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idines: ESR of Irradiated Single Crystals of Orotic Acid. 

Radiation Research. pp. __ -__ ( 1969) . 

ABSTRACT 

Hydrogen abstraction from N(ifccurs when single crystals of 

orotic acid are exposed to ionizing radiation at room temperature. The 

stable free radical has unpaired spin density on both N( 1) and C(5) of 

the pyrimidine ring. Hyperfine coupling to the nitrogen nucleus shows 

axial symmetry, with A~ = 15.0 gauss and A~ = O. The hydrogen bond

ed to C(5) has principal hyperfine values, in gauss, of A H = 7.3 AH = 
x 'y 

H 22.2, and A = 15.1-
z 

From the hyperfine couplings, the spin densities 

calculated for N(1) and C(5) respectively are 0.29 and 0.64. J?rincipal 

values of the g"'-tensor are g = 2.0059, g = 2.0052, and g = 2.0023. 
u v w 

The ESR. analysis can be used to predict the molecular orientation in 

orotic acid crystals . 

KEY WORDS: Pyrimidines, oi-otic acid, electron spin resonance, 
free radicals. 
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INTRODUCTION 

When organic crystalline solids are exposed to ionizi'ng radiation 

at room temperature, the stable free radicals formed are usually neu

tral species resulting from the rupture of covalent .bonds. In the major

ity of studies in which positive radical identification has be~n possible, 

the mechanism of radical formation involves either hydrogen abstrac- . 

tion from, or hydrogen addition to, the parent molecule. These re-

actions are usually quite selective, occurring at only one of several 

possible sites on the molecule. The basis for this selectivity is not 

fully understood,and no adequate method exists for predicting which 

s table radical will be formed by irradiating a particular compound. 

It appears especially difficult to predict the site of free- radical 

formation in pyrimidines, in which both hydrogen abstraction and hy-· 

drogen addition reactions have been found to occur. It is not too sur

prising that compounds containing the thymine ring are subject to hydro-

, gen addition reactions at the 5, 6 double bond (1-3), whereas dihydro

thymine undergoes hydrogen abstraction at these same positions (4,5). 

However, in cytosine, stable radicals formed both by hydrogen abstrac

tion from N(1) and by hydrogen addition to C(5) of the pyrimidine ring 

have been identified (6). An interesting hydrogen addition rea.ction oc

curs in 5-nitro- 6-methyluracil, where the hydrogen adds to the keto 

oxygen at the 4-position (7). The resulting radical has unpaired spin 

density at both C(4) and 16)' due to resonance with the 'IT electrons in 

the 5, 6 double bond. Hydrogen addition to the oxygen atom bound to 

C(4) is also thought to occur in halogenated derivatives of uracil (8). 

Thus a variety of mechanisms for radical formation are seen,and it is 
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not clear what factors deterrrline which mechanisrrl prevails for a par

ticular pyrirrlidine derivative. 

Our work, airrled toward understanding the rrlechanisrrls of free

radical forrrlation in lrradiated pyrirrlidines, has now been extended to 

include ~ carboxylated derivative of uracil. We report here a detailed 

ESR. study of free radicals in irradiated orotic acid (uracil- 6- carboxylic 

acid). The prirrlary free radical stable at rOOrrl terrlperaturehas been 

identified and the pararrleters characterizing its ESR absorption have 

been deterrrlined. It was found that a sirrlple first-order treatrrlent of 

ttyperfine interactions was inadequate to explain the observations, and 

an analysis following the theory of McConnell et al. (9) was used to 

verify the radical assignrrlent and hyperfine coupling constants at all 

crystal orientations in the rrlagnetic field. 

