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PREFACE

The present review is a discussion and survey of the main results of

electron spin resonance studies on the formation and properties of radia-

tion induced free radicals in nucleic acid constituents and their deriva-

tives. The work to be reviewed here was carried out at the University of

Oslo, Department of Biophysics, in the period 1971 to 1976. The original

data are reported in the following papers, which are referred to in the

text by Roman numerals.
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INTRODUCTION

Structural alterations on the DNA-molecule, which is the carrier of

genetic information (1), may in certain cases result in dramatic effects

such as cell death or mutations. Such molecular modifications may be

caused artificially by exposure to ionizing radiation, to UV-light or by

chemical substances. It is evident from various experiments that the

DNA molecule is the principal target with regard to lethal effects of

radiation (2). The radiation-induced molecular damage to DNA can roughly

be divided in two large groups. The first group contains single and

double strand breaks which may be followed by a major distortion of the

molecule and the molecular morphology. The second group of damage consists

of smaller or larger modifications of the constituent bases which in turn

may lead to changes in the information content and thereby to a mutation.

This implies that ionizing radiation may have a significant effect on both

replication and transformation.

The molecular changes of the DNA molecule, in various systems exposed

to ionizing radiation, have been the subject of a great number of studies

(2). It is evident that the experimental approach has varied, and that

a variety of techniques have been employed. In the present work electron

spin resonance spectroscopy (ESR) has been applied on irradiated crystal-

line systems, in particular single crystals of DNA subunits and their

derivatives. The main conclusions about the molecular damages are based

on this technique in combination with molecular orbital calculations. It

should be emphasized that the ESR technique is restricted to damages con-

taining unpaired electrons. These unstable intermediates called free

radicals seem, however, to be involved in all molecular models describing

the action of radiation on DNA.

One of the premises for a detailed theory of the radiation induced

reactions at the physico-chemical level seems to involve exact knowledge

of the induced free radicals as well as the modes of their formation and

fate. For DNA, as such, it is hardly possible to arrive at such a level

of knowledge since the molecular complexity prevents selective studies

of the many different radiation induced products. The first ESR-experi-

ment on DNA, using powder samples, fully revealed the complexity since

most of the finer details were masked by overlapping resonances from

different radical species. One possible approach is to study the free

radicals formed in the constituents of DNA. One example of this approach

is the early experiments of Ehrenberg et al. (3) on DNA where ESR lines



similar to those in irradiated thytnine and thymidine were observed and

later identified by Pershan et al. (A) as the 5-thymyl radical, formed

by a hydrogen atom addition to the C6 position in the pyrimidine ring.

6c;

,CH3

Sugar

This radical interpretation was subsequently confirmed by Prüden, Snipes

and Gordy (5), using a single crystal of thymidine.

In general, radical identifications based on powder samples are quite

uncertain mainly because the anisotropic terms of the various interactions

between the unpaired electron and its surroundings have a tendency to

smear out the ESR lines and mask the finer details. On the other hand a

precise determination of both the isotropic and the anisotropic parts of

the various interactions may give conclusive knowledge about the radical

structure. Together these parts appear in the Hamiltonian as tensors (6).

It appears that the g-tensor (the spectroscopie splitting tensor) for most

hydrocarbon radicals are almost equal, showing only a slight anisotropy.

An exception is demonstrated in paper V where sulphur radicals are dis-

cussed. The most important source of information with regard to radical

identification is the hyperfine interaction tensors (A^). Even with the

proper tensor data at hand, however, the identification may be inconclu-

sive and require information from other sources. In the present work three

lines of approach should be mentioned.

The first one is based on the observation that radical formation in

general causes only minor structural alterations to the molecule in question.

This implies that the directions of the principal tensor data can be

related to the structure and orientation of the intact molecule in the

crystal. Consequently, x-ray diffraction data represent valuable infor-

mation also with regard to radical identification. For example, the

anisotropy of the a-proton splitting for a ,̂C-H radical has well-defined

directions which may be of considerable importance for identification

purposes.

The use of isotopes with different spin and magnetic moment (in parti-
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cular deuterium) may also serve as a source of information. Upon deute-

ration a number of protons, mainly NH- and OH-protons, become substituted.

If any of the protons are involved in interactions with the unpaired

electron, the resonance pattern will be influenced. An example of this

technique is given in paper III.

The third source of information is molecular orbital calculation. The

isotropic hyperfine splitting constants which emerge from ESR are closely

related to the electron spin density distribution. This distribution is

a function in the three-dimensional space which is based on the electronic

wave functions of the system. This constitutes the basis for the idea

that ESR data can be correlated with calculations of approximate wave

functions.

The INDO method (7, 8) (Intermediate Neglect of Differential Overlap)

is the simplest approximation where spin polarization comes into full

effect.

Since this method is used for a number of calculations in this thesis,

some of the more pertinent aspects should be mentioned. The ESR measure-

ments yield the hyperfine splitting tensor (Â\ ) for the interaction atom

N. The isotropic splitting constant A^, which in ESR is the average of

the three principal splitting values, can also be reached theoretically

from a wave function calculated at the INDO level of approximation.

For any wave function built up from a set of one-electron basis func-

tions {x } the spin density function Q(r) is of the form

Q(r) = X ! * X (r)x (

where the factors p are elements of the spin density matrix. When this

formula is applied to an INDO wave function (where the basis functions x

are the atomic orbitais in which the MO's are expanded) two points are

taken into consideration. Thus, in the first place, all overlap distri-

butions x (r)-x (r) are set equal to zero unless x and x are both

centered on atom N. The second point is that only s-orbitals have an

amplitude at the nucleus. Consequently, the spin density function reduces

to

2
Q(r)

sN.sN ,(r)

where x M is n°w the s-orbital for atom N, and p the corresponding
SJN SN, SN
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spin density matrix element. The equation which relates the spin density

Q(r) at the nuclear position r., to the corresponding isotropic splitting

constant has the fonn

ATT _1

Q(rM)

Here ĝ , and 3„ are the nuclear g-value and magneton, respectively, and

<S > is the expectation value of the electron spin operator. If the above

expression for Q(rN) is substituted into this formula for A^ the following

relation is obtained

f 4n -1

• ] • ' sN.sN

With a given basis set the expression within the brackets is a constant

which is characteristic for each atom. It can be concluded that with this

formula we have reached one of the goals for a theoretical treatment.

Based on the spin density matrix and the constant of proportionality (the

expression within the brackets) a theoretical hyperfine constant has been

attained.

The determination of the proportionality constants for the different

interacting atoms is not straightforward. One of the problems which

arises is that the 2s-orbitals used in the INDO method vanish at the

nucleus. Pople et_ al_. (9) have therefore treated this set of constants as

empirical parameters that can be determined on the basis of experimentally

observed splitting constants for a number of radicals. They carried out

INDO molecular orbital calculations for a variety of organic free radicals

for which the splitting constants were determined by ESR. By combining

MO and ESR results, using the formula for A^, a set of parameters was ob-

tained. Each parameter was determined such as to give the best fit, in

the least square sense, between the observed and theoretical values. In

this way Pople et a\_. (9) included splitting constants for nuclei such
13 14 19

as C, N, and F in addition to the usual proton splitting.

The parameter set obtained seems to work reasonably well for some

ir-electron radicals, and it has also been used for the calculations mentioned

in this thesis. It should, however, be admitted that a parameter set

obtained in a semiempirical way such as that described above represents

a weak point in the method. It is evident that a large variety of radicals

were taken into consideration when the set was worked out, but it is also
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reasonable to expect that some changes will appear when the use and

experience with the method increases. In this connection it can be men-

tioned that the first proposed changes in one of the constants of propor-

tionality have already been announced. The constant in question is that
14

for N. Since nitrogen sometimes yields splitting values very much

different from those calculated by INDO, Hirst (10, 11) took into consider-

ation a number of additional radicals which resulted in a slightly revised

constant of proportionality for this atom.

The first single crystal study on a DNA component was the above mentioned

work on thymidine by Prüden, Snipes and Gordy in 1965 (5). During the

subsequent years a large number of ESR and ENDOR studies have been pub-

lished about the free radicals formed in derivatives of the four consti-

tuent bases and the sugar molecule. In the early phase these experiments

were mainly restricted to observations at room temperature which implied

that only so-called secondary radicals were investigated. More recently,

the irradiation as well as the subsequent observations have been carried

out at low (i.e., 4.2 and 77 K) and intermediate temperatures, and as

will be shown below, both radical identification as well as radical re-

action studies have been performed. It is beyond the scope of this thesis

to discuss all the papers and results published in this field. A few of

the more pertinent results should, however, be mentioned.

A large amount of work has been devoted to the study of single crystals

of thymine, dihydrothymine, and thymidine (VII, 5, 12-23). In all these

substances the 5-thymyl radical is formed. The variable temperature

experiments showed that the radical is relatively stable at room temperature,

and it is reasonable to assume that it is a secondary product formed via

some precursor radicals. Several other types of radicals are formed and

contribute to the ESR spectra at all temperatures. One radical is formed

by a hydrogen atom abstraction from the methyl group (13, 18 (unpublished

result)).

Uracil, X-irradiated at 300K, yields three different radicals (24). One
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is formed by a hydrogen atom abstraction from Nl, whereas the other two

results from hydrogen addition either to C5 og 04. Radicals formed by

hydrogen abstraction from Nl have been studied in several pyriraidine deri-

vatives: thymine (15), cytosine (25), orotic acid (26), barbituric acid

(27), 5-fluoro-uracil (28), 5-bromo-uracil (29), 2-thio-5-carboxy uracil

(V) and dihydro-6-methyl uracil (III). Radicals formed after hydrogen atom

addition to oxygens have also been reported. The 04 addition radical was

suggested formed in thymine by Henriksen and Snipes (12). It has also

been identified in dihydro-6-raethyl uracil (III) and in uracil (24). In

cytosine several groups of authors have identified the 02 addition radical

(30, 31). It is of interest to note that some recent resonance data from

a single crystal of dihydro-uracil can be attributed to the 04 addition

radical (unpublished results).

Pyrimidine derivatives with a methyl group in the Nl position have been

studied by different groups (32-35). The results indicate the formation

of radicals both by abstraction of a H-atom from the methyl group as well

as by a hydrogen addition to the C5-C6 bond. This is in line wich the

general experience with thymine and uracil derivatives including barbituric

acids (13, 36, 37). All data show that the C5-C6 region of the pyrimidine

ring is particularly susceptible to alteration upon irradiation. In this

connection it is of interest to note that Box and Budzinski (38) in an

ENDOR study on barbituric acid, irradiated and measured at 4.2K, were

unable to observe the usual H-abstraction radical from C5 (39) . Similarly,

for dihydro-6-methyl uracil at 4.2K, hydrogen abstraction from the C5-C6

region does not take place (40). At this very low temperature the anion

was formed in both substances. Furthermore, hydrogen atom abstraction

was found to take place from N3 and Nl in barbituric acid and in dihydro-

6-methyl uracil, respectively.

Another group of extensively studied pyrimidine derivatives are those

formed by substitution of a hydrogen atom in the C5-C6 region with an

electronegative group. These compounds include the 5-halide derivatives

(29, 41-43), the 6-carboxy derivatives (26, 44) and the 5-nitro deriva-

tives (45-48, IV). The radicals formed in these subtances seem to be

significantly different from those formed in thymine, mainly because other

regions within the molecule become changed and damaged. The nature of

the induced radicals and the mechanisms for their formation have been

studied by several different research groups (49-54, IV).
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When nuclesides are irradiated several different radicals are formed.

When the base is a pyrimidine the C5-C6 region seems to be the target area,

where H-atoms readily become attached. At low temperatures, however, the

sugar moiety also becomes damaged (41, 55, 56, VI). Thus, a hydrogen atom

may become abstracted from the C5' position or from the 05'. The latter

type of radical has been identified in thymidine (57) and in uracil

ß-D-arabinofuranoside 0rI)• In experiments with ß-2-deoxy-D-ribose the

abstraction reaction seems to imply an opening of the ring (58).

The review given above of the single crystal work on DNA components is

rather fragmentary, but the many papers referred to hopefully illustrate

a vigorous research field which is in rapid progress.

A REVIEW AND DISCUSSION OF THE

In recent years the reactive products formed in a hydrogen gas dis-

charge system have been used to induce free radicals in organic systems

(59-69). This experimental technique seemed suitable for a study of the

effect of thermal hydrogen atoms which is one of tht main products formed

in the system. Hydrogen atoms represent one of the primary products

formed when aqueous or biological samples are exposed to ionizing radia-

tion. However, due to the other radiation induced products it appears

difficult to pinpoint the specific effect of the hydrogen atoms in experi-

ments with ionizing radiation. Consequently, it has been suggested that

hydrogen atoms in a gas discharge system may prove useful also in the

study of radiation damage to organic compounds.

As demonstrated in paper I hydrogen atoms attack the C5-C6 region of

both uracil (U) and dihydrouracil (DHU). Similar results have been ob-

served also for thymine and dihydrothymine. In U, a hydrogen atom becomes

added to the unsaturated C5-C6 bond, whereas in DHU a previously bonded

H-atom becomes abstracted. It was not possible in an unambiguous way

to decide whether radical R, and R„ or both were formed.
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The spectrum of uracil powder exposed to H-atoms was identical to that

of DHU, which indicated that the same radical or radicals are present in

both substances. The original interpretation of the ESR spectrum was that

both radicals (R, and R_) were formed. This interpretation was supported

by INDO MO calculations. Prior to our publication Herak (70) reported

data fcr R. found in a single crystal study of DHU exposed to ionizing

radiation at room temperature (see Table I). Quite recently Zehner et al.

(24) succeeded in growing a single crystal of uracil which was irradiated

and investigated by ESR spectroscopy at about 300K. In this crystal they

claimed that both radicals (Rj and R„) were induced. It is of interest to

note that the ESR parameters obtained for the two species are clearly

different (see Table I). The results imply that the total spectral widths

for the two radicals are different-

Table I.

Isotropie hyperfine couplings of radical R. and R_

C6-H: - 18.5G C5: H: 35.5G
H: 35.5G

T : 89.5G

C5-H: - 18.0G
H: 45.OG
H: 51.OG

T : 114.0G

DHU R,

SS8BSSS3SS

C6-H: - 19.5 C5:
H: 24 G
H: 42 G

T : 85.5G

T is the total width of the spectrum expected from a powder sample.

Since the total spectral widths after H-atom bombardment of U and DHU

were found not to exceed 92G it seems now reasonable to suggest that only

radical R, is formed. It can therefore be concluded that the hydrogen

addition in U takes place at the carbon possessing the highest free
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valence (71), whereas in DHU the weakest bonded hydrogen atom in the

C5-C6 region (70) becomes abstracted.

Quite recently it has been demonstrated that the main difference be-

tween radical R. and R_ (C6 and C5 centered radicals of pyrimidine deri-

vatives) is the methylene proton splitting which is considerably larger

in the case of radical R„ (unpublished results in our laboratory). Further-

more it has been shown that the C6 centered radicals become transformed

into C5 centered ones by exposure to UV- or visible light (paper III and

72).

The information available about radicals with similar structures such

as R. and R_ above, can now be utilized to draw more conclusions about

the identity of the H-atom produced radicals.

DHU in the polycrystalline form was exposed to ionizing radiation. The

ESR resonance was found identical to that presented in paper I after

H-atom bombardment. Thus, the two different treatments of the sample

yielded the same radical. UV exposure of the sample at room temperature

caused no spectral changes, whereas at 77K the original spectrum decayed

and a new one emerged. This spectrum showed a total width of about 120G.

The spectral data are in good agreement with those for radical R» (Table I)

These results have recently been confirmed in experiments with single

crystals of DHU (unpublished results).

In papers II and III the radiation induced free radicals in single

crystals of dihydro-6-methyl uracil (DH6MU) were studied at low, interme-

diate, and at room temperature. Paper II contains only results at room

temperature. The radicals called R., R_, R~, and R, are all formed at

77K. At intermediate temperatures R, and R, disappear and at room tempe-

rature only radical R., and R_ remain.

iS

OH

• > . . .

1
1
H

R1

•"CH3 0 ^

I |

I
I
H

R2

.H

•^CH3
i
i
H

R3

S H

R4
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In crystals grown from D20 the protons attached to Nl and N3 are re-

placed by deuterons. This substitution was confirmed by mass-spectroscopy.

In deuterated crystals radical R. was not formed and radical R_ could
q. — — j

therefore be studied with more confidence. Furthermore, the 0-H proton

in radical R_ was substituted.

It is assumed that radical I is formed by a deprotonation of the cation

according to the following scheme:

+ H"1

This hypothesis was supported by the observation that the radical concen-

tration was independent of deuteration which in turn implies that H-atoms

(D-atoms) from exchangable positions are not involved.

It was demonstrated that radical R. transforms into R- by exposure to

UV-light. Thus, Rj may serve as the precursor for R,,. The very same

conversion probably takes place during exposure when ionizing radiation

is used. Radical R_ may be considered as the protonated anion. The anion

itself was identified in DH6MU at 4.2K by Budzinski and Box (40). Addi-

tional support for the suggested model for radical R» formation is the

observation by Kou and Parthasarathy (73) that 04 is hydrogen bonded to N3

and that this proton may be exchanged in D.O solutions.

The doublet of triplets found for non-deuterated crystals at 77K was

adequately described in terms of radical R, . For instance the hyperfine

splitting variation of the C5-H proton exactly resembles that found for

the C5-H proton of radical R„. Furthermore, the g-value anisotropy and

other parameters are in agreement with radicals of similar structures found

in other substances (24-29).

With regard to the mechanism for the formation of R, it can be mentioned

that saturated pyrimidines may convert into their unsaturated forms when

exposed to ionizing radiation (74, 75). This implies that 6-methyl uracil
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(6MU) can be formed and act as a transient product in the sequence of

reactions yielding radical R,. It has been suggested that H-atoms and

OH-radicals participate in the conversion process (74, 75). The observed

isotope effect (i.e. radical R, is not formed in deuterated crystals) may

indicate that the hydrogens involved are the exchangeable ones i.e. Nl and

N3 hydrogens.

In recent experiments using both UV- and mass-spectroscopy it was,

however, not possible to verify the formation of 6MU. If this species

is present its concentration is below the detection level.

The results using mass-spectroscopy indicate that the formation of R,

probably involves at least one bitnolecular process. This may be the de-

protonation of the cation (probably from Nl). In this respect it can be

mentioned that Budzinski and Box (40) at 4.2K observed a radical formed

by dehydrogenation at Nl. The next step may be the loss of molecular

hydrogen from the C5-C6 region in a so-called concerted process. As demon-

strated by Williams and Hvistendahl (76) this is an unimolecular process

which proceeds via the cationic stage.

It is of interest to note that the thermoluminescence glow curves found

for DH6MU in normal and deuterated samples exhibit peaks which may be

correlated to the decay of R_ and R, . In line with expectations from the

ESR-experiments the peak associated with the decay of R, was missing from

deuterated samples.

The decay of both radicals seems to follow first order kinetics with

activation energies in the range 4-6 kcal/mole. This probably reflects

the diffusion of reactive agents like electrons, protons and H-atoms. The

possibility that both radicals are charged can not be excluded.

Both hydrogen abstraction and addition radicals are formed in most

pyrimidine derivatives upon exposure to ionizing radiation. 5-Nitro-uracil

(work IV) seems to represent an exception to this rule. In this compound

the NO. group becomes abstracted and trapped in the crystalline matrix and

the spectrum of this radical represents one of the main resonances at 77K.

The other resonance which consists of a doublet of triplets was attributed

to the radical anion or to its deprotonated form even though no d«finite

conclusions could be drawn. Recently, Sevilla e_t £l_. (77) generated

photolytically anions in a number of 5-nitro pyrimidines, including 5-nitro

uracil. The hyperfine splitting constants arrived at for the deprotonated

anion, or the dianion, correspond fairly well with those given in paper IV

for the doublet of triplets.
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When the crystal was brought to room temperature both the NO,, radicals

as well as the deprotonated anions disappeared. Due to poor resolution

and low intensity, identification of the resonance at room temperature was

not attempted. It could, however, be concluded that the resonance was

different from that expected based on the results previously published by

Benson and Snipes (47). The present results therefore indicate that irra-

diation at 77K subsequently followed by warming at 295K not necessarily

produces the same radicals as those found when the irradiation is carried

out at room temperature. The spectral intensity dropped drastically at

room temperature suggesting that none of the radicals at 77K convert into

a new radical species at elevated temperatures.

It has been proposed that hydrogen addition radicals may be produced

either by a socalled ion-molecule reaction i.e. a protonation of the anion,

or by reactions involving hydrogen atoms. In the case of 5-nitro-uracil

such radicals are not formed. The reason for this is not clear, but it

may either be that protonation of the anion is energetically less favour-

able than a deprotonation when the electronegative NO. group is bonded to

the C5-C6 region or that the unsaturated region itself is more or less

sterically protected from the attack of H-atotns.

In paper V a single crystal of 2-thio-5-carboxy uracil (2T5CU) was ex-

amined. Three of the main resonances were attributed to different con-

formations of the following radical formed after a H-atom abstraction from

Nl:

The radical identification was based on a combined use of ESR results

and CNDO/2 calculations.

The unusually large g-value anisotropy observed indicates that the un-

paired spin density is mainly located to orbitais involving the sulphur

atom. This conclusion was supported by theoretical calculations. On the

other hand the calculations seem to yield a very small spin density in
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orbitais on the Nl nucleus. Thus a spin density of 0.015 was ascribed to

the 2p orbital on Nl in the calculations, whereas the observed nitrogen

splitting of 3.2G according to the formula given by Cook et_ _al_. (25) in-

dicates a spin density of 0.18.

Radicals formed by rupture of the Nl-H bond, leaving an odd electron

in a ir-orbital, have been observed in several pyrimidine derivaties (see

Table V in paper III). For these radicals the nitrogen hyperfine splitting

tensors exhibit the same symmetry characteristics as those found in the

present case. However, the unpaired spin density distribution is entirely

different. This may be ascribed to the effect of the sulphur atom.

In 2T5CU two other resonances were studied. The responsible radicals

could not be unambiguously identified. One of the resonances was tenta-

tively ascirbed to the radical formed by a hydrogen atom addition to the

sulphur atom, whereas the other one presumably reflects a dimer radical

formed between two 2T5CU molecules in nearest-neighbour molecular layers.

Paper VI deals with radiation induced radicals in uracil-ß-D-arabino-

furanoside (araU). At 77K, directly after irradiation, an 05' centered

radical (see structure formula) causes the appearance of a site splitted •

Vv"

I
H

H OH

quartet which shows considerable g-value anisotropy. The quartet splitting

is due to the two ß-protons at C5'.. One of these exhibits the unusually

large splitting of approximately 90G. When the crystal was stored at 77K

the quartet disappeared within 48 hours after irradiation and new resonance

lines appeared. Because of the great number of overlapping lines an ana-

lysis of this resonance was not attempted and the corresponding radical

remains unidentified. Quite recently, however, it has been suggested that

the 05' centered radical serves as the precursor radical for the C5'



- 20 -

centered one which frequently has been observed in nucleosides (78) . It

may be that the latter radical causes the above mentioned complex pattern

of lines. Recent results (79) seem to indicate that the C5' centered

radical is the main radiation induced product also in a single crystal of

cystosine-B-D-arabinofuranosyl (araC) at 77K. It is of interest to note

that none of these radicals are formed in thymidine at 77K. However, at

4.2K the 05' centered one is stabilized (57). These results seem to indi-

cate that no general scheme for the formation and stabilization of radicals

in nucleosides can be offered at the present time.

In the case of arall, a radical anion seems to be formed at low tempera-

tures. On warming, the resonance of the anion disappeared amd a pyrimidine

hydrogen addition radical yielded a new resonance. Due to the molecular

organization in the unit cell of the crystal, it was not possible to decide

whether the C6 or the C5 centered radical was formed. As dealt with above

(paper I), however, the spectral span of C6 centered radicals in uracil

derivatives is of the order 90G. In the present case the total width was

about 112G, which fits nicely with that expected for a C5 centered radical.

Further support for this interpretation was gained in experiments with UV.

Thus, in the case of araU no spectral changes were observed as expected in

the case of C6 centered radicals. Consequently, it seems reasonable to

ascribe the room temperature spectrum of araU to the C5 centered radical

formed after a hydrogen addition to C6, probably by a protonation of the

anion.

In paper VII an attempt was made to explain the line intensity varia-

tion in the spectrum of the well known 5-thymyl radical which has been

observed by several groups. The results indicate that the line intensity

variation is due to a small hyperfine splitting caused by the N3-H group.

INDO MO calculations supported this interpretation. The crystal structure

of thymidine is orthorombic with space group P. , , , and there are four

molecules in the unit cell (80). In general this should complicate the

radical identification procedure. In this case, however, where the mole-

cules are packed in layers at right angles to each other, the identifica-

tion became more easy, mainly because the nitrogen splitting as well as

the proton splitting of the N3-H group can be described by axially symme-

tric tensors. Thus, when one radical site yields maximum splitting the

other one reaches its minimum. In other crystals of thymine derivatives

or matrixes containing thymine, the molecular organization presumably mask

this extra splitting of the lines in the octet spectrum and only a line

broading (as that found for most orientations of the thymidine crystal)

remains.
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It is of interest to note that since some of the unpaired spin density

is localized to the N3-H region which is involved in a hydrogen bond to

adenine in the DNA molecule, the effect of the 5-thymyl radical may be a

disturbance of the hydrogen bond system in DNA.

The next two papers VIII and IX deal with pairwise trapping of radicals

at low temperatures. Radical pairs induced by radiation and trapped at

low temperatures have recently been studied by several groups (23, 81-83).

