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I. INTRODUCTION 

In 1945 Zavoisky (49) introduced to the worida new and 

exciting form of spectroscopy that is now known as electron spin 

resonance. This technique enables the investigator to detect the 

presence of unpaired electrons in the sample under investigation. 

It makes use of the ability of these molecules with unpaired elec-

trons (free radicals) to absorb microwave energy (hv) when in a 

magneticfield if the fo11oing resonance condition is met: 

hv=H. 	 1.1 

In this equation h is Planck's constant; v is the frequency of the 

microwaves incident upon the sample (a common frequence is 9 GHz); 

g is the Lande g-factor ( 2.0023 for our purposes); a is the Bohr 

magneton and H is the magnetic field strength (for v 9GHz, 

H = 3200 gauss). 

To achieve this resonance condition the sample is placed into 

a microwave cavity between the pole faces of an electromagnet. When 

the external magnetic field is turned on the electrons are aligned 

either parallel or antiparallel to this field. In filled orbitals 

the electrons exist in pairs, one parallel and the other anti-

parallel to the external field. If 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 
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electron in that orbital must emit a photon and change direction 

in accordance with the Pauli principle. Thus, it is evident that 

if all the electrons are paired, the total net absorption is zero. 

On the other hand, if the sample contains a free radical, this 

molecule contains an uneven number of electrons and the odd electron 

exists unpaired in an orbital. When the odd electron in a free 

radical absorbs microwave energy it can be detected electronically 

since no reciprocal emission takes place. 

The ability to detect the presence of free radicals has 

made E.S.R. a valuable tool in studies trying to understand how 

ionizing radiation interacts with matter, but the question under-

lying these studies is how these excitations and ionizations are 

formed., distributed and eventually lead to molecular lesions of 

biological significance. 

We know that at least two distinct kinds of radiation 

action take place in the living cell. The indirect action is a 

result of ionizations taking place in the cell sap. Reactive 

species are produced (e.g. OH) which diffuse and react chemically 

with molecules of biological importance such as DNA and protein. 

These reactions may then lead to a change in the cell's functional 

ability, resulting in mutation or death. The other type of action, 

direct action, is the result of an ionization or excitation on a 

molecule of critical importance (such as DNA) to the cell's viability. 

Even though the relative importance of each type of action is still 

a matter of much debate, both are in themselves in'teresting for 
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study. However, this thesis will deal primarily with the direct 

action of ionizing radiation, on matter of biological importance. 

One important result obtained from studies on the direct 

action of ionizing radiation is the descriptionof how radical 

Ic 	
scavengers (-SH compounds) are able to protect living organisms 

from radiation damage. It has been suggested by Gordy (19) that 

the chemical protector molecule becomes temporarily bonded to the 

target molecule before irradiation, absorbs the ionization from the 

vital target molecule and is then removed through natural processes 

restoring, the molecule to functional normalcy. Henriksen (25) and 

Copeland et al. (13) have demonstrated that these chemical protec-

tors may also act as interceptors of radical fragments (e.g. elec-

trons, holes, hydrogenatoms, etc.). This would protect the target 

molecule from any intermolecular migration of chemically reactive 

species. From the abovementioned studies it can be seen that there 

is possibly more than one mechanism responsible for the action of 

radiation protectors. Thus to enable us to better understand the 

mechanisms of chemical protection and biological damage, we must 

try to understand the more basic question of how ionizing radiation 

interacts with matter. 

Because of the complexity of the living cell it is imperative 

that we select another system, one far less complex than the living 

cell. It is,. therefore, appropriate that we select some biological-

ly important molecule like a nucleic acid base or an amino acid. 

One type of study with these compounds centers around determining 
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the nature of the free radicals produced by the ionizing radiation. 

Although important, this type of study alone will yield little 

information concerning the mechanisms by which ionizing radiation 

interacts with matter. Instead, some of the parameters which 

influence the kinetics for free radical production such as heat 

and quality of the radiation must be investigated. This thesis 

will be primarily concerned with investigations of the kinetic 

parameters of radiation-induced free radical production and the 

mechanisms involved. 

Since radiation produces stable free radicals in compounds 

of biological interest, some of the early studies attempted to 

determine how the concentration of free radicals depends on the 

radiation dose. In 1957 Zimmer (47) demonstrated that in the 

low-dose region the free radical concentration increased linearly 

with the radiation dose. It was also shown that as the dose 

increased this dependence deviated from linearity and the free 

radical concentration seemed to flatten out or saturate. However, 

it was thought that the flattening out resulted from radical decay 

since it took relatively long periods of time to administer the 

large doses needed. In 1959, Conger and Randolph (12) demonstrated 

that the saturation effect was not time-dependent and that the 

curve obtained could be empirically fit using the equation: 

Ji 

N = 	le_k D) 
	

1.2 
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In this equation D is the radiation dose, k is a constant, N is 

the concentration of free radicals at dose D and N is the free 
00 

radical concentration 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. 

After many compounds had been tested, all of which seemed to 

demonstrate the same general "saturation" phenomenon, Dr. Muller (35) 

suggested that the saturation effect was the result of an equilibrium 

conditjon Mathematically this condition can be demonstrated by 

taking the.derivative of equation 1.2 with respect to radiation 

dose. 

dN 	- -kD 

Substituting equation 1.2 for the exponential we find that 

dN 
= kN-kN. 

if we set k+ = k 

then 

dN 	+ - 
dD 

=k -kN. 	 1.3 

It isobvious 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 (-kN). At saturation where 
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Figure 1. Free radical concentrion (spins/gram) versus radiation 
dose. Radiation was Co gamma-rays at a dose rate of 
0.5 MR/hr. Samples were maintained at 26 C during the 

irradiation. Spin concentration was determined relative 
to a sample of pitch in KC1:  containing a known number of 
spins. 
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dN/dD =0, we must conclude that k+ = kN; this is precisely the 

equilibrium condition referred to by Prof. Muller. 

Statement of the Problem 

It is evident from equation 1.3 that the saturation or 

leveling should persist indefinitely (for D = oo, N. = Nm). However, 

if we irradiate the sample with very large doses (D > lOOMrad) we 

soon find that, while the equation predicts saturation at infinite 

doses, the results (Fig. 2) are quite different. The decrease in 

radical concentration at extremely high doses was first reported by 

Rtblat and Simmons (41). However, they used . very energetic protons 

as theit radiation source and suggested that the decrease in radical 

concentration was due to heating effects. The results plotted in 

Fig. 2 were obtained using 60 Co gamma-rays and the sample 

temperature never increased above 26 0
C during the irradiations. 

Hence the decrease in free radical concentration at extremely high 

doses is not a result of heating. 

This result leads to many new developments that will be the 

discussion 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 accurately 

account for the results displayed in Fig. 2. After the kinetic 

development and the demonstration that destruction is still a 

mathematical reality, it is shown (Chapter III) that destruction 

is a physical fact. With the understanding that destruction is a 
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Figure 2. Free radical concentration (spins/gram) versus radiation 
dose. Experimental conditions identical to Fig. 1. 
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physical reality, it becomes quite important to discuss (Chapter IV) 

the various proposed mechanisms for the destruction, process. This 

discussion includes the hydrogen atom theory, the electron-hole 

theory and briefly the role of other high energy states. With the 

theories in mind, an attempt (Chapter V) is made to 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 processes involved. Therefore, in Chapter VI evidence is 

presented that thermally-produced electron-holes react with 

radiation-induced organic free radicals. Conclusions are drawn 

from all these data in Chapter VII and a few suggestions and ideas 

for further experimentation are presented. 



