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I. INTRODUCTION

In 1945 Zavoisky (49) ihtroduée? to the Qorld:a new and
exciting;fqrm of spectrbscopf that is now known'ééfélectron_spin
resonance. This technique enables the investigat&r to detect the
presence}éf unpaired electrons in fhe sample under investigation.
It makéé use of the ability of these molecules witﬁ unpaired elec-
trons (ffée radicals) to absorb mi crowave energ&v(hv) when in a

magnetié”field if the follbwing resonance condition is met:
hv = gBH. o 1.1

In thiéAequation h is Planck's coﬁétant; v is the fréquency of the
microwévés incident upon the sémple (a éommon frequence is 9 GHz);
g is ﬁhe Lande g-factor (= 2.0023 for our purposes); B is the Bohr
magnetoniand H is the magnetic field strengtﬁ.(for v = 9GHz,
H = 3200 gauss).

v.ﬁTﬁ:achieve this resonance condition the sample is placed into
a microW##e cavity between the pole faces of an éleétromagnet. When
the-extérnal magnetic f;eld is turned on the electrons are aligned
eitheriparallel or antiparallel to this field. 1In filled orbitals
the electrons exist in pairs, one parallel and the other anti-
paraliel'to the external field. 1If one of these paired electrons
absorbs microwave energy and changes direction (i.e. from spin

parallel to spin anti-parallel to the external field), the other



electron in that orbital must emit a photon and.change direction

in acqordaﬁce with the Pauli principle, Thus; it is evident that
if all the electrons are paired, the total net absorption is éero.
On the other hand, if the sampleAcontains a ffee fgdical, this
molecule c¢ntains an uneven number of electrons and the odd electron
exists unpaired in an orbital, When'tbe odd electrﬁn in a free
radical absorbs microwave energy it can be detécted electroniéaily
since:qd‘réciprocal emission takes place,

L.The'ability to detect the preéenﬁe of free radicals ha§
made EtSij a valuable tool in studies trying to_uhderstand how
ionizing:padiation interacts with matter, but the éuéstion under-
lying,ﬁhése studies is how these excitations ahd ionizations are
formed,‘distributed and eventually lead to.molecuiar 1esioﬁs of o
biologiéél.significance. |

| We know that at least two distinct'kiﬁds of éadiation
actionbfaké place in the living cell. The indirect action is a
result of ionizations taking place in the cell sap. ReactiVe
species»a;e produced (e.g. OH') which diffuse and react chemiéaliy
with mdléculés of biological importance such as DNA and protein.
These réaétions may then lead to a change in the cell's functional
ability, fesulting in mutation or death. The other type of action,
dire¢§ action, is the result of an ionization or gxcitation on a
molecule of cri£ica1 importance (such as DNA) to the cell's viability,
Even thoﬁgh the relative importance of each type of actioh is still

a matter of much debate, both are in themselves interesting for

&

5

v



study;. However, this thesis will deal primarily with the direct.
action Sf‘ionizing radiation, on matter of biologiqal importance,

' Oﬁe.important result obtained from studie§ an the direct
action éf ionizing radiation is the descriptiéﬁ?df how radical
scavengeré (-SHbcompounds) are able to protect living organisms
from radiation damage. It has been Suggested‘by Gordy (19) that
the chemicél protector molecule becomes tempofariiy bonded to the
tafget m§iécu1e'before irradiation, absorbs thé 1lonization from.the
vital target molecule and is then removed throﬁghvnatural processes
restofingﬁfhe moiecule to functionaiunormalcy.' ﬁeﬁfiksen (25) and
Copeléﬁdﬂgﬁvgl. (13) have demonstrated that these chemical protec-
tofs‘may;also act as interceptors of radical fragments (e.gi'elec-_
trons,iﬁélés, hydrogenatoms, etc,). This would protect the target
molecﬁ1e from any intermolecular migration ofrchemically reactive
speciésf,‘From the abovementioned studies it.can be seen that there
is'poSéibly more than one mechanism responsible for the action of
fadiatioﬁ protectors, Thus to enable us to better understand the
mechagisﬁs of chemical protection and biological damage, we must
try to_dnderstand the more basic question of how ionizing radiation
interacﬁs with matter.

Because of the complexity of the living cell it is imperative
that_wé'sélect another system, dne far less complex than the living
cell. It is, therefore, appropriate that we select’some biological-
ly imﬁortant molecule like a nucleic acid base or an amino acid,

One type of study with these compounds centers around determining



the natdre‘of the free radicals produced by the ionizing radiation,

Al though important, this type of study alone will yield little

1nformé§ioh concerning the mechaqisms by which ionizing radiation . A
interaéfs with matter. Instead, some of the parameters which

influénée‘the kinetics for free radical production such as heat

and qﬁaiity of the radiation must be investigated. This thesis

will be ﬁfimarily concerned with investigations of the kinetic

parameﬁefs of radiation-induced free radical production and the
mechaﬁiSﬁs.involved.

-:Siﬁce radiation produces sfable free radicals in compounds
of biological interest: some of the early studies éttempted to -
determine how the concentration of free radicals depends on the
radiatibn.dose. In 1957 Zimmer (47) demonstrated that in the
low-dOSé»region the free radical concentration increased linearly
with therradiation dose. It was also shown that as the dose
incfeaséd this dependence deviated from linearity and the free
radicai concentration seemed to»flatten out or saturate. However,
it was fhdught that the flattening out resulted from radical decay
‘since'if'took relatively long periods of time to administer the
large doses needed. In 1959, Conger and Randélph (12) demonstrated
that.thé saturatiop effect was not time-dependent and that the
curve_obﬁained could be empirically fit using the equation: _ ]
kD

N=DNo(l-e ) 1.2
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In this equation D is the radiation dose, k- is'% constant, N is
the congeﬁtration of free radicals at dose D a#d ﬁm-is the free
radical'éqﬁcentration at D,. In Fig. 1 we see a typical."saturation"
plot similar to those observed in the early 1960's. This plot can
be fit by equation 1.2, |

ZbAftér many compounds had been tested, aliyof which seemed to
demonstrate the same general "saturatioﬁ"’pheﬁomen&n, Dr, Maller (35)
suggested that the saturation effect was the resulﬁ of an equilibrium
condition; Mathematically this condition can bg aemonstrated by

taking the derivative of equation 1,2 with respect to radiation

. dose.

if we set k+ =k No

then
N xtkw, 1.3

It is obvious from equation'1.3 that the rate of free radical
formation can be described by a zero order production (k+) and a

first-order destruction term (-kbN). At saturation where
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dN/dD = 0, we must conclude that k+ = k-N; this is precisely the

equilibrium condition referred to by Prof. Muller.

Statement of the Problem

It is evident from equation 1.3 that thé'satu;ation or
leveling should persist indefinitely (for D = », N = Nwi. However,
1f we ff;édiéte the sample with véry large doses (D > 100Mrad) we
soon find.that, while the equation predicts saturation at infinite
doses, the results (Fig. 2) are éuite different. The decrease in
radical.concentration at ext?emely.high doses was first reported by

Rotblat and Simmons (41). However, they uéed_very energetic protons

- as theitr radiation source and suggested that the decrease ih radical

concentration was due to heating_éffecté, The results plétted in
Fig. 2vwere obtained usihg 60 Co gamma-rays and the sample
tempgrature never increased abovei26°C during the irradiations.
Hencevthe decrease in free radical conéentration at extremely high
doses is not a result of heating. |

This result leads to many new developments that will be the
diécuééion of this thesis. To begin, it is Quite obvious that
equation 1.2 is inadequate at high doses and a new approach is made
(Chapter II) to free radical kinetics in an attempt to acqurately
account for the results displayed in Fig. 2. After the kinetic
development and the demonstration that destruction is still a
mathematical realit&, it is shown.(Chapter I1I) fhat destruction

is a'physical fact. With the understanding that destruction is a
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physical reality, it becomes quite important to diséhss (Chapter 1IV)

the various proposed mechanisms for the destrdétion_process. This

discuséion includes the hydrogén atom theory, the electron-hole

theory ahd briefly the role of other high energy states. With the
theories:in mind, an attempt (Chapter V) is made tq identify the

mechanism responsible for the destruction process by determining

its activation energy. It is demonstrated that more than one process

exists and that the electron-hole mechanism is quite possibly one
of the ﬁroéesses involved. Therefore, in Chapter VI evidence is
preseinited that thermally-produced elec:ron-holes'react with

radiation-induced organic free radicals. Conclusions are drawn

from qllzthese data in Chapter VII and a few suggestions and ideas

for fdrther experimentation are presented.
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II.  KINETICS OF FREE RADICAL PRODUCTION AND DESTRUCTION

: One of the primary objections to using equation 1;2 is that
it does not describe the physical results in fhe_high dose region.
Another reason for being dissatisfied with the equation is that
chemically it does not describe what is observed. Equation 1.2
describes steady state kinetics.between the parent moleculé (A)
and tne.stable free radical (Avéq R). This implies that in
dihydretnymine (DHT), for exampTe, the radicals fofmed_(ﬁia k+)
in crystalline samples of DHT are destroyed accofding to the
kinetics k N and the concentration of the original DHT is replen-
1shed'ﬂ The kinetics‘Just described would not account for the
appearence of any molecules different from DHT: Snipes and
Bernhapd'(44) have demonstrated that when crystalline DHT is
irradieied thymine is formed The observation that thymine is
produced by radiation, coupled with the fact that equation 1.2
does not adequately explain the results (in Fig. 2) in the high

dose region suggests that new kinetic equations are necessary to

account for these findings.

How Do We Approach the Solution»to the Data Fit?

- The most obvious approach to such a problem is to make an
empirical fit to the data. 1In 1962, Schirmer and Sommermeyer (42)

suggested that the following equation could be used:

{
i
i
|
i
I
i
i
5
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N + kN = aD P 2.1

where a and k are constants, N and D are the sémé,duantities used
in equation 1.2. Although this approach may.fitwthe data, it does
not prqvide an easily interpreted physical descfiption. If we
differentiate equation 2.1, with respect to doéé, we find that
dN a R
-dD 1 + 2kN o 2.2
Equation 2.2 represents a mixed kinetic approach and is not easily
interpreted.
_Fbr this reason it was decided that a simple kinetic analysis

should be attempted using DHT as a model. Therefore, rather than

- try ;obempirically fit the data as in the case of Schirmer and

Sommefméygr, we are starting with the known radiation chemistry (44)
and éftéﬁpting to derive an equation that wili fit the daté in
Fig. Z;V‘.

V_Eig. 3 depicts a simplified version of.the kinetic relation-
ships bétween the parent compound (A), the stable free.radical (R)
and the destruction compound (X). For dihydréth&ﬁine the parent
moléquLe.(A) is DHT and the destruction product (X) méy bé thymine,
To simélify-the discussion it will be assumed that in DHT all
radicals formed lead to thymine as the destruction product. It is
obvioué'from Fig. 3 that the analysis can be used on any compound

and in fact, it would be possible to make the analysis where several
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Figure 3;_

XBL 6911-5981

Kinetic model for free radical production and destruction
by ionizing radiation. A represents the parent compound,
R the stable free radical, and X the product of free
radical destruction which is different from A. All
processes are assumed to be first-order with respect

to radiation dose and to have the rate constants shown.

