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Abstract. 

ABSTRACT 

The aim of the work described in this Thesis was to elucidate the mechanism of 

action of peroxygen biocides. In this context, Chapter One reviews the reactions of 

peroxides, with particular emphasis on radical reactions; the relevance of these reactions 

in systems of biological interest is then described with reference to specific biomolecules. 

An introduction to the techniques to be utilised throughout the Thesis is then provided. 

Chapter Two describes evidence for radical generation from peroxyacids upon 

reaction with low-valent transition-metal ions, using the techniques of EPR spin-trapping 

and rapid flow to study rates of reaction and radical products. The reaction proceeds to 

produce acyloxyl radicals when either Ti3 =EDTA or Fee =EDTA is employed, but is much 

more complex when Cu' is employed, being highly dependent upon the reducing species 

and the ligand. It was also found that the rate of reaction was considerably higher with 

Fee+-EDTA than with Ti3+-EDTA. 

Chapter Three describes investigations into the reactions of peroxyacetic acid with 

a model protein (BSA), utilising both EPR spin-trapping techniques and biochemical 

methods. It was found that formulations containing low concentrations of peroxyacetic 

acid and high concentrations of hydrogen peroxide lead to the generation of a higher 

concentration of radicals from BSA, greater susceptibility to protease digestion and greater 
fragmentation, whereas 40% PAA leads to the formation of a higher concentration of side- 

chain carbonyl groups after oxidation. The reactions of a metalloprotein, namely 

cytochrome c, with PAA have also been investigated to examine the reactions of 

endogenous iron with peroxyacids, and have been shown to lead to the production of a 

highly oxidsing species. 

Chapter Four describes a study of the effects of peroxyacetic acid on lipids. Both 

lipid peroxidation and lipid epoxidation were analysed using standard synthetic 

procedures, NMR spectroscopy, EPR spin-probe techniques and the TBA test. It has been 

established that the generation of epoxides from fatty acids and phospholipids is facile and 

that vesicles comprising epoxidised phospholipids are much less fluid than those 
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Abstract. 

consisting of unmodified phospholipids. In addition it was found that peroxidation of lipid 

vesicles becomes significant in the presence of added low-valent transition-metal ions 

The role of the reactions described thus far in the action of peroxygen biocides was 
investigated in studies outlined in Chapter Five. These experiments involved the use of 
Escherichia coli in an attempt to relate cell death to generation of radical species and 
damage to specific cellular components. The techniques employed include EPR studies 
in addition to quantitative carbonyl determination on protein side-chains and lipid 

peroxidation. It is concluded from these investigations that a variety of mechanisms 

contribute to the bactericidal action of peroxygens. 
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ABBREVIATIONS 
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Introduction. 

1.1' INTRODUCTION. 

The chemistry of peroxide compounds 'is broad ranging in character and hence 

peroxides have found a variety of uses in industrial processes, domestic situations and as 

synthetic, reagents. Industrially, peroxide compounds are employed as disinfection agents' 

and radical initiators for polymerisation processes. 2'3 They are used for disinfection in a 

variety of contexts including the washing out of kidney dialysis machines in hospitals and 

the reduction of microbial contamination in paper pulp. ' Domestically, peroxide 

compounds are used for the bleaching of stains on laundry. " The reactions of peroxides are 

also of great biological significance since they and the radicals which derive from them 

are believed to be involved in detrimental processes such as lipid peroxidation, ' protein 
damage`, ', ' and DNA damage; 9"° all of which have been implicated in diseased states such 
as carcinogeneisis, '1.12 rheumatoid arthritis"-"' and ischemia reperfusion injury. 15.16 In 

contrast, radical processes can be beneficial, or indeed necessary; examples of such being 

prostaglandin synthesis" and immune response. '8 

This introduction aims first to review the reactions of peroxide compounds, both 

free-radical and non free-radical in nature, then to examine the reactions of free radicals 
in biological systems. Finally the methods and objectives of the study will be introduced. 

The remainder of the thesis is concerned with the reactions of peracetic acid with model 
biomolecules and bacteria in order to probe the mechanism of action of peroxygen 

biocides. 

1.2. CHEMISTRY OF PEROXIDES. 

Peroxide compounds owe their reactivity to the weak 0-0 bond; the bond strength 

typically being 126 k3 mol-119 The low bond energy is largely attributable to lone pair - 
lone pair repulsions. Peroxides undergo a diverse range of chemical reactions; these 

include nucleophilic substitution, reactions with electrophiles and radical reactions which 

are a result of the homolytic cleavage of the 0-0 bond. These reactions will be discussed 

in the following sections. 

2 



Introduction. 

1.2.1. Reaction of peroxides with nucieophiles. 

The oxygen atoms in peroxide compounds are susceptible to nucleophilic attack. ' 

They are thought to undergo this type of attack via an SN2 mechanism [reaction 1.1]. 

Nu- + KI--0-0-R2 Nu-O-RI + R20 ('f. 1) 

As would be expected, the reaction is promoted by increasing the nucleophilicity 

ß t''ß, r°ea=x and 11n4 rasing the lemi ng group ability of the peroxide. Synthetically, the 

most significant reaction of a peroxide with a nucleophile is the epoxidation of alkenes. 2°"Z8 

This reaction illustrates the general trends observed for reactions of peroxides with 

nucleophiles; the reaction rate is increased as the n-electron density of the alkene is 

ic eased (the rate being approximately 6000 times higher for CR2=CR2 as opposed to 

CH; -CH3) and as the leaving group ability increases on the peroxide, peroxyacids being 

much better epoxidising agents than hydroperoxides (a reflection of the much lower pKä s 

of the departing carboxylic acid as opposed to the alcohol). The reaction is slowed down 

by the use of c ordinating solvents which are able to form intermolecular hydrogen bonds 

with the peroxide. 2° 

Other examples of this type of reaction include the oxidation of tertiary amines to 

amine oxides, oxidation of secondary amines to dialkyl hydroxylamines, oxidation of 

aromatic compounds to phenols, the oxidation of phosp. i nes to phosphine oxides, 

sulflhydryls to disulfides and, with excess peroxide, sulfinic and sulfonic acids and sulfides 

to sulfoxides and ultimately sulfones [reactions (1.2) to (1.7)]. 20 

R3N R3N-0 (1.2) 

R2N-H > R2N-OH (1.3) 

OH 

(1.4) 

3 
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R3P " R3P =ü (1.5) 

OO 
II II 

2 RSH RSSR - R-S-S-R ---ý 2 RSO; H (1.6) 
II 11 

OO 

R2S R2S=O FL2ý=O (1.7) 

0 

1.2.2. Reactions of peroxides with efectrophiles. 

As a result of the lone pairs of electrons on the oxygen atoms, peroxide compounds 

also harne the ability to arcs as x ucieopý ße$. 20 z1, i3 28 z9 The reactio ns in which peroxides 
behave as nucleophiles can be divided into two major groups namely, substitution of a 

group and addition to a double bond [reactions (1.8) and (1.9)]. 

II 
ROO- + -C-X -ý ROO-C- + X- 

}{ 

ROO- + C=X -ý- ROO-C-X' 

(1.8) 

(1.9) 

The most prominent reaction in this group, which has been used extensively in 
ar nic mthesi the ae er 1 11'nnr reactin onr 

20,21,23.24,28,29 
� the 

s u<. Sg ýýuý. ýýS, ýS ums, Býy., ý ý. ýýrýg�ý ý�-. [reaCtýoll (1.14)] in which the 

nucleophilic peroxide oxygen attacks the carbonyl carbon of an aldehyde or ketone to 

produce a peroxidic intermediate which then undergoes rearrangement via migration of 

R3 to the peroxide oxygen to furnish an ester. 

The reaction is accelerated by acid or base, acid catalysis promoting the protonation 

of the aldehyde / ketone oxygen and promoting the rearrangement step through hydrogen 

bonding through the peroxide oxygen. Base catalysis increases the nucleophilicity of the 

attacking peroxide and leads to an oxyanion intermediate which promotes the 
rearrange ent step 

by 
exerting an elect on-dVII{ating efieVt. 

20 Other 
reactions 

in this 

category include alkaline epoxidation of a, ß unsaturated ketones and self reaction leading 

4 
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to decomposition [reactions (I. 11) and (1.12)]. 

OR 
Rt 

_ -+ -O ý-Vo- 
0-0 Rý= ºO 

O 

RO 

+RO 
OR3 0 

(1.10) 

RI w R1 O R2 
+ ROO"-' + R0 " (1.11) 

R C(O)R4 
/-ý<C(O)R 

4 

ROOH + ROO - RO "+ ROH + 02 (1.12) 

1.2.3 Radical reactions of peroxides. 

Peroxides decompose by thermolysis, photolysis, or electron transfer, producing 
radicals. The reactions of radicals generateds from peroxide de-composition will bee 

discussed in the following sections. 

i) Hydrogen peroxide. 

Hydrogen peroxide can be homolytically cleaved by UV light or heat to form 

hydroxyl icals [Re ^fi -i (1.13)]. 1'. inly sis or elecüon trn: sfer Iroi-n a low-v alent metal 
ion, for example Fe"., leads to the formation of -OH and -OH [reactions (1.14) and (1.15)]. 

hv/A 

H202 »- -OH + -OH (1.13) 

1202 + Fer} -OH + -OH + Fei (1.14) 

5 
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H202 -f- e (a "OH + -OH (1.15) 

The reaction of Fe" with H2O2 was discovered in 1894 by Fenton. 30" The reaction 

was found to lead to the rapid decomposition of the peroxide, but the mechanism of the 

reaction, involving the formation of hydroxyl radicals, was not clarified until 1934 by 

Haber and Weiss [reactions (1.16) - (1.20)]. 32This mechanism is widely accepted although 

alternative mechanisms have been proposed involving the formation of high-valent iron 

species such as FeO"' species'" and Fee+(H2O2) complexes. 36 

Fe2+ + H202 Fe3+ + -OH + OH (1.16) 

Fe3+ + H202 - --º Fe2+ + HO2 + H+ (1.17) 

-OH + H202 - » HO2" + H2O (1.18) 

Fe3+ + H02 Fe2+ + 02 + H+ (1.19) 

Fe2+ + -OH ý '° Fe3+ + -OH (1.20) 

The hydroxyl radical is a powerful oxidant and in the presence of an organic 

substrate will typically undergo either addition to a multiple bond or hydrogen-atom 

abstraction. The radicals which result can then proceed to react by one or more of a myriad 

of pathways. The products of these reactions are often dependent on the way in which the 

hydroxyl radical has been generated. Thus, radicals such as t-alkyl radicals, hydroxyalkyl 

radicals and aminoalkyl radicals are often subject to oxidation by the Fe3+ in the Fenton 

system while some radicals 37 may be susceptible to reduction by Fee+. In contrast, when the 

hydroxyl radical is generated photolytically the reactions of the first-formed substrate- 

derived radicals are dominated by dimerisation, and further radical reactions. 38 

An example is the oxidation of propan-2-ol by "OH. When the hydroxyl radical is 

generated photolytically the f irst formed radical, the 2-hydroxypropyl radical, either 

6 
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undergoes dimerisation, forming pinacol, or disproportionates to produce propanone and 

water. "' In contest when propan-2-ol is oxidised by -OH formed in the Fenton system the 

first formed radical undergoes oxidation by Fe3+ to form the corresponding cation which 

then adds -OH and eliminates water to produce propanone. No pinacol is formed. 38 

Other metal ions have been used instead of Fee in oxidising systems with hydrogen 

peroxide: These include Ti", Cu+ and C? all of which are believed to form -OH as the 

oxidising species,, ' although there is some debate as to whether the oxidising species in 

the copper system is -0H, W' or a copper-peroxy complex. 42,43 

ii) Inorganic peroxides 

Although the range of inorganic peroxides is not as wide as the range of organic 

peroxides, several are commercially available [(1.1) to (1.4)] and have found use in a 

variety of reactions. 