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 the 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 molecule (A) 

and the stable free radical (A 	R). 	This implies that in 

dihydrothymine (DHT), for example, the radicals formed (via k+) 

in crystalline samples of DHT are destroyed according to the 

kinetics kN and the concentration of the original DHT is replen-

ished.' The kinetics just described would not account for the 

appearance of any molecules different from DHT. Snipes and 

Bernhard (44) have demonstrated that when crystalline DHT is 

irradiated, 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. In 1962, Schirmer and Sommermeyer (42) 

suggested that the following equation could be used: 

10 
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N+kN =aD 	 2.1. 

where a and k are constants, N and D are the same, quantities used 

in equation 1.2. Although this approach may fit the data, it does 

not provide an easily interpreted physical description. If we 

differentiate equation 2.1, with respect to dose,we find that 

dN 	a 	
. 22 dDl+2kN 

Equation 2.2 represents a mixed kinetic approach. and is not easily 

interpreted. 

For this reason it was decided that a simple kinetic analysis 

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

try to empirically fit the data as in the .case of Schirmer and 

Sominermeyer, we are starting with the known radiation chemistry (44) 

and attempting to derive an equation that will fit the data in 

Fig. 2 .; 

Fig. 3 depicts a simplified version of the kinetic relation-

ships between the parent compound (A), the stable free radical (R) 

and the destruction compound (X). For dihydrothymine the parent 

molecule (A) is DHT and the destruction product (X) may be thymine. 

To simplify the discussion it will be assumed that in DHT all 

radicals formed lead to thymine as the destruction product. It is 

obvious 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. 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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radjcals• or several destruction products are Involved. The com-

plexity of the problem could be increased very quicklyo For this 

discussion we shall maintain only a three component relationship. 

From Fig. 3 it can be seen that the 4 an4 k1  pathways are 
the sme used to derive. equation 1.2. However, we know that 

thymine is a product in the solid state irradiation of DHT and it 

is assumed•that thymine is a destruction product. This leads to 

the inclusion of pathways 4 and k 2 . To be completely general, 

the pathways k and k have been included. The pathway leading 

directly to x(4) 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 3  pathway, it is unknown at present. 

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 -1  

Development of the Equations 

For the specific case of dihydrothymine, it is obvious 

from previous work (44) that the pathwayk 2  is real. Since stable 

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

assume that the pathway 4 exists. The pathway k1  can neither be 

proven nor disproven at this time, so for completeness it shall 

be included. The pathway 4, while possible, is not considered 
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probable since the concentration of X in the dose range used for 

these experiments is quite low in comparison to the concentration 

of A (thus kX<<kR). For this discussion k . = k= 0. Hence, 

the rate of change of stable free radical concentration can be 

described by the equation 

dK/dD=KA - KR 	 2.3 

where k+ =k and k = k + k. The solution to this equation 

(see Appendix A) yields 

+ 	+ 
R = K + [e D - _K -D e 	 2.4 

• 	 K - K 

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

N equals the initial number of parent molecules (at D = 0, A = N). 

In equation 2.4 the concentration (or R/N) does not saturate, but 

reaches a maximum (R/N) at a dose D and then decreases. 
m 	 m 

Itis possible to predict the total concentration of free 

radicals plus destruction products. This quantity we shall call P. 

Since any parent molecule that has been irradiated is either a free 

+ 	+ radical or a destruction product (assuming k 1  << k1  and k3  = 0), 

we can say that 

dP/dD = K+A 

which yields (see Appendix A) 
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= (1 - e_+)).. 	 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). 

= 1 - 
	

[Ke 	- K+eKDJ 	- 	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 parameters are 

= 0.0002 MR4. and K = 0.077 MR4 . The least squares error is 

9.7 percent. It is evident that whereas the fit is quite good in 

the low dose region, the equation is incapable of fitting the data 

in the upper dose region (D > 100MR). Although, the fit is not 

adequate for DHT, the two parameter curve may be sufficient for 

other compounds. Therefore, it is informative to see graphically 

how X/N, R/N and P/N are related to each other. These quantities 

are plotted 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 

quickly diminishes in importance, relative to R/N, while in the 

region above 20 MR X/N becomes more important. 

In the two.-parameter fit the pathways 4 and k were 

ignored. They will now be included in an effort to find a better 

fit to the data in Fig. 2. The considerations applied previously 
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18 

to k2  also apply to k. Hence, for this discussion it will be 

assumed that kX 	0. The solution to the differential equations 

based on the pathways k, k, k and k yields (for derivation see 

Appendix B) 

R - 
	k1 	

le-(k + k)D 	-KD 

K-k1 -k3  

28 

1 + - 
	+ [k

e 	D(Kk)e 	13) 	2.9 
K -k1 -k3  

where K. = k + k. 

'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 

adequately describes the observed results. It must be pointed out 

that this approach may not be the only solution but should serve 

as a guideline for further work. Detailed chemical analysis and 

comparison with the pathways outlined in Fig. 3 must be made before 

the equations may be accepted as a true description of facts. The 

fit of equation 2.7 to the data (shown in Fig. 6) yields values for 

the parameters of 4 = 0.00019 MR 	4 0.0023 MR and 

K = 0.058 MR 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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fitted to equation 2.4. As can be seen from Fig 8, the fit is 

quite good However it must be pointed Out that when data becomes 

available at higher doses, the two parameter fit may not be adequate 

in the high-dose region At present, it is the best data available 

The values of the kinetic parameters are listed in Table I. 

If we now use the kinetic parameters from Table I to / 

determine P/N and X/N from equations 2.5 and 2.6, we obtath the 

results plotted in Fig. 9 and Fig. 10. In Fig. 9 and Fig. lOthe 

fraction of stable free radicals per enzyme molecule and the 

fraction of stable plus destroyed radicals per enzyme molecule are 

compared with the fraction of inactivated molecules for RNAase and 

trypsin. In both cases, the fraction of stable free radicals is 

less than the fraction inactivated at high doses. However, a 

much better correlation is seen between the fraction of stable 

plus destroyed radicals and the fraction inactivated 	If indeed 

radicals are the precursors to enzyme inactivation, then it is 

evident from Figs. 9 and 10 that in the low dose region the radical 

destruction products are less important than in the high dose region 

However, over the entire dose range the fraction of stable plus 

destroyed. radicals exceeds that of inactivation. On the average, 

more than one radical is produced and/or destroyed per inactivation 

event, with the inactivation efficiency being lower for trypsin 

than for RNAase. - The curve of P/N also indicates that radiation 

produces lesions on the enzyme long after it is biologically inactive 
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TABLE I. 	A. KINETIC PARAMETERS FOR TRYPSIN AND RNAase 

Compound K+ K 	Least Squares G-value 1 
(MR) 1 

(NR) 	Error 

Trypsin. . 0.00051 0.1834 	0.3% 4.72 

RNAase 0.00035 0.1249 	1.87 3.37 

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

OF DIFFERING LET 

Radiation k K 	k Least Squares G-value 

(MR)1 
Error 

He4 	ions 0.00071 0.1019 	0.00099 3.2% 9.12 

C12 	ions 0.00038 0.0847 	0.0014 3.3% 4.88 

Ar40  ions 0.00020 0.110 	0.00022 5.7% 2.57 

If 
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Higher LET Radiations 

Although the previous discussion has centered around 

• 	 radiations of low LET (y-rays and x-rays), similar results have 

been reported by Henriksen (22) for heavy ion irradiations. The 

data obtained by Henriksen for radical production in glycine by 

He4 , c12  andAr40  ions have been fitted to equation 2.7 by adjusting 

the three parameters to obtain the smallest least-squares error. 