&
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radicals or several destruction products are involved. The com-

plexity ofzthe problem could be increased veryHQuickiy.' For this

vdiscussion’we shall maintain only a three COmoonent:relationship.

_:ﬁrom Fig. 3 it can be seen that the kI‘and_kI pathways are
the s%nennsed to deriveﬁequation 1.2. However, wehknow that
thymine is}a product in the solid state irradiation of DHT and it
is assnnedithat thymine is a destruction product. Ihis leads to
the inclUéion of pathways k; and k;, To’be'completely general,
the pathna§s k; and k; have been included. The pathway leading
directly to X(k ) may involve a number of high energy states as

discussed by Augenstein (1, 2, 11). It is also possible that the

'mechanism may involve a free radical but the radical is obviously

not a stable free radical that has been denoted by R. Whatever

mechanism is involved in the k pathway, it is unknown at present.

3

: Throughout the following discussion rate of change refers
to the change with respect to radiation dose and not with respect

to time.- Hence 'rate' constants are in units of MR l.

DeVelooment of the Equations

'For the specific case of dihydrothymine, it is obvious

'from_previous work (44) that the pathway'k; is real. Since stable

free radicals are observed in irradiated DHT, it is correct to

assume that the pathway kI exists. The pathway k; can neither be
proven nor disproven at this time, so for completeness it shall

be incinded. The pathway k;, while possible,'is not considered
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probableﬂéihce the concentration of X in the dose range used for
these'eXperiments is quite low in comparison to the'concentration'»v
of A (tﬁﬁé k;X<u:k;R). For this discussion k;vé k;~= 0. Hence; SR

the rategbf'change of stable free radical concentration can be

‘described'by the equation

dR/dD = KA - kKR = 2.3 -

whereAk+'é’kT and k™ = ki + ké. The solution to this equation

(see Apﬁendix A) yields

1 2.4

where R is the stable free radical concentration at dose D, and

N equélé_the initial number of parent moleculeé'(at D= 0? A = N).
In equafion 2.4 the concentration (or R/N) doés not saturate; but:
reacﬁég‘a-maximum (k/N)m at a dose Dm and then:deqreases.

Iﬁ;is possible to predict the total conqeﬁ#ratién of free
radicaié plus destruction products. This_quaﬁtit§ we shall Call P.
Since any parent molecule that has been irradiated is either a frge

radiééi_or a destruction product (assuming k., << k+ and k+ =0),.

1 1 3

we can say that

dP/dD = K'a

which yields (see Appendix A)
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-+
B_q.cKD

N ). - | 2.5

The only'remaining quantity to be determined is the concentration
of destruction products (X/N). This quantity is merely the differ-
ence between equations 2.5 and 2.4 (X/N = P/N - R/N).

- X 1

+ - ;
[Ke®D_gte®Dy 2.6

K - K
Equation 2.4 was used to fit the DHT data in Fig. 2 and
the result is shown in Fig. 4. The values of the paraﬁeters are

K" = 0.0002 M8} and K™ = 0.077 MR™}

. The least squargs error is
9.7 percéht. It is evident that whereas,the fit is.quite good in
the loQ doge region, fhé equation is inéapable 6f fittiﬁg the data
in phé ﬁpper dose region (D > 100MR). Although, the fit is not
adequate'for DHT, the two parameter curve may be sufficient for
other coﬁpounds. Therefore, it is informative fo see graphically
how X/N,}R/N and P/N are related to each other. These quantities
are plqtted in Fig. 5 and it should be noted that R/N equals X/N
at approximately 20 megaroentgens. For doses below 20 MR, X/N

quickiy diminishes in importance, relative to R/N; while in the

region above 20 MR X/N becomes more important.

3

In the two-parameter fit the pathways k;_and k
k' ignoréd. They will now be included in an effort to find a better

were

fit to the data in Fig. 2. The considerations applied previously
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R/N (spins/ DHT molecule)

10°%

Figure 4.
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Dihychothymine dose-response curve. Data is the same as
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to the. data. ‘K = 0.0002 MR ~, XK = 0.077 MR ~, least squares
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and the fraction of free radicals plus destruction
" products per original DHT molecule (P/N). The equations
used were 2.4, 2.5, and 2.6 with constants taken from the
fit to the data by equation 2.4 as shown in Fig. 4.
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to k2 also apply to‘k;. Hence, for this discussion it will be

assumed that k;X ® 0. The solution to the differential equations
based on the pathways k;, kT, k; and k; yields (fbr derivation see

Appendix B)

R k) -t + kD kp
R [e” (1 * Kk3)D | -K'Dy 2.7

N oo >

1 7 %3
+ o+ :

P o1 . ek +Kk3)D 2.8
, N |
X_,., 1 (e KD e it e -t +k3)D] PN
N - + + 1 ]
K™ - k] - k) |

where K . = k1 + kz. )

The fit of equation 2.7 to the data in Fig. 2 is shown in
Fig. 6. It is quite obvious from Fig. 6 that equation 2.7
adequétely describes the observed results, ItimuSt be pointed out
that thlS approach may not be the only solutlon but should serve
as a guidellne for further work. - Detailed chemical analysis and
comparison with the pathways outlined in Fig. 3 must be made before
the equations may be accépted as a true description of facts., The
fit of equation 2.7 to the data (shown in Fig. 6) yields values for.

L + -1+ -1

the parameters of k1 = 0,00019 MR , k3 = 0.0023 MR ~ and
K~ =.b.058 MR“1 with a least squared error of 8.7 percent. Using

the values obtained for the rate constants, it is now possible to
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Figure 6.

Exposure dose (MR

XBL69SII- 6156

N

Dihyd;gthymine dose-response curve. Data is the same as

“dn Fig. 2. Curve represents leasglsquires fit by eggation

. ‘,2;7 to.the data. .k, =-0.00019 MR ~, k, ='0.0023 MR ~ and
- K = 0.058 MR ~. Least squares error is 8.7 percent.
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' fitted to equation 2.4. Asicdh be seen.from Fig. B, the fit is
quite good. However it mdst be pointed out that wheh data becomes
availaole}et higher doses, the two paremeter fit'mey not be édequate'
in the“hiéh-dose region, At present, it is the best data avarlable
The values of the kinetic parameters are listed in Table I.
i>1§voe now use the kinetiC'parameters from TabLe I to:h{:
deterﬁihe:f/N‘and X/N from equations 2.5 and 2.6, we obtain the
resultS-piotted in Fig.'9‘ahdfFig. 10. Inifig; 9 ahd;figﬁ‘ioathev
fractioh of stable‘free rediea1éJper enzyme moleouie”ehd the -
fraotion'ot stable plus destroyed radicals per ehzyme.molecule are
compared with the fraction of " 1nactivated molecules for. RNAase and
erPSin In both cases ‘the fraction of‘stablebfree.radlcalseis>
less than the fraction inactlvated at high doses, However; é”t
much;better correletion is seen between the.fraction of'steble'
plus deetroyed radicals ahd the'fraction inaotivatedt If indeed
radicalsvare the precursors to enzymne inactivetioh then it is
evident from Figs. 9 and 10 that in the low dose region the radical
destruction producta are less ‘important than in the high dose region
However, over the entire dose range the fractlon of stable plus
destroyedoradicals exceeds that of inactivation; On the average
more than ‘one radical 1is produced and/or destroyed per inactlvation
event” with the inactivation effic1ency being lower for tryps1n‘
thah-for_RNAaseT' The.ourye of P/N also indicates that radiation

‘ ptoducee Iesions'on the“enzyme‘long efter‘it 1s"bioiogica11y inactive.
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Figure 9.
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Log-log plot of concentrations of stable free radicals,

destruction products, free radicals plus destruction
products, and inactivated molecules for RNAase. The
curves for R/N, X/N and P/N were calculated using rate
constants given in Table I, after conversion from an
amino acid residue basis to an enzyme molecule basis. ' LI
The curve for the fraction of inactivated molecules :
E/Eo was calculated from rates given by Hunt et al. (28). '
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TABLE I. A. KINETIC PARAMETERS FOR TRYPSIN AND RNAase

+ -

Compound . K™ 4 K Least Sciuarés G-value
B (MR) _ (MR) Error ' ’
Trypsin 0.00051 0.183  0.3% 4.72

RNAase 0.00035 0.1249  1.8% 3.37

TABLE I. B. KINETIC PARAMETERS FOR GLYCINE IRRADIATED WITH IONS

OF DIFFERING LET

Radiatﬁ_ion- k-{ K~ k'; Least Squares G-value
(MR)'l ’(MR)-l (MR)-l Error

He* fons 0.00071 0.1019  0.00099  3.2% 9.12

c'? foms  0.00038 0.0847  0.0014  3.3% 4.88

Ar40 ions 0.00020 0.110 0.00022 5.7% 2.57 .
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Higher LET Radiations

Aitﬁough the previous discussion has centered around
radiatiqpsvof low LET (y-rays and x-rays), similar results have
been répdfted by Henriksen (22) for heavy ion»irfadiations. The
data obtéined by Henriksen for radical production>iﬁ glycine by
Hea, Clz7aﬁd'Ar40 ions have been fitted to eqﬁation 2.7 by adjusting
the three parameters to obtain the smallest least-équares error.
The fi; (shown in Fig. 11) is much better than could be obtained
with the‘two parameter curve (equation 2.4), for which the direct
process leading from A to‘X was ignored. The values for the
various parameters are listed in Table I. It should be noted
that when‘k; is of the same ordef of magnitude or 1arger_than
kT, theiC}value for radical production.is not equal to that for
loss of parent molecules. The Jalues in Table i show a greater

loss of parent molecules via the conversion to X than via the

process having R as a stable intermediate.

Conclusions

‘In summary, several points may be drawn from the previous

discussions. First, although the limitations to the previously

‘used empirical relations have been pointed out and attempts to

derive more general equations based on kinetic analysis have been
made, further experimental evidence on the nature of the destruction

produéts is needed. Second, data at the high-dose level indicate
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that the previously used mathematical function for saturation does

. not deséribe the observed physical phenomenon and that the usefulness

of theée new1y-derived relationships can only;bé substantiated by
experi@eﬁfal kinetic analysis at the micrpchemicél level. And
third; thé-fact that the fraction of stable ffgé radicals per
enzyme‘mélécule is lower than the fractionéof,inactivated enzyme
moleculesnbecause of saturation éan,nq 1onger’bé used as an argument
agéinst f;ee radicals as the precﬁrsors to biological damage. The
conceﬁtration of'destruction producté may be a$ important as the
concentr#tion of stable free radicals when discgssing'sgsgl

biological damage.