O 
HO-O-S-O 

ii 
0 

(1.1) 

O0 
11 11 - O-S-O-O-O-O 
ii 11 
00 

(ß. 2) 

o 
HO-o-P-Ö 

11 0 

(1.3) 

o0 
_ O-P-O-O-P-O 

II II 
00 

(1.4) 

The homolytic or thermal fission of the peroxymonosulfate anion by UV light or 

thermolysis yields a mixture of the hydroxyl radical and the sulfate radical anion (SOS " ). 

When peroxymonosulfate is decomposed by electron transfer from a low-valent transition 

metal ion, the direction of the reaction is determined by the metal ion. In the presence of 

Coe , Feg{ or Ti' peroxymonosulfate decomposes to form SO4" and -OH [reaction (1.21)] 

whereas in the presence of Cu+ peroxyznonosulfate decomposes to produce S04' and "OH 
[reaction (1.22)]. 44-4S In contrast, pulse radiolysis studies have shown that in the presence 

of e (, q)peroxymonosulfate 
decomposes to give a 4: 1 mixture of -OH: SO, 46 A further 

route of decomposition for peroxymonosulfate is observed in the presence of Ce4+ which 

7 
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undergoes one electron reduction to Ce'+ concomitantly producing SOS " and H+ [reaction 

(1.23)]. 47.48 

HOOSO3 + Mn+ ---ý SO47 + -OH + M(n+l)+ (1.21) 
M n+ = Ti3+, Fe2+, Co2+ 

HOOSO3 + Cu+ SO42-+ -OH + Cu2+ (1.22) 

HOOSO3 + Ce4+ '__"'r' SOS: + H+ + Ce3+ (1.23) 

SOS " can facilitate three types of reactions, hydrogen atom abstraction, addition to 

a double bond and electron transfer, rendering it a powerful oxidant which has the ability 

to oxidise organic molecules with low ionisation potentials. Electron transfer is thought 

to occur through an addition-elimination sequence which can lead to the direct formation 

of a radical-cation, [reaction (1.24)] which may be observed in some cases. "' However, it 

is more common for the first-formed sulfate radical-anion adduct or the radical-cation to 

hydrate rapidly [reaction (1.25)] to form the corresponding hydroxyl radical adduct. so 

OMe OMe + 

SO4 +ý SO42- + (1.24) 

Me H+ H20 Me 
H 

SO4 + 
MeýýC OH -SO 2- Me" 

CH2OH + H+ (1.25) 
OH 

Although not used widely in synthesis, the metal-induced decomposition of 

peroxymonosulfate has been used to initiate radical polymerisation' and oxidise 

alcohols. "- 52 

Photolysis or thermolysis of peroxydisulfate leads to the formation of the sulfate 

radical anion (SO4 ). 33 Peroxydisulfate can also be cleaved on reaction with e -(. q) (formed 

on radiolysis of an aqueous solution), ' or from low-valent transition-metal ions'"' or from 

8 
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a nucleophilic radical such as a-hydroxyalkyl or a-aminoalkyl radicals. " The 

decomposition of perox-ydisulfate by either photolysis or electron transfer has been utilised 
for the oxidation of organic substrates in a similar way to the Fenton system; for example 

methylbenzene can be oxidised to a mixture of benzyl alcohol, benzaldehyde and benzoic 

acid. 59 

The radical reactions of peroxydiphosphate and peroxymonophosphate [(1.3) and 
(1.4)] are not as well characterised as those for the corresponding sulfur compounds. 

Peroxymonophoshate has been reported to decompose during radiolysis to produce largely 

-OH and HPO4' Peroxydiphosphate displays greater thermal stability than 

peroxydisulfate6' but has been shown to decompose under thermolysis and photolysis to 

produce PO, ý2;. 
38.62 Peroxydiphosphate has also been reported to undergo one-electron 

reduction in the presence of low-valent transition-metal ions such as silver, copper, 

vanadium6' and certain iron complexesd3 to form P042 -. The radical decomposition of 

peroxydiphosphate has found limited use synthetically, a notable example being the 

oxidation of propan-2-ol to propanone by peroxydiphosphate, either under photolytic 

conditions' or in the presence of Fe". 52 

iii) Organic Peroxides. 

There are several groups of compounds which can be defined under the broad 

heading of organic peroxides. These include, alkyl hydroperoxides, dialkyl peroxides, 

peroxyacids, peroxyesters and dicarbonyl peroxides. The radical reactions of these 

compounds will be discussed in further detail below. 

a) Alkyl hydroperoxides. 

Alkyl hydroperoxides are important intermediates in many oxidation reactions 
including lipid peroxidation64 and metal-catalysed p otein oxidation. "' The decomposition 

of these compounds is therefore of significance in biological damage processes. 
Alkyl hydroperoxides decompose by a variety of routes. Under thermolysis or 
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photolysis conditions they undergo unimolecular homolysis to form RO- and -OH [reaction 

(1.26)] where as in the presence of low-valent transition-metal ions such as Fe". Cu' and 

Ti" they decompose to form RO- and -OH [reaction (1.27)]. ', " In contrast, in the presence 

of high-valent transition-metal ions such as cupric, cobaltic or manganic ions, alkyl 

hydroperoxides decompose to produce, the corresponding alkylperoxyl radical, ROO- 

[reaction (1.28)]. ", " Alkoxyl radicals can abstract the peroxidic hydrogen from 

hydroperoxides producing peroxyl radicals [reaction (1.29)]. A radical may also displace 

one of the peroxidic oxygen atoms [reaction (1.30)]. " 

by /0 
ROOH "- RO" + -OH 

ROOH + M°+ ROO" + H+ + M(n+l)+ 

ROOH + Mn+ §IN RO" + -OH + M("-1)4- 

ROOH + RIO- -0' ROO" + R'OH 

ROOH + Rl " RORI + *OH 

R'OH + RO- 

(1.26) 

(1.27) 

(1.28) 

(1.29) 

(1.30) 

Alkoxyl radicals react by a number of routes. They may abstract a hydrogen atom 

to furnish an alcohol, [reaction (1.31)] or undergo ß-scission, forming a ketone or aldehyde 

and an alkyl radical, [reaction (1.32)]. The speed of this reaction depends largely on the 

stabilities of the alkyl radical and the ketone produced during ß-scission and also exhibits 

a strong solvent dependence. 68 If ß-scission is the favoured route of decomposition, the 

resulting alkyl radical can itself react in a number of ways: it may dimerise, abstract a 

hydrogen atom or react with molecular oxygen. Alternatively alkoxyl radicals may add to 

alkenes [reaction (1.33)] or they may disproportionate [reaction (1.34)]. 
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RO" + RAH ROH + R' (1.31) 

RR 
R-C-O" 

RýO 
+ R" (1.32) 

R 

RO" +>< -ý OR (1.33) 

RRRR 

R-C-O" + R-C-O" ' »O + R-C-OH (1.34) 

HHHH 

It is of note, however that the method of radical generation can significantly affect 

the final product distribution. If the peroxide bond is decomposed by electron transfer from 

a low-valent transition metal ion, the oxidised metal is able to react with the alkyl radical 

(formed by ß-scission) to produce mixtures of alcohols, alkanes and alkenes. 69 However 

if the alkoxyl radical is generated by photolytic or thermolytic decomposition alkenes and 

alcohols are not observed. 

Peroxyl radicals produced by hydrogen-atom abstraction from the hydroperoxide 

or reaction of the hydroperoxide with a high-valent transition-metal ion exhibit a range of 

reactions. They can abstract a hydrogen atom, [reaction (1.35)] dimerise then lose oxygen 

to produce two alkoxyl radicals [reaction (1.36)] or add to alkenes, leading to the ultimate 

formation of epoxides [reaction (1.37)]. 

ROO" + R'H -ý' ROOH + RIO (1.35) 

R009 + ROO " RO 9 + RO "+ 02 (1.36) 

O 
ROO "+>< -*- >< + RO " (1.37) 

OOR 
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b) Dialkyl peroxides. 

Dialkyl peroxides produce alkoxyl radicals on thermolysis or photolysis (for 

reactions of these species see above). As would be expected the bond strength of dialkyl 

peroxides is strongly influenced by the alkyl groups [Table 1.1]. It has been demonstrated 

that replacement of alkyl groups with electron withdrawing halogenated alkyl groups 

strengthens the 0-0 bond whereas replacement with electron donating acetyl groups, to 

form a diacyl peroxide, reduces the bond strength. 68 

Peroxide D°298 f kJ mot' 

MeC(O)O-O(O)CMe 125.8 

(CF3)3CO-OC(CF3)3 149.0 

t-BuO-OBu-t 152.0 

MeO-OMe 155.0 

CF3O-OCF3 193.0 
Table I. I. The bond strengths of some dialkyl peroxides. 7° 

The low-valent transition-metal catalysed decomposition of dialkyl peroxides 

proceeds as for the metal catalysed decomposition of alkyl hydroperoxides, to produce 

alkoxyl radicals and alkoxide anions. 71'4 The reactions of alkoxyl radicals are reviewed 

above. 

C) Peroxyacids 

The typical bond strength of the 0-0 bond in a peroxyacid is 138 kJ mol', 76 making 

it susceptible to homolytic decomposition under thermolysis or photolysis to produce the 

corresponding acyloxyl radical and the hydroxyl radical [reaction (1.38)]. On reaction of 

peroxyacids with low-valent transition-metal ions such as Co", Mn2+, Fe and Ti 3+ the 

acyloxyl radical and -OH are produced [reaction (1.39)]. '6-79 However, it has been shown 

that in the presence of Cu some peroxyacids undergo decomposition to produce -OH and 
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the corresponding anion [reaction (1.40)]. ""80 It has also been established, the -under 
radiolysis some peracids, for example nitroperbenzoic acids, "' undergo decay to-form 

mostly hydroxyl radicals and the alkanoate anion [reaction 1.41)]. Reaction of peracids 

with high-valent transition-metal ions affords RC03 and H' [reaction (1.42)]. 

by/h 
RCO3H ----" RCO2" + "OH (1.38) 

RCO3H + MIl* ' RC02" + M(n*') + -OH (1.39) 
M'l' = Ti3+ Fe2+ 

RCO3H + Cu+ RCO2 + Cu2+ + 1)H (1.40) 

RCO3H +e (ao - ý RCO2 + OH (1.41) 

RCO3H + Ce4+ ý RC03" + Ce3+ + H+ (1.42) 

Acyloxyl radicals are generally unstable and decarboxylate rapidly to produce the 

corresponding alkyl radical and CO2. The rate of decarboxylation is governed by the 

stability of the alkyl radical formed on decarboxylation, the rate of fragmentation of 
CH3CO2" being appreciably faster than the rate of decarboxylation of PhCO2". 78 

The acyloxyl radical may also add to double bonds or abstract a hydrogen atom if 

the concentration of substrate is large enough and the stability of the acyloxyl radical such 

that these reactions may compete with decarboxylation. If this is not the case, the free- 

radical reactions of peracids are dominated by the reactions of the resulting alkyl radical. 

d) Peroxyesters 

Peroxyesters provide another source of acyloxyl radicals when subjected to 

thermolysis or photolysis. Thermolytic decomposition of peroxyesters can proceed by one 

of two routes, one-bond homolysis [reaction (1.43)] or concerted two-bond homolysis 

[reaction (1.44)]. 20 The mechanism of thermolysis depends upon the stability of the 
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peroxyester, the more stable peroxyesters generally decomposing via one-bond homolysis 

and the less stable peroxyesters. decomposing via two-bond concerted homolysis. U 

. 
However it is thought that photolysis of any peroxyester results in one-bond homolysis only 

[reaction (1.43)]. 

