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Henfikseh, Thormod, and Snipes, Wallace. Radiation-Induced Radicals
in Thjrmin‘e:ﬁ 'ESR Studies of Single Crystals.

Radiation Réséarch, PpP- —

ABSTRACT
The radicals induced in single crystals of thymine monohydrate
by ionizing'radiation have been studiéd bjr ESR. Both at 77°K and at
roém temperature three different radicais are formed. The spectral
changes observed at differgnt temperatures are due to variations in the

relative yields of these three radicals. In addition to the previously

" known 5-thjrmyl radical, two other radicals have been identified. Th_é

hyperfine splitting tensors and the directions of the principai axes show
that for both radicals the unpaired s pin density is mainly in a p; orbital
on C 6° One radical has hyperfine coupling to one ¢ and éne B proton;
the other radical has coupling to one « proton only. ' The radicals are
the 6-thymyl radical forfned when a hydrogen atom is added to Ce, and
a radical in which a hydrogen atom is added to the oxyg.en atom b'onded
to ’C4. The latter radical is presumably formed by electron capture'
with subsequent proton tunneling in the hydrogen bond to the water
molecule.
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INTRODUCTION

The free radicals induced by radiéition in the DNA component
thymine have beeni studied in several different laboratories during re-
cent years ‘(1-4), These studies have so far b.e_.enr restf'icted to poly—‘ |
cryefaliihe samples> or frozen aquv.eous’ solutiooe (5-6), which has. made
the ide'ntif_icai;ion of the radicals very difficult. Howex}ef, it has Been
found that the 5-th.ymy1 radical, which is formed by adding a hydrogen
atom to the 6-position in the thy’miﬁe ring, is one of the radicals induced
in this bcompound (7-10). This. identification was made .possible because
the 5—£hymy1 radical exhibits a Well-defined resoﬁance spectrum extehding'
beyond the resonances of the other radicals. The relative yield of this
radical was studied under different experimental conditions, and it was
found that the radical hardly accounts for more than 30% of the com- |
posite ESR spectrum of X- 1rrad1ated thyrnlne (4) The other radicals

induced in thymine, which seem to be precursors of i:he_ 5-thymyl radical,

" have not been identified so far.

By extremely slow evaporation of aqueous solutions of thymine,
single crystals can be grown that are large enough to allow the technique
of ' single crystal ESR studies.' In this paper the defails of the work
are presented. Thymine crystals were irradiated both at 77°K and at
room temperature. Three different radicals were formed and identified.
The same three radicals are formed at both temperatures, Bi‘xt the two
previously unknown radicals are identified at 77°K, at which the 5-thymyl

radical makes a negligible contribution to the composite resonance

spectrum.
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EXPERIMENTAL PROCEDURE

Crystal preparation

The thymine cryétals were obtained from dilute aque»ovus solutions
. that were allowed to stand at 4°C for 3 years":': The 'crysfals are
parallelepipeds with a \;vell-defined morphology. vAcc'.ordihg to Gerdil (11)
the crystals contain water of criy'si.:al'li'zaﬁon, »aré elongated in the ¢ di-
réctidn, é.nd have {0 1 O} aé well_-developed'forrﬁ (see F1g 1})." The -
wafer is rapidly lost unl_eés the crystals are kept with somé of the
mother liquor or covered with silicone“ grease. When the water of |
crystallization is lost the crystals turﬁ thite-énd the ci‘ystal structure
cbllaﬁSes. Only transparent crystals were used in this work. They
were approximately 3 mm. in the ¢ direction, 1.2 mm in the a' di-
rection, and 0;5 mm in the b direction, and weighed betwéen 2 and 3 mg.
| Thymine monohydrate is monoclinic with si)ace group P2 1 /c.
There are four molecules in the unit cell, which hés the‘ paraméterS'
a = 6.0774, b = 27.862 A, ¢ =3.816 A, and p = 94° 19", The molecules
#re packed in stacks consisting of ribbons of two molécﬁles in width,
which are inclined about 30° to (0 0 1). The molecules within each’
ribbon are h}‘rd_rogen bonded. Furthermore, the .ribbons are bond'e\é
together by the water .rnolecule., which.is hydfogen bondéd to the éxygen

atom on C4 I).

