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A STUDY OF THE PHOTOLYSIS OF THE AQUEOUS THYMINE
SYSTEM AT 214 nm, 229 nm AND 254 nm

INTRODUCTION

Photochemistry is concerned in general with all chemical trans-

formations brought about by the action of electromagnetic radiation.

Since the possible energy states of the molecules comprising matter

are strictly regulated by quantum mechanical considerations, it follows

that only light quanta can be absorbed whose energy is equal to the

difference between the energies of two states, and then only if the

transition between these two states is allowed. Light absorption is

therefore selective and the energy of the light absorbed depends upon

the molecular structure of the absorbing matter. A corollary to this

is that absorption of light of a given wavelength will raise the absorb-

ing molecule to a particular, well-defined, energy state.

In photochemistry, ionization does not usually occur because

molecular ionization potentials are generally considerably higher than

the energy of photons in the readily available electromagnetic sources,

Consequently, most photochemical reactions are brought about via

electronically excited species. Evidence for photoionization was re-

ported by Stein (1965); Grossweiner and Joschek (1965). The mech-

anism of the photoionization was shown to be thermodynamically

possible and could occur directly or through consecutive biphotonic



excitation. Biphotonic excitation can be of two types: (a) There is

ample evidence now that at laser intensities two photons may interact

concurrently with one molecule; (b) A stable state with long enough

lifetime may absorb another photon at very low intensities this is

referred to as consecutive biphotonic excitation.

By using monochromatic light, it is often possible to procittee a

single, well defined, excited state in a particular component in a sys-

tem, i, e., by proper choice of frequency one can selectively excite a

particular bond, a group of atoms, or a molecule. The photochemis-

try of organic molecules in solution is the study of molecules in elec-

tronically excited states, which are usually at vibrational equilibrium

with their environment. Thus it is the difference in electronic con-

figuration that makes an excited molecule behave differently from a

ground-state molecule. The energy of activation required to produce

such states is commonly provided by absorption of a quantum of radi-

ation.

The Franck-Condon principle asserts that an electronic transi-
-15tion takes place so quickly (- 10 sec) that the internuclear distance

can be regarded as fixed during the transition. A number of workers

(Onsager, 1936; McRae, 1957) have attempted to obtain a satisfactory

quantitative relationship between excited state dipole moments and

shifts of absorption and fluorescence spectra in solution compared with

gas phase values. A qualitative account of solvent shifts of absorption



spectra is given by McRae (1957). He points out that all solution spec-

tra are shifted to the red due to the polarization of the solvent by the

transition dipole. This polarization is entirely responsible for shifts

in the spectra of non-polar molecules in polar and non-polar solvents,

and depends only on the solvent refractive index. When the solute has

a dipole moment the polarization red shift is usually obscured by the

effects of dipole-dipole or dipole-induced dipole interactions. Overall

absorption shifts in solution are usually to the red if the permanent

dipole moment of the solute increases during the transition and to the

blue if it decreases.

Dipole-induced dipole interactions stabilize the ground and ex-

cited states of polar molecules dissolved in non-polar solvents. If the

dipole moment in the excited state is greater than in the ground state

then the dipole-induced dipole contribution to the solvent stabilization

energy is greater in the excited state than in the ground state. The

converse is true if the dipole moment of the molecule decreases on

excitation and there will probably be an overall blue shift of the absorp

tion spectrum since the polarization red shift is usually rather small.

Because the solvent is non-polar , no rearrangement of solvent mole-

cules about the solute occurs in the excited state and so the equilibri-

um excited state is no more stabilized than the Franck-Condon state.

Similarly the Franck-Condon ground state is not destabilized with re-

spect to the equilibrium ground state and the shift of the fluorescence
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spectrum will be in, the same direction as the absorption spectrum

(See Figure 1).

If both solute and solvent are polar, stabilitation of the differ-

ent energy states will be due predominantly to dipole-dipole forces.

Following excitation the Franck- Condon excited state will be in the

solvent cage appropriate to the ground state and the new effect on the

Franck-Condon excited state will depend primarily on the magnitude

and direction of the dipole moment change on excitation. Because the

solvent molecules have time to reorientate themselves before fluores-

cence emission occurs the equilibrium excited state is more stabilized

than the Franck-Condon excited state. Emission occurs to give the

Franck-Condon ground state which is destabilized with respect to the

equilibrium ground state so that when 11 > 4 the fluorescence spec-

trum always exhibits a red shift while the absorption spectrum may

be shifted either way. If however p. > 4 the absorption spectrum
g e

will exhibit a blue shift as stated above while the fluorescence spec-

trum may be shifted either way.

The solvent shift of the 0, 0 absorption band of a substance in

solution and in the gas phase is equal to the difference between the

solvent stabilization energies of the equilibrium ground and Franck-

Condon excited states.

=abs AV abs(soln) - rabs(gas) = (Eg- EFC)/hc
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while

(gas) - p (soln)

where E is equilibrium ground state stabilization energy, E

equilibrium excited state stabilization energy, and E and EFC FC

are the stabilization energies of the Franck-Condon ground and ex-

cited states respectively.

For the 0, 0 band Pabs(g s) = F(gas) and therefore the fre-

quency interval between the absorption and fluorescence 0, 0 band,

s(soln) - pF(soln) AP a s + AV

Therefore

Pabs(soln) - P) (soln) = [ (Eg + Ee )l/hc

The stabilization energies of the various states can be expressed in

terms of ground and excited state dipole moments, solvent refractive

index n , dielectric constant e and the (Onsager, 1936) radius a

In this way Lippert (1957) derived the following equation

Pabs(soln ) - p s oln e -µg)2
3hca

2(e - 1) 2(n
2 - 1)]

2e + 1 22.13. + 1

Light absorption is not the only means of producing electronical

ly excited states. For example, chemiluminescent reactions involve

thermally-populated electronically excited states, and electrolumines-

cence involves electrolytically produced electronically excited states.



The introductory information which follows has been divided into

three sections. Thus, Part A will review and summarize recent de-

velopments in the study of electronically excited states, with emphasis

on the ideas put forward to explain the photochemistry of organic

molecules in aqueous solution. Also, the factors that control the re-

actions of electronically excited states will be discussed. Part B

represents a review and summary of what is presently known about

the photochemistry of thymine. Part C emphasizes the aims of this

present study.

Part A

Primary and Secondary Photochemical Processes

Excited States and Photochemical Reactivity

The photochemistry of organic molecules in solution is basically

concerned with the nature and behavior of electronically excited states,

so it is appropriate to consider the fundamental differences between

various excited states and the normal or ground state of a molecule.

A simple description of the absorption process is that a collision of a

photon with the electrons of a molecule leads to promotion of an elec-

tron into a previously unoccupied upper orbital whose energy separa-

tion from the ground state is precisely equal to the energy of the ab-

sorbed photon. The quantized nature of the absorption process provides
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a powerful tool for selective excitation of the electrons about specific

groups of atoms in a molecule without significantly affecting the energy

of other electrons and atoms in the molecule or its environment.

The energy requirement is a necessary but not a sufficient con-

dition for a photon-molecule "collision" to result in absorption. The

probability of absorption of a photon to produce a final state that has a

different total spin than the ground state is virtually nil. Since most

organic molecules are singlets (spin paired) in their ground state,

"allowed" absorption of light will produce singlet excited states in

general (Hammond and Turro, 1963).

If absorption should occur with a simultaneous spin flip (viola-

tion of spin conservation laws) a triplet state (two unpaired spins)

would result. Although this process can in fact be observed experi-

mentally, the absorption intensity is so feeble that, in practice, it is

an insignificant method of triplet excitation.

Electronic excitation causes a reshuffling of the valence elec-

trons of a molecule. Since chemistry is controlled, in the main, by

the spatial distribution of these electrons, we expect different chemis-

try from electronically excited states than we observe for the ground

state, because the electronic distribution of these states Will general-

ly be quite different. The different electronic distribution of S* and

T relative to S
0

implies a different nuclear configuration and

different physical prope"rties for these states. That is, they are
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"electronic isomers" of So . Furthermore, the extremely high po-

tential energy content inbued in an electronically excited state by

photon absorption provides strong "driving force" toward formation

of products, even if the products have high energy contents relative to

the starting material. Organic chemists sometimes associate strong

driving force toward formation of products with low activation energy,

a concept that accurately reflects the situation for electronically ex-

cited states.

On the other hand, one may think that low activation energies

will frustrate the advantage of selectivity of excitation by providing

multiple paths of comparable reaction probability and thereby lead to

a proliferation of products. This is generally not the case, but casual

inspection of recent photochemical literature (Turro et al., 1968)

occasionally imply a lack of selectivity in photoreactions. Contrarily,

quite often the photoreactions of the excited electronic state are very

selective, but either secondary photolysis of primary products occurs

or reactive species produced from the electronically excited state

yield numerous products in a thermal sequence.

The probability that electronic excitation may produce a vibra-

tionally excited electronic state has to be considered. The probabil-

ity of reaction at any vibrational level other than v = 0 is extremely

small for electronically excited states in aqueous (fluid) solution at

room temperature. This is because of the generally rapid rate of



vibrational relaxation to the lowest level (rate z 1012 sec.

10

) (Daniels

and Hauswirth, 1971) which competes favorably with most chemical

reactions from upper levels. Since a molecule in its v = 0 level is

in thermal equilibrium with its environment at 25°C. , the electronical-

ly excited state is generally thermally equilibrated before it reacts.

Thus it is important to point out that photochemical reactions in

solution are due to electronic differences of states and not to differ

ences in degree of thermal excitation.

It is most convenient to think of primary photochemical proc-

esses in terms of the energy levels of molecules: Figure 2 shows a

typical energy level diagram. S
0

represents the ground state and

S1, S2, etc. represent higher singlet excited states, while T1, T2

and T3 are the higher triplet excited states. The process of absorp-

tion can be represented on such a diagram by an arrow which corre-

sponds to the energy (or the frequency) of the photon absorbed by the

molecule. The processes which follow absorption can depopulate the

higher excited state reached initially to the tower excited states S1

or T1 . These deactivation processes are known generally as inter-

nal conversion if they occur between states of the same multiplicity,

e. g. S2 to S
1

, T
2

to T1 or as intersystem crossing if they

occur between an S and a T state.

Absorption and emission of photons are indicated by continuous

lines; nonradiative transitions are indicated by broken lines in Figure
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2. Evidence has accumulated that these emissions can be observed

only from the lower excited states S
1

or Ti to the ground state

even when the primary photon absorption results in the population of a

high excited state, S3 for instance. Therefore, the deactivation of

upper excited states to the lower ones appears to be so fast that very

12

few chemical reactions may be expected to occur from them, It is

not impossible that very fast unimolecular reactions of dissociation

and ionization do proceed directly via upper excited states, but in

general it is considered that bimolecular reactions and isomerizations

occur essentially through one of the tower levels, S1 or T
1

These

deactivation processes could be termed energy transfers inside the

molecule.

Radiative and Non-Radiative Transitions in Organic Molecules

Figure 2 shows the intramolecular radiative and non-radiative

transitions which occur in a typical organic molecule. The same in-

formation may be represented by a reaction scheme which allows a

definition of some of the terms introduced in the following sections.

Process

S
0

+

Sx S1

+ hv
1 0 F

Description

singlet-singlet absorption

internal conversion

fluorescence
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Process Description Rate

S1 So internal conversion
s

[ S ]
l --"0 1

T1 intersystem crossing ES ]
1 1 sl T1 1

T1 SO + hvp phosphorescence
P 1

k [ T ]

intersystem crossing k [ T
1 SO 1

1

where S
0

is the ground state, Sx is any vibrationally excited, singlet

state and S1 and T1 are the thermally equilibrated lowest excited

singlet and triplet states respectively.

The quantum yields of fluorescence and phosphorescence will be

represented as cbF and 4 respectively and the lifetimes of the ex-

cited singlet and triplet states by T and T Equations for these
S1 T1

quantities are derived below using stationary state conditions but these

values would still be correct for other conditions, e. g. with flash ex-

citation. Under stationary state conditions with constant light intensity,

also

kF[ Sl
13

] k [ T
1

(i)F
a

and 4)
Ia

d[S ] d[ S ] d[ T ]

dtx - 0 , - 0 anddt dt o



and

Therefore

and

S
[S1]

1
1 1

k + k
p T -S

1 0
1 -1

k + + kF k
S S T

1 0 1

k
S k

1 1 P
k + k + k kF S -÷S S --> p

+ k
T -,- S

1 0 1 0

TOp

14

where (1)1, is the quantum yield of triplet state production and is

the fraction of triplet molecules formed which phosphoresce.

The Transfer of Excitation Energy

It has been shown for some time that energy transfer can also

occur between two molecules (Hammond and Turro, 1963; Kan, 1966).

A. species with lower excited state S1 or T
1

can accept energy from

an excited species as shown in Figure 3 1. Such energy transfer

1 Sensitization provides the method of choice for exciting to
their excited triplet states species that have poor efficiency of inter-
system crossing or very high singlet excitation energies. The im-
portant features in sensitized reactions is that the incident light need
only be of the wavelength absorbed by the sensitizer; the acceptor can
be entirely transparent.