The resonances due to the AM = 1 transitions are characteristic for the
s

structure as well as for the separation of the two species constituting

the pair.

In paper VIII the first results on radical pair formation in single

crystals of nucleic acid constituents were presented. Soon after this

publication other groups presented similar results. Radical pair formation

in thymine anhydrous, whi-h is dealt with in paper VIII was also studied

by Dulcic and Herak (23). In contrast to our work, they arrived at the

conclusion that the pairs consist of radicals of type B (see structure

formulas) formed after hydrogen atom abstraction from the methyl group. Our

results were interpreted in terms of two cations (structure A).

H

A

H

B

It is unlikely that all radicals of type B which may be formed in the

crystal occur as pairs. Consequently, the well known ESR spectrum of

radical B should appear (13, 18). This spectrum, however, was not observed

in thymine anhydrous (VIII).

In a later paper (84) radical pairs in thymine were discussed and it

was shown that the two models (A and B) are both compatible with both the

experimental and the theoretical data (INDO results). To some extent the
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strong and weak points of the two radical pair candidates were discussed.

It is of interest to note that maximum principal splitting of the di-

polar tensor, which yields the interspin vector, was observed along the

c-axis (about 10 away). The value of the splitting was 180G, indicating

an interspin distance of 6.76Â, which is equal to the c-axis. Consequently,

the two molecules involved are localized above each other in two planes

which are not nearest-neighbours.

The presence of radical pairs in irradiated materials is probably not

due to an occasional overlapping of spurs. This was pointed out by Iwasaki

££ ui* (85). They found a decreasing ratio of radical pairs to isolated

radicals with increasing dose. Thus, it has been suggested that certain

mechanisms account for the formation of radical pairs. One of these is

based on a radiation induced liberation of a H-atom which subsequently

reacts with a neighbouring molecule

MH

MH + H-

M« + H-

M« + H2

(1)

(2)

where MH is an intact molecule. This is called the hot atom mechanism.

Another mechanism was proposed by Iwasaki et_ aJL (85)

+
MH + s^s* >• MH + e (1)

MH+ + MH • M« + MH* (2)

MH* + e" M. + H2 (3)

By the first mechanism hydrogen addition or abstraction radicals are

formed, wher'as in the latter one only hydrogen abstraction radicals can

be formed. Thus, both processes may account for the pair formation in

barbituric acid (IX) since two abstraction radicals, about 5.8 Â apart,

constituted the pair.

In the case of thymine cations a simple ionization in two particular

neighbouring molecules was proposed as the mode of formation. It is of

interest to note that Gillbro (86) proposed a mechanism for radical pair

formation in which a simultaneous ionization of several molecules in the

unit cell formed the first step.

In most reports on radical pairs it is emphasized that not all possible

combinations of radical pairs are formed, but some sort of stereospecific

reactions seem to be involved (85). The second mechanism suggested above

probably accounts for the observable stereospecificity, also found in

barbituric acid.
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As mentioned above no hydrogen addition radicals were found in the case

of 5NU, whereas N0„ radicals formed by a homolytic dissociation were trapped

in the matrix. In paper IV it was mentioned that radical pairs are present

in this cyrstal. This is clearly demonstrated by the ESR data presented

in figure 1. Thus, the four sets of triplets marked A,3,C, and D are dua

to the AM^ - 1 transitions. As can be seen from the lover part Í: fiçur-s

1, there are two sites of two different radical pairs. The triplets marked

A and C are due to two sites of one type of pairs, whereas 3 and D belong

to another type. The intensity distribution of the lines in each triplet

is approximately 1:1:1. Furthermore, it was found that the variation of

the hyperfine splitting was within the same range for all groups. This

implies that the only difference between the pairs is the interspin dis-

tance. For the pairs A and C the interspin distance is about 4.3Ã,

whereas B and D have an interspin distance of 4.6Â.

OPPH

o c a A

- 120

i
S^«.<;

-3ÜS -2W -100 0 IB) 200

Ralatlv i!n» poiflion iniht fluid isayssl

Figure 1. The lower part of the figure shows a line position
plot versus angle of rotation in the reference
plane yielding the maximum dipolar splittings. The
spectrum in the upper part refers to an angle of

o* .approximately 30 in this plane.
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A possible interpretation is to suggest that a radical pair is formed

by the denitration process. The two species constituting the pair would

then be the NO fragment and the remaining molecule. It must be mentioned

that an isolated radical of the latter form was, however, not found.

Furthermore, the calculated interspin distances seem to be too large to

account for a pair of this type. Finally, the direction of the interspin

vector was found to point away from the molecular plane. It seems, however,

clear that the pairs consist of two different radicals. One of these

yields the triplet splitting, whereas the other one must be a singlet.

It should be mentioned that radical pairs are formed in a single crystal

of cytosine 1-8-D-arabinofuranosyl exposed to 4.0 MeV electrons at 77K.

The nature of the pairs is still unknown, but it seems reasonable to sug-

gest that they are due to interaction between two sugar centered radicals

with an interspin distance of about 5.3Ã (79).

CONCLUDINC^REMARKS

In the papers reviewed above a number of problems remain unsolved, and

more work ought to be done.

The radical reactions which take place at intermediate temperatures

(i.e. between 77K and room temperature) as well as at higher temperatures

in the substances dealt with in papers IV - IX deserve attention and may

hopefully be the topics of some future work. For instance, there is a

number of unsolved problems as to the mechanisms for radical pair formation

and disappearance. One suggested model is based on a step-wise jumping

of hydrogen atoms with the result that the interspin distance in a radical

pair gradually increases (83). Support for this model may be obtained in

experiments with barbituric acid (IX) since hydrogen abstraction radicals

have been proved to yield the radical pairs. In this context deuteration

may be used since the deuterium isotope diffuses more slowly than hydrogen

atoms. Pair formation may also be studied at the very low temperature of

A.2K.

It was mentioned in paper III that TL-glow peaks seem to follow the

decay of two of the radicals initially formed and stabilized at 77K. Work

is in progress which deals with this aspect in a number of other substan-

ces.



During our work, published in paper VII, it was found for deuterated

samples that the C6-H hydrogen becomes exchanged in the 5-thymyl radical

when the irradiation was carried out at low temperature. At elevated

temperatures, however, a resubstitution takes place. Since no water of

crystallization is present in the single crystal of thymidine, this isotope

effect may be attributed to the N3 proton or to the OH protons of the

sugar moiety which are exchangeable. The role of the exchangeable protons

in the formation of the 5-thymyl radical should be the subject of a se-

parate study. By means of IR-spectroscopy the exchange ratio could be

estimated and some sort of correlation with ESR data may be accomplished.

It should also be of interest to study in more details the proposed

intramolecular hydrogen atom transfer process causing the conversion of

C6 centered radicals to C5 centered ones (for a variety of pyrimidine

derivatives), when exposed to UV- and visible light (III, 72). Since C6

and C5 centered radicals seem to differ with regard to their methylene

proton couplings, their spectra can be distinguished. Consequently,

polycrystalline material may be used where single crystals are not readily

available.
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Free Radicals Formed in Uracil and Dihydrouracil by

Hydrogen Atoms

RAGNAR BERGENE and THORMOD HENRIKSEN

Department of Biophysics, University of Oslo, Blindern, Norway and Norsk Hydro's
Institute for Cancer Research, Montebello, Oslo 3, Norway

XJracil and its dihydro-derivative have been exposed to the prod-
ucts in a hydrogen gas discharge and the induced radicals have been
studied with ESR technique. The same radical (s) was formed in both
substances. The radical was induced by a simple hydrogen atom
addition to the 5 — 6 double bond in uracil and a similar abstraction
of a hydrogen atom in dihydrouracil. This reaction may result in two
types of radicals depending upon the exact position for the attack of
the hydrogen atom. INDO calculations seem to support the model
that both radicals are formed. The radical yield depends upon the gas
pressure in the discharge tube as well as upon the sample tempera-
ture during exposure. Dose-effect curves indicate that the radicals
were formed only in a surface layer of the crystalline particles. The
observed activation energy for radical formation, 2.0 kcal/mol, prob-
ably reflects the diffusion of H atoms into the samples.

In recent years reactive products formed in a hydrogen gas discharge system
have been used extensively to induce free radicals in organic substances.1"11

This experimental technique seemed promising for an extensive study of the
effect of thermal hydrogen atoms which are readily formed in the system.
It is well known that hydrogen atoms are one of the primary products formed
when ionizing radiation is used. However, due to all the other radiation in-
duced products it appears difficult to pinpoint the specific effect of the hy-
drogen atoms. Consequently, it has been suggested that experiments with
hydrogen atoms from a gas discharge may prove useful also in the study of
radiation damage to organic compounds.

It is well established that free radicals are formed in biological compounds
when exposed to hydrogen gas discharge products. Considerable discussion is,
however, going on as to whether these radicals are formed only by the H atoms
or if some accompanying discharge product, such as UV-light or excited
hydrogen molecules, contribute to a certain extent. 9>12

In the present work, which is a part of our main study of radiation damage
to nucleic acids, uracil and some of its derivatives have been exposed to the

Acta Chem. Scand. 26 (1972) No. 1



FREE RADICALS FROM URACIL 103-

hydrogen gas discharge products and the formation of radicals has been
studied by electron spin resonance (ESR) technique. The main purpose is to
shed some light on the radical forming processes as well on as the physical be-
haviour of the induced radicals. Special efforts have been made to obtain quan-
titative data.

EXPERIMENTAL
Uraeil and dihydrouracil were obtained from Sigma Chem. Corp. Freezedried powder

as well as polycrystalline particles, selected by a set of standard sieves, were used.
Samples of 20 to 50 mg were exposed to the hydrogen gas discharge products as

described in detail in a previous publication.9 Special care was taken to reduce the UY-
light by using a T-shaped discharge tube (i.e. the UV-light, including the Lyman a-Iine
of 1216 Å, is mainly trapped in an appendix). With a special exposure vessel the tem-
perature of the sample during exposure could be chosen and set at any desired value
between 77 K and 330 K. (This equipment is described in Ref. 11.)

In quantitative studies the number of induced radicals is very often observed versus
the exposure dose (dose-effect curves). One parameter of particular interest in such
experiments is the gas pressure during exposure. It is known that the production of
hydrogen atoms in an electrical discharge depends upon the gas pressure and some
experimental data have been published.13"16 However, it seems difficult to obtain reliable
experimental data on the dose of hydrogen atoms which reach the sample since the pro-
duction and subsequent recombination also depend on other factors, such as the geometry
and the cleanness of the glass walls. In the present experiments the dose-rate is assumed
to be constant when no changes are made in the experimental procedure. In particular,
the dose-rate or the amount of reactive products which reached the sample has been
measured as a function of the gas pressure in an experiment where the yield of radicals
was used as monitor. In such an experiment it is essential to use exposure times (i.e.
exposure doses) short enough to ensure that saturation effects are not present (see below).
The results, using uracil as test substance, are given in Fig. 1. The curve has an unex-
pected form with a sharp maximum at a gas pressure of approximately 2 x IO"2 torr-

0.2 03 0,4 0.5 0.G 0.7
Gas pressure in th t discharge tub« (torr)

08 0.9

Fig. 1. The yield of radicals induced in uracil as a function of the gas pressure.

Copeland has previously obtained results similar to those in Fig. I.1' At present we
cannot offer any adequate explanation for the shape of this curve, but due to these
results all the subsequent experiments were carried out at a gas pressure of 0.3 to 0.4
torr where small variations in the gas pressure have a negligible effect.

Acta Chem. Scand. 26 (1972) No. 1
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The gas flow through the discharge tube was approximately 3 x 10~5 mol/see and
the exposure time was usually below 1 min. After exposure the sample was transferred
to an ESR sample tube, evacuated and sealed off.

The induced radicals wore studied with an X-band ESR spectrometer using a trans-
mission cavity and 110 kHz modulation frequency. The details of the spectrometer and
the experimental procedure have been described previously.9"11

RESULTS

The types of radicals. Uracil and its dihydro-derivative exhibit the same
resonance spectrum (Fig. 2) when exposed to the hydrogen gas discharge
products indicating that the same radical(s) is formed. A similar spectrum
is also obtained when dihydrouracil is exposed to ionizing radiation at room
temperature, whereas X-irradiated uracil yields a much more complicated
spectrum.

URACIL

I; I ill;

Fig. 2. The ESR spectrum of uracil ex-
posed to hydrogen atoms from the gas
discharge. Top curve represents the second
derivative spectrum observed at liquid
nitrogen temperature. The bottom part of
the figure shows two stick spectra compat-
ible with the two radical models suggested
(see text). Dihydrouracil exhibits an

identical resonance spectrum.

The spectrum in Fig. 2 consists of 5 lines with somewhat different intensity
and width. The radical responsible for this resonance is probably formed by 'a
hydrogen atom addition to the 5 — 6 double bond in uracil and a similar
abstraction of a hydrogen atom in dihydrouracil. Support for this interpreta-
tion emerges from experiments where the hydrogen gas is exchanged with
deuterium. Thus, in the case of dihydrouracil the bombardment with deute-
rium atoms caused no spectral changes as expected, whereas for uracil the
spectrum changed according to the addition of a deuterium atom to the double
bond. Two different radical candidates (I and II) can be proposed which
independently or together will give rise to the resonance in Fig. 2.

y
H

1

H

II
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Both the proposed radicals will give rise to a spectrum which can be
described by a spin Hariiiltonian of the form:

where H is the magnetic field, ß is the Bohr magneton and S and / are the
electron and nuclear spin operators, respectively. Furthermore, g is the spec-
troscopie splitting tensor and Aa, Aßt, and Aß., are the a and two ̂ -proton
hyperfine tensors.

Considerable information has been collected about « and /S-proton hyper-
fine splitting. Thus, Aa is quite anisotropic which in the case of powder samples
will cause considerable line broadening. The isotropic value is very often of
the order 20 gauss. The /?-proton splitting is usually isotropic to within 4 gauss.
However, the absolute value may vary from zero up to about 60 gauss. This
variation is usually ascribed to structural differences in the radical and given
by the empirical relation

where Bo and Bx are constants and Q is the a-carbon spin density.18;19 The
structural parameter is 0 which is the dihedral angle between the direction of
the 2^-orbital containing the unpaired spin density and the plane through
C a - ^ - H .

With regard to the observed resonance in Fig. 2 A, which consists of 5
resolved lines, the peculiar differences in line width should be pointed out.
Thus, the widths (between maximum slopes) from the low field side, given in
gauss, are 10.4, 7.6, 12.4, 8 and 10.4. Two different radical models can be
proposed which seem to be compatible with these observations:

(1) One of the two radicals I and II are formed. The splitting constants
are given in Table 1 and the resulting stick spectrum is given in Fig. 2 B.
Whereas the line width for the middle line can be explained by two overlapping
lines, it is somewhat harder to understand the differences in linewidth for the
two outermost lines on each side. The main factor for the observed line broaden-
ing is probably the anisotropic part of the a-proton splitting. Whether the
differences in line width can be ascribed to this effect is not known.

Table 1. Hyperfine splitting constants for radicals in uracil.

Radical model"

j Radical I
' and/or II

„ Radical I
*' Radical II

A«

20.5

22
19.5

(in gauss)

20.5

22
19.5

Aß»

48

48
48

" According to model 1, only one radical is induced. If the two radicals proposed above have
identical hyperfine splitting constants this would also be compatible with model 1. In model 2
two radicals with different splitting constants arc proposed.

Acta Citem. Scand. 26 (1972) No. 1
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(2) Both radicals I and II exist. The radicals have different splitting
constants and the values given in Table 1 and realized by the stick spectrum
in Fig. 2 C will adequately describe the observed resonance including the line
width.

In an attempt to decide which of the two alternative models are the most
plausible in the present experiments we can obtain information from two
sources. In the first place, Herak 20 recently published some data for an X-
irradiated single crystal of dihydrouracil. Only one radical was proposed and
the observed splitting constants were Aa= 19.5 G, -4^ = 24 G, and Aß2 = a2 G
which are in reasonably good agreement with those found in the present
experiments. From the direction cosines of the -4a-tensor strong evidence was
given in favor of radical I.

The second source of information is theoretical calculations. Thus, Pullman
and Mantione,21 using the Hückel method, claim from energy considerations,
that hydrogen addition to G5 in uracil (yielding radical I) is more favorable
than H addition to C6. Consequently, the calculations and observations pre-
viously published lend support to the model that only radical I is formed in
dihydrouracil by ionizing radiation.

In the present work the theoretical calculations were extended and the
INDO-open shell method was applied. The more interesting results can be
summarized briefly as follows:

(1) The energy data slightly favor radical I, but in no way eliminate the
existence of radical II.

(2) The isotropic part of the a-proton splitting tensor was smaller than the
experimental value throughout. However, the a-proton, splitting for radical
I was in all calculations 3 to 4 gauss larger than that for radical II. I t should
be pointed out that this result would support the second model suggested
above.

(3) The /?-proton splitting obtained in these calculations depends upon
the dihedral angle. Even though no definite angular relationship can be given
the calculations seem to support the empirical relation given above. Further-
more, it should be noted that the /9-proton, splitting seems to be very sensitive
towards the Ĉ  — H bond length and increased with increasing bond distance.

(4) The calculations showed that the N^ — H and N3 —H groups share a
small part of the unpaired spin density which may result in hyperfine splitting
constants of the order 1 to 2 gauss. This interaction will, however, be com-
pletely masked in these experiments with powder samples.

In conclusion, the present experiments suggest that when uracil is exposed
to thermal H atoms two radicals (marked I and II above) are formed with
slightly different splitting constants. This model which adequately explains
the observed variation in the line widths is supported by theoretical calcula-
tions based on the INDO-open shell method. It should be borne in mind that
the single crystal studies of dihj'drouracil exposed to ionizing radiation showed
another result.

Dose-effect curves. In Fig. 3 are given the dose-effect curves for radical
formation in uracil when exposed to the discharge products in a hydrogen gas
discharge. The gas pressure was kept at 0.35 torr in these experiments. The
dose is given as the exposure time and the different curves refer to powder

Acta Chem. Scand. 26 (1972) No. 1
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Fig. 3. Dose-effect curves for uracil ex-
posed to hydrogen atoms at room tem-
perature. The dose is given in exposure
time assuming that the dose-rate is con-
stant. The different curves refer to uracil
particles with different dimensions as ob-

tained bv a set of standard sieves.
1 2 3

Exposure time in minutts

samples with particle dimensions as given in the figure. Two observations
clearly emerged from Fig. 3.

(1) The curves exhibit a clear saturation effect already after a few seconds
of exposure. This effect depends slightly upon the particle dimensions, being
most pronounced and complete for the largest particles. It should be noted
that similar dose-effect curves were obtained also for dihydrouracil.

(2) The yield of radicals, as measured by the initial slope, as well as the
saturation level depend strongly upon the particle dimensions. Thus, as shown
in Fig. 3 the relative constant plateau reached for freezedried uracil is almost
a factor of 10 larger than that for uracil particles with overall dimensions in
the range 105 o 150 //.

The reason for the levelling off of the dose-effect curves seems to be that
only a surface layer of the particles is affected by the reactive H atoms. Ex-
periments on thymine seem to indicate that the diffusion length of the H
atoms into the particles is of the order 2 to 3 /i.9 It should be mentioned that
after saturation of the surface layer further exposure seems to give rise to
radicals deeper into the crystallites. Thus, after the rapid increase of the dose-
effect curves the so-called plateau is not completely flat, but the curves show
a small increase upon continuous exposure. Whether this is due to thermal
hydrogen atoms or to some other discharge product is not known.

Based on the assumption that the induced radicals are confined to a surface
layer only, it is possible to arrive at an estimate of the particle dimensions for
the freezedried powders. Thus, the results in Fig. 3, assuming spherical par-
ticles, yield an average radius of about 10 /x for the freezedried powder.

Acta Chem. Scand. 26 (1972) No. 1
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Effect of the exposure temperature. The above experiments were earned out
at room temperature. As described previously it is possible to change the
temperature of the sample. This implies that the sample itself can be kept at
any desired temperature during exposure. In these experiments uracil and
dihydrouracil were exposed at different temperatures and then immediately
after exposure transferred to liquid nitrogen temperature and measured
without any warming. It should be pointed out that no spectral changes were
observed indicating that the same radical is formed at all temperatures. In
experiments of this kind it is essential to keep the dose low enough to prevent
saturation effects. As shown in Fig. 3 this implies exposure doses of only a few
seconds. The variation in radical yield versus the exposure temperature is
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Fig. 4. Yield of radicals in uracil and dihydrouracil as a function of the exposure tem-
perature.

given in Fig. 4. It appears clearly that the yield decreases rapidly with de-
creasing temperature. The yield data can be adequately fitted by the follow-
ing reaction:

Y(T)=YoexV(-klT)
One possible interpretation of these results is to assume that the efficiency

of the reaction between hydrogen atoms and uracil (dihydrouracil) depends
upon the exposure temperature in a similar fashion, i.e. the reaction coefficient
follows a straight line in an Arrhenius plot. The slope of the straight line would
then yield the activation energy for the process responsible for the radical
production (k = AE[B, where R is the gas constant). From the data in Fig. 4
it can easily be calculated that the activation energy for radical formation
by hydrogen atoms in both uracil and dihydrouracil is 2.0 kcal/mol. This
value refers to fra>ze-dried samples. In another experiment with polycrystal-
line uracil a slightly smaller value of 1.5 kcal/mol was found. These results as
well as some previous results for thymine u all yield approximately the same
activation energy, which might imply that the rate determining step in the
formation of radicals is due to one common process. It is possible that the
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observed activation energies simply reflect the diffusion of reactive hydrogen
atoms into the crystallites rather than the radical forming process itself. This
suggestion seems to be supported by the observation that the activation
energy is slightly different for poly crystalline uracil.

In Fig. 4 results are given for experiments at temperatures down to about
150 K. By extrapolation of the observed curves down to temperatures like
that of liquid nitrogen it can easily be calculated that the yield would be a
factor of 103 to 104 lower than that at room temperature and consequently
below the detectability of the spectrometer. In spite of this prediction it
appears that prolonged exposure at 77 K (several minutes compared to 20 sec
in the experiments shown in Fig. 4, i.e. an increase in dose by a factor of only
10 to 20) yielded detectable amounts of radicals. It has also been reported
from other laboratories that radicals are formed when samples kept at liquid
nitrogen temperature are exposed to the products in a hydrogen gas discharge
system.8)22 The possibility should be considered that the formation of radicals
at 77 K is due to some other discharge products such as UV-light, excited
hydrogen molecules or to energetic or hot hydrogen atoms. Support for this
suggestion is apparent in Fig. 3 where prolonged bombardment resulted in
additional radicals after the first saturation level was reached.

DISCUSSION

The main purpose of using a hydrogen gas discharge system is to create
possibilities for a detailed study of the effects of hydrogen atoms. The present
and previous studies seem to demonstrate that a certain amount of informa-
tion can be reached, but that a number of poorly defined parameters such as
the gas pressure, the shape of the discharge tube, the exposure temperature,
etc., significantly influence the results. Thus, as shown in the present ex-
periments the radical yield versus the gas pressure exhibits an unpredictable
relationship. Furthermore, the other products in the gas discharge such as
UV-light and excited molecules are not properly defined or controlled. These
factors make it difficult to draw any definite conclusions about the reactions
between thermal hydrogen atoms and compounds of biological interest and
consequently about the efficiency of the method.

As mentioned above, X-irradiated dihydrouracil exhibits a resonance
spectrum quite similar to that shown in Fig. 2. Since a variation in the line
width was noticed also in those experiments, it is reasonable to suggest that
the model involving both radicals I and II is valid. On the other hand, Herak,20

using the powerful single crystal technique, claims that only radical I is formed
by 60Co y-irradiation.

X-Irradiated uracil yields a more complicated spectrum, which indicates
that several radical species are formed. The identification of these radicals
would presumably include single crystal studies. The detailed mechanism for
the formation of radical I and/or II is not known when ionizing radiation
is used. The main problem is to find the source for the hydrogen atoms that
are added to the 5 — 6 double bond.

Herak and Gordy 4 have previously published some results for uracil
bombarded with hydrogen atoms. It is of interest to note that they found
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equivalent splitting for the two ^-protons in radical I. This is in contrast
with the present results, as well as with the single crystal data,20 which show
that one of the /?-protons has a splitting almost identical to the isotropic part
of the a-proton splitting and only about half the value for the other jß-proton.
This inequivalence in ^-proton splitting can be ascribed to different dihedral
angles as mentioned above.

Acknowledgements. Many thanks are due to Drs. T. B. Melø and H. Jensen for stimu-
lating discussions and Kelp with the INDO calculations.
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Single crystals of dihydro-6-methyl-uracil (DH6MU) grown from a D2O
solution were irradiated with electrons and the induced radicals studied by
E.S.R. At room temperature, two different radicals were identified and their
E.S.R. parameters studied in detail. The radicals were formed by abstraction
of a hydrogen atom from C5 and CB, respectively, leaving the unpaired spin
density mainly to a 2pz orbital on the same carbon atoms. The radical formed
by abstraction of the C6 hydrogen atom exhibits a relatively isotropic ^-proton
splitting. This radical has been observed in previous experiments on powder
samples. The single crystal observations, however, show a previously-unknown
nitrogen splitting for this radical. The observation is supported by INDO
molecular orbital calculations. The other radical, which has not been observed
previously, is quite similar to a radical (the 6-thymyl radical) found recently in
the thymine derivatives.