EXPERIMENTAL PROCEDURE 

Preparation of Crystals 

Orotic acid was obtained cOrrlrrlercially and used without further 

purification. This cOrrlpound is only sparingly soluble in water, and our 

atterrlpts to grow good single crystals frorrl dilute aqueous solutions were 

unsuccessful. After trying several solvents, we found that a rrlixture of 

ethanol and NH40H was suitable for crystal growth. A solution of 50% 

ethanol and 50% 0.8 M aqueous NH
4
0H (by volurrle) was saturated with 

orotic acid at 60° C. Slow cooling over a period of several days yielded 

large crystals with.well-developed faces. These crystals showed no de

c0l11posit:ion in ail" ~1fter harv(,sting. 

In order to ilsCl'rtain that the crystals obtained by this procedure 
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were orotic acid, a crystal was dissolved in water and analyzed by ultra

violet (UV) spectroscopy and thin-layer chromotography. The UV ab

sorption spectra of the dissolved crystal and of a solution of the com~ 

mercial preparation were identical, and the absorbancy ratios at 

280/260 and 250/260 agreed with those reported in the literature for 

orotic acid (10). Ascending chromatography on Eastman thin layer 6065 

(cellulose with fluorescence indicator.) was carried out, using four sol

vents. With isopropanol: 30% HCl: H
2

0 (65: 10: 25), the Rf values for 

the dissolved crystal and the commercial preparation were 0.68 and 0.66 

respectively; with isopropanol: H
2

0 (50: 50), the respective values were 

0.18 and 0.18; with methanol: 30% HCl: H
2

0 (70: 20: 10), the values were 

0.52 and 0.50; and with n-butanol: methanol: H
2
0: 0.8 M NH

4
0H (59: 20: 

20: 1), the values were 0.22 and 0.25. All proportions given here are by 

volum.e. 

To our knowledge, no report of the crystal structure of orotic acid 

appears in the literature. An orthogonal alblc l axis system, shown in 

relation to the crystal morphology in Fig. 1, was used to facilitate the 

ESR analysis. These axes were found to be axes of magnetic symmetry. 

Specifically, in the alb l plane, the spectrum at any angle e relative to 

a' (or b') is identical to that at an angle -e with that axis. There are 

two magnetically distinct molecules in the alb' plane. In the b'c' and 

cIa' planes, all molecules are magnetically equivalent. The o,r'ientation 

of the molecules relative to the a'b'c l axis system will be inferred later 

from the ESR analysis. 

Irradiation 

The crystals were irradiated at room tem.perature with7-M.cV 
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electrons froIn a linear accelerator. A total exposure of 10 Inegaroent-

gens was delivered at a rate of approxiInately 1 MR per Ininute. The 

radicals produced were quite stable, showing no appreciable decay or 

conversion at rOOIn teInperature for several weeks. 

ESR Spectroscopy 

It was necessary to Inake ESR IneasureInents at two microwave 

frequencies in order to analyze cOInpletely the hyperfine interactions 

observed. Data were taken at 9.4 GHz, using a Varian 4502 spectroIn-

ete'r, and at 16.2 GHz, using a Inicrowave bridge constructed in our 

laboratory. In both cases, a cylindrical cavity was used to allow rota-

tion of the Inagnet about the crystal. Hyperfine couplings were Inea-

++' . 
sured by cOInparison with a standard Inarker of Mn in MgO. DPPH 

was used as a ~tandard for deterInining g-values. 

All calculations were Inade using a CDC 6600 cOInputer. 

IDENTIFICA TION OF THE RADICAL 

The spectra observed for Inany crystal orientations consisted of 

a hyperfine doublet with each cOInponent further split into an equal-

intensity triplet. Figure 2 shows this basic pattern at four orientations 

in the b'c' plane. It is apparent that the unpaired electron interacts 

with one proton (I = 1/2) and one N 14 nucleus (I = 1) to give this hyperfine 

structure.· Both the nitrogen and hydrogen hyperfine couplings showed 

considerable anisotropy. The nitrogen coupling had its InaxiInuIn value 

~\Vith t.he magnetic field along the c' axis and was too slllall to be resolved 

eVI' 1")'\\,111'1,(, ill Ih\' ;1' b' pbne. This suggests that the unpaired spin den-