One electron reduction by low-valent transition metal ions proceeds to produce the 

alkoxyl radical and the carboxylate anion only [reaction (1.45)]. The copper-catalysed 

decomposition of peroxyesters has been used extensively in organic synthesis to bring 

about acyloxy substitution. 0'83 

RýO 
O0-Ole 

hý 
RL-<O 

O- 
+ OR2 (1.43) 

R'-1< 
Aº 

R' + CO2 +" OR2 (1.44) 
O-OW 

O+ 
M°+ -º RL4 

O_ 
+" OR2 + M(n+') (1.45) 

O-OR2 0 

e) Diacyl Peroxides 

Under thermolytic or photolytic conditions fission of the peroxide bond in 

dicarbonyl peroxides occurs to form two acyloxyl radicals, the reactions of which have 

been discussed previously. Reaction with low-valent transition-metal ions including Fe", 

Cu* and Cr"' proceeds, as expected, to produce the acyloxyl radical and the carboxylate 

anion. ", "5 

1.3. FREE RADICALS IN BIOLOGICAL SYSTEMS. 

Free-radical chemistry is now believed to be of great significance in biological 

systems, both mammalian and bacterial. The reactions of free-radicals in biological 

systems will be reviewed below as will the consequences of these reactions and defence 

mechanisms which these systems have in place to minimise free-radical damage. 
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1.3.1. Radical Production in Biological Systems. 

Radical reactions in biological systems can be broadly classified into those that are 

beneficial to the system and those which are detrimental. 

In mammalian systems there are several beneficial radical processes. These include 

prostaglandin synthesis, "the action of ribonucleotide reductase18and immune response. 15.16 

However, these are outweighed by deleterious radical-producing reactions including those 

resulting from a leaky electron-transport chain, 86 escape of O2 - from cytochrome Paso g' 

ischemia reperfusion injury, 11.16 the actions of some toxins, for example, halocarbons88 and 

some anti-tumour drugs. 89 

Many of these processes are shared by bacterial systems. The action of 

ribonucleotide reductase is obviously of critical importance to the functioning of bacterial 

cell metabolism, but a leaky electron transport chain, immune response, the action of some 

toxins and bactericides are all highly harmful to bacteria. 

i) Ribonucleotide reductase 

Ribonucleotide reductase catalyses the formation of deoxyribonucleotides, the 

building blocks for DNA synthesis, from ribonucleotides. It is known to contain a tyrosyl 

free radical, which has been demonstrated to be vital for enzyme action. The radical 

participates in the removal of the C(2) - OH group and its substitution by a hydrogen 

atom. 90"91 

ii) Electron-transport chain 

The electron transport chain is comprised of a series of enzymes which are 

responsible for the reduction of molecular oxygen to water in cells. This transfer of 

electrons from NADH or FADH2 to molecular oxygen is coupled to ATP formation in a 

process known as oxidative phosphorylation. In eukaryotic cells the respiratory assembly 
is located within the mitochondrial membrane, whereas in prokaryotic cells this assembly 
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is found in the cytoplasmic membrane. Irrespective of the location of the respiratory 

assemblies, the step-wise reduction of oxygen occurs at the active site of the enzyme 

cytochrome oxidase. Until recently the mechanism was believed to be that illustrated in 

Scheme 1.1, but recent advances in the clarification of the three dimensional structure have 

lead to the suggestion of an alternative mechanism. 92 This enzyme contains two heure 

groups and two copper ions at the active site which are responsible for keeping the oxygen 

tightly bound until complete reduction to two molecules of water is achieved. However the 

enzyme is not always totally efficient and the release of partially reduced oxygen species, 

particularly the superoxide anion (02 7) occurs as a result. If O2 - escapes from the active 

site of cytochrome oxidase it can cause extensive damage to surrounding biomolecules. " 

H2O 

e +H+ -x-02 
H 

Fei+--- O Cu+ 

Fe 3± O C, u2+ 
0 

[Fe=0]2+--- pH--- Cu2+ 
H e+ 2H+ 
I_ 

Fe3+ -- 0--- Cu' 2" 
H2O 

6'+H' 

Scheme I. I. Proposed mechanism for the four electron reduction of 02 by 

cytochrome oxidase. 86 

iii) Immune Response 

Phagocytic cells, such as neutrophils, monocytes, macrophages and eosinophils, are 

all involved with the destruction of pathogenic species; these cells migrate to the site of 
infection or injury and are stimulated to undergo a series of biochemical changes which 

results in a metabolic burst. 91-95 Metabolic burst is associated by a substantial increase in 

oxygen consumption, and subsequent generation of 02. which is produced by the reactions 

ofNADPH and NADPH oxidase with oxygen [reaction (1.46)] and Hp2which is generated 
by the subsequent dismutation of 02 7 by the enzyme superoxide dismutase [reaction 
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(1.47)]. H202 can undergo subsequent reactions to produce hydroxyl radicals or 

alternatively undergo reaction with chloride ions [reaction (1.48)], in a reaction catalysed 
by myeloperoxidase, which is generated by phagocytic cells. I" It has been established that 

02-- and HOCI are very effective at killing bacteria. 

202 + NADPH -- -' 20Z + NADP+ + H+ (1.46) 

202 + 2H+ H202 + 02 (1.47) 

H202 + Cl- HOC1 + -OH (1.48) 

iv) Bactericidal Action 

It is known that -OH is highly toxic to bacteria, as studies involving the generation 

of hydroxyl radicals by radiolysis in the presence of bacterial suspensions have 

demonstrated. "In the absence of such a guaranteed source of hydroxyl radicals, definitive 

evidence of its involvement in bactericidal activity is scarce and widely debated. It has 

been suggested that hydrogen peroxide reacts with intracellular iron to produce -OH which 

then attacks intracellular targets. 100-102 This has been established by examining the effect 

of hydroxyl-radical scavengers and iron chelators on the antimicrobial activity of hydrogen 

peroxide-1°°"°' However it has been argued that for hydrogen peroxide two modes of 
damage exist, one at low concentrations of H202 for which the oxidising species has not 

been identified and one at higher concentrations of hydrogen peroxide which is thought to 

be hydroxyl radical mediated. 101,103-105 Mode-one killing results from mutagenesis, but 

during mode-two killing damage to other cellular components is suggested. 
Alkyl hydroperoxides have also proved to be highly bactericidal, both against 

actively metabolising cells and spores. 106,107 The activity of these compounds has been 

attributed to the alkylperoxyl radicals derived from them, as metal ion chelators such as 

o-phenanthroline have been shown to be protective. "' However, it has also been 

demonstrated that the spin-trap 5,5-dimethyl-l-pyrroline-N-oxide (DMPO) and 
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antioxidants including a-tocopherol and ascorbate are not effective at protecting cells from 

alkyl hydroperoxide-mediated damage. 1 ' Nevertheless, there is little doubt that should 

alkylperoxyl radicals be produced they will be highly bactericidal. ' os 

Peracids, in particular peroxyacetic acid, have been found to be extremely effective 

biocides. Peroxyacetic acid has been shown to be several times more effective than 

hydrogen peroxide against a range of bacterial strains in both actively metabolising cells 

and spores. "109-'" Evidence has been presented for the involvement of free radicals in 

damaging processes: '°2' ° it has been shown that while spores are resistant to damage by 

low-valent transition-metal ions and transition-metal chelators, 1° the level of damage in 

vegetative cells is significantly increased. '02"0 It has also been shown that a-tocopherol 

and ascorbate are protective towards damage to spores and bacterial cells, but specific 

hydroxyl radical scavengers are not particularly effective, indicating that the damaging 

species is not -OH. "' 

1.3.2. Defences Against Free-radicals in Biological Systems. 

Cells have evolved so that they can tolerate limited levels of reactive oxygen 

species. Cells have two defence strategies against free-radical attack, enzymes and 

antioxidant molecules; if these defence mechanisms should fail they also have repair 

enzymes which will repair damage to biomolecules. 

i) Enzymatic defences against free-radicals. 

Cells contain a variety of enzymes capable of removing partially-reduced oxygen 

species. One of these is the heme-containing enzyme catalase which reacts with hydrogen 

peroxide to produce water and oxygen [reaction (1.49)]. In systems which can exist either 

in aerobic or anaerobic conditions, such as Escherichia coli it has been found that there are 

two forms of catalase, one which is constitutive and one which is inducible. 12 

2 H202 2 H2O + 02 (1.48) 
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There are other enzymes which, like catalase will destroy hydrogen peroxide, but 

unlike catalase will catalyse the safe decomposition of other peroxides. This family of 

enzymes includes glutathione peroxidase, glutathione-S-transferase' - and related 

glutathione-dependent enzymes. Glutathione peroxidase is found in two forms, one which 

is selenium dependent and can catalyse the breakdown of hydrogen peroxide and organic 

hydroperoxides, and one which is not reliant on selenium and only catalyses the breakdown 

of organic hydroperoxides. 13 Both forms are dependent on the presence of glutathione. The 

general reactions are illustrated in Scheme 1.2. 

H2O,. GSSG + 2H20 

2GSH 

ROOH GSSG + H2O + ROH 

Scheme 1.2. The reactions of gluthathione with hydrogen peroxide and 

organic hydroperoxides as catalysed by glutathione peroxidase. 

The other major enzyme which has the ability to scavenge partially-reduced oxygen 

species is superoxide dismutase which catalyses the conversion of O2 7 to hydrogen 

peroxide and water. In mammalian systems, there are two types of superoxide dismutase, 

one with manganese at the active site and one with copper and zinc at the active site. 112,114 

In bacterial systems such as Escherichia cola, which can grow in the presence or absence 

of oxygen, there are also two types of superoxide dismutase, one based upon iron which 

is constitutive and another based upon manganese which is inducible by the presence of 

oxygen. ' 12.115 

The action of these enzymes, uinder normal conditions, will ensure that hydroxyl 

radicals are not formed since superoxide dismutase will convert any 02 7 to hydrogen 

peroxide which may then be safely decomposed by catalase. This is fortuitous since the 

specific enzymatic scavenging of a molecule as reactive as the hydroxyl radical would be 

impossible. 
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ii) Non-enzymatic defences against free-radicals 

Mammals share some aspects of their molecular antioxidant defences with bacteria. 

Both bacterial and mammalian systems have intracellular antioxidant defences against 

free-radical damage, but mammalian systems have their intracellular defences augmented 

by extracellular support. Many of the antioxidant molecules are common to both systems. 

Both bacteria and mammals have intracellular pools of thiols which are oxidised 

to the corresponding disulfides during periods of oxidative stress and are therefore 

primarily responsible for maintaining the reduced cell environment. The most significant 

of these is glutathione (1.5) which is found in cells at millimolar concentrations. " 

SH 

0 CH2 H0 
H3NN Ný0 + 

1 
H0 

OO 
(1.5) 

It maintains the reduced cell environment in two ways. It may react directly with 
free-radical species1' [reactions (1.49) and (1.50)] and is also a vital cofactor in the action 

of some antioxidant enzymes such as glutathione peroxidase (see above). "' 

GSH + *OH -'- GS, + H2O (1.49) 

GSH + Biomolecule" GS- + Biomolecule (1.50) 

Other important antioxidants common to both mammals and bacteria include 

ascorbate. In mammals it is found both intra-cellularly and extra-cellularly. "'"18 It reacts 

with a variety of oxidising species including O2 -, -OH, '02 and HOCI and various lipid 

peroxyl radicals and hydroperoxides, producing the resonance-stabilised ascorbyl radical. 