D*

(singlet)

Intersystem crossing

D*

(triplet)

a,
U
fil

U

15

Figure 3. Triplet energy transfer in sensitization (D = sensitizer, A = acceptor
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reactions are thought to be one of the processes of quenching by which

excited states are deactivated in aqueous solutions (Eisenger, 1968a,

1968b). Certainly the lifetimes of excited molecules in solution fail

very much short of their theoretical radiative lifetime, or of their

radiative lifetime in solid solution, e. g. glasses even at room temp-

erature. This short lifetime is undoubtedly one of the major limita-

tions of the quantum yield of photochemical reactions.

It had been generally thought that the energy of light can be

used in at least two ways. First, as chemical free energy oG , by

which the endothermicity of the reaction can be overcome, or second

ly as an activation energy in the sense of the arrhenius equation.

In the gas phase photolysis of molecules such as hydrocarbons

it is thought that reactions may occur through "super excited" states,

e. , states of energy higher than the ionization potential, On the

whole these reactions are not fundamentally different from those pro-

ceeding via "normal" excited states. In gases at low pressures,

where the collision frequency is rather low, an excited molecule may

retain excess vibrational energy much longer than in condensed

phases. For this reason many molecules will be decomposed in the

gas phase by radiation of wavelength which has little or no effect on

them in the liquid phase (Noyes and Leighton, 1966).
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Influence of External Factors on Photochemical Reactivity

Temperature Effects. It was found in the past that many photo-

chemical reactions do not show the large temperature dependence of

ordinary ground state reactions. It was known that diffusion controlled

rates depended upon temperature, For some time there has been a

general assumption that the lack of temperature dependence was

of the general characteristics of photochemical processes. This was

rationalized in the idea that the activation energy normally provided by

temperature is provided by the energy of light. It is quite clear now

that many of these arguments were based on a misconception of the

correct definition of the rate of a photochemical reaction. It is not

possible to define a meaningful rate for the photochemical reaction

simply in millimoles of reactants transformed per unit time. A rate

defined in this way would be, at best, a crude relative quantum yield

and at worst, a completely meaningless quantity. Certainly, no con-

clusions could be drawn from its temperature dependence or lack o

dependence.

It is now known that it is only in the case of rather small quan-

turn yields that a temperature dependence can be definitely shown;

the quantum yield is very high, near one, then no matter how high

the increase in temperature, the quantum yield approaches unity only

by a marginal value. One would find low variation between temperatures



18

of the quantum yield, or of the rate of reaction incorrectly defined in

millimoles of reactants which disappear per minute. When one de-

fines the quantities correctly, one does find very important tempera-

ture effects on the rate of bimolecular photochemical reactions

(Suppan, Johnson and Scholes, 1967). It appears that the electronically

excited molecule is in thermal equilibrium with its surrounding just

like a ground state molecule; it can be considered as a new chemical

species which does have its own new chemical and physical properties.

The activation energies that may still exist against certain reactions

in the excited state will, therefore, have to be supplied from the ther-

mal energy of the system, in a way very similar to ground state re-

actions.

Solvent Effects. There are several ways in which solvents can

have a profound influence on the course of a photochemical reaction

(McRae, 1957; Frank and Wen, 1957; Morrison and Kleopfer, 1968;

Nnadi and Wang, 1969). The most important of these effects is prob

ably the one in which the solvent determines or modifies largely the

nature of the excited state of the molecule. This can happen in two

ways: 1. 13y a specific solvation of electronic states. A polar sol-

vent will tend to stabilize states which have a large dipole moment

relative to those which have a smaller one. Z. Another way in which

a solvent can influence strongly the photochemistry of a molecule is

by producing specific solute-solvent complexes in the excited state.
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Such complexes, for which the name exciplex has been suggested,

would be virtually new molecules with their own specific electronic

states. Probably most of these complexes will be formed by simple

hydrogen bonding, but it has been suggested that some more involved

mechanism of charge transfer between the solute and the solvent may

also occur (Kavanau, 1964; Dorfman and Matheson, 1965),

Mechanism of Organic Photochemical Reactions

A mechanistic investigation of an organic photoreaction should

indicate whether the reactive state is SI or T1 or whether deactiva-

tion of these states produces "hot" ground states (molecules produced

in upper vibrational levels of So ), unstable zwitterions, tautorners,

etc. , which ultimately lead to the final products. When molecules can

be induced to lose some part of their excess electronic energy (gained

by absorption) through the emission of radiation, a valuable clue to

the nature and rates of interconversions of excited states is made

available.

Two fundamentally different types of emissions should be dis,

tinguished: Those that do not involve a spin flip (fluorescence); for

example, S2-* S + hv S + hv So + hv , T + hv .

Those that do involve a spin flip (phosphorescence); S T1 + hv,

T
0

+ hv .
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Generally, fluorescence (S 1-->S0 + hv) and phosphorescence

(T 1-.S0 + hv ) occur only from the lowest excited states of organic

molecules. And the sum of the quantum yields for fluorescence (4) )

and phosphorescence (4) ) is almost invariably less than unity. Con-

sequently some radiationless path for deactivation exists if a detailed

balance of photons in (equal to the molecule excited) and photons out

(equal to the number of molecules which emit) plus molecules de-

activated by radiationless path is to be achieved.

Radiationless transitions involve conversions of electronic

energy into heat by some thermal process in which the excitation is

used to either "warm up" the molecule (and its environment) or to

effect a chemical process in which one or more bonds are broken or

made. Thus, emission and thermal deactivation are photophysical

processes that return the excited molecule to its ground state, but

chemical processes will lead to new molecules.

There are two types of radiationless transitions which lead to

relaxation of one electronic state to another of lower energyinternal

conversion and intersystem crossing. Generally, internal conver-

sion (S2-* S1 and T
2

T I)
between excited states of the same spin is

faster (K
IC

z 1012 sec 1) than any other physical or chemical proc-

es s. Intersystem crossing (S1-* T1) usually competes favorably with

internal conversion (S
1 0

). The latter is inhibited relative to the

former because of the larger amount of electronic energy that must be
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transferred into vibrational energy. This effect apparently over-

weighs the spin-forbiddenness of S1-> T1 . The fastest photophysical

process for triplet deactivation is generally intersystem crossing

(T
1
-÷S0). These processes are all downhill in energy and essentially

irreversible.

Thus, there are three photophysical processes that must be con-

sidered to compete with chemical reactions for deactivation of S
1

1. Fluorescence, S 1-> So + hvf

2. Internal conversion, S -->S0 + heat.

3. Intersystem crossing, Sl -÷ T1 + heat.

Molecular Orbital Configurations. Electronic transitions have

been classified according to the orbitals which the promoted electron

leaves and enters. Some of the more important transitions are
**

Tr , Tr Tr Tr n CT-.0" , given here roughly in

order of increasing energy. The states produced by these promotions,

can be described as (n, Tr ) and (Tr, Tr ) states, etc. The photochexxi-

istry of molecules in solution is greatly simplified by the fact that

the radiationless processes from higher excited states are so effic-

ient that the lowest excited singlet and triplet states are produced

rapidly no matter which state is originally excited. Photochemical

properties are therefore dependent on the properties of these lowest

excited states, which for molecules excited by ultraviolet and visible

radiation are usually either (n, Trry) or (Tr, Tr ) states. The energy
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difference between 1
(n, Trry ) and 3(n, Try) states usually lies in the

range 2000-5000, cm -1 which is a good deal smaller than the split-
1 *ting of many (Tr, Tr ) and 3 Tr ) states which can be as high as

12,000 cm 1 and decreases with increasing size of the molecule. It

follows that a molecule with S1 =
1(n,

Tr ) does not necessarily have

a 3(n,
Tr ) state as its lowest triplet state. Even when S1 and T1

are (Tr, Tr ) states they often have different symmetries since some

(r, Tr ) states show very little singlet-triplet splitting (Praiser, 1956).

Part B

The Photochemistry of Thymine

The photochemistry of thymine is of great interest because in

the photoinactivation of DNA these molecules appear to be most im

portant targets. In the nucleic acids, all the bases show some aro-

matic properties and show high absorption in the quartz-UV region

(1800-3000 A ). They show an absorption peak around 2600 A

Figure 4). The pyrimidines are rather more sensitive to UV than the

purines, though for both groups the quantum yields are low. Because

of their relative sensitivity and biological importance, a great deal of

work has been done on the effects of UV on pyrimidines. Irradia-

tion of an aqueous solution of a pyrimidine can cause almost complete

loss of the absorption band at 2600, an effect discovered in 1949

(Sinsheimer and Hasting, 1949).
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Figure 4. Absorption spectra at pH 7 of purine and pyrirnidine bases.
(Davidson, 1965)
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Thymine Diener

Thymine undergoes a photochemical alteration when irradiated
0

between 1800-3000 A in solution but at a rate about 1/20 that of uracil

(Wierchowski and Shugar, 1957). The photoproducts formed cannot be

reversed by acid or heat as is the case for uracil (Rorsch et al. , 1958).

A. remarkable discovery (Beukers, Ijlstra and Berend, 1958) was that,

if solutions of the several pyrimidine bases were frozen and then

irradiated, certain of the compounds exhibited an even greater phot-

chemical lability than they did in nonfrozen solutions. Normally

dimerization does not take place to a significant extent in aqueous

(fluid) medium when irradiated at 254 nm. The quantum yield for

dieter dissociation at this wavelength is so much greater (4 - 1. 0)

than for dixner formation (O - 10 3) that any dimer formed would

tend to dissociate. In frozen medium, on the other hand, dimer

dissociation is rendered difficult since the dimers, once formed, are

"trapped". By the same criterion, dimer formation must occur

readily in frozen medium because the trapped monomer molecules are

suitably oriented with respect to each other. Consequently, the effect

of freezing is to bring these molecules (which are randomly oriented

in dilute solution) into an oriented juxaposition favorable for photo-

chemical interaction. Dry films of the pyrimidines also yield the

same photoproducts obtained in frozen solution (Wang, 1961) but the
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yield is much lower for the dry films as indicated by Smith (1964).

Thyrnine was particularly responsive when irradiated in frozen

aqueous solution - even more responsive than uracil. Even more re-

markable is the fact that the photoproduct of thymine obtained in

irradiated frozen solution could be converted back to thymine simply

by reirradiating the solution after thawing (Beakers, Ijistra and Berend,

1959). Here, then was a photoproduct that was not reversible in the

dark by acid or heat as in the case for uracil, but a product that was

reversible by light. The structure proposed for the dieter is (McLaren,

and Shugar, 1964):

Thy nine Diener

The photodissociation of thymine dimer is essentially wave-

length independent (Set low, 1961), e. g. , 4:( -D) is constant. Further

more since the dimers exhibit decreasing extinction coefficients with

increasing wavelength, then at constant incident light intensity the

degree of dieter dissociation will decrease with increasing wavelength.

Hence at any given wavelength there will be an equilibrium set up
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between dimer formation and dissociation.

The formation of 6-hydroxy, 5-hydroperoxy-thyrnine is well

known in the radiation chemistry of aqueous thymine solutions

(Daniels, et al. , 1957; Scholes and Weiss, 1960). It is reasonably

well established that its formation follows hydroxyl radical attack at

the 6:5 double bond and that only the 6:5 isomer results (Ekert and

Monier, 1959).

Nature of Photoproducts of Thymine

0

In the 1849 A photolysis of thymine in aqueous solution

(Daniels and Grimson, 1963), products of photolysis were identified

as thymine hydroxy 4rdrorieroxide (5:6 and 6:5), thymine glycol (5:6)

and hydrogen peroxide. These together with thymirie loss, were

determined quantitatively under a variety of conditions. Mechanisms

of photolysis were deduced. The quantum yield for thymine disappear-

ance at 254 nm was redetermined to be 4.3 x 10 4 (Daniels and

Grimson, 1963), unaffected by oxygen. The rate at pH 1 is about

ten times the rate at pH 7 ; the amount of thermally reversible

product is about 44% at pH 1 and 17% at pH 7; no indication of the

photo-reversible product was found (Burr and Park, 1967). It has

been reported (Fahr, Kleber and Boebinger, 1966) that photolysis of

10-4 thymine solutions at 254 rim gives a spontaneously reversible

absorbance change of about 5% with an estimated half-life for
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photoproduct of 1-2 min; these observations are not in agreement with

other findings (Satcher, Altmiller and Daniels, 1971a).