sity producing thl' nitrogen coupling is in a nitrogen 2p'TT orbital whose 

*' 
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direction is along c'. The c' axis was found to be the direction of min-

imum g-value, further substantiating this assignment. The hydrogen 

coupling was typical of that expected for coupling of unpaired spin den-

sHy in a carbon 2prr orbital 'to an a proton. Furthermore, the interme-

, diate principal value for the hydrogen coupling occurred with the field 

along c', as would be expected. for an a proton attached to the pyrim-

idine ring. Thus, all the features of the ESR spectra can be accounted 

for by a radical with the resonance structures 

XBL694-2292 

, formed by hydrogen abstraction from N(1)' No other method of radical 

formation, aside from drastic molecular rearrangements, can explain 

the observations. 

DETERMINATION OF ESR PARAMETERS 

g- Value 

With the magnetic field along c', the g-value was very near the 

free spin value for an unpaired electron. This was the smallest g-value 

'"observed at any orientation and must be the minimum principal value 
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for the g- tensor. The other two principal values should then be found in 

the alb l plane. Although there are two m.agnetically distinct m.olecules 

in that plane, as evidenced by the hydrogen hyperfine coupling, the g-value Q' 

variation for both m.olecules was nearly identical. Table I lists the prin-

cipal values for the g-tensor and the direction cosines relating the prin-

cipal axes to the a Ib l c l coordinate system.. In Fig. 3, the observed g-

values are com.pared with those calculated from. the param.eters in Table 

I. It is likely that the direction of g (or g ) is alm.ost, but not quite, 
u v 

identical for the two m.agnetically distinct species. 

Nitrogen Hyperfine Interaction 

Within experim.ental error, the nitrogen hyperfine tensor is axially 

sym.m.etric, with the two degenerate principal values being zero. The 

general expression for' the' hyperfine coupling at an arbitrary angle in the 

principal axis system. is 

:;' 

2 2 2 2 2 2 1/2 
A = (A cos e + A cos e +A cos e) , 

x x y y z z 

where A , A ,A are the principal values and e , e ,e the corre-
x y z x y z 

sponding direction cosines relating the direction of observation to the 

principal axes. Here, this expression reduces to 

2 2 1/2 
A = (A II cos e) , 

with e being the angle between the field direction and the sym.m.etry 

axis of the nitrogen hyperfine tensor. In Fig. 4, the observedvalues 
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for the nitrogen cOllpling are compared with the calculated values, based 

on parameters given in Table 1. 

Hydrogen Hyperfine Interaction 

Ordinarily, the interaction of a single proton with the unpaired 

electron in a free radical splits the original absorption line(s} into a 

simple doublet. The two lines of the hyperfine doublet correspond to the 

two pos sible spin states (M
I 

= :i:: 1/2) for the proton, the selection rule 

being that MI does not change its value simultaneously with the change 

in the electron spin state. This situation prevails if the external mag-

netic field of the spectrometer is either much greater than or much less 

than the magnetic field produced by the electron at the site of the proton. 

In the former case, the proton is aligned either parallel or antiparallel 

to the external magnetic field, and its alignment is not expected to change 

during the electronic transition. In the latter case, the proton is aligned 

either parallel or antiparallel to the electronic magnetic field, and the 

electronic transition merely reverses the direction of this field. The 

proton spin state again is not expected to change, as it will still be quan-

tized in the field. 

A more complicated situation results when the external field is com-

parable in magnitude to the electronic field at the proton. In this case, 

the proton is oriented in the resultant of the external and electronic mag-

netic fields. When the electronic transition occurs, the field at the pro-

ton neither remains fixed nor reverses, but instead takes on some inter-

media te direction rela tive to the initial resultant field. The selec tion 

rule rl'stricting a change in the proton spin state no longer applies, since 

the proton must now become oriented either parallel or antiparallel to 



~. 