1. Introduction
Different types of molecular damage are induced in the nucleic acids when

exposed to ionizing radiation. The free radicals, which can be observed in
solid samples at most temperatures and in aqueous systems mainly at low
temperatures, represent intermediates in the chain of events leading to the more
permanent molecular damage. This particular type of radiation damage,
characterized by its unpaired electron spin, may be localized at several different
sub-units along the DNA double helix. It is of general interest to identify the
induced radicals and study the mechanisms for their formation. Several
attempts have been made using the electron spin resonance (E.S.R.) technique
(Müller 1967). However, a proper identification of a radiation-induced free
radical can only be made with single crystals, where the anisotropic effects are
fully appreciated. The interest has therefore in recent years been concentrated
on DNA sub-units that are available in the single-crystal form. Several of the
pyrimidine derivatives have been studied as single crystals, and some of the
radicals have been identified with certainty (Prüden, Snipes and Gordy 1965,
Schmidt and Snipes 1967, Cook, Elliott and Wyard 1967, Dertinger 1967,
Henriksen and Snipes 1970 a, Herak 1970, Hiitterman 1970). Thymine
derivatives are interesting, since experiments on powder samples indicate that
DNA under certain experimental conditions yields the same types of radicals
(Müller 1967). The most stable of these radicals is the 5-thymyl radical, which
is formed when a hydrogen atom is added to the C6 position in the thymine ring.
The detailed mechanism for this formation is still uncertain. The single-crystal
studies on thymine compounds seem to indicate that the C5-CG bond in the
pyrimidine derivatives is particularly susceptible to radical reactions (Henriksen
and Snipes 1970 a, b, Snipes and Henriksen 1970).
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The present study on a single crystal of dihydro-6-methyl-uracil (abbreviated
as DH6MU in this paper) is a part of our main effort to shed light on the
mechanisms of free-radical formation in DNA. DH6MU (I) is quite similar to
dihydrothymine, which was recently studied in the single-crystal form (Henriksen
and Snipes 1970 b). o

H

(I)

Several different species containing unpaired spins are usually formed when a
substance is exposed to ioni2ing radiation. Some are very unstable and dis-
appear in combination reactions, or are transformed into some more stable
secondary radicals. It should be emphasized that the radicals observed at room
temperature very often represent secondary products formed in reactions
between some precursor radicals. A detailed investigation, therefore, involves
both identification of primary and secondary radical species and a study of the
nature and kinetics of the intermediate reactions. As the first part of such a
study, the present experiments are devoted to the identification and characteriza-
tion of the free radicals formed by electron irradiation of a single crystal of
DH6MU at room temperature.

2. Experimental
Dihydro-6-methyl-uracil was obtained in the polycrystalline form (Sigma

Chemical. Corporation). The compound was dissolved in water at 80°c, and
single crystals were obtained by slow cooling of a saturated solution. Both
H2O and D2O were used as solvents, and the best crystals were obtained from
the D2O solution, in which protons bound to Nx and N3 are exchanged with
deuterium atoms.

The crystal structure of DH6MU is, to our knowledge, not known. It is
quite clear that the crystals contain water of crystallization, which is slowly
lost at room temperature unless some technique is applied to prevent it. In the
present study, crystals were kept intact with some of the mother liquor, by
storage at low temperatures, or by covering the crystals with silicon grease.
When the water of crystallization is lost, the crystals turn white and the crystal
structure collapses.

The crystal shape and the orthogonal reference system used is given in
figure 1. The irradiated crystals were mounted in fixed orientations and could
be rotated with the magnetic field in the three planes ab, bc, and ca. E.S.R.
spectra were recorded at every 5° or 10° of rotation in the three planes.

The crystals were exposed to 4-0 MeV electrons from an electron accelerator
to a dose of 5 Mrads. The dose-rate was 0-5 Mrads/min. The crystals were
irradiated either at 295°K or at 77°K, followed by annealing at room temperature.
The two types of procedure yielded the same results.

A JEOL spectrometer operating in the X-band was used. In these experi-
ments, where radical identification is attempted, the line position in the magnetic
field is essential, and second derivative spectra were therefore recorded. The
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Figure 1. Crystal morphology and the coordinate system used for the dihydro-mcthyl-
uracil grown from the D2O solution. E.S.R. spectra are observed in the three
planes ab, bc, and ca.

observation temperature can be set at any desired value in the range from 77CK
up to above room temperature. In the present experiments the observation
temperature was 295°K. Magnetic field calibrations were carried out, using
Mn++ and DPPH as reference samples.

The calculations necessary for determining the spin-resonance parameters
and the INDO molecular orbital calculations were made by using a CDC 3300
computer.

3. Results and d;scussion
Two different radicals were formed in measurable amounts when DH6MU

was irradiated at room temperature. The radicals are identified and their E.S.R.
parameters discussed in detail below.

In figure 2 two E.S.R. spectra from selected crystal orientations are presented.
The two orientations are chosen to demonstrate the two types of resonance
found. For most orientations, however, the two spectra overlap more strongly
and have a greater amount of detail than is shown in figure 2. The more stable
of the two resonances with regard to temperature is shown in the top spectrum
of figure 2. Except for some minor details, which will be discussed below, the
resonance can be characterized as a doublet of quartets (i.e. eight lines are
clearly resolved). The intensity distribution within each of the quartets is
roughly 1 : 3 : 3 : 1 .

The other resonance spectrum observed at room temperature consists of
four lines with approximately the same intensity. This resonance is shown
together with a small overlap from the first resonance in the bottom part of
figure 2. Support for the interpretation made here that the room temperature
spectra of DH6MU are composite, consisting of the two independent resonances
described above, is obtained from the following sources. In the first place, the
intensity of each resonance varies with the orientation of the crystal in the magnetic
field. This variation is different for the two resonances, which implies that the
relative intensities of the two spectra are dependent on the orientation. As a
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100 gauss

Figure 2. Second derivative E.S.R. spectra for a DH6MU crystal. The crystal was
irradiated and observed at room temperature. The top spectrum, which reveals
the double quartet of radical I, is observed with the magnetic field in the direction
of the a-axis. The lower resonance, mainly showing the resonance of radical II,
is observed with the magnetic field in the be plane about 70° from the e-axis.

consequence, we can find several orientations where one of the two resonances
dominates the composite pattern, as shown in figure 2. In the second place,
the relative intensity ratio varies with the incident microwave power. And
finally, the stabilities of the two resonance spectra with regard to heat treatment
are different.
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3.1. Radical I
3.1.1. Analysis of the resonance spectrum

The most stable radical species yielding the resonance which mainly consists
of a doublet of quartets is here called radical I. The quartet splitting with the
observed intensity distribution (roughly 1 : 3 : 3 : 1 ) indicates an interaction of
the unpaired spin with the methyl group protons. The splitting is clearly

"CH-

6
observed in the three planes and has an isotropic value of 19-1 gauss. The
small anisotropy (only about 3 gauss) suggests that the methyl protons are in
/3-position with regard to the unpaired spin. The doublet splitting is very large
and isotropic to within 6 gauss. Radical I seems to be the only one compatible
with these results. The radical is formed when the hydrogen atom on C6 is
removed. This would leave the unpaired spin density mainly in a 2p, orbital
on C6 and give rise only to /3-proton hyperfine interaction.

The /3-proton splitting has usually been ascribed to a hyperconjugation
mechanism and is given in quantitative terms by the empirical relation (Heller
and McConnel 1960, Stone and Maki 1962);

A ß = (B0 + B 1 cos* 9 ) . p
where p is the a-carbon spin density, Bo and Bt are constants, and 6 is the dihedral
angle between the 2pz orbital containing the unpaired spin and the plane given
by C7-C^-H. The structural parameter (6) introduced has been used to
explain both large and small splitting constants. In the case of radical I, the
methylene protons seem to represent two extremes, since the splitting constants
are 63 gauss and zero, respectively. These data may still be compatible with
radical I, assuming one of the C5-H bonds is in the plane of the molecule and
the other one almost perpendicular to it, yielding 6 angles of approximately
90° and 0°.

Owing to the relative isotropic /3-proton interaction, radical I will give
resolved resonance spectra, even for polycrystalline samples. The two central
lines (figure 2) will, however, coalesce into one broadened line. The resulting
7-line spectrum has also been observed in some previous experiments where
both 6-methyl-uracil and its dihydroderivative have been exposed to hydrogen
atoms from a hydrogen gas discharge (Herak and Gordy 1967, Bergene 1970).

3.1/2. Determination of spin-resonance parameters
A proper identification of the proposed radical requires an adequate descrip-

tion of the observed spectra by the spin Hamiltonian for the radical. This
involves a detailed determination of the spin-resonance parameters included in
the spin Hamiltonian of the following form:

H is the magnetic field, ß is the Bohr magneton and g is the spectroscopie
splitting tensor. S and I are the electron and nuclear spin operators, whereas An
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Figure 3. The methyl group splitting (in gauss) for the three orthogonal planes. The
filled circles are observed values; the solid lines are the calculated curves, based
on the tensor data given in the table.

is the hyperfine-splitting tensor due to atom n. In the case of radical I, we must
take into consideration interactions with protons, deuterons and nitrogen atoms.
It is quite clear, however, that the methyl and methylene protons yield the largest
contribution. The methyl group protons appear equivalent (i.e. a quartet is
observed throughout), suggesting that the group is rotating. The splitting data
in three planes are given in figure 3. The observed splitting values are given
by the filled circles, whereas the solid curves yield the theoretical splitting
constant. These data are based on the method of Schonland (1959) and making
use of the maximum and minimum values in each plane. The theoretical
curves are forced to fit the experimental value at maximum. Figure 3 demon-
strates an excellent fit between observed and calculated splitting values in all
three planes for the methyl group. The principal tensor data are given in the
following table.

Radical

Radical I

Radical II

Resonance

Methyl group
Methylene proton
Nitrogen atom

«-proton
ß-proton

Principal splitting values
(in gauss)

17-9
60-2
0-0

13-3
41-4

18-2
61-4
2-3

23-4
45-3

A-,

21-2
66-6
2-8

29-5
49-4

Isotropie
value

(in
gauss)

19-1
62-7

1-7

20-1
45-4

The principal splitting constants for the radicals induced in DH6MU at 295°K.

The direction cosines for the principal axes in the abc system are also obtained. Since,
however, the crystal structure is unknown, these data cannot be fully appreciated and are
not given here.
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Details of the hyperfine splitting with one of the methylene protons are given
in figure 4 together with the theoretical splitting data (the fully-drawn curves).
The tensor data (given in the table) show an isotrop ic value of 62-7 gauss with
anisotropic values of -2-5 gauss, -1-3 gauss and 3-9 gauss. As mentioned
above, the lack of any hyperfine interaction with the other methylene proton
may be ascribed to the radical structure.

180n>

50 62 64 66 60 62 64 66

Methylene spli t t ing (gauss)
60 62 64

Figure 4. The doublet splitting (in gauss) for one of the methylene protons in radical I.
Otherwise as for figure 3.

3.1.3. Nitrogen hyperfine structure

Interpretations of the resonance spectra for pyrimidine radicals are very
often based on the two McConnell relations for « and /J-proton splitting
(McConnell and Chesnut 1958, Heller and McConnell 1960). Essential for
the use of these relations is the unpaired spin density in the 2px orbital on the
a-carbon atom. An experimental value for this parameter can be obtained when
the relations are used in combination with the observed splitting data. The
resulting values can be compared with those arrived at from theoretical methods,
such as Hiickel molecular orbital calculations. Surprisingly good agreements
have been obtained.

In this laboratory, we have tried to calculate the isotropic part of the
hyperfine-splitting constants for a variety of pyrimidine radicals, using the
INDO molecular orbital method. For uracil and some of its derivatives, a
radical similar to the one studied here yields a small hyperfine interaction with
the Nx-H group. Thus, isotropic values of ^(N,) = 1-2 gauss and A(U) = 2
gauss are obtained. If the proton is exchanged with a deuterium atom, the
splitting decreases to about 0-3 gauss. This implies that, for crystals grown
from a D2O solution, the Nx splitting may be observed, since the overlapping
splitting from the deuterium atom is negligible. This is clearly shown in
figure 5. For a number of different crystal orientations, each of the original
lines is split into three lines with equal intensity. It appears that this nitrogen
splitting is anisotropic, and the details are given in figure 6. The correlation
with the theoretical data (the fully-drawn curves) is quite good. The tensor
data are given in the table. It is clear that this splitting is completely masked
in polycrystalline samples.
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H

100 gauss

Figure 5. Second derivative E.S.R. spectra for a DH6MU crystal grown from a D,O
solution. The crystal was oriented with the magnetic field along the c-axis (top
spectrum) and along the è-axis.

3.2. Radical II
3.2.1. Spectrum analysis and determination of the spin-resonance parameters

The other radical observed at room temperature, which yields a 4-line
spectrum with roughly the same intensity, has not been studied previously.
From observations in three planes, it is reasonable to assume that the spectrum is
due to unequal coupling to two protons. The coupling to one proton is largely
anisotropic, whereas the splitting from the other proton is quite isotropic. A
similar spectrum has previously been observed in an irradiated single crystal of
dihydrothymine and the responsible radical identified as the 6-thymyl radical
(Henriksen and Snipes 1970 b). By analogy with those results, the following
radical II is suggested:
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0 1 2 3 4 0 1 2 3 4

Nitrogen splitting (gauss)

Figure 6. The splitting (in gauss) for the nitrogen (in position 1) in radical I. Otherwise
as for figure 3.

" 3 4 . Ç - H

D

The detailed mechanism for the formation is not known, but the radical appears
when one of the C5 protons is removed. The unpaired electron, mainly con-
centrated to a 2p. orbital on C5, will interact with one .\-and one ß- proton
whereas the methyl group in y-position will give a negligible contribution.
The full spin Hamiltonian can therefore be written:

where Ay and AA are the a- and ß-proton hyperfine coupling tensors, respectively.
The detailed values for these tensors are obtained from the spectra in all three

22 26 30 V, 18 22 26 18 22 26

OC-spliiiing (gauss)

Figure 7. The splitting (in gauss) for the a-proton of the 4-line spectrum of radical II.
Otherwise as for figure 3.
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Figure 8. The splitting (in gauss) for the ß-proton in radical II. Otherwise as for
figure 3.

planes. It should be noted that the intensity of the quartet is smaller than that
for the resonance of radical I. This implies that, for some orientations, the
quartet is masked by the other resonance. The results observed for the a-proton
splitting are given in figure 7 and those for the /3-proton splitting in figure 8.
The tensor data are given in the table. The fully-drawn curves in figures 7 and 8
are theoretical values based on the tensor data and Schonland's method (1959).
It appears that the observed splitting data are in agreement with those usually
observed for a-and /3-proton splitting (Cook and Wyard 1969). Thus, the
j8-proton splitting is isotropic to within 7 gauss, and the anisotropic splitting data
for the a-proton are similar to those found for other > -C-H fragments. The
spin-resonance parameters for radical II demonstrate that its spectrum would be
completely masked in the composite resonance pattern from an irradiated poly-
crystalline sample.

4. Conclusion
Two different radicals are found when DH6MU is exposed to ionizing

radiation at room temperature. The most stable (radical I above) was known
from previous experiments on powder samples. In the single-crystal experi-
ments reported here, the details of the spin-resonance parameters are observed.
It appears that the unpaired electron is quite delocalized, and hyperfine inter-
action with the nitrogen atom in position 1 is observed. For a number of
crystal orientations this splitting was clear and well resolved. This interaction
is in agreement with the INDO molecular orbital calculations.

The detailed mechanism for the formation of radical I is not known, but the
radical appears when the hydrogen atom bound to CG is removed. By a similar
removal of one of the C5 protons, radical II appears. It can be concluded
that at room temperature the concentration of radical I is larger than that for
radical II, even though no detailed quantitative measurements have been made
here.

In dihydrothymine the analogous radicals are formed with approximately
the same relative concentrations (Henriksen and Snipes 1970 b). These
results, therefore, seem to demonstrate that the C5-C6 bond in the pyrimidine
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derivatives is particularly susceptible to changes when exposed to ionizing
radiation. The mechanism for radical formation is now being studied in single-
crystal experiments carried out at low and intermediate temperatures.

Des monocristaux de dihydro-6-méthyl-uracile (DH6MU), derives d'une solution de
D2O, ont été soumis à une irradiation d'électrons, et les radicaux induits ont été étudiés
par la technique de résonnance électronique paramagnétique. A temperature ambiante,
deux radicaux difïérents ont été identifies, et leurs paramètres de REP étudiés en détail.
Les radicaux ont étés derives par abstraction d'un atome d'hydrogène de C5 et C6,
respectivement, laissant la densité de spin célibataire localisée principalement sur un
orbital 1pz dans les mêmes atomes de carbone. Le radical derive par abstraction de l'atome
d'hydrogène C6, montre une division /J-proton relativement isotropique. Ce radical a été
observe dans des experiences antérieures sur des échantillons de poudre. Les observations
sur les monocristaux montrent done une division du nitrobène inconnue jusqu'a présent
pour ce radical. Cette constatation est confirmee par des calculs sur les orbitales
moléculaires INDO. L'autre radical, qui n'a encore pas été observe, est assez semblable à
un radical (le radical 6-thymyl), récemment trouvé dans les derives de la thymine.

Einkristalle von Dihydro-6-Methyl-Uracil (DH6MU), die aus einer D2O-Lösung
gezogen worden waren, wurden mit Elektronen bestrahlt und die induzierten Radikale
mit Hilfe der E.S.R.-Methode untersucht. Bei Zimmertemperatur wurden zwei verschie-
dene Radikale identifiziert und ihre E.S.R.-Parameter näher studiert. Die Radikale
wurden durch Abstraktion eines Wasserstoffatoms von bzw. Cä und C6 gebildet, wodurch
die Dichte des ungepaarten Spins zur Hauptsache an einem 2/>j-Orbital derselben Kohlen-
stoffatome zu finden ist. Das Radikal, das durch Abstraktion vom C8-Wasserstoffatom
gebildet wird, zeichnet sich durch eine relativ isotrope /3-Proton-Aufspaltung aus. Dieses
Radikal ist auch in vorausgehenden Experimenten mit Pulverproben beobachtet worden.
Die Einkristallbeobachtungen zeigen aber eine bisher unbekannte Stickstoffaufspaltung
für dieses Radikal. Dieser Befund wird durch INDO-Molekülbahnberechnungen gestützt.
Das andere Radikal, das vorher nicht beobachtet worden ist, ist einem Radikal (dem
6-Thymyl-Radikal) sehr ähnlich, das vor kurzem in Thymin-Derivaten gefunden wurde.
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Electron-spin-resonance measurements have been made on single crystals
of dihydro-6-methyl uracil, which were irradiated by 4-0 MeV electrons at
77 K. At low temperature, four radicals have been identified. Two, the
C5 and C6 hydrogen abstraction radicals, were also studied in a previous work.
On exposure to U.V., the C6 abstraction radical was found to convert into the
C5 abstraction radical. Annealing at room temperature reversed the process.
The other radicals identified are that formed after H-atom addition to O4,
and that formed after H-atom abstractions from Nl , C5 and C6. The latter
was not present in deuterated crystals. Both radicals were found to be unstable
at intermediate temperatures. Thermoluminescence glow-curves were found
to correlate to the formation and the decay of these radicals. Semi-empirical
INDO MO-calculations have been performed for identification purposes.

1. Introduction
Free radicals and ions represent the starting point for radiation-induced

damage to a biological system. These products are in general very reactive
and convert into more stable radicals and/or non-radical species. To study
some of these reactions, simple molecular systems such as single crystals of
biomolecules may be used. Thus, at 77 K and lower temperatures, it is possible
to trap some of the more unstable radicals and ions. When these radicals are
released, either by annealing or by exposure to U.V.-light, information about
the secondary processes become available (Horan, Henriksen and Snipes 1970,
Sagstuen 1973).

As part of a programme devoted to the study of radiation-induced free
radicals in DNA and its components, single crystals of dihydro-6-methyl
uracil (DH6MU) have been irradiated and observed at 77 K. Particular
attention has been paid to the effect of heat and U.V.-light on the radicals formed
at this temperature.

In a previous study, two radicals (I and II), were found in DH6MU at room
temperature (Bergene and Henriksen 1971). One of these (radical I) was
originally identified in polycrystalline samples (Snipes and Bernhard 1968).
Budzinski and Box (1975) found the anion in a single crystal of DH6MU
irradiated and measured at 4*2 K. In addition, the radical formed after a
hydrogen atom abstraction from Nl was observed. The anion was detected
by ENDOR technique, whereas the abstraction radical was studied by e.s.r.

In the present paper, e.s.r. data are presented which lead to the conclusion
that two other radicals (respectively, III and IV) are formed at 77 K. Some
new data for radical II are also included. Results from annealing and U.V.-
illumination experiments are presented. An attempt has been made to correlate
results from e.s.r. measurements and thermoluminescence data.

R.B. B
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2. Experimental
Polycrystalline DH6MU was purchased from Sigma Chemical Corporation,

and used without further purification. Single crystals were grown by slow
evaporation of solutions of H2O, D2O, and dimethyl-sulphoxide (DMSO)
saturated with DH6MU. The morphology of the crystals is shown in figure
1 A and B along with the reference systems used for the e.s.r. experiments
(a, b, c*). According to Kou and Parthasarathy (1976) a, b and c are the
crystallographic axes. The crystals are monoclinic with space group C2.
The molecules are disordered in such a way that an approximate mirror is
introduced normal to the 6-axis and the space group C2/m approximately des-
cribes the crystal structure. The cell parameters are: a = 10-532 A, b = 6-447 A,
£ = 9-183 Å, /?= 101-55°, and Z = 4. The molecules are self-paired across
two-fold axes by pairs of Nl . . . O2 and N3 . . . 04 hydrogen bonds (see figure 2).

- \

Figure 1. The morphology and coordinate systems used for two types of single crystals
of DH6MU. Type A was grown from all three solutions (H2O, D2O and DMSO).
Type B was grown from DMSO only.

Figure 2. The stacking of the molecules in the unit cell. Solid lines represent inter-
molecular hydrogen bonds between N1-O2 and N3-O4. The figure is taken from
the crystallographic work of Kou and Parthasarathy (1976).
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The crystals were exposed at 77 K to 4-0 MeV electrons from a LINAC.
The dose-rate was approximately 1-0 Mrad/min, and the total doses given
to the different crystals were in the range 0-3-60 Mrad. The colourless crystals
became yellow-brown on irradiation.

The crystals were aligned and fixed in the cold finger of an insertion Dewar
filled with liquid nitrogen. Because of the well-defined crystal faces, this could
be done with great accuracy (estimated error 5°). The crystals were rotated
in the magnetic field of a JEOL X-band e.s.r. spectrometer. Second derivative
spectra were recorded for each 5° or 10° of rotation. The experimental data
were fitted by the Schonland procedure (Schonland 1959). First derivative
spectra were used for kinetics analysis.

U.V.-exposure of the crystals was carried out by use of a 100-watt high-
pressure mercury lamp. In the annealing experiments, a ' JEOL Variable
Temperature Accessory Unit', precise to within 2°C, was used.

The standard version of the CNINDO programme (Pople and Beveridge
1970) was used for the semi-empirical MO-calculations performed for identifi-
cation purposes.

Thermoluminescence (TL) glow-curves were recorded by use of equipment
described elsewhere (Prydz and Skammelsrud 1967). Samples of DH6MU
irradiated at 77 K were heated at a slightly varying rate (14-3 deg/min at — 145°C
and about 12-0 deg/min at - 110°C), and the light detected. The light detection
system consists of an S.20 photocathode response EMI 9558B photomultiplicator.

3. Results and discussions
3.1. Radical identifications
3.1.1. Radicals I and II

Typical spectra observed at 77 K directly after irradiation at that temperature
are shown in figure 3. The e.s.r. lines of the previously-identified radicals
I and II are indicated and marked with arrows. These resonances were
observed from both deuterated and non-deuterated crystals. For deuterated
crystals (spectrum A) some resolution-enhancement and line sharpening were
observed. The spectrum of radical I is a doublet of quartets. For a number
of crystal orientations, each line becomes further split into a triplet. The
quartet-splitting is due to an interaction between the unpaired electron and the
methyl group protons. The doublet arises from an interaction with one of the
methylene protons, whereas the triplet-splitting has its origin from an interaction
with the Nl nucleus (Bergene and Henriksen 1971). The spectrum in figure 4,
which is observed at room temperature, is presented to demonstrate all these
splittings.

. C '

1
ir
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IDPPH
DPPH

Figure 3. Second-derivative e.s.r. spectra of DH6MU crystals irradiated and observed
at 77 K. Spectrum A originates from a deuterated crystal, whereas the other
spectra refer to crystals grown from H2O. For A and B the magnetic field was
directed along the c*-axis In C, the magnetic field was in the c*a-plane 150°
from the c*-axis; for D, the field direction was in the «ft-plane, 25° from the a-axis.
The vertical arrows and stick spectra are an attempt to ascribe the different e.s.r.
lines to the four radicals described in the text. DPPH has the g-value 2-0036.