Further reduction leads to the formation of dehydroascorbate [Scheme (1.3)]. 
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Scheme 1.3. The antioxidant reactions of L-ascorbic acid. 

The most important membrane-soluble antioxidant is a-tocopherol which can react 

with a variety of oxidising species to produce a resonance-stabilised phenoxyl radical. "' 

This radical can then meet with a variety of fates. It may react further with peroxyl radicals 

to produce non-radical products or it may react with the water-soluble antioxidant, 

ascorbate at the membrane interface. "0 ß-Carotene is another lipid soluble antioxidant. It 

scavenges peroxyl radicals to produce a highly stabilised carbon-centred radical. Due to 

the stability of this radical, further reaction is disfavoured, especially in a membrane 

environment where the concentration of oxygen is not substantial under normal conditions. 

In addition to the compounds described above, bacteria contain bacterioferritin, 

which sequesters and stores iron, thus rendering it redox inactive. 'Z'-'23Mammals also have 

iron-binding proteins which afford similar protection, some of which are intracellular and 

some of which are found in the extracellular fluid (see below). '"-"' 

Mammalian systems have another line of defence against reactive oxygen species 
in that they also contain extracellular antioxidants including ascorbate. "'118 Other 

extracellular antioxidants include the iron-transport proteins lactoferrin and transferrin 

which keep iron safely sequestered and redox inactive. "', "' Similarly, haptoglobin and 
hemopexin complex to hemoglobin and render its iron centre redox inactive. The protein 

ceruloplasmin complexes and stores copper and therefore ensures that copper is 

unavailable to initiate free-radical damage. Serum albumin complexes copper in a similar 

manner and, if necessary, acts as a sacrificial substrate for oxidation as it can be rapidly 

removed from circulation and degraded. Further protection from radical-induced damage 

is provided by uric acid which exhibits two modes of action. It binds copper and iron very 

strongly, therefore inhibiting their redox activity, and it is also a potent scavenger of 
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hydroxyl radicals, alkoxyl radicals, peroxyl radicals, singlet oxygen and hypochlorite. 

Bilirubin has also been reported to possess antioxidant activity: it is a product of heure 

catabolism which is transported bound to serum albumin. It is thought that it may protect 

albumin-bound fatty acids from free-radical attack. It has been suggested that glucose is 

an effective extracellular antioxidant based upon its speed of reaction with hydroxyl 

radicals although it has not been demonstrated whether or not it is physiologically 

important 
. 
"'. "s 

It is also important to remember that under certain circumstances most antioxidants 

can act as prooxidants; for example, ascorbic acid is an effective promoter of lipid 

peroxidation in the presence of iron, as it enables Fe3+ to be reduced to Fe2+ and hence 

generate radicals.. Also the oxidation of ascorbate itself by 02 leads to the production of 

O2 " [reaction (1.51)]. Iron-storage and transport proteins have been shown to be effective 

promoters of free-radical damage when exposed to acidic conditions which mobilise the 

iron from their binding sites. "' 

AH- -I- 02 

iii) Repair enzymes 

' A- + O2" + H+ (1.51) 

When cellular antioxidant defences fail, there is a further mechanism by which 

cellular damage can be limited: repair enzymes can remove damaged molecules therefore 

preventing an accumulation of damage. Damaged lipids can be removed by 

phospholipases, which have been shown to be more effective at removing peroxidised 

lipids than undamaged lipids. " Proteolytic enzymes have been shown to degrade 

oxidatively modified proteins more effectively than the corresponding native protein; 6.65,125 

oxidatively damaged DNA may also be repaired. The damaged section is removed by a 

DNA endonuclease; the missing section of DNA is then copied by DNA polymerase and 

replaced by DNA ligase. " 
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1.3.3. Consequences of free-radicals in Biological Systems. 

i) Lipid damage 

Lipid peroxidation is a chain process initiated by any species capable of abstracting 

an allylic hydrogen [Scheme (1.4)]; S"""64 commonly these species are hydroxyl, alkoxyl or 

peroxyl radicals. The initial reaction involved in propagating this chain is addition of 

molecular oxygen to the first-formed radical producing a lipid peroxyl radical. This radical 

can meet with one of a number of fates. It may dimerise leading to the formation of two 

alkoxyl radicals and oxygen, attack surrounding membrane proteins or abstract a hydrogen 

from another fatty acid leading to the formation of a lipid hydroperoxide. Lipid 

hydroperoxides are subject to decomposition by transition metal ions or heure proteins, "' 

producing alkoxyl radicals and peroxyl radicals and thus ensuring that the chain reaction 

is sustained. The peroxidation of lipids leads to changes in membrane structure and 

function. The degree of saturation in the fatty acids of biological membranes is, at least in 

part, responsible for the fluidity of the membrane; increasing levels of saturation leading 

to a loss in membrane fluidity. ' Vital membrane-transport processes such as calcium- 

shuttling and membrane-bound-receptor function are also known to be disrupted by lipid 

peroxidation. s"" In addition to the intrinsic membrane damage caused by lipid 

peroxidation, the end products of the process are often toxic. These include aldehydes, ' 64 

the most noxious of which is the unsaturated aldehyde, 4-hydroxy-2-trans-nonenal, which 

may lead to the cross-linking of proteins12' among other detrimental reactions. 

ii) Damage to Proteins 

The generation of reactive oxygen species is believed to lead to extensive protein 

oxidation: ̀the nature of the damage is dependent on the method of radical generation. 

Exposure of proteins to ionising radiation has been shown to cause immense and mainly 

random protein damage. 121 Under anaerobic conditions, reactions involving the addition 

of molecular oxygen to first-formed protein-radicals are precluded as are those of HO2. 
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X" Carbon-centred radical 
XH formed by H-abstraction 

Addition of 02 to form 
lipid peroxyl radical 

/-- 

O 

a 
LH Hydrogen abstraction from 

another lipid molecule to 
L" form lipid hydroperoxide 

O 
1 

OH 

Fe3+ Reaction of Fe2+ / Fe2+ 

Fe2+ Fei+with lipid Fe3+ 
hydroperoxides 

O 
1 
a 

a 

Scheme 1.4. The mechanism of lipid peroxidation. 
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and O2 The main reaction of the first-formed protein-radicals is dimerisation, leading to 

the formation of high molecular-weight protein aggregates. Dimerisation occurs between 

carbon-centred radicals and also between cysteine and tyrosine residues, the formation of 
bityrosyl often being used as a marker for oxidative protein modification. 8,128,130 Irradiation 

of proteins under aerobic conditions has different implications, fragmentation of the 

protein occurring in preference to aggregation, due to the presence of oxygen-centred 

radicals. 129 This is assumed to occur via the a-amidation pathway [Scheme (1.5)]. 

Oxidation of amino-acid side-chains to carbonyl derivatives is another consequence of 

aerobic protein irradiation. Long-lived protein hydroperoxides, structural perturbations 
including changes in hydrophobicity, changes in viscosity, increase in susceptibility to 

proteolytic degradation and in the case of enzymes, loss of catalytic activity are all 

associated with oxidative protein damage induced by irradiation. 129 

In contrast metal-catalysed oxidation of proteins has been shown to be somewhat 

more specific in nature. 129 The amino-acid residues which have been shown to be most 

susceptible to attack are histidine, arginine, lysine, proline, methionine and cysteine. In 

general, attack is localised in metal-catalysed systems as the metal will often be located 

in a binding site; for this reason, free-radical scavengers are not particularly good at 

reducing levels of damage caused by metal-catalysed protein oxidation as the reaction 

often takes place in a protein "cage". Attack has also been shown to be less extensive in 

proteins that have been treated with metal-catalysed oxidation systems than with radiation; 

commonly only a few amino acids are oxidised in a metal-catalysed oxidation system in 

contrast to an irradiated system in which a large number of amino acids are attacked.. This 

is again believed to be a reflection of the caged nature of the oxidation process. The 

physical and chemical consequences of metal-catalysed protein oxidation are similar to 

those caused by aerobic irradiation. 129 

UNIVERSITY 
iii) Damage to DNA OF YORK 

LIBRARY 

Radical attack on DNA and its components has been studied extensively because 

of its possible role in carcinogenesis. u The effect of radicals generated in both Fenton-type 
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Scheme 1.5. y-radiolytic cleavage of peptide bonds by the a-amidation 

pathway. 130 
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systems and by ionising radiation have been studied. Two modes of attack have been 

identified; the addition of -OH to . the double bonds of purine and pyrimidine bases and 
hydrogen abstraction from the 2-deoxyribose sugar units. 10-12It has also been demonstrated 

that base-derived radicals can abstract a hydrogen atom from a neighbouring sugar, 

transferring damage from the bases to the sugar backbone (Scheme 1.6). "' If unrepaired, 

attack on the sugar backbone leads to single-strand breaks. If two of these are incurred in 

the same region double-strand breaks occur which are usually irreparable. Base lesions are 

similarly damaging. '2 

In a manner similar to protein oxidation the nature of radiolytic damage depends 

upon the presence or absence of oxygen. Under normoxic conditions, DNA peroxyl 

radicals can be formed leading to many possible reactions. When metal-catalysed oxidation 

is utilised to produce damaging radicals, damage is dependent upon the chelation of the 

metal. For example Fe2+ EDTA causes random damage to DNA as electrostatic repulsion 

precludes it from binding at a specific site. 1° However, some complexes have been shown 

to have affinity for binding to DNA, leading to site specific damage. 1° 

1.4. AIMS AND METHODS OF STUDY. 

1.4.1. Aims of Study. 

The general aim of this study was to probe the mechanism of action of peroxygen 
biocides, in particular peroxyacetic acid. It is believed that one-electron reduction of the 

peroxyacid by intracellular transition-metal ions, to produce free radicals, may be 

responsible for this biocidal action. "" It was therefore decided to investigate the one- 

electron reduction of peroxyacids in order to probe the nature of radical generation and to 

examine the reactions of these radicals with model biomolecules. The reactions of 

peroxyacids with bacteria were also to be investigated to examine the significance of the 

reactions studied in whole cells. 

The initial objectives of this study were to investigate the low-valent transition- 

metal catalysed cleavage of peracids, in particular peroxyacetic acid, to examine the effect 

27 



Introduction. 

DNA O Base 

Me 
NH 

OH 
O=P-O ONO 

O 

DNA 

Addition of OH 

DNA 
O 

O=P-O 0 Base 

0 
Me 

O HH( 
I 

0 
0 

DNA 
Hydrogen abstraction 
from sugar. 

DNA 
O 

O=P-O 0 
Base 

0 
ME 

O H( 

O=P-O--, \ 
O 

DNA 

0 

Scheme 1.6. Addition of -OH to the 5 position of thymine and abstraction of 

a hydrogen atom from the neighbouring sugar. 
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of metal and peroxyacetic acid formulation on the direction of 0-0 bond cleavage. The 

reactions of Fe*, 
- 
Ti" and Cue will be contrasted as will the reactions with different 

peroxyacetic acid formulations. The techniques utilised will include spin-trapping and 

continuous-flow monitored by EPR spectroscopy. The information gained should allow an 
insight into the possible metal-catalysed reactions of peroxyacetic acid in bacterial cells. 

The reactions of low-valent transition-metal ion / peroxyacetic acid oxidising 

couples with systems of biological relevance were then to be examined in order to probe 

the sites and degree of attack by the oxidising species formed. These systems were 
designed to include a model protein, BSA. Damage was to be assessed in a number of 

ways. These include EPR spin-trapping, determination of protein carbonyls, assessment of 

susceptibility of . oxidised protein to proteolytic degradation, and assessment of 
fragmentation of the oxidised protein. 