The fit (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 order of magnitude or larger than 

k1, the G-value for radical production is not equal to that for 

loss of parent molecules. The values 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 

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

not describe the observed physical phenomenon and that the usefulness 

of these newly-derived relationships can only be substantiated by 

experimental kinetic analysis at the microcheniical level. And 

third, the fact that the fraction of stable free radicals per 

enzyme molecule is lover than the fractionof inactivated enzyme 

molecules because of saturation can no longer be used as an argument 

against free radicals as the precursors to biological damage. The 

concentration of destruction products may be as important as the 

concentration of stable free radicals when discussing total 

biological damage. 
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III. FREE RADICAL DESTRUCTION BY GAMMA-IRRADIATION 

In terms of the kinetic descriptions in Fig. 3, free 

radical destruction:.is the sum of the pathways k 1  and k2 . This 

process has been demonstrated by Snipes and Horan (45) who showed, 

in a deuterium-labelling experiment, that in single crystals of 

alanine free radicals are not only produced by Ionizing radiation 

but are destroyed as well. In this' chapter the same result will 

be demonstrated but using a much simpler technique. 

Experimental Procedure 

All compounds were obtained commercially and used without 

further purification. Samples of DL-valine were deuterated at 

the exchangeable positions by repeated freeze-drying from D2 0. 

Irradiations were carried out in a cobalt-60 ganñna source at a 

dose-rate of 8.13 x 10 R/hour. 

E. SR. measurements were made with a Varian X-band 

spectrometer. The relative number of spins in samples was 

determined by comparison with a standard sample of Mn 	in MgO. 

For this purpose a dual cavity operating in the TE 104  mode, with 

separate 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 and observation 

at 77
0
K. The stable free radical formed at room temperature has 

the structure shown in the figure, and has been studied in single-

crystal farm by Shields, Hamrick and DeLaigle (43). Its hyperfine 

spectrum, centered about g = 2.003, extends over  approximately 

150 gauss.. When DL-valine is irradiated at 770K, no detectable 

amount of the room-temperature radical is formed. Instead, a 

spectrum is seen which is more poorly resolved and which extends 

over a much narrower magnetic-field range. This spectrum has been 

attributed to radical-ions formed by the irradiation (3, 4, 5). 

The method 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 0K. This is possible 

because the 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 be. re-irradiated at 77 °K and the concentration of the 
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Figure 12. 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. 
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room-temperature radical monitored by E.S.R. Since no room-

temperature radicals are formed at 77 0K, only the destruction 

of the existing room-temperature will be observed. This method 

was used for measuring radical destruction in several compounds. 

The only requirement for its use is that the compound of interest 

has a room-temperature radical which absorbs at some magnetic-field 

position where the low-temperature does not absorb. 

Results and Discussion 	 . 	. 

Fig. 13 shows quantitatively the destruction of the room-

temperature radical in.DL-valine upon re-irradiation at 77 0K. The 

process is apparently first-order, since a straight line is 

obtained by plotting the log of the radical concentration versus 

re-irradiation dose. First-order kinetics were found previously 

for radical destruction in alanine (45) and have often been 

implicated from dose-response kinetics. From the first-order 

rate equation: 

log(R/R) 	-KD 	 3.1 

for radical des.truction where K may equal k 1 + K;. The rate 

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

This value and those 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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TABLE II. FIRST-ORDER RATE CONSTANTS (K) FOR FREE RADICAL 

DESTRUCTION BY GAMMA-IRRADIATION AT 77
0
K, AND G-VALUES 

CALCULATED ASSUMING DIRECT ACTION ONLY 

Compound K(MR) 1  C-value 

DL-valine 0.14* 1160 

DL-valine (freeze-dried H20) 0.12 990 

DL-valine (freeze-dried D20) 0.11 910 

N-acetyl-DL-valine 0.07 430 

L-threonine 0.09 

Dihydrothymine 0.07 530 

*Estimated error is ± 0.02 (MR) 
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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 

energy'by,the radicals, then the G-value (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 10 23/ 

radical molecular weight) and K is converted from (NR) 	to 

(lOOeV). For DL-valine, the molecular weight of the radical is 

116, and the G-value based on direct effect is 1160. Other G-values 

obtained under this assumption are given in Table II. No value 

has been calculated for threonine, since the radical formed in 

this compound by ionizing radiation has not been identified, and 

the molecular weight of the radical being destroyed is required 

for the calculation. 

From the extremely high G-values obtained assuming direct 

action, it can be concluded that energy absorbed in other parts 

of the crystal must be capable of effecting radical destruction. 

One possibility is that diffusible species such as hydrogen atoms 

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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In the case of DL-valine it seems unlikely that the 

mechanism involves the migration of hydrogen atoms for two reasons. 

First, the radicals formed by the irradiation of DL-valine at 77 0
K 

are radical ions and no hydrogen is released in their formation. 

Thus in this case there does not appear to be any source of the 

hydrogen. Second, the value of iC for deuterated DL-valine is, 

within experimental error, the same as that for non-deuterated 

DL-valine in freeze-dried samples. If mobile hydrogen atoms were 

being released from the exchangeable positions, the kinetics for 

radical destruction might be expected to be different for the two 

preparations. 

While this is only preliminary evidence concerning the 

mechanjsms for free radical destruction, a more detailed investiga-

tion is pursued in the following chapters. The discussion begins 

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

In Chapter III radiation-induced free radical destruction 

was demonstrated to be a physical fact. This process is not the 

result of a "direct hit" by the radiation. It is probabl,y the 

result of an energy transfer process for which several ideas have 

been presented as possible mechanisms. One suggestion is that the. 

radiation produces hydrogen atoms which can migrate through the 

crystal until they find and react with a stable free radical. 

Another mechanism suggests that the radiation induces the forma- 

tion of electron-hole pairs which can migrate throughout the crystal 

until they react with other electrons and holes or with stable free 

radicals. A third and less explored mechanism is that the radiation 

produces various F and V centers which migrate and react with stable 

free radicals. In reality the mechanism resulting in free radical 

destruction may not be a single mechanism, but rather a combination 

of the above suggested ideas. In this chapter, a brief review 

will be made of the above mentioned mechanisms. This review will 

then be followed by a discussion of the existing data "supporting" 

the theories and questions will be posed in an attempt to focus 

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

In 1963 Braams (6) put forth a model that was intended to 

explain the action of ionizing radiation. His scheme was essentially 

a chemical one and began by assuming that an irradiated macromolecule 

dissociates into a large and a small radical fragment 

MR - M + Ri 	
4.1 

i  

MR represents a protein macromolecule composed of a main chain 

with many different side chains R.. It was assumed that W is a 

relatively stable radical residing on the macromolecule and that 

is a small diffusible radical. It was further suggested that 

the small diffusible fragment was probably a hydrogen atom. 