30

III.Z:FREE RADICAL DESTRUCTION BY GAMMA-IRRAﬁIATiON
 iﬁ‘ferms of the kinetic descriptions ih Fig; 3, free
radicgi ﬁéétruction;is the sum of the pathways.ki.and k;. This
.proces§ gés beeﬂ demonstrated by Snipes and Hdran.(45) who showed,
in a déuterium-labelling experiment, that in single crystals of
alaniné ffee radicals are not only produced by ionizing radiation:
but afe.déétroyed as well. In this chaptér tﬁe_séme resuit will

be demonstfated but using a much simpler technique.

Experimental Procedure

.Jéil compounds were obtainedﬁdommercially_and used without
erthef purificatioﬁ. Samples of DL-valine were deuterated at
the eiéhaﬁgeasle positions by repeated freeze-drying.from DZO'
Irradiaﬁigns were carried out in a cobalt-60 gamma source at a
dose;féfe_of 8.13 x 10° R/hour.

”EQS.R. measureménts were made with a Varian X-band
spec#rqﬁeter. The relative number of spins ih»samples was
detéfﬁiﬁed‘by comparison with a standard sample of Mn ' in MéO.
For ;hi§ purpose a dual cavity operating in the TE, o4 mode,vwiﬁh
sepafété'modulation coils for each half of the cavity, was used,

First-order rate constants for radical destruction can be deter-

. mined without knowing the absolute spin concentration. The rate
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constants presented were obtained by a computer fit of data to the
first-order rate equation, using a least-squares iteration

procedure.

Method.of Analysis

Fig: 12 shows the E.S.R. spectra of irradiated DL-valine.
The upper spectrum is for irradiation and observation at room
temperature, the lower spectrum for irradiation ahd observation
at 77°K;v The stable free radical formed at room temperature has
the structure shown in the figure, and has been studied in single-
crystéljﬁﬁrm by Shields, Hamrick and DeLaigle (43). 1ts hyperfine
spectrum, éentered about g = 2,003, extends over»afproximately
150 gauésf When DL-valine is irradiated at 77°K, no detectable
amount_of‘the room-temperature radical is formed. Instead, a
spectrﬁm is seen whicﬁ is more poorly resolvedband‘whiéh extends
over a muéh narrower magnetic-field range. This spectrum has been
attributed to radical-ions formed by the irradiation (3, 4, 5).

‘Thevmethod of analysis used for the direct observation of
radical destruction is based on the ability to monitor the concen-
tration‘of the room-termperature radical independently of the
concentration of the radical-ions formed at 77°K. This is possible
because fhe outer lines of the room-temperature radical occur at
magnetic-field positions where the radical-ions do not absorb.
Samples of DL-valine previously irradiated at room temperature

can'bgire-irradiated at 77°K and the concentration of the
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Second-derivative E.S.R. spectra of gamma-irradiated
DL~-valine, showing the extensive hyperfine spectrum
of the room-temperature radical and the more narrow
pattern of the low-temperature radical. '

Figure 12,
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room-tempefature radical monitored by E.S.R. Siﬁce no ;oom-
temperature radicals are formed at 77°K, only the destruction

of thé'éxisting room-temperature will be obser;éd;  Ihis method

Qas uééd-fér measuring radical destrﬁction inVSéverél compounds,
The oniy féquirémen# for its use is that the éémppund of interest
hasra'rbom-témperature radical which absorbs at some magnetic-field

position where the low-temperature does not absorb.

Results and Discussion

fFig. 13 shows quantitatively the destruction of the room-
temperaturé radical in DL-valine upon re-irradigtion at 77°K. The
proceésfis apparently first-order, since a str@igﬁ# line is
obtaiqéaﬁby plotting the log of the radical canéptration versus
re-irradiation dose, First-ordér kinetics Qere féund previously
for rédi¢é1 destruction in alanine (45) and haQe'¢ften been
implicated from dose-response kinetics. From thg fifst-order

rate equation:

log (R/R ) = -K'D ' _ 3.1

2

constant determined for DL-valine was found to be 0.14 (MR)-l,

for radical destruction where K may equal ki‘+ K The rate
This value and thdse for several other compounds are given in
Table-iI.' The destruction constants are all Quite similar and vary

at most by a factor of approximately two.
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Figure 13. First-order destruction of the room-temperature radical
: in DL-valine by re-irradiation at 77°K. Radical
concentrations have been normalized to the value R
for zero re-irradiation dose.
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TABLE II. FIRST-ORDER RATE CONSTANTS (K~) FOR FREE RADICAL
' DESTRUCTION BY GAMMA-IRRADIATION AT 77°K, AND G-VALUES

- CALCULATED ASSUMING DIRECT ACTION ONLY

Compound | K'(MR)-1 - ~ G-value
DL-vaIine 0.14%*  _‘- 1160
DL-valine (freeze-dried HéO) 0.12 990
DL-valine (freeze-dried D20) 0.11 | 910
N?acetyi-DL-valine 0.07 : 430
L-threonine 0.09 _ ---
Dihydroghymine _ _ 0.07 530

*Estimatéd error is + 0.02 (MR)-.1
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An estimate of the efficiency of the destruction process can
be easily obtained under the assumption that it is caused by direct
action only, If radicals are destroyed only the absorption of
energytby‘the radicals, then the G-yalue (radicals destroyed per

100 eV) is given by:

G = NK : 3.2

where N is the number of molecules (radicals) per mole (6.02 x 1023/

radical molecular weight) and K~ is converted from (MR)"1 to
(100eV)-1; For DL;valine, the molecular weight of the radical is
116,Aend'the G-value besed on direct effect ie’1160. Other C-values
obtained under this assumption are given in Table lI. No‘value
has beendcalculated for tbreonine since the radical formed in
this compound by ionizing radiation has not been 1dentif1ed and
the molecular weight of the radical being destroyed is required
_ for the calculation.

:ﬁFme the.extremely high G-values obtainedeassuming direct
action;dit can be concluded that energy absorbedvin other parts
of the crystal must be capable of effecting radical destruction.
One poeslbility is that diffusible species such as hydrogen atomsr
are produced, which migrate and react with the free radicals.
Another poSsible mechanism whereby energy absorbed in the crystal
might cause radical destruction-is through the population of

electron-hole conducting states.
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.~

'"Invthe case of DL-valine it seems unlikely’that the
mechanism involves the migration of hydrogen atoms fér two reasons.
First, the radicals formed by the irradiation of.DL;valine at 77°k
are radicai ions and no hydrogen is released in tbéir formation,
Thus in:ﬁhis case there does not appear torbé any source of the
hydrogen. _Second, the value of K~ for deuterated DL-valine is,
within é#ﬁérimental error, the same as that fofvnén-deuterated
DL-vaIihe-;n freeze-dried samples. If mobile hydrogen atoms were
being-reieésed from the exchangéable positions, thé kinetics for
radical destruction might be expected to be differént for the two
prepargti{b‘ns . -

Whiie this is only preliminary evidence qoncefning the
mechaniéms for free radicai destruction, a more detailed investiga-
tion is‘pUrsued in the following chapters. Thé discuséion begins

with the'presentation of the mechanisms in Chapter Iv.
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. IV. MECHANISMS OF FREE RADICAL DESTRUCTION

: Iﬁ»Chapter IIIvradiation-induced ffee fadical destruction
was demdAStrated to be a physical fact. This_pfécess is not the
result.df.a "direct hit" by the radiation. It is ﬁrobably the
resulfibf an energy transfer process for which séveral ideas ﬁave
been ?fégented as possible mechanisms. One suggeétion is ;hat the
radiafidn»produces hydrogen atoms whiﬁh can migrate'through the
crystél until they find and react with a stable free'radical;
Anothé? ﬁéchanism suggests that the radiation induces the forma-
tion 6f électron-hole pairs which can ﬁiératerthroughout tﬁe crystal
until ghe§.react with other electrons and holes or with stable free
radiéals;  A third and‘less explored mechanism is that the radiétion
produces‘ﬁarious F and V centers which migrate énd réact with stable
free fadiCals. In reality the mechanism resulfing in freevradical
destruéﬁibn may not be a single mechanism, but ratﬁer a combination
of the aﬁéve suggested ideas. 1In this chapter, a brief review
will bg_hade of the above mentioned mechanisms. This revieﬁ will
then bé followed by a discussion of fhe existing data "supporting"
the tﬁedfies and quéstions will be posed in an éttempt to focus

attention on some new approaches to the problem.
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Hydrogen Atom Theory

iﬂ-1963 Braams (6) put forth a model tﬁat wés intended to
explain the action of ionizing radiation. His scheme was essentially
a chemicai one and began by assuming that an irradiated macromolecule
dissogi#tes into a large and a small radical fragﬁent

MR, + M' + R’. ‘ ' 4.1
i i v

MRi represents a protein macromolecule composed of a main chain

with many different side chains Ri' It was assumed that M" is a

relativeiy stable radical residing on the macromolecule and that

Ry

the small diffusible fragment was probably a hydrogen atom.

is a small diffusible radical. It was further suggested that

Whatever the diffusible agent is, it must be noted that such a

reactivé species is capable of reacting with the undamaged protein

’ moleculg and the stable free radicals.

R: + MR - M 4+ R.R 4.2
i n in

or o “

RQ

[+ M > MR) 4.3

where MR;Imay or may not be the original molecule, It is also
likely”that two diffusible fragments may react with each other and

be liberated as a gas
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R; + R®"> R.R o 4.4
i n in -

 'Bfaams (6) also suggested that the sulfhydryl protectoré
(RSH) ére»suitable agents for radiation protection largely because
of their ability to scavenge the diffusible fragment.

R{ + RSH » RS" '+ R,H _ 4.5

While'fhis mechanism may play a role in the overall protection of
proteiﬁs, Muller (18) has presented recent evidenée &hich seems to
indiééﬁe ;hat it does ndt play a major rolg. _When one conéiders
radiatioﬁ_damage, the lésions incﬁrred directiy by the protein

molecule must also be considered (19).

Electron-Hole Theory

~Thé electron-hole theory (as related to ionizing radiétion)
originates with the studies of chemical protectofé by Norman and
Ginozé (36) and Gordy and Miyagawa (19). 1In theif experiments
they showed that the sulfhydryl protector molecule must become
tempor#rily complexed to the protein. It was further suggested
that if the ionizing radiation were to eject an'electfon from a
subvalence shell of a protein atom, for example carbon, a hole
would:bévcreated in the valence shell by the collapse of a valencé
electton_into the subvalence vacancy. This process would take

place before the atoms had time to move apart and break bonds.
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The resuiting hole in the valence shell would.then.be "conducted"
(17) d&ﬁn the protein backbone to a protectivéfgrbﬁp.(i:e. -SH).