[
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In this work the orthogonal a' bc coordinate system was employed

(see Fig. 1).

Irradiation and Orientation of the Crystals
The crystals were irradiated with 6.5-MeV electrons from a
linear accelerator. In order to obtain a good signal-to-noise ratio,

doses of approximately 50 MR were used. The results were checked

also for crystals irradiated with 5 MR. The dose rate was approximately

1 MR/min, which ensures that no heating of the érystals takes place.
The irradiation temperature was either 77°K or 295 °K.

Irradiation and .observa.tion at room‘ temperature involved no _
problems with regard to crystal mounting. The crystals weré mbunted
with silicone gréase on Tefion rods, and they could be oriented very
precisely. At 77°K the crystals were irradiated in one end of a quartz
tube. After irradiation the crystals were transferred to the other end,

which was shielded during irradiation. A Teflon rod in the shielded end
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was machined to fit the vparticular cr"ystavl‘ in one. fixed orientation.

With somé effort it was possible to mount thé 'Crysté,l in the desired"
orienfation withoutl any increase in the. temp‘erature{ ‘In thiswwork three
different crysfals were uéed for'r.n’easu.rements in the three'mutu’ally
perpendicular planes a'b, .bc, and ca'. The 6rientatidh was :less accurate
than that at room temperature, and the po"sit'io.ns’ of the di‘ffer“ent axes in

a plane may be off by 10° to 15° . Partiéularly, in the bc plane the
crystal may also have been tiltedi"s‘l"ightlly.out of the plane.

ESR Obserwvations

A Varian 4502 spectrometer with the X-band rotating ca,vity was
used. The results were checked at 16,200 MHz by uée-of az:niicrowave.
Bridgé construétéd in 'our‘ laboratory. The observation temperatufe was
mainly 77°K. Spectra were recorded at every 5° of rotation in three -
‘planes. The magnetic field was measured- with a proton resonance field
meter. The calculations necessary for aiégonalizing the hyperfine
splitting tensors'Weré_ made with a CDC 6600_computér; -'

| RESULETS |

Observations at 77 °K

It is wéll known from experiments on polycrystalline _sampies
that the 5-thymyl radical (II) is formed in thym:;me both at room tem- -
perature and at 77°K (2-4). The ESR s‘pe‘ctrum. ‘consi'sts mainly. of eight
lines spread out over approximately 140 gaus s. No atterhpts were .ma.de
in this work i:o analyze in more detail the ESR parameters for.this |
radical. It should be rn"entione_d that the radicai contributes signi.ficahtly ‘
to the room-temperature spectra (see below). At 77°K the 5-thymyl

radical spectrum is very weak and it is therefore possible to analyze

-,
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the. remaining part of the cdrn_posite speétra. Throﬁ.ghout this work the -
: 5-thﬁriy1 radical épectrum is indicated in the figures by arrows pointing
towards the two outermost lines on each sidé_.v | | |
In Figs. 2 and 3 are presented some of the more typiéa;l ESR
éperctr’a obtained when a single crystal of thymine monohydrate is irradi-
ated at 77°K. In addition to the 5-thymyl radical spectrufn'the resonance
seems to consist of a doublet (see Fig. 2, middle spectrum) and a
quartet. Thus, for a number of different orientations mainly six lines
are observed (for example in the vb and c directions). The possibility
that thié splitting is partly due to two magneﬁcally different sites (sﬁace
group P 21/c) must be excluded, sinqe the sanie spectrum is observed
in the ca' plane perpendicular to the diad axis (see Fig. ‘3). The do_ublef
and quartet have different relative intensities at diffé_rent orientatio:ns',

confirming that two radicals are formed.
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The Doublet Resonance

At 77°K the doublet may be obse;;vedvfor most orientétions even
though it partly overlaps the central quartet lines. The g value is nearly
isotropic, and varies only from 2.0020 to 2..(:)030. The observed splitting
in the three mutually perpendicular planes is giveh in Fig. 4. From these
data it is possible to arrive af the. maxir_fiuni and fninimufn values 1n each
plane. The method given by Schonland (12) was then usea to determine
the hyperfine splitting tensor. Thé principal vaiués and the directi.on
cosines for the principal axes iﬁ the a'bc systemb are given in Table L