It was also intended to investigate two modes of lipid damage with the aim of 

assessing transition-metal dependent peroxidation of liposomes and bacterial cell 

membranes and transition-metal independent epoxidation of fatty acids, phospholipid and 

liposomes. The techniques employed were to include UV-visible detection of thiobarbitunc 

acid-reactive species for the assessment of peroxidation, NMR spectroscopy for the 

detection of phospholipid epoxides and EPR spin-probe techniques for the assessment of 

the effect of lipid epoxidation on physical properties of liposomal membranes. 

1.4.2. Methods of Study. 

i) EPR Spectroscopy 

EPR spectroscopy is a sensitive technique for the detection and characterisation of 
species with unpaired electrons. 132.133 These include free radicals including biradicals and 

triplet states and some transition metal ions. EPR is not only very sensitive (radical 

concentrations of 10' -10.8 mol dm'3 can be detected in aqueous solution) but provides a 

wealth of information about the structure of the radicals, their environment and the kinetics 

of their formation and decay. The technique relies upon the absorption of microwave 
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radiation by an unpaired electron as it undergoes transitions between different energy states 
induced by the application of an electromagnetic field. 

An electron possesses a spin of 1/2 so it has a magnetic moment. When it is placed 
in a magnetic field it has two non-degenerate spin-states which have spin quantum numbers 

[mJ of -'/2 and +1/z depending on whether the spin is aligned parallel or anti-parallel to the 

external magnetic field. If a species has all its electrons paired there will be no resultant 

magnetic moment and hence no overall spin, in which case the species will be EPR silent. 

However, if all the electrons are not paired there will be an overall spin and the species will 

be EPR active. Irradiation of such a species with energy of the appropriate frequency leads 

to transitions, both upward and downward, between the two spin states which are separated 

by an energy equal to gf B [equation (1.1)]. Since, initially, there will be more spins in the 

lower energy state, according to the Boltzmann distribution, the net effect of irradiation at 

the appropriate frequency will be absorption. The maintenance of the excess of spins in the 

lower energy state is ensured by non-radiative relaxation processes. 

AE=by=gf3B Eqn 1.1. 

g= g-value for the free electron 
ß= Bohr magneton 

H= applied magnetic field 

v= frequency of incident microwave radiation 
h= Planck's constant 

Conventional X-band EPR spectrometers typically employ a fixed frequency of 

about 9.5 GHz provided by a microwave source, which may be either a klystron oscillator 

or a Gunn diode, and a variable magnetic field produced by an electromagnet [Figure 

(1.1)]. The other feature worthy of mention is that EPR spectra are usually recorded as first 

derivative plots, a consequence of the detection method employed. 

The EPR spectrum of a species can be characterised by three parameters, the g- 

value, the hyperfine splitting(s) and the linewidth, all of which give important information 

about the radical concerned. 
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E 
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H 

Figure I. I. The energy levels and EPR transition for an electron as a function 

of magnetic field. 

a) g-value 

The g-value of a radical is analogous to the chemical shift for a proton in a ýi NMR 

experiment in that it is dependent upon the chemical environment of the radical centre. The 

g-value for most radicals lies close to that for the free electron (2.00232). However, the g- 

value is dependent on the atom on which the unpaired electron is centred, heteroatoms 

producing particularly marked deviations from the value for the free electron. The 

magnitude of the g-value is also affected by the extent of delocalisation of the unpaired 

electron over neighbouring heteroatoms and spin-orbit coupling. The g-value may be 

measured by reference to an internal standard or by accurate determination of the magnetic 

field and frequency. 

b) Hyperfine splittings 

Hyperfine splittings, usually expressed as aR for an atom x and measured in mT, in 

EPR spectra arise from the interaction of the unpaired electron with the nuclear spins of 

neighbouring nuclei, in the same way that hyperfine splittings in NMR spectroscopy arise 
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from the interaction of the nuclear spin of the atom in resonance with that of neighbouring 

magnetic nuclei. The interaction between the unpaired electron and neighbouring nuclear 

spins, which may augment or diminish the resultant magnetic field felt by the unpaired 

electron leading to several values of the applied magnetic field for which the electron will 
be in resonance (note the overall change in spin must be 1 for a transition to be allowed) 

and results in more than one line appearing in the spectrum. In general, for an electron 
interacting with n equivalent nuclei of spin I there will be 2nI +1 lines evident in the EPR 

spectrum, for example an electron interacting with two equivalent protons will give a 1: 2: 1 

splitting pattern and an electron interacting with three equivalent protons will produce a 

spectrum with a 1: 3: 3: 1 splitting pattern, (see Figure 1.2) the relative intensities of the lines 

corresponding to the coefficients of the binomial distribution for the number of equivalent 

protons, n. Non-equivalent nuclei obviously lead to more complex splitting patterns as 

would be expected by analogy with NMR. The spin-density associated with a nucleus may 
be calculated from the hyperfine coupling constants using either equation 1.2 or equation 
1.3 for nuclei a and ß to the radical centre respectively for planar radicals. It should also 

be noted that nuclei y and 8 to the radical centre may also give small splittings 

a(«-, = Qhp Eqn 1.2. 

Qh = constant 

p= spin density on a 

a(ß_,, = p«Bcos2O Eqn 1.3. 

pa = spin density associated with a 

B= constant 
0= dihedral angle formed between the orbital containing the unpaired electron and ß-H 

c) Line broadening 

Several factors contribute to line-broadening observed in EPR spectra including, 

rotational correlation time and the presence of other paramagnetic species. The rotational 
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correlation time (tip) is the time taken for the molecule to complete one rotation. This is 

usually in the order of 10'"s for a rapidly-tumbling radical. Factors which affect ¶ include 

the molecular weight of the radical species, low molecular weight species being able to 

tumble freely and therefore giving rise to spectra with sharp well-resolved lines known as 

isotropic spectra and large molecular weight species, which are unable to tumble freely, 

giving rise to poorly-resolved anisotropic spectra. Factors which lead to changes in; are 

the viscosity of the surrounding medium, low viscosity media enabling the free radical to 

tumble freely, and the temperature of the sample, low temperatures restricting the motion 

of the radical. 

The EPR spectrum observed for a rapidly tumbling nitroxide (with no ß-hydrogens) 

consists of a sharp, well resolved triplet resulting from the nitrogen. However when the 

same species is in a viscous medium or at a low temperature, the anisotropic spectrum 

which results is superimposition of the spectra from all of the molecules at slightly 
different orientations in the magnetic field. 'M Figure 1.3 shows the change in appearance 

of the EPR spectrum of a 2,2,6,6-tetramethyl-1-piperidinyl-1-oxyl (TEMPO) derivative as 

the temperature is varied from 100 K to 333 K. 

Line-broadening can also be observed in the presence of paramagnetic species other 

than the one of interest or a high concentration of those being studied, common examples 
being oxygen and Fei+. These species reduce the relaxation time and therefore create an 

uncertainty in the energy differences between the two spin-states leading to line- 

broadening. Line-broadening can be a useful tool for the examination of the environment 

of a free radical species, for example in the spin-probe and spin-labelling techniques. "' 

The spin-probe technique involves the introduction of a nitroxide species into the system 

of interest. Close examination of the resulting EPR spectra allows ti. to be calculated and 

hence deductions about the physical properties of the solution, such as temperature, 

polarity, relative viscosity and relative dissolved oxygen concentration, to be determined. 

Similar deductions can be made from spin-labelling data. Spin-labelling differs from the 

spin-probe technique in that the spin-label is actually chemically bound to the molecule of 

interest, usually through a carbonyl or NCO moiety. 
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Figure 1.3. Typical variation with temperature of the EPR spectrum of a 
2,2,6,6-tetramethyl-1-piperldinyl-1-oxyl (TEMPO) derivative and appropriate 

values of rotational correlation time (Ta) from 100 K to 300 K. Reproduced 

from reference 134. 
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d) Methods of radical generation / detection 

Most free radicals are short-lived necessitating the rapid generation of radicals or 
the prevention of rapid radical decay processes to enable detection. Commonly used 

methods include rapid-flow, spin-trapping (for brief review see Chapter 2), continuous 

photolysis and matrix isolation. 

The rapid-flow technique generates a steady state concentration of radicals in the 

cavity of the spectrometer by employing a peristaltic pump which pumps three streams of 

reactants into a mixing chamber situated just prior to the entrance of the cavity. Typically, 

Ti-' and H202wi11 be present in two of the reactant streams to generate "OH, the reactions 

of which with a substrate in the third stream can then be examined. This technique is 

extremely useful as it allows the direct detection and characterisation of radicals and 
kinetic data can be derived. However, the large volumes of reactants required precludes 
its use to examine the reactions of expensive materials or those which are not readily 

available. 

Continuous in-situ photolysis employing a high-intensity UV lamp is another 
technique for the generation of a high steady-state concentration of radicals in the 

spectrometer cavity. Typically a peroxide will be photolysed and the reactions of the 

radicals derived from it with a substrate will be examined. The advantages of this 

technique are that only small amounts of substrate are required and it allows direct radical 
detection However, direct photolysis of the substrate may sometimes occur producing 

misleading results. 

Matrix isolation of radicals at low temperatures allows direct radical detection but 

can be problematic. For example, sample manipulation and the freezing process itself 

might lead to perturbations in the structure of the radical and even the cleavage of chemical 

bonds and structural characterisation may be difficult due to the anisotropic nature of the 

signal obtained. 
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ii) Other methods used in this study 

In addition, where appropriate, spectroscopic techniques such as NMR 

spectroscopy and UV-visible spectrophotometry have been used in conjunction with 

chemical derivatisation procedures to analyse products. For example, the analysis of 

protein carbonyls by derivatisation with 2,4-dinitrophenylhydrazine (DNPH) followed by 

spectrophotometric analysis of the resulting protein hydrazones is to be of primary 

importance in analysing oxidative protein modification. Analogously, the formation of 

malondialdehyde during the course of lipid peroxidation is to be assessed by derivatisation 

with 2-thiobarbituric acid and spectrophotometric analysis of the resulting TBA2-MDA 

adduct. 'H and13C NMR spectroscopies will be employed to analyse the products of non- 
free-radical induced damage in lipid systems. 
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EPR Investigations of the Reactions of some Transition-metal ions with Peroxyacids. 

2.1. INTRODUCTION 

The use of EPR spectroscopy in conjunction with ancillary techniques such as in- 

situ photolysis, rapid-flow and spin-trapping provides a sensitive method for the 

characterisation of a wide variety of short-lived free radical species. However, whilst 

rapid-flow and in-situ photolysis provide direct methods for radical detection and 

characterisation, not all radicals are detectable under these conditions, the classic example 
being the hydroxyl radical which is too short lived (and too anisotropic) to be detected 

even on the rapid-flow timescale. It is in cases such as this that indirect methods of radical 

characterisation such as spin-trapping become useful (see section 2.2). 