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

reactive species is capable of reacting with the undamaged protein 

molecule and the stable free radicals. 

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

or 

R+M - MR 	 4.3 

where MR may 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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Ri  + R - n 	
R  i  . n R 	 4.4 

Braams (6) also suggested that the sulfhydryl protectors 

(RSH) are suitable agents for radiation protection largely because 

of their ability to scavenge the diffusible fragment. 

+ RSH + RS +RH 	 4.5 

While this mechanism may play a role in the overall protection of 

proteins, Muller (18) has presented recent evidence which seems to 

indicate that it does not play a major role. When one considers 

radiation damage, the lesions incurred directly by the protein 

molecule must also be considered (19). 

Electron-Hole Theory 

The electron-hole theory (as related to ionizing radiation) 

originates with the studies of chemical protectors by Norman and 

Ginoza (36) and Gordy and Miyagawa (19). In their experiments 

they showed that the sulfhydryl protector molecule must become 

temporarily complexed to the protein. It was further suggested 

that if the ionizing radiation were to eject an electron from a 

subvalence shell of a protein atom, for example carbon, a hole 

would be created in the valence shell by the collapse of a valence 

electron into the subvalence vacancy. This process would take 

placebefore the atoms had time to move apart and break bonds. 
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The resulting hole in the valence shell would then be "conducted" 

(17) down the protein backbone to a protective group (i;e. -SH). 

The process described by Gordy and Miyagawa accounts for the 

protection afforded to a protein molecule by temporary attachment of 

a- sulfhydryl protector. It was therefore intended to be intra-

molecular in nature. In Chapter III the mechanism for free radical 

destruction was suggested to be intermolecular in nature. Whereas 

at first this realization seems to suggest that the electron-hole 

theory is incapable of explaining free radical destruction, a more 

careful investigation of the properties of electron-holes in 

organic semi-conductors proves quite the contrary. In a series of 

papers,Eley (14, 15) has demonstrated that electron-holepairs 

are quite capable of intermolecular "hopping" (17) in polycrystalline 

samples of proteins and amino acids. This suggests that radiation 

might populate electron-hole pairs which could then migrate through-

out the crystal until they interact with a free radical to transform 

the radical into a non-radical ion, or until the electron relaxes 

into the hole. 

High-Energy States 

When ionizing radiation passes through a sample there is no 

reason to think that the only species present are free radicals, 

- 

	

	non-radical ions and molecular fragments. In fact, the radiation 

has probably left in its wake every conceivable energy state from 

the lowest excited singlet to the fragments resulting from molecular 
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rearrangement. Evidence for this is the coloration of crystals 

after irradiation. It has been pointed Out (1) that the coloration 

is due to the presence of F and V centers in the crystal. 

The term F center is used to denote a single electron 

associated with a single negative ion vacancy. A V center is a 

hole associated with a single positive ion vacancy. It is possible 

that the F 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 might provide enough 

energy to remove the electron or hole from the vacancy and allow 

it to conduct until such time that it reacts with a free radical, 

recombines with the opposite charge state or is retrapped by 

another vacancy. Thus the F and V centers may plan a prominent 

role in the radiation of organic semi-conductors (amino acids, 

proteins, etc.). 

The Mechanisms versus the Data 

To date no positive evidence has been put forth to prove 

any of the above mechanisms. There is a considerable body of 

evidence that is thought to "support" the hydrogen atom theory. 

For example, in a recent paper by Copeland et al. (13) an experi-

ment was reported that "supported" the hydrogen atom theory. The 

radicals produced in samples of RNAase by irradiation at 77 0K are 

considered 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 

77
0
K and heat treated, the adenine prevented the formation of the 

secondary radicals. The authors concluded that the most plausible 

explanation is that adenine acted, as a radical scavenger preventing 

diffusible radical intermediates from interacting with protein 

molecules to form the typical secondary radicals. However, it is 

a well known fact that impurities in crystals 'affect the conduction 

properties of any crystal. These impurities may act as electron 

or hole traps and the introduction of adenine should be considered 

as a perturbation on the electron-hole conducting system. Thus 

while their evidence is important in the overall understanding of 

the characteristics of the mechanisms involved, it is in agreement 

with any of the above mechanisms. 

Braams (6) noted that forty-three of the sixty-one radiation-

induced radicals reported in the literature were formed by the 

breakage of the C-H bond and therefore the removal of H. He then 

concluded that atomic hydrogen must in many cases be a diffusible 

reacting agent. Although this information and the finding of atomic 

hydrogen in irradiated crystals (46) is quite suggestive of the 

importance of atomic hydrogen, it does not prove that hydrogen is 

the agent responsible for radiation-induced destruction. It is 

equally possible that when a C-H bond is broken by irradiation, it 

is initiated first by the removal of an electron with the subsequent 



44 

release of a proton. 1t just may be that the preparation of 

samples for further analysis favors the recombination of these 

charged species resulting in the detection of hydrogen. 

While the hydrogen-atom theory has not been proven, all of 

this "supporting" evidence tends to make one believe that destruction 

is impossible unless hydrogen is present. Thus it seemed approDriate 

to look for destruction in a compound that does not contain hydrogen, 

and the following experiment was carried out. 14exachloroethane 

(C2 C1 6 ),. obtained commercially, was checked using infrared 

spectroscopy and determined within the limits of detection to be 

free of any C-H or 0-H bonds. The sample was sealed in a quartz 

tube under one atmosphere of nitrogen. Irradiation was carried 

out with 6.5 MeV electrons from a linear accelerator at a dose 

rate of lNR/min. E.S.R. analysis was the same as described in 

Chapter III. 

Fig. 14 shows the E.S.R.spectrum of irradiated hexachioro-

ethane. In Fig. 15a the dose response curve is plotted; R/N gives 

the number of radicals per molecule. At saturation there is 

approximately one radical per 750 molecules. The data are 

adequately fit by equation 1.2, and a straight line plot is obtained 

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

log (l-R/R,) = - kD. 	 4.6 

The value of k is found to be 0.035 MR. 
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Figure 14. First-derivative E.S.R. spectrum of hexachioroethane 
• 	irradiated at room temperature. The arrow marks the 

field position of DPPH, for which g = 2.0036. 
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Figure 15. (a) Dose-response curve for irradiated hexachioroetharie. 
(b) Same data, plotted according to equation 4.6. 
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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 require hydrogen. 

Energy Requirements 

One way to shed some light on which mechanism is responsible 

for destruction is to measure the activation energy for the process. 

Any destruction based on the diffusion of hydrogen atoms or any 

other small fragment is expected to require approximately 1-5 

Kcal/mole (6) of energy (energy of diffusion). The electron-hole 

mode of destruction should not require any energy since the vertical 

transition (excttation from valence to "conducting" shell) is 

accomplished by the radiation and any horizontal or intermolecular 

migration should not require energy. The involvement of other 

higher energy states like F and V centers would require between 

0.1 and 2.0 Kcal/mole (1, 2) of energy to release the electron or 

hole froman ion vacaqcy. It would, therefore, be of considerable 

gain to study the destruction process as a function of temperature 

and calculate the activation energy for this process in the hopes 

of selecting 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 

destruction by irradiation at different temperatures would provide 

an important beginning toward understanding the mechanisms of 

destruction. Such a study would enable us to determine several 

things. First, it is possible to determine the number of processes 

involved. Second, Arrhenius plots would provide a numerical value 

f or the activation energy for each process. And third, the 

activation energy for each process would provide an important clue 

to the identification of each mechanism involved. 