Tbe process described by Gordy and Miy;gawa{accdunts for the
prote;tion,afforded to é'proteiﬁ molecule by fempqrary attachment of
a su1fhydfy1 protectdr. It was therefore iﬁfeﬁdéa‘to be intra-
moleculatr in nature, In Cﬁapter III the mechéniéﬁ:for free radical
destructién was suggestéd to be EQEEEmolecuiar“in nature. Whereas
at firét!this realization seeﬁs to suggest that the‘electron-hole

.thedry i;‘incapable of explaining free radicai.destruction, a more
carefui'investigation of the properties of electron-holes in
ofgan;é $émi-¢onductors proves quite the coﬁtrér&g In a series of
éapers, Eiey (14, 15) has deﬁ;nstrated that eiéctron-hole,pairs
are qﬁifé.capable of intermolecular "hoppingﬁ (i7) in polycrystalline
sampiég'of proteins and amino acids. This sqégests tha; radiation
might pdpulate electroﬁ—hole pairs which couid then migrate through-
oﬁt the'éyystal until they'interact with a free radical to transform
the radicgl into a non-radical ion, or until fﬁevelectron relaxes

into the ho1e.

High-Enérgy States

When ionizing radiation passes through azsample there is no
reaspn';p think that the oniy species present are free_radicais,
non-radicél ions and molecular fragments. In fact, the radiation
has ppégably left in its wake every conceivable energy state from

the lowest excited singlet to the fragments resulting from molecular
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rearrangémént. Evidence for this is the coloration of crystals
after i?radiation. It has been pointed out (1) that the coloration
is due to the presence of F and V centers in the brystal,

The term F center is used to denote a siﬁglé electron
associéted with a single negative ion vacancy. A V center is a
hole aséééiated with a single positive ion vacanéy, It is possible
that theLF.and V centers quickly-reach a saturated condition because
of the limited number of vacancies and the small amount of energy
required‘to produce them. Further radiation miéht provide enough
energy.to‘remove the electron or hole from the vacancy and allow
it to éqnduct until such time that it reacts withia free_radical,
recombineé'with the‘opposite charge state or is retrapped by
anothe; vacancy. Thus the F and V centers may plan a prominent
role ih the radiation of organic semi-conductors (amino acidé,

proteins, etc.).

The Mechanisms versus the Data

_ To date no positive evidence has been put forth to prove
any of»thé above mechanisms. There is a considerable body of
evidence that is thought to "support' the hydrogen atom theory.
For éxample, in a recent paper by Copeland et al. (13) an experiQ
ment wasvreported that "supported" the hydrogen atom theory. The
radicals produced in samples of RNAase by irradiation at 77°K are
cons;déreﬂ to be primary radicals. These radicals will then

convert, upon heat treatment, into other radicals which are termed
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secondary radicals. Samples of RNAase were then_doped with varying

concentrations of adenine. When the mixtures were irradiated at

3

77°K and heat treated, théiédenine prevented fhé,fbrﬁation of the
secondafy‘radicals. The authors concluded that the most plquéible
explan#giqn is that adenine acted. as a radicai'Scavenger preventing
diffusibié'radical intermediates‘frdm intefactinéIQith pfotéin
molécules to form the typieal secondary radicélé;- However, it ié

a well khbwn fact'that impurities iﬁ éryétals-afféct the copduction
properties of any crystal. These impurities méy act as electron
or'hole-tfaps and the introductiﬁn of adenine sﬁould be considered
as a per;urbation on the electron-hole conduéting system. Thus
while‘their evidence 1s important in fhe overall understanding of
the characteristics of the méchanisms involved, it is in agreement
with any éf the above mechanisms.

B;éams (6) noted.that forty-thfee of the sixty-one radiation-
induced radicals reported in the literature wéré formed by the
breakéée of the C-H bond and therefore the removal of H°. He then
concluded that atomic hydrogen.must in many cﬁées’be a diffusible
reacting agent. Although this information and the finding of atomic
hydrogen in irradiated crystals (46) is quite suggestive of the
importénCe of atomic hydrogen, it does not prove tﬁgt‘hydrqgen is
the agenf responsiblé forvrédiation-induced destruction. It is
equally:?ossibie that when a C-H bond is broken by ifradiation, it

is initiated first by the removal of an electron with the subsequent
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release of a proton. It just may be that the preparation of
sampleé for further analysis favors the recombination of these
charged spec1es resulting in the detectlon of hydrogen
Wh11e the hydrogen atom theory has not been proven, all of

this "supporting" evidence tends to make one believe that destruction
is impoeeible unless hydrogen is present. Thus it seemed appropriate
to look for destruction in a compound that does not contain hydrogen,
and the following experiment was carried out.,’HeXQChloroethanev
(02016);;obtained commercially, was checked using infrared
spectroscopy and determined within the limits of detection to be
free otdany C-H or O-H bonds. The sample was sealed in a quartz
tubevunder one atmosphere of nitrogen. Irradiation was carried
out with‘6.5 MeV electrons from a linear accelerator at a dose
- rate of 1 MR/min. E.S.R. analysis was the same as described in
Chapter Iii. | |

' Fig. 14 shows the E.S.R. spectrum of irradiated hexachloro-
ethane v'in Fig. 15a the dose response curve is plotted; R/N gives
the numher of radicals per molecule At saturation there is
approximately one radical per 750 molecules. The data ere
adequately fit by eouation 1.2, and a straight line plotvis obtained

(Fig. 15b) if the equation is written in the form

log (1-R/R)) = -kD. - 4.6

The value of k is found to be 0.035 MR-I.
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First-derivative E.S.R. spectrum of hexachloroethane
irradiated at room temperature. The arrow marks the
field position of DPPH, for which g = 2.0036.
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Because destruction takes place in hexachloroethane, a non-
hydrogen-containing compound, it can be concluded that there exists

some mechanism for destruction that does not reqhire hydrogen.

Energy Requirements

One way to shed some light on which mechanism is responsible
for destfuction is to measure the activation energy for the process.
Any deétruction based on tﬁe diffusion of hydrogen atoms or any
other small fragment is expected to require approximately 1-5
Kcal/mole (6) of energy (energy of diffusion). VThe electron-hole
mode of deétruction should not require any energy since the vertical
transition (excitation from valence to "éonducting" shell) is
accomplished by the radiation and any horizontal or intermolecular
migration should not require energy. The involvement of other
highér energy states like F and V centers would require between
0.1 and 2.0 Kcal/mole (1, 2) of energy to relé#se the electron or
hole f;oﬁ an ion vacancy. It would, therefore, 5e of considerable
gain to sfudy the déstruction process as a function of temperature
and calculate the activation energy for this process in the hopes
of seleéting THE mechanism. This work is presented in the next

chapter.
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V. DESTRUCTION AS A FUNCTION OF TEMPERATURE

In light of the discussions in Chapter IV, the study of -
destrucfibn b& irradiation at different tempergturés would'provide
an imp§rféht beginning toward understanding the mechanisms of
destruction; Suéh a study would énable us to determine several
things.‘ first, it is possible to determine tﬁe number of processesf
involvedi Second, Arrheqius blots wpulé provide a numerical val@e’“.
for the‘activatioﬁ enéfgy for eéch process, And third, #he
activation energy for each prbceés would provide an important clue

to the identification of each mechanism involved.

Experimental Procedure

'Nfaéety1~DL-§aline wés obtained commercially and used without
further purification. Samples were'evacuated in ﬁuartz E. SVR
tubes- and sealed under three-fourths an atmosphere of Helium,
Irradiatlons were carried out with 6.5 MeV electrons from a linear
acceleratqr at a dose fate of 0.5 MR/min.

_ Dufing irradiation at 4.2°K the samples‘of N-acetyl-DL-valine
were méintained in a liquid helium dewar deéqribed by Jones (29).
Irradigtion temperatures of 77°K and above were maintained (iloK)
with a:Vafian variable temperature apparatus, Irfadiations were

not carried out in the E.S.R. cavity.
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E.S5.R. measurements were made at 77 K in the same manner

as described in Chapter III.

Method of Analysis

.Fig;t16 shows the E.S.R. spectra of irradiated N-acetyl-DL-
valine' The upper spectrum is for irradiatlon and observation at
77dK. "I the sample is warmed at 190°K for five minutes and then
re- cocled to 77° K, the spectrum observed is a triplet shown in
“the midd'le of Fig. 16. Further heat vtreatment-'at, 295% (5 min.)
and reccoling to 77°eresu1ts in the.spectrum,shown at the bottom
~of Fig. 16. The radical giving rise to the speetrdm at the bottom
ovaig, 16 is also observed when N-acetyl-DL-valine is irradiated
at 295°K.‘ Although positive identification has not been made for
the radicals in N-acetyl-DL- valine it is evident that the radical
formed'at 77°K upon further heating goes through-at least two
conversionvprocesses involving three different'radicals.

The method of analysis used for the direct observation of
radical destructlcn is based on the ability te monitor the concen-
tration cf the room~temperature radical independently of the
concentration of the radicals produced in the temperature range
77°K to,i?SoK. This is possible because the outer lines of the
room-temberature radical occur at magnetic field positions where
the radicals formed 1in the temperature range 77 K to 175°K do not

absorb Samples of N-acetyl—DL-valine previously irradiated at
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Second-derivative E.S.R. spectra of N-acetyl-DL-valine
irradiated wuth 6.5 MeV electrons. Top spectrum is of a
sample that was irradiated and observed at 77°K. Warming
this sample at 190°K (5 min) and re-cooling to 77°K for
observgtion yields the middle spectrum. Further warming
to 295°K (5 min) and observation at 77°K yields bottom
spectrum.
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room-temperature to give the spectrum at the bottom of Fig. 16,
can be feeirradiated at any temperature in the range 77°K to 175%K
and the concentration of the room temperature radical monitored by

E.S.R. The monitoring is accomplished by comparing the intensity

of the outer lines (marked SWEEP REGION in Fig._16) with a standard.
Since no room-temperature radicals are formed in the temperature

.range étudied, only the destruction of the existing room-temperature

radicalsbis observed. It was found that at temperatures from 200°K
and higher, the intermediate radical interfered.with the accurate
mea:uréﬁéqf of the outer lines. Thus for N-acetyl-DL-valine, the
temperature dependence could only be studied as high as 175°K.

The requifements for using a compound in this stu&y are (1) that
the coﬁpoﬁpd must have a room-temperature free radical that absorbs
at sbme_maénetic field position where the low-teﬁﬁerature radical
does nbt.absorb and (2) the room-temperature radical or any other
interfering radical is not produced in the temperature range
studied. N-acetyl-DL-valine is the only compound of those

mentioned in Chapter III which met the second requirement.

Results and Discussion

_ The apparatus used to maintain the samples at 4.2°K was
not suitable for E.S.R. measurements at 4.2°K. The irradiations
were carried out at 4.2°K and the E.S.R. measurements were made at
o)

77°K. When a sample of N-acetyl-DL-valine was irradiated with

6.5 MeV electrons at 4.2°K and then warmed for E.S.R. measurements
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at 77°K, the spectrum observed was identical to that observed for
irradiation and detection at 770K (Fig. 16, toé spectrum). This .
fact médeiit ppssible to study destruction at 4.20K while makingv
the_E.S;R. measurements at 77°K.

