneously, heterogeneously and exogeneously. 

Comparison of the autoradiograms (c) and (d) of Figure 100 (A) 

shows that the effect of the presence of ~-carotene is to prevent the 

formation of the product at Rr = 0.4 in the non-quenched raction of 

system (c). Also, a comparison of the autoradiograms (e) and (f) of 

Figure ~ (A) shows that the effect of ~-carotene is to enhance the 

formation of the product at Rr = 0.7 in the quenched reaction of 

system (f). It is not possible to give an explanation of such effects 

without knowing the compounds involved and whether or not the prcducts 

arise from direct photo-sensitisation or degradation of the photo­

formed products on the tIc plates. 

Comparison of the autoradiograms (a) and (b) of Figure 100 (B) 

which result from the reaction of compound (I) with heterogeneously 

generated singlet oxygen again shows quite clearly that the presence 

of the singlet oxygen quencher, ,8-carotene, inhibits the degradation 

of compound (I) in homogeneous solution. 

The autoradiograms (c) and (d) of Figure 100 (B) are for the 

prcducts formed in the reaction of exogeneously generated singlet 

oxygen (soil samples as sensitisers) with compound (I). Comparison of 

these autoradiograms with those of the autoraciiograms (a) and (b) of 

Figure 100 (B) shows that a similar set of products is found in both 

systems. This shows that the soil sample acts as a sensitiser in a 

similar fashion to the dye sensitiser, Rose Bengal, and reinforces the 

conclusion reached previously that soil can act as sensitisers in the 

production of singlet oxygen. 

The autoradiograms of Figure l.OO (C) are for the products 

resulting from the Rose Bengal, Methylene Blue and chlorophyll 
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sensitised photodegradation of compound (I). on silica gel (procedure 

as given in section 3.5.3.). Here again, comparison of autoradiograms, 

viz. (a) with (b), (c) with (d), (e) with (f), shows that ~-carotene 

inhibits the degradation of compound (I). However, in this case, the 

degradation is taking place homogeneously in benzene or other solvent, 

and yet the ~-carotene is still acting as a quencher of the singlet 

oxy,gen produced via the dye and chlorophyll sensitisers. 

Comparison across the autoradiograms (c) - (f) of Figure 100 (C) 

shows that there appears to be no appreciable difference whether the 

sensitiser be Rose Bengal, Methylene Blue, or chlorophyll. This is not 

unexpected if the photo-degradation is occurring primarily via reaction 

with singlet oxygen as these dyes and chlorophyll are standard 

sensitisers for the production of singlet oxygen. 

(198) 
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