Experimental Procedure 

N-acetyl-DL-valine was obtained commercially and used without 

further purification. Samples were evacuated in quartz E.S.R. 

tubesand sealed under three-fourths an atmosphere of Helium. 

Irradjations were carried out with 6.5 MeV electrons from a linear 

accelerator at a dose rate of 0.5 MR/mm. 

During irradiation at 4.2 0
K the samples of N-acetyl-DL-valine 

were maintained in a liquid helium dewar described by Jones (29). 

Irradiation temperatures of 77 0
K and above were maintained (±l °K) 

with a Varian variable temperature apparatus. Irradiations were 

not carried out in the E.S.R. cavity. 
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E.S.R. measurements were made at 770
K in the same manner 

as described in Chapter III. 

Method of Analysis 

Fig. :16 shows the E.S.R. spectra of irradiated N-acetyl-DL-

valine. The upper spectrum is for irradiation and observation at 

0 	 0 77 K. If the sample is warmed at 190 K for five minutes and then 

re-cooled to 770
K, the spectrum observed is a triplet shown in 

the middle of Fig. 16. Further heat treatment at 295 0
K (5 mm.) 

and recooling to 77 0
K results in the spectrum shown at the bottom 

of Fig. 16. The radical giving rise to the spectrum at the bottom 

of Fig. 1.6 is also observed when N-acetyl-DL-váline is irradiated 

at 295
0
K. Although positive identification has not been made for 

the radicals in N-acetyl-DL-valine, it is evident that the radical 

formed at 770
K upon further heating goes through at least two 

conversion processes invqlving three different radicals. 

The method of analysis used for the direct observation of 

radical destruction is based on the ability to monitor the concen-

tration of the room-temperature radical independently of the 

concentration of the radicals produced in the temperature range 

77
0
K to •  l75°K. This is possible because the outer lines of the 

room-temperature radical occur at magnetic field positions where 

the radicals formed in the temperature range 770
K to 1750K do not 

absorb. Samples of N-acetyl-DL-valine previously irradiated at 



• 	 100 gauss 
• 	 XBL6911-6154• 

Figure 16. 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 irSadiated  and observed at 77

0K. Warming 
this sample at 190 K (5 mm) and re-cooling to 77 0K for 
observation yields the middle spectrum. Further warming 
to 295 K (5 mm) and observation at 77 0K yields bottom 
spectrum. 

50 
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room-temperature to give the spectrum at the bottom of Fig. 16, 

can be re-irradiated at any temperature in the range 77 0
K to 1750

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 studied, only the destruction of the existing room-temperature 

radicals is observed. It was found that at temperatures from 200
0
K 

and higher, the intermediate radical interfered with the accurate 

measurement of the outer lines. Thus for N-acetyl-DL-valine, the 

temperature dependence could only be studied as high as 175 0K. 

The requirements for using a compound in this study are (1) that 

the compound must have a room-temperature free radical that absorbs 

at some magnetic field position where the low-temperature radical 

does not 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 I]1 which met the second requirement. 

Results and Discussion 

The apparatus used to maintain the samples at 4.2 0K was 

not suitable for E.S.R. measurements at 4.2 0K. The irradiations 

were carried out at 4.2 0
K and the E.S.R. measurements were made at 

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

6.5 MeV electrons at 4.2 0
K and then warmed for E.S.R. measurements 
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at 77
0
K, the spectrum observed was identical to that observed for 

irradiation and detection at 77 0
K (Fig. 16, top spectrum). This 

fact made it possible to study destruction at 4.2 0
K while making 

the E.S.R. measurements at 77 0
K. 

The design of the liquid helium dewar made absolute dose 

measurements extremely difficult. To circumvent this nrnh1m i 

was decided to determine the charge at the exit port of the linac 

using an ion chamber. This enabled repeatable amounts of radiation 

to be delivered to the liquid helium dewar. The experiment was 

first completed on a sample of N-acetyl-DL-valine at 4.2 0
K with 

liquid helium in the dewar. A second sample was treated in the 

sane fashion except that liquid nitrogen replaced the liquid helium 

as the coolant. Thus the experiment permitted a comparison to be 

made on the relative destruction rate at 4.2 0
K and 770

K. It can be 

seen (Fig. 17) that the destruction rate of the room-temperature 

radical at 4.2 0K is identical, within experimental error, to the 

one found at 770
K. 

In the destruction experiments performed from 770
K to 175 0K, 

the Varian variable temperature apparatus was used and the dose 

was determined accurately. Fig. 18 shows quantitatively the 

destruction of the room-temperature radical in N-acetyl-DL-valjne 

at 77
0
K and 1750

K. The process is apparently first order at all 

temperatures 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-irradiation 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. 	 0 
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Figure 18. First-order destruction of the room-temperature radical 
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In an 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 data do not fit Arrhenius kinetics. It was also found that 

any kinetic analysis on the basis of an activated complex theory 

or a èimple collision theory would not explain the flat portion 

of the curve from 4.2 0 
 K to 77 0K. 

It can be assumed, however, that the rate constants measured 

are the result of more than one first-order process. This would 

mean that the destruction rate versus temperature can be expressed 

by a sum of exponential functions (24) 

KT JA,exp (-E,/RT) 

where KT  is the rate constant at irradiation temperature T and 

is the frequency factor for the process whose activation energy 

is E. To separate these functions we assume that the linear 

portion of the curve from 4.2 to 77 0K is the result of a process 

that is temperature independent with a rate constant of 0.07 

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

constants at irradiation temperatures greater than 770K (KT - K 77 ) 

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

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

Arrhenius type kinetics 
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Figure 19. Arrhenius plot for determination of activation energy. 
Curving nature of plot indicates that Arrhenius kinetics 
cannot be applied to the data in this form. 
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ln(KT - K 77) = -E/RT + mA 

and yields an activation energy of 0.71 Kcal/mole. 

It is interesting to note that if an extrapolation is 

made to room-temperature (Fig. 20), the rate constant for the 

0 	 -1 temperature dependent process at 300 K is 0.035 MR * If the 

temperature-independent process (Ea = 0 Kcal/mole) and the 

temperature-dependent process (Ea 	0.71 Kcal/mole) are the only 

processes responsible for destruction at room temperature, then 

677 of the destruction is via the temperature-independent process 

and 3370of the destruction is attributable to the temperature-

dependent process. With decreasing temperature, the temperature-

dependent process has a decreasing contribution to the overall 

process of destruction. 

Summary 

The study of the temperature dependence of free radical 

destruction has led to the conclusion that at least two processes 

are involved in the destruction of free radicals in N-acetyl-DL-

valine. It is quite possible, however, that other processes are 

involved at higher temperatures and that their activation energies 

are sufficiently high to prevent detection at the temperatures 

studied. 

The value of the activation 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 conclusively support the 

hydrogen.atom theory at this stage in our understanding. 

The temperature-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 in no way prove that the process is a result of 

electron. or hole interactions with free radicals. In fact, we 

do not know whether electrons and holes can react with free 

radicals to initiate the destruction of the free radicals. This 

interaction is the topic of discussion for the next chapter. 