The isotropic value of 21.1 gauss and the anisotrppy suggevst
that the radical is. of thevt‘ype' > C‘J -H, . where the unpairéd electron
is in a Pr orbital on the carbon atom and intéracts wit}:} one o proton.
Unless drastic molecular rearrangements are as.sumed"on'ly a few possi-
bilities exist. 'Prop.ei‘ identification of the rac‘iical is made pos sible .by
' ﬁsing the d.ir.ectio'ns for the principal axes in Table I. Thus, . the inter-
mediate hyperfine ‘va1u'e is along an axis only 1° frorﬁ the perpendicular
of the plane coﬁtainihg ‘the vthymine molecule. Furthermore, the smallest
hyperfine value is in a direcfion only 13° from the C,-H bond in the un-
damaged molecule. This orientation of the principal axes is hardly
fortuitous and strongly suggésfé that the gnpairéd electron spin densify
is mainly in a P, orbital on carbon atom 6 in the thymine ring.

As mentioned above, the water of crystallization is hydrogen-
bonded vtovf;he oxygen on C4. This suggests, thérefofe; that the absoifp-'
tion of radiation results in a proton transfer in the hycirogen bond,
probably by a tunnel effect (13, 14), and that radical III, which is

stabilized by resonance structures, is formed.
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It is expected thet a radical of this type would exhibit hyperfirie
splitting characterlstlc for a > C H fragment, and additional sp11tt1ng
from the § hydrogen in the > C O-H fragment. In radical III the latter
splitting is too small to be resolved. The main reasons for this are
briefly given as follows: . .

1. The hyperfine splitting of the B proton in > ~(.J’—O-H depehds upoin the
unpaired spin density localized on C4° In radical III the unpa‘.ired spin
density is shared between C

4
McConnell and Chesnut (15) for the isotropic splitting ina> C-H

and Cé. When the formula given by

fragment is used, it appears that the spin density on Cé, is roughly
0.6 to 0.8. This would imply a relatlvely small unpa1red spin den51ty

ofthe order 0.2 to 0.4 on C4
2. The 1sotrop1c splitting of the § proton in the > C O-H group also '
depends on cos 9, where 6 is the d1hedra1 angle between the direction.

of the orbital containing the unpa.ired electron (which in the case of
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radical IIl is a pﬂ. orbital on C,) and a plane through C,-O-H. Since '

4
the hydrogen bond in the undamaged.molecule is in the plane of the thymine
molecule, it is reasonable to assume a large dihedral angle and consequently
a negligible coupling. . - ' - | 0
3. The dipolar couphng of the B proton can be glven (16 17) by

d—282p/r —_— o (1)

where p is the spin density on’ C4 and r is the distance in angstroms

from C4 to the hydroxyl proton. -If r is taken to be approximately 1.8 A

the dipolar splitting will at maximum be of the order 1 to 2 gauss.

In vie§v of this it can safely be concluded that the contribution
from the hydroxyl hydrogen would re sult in only a broaden1ng of the |
doublet lines from the > C -H fragment

It can also be mentloned that another p0531b111ty for formlng the
> C H radical on C6 would be by addlng a hydroxyl group to C In this
case, there would be no resonance structures to reduce the unpaired
spin density on C6’ and a largenlisotr0pic coupling than that observed
would be expected (see also below).. We cons‘ider this possibﬂity as
~ being quite unlikely, and suggest that a hydr.ogen addition to the oxygen

on C4 gives rise to the doublet resonance. o i

The Quartet Resonance
The g value for the quartet shows only a small variation, ) "
ranging from 2.0020 to about 2.0033. Due to overlappin.g of the different

spectra it is difficult to arrive at the intensity distribution of the lines.