Light of a wavelength absorbed by the water had a different

effect; the quantum yield for thymine disappearance at 184. 9 nm was

estimated to be 0.2 (Daniels and Grimson, 1963). As mentioned above,

organic peroxides and hydrogen peroxide were formed. The forma-

tion of these was attributed to reactions initiated by electron transfer

from excited thymine to oxygen. More recent work (Daniels and Grim-

son, 1967) has shown that the photolysis takes place with quantum

efficiencies ranging from 8 x 10-2 to 0.2, and that the products are

thymine hydroperoxides (both 5 and 6 isomers), 5, 6-dihydroxythy-

mine, and hydrogen peroxide. At low thymine concentrations, the

photochemical reactions are mainly those of thymine with the photol-

ysis products of water. Direct photolysis of thymine, however, also

occurs and is accounted for by two "primary" processes: (1) photo-

ionization, and (2) addition of 02 to an excited state of thymine.
1

3

Z jor prod-
One obVious reason for the apparent lack of reaction of thymine

uct with a t. and F.1. nlinor product (Smith,
in water is that the quantum yield for splitting of thymine dimer in
1964). The ab-,ndarice ratio of trio products is about 8. The
solution is 0.5. - 1. 0 (Setlow, 1961),- independent of wavelength, and
major product is the known thyrnine dimer (M Laren and Shugar,
the probable yield for formation would not be higher by analogy with
1964; R. a 1966)..3 .IdenCt4 of die p.roduct is unknown;
other pyrimidines, than 10 to 10 Experiment's show that photol-
photolys is of .t in solution prcd,...ces thymine and a di.inc-ric product
ysis of thymine in frozen solutions containing 5% methanol gives an
with chrcmatographs like the major product. This minor product is
adduct of methanol (Wang, 1959).
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Adduct

More exciting (Lamola and Mittal, 1966), reported that the photolysis

of thymine solutions in acetonitrile gives a product which is a thymine

dimer but one that is different from the thymine dimer formed in fro-

zen aqueous solutions. Formation of this dimer in acetonitrite could

be suppressed entirely by addition of isoprene (which has a low triplet

level of 60 K cal mole-1). Evidently formation of this thyrnine dimer

proceeded via a triplet thymine intermediate.

Experiments (Fuchtbauer and Maxur, 1966) show that photolysis

of a frozen aqueous solution of thymine at 254 nm gives a major prod-

uct with a reported quantum yield of 1-2, and a minor product (Smith,

1964). The abundance ratio of the two products is about 8. The

major product is the known thymine dimer (McLaren and Shugar,

1964; R. B. Setlow, 1966). Identity of the minor product is unknown;

photolysis of it in solution produces thymine and a dimeric product

with chromatographs like the major product. This minor product is
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alkali labile. Existence of other products in the thawed photolysis

solution is suggested by details of the spectrum (Smith, 1964).

Records of the physical properties of the major product, the

common thymine dimer, are few in number. The NMR spectrum is

(McLaren and Shugar, 1964), as is the infrared spectrum

(Ishihara, 1963), but there is a disagreement about the melting point,

values ranging from 242 to over 320°C (Ishihara, 1963; Burr and

Park, 1967) having been observed. Solubilities and pK values are

known only qualitatively.

The maximum conversion of thymine to photoproducts in frozen

aqueous solutions is 83-90% (Fuchtbauer and Mazur, 1966) in samples

subjected to alternate cycles of freezing and thawing, and 48-50% in

samples continuously frozen during irradiation, This difference is

attributed to depletion of thymine in the thymine crystallites of the

continuously frozen solutions. The existence of a -maximum at less

than 100% in the conversion may reflect either the equilibrium always

present between monomer and dimer, or the existence of unfavorably

oriented thymine molecules in the crystallites.

The high rate of dimer formation in frozen solution reflects the

necessity for a preferred orientation of the two thymine molecules

concerned, but it is still considered that water plays an important

part. Thymine in dried film, and on filter paper (Ishihara, 1963;

Wang 1963; Smith, 1964) can be converted to dimer by ultraviolet
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light, but the maximum conversions are much lower, 17-55%, depend-

ing on the humidity (Wang, 1963).

Other Effects

Experiments have indicated that the water lattice may be an im

portant element in forming the ordered thymine structure necessary

for dimerization (Beukers and Berend4 1961). Thymine can crystal-

lize from solution as a monohydrate (Gerdil, 1961) in whose crystal

lattice one thymine is directly above another. The influence of humid-

ity upon dimer yield in dry films may be connected with monohydrate

formation, and monohydrate formation in frozen solutions may be the

reason for the almost theoretically maximum quantum yields for di:mer

formation (Fuchtbauer and Mazur, 1966). Even though a number of

dimeric products result from photolysis of thymidine, thymidine

dinucleotide, and other thy:mine-containing materials, a single dimer

appears to be the principal product from thymine in frozen solution.

The formation of one predominant photodimer from frozen thy-

mine solutions and from DNA indicate the importance of a single

fixed geometry of the thymine molecules. When the geometry is

more flexible, as in dinucleotides, others of the possible dimers can

be formed.

Although thymine in aqueous solution is unaffected by biologically

effective doses of ultraviolet light, prolonged (16 hr. ) irradiation of
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such solutions with germicidal lights decreased the absorbancy to 50%

of the initial value (Alcantara and Wang, 1965a). The products were

identified by paper chromatography as uracil, 5-hydroxyuracil, and

5-formyluracil; relative amounts were not reported. Similarly, the

products from proloriged irradiation of 1, 3-dimethylthymine with a

germicidal lamp were identified as ammonia, methylamine, 5-formy1-1,

3 dimethyluracil, 5 carboxy-1, 3-dimethyl-uracil, acetic acid, formic

acid, 5-formylyracil, and formaldehyde plus other unidentified prod-

ucts. 5-Formy1-1, 3-dimethyluracil was the product of highest yield

(Alcantara and Wang, 1965b).

The products identified seem to reflect not only the results of a

deep-seated degradation of molecule, but were interpreted in terms

of the immediate formation of peroxides in the photolysis process

(Wang and Alcantara, 1965). The results were rationalized by

supposing the immediate photoproduct to be a dithymine peroxide:
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Formation of similar oxidized products from thymine as a result of

irradiation with 189 nm light (Daniels and Grimson, 1967) suggest

that some of the products observed by Wang (1963) originate from the

absorption of the 189 nm light produced by the germicidal lamp, even

though the experimenters seem to exclude 189 nm light an as explana-

tion.

Despite its importance for understanding the photochemistry of

DNA, major aspects of the photochemistry of thymine in aqueous solu-

tion remain obscure. Recently Fisher and Johns (1970) have demon-

strated the role of dimer formation and have investigated the effect of

thymine concentration,- oxygen, and wavelength of excitation (within

the first absorption band) on this process. In the presence of oxygen,

dimer formation is severely quenched, but photolysis still occurs.

The nature of the immediate photoproducts formed in the presence of

oxygen has been difficult to elucidate. Other pyrimidine and their

derivatives (e. g. uracil, uridylic acid, cytidylic acid) under these con-

ditions exhibit formation of photohydrates of differing stability at

room temperature, but such that all can easily be detected by their

characteristic rate of thermal reversal. Thyrnine is outstanding in

that no strong evidience for photohydrate formation has been found.

Fahr, Kleber and Boebinger (1966) reported observing a rapid 5%

change in the absorbance of an irradiated thymine solution with a

half-life of 1-2 mins. This observation has not been confirmed (Burr,
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1968). An obvious explanation of this might be that the thermal rever-

sal of thymine photohydrate can occur sufficiently rapidly for it not

to be observed on the normal laboratory scale after continuous photol-

ysis (t1 > 2 mins. ). This explanation is rendered less likely by
2

flash photolysis experiments (Stott and Daniels, 1968) in which no

change in thymine absorbance was detectable over a period commenc-

ing 100 microseconds after initiation of a -1000 joule, 25 microsecond

flash. If photohydrate reversal does occur, then it must have a rate

constant at least 10 4 greater than that of any other pyrimidine photo-

hydrate when thymine and uracil are compared; this seems to be an

unreasonable methyl substitution affect and we conclude that there is

no reason to believe thymine forms a photohydrate, other than expec

tation based on analogy.

The solvent dependence of singlet and triplet dimerization and

intersystem crossing of thymine has been reported; the solvent de-

pendence for the product composition of singlet dimerization, cl)sT ,

and triplet dimerization of thymine has been reported by Morrison

and Kleopfer (1968). The inefficiency of thymine and uracil dimeriza-

tion has been attributed to the formation of a triplet excimer or a

bonded biradical which can collapse to either starting, material or

dimes (Wagner and Bucheck, 1968). Lamola (1966) has shown that

thymine dieter can be split by triplet energy transfer from various

sensitizers.
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Excited States of Thymine Absorbing at 185 nm

Daniels and Grimson (1967) were led to postulate two excited

states of thymine absorbing at 185 nm. Figure 5 shows, in addition,

to the well-known X and Y bands (Mason, 1954) the onset of a

third, higher energy band at about 188 nm, which may be termed the

Z band. It can be seen that 185 rim radiation may cause excitation

both in Y and Z bands. On the basis of their work (Daniels and
J.

Grimson, 1967), they suggested that excited state TA arises from
J.

the Z band and is a photoionization state, while excited state TB

results from excitation in the Y band. They suggested also, that

perhaps oxygen adds on to thymine molecules in the Y band.

Part C

Aims of the Present Study

The present study was carried out with the aims of (a) investi-

gating the photolysis of the aqueous thymine system when excitation

is carried out directly into the second absorption band (Y band) at

214 nm, in order to ascertain more specifically what happens in this

band; (b) searching for direct evidence of photo-oxidation at 254 nm.

The 254 nm photolysis produces excitation in the first absorption band

(X band); to provide a bridge between these results, photolyses were

also carried out at 229 nm, which is about midway between the X and
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Figure 5. Far ultraviolet absorption spectrum of thy-mine
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Y bands. It was the aim of this study also to see what can be learned

about the reaction mechanisms from an inspection of new and exist-

ing data.

This work is of particular interest in that it allows conclusions

to be drawn concerning the nature and reactivity of the higher excited

states of thymine. Before this study was begun, there was uncertain-
.

ty as to whether the photoexcitation was a property of a specific ab-

sorption band; there was a degree of vagueness as to the extent to

which products were produced at the wavelengths used. Consequently,

our endeavor was to ascertain whether hydroperoxide(s) and hydrogen

peroxide were produced when excitation was carried out at the differ-

ent wavelengths used.

Since DNA is a carrier of genetic information, and since thy-

mine appears to be the most susceptible of the DNA bases to radiation

damage, progress in understanding the photochemistry of thy-mine

may lend greater specificity to the identification of radiation damage

and to the elucidation of the long term effects of radiation in biologi-

cal systems.
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The thy-mine used was obtained from Calibiochem (Grade A), and

was characterized by an extinction coefficient of 7. 52 + 0. 06 x 103 at

37. 8x 103 cm-1 in air-equilibrated solution at room temperature, All

solutions were made up in triply-distilled water. The triply distilled

water was prepared by first redistilling laboratory distilled water from

a solution of alkaline permanganate and then from a solution of acid

dichromate. This procedure, in effect, removes any organic matter

which might interfere with photochemical reactions by acting as radi-

cal and/or electron scavengers. The potassium hydrogen phthalate and

potassium iodide used were Mallinkrodt reagent grade2. The oxygen

and nitrogen gases were NCG, prepurified; the nitrogen was stated to

contain < 8 ppm of oxygen. The nitrous oxide gas (98. 0% min. purity)

were obtained from the Matheson Co. In practice, all the gases were

bubbled through concentrated sulfuric acid to remove organic impuri-

ties and then through triply distilled water to remove any traces of

the sulfuric acid before passing into the solution. In addition, nitrogen,

nitrous oxide and sulfur hexafluoride gases were passed through two

bubblers of alkaline pryogallol to remove residual oxygen. The solutions

2 The NaOH used to retard auto-oxidation of the I solution was
Fisher certified reagent.
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to be photolyzed were saturated with the gases from 30 min. to 2 hours

depending on the solubility,of the gases in the solution. The closed

air-tight system, connecting the gas line to the solution to be photo-

lyzed with the 254 nm radiation, and the photolyzing cell, was of glass

with grease-free ground glass ball joints (See Figure 7).

Only 02-saturated solutions were photolyzed with the 214 and

229 nm radiation. This solution was not completely air-tight but was

enclosed in a plexiglas cage (See Figure 6).

The chemicals used for actinometry were ceric ammonium sul-

fate (B & A reagent), oxalic acid (B & A reagent), uranyl oxalate

(Fisher purified) and sulfuric, acid (B & A. reagent, A. C. S. ).

In the acetaldehyde determinations, all reagents used were

recognized analytical quality. The 2:4-dinitrophenylhydrazine was ob-

tained from K and K Laboratories, Inc. The carbon tetrachloride

was a Spectroquality Reagent (Matheson Coleman and Bell). Pyrex

grade reparatory funnels were used for extraction. 100% Ethanol was

obtained from the curator at the Radiation Center, OSU.

Photolysis Procedures

Radiation Sources. All samples were photolyzed in cylindrical

silica cells, 50 mm diameter and 10 mm in path length. For the

214 nm and 229 nm work, the cells were mounted on an optical bench

in fixed geometry, with identical cells containing triply distilled water
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Geometry Used with Lamps

A = Filter Solution Zinc Lamp

B = 02 Saturated Aqueous Thymine

B A

02

Mirror

OPTICAL BENCH

Mirror

A & C =Filter Solution

B = 0
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4
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Figure 6. Diagrammatic representations of source-cell geometry for 214 and 229 run sources
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or filter solutions adjacent to each face, and approximately 10 curs

from the radiation source (See Figure 6). For the 214 urn radiation,

a single Phillips 25 W. zinc lamp was used in conjunction with a water

filter 3.
Photolysis at 229 nm was carried out using two Phillips 25 W.

cadmium lamps illuminating opposite faces of the cell to compensate

for the low extinction coefficient of thyrnine at this wavelength. At

this wavelength an aqueous 10 2 M KBr filter solution was used. The

KBr filter served to cut-off radiation up to 220 nrn. The aqueous thy-

mine solutions were constantly saturated with the oxygen gas during

the duration of the photolysis with the 229 and 214 nm radiations.