VI. ELECTRON-HOLE INTERACTIONS WITH STABLE FREE RADICALS 

It is now quite clear that at least two mechanisms are 

involved in radiation-induced free radical destruction. One of 

these mechanisms does not seem to require any source of energy 

other than that supplied by the radiation itself. Therefore, the 

mechanism most clearly implicated at this time is the electron-

hole theory. This mechanism presupposes that electrons or holes 

will react with stable free radicals and cause them to convert 

into a non-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 by heat. The 

similarity between the temperature dependence of free radical 

decay by heat and that of electrical conductivity as measured 

by other workers (10, 14 0  15) will lead us to consider the 

possibility that the two processes may be related. Mechanisms 

by which, a population of electron-hole conducting states may lead 

to free radical decay are outlined and the experimental data 

relating to these mechanisms are discussed. The relationships 

of these mechanisms to radiation-induced destruction are also 

discussed. 

M. 
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Experimental Procedure 

Polycrystalline samples were irradiated in air at room 

6 temperature in a cobalt-60 source at a dose rate of 1.07 x 10 R/hr. 

A 20 mg sample irradiated to a total dose of 10 7  R was placed in an 

E.S.R. tube and evacuated to 0.1 torr to prevent reactions with 

oxygen upon subsequent heating. After evacuatiOn, three-quarters 

of an atmosphere of nitrogen was introduced to àvért loss of free 

radicals by sublimation of the sample. A number of compounds were 

found to be unsuitable for kinetic analysis, notably those containing 

water of hydration and those for which the E.S.R. spectrum changed 

with increasing temperature. 

The temperature of the sample was controlled inside the 

E.S.R. sample cavity by employing the Varian variable temperature 

control unit (see Fig. 21). The temperature at the position of 

the sample in the cavity was measured prior to and following a 

series of 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 

At any one temperature, the free radical population remaining 

in an irradiated sample at time t displayed kinetics which can 

best be described by the first-order decay equation: 
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Figure 21. Experimental setup to measure thermal decay of free 
radicals. Incoming air to Varian temperature control 
unit was preheated to increase temperature stability. 
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ln(N/N) 	- k't. 	 6.1 

In this equation, N is the free radical population at time t, N 

is the population at time t = 0, and k' is the temperature-dependent 

-1 
decay constant with units of sec . Fig. 22 demonstrates the 

heat-response curve at six different temperatures for D-tartaric 

acid. 

The activation energy for the process of.free radical decay 

was determined by plotting the values of k' according to the 

Arrhenius equation: 

in k' = - (Ea/RT) + in A. 

In this equation, Ea  is the activation energy, R is the gas 

constant,T is the absolute temperature, and A is the frequency 

factor. In Fig. 23, Arrhenius plots for three -  free radicals are 

shown, and a series of experimentally determined values for nine 

free radicals 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 

previously (14, 31). Most of the research thus far has centered 

around charge transfer complexes having relatively small energy 

gaps. A close correlation between activation energy for conduction- 
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Figure 22. 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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Figure 23. 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 been characterized 

• 	by Shields etal. (42). L-valine (2) refers to a peroxy 
• 	radical whose presence is detectable only after most of the 

principal radicals have decayed. 
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and for spin concentration has been reported for pyrene-21 2  and 

2(perylene)-31 2  complexes by Kommandeur (32), who considered the 

close correlation strong evidence that the observed unpaired spins 

are charge carriers. 

In contrast, Eley (14) reported that for one series of charge 

transfer complexes, the free radical concentration increased as the 

conductivity decreased (band gap 	0.5 ev). Furthermore, while the 

temperature had a marked effect on the conductivity, no effect 

could be observed on the E.S.R. data. 

In this investigation, the initial free radical concentration 

was produced by ionizing radiation to a level less than one free 

radical per lO parent molecules. However, heating the sample does 

not increase the unpaired spin concentration as in the case of 

Kommandeur, but rather causes a decrease in the radical concentra-

tion. The temperature dependence of the free radical decay is in 

fact analogous to the temperature dependence of electrical conductiv-

ity in organic semi-conductors (10, 14, 15, 30-33, 37). 

The experimental conductivity is directly related to the 

number of charge carriers (holes and electrons) and varies with 

the temperature according to the following relationship (37) 

ln a = - (c/2kT) + ln a 	 6.3 
0 

where a is the electrical conductivity, c is the energy in electron 

volts zequired to excite an electron from the highest energy level 



in the "valence band" to the lowest energy level in the "conduction 

band," k is the Boltzmann constant, and a is a constant. The 
0 

factor of 1/2 arises in conductivity measurements because the 

possible distribution of holes in the valence bandare completely 

independent of the electron distributions in the conduction 

band (37). If one is measuring the energy of an activated state 

of a molecule (e.g., a triplet state), the factor of 1/2 does not 

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

electron distribution. Table IV lists a few examples of the energy 

gap for electrical conductivity. 

In the original calculations of free radical decay, an 

Arrhenius.equation was used because there was no reason at first 

to suspect that free radical decay may be related to the number of 

current carriers present. However, the similarity in temperature 

dependence between free radical decay and electrical conductivity 

suggests that a comparison between the two systems could be made 

by calculating the activation energy for free radical decay using 

an equation of the form of equation 6.3. By comparing the 

converted values in Table III, Column 6, with the electrical 

conductivity values in Table IV, it can be seen that even though 

alanine 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 
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TABLE IV; 	ELECTRICAL CONDUCTIVITY DATA ON ORGANIC SOLIDS 

Compound Energy Gap Reference 

eV 
Alanine 2.16 10 

Tyrosine 	S  2.2 10 

Polyglycine 3.12 10 

Hemoglobin 2.75 10 

Glycine 2.5 14 

Glycine (deuterated) 2.6 14 

Leucylglycylglycine 3.1 14 

Leucylglycyiglycine (deuteratéd) 3.1 14 
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gap for electrical conductivity in both glycine and leucyiglycyiglycine 

was independent of deuteration. The same behavior was also noted 

for free radical decay in deuterated and non-deuterated L-valine. 

The frequency factors are included in Table III for completeness; 

their physical interpretation is not clear at the present time. 

On the basis of these observations and comparisons, it can 

be suggested that the rate-limiting process in free radical decay 

by heat may involve production of electron-hole pairs giving rise 

to electrical conductivity. 

Speculation on the Mechanisms for Free Radical Decay by Heat 

In general, covalent bond breakage in a molecule AB produces 

two radical species A and B. To discuss the mechanisms of 

decay, the case when only one of these, say A, is stable at room 

temperature will be considered. The concentration of A relative 

to AB is usually 10_ 2  or less, depending on the compound and the 

radiation dose. 

We assume the presence of a population of electron-hole 

pairs in equilibrium 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 very little molecular 

overlap, Fox (17) suggests that both the charge 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 negative free radical ion (AB) 

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

the charge carriers "jump" from molecule to molecule is used to 

describe migration within the crystal lattice. The quantum 

mechanical method of transfer (tunneling through or 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 are not detectable by E.S.R., and we presume 

their concentration to be much less than that of the neutral 

radical. A 	in the irradiated solid. 