DPPH

Rad i ca I I

Radica I I I

Figure 4. Second-derivative e.s.r.-spectrum for a deuterated DH6MU crystal recorded
at 295 K. The magnetic field was in the c*a-plane, 150° from the c*-axis. Stick
spectra for radicals I and II are given.
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HII-c*

Hlia

Hllc*

-50 -25 0 25 50
R e l a t i v e l i n e p o s i t i o n ( g a u s s )

Figure 5. Line-position plot for the lines appearing m the c*o-plane for a deuterated
crystal. Lines due to radical I are marked . . . and (the latter when their
positions were uncertain). Radical II is marked by • , radical III by C and lines due
to unidentified radicals bv + .

i

Isotropie
1

(gauss)

N l -1-7

C5-H -18-8

C6-H 49-8

Principal

(gauss)

-2-8t
- 2 - 3

0-0
-30-7f
-19-0
-6-8
51-9
48-8
48-6

Direction cosinesj

a b

0-0 ' 00
1-0 ' 0-0
0-0 1-0
0-910 -0-011
0-028 0-999
0-413 -0-044
0-987 , 0-004

- 0 1 0 9 0-758
-0-120 -0-652

c*

1 0
0-0
0 0

-0-413
0-035
0-910
0-162
0-643
0-748

Table 1. Hyperfine coupling tensors at 77 K for the Nl-splitting of radical I and the
proton-splittings for radical II.

fBecause of theoretical considerations, the sign has been taken as negative.
Estimated error ±0-2 gauss for the Nl values, ±0-5 gauss for the other.

* Estimated error ±5°.

Radical II gives rise to a quartet (or a doublet of doublets) due to an inter-
action between the unpaired electron and the C5-H proton and the C6-H
proton. Its resonance is also shown in figure 4.

Figures 3 and 4 clearly show that only the wing lines of the spectra from
radical I and II are observed at 77 K. In figure 5, a line-position plot of all
resonance lines appearing in the c*a-plane at 77 K for a deuterated crystal
is presented. Since the nitrogen-splitting of radical I is observed throughout
this plane, which corresponds to the molecular plane (Kou and Parthasarathy
1976), the sign of the splitting must be taken as negative. The tensor values
are given in table 1 together with the direction cosines. As can be seen, the
zero principal value was found to be normal to the molecular plane. The negative
sign of this tensor was also anticipated by Bernhard and Farley (1976).

The line-position plot in figure 5 shows that, for a great number of crystal
orientations, the resonance lines of radicals I and II are more or less masked
by mutual overlap and/or by overlap from lines due to other radicals. As
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DPPH Gain

i no

/WV

25G

Figure 6. Second-derivative e.s.r.-spectra of a deuterated DH6MU crystal observed
after about 2 hours of U.V.-exposure. The wing lines of spectrum A are due
to radical I (see figure 4). The quartet is due to radical II. Nuclear spin transition
lines are indicated with arrows in B and C. All spectra were recorded with the
magnetic field in the c*a-plane. The rotation angles were 140° for A, 0° for B and
175° for C.

will be discussed below, prolonged U.V.-illumination of the crystals yielded
e.s.r. spectra which were due mainly to radical II. Selected spectra observed
after about 2 hours of U.V.-illumination are presented in figure 6. This proce-
dure and the effect of U.V.-light made it easier to determine the hyperfine
tensors for radical II, which now were obtained with a higher degree of accuracy
than in the previous work.

The resonances given in figure 6 B and 6 C demonstrate that, for certain
orientations, some satellite lines appear between the a-proton doublets (marked
by arrows). Furthermore, the doublets themselves become further split for
some orientations of the crystal (spectrum C). The inner doublets may be
ascribed to nuclear-spin transitions arising from the mixing of the electron-spin
and the nuclear-spin states through the large anisotropy of the a- proton coupling
tensor. The intensity ratio between the outer doublets (the AMS= ±1 tran-
sitions) and the inner doublets is given by the following equation (Poole and
Farachl972):

T ir = T<11 P 0)

where To and T\ are the splitting values of the outer and inner doublets, and
gTitßjfH is the nuclear Zeeman splitting, which in these experiments takes the
value of approximately 5 gauss. The intensity of the inner doublets increases
for certain splitting values on expence of the intensity of the outer doublets.
This is demonstrated in figure 6 A and 6 B (note the difference in gain for the
two spectra).
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The a-proton hyperfine splitting values, a, are given by
a2 = To

2 + T\2 — (2g]$ßztH)2. (2)

The a-proton tensor given in table 1 is corrected for the influence of the nuclear
Zeeman term according to equation (2). This effect was not taken into account
in the previous work (Bergene and Henriksen 1971).

The additional splitting of the quartet of radical II as shown in figure 6 C
reached its maximum in the c*«-plane 175° from the c*-axis. For this crystal
orientation the splitting was about 2.2 gauss. For other crystal orientations
only line broadening was observed. The origin of this splitting is unknown.
However, it is tentatively suggested that it is due to a proton attached to 04.
According to Flossmann, Westhof and Muller (1976) the high /3-proton splitting
of radical II (see table 1) indicates that this radical is protonated at 04. This
radical model is based on results from IND0-M0 calculations (Flossmann,
Westhof and Müller 1976). One serious obstacle is that the additional splitting
is observed for both deuterated and non-deuterated crystals. Thus, O4 is
hydrogen bonded to N3, and the proton is probably exchangeable, which con-
sequently should result in an isotope effect.

3.1.2. Radical III
The spectra in figure 3 clearly show that resonances from radicals other

than I and II are the most significant at 77 K. Let us first concentrate on the
strong quartet of lines appearing in the centre of spectrum A, figure 3, which was
observed for most orientations of the deuterated crystals (see also the line-
position plot in figure 5). A complete analysis of the quartet was performed,
and some of the main results are given in table 2. The tensors given indicate
that the unpaired electron is interacting with two protons in /3-position.

Isotropie
values
(gauss)

28-4

8-2

Principal
valuesf
(gauss)

30-6
28-0
26-6
11-8
6-8
6 0

1
Direction cosincsj

a

-0-616
0-106
0-781

-0-171
-0161

0-972

b

-0-072
0-979

-0-190
0-003
0-986
0-164

c*

0-785
0-173
0-595
0-985

-0031
0168

Table 2. Hyperfine coupling tensors for the two methylene protons of radical III.

t Estimated error ±1-0 gauss.
* Estimated error ±5°.

To localize the spin-density distribution and thus identify the corresponding
radical, INDO-MO calculations were performed for some selected radical
candidates. Both the anion and its protonated form (radical III) were found
to yield splitting data comparable to the experimental results. Table 3 indicates
that a large fraction of the unpaired spin density is localized to 2pz orbitais
on C4 and 04 for both candidates. Thus, the two protons attached to C5
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are in /3-position. Furthermore, the isotropic part of the hyperfine splittings
obtained from these calculations are in reasonable agreement with those observed.
Radical III gives the best fit and is much the most favoured candidate. For
the anion, about 37 per cent of the unpaired spin density resides on O4. The
expected high £-value anisotropy due to this was not observed. Furthermore,
for radical III an additional splitting due to the proton attached to 04 is expected.
In the reported calculations, this proton was positioned in the molecular plane.
When it was twisted out of this plane, the splitting increased and the energy
decreased. Since this proton may be exchangeable, non-deuterated crystals
were also examined.

In figure 3 B the quartet is shown for a non-deuterated crystal. For this
crystal orientation, no further splitting was observed. However, for most
other orientations, an additional splitting was found, as demonstrated in figure
3 C. It should be pointed out that this spectrum also contains another resonance,
due to radical IV. The latter resonance, which consists of a doublet of triplets,
masked the spectrum of radical III for many orientations of the crystal and

Atom

Hl
NI
C2
O2
N3
H3
C4
O4
C5

H5'
H5"

C6
H6
C7

H7'
H7"
H7 '"

H4

Unpaired

0-0005
- 0 0 2 6 7
-0-0575
- 0 0 1 9 9

0-4865
0-3735

-0-0183

The methylene
protons

0-0032

0-0000

The anion

spin densities

Ps

0-0000
1 -0-0008

0-0012
0-0014

-0-0044 ;
0-0015
00211
0-0090

-0-0080 ;

0-714

The meth /I group
protons

Total energy:
, Binding energy: 1

00176

0-0036
-0-0002

0 0002

0-0004
0-0006

-0-0004

1

-97-222106 A
-6-606972 A

Hvperfine
coupling
(gauss)

-0-29

-1-67
0-83

38-6
9-5

-0-12

0-20
0-35

-0-22

-u.$ !
.u. ;

Radical III

Unpaired spin densities

PiPz
1

-0-0024
-0-0076

0-0383
0-0767

0-6926
0-1478

- 0 0252

0-0025

0-0000

Ps

; 0-0000
-0-0007
-0-0010

0-0009
0-0011

-00019
0-0317
00043

-0-0088

0-0595
0-0186

0-0029
-0-0026

0 0000

00000
0-0002

-0-0001

-0-0056

-98053436
-6-699571

Hyperfine
coupling
(gauss)

-0-27
-0-79

0-40
-1-00

321
10-0

-1-4

0 0
010

-0-06 ,

-3-03

A.U.
A.U.

Table 3. Results from INDO-MO calculations for the anion and radical Ulf.

f The coordinates were constructed from those given for dihydro-uracil (Rohrer and Sundaralingam
1970) and by use of standard bond lengths and angles (Pople and Beveridge 1970).

X 1 A.U. = 27-2097 eV.
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thus made the 04-H proton splitting difficult to observe. However, as will
be shown below, the triplet splitting of radical IV was very small throughout the
c*«-plane, and the doublet splitting could be followed in this plane. Maximum
splitting of about 12 gauss was found close to the «-axis, whereas the splitting
approaches zero along the c*-axis (figure 3 B). From the above findings,
it seems reasonable to ascribe the quartet resonance in figure 3 A and 3 B to
radical III. Budzinski and Box (1975) attributed a similar quartet to the anion,
but since they did not observe the additional doublet splitting at 4-2 K, it seems
reasonable to assume that higher temperatures are required for the anion to
protonate.

3.1.3. RadicallV

The above-mentioned doublet of triplets, which is shown in figure 3 B, C
and D, was found only in non-deuterated crystals. The three other resonances
dealt with above are also present in these spectra. The crystal was given a
dose of 21 Mrad. For higher doses, the relative yield of radicals I and II
increased, and at about 60 Mrad these two radicals dominated the resonance
spectra. On the other hand, for small doses the resonance of radical IV seems
to dominate the e.s.r. spectra. The spectra given in figure 7 were observed
for a crystal given a dose of about 5 Mrad. As can be seen, only minor traces
of radical I and III are present, which facilitated the analysis of resonance IV.
The splitting data and the ^-values are given in figure 8 and the tensor data in
table 4. Figure 8 shows that the triplet-splitting was absent throughout
the c*a-plane (the molecular plane). In this plane, both the maximum and
minimum values of the doublet-splitting were observed (7-3 and 25-2 gauss,
respectively). Normal to the molecular plane, i.e. along the ô-axis, the inter-
mediate doublet-splitting, together with the maximum nitrogen-splitting (14-3
gauss) and the minimum £-value, were observed.

The species which fully accounts for all these features is a radical of the
form IV. Interaction between the unpaired electron and the Nl nucleus
gives rise to the triplet-splitting, whereas the C5-H proton is responsible for
the a-proton doublet-splitting. The unpaired spin density resides in 2/>_
orbitais on Nl and C5. H-atom abstraction radicals with similar structures
have been observed in: cytosine (Cook, Elliott and Wyard 1967), orotic acid
(Horan and Snipes 1970), thymine (Dulcic and Herak 1972), 5 fluoruracil
(Farley and Bernhard 1975) and uracil (Zehner et al. 1976). The calculated
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IDPPH

DPPH

Figure 7. Second-derivative e.s.r.-spectra of radical IV. A crystal grown from DMSO
was given a dose of 5-5 Mrad and observed at 77 K. The satellite lines on the
wings are due to a Mn + + marker. Spectra A, B and D were all observed when
the magnetic field was in the c*a-plane. The rotation angles were 0° for A, 60°
for B and 175° for spectrum D. For the spectrum C the magnetic field was in the
aè-plane 40° from the a-axis. The vertical arrows in B and D indicate lines due
to nuclear-spin transitions.
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Figure 8. The observed and calculated hyperfine-splitting and g-value variations for
radical IV in the three reference planes. The nitrogen splitting is indicated with D
and the proton splitting with •• The g-value variation is given in the lower part
of the figure.
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1
i

C5-H

Nl

£-value

Isotropie
values
(gauss)

-15-9

4-8

2-0047

Principal
values
(gauss)

-25-2J
-15-0
-7-5
14-3
0-0
0-0
2-0062
2-0056
2-0023

Direction cosines

a

0-918
0-000
0-395
0-0
0-0
1-0
0-0
1-0
0-0

u

0-000
1-000
0-000
10
0-0
0-0
00
0-0
1-0

c*

-0-395
0-000
0-918
0-0
1-0
00
10
0-0
00

Table 4. Hyperfine-coupling- and g-tensor for radical IVf.

fEstimated errors: ± 0-5 gauss for hyperfine-coupling values, ± 0-0004 for ^-values and
±5° for direction cosines.

jDue to theoretical considerations the sign has been taken as negative.

unpaired spin densities and the observed maximum and minimum ^-values for
these radicals are given in table 5. Agreement between the different structures
with regard to both the spin-density distributions and the ^-values appears to
be excellent.

Two of the observed radicals (II and IV) have the C5-H proton as the source
for a doublet-splitting. It is now of interest to compare the respective spectra
for orientations where this doublet-splitting is directly observable. It will be
recalled that the spectra in figure 6 are mainly due to radical II, whereas those
presented in figure 7 reveal the resonance of radical IV. It appears that
resonance 6 B consists of two groups of lines almost equal to that in figure 7 B.
The same holds true for 6 C and 7 D.

Parent molecule

Thymine
Cytosine
Orotic acid
5 Fluoruracil
DH6MU

0-24
0-29
0-29
0-28
0-28

0-66
0-72
0-64

0-69

2-0032

2-0023
2-0011
2-0023

2-0064

2-0059
20062
2-0062

Table 5. Spin-densities and ^-values for radicals with similar structures to that for
radical IVf.

f References are gn en in the text.

Radical IV must be formed through a series of processes, since altogether
three H-atoms have to be removed from the saturated molecule (structure
above). It can be noted that the radiation-induced conversion of saturated
pyrimidines into their unsaturated forms seems to be a general observation.
Thus, this conversion has been found in polycrystalline matrices and in frozen
and liquid solutions (Snipes and Bernhard 1968). A very efficient conversion
of dihydrothymine into thymine by indirect effects was found in frozen acid
solutions (Henriksen and Snipes 1970). Even though the detailed mechanism
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for this conversion could not be given, the results suggested that the 5-thymyl
radical as well as some other radicals, were involved. Snipes and Bernhard (1968)
made observations suggesting that the OH-radical takes part in the conversion.
For polycrystalline samples, they found no saturation effect for the conversion
process at doses where the net radical production was saturated. This suggests
that the conversion takes place at the expense of the free radicals formed.

To try to discover if the dehydrogenated form, 6-methyl-uracil (6MU),
is involved in the formation of radical IV, irradiated (up to 60 Mrad) and
unirradiated crystals of DH6MU were dissolved and examined spectrophoto-
metrically. In all cases, a strong absorption peak at about 198 nm (due to
DH6MU) was observed. The expected peak at about 265 nm, due to the
converted molecule (6MU), was not observed. Thus, no direct evidence for
the conversion of DH6MU into 6MU was found, and other processes are pre-
sumably involved in the production of radical IV. Support for this conclusion
is the observation that radical IV is formed in high concentrations for doses
as low as 0-3 Mrad. It is unlikely that such small doses are sufficient to convert
DH6MU into 6MU and secondly to form radical IV from the converted
molecules.

Radical IV is not present in detectable concentrations in deuterated crystals,
suggesting that the exchangeable protons participate in the processes leading
to this radical. Budzinski and Box (1975) observed the radical formed after
H-atom abstraction from Nl at 4-2 K. They suggested that the proton was
trapped in the vicinity of its original position, since they were able to observe
it. In deuterated crystals this proton is probably exchanged. Since deuterium
atoms are less reactive than are H-atoms, the observed isotope effect may be
related to processes involving the Nl proton. Since the cation probably is the
precursor of the Nl abstraction radical, it probably also is the precursor of
radical IV. From the present experiments, however, only tentative speculations
can be made.

3.2. Stability of the radicals
3.2.1. Effects of temperature

Radicals III and IV disappeared when the crystals were warmed to room
temperature, leaving back radicals I and II. By systematic heat treatments, it
was found that the intensity of the e.s.r. lines of the former radicals followed

H

I

UV-ligh!

heat

i
IT.

an exponential decay at fixed temperatures, i.e. the intensity I(T, t) as measured
from the peak to peak value of the first-derivative spectra followed the following
equation:

* i ) , (3)
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where k(T) is a temperature-dependent rate (or decay) constant, T is the absolute
temperature and t is the time of annealing at the chosen temperature. The
results for radicals III and IV are presented in figures 9 A and 10 A, respectively.
Furthermore for both radicals the temperature-dependent rate-constants were
found to obey an Arrhenius equation of the form

k(T) = ko-exp(AEjRT), (4)
where R is the molar gas constant, T is the absolute temperature, and A2? may be
interpreted as the activation energy for the decay process. From figure 9 B
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Figure 9. A, the decay of radical III versus time at different temperatures. B, the
decay constants given in an Arrhenius plot.
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and 10 B, the values of A£ were found to be 5-6 ±0-5 kcal/mole and 4-8 ±0-5
kcal/mole for the decay of radicals III and IV, respectively. There appears
to be no connection between the decay of the two radicals. This could be
verified, since the decay of radical III starts at about 118 K and is very rapid at
temperatures where the decay of radical IV is relatively slow (approximately
160 K). No changes in the concentration of radicals I and II were observed
during the heat treatment up to room temperature. This seems to imply that
both radicals III and IV disappear in processes leading to non-radical species.

3.2.2. Effects of U. V.-light
3.2.2.1. Intramolecular hydrogen transfer

When crystals preheated at room temperature for some hours were subse-
quently exposed to U.V.-light at 77 K, the resonance of radical I decreased
concomitantly with an increase in that of radical II. The spectrum found
before U.V.-treatment resembles that given in figure 4. After U.V.-illumination
for about 2 hours, the spectra given in figure 6 were observed. Double inte-
gration of the first-derivative e.s.r. spectra revealed that the overall radical
concentration remained constant during the period of U.V.-illumination.
Since U. V.-exposure of unirradiated crystals caused no production of free radicals
it is suggested that the observed spectral changes found for irradiated crystals
are due to a hydrogen atom transfer from C5 to C6, whereby radical I transforms
into radical II. The process was found to be reversible at room temperature
but not at 77 K. It is assumed that the observed radical conversion is due to an
intramolecular rather than an intermolecular proton. Similar conversions have
been studied by Flossmann et al. (1976). They found that C5-H-addition
radicals in cytosine, deoxycytidine and 1-methyl uracil all converted into the
C6 addition radicals on exposure to intense light of Å < 450 nm.

3.2.2.2. Decay of radicals III and IV, and quantitative measurements
Both radicals III and IV disappeared upon exposure to U.V.-light at 77 K.

The decay processes of the two radical concentrations were studied separately,
since their spectra seriously overlapped at crystal orientations where lines from
radicals I and II were present. In an attempt to draw a quantitative conclusion,
the relative radical concentrations of the different radicals were estimated by the
equation:

R = {bHw)*-h'n, (5)
where à.Hw is the line width at maximum slope of one of the absorption lines,
h is the peak to peak value as measured from the first-derivative e.s.r.-spectrum,
and n is the sum of line intensities for the spectrum in units of h. Owing to the
overlap, the estimated errors in the relative concentrations of radicals II and III
are probably up to 20-25 per cent. For radicals I and IV, the error may be down
to about 10 per cent, since the outermost low-field line of radical I (see figure 3)
was used to monitor its concentration, and radical IV was studied separately
without the influence of other lines.

As can be seen from figure 11 A, the concentration of radical I increases
slightly during the first 10-15 min, whereupon an exponential decay takes place.
It was found that the decay of radical I equalized the increase of the radical II
concentration. Thus, it is assumed that radical I transforms into radical II
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by the above-mentioned hydrogen transfer. Support for this assumption is
gained from figure 11 B, which shows that the rate-constant for the process by
which radical I decreases almost equalizes that for the increase of radical II.
The respective rate-constants were determined to be 11-6 x 10~3 min"1 and
10-5 xlO-3 min-1.

The concentrations of radicals III and IV decayed very quickly, and both
seemed to dissappear in reactions of first-order kinetics, i.e. when the con-
centrations versus time were plotted in a semilogarithmic plot (like 11 B), straight
lines were obtained. The respective decay-constants were determined to
be 6-2 x 10-2 min"1 and 1-8 x IQ-2 min-1.
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Figure 11. A, radical concentrations versus time of U.V.-exposure at 77 K. Radical I
(•) radical II (•), radical III (o) and radical IV (A). The latter was determined
in a separate experiment. B, concentration of radical I versus time in a semilogari-
thmic plot (•) . For radical II, (1-R/R«,) has been plotted (•) . (See Horan
et al. 1969.) i ? æ was put equal to 18 units.

The initial increase of the concentration of radical I is probably due to uniden-
tified radicals of small concentrations which, on exposure to U.V., convert into
radical I. It can be noted that e.s.r. lines due to some unidentified radicals are
detectable. In figure 5 the position of these lines have been marked with
crosses.

3.3. Thennoluminescence measurements

Whereas TL data for inorganic ion crystals are well understood, no satis-
factory theory seems to exist for organic systems. Many hypothesies have,
however, been presented in an attempt to explain the radiation-induced TL
(Dérouléde 1971, Charlesby and Partridge 1965, Singh and Charlesby 1965,
Tatake and Gopal-Ayengar 1971, Brocklehurst, Robinson and Tawn 1972).
It is reasonable to assume that the radiation-induced TL is somehow associated
with the secondary reactions of electrons, ions, and neutral radicals. The
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possibility should therefore be considered if the peaks of the TL glow-curves
appear in the temperature region where the radical reactions take place.

Some recent results from TL measurements on DH6MU are presented in
figure 12. The samples were irradiated at 77 K with 4-0 MeV electrons.

-i«5°c -not

deuterated
non-deuterated

-140 -80

Temperaturene)

- 2 0

Figure 12. Glow-curves for deuterated and non-deutcrated samples of DH6MU irradiated
at 77 K with doses as indicated. A deuterated single crystal was used. A great
number of small non-deuterated single crystals yielded the dotted curve. The
other two were obtained from polycrystalline samples.

The glow-curves of non-deuterated samples exhibit two well-resolved peaks
at about - 145°C and - 110°C. However, for a deuterated sample (DH6MU
recrystallized from D2O), only the low-temperature peak can be observed.
The intensity of the peak at -110°C relative to the low-temperature peak
also decreases with increasing dose. These findings strongly suggest that the
two peaks are associated with the decay of radical III (the peak at about — 145°C)
and radical IV (the peak at about -110°C). Thus, as reported above, both
radicals are formed in non-deuterated samples, whereas radical III only is
observed in deuterated ones. Furthermore, the temperature-induced decay
of these radicals start at about -155°C and -115°C, respectively (see figures
9 and 10). And finally, e.s.r. measurements showed that the relative yield of
radical IV is more significant at low doses.

The TL glow-peak activation energy of the low-temperature peak of DH6MU
was determined by Haugen (1975) to be 4-6 kcal/mole. Above the activation
energy for the decay of radical III was estimated to be 5-6 ± 0-5 kcal/mole. Thus,
even this parameter seem to support the proposed link between the radical
decay and the TL glow-curve peaks.

4. Conclusions
Four radicals are formed in detectable amounts when single crystals of

DH6MU are irradiated at 77 K. The radicals called I and II were previously
studied at room temperature by Bergene and Henriksen (1971). Radicals III
and IV have not previously been observed in this compound, although radicals
with similar structures as radical IV have been found in other pyrimidine
derivatives (see above). A similar radical was recently found in an irradiated
single crystal of uracil (Zehner et al. 1976).
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Heat treatn. ;nt and U.V.-illumination of the crystals at 77 K led to the
conversion of radicals III and IV into non-radical products. The activation
energies for the heat-induced processes were found to be 5*6 kcal/mole and
4*8 kcal/mole, respectively.

Radical I is converted into radical II, probably by an intramolecular process
which is stimulated by U.V.-light. The rate of this conversion was found to be
about 10~2 min-1. On storage at room temperature, radical II converts back
to radical I.

Since neither radical III nor radical IV acts as precursor for radicals I and II,
it is suggested that the cation or excited molecules may be involved. Radical I
is probably formed after deprotonation of the cation. In turn, radical II may
be formed by the above-mentioned hydrogen transfer from C5 to C6. The
energy necessary for this conversion may be attained from the absorption of
light and probably also from other sources such as excitation energy. It can be
noted that prolonged exposure to ionizing radiation produces a relative high
yield of radical II. For low doses, the yield ratio between radical II and I
is considerably lower.

In unsaturated pyrimidines, hydrogen addition radicals with structures
similar to radicals I and II seem to be formed by protonation of the anion
(Ormerod 1965, Lenherr and Ormerod 1968, Gräslund, Ehrenberg, Rupprecht,
Tjälldin and Strøm 1975, Bergene and Vaughan 1976). In the present work
on a saturated pyrimidine derivative, protonation of the anion seems to result
in radical III.

The observed TL glow-curves seem to be correlated to the formation and
the decay of radicals III and IV, which was studied by e.s.r. Thus, in the
attempt to elucidate the nature of the complex radiation-induced processes
taking place at intermediate temperatures, the combination of the two techniques
should be considered.
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Des mesures de résonnance paramagnétique électronique one été faitcs sur des mono-
cristaux de Dihydro-6-Méthyluracil qui one été irradies par 4,0 MeV electrons à 77 K.
A des temperatures basses, quatrc radicaux ont été identifies. Deux d'entre eux, les
radicaux d'abstraction d'hydrogène C5 et C6 ont également été Ie sujet d'étude d'unc
publication precedente II a été constate que le radical d'abstraction C6, exposé à une
irradiation ultraviolette, est converti en un radical d'abstraction C5. Le processus est
inverse par l'exposition à une temperature de 295 K. Le premier des deux autres radicaux
identifies est obtenu par addition d'un atome d'hydrogène à O4 et le second par abstraction
d'un atome d'hydrogène de NI , C5 et C6. Le dernier radical n'était pas présent dans
les cristaux déutérés. L'instabilité des deux radicaux a été constatée à une temperature
ambiante, ainsi que la correlation des courbes de thermoluminescence dans la formation
et la disintegration de ces rat'icaux. L'identification a été effectuée a l'aide de calculs
moléculaircs orbitaux semi-empiriques selon la methode INDO.

