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ABSTRACT
Hydrogen ébstraction from_hl(i)occufs 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“) and C(S) off
the pyrimidine ring. Hyperfihe coﬁpling to the nitrogen nucleus shows
axial symmetry, with A1|\lI = 15.0 gauss and AT= 0. The hydrogén bond-

H H

ed to C(S) has principal hyperfine values, in gauss, of AX = 1.3, AY =

22.2, and Ai{= 15.4. From the hyperfine couplings, the spin densities
calculated for N(i) and C(5) respectively are 0.29 and 0.64. Principal
values of the g-tensor are g = 2.0059, 'gv = 2.0052, and g, = 2.0023.

The ESR anélysis can be used to predict the molecular orientation in

orotic acid crystals.

KEY WORDS: Pyrimidines, ototic acid, electron spin resonance,
: free radicals. ' :
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INTRODUCTION

When organic crystalline solids are exposed to ibnizing radiation
at room temperature, the stable f_re'é radi'g;:als formed are usually neu-
tral species resulting from the rupturé .’of covalent bonds. In the major-
ity of studies in which positivé radical identification has been possible,
the mechanism of radical formation involves either hy.drogen abstrac-
tion from, or hydrogen addition to, the parent molecule. These re-
actions are usually quite selective, occurring at only one of s;everal
possible sites on the molecule. The basis for this selectivity is not
fully understood, and no adequate method exists for prédicting which
stable radical will be formed by irradiating a particular compound.

It appears especially difficult to predict the site of freé-ra‘dical

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 and by hydrogen addition to C(S) of the pyrimidine ring

(1)

have been identified (6). An interesting hydrogen addition reaction 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 C(é), due to resonance with the w 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_ura'cil (8).

Thus a variety of mechanisms for radical formation are seen, and it is
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not clear what factors determine which mechanism prevails for a par-
- ticular pyrimidine derivative.

Our work, aimed toward understanding the mechanisms of free-
radical formation in irradiated pyrimidines, has now been extended to
include a carboxylated derivative of uracil. We report here a detailed
ESR. study of free radicals in irradiated orotic acid (uracil-6-carboxylic
acid). The primary free radical stable at room temperature has been
identified and the parameters charactgrizing its ESR absorption have
been determined. It was founa that a‘svimple first-order treatment of
hyperfine interactions was inadequé.te to explain the observations, and
an analysis following the theory of McConnell et al. (9) was used to
vefify the radical assignment and hyperfine coupling constants at all

crystal orientations in the magnetic field.

EXPERIMENTAL PROCEDURE

Preparation of Crystals

| Orotic acid was obtained commercially and used without further
purificAation. This compound is only sparingly soluble in water, and our
attempts to grow good single crystals from dilute aqueous solutions were
unsuécessful. After trying.several solven.ts, we found that a mixture of
ethanol and NH,OH was suitable for crystal growth. A solution of 50%
-ethanol énd 50% 0.8 M aqueous NH‘4OH (by volume) 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-
‘c"omposit:ion in air after harvesting.

Imorder to ascertain that the c‘.rys.tals obtained by this procedure

<3
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were orotic acid, a crystal was dissolved in water and analyzed by ultra-
‘violet (UV) spectroscopy and thin—laYef chromotography. The'UV ab-
‘sorption spectra of the dissolved crystal and of a solution of the com-
mercial preparation were identical, and the a‘bsovrba‘ncy ratios a‘t
280/260 and 250/260 agreed with those rep;)rted in the literature for
orotic acid (10). Ascending chrématogr'aphy on Eastman thin layer 6065
(cellulose with fluorescence indicator) was carried oﬁt, using four sol-
vents. With isopropanol: 30% I;ICII:'H’ZO (65: 10 :25), the Rf values for

. the dis solved crystal and the commercial preparation were 0.68 and 0.66
respectivély; with isopropanol: HZOV‘(SO :50), the respective valués .were
0.18 and 0.18; with methanol: 30% HCI: HZO (70 : 20.: 10), the values were

0.52 and 0.50; and with n-butanol : methanol : HZO: 0.8 M NH,OH (59:20:

4
20:1), the values were 0.22 and 0.25. All proportions given here are by
volume.