After completion of the photolysis of the aqueous thy:mine with the 229

and 214 nm radiations, the cylindrical silica cell containing the photo--

lyzed solution was removed immediately so that the sample could be

easily obtained from the cell for analytical purposes.

For the 254 nm photolyses a similar cell (cylindrical silica) was

mounted 15 mm behind a "spectrosil" window (50.8 mm x 50. 8 mm) in

an internally-blackened bath containing thermostating water. The

radiation source was a "Mineralight" R-51 low pressure mercury lamp,

approximately 5 crns from the cell window (Figure 7).

Radiation from the 254 nm source passed through 38. 5 mm of

air, 1. 5 mm of spectrosil window, 10 mm layer of triply distilled

3 The triply distilled water suffices as a filter for the 214 nm
radiation because this source has a comparatively sharp line emission.
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water and 1. 5 mm of cell window before reaching the aqueous thyrnine

solution (Figure 7).

The mineralight R-51 low pressure mercury lamp has been

shown to produce 185 nm radiation along with the 254 nm radiation.

The water filter was replaced with the KBr filter for some experi-

ments (see discussion) to determine if there were any significant

effects on the rate of photolysis attributable to the 185 nm radiation.

A photometer (Photovolt Corporation) was used in conjunction

with each of the setups in order to secure consistency in source-

photolysis cell geometry. A manual shutter was used with each setup

to terminate the photolysis at the time desired.

Actinometry. Intensities were determined by differential oxalate

actinometry (Pitts et al. , 1955) using first the filter solutions des-

cribed under Radiation Sources. Secondly, a 102M thymine solution,

which has 100% absorption at all three wavelengths was used as a filter

for each of the radiation sources..

The actinometer solution (0. 005M H
2

C204 and 0. 001M UO
2
C2 40 )

was prepared by adding in the dark 0. 375 g. of uranyl oxalate and

0. 63 g. of oxalic acid/liter of triply distilled water. The uranyl oxa-

late was prepared by mixing a hot solution of oxalic acid and uranyl sulr

fate', drying in vacuo and then m'aintaining at 100° C for three hours. The

0, 1M Ce +4 solution was prepared by slowly adding 30 ml of concen-

trated H
2
SO4 to 500 ml of triply distilled water with constant stirring,
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then adding 63 g. of ceric salt, and stirring until the solution was com-

plete. All actinometry solutions were kept in dark bottles. The

uranyl oxalate solution was saturated with oxygen in all cases before

being placed in position for exposure. Approximately 17 ml of actino-

metry solution (Uranyl oxalate) was photolyzed in the silica cell for

each UV source. Three (3) ml of this photolyzed solution was placed

in a volumetric flask containing 5 ml of 2NH2SO4 and 4 ml of 0. 01 M

Ce
+4. This solution was heated for 10 min. at 70°C, cooled to room

temperature and diluted to a desired volume before readout on the

Cary Model 1501.

To measure the amount of radiation incident in the cell volumes,

the following photochemical reactions were considered:

UO2
+ + hv --,- (U0++)*

(U0++ )* + H
2

C
2
0

4 2
U0++ + CO2 + CO + H2O(UO2

+)m

The oxalate remaining is oxidized by the Ce+4
.

C204 + 2Ce+4
-4- 2CO2 + 2Ce+3

The Cary Model 1501 was used to measure the absorbance of the Ce+4

remaining. The 0. D. was read at 320 nm vs. H2O. The extinction

coefficient for the Ce +4 ion is 5263. The quantum yields of oxalate

consumption were taken as (Burak, Shapira and Treinin, 1970);

(1)(214) = O. 49; 4)(229) = O. 55 ; (1)(254) = 0. 60
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Figures 8, 9 and 10 show plots of 0. D. of Ce+4 vs duration of

photolysis for the 214, 229 and 254 nm sources respectively. The

following is to serve as an example of how Intensity (Is) values were

calculated for the UV sources.

From the plot of 0. D. of Ce+4 vs duration of photolysis.

Slope = 0. 232 min-1

quantum yield for oxalate consumption (254 nm = 0. 60)

Extinction Coef. for Ce+4 = 5263

Dilution factor = 60/3

From Beer's law: A = eCl = (5263)C(1)

+4 A/min 0.232 -4
- 5263 (60/3) = 8.82 x 10C(Ce ) - 5263

mole 1 -1 min -1

Since

C(oxalate) = 1C(Ce+4) = 4(8. 82 x 10- mole l 1 min-1
)

C(oxalate) = 4. 41 x 10-4 mole 1 -1 min -1

C(mole 1-1min-1)
4' I

0
(mole(photons)/(Einstein)

C(oxalate)
-4

4. 41 x 10 7. 4 x 10 4Ein 1 -1min
0 4 (oxalate) 0. 60

The intensity of the radiation incident in the cell volume was

taken to be proportional to the difference between the intensity meas

ured using the 10-2M thymine (3000 A cut-off point) solution as a filter

and the intensity measured using the filter solutions aforementioned for

each setup.
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Figure 8. Actinornetry determination for 214 urn source with uranyl oxalate
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Duratioucf Photolysis (min)

Figure 10. Actinometry determination for 254 urn source with uranyl oxalate
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For the 254 nm radiation, no intensity was detected when the

10 2M thymine filter solution was used. The incident intensities were

calculated using Beer's law relationships, equivalent relation of react-

ants (C204= and Ce+4) and the quantum yield formula.

The incident intensities (in Eins/1/min) in the cell volumes were:

I
0

(214) = 7.6 x 10-5; I
o

(229) 1.06 x 10 -4

-4
I
0

(254) = 7. 4 x 10

absorbed dose rates were calculated from concentrations and molar

absorbances of thymine; consumption of thymine was usually so small

that no allowance was made for the change in absorbance in the course

of the photolysis.

Analytical Methods

Loss of Thymine. Thymine loss was determined by differential

spectrometry at 37. 8 x 10 3 cm-1 (264 nm) in a Cary Model 1501. The

output from this instrument is digitized (Datex SDS-1), and the absorb-

ance read to 0.001. The wave-number for the readout is quite suitable

since none of the products absorb here. The extinction coefficient at

264 nm and the wavelengths of the radiation sources can be read from

Figure 11. To determine the differential absorbance, an unphotolyzed

thymine sample was placed in each cell position in the spectrophoto-

meter to set the baseline. The photolyzed sample was then placed in
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8
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Figure 11. Thyrnine molar absorptivity as a function of wavelength

310
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the reference position to obtain the differential absorbance value. The

difference spectra of the irradiated solutions compared with the

radiated were identical with that of thymine to 4. 3 x 10 3 cm -1

unir-

Plots

of the differential absorbance as a function of duration of photolysis

for the 10011M thymine solutions, 02 saturated, that were photolyzed

at 214, 229 and 254 nrn are shown in Figures 12, 13 and 14 respective-

ly. Plots for 10, 25, 50 and 200 p. M at 254 rim are shown in Figures

15, 16, 17 and 18 respectively.

Hydroperoxides and Hydrogen Peroxide Measurements. Hydro-

peroxides and hydrogen peroxide were determined by the oxidation of

iodide to I
3

at pH 4. 0 (Hochanadel, 1952) using the potassium acid

phthalate buffer. Under controlled conditions the rates of reaction of

peroxides with I is characteristic and rate constants are known for

several different peroxides (Scholes and Weiss, 1960). Rate constants

for reaction of several of these peroxides with I at pH 4. 0 and 25.0

are given below

Table 1. Rate constants for reaction of several peroxides with

Compound Rate Constant (M-1sec

- hyd r oxy- 5 -hydroperoxy thy-mine 1. 60

6- hydroper oxy - 5 -hydroxy thymine 7. 53

hydroperoxide from irradiated thymine
solutions 1. 59

hydroperoxide from ,irradiated uracil
solutions 1. 57 and 6. 08

hydrogen peroxide 1. 13 x 10 -2
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Figure 12. Loss of thymine at 214 inn by differential absorbance at 264 inn
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0.08

Duration of Photolysis (min. )

Figure 13. Loss of thymine at 229 mil by differential absorbance at 264 inn
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Figure 14. Loss of thyrnine at 254 mu by differential absorbance at 264 ran. The 0. D. /dose vs. duration of photolysis is used
only to determine more accurately the slope
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Figure 15. Loss of thymine for 10 FM thymine at 254 nm by differential absorbance
at 264 nrn



Figure 16. Loss of thrnine for 25 p14 thymirae at 254 mn by differential absorbance at 264 nm
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Figure 17. Loss of thymine for 50 yh4 thymine at 254 mn by differential absorbance at 264 mu
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Figure 18. Loss of thymine for 200 pM thymine at 254 inn by differential absorbance at 264 mn
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The rates of reaction of hydrogen peroxide and thymine hydroxy

hydroperoxide with iodide differ by about 102 so that both can be deter-

mined by this kinetic method. At concentrations of I in the range

0. 05 to 0. 3M, hydrogen peroxide reacts at an easily measurable rate

in a period of about 30 rains, ;- the hydroperoxides react much more

rapidly and are determined as an intercept at zero time This condi-

tion is termed the "high iodide range". At concentrations of I

hundred-fold lower (0. 5 mM to 3. 0 mM) the rate of reaction of the

hydroperoxides becomes conveniently measurable and hydrogen perox-

ide reacts so slowly as not to interfere over a 30 minute period. This

condition is termed the "low iodide range". In the present study,

advantage has been taken of the high molar absorbance of 13-

(26, 400 M-lcm-1), long path length of cells (5 and 10 cm), 0 - 0. lA

scale expansion of the Cary 1501 and digital readout to allow accurate

determinations in the concentration range 0. 1 - 5. Op,M.

Figure 19 is an experimental determination of the mol ar absorb-

ance of I
3

The H202 used in this determination was from a stand-

ardized source of H202. In the course of this work one batch of KI

was found to give anomalous results in that the absorbance of I
3

as

a function of (H202) did not extrapolate linearly through the origin,

but behaved as if it contained the equivalent of 2µM impurity which

consumed H 0
2 2
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O. 0
0 6

E H202 I) Al

19. Experimental determination of molar absorptivity of 13 at 352 nm for twoFigure
K1 hatc.hes



For the low or high iodide range the determinations were made

by plotting the difference in the absorbance at infinity (A) and the

absorbance at a particular time after mixing for successive time inter-

vals after mixing. By extrapolating to "zero" time the absorbance

due to the slow reacting component was determined. The slow react-

ing component in the low iodide range is a hydroperoxide; in the high

iodide range this component is hydrogen peroxide. Figure 20 is a

schematic diagram of absorbance (0.D. ) as a function of time after

mixing. The assumption is that H202 does not react with I in the

"low iodide range". The difference in the A and A (extrapolated
co

value) for the slow component gives the A
0

this absorbance is due to

the fast reacting component. The fast reacting component in the low

I range is a hydroperoxide; in the high I range this component is

the total hydroperoxide concentration. Figure 21 is a shematic dia-

gram of pseudo first order plots of Aao- At as a function of time

after mixing. Line D represents a typical plot for a "high iodide"

condition; line E represents a typical plot for a "low iodide condition".

Since the above type determinations required extrapolation to

zero time, obtaining accurate and reproducible data required very

critical and precision timing. A typical mixing of reagents in the
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Schematic diagrarn showing Q D. dependance on time after /nixing for high and a low iodide aaaalYsis
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Figure 21. Schematic diagram of pseudo first-order plots of Ago -At as a functicai of time
after mixing for high (D) and low (E) iodide conditions



"high iodide range" would be, e. g 15 ml of KHP5 and 20 ml o
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0. 5M KI were pipetted into each of two 50 ml volumetric flasks.

To one flask 15 ml of unphotolyzed thymine solution is pipetted

(this is the reference solution). After the base line is set with refer-

ence vs reference (5 cm cells), the photolyzed sample is added to the

other flask with the timing device set instantaneously as the photolyzed

samples makes contact with the reagents. It was necessary to add the

photolyzed solution to the reagents as quickly as possible since the cat-,

a.lyzed KI tended to auto-okide slowly at pH 4. 0. All reactions were

followed at 28. 4 x 10 3cm -1 on the Cary 1501 spectrophotometer.

From the slopes of such lines as those in Figure 21, the first-

order rate constants were determined. In the presence of sufficient

iodide the reaction becomes pseudo-first-order.

The kinetics associated with the determination of the rate con-

stants are as follows: From the plots of A - At as a function of
co

successive time intervals after mixing, the slopes of the lines give

pseudo first-order rate constants.

Slope = k(expt) -
ln(A00- A )

t

5 The KHP solution was initially prepared by adding 10 g of the
solid KHP to a 500 ml flask and adding sufficient triply distilled H2O
to make 500 ml of solution. After experiencing difficulty in the time
to obtain maximum absorbances, this amount was increased to 20 g
per 500 mi. solution. This change worked to solve the immediate
problem.
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By plotting k(expt) as a function of (I), and determining the slopes

of these lines give second-order rate constants. Taking T 02H as a

typical thymine hydroperoxide reacting with iodide 6
,

TO2H + 21 ---> 12 + TO + OH-
-dTO2H

Rate = dt [T0214] [1]

Since [I] >> [ TO 2H] , this equation may be written,

-dTO2H

dt k(expt) [ T02

in which k(expt) is the pseudo first-order constant. Clearly
dI

2k(expt) = kV] Experimentally the procedure is to measure dt
-dTO2H

which from rates equals dt

The method of determination of [H202] and [ TO2H] for the

"high" and "low" iodide ranges is based upon the following relation-

ships:
K

12 + 1-
3

[I3]
K - = 720 M-1 (Awtrey and Connick, 1951)[I2][I-]

The [I; ] was determined by application of Beer's law,

A = EC1

where A is absorbance, e is the extinction coefficient ((I, )=2.6x10

6 The first order rate constant is denoted as k(expt); the sec-
ond order rate constant as k' TO2H will denote hydroperoxide
throughout this study.