B.B. e
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Elektronspinnresonanzmessungen wurden an mit 4,0 MeV Elektronen bei 77 Is.
bestrahlten Dihydro-6-Methyl-Uracil Einkristallen durchgeführt. Bei niedrigen Tem-
peraturen wurden vier Radikale identifiziert. Zwei von ihnen, nämlich die C5 und
C6 Wasserstoff-Abstraktionradikale wurden in einer früheren Arbeit behandelt. Es
wurde festgestellt, dass unter U.V-Bestrahlung das C6 in das C5 Abstraktion-Radikal
konvertierte. Durch Erwärmung bei Zimmertemperatur wurde die Konversion rück-
gängig gemacht. Das eine der zwei anderen Radikale entsteht durch Addition des H-
Atoms zu O4 und das andere durch Abstraktionen der H-Atom von N1, C5 und C6. Das
letztere Radikal wurde in deuterierten Kristallen nicht gebildet. Beide Radikale erwiesen
sich bei mittleren Temperaturen nicht stabil. Die Thermolumineszenz-Glowkurven
korrespondierten mit Bildung und Abbau dieser Radikale. Zur Stützung der Radikal-
Bestimmungen wurden INDO MO-Berechnungen benutzt.
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Free Radical Formation in Pyrimidine Derivatives:
A Study of 5-Nitrouracil at 77 K
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BKRGU.VE, R., EVEXSEX, J., AXD HENRIKSEN, T. Free Radical Formation in Pyrim-
idine Derivative«: A Stud}' of 5-Nitrouracil at 77 K. Rudial. Ras. 62, 180-194 (197.')).

Thf ES II spectra of 5-nitrouracil, irradiated at 77 K, yield evidence for the formation
of several radical species. The two radicals which exhibit the strongest ES II signals are
discussed in some detail. One of the resonances consists of a three line pattern with an
isotropic splitting constant of 56.5 G and an average (/-factor of 2.0007. These data are
compatible with the interpretation that the NO2 group is abs1 raeted from the pyrimidine
ring and trapped within the crystal lattice. The principal tensor values suggest that lhe
oxygen atoms are kept at their original positions and that the nitrogen atom swings out
of the pyrimidine plane. Furthermore, the data indicate some molecular motion around
the O-O direction. The other resonance consists of a triplet- of doublets due to hyperfitie
interactions with a nitrogen and a proton in a nitrogen centered n-radical. In an attempt
to identify the responsible radical, extensive INDO-MO calculations were performed.
The bulk of data support the hypothesis that a deprotonated radical anion is responsible
for the resonance.

INTRODUCTION

Quite recently a discussion containing conflicting views about radical formation
by ionizing radiation in 5-nitro pyrimidines was initiated (1-7). In contrast to
most other pyrimidines the primary target area in these compounds is not re-
stricted to the 5-6 double bond region, but rather to the nitro group and to the
nitrogen in position 1 (see structure of the molecule).

Benson (4) presented strong evidence, using 15N substitution, for radical for-
mation in the NO2 group when 5-nitrouracil (abbreviated as 5NU in this paper)
was irradiated at room temperature. This observation combined with the sug-
gestion by Symons (3) that iminoxy radicals may be formed, prompted Lorenz
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and Benson (6) to propose a radical reaction scheme with radiation damage to
the NO2 group (radical structure I below). They assumed that this picture of the
primary radiation induced events and products was applicable also to other
5-nitrouracils. In contrast to this view, Sagstuen et al. (5, 7) suggested, based on
single crystal studies at low temperatures, that in the case of 5-nitro-6-methylura-
cil (5N6MU) the mechanism for radical formation is different. They ascribed the
experimental data at 77 K to a radical formed by hydrogen abstraction from the
Ni position. This model, therefore, would imply that the methyl group in position
6 plays a decisive role with regard to the radiation induced processes.

In an attempt to shed new light on the complicated processes which take place
in crystals of 5-nitro pyrimidines a single crystal of 5-nitrouracil was irradiated
and studied at 77 K. The electron spin resonance (ESR) data yield evidence for
the formation of several species at 77 K. All these species will not be discussed in
the present paper, but the attention will rather be focused on the two radicals
which yield the strongest ESR signals. One of these species appears to be the NO2

radical whereas the other radical seems to be an anion. It can be mentioned that
a denitration of 5NU has previously been observed under quite different condi-
tions in a solution saturated with N2O (8). Under such conditions the denitration
was initiated by an addition of OH to the 5-6 double bond. In the present experi-
ments, however, the denitration takes place at 77 K in the crystalline phase and
the NO2 radical escapes an immediate recombination. The experimental data
supporting this hypothesis will be presented below.

EXPERIMENTAL PROCEDURE

5NU was obtained in the polycrystalline form from Sigma Chem. Corp. and
single crystals were grown by slow evaporation of saturated H2O and D2O solu-
tions. The crystals were irradiated with 4 MeV electrons from a linear accelerator.
The irradiation temperature was 77 K, maintained by a bath of liquid nitrogen.
The total dose was 30 Mrad given at a dose rate of 1 Mrad/min. The crystals were
transferred to a dewar with its cold finger extending directly into the ESR cavity.
All observations were carried out at 77 K with a JEOL X-band spectrometer.
Second derivative curves were always recorded. The two modulation frequencies
were 100 kHz and 80 Hz, respectively.

The crystal structure of 5NU was determined by Craven (9). It appears that
5NU crystallizes as a monohydrate and belongs to the monoclinic system with
space group P2i/c. There are four molecules in the unit cell. Water and 5NU
molecules are kept together by hydrogen bonds in sheets parallel to the òc-plane.
This behavior results in a perfect (1, 0, 0) cleavage. Some care must be exercised
in order to prevent the crystals from efflorescing, which in turn implies a collapse
of the crystal structure.

The pyrimidine ring is almost planar to the 6c-plane and the nitrogroup makes
an angle of 4.7° to the ring plane. (For details see Refs. (2 and 9)). The applied
reference system in the present work is the same as that used by Benson and
Snipes (2) and given as a*bc. In some experiments aimed at an identification of
the central resonance a set of spectra have been collected for which another refer-
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FIG. 1. Second derivative ESR spectra of 5NU irradiated and observed at 77 K. The spectra
refer to observations made with the magnetic field along the c-axis and the o*-axis (two upper
spectra) and a more general orientation. The solid bars (marked as A and B in the lower spectrum)
indicate the resonance lines of the NO2 radical. For the two upper spectra A and B coincides.

ence system (called xyz) was used. The relation between this system and the
crystal axes system abc is: x\\ —b, y\\a and z ± zy-plane.

RESULTS AND DISCUSSION
The NO2 Radical

Some selected ESR spectra of 5NU irradiated at 77 K are given in Figs. 1 and 2.
The spectra observed with the magnetic field along the axes of the reference
system (the two top curves in Fig. 1) appear somewhat simpler than those ob-
served at more general orientations of the crystal. This is mainly due to site
splitting effects.
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The ESR spectra show that several radical species are formed and trapped at
77 K. Support for this view is obtained from different sources. In the first place,
the intensity of certain groups of lines vary with orientation in a way different
from that of other groups. Furthermore, observations at various microwave power
levels can be used to select out and characterize particular resonances in the com-
posite spectrum. This technique can in general be applied if one of the radicals in
a system exhibits a microwave saturation behavior different from that of the
other radicals. In the present experiments this technique was successfully used
and an example is given in Fig. 2. It clearly appears that the intensity of the lines
marked A and B increases with the microwave power level to a greater extent
than the remaining part of the resonance.

ESR spectra were observed for every 5° of rotation in three planes. With the
applied experimental procedure it is possible to conclude that one particular
species, to be identified below as the NO» radical, is responsible for the three lines
marked by vertical bars in Fig. 1 (the two top curves). For other orientations the
same resonance consists of two sets of triplet lines marked by A and B in Figs.
1 and 2. In the following these three lines will first be discussed and attempts will
then be made to identify the radicals responsible for the central part of the
resonance.

The data in three planes suggest that the resonance which consists of the two
above mentioned sets of three equally intense lines originates from an interaction

0 2mW BA

A B

A B BA B A

6QmW

I I II

II

I I

50 gauss

FIG. 2. Effect of microwave power on the resonance of 5N U. The two speef r.a refer to an orient n-
tion with the magnetic field in the ca*-plane, 30° from the c-axis. In the upper spectrum (he middle
lines of the NO2 triplet are masked by the central resonance. Upon increasing microwave power
the lines become more apparent.
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FIG. 3. Nitrogen hyperfine splitting and ø-values for the NO2 radical in 5NU. The observed data
for the two conformations in three mutually perpendicular planes are given by open and filled
circles, respectively. The solid lines are drawn on the basis of the tensor data in Table 1.

of the unpaired electron with a nitrogen atom. Since the middle line(s) is more or
less masked by the central resonance it is extremely difficult to combine the correct
sets of three and three lines. In Figs. 1 and 2 we have marked two sets (A and B,
respectively) which after careful examination seems to be the best selection of
triplets. The hyperfine splitting and ø-value variation in all three planes are given
in Fig, 3 and the corresponding tensor data are given in Table I.

The ESR spectra exhibit splitting due to different sites (or rather conforma-
tions) in all three planes. This implies a further ambiguity with regard to the
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correct combination of lines. However, all the different combinations yielded quite
similar tensor data. Thus, the isotropic splitting value was found to be 56.3 ± 0.3
G which is large compared to that observed for most nitrogen centered radicals.
This indicates a considerable nitrogen 2s contribution to the orbital of the un-
paired electron. The average ø-value is 2.0007 which in turn is smaller than that
observed for hydrocarbon radicals. The large ø-factor anisotrophy also supports
the interpretation that the spin density is localized to other atoms than carbon.

The experimental observations presented are compatible with the interpretation
that the NO2 group is abstracted from pyrimidine ring and trapped within the
crystal lattice. Thus, the ESR data in Table I are in excellent agreement with all
previous results obtained for the NO2 radical. A summary of the ESR data for
this particular radical, formed by different mechanisms and trapped in a variety
of different matrices is given in Table II. In the first place, it can be noted that
the average gr-value (the trace of the (/-tensor) is smaller than the free spin value
and close to the result obtained in the present experiments. Furthermore, the
ø-factor anisotrophy is in agreement with the data given in Table I.

The isotropic splitting values given in Table II are all in the range from 54 to
about 60 G. These ESR data seem to be in line with those expected for the NO2
radical. Thus, it is evident that the radical must be of the tr-type with spin density

TABLE I
ESR TENSOR DATA FOR THE THREE-LINE RESONANCE OP NO2 AS WELL

AS FOK THE CENTRAL RESONANCE

Radical resonance Tensor Principal
value

Isotropie
value

NO2

Central resonance

Conformation
I

Conformation
II

Triplet

Doublet

A i

As
A3

g i

g2

g3

A,
A2

A3

g i

g3

A,
A2

A3

A,
A2
A3

Ki
g2

Es

66.8 G
61.4 G
41.4 G
2.0049
2.0046
1.9928

69.7 G
50.0 G
49.4 G
2.0062
2.0036
1.9923

34.0 G
7.4 G
6.2 G

7.8 G
7.1 G
6.1 G
2.0061
2.0056
2.0022

56.5 G

2.0008

56.4 G

2.0007

15.9 G

7.0 G

2.0046



TABLE II

ES1Í PARAMKTKUS FOK TUK NO» RADICAL TBAPPED IN DIFFEBENT SVSTKJMS

Matrix

La2Mg3(NO3)12-24H2O
NaNO.,
Argon
KNOj powder
KNO3

KNO5

HNO3 ice
Pb(NO3)2

AgNO3

KC1
KC1

NaNOj
NaNO3

NaNO3

NaNO3

Silica gel

Temper-
ature

295
77

4.2
77
77

4

77
77
77
77
2

295
77

300
77
77

Al

67.G
68.1

G3.0
67.5

57
69.5
62.3
58.3

58
65.6
58.4
70.9
59.0

(gams)

61.2
49.5

50.5
48.6

57
50.7
52.7
58.3

58
48.6
58.4
51.2
59.0

As

53.7
46.8

48.8
46.4

50
48.5
50.3
46.2

52
46.5
53.5
48.3
49.0

Ä
(gauss)

60.8
54.S
57.9
56.5
54.1
54.2

59.0
54.7
56.2
55.0
54.3

56.7
53.6
56.7
56.8
55.8

Oi

2.004
2.0057

2.0055
2.0056

2.004
2.0090
2.0058
2.0039

2.0060

2.0050
2.0058
2.004

02

2.005
2.0015

1.9996
2.0016

1.995
2.0039
1.9997
2.0039

1.99S0

1.9970
2.0014
2.004

03

1.994
1.9910

1.9932
1.9912

1.995
1.9978
1.9945
1.9918

1.9980

1.9970
1.9915
1.9007

§

2.001
1.9994
2.0037
1.999
1.9995
1.9995

1.998
1.998
2.0036
2.0000
1.9998

2.0007

1.9997
1.9996
1.9H98

Reference

Bleaney ct ál.
Zeldes and Livingston
Jen ct al.
Cunningham
Zeldes
Holmberg and Livingston

Løkkevik and Henriksen
Golding and Henchman
Mosley and Moulton
Brailsford and Morton
Brailsford and Morton

Silver ct al.
Silver el al.
Adde
Adde
Iwaizumi ct al.

(10)
(11)
(12)
(IS)
(14)
(16)

(16)
(17)
(18)
(19)
(19)

(20)
(20)
(21)
(21)
(22)
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FIG. 4. The directions of the principal axes for the ø-tensor and the A -tensor with respect to
the structure of the NO2 molecule. The 0 -0 direction is along the i/-axis.

in the nitrogen 2s orbital as well as in the 2pz orbitais of the two oxygen atoms
(for reference see Fig. 4).

The radical can also be treated from a quantum mechanical point of view. The
INDO method (Intermediate neglect of differential overlap), in its original form,
yields, however, a nitrogen splitting of 33.4 G for the N02 radical. The apparent
discrepancy between this value and those observed is presumably due to the
parametrization used in the INDO method. Thus, the weak point in the INDO
method is the link between the calculated spin density distribution and the pro-
posed splitting values. This is partly due to the fact that 2s orbitais (as is the
case for nitrogen) vanish at the nucleus. Pople el ál. {23) treated the propor-
tionality constant as an empirical parameter that was determined on the basis
of experimentally observed splitting constants for a number of radicals. The
parameter used for 14N was based mainly on ir-radicals and seems to work poorly
for (T-type radicals. Chieu et al. {24) treated therefore cr-radicals and arrived at a
direct parametrization which in the case of NO2 yields a splitting constant of 52.2
G, which is in fair agreement with the experimental results. Chuvylkin and
Zhidomirov {25) quite recently made attempts, based on INDO and CNDO/SP
methods (Complete neglect of differential overlap with spin polarization), to cal-
culate the anisotropic splitting parameters. The INDO calculations gave tho
following values in gauss: 7.9, —2.9 and —5.0, whereas the CNDO/SP method
yielded the values: 10.6, —4.8 and -5.8. These theoretical values are in fair
agreement with the majority of the data in Tables I and II. For example, con-
formation II in Table I yields the anisotropic values: 10.3, — G.4 and 7.0 G.

It is apparent from the tables that the tensor data in general reveal axial sym-
metry for the NO2 radical. Furthermore, the principal values observed are in-
fluenced by the observation temperature. This may be due to the molecular
motion which seems to have a tendency to reduce the largest splitting value and
at the same time to increase the smallest one. Since the molecular motion increases
with temperature this point is born out by the results for NO2 trapped in KNO3
(at 4 and 77 K) and in NaN03 (at 77 and 295 K) (see Table II). Axial symmetry
indicates motion with regard to a preferred direction and several of the results
in the two tables are compatible with this picture. For the sake of reference, the
directions of the principal values with regard to the NO» molecule are given in
Fig. 4. The maximum splitting value is along the bisector of the O-N-0 angle,
whereas the minimum ø-factor is along the 0 -0 direction. Molecular motion
around the 0 - 0 direction should therefore involve one small and two large values
for both tensors. This is compatible with the data for conformation I in Table I.
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z«-plane
110'from z
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155'from y
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FIG. 5. Second derivative ESR spectra of 5NU irradiated and observed at 77 K. Particularat ten-
tion has been given to the central part of the spectrum and the system of vertical bars is an attempt
to ascribe this resonance to a radical where the hyperfine interaction originates from a nitrogen
and a proton.

Motion around other axes would of course have a tendency to blur out this
picture.

The direction cosines for </„,„, (which also yields the 0 - 0 direction according
to Fig. 4) in the a*bc system for the two sites were found to be; (—0.19, —0.69,
0.70) and (-0.01, 0.69, 0.73), respectively. In the undamaged crystal the 0 -0
directions for the two sites of molecules in the unit cell are given by the direction
cosines; (0.06, ±0.64, 0.76). Consequently, the 0 -0 directions for the two NO2

radicals are almost along those for the undamaged molecules (the deviations are
12° and 10°, respectively). This observation suggests that the NO> radicals are
formed and stabilized within the crystal in the following way: The C0-NO2 bond
is broken. Since the oxygen atoms seem to keep their original positions (the 0 -0
direction is unchanged) the nitrogen atom must swing out of the pyrimidine plane
in order to prevent an immediate recombination. This hypothesis is supported
by the direction cosines for j7max (see Fig. 4) which indicate a direction far from
perpendicular to the pyrimidine plane. Furthermore, the tensor data indicate
some molecular motion around the 0 -0 direction. From a crystallograpliic point
of view two sites for the NO2 radical might appear. However, the tensor data
(Table I) involve larger differences than those usually ascribed to site radicals
and it is therefore reasonable to suggest that two different radical conformations
are formed.

THE CENTRAL RESONANCE

In Fin. 5 are presented some more spectra of irradiated 5NU with the purpose
to reveal resonances of other radicals which contribute to the central part of the
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spectrum. The most significant contribution to the central resonance consists
of a triplet of doublets. This is more clearly shown by the lineplot in Fig. 6. In a
lineplot only the positions of the different lines in the magnetic field are given and
no attempts are made to include the intensity. The purpose with a lineplot is to
include in one figure the most essential information, with regard to radical
identification, from all the spectra observed in one particular plane. The plot in
Fig. 6 clearly reveals the NO» lines (both conformations) on each side of the
central resonance. The central part of the spectrum is for most orientations rather
complex since it consists of contributions from different overlapping resonances.
For the plane given in Fig. 6 only the best resolved lines are given and at the same
time the central NO2 lines have been omitted for clarity. It appears that the 6
lines form a triplet of doublets. The triplet exhibits a large anisotropy ranging
from about 6 to 30 G in this plane whereas the doublet is fairly isotropic (to within
2 G), of the order 7G. All data in three planes indicate that a radical where the
unpaired electron interacts with a nitrogen and a proton is responsible for this
resonance. The tensor data for the resonance are included in Table I.

The ø-tensor as well as the nitrogen splitting is characteristic for a nitrogen
centered ir-radical. This hypothesis is also supported by the directions of the
principal tensor data. Thus, the direction for <7,„in is parallel to that for Ai (a
deviation of only 4.5°). This direction, which presumably is along the orbital of
the unpaired electron, deviates only 6° from the perpendicular of the molecular
plane.

It is obvious that several radical candidates can be proposed which are com-
patible with the experimental observations. In an attempt to select out the most
plausible radical candidates extensive INDO-MO calculations have been per-
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formed and a number of different radicals have been considered. For reference,
the structure-formulas for some of the main candidates are given.

0

m

Iff ï ¥1

A few comments about these candidates seem appropriate. Radical I, originally
suggested by Symons (3) and adopted by Lorenz and Benson (6) as a precursor,
is assumed formed by addition of a hydrogen atom to the nitrogroup. Since õNU
crystallizes as a monohydrate (hydrogenbonded to the XOa group) this Ii3rdrogen
can be taken from the water molecule. Radical II is the product obtained by
removing OH~ from Radical I. The two neutral species obtained from radical II
by deprotonation at either Ni or N3 have also been included. In Radical III a
hydrogen atom is abstracted from Ce simultaneously with a deprotonation at Ni.
(This rarity was proposed by Symons (3).)

All together four different forms of radical anions (radical IV) have been con-
sidered. In the first place, an anion is formed when an electron becomes attached
to the parent molecules. Furthermore, this anion can be more or less deprotonated.
It can be mentioned that a number of anion radicals formed by the reduction of
nitrosubstituted aromatic compounds have been studied in solution. These anions
yield spectra mainly due to an interaction of the unpaired electron with the nitro-
gen in the NO2 group (26).

The two radicals obtained by dehydrogenation at Xi and/or N3 are included
(structure V). One of these was originally suggested as the radical stabilized in
5NU at room temperature (1). Finally, 1ND0 calculations have been carried out
for the radical left when the NO2 group is abstracted from the intact molecule
(structure VI).

The INDO calculations yield a number of different parameters. In Table III
the isotropic splitting constants for the different atoms in the radical have been
presented. The total energy, which is given in the first column, probably reflects
the stability of the radicals. The spin density distribution is one of the main results
obtained. Due to these data the different species have been characterized either



TABLE III

INDO-MO CALCULATIONS FOH A NU.MBKK OF 5-NITKOUUACIL RADICALS

Radical Total
energy

a.u.

Isotropie splitting in gauss"
N, Ar5 Hi H3 H

{NO«)

Radi-
cal

type

Localization of spin density

Radical I (see text)

Radical II
Rad. I I ; deprotonated at

Radical III

Anion (Radical IV)
Anion; deprotonated at N!
Anion; deprotonated at N3

Anion; doubly deprotonated

Dehydrogenated at N! (Rad.V)
Dehydrogenated at N3

Cation

After NO2 abstraction (Rad.VI)

-134.0

-115.2
-114.8

-131.7

-133.2
-132.3
-132.3
-131.2

-132.4
-132.4

-132.S

-S6.6

0.3

-0 .7
-8 .7

21.G

0.3
0.5
0.7
0.7

41.1
6.3

7.3

6.9

- 0 . 1

0.5
1.8

2.7

0.3
- 0 . 3

0.2
- 0 . 4

6.5
34.3

- 1 . 2

8.4

7.1

12.5
26.8

0.8

1.8
11.6
9.8

12.6

0.3
1.6

- 0 . 6

-0.Õ

1.5

- 1 . 3

- 0 . 9

3.6

- 6 . 6

3.9

-0 .1

0.1
- 0 . 5

5.7

- 0 . 4
0.1

5.5

0.3

6.1

- 2 . 4

- 0 . 1
-Õ.6

-11.4
-2 .5
- 5 . 7
- 2 . 0

19.9
3.9

1.2

15.7

jr Mainly in the NO2 group

<r Mainly at oxygen in the NO group
7T-(T ^-around the whole molecule

a in the NO group

<r Mainly at C6

7T Mainly at C'6
ir Mainly NO2 group + CJ-CÖ region
w Mainly NO« group + Cn-Cc region
jr Mainly NO2 group

a- Mainly at Ni + some w in NO2 group

a Mainly at Na + gome -w in NO2 group

7T Mainly C4O-C!,-NO2

a- Mainly at C5
0 The numbering of the different atoms refer to the molecular structure which is given in the text.
6 This hydrogen probably originates from the water molecule. The splitting may change with the dihedral angle of the O-H bond.
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as a- or TT-radicals. For a 7r-radical the main contribution to the orbital of the
unpaired electron is consequently atomic ir-orbitals. The localization of these
atomic orbitais is all over the radical, but the main contribution is connected to
orbitais in certain regions which are given in the last column of Table III.

All MO-calculations so far applied to free radicals yield results that must be
used with great care. As mentioned above the nitrogen splitting is uncertain and
may deviate considerably from that observed. In our opinion, a series of data
such as those given in Table III can, however, with some success be used in
combination with other results to pick out the most plausible radical candidates.
For example radical I in the table yields splitting values that are on the borderline
to be characterized as compatible with the experimental results. Thus, the nitrogen
splitting is only half that observed and the proton splitting is too large. The latter
result may be explained by a poor choice of the dihedral angle between the O-H
bond and the orbital of the unpaired electron. More agreeable results are obtained
for Radical II (even though the proton splitting is too small) as well as for the
cation. However, the radical candidates in Table III that are most compatible
with the tensor data in Table I are the three aninns (the deprotonated forms). It
should be noted that for all these radicals, except for the cation, the nitrogen
splitting is due to N5 (the NO2 group) and that the theoretical values are smaller
than the observed splitting values given in Table I.