, fhé:design of the liquid helium dewar made absolute dose
measuréménts extremely Qifficult. To circumvent this problem it
was decided to determiné the charge at the exit port of the.linac
using an ion chamber. This enabled repeatable amounts of radiation
to be déliQered to thé liquid helium dewar. The experiment was
fi;st,completed on a sémple of N-acetyl-DL-valine at 4.2°K with
liquid heiium in the dewar. A second sample was treated in the
same fashion except that liquid nitrogen'replacéd the 1liquid helium
as thé ééolant. Thus the expefiment permitted a comparison to be
made on the relative destruction rate at 4.2°K and 77°Kk. It can be
seen (Fig: 17) thaf the destruction rate of the room-temperature
radic@l'ét 4.2°K is identical, within experimental error, to the
one found at 77°K. |

‘In the destruction experiments performed from 77°K to 175°K,
the Varian variable temperature apparatus wasAUSed and thé dose
was déﬁermined accurately. Fig, 18 shows quantitatively the
| destruction of the room-temperature radical in N-acetyl-DL-valine
At 779K‘and 175°K. The process is apparently first order at all
tempetatﬁres investigated since a straight line plot is obtained

on a semi-logarithmic plot.
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Figure 17. First-order destruction of the room-temperature radical
' in N-acetyl- DL—valine by the re- 1rradiatlon of two
samples, one at 77°K and the other at 4.2°K. Radical
concentrations have been normalized to the value R
for zero re-irradiation dose.
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Figure 18. First-order destruction of the room—tgmperature radical
‘ in DL-valine by re-irradiation of two samples
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In én attempt to determine the activation energy for the

destruction process, the first-order rate constants were plotted

versus 1/RT on a semilog plot. It is evident from Fig. 19 that
the_dafg.db not fit Arrhenius kinetics. It was also found that
any kine}ic analysis on the basis of an aqﬁivated'complex theory
or a Siméle collision theﬁry woﬁld not explain:the flat portion
of the curve from 4.2°K to 776K.

.‘If-can be assumed, however, that tﬁe rate constants measured
are the,fésult of more than one first-order process. This would -

mean that the destruction rate versus temperature can be expressed

by a sum of exponential functlons (24)
Ky = §Aiexp(-Ei/RT)'

where K is the rate constant at irradiation'temperature T and Ai
is the frequency factor for the process whose activation energy

is Ei’ To separate these functions we assume that the linear

portibn»of the curve from 4.2 to 77°K is the result of a process

that is temperature independent with a rate constant of 0.07 MR’l.

If this value (K77 = 0.07 MR-I) is then subtracted from the rate

constants at irradiation temperatures greater than 77°k (KT - K77)

~ the resulting values plotted versus 1/RT yield a straight line on

a semilog plot (Fig. 20). These data can be described by

.Arrhénius:type kinetics
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Figure 19. Arrhenius plot for determination of activation energy.
’ Curving nature of plot indicates that Arrhenius klnetics
‘cannot be applied to the data in this form:
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Figure 20. Arrhenius plot for temperature~dependent process. Rate
*  constants for temperature-dependent process obtained. by
subtracting rate_ionstant of temperature-independent
process (0.07 MR 7) from the observed rate constant.
Activation energy for this process is 0.71 Kcal/mole.
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ln(KT - K77) = —Ea/RT + 1nA

and yieldéfan activation energy of 0.71'Kca1/molé.

. It is interesting to note that if an extrapolation is
made tb :6dm-temper#ture (Fig. 20), the rate constant for the
: temperat@fé dependeht process at 300°K is 0.035 MR-l. If the
temperature-independent p_rocess.(Ea = O_chl/mole) gnd the
temperé;uré-dependgnt process (Ea‘=_0'?1 Kcal/molg) are the oﬁiy
processesvresponsiblé for.destruction at room témperature, theﬁ
67% of;the'destruction'is via the_temperature;indépendent process
and 33% §£ the de%truction is attributable fovfhe'temperatﬁre-
.dependent broce§s. 'ﬁiéh decreasing temperature, the temperature-
dépendé;t:process has a decreasing contribufion to the ovérall

process of destruction.

Summarz. :

"The study of the temperature dependencé of free radical
destrﬁcfionvhas led to the conclusion that at least tﬁo processes
are inyoiyed in the destruction of free radicalé in N-acetyl}DL-
'valine,. It is quite possible, howeVer; thatvbtﬁef proéesses are
involved.at higher temperatures andvﬁhat ﬁheir activation energies
are sufficiently high to prevent detection at the temperatures
studied.': |

"”The value of the activatioﬁ energy for the temperature-

‘dependent process makes the hydrogen atom theory a possible
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candidate. However, the energy value is not distinctive enough

to rule out the F and V center concept or conclhsively support the

‘hydrogen atom theory at this stage in our{understanding.

vThe_temperatnre-independent process most definitely does

not include the hydrogen atom or the higher energy concept since

both these descriptions would require an activation energy. While
the fact that the process is independent of temperature suggests
that the electron hole theory is one possible explanation this
fact alone can rn no way prove that the process is a result of
electron;dr hole interactions nith free radicals. 1In fact, we

do not knnw whether electrons and holes can reaet.with free

radicals to initiate the destruction of the free radicals. This

interaction is the topic of discussion for the next chapter.
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VI. ELECTRON-HOLE_INTERACTIONS WITH STABLE FREE RADICALS

.iﬁ”is now quité clear that #t least fwo méchanisms are
involved in radiétioﬁ-induced free radical destruction. One of
these mechaﬁisms ddes not seem to require any source of energy
other fhanithat supplied by the radiation itself. 'Therefore, the
mechanism'ﬁost clearly implicated at this time is the electron-
hole thgbry. This mechanism presupposes that electrons or holes
Qill react ﬁith stéble free radicals and cause thgﬁ to convert
into aiﬁoh{radical species. This chapter attempts to show that
electrons and holes can react with stable free radicals by.
studying‘the nature of free radical decay byvheat. The
simiihrity‘between‘the temperature dependence of free radical
decay by Heat and that of_electrical conduétivity as measured
by other wbrkers (10, 14, 15) will lead us tovconsidef the
ppssibility that the two processes may be related. Mechanisms
by whiéh,g population of electron-hole conducting states may lead
to fr¢e radica1 decay are Qutlinéd and the experimental data
relating to these mechanisms are discﬁssed.. The relationships
of theéé mechanisms to radiation-induced destruction are also

discussed.
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Experimental Procedure

’Poiyerystalline samples were irradiated iuvair’at.room
temperaturemin a eobalt-60 source at a dose rate of 1.07 x 106 R/hr.
_ A”ZO mgbeample irradiated to a total dose of 107'R uas'placed in an
E S.R. tube and evacuated to 0.1 torr to prevent reactlons with
oxygen_upou subsequent heating. After evacuatiou, three-quarters
of an atmeephere of nitrogen was introduced'to>avert 1os$.of free
radicalsbby subiimation of the sample. A number_of compounds were
foundvte be unsuitable fer kinetic analysis, notably those containing
water of{hydration and those for which ube E.S{R. spectrum changed
with inereasing temperature.

2The temperature of the sample was controiled inside the
E.S.R. .sample cavity by employlng the Varlan varlable temperature
control un1t (see Fig 21) The temperature at the p031tion of
the sample in the cav1ty was measured prior to and following a
series ef spectra using a precalibrated thermistor placed in an
E.S.R. sample tube,.

The E.S.R. spectrometer setup is identical'to that described
in'Chapter III. Measurements made for this experiment were also

relative and not absolute quantitative.

Results

fAt any one temperature, the free radical population remaining
in an 1rradiated sample at time t displayed kinetics Whlch can

best be descrlbed by the first-order decay equation:
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Experimental setup to measure thermal decay of free
radicals. Incoming air to Varian temperature control
unit was preheated to increase temperature stability.

'Figure 21.
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1n(N/N_) = - k't, 6.1

In this §§§ation, N is the free radical pOpulation'gt time t, No
is the”population at time t - 0, and k' is the Eempératufe-dependent
de;ay édﬁstant with units Of'sed-l. Fig. 22 qeﬁéh$trates the
héat-réspdnse curve at six different temperatureé fpr D-tértaric
acid, |

Thé activation energy for the process of free radical decay
was detéfmined by plotting the values of k' aéﬁo?ding to the

Arrheniﬁs_equation:

ln k' = - (Ea/RT) + 1n A.

Ip.thisjgﬁgation, Ea is the actiégtignenergy}‘R ié the gas

constaﬁﬁ,'T is the absoluté temﬁerature, an& A is the'frequency
factor;_ In Fig. 23, Arrheniué plots for three free radicals are
sﬁ§wn, An& a serieé of experimentally detefminéd values for nine

free rgdiéals is tabulated in Table III.

Free Radical Decay and Electrical Conductivity: Similarities in

Temperature Dependence

Activation energy comparisons between charge carriers and
free:radical concentration in organic solids have been attempted
ﬁreviéuSly (14, 31). Most of the research ﬁhus'far has.centered
around.cﬁargg transfe; complexes having relatively small energy

gaps. A close correlation between activation energy for conduction-
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Figure.Zé. Heat-response curve for the decay of free radicals

produced in D-tartaric acid with cobalt-60y-rays.
Radical concentrations are normalized to the
concentration at t = 0. Dots are experimental
points while solid lines represent the least-squares

computer fit to equation 6.1.
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Arrhenius plot.for determination of activation energy. Decay
constants were obtained from plots such as those in Fig. 22,
Solid lines represent the least-squares computer fit of
equation 6.2 to points. L-valine (1) refers to the principal
radical formed in this compound which has béen characterized
by Shields et al. (42). L-valine (2) refers to a peroxy
radical whose presence is detectable only after most of the
principal radicals have decayed. '



66

v1°e L0°1 %0°T 0T ¥ 7S ST suTwAy301£y1Q
8L°C 6€°1 YA/ARY ¢ﬁoa X ¢ 0°z¢ PTo® d1aejael-Q
T 11 % T 0T X 87/ €62 paie1aInap
. : 8 (7) auriea-q
0z°¢ 01’1 %S¢ 0T X 6°L §°6¢ pPa3e1331N3p
6 (1) suriea-1
01°¢ S0 1 %8°C (0T X 6°1 9°€¢ (1) suriea-1
00°¢ 00°T YA moH X 6°8 9°%¢ SuTTEBA-Td
%2'T AR %0°2 01 X 2T 6°SC sutuere-q
79°2 1€°1 %Y Hﬁoﬁ X 6’2 €°0€ sutuere-T
AN 90" 1 %0°¢ 01 X 6°T €%z sutuETE-"1q

Ad AD H-umm atow/ 13y

1°4 -4

;3 R A : _ C

dep A8aauy , . X013y . a03oed. A8aauyg
£8asug UOTIBATIOY. Tejuswtaadxy ‘Kouanbaag .GOﬂum>muu<, punodwo)

SETdWVS EANITIVLSA¥DATOd NI AVDIA TVOIAVY A4 ¥Od SINVISNOO °III ATAVL




67

and fof.spin concentration has béen repofted for pyrene-ZI2 and
2(pery1éne)—312 complexes by Kommandeur (32), who considered the
: close_cbrrelation strong evidence that the observe& unpaired spins
are charge c;rriers. |

‘“in éontrast, Eley (14) reporfed.that fdrvone sefies of charge
tfanSférféémpiexes, the freelfadical cdﬁcentration increased as the
cénducti?ity decreased (band gép.: 0.5 é&).v Furthermore, while the
tempera;ufe had a.marked efféct on the cdﬁducti&ity,.no effect
could.bé'observed on the E.S.R. data. |

ih;this investigation, the initial free radical concentration
was pfﬁduced by ionizing radiation to a 1eve1 iess than one free
radiéai:pgf 103 parent molecules. However, heating the sample does
not increase the unpaired spin concentration>4é in the case of
Kommandegr, but rather causes é decrease in the radical concentra-
' ﬁion.::The temperatu:e depehdénce of the freé radical decay is in
fact ahalagous to the temperature dependence of electrical conductiv-
ity’ip‘organic semi-conductors (10, 14, 15, 30-33, 37).