C is concentration, and 1 is path-length of cell.

The [12] is determined from the equilibrium relationship given

above, then total oxidation yield is given by

[13] [12]

The 32, [I2] for the fast reacting component in the "high iodide" range-

is equal to the hydroperoxide yield; this is more fittingly denoted as

7; [IA since it represents the "zero" time intercept oxidation yield at

"high iodide". The 5_3[I2] for the slow reacting component in the

"high iodide" range is equal to the hydrogen peroxide yield. This

represents the oxidation yield above the "zero" time intercept

(A00- A
0

). By plotting the first-order rate constants against the iodide

concentrations the second-order rate constant was obtained. A. com-

puter program, suitable for the Hewlett Packard Calculator, which

entailed the least-squares criterion was used to calculate the second-

order rate constants (see results).

The following are to serve as examples of how the (a) hydrogen

peroxide and (b) hydroperoxide concentrations were calculated.

(a) Hydrogen peroxide, e. g. from Figure 21 extrapolating line ID

(High Iodide) to "zero" time gives, A = 0.084. From Beer's law,

C = A
. The absorbance is due to the I

3
n.io. Hence,ei

A

06:x84104)(5)
(5150)
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The dilution factor is (50/15), i, e., the photolyzed solution (15 ml)

was finally diluted to 50 ml after addition of reagents. The [I] in

the final solution for this example is 0. 2M or 0.2 x 106 p. M. The f

is oxidized to (i. e., 21 = la), and from the equilibrium relation-

ship already emphasized,

[I3] 2.117 11 M

Therefore,

[ 2 ]eg 6
(720 x 10-611,M

-1 )(.2 x 10 ilM)

eq = 0.015p,M

[i 2021 = [I3-] + [I ] eq = 2. 132 µM

(b) Hydroperoxide. Assuming an A. 0.103 and the extrapo-

lated value for the H202, A. = 0.084, then

A
0

(for fast reacting component, TO 2H) = A -A(H 0 ) = 0. 019
2 2

A

=
0 O. 019 (60) - O. 479 II M

el (15)
(2. 64 x 104)(10)

[I - [13
]

- 0. 479
2 eq K(I ') (7.20 x 10 -4)(3 x 10-3)

[ TO2H] =

- 0. 222 p,M

= 0.701 p. M
eq
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Acetaldehyde Determination. A colorirnetric method (Johnson

and Scholes, 1954) was employed for the determination of acetaldehyde

produced in the photolysis of the oxygenated aqueous thymine

tions in the presence of ethanol. To a 10 ml aliquot of the photolyzed

solution, which was diluted to a 15 ml volume and placed in a separa-

tory funnel, is added 5 ml of 2:4-Dinitrophenylhydrazine reagent.

During a 30-minute wait, the 2:4-Dinitrophenylhydrazine is converted

to 2:4-Dinitrophenylhydrazone in the aqueous medium. The formation

of the 2:4-Dinitrophenylhydrazone is followed by quantitative extrac-

tion into carbon tetrachloride. It has been found that direct addition of

ethanolic sodium hydroxide to the carbon tetrachloride extract pro-

duces a strong red color which can be measured absorptiornetrically.

Our method included adding 2 ml of a 0. 1 N ethanolic sodium hydrox-

ide to the carbon tetrachloride extract. Perchloric acid was used in

preparation of the 2:4-Dinitrophenylhydrazine reagent; this had the

effect of making the hydrazine much more soluble and also the advan

tage of keeping the carbon tetrachloride from extracting too much of

the unchanged reagent. Quantities down to 51,1,g per 20 ml sample can

be estimated with satisfactory precision with this method.

The carbon tetrachloride extract was finally diluted to a 50 ml

volume with additional carbon tetrachloride. The 0. D, readout was

at 430 nm vs. H2O, where the extinction coefficient is 1. 91 x 104.

The blank gave a fairly high reading and this was attributed to the
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2:4-Dinitrophenylhydrazine which was extracted by the carbon tetra-

chloride.

Determination of Fluoride. Sulfur hexafluoride, which is known

as an efficient electron scavenger in irradiated liquid or gaseous sys

tems (A.smus and Fend ler, 1968), was used to determine the presence

of the hydrated electron in the SF
6

saturated aqueous thytnine solu-

tions photolyzed at 254 nm.

The SF
6

was bubbled through sulfuric acid, two pyroga.tIol solu-

tions, and through triply distilled water before reaching the aqueous

thymine solution. Fluoride ion concentration in the photolyzed solu

tions, SF
6

saturated, were determined by an Orion fluoride ion-activ-

ity electrode (94-09) in conjunction with--a Radiometer single junction

reference electrode (K-401); the electrode potentials were measured

by the Radiometer Type PHM26 pH meter. The limit of detection by

this method was 2.5 x 10-7 M fluoride ion. In the pH region (5-7) of

the solutions tested the electrode was completely selective for fluoride

ion. A Concentration Working Curve was prepared by plotting potential

measurements of known NaF concentration standards (in molarity) as

a function of millivolt reading on semi-logarithmic graph paper (Fig-

ure 22). The response time of the electrode varied between 3 and 30

minutes; the slowest response time was observed at low fluoride ion

concentrations.
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Figure 22. Fluoride concentration as a function of millivolt reading
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Determination of pH. All pH's were determined on the Radio-

meter Type PHM26 pH meter. Buffer solutions of known pH's were

always used to calibrate the pH meter before any determinations

were made for solutions.

Determination of Quantum Yield for Loss of Thymine. The loss

of thymine has already been described. The following is an example of

how quantum yield for loss of thymine is calculated: Figure 14 shows

differential absorbance vs photolysis time for a 100p,M thymine solu-

tion excited at 254 nm. From Figure 11, E = 7. 52 x 103 at 264 nm

and 6. 00 x 03 at 254 nm.

-Slope (Figure 14) = 1.75 x 10 -3 min ; Beer's law

-d(T) 0(0. D. )/min 1.75 x 10 3min.- 1

dt el 3 1 -1(7. 52 x 10 M. crn )(1 cm)

O. 23 x 10 -6M min 1-

(1_10-EC1) = (7. 4x 10 4)(1- 10 -(6x 103)(1 x10-4)
abs 0

= 5.54 x 104

The A. (0. D.) for the 1001.1M solution was expt. determined to be

0. 6 agreeing with EC1 or (6 x 103 x 1 x 10-4 x 1)

O. 23 x 10- 6min -11 -1
- 4. 3 x 10-4

-4 -1 15.54 x 10 min
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RESULTS

Product Identification Following Excitation at 214, 229 and 254 nm

Hydrogen peroxide and thymine hydroperoxides were identified

by their characteristic reactions with iodide at pH 4. 0. These prod-

ucts were formed in the photolysis of 50 p,M or 100 p,M thymine solu

tions (oxygenated). The various photolysis products could be deter-

mined by the same kinetic method because their rates of reaction with

iodide differ by about 102. The formation of products was indicated

by the presence of substances oxidizing iodide very rapidly at pH 4. 0.

The concentration of the buffer (potassium acid phthalate) was in-

creased to twice what its value was at the outset of this study. Samples

photolyzed to 45 or more minutes reacted much slower with the iodide

than samples photolyzed for shorter time duration. 7

The hydrogen peroxide was determined under the "high iodide"

condition. Under this condition, there was a significant intercept at

"zero" time at all wavelengths. Figure 23 shows a typical kinetic

analysis of oxygen-saturated 100 p,M thymine solution under "high

iodide" condition after 45 min. photolysis. Using 0. ZM f (high iodide),

clear evidence of peroxidic products are shown at all wavelengths of

7 The time for the products to react with the iodide, and for
maximum absorbance to be reached was two-fold greater in some
cases, before the pH was stabilized by an increased buffer concentra-
tion.
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Figure 23. Dependence of absorbance on time after mixing, All curves represent 45 minute
photolysis at high iodide
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photolysis. No reaction was observed for photolysis of solutions not

containing thymine, indicating absence of impurities capable of cata-

lyzing H202 formation in oxygenated water. The "Mineralight" R-51

low pressure mercury lamp, which is the source of the 254 nm radia-

tion, has been shown to produce 185 nm radiation as well. The KBr

filter solution when used in place of the water filter for this source,

caused no detectable change in the rate of photolysis of the oxygenated

thymine solution, indicating that photolysis was not due to trace

amounts of 185 nm radiation.

All the plots of Figure 23 show significant intercepts at "zero"

time. Previous experience in the photolysis (Daniels and Grimson,

1963, 1967) and radiolysis (Scholes, Ward, Weiss, 1960; Schwiebert

and Daniels, 1967) of thymine suggested that this might be due to

hydroperoxide formation, and this was tested by repeating the kinetic

analyses in the "low iodide" conditions. Figure 24 shows typical re-

suits for the three excitation wavelengths using 3mM I . A. qualitative

interpretation of Figure 23 is that H202 is a product of photolysis;

quantitative evidence to support this was obtained by measuring the

pseudo-first order rate constant at various I concentrations (all in

the "high iodide" range) and determining hence the second-order rate

constant as described under Experimental Methods. The results ob-

tained in the "low iodide" range also follow pseudo-first order kinet-

ics, and thus allow the determining of the corresponding second-order
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Figure 24. Dependance of absorbance on tine after mixing. All curves represent
45 minute photolysis at low iodide.
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rate constants. Figure 25 is a typical plot of the difference in the

absorbance at time infinity and the absorbances at specific time inte

vats after mixing for "high iodide" condition at 229 nm. Pseudo first

order rate constants are calculated from such plots (See Experimental

Methods). The results of these experiments for the "high iodide" con-

dition are shown <in Figures 26-28 for all excitation wave-lengths, and

the second order rate constants (obtained by least-square treatment

of the data) are in Table 10. These data are tabulated in Table 2.

Table 2. Dependence of first-order rate constant upon iodide concen-
tration at "high iodide".

m

0. 10
0.20
0.25
0. 30

0. 05
O. 10
0.20
0. 30

O. 05
0.10
O. 15
0. 30

(Excitation at 214 nm)

(Excitation at 228 nm)

(Excitation at 254 nm)

-k(sec 1)

1. 10 x 10 -3
-2. 20 x 10 -3

3

2.73 x 10
3. 26 x

O. 50 x 10-3
1. 00 x 10-

00 x 10_3
3. 00 x 10

- 3
O. 60 x 10 -31. 12 x 10-3
1. 69 x 10_3
3. 34 x 10
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Figure 25. Absorbance (A ce-A ) as a function of time after mixing for high iodide

with excitation at 129 nm
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0.0 0.1
Ell, m

0.2 0.3

Figure 26. Dependance of first-order rate constant upon iodide concentration at high
iodide with 214 nni excitation
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Figure 27. Dependance of first-order rate constant upon iodide concentration at high iodide
with 229 nm excitation
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0.0 0.1
Cr I, m

0.2 0.3

Figure 28. Dependance of first-order rate constant upon iodide concentration at high iodide
concentration with 254 nm excitation



From comparison with the known value for H202 (Scholes,

Ward and Weiss, 1960), we conclude that hydrogen peroxide is a photol-

ysiS product at all excitation wavelengths (See Analytical Methods).

The results for the experiments with the "low iodide" condition

are shown in Figures 29-31 for all excitation wavelengths, and the

second order rate constants (obtained by least-squres treatment of the

data) are in Table 10. These data are tabulated in Table 3.

Table 3. Dependence of first-order rate constant upon iodide concen-
tration at "low iodide".

[11, nm
k(sec-1)

(Excitation at 214 nm)

0.50
1. 00
2. 00
2.50

Excitation at 228 nm)

0. 50
1. 00
2. 00
3. 00

O. 85 x 10 -3
3-1. 75 x 10-3

3. 44 x 10
4. 30 x 10-3

-O. 86 x 103
1. 75 x 10-3
3.50 x 10
5.25 x 10-3

Excitation at 254 nm)

0.50 O. 80 x 10-3
3

1. 00 1. 65 x 10_3
2. 00 3. 25 x 10-3
3. 00 4. 85 x 10
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Figure 29. Dependence of first-order rate constant upon iodide concentration at low iodide with
214 Inn excitation
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Figure 30. Dependence of first-order rate constant upon iodide concentration at low iodide
with 229 nrn excitation
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0.0 1.0 2.0 3.0

Figure 31. Depemdence of first-order rate constant upon iodide concentration at low iodide with
excitation at 254 nm.
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Comparison with known values for synthetic samples of the thymine

hydroxyhydroperoxides strongly suggests that 6-hydroxy-5-hydroper-

oxy thymine is a photolytic product.