In an attempt to exclude one or more of the best .suited candidates, crystals
were grown from deuterium oxide and studied in the same way. These crystals
gave altogether a somewhat more complicated result, but it can be pointed out
that the same resonance consisting of a triplet of doublets was observed. This
implies that the doublet splitting must be due to H6 (the hydrogen bonded to C6)
which is the only hydrogen that is not exchanged in the deuterated sample. This
result together with the MO data therefore suggest that the central resonance at
77 K is mainly due to a radical anion which is deprotonated either at Ni or N3.
This conclusion would also be in line with the observation by Neta and Greenstock
(8) who found an anion (doubly deprotonated) in solutions with pH = 12.9.
They reported isotropic splitting constants of; A (N5) = 17.4G and A(H6) = 4.5 G
which are in good agreement with the data in Table I and also agreeable with
those in Table III. Furthermore, they observed an average ø-value of 2.0047
which is close to that found in the present experiments (Table I). Neta and
Greenstock (8) proposed singly and doubly protonated forms of the anion in
solutions at lower pH. Furthermore, experiments on 5-nitroorotic acid indicate
that the nitrogen splitting decreases slightly in more neutral solutions.

CONCLUSION

In an attempt to sum up it can be concluded that the ESR data combined with
the MO calculations suggest that the resonance spectra observed at 77 K can be
ascribed mainly to two radicals which seem to be formed in larger concentrations
than any other radical species. One of these radicals have been identified as the
NO2 fragment formed by a denitration. It can be noted that this large fragment
is formed in the crystalline phase at low temperature and that it effectively
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escapes an immediate recombination. The experimental and theoretical data are
not sufficient for an unambiguous identification of the other radical, but a de-
prt>ÍK3$tífcted radical anion seems to be the most plausible candidate.

The4 data in Table III can also be used both in order to select out radical
candidates stabilized at other temperatures, as well as to propose the types
of secondary reactions that must take place. The room temperature results
originally obtained by Benson and Snipes (/) as well as the results with N1S

substituted cr3rstals (4) are compatible with Radical II deprotonated at Ni as
proposed by Symons (3). It can be noted that upon warming of crystals irradiated
at 77 K we did not succeed in obtaining similar results as those reported by
Benson and Snipes (/).

The radical left back upon a denitration has not been observed. According to
Table III this radical exhibit a complicated resonance with a large number of
lines. A weak resonance of this type may well be included in the resonance
spectra, but it is in any case masked by the stronger resonances from the above
discussed radicals.

I t should be mentioned that a weak and very anisotropic resonance due to
radical pairs have been observed. The resonance has not been anatyzed in detail,
but may well be due to two radicals which are formed by the denitration reaction
which consists of a homolytic rupture of the C5-XO2 bond.
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2-Thio-5-carboxyuracil at 77 K
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Single crystals of Z-thio-S-carboxyuracil were irradiated and studied at 77 K
with e.s.r. spectroscopy. Five resonances were observed and related to the
sulphur atom in the 2 position of the pyrimidine ring. Three of the resonances
have been assigned to three conformations of a radical formed by hydrogen
abstraction from Nx. The principal values for the nitrogen coupling are 9-7,
00 and 00 gauss. The g tensor principal values are 2173, 1-997 and 1-990
for the dominant conformation of this radicai. Two other radicals could not be
identified unambiguously.

1. Introduction
Recently, two reports on electron spin resonance (e.s.r.) studies of radiation-

induced free radicals in single crystals of sulphur-substituted pyrimidines
have appeared. In 2-thiobarbituric acid (abbreviated as 2TB, structure I)
the dominant room-temperature radical is formed by hydrogen abstraction from
the C5 position (Melø, Colombetti and Henriksen 1971). The corresponding
radical is also formed in irradicated barbituric acid at room temperature (Bernhard
and Snipes 1966) as well as 77K (Melø, Bergene and Henriksen 1973).

The e.s.r. spectra of this radical in 2TB revealed a large g value anisotropy,
suggesting that some of the unpaired spin density is localized on the sulphur
atom, and the authors stated that sulphur evidently acts as a ' sink ' for unpaired
spin density in conjugated systems.

Two additional resonances were observed for some orientations of the 2TB
crystal in the external magnetic field. One appeared when the crystal was
irradiated and measured at 77 K; the second after annealing the crystal at room
temperature. The low temperature resonance exhibited a triplet pattern with a
hyperfine splitting of about 5-5 gauss; the room temperature resonance was a
doublet with a 4 gauss splitting. The radicals yielding these resonances were
not identified.

In a single-crystal study of radiation-induced free radicals in cytosine,
Herak (1973) observed a doublet, due to a radical in which the odd electron
interacts with a proton, probably H6. The doublet exhibited a g value aniso-
tropy compatible with those found for sulphur-centred radicals. It was con-
cluded th:it 2-thiocytosine (2TC, structure II) was present in the crystal as an

R.li. K
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impurity, and furthermore radicals formed in this impurity were responsible
for the observed doublet resonance. However, from the e.s.r. data and w-MO
calculations, the structure of the radical could not be pinpointed. The radical
candidates proposed were the anion and the two formed by hydrogen addition
to either N3 or S2.

In the present work some results from a study of the pyrimidinc derivative
2-thio-5-carboxyuracil (2T5CU, structure III) are presented, undertaken
to shed light on the electronic and molecular structure of radicals induced in
thiopyrimidines between 77 K and room temperature.

2. Experimental
Single crystals of 2T5CU were grown from saturated aqueous solutions.

The detailed crystal and molecular structure is not known. The faintly yellow
crystals exhibited a distinct external morphology, shown in figure 1 together
with the experimental axis system xyz. A cleavage plane (c) parallel to the ys
plane was observed. The crystals were irradiated and observed at 77 K.
On irradiation the crystals attained a deeper yellow colour. All details about
the spectrometer, the irradiation and measuring procedures have been published
elsewhere (Melø et al. 1971).

Figure 1. The external morphology of a single crystal of 2-thio-5-carboxyuracil together
with the experimental axis system xyz.

3. Results
3.1. The Sv S2 and S3 resonances

Figure 2 shows two e.s.r. spectra of an irradiated single crystal of 2T5CU
observed at 77 K. The top spectrum consists of three resonance lines appearing
in the far low-field region, together with a set of partly-unresolved resonance
lines centred close to the free-spin g value. The former resonances, denoted
Sx, S2 and S3 in order of decreasing intensity, displayed a very large g value
anisotropy. The Sx and S2 resonances were observed through all three planes of
rotation, but the low intensity of the Sa resonance at most orientations prevented
determination of its e.s.r. parameters. As demonstrated by the lower spectrum
of figure 2 the Sx and S2 resonances at most orientations were split into 1 : 1 : 1
triplets, coalescing into one (S) at low g values. This hyperfine splitting is
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Figure 2. Second derivative e.s.r. spectra from a single crystal of 2-thio-5-carboxyuracil
at 77 K. The lines numbered from 1 to 5 belong to a manganese field marker.
The top spectrum is recorded with the magnetic field 56° from y in the yz plane
and the bottom spectrum with the magnetic field parallell to the .v-axis.

Resonance

Sx

sa

s3

Si, Sj, S3

Tensor

g

AN

Isotropie
value

2-052

2-048

3-2 gauss

Principal
valuesf

2-173
1-993
1-990

2-158
1-997
1-990

2-21 (max)
1-99 (min)

9-7 gauss
0-0 gauss
0-0 gauss

X

0000
0-000
1-000

0000
0000
1-000

0
1

1-000
0000
0-000

Y

0-558
0-830
0000

0-553
0-833
0000

0-55
0

0000
1000
0000

z

0-830
-0-558

0000

0-833
-0-553

0000

0-83
0

0000
0000
1-000

f Estimated errors in the principal values are 0-002 and 0-5 gauss, respectively.

Table 1. E.s.r. parameters for the Sj, S2, and S3 resonances.
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Figure 3. The g value variation and nitrogen splitting (in gauss) in the three orthogonal
planes of the xys system. The filled and open circles represent experimental
observations for the S] and S2 resonances, respectively. The solid lines are cal-
culated from the tensor data in table 1.

obviously due to an interaction between the odd electron and a nitrogen nucleus.
Table 1 gives the principal values of both the nitrogen hyperfine splitting tensor
and the g tensor for the Sr and S2 resonances, together with the corresponding
direction cosines of the principal axes relative to the XYS system. Figure 3
shows the nitrogen splitting and g value variation through the three planes of
rotation. Site splitting effects were not observed at any crystal orientation.
The nitrogen splitting tensor is the same for the two resonances S[ and Sa.

From the data given in table 1 and figure 3 it is reasonable to assign the
three S resonances to three conformations of the same radical. Owing to the
large spin-orbit coupling constant of sulphur (As= — 382 cm '), it is further
suggested that the odd electron in this radical mainly resides on the sulphur
atom in the 2 position.

The two spectra in figure 2 represent two extremes with regard to nitrogen
hyperfine splitting and g values. Thus, in the top spectrum the S resonances
show no hyperfine splitting, while the g values correspond to the maximum
principal values of the g tensors. In the bottom spectrum, this situation is
reversed, i.e. the triplet splitting corresponds to the maximum principal value
of the nitrogen splitting tensor, while the g value coincides with the minimum
principal value of the g tensor.

It is well known (Kurita and Gordy 1961) that in sulphur radicals the largest
g value is associated with the C-S direction. The spectral behaviour described
above thus shows that the spin density on the nitrogen atom is mainly localized
in the 2pz orbital (where the z direction is normal to the ring plane). The
tensor data in table 1 further shows that the direction for gmws. is normal to the
direction for the maximum nitrogen splitting.
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Figure 4. The unpaired spin density on some of the atoms in the radicals IV and V calculated
by the CNDO/2 method. The values given are the spin density in the valence
p and i orbitais, the latter given in parentheses. B.E. is the bonding energy for
the radicals (1 a.u. equals 27-2097 eV).

The above considerations lend support to a structure for the responsible
radical as IV or V, formed by hydrogen abstraction from Nj and N3, respectively.
The e.s.r. datado not, however, discriminate between these two radical candidates.
This ambiguity in the assignment of radical structures initiated some MO
calculations on the CNDO/2 level of approximation (Pople and Beveridge 1970)
The structural data for these calculations were obtained from known data on
similar compounds (Shéfter and Mautner 1967). In the structural formulae
in figure 4 the more pertinent data are given for the calculations on the radical

K 1
structures IV and V. Surprisingly, these calculations shows that in radical
V almost 90 per cent of the unpaired spin density is localized on the oxygen
atom in 4 position and only a negligible amount on the sulphur atom. On the
other hand, in structure IV approximately 95 per cent of the unpaired spin
density is localized on the sulphur atom, mainly in the in-plane 3p orbitais
(91 per cent). This is in accordance with expectations for a radical with the
observed g value variation and with the maximum g value in the C-S direction
(Kurita and Gordy 1961). However, as compared to the experimental values
the calculations leave a far too low spin-density on Nv
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From the e.s.r. and MO data presented above it is thus concluded that the
three resonances Slt S2) and S3 are due to three conformations of radical IV,
formed by hydrogen abstraction from Nx.

Furthermore, the e.s.r. data give some information with regard to the mole-
cular stacking in the crystal. The molecules in the unit cell, showing triclinic
symmetry, are packed in layers parallel to the cleavage plane (the yz plane).
Assuming no reorientation of the C-S bond induced by radical formation, the
C5-C6 direction is almost parallel to the y axis.

The composite e.s.r. pattern appearing close to g = 2-0 consists of several
different resonances at 77 K as well as after U.V. illumination and heat treatment
of the crystal. With the exception of two, these resonances overlapped to an
extent which made the analysis impracticable.

3.2. The S4 resonance

In an orthogonal reference system x'y'z' related to the xyz system by the
transformation matrixf

/0-336 -0-686 -0-645'
# = [0-345 0-728 -0-594

\0-877 -0-022 0-481
it became possible to follow one additional resonance occurring at 77 K. In the
xyz system, this resonance was masked by other resonances centred close to the
free-spin g value and by the frequent interference of the S resonances previously
described. This additional resonance, denoted by S4, is shown in figure 3. At
most orientations it exhibited a small doublet splitting due to a weak interaction
between the odd electron and a proton. The results from an analysis of the
e.s.r. data for this resonance are given in table 2.

Several radical candidates can be proposed to account for the S4 resonance.
The considerable g value anisotropy suggests that it is due to a radical where the
unpaired electron interacts with the sulphur atom (or possibly oxygen: see

DPPH

Figure 5. Second derivative e.s.r. spectrum from a single crystal of 2-thio-5-carboxyuracil
at 77 K, recorded with the magnetic field 110° from .v' in the x'y' plane of rotation.
The line saturating the receiver is due to the S^ S2 and S3 resonances coalescing into
a single line at this particular orientation.

A f Thus, given a tensor A' in the primed representation then A = RT • A' • R, where
A refer to the unprimed representation.
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Resonance

s4

s4

s5

Tensor

S

AJI

8

Isotropie
value

2021

1 -67 gauss

2 024

Principal
values

2-047

2018

1-998

5-0 gauss

0-0 gauss
0-0 gauss

2-052
2021
2-000

X

O l l i
(-0-346)

0-801
(0-812)
0-589

(-0-469)

-0-172
(-0-734)
- 0 064

0-983

0-538
0-721
0-432

Y

0-918
(0-934)

-0-310
(0-355)
0-249

(-0-072)

0-985
(0-658)

-0-011
0172

-0-615
-0-019

0-788

Z

-0-382t
(-0-107)
-0-512

(0-463)
0-769
(0-881)

0-000
(-0-173)

0-998
0065

-0-576$
0-692

-0-434

t Direction cosines refer to the x'y's' axis system. Numbers in parentheses refer
to the xyz system (figure 1).

* Direction cosines refer to the xyz axis system.

Table 2. E.s.r. parameters for the S4 and S5 resonances.

Box and Budzinski 1>75). The doublet splitting tensor is typical for a -C-SH
or -C-OH ^-proton interaction (Hüttcrmann, Ward and Myers 1970). The
angle between gmax (S4) and the maximum principal splitting value is 27-7°.
Furthermore, the direction for £max(S4) is 23-3° from the j'-axis and almost
in the yz plane (83-6° from the x-axis). Tentatively, a radical with structure
VI is suggested as the most probable candidate. However, some reorientation

21

of the C-S bond during radical formation must occur. Thus, the angle between
the maximum principal g values of the Sj and S4 resonances is 644°. Other
candidates to be considered are a radical with the spin density in the carboxyl
group and the cation radical. A CNDO/2 calculation on the cation leaves 96
per cent of the spin density on sulphur. A nearby proton bonded to a neigh-
bour molecule then may be responsible for the doublet splitting.

3.3. U.V. illumination
U.V. illumination of the crystal at 77 K (using a 100 W mercury lamp)

induced several spectral changes. The dominant alterations were the decay
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of the S1( S2 and S3 resonances. A spectrum before exposure to U.V. light
is shown in figure 6, the time development of the decay of S1(Q) and S2(O)
being shown in the upper right hand corner. In this example, the magnetic
field is parallel to the s-axis. On the ordinate scale is given the number of
radicals (in arbitrary units) estimated by the approximate relation NocA • (AHpp)2,
where AHPP is the line-width at maximum slope of the absorption and h is the
amplitude.

»k

2 4 6 I 10 12 l( 16 IB

EXPoSuRt liMEUOOSfcCI

Figure 6. Second derivative e.s.r. spectrum from a crystal of Z-thio-S-carboxyuracil at 77 K
recorded with the magnetic field parallel to the s-axis in the xyz axis system. In
the upper right corner is shown the U.V. induced decay of the Si ( >) and S» (v)
resonances versus time, in units of 100 sec.

i

As illustrated in figure 6, the radical decay seems to terminate after about
103 sec of exposure. The number of radicals decayed is AN(Si) and A7V(S.>).
The data show that AiV(S2) is about 85-90 per cent of AA^Sj). Separate
measurements revealed that even the S3 resonance disappeared completely
on exposure to U.V. The total number of radicals Af(S3) was ca. 10-15 per
cent of AiVfSi). Thus, AN(S2) + N(SS) equals AA^Sj) within experimental
error. This may reflect a connection between the mechanisms by which the
radicals decay. However, the difference in decay rates suggests a more con «pli-
cated mechanism than mutual annihilation of the different conformations of
radical IV.

Finally, it should be noted that even the S4 resonance rapidly decayed on
U.V. illumination. Thus, a possible participation of the radical yielding this
resonance in the decay of radical IV cannot be excluded.
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3.4. The S5 resonance

Owing to several changes in the high-field region of the spectra after heat
treatment of the crystal, a further single-line resonance, S5, became accessible
for e.s.r. analysis. As shown in figure 6, this resonance was also observed at
77 K and was stable when the crystal was bleached with U.V. This resonance
did not show hyperfine splitting for any crystal orientation. The g tensor is
given in table 2. Again the g value anisotropy suggests a sulphur-centred
radical. It should be noted that the direction for the maximum principal
g value intersects the ring plane. That is, the angle between the ring normal
and the direction for £max(S6) is 54-9°. It is suggested that this resonance is
due to a ' dimer ' radical formed between two 2T5CU molecules in nearest-
neighbour molecular layers. The principal g values is close to that expected
for a M1 —S—S —M2 radical where the unpaired electron recides in a S-So-*
orbital (Symons 1974).

4. Discussion
In the present work five resonances have been observed and discussed,

and related to the sulphur atom substituted in the 2 position of the pyrimidine
ring. Three of the resonances have been assigned to three conformations of
radical IV, formed by hydrogen abstraction from N^ The other two resonances
could not be identified unambiguously.

Radicals formed by scission of the Nx-H bond, leaving the odd electron in a
molecular -n orbital, have been observed in several pyrimidine derivatives, e.g.
cytosine, orotic acid and thymine (Cook, Elliott, and Wyard 1967, Horan and
Snipes 1970, Dulcic and Herak 1973). In these species the nitrogen hypcrfine
tensor exhibits the same symmetry characteristics as in the present case. How-
ever, the distribution of the unpaired spin density is entirely different. Thus,
25-30 per cent of the odd electron is located in the 2p„ orbital on nitrogen,
while the rest mainly resides on C5. This difference must be ascribed to the
electron-withdrawing effect of sulphur accounting for the well-known radiation
protecting ability of sulphur containing molecules.

As noted above, two resonances were observed from unidentified radicals
induced in 2TB at 77 K and room temperature. The e.s.r. data reported for
these resonances bears a close resemblance to the data for the Sx and S4 resonances
reported here. Work is in progress to shed light on the question whether
similar radicals are formed in these two sulphur-substituted pyrimidine deriva-
tives.

Des monocristaux simples de 2-thio-5-carboxyuracil ont été irradies et étudiés à 77 K par
spectroscopie r.p.e. Cinq résonnances ont été observers et reliées à l'atome de soufre
dans la position 2 de l'anneau de pyrimidine. Trois des résonnances ont été assignees à
trois formations d'un radical forme par abstraction de l'hydrogène de N|. Les valeurs
principales pour le couplage du nitrogene sont de 9,7, 0,0 and 0,0 gauss. Les valeurs
principales du tenseur-g sont de 2,173,1,997 and 1,990 pour la configuration dominante
de ce radical. On n'a pas pu identifier deux autres radicau ambigus.

Bestrahlte Einkristalle von 2-thio-5-carboxyuracil wurden auf 77 K abgekühlt und
mittels E.S.R.-Spektroskopie untersucht. Es wurden insgesamt fünf Resonanzen festgestellt
und auf das Schwefelatom in der 2. Position des Pyrimidin-Ringes zurückgeführt. Drei
der Resonanzen gehen zurück auf drei Konformationen eines Radikals, das durch Abstraktion
eines Wasserstoffatoms von Ni gebildet wird. Die Hauptwerte für die Stickstoff-Kopplung
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sind 9,7, 0,0 und 0,0 Gauss. Die g-Tensor-Hauptwerte sind 2,173, 1,997 und 1,990 für
die dominante Konformation desselben Radikals. Zwei andere Radikale konnten nicht
eindeutig bestimmt werden.
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Electron-spin-resonance measurements have been made on single crystals
of uracil-ß-D-arabinofuranoside, which were irradiated by 4-0 MeV electrons at
77 K. At low temperatures, two radicals have been identified, one attributed
to a hydrogen abstraction from 05' in the sugar moiety and the other to a radical
anion located on the pyrimidine ring. The former is very unstable and seems
to act as a precursor to other unidentified radical species stable at 77 K. At
room temperature, the main resonance is due to hydrogen addition to C5 and is
probably produced by protonation of the anion. This same radical is also
produced by X-irradiation at room temperature.

1. Introduction
Although much attention has been given to single crystals of irradiated

nucleosides, there are many aspects of radical formation in these materials
which are not well understood. The radicals stabilized at room temperature
have, in the past, received most attention, in spite of the fact that these radicals
seems to represent the end-product of a chain of reactions that are all very
rapid at room temperature but may be frozen out at lower temperatures. Several
of the primary, or precursor, radicals have been investigated using e.s.r. and
related techniques (see, for example, Box and Budzinski 1975, and Bergene
and Melo 1972), and some attempts have been made to follow the temperature-
induced radical transformations (e.g. Melo 1973). One of the purposes of
studying free radicals in pyrimidine compounds is to shed light on the nature of
radiation damage to the DNA molecule. Consequently, the primary radical
reactions are of significant interest.

Crystal structures of several nuclcosides have recently been investigated,
and it should be possible to arrive at an understanding of the radical formation
by a combination of data on crystal structure and the nature of the radicals
formed. For example, it is known that some nucleosides may crystallize in at
least two different forms (bromodeoxyuridine shows both triclinic and mono-
clinic forms; Nice and Rorke 1969) and that considerable conformational
changes may occur on substituting different sugar groups in the molecule.
It is in the context of such considerations that results are presented here of
measurements performed on single crystals of uracil-ß-D-arabinofurancside
(ara-U) (structure (I)).
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The biochemistry of the arabinonucleosides has been reviewed by Cohen
(1966). They are structurally similar to the corresponding ribonucleosides
in which the base moiety remains unchanged, but the C2' hydroxyl of the sugar
is cis to the glycosyl linkage, whereas it is trans in the ribonucleosides structures
(II)-(IV). Although numerous X-ray crystal structures have been reported for
ribonucleosides and their derivatives (see, for example, Sundralingham 1973),
little is known about the molecular structures and conformations of the arbino-
nucleosides. Ara-U is novel in that it possesses a strong intramolecular hydrogen
bond between the 02' atom and the 05' atom which is stereochemically not
feasible in ribonucleosides.

OH

3H,

HOCH2

'H

H ÕH

arabinose

OH HOÇH2

H

OH

ribose

Cm)

OH HOCH,

OH

deoxyribose

Cm)

2. Crystallography
The crystallographic structure of ara-U has been determined independently

by Tollin, Wilson and Young (1973) and by Sherfinski and Marsh (1974).
The space group is P212121 and the unit cell, which is orthorhombic with dimen-
sions « = 6-81, è = 6-87 and c = 20-98 Â, must therefore contain four molecules
related to each other by 180° rotations about directions parallel to the three
crystallographic axes. One such unit cell is shown in figure 1.

The conformation of this molecule is similar to that found in other related
nucleosides, although the intramolecular hydrogen bond between 02' and 05'
produces a C2' endo pucker of the sugar ring, compared to the more usual C3'
endo pucker. The major stereochemical difference between ara-U and ribo-
nucleosides is the inversion of the asymmetric centre at C2'. The pyrimidine
bases are essentially planar, the maximum deviation of a ring from a least-
squares plane being only 0-031 Å. The bases are arranged approximately
perpendicular to the è-axis and are stacked 3-4 Å apart.
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Figure 1. A projection of the structure of ara -U viewed along the 6-axis showing the
four molecules within a unit cell. Hydrogen bonds are shown as broken lines
(taken from Tollin et al 1973).

3. Experimental
Ara-U crystallizes readily from an aqueous solution at room temperature,

and good, well-formed crystals were obtained. The crystals were orientated
by X-ray diffraction using Weissenberg photographs, and the crystallographic
axes located as shown for a typical example in figure 2.

Figure 2. The morphology of a typical single crystal of ara-U
showing the crystallographic axes.

Irradiation of the crystals produced a deep-yellow colour in previously
colourless crystals. Room-temperature irradiation was performed by prolonged
exposure to 40 kV X-rays (about 18 hours) in which time a dose of about 5-10
Mrad was given, although no attempt was made to determine this figure exactly.
Low-temperature irradiation was carried out with a beam of electrons from a
4 MeV linear accelerator, the samples being immersed in a bath of liquid nitrogen.
A dose of about 5 Mrad was given at a rate of about 0-7 Mrad per minute.

Two spectrometers were used. The initial room temperature measurements
were performed at Q-band at a frequency of 32 GHz, using 100 kHz modulation
and first derivative display. The advantage of working at such a high micro-
wave frequency is in the greater sensitivity obtained due to the smaller size
of the resonant cavity. All low-temper ature measurements and later room-
temperature measurements were carried out at X-band on a JEOL spectrometer
operating at 9-36 GHz and using second-derivative display. The samples
were orientated visually in the tail of a quartz insertion Dewar. In both
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spectrometers the spectrum from Mn2+ was used to calibrate the magnetic
field. Cr3+ in MgO, which has a^-value of 1-98, was also used as a field marker
in some cases. Spectra were Recorded every 5° in the three crystallographic
planes, and the tensor parameters calculated from these measurements using
the method of Schonland (1959).

4. Results and discussion
4.1. The low-temperature spectrum

All low-temperature measurements were carried out at X-band. The
samples, after irradiation, were kept immersed in liquid nitrogen and a complete
set of spectra in the three mutually orthogonal crystallographic planes was
recorded. A strong four-line spectrum (the Rx spectrum), observed on the day
of irradiation, had virtually disappeared 48 hours later, even though the specimen
was stored at 77 K.

DPPH

50G

Figure 3. Examples of spectra obtained at 77 K along the c-axis ((A) and (B)) and along
the a-axis ((C) and (D)). Trace (A) was drawn approximately 4 hours after
irradiation, (B) and (C) about 12 hours and (D) about 24 hours later. The decay
of the R^ radical and the growth of other radicals can be clearly seen.