However, taking into account the somewhat more resolved spectra ob-
served at 295°K in the ca' plane (an example is given in Fig. 5), the

quartet lines appear to have almost equal intensities. The ESR spectra
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can thefefore be accounted for.by a radical having unequal coupling to
. two prdtons. One coupling is quite anis'otr'opi'c,_ Where‘as fhe other is
only slightly anisotropic. This strongly suggeéts that the radical is of
W | the ty.pe‘—éHd-CHp < , where the unpaired electi‘oh is ﬁainly inap_ |
| orbital intef'actihgzwith one « a;id one B_pr.oton, The @- and ﬁ-protoh
Splittiﬁg data in the‘ three crystal 'planés are‘giv'én in Figs. 6 and 7.
By use of the maxima and minima and Schonland's method (12},
the hyperfine splitting tensors and the direction cosines for the principai
values in fbe a'bc system are obtained; they are given in Tab].e 1. 11;
follows from these data that the dire ction of the intermediate a proton
splitting constant is perpendicular to the plane of the thymine molecule.
Furthermore, the directién ofk the principal axis fér the smallest s‘plitting
constant is only 9° from the C6—H‘bond in the undamaged thymine molecule.
Consequently, these results are éompatible with the 6-thymyl radical (IV),

formed by adding a hydrogen atom to Cg in the thymine ring.

I3 5| CH3
CZ 3. . ,
) _. | 'I_I

XBL698- 3519
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As seen from Table I, the isotropic sp11tt1ng of the « hydrogen
is very large (28.3 gauss) For most >C—H fragments the observed
isotropic splitting can be fitted by the relation given by Mecednell and
Chesnut (15), - |

L

where p 1is the unpaired spin density on the carbon atofri and ‘Q is a
constant. Even though Q is not well d'etervmi'rli.e_d theoretically, most
ed:perimentai data seem to iﬁdicate a value of the order'ZS to 26 g’aues '
(18). A possible explanatio'n for the large isotropic value observed here
rﬁay be that the hybridization of the carbon atom containing the unpaifed
electron in a p_ orbital has char.iged_ slighﬂy from that dealt with in most
> é-H fragments. Thus, Bernal, Rieger, banld Fraenkelbv('id‘)) predict,
from theore.tical' eelcﬁlatione, a strong dependence of Q on the hybr'idir-
zatioh angle. (2 gaus s/degree) In the undamaged molecule the angles
for the > C H fragment are all different and the angle N, -C

1651S

121.8°. When the 6—thymy1 radical is formed the C C6 double bond is

5"
broken and some rearrangeinents'presumably take 'plaee'.' It is rea's.onable
to assume that the C5-C6 bond length incre_a:ses, thic_h ‘Wodld cause a de -"
erease of the N1-C6-C5. angle. If, for e#ample, the CS—C6 bond beeame
equal to the other carbon-carbon bond (the IC4-C5 bohd) the angle would
decrease to about 115°, and the isotropicvhyperfine splitfing Qvould .in-’
crease significantly ‘19)‘ | | . | | |

Observations at Room Temperature

In experiments -with polycrystalline samples of thymine consider-
" able spectral changes were observed when a sample, initially ir_rad_iai’téd -

at 77°K, was warmed to room teniperature (4).  The experiments on

v
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'single ci‘ystals pfesented here show (Figs. 5 and 8) that the same three
radicals are formed at both temperatures and that the spectral changes
- with temperature must be ascribed to variations in the relative yields of

these radicals. It is clearly seen (Fig. 8) that the 5-thymyl radical con-

tributes far more to the spectra at room temi);e’ra'tu'.r’e.- At room tempera-
ture the 5-thymyl radical sﬁecti;urﬁ inferferes sio stro;'igly with the |
doublet and the quartet for 80 rﬁany ’oriehtations thét it would be-extremely
difficult to solve the crystal data based only on these observations. | On
the. other hand, the observations in the ca' plane,b(s‘ee Fig. 5) .demongtrate
that both fhe " doublet radical and the 6-thyniyl radical are formed at
rbém fefnperature. _ o | |
DISCUSSION