At all wavelengths the kinetic curves for "low iodide" conditions

show an intercept at zero time; this indicates a species reacting faster

than the 6-hydroxy-5-hydroperoxy thymine, which may be the 5-hydroxy-

6- hydroperoxy isomer. Unfortunately, experimental conditions do

not allow us to determine the rate constant for this fast species.

do this it would be necessary to lower the iodide concentration even

more (by a factor 5), and this has the secondary effect of shifting the

1 2/13
equilibrium away from 13 and hence reducing the absorbance

at 352 nm below the present limit of detection. The yield for this

species is reported as if it were the hydroperoxide.

Product Yields

From the quantitative aspects of these experiments, in the "high

iodide" range, the absorbance at "zero" time (A0) is due to the I

resulting from the fast reacting (TO2H + component. From same

rate relations (Figure 20) extrapolating back to zero time, the yields

are determined.

The slow reaction (H202 + 1-) results in the formation of 13,

which is responsible for the absorbance above A
0

In the "low iodide"

range the fast and slow components reacting with the iodide are
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hydroperoxides. However, as emphasized earlier, experimental con-

ditions would not allow determination of the rate constant of fast react-

ing component. Figures 32 through 35 show 14202 and/or TO2H as a

function of duration of photolysis for the 214 nm, 229 nm and 254 mai.

sources.

The 52, [ I2] for the fast reacting component in the "low iodide?'

range represents the "zero" time intercept oxidation yield, denoted as

7.,s[I2]0 This is the hydroperoxide whose rate constant is indeter-

minable by our present method. The 53[ I 2] for the slow reacting

species is the oxidation yield above the "zero" time intercept. It too

is a hydroperoxide. However, its rate constant is determinable by

our present method. Figure 36 through 39 show both hydroperoxides

as a function of duration of photolysis for the 214 nm, 229 nm and

254 nm sources.

A consequence of assumptions of the present method of analysis

is that at "low iodide" the limiting oxidation yield at "infinite" time

denoted I
2 co

should be identical with the "zero" time intercept

oxidation yield at "high iodide", denoted 1',[ I2]
0

. The relevant ex-

perimental results, obtained for different exposures at 214 nm, 228

nm and 254 nm are shown in Figures 40 through 43 respectively. The

straight line in each case has e
0

(slope) of 1. 0.
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Figure 32. Dependence of [H202] and [TO2H] upon duration of photolysis at high iodide

and excitation at 214 inn
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Figure 33. Dependence of [1202] and [T0211] upon duration of photolysis at high iodide and
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Figure 34. Dependence of (H202] and [T021-1] upon photolysis time at high iodide and 254 nm
excitation for 100 pM thymine
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Figure 37. Dependence of [T021.11 upon photolysis time at low iodide and 229 nun excitation
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Figure 38. Dependence of [T021-1] upon photolysis time at low iodide and 254 nm excitation

for 100,iLM thymine
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Figure 39. Dependence of [T021-1] upon photolysis: time at low iodide and 254 nrn excitation
for 504uM thymine
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Quantum Yields

The yields of hydrogen peroxide and the hydroperoxides were

measured as a function of dose for each of the exciting wavelengths

(Figures 32 through 39), applying our kinetic method of analysis.

the exposure range used (< 45 mins. ) linear yields were obtained and

quantum yields have been calculated from the actinometry and the

absorbance of the solutions. The Ia
s

(Intensity absorbed) is calcu-

lated from a form of Beer's law:

labs = I
o

(1-10 -EC
1)

This relationship suffices for our purposes since the concentra-

tion of solutions photolyzed were so small that changes in concentra-

tion were insignificant. Table .11 gives the quantum yield values for

hydrogen peroxide and the hydroperoxides at each of the three excit-

ing wavelengths.

Effects of Thymine Concentration on Quantum Yields

The loss of thymine was determined and described in the Experi-

mental Methods. Quantum yields of these processes are shown in

Table 11 for each of the exciting wavelengths. Clearly there are

variations of quantum yield with wavelength (See Discussion).
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Figure 40. Oxidation yield at zero time, high dodide, as a function of oxidation yield,
time infinity, low dodide with 214 nm excitation
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Figure 41. Zero time oxidation yield for high iodide as a function of infinity time oxidation
yield for low iodide with excitation at 229 nm
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Figure 44 shows the quantum yields for thymine loss as a func-

tion of thymine concentration with excitation at 254 nm. There seems

to be a quenching process as the concentration of thymine increases.

Numerical values are given in Table 4. The value for 100 p,M thymine

solution is in good agreement with that reported earlier (Daniels and

Grimson, 1963). Of the total loss of thymine at 254 nm (1)

4. 3 x 10-4), we may calculate from the data of Fisher and Johns

(1970) that 25% (1)(-T) = 1. 1 x 10-4) is due to dimer formation. Of

the remaining 3.2 x 10-4, organic hydroperoxides can account for

25%. This suggests that photo-oxidation is an important process at

254 nm.

Table 4. The dependence of quantum yield upon thymine concentration
at 25°C when excitation is at 254 nm.

[1],P-M 'abs 4(-T)
(E/ 1 /min)

10

25

50

100

200

1. 0 x 10-4

2.2 x 10-4

3.7 x 104

5.5 x 104

7. 0 x 10-4

19.1 x 10-4

13.8 x 104

8. 3 x 10-4

4. 3 x 10-4

4.4 x 10-4

pH Determination for Photolyzed Solutions at 254 nm

A check of the pH for solutions photolyzed for different time
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Figure 44. Quantum efficiency for the disappearance of thymine as a function of thymine concentration at 254 nm
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durations at 254 nm indicated that as the photolysis time increased

there was a steady increase in hydrogen ion concentration. Figure 45

shows the change in hydrogen ion concentration as a function of dura-

tion of photolysis for a 50µM aqueous thymine solution (02 saturated).

In Table 5, values are given for the pH and [Fe] for different

photolysis times. The change in hydrogen ion concentration is also

indicated. The pH's of the photolyzed solutions were determined in-

stantaneously upon obtaining the solutions from the photolysis cell.

This was necessary because the pH's were slowly altered by the CO2

dissolving in the solutions from the atmosphere.

Table 5, pH determination for photolyzed aqueous thymine (50 µ M) at
25°C with excitation at 254 nm.

Duration of
Photolysis pH

(Min. )

+
H

(p, M)

,a H+1
P.M

0 6. 70 O. 20µM 0.00

10 6.20 0.63 0.43

20 6.00 1.00 0.80

30 5.75 1.78 1.58

45 5.67 2.14 1.94

60 5.60 2.52 2.32

120 5.30 5.01 4.81
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Figure 45. Change in hydrogen ion concentration as a function of photolysis time for 50 pM
thymine excited at 254 inn
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The Role of Oxygen; Effects of other Electron Scavengers

Several of our experiments with excitation at 254 nm have con-

firmed that oxygen is a necessary constituent in the aqueous thymine

system for the production of hydrogen peroxide, as well as the hydro-

peroxides. These experiments involved the photolysis of 50 p.M

aqueous thymine solutions saturating with oxygen-free N2, SF6 and

N20 gases respectively.

Solubility values for the gases at S. T. P. in saturated aqueous

media are:

1.25 x 10-3M

1.20 x 10-3M

N20 = 2.43 x 102M

SF
6

= 1.00 x 10 - 3M

No hydroperoxides8 nor hydrogen peroxide were detected in the solu-

tions photolyzed for < 90 minutes. At the outset of the experiment

saturating with the N20, some products (hydrogen peroxide and hydro-

peroxides) were detected in these photolyzed solutions. On replacing

the water filter with the KBr filter (10-2M), products were no longer

8 A few photolyzed
ance above the baseline,
the conclusion is that no

solutions produced a small change in absorb-
but this was not reproducible. Consequently
hydroperoxides were produced.
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detected in these solutions 9. This may suggest that perhaps traces of

the 185 nm radiation were able to penetrate the water filter and photo-

lized the aqueous thymine (as well as the N
2
0 molecules) system

(Dainton and Fowles, 1965). Table 6 shows the product yields (quan-

tum yields) for 02, N2, SF
6

and N20 saturated aqueous thymine solu-.

tions at 25°C and exciting at 254 nm. The quantum yields for thymin

loss is also indicated for each of the saturating gases.

The average quantum yields for thymine loss for the three gases

(N2, SF6, N20) is about 2. 0 x 10 -4. Clearly adding other known elec-

tron scavengers does not change the quantum yield. Figures 46, 47

and 48 show the differential absorbance as a function of duration of

photolysis for the N2, SF
6

and N 0 saturated aqueous thymine solu-

tions photolyzed at 254 nm.

Table 6. The dependence of quantum yields upon saturating gas for
thymine (504M) excited at 254 nm (all analyses were at
"high iodide").

N20
02 N2 SF

6 (KBr filter)

(-T) 8. 3 x 10-4 2. 0 x 104 1.8 x 10 -4 2. 0 x 10 -4

(1)( TO
2

H)

4)(H 0 )

7.4 x 10-5

1. 2 x 10
-4

0. 0

0. 0

0. 0

0. 0

0. 0

0. 0

9 The KBr filter caused no change in the results that were ob-
tained for the N2 or SF

6
saturated solution using the water filter.
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Figure 46. Differential absorbance at 264 nrn as a function of photolysis time
for N2 saturated aqueous thymine excited at 254 nm
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Figure 47. Differential absorbance at 264 urn as a function of photolysis time for SF6 saturated 50 pM thymine
excited at 254 urn
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pH Effects

Preliminary experiments have been carried out on the effect of

pH which were motivated by consideration that "electrons" may be

primary products and may be scavenged by hydrogen ions according to

e + H+ H atom (k = 2. 3 x101 -
M

1 ')(Gordan)(Gordan et al. ,1963)
aq

The quantum efficiency for the formation of H202 in the 5011M

aqueous thymine solution at an initial pH of 1.0 (25 °C) with excitation

at 254 nm is 4.4 x 10 -4. The quantum yield is about 3.5 times greater

than at an initial pH of 6.7 TheThe kinetical analysis of the data con-

firms that the product is H2 02.

The quantum efficiency for the production of the apparent hydro-

peroxide in the 50 u M aqueous thymine (pH 1. 0) solution photolyzed

with the 254 nm radiation is 3.9 x 10-5. This is about one-half the

TO2H yield in the aqueous thymine solution photolyzed with an initial

pH of 6.7.

From a quantitative point of view, the increased [H+ i] in the

aqueous thymine solution enhances the formation of H202. Projections

about the possible mechanism enhancing the formation of H202, while

possibly decreasing the TO2H yield will be discussed later.

The quantum efficiency for the disappearance of thymine in the

10 The pH of 6.7 represents the pH of the prepared thymine solu-
tion with no alteration in pH.
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5011M aqueous thymine (pH 1. 0) photolyzed at 254 nm is identical to

that for the aqueous thy:mine solution with an initial pH of 6.7, with

excitation at 254 nm. Figure 49 shows the yield of H202 and TO2H

as functions of the duration of photolysis for pH 1. 0 solutions. Table-

? shows the dependence of quantum yields upon pH for the 50

aqueous thymine solution with excitation at 254 nm, From these ex-

periments the conclusion may be made that [H +] has considerable

effect on secondary reactions, but no effect on primary step process.

Figure 50 shows the product yield of H202 and TO2H as functions

of duration of photolysis for the aqueous thymine solution (50 p, M) at

pH 12. 0. Figure 51 shows the differential determination for loss of

thymine for the same system. The quantum efficiencies for the -for-

mation of H202 TO2Hand are for all practical purposes identical to

Table 7. Dependence of quantum yields upon pH for the 50 tiM aqueous
thymine system at 25°C and excitation at 254 nm.

pH
cl)(- T)

(OH 0
2 2 TO2H2

1.0 8. 0 x 10-4 4. 4 x 10-4 3. 9 x 10
5

6.7 8. 3 x 10-4 1.2 x 10 -4 7. 4 x 10

12.0 15.1 x 10-4 1 1 x 10
-4 7. 4 x 10-5

those for the aqueous thymine solution photolyzed at pH 6.7. However,

the quantum efficiency for the disappearnace of thymine in the solution

photolyzed at pH 12 is about twice that for the pH 1. 0 or pH 6.7 solu-

tions.
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Figure 51 Differential absorbance at 264 urn as a function of photolysis time for 50pM thymine
at pH 12 with excitation at 254 nm
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Determination of the Hydrated Electron

Daniels and Grimson (1967) proposed that at 185 nm, thymine is

+ -
excited to a photoionization state (TA),

18,5 nm
TA T + e

hv A

(e aq
in aqueous system) resulting in the appearance of the hydrated

electron in the system.

The assumption that thymine molecules were photoionized by the

254 nm radiation producing the hydrated electron as a vital part of the

mechanism leading to the photolysis products in our system, was dis-

proved by experiments using the sulfur hexafluoride method for the

hydrated electron determinations. SF
6

is a specific electron scaven-

ger in aqueous solution (k(e + SF 6) = 1. 65 x 1010MM sec-1 ) pro-
aq

ducing high yields of easily detectable fluoride ions in this reaction

(A.smus and Fend ler, 1968). Therefore this system seemed to be a

convenient one for determining unequivocally the yield of hydrated

electrons if they were produced in the photolyzed solutions, and for

obtaining relative rate constants for reactions of eaq with SF
6

and

other solutes (e. g. N20 molecules) from competitive studies.