Ihé experimental conductivity is directly related to the

numbér ofvcharge carriers (holés and electrons) and varies with

the température according to the following relationship (37)
Ino = - (e/2kT) + 1n o, 6.3

where 0 is the electrical conductivity, € is the energy in electron

volts required to excite an electron from the highest energy level
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in.the "Qalence band" to the lowest energy level in the "conduction
band," k‘is the Boltzmann»constant, and o, is é'constant. ‘The
factor'éf'i/Z arises iﬁ conductivity ﬁeasurements because the
possible distribution of holes in the valence béndAare completely
indepeﬁdént of the elecfron distributions in the conduction

band (375.: If one is measuring the enérgy of'an activated étate 
of a molecule (e.g., a triplet state), the faétor‘of 1/2 does not

appear (17) because the hole distribution is determined by the

electfdnvdistribﬁtion. Table IV lists a few examples of the energy

gap fofuéléctrical coﬁductivity.

Iplthe original calculations of free rédiﬁal decay, an
'Arrhehiuéléquation was Qsed because there was no reason at first
to sdspeét that free radical decay may be related to the‘number of
current carriers present. However, the similarityAin temperature
dependence between free radical decay'and'electrical conductivity
suggests that a comparison between the two systéms could be made .
by calculating the activation energy for freevfadical decay using
an.equgtion of the form of equation 6.3. By ;omparing tﬂe
converﬁedvvalues in Table III, Column 6, with the electrical
conductivity values in Table 1v, ig can be seen that even though
élanipe is the only compount common to both systems, the energy
gap observed for electrical conductivity is similar to that observed
for free radical decay. It is also noted that deuteration has no

appreciable effect on the energy gap in either system. The energy



TABLE IV, ELECTRICAL CONDUCTIVITY DATA ON ORGANIC SOLIDS

2 g

Reference

Leucylglycylglycine (deuterated)

Compound: Energy Gap
: eV

Alanine 2.16 10

Tyrosing.; 2.2 10

/Polyglyéine 3.12 10

Hemogloﬁin_ 2.75 | 10

Glycine ' 2.5 14

Glycine (deuterated) 2.6 14

Leucyiglyqylglycine 3.1 14
3.1 14
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gap for electrical conductivity in both glyc;ne ﬁnd'1eu¢y1g1ycylg1yciné
was indeéendent of deuteration. The same behavior was also noted
for free radical decay in deuterated and non-deuterated L-valine,
The freéuéncy féctors are included in Table III for completeness;
their phyéical interpretation is qot clear at the present time.
;Oﬁ the basis of these observations and comparisons, it can
beisuggestéd that>the rate-limitiné process in free radicai décay.
by heat.méyiinvolve production of electron-hole pairs giving.rise

to electrical conductivity.

Speculation on the Mechanisms for Free Radical Décay by Heat

.iﬁ;general,.covélent bond breakage in a mélecule AB produces
two radical species A’ and B'. To discuss theﬁmecﬁanisms of
deCay,vthé case when only one.of these, séy'A';.is stéble at room
temperéfu?é will be considered. The concentratién.of A’ relative.
to AB i; uéually 1072 or lesé, depehding on'the'compound and the
radiafioﬁ'dose.

ﬁe assume the preéence of a population of electron-hole
pairs in’équilibrium with the parent molecules AB. The concen-
tration of these electron-hole pairs, which give rise to electrical
conductivity, is a function of temperature (equation 6.3),

Since organic semiconductors exhibit véry little molecular
overla#, Fox (17) sugéests thaf both the chargé carriers are in
fact associated with the molecules. Therefore, the mechanisms

to be discussed in the following paragraphs treat the positive
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charge carrier as a positive free radical ion (AB+) and the

'negative charge carrier as a negatlve free radical 1ion (AB7)"

Furthermore, the classical "hopping model"»of Fox (17) in which

the chargevcarriers "jump" from molecule to molecule is used to

"describe migration within the crystal lattice " The quantum

mechanical method of transfer (tunneling through .O0r over a
barrier Eley (14), etc.) is not considered in this discussion,
The concentration of (AB )* and (AB~ ) is so low in unirradiated
solids‘that they ére not detectable by E.S.R., and we presumev

their concentration to be much less than that of the neutral

radical A in the irradiated solid,.

.rThe first classical mechanism to be diecussed.is character-
ized in_Fig. 24. Line [1] is a schematic representation of'the
irradiated organic sample containing a free redical A’ and parent
molecules AB in the cryetal. Avnegetive freeiradicei ion (AB')'
formed:at some distance from A° by thermal production of charge
carriers is shown in line [2]. The site of (AB")' migrates at
randoﬁ{through the crystal (lines [3] through [5]) by the "hopping"
of an electron to a neighboring molecule until recombination with A°
occnre..;For decay of a free radical to occur, the site of (AB )"
must come close tobA', as shown in line [6], before recombination
takes plece. It should be noted that, since migration of (AB7)®
is random, the probability of this close proximity occurring is

proportional to the concentration of A' so that decay kinetics
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'MECHANISM I

AB - —-— —- AB ------ AB = ==-==--= A 1]
(AB=)'== === ~AB == —o -~ —AB=m o —m = A" 2]
(AB")"&--——.-—--AB--~--—-AB-'-—:--¥-—-V-%-§A~' (3
AB--—-——(AB7) = -~~~ AB--—m—m—-p"  [4]
AB-—~-=--~- (ABT) —===~— AB-—==--—-= A [5}
AB --——- ——aB- —4—_—-5 (AB"-)°"'——_;-—'—-?A' 6]
AB;4————AB—-—'—-"--‘-(AB"'.)'V--——'——A" - [7]
AB-~-——---AB-----—-- AB—— ===~~~ A ‘[8]

XBL 6911-6551

Figure 24. Mechanism I. A mechanism for free radical decay by heat
o which involves the formation of a negative free radical
ion (AR )’ from a parent molecule and migration of its
site to a free radical A'. The electron-accepting free
. radical decays to a negative nonradical ion.
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would follow equation 6.1, The ac£ua1 decay itself is shown in
liﬁé'[7]; Qhere the electron is transferred to or captﬁred by the
free radical A°. This transforms A° to a nonrédical negative ion
A” (1ine;[81) which is presumed to be stable_withiﬁAthe lattice.
The prébability of electron transfer fromv(AB;); to A° ig not
necessarily unity, but as long as this probabiiif&lis constant once
thé clésgfproximity has occurred (line [6]), the dec&f kinetics
obserVédEWill still obey first-order anaiysis.

'.Meéﬁanism II, schemétically described in Fig. 25, begins
with the thermal production of charge cérriers’from a free radical
(line [21). The free radical becomes a positive>nonradica1‘ion
and the écceptor molecule is transformed into a negative free
radical ion (line [3]). The site of (AB )" an migraﬁes randomly
from molecule to molecule via the "hopping model" (17) (lines [4]
and [Sj) until it recombines with either AT ér'(AB+)'. Recombina-
tions of (AB ) with (AB+)' results in a net free radical decay
if it is assumed that A+ is stable within the 1éttice At elevatéd
temperatures, the concentration of (AB+)' is incréased, thereby
giving rise to a greatér free radical decay rate. The kinetics

of this mechanism would be first-order if the formation of A+

‘and (AB™ )’ were the rate-limiting factor. It is also of interest

to note that since this mechanism begins with free radical domation
of electrons, the energy gap for free radical decay within a given
crystal will depend entirely upon the free radical species in

question.
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MECHANISM IT

-——AB------- AB-------(AB*)" [I]

A'——--—————AB'--.-——-——AB—».—--.—V-_---(AB*')' (2]
AY weemm - (AB™)' = ——-~ AB—~=-——- (AB*)" - [3]
At ———— - (AB™)' ~—=-=-~-~ AB--—--—- (aB*):  [4]
P AB -’—-—'v--'-—(AB"‘)'—_—»——.‘—'(AB'-*)V' [5])
At —'-_—_--—'- -AB-—-~----- (AB-)" --—'_- —- -(AB*) ['e]f
A - - - - - AB-------AB-------AB  [7]
| N
Figufe ‘.25. Mechanism II. - A mechanism for free-radical decay by heat

which involves the formation of (AB )° on AB by acceptance
of an elec&ron'from A’'. The site of (AB )  migrates to

a hole (AB )". The electron-donating free radical decays
to a positive nonradical ion.
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A third mechanism (Fig. 26) can be visualized which includes

pfocesséé from I and II. A free radical A' becomes a positive

nonradicgl» ion by donating an electron to a neighboring AB, forming
(AB-)fé.thé-site of which moves throﬁgh the crystal by the "hopping
model"i(i7, 33, 37). 1Instead of recombining with (AB+)‘, as in
mechanism II, it comes in close proximity to another radical A°
(line [5]). Recombination of (AB™)" and A° procéeds as in
mechanism I, so that A® is transformed into a négative nonradical
ion (line [7]). This mechanism would most likely be important
only at Hiéh concentrationsbaf A’, where the probability that
(AB-);‘éncounters A’ before encountering (AK+)' is significént;
If the rate-limiting step'for this mechanism were the production
of AT and (AB")* from A', or the recombination éf (AB#)' and A° to
form A", the decay kinetics observed wouid be first—order. As in
the case of mechanism II, the energy gap for ffée radical decay
within a given crystal will depend entirely upon tﬁe free radical
speciés in question,
G

Mechanism IV (Fig. 27) is different from mechanism I only
in that holes are the species responsible for‘decéy of the free
radicals. This mechanism is initiated by the fbrmation’of a
positive free radical ion (AB+)' from AB. The‘sife of (AB+)°
migrates through the lattice by the "hopping model" (17) until
recombinafion with eigher (AB )’ or A'.occurs. For this mechanism,

the decay kinetics observed would be first-order and the energy gap



Figure 26.
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MECHANISM nig

~—-AB - -——-- ~AB-—-—----A"[7]

XBL 6911-6549

Mechanism III. A mechanism for freg radical decay by heat
which involves the formation of (AB )° on AB by acceptance
of an electron from one free radical A". The site of