Three different radicals are formed aﬁd trapped when thymihe,is
exposed to ionizing radiation. In advdi.tiori to the well-known 5'—thym};1 '
radical (II), the 6-thymyl radical (IV) and a radical (III) giving rise to
a doublet have been found in the work presented here. The relative |
yields of these thr.ee radicals Idepend strongly up(')n'the experibmental‘

vconditio'ns. Thus, the 5-thymyl radical spectrum dominates the com-

.posite resonance when thymine is exposed to thermal hydrogen atoms

(4, 8-10) or when irradiated in frozen acid é.hd alkaline éolutions. The
other two r.a.dical.s,' which séem to be precufsoré of the 5-thymy1rad_ical,
dominate when thymine is irradiated in the solid state. g
All three radicals are formed when a h;)'fdifogen atorh is adde}di’
to the proper position in the thymine ring. The ”doublet type radica—lv'.'

may be formed by a proton transfer in the hydrogen bond between thé :

oxygen on C, and the water of crystallization. It is likely that the
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potential curve for the proton in this hydrogen bond changes conéidei‘ably "
if the thymine molecule ’capi':ures an electron releé,sed by the ionizations.
Thus, if the dei)ths of the two minima in the potential cur\_r'e' for the hydro-
gen bond are reversed a proton tunnelirié would .re sult in a trapped heﬁ'—"
tralized rédical (13, 14). The water of crystailiﬁation may therefore be
very important fér the fbrmation of the radicals.": In an experimeﬁt with
polycrysta..lliné samples.we:rfound balmo_st the same resonance specti‘um‘

in crystals conté.ining water of c?ystallization as that for a heat-treated

" sample from which Ia.-larg'e amount of the Wate: had dis'appeéred. How -
ever, the yield was appr'c')ximateljr three '.ci'mes as large in the 'thymin_é
monohydrate crysta_ls, demonstrating the i.rnpor't‘ance of the bound water.
This observation has cevrtainly also‘ some b'earing. on the large differences
in radical yield i‘éported from different laboratories (3, 4, 20, 21). Thus,
pblycrystailiné thYminé sarhples prepared in various ways presumably
have different amounts of water lloound. to the molecﬁles. -

It is of interest to note that Both the 5- anci the '6-thy'xny1: radicals
~are also formed in dihyarothyfniné (22). The 5-thymyl radiCal’in the two
compounds exhibits almost the same methyl-group splitting. The two B
hydrogens seem to be equivalent in the caée of dih.ydrothyxni'ne, whereas

they give different splitting constants for thymine (the differénce was
found to be approximately 7 gauss at 77 °K). The 6-tﬁyr_hyl radi;:al, ;Sn
the' other hand, shows‘ an interesting difference in str‘uc'ture. for the two
compounds. Thus>the p-proton splitting, which for thymine has an
isotropic value of 17.1 gauss (see Table I), is much larger when the
same radical is formed in dihydrothymine (22). In that case the B-é’roton

splitting was found to be visotropic, and had a value of 44.0 gauss at

Wi
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room temperature a.ndl46.8 gauss at 77 °K. ' The isotropic part of the
B-proton splitting seems to be adequately des'cribed by the empirical
relation (23, 24) | |
Ag= (B, +B, cos20)p, (3)

where p again is the unpaired spiri densitsr 6n tﬁe a—carbdn atom, Bil’

and B, are constants (B;1>< < B,), and 6 is the dihedral ahgle between
the plane formed by ca-CB—HB and the direction of the P, orbital of 1‘:heA A
unpaired electron. The large difference in the p-proton splitting ob-“

served here when the 6-thymyl radical is trapped in two different com-
pounds must therefore be ascribed to a difference in the dihedral angle
(p is probably quité‘ similar in the two cases). "Thus, whereas for di'- .
hydrothymine the CS-H bond (the 6-carboﬁ atom is CS) se‘ems to be al-
most perpendicular to the molecular plane (6 is of the order 10° to 15°),
the same bond is at least 50° away fropa this direction and more in the |

plane of the molecule when the radical is trapped in thymine.



14~ . UCRL-19298

ACKNOWLEDGMENTS
Itis a pleésur’e to thank Donald Paxon for'opérating the linear
accelerator and Paul Karl Hbran for help with the <‘:o.m;.)ute'1" caiculatioﬁs.
Furthermore, thanks are due to 'Prof. C. A. Tob:’!aé for thé working

facilities made available to us in this laboratory.-




-15- UCRL-19298

REFERENCES
H. Shields and W. Gordy, Electron spin resonance studies of
radiation damage to the nucleic acids and their constituents.