It has been shown (A.smus and Fend ler, 1969) that the hydrated

electron produced in irradiated systems reacts with SF6
according to,

SF6 + eaq- SF6 .- SF + F

+ 2H20 OH + H3 + SF4
+ F
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SF
4

+ 9H20 O32 + H 0 + 4F

5032 - + °, H202 S042-

Our initial determinations of the photolyzed aqueous thymine

solutions were positive, however, on photolyzing a control (SF
6

sat
urated water), we discovered that the fluoride yield was approximately

identical to that for the photolyzed aqueous thymine system. The use

of the KBr filter did not significantly change the results obtained with

the water filter. The results obtained might suggest that the SF6 is

being photolyzed in both systems leading to the fluoride ions detected.

The fluoride yield was higher in both systems (H20 and thymine) be-

fore pyrogallol was used to remove oxygen from the SF6 gas. Clearly

the 02 has some effect on the fluoride yield.

Use of Ethanol as Radical Scavenger

The possibility that the hydrogen radical was involved in the

mechanism leading to the products was tested by experiments using

ethanol, which is a hydrogen radical scavenger. Several concentra-

tions of ethanol (10-4 to 0.1 M) were used in the aqueous thymine

system (50 µ M). At all concentrations of ethanol the quantum yield

of H202 (4)H 0 = 1.5 x 10 -4 4to 4.1 x 10 ) exceeded the quantum
2 2

yield of H202
(4)}1,0

= 1.2 x 10 -4 ) for aqueous thymine (50 µ M, 02
2 2

sat. ) photolyzed in the absence of ethanol. Figure 53 is a semi-log
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Figure 52. Dependence of oxidation yields upon photolysis time for 50 FM thymine excited at 254 nm in the presence of ethanol
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plot of quantum yield as a function of ethanol concentration. There

was a rather sharp increase in H202 formation with increasing ethanol

concentration (Figure 52) from 1.5 x 10-4 to 4.1 x 104. Only at the

lowest ethanol concentration (10-4M) did the quantum yield (Figure 53)

of TO2H(4)TO
H = 5 x 10-5) approach"the quantum yield for

2
TO H(4) 7.4 x 105) in aqueous thymine solutions photolyzed in

2 TO2H
the absence of ethanol.

Table 8. Dependence of quantum yield upon ethanol concentration for
oxygenated thymine (50 p. M) solutions at 25°C (excitation at
254 nm).

Concentration of Ethanol (M

4)(TO2H)

4)(H202)

.(-T)

10-4 M 10-3 M 10
2 1

M 10 M

-6.5 x 10 5 5.6 x 10 -5 3.2 x 10-5 0.9 x 1 0 5

15.1 x 105

34.5 x 10-5

26.0 x 105 34.0 x 105 41.0 x 10 5

24.0 x10 -5 20.0 x 10-5 15.5 x 105

Figure 54 shows the differential method for determining thymine

loss for the ethanolic aqueous thymine solutions photolyzed at 254 nm.

Figure 55 is a semi-log plot of the quantum efficiency for thymine loss

as a function of ethanol concentration at 254 nm.

The deoxygenated aqueous thymine solutions photolyzed in the

presence of ethanol (10 -2 M) at 254 nm yielded no detectable products

with the high iodide analysis. However, the thymine loss, 4) (-T)
2
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Figure 54. Differential absorbance as a function of photolysis time for 50 iuM thyrnine
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2. 1 x 10 -4 was clearly the same as for the 02 saturated system

(1)(-T) = 2 0 x 10-4). We conclude here that 0 is a necessary con-
2

02
stituent in the mechanism leading to the production of TO2H and H202

in the ethanolic aqueous thymine system photolyzed at 254 nm.

Further efforts toward elucidating the primary process leading

to the production of TO2H and H202 in the photolyzed oxygenated

aqueous thymine system entailed experiments photolyzing: (a) oxygen-

ated ethanolic aqueous thymine solutions, and (b) deoxygenated ethan.olic

aqueous thymine solutions, at 254nm, and determining acetaldehyde by

the method of Johnson and Scholes (1954), These tests we re'pos itive in the

oxygenated s'ollitions, giving an aldehyde'yield in the same system equal

to the yieldmf H202 (See Figure 56); The data are tabulsed in Table 9.

In the deoxygenated ethanolic aqueous thymine solutions photo-

lyzed at 254 mn, the tests for aldehyde were negative. Hence we con-

clude that 02 is a necessary constituent for the primary process

(See Discussion).

Table 9. Dependence of quantum yield of acetaldehyde upon ethanol
concentration for oxygenated thymine (5011M) solutions at
25°C (excitation at 254 rim),

Concentration of Ethanol

10-4 M 10-3 M 102 M 1

3CH0)

'4)(-T)

14.0 x 10-5

34.5 x 10-5

26.5 x 10-5

24. 0 x 10 -5

33.5 x 10 5-

20.0 x 10-5

41.0 x 10 5-

15.5 x 10
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Table 10. Rate constants for reaction with I- at 25°C.

k, M-1, sec -1

Excitation
Wavelength "High Iodide" "Low Iodide"

(nm)

214 1.22 t 102 1.76

229 1. 04 x 10-2 1.73

254 1. 13 x 102 1. 69

(Pertinent data from Table 1)

H2 O2

6-Hydroxy-5-Hydroperoxy thymine 1. 60

2-
1. 13 x 10

5-Hydroxy-6 Hydroperoxy 7. 53



Table 11. Initial quantum yields for the photolysis of thymine (100 la M) in neutral, oxygen-saturated,
aqueous solution.

Excitation
Wavelength Iabs

(nm) E/ 1 /min
( -T )a

"Low Iodide" "High Iodide"
cl)(T021-1) (1)(TO2H) 4)(TO H) 4)(H202)

(A -A. ) (A -A )(A0)
co 0 (A0)

00 0
5- -3 3214 6. 6 x 10 2.2 x 10 1.5 x 10-4 1.5 x 10-4 3. 8 x 10-4 1.0 x 10 -

4.5 x 10-3 -4 -3229 4. 3 x 10-5 2.1 x 10 1.7 x 10-4 4.1 x 10-4 1.0 x 10

254 5.5 x 10-4 4. 3 x 10-4 2. 1 x 10 5. 6 x 10-5 57. 6 x 10 1. 3 x 10
-5 -4

254b 3.7 x 10 8.26 x 10 2. 8 x 10-5 5.0 x 10-5 7.4 x 10 1.2 x 10
-4 -5 -4

a From difference spectra as described in text.
b

The corresponding values given here are for a 50µM thymine solution.
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DISCUSSION

Any proposed reaction mechanism must be based upon knowledge

of the influence of various factors upon the overall rate of the reaction

along with identification of the pertinent transient species occurring

during the reaction and the effects of various factors upon the rates of

formation and disappearance of these transients.

Not much is known to support proposed mechanisms for the for-

mation of the photoproducts of thymine, and much of what is known is

confusing and self-contradictory, Since the reactions in question are

ones which are initiated by absorption of ultraviolet light, the pri-

mary reactant species must be one formed by absorption of light in

the thymine molecule. Such a species might be a singlet excited thy-

mine molecule, or a triplet excited thymine molecule, or an ion re-

sulting from a photoionization process with concomitant generation of

a hydrated electron; or electron transfer to oxygen from an excited

thymine molecule, or hydrogen atom ejection or transfer. If there is

an electron transfer, does this occur only in the presence of oxygen

via collision or does the electron have a transient free existence.

This discussion will consider the following points:

1. The available information on excited states of thymine.

2. The pathway of excitation energy absorbed by thymine

between absorption and the formation of photoproducts.
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3. Whether an excited state of thyrnine is,pathway to photo-

products or whether some other excited, state of the system

is involved (especially at 214 nm).

4. The relative mechanism of photolysis at 214, 229 and 254nm.

5. Nature of excited states implied by experimental results.

Nature and Location of Excited States

The act of excitation and the nature of the excited state of thy-.

mine is not clearly defined. Though the spectrum of thymine is super-

ficially simple, it most likely includes hidden banks. There may

exist some hidden states such as (n,Tr) levels whose absorption is low

but whose lifetime is long. Evidence for such levels has been report-

ed for 1-methyluracil (Eaton and Lewis, 1970). The single-crystal

polarized absorption spectrum of 1-methyluracil has been investigated

from 3200 to 2400 A. at room temperature (Figure 57). The spectrum
*-polarized normal to the molecular planes uncovers an n Tr transi-

0

tion at 2640 A . The longest wavelength Tr absorptipn band at
0

2755 A. exhibits well-resolved vibrational structure which broadens

considerably on the high-energy side of the band (Figure 58). It is

suggested that this broadening results from a perturbation by the

underlying n Tr state. The theoretical behavior is given by

OD(0 ) E log [Io/I(0)] = - log(10-°D(a)cos20 + 10 OD(b)s
1.112



Figure 57. Lambert's law in 1- niethyluracil crystal. These are plots of optical density versus crystal
thickness with the electric vector of the plane - polarized, light parallel to each of the three
principal crystal axes. The crystal thiclatess is calculated from the measured birefringences
and relative retardations at 5890 . The measured relative retardations are also shown in
the figure. Optical densities were measured at 2755, 2550, and 2640 A for the a, b, and
c axes, respectively. The Brace-Koehler compensator was employed to measure the very
small relative retardations of the crystals used for the a-axis plot. The Berek compensator
was used for obtaining the b- and c-axis data the straight lines through the experimental
points were obtained by the method of least squares.

Figure 58. Angular dependence of absorption. This is a plot of optical density versus the angle
that the electric vector of the plane-polarized light incident normal to the ab, (001),
crystal face makes with the a crystal axis. The points are experimental and the
curve is calculated using OD(a) 1.85 at 2755 X and OD(a) = 1.10 at 2560 X. OD(b )
is essentially zero at both wavelengths.
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The transition moment for the lowest Tr Tr transition is found to be

almost parallel to the N
1

- C
4

molecular direction. The difference

of about 230 between the transition moment directions for 1-methyl-

uracil and 1-methylthymine, agrees well with Tr-electron calculations.

These findings have significant implications since thymine is

methyluracil.

Mechanism for Formation of Primary Photoproducts at 254 nm

Photoionization. All mechanisms postulated are based on ob-

served data, the nature of the photoproducts, kinetics, stoichiorriet-

rics, and the initial absorption process. In the 185 nm photolysis of

the aqueous thymine system (Daniels and Grimson, 1967), it was sug-

gested that excited state T arises from the Z band and is a photo-
A.

ionization state.

A recent study has reported evidence for photoionization

(Sevilla, 1971). Ultraviolet irradiation (helical, low pressure Hg

lamp) of thymine at 77°K in both alkaline and acid glasses is shown to

produce thymine cation radicals. The mechanism is considered to be

biphotonic (phosphorescence is observed in both alkaline and, acid

glasses), i, e , photoionization from the metastable triplet state.

the alkaline glass the esr spectra show the presence of the electron,

produced by photoionization, as well as the Tr-cation radical. The

thymine Tr anion is produced in the alkaline glass by photobleaching
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the trapped electron' which then reacts with the paren

compound. This correlates with evidence from pulse radiolysis a

room temperature that eaq
reacts rapidly with thymine (k = 1. 8 x

1010M-1 sec -1 )(Hart, Gordon and Thomas, 1964). In the acid, glass

products of electron attachment are found as well as cation radicals.

The possibility for the occurrence of photoionization in the pho-

tolysis of the aqueous thymine solution exciting at 254 nm was con-

sidred in our study. Thus,

hv
T TA e aq

In the presence of 02, athe e- thus ejected could form the hydro-
q

peroxy radical,

ea + 0q 2
10 - 1 -= 1.9x10 M sec 1 11

(Gordon et al. 1963). The thymine ion (T ) would be trapped with the

water molecules dipoles in the solvent shell by a reaction easily

shown to be exothermic.
OH

T+ + +H 0 T. +H+

Hydrogen peroxide can be formed by the reaction

0 HO.
2 2

HO' + HO' H02 2 Z

(c)

11 The hydrated electron, e represents a trap formed by the
polarization induced in water molecule dipoles in the vicinity of the e
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A reaction of the radical ) with 0
2

(known from radiolysis

work to occur rapidly) would lead to the formation of the hydroperoxide,

therefore,

and form hydroxy hydroperoxide by

OH
HO'

2
0

(d)

To test for the existence of the hydrated electron in the photolyzed

thymine solution, SF
6

was used as electron scavenger. These tests

were misleading initially in that a considerable fluoride ion yield was

detected in the aqueous thymine system photolyzed with 254 nm, The

use of the KBr filter in place of the water filter did not change signif-

icantly these results. But bubbling the SF6 gas through double pyro-

gallol solutions, leads us to conclude that an 0 effect was present;

the fluoride ion yield was reduced two-fold.

Furthermore, there were very serious discrepanCies in the

stoichiometrics. The quantum efficiency for the loss of thymine greatly

exceeded the quantum yield of fluoride ion formation. If the hydrated

electron were produced in the photolyzed thymine solution by an act of

photoionization of the thymine molecule, then the quantum efficiency

far fluoride ion formation should be on the order of the quantum
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efficiency for the loss of thymine. This construct, however, is based

on the presumption that photoionization would be the predominant

process occurring in the photolysis process. Hence it is possible that

photoionization could play a minor role in the system and this would

consequently render the fluoride ion test for the hydrated electron

impractical. Further evidence that the hydrated electron was not

produced in the system came from the results obtained in the photo-

lyzed SF
6

saturated water (the control) systems the fluoride ion yield

was on the order of that obtained for the photolyzed aqueous thy-min.e

system. Clearly photoionization is not a predominant process in the

photolyzed aqueous thymine system excited at 254 nrn.