-8- UCRL-18824 

the new resultant field. Thus, four transitions become allowed rather 

than two. These four transitions comprise two pairs, referred to as 

the inner and outer doublets, each symmetrically disposed about the 

center of the original absorption line(s). The relative i"ntensity of the 

two doublets depends on the angle between the resultant fields at the pro-

ton for the two electron spin states. 

There are in general three unique orientations of a radical in the 

externai field for, which the proton hype'rfine pattern is only a doublet 

even though the external field and the electronic field are comparable in 

size. These are called the canonical orientations, the directions in the 

radical being the principal hyperfine axes. For each of these orienta-

tions, the electronic field at the proton is parallel (or antiparallel) to 

the external field, so that the direction of the resultant field either re-

mains the same or reverses during the electronic transition. Thus, the 

proton remains quantized, and the selection rule restricting a change in 

its spin state applies. 

According to the theory of McConnel et al. (9), the resultant mag-

netic field at the proton, due to both the external and electronic fields, 

-'; 

is in the direction of a unit vector u given by an equation of the form 

In this equation, g and gI are the electronic and nuclear g-factors respec-

-'; 

tively, 13 is the Bohr magneton, and 13
1 

is the nuclear magneton; u
H 

is a 

-+ -+-+ 
unit vector in the direction of the external magnetic field, and i, j, k 

are unit vectors in the directions of the principal hy-perfine axies, the 

corresponding principal hyperfine values being A , A , and A ; e and cp x y z 
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are the polar and azim.uthal angles relating the external field direction 

to the principal axis system.. Thus, this equation m.ay be evaluated for 

. -+ -+ 
the two electron spin states MS = ± 1/2 to give two values, u l and U ll , 

for the direction of the resultant field at the proton. Sim.ilarly, two cor-

responding values of A are obtained, AI and All. These param.eters are 

then used to give both the spIittings of the :i.nner and outer doublets and 

their relative intensities. The inner doublet splitting equals AI - All and 

-+ 
the outer doublet splitting equals AI + A". The angle (s) between u l and 

~ ~ ~ . 

u", given by cos S = u l . u", determ.ines the relative intensities of the 

inner and outer doublets. For the inner doublet, the norm.alized relative 

intensity is cos
2 (s/2), and for the outer doublet it is sin

2 (s/2). 

The theory discussed above was used to analyze the prot~n hyper-

. fine coupling for the free radical in irradiated orotic acid. It can be 

seen that both the inner and outer doublet splittings, as well as their rel-

ative intensities, depend on the m.agnitude of the external field. In Fig. 

5, this behavior is seen for a crystal orientation with H along the a l axis, 

where all m.olecules in the unit cell are m.agnetically equivalent. 'At a 

m.icrowave frequency of 9.4 GHz (H::::: 3,330 gauss), the inner and outer 

doublets are of com.parable intensity, whereas at 16.2 GHz (H::::: 5,770 

gauss), the inner doublet is m.uch stronger than the outer doublet. At 

other crystal orientations, the outer doublet was m.ore intense than the 

inner doublet. The spectra at both m.icrowave frequencies are expected 

to be identical only when the crystal is in a canonical orientation, with 

H aloilg a principal hyperfine axis. 

In order to apply the theory of McConnell et al. (9) it is necessary to 

determ.ine the principal hyperfirievalues A , A , A , and the directions of the 
x y z 
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principal axes relative to the crystal axis system. In this case, the 

intermediate hyperfine value can be measured directly as the splitting 

when H is along c I, since this direction is parallel to the p,.. 0 rbital (see 

earlier discussion). The other tw.o principal values are then found as 

the maximum and minimum splittings in the alb l plane. Unfortunately, 

there are two magnetically distinct molecules in this plane, and a canon

ical orientation for one is not a canonical orientation for the other. 

Nevertheless, it was pos sible to obtain the tensor parameters for the 

hydrogen hyperfine interaction, and these are given in Table I. The 

principal- hyperfine axes for the two molecules are approximately 40 deg 

apart. 

With these parameters, it should be possible to explain both qual

itatively and quantitatively the spectra observed at all crystal orientations. 

