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RADIATION-INDUCED RADICALS IN THYMIDINE SINGLE CRYSTALS AT 

(7 oK
1 

WALLACE SNIPES 2 and THORMOD HENRIKsEN
3 

Donner Laboratory and Lawrence Radiation Laboratory. University 
of California, Berkeley, California 94720 

Three different free radicals are formed in detectable quantities In 

thYlnidine single crystals irradiated at 77 oK. In addition to the spec-

trum of the previously known 5, 6 -dihydrothymidin- 5 - yl radical, a 

quartet resonance and a doublet resonance are observed. The quartet 

resonance is attributed t6 the 5, 6-dihyc1rothyrilidin-6-yl radical, but 

the exact nature of the radical giving the doublet rernainsspeculative. 

1. Introduction 

Thymidine irradiated at room temperature exhibits a.n electron spin 

resonance (ESR) spectrunl that can be attributed mainly to the 5,6 -dihydro-

thymidin- 5-yl radical (I): 

Deoxyribo se 

( I ) 

This radical has been characterized previously by single-crystal analysis 

(Pruden, Snipes. and Gordy 1965). It was evident from the single-crystal 

spectra that another radical was formed in small quantities, but no definite 

identification was made. 
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In this work single crystals of thymidine have been irradiated and ob­

served at 77 0 K irian attempt to identify and characterize 'any additional radi-
. . 

, ' , 

calsthat maybe stabilized at that tem.perature. Two such radicals are ob-

served .. The nature of one of these radicals rem.ains speculative, whereas 

the other was identified as the 5, 6-dihydrothymidin-6 -yl radIcal. Details of 

the identification and characterization of this latter radical are the subject 

of this paper. 

2. De.scriptionof the Crystals 

Single crystals of thymidine were grown by either slqw cooling or slow 

evaporation of saturated solutions •. The crystals are orthorhom.bic, with 

space group P2
1

2
1

2
1 

(Furberg, Hordvik,' and Taugbpl 1956)., The crystals 

used for the ESRanalysis were clear and well developed, ~ith a prom.inent 
, . 

axis of elongation~ When the crystals were placed betwee'n crossed' polarizers," 

strong extinctions, were observed along the elongated axis and in two mutually 

perpendicular directions. orthogonal to the elongated axis. This served to 

identify the crystallographic axis system. The individual axes have been 

assigned different letters by Furberg ~ al. (1956) and by Young, Tol1in, 

and Wilson (1969). The latter authors carried out a complete crystal- and 

m.olecular - structure determination for thymidine. According to their axis 

assignrnent,which will be used in this ESR analysis, the axis of elongation is 

the crystallographic a axis. 

Based on the single-crystal ESR data at room. tem.perature, Pruden ~ al. 

(1965) were able to predict the orientation for the thymine ring in the thymidine 

crystal. These predictions were recently confirmed, within 2 deg, by Young 

~a1. (1969). There are four m.olecules in the unit cell, which has the'di­

mensions (in )p,gstroms) of a = 4.860, b = 13. 91, and c = 16. 32 (Young .=!. al. 

. ..' 
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1969). Fer ea<::hmelecule the nermal to. the plane centaining the thYlTIine ring 

lies in the ab plane, at an angle ef 45 deg frem each axis. Further details 

ef the crystal strutture are discussed in cennectien with theidentificatien ef 

the 5, 6 -dihydrethymidin-6 -yl radical. 

3. Experimental Precedure 

ESR data were take.I1 in each ef the three crystallegraphic planes with a 

Varian 4502 spectremeter with the :X-band retating cavity. An individual 

crystal er a piece ef a crystal was used fer each plane •. The crystals were 

meunted en a thin, stainless steel crystal holder with silicenevacuurngrease. 

(It was essential.te keep the ameunt ef grease fermeunting small in erder to. 

minimize interfering signals frem irradiated grease.) Th7 desired erienta­

tien was attained by using cressed pelarizers. The crystals were slewly 

ceeled to. 77°l< and irradiated with 6. 5-MeV electrens· frem a iinear accel­

erator. The dese was appreximately 2. 5 x 10
7 

rads, given at a dese rate of 

6 ./. 
O. 5 x 10 rad min. No. unpaired spins are stabilized in the metal crystal 

helde~. Fellewing irradiation, the crystal and holder were transferred, with-

out warming, to. a liquid nitrogen Dewar that fitted into. the ESR cavity. 

Secend-derivative ESR spectra were recorded at 5-deg intervals in each 
f.I.: _ 

plane. The retating~ca.vity accessory allewed rotatien of the magnet abeut the 

statienary crystal. The magnetic field sweep was measured with a preten 

resonance field meter and the microwave frequency with a freqt1;encyceunter. 

For many crystal erientatiensf;:~ectra were taken at two. or more power levels • 

This p~eced~~eproved to be very efficient in order to. distinguish between the 

induced radicals, since theypewer-saturate at different levels. 

, ! 
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4. Analysis of the Spectra 
" " ,,~ ... 