Proc. Natl. Acad. Sci. U. S. 45, 269 - 281 (1959).

A. Miller, Radiation-produced electron spin resonance signé.ls in

nucleic acids. In Electron Spin Resonance and the Effects of -

Radiation on Biological Systems (W. Snipes, ed.), pp. 29 - 45,

National Academy of Science, Report No. 43, Washington, 1966.
M. G. Ormerod, Free radical formation in irradiated deoxyribonﬁcleic

acid. Intern. J. Rad. Biol. 9, 291 - 300 (1965).

T. Henriksen, Radicals induced in thymine and some of its derivatives

by ionizing radiation and thermal hydrogen atoms. Radiation Res.

(in press).
A. D. Lenherr and M. G. Ormerod, Formation of the thymine radical

in irradiated DNA. Biochim. Biophys. Acta 166, 298 - 310 (1968),

R. A. Holroyd and J. W. Glass, Radicals formed by electron transfer

to pyrimidine derivatives. Intern. J. Rad. Biol. 14, 445 - 452

(1968).

B. Pruden, W. Snipes, and W. Gordy, Electron spin resonance of an

irradiated single crystal of thymidine. Proc. Natl. Acad. Sci.
U. S. 53, 917 - 924 (1965). |
J. N. Herak and W. Gordy, Free radicals formed by hydrogen

bombardment of the nucleic acid bases. Proc. Natl. Acad. Sci.

- U. S. 54, 1287 - 1292 (1965).

H. C. Heller and T. Cole, The reaction of hyd_rdgén atoms with

thymine and DNA. Proc. Natl. Acad. Sci. U, S. 54, 1486 -

1490 (1965).



10.

11.

12.

13.

14.

15.

16.

16~  UCRL-19298

D. E. Holmes, L. S. Myers, Jr., and R. B. Ingalls, Electron
.spin resonance technique for investigating reactions of free
radicals with compounds of biological interest: Nucleic acid .

constituents. Nature 209, 1017 - 1048 (1966). g

R. Gerdil, The crys’fal structure of thyrnine monohydrate. Acta |
Cryst. 14, 333 - 344 (1961).
D. S. Schonland, On the determination of the principal g-values in

electron spin resonance. Pro.c.. Phys. Soc. (Londdn) "72,788_ -

792 (1959).
J. Brickman and H. Zirhniérman, Lingering time of the proton in
the wells of the double minimu-fn potentials of hydrogen bonds.

J. Chem. Phys. 50, 1608 - 1618 (1969).

L Miyagawa, N. Tamura, and J. W. Cook, Jr., ESR study of
stefeOSpecific- proton transfer in irradiated crystals of L-

alanir;e. J. Chem. Phys. (in press).

H. M. McConnell and D. B. Chesnut, Theory of isotropic hyperfine

interactions in w-electron radicals. J. Chem. Phys. 28, 107--

117 (1958).
H. Zeldes, G. T. Trammell, R. Livingston, and R. W. Holmberg,

Common error made in treating hyperfine effects in electron:

paramagnetic resonance studiés of free radicals. | J. Chém. Phys. P
32, 618 =619 (19608  — — — T T e
W. Snipes and B. Benson, Electron spin _resonancé of a gamma-
irradiated single érystal of 5-Nitro 6-Methy1uracil. J. Chem.
Phys. 48, 4666 - 4670 (1968). | | | B

|
|
|
i




=~

18.

19.

- 20.

21.

22.

23,

24,

-17- : UCRL-19298

R. W. Fessenden and R. H. Schuler, Electron spin resonance

studies of transient é.lkyl radicals. - J. Chem. Phys. 39, 2147 -
2195 (1963).

I. Bernal, P. H. Rieger, and G. K. Fraenkel, Electron spin

resonance of azulene anion radicals. J. Chem. Phirs. 37, 1489 -
1495 (1962).
W. Ko&hnlein and A. Miiller, Quantitative ESR-measurements of

radiation induced radicals in nucleiezacid bases and pentoses.

Intern. J. Rad. Biol. 8, 151 - 155 (1964).
A, Pihl and T. Sanner, Radiation sensitivity of cells and base com-
position of DNA., An elecfrOn'spin resonance st'udy.. Radiation -

Res. 28, 96 - 108 (1966).