This was found to be the case, and is considered as justification for the 

radical as signm.ent and the tensor parameters in Table I. The spectra 

in Fig. 5 agree well with the theoretical lines at both microwave fre

quencies. Figure 6 shows spectra at another orientation where there 

are two magnetically distinct molecules. Again, good agreement is seen 

between the calculated and observed spectra. Quantitatively, the split

tings of the inner and outer doublets were predicted well by the theory. 

_ A comparison between the observed and calculated splittings for the two 

doublets, with the magnetic field in the a I b l plane, is shown in Figs. 7 

and 8 for the two mic rowave frequencies. In this plane, the nitrogen 

hyperfine coupling was zero,· so the proton coupling could be analyzed 

more carefully than in the other two planes. The theoretical lines are 

shown as dashed lines in regions where the nornlaliz(!d relative! inl(!nsity 

-. 
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for a particular doublet falls below 0.30. 

CALCULATION OF SPIN DENSITIES 

The radical in irradiated orotic acid is formed by the same mech-

anism as one of the radicals in irradiated cytosine (6), and the spin 

densities at N(1) and C(5) can be compared for these two cases. Follow

ing the analysis used by Cook et al. (6) for cytosine, the spin density 

(PN) in the 2p7l' orbital on N( 1) may be calculated from the expression 

2 
Ad = BO (3 cos e -1) PN' 

where Ad is the dipolar component of the nitrogen coupling and BO is a 

constant equal to 17.1 gauss. The maximum value of Ad occurs when H 

is along the nitrogen 2p 71' orbital, so that e = 0 and Ad = 2BO PN. In the 

present case, the nitrogen coupling is composed of both isotropic and 

anisotropic components, with the isotropic component of 1/3(A + A 1- A ) 
x Y Z 

being equal to 1/3 All' or 5 gauss. Thus, with e = 0, Ad = 10 gauss and 

PN = 0.29. This value is exactly the same as that reported for the spin 

density on N( 1) in cytosine (6). 

The spin density on C(5) (Pc) may be determined from the hydrogen 

hyperfine interaction. Here, the isotropic component of the coupling 

(Af) is related to Pc by the formula of McConnel and Chestnut (11), 

Af = Q PC' 

where Q is an empirical constant. With the value of Q used for cyto-

sine, and with the principal values in Table I, Pc is found to be 0.64. 

In cytosine, the spin density on C(5) was found to be 0.72. 

In cornparing the radicals in these two compounds, it should be 
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noted that, in cytosine, an additi.onal spin density of 0.15 resides on N(3)' 

due to the resonance structure 

XBL •• 4-ZZU 

This is.not possible in orotic acid if this compound is in the diketo form, 

as is usually the case with uracil derivatives. It seems somewhat sur-

prising that the spin density on C(5) is l~rger in cytosine than i,n orotic 

acid, since cytosine has the additional site for spin density on N(3)' It 

may be that the difference is due to the d~fferent groups on C(4) in the 

two compounds. In orotic acid, some additional spin density may reside 

on 0(4), due to the resonance structure 

and this would not be possible in cytosine. ' There is, of course, no ev-

16 idence for spin densi ty on the oxygen atom, since the 0 nucleus has 

no magnetic moment. 
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MOLECULAR ORIENTATION IN THE CRYSTAL 

Since the crystal structure of orotic acid is apparently n?t known, it 

is of value to predict the orientation of the molecules in the crystal from 

the ESR analysis. This can be done on the assumption that the radicals 

in the crystal do not reorient following hydrogen abstraction from N( if 

First, from the direction of the minimum g-value and the maximum 

nitrogen hyperfine coupling, it can be concluded that the pyrimidine 

ring lies very nearly, and probably exactly, in the a I b l plane. This is 

the case for all molecules in the unit cell. In the a l b l plane, some 

additional information regarding the molecular orientation can be ob-

tained from the directions of the hydrogen principal hyperfine values. 