Figure 1 shows ESR spectra with the magnetic field along the crystal-

lographic a~xis~ At this orientation, ~adical (I) contributes only slightly.to 

the absorption, but its outer lines can nevertheles's be easily identified (the 

lines marked by arrows ). The remaining prominent portion of the spectrum 

consists of six lines. Careful consideration of ~oth the g -values and the 

power-saturation properties of-this and other spectra show that these six 

, lines constitute a quartet and a doublet. In figure 1 the quartet is marked by 

the solid stick,.;.line spectrum whereas the doublet is dashed. The quartet 

saturates more readily than either the doublet or the sign,al from radical (I), 

as can be seen in figure 1 (lower spectrum). The differential saturation 

properties were used to follow the lines for each radical in the three crystal-

lographic planes. 

Radical (1) g<:\.ve strong, well-resolved spectra at some orientations, 

especially with the magnetic field near the c axis (see figure 2). In this 

region it was difficult to determine the line positions for the quartet and 

impossible for the doublet. Nevertheless, on the basis of the available data, 

the quartet resonance can be adequately characterized. Some speculations 

on the origin of the doublet are included. 

6. The Quartet Resonance 

The two outer lines of the quartet could be followed at all magnetic field 

orientations, and the positions for the two inner lines could be determined for 

most of the orientations. The results show that the resonance is due to a 

radical in which the unpaired electron interacts with one a-hydrogen and one 

f3-hydrogen. The f3-hydrogen coupling is constant, within ±1 gauss, for all 

crystal orientations at which the four lines of the quartet could be measured. 

t 

• 

• 
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It is therefore assumed that the (3-hydrqgenhas isotropic splitting of 20 gauss. 

co On the basis of the overall quartet splitting and the isotropic (3-hydrogen coupling. 

the a-hydrogen splitting can be determined. The results for the three crystal­

lographic planes are given in figure 3. Although there are four molecules in the 

unit cell. they all appear identical with regard to the a-hydrogen splitting in 

the bc and ca planes~ In the ab plane. there are two magnetically distinct' 

. molecules wit~:t~gard to this parameter. From the data in figure 3. the 

principal values for the a-hydrogen coupling can be determined. Theseare 

given in table I. along with the direction cosines relating the principal hyperfine 

axes to the crystallographic abc coordinate system. 

For a mol~cule as complex as thymidine. it would, ,appear. at first. 

extremely difficult to identify the free radical giving' rise to the quartet resonaric~. 
. . 

There are many different radicals that could be formed which would have an a-

hydrogen and a (3-hydrogen •. These different radicals. however. in general have 

different principal axis directions for the a-hydrogen coupling. On the basis of 

the atomic coordinates for the thymidine molecule within th.ecrystal (Young 

~ al. 1969). it is possible to calculate the expected directions for thea-hydrogen 

'coupling for each possible radical. These expected directions can then be com-
. . 

pared with the observed ones from TaQle I. It should be mentioned that this 

comparison is made under the assumption that the radiation-induced radical 

has the same orientation as the parent molecule within the crystal. In most 

ESR studies of irradiated single crystals this has been found to be the case. 

Figure 4 shows the thymidine molecule and six different radicals that 

have been considered as the origin of the quartet resonance. These radicals 

all have one a-hydrogen and at least one (3 -hydrogen.' Radicals with more 
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than one j3-hydrogen w~re not r,ejected as possibilities because the coupling to 

one of them can be almost zero if it lies in the nodal plane of the p-orbital 

containing the unpaired electron. For each of these radicals, the general 

structure is 

R' 
I 

R--, -9a-' -9j3---R" 

Ha Hj3 

where R, Ri, R" are presumed to be groups with no detectable hyperfine 

coupling. The minimum hyperfine coupling (Ax) for an a-hydrogen is expected 

to occur with the magnetic field along the C £1'- Ha bond (McConnell and 

Strathdee 1959), and the ,intermediate coupling (A ) should occur in the p,.. 
, ' '.' z, 

orbital direction. In thiscalcu'lation the C - H bond direction was taken , ' a a 

as the bisector~f the R - C a -'- Cj3 angle, and the p-orbital direction as 

being perpendicular to the plane formed by R,C a' andCj3. For each of the 

proposed radicals, the angle between the C - H bond and the principal 
" a a ' 

axis for Ax' as well as' the angle between the p-orbitaldi~ection and the 

principal axis for A , was calculated. The results ;ire g~ven in table II. ' If 
"Z, , 

the angles are large the agreement is poor, and vice versa. It can be seen 

from this table that the only radical that has expected directions in agreement 

, with tho~e observed is the 5, 6-dihydrothymidin-6-yl radical (III). On this 

basis we conclude that, in ,the absence of drastic molecular rearrangements, 

radical (III) (see figure 4) is responsible for the quartet resonance inthymidine 

irradiated at .77 0 K. 

, 7., The Doublet Resonance 

Strong absorptions from radical (I) in the regiori where the doublet resonance 

occurred made it difficult to follow the doublet spectral lines at many orienta-: 

tions. Nevertheless, the data were sufficient to show that the coupling was 

f 
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anisotropic, with crystal symmetry properties similar to those of radical 

(III). This suggests that the radical giving rise to the doublet has an unpaired 

electron with an a-hydrogen coupling and that it is located on the thymine ring 

,rather than on the sugar part of the molecule. 