Addition of Oxygen to an Excited State of Thymine

The possibility that 02 reacts with thymine via addition to the

double bond of another excited state (TB) of thymine has been con-

sidered (Daniels and Grimson, 1967). In our study, we conclude that

in water thymine gives a low photooxidation yield if the water solution

is oxygenated. We detected no oxidized products when the system was

photolyzed in degassed water solution. It has been shown that photo-

dimerization of thymine in water solution at room temperature is

quenched by oxygen (Fisher and Johns, 1970) suggesting a triplet

precursor to the dimer.



131

Lamola and Mittal (1966) have found that the photodix-nerization

of thymine in acetonitrile proceeds entirely via the triplet state, with a

quantum yield of 5 x 10 -3 (7 x 10-4 M thymine). The lifetime,

T
0

(4. 3 p, s), of the triplet excited states of thymine has been estimated

(Wagner and Bucheck, 1968) by determining the factor k t from

Stern- Volmer kinetics and assuming the quenching rate k of triplet
q

thymine by 1, 3-pentadiene to be 1. 1 x 1010M
1

M 'sec in acetonitrile.

The transient produced on flash excitation of degassed solutions of

thymine in acetonitrile has been characterized as the triplet excited

state of thymine (Szabo, Riddell and Yip, 1970). The triplet state of

thymine could be quenched by 2, 4-hexadien.-1-ol with a rate constant

of 8.1 + 6 x 109M -1 sec -1, It is concluded (Lamola, 1968) that, de_

pending on the particular reaction conditions, thymine and thy:mine

derivatives undergo photodimerization by pathways which involve the

triplet state or by pathways which involve only the excited singlet

state. At low thymine concentrations dimerization proceeds via the

triplet state, while at high concentrations it arises mainly from

aggregates, probably a singlet precursor. Lamola and Mittal (1967)

demonstrated a triplet-state intermediate for thymine dimerization in

acetonitrile solution through quenching studies using low concentrations

of isoprene which should be effective in quenching the triplet but not

the singlet state of thymine. These results are expected since the

lifetime of the thymine singlet state in fluid solutions at room
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temperature is on the order of 10-12 second (Daniels and Hauswirth,

1971). This means that for dilute solutions of thymine, say 104 M,

taking the dimerization to be diffusion-controlled, a maximum quan-

tum yield for dimerization from the singlet state is 10-6. In other

words, unless the solutions are highly nonideal, the short lifetime of.

the monomer singlet state at room temperature makes it an unlikely

precursor for the dimer because of the much longer times required

for the monomers to diffuse together.
Ji

On the basis of excited state TB postulated (Daniels and Grim-

son, 1967), it is suggested that 02 adds on in the Y band resulting

in the formation of an annular peroxide.

hv
T -- TB

TB + 02 TKI

This product when hydrolyzed gives a hydroperoxide.

(:)}1

+ H2O
02H

(e)

Evidence for this comes from stoichiometry at 185 nm photolysis.

No hydrogen peroxide is produced.

It is clear, on the basis of the present results, that photoprocl---

ucts (H202 and TO2H) (See Table 11) resulting at all the wavelengths

used here (214, 229 and 254 nm) are also produced by the 185 nm
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source employed by (Daniels and Grimson, 1967). This shows that

photo-oxidation is not a property of a specific absorption band.

Hydrogen Atom Ejection

In the photolysis of the aqueous thyrnine system at 185 nm

(Daniels and Grimson) in dilute solution the appearance of the H atom

was attributed to the photolysis of water,

185 rim
H + OH

An electron spin resonance study of DNA after irradiation with

U. V. light or ionizing radiation has identified the main free radical as

a hydrogen addition product of the base thymine (Pershan et al.. , 1964).

The unpaired spin has been located at the C5 position from its hyper-

fine interaction of 20. 8 + 0. 3 gauss with the -CH3 group attached to

C5 and confirmed by deuteration of the methyl group. Hydrogen atom

addition at the C6 was proven by exposing the DNA to D
2
0 vapors

before irradiation in which case the 37.76 hfs of the CH
2

was reduced

to the value characteristic of CHD.

In the 185 nm photolysis of aqueous thyrnine, Daniels and Grim-

son (1967) suggested that as the thymine concentration increases rela

tive to oxygen concentration the reaction

H+
-

e aq + T T. H (1c=2. 3x :1010MM sec 1)(Scholes, Shaw and (f)
Wilson, 1965)



would compete with

e +aq 2
(k=1. 9 x10 1 'secsec )(Gordon et al. , 1963)

and thus will lower the quantum yield of hydrogen peroxide. Conse-

quently, in our work we have used low concentrations of thymine

(50 or 100µM) in 0
2
-saturated solution (1250p,M) to eliminate this

possibility.

We have considered the possibility of the reaction

OH
T + H2O + H atom

as a possible origin of the H atoms. If this reaction occurs, then the

formation of H
2
0

2
may be attributed to

-1 1H + 0 2 -. HO
2

(k=2x 1010M- sec )(Hart, Gordon and Thomas,
1964)

HO2 + HO2

Another source for the H atom would be

T. + H

Thus, the hydrogen peroxide would be ascribable to

H + 02 -. HO
2

(H2

Such a possibility seems suggestive since the C
6
-H bond in thymine

is on the order of 86 kcal/mole. The energy for each of the wavelengths



used are as follows:

Wavelengths (nm)

214

229

254

-1Energy kcal/ mole

135

126

113

135

The energy for 185 nm radiation is 155 kcal/mole.

Use of Ethanol as Radical Scavenger

The question arises as to whether the formation of H,

be ascribable to one of the reactions below,

1. H+ + 02 H02 (H
2
0

2
), or

2. H. + 02 HO* (H
2 2

To investigate this, the thymine solution was photolyzed at 254 nm 'in

the presence of ethanol. Ethanol is known to be a fairly good H atom

scavenger (k(C2H5OH + H') = 2. 0 x 107Mlsec-1), (Anbar and Netts,

1967) but would have to compete with 02 for the H atom (k(02 + H° )

102. 0 x 10 M -1 sec -1
) (Hart, Gordon and Thomas, 1964).

3. CH
3
CH2 OH + H. CH

3
CH' OH + H2

The yield of. H202 increased sharply for increasing concentrations of

ethanol used in system (See Figures 52, 53 and Table 8) whereas the

yield of TO2H
decreased rather sharply. This suggest that ethanol

and 02 are competing since at very low concentrations of ethanol the
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quantum efficiencies for the production of H202 and TO2H respectively

are on the order of that for the 0
2

saturated system photolyzed in the
-OH

absence of ethanol. We suggest the competition to be for T The

TOH reacting with 0
2

would be a source for TO2H.

OH
4. + 02

The loss of thymine would decrease because thymine would be given

back by

)0H
5. + C

2
H

5
OH C

2
H4

OH + T + H

The C2H4OH reacting with 02 would be a source for H202 and

acetaldehyde

6. C2H4OH + 0
2 2 4C H OH -- CH

3
CHO

02

Clearly the H202 does not result from reaction (2). If this were the

main source for H202 then the presence of the ethanol in the photo-

lyzed thymine would have decreased somewhat the H atom concen-

tration by reaction (3). It should be pointed out however, that for the

concentration range of ethanol used we did not expect a major effect

since k(0
2

+ H) is 102 to 104 k(C
2

H
5

OH + H).

The test for acetaldehyde was positive suggesting that the series

of reactions (5), (6) may account for the products (H202 and acetalde-

hyde). No aldehyde was detected in the deoxygenated thy.mine-ethanol
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solution photolyzed at 254 nm. The hydroperoxide could be accounted

for by reaction (4). The results obtained from photolyzing the

aqueous thymine system in the absence of oxygen lend further credence

to the possibilities of these reactions (4), (5), (6) accounting for the

products. No products were detected in the aqueous thymine system

photolyzed in the absence of oxygen.

The overall conclusions from these experiments are The H

atom is not the major precursor for the formation of H202 in the

photolyzed thymine solution with ethanol excited at 254 nm. Oxygen

is a necessary constituent for the formation of the photoproducts

(H
2
02' TO

2
H, CH

3
CHO). The mechanisms we have ascribed could

account for the formation of these products. Consistent with these

mechanisms is the fact that the loss of thymine is decreased in the

photolyzed thymine-ethanol solutions (See Figure 55 and Table 8).

The fact that no aldehyde was formed in the deoxygenated system

would rule out the possibility of the radicals being intermediates.

From Figures 53 and 55, it can be seen, that 4) (H 0 4. 1 x 10
2 2'

whereas {intersystem' crossing) accounts for about 1.5 x 10 -4
(lsc)

Effects of Other Electron Scavengers

No products were detected when the photolyzed (254 nm) aque-

ous thymine system was saturated with either of the following oxygen

free gases, N2, N
2

0, and SF
6.

Since the quantum yields for the loss
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of thymine are very nearly the same this would infer that the same

process is occurring in the presence of each gas. The choice of elec

tron scavengers used in these experiments was restricted in that for

the scavenger to be specific it must not absorb at the wavelength used,

for the excitation. Clearly adding other known electron scavengers

does not change the quantum yield.

The aforementioned results lend further evidence for the conclu-

sion that oxygen is a necessary constituent for the formation of H202

and TO2H
in the aqueous thyrnine system excited at 254 nm.

Furthermore at the low concentration of thymine used, we con

clude that the photooxidation process proceeds by the triplet state.

Recall that the lifetime of the thymine singlet state in fluid solution at

room temperature is on the order of 10 -12 sec. This means that for

dilute solutions of thymine the photooxidation process is diffusion

controlled. This would make the singlet energy transfer in thymine

highly improbable. This conclusion agrees with others (Fisher and

Johns, 1970) who have concluded that at low thymine concentration,

dimerization proceeds via the triplet state. While at high concentra-

tions it arises mainly from aggregates, probably a singlet precursor.

Electron Transfer from Excited Thyrnine to Oxygen

In the 185 nm photolysis of aqueous thymine (Daniels and Grim-

son, 1967), hydrogen peroxide and organic peroxides were formed.
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The formation of these was attributed to reactions initiated by photo-

ionization.

We now consider the possibility that electron transfer to oxygen

from an excited thymine molecules occurred in the photolyzed aqueous

thymine system.
hv

T

T + 02 --,- T+ + 02

Although 02 quenching of triplet states is well known, nothing is

known of the mechanism and production of such cation. If this mech-

anism has validity, then the fate of the T+ and 0
2

should be as

that ascribed to them in equations listed as (c) and (d). Clearly the

electron transfer could account for the photoproducts.

Aspects of Photochemistry

At 254 nrn, similar yields of photoproducts are formed for the

50 [1M and 100 p. M thymine solutions. The initial quantum yields

determined from oxidation yields vs. duration of photolysis are inde

pendent of initial thymine concentration. However the quantum effic-

iency for the disappearance of thymine for the 5011M thymine

(4) (-T) = 8. 3 x 10-4) is about twice that for the 100 µ M thymine

(4) (-T) = 4. 3 x 10 4). The difference in quantum efficiency for the

disappearance of thymine for the 50 p, M and the 10011M thymine
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solutions excited at 254 nm, suggest that a concentrationeffect is

present and that possibly two processes are going on in the aqueous

thymine system.

At all wavelengths used (214, 229 and 254 nm) identical photo--

products were found. The ratio of (TO H)
to 0.(..1) was found to be

2

very nearly constant for the three wavelengths. But for the 254 nrn

the oxidation yields were lower. The 214 and 229 rim behave as if

they were in the same absorption band and crossover to the same

triplet state (e. g., T2). These two appear to be independent of wave-

length. The 254 nm excitation perhaps crosses over to a triplet state

that is lower than that for the 214 and 229 nm (e. g., T1). It may be

possible that the excitations for all three wavelengths cross over to

the same lower state with the efficiency for crossover for the 214 and

229 nm being greater than for the 254 nrn.

The differences in oxidation yields for the 254 nm and the other

wavelengths used suggest a wavelength effect. The present stage of

our knowledge will not allow us to go beyond these hypotheses concern-

ing the nature of the excited states, and concentration and wavelength

effects associated with photolysis of the aqueous thymine system at

214 nm, 229 nm and 254 nrn.
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Summary

From the present study it is evident that photoproducts formed in

the photolysis of the aqueous thymine system were produced at all, the

wavelengths used Oxygen is necessary for the formation of these

products. The short singlet lifetime of thymine in fluid solution

would rule out the singlet state as the excited state implied by the

experimental results. The fact that oxygen is necessary for the for-

mation of the photoproducts infers that the excited state of thyrnine is

quenched by oxygen, suggesting a triplet precursor. We conclude

that photooxidation is not a property of a specific absorption band.

Products were formed at all wavelengths used Although there are

variations of quantum yield with wavelength which are no doubt signifi-

cant, the most important conclusion of the present work is that photo-

oxidation is not a characteristic of only the higher absorption band.
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