It is known that reaction of Fe2+ or Ti3+ with hydrogen peroxide, either in the 

presence (at pH z2) or absence of a chelator such as EDTA, produces the hydroxyl radical 

and the hydroxide ion. 135 In the case of non-symmetrical peroxides electron-transfer can 

occur in one of two directions. It has already been established that, for peroxyacids, 

electron-transfer can occur to produce the hydroxide ion and the corresponding 

carbonyloxyl radical [reaction (2.1)]'79 or to produce the hydroxyl radical and the 

carboxylate anion [reaction (2.2)]""80 or even in some cases a mixture of both reaction 

pathways is observed. " 

RCO3H + Mn+ RCO2 + "OH + M( ') (2.1) 

RCO3H + Mn+ RCOZ + -OH + M(n+i)+ (2.2) 

Peroxyacetic acid formulations are an equilibrium mixture containing peroxyacetic 

acid, hydrogen peroxide and acetic acid. The synthesis is facile, equilibrium usually being 

reached after twenty four hours at room temperature in the presence of a strong acid 

catalyst [reaction (2.3)]. 20 The concentration of peroxyacetic acid at equilibrium is 

obviously controlled by the amount of hydrogen peroxide and acetic acid in the reaction 

mixture, making it possible to obtain various formulations containing different amounts 

of peroxyacetic acid. The formulations to be compared in this thesis are 40% (w/w) PAA, 
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which contains approximately 5.3 mol dm' peroxyacetic acid and 1.5 mol dm-1 hydrogen 

peroxide and an undefined amount of acetic acid and 5% (w/w) PAA which contains 

approximately 0.65 mol dm peroxyacetic acid, 5.9 mol dmI hydrogen peroxide and an 

undefined concentration of acetic acid. 

H+ 
CH3CO2H + H202 - CH3CO3H + H2O (2.3) 

This chapter describes the technique of EPR spin-trapping and investigations into 

the one-electron reduction of peroxyacetic acid and magnesium monoperoxyphthalate 

(2.1) using both EPR spin-trapping and EPR rapid-flow techniques to examine the effect 

of the low-valent transition-metal catalyst and also the peroxyacid on the direction and 

speed of the reaction in order that their relevance in biological systems may be assessed. 

HO1O 

OOH 

Mg2+ O- 
0 

O 

(2.1) 

2.2. EPR SPIN-TRAPPING - AN OVERVIEW 

EPR spin-trapping was developed during the early 1970's'36"37 to augment the 

range of ancillary EPR techniques then available. It offers the advantages over direct 

radical detection that radicals not usually detectable by EPR methods may be 

characterised, and that extremely low radical concentrations generated over prolonged 

periods of time may be detected because the nitroxide radical products (spin-adducts) are 

relatively long-lived, having lifetimes of up to about thirty minutes or longer. 136.137 

The most commonly used spin-traps fall into two categories, nitrone and nitroso 

compounds [(2.2) - (2.8)] and these react with radicals (addends) to produce nitroxide 
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H3C 
"3C NH 

I_ 
0 

5,5-dimethyl- l -pyrrol ine-N-oxide 

(DMPo) (PBN) 
(2.2) (2.3) 

H CH3 
C):. C=N-C-CH3 

O CH3 

N t-butyl-a-(4-pyridyl -N-oxide)-nitrone 
(POBN) 

(2.4) 

N; 
O 

N�0 
Br Br 

SO3 Na+ 
3,5-dibromo-4-nitrosobenzenesulfonic acid nitrosobenzene 

(DBNBS) (NB) 

(2.5) (2.6) 

CH3 
H3C-C-N=O 

CH3 

2-methyl-2-nitrosopropane 

(MNP) 

(2.7) 

H CH 
+3 C=N-C-CH3 

0 CH3 

N-t-butyl-a-phenylnitrone 
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spin-adducts [reactions (2.4) and (2.5)] 

HH 
I+I 

R-C=N-R + X. R-C-N-R (2.4) 

0xa 
R-N=O + X" -ý- R-N-O" (2.5) 

X 

Nitrone and nitroso compounds share characteristics which are essential for their 

use as spin-traps. Both react with a variety of free radicals at rapid rates to form long-lived 

spin-adducts; examples can be designed that are soluble in a variety of solvents, both are 

relatively inert to alternative chemical modification [although this is not universal (see 

later)] and both produce spin-adducts which display hyperfine coupling constants which 

are definitive enough, in some cases, to allow characterisation of the addend. 136,137 

Several considerations need to be borne in mind when choosing a spin-trap and 

also when assigning mechanisms on the basis of EPR spin-trapping data. 

Nitrone spin-traps effectively trap both carbon-centred and heteroatom-centred 

radicals. In contrast, nitroso spin-traps usually only form persistent spin-adducts 

with carbon-centred radicals. 139-140 

ii. Spin-adducts derived from the reactions of nitroso spin-traps usually give EPR 

spectra which provide more structural information than those produced from the 

corresponding reactions of nitrone spin-traps. This is a consequence of the addend 

adding directly to the nitrogen atom of nitroso spin-traps, whereas the addend adds 

to the carbon a to the nitrogen in nitrone spin-traps. "' 

iii. Both nitrone and nitroso spin-traps are susceptible to non radical chemical 

modification which leads to EPR-detectable species being formed, necessitating 

careful background experiments to be performed. For example, it has been found 

that nitroso spin-traps are susceptible to photolytic degradation which may 

preclude their use under photolytic conditions, although the use of filters, the 

presence of molecules with higher extinction coefficients or the use of aromatic 
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nitroso compounds with less photolabile C-N bonds may reduce the impact of this 

problem. For example, under photolysis 2-methyl-2-nitrosopropane [MNP] 

decomposes to form NO and (CH)3C", which may then add to MNP to produce the 

well known DTBN spin-adduct [reactions (2.5) and (2.6)]. 136.141 

CH3 
by 

CH3 
H3C-j-N=O -ý H3C-G + NO (2.5) 

CH3 CH3 

CH3 CH3 3 CH 3 
HC 

H3C-C" -F- H3C+N=O C N-O" (2.6) 
CH3 CH3 

H Y'C 

H3C 

iv. Some nitroso spin-traps also undergo a rapid non free-radical reaction with double 

bonds known as the `ene' reaction [reactions (2.7) and (2.8)] which leads to the 

formation of hydroxylamines which may be readily oxidised to nitroxides. These 

nitroxides are indistinguishable from those formed by a radical process and 

therefore great care must be exercised when using nitroso compounds in double- 

bond rich environments such as cell membranes. '41 ' 

C=C -ý 
Cý 

(2.7) 

R-N \C 

-N\ý H OH 
0 
\// oxidant \// 

R-N /C-C \i2 eg R-N /C-C\\C 
(2.8) 

OH O. 

v. Nitrone spin-traps have been shown to undergo many reactions to form nitroxide 

spin-adducts which have not necessarily involved the direct reaction of radical 

species with the nitrone. For example, nucleophilic addition to a nitrone followed 
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by oxidation, a mechanism known as the Forrester-Hepburn mechanism, '45 leads 

to the formation of nitroxides [reactions (2.9) and (2.10)]. Nucleophiles which 

have reported as being capable of facilitating this type of reaction include 

CF3CO2 and F-. '46., 47 It is noteworthy that the generation of DMPO-OH in 

systems containing unchelated Fe3+ or Ti 4+ has been observed and has been 

tentatively attributed to metal-ion catalysed Forrester-Hepburn nucleophilic 

addition of water to the spin-trap, although inverse spin-trapping has not been 

ruled out. 'aa-150 

HH 
II 

R-C=N-R + Nü R-C-N-R (2.9) 
O Nu O 

H 
oxidant 

H 
R-C-N-R R-C-N-R (2.10) 

1 1- -le NuO Nu O" 

vi. Similarly, oxidation of nitrones to their corresponding radical-cations followed by 

addition of a nucleophile, a reaction commonly known as inverse spin-trapping, 

leads to the formation of nitroxides [reactions (2.11) and (2.12)]. 151.112 

H+ 
oxidant IH + R-C=N-R l_ e R-C=N-R (2.11) 

0a 
HH 
I+I 

R-C=N-R + Nü R-C-N-R (2.12) 

ONu0 

vii. Nucleophilic substitution of the addend in nitrone spin-adducts by water in 

aqueous systems can occur, leading to the formation of the hydroxyl-radical 

adduct. This is a particular problem when the initial radical is also a good leaving 

group. This is illustrated for example by the series of phosphate spin-adducts, 

PBN-PO42 , PBN-HPO 4- and PBN-H 2 PO 4 for which only the corresponding 
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phosphate adduct is observed when the attacking species is PO4". However, when 

the attacking species is HPO4 a mixture of hydroxyl and HPO4 * spin-adducts is 

observed where as if the attacking species is H2P04 only the hydroxyl-radical 

adduct is observed. '53 

viii. Another common modification of a spin-adduct which can lead to the incorrect 

assignment of the presence of hydroxyl radicals is the rapid decomposition of 
DMPO-OOH leading to the production of DMPO-OH. 134155 

2.3. REACTIONS OF Ti3 AND Fe 2+ WITH 5% (W! W) PAA, 40% (WIW) PAA 

AND MMPP AS STUDIED BY EPR SPIN-TRAPPING. 

2.3.1. One-electron reduction of peroxyacids by Ti''. 

Initial experiments involved the use of Ti" and 5% PAA with DMPO. Titanium 

was employed because, unlike the biologically abundant Fe". upon oxidation to Ti4+ it is 

not believed to react with the peroxyacetic acid or hydrogen peroxide at an appreciable 

rate and therefore does not complicate the observations. DMPO was employed in these 

experiments because it can trap both carbon and oxygen-centred radicals effectively. The 

conditions and composition of the reaction mixture were as follows: 0.048 M (total AvOx) 

5% PAA, which contains 0.0048 M peroxyacetic acid and 0.0432 M hydrogen peroxide, 

0.0048 M Ti3+-EDTA at pH ca. 6 in the presence of 0.048 M DMPO. All reactants were 

thoroughly purged with a stream of oxygen-free nitrogen before use and were at room 

temperature. 

It was thought that some evidence of methyl-radical formation or hydroxyl-radical 

formation from the reaction of the peroxyacid with the low-valent transition metal ion 

might be observed as would hydroxyl-radical formation from the reaction of hydrogen 

peroxide with Ti3+ if electron-transfer occurs. It was also thought that formation of 

-CH2CO2H or -CH2CO3H may be observed from the reaction of hydroxyl radicals with the 

acetic acid in the reaction mixture and the parent peroxyacid, respectively. It was not 

anticipated that the acetoxyl radical spin-adduct would be observed as the acetoxyl radical 
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decarboxylates rapidly (k is greater than 2x 10' s'' and estimated to be approximately 1.3 

x 109 s` at room temperature )'8.156 which is much faster than the rate of trapping for this 

type of radical for which the rate constant is estimated to be 4x 101 mol'1 dm3 s' at room 

temperature by analogy to the rate of trapping of the benzoyloxyl radical. 157 

The EPR spectrum of this reaction mixture displayed a triplet splitting from the 

nitroxide nitrogen with aN = 0.71 ± 0.01 mT and a further splitting by the two equivalent 

y- protons of 0.41 ± 0.01 mT. No ß-proton splitting was observed. This signal is assigned 

to DMPOX (2.8), an oxidative degradation product of DMPO. us 

H3C iC-ý_, 
H3C NO 

i 
a 

(2.8) 

Further experiments used a lower final concentration of 5% PAA, typically 0.0048 

M (total AvOx) which is comprised of 0.00048 M peroxyacetic acid and 0.00432 M 

hydrogen peroxide. The EPR spectrum of this mixture comprises of a four-line signal with 

relative peak heights of 1: 2: 2: 1 [Figure 2.1. a]. This is indicative of DMPO-OH for which 

the ß-proton splitting is equal to the nitrogen splitting of 1.49 ± 0.01 mT. 158 No carbon- 

centred radical-adduct was observed. When the concentration of DMPO was increased to 

0.096 M the EPR spectrum of the reaction mixture remained essentially unchanged and 

there was still no evidence for carbon-centred radical formation. This could be the result 

of one of two possibilities; firstly, the peroxyacetic acid in the reaction mixture could be 

cleaving to produce the hydroxyl radical and the acetate anion [reaction (2.2)] as opposed 

to the acetoxyl radical and hydroxide [reaction (2.1)], or the methyl radical may not be 

being formed in sufficient concentration for its trapping to compete with the trapping of 

the hydroxyl radical. This seems likely as the hydrogen peroxide is in approximately nine- 
fold molar excess over the peroxyacetic acid and is thought to react faster with the low- 

valent transition metal with a rate constant of 2.08 x 103 molt dm3 s' compared to the 

estimated rate constant for the reaction of peroxyacetic acid with Ti3+which is 6.57 x 102 
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mol` dm3 S' (see later)! " The rate of trapping of the methyl radical by DMPO is also 

estimated to be somewhat slower than the corresponding rate for the hydroxyl radical. 131.111 

When 40% PAA was employed at equivalent total AvOx, (with the concentration 

of peroxyacetic acid 0.00378 M and the concentration of hydrogen peroxide 0.00102 M) 

and was mixed with a solution containing 0.0048 M Ti3+-EDTA and 0.048 M DMPO at 

pH cci 6 the resulting EPR spectrum displayed a mixture of two signals (Figure 2.1. b). The 

major signal consists of a nitrogen splitting of 1.64 ± 0.01 mT and a ß-hydrogen splitting 

of 2.34 ± 0.01 mT; this is attributed to a carbon-centred radical spin-adduct. "' This may 

be the methyl radical [reaction (2.13)] or a carbon-centred radical formed as a result of 

hydrogen atom abstraction on the peroxyacid or acetic acid [reactions (2.14) and (2.15)]. 