To our knowledge, no report of the crystal structure of orotic acid
éppears»in the literature. An orthogonal a'b'c' axis system, shown in
relation to the crystal rﬁorphology in Fig. '1’ was used to facilitate the
ESR analysis. These axes were found to be axes of magnetic vsymmetry.
Specifically, in the a'b' plane, the spectrum at any angle 0 relative to
a' (or‘b') is identical to that at‘ an angle -6 with that axis. There are
two fnagnetica_lly distinct molecules in the a'b' plane. In the b'c' and
c'a! planés, all molecules are magﬁetically equivé,lent. The orientation
of the molecules relati\/;e to thé a'b'c' axis system will be inferfed later
from the ESR analysis. |
Irradiation

The crystals were irradiated at room temperature with 7-McV
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electrons from a linear accelerator. A total exposure of 10 megaroeﬁt-
gens was delivered at a rate of approximately 1 MR per minute. The
radicals produced were quite stable, showing no apprec_iablé decay or
conversio.n at room temperature for se‘veral weeks.

" ESR Spectroscopy |

It was necessary to make ESR measurements at two microwave
frequencies in order to analyze completely the hyperfine interactions
observed. Data were taken at 9.4 GHz', using a Varian 4502 spectrom-
ete'r, and at 16.2 GHz, using a microwave bridge constl;ucted in our
" laboratory. In both cases, a cylindrical cavity was used to allow rota-
tion of the magnet about the crystal. Hyperfine couplings were mea-
sured by co‘mp.arisovn with a standard marker of Mn++'in MgO. . DPPH
was used as a standard for deterrﬁining g-values.

All calculations were made using a CDC 6600 computer.

IDENTIFICATION OF THE RADICAL
The spectra observed for many crystai orientations consisted of

a hyperfine doublet with each component further split iﬁto an equal-
intensity triplet. Figure 2 shows this bésic 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 N14‘nuc1eus (I=1) to give this hyperfine
structure..- Both the nitrogen and hydrogen hypérfine couplings showed
considerable anisotropy. The nitrogen coupling had its maximum value
Ywith the magnétic field aloﬁg the vc' é.xis and was too small to be. ‘1>'es.olved
everywhere in the a'b' plane. This suggo.s’t‘..s that the unpair.ed‘ spin den-

sity producing the nitrogen coupling is in a nitrogen Zpw orbital whose

-l
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direction is along c'. The c' axis was found to be the direction of min-
: irﬁum g-value, vfurther substantiating thivs assignment. The hydrogen
coupli'ng was typical of that expecte}d'fcgr coupling of ﬁnpaired spin den-
sify in a carbon 2pw orbital to an « prot()r.t... Furthermbre, the interme-
“diate princip-al value for the hydrogven cbﬁpling occurred with the field
along c', as wou1d> be expected for an a proton attached to the pyrim-
idine ring. Thus, all the features of the ESR spectré can be accounted

for by a radical with the resonance structures

o 0 0

| | |
c c v C
H\N/4\C/H H\N/4_\C/H H\N./4\C/H
3 5 , 3 5 " 3 5°
- 6. . ¢2 , S c2  s.
o” \L/ “cooH o” \h‘l/ coow o” \L/ “cooH
I . } B : : ; .

XBL694-2292

. formed by hydrogen abstraction from N(i)' No other method of radical
formation, aside from drastic molecular rearrangements, can explain

the observations.

DETE.RMINATION OF ESR PARAI\‘/[ETERS'

- g-Value

| With the magnetic field a.‘.l_o‘n'g c!, the g-value was very near the

- free spin value for an unpaired‘cleyctron. This was thev 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 a'b' plane. Although there are two magnetically distinct molecules
in that plane, as evidenced by the hydrogen hyperfine coupling, the g-value o

variation for both molecules 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'b'c' coordinate system. In‘Fig. 3, the observed g-
values are compared with those calcuiated from the parameters in Table
I. It is likely that the direction bf g4 (or gv) is almost, but not quite,
identical for the two magnetically distinct species.

Nitrogen Hyperfine Interaction

Within experimental error, the nitrogen hyperfine tensor is axially
symmetric, 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

1/2

A=(A % cos?0 +A %cos®0 +A 2cos0)
x X y y Tz z

. where A_, A_, A are the principal values and 8_, 6 _, 0 the corre-
x y 4 : x Ty =z

sponding direction cosines relating the direction of observation to the

principal axes. Here, this expression reduces to

: 1/2

A:(Aﬁcosze) s

with 6 being the angle between the field direction and the symmetry

~axis of the nitrogen hyperfine tensor. In Fig. 4, the observed values
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for the nitrogen cogplirig are compared with the calculated values, based
on pafametefs givenin Table I.

Hydrogen Hyperfine Interaction

Ordinarily, the interaction of a sihgle vproton with the unpéired
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 possible spin states (MI: + 1/2) for the proton, the selection rﬁle
being that MI does not change its value simultaneously w1th 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 profon.

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

to the external niagnetic field, and its alignment is not expecté?;i to change
during the electronic transition. In the latter case, the protoh, is aligned
either parallel or antiparallel to the electronic magnetic field; and thé
electronic transition merely révefses the di-reétibn of this field. The
proton spin state again is not expected fo change, as it will still be quan-
tized in bthe‘ field.