The first classical mechanism to be discussed is character-

ized in Fig. 24. Line [1] is a schematic representation of the 

irradiated organic sample containing a free radical A and parent 

molecules AB in the crystal. A negative free radical 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 

random through the crystal (lines [3) through [51) by. the "hopping" 

of an electron to a neighboring molecule until recombination with A 

occurs. For decay of a free radical to occur, the site of (AB)* 

must come close to A', as shown in line [6), before recombination 

takes place. It should be noted that, since migration of (AB) 

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' 	[I] 

	

(ABT------AB ------- AB-------- 40 	[21 

• [31 

AB------(ABT -----AB--"-------A 	[4] 

AB ------(AB------AB--------- 40 	
[5] 

AB - - ------46 ----- - (AB) °  - ----- 4 	[6) 

AB ------  AB----- ---(AB) -----A° 	[71 

- 	
- 	 - 	 - -;-. - •- •- 	 -•( 	

01 

XBL 6911-6551 	0 

Figure 24. Mechanism I. A mechanism for free radical decay by heat 
which Involves the formation of a negative free radical 
ion (AB ) 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 actual decay itself is shown in 

line [7],  where the electron is transferred to or captured by the 

free radical A. This transforms A to a nonradical negative ion 

A (line[8]) which is presumed to be stable within the lattice. 

The probability of electron transfer from (AB)* to A is not 

necessarily unity, but as long as this probability is constant once 

the close proximity has occurred (line [6]),  the decay kinetics 

observed will still obey first-order analysis. 

Mechanism II, schematically described in Fig. 25, begins 

with the thermal production of charge carriers from a free radical 

(line [2]). The free radical becomes a positive nonradical ion 

and the acceptor molecule is transformed into a negative free 

radical ion (line [31).  The site of (AB) now migrates randomly 

from molecule to mOlecule via the "hopping model" (17) (lines [4] 

. and [5])  until it recombines with either A + 
	+ or (AB ) . Recombina- 

tions of (AB) with (AB+)  results in a net free radical decay 

if it is assumed that A 1  is stable within 

temperatures, the concentration of (AB+) 

giving rise to a greater free radical dec. 

of this mechanism would be first-order if 

and (ABY were the rate-limiting factor. 

the lattice 	At elevated 

is increased, thereby 

y rate. The kinetics 

the formation of 

It is also of interest 

to note that since this mechanism begins with free radical donation 

of electrons, the energy gap for free radical decay within a given 

crystal will depend entirely upon the free radical species in 

question. 

11 
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MECHANISM IE 

A' 	-AB 	- AB-------(AB)* [I] 

A'-- --- - ---46 -------.AB --------(AB)' [2] 

- - - - --------- ------ (4B'T [3] 

4+ --- - -- -(AB)'------AB -------(AB)' [4] 

AB ------- (4B1' ----- (ABIT [5] 

4 +  -------AB -------(AB)'------(AB 4 )* [6] 

4+ - ------AB -------AB-------AB [7] 

XBL 6911-6550 

Figure 25. Mechanism II. Amechanism for free:radicai decay by heat 
which involves the formation of (AB ) on AB by acceptance 	Em 
of an elecron 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 

processes from I and II. A free radical A becomes a positive 

nonradical ion by donating an electron to a neighboring AB, forming 

(AB), the site of which moves through the crystal by the "hopping 

model" (17, 33, 37). Instead of recombining with (AB+),  as in 

mechanism II, it comes in close proximity to another radical A 

(line [5]).  Recombination of (AB)* and A proceeds as in 

mechanism i, so that A is transformed into a negative nonradical 

ion (line [7]).  This mechanism would most likely be important 

only at high concentrations of A, where the probability that 

(AB) encounters A before encountering (AB+)  is significant. 

If the rate-limiting step for this mechanism were the production 

of A+  and (AB)from A, or the recombination of (AB) and A to 

form A, the decay kinetics observed would be first-order. As in 

the case of mechanism II, the energy gap for free radical decay 

within a given crystal will depend entirely upon the free radical 

species in question. 

Mechanism IV (Fig. 27) is different from mechanism I only 

in that holes are the species responsible for decay of the free 

radicals. This mechanism is initiated by the formation of a 

positive free radical ion (AB+)*  from AB. The site of (AB+) 

migrates through the lattice by the "hopping model" (17) until 

recombination with eigher (AB)* or A occurs. For this mechanism, 

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

MECHANISM ]IE 

	

As------ —AB---------AB------- A 	[I] 

—AB 	—AB---------4 	[2] 

[J 

4+—— (AB) @ 	—AB 	- —A 	[4] 

	

AB — — — -- — — (ABY -------A' 	[} 

	

4+  - - -----AB------(ABY------ A' 	[6] 

	

4 +  — — — — — — AB ------AB--------A 	[71 
XBL 6911-6549 

Figure 26. Mechanism III. A mechanism for free 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. 
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MECHANISM I 

AB 	 -AB------- AB- ------A' 	[I] 

	

(AB)*-- --- AB -------AB --- ----A' 	[2] 

	

(AB)* -----  -AB -------AB - -------' 	[] 

AB 	 --- - -------AG -------A' 	[] 

	

AG -------(Ar+ )
"
- - - --- AB  - -- - ----A' 	[] 

	

4' 	[6] 

	

AB - - - -----AB--------(AB)'-----A' 	[7] 

	

AB ------AB------- --AB - ------A 	[8] 

XBL 6911-6547 

Figure 27. Mechanism IV. A mechanism for free radical decay by heat 
which involves the formation of a hole (AB Y 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. 



MECHANISM 

-AG 	 - AG 	 - -(AB) @  [I] 

A' - ---- -- ----AB - ------AB---- ----(AB)' [2] 

-- - - - - ------------- - ( AB)' [31 

A------(AB 1T------AB-------(AB)' [41 

AB - - - - - - (ABY ------ (ABY [5] 

---------(AB') ------- (AB)' [6] 

-AB ------ AB--------AB 	[7] 

XBL 6911-6546 

	

Figure 28. Mechanism V. A mechanism for free radical+decay  by heat 	a 
which involves the formation of a hole (AB ) by donatin 
of an electron to the free radical A. The site of (AB Y 

• 

	

	migrates until recombination with (AB ). The electron- 
accepting free radical decays to a negative nonradical ion. 
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dependent only on the crystal lattice properties, for the same 

reasons as discussed in Mechanism I. 

Mechanism V (Fig. 28) is different from Mechanism II only 

in that • the free radical K accepts an electron from a nearby 

parent molecule AB to become a negative nonradical ion A. The 

site of (AB+y migrates until recombination with either A or 

(AB) occurs. For this mechanism, the energy gap would be 

radical-dependent and the decay first-order for the same reasons 

as discussed in Mechanism II. 