A minor signal (aN = PV_H = 1.49 ± 0.01 mT) was also evident which is assigned to the 

hydroxyl radical spin-adduct of DMPO. 'S8 When a higher concentration of DMPO was 

utilised (0.096 M) the spectrum remained essentially unchanged. 

CH3CO2" ' "CH3 + C02 (2.13) 

CH3CO3H +- OH > "CH2CO3H + H2O (2.14) 

CH3CO2H + -OH -» "CH2CO2H + H2O (2.15) 

These reactions of the peroxyacetic acid were then compared to the reactions of 

magnesium monoperoxyphthalate (2.1). Magnesium monoperoxyphthalate is obtained as 

an essentially pure, white solid. Upon dissolution in aqueous solution under ambient 

conditions it decomposes relatively rapidly to produce phthalic acid and hydrogen 

peroxide, 160 but as long as fresh solutions are prepared frequently it may be considered to 

be free of hydrogen peroxide. Reaction mixtures containing 0.0048 M of MMPP, 0.0048 

M Ti-EDTA and 0.048 M DMPO at pH ca. 6 produced an EPR spectrum with a mixture 

of three spin-adducts (Figure 2.2). The major radical has a nitrogen splitting of 1.58 ± 0.01 

mT and a ß-hydrogen splitting of 2.40 ± 0.01 mT. This is attributed to trapping of the 

carbon-centred radical (2.9). The remaining two radical adducts were observed to be in 
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b. 
0 

1C 
H3C NH 

DMPO-OH. 

H3C>CkR 

H3C \NIýH 

a 

Figure 2.1. a. EPR spectrum showing a signal due to DMPO-OH generated by 

the reaction between Ti3+-EDTA, 5% PAA and DMPO. 

Figure 2.1. b. EPR spectrum showing signals due to DMPO-OH and DMPO-R 

generated by the reaction between Ti3'-EDTA, 40% PAA and DMPO. 

Concentrations employed: - Ti3+-EDTA, ' 0.0048 M, PAA, 0.0048 M (total AvOx), 

DMPO, 0.048 M 
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much lower concentration. The first had aN = a15. H =1.49 ± 0.01 mT and is assigned to the 

hydroxyl radical spin-adduct of DMPO. The intensity of this signal was dependent upon 

the length of time the MMPP solution had been standing. Freshly prepared solutions of 

MMPP resulted in EPR spectra in which the intensity of the DMPO-OH signal was 

relatively weak, but when the MMPP solution had been prepared even only ten minutes 

previously it was possible to observe a marked increase in the intensity of the DMPO-OH 

signal relative to the signals of both of the other adducts. This is attributable to the rapid 

decay of MMPP in solution to form phthalic acid and hydrogen peroxide, the hydroxyl 

radicals being a product of the reaction of the hydrogen peroxide with Ti3 -EDTA. 

O 

\ cl 
OOH I//C 
OH 

11 
0 

H2O 

O 11 

(r'OH 

/C OH 

11 0 

-F- H202 (2.16) 

The least prominent signal comprised of a nitrogen splitting of 1.38 ± 0.01 mT, a 
ß-hydrogen splitting of 1.03 ± 0.01 mT and a further very small y-hydrogen splitting. The 

ß-hydrogen splitting is in the region observed for the trapping of carbonyloxyl 

radicals7"7"61 and as a result of this the signal is assigned to the spin-adduct of the 

arylcarbonyloxyl radical (2.10). Arylcarbonyloxyl radicals (ArCO2) are in general more 

stable than their alkyl counterparts (RCO2-) as a result of the Ar-C bond strength being 

appreciably higher than the R-C bond strength and the stability of alkyl radicals being 

appreciably greater than that of aryl radicals. Therefore, arylcarbonyloxyl radicals 

decarboxylate much less rapidly, with rate constants estimated to be in the region of 10' - 
106 s'', depending upon the nature of the ring substituents. 162 Hence, it is possible to 

observe the spin-adducts of these species as their reaction with a spin-trap may 

successfully compete with their decarboxylation. 

On increasing the concentration of DMPO to 0.096 M the relative concentration 

of the carbon-centred radical spin-adduct was observed to decrease and the relative 
intensity of the arylcarbonyloxyl radical was seen to decrease which is consistent with the 
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carbon-centred radical being a product of the decarboxylation of the arylcarbonyloxyl 

radical (see Scheme 2.1). 

0 11 

clo. 

c 10 
11 
0 

C. 
0 

11 0 
(2.9) (2.10) 

In conclusion, the reactions of Ti3+-EDTA with peroxyacids proceeds entirely in 

one direction to produce the acyloxyl radical and hydroxide. In the case of MMPP the 

acyloxyl radicals may be observed as their spin-adducts whereas in the case of PAA the 

methyl radical spin-adduct is observed. Hydroxyl radical adducts are also observed in the 

EPR spectra. Table 1.1 provides a summary of the splitting constants observed in the 

spectra recorded for the reactions of MMPP and peroxyacetic acid formulations with Ti I'- 

EDTA in the presence of DMPO. 

System Radicals aN / mTa ao, -� 
/ mTa 

Ti3+-EDTA / 5% PAA / DMPO DMPO-OH 1.49 1.49 

3+ 
DMPO-R 1.64 2.34 

-EDTA / 40% PAA / DMPO Ti 
DMPO-OH 1.49 1.49 

DMPO-Ar 1.58 2.40 

Ti3+-EDTA / MMPP / DMPO DMPO-O2CAr 1.38 1.03 

DMPO-OH 1.49 1.49 

a. hyperfine coupling constants have a typical error of± 0.01 mT. 
Table 2.1. Summary of EPR data obtained in spin-trapping experiments 

employing 5% PAA, 40% PAA and MMPP with Ti''-EDTA. 
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Scheme 2.1. The generation of radicals from MMPP by one electron 

reduction by Ti3*-EDTA or Fe24-EDTA. 
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2.3.2. One electron reduction of peroxyacids by Fee+. 

The reactions of Fee+-EDTA with peroxyacetic acid and magnesium 

monoperoxyphthalate were next examined as these reactions are thought to be of more 

relevance in the biocidal action of peroxygen compounds. Initial experiments employed 

reaction mixtures containing 0.0048 M Fee -EDTA, 0.048 M (total AvOx) 5% PAA and 

0.048 M DMPO. All solutions were thoroughly degassed and at room temperature. The 

EPR spectrum of this reaction mixture displayed the characteristic splitting pattern of 

DMPOX, an oxidative degradation product of DMPO, possibly formed via oxidation of 

DMPO-OH. 'S8 Further experiments were performed in which the concentration of PAA 

was 0.0048 M (total AvOx). The EPR spectrum of this reaction mixture consisted of a 

four-line splitting pattern with relative intensities of 1: 2: 2: 1 indicative of DMPO-OH (aN 

=a lý-H =1.49 ± 0.01 mT). 'S$ On changing the peroxyacetic acid composition to 40% PAA 

the EPR spectrum consisted of two signals, the major one being indicative of the trapping 

of a carbon-centred radical (aN =1.64 ± 0.01 mT, aß-H= 2.34 f 0.01 mT)1S8 and the other 

one being assigned to DMPO-OH (aN = ap-H = 1.49 ± 0.01 mT). 158 The ratio of carbon- 

centred adduct to hydroxyl- radical adduct was observed to be approximately 10: 1. 

In the corresponding experiments with magnesium monoperoxyphthalate a mixture 

of three species was observed in the EPR spectrum. The major spin-adduct was assigned 

to a carbon-centred radical, probably the aryl radical derived from MMPP. " The two 

minor species are assigned as DMPO-OH's' and the arylcarbonyloxyl radical. ""'5', 161 When 

the concentration of the spin-trap in the reaction mixture was raised to 0.096 M the 

intensity of the signal from the carbon-centred radical adduct decreased relative to that 

from the signal assigned to the arylcarbonyloxyl radical-adduct, providing evidence that 

the carbon-centred radical is indeed the aryl radical derived from MMPP. The intensity 

of the hydroxyl radical adduct was dependent upon the age of the MMPP solution, 

solutions that had been left to stand for more than ten minutes producing spectra with 

progressively more hydroxyl radical adduct present indicating the rapid decay of MMPP 

to phthalic acid and hydrogen peroxide. 

53 



EPR Investigations ojthe Reactions ojsome Transition-metal ions with Peroxyacids. 

2.3.3. The use of scavengers to confirm the presence of the hydroxyl 

radical. 

Carbon-centred radical adducts and hydroxyl-radical adducts are clearly formed 

upon the reactions of 5% PAA, 40% PAA and MMPP with Ti3+-EDTA. However, 

hydroxyl radical spin-adducts have been observed in many systems where hydroxyl 

radicals have not been produced. 149-155 It was therefore considered prudent to confirm the 

presence of hydroxyl rädicals by using compounds that are known to react specifically 

with -OH to produce radical species which may then be trapped by DMPO. Dimethyl 

sulfoxide (DMSO) is known to react specifically with -OH [reaction (2.17)] to produce 

"CH3with a rate constant of 5x 109mol dm3s''so if it is used in excess over the reactants 
it may be considered to scavenge all of the hydroxyl radicals in the system. 163 Similarly, 

formate (HC02) reacts specifically with -OH with a rate constant estimated to be 2.9 x 

109 mot-' dm3 s -' to produce C02--. [reaction (2.18)]. '1 

0 

HC CH 
-I- -OH -0 

O 
ii 

, 
S, 

H3C OH 
+ "CH3 (2.17) 

HCO2 -I- -OH -»- C02- + HZO (2.18) 

When DMSO (final concentration =1.1 M) was included in the reaction mixture 

containing 0.0048 M Ti"-EDTA, 0.0048 M (total AvOx) 5% PAA and 0.048 M DMPO 

the four-line spectrum, indicative of DMPO-OH was reduced to a trace, to be largely 

replaced by a six-line spectrum with aN = 1.64 ± 0.01 mT and a p_N = 2.34 ± 0.01 mT, 

indicating that hydroxyl radicals are formed and react with the DMSO to produce methyl 

radicals 'which had then been trapped by DMPO. 'S$ The origin of the low level of the 

DMPO-OH signal which was not eliminated by the addition of DMSO will be discussed 

later. Similarly, on addition of sodium formate at a final concentration of 1.1 M to the 

reaction mixture the signal due to DMPO-OH was virtually eliminated, to be replaced by 

a signal of the CO27 radical-adduct which was characterised by a nitrogen splitting of 1.56 
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f 0.01 mT and a ß-hydrogen splitting of 1.87 f 0.01 mT (Figure 2.3. a). '58 

When DMSO was included in the reaction mixture containing Ti"-EDTA, 40% 

PAA and DMPO the four-line signal characteristic of DMPO-OH virtually disappeared, 

corresponding with an increase in the intensity of the DMPO-carbon centred adduct, 
indicating that hydroxyl radicals had been produced in the reaction. This was confirmed 
by the replacement of DMSO by sodium formate which led to almost complete loss of the 

signal corresponding to DMPO-OH and the concomitant appearance of DMPO-CO2 

(Figure 2.3. b). 158 It is noteworthy that a small signal consistent with the formation of 

DMPO-OH was still evident in these experiments. 