A more complicated situation results when the external field is com-
pérable in magnitude to the electronic field at the proton. VIn this case;
the proton is oriented in the resultant of the external and elecfronic 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-

mediate direction relative to the initial resultant field. The selection
rule restricting a change in the proton spin state no longer applies, since

the proton must now become oriented either parallel or antipa'rallel to
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the new resultant field. Thus, four transitions become allowed rather
than two. These féur transitions comprise two pairs, referred to as
- the inner and outer doublets, each symmetrically disposed about the
center df the original absorption line(s). The relative intensity of the
two doublets depends on the angie between the resultant fields at the pro-
ton for the two electron spin states. | |

There are in general three uniqueorientations of a radical in the
external field for which the proton hyperfine 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 bparallel (or antiparallel) to
the external field, so that the direction of the resultant field eifher re-
mains the same or revefses during the electronic transitioﬁ. Thus, bthe
proton remaiﬁs 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 fieldé,

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

- 8P 5 . - o |
u :_g_-B—— HuH - MS(1 AX sinfcos ¢ + j Ays1n931g¢+k Azcose).,

In this equation, g and gy are the electronic and nuclear g—bfactors respec-

-

tively, B is the Bohr magneton, and BI is the nuclear magneton; Upg is a .

unit vector in the direction of the external magnetic field,' and 7, T, K

are unit véct_ors in the directions of the principal hyperfine axies, the

corfesponding principal hyperfine values being A, Ay’ and A 6 and ¢
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are the polar and azimuthal angles relating the external field directi‘on '
to the principal axis system. Thus, this équatibn may be evaluated for
the two eleétron spin states MS: + '1/2 to give two values, E‘ and 3",

for thé direétion of the reisult'ant field at the proton. Similarly, two cor-
responding values of A are obtained, A' and A''. These parameters are -
then used to give.both the splittings of the inner and outer doublets and
their relative intensities. The inner doublet splitting .equals A' - A'" and
the outer‘doubletvsplitting equals A' + A'"'. The aﬁgle (é) between u' and

“h
u -,

given by cos £ = K‘-K", determines the relative intensities of the
inner and outer doublets. For the inner doublet, the normalized relative
intensity is cos2 (¢£/2), and for the outer doublet it is sin2 (£/2).

The theory discussed above was used to analyze the _protE)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 magnitude of the external field. In Fig.
5, this behavior is seen for a crystal orientation with H along the a' axis,

where all molecules in the unit cell are n’iag_netically’equiv'alent. ‘At a

‘microwave frequency of 9.4 GHz (H~ 3,330 gauss), the inner and outer

doublets are of comparable intensity, whereas at 16.2 GHz (H= 5,770

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

other cvrystavl orientations, -the outer doublet was more intense than the
inner doublet. The spectra at both miéroWave fre_quenci.es are expected

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

'Hv"alohg a principal hyperfine axis.

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

determine the principal hyperfine values Ax’ Ay’ AZ, and thedirections of the
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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", since this direction is parallel to the p-orbital (see
earlier discussion). The other two principé.l values - are then found as
the. maximum and minimum splittings in th.'e a'b! plane.: Unfortunatel-:y,
there are .two magnetical_ly distinct molecu_lés in this piéne, and a canon-
ical orientation for oné is not a canonical orientation for the other.
Nevertheless, it was possible 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 a‘r‘e approximateiy 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 éonsideréd as justification for the
radical assignment and the tensor parameters in Table I. The spectra
_in Fig.'S'agi'ée well with the theQreticai lines at both rnic_row‘ave fre-
quencies. Figure 6 shows spectra at aﬁother 6rientation where there
are two magnetically distinct molecules.' Again, good agreement is seen
b_étween the calculated and observed spectra. Quantitatively, the split-
tingé of the innerv and ox.lte.r doublets were predicted well by the theor.y..
A comparison betweén the obs_'er.ved and calculated si)litting_s for the two
| doublefs, with the magnefic field in the a'b' plane, is shown in Figs. 7
and 8 for the two microwave frequenéies. In this plane, the nitrogen
hyperfine coupling was zero, so the .proton coﬁpiing could be analyzed
v more carefully than in the other two planes. The theoretical lines are

" shown as dashed lines in regions where the normalized relative intensity
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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 and.C can be compared for these two cases; Follow-

(1) (5)
ing the analysis used by Cook et al. (6) for cytosine, the spin density

(pN) in the 2pm orbital on N(i) may be calculated from the expression

_ 2
Ad = B0(3 cos 9-1)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 7 orbital, so that 8 = 0 and Ad = 2B In the

0PN
present case, the nitrogen coupling is compbsed of both isotropic and
anisotropic components, With the isdtropic component of 1/3(AX+F Ay“+ AZ)
being equal to 1/3 Ay, or 5 gauss. Thus, with 6=0, Ad =10 gauss and
PN =0.29. This value is exactly the same as that reported for the spin

density on N( in cytosine (6).