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

processei from IV and V. A radical K becomes a negative 

nonradical ion by accepting an electron from a neighboring AB, 

forming (AB ) , the site of which migrates through the lattice 

until recombination with another A occurs. The net result of 

this mechanism is the production of A and A+ from 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, the initial, rate-limiting step is the production of an 

electron-hole pair at a site in the lattice some distance from 

the free radical inself. All other mechanisms involve the radical 

78A 
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• 	MECHANISM V1 

--AB -  -----------A' 	[I] 

AB- ------AB - - -- -- - - - A• [J 

-AB-------A [3] 

A -----(ABi' -------- AB -------  A [4] 

(AB)'-- ---  IV [5] 

A ------AB - ----- (AB) - ---- - A [6] 

AB---------AB----- --- A [7] 

XBL 6911-6548 

Figure 29. Mechanism VI. A mechanism for free+radical  decay by heat 
which involves the formation of (AB ) on AB by doation 
of an electron to one radical A. The site of (AB ) 
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 nonradical ion. 



in the initial step. Our measurements of the energy gaps for 

free radical decay are consistent with Mechanisms I and•IV; the 

other mechanisms are not precluded, however, since the energy gap. 

for the rate-limiting steps might also be near that for electrical 

conductivity. Perhaps the most direct piece of evidence favoring 

either Mechanism I or IV over the.others comes from the measure-. 

ments of the energy gap for decay of two radical species in the 

same crystal lattice. Two different radical species in deuterated 

L-valine, indicated as (1) and (2) in Table III, were found to have 

energy gaps which were the same within experimental error. This 

would be expected for Mechanisms I and IV, but in general would 

not be expected for the other mechanisms in which the decaying 

radical specieè is involved in the initial step. The different 

values of the frequency factor (see Table III) for the two free 

radicals in L-valine could arise from a different probability 

of reaction of (AB) [or (AB+)]  with the different free radicals 

after close 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 

free radical concentrations when there is a large probability that 

(AB) *  [or (AB)]. It should be noted that a combination of 

I'chanisms 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 

A 
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total decay process depend on the concentration of free radicals, 

which changes as decay proceeds. 

Although the comparison between the activation energy for 

free radical decay and the energy gap for electrical conductivity 

assumes that either Mechanism I or IV is the mechanism involved, 

it is conceivable that both mechanisms could occur simultaneously. 

If this were the case, one electron-hole pair would lead to the 

loss of two freeradicals. The decay;kinetics observed would 

still be first-order, even though the free radicals decayed in 

pairs, because the rate-limiting step is a single event, namely 

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

the electron and the hole with the free radicals. 

Summary 

It is evident from the data just presentèdthat electrons 

or holes may interact with stable free radicals and cause them 

to convert into nonradicalspecies. In the case of radiation-

induced destruction, it is possible that the radiation creates 

an electron-hole pair which can migrate until it reacts with a 

stable free radical in a fashion similar to heat decay or until 

the electron and hole are trapped or combine. 
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VII. CONCLUSIONS AND RECOMMENDATIONS 

The solid-state destruction and production of organic 
Li 

stable free radicals has been studied from theoretical and 

experimental aspects. The theoretical consideration led to the 

development of a triangular relationship among parent molecule, 

stable free radical and destruction product. The kinetics 

developed: from this approach fit the existing datafor stable 

free radical concentration versus radiation dose. Although 

the kinetics developed fit the data better than the equations 

presently used, othei approaches may fit equally well. Thus 

experimental verification at the micro-chemical level is 

necessary. 

One of the problems associated with studies of the 

kinetics of free radical destruction and production is that, 

while the parent molecule (A) and the destruction product (X) 

are generally chemically distinguishable, the free radicals 

usually transform 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 

scavenger molecules is 2-methyl-2-nitroso-3—butone 

(CH3 ) 2 -O-cocH3  

N 	 (RNO). 

0 



to 

This molecule will react with free radicals to form a stable 

nitroxide radical as indicated below: 

'R + RNO 	'R-N-R 

0. 

The use of this scavenger molecule and C 14  labeling will allow 

A, R and Xto be distinguished with chromatographic techniques. 

Hence a complete analysis of the kinetics may be possible. 

After the demonstration that destruction is a physical fact, 

three mechanisms that could explain the destruction phenomenon 

were discussed. In an effort to select the correct mechanism, 

the temperature dependence of destruction was investigated. The 

conclusion from these data is that at least two different 

mechanisms are responsible for free radical destruction. One 

mechanism has an activation energy of 0.71 Kcal/mole and the 

other process is temperature independent. While at least two 

mechanisms 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 the experiment presented (200
0
K). The kinetic parameters of 

these other processes 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 

destruction process to be made in the temperature range 4.2 to 

300°K. Djenkolic acid is a sulfur containing amino acid which 
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gives rise to a carbon radical when irradiated at 300
0K (20). 

When this compound is then heated to 400 0
K, the carbon radical 

is converted into a sulfur radical. Hence, the destruction of the 

sulfur resonance may be studied from 4.2 to 350
0
K. This study 

will allow the compound dependence of destruction to be studied 

as well as the number of mechanisms involved in the destruction 

process. 

Since one of the destruction processes is temperature 

independent, it was suggested that electrons or holes may in some 

way be related to the destruction process. Evidence was given 

that electrons or holes that are thermally populated may be capable 

of reacting with stable free radicals to initiate their conversion 

to non-radical species. This interaction may be further investi-

gated through the use of photo-conductors such as selenium. It 

is now possible to purchase compounds in which selenium replaces 

sulfur (seleno-DL-cystine, seleno-DL-methionine, etc.). Crystals 

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 then be made in the dark or in the presence of light. This 

type of study may provide some information concerning the effect 

of charge carriers and conduction properties on the formation and 

destruction of organic stable free radicals. 
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APPENDIX A 

If stable free radicals R are produced from parent molecule 

A (via.4) and destroyed via 	and k (see Fig. 3), then the 

differential equations describing the rate of change of A and R 

with respect to radiation dose are: 

dA/dD = - kA + kR 	 A.l 

dR)'dD = kA - (k + k)R. 	 A.2 

In theregion where 4A>> kR equation A.l can be solved, 

subject to. the boundary condition that A = N (N = initial number 

of parent molecules). 

A 	D 

f=- fkdD 
N 	0 

+ 
A=NeKD 	 A.3 

where K + = k +  

Now if equation A.3 is substituted into A.2, and the 

resulting equation is rearranged and multiplied by eD,  then 

we obtain: 
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K±N + fD(KK+)e(KK+)DdD = f (eDdR+RKeKDdD) 
K-K 

where K = K + K;. 	When this equation is integrated, subject 

to the boundary conditions that R = 0 at D = 0, we obtain: 

R 	K+ 	K+D - e Th 
- + Ce 	. 	I 	 A.4 

K -K 

From equation A.4 it is possible to derive the equation 

which yields the maximum free radical concentration (R/N) at a 

dose D. Dm  is found by taking the derivative of equation A.4 

and setting it equal to zero.. This yields 

	

D = ln(K+/K) 	
. 	 A.5 

tfl 	
K-K 

which upon substitution into A.4 yields 

K+K/KK) 
[jI =.— I 	 . 	. 	 A.6 

m 

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 = K+A 
	

A. 7 



Substituting equation A.3 for A we fin4 that 

= N f K  D +edD  

which upon integration yields 

+ 

	

P/N = 1-e 	D 	 A.8 

Normally radical yiel& 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 

	

G = NK+ 
	

A.9 

I 
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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 the differential equations describing the rate of change of 

A and R with respect to radiation dose are: 

	

dA  
=- (k+4)A+kR ~ kX 	 B.l 

	

dR  =kA+kX - (k+k)R 	 B.2 

These equations may be solved in the same manner outlined in 

Appendix A. Solutions can be obtained for the dose range in 

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

(k' + k)A>> kR + kX and kA >> 4x, to give 

ft = e 	+ 

= 	k1 + 

1 	
[e 	+ k)D-KTh1 	 B.4 

K-k-k3  

ln((k4-k)/I() 	
B.5 

D= k+.k.-K 

4 
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R - [ 
	

1  1 1 K 1 (K/(k + k - K)) 

m 	k+k Lk+k 
13 	13 

= 1 - e - (k + 4) D 	
B. 7 

where iC = k + k2. 
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