The effect of hydroxyl-radical scavengers on the EPR spectra of reaction mixtures 

containing MMPP was found to be largely dependent upon the age of the MMPP solution. 
When Ti3+-EDTA was mixed with MMPP and DMSO in the presence of DMPO there was 

no apparent effect of the scavenger on the spectrum which remained dominated by a 

carbon-centred radical adduct with minor contributions being made by the 

arylcarbonyloxyl radical-adductn, "', '6' and the hydroxyl radical adduct. 1S8 Analogously, 

when 1.1 M sodium formate was added to the reaction mixture no C02 - adduct became 

apparent. However, if the solution of MMPP was not freshly prepared the scavengers were 
found to have an effect on the spectra, the corresponding scavenger-derived spin-adduct 
becoming visible, although the DMPO-OH signal was not eliminated completely in either 

of these cases. 

When Ti' -EDTA was replaced by Fee -EDTA, the same observations were made. 
Evidence of hydroxyl-radical formation was obtained by the use of the scavengers DMSO 

and formate for the reactions between 5% PAA and Fee -EDTA and 40% PAA and Fee - 

EDTA. In contrast, it was found that freshly prepared solutions of MMPP did not give rise 

to hydroxyl radical formation although a minor signal attributable to DMPO-OH was seen 
in the EPR spectrum. If the MMPP solution was left to stand, an appreciable increase in 

the amplitude of the DMPO-OH signal was apparent and presence of hydroxyl radicals 

was confirmed by the addition "of hydroxyl-radical scavengers. This is attributed to the 

rapid decay of magnesium monoperoxyphthalate in aqueous solution to produce phthalic 

acid and hydrogen peroxide, the hydrogen peroxide reacting with the Fee+-EDTA to 
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Figure 2.3. a. EPR spectrum showing a mixture of DMPO-CO2 and DMPO-OH 

generated by the reaction of Ti3*-EDTA, 5% PAA, sodium formate and DMPO. 

Figure 2.3. b. EPR spectrum showing a mixture of DMPO-C02 , DMPO-R and 
DMPO-OH generated by the reaction of Ti3+-EDTA440% PAA, sodium formate 

and DMPO. 

Concentrations employed: - T13+-EDTA, 0.0048 M, PAA, 0.0048 M (total AvOx), 
DMPO, 0.048 M, sodium formate, 1.1 M. 
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produce hydroxyl radicals. 

It has therefore been shown that hydroxyl radicals are formed upon reaction 

between 5% PAA and 40% PAA with Ti3+-EDTA or F&+ -EDTA. It has also been 

demonstrated that magnesium monoperoxyphthate does not produce hydroxyl radicals 

unless the solution is allowed to stand, in which case it is thought that the formation of 

hydrogen peroxide is responsible for the formation of hydroxyl radicals. In all cases it was 

found that the hydroxyl radical-adduct signal was not completely eliminated by the 

presence of scavenging compounds, indicating a small but significant contribution to the 

formation of DMPO-OH by a non-classical free-radical mechanism which will be 

investigated further. 

2.3.4. The use of catalase to ascertain the origin of the hydroxyl radical. 

Although the presence of the hydroxyl radical has been confirmed by the use of 

scavengers in conjunction with spin-trapping, the origin of the hydroxyl radical remains 

unknown. For the peroxyacetic acid samples it is not known whether the hydroxyl radical 

is purely formed via the reactions of the hydrogen peroxide in the formulations with the 

low-valent transition metal ions or if there is a contribution from the reactions of the 

peroxyacetic acid itself with Ti3+ EDTA and Fe2+ EDTA . It 
is believed that formation of 

hydroxyl radicals from the reactions of MMPP with low-valent transition-metal ions is a 

result of the decomposition of magnesium monoperoxyphthalate to phthalic acid and 

hydrogen peroxide; however this has not been confirmed. 
In order to find the origin of the hydroxyl radical catalase was employed. Catalase 

is an enzyme that specifically catalyses the conversion of hydrogen peroxide into water 

and oxygen [reaction (2.19)]. Although it is reported to form compound 1, (the enzyme- 

substrate complex) with peroxyacetic acid this has been found to be very slow compared 

to the formation of compound 1 with hydrogen peroxide, especially if the peroxyacetic 

acid is ionised to any great degree, and it has also been shown that products are not 

released from the active site. "' 

57 



EPR Investigations of the Reactions of some Transition-metal ions with Peroxyacids. 

catalase 
2 H2O2 " 2H20 + 02 (2.19) 

It was therefore decided to treat peroxyacetic acid samples with an excess of 

catalase prior to their addition to the reaction mixture to remove the hydrogen peroxide. 

Typically a1 ml aliquot of PAA would be removed from a freshly prepared 0.02 M (total 

AvOx) solution in 0.1 M phosphate buffer and approximately 0.005 g of catalase was 

added. The sample was observed until the visible effervescence ceased and was then left 

for five minutes at room temperature before use to ensure complete removal of hydrogen 

peroxide To confirm this, all catalase treated samples were then tested for hydrogen 

peroxide content then used immediately. It has previously been demonstrated that 

treatment of peroxyacetic acid formulations in this manner is effective at removing the 

hydrogen peroxide without significant loss of peroxyacetic acid either through reaction 

with catalase, or shifting of the equilibrium in an effort to maintain the hydrogen peroxide 

concentration, as the attainment of equilibrium is slow on the experimental timescale. 165 

A reaction mixture containing 0.0048 M (total AvOx prior to catalase treatment) 

5% PAA, 0.0048 M Ti3-EDTA and 0.048 M DMPO at pH ca. 6 gave an EPR spectrum 

which displayed only a trace of a signal attributable to DMPO-OH. 138 Inclusion of 

hydroxyl-radical scavengers (to a final concentration of 1.1 M) in the reaction mixture 

prior to the addition of catalase treated 5% PAA, led to a trace of DMPO-OH still being 

evident. This demonstrated that the spin-adduct was not formed through a classical free- 

radical mechanism indicating that no cleavage of the peroxyacetic acid in the mixture had 

occurred to produce the hydroxyl radical. However, the majority of the signal (ca. 95%) 

is attributed to hydroxyl radical formation from the hydrogen peroxide in the reaction 

mixture. 
On mixing catalase-treated 40% PAA with Ti3 -EDTA in the presence of DMPO 

the EPR spectrum of the resulting mixture displayed a mixture of two signals. The major 

signal is attributable to a carbon-centred radical-adduct157 with aN =1.64 ± 0.01 mT and 

am = 2.34 ± 0.01 mT. The amplitude of the DMPO-OH signal was reduced but was still 

apparent. Addition of either DMSO or formate to this reaction mixture did not produce 

any change in the resulting EPR spectrum indicating that the remaining DMPO-OH had 

58 



EPR Investigations of the Reactions ojsome Transition-metal ions with Peroxyacids. 

not been formed through a conventional free-radical mechanism as opposed to the 

trapping of -OH produced from the reaction of peroxyacetic acid with Ti3 =EDTA. 

Unsurprisingly, treatment of fresh solutions of MMPP with catalase as described 

above had no effect on the EPR spectrum observed for reaction mixtures containing Ti3± 

EDTA, MMPP and DMPO, three signals were still evident corresponding to a carbon- 

centred radical adduct of DMPO, 'S$ the arylcarbonyloxyl radical adduct of DMPO". '57.16' 

and the hydroxyl radical adduct. "" However treatment of older solutions of MMPP with 

catalase had a significant effect on the EPR spectrum of the reaction mixture. The signal 

attributed to DMPO-OH was observed to decrease dramatically, indicating that the 

majority of the signal that had been observed when MMPP had not been freshly prepared 

were indeed due to the decay of the MMPP leading to the formation of hydrogen peroxide 

and it was this that was reacting with the low-valent transition metal ion to form hydroxyl 

radicals. The use of DMSO or formate in conjunction with catalase illustrates that the low 

level of DMPO-OH still evident had been formed via an artefactual mechanism. 

When Ti3+-EDTA was replaced by Fee+-EDTA these observations were repeated 

allowing it to be concluded that peroxyacetic acid reacts with Ti3 =EDTA or Fee -EDTA 

to form acetoxyl radicals and the hydrogen peroxide in the reaction mixtures reacts with 

the low-valent transition-metal ions to produce hydroxyl radicals. It has also been shown 

that M MPP decomposes rapidly in aqueous solution producing hydrogen peroxide which 

may react with low-valent transition metal ions to produce hydroxyl radicals. Furthermore, 

it has been demonstrated that an alternative route to conventional spin-trapping can lead 

to the formation of hydroxyl radical spin-adducts in these systems. The results of these 

experiments are summarised in Table 2.2. 
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Peroxyacid Radicals and Relative intensity Relative intensity 

relative of OH signal in of OH signal in 

intensities scavenger treated catalase treated 

systems systems 

5% PAA -OH (++++++) (+) (+) 

40% PAA C-centred (++++) (+) (+) 

-OH (++) 

MN4P Ar (+++)a (+)b (+)b 

ArCO2' (+)a 

, OH (++)b 

a. indicating that these are the relative intensities of the signals when [DMPO] = 0.048 M 

b. indicating that this is the relative intensity of the DMPO-OH signal when the MMPP 

solution is freshly made. 

Table 2.2. Effect of hydroxyl radical scavengers and catalase on EPR spectra 

observed in systems comprising of either Ti3+-EDTA or Fd+ -EDTA with 

peroxygens and DMPO showing the similarities between the systems. 

2.3.5. The use of DBNBS to determine the structure of the carbon-centred 

radicals. 

Nitroso spin-traps hold the advantage over nitrone spin-traps that the addend is 

bonded directly to the nitrogen allowing more detailed structural characterisation of it to 

be made. A nitroso spin-trap was therefore employed to characterise any carbon-centred 

radical(s) produced from the reactions between peroxyacids and low-valent transition 

metal ions. DBNBS was chosen for this purpose because it is highly soluble in water, 

unlike the majority of other nitroso spin-traps. 166,167 

Initial experiments employed reaction mixtures containing 0.0048 M Ti3+ EDTA, 

0.0048 mol dm -3 (total AvOx) 5% PAA and 0.0048 mol dm-3 DBNBS, which gave rise to 

distinctive EPR spectra with a weak but discernable signal with aN= 1.43 ± 0.01 mT, a3ß_H 
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b. 

i 
t 

Figure 2.4. a. EPR spectrum showing the DBNBS-CH3 adduct generated by 

the reaction of Ti3`-EDTA with 40% PAA In the presence of DBNBS. 

Figure 2.4. b. ERR spectrum showing the aryl radical adduct of DBNBS 

generated by the reaction of Ti3+-EDTA with MMPP in the presence of 
DBNBS. - 
Concentrations employed: - Ti34-EDTA, 0.0048 M, peroxygen, 0.0048 M, 

DBNBS, 0.0048 M. 
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