(AB ) ‘migrates to another free radical A°. The electron-

‘donating free radical decays to a positive nonradical ion

and the electron-accepting free radical decays to a negative
nonradical ion,

o
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MECHANISM I¥

AB -——--—- AB -----—- AB—-——-—- A (1]
(AB*) - ——— — AB - -—-—-- AB - ————=— A [2)
(AB*) =-=-—- AB-------- AB-———-—= A [3]
AB—~————(AB*) ===~ -- AB--——---A [4]
AB----~-~- (AB*)' =----- AB - - A [5])

| AB———-——-- AB-----—--(ABY)' == -—=A"  [6]
AB-—-—~-—~- AB-————-— (AQA' [7])
AB ————~--— AB - —————~- AB === ——-— At [8]

XBL 6911-6547

Figure 27. Mechanism IV. A mechanism for free radicai decay by heat

which involves the formation of a hole (AB ) ' from a
parent molecule AB and migration of its site to a free
radical A°. The electron-donating free radical decays
to a positive nonradical ion.
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MECHANISM ¥

Amm e AB--—-—---— AB-—----~- (A7) [2]
A-——-——(AB*) ———-- AB-——=~=~ (AB™)" [3]
A-——----(AB¥)'———---AB----——- (AB7)" [4]
A —=——~-- AB —=----- (AB*) = =--—- (AB7)" [5]
A"——-—=—AB==--=-=--(AB*)" ===~ -~(AB")" [6]
A= m - c = —AB—— = - = — AB~ -~ ——a8 (7]

XBL 6911-6546

Figure 28. Mechanism V. A mechanism for free radical decay by heat .
7 which involves the formation of a hole (AB )’ by donatiogn
of an electron to the free radical A". The site of (AB )’
" migrates until recombination with (AB )°. The electron-
accepting free radical decays to a negative nonradical ion. -

©
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depeﬁdént only on the crystal lattice properties, for the same

‘reasons as discussed in Mechanism I.

 Mééhanism V (Fig. 28) is different from Mechanism II only
in thgﬁ_fhé free radical A® accepts an electrén.ffom a nearby
parent ﬁélecule AB to become a negative nonradical ion A~ . The
site'of (AB+)° migrates until recombination with either A~ or
(AB_)';oééurs. For this mechanism, the energy gaﬁ would be
radical-dependen; and the decay first-order for the same reasons
as diséuésed in Mechanism II.

' The sixth mechanism to be described (Fig. 29) includes

| processes from IV and V. A radical A° becomes a negative

nonradigal ion by accepting an electron from a neighboring AB,
formihg (AB+)', the site of which migrates through the lattice
until‘re¢ombination with another A° occurs. The net result of
tbis‘mgchanism is the production of A" and A+vfrom two radicals.

The arguments concerning kinetics, energy gap, and significance

- of this mechanism are the same as for Mechanism III.

Discussion of the Mechanisms

All six mechanisms for free radical decay by heat presented
in the previous section involve in some manner the charge carriers
which give rise to electrical conductivity, For Mechanisms I and
Iv, fhe‘iﬁitial, rate-limiting step is the production of an
eledtroﬁ-hole pair at a site in the lattice some distance from

the free radical inself. All other mechanisms involve the radical
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MECHANISM ¥MT

XBL 6911-6548

Mechanism VI. A mechanism for free, 6 radical decay by heat
which involves the formation of (AB )’ on AB by dopation
of an electron to one radical A". The site of (AR )’
migrates to another free radical A°. The electron-
accepting free radical decays to a negative nonradical
ion and the electron-donating free radical decays to a
positive nonradlcal ion.
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in the inipial step. Our measurements of the energy gaps for
free radical decay are consistentvwith Mechanisms I and IV; the
other mééhanisms are not precluded, however, siﬁce the energy gap.
»for‘the;fate-limitiﬁg‘steps might also be ﬁear ﬁhat for electrical
conductivity. Perhaps the most direct piece of evidence favoring
either Mechanism I or IV over the. others comes from thelmeasure-
ments qf-fﬁe energy gap'for decay of two radical Species in ﬁhe
same Crystal lattice, Two‘different radical species in deuterated
L-valiné,bindicated as (1) and (2) in Table III, were found to have
energy gaps which were the same within experimental error. This
would ﬁe expected for Mechanisms I and IV, but in general woula
not be ékpected for the qther me;hanisms in ﬁhich‘tﬁe decaying
radical species is involved in the initial step. The different
values §f the frequency factor (see Table III) for'the two free
radicgislin L-valine could arise from a different probability
of rea#tion of (AB")* [or (AB+)'] with the different free radicals
after:ci;se proximity is reached.

Mechanism III (or IV) involves two radicals in the over-all
process, and would, therefore, be most likely to occur at high
frée rgdical concentraﬁions when there is a large proBability that

(AB-)' [or (AB")"]. 1It should be noted that a combination of

Mechanisms III (or VI) and II (or V), both of which are first-order,

could give kinetics which would appear first-order. This is

because the - relative combinations of the two mechanisms to the

W
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total decay process depend on the concentration of freé radicals,
which ghanges as decay proceeds,

vAithough the comparison between the,acﬁiVacion eﬁergy for
free radical decay and the energy gap for eleéffi§a1 conductivity
assumes that either Mechanism I or IV is the méchénism involved,
it is ¢oﬁceivab1é that both mechanisuscnuld_o;cut simul taneously,
If this‘were the case,‘one elecpron-hole péi;zﬁqﬁiq lead to the
loss of fwo free ,radicals. The decay;kinetics observed woﬁld
still bg first-order, even‘though the free radicais decayed in
pairs,xbecause the rate-limiting step is a siﬁglé event, namely

the production of electron-hole pairs, rather than the reaction

the electron and the hole with the free radicals.

Summafz

I}_is evident from the data just presented that electrons
or holes may interact with stable free radicéls.and cause them
to conve;f into nonradical species. In the case of radiation-
inducea déstruction, it is possible that the radiation creates
an electron-hole pair which can_migrate until it reacts with a
stablé*free radical in a fashion similar to heat decay or until

the electron and hole are trapped or combine.



- 82

VII. CONCLUSIONS AND RECOMMENDATIONS

: Thé solid-state destruction and producﬁién.bf organic
stablerf;ée radicals has been studied from theofétical and
exPerimenFal aspects., The theoretical consideration led to the
develoﬁﬁeﬁt of a triangular relationship among pafent molecule,
stablg'ffee radical and destructioﬁ product, Thé.kinetics
deveiopéd from this approach fit the existing‘daté?for stable
free rgdical conceﬁtrafion versus radiation dqse.‘.Although
the ki;eﬁics developed fit the data better th&ﬁ the equations -
preséﬁﬁiy-used, other approaches may fit equally well, Thus
expefiﬁental verification at the micrb-chemical level is
neceséary.

One of the problems associated with stﬁdies of the
kinetics of free radicalldestruction and productionvis’that,
while the;parent molecule (A) and fhe destructién‘product X)
are genérally chemically distinguishable, the free radicals
usually.tfansform to A or X upon dissolution. A possible.
solution to this problem may come through the use of a new

class of free radical scavengers (16). An example of these

scavengef molecules is 2-methyl-2-nitroso-3-butanone -
(CH3)2 - ? - COCH3
N (RNO) .

o
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This molecule will react with free radicals to form a stable

nitroxide radical as indicated below:

'R* 4+ RNO. | 'R-N-R

0.
The u$e 6f this scavenger molecule and C14 1abeling will allow
A, R and X to be distinguished with‘chromacogrébhié techniques.
Hence a complete analysis of the kinetics may be possible.

After the demonstration that destruction is a physical fact,
three mééhénisms that could explain the destruction phenomenon
were diécuésed. In an effort to select the correct mechanism,
the tempéréture dependence.of destruction was investigated. The
conclusion from these dafa is that at least two different
mechahisﬁs'are‘responsible for free radical destruction. One
mechaniém ﬁas an activation energy of 0.71 Kcal/mole and the
otherbproéeés is temperature iddependent, While at least two
mechanisﬁé are involved in the destruction of free radicals, it
was pointed out that other mechanisms may play an important role
in the destruction process at temperatures higher than those used
in thé experiment presented (ZOOOK). The kinetic parameters of
these otﬁér processés may be high enough to make their rate
constants extremely small in the‘temperature range studied.

‘There exists a compound that will allow the study of the
destruc;ion process to be made in the temperature range 4.2 to

300°K. Djenkolic acid is a sulfur containing amino acid which



84

gives rise to a carbon radical when irr#diated at 300°K (20).

When thié:compound is then heated to AOOOK, the carbon radical

is céﬁﬁé;ted.into a sulfur radical. Hence, the destruction of the
sulfur.resonance may be studied from 4.2 to 3500K. This study
will allow the compoundvdependence of destruction to be studied

as weli aé_the number of mechanisms involved in the destruction
procesé;'

Since one of the destruction processes is temperature
independent, it was suggested that electrons or holes may in some
way Be‘felated to the destruction process, Eyidence was given
that electrons or holes that are thermally populated may be capable
of reééting with stable ffee radicals to initiate their conversion
to non;r5dica1 species. This interaction may be further investi-
gated fh?qygh the use of photo-conductors such as seleﬁium. It
is now possible to purchase compounds in which selenium replaces
sul fur (seleno;DL-cystine, seleno-DL-methionine, etc,). Crystais
of cystine, for example, could be grown doped with varying
concentration of seleno-DL-cystine. This would place the
photo-conducting atom in the crystal matrix. Destruction studies
could fhen be made in the dark or in the presence of light. This
type of study may provide séme information concerning the effect
of chgrge carriers and conduction properties on the formation and

destruction of organic stable free radicals. o



10.

85

BIBLIOGRAPHY

L.~G;:Augenstein, J. G. Carter, D. R Nelson and P. H.
Yockey, Radiation effects at the macromolecular level.
Radiat. Res. Suppl. 2, 19-48 (1960).

L, G. Augenstein, J. Carter, J. Nag-Chaudhuri, D. Nelson

- and E. Yeargers, Comparison of emissions from excited
states produced in proteins and amino acids by ultraviolet

-~ light and ionizing radiation. In Physical Processes in
Radiation Biology (L. Augenstein, R. Mason, and B. Rosen-
berg, eds.) pp. 73-89, Academic Press, New York (1964).

H, Box and H. G. Freund,,Paramagnetic-abéorption of
L-cystine dehydrochloride irradiated at low temperature.
J. Chem. Phys. 41, 2571 (1964).

H. Box, H. G. Freund and K. T. Ligé, Paramagnetié absorption
. of single crystals of succinic acid irradiated at low
temperatures. J. Chem. Phys. 42, 1471-1474 (1965).

H. Box, H. G. Freund and E. E. Budzinski, Radiation effects

on.amino acids: valine. J. Chem, Phys. 46, 4470-4473

.. (1967).

R; Braams, A mechanism for direct action of ionizing
radiations. Nature 200, 752-754 (1963).

J. J. Brophy and J. W. Buttrey, Organic Semiconductors. The
MacMillan Company, New York (1961).

T, Brustad and J. Dyrseﬁ, The effect of heat and of uv light

on x-ray induced ESR-centers in a-alanine. Acta. Chem.
Scand. 18, 1559-1561 (1964). E

.T. Brustad, H. B. Steen and J. Dyrset, Inactivation and

induction of free radicals in dried trypsin. Radiat.