Theoretically (12), the minimum principal value for an Q! proton should 

occur with the magnetic fielcl along the C- H bond, and the maximum 

value in a direction perpendicular to both the C-H bond and the carbon 

p-orbital. Thus, these molecular directions can be related to the a l 

and b l axes. Due to the asymmetry of the orotic acid molecule, there 

are two pos sible orientations which will satisfy the conditions, these 

corresponding to a rotation of 180 deg about the C-H bond. Figures 9(a) 

and 9(b) show the two possible orientation schemes. In each case, two 

, molecules are shown, corresponding to the two magnetically distinct 

species observed in this plane. It seems likely that there are four mol-

,ecules in the unit cell of orotic acid, the two additional ones being re
" 
lated to the other two by centers of symmetry. These would not appear 

as dis tinct species in ESR data, however, since two molecules related 

by a center of symmetry are magnetically equivalent. It should be noted 
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that the ESR parameters only indicate the probable orientation of the 

molecules within the crystal, and give no information on the spatial 

a rrangement of the molecules. J 
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Table I. 

Principal values of the spectroscopic splitting tensor (g), the nitrogen 
hyperfine coupling tensor (AN), and the hydrogen hyperfine coupling 
tensor (AH), and the direction cosines relating the corresponding prin
cipal axes to the alblc l coordinate system. (Plus and minus signs for 
the direction cosines are for the two magnetically distinct molecules in 
the unit cell. ) 

Principal value 
Direction cosines 

a l b l c l 

2.0059 1 0 0 

2.0052 0 1 0 

2.0023 0 0 1 

15.0 gauss 0 0 1 

0 1 to (0,0, 1) 

7.3 gauss :1:0.94 0.34 o 

22.2 +0.34 0.94 o 

15.1 o o :1:1 



-18- UCRL-18824 

FIGURE CAPTIONS 

Fig. 1. Crystal habit of orotic acid, showing the orthogonal aib'c' 

axis system employed for the ESR analysis. 

Fig. 2. Second-derivative ESR spectra of an irradiated single crystal 

of orotic acid at four orientations of the magnetic field in the b' c' 

plane. The angle is relative to the b' axis. Solid bars beneath 

the spectra give the predicted line positions, based on tensor 

parameters from Table 1. The microwave frequency was 9.4 GHz. 

Fig. 3. Plot of the g-value in the three orthogonal planes of the albIc' 

axis system. Solid lines were calculated from tensor parameters 

in Table I; circles are experimental values. In the alb' plane, 

solid and open circles are for the two magnetically distinct mol

ecules in the unit cell. 

Fig. 4. Plot of the nitrogen hyperfine coupling, as described in Fig. 3. 

No plot is shown for the a fbI plane, since the coupling was zero at 

all angles. 

Fig. 5. Second-derivative ESR spectra taken at two microwave fre

quencies, with the magnetic field along the a' axis. The theoretical 

patterns beneath the spec.tra were calculated from the theory of 

McConnell et al. (9), using tensor parameters from Table 1. 

Fig. 6. Second-derivative ESR spectra taken with the magnetic field at 

an angle of 45 deg in the a fbI plane. Solid and dashed lines indicate 

theoretical patterns for the two magnetically distinct species in the 

unit cell. 

.1 
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Fig. 7. Comparison of the experimental value of the inner doublet 

(open circles) and the outer doublet (solid circles) with the theo

retical values. The two magnetically distinct molecules are 

indicated as (I) and (U). Lines are broken in regions where the 

normalized relative intensity for the transition falls below 0.30. 

The microwave frequency was 9.4 GHz. 

Fig. 8. Plots for the inner and outer doublets, as described in Fig. 7, 

but for a microwave frequency of 16.2 GHz. 

Fig. 9. Expected orientations of the two magnetically distinct molecules 

of orotic acid in the a 'b' plane, as predicted by the ESR analysis of 

hydrogen hyperfine coupling. The two schemes (a) and (b) cannot 

be distinguished on the basis of ESR results alone. 
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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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