In irradiated single crystals of thymine monohydrate we have recently 

observed a sirnilar doublet resonance and were able to n1easure its spectral 
I 

parameters (Henriksen and Snipes 1970). In that case, the unpaired spin 

density was shown to reside largely on C(6)0£ the thymine ring. It was 

proposed that the radical was formed by an addition of a hydrogen atOn1 to the 

oxygen bonded to C(4). with subsequent n-orbital resonance producing un-

paired spin density at C(.§.}. By analogy, we suggest that the doublet resonance 

in thyrnidine irradiated at 77° K is due to a radical of the form 

OH 
I· 

/~, .-CH 3 . C ~ 

II 
C 

'N/ 'H 

I 
Deoxyri bose 

... 

Deoxyri bose 

This assignment is consistent with our results, but is not unambiguous, due 

to the limited amount of data. obtainable for the doublet resondnce • 

In thymine monohydrate, the oxygen atom bonded to C(4) is hydrogen 

bonded to a water molecule (Gerdil 1961). It was therefore suggested 

(Henriksen and Snipes 1970) that the radical giving rise to the doublet resonZtnce 

is forrn£'d by electron capture with subseqL!ent proton transfer in the hydrogen 

bond. Thl\s, by c10ctron c~pture the t'.\'o minim;:: in the potential curve for t},,~ 
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hydr~gen bonc;l.ni~y b~:reyers~danda neutraL radical formed, followi.ng proton 
:' . ..::. ;,.... " :.' " 

tunIieling~ ,Inthymidin~, theoxygen,bondec;l. to C(4) is, also hydrogen bO,nded 

". (Tollin etcd.1.96,~). " This fact' suggeststha~ a s,imilar:i!J.echanisrn op~r,ates 
also ill thymidine." 

'.', 
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Table I. Principal values for the a-proton hyperfine coupli~g and ~he. direction 
.' . . '. . .' . . 

. .. " . ,-

c~sines relating the 'correspondil1.g principal axes, 1:0 the abc crystallog;;aphic 

axis s ystem.(aJ " 

:;' . 

" Principal 
.-.;' 

splitting valueS 
(gauss) 

A = 14. 2 
x 

A = 37. 5 
Y 

,-A = 21. 5 
z 

A -- 20 
f3 

1 

o 

, 0.71 

-0: 71 

'-

,-Direction cosine's 

m' --' 

0.71 

0~71,. 

, IsotropiC 

n 

0, 

0, 

(a) Direction cosines for the remaimngthree rholecuie~ in th'e unit cell ~re ,,' ' 
" '. . . " 

given by (1', ~m. -n ), '< -1, -~, n ),(-1, m, ':n). 

,". ' 

~' .. : 
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Table II. Deviations of the principal axes for the a-hydrogen splitting from 

the directions predicted for the different radicals iIi figure 4. 

Principal 
splitting 
axis 

A (minimum) (a) 
x 

A
z 

(intermediate) (b) . 

III IV 

15 73 

o 80 

V VI 

64 53 

'86 50 

VII 

30 

55 

VIII 

17 

75 

(a) The minimum splitting constant is along the C _._. H bond in the)~· _. H 

fragment (McConnell and Strathdee 1959). In this calculation it is 

assumed that this direction is the bisector of the two otlierbonds in the 

" .C - H fragment. The direction for this bisector has been calculated 
/ 
from the undamaged molecule based on the data given by Young ~al. (1969). 

The deviations, which are given in deg, . are taken from the scalar product 

of the direction for Ax (given in table I) and the bisectors for the different· 

radicals in figure 4. 

(b) The intermediate splitting con~tant is along the p-orbital containing the 
,. 

unpaired electron • This direction is perpendicular to the plane containing the 

~ 
/C - H fragment. 
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FIGURE LEGENDS , 

Figure 1. Second,-derivative ESR spectra of a thymidine single crystal irradiated 

and observed at 77 oK. The external magnetic field is along the crystallographic ,.' 

a axis. Arrows indicate the outer components of the 5,6 -dihydrothymidin- 5-yl 

radical. 
,,' I ' , ' 

The bars beneath the upper spectrum represent the absorption lines 

for the quartet resonance (solid bars) and the doublet (d~shed bars). Relative 

power levels for the two spectra, are indicated. , Observation frequency 8997 

, MHz. 

Figure 2. Secolld-derivative spectra for three crystal orientations in the bc 

plane, showing the different orientations. ',Observation frequency 8984 MHz. 

Figure 3. The splitting (in gauss) for the a-hydrogen of the quartet resonance., 

The data were calculated from the overall quartet splitting, assuming an 

isotropic coupling of 20 gaus s for the 13 -hydrogen.' 

, , 

Figure 4. The molecular structure of thymidine (II) and six radicals considered 

for the origin of the quartet resonance. 

• ,. 
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tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in­
fringe privately owned rights; or 
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resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person· acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro­
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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