1)
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 Pe by the formula of McConnel and Chesthut_ (11),
Af =0 PC,
where Q is an empirical constant. With the value of Q used fbr cyto-

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

Pc
was found to be 0.72.

(5)

In comparing the radicals in these two compounds, it should be

In cytosine, the spin density on C
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“noted that, in cytbs.ihe, an a'dd'iti‘onal Spin_density of 0.15 resides on N(‘3-),

" due to the resonance structure’ - ' o

&

X0L694-2206

This is not possible in orotic acid if thi;;, compo’gnd is in the di'keto form,
aé is usually the casc with uracil derivaL‘.tiy-e_s'. It seems .somewhat sur-
pri§ing that the spin density on C(S)'is la_rger_ in cytosine thén in orotic
acid, §ince cytbsine has Athe additional site for spip density on N(3). It
may be that the difference is dge to ;he d-?ff_erént groups on C(4) in the

- two compounds. In orotic acid, some addi tional spin density may reside

on O‘(4)‘, due to the resonance structure

0

"\\*N ,/rH

(o

[¢]

/\
\ / ™ cooH

st|04 q:lo

and this would not be possible in cytosine. " There is, of course, no ev-
idence for spin density on the oxygen atom, since the O16 nucleus has

no magnetic moment.
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MOLECULAR ORIENTATION IN THE CRYSTAL
Since the crystal structure of orotic acid is apparently not 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 as sumption that the radicals

in the .cry'stalr do not reorient following hydrogen.abstraction from 1\1(1).
First, vfrom f:he direction of the mihimum g-valueb and the fnaxifnum
nitrogen hyperfine coupling, it can be concluded that the pyrimi‘dine
ring lies very nearly, and probably exactly, in the a'b' plane. This is

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

-additional information regarding the molecular orientation can be ob-

tained from the directions of the hydrogen principal ‘hy_perlfine values.

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

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

value in a direction perpendicular to both the C-H bond and the carbon
p-ovrbital. Thﬁs,. these moleculér directions can be related to the a!
and b' ‘axes. Due to the asymmetry of thé orotic acid rﬁolecdle, there
are two possible orientations which will satisfy the conditiéns, 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, cdrrespon’ding 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 distinct 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

arrangement of the molecules.
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Table I.

Principal values of the spectroscoplc 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 a'b'c' coordinate system. (Plus and minus signs for
the direction cosines are for the two magnet1ca11y distinct molecules in
the unit cell.)

.. Direction cosines
Principal value

a' _ b! | !
g . 2.0059 1 0 0
u - .
g, 2.0052 0 — 0
g, 2.0023 o 0o 1
Al 15.0 gauss 0 o 1
Al o L to  (0,0,1)
H
A 7.3 gauss +0.94 0.34 0
H — -
S 22.2 70.34 0.94 " 0
A" 15.1 | 0 0 %
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FIGURE CAPTIONS - v

1. Crystal habit of orotic acid, showing the orthogohal aib'c!
axis system employed for the ESR analysis. |

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 pos‘itions, based on tensor
parameters from Table I. The microwave frequency was 9.4 GHz.
3. Plot of the g-value in the three ortho'g..ona;l planés of the a'b'c!
axis system. Solid lines were calculated from tensor parameters
in Table I; circles are experimental_vaiues. In the a'b' plane,
solid and open circles are for the two magnetically distinct mol-

ecules in the unit cell.

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

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

all angles.

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

quencies, with the magnetic field along the a' axis. The theoretical
patterns beneath the spectra were calculated from the theory of

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

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

an angle of 45 deg in the a'b' plane. Solid and dashed lines indicate
theoretical patterns for the two magnetically distinct species in the

unit cell.
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7. Comparison of the experimental value of the inner doublet
(open circles) and thé outer doublet (éolid circles) with the theo-
retical values. The two magnetically distinct molecules are
indicated as (I) and (II). Lines are broken in regions where the
norrnalizéd relative intensity for the transition falls below 0.30.
The microwave frequency was 9.4 GHz.

8. Plots for the inner and outer doublets, as described in Fig. 7,
but for a microwave frequency of 16.2 GHz.

9. Expected orientations of the two magnetically distinct molecules

4

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 Iinformation pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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