T. Henriksen and W. Snipes, Electron spin resonance studies of

irradiated single crystals of dihydrothymine. J. Chem. Phys.
(in press). | |
C. Heller and H. M. McConnell, Radiation damage in organic crystals.

II. Electron spin resonance of (COZH)CHZCH(COZH) in B-succinic

acid. J. Chem. Phys. 32, 1535 - 1539 (1960).
E. W. Stone and A. H. Mé,ki, Hindered internal rotatioh and ESR

spectroscopy. J. Chem. Phys. 37, 1326 - 1333 (1962).




-18- UCRL-19298

FIGURE LEGENDS

Fig. 1. Crystal morphology and the coordinate axié system uSed‘for the
thymine monohydrate crystals. The crystals are elongated'ih
the ¢ direction. ESR spectra are observed in the three mufually
perpendicular planes a'b, bc, and ca'.

Fig. 2. Seéond-derivative spectra of a thymine crystal. The cryétal
was ir_radiated and observed at 77°K in the a'b plane. _For the
orientation, 0°, the magneticf field is in the b direction, where-
as 90° corresponds to the a' direction. The solid bars associ-
ated with each sp.ectr'um- give the predicted splittings based on
the tensor parameters in Table I. The doublet is marked by the
dashed lines. : The arrows indicate the positiéns of the two outer-
most lines on each side of the 5-thymyl radical spectrum. Ob- v
servation frequency, 9023 MHz.

F1g 3. Second derivative spectra in the ca' - plan;a b.for a'thy.rnine

| crystal. The magnetic field is in the c airection for the
orientation 0°. Otherwise as for Fig. 2. Observation frequeﬁcy,
8958 MHz.-

Fig. 4. The Splittihg (in gauss) between the two lines of the doublet.

- The filled circles represent observations in which the Spectra

- defined. “The ba¥s, “on the other-hand,—refer-to-orientations_in - _

are well resolved and the _positions of the lines relatively well

which the different resonances overlap. The solid lines are the
. C C . ..
calculated curves, based on the tensor data given in Table I.

Fig. 5. Second-derivative spectra for a thymine crysfal irr_adiatéd

and measured at 77°K (top spectrum) and at 295°K. The crystal

A

<
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was oriented with the magnetic field in the ca'’ plane, 45° from

the c¢ axis in both experiinents. - Thev'sweep rate is the samé»for

the two spectra, but the frequencies are 8959 MHz (top spectrum)
- ' and 9536 MHz respectively. _

Fig. 6; The splitting (in gauss) for the o hydrogen of the quartet spec-
tfum. 'b Otherwise as for Fig. 4. |

Fig. 7. The splitting (in gauss) for the B hYdroge’n of the Ciuartet spec-
trum. Otherwise as for Fig. 4. -.

Fig. 8. Second-derivative spectra of an irradiated thymine crystal. :
The ci‘ystal was irradiated at 77°K and measured (the two top
spectra). Subsequently, the crystal was \%rarmed to room tem-
perature and rﬁeasured again. Thé orientations in the two ex-
periments are the same. Thus, for the two spectra to the left
the magnetic field is in the b direction, whereas for the two

other spectra the magnetic field is 45° from b in the a'b plane.

2
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Table I. The principal splitting constants and the orientation

of the principal axes for the radicals induced in thymine. "

Direction cosines for

" Principal 'the principal axes
Resonance splitting values-(gauss) in<the a'be system -
: a'” ‘b c
Quartet Ay =261 -0.40 0.24 0.88
o splitting A, = 36.7 0.29  0.95  -0.12
A3. = 22.1 -0.87 0.21 -0.45
Quartet 1= 16.0 -0.72 0.20 0.67
B splitting 2 = 20.5 0.25 0.97 -0.03
5 = 14.7 -0.65 0.15  -0.74
Doublet 1= 21.0 -0.42 0.17 0.89
s plitting 5 = 27.2 0.21 0.97 . -0.09
= 15.2 -0.88  0.14

-0.45
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
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

B. Assumes any liabilities with respect to the use of, or for damages
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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