- Res. 27, 217-228 (1966).

M. H. Cardew and D. D. Eley, The semiconductiﬁity of organic
- substances Part 3. Discussions Faraday Soc. gl,
-115-128 (1959).




11,

12,

13,

14.

15.

16.

17.

18.

19.

20.

21.

270-282 (1965).

86

. G. Carter, D. R, Nelson and L. G. Augenstein, Effect of

' temperature on x-ray induced light emission from powders

1

‘of amino acids and trypsin. Arch. Biochem, Biophys. 111,

. D. Conger and M. L. Randolph, Magnetic centers (free
radicals) produced in cereal embryos by ionizing radiation. B
Radiat. Res. 11, 54-66 (1959). ' *
. 8.  Copeland, T. Sanner and A. Phil, Role of intermolecular

reactions in the formation of secondary radicals in proteins

irradiated in the dry state. Radiat. Res. 35, 437-450

-(1968). ' -

. D(»Eley and R. B. Leslie, Electrical conduction in solid
proteins., 1In Electronic Aspects.gi Biochemistry (Bernard
Pullman, ed.) pp. 105-120, Academic Press Inc., New York

- (1964) . .

. 'D. Eley, K. W. Jones, J. G. F. Littler and M. R. Willis,
Semiconductivity of organic substances. Trans. Faraday Soc.
62, 3192-3200 (1966). '

Forshult and C. Lagercrantz, Use of nitroso compounds as

 scavengers for the study of short-lived free radicals in

organic reactions. Acta Chem. Scand. 23, 522-530 (1969).

Fox, Conducting states in organic molecular crystals.
J. Phys. Chem. Solids 8, 439-443 (1959).

. Freyland and A. Muller, Radical formation in cysteamine
free base and cystamine-2HCl by reaction with atomic

- hydrogen and by gamma-irradiation. 1Int. J. Radiat, Biol.

14, 483-485 (1968).

. Gordy and I. Miyagawa, ESR studies of mechanisms for

. chemical protection from ionizing radiations, Radiat.
Res. 12, 211-229 (1960).

. Henriksen, Electron spin resonance signals in irradiated
proteins, 1In Electron Spin Resonance and the Effects of
Radiation on Biological Systems (W. Snipes,ed.) pp. 81-100,
‘National Academy of Sciences, Washington (1965).

‘e

. Henriksen, ESR studies on the formation of sulfur radicals ' w
in irradiated cysteine, glutathione, and djenkolic acid.
J. Chem. Phys. 36, 1258-1262 (1962).




87

22, T;“Henriksen, Production of free radicals in solid biological
~ substances by heavy ions. Radiat. Res. 27, 676-693 (1966).

23, T;bﬁenriksen Effect of crystal dimensions on the yield of
~ radiation induced radicals in organic substances Acta,
Chem Scand. 20, 2898-2900 (1966).

24, T, Henrlksen, Effect of the irrad1ation temperature on the

 production of free radicals in solid biological compounds

. exposed to various ionizing radlations '~ Radiat. Res. 27,
»694 709 (1966). '

25. T;‘Henriksen, Energy transfer and‘radiopfotection in biological
 systems. Scand. J. Clin. Lab. Invest. 22, Suppl. 106, 1-19
- (1968). :

26. P. K. Horan, W, D. Taylor, G. K. Strother and W. Snipes,
" . Stability of radiation-induced organic free radicals:
decay by heat. Bioghzs. J. 8,164-174 (1968). ‘

27. ?; K. Horan and W, gnlpes Free radical destruction by gamma-
‘. irradiation at 77°K. Int. J. Radiat, Biol. 15, 157-162
(1969) . :

28. J. W. Hunt and J. F. Williams, Radiatibn'damage in dry
ribonuclease. Yields of free radicals and other chemical

lesions compared with inactivation eff1c1ency Radiat.
Res. 23, 26-52 (1964).

29, W. B. G. Jones, Production of free radicals and radlatlon
’ " damage in trypsin by irradiation with electrons at 4. 2°k.
Radiat. Res. 31, 668 (1968), abstract.

30. 'C. Kittel, Introduction to Solid State Physics. The MacMillan
' vCompany, New York (1961).

31. J. Kommandeur and L. S. Singer, Electric and magnetic properties
of some low-resistance organic semiconductors., 1In S osium
~on Electrical Conductivity in Organic Solids (H. Kallman
and M, Silver, eds.) pp. 325- 336, Interscience Publishers,
Inc., New York (1961).

32, J. Kommandeur, Conductivity. In Physics and Chemistry of the
Organic Solid State. (D. Fox, M. Labes and A. Weissberger,
eds.) pp. 1-62, Interscience Publishers, Inc., New York

- (1965).




33.

34,

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

t

88

. E. Lyons, Photo-and semi-conductance in organic crystals,

Part V. J. Chem. Soc. (London) 5001 (1957),

. Miller, P. E. Schambra and E. Pietsch, Comparative

E?B-measurements Bf radical production in amino acids by
Po alpha and Co gamma-radiation. Int, J. Radiat.

Biol. 7, 587-599 (1963).

. Miller, Radiation produced electron spin resonance signals
in nucleic acids. 1In Electron Spin Resonance and the Effects

of Radiation on Biological Systems (W. Snipes, ed.)
pp 29-45, National Academy of Sciences, Washington (1965),

. Norman and W. Ginoza, Molecular interactions in irradiated

solids. Radiat. Res. 9, 77-83 (1958).

. Okamoto and W. Brenner, Organic Semlconductors Reinhold .
Publishing Corp., New York (1964).

. Prydz and T. Henriksen, Radiation induced free radicals
in alanine and some related amino acids. Acta. Chem. Scand.

15, 791-802 (1961).

. Patten and W, Gordy, Temperature effects of free radical

formation and electron migration in irradiated proteins.
P.N.A,S. 46, 1137-1144 (1960).

. Rotblat and J. A. Simmons, Dose-response relationships in
the yield of radiation-induced free radicals in amino acids.

Phys. Med. Biol. 7, 489-498 (1962).

. Rotblat and J. A. Simmons, ESR studies of thermal effects
‘in irradiated amino acids. Phys, Med. Biol. 7, 499-504

(1962).

Schirmer and K, Sommermeyer, Die Abhangigkeit der Ausbeute
an Radikalen in einfachen, festen Aminosduren von Dosis

‘und spezificher Ionisation und ihre Deutung durch eine

. Diffusions-theorie. Atompraxis 8, 288-294 (1962),

. Shields, P. Hamrik and D. DelLaigle, Electron spin
resonance of x-irradiated valines.” J. Chem, Phys. 46,

- 3649-3652 (1962).

{vSnipes and W. Bernhard, Irradiation of dihydropyrimidines.
Radiat. Res. 33, 162-173 (1968).

»



w

45,

46.

47.

48.

49,

89

W. Snipes and P. K. Horan, Electron spin resonance studies

of free radical turnover in gamma-irradiated single

crystals of alanine. Radiat. Res. 30, 307-315 (1967).

. Sommermeyer, J. Stegle and G. Schnepel, Zur deutung der
. "Abhangigkeit der Spinkonzentration von der Strachlendosis
in kristallisierten Aminosauren. Atomgraxis 13, 20-24

- (1967). B

.'G. Zimmer, L. Ehrenberg and A. Ehrenberg, Nachweis
. langlebiger magneticher Zentron in bestrahlten biologischen
‘Medien und deren Bedeutung fur die Strahlenbiologie.

Strahlentherapie 103, 3-15 (1957).

. G. Zimmer, Studies on Quantitative Radiation Biology, p. 87,

Oliver and Boyd L.T.D,, Pub., London (1961).

.. Zavoisky, Paramagnetic relaxation of liquid solutions for

perpendicular fields, J. of Phys. U,S.S.R. 9, 211 (1945).




90

APPENDIX A

,if'stable free radicals R are produced from parent molecule

A (vi&~k{) and destroyed via ki and k; (see Fig. 3), then the
differential equations describing the rate of change qf A and R
with re§pe¢t to radiation dose afe:
+ - '
dA/dD = - klA + klR Al
+ _ _
drR/dD = klA - (k1 + kZ)R' _A.2
In thé'region where k;hk>> kIR equation A.l1 can be solved,
subject to the boundary condition that A = N (N = initial number
of pareht molecules),
A D
*dA +
[ =- [k
N 0
+
A=nNe XD A.3
wherevK+'= k;.
~ Now if equation A.3 is substituted into A.2, and the _
: N ‘ -

resulting'equation is rearranged and multiplied by eK D, then

we obtain:
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+

. D - ot - -
XX ~ f  -ktye K -KDDyp _ / (¢ ParsrieX Pap)
K -K
A 0
where K~ = Ki + KE; When this equation is integrated, subject
‘o
to the boundary conditions that R = 0 at D = 0, we obtain:
R K" & - KD
- At [e™ . ] A.4
‘K -K
From equation A.4 it is possible to derive the equation
which yields the maximum free radical concentration (R/N)m at a
dose Dm. Dm is found by taking the derivative of equation A.4
and setting it equal to zero. This yields
. .
D = 3255-45—1 A.S
K'-K -
“which upon substitution into A.4 yields
R gt & /KK
(] =[._'=_'_' - A.6
m K '
The rate of production of all stable plus destroyed radicals (P)
is related to the concentration of parent molecules by the following
&

differential equation:

dp/dD = KA A.7
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Substituting equation A.3 for A we find that

+
fDdP =N jDK+e'K Dap
0 0

which upon integration yields

+ :
P/N = 1-e XD - A8

Normally radical yield' is reported as a G-value, which is the
number of radicals produced per 100 eV of absorbed energy. Under
the conditions that G = dR/dD evaluated at D = 0, we find from

equation A;4 that

4
£

. J“
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APPENDIX B

If the kinetics of free radical production and destruction
necessitate the utilization of all the pathways outlined in Fig. 3,
then thehdiffetential equations describing the rate of change of

A and R with respect to radidtion dose are:

dA _ + + - - ,

Do (kl + k3)A + klR + k3x | B.1
dR _ .+ + - - .
D -AklA -+ k2X - (kl + kZ)R . A B.2

These equations may be solved in the same manner outlined in
Appendix A, Solutions can be obtained for the doée range in

which the concentration of A exceeds both that of R and X, ie,

(k‘lF + k;)A'» kIR + k;X and k';A >> k“;x, to give

3
A -« +ihHp B.3
- =g 1 3 :
N
+
K + o+ - ,
R _ 1 T+ Hp xp
N " =y s [e ™1 3/7-e ] B.4
173

. Hy -
_ 1n((k1;§fk3) /K7)

m +. + -
k1~+_k3_- K



[

where K~ = k'l' + Kk

R
N

]

m

T

2

!

-+

K"

k41'+k+] [

3 .

L =1

-+
k1+k

- €

] ® /@] + 5 - K))

3

-(k*l' + k;‘)n |

B.6

B.7
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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,
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