Figures 3 and 4 show examples of the spectra obtained along the three main
axes, with Rt radical lines indicated by means of stick diagrams. Also shown
in figure 3 are examples of the same spectra recorded after a lapse of between
12 and 24 hours, clearly indicating that the intensity of the Rj lines is considerably
reduced. Two other points should be noticed in these later traces. The first
is the presence of a strong doublet atg = 2-0036 (the R2 spectrum). The apparent
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increase in intensity of this spectrum with time can be accounted for entirely
by the increase in spectrometer gain as can be seen from a comparison of signal
to noise for the two sets of spectra. The second point is the emergence of a
complex group of lines on either side of the R2 spectrum. Most of these disap-
peared on warming the sample, except for the residual room-temperature R3

spectrum (see later), but because of poor resolution at other orientations no
attempt was made to identify their origin.
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Figure 4. The lower part of the figure shows the spectrum obtained along the è-axis
at 77 K. in the upper part are shown the angular variations of the Rt and the R2

spectra in the 6c-plane.

4.1.1. The Rt radical
The four-line spectrum of the Rj radical appeared to be very anisotropic

with regard to g-value variation, as can be seen from the line position plot
in figure 4. Furthermore, as this figure indicates, the hyperfine splitting is
quite isotropic (to within about ± 4 gauss). Site splitting was observed in
all three planes of rotation.

Computer diagonalization of the experimental data yielded the ^-values
given in table 1, which also contains estimates of the hyperfine-splitting values
measured along the principal axes. Too much interpolation would have been
required to calculate the principal values of the hyperfine-splitting tensor from
the observed data.

The large £-value anisotropy suggests that the ^ resonance originates from
an oxygen-centred radical of the type R-CH2-O-, with the unpaired spin in a
2p-orbital. For such radicals, the maximum principal value of the ^-tensor is

R.B.
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Tensor

g

Principal
values

2-0591
2-0071
2-0029

A(Hn)
A(HJ2)

C5'-05' bond
direction

Direction cosinesf
a b c

0-183
0-971
0-151

46 G
89 G

0-180

±0-845
±0-076
+ 0-530

47 G
92 G

0-775

±0-503
+ 0-225
±0-834

49 G$
89 G

0-606

f Because of the symmetry of the lattice, in all tables the direction cosines of the other
magnetic sites are obtained from those given by the interchange of signs,

X Estimated error ± 2 G.

Table 1. The calculated principal values and direction cosines of the g-tensor for the R3

radical. Also shown are the values of the hyperfine splittings along the three
reference axes, and the direction cosines of the C5'—05' bond as calculated from
the data given by Tollin et al. (1973).

expected to lie along the C-0 bond direction (Lee and Box 1973, Akasaka,
Ohnishi, Suita and Nitta 1964). Since the pyrimidine plane in ara-U lies
almost exactly in the «c-plane, it is evident from the direction cosines in table 1
that the unpaired spin cannot be located in the ring system. A systematic
comparison of the C-0 bond directions as obtained from the crystallographic
work of Tollin et al. (1973) with that for the maximum principal £-value showed
that the most plausible radical candidate is that given in structure (V). This
radical is formed simply by a hydrogen atom abstraction from 05'.

(X)

It appears that the calculated direction of the C5'-05' bond is slightly
different from that of the maximum g-value (see table 1). This discrepancy can
be described in terms of a rotation of approximately 7° about the «-axis (which
almost coincides with the C4'-C5' bond direction) from s towards y. Because of
the conformational distortion caused by the presence of the 02'-05' hydrogen
bond, it is not surprising that some slight atomic rearrangements might take
place if this bond is involved in the radical formation, and a rotation about
the C4'-C5' bond is therefore not unreasonable.
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The principal values of the ̂ -tensor are very similar to those for the oxygen-
centred radicals in DL-serine (Lee and Box 1973) and in thymidine (Box
and Budzinski 1975). Also, the unusually large proton hyperfine splitting of
about 90 gauss is compatible with the values found for the 05'-centred radical
in thymidine. Like the oxygen-centred radical in DL-serine, the Rx radical is
found to be unstable at low temperatures.

The results of INDO calculations performed for this radical were inconclusive.
Initial calculations using the positions of the atoms in the undamaged molecule
did not yield high enough hyperfine-coupling parameters. Further calculations
using the bond lengths recommended by Ohkubo and Kitigawa (1974) (for the
C-0 distance: 1-36 Å, and for the C-H distance: 1-12 Å) which are supposed
to be typical for alkoxyl radicals, gave results which were no better. The
large number of variable parameters involved in considering a distortion of the
molecule precluded further attempts.

4.1.2. The R2 radical

The R2 spectrum, consisting of a doublet, which is indicated in figures
3 and 4, was observed in all planes. The doublet exhibited an almost
isotropic £-value (2-0036). Each spectral line is about 5 gauss wide and their
separation varies from about 6 to 20 gauss. The angular variation of the
hyperfine splitting is shown in figure 5, and the corresponding principal values
of the hyperfine splitting tensor together with their direction cosines are given
in table 2. This tensor is typical for a-protons. It can be seen that the direction
cosines for the intermediate principal value of the hyperfine-splitting tensor is
perpendicular to the pyrimidine plane.
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Figure 5. The angular variation of the R2 doublet splitting in the three reference planes.
The curve represents the calculated hyperfine splitting, and the circles experimen-
tally measured values.

It is known that most of the anions formed by electron attachment to the
pyrimidine ring yield doublets with hyperfine splittings similar to that observed
here (Adams and Box 1975, Box, Potter and Budzinski 1975). INDO
calculations performed for the anion yielded values of spin densities in the
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2pz-oi bitals, as indicated in figure 6. It appears that the unpaired spin residues
mainly in a 2p Tr-orbital at C6, yielding an isotropic hyperfine splitting of — 11-2
gauss. This splitting is in reasonable agreement with the isotropic part of the
hyperfine-splitting tensor given in table 2. Furthermore, the direction of the
minimum principal value of the hyperfine-splitting tensor coincides with that
for the C6-H bond. The agreement is within a few degrees and tends to
confirm this interpretation.

HÍ-0.4GJ

HI-11.2G)

(-0.9G)H B.E.=-5.37699 a.u.

Figure 6. Results of INDO calculations performed for the radical anion R2. Spin den-
sities on C5 and C6 are shown, and, in brackets, the calculated hyperfine couplings
tò H2 and H3.

Although the e.s.r.-doublet was little affected by U.V.-illumination (from a
100 W Hg-lamp) it seems reasonable to conclude that the R2-doublet is due to
the anion, foi med by an electron attachment to the pyrimidine ring. Upon
warming of the crystal, the doublet intensity decreased concomitantly with the
growth of the R3 resonance which is due to the room-temperature radical.

Hyperfine-splitting tensor Aa

Theoretical
value (INDO)

-11-2G

Isotropic
value

-13-1 G

Principal
values f

- 20-5 G
-13-0G
-5-9 G

C6-H bond direction
Perpendicular to the plane of the

pyrimidine ring

Direction cosines

a b c

+ 0-501 0-000 0-866
0-000 1-000 0-000
0-866 0-000 ± 0-501

0-862 -0-048 0-504
0045 0-993 0-111

f Estimated error ± 1 G. Signs are taken as negative from theoretical considerations.
Table 2. E.s.r. data for the radical anion R2, together with the directions of the C6-H

bond and the normal to the pyrimidine ring calculated from the data of Tollin et al.
(1973).

4.2. The room-temperature spectrum
4.2.1. The i?3 radical

At room temperature, spectra were recorded at X-band and Q-band, using
some crystals that had been irradiated at room temperature and some that had
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been irradiated at 77 K and allowed to warm up. We noticed significant
differences that could not be attributed to the different detection techniques
used in the two spectrometers.

The spectrum obtained with the magnetic field along the oaxis is shown
in figure 7. The main spectral lines, which are assigned to one resonance,
are indicated below by a stick spectrum. The e.s.r. spectrum may be interpreted

IDPPH

50 G

P=I3O,/W

Figure 7. The spectrum obtained at rot .-n temperature along the c-axis with the R3

spectrum identified by means of the stick spectra. In the lower spectrum, the
microwave power has been, increased to 130/x.W causing partial saturation of the
main lines and thereby enhancing the accompanying satellite lines (indicated by
arrows).

in terms of one interacting a-proton and two interacting /3-protons. The
hyperfine splittings due to the /3-protons are slightly different. The eight lines
were easily followed in the three planes of rotation, although, as can be seen
in the line position plot in figure 8, the spectrum was split into 16 lines in the
ac-plane. This is due to site splitting, and can only be observed in this plane.

The principal values of the a-proton splitting tensor and the two /3-proton
splitting tensors together with the corresponding direction cosines are given
in table 3. Figure 9 shows the angular variation of the a-proton splitting in the
three planes of rotation.

The site splitting in the «c-plane, which is parallel to the pyrimidine plane,
indicates that the spectrum is due to a radical having its unpaired spin in the
pyrimidine ring rather than in the sugar moiety. This is supported by the
observation that the intermediate value of the hyperfine-splitting tensor is in a
direction perpendicular to the pyrimidine plane. The data in table 3 suggest
that the unpaired spin density is localized in a 77-orbital on either C5 or C6.
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Figure 8. The angular variation of the room temperature R3 spectrum in the ac-plane.

The open and filled circles refer to the two different sites.

Tensor

A«

A^

A/32

Hyperfine splitting

Theoretical
value

(INDO)

-14-9G

47-0 G

56-2 G

C5-H bond direction
C6-H bond direction

Isotropie
value

-19-3 G

451 G

47-8 G

Principal
valuesf

-29-9 G
-19-0G
-8-9 G

47-3 G
45-8 G
42-1 G

511 G
46-5 G
45-9 G

Direction cosines
a b c

±0-514
0-000

+ 0-858

±0-363
0-000

+ 0-932

±0-361
0-000

+ 0-932

0-888
0-862

0-000
1-000
0-000

0-000
1-000
0-000

0-000
1-000
0-000

-0-009
-0-048

0-858
0-000
0-514

0-932
0-000
0-363

0-932
0-000
0-361

0-449
0-504

t Estimated error ± 1 G.
Table 3. The principal hyperfine-splitting constants for the room temperature radical

R3 and their direction cosines. Also shown are the C5-H and the C6-H bond direc-
tions calculated from the data of Tollin et al. (1973) related to two different molecules
in the unit cell (see figures 1 and 10).
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Figure 9. The angular variation of the a-splitting for the R3 spectrum in the three planes
of rotation. Circles show experimentally measured values, and the curves show
the calculated variations corresponding to the data shown in table 3.

For such a radical the direction of the minimum splitting value should be along
the C-H bond. As can be seen from table 3, the best fit is found for the C6-H
bond. The deviation in this case is only 3° whereas the deviation found for the
C5-H bond is about 7°. Since both C5 and C« hydrogen addition radicals
(structures (VI) and (VII)) have been proposed in pyrimidines (Bergene and
Henriksen 1971, 1972) a certain amount of ambiguity as to the radical identi-
fication of the room-temperature radical still exists for the following reasons.

(20 (mr)

Firstly, it is assumed that no atomic rearrangements take place when the
radical is formed (other than changes from sp2 to pp3 hybridization where the
H-atom addition occurs). Some justification for this assumption was found
by Bergene and Melø (1972). Secondly, it can be seen in figure 10 that the
C5-H bond direction and the C6-H bond diiection for different molecules
within the unit cell are nearly symmetrically placed about the c-axis, the angle
between these two directions being only 9°.

Although the four molecules in the unit cell are related by 180° rotations,
they are not all magnetically equivalent, as can also be seen from figure 10.
Indeed, all four molecules are slightly inequivalent in all planes of rotation,
owing to the fact that the pyrimidine plane is not exactly parallel to the öc-plane.
Evidence for this site splitting can be seen in the broadening of the spectral lines
at some orientations.
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In figure 7 each of the lines in the R3 spectrum is accompanied by two
satellite lines whose intensities relative to the main lines increase with increasing
microwave power. The separation of the satellite lines from the main lines is
about six gauss, which suggests that they are due to AM; = ± 1 transitions.
Similar observations have been made by Bernhard and Snipes (1966) and
Trammel, Zeldes and Livingston (1958).

H H

S Nl O 1
xc==0

H
I - - S

•Ni

F ^

». H

\ /
/5 6\

= C '

Figure 10. The arrangement of the molecules within a unit cell. Only the pyrimidine
rings are shown for clarity; the bolder pair of molecules are above the plane of the
paper and the fainter pair below. Three of the molecules can be generated from the
remaining one by 180° rotations. In the lower pair and in the upper pair, the C5-H
bond direction for one molecule is indistinguishable from the C6-H bond direction
for the other.

5. Conclusion
Three different radical species have been identified in ara-U when exposed

to ionizing radiation, two of which were observed at 77 K and one at 295 K.
At 77 K, the findings suggest that one radical is formed by hydrogen abstrac-

tion from 05' in the sugar moiety. The fate of this radical is unknown, although
observations were made which, may indicate that it acts as a precursor for a new
radical stable at 77 K. Because of the great number of overlapping lines
this later radical remains unidentified.

A radical anion also seems to be formed at low temperatures by an electron
attachment to the pyrimidine ring, which assignment is in agreement with the
result of INDO calculations.

On warming, the anions disappear, whereas the room-temperature resonance
becomes more apparent. This resonance may be due to the addition of a
hydrogen atom either to C5 or C6 in the pyrimidine ring. This addition
can take place by two different mechanisms, either by a direct H-atom attach-
ment or by protonation of the anion. The present study seems to favour the
latter.

Although resonances due to radical anions and hydrogen addition to the
pyrimidine ring are frequently observed in irradiated nucleosides, there appears
to be little consistency in the identification of the other primary radicals formed.
Further work is in hand to ascertain the importance of the conformation of the
sugar moiety in determining the nature of the primary radicals that are formed.
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Des mesures de résonnance paramagnétique éleetronique ont été faites sur des mono-
cristaux de Uracil-ß-D-Arabinofuranoside qui ont été irradies par 4,0 MeV electrons à
77 K. A des temperatures basses, deux radicaux ont été identifies, un attribué a l'abstrac-
tion de l'hydrogène de 05' sur la moitié sucrée, et l'autre au radical anion établi sur l'anneau
de pyrimidtne. Le premier radical est tres instable et paraït agir comme précurseur
d'autres radicaux inidentifiés stables à 77 K. A temperature ambiante, la résonnance
principale est formée par l'addition d'hydrogène au C5 et celui-ci est probablement produit
par protonisation de l'anion. Celui-ci est produit aussi par l'irradiation avec les rayons
X à temperature ambiante.

Elektronenspinresonanzmessungen wurden an mit 4,0 MeV Elektronen bei 77 K
bestrahlten Uracil-jS-D-Arabinofuranosid Einkristallen durchgeführt. Bei niedrigen
Temperaturen wurden zwei Radikale identifiziert. Das eine ist einer Wasserstoffabstraktion
von 05' in der Zuckerkomponente zuzuschreiben, das andere einem Radikalsauerstoffion
an dem Pyrimidin-Ring. Das erste erwähnte Radikal ist sehr labil und scheint ein
Vorläufer anderer unidentifizierter Radikalgattungen zu sein, die bei 77 K stabil sind.
Die Hauptresonanz beruht bei Raumtemperatur auf einer Wasserstoffaddition an C5 und
wird wahrscheinlich durch die Protonisierung des Sauerstoffions verursacht. Dieses
Radikal entsteht auch durch Röntgenbestrahlung bei Raumtemperatur.
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Single crystals of thymidine irradiated with 4-0 MeV electrons exhibit the well-
known eight-line e.s.r. spectrum due to the 5-thymyl radical. A careful analysis
of these lines revealed an extra hyperfine splitting, which by a combination of
INDO-MO calculations and experiments, was attributed to an interaction
between the unpaired electron and the N3-H group.

1. Introduction

The 5-thymyl radical has been known for more than a decade to be one of
the main radiation-induced products in thymine, thymidine, thymidylic acid and
in DNA (Salovey, Shulman and Walsh 1963, Ehrenberg, Ehrenberg and Lofroth
1963, Ormerod 1965, Prüden, Snipes and Gordy 1965). Ehrenberg, Rupprecht
and Strøm (1967) studied moist, oriented DNA exposed to gamma-radiation
at 77 K. The DNA samples annealed to 199 K, exhibited an eight-line e.s.r.
spectrum for which the line intensity was strongly dependent on the angle
between the magnetic field and the DNA helix axis. The intensity reached its
maximum with the magnetic field perpendicular to the helix axis and minimum
with the magnetic field parallel to the helix axis. The nature of this variation
was, however, not known.

Similar line-intensity variations with orientation have been observed for the
5-thymyl radical trapped in rig:d matrices, such as single crystals of thymine and
thymidine (Henriksen and Snipes 1970 a, b, Snipes and Henriksen 1970,
Hüttermann 1969, Prüden et al. 1965). In this paper, results are presented for
thymidine which may shed light on the nature of these variations. The results
are so far confined to thymidine, but are probably valid also for the other thymine
derivatives, including oriented fibres of DNA.

2. Experimental

Single crystals of thymidine were grown by slow cooling of an aqueous
solution saturated at 60°C. The crystal structure is orthorombic with space
group P2J2Í2!» a nd there are four molecules in the unit cell (Young, Tollin and
Wilson 1969). The crystals were irradiated at 77 K with 4-0 MeV electrons
from a LINAC. The dose-rate was about 1-0 Mrad/min and the total doses
given were up to 20 Mrad. The crystal axes which were determined from
Weissenberg oscillation diagrams were used as reference axes in the e.s.r.
experiment.
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3. Results
E.s.r. spectra obtained at 77 K directly after irradiation at this temperature

are shown in figure 1. The top spectrum refers to an orientation selected with
the magnetic field parallel to the c-axis. On rotation of the crystal in the

IDPPH

HUc

I !

i'
H

5 0 G

Hllb

Figure 1. Second derivative e.s.r. spectra of thymidine observed at 77 K. The orientation
of the crystal with regard to the magnetic field is given on the two curves.

Hllb

I. II II I

I I I I ' l

I I

(I) ( I I )

Figure 2. The two spectra are demonstrating the extra hyperfine splitting. The stick
diagram represents two sites in spectrum B where maximum nitrogen splitting
occurs for one of the sites, whereas the other one exhibits zero nitrogen splitting.
In spectrum A, no site splitting is observed.



Free radicals in pyrimidines 543

160

ISO

-^ 120
Cl
0)
•a

s 90
0)
c
< 00

30

-a I I I

• • -•- • - -•-
• #- *~ - i f »*•

• b • • • •
• •— - •_ -#-

i^ -ir •- + "*•-

_•- _»_ _ • — _•_

-b -*- * _• '^- -ÍJ

• - • - «_

- • -

c j

b • - , - • - , • - -«-i

c

•a - • .

C j

0 4 8 12 16 0 4 8 12 0 4 8 12

R e l a t i v * Magnet ic F i e l d (gausn)

Figure 3. Line plots of the group of resonance lines constituting the low
field octet line.

magnetic field, each of the octet lines, which are due to the 5-thymyl radical,
broadens out and exhibits additional hyperfine structure (the lower spectrum in
figure 1). It appears that each of the octet Hues yields the same spectral features.
To optimize the experimental conditions, only the outermost low-field line,
which was free of overlapping resonances, was studied in detail. In figure 2,
the low-field line with its extra hyperfine splitting for two different orientations
is presented. In figure 3, line plots in all reference planes for the group of lines
which constitutes the low-field octet line are given. The extra hyperfine
splitting is partly resolved in all three planes, even though maximum splitting
is only about 3-4 gauss. The best resolution was obtained in the ab-plane, where
up to five lines were observed. The total splitting for this group of hyperfine
lines is about 14 gauss.

4. Interpretation of the spectra

The main hyperfine splitting (the octet) indicates that approximately 0-7
(or 70 per cent) of the unpaired spin density is localized to a 2pz orbital on the
C5 atom (PrutL-n et al. 1965). The octet is due to an interaction between the
unpaired electron and the methyl group protons, as well ,-.s the two methylene
protons bonded to C6. The extra hyperfine splitting shown in figure 2 can be
ascribed to an interaction between the unpaired electron and the N3-H group.
The two interacting nuclei should result in a doublet of triplets.

From the line plots (figure 3) the hyperfine splitting in the three planes
could be measured with reasonable accuracy for both the doublet and triplet
splitting, for a number of crystal orientations. The nitrogen splitting variation
is shown in figure 4. The experimental data were fitted by the Schonland
procedure (Schonland 1959), and the tensors given in table 1 were obtained.
The directions for the maximum and minimum principal values of the nitrogen
splitting are found to be normal and parallel to the plane of the thymine molecule
(see figure 5). The tensor for this splitting is axially symmetric. The proton
splitting reaches its minimum along the c-axis, which almost coincides with the
N3-H bond direction (see figure 6). Thus, both tensors reach their minimum
values in this direction, and a well-resolved octet with narrow lines is observed
(see figure 1). The direction of the intermediate proton splitting corresponds
to a direction normal to the pyrimidine ring.
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1 2 3 4 0 1 2 3 0 1 2 3

N i t r o g e n S p l i t t i n g ( g a u s s )

Figure 4. The nitrogen splitting for the three orthogonal planes. The open and filled
circles represent two magnetically inequivalent sites (and are the observed splittings).
The solid lines are thé curves obtained by the Schonland procedure.

Nucleus

N3

H3

Principal
valuesf

(G)

3-5
0-0
0-0

4 0
2-2
0-3

Isotropie
value
(G)

1-2

2-2

Direction cosines

0-71
0-00
0-71

0-71
+ 0-71

0-00

+ 071
0-00

+ 0-71

±0-71
0-71
0-00

0-00
1-00
0-00

0-00
0-00
1-00

f Estimated error ±0-5 G.
Table 1. The tensors for the extra hyperfine splittings of the octet lines.

M«x(l)\
Min(ll) V

x'

/"MinUl
/ Max(ll)

X
Figure 5. A schematic representation of the pyrimidine planes projected into the oò-plane.

The arrows in the inset give the directions for maximum and minimum nitrogen
splitting.
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Figure 6. The contents of a unit cell viewed down the a-axis. The intermolecular
hydrogen bonds are shown as broken lines. The N3-H direction for the molecules
are all approximately pointing along the c-axis. (This figure is taken from Young
etal. 1969.)

Atom

Nl
C2
O2
N3
C4
O4
C5
C6
C7
Hl§
H3
H6
H6'
H7
H7'
H7"

INDO

Unpaired spin
densities*

P*

-0-0023
0-0053

-00164
-0-0460
-0-2480

0-5284
0-6497

-00336
-0-0341

Ps

0-0005
0-0003

-0-0003
-00026
-0-0207

0-0088
0-0331

-0-0123
-0-0113
-0-0011

0-0004
0-0590
0-0579
0-0797
0-0219
0-0222

Hyperfine
splittings

(G)

0-20

-1-00

-0-61
0-23

31-83
31-28
43-02
11-84
11-99

Experimental

P*

0-070

Ps

0-0024

Energy in A. U. Total energy e= -97-0903. Binding energy Ae= -7-0139.

Table 2. INDO and experimental unpaired spin densitiesf.

t Theoretical values taken from Heiberg (1974).
* Positive and negative values are referring to «-spin and /3-spin, respectively.
§ The sugar group in thymidine was by this calculation replaced by a hydrogen atom,

HI. The effect of this is assumed to be negligible (Combs, Holloman and Young 1974).



546 R. Bergene et al.

These results indicate that unpaired spin density is localized to a 2pz orbital
on N3. Support for this assignment was found from INDO-MO calculations
(Heiberg 1974). The results given in table 2 are based on the standard version
of the INDO programme given by Pople and Beveridge (1970). The coordinates
for the radical structure were obtained from standard data (Pople and Beveridge
1970) and from the crystallographic work on thymidine (Young et al. 1969).

By application of a procedure introduced by Morton (1964), both the
isotropic and anisotropic part of the nitrogen hyperfine splitting were calculated
to be 1 *2 gauss. These results may in turn be used to arrive at the spin density
in the nitrogen 2pz orbital (pw) and 2s orbital (ps). The data (table 2) are in
reasonable agreement with those obtained by INDO.

The spin density in the nitrogen Zpe orbital of the N-H group may also be
calculated from the relation a-^^p^Q, where «H is the isotropic part of the
proton splitting, pj* is the unpaired spin density in the nitrogen 2pz orbital
and O is an empirical constant which has the value of about 31 gauss (Rowlands
1962, Shields, Hamrick and Redwine 1967). From the present data, pff

x was
estimated as 0-07. Thus, both procedures yield values close to that predicted
by INDO, although the value of aH from the INDO calculations (0-23 gauss)
is far below the experimental value.

T
C7-H7-

H7"

Sugar

(I)

5. Conclusions
From these results, it may be suggested that the reported line-intensity

variation for the octet spectrum is due to hyperfine splitting from the N3-H
group. The line-intensity variation observed for oriented DNA fits nicely into
this scheme, since the helix axis is normal to the plane of the thymine molecule.

It is of interest that the unpaired spin density, being localized to the N3
orbitais, may in turn influence the hydrogen bonding system between thymine
and adenine in the DNA molecule.
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Des monocristaux de thymidine, après avoir été irradies par 4 MeV electrons, révèlent
le spectre de resonance paramagnétique électronique bien connu à huit lignes, dü au radical
5-thymyl. Une analyse rigoureuse de ces lignes découvrait une separation hyperfine
supplementaire, qui, par une combinaison de calcuis INDO et d'expériences, a pu être
attribuée à une interaction entre 1'électron non-apparié et le groupe N3-H.
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Einkristalle von Thymidin, die mit 4,0 MeV Elektronen bestrahlt werden, zeigen das
wohlbekannte achtlinige E.S.R.-Spektrum, das von dem 5-Thymyl-Radikal stammt.
Eine genaue Analyse dieser Linien zeigte, daß es auch eine Hyperfeinkopplung gibt, die
durch INDO—MO-Berechnungen und Experimente auf eine Wechselwirkung zwischen
dem ungepaarten Elektron und der N3-H-Gruppe zurückgeführt werden konnte.
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Radical pairs were formed and stabilized in single crystals of thymine anhydrate
when exposed to 4-0 MeV electrons at 77 K. The predominant pair was due
to two cation radicals with interspin distance /? = 6-76A. The activation
energy for the decay of this particular pair was estimated to 12-5 kcal/mole.

1. Introduction
There have been many reports of work on the free radicals formed in DNA

and its components. In particular the pyrimidine base thymine has been studied
both in single crystal form, as a polycrystalline powder and in different types
of solutions. Yet there are still uncertainties and disagreements about the
different radical species found after exposure to ionizing radiation. The mode
of energy dissipation and the mechanisms for radical formation are also largely
unknown (Henriksen and Snipes 1970, Hüttermann 1970, Sevilla 1971).

As a part of a programme devoted to the study of radical formation in DNA
we reinvestigated the e.s.r. centres formed in single crystals of thymine at
77° K. A single crystal of thymine can be grown both with and without ' water
of crystallization ' (Ozeki, Sakabe and Tanaka 1969, Gerdil, 1961). In the
present experiments it appeared, in accordance with previous experiments
(Henriksen and Snipes 1970), that the water of crystallization is quite decisive
with regard to radical formation. We found that the irradiated anhydrate
crystal exhibited a very anisotropic e.s.r. pattern characteristic for a triplet
state (S=l) . It is reasonable to assume that we have pairwise trapping of
an unpaired spin, and this may be important with regard to the mechanisms
for the formation of more stable radical products. Radical pair formation has so
far been found only for a very limited number of substances (Iwasaki, Ichitkawa
and Ohmori 1969, Reiss and Shield 1969, Kurita 1964, Dohrmann and Livingston
1971, Iwasaki and Tonyama 1967, Kurita and Kashiwagi 1966, Multon, Cern-
anshy and Straw 1967, Reiss and Gordy 1971).

It is possible to predict at least three different types of pairwise trapping
of unpaired electrons. Thus, in the first place a molecule may dissociate
homolytically to form two radical fragments (for most molecules these fragments
are different), which become trapped near each other. Second, two unpaired
electrons may become localized on the same molecule yielding biradicals.
And in the third place, the unpaired electrons may be trapped on two different
molecules within a distance of 5 to 10 Å. In the latter case the two radicals
may be equivalent or different.

The present work is devoted to the identification of the predominant radical
pair formed in a single crystal of thymine anhydrate. Furthermore, the decay
kinetics of the radical pairs has been explored.
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2. Experimental procedure
Single crystals of thymine were grown at room temperature by slow evapora-

tion of a solution of alchohol and water mixed in the ratio 3 : 7. Since thymine
crystals can be formed both with and without water of crystallization, it was
necessary to identify the type used in the present experiments. Consequently,
a simple x-ray analysis was performed and the results compared with those
previously published by Ozeki et al. (1969) for thymine anhydrate and by
Gerdil (1961) for thymine monohydrate. The crystals were found to be of the
anhydrate type with the following crystal dimensions: a= 12-87 Â, b = 6-83 Å,
c — 6-70 Å and /3 = 1O5°. There are four molecules in the unit cell which
belongs to the group PZj/c. The crystal morphology and coordinate system
used {a, b, c) are given in figure 1. The crystals are elongated in the è-direction
and have dimensions of the order 0-8 x 4 x 2-5 mm. In an attempt to make the
interpretation of the radical pairs easier, the organization of the molecules in the
crystal is vizualized in figure 2. A two-dimensional network of hydrogen bonds

Figure 1. The crystal morphology of the simrle crystal of thymine anhydrate and the
reference system used. The e.s.r. spectra were observed in the three planes a* b,
be and a* c.

Figure 2. The figure shows the packing of the molecules in the crystal. The unit ceil
is indicated by the a, b and c-axes. The R is the interspin vector.
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keeps the thymine molecules together in planes stacked almost parallel to the
(0,0,1) plane. The details of the molecular and crystal structure were given by
Ozeki et al. (1969).

The crystals were irradiated in glass-tubes submerged in a bath of liquid
nitrogen with 4-0 MeV electrons from a linear accelerator. The total dose was
approximately 25 Mrads given at a dose-rate of 0-6 Mrad/min.

The crystals were transferred directly to the ' cold finger' of an insertion-
type dewar and fixed in a predetermined position by means of teflon rods.
This procedure resulted in no unwanted background signals. The rotation of
the crystal in the magnetic field was performed simply by rotation of the dewar
itself.

A JEOL spectrometer with cylindrical reflection cavity operating at about
9-3 GHz (x-band) was used. All spectra were recorded as the second derivative
of the absorption curve. The two modulation frequencies used for second
derivative observations were 100 kHz and 80 Hz, respectively. E.s.r. spectra
were recorded at every 10° of rotation in three orthogonal planes. The magnetic
field calibrations were made by using a proton resonance fieldmeter. To follow
the decay of radical species the sample temperature could be kept at any desired
temperature fiom about 120° K and higher by means of a ' JEOL variable
temperature unit '. During a decay experiment the temperature was constant
to within 2 degrees.

3. Results and discussion
One characteristic example of the observed e.s.r. spectra are presented in

figure 3. The spectrum extends over approximately 300 G, which is a much
broader range than is usually found for isolated organic radicals.

The spectra obtained on rotation of the crystal, as well as the annealling
experiments described below, clearly showed that the spectra are composite,
consisting of resonances from different radical species. Thus, one part of the
resonance which goes together is the well-resolved groups of lines on each wing
of the spectrum in figure 3. As will be discussed below, this doublet of lines

Figure 3. An e.s.r. spectrum showing the characteristic wings due to the pair of cations.
The external field is in the a* c-plane forming angle of approximately 10° with the
c-axis. (The vertical arrow indicates the position of the DPPH)
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belongs to a pair of identical ions. The three strong central lines are due to
another radical species, and still other radicals contribute to the central part
of the resonance. The latter resonance will, however, not be dealt with in more
detail in this paper.

4. Â Thymine radical pair
The groups on each side of the central resonance (figure 3) consist of seven

well-resolved lines with a splitting of approximately 7 G. This latter splitting
was found to be quite isotropic whereas the splitting between the two main
groups of lines changes rapidly with orientation as expected for a triplet state.
The e.s.r. results can be appropriately described by a spin Hamiltonian for a
coupled system (Carrington and McLachlan 1967)

H^ßs-g-H + s-n-s+zsAiU, (i)
i

where ß is the Bohr magneton and the g- tensor is the average of gt and g2 for
the two members of the radical pair. D is the dipolar coupling tensor and
Aj is the hyperfine coupling tensor for the ith nuclear spin I,. The two electron
spins in the pair are related by the formula S = Sj + S2.

Information about the radical pair is mainly governed in the last two terms
of (1), i.e. the dipolar coupling S • D • S and the hyperfine structure.

4.1. The dipolar term
The two unpaired electrons in a pair are separated by a distance R, and the

system can be treated as if the spins were concentrated on each member of
the pair. The dipolar tensor D is axially symmetrical about the interspin vector,
i.e. the direction of the line combining the two unpaired spins yielding the pair.
A first-order treatment yields the three energy levels (S=l and consequently
M>s=l,0 and —1), and the two groups of e.s.r. lines (AMs = l transitions)
are found for the magnetic field values:

H = HI>±W. (2)
The axially symmetrical tensor D is given by:

ƒ) = 3^(3 cos2 0-1) /?3, (3)
where 6 is the angle between the direction of the magnetic field and the interspin
vector with length R. The values obtained in the experiment were; Dn = 180 G,
DL= — 90 G and the interspin distance /? = 6-76 Ä (see the table). The results
imply that Dn = — 2D±, which is in excellent agreement with that expected for
0 = 0° and 90°. The interspin distance is equal to the r-axis, and its direction
in the crystal is a few degrees away from the r-axis in the ic-plane.

Principal splitting values
<G)

Dn 180
D.i - 9 0

Direction cosines
with respect to the
a, b and c-axes.

0-00, 0-17,0-97

Interspin
distance (R)

(Â)

6-76

Principal splitting values of the dipolar tensor D, the direction cosines, and the average
unpaired spin separation for the main pair species of thymine anhydrate.
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A confirmation that a radical pair is indeed formed is also apparent from the
AMS = 2 transitions which yield a weak signal at »~4-0 (figure 4). This
resonance is observed for a polycrystalline sample, which presumably consists
of both anhydrate and monohydrate crystallites.

4.2. The hyper fine structure
The next step in the identification procedure is to use the observed hyperfine

interaction. It appears from the spin Hamiltonian that the energy level cor-
responding to Ms= ± 1 is split in the same way as that for the isolated radical.
The energy level corresponding to Ms = 0 is, however, not split at all (the term
J S ' ^ v ' l v is zero), and since all AMS=1 transitions involve this energy
x
level, the resulting hyperfine splitting will be only half that observed for the
corresponding isolated radical.

9-4.0
H=1614G

I

H

Figure 4. The first-derivative e.s.r. spectrum due to the AMS = 2 transitions observed for
a polycrystalline sample of thymine.

The seven lines in figure 3 have an intensity distribution which can be given
as 8 : 25 : 54 : 73 : 54 : 25 : 8. (Since the line-widths are roughly the same
for all the lines, the amplitudes correspond to the intensities.) This intensity
distribution makes two interpretations possible. Thus, in the first place,
the intensity of the five middle lines corresponds quite well to that expected
for six equivalent protons. However, the relative intensity of the two outermost
lines ( 1 : 3 for the first two lines compared with the expected 1 : 7) makes the
interpretation that only two methyl groups (six protons) on adjacent molecules
are involved relatively doubtful. An alternative interpretation is, therefore,
that the groups consist of nine lines with an intensity distribution similar to that
expected for eight equivalent protons (1 : 8 : 28 : 56 : 70 : 56 : 28 : 8 : 1).
In this model, it is reasonable to assume that the outermost lines are very weak
and become masked within the noise level. As can be seen the intensity of the
remaining seven lines is in excellent agreement with that expected. It remains,
however, to find the particular species (individual members of the pair) which
fit into this scheme. This would for example require an isolated thymine
radical with four interacting protons with almost identical splitting constants.
The last step in the identification procedure is made possible by using MO-
calculations.
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5. MO-Calculations
To obtain more information to characterize the radicals in the pair, MO-

calculations of the unpaired spin-density distribution for several isolated radical
candidates have been performed. The INDO method (Intermediate Neglect
of Differential Overlap) worked out by Pople and Beveridge (1969) and Pople,
Beveridge and Dobosh (1967) was used. The results obtained so far (calculated
by Heiberg, 1972) show that the radical candidate which best can be associated
with the results given above is the thymine cation. The calculated data (figure 5)
yield an unpaired electron in 2pn orbitais with the main spin density concen-
trated on NjjC^C;;, and the two oxygen atoms. The main hyperfine splitting
(the isotropic constants are given by the numbers in the parentheses) is due to
the proton bonded to the Nx and the methyl group protons. No rotation barrier
was found for the methyl group, and the three protons should be equivalent with a
splitting constant of 13-1 G. It is of particular interest that this value is almost

0047

CH,

ET = -95 9230 Al l
EB= -6 4B53 AU

Figure 5. The structural formula for the cation: the values given are the unpaired spin
density at the different atoms and the isotropic hyperfine splitting values—the latter
in parenthesis, Ec and En are the total energy and the binding energy for the cation,
respectively.

the same as that found for the Nx proton, which implies that altogether four
protons in the thymine cation have the same splitting constant. Consequently,
a pair of radical cations have eight equivalent protons, which is in excellent
agreement with observation. Furthermore, the calculated splitting constant
of 12 to 13 G is in good agreement with the observed (2 x 7*0 = 14-0 G). Whereas
the calculated splitting constants for the other protons are too small to be
observed, the value obtained for Nx (10-3 G), (which in the case of a radical pair
should result in a splitting of about 5 G) is large enough to influence the spectra.
The lack of nitrogen splitting in the observed spectra makes the cation radical
model somewhat uncertain. It should, however, be mentioned that our experi-
ence with MO-calculations so far is that the INDO method sometimes yields
a nitrogen splitting which deviates considerably from that observed.
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5.1. Stability of the radical pairs
The radical pairs were formed and trapped at 77° K. On warming the samples

to room temperature, the pairs disappear completely. The temperature level at
which significant decay takes place is above 150° K. In experiments where the
annealing temperature was kept constant, the decay was found to be exponential,
i.e. the intensity I(T,t), as measured by the amplitude of the second-derivative
curves, decrease with time (t) according to:

I(T,t) = Ioexp(-kt). (4)
The temperature-dependent decay constant k(T) was found in a number of
experiments where the annealing temperature was kept at different predetermined
values. The results obtained are given in the Arrhenius plot in figure 6. It
appears that the data fit nicely to a straight line in this plot, which implies that
the decay constant can be given by the following formula:

k(T) = kntxp(-AE:'RT). (5)
R is as usual the gas constant, and A/i is then intrepreted as the activation
energy. From figure 6 a value of A/i = 12-5 kcal mole was obtained, which
is only about half that found by Horan (1970) for the thermal decay of isolated
radicals in a number of crystalline amino acids.
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Figure 6. The decay constants at different temperatures as a function of the reciprocal
of the temperatures in kelvin.

6. Conclusions
Pairs of cations seem to be formed and stabilized in thymine anhydrate

at 77° K when exposed to 4-0 MeV electrons. The IN DO-MO calculations
revealed the unpaired electrons to be in 2p„ orbitais of the molecules. The
principal dipolar splitting values corresponds to an interspin distance of 6-76 Å.
The magnetic field direction yielding the maximum splitting due to the spin-spin
interaction deviates only 10° from the direction of the oaxis. Consequently,
the two different molecules involved are localized above each other in two
planes which are not nearest-neighbours.

The pairs dissappeared by heat treatment of the crystal. The activation
energy for the decay was estimated to 12-5 kcal/mole.

R.B.
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Des paires de radicaux ont été formées et stabilisées en monocristaux de thymine
anhydrate, par exposition à une irradiation d'électrons de 4,0 MeV a 77°K. La paire
predominante est venue de deux radicaux de cation avec une separation de spin
iï = 6,76A. L'énergie d'activation pour la degradation de cette paire particuliere, a été
évaluée à 12,5 kcal/mole.

Radikal-Paare wurden in Einkristallen von Thymin-Anhydrat durch Bestrahlung mit
4,0 MeV-Electronen bei 77°K gebildet und stabilisiert. Das dominerende Paar ergab
sich aus zwei Kation-Radikalen mit einen Spin-Abstand von R = 6,76 Å. Die Aktivierungs-
energie für den Zerfall dieses Paares wurde auf 12,5 kcal/mol geschätzt.
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Early effects of radiation
Radical pairs in a single crystal of bartituric acid
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Institute of Physics, University of Oslo, Blindern, Oslo 3, Norway
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Radical pairs are formed and trapped when barbituric acid is irradiated
with electrons at 77 K. The radical pairs were identified and the molecular
structure determined in single crystal studies. The two unpaired species,
constituting the pair, were found to be identical and equal to the isolated
radical previously studied. The radical is formed by a hydrogen abstrac-
tion from C5, and the pair is formed by two such abstractions in neighbour
molecules. The pair formation is quite selective and involve exclusively the
nearest neighbour molecules.

1. INTRODUCTION

Radiation induced radicals in the pryimidines have been intensively in-
vestigated. The results indicate that the 5-6 double bond is especially sus-
ceptible to alterations. As part of this field of research barbituric acid (I) was
studied a couple of years ago by Bernhard and Snipes [1]. They found that
when this compound was irradiated at room temperature, a hydrogen atom was
knocked off from the C5-position leaving back a radical (II) which yields a
simple doublet E.S.R. pattern of the a-proton type. The radicals seem to be
homogeneously distributed throughout the crystal with an inter-radical distance
large enough to prevent any observable dipole-interactions between the radical
species.
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In an attempt to shed light on the formation of radicals in barbituric acid
we embarked on a study where both the irradiation and the subsequent observa-
tions were carried out at 77 K. The results clearly showed that the above
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mentioned abstraction reaction easily takes place also at this relatively low
temperature. However, in addition to the isolated radical ( I I) , studied by
Bernhard and Snipes, we observed a pairwise trapping of radicals. Each pair
seems to consist of two radicais similar to the isolated one already discussed.
The details of this work will be presented in the present paper.

2. EXPERIMENTAL

Single crystals of barbituric acid were grown by slow evaporation from
aqueous solutions at room temperature. The compound crystallizes with two
molecules of H2O. Upon storage at room temperature the water slowly dis-
appears which results in a collapse of the crystal structure. The crystals are
orthorhombic with space group Pn2ja. There are four molecules within the
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Figure 1. The crystal and molecular structure of barbituric acid. In (A) is given the
crystal morphology together with the crystal axes (a, b, c) and the reference system
used (a, bit Ci). In (B) the molecular orientation within the unit cell is given.
In the upper part (ab plane) the two molecules form the basis for the site splitting.
The distances between the actual C5 atoms discussed in this paper (ƒ?) are marked
by solid lines. The molecular planes in the 6c plane (lower part of the figure) are
marked by the dashed horizontal lines.

unit cell and they are stacked with the molecular planes, perpendicular to the
b axis (see figure 1). The molecules are magnetically equivalent in the ab and
be planes whereas in the ac plane we have two magnetically different sites.

The crystal structure has been determined by Jeffrey et al. [2]. Some of
the details are given in figure 1.

The crystals were immersed in liquid nitrogen and irradiated at that tempera-
ture with 4 MeV electrons from a linear accelerator. The total dose was 10 Mrad
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given at a dose rate of 1 Mrad/min. After exposure the crystals were transferred
to a dewar with its cold finger placed directly into the E.S.R. cavity. It was
possible to determine and control the orientation of the crystal with regard to
the external magnetic field.

E.S.R. observations were made for every 10° of rotation in three orthogonal
planes with a JEOL spectrometer operating in the X-band. Second derivative
curves were always recorded.

3. RESULTS AND DISCUSSION

3.1. The E.S.R. spectra
In figure 2 are shown some typical E.S.R. spectra obtained at 77 K. The

four lines in the middle of the spectra (marked by vertical arrows) are due to the
radical already described by Bernhard and Snipes [1]. Since they have presented
detailed information about this resonance it will not be discussed in the rest of
this paper. The attention will now be given to the four groups of lines marked
A, B, C and D. First of all the following characteristic features should be noted.

I. Each group consist of four lines with almost equal intensity.
II. The spectra are unusually broad. Thus, for certain orientations they

extend over approximately 300 gauss.
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Figure 2. Second derivative E.S.R. spectra for a barbituric acid crystal irradiated and
observed at 77 K. The two spectra refer to crystal orientations where the magnetic
field direction is in the abx plane, respectively 38° and 48° from the 6, axis. The
position of the DPPH resonance line (g = 2-0036) is given by the vertical line across
both spectra. The four middle lines marked by arrows as well as by open and filled
squares are due to the isolated radical. The groups marked A, B, C and D are
due to the radical pairs. The horizontal arrow yields the direction and the scale
of the magnetic field.
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III . The anisotrophy is extremely large, and a small angular variation
results in considerable movements of the different groups. This is clearly
borne out in figure 2 and by the line position plot through the ac plane given
in figure 3. For certain regions in this plane the position of the group may
change up to 4 gauss per degree of rotation.

-150 -100 -50 100 150

Relative line position in the field (gauss)

Figure 3. A line position plot for the spectra in the ab1 plane. The position of each
resonance line with regard to the DPPH line is marked. In this figure the lines for
the groups A and D are marked by circles, whereas those for groups B and C are
marked by triangles.

The spectra described above (some of the details are given in figures 2 and 3)
show all the characteristic features of a triplet, due to a radical pair formed and
trapped at 77 K.

3.2. The spin hamiltonian for a radical pair

A radical pair can be identified by a proper determination of the different
tensors in the corresponding spin hamiltonian.

H=fMBS . g . B + S . D . S+ £ S . Â v . IY

The symbols included have their usual meaning (fiB is the Bohr magneton, and
B the magnetic flux density). The two electron spins which are separated by a
distance R, are related by; 5 = 5 1 + 52. The second term in the spin hamil-
tonian is the dipolar term which contains information about the interspin
distance (R) and the orientation of the interspin vector with regard to the crystal
structure. The last term includes as usual the hyperfine splitting. The
summation runs over all nuclei with non-zero spin which interacts with the
unpaired electron.

The identification procedure involves a careful analysis of the two latter
terms of the spin hamiltonian.

3.3. The dipolar term

A first order treatment yields the three energy levels (S= 1, and consequently
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Ms= —1, 0 and +1) to be equally spaced. The allowed AMS=1 transitions
give two groups of lines which are found for the magnetic field values :

The axially symmetric tensor D is given by :
cos2 0 -

where 6 is the angle between the direction of the magnetic field and the interspin
vector.

The spectra in figure 2 show two pairs of groups (A and D as well as B and C).
The groups are placed symmetrically with regard to the central resonance and
give immediately the dipolar term D for that orientation. The four groups in
this plane are due to the two magnetically different sites. Observations in
three planes yield the tensor values given in the table.

Principal splitting
values in gauss Direction cosines in the a, blt cl system

Interspin
distance (R)

A

DI

A
Z>,
A

290
-133
-141

288
-129
-150

±0-31

±0-31

0-15

0-94

±0-94

±0-13

5-80 Å

The dipolar tensor D. Gauss = 10"4 T ; Å = 10~10 m.

First of all, it can be noted that the D-tensor is indeed (almost) axially
symmetric with DmaK equal to — 2Dmin which is in good agreement with that
expected for 6 = 0 and 90° (i.e. D N and D±). Furthermore the interspin distance
was calculated to be 5-80 Å. The direction of the interspin vector is identical
to the Dt (or Du) direction which is given in the table. These data can be
related to the crystal and molecular structure as given by Jeffrey et al. [2].
Thus, it appears that the distance between the C5 atoms for those pairs particu-
larly outlined in figure 1 is 5-78 Å. Furthermore, the directions of the lines
combining these atoms in the a, bv cl system are :

± 0-28, 0-00, 0-96,

± 0-28, 0-90, 0-30.

The excellent agreement between these data and those given in the table suggests
that the radical pairs consist of two adjacent non-equivalent barbiture acid
molecules each containing an unpaired electron mainly localized to the C5-
carbon atoms.

3.4. The hyper fine splitting

Each spectral group, due to the hyperfine interaction, consist of four lines
with approximately equal intensity, as expected for two inequivalent protons,
in figure 4 the hyperfine splittings from the radical pair system are compared to
those of the isolated radical. As expected for a radical pair, the hyperfine
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splittings are approximately the half of the isolated doublet splitting. Further-
more, the anisotrophy of the two inequivalent protcas, constituting the pair, are
inherited from the two magnetically different isolated radical molecules. This is
fully consistent with the conclusions drawn from the analysis of the dipolar term.
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Figure 4. Splitting data for the isolated radical as well as for the radical pair. The results
refer to observations in the abx plane. In case of the isolated radical the two values
given for each orientation refer to site splitting. In the case of the radical pair,
however, the two values for both the low and the high field groups refer to the two
protons that are involved in a pair. Note that the scale is different by a factor 2
along the abcissa for the radical pair compared to that for the isolated radical.

The results in figure 4 exhibit an interesting aspect which can be adequately
explained by taking into account the nuclear Zeeman term 2^„/Lt.v5/„. Thus,

n

some of the observed hyperfine splitting data for the radical pair deviate from
expected (the fully drawn curves in the right part of figure 4). The expected
hyperfine splitting is, as mentioned above, half that for the isolated radical.
The observed deviation is apparent mainly for the low field part of the resonance.

Minakata and Iwasaki [3] have calculated the hyperfine splitting (d) for the
allowed transitions within a 5 = 1 system, assuming a single coupling nucleus
with I=\. A simultaneous quantization of the hyperfine interaction and the
nuclear Zeeman terms yield ; for the high and low field part of the resonance ;

|-1>HO> d=AJ2-vii,

A + 2 - b(2ví1Ê ± Â)2A where b is a unit vector along the magnetic field direction
(B), Ê is a unit tensor, Â is the hyperfine splitting tensor for the isolated radical
and vx=gnfJ-i;B- It is apparent that the expression for d contains two field
dependent terms and the theory will explain why the high and low field splitting
data are slightly different. Furthermore, the theory predicts that the difference
between the high and low field hyperfine splitting reaches a maximum when Â
is minimum.

The present results yield support for the theory proposed by Minakata and
Iwasaki. However, no further information about the radical pair can be
obtained from these data. It can be mentioned that the theory predicts the
positions for the forbidden transitions. A study of the allowed and the forbidden
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transitions with regard to both position and intensity may give information
about the hyperfine tensor directly. This is an improvement compared to most
experiments which yield the hyperfine tensor in its quadratic form. No analysis
has been performed to take advantage of this behaviour in the present work.

No detailed mechanism can be suggested for the formation of the radical
pairs. It is possible that the abstraction of the hydrogen atoms follows subse-
quent to ionizations in two nearby molecules. It should finally be mentioned
that the radical pairs are quite unstable and disappear upon warming of the
crystal.
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