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Abstract-Experiments are reported on the production, and annealing 
kinetics of free radicals in irradiat,ed organic crystals. Both processes are 
shown t o  be well reproducible for nominally identical crystals although 
the annealing rate may be much slower in crystals damaged by previous 
irradiation and annealing. Free ra’dical destruction was found in numerous 
instances to proceed by second-order kinetics, the only exception being 
crystals of acetylglycine wherc the reaction is third-order. Activation 
energies of the reactionR are reported together with experimental investiga- 
tion of the deuterium isotope effect. The significance of these results is 
discussed in relation t o  the existence of hydrogen atom jlunping or “ kenon 
diffusion ” as an annealing mechanism. 

Introduction 

Since the early 1950s it has been known1*2 that free radicals are 
produced in a variety of organic materials and in particular in 
organic single crystals when these substances are exposed to x-rays 
or y-rays. In  many cases the radicals are stably trapped and 
protected by their environment so that they survive indefinitely 
if stored at room temperature. Although it has often been noticeda 
that the free radicals are destroyed by annealing at a sufficiently 
high temperature, no quantitative studies have been made of the 
annealing process in single crystals. To date the most extensive 
studies of annealing kinetics are those of Dole and co-workers4.5 
who examined the thermal destruction of free radicals in irradiated 
polythene. This work for the first time raised the question of the 
existence of the hydrogen atom vacancy as a mobile defect 
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352 MOLECULAR C R Y S T A L S  AND LIQUID C R Y S T A L S  

Owing to  the requirements of spin conservation, the removal of free 
radicals must essentially involve the recombination of the un- 
satisfied valencies in pairs. It seem quite unlikely that diffusive 
motion of the aliphatic chains in polythene would provide sufficient 
mobility to bring this about. Thus one is forced to accept the 
concept of the mobility of the radical state through hydrogen atom 
jumping and the transfer of hydrogen atom vacancies. Again, 
because the free radicals are required to  recombine in pairs one 
expects the kinetics of the reaction to be of second-order. In  this 
regard, unfortunately, the ESR annealing studies on polythene 
indicate that the reaction does not conform to a simple hypothesis. 
In  fact, there has even been some disputd.6 as to whether the 
reaction displays first or second-order kinetics. Under isothermal 
annealing it is found that the reaction, which initially proceeds 
rapidly, eventually ceases leaving a fraction of the radicds intact. 
Raising the temperature further cmwes the annealing process to 
proceed once more until again a certain fraction of the radicals are 
found to  be resistant to destruction, and so on. It is a natural 
presumption that we have here a reaction system that is not 
homogeneous and this Dole attributed to a non-uniform distribu- 
tion of free radicals arising from their production in clumps or 

spurs.” It seems to us more reasonable to regard the inhomo- 
geneity of the system aa arising from the inhomogeneity of the 
polythene itself, consisting as it  does of regions of Wering degrees 
of crystallinity. 

For the elucidation of the microscopic processes involved in 
organic free radical annealing in solids it is preferable to choose 
materials which are better characterid than are polymers, i.e., 
to  use organic single crystals. Several questions present them- 
selves. Is the annealing of free radicals in irradiated organic 
single crystals a well-behaved reaction in the sense of obeying a 
particular order of kinetics? Is the annealing rate constant from 
crystal to crystal of a particular compound or is it ‘( structure 
sensitive ” in that it depends sensitively on the impurity and 
defect concentration of the crystal? Is the annealing rate affected 
by the irradiation and thermal history of the specimen? Can the 
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activation energy of the annealing process be measured? Can the 
kinetic isotope effect be detected by comparison of the annealing 
rates of free radicals in deuterated and undeuterated crystals? 
In  order to  provide a partial answer to these questions, we have 
studied free radical production and annealing in crystals of 
glycine, succinic acid, malonic acid, alanine and acetylglycine, 
some in partially deuterated form. 

Experimental 

The ESR spectrometer used has been described previ~usly.~ 
To facilitate studies of isothermal annealing a heatable vacuum 
jacketed cavity was constructed to  allow. spectra to be taken at  
frequent intervals as annealing proceeded. It was found that 
adequate temperature stability for isothermal annealing experi- 
ments (vis. * 4 "C) was obtained by running resistance heaters, 
fixed to the cavity, from a variable regulated power supply, the 
cavity itself being thermally isolated on the end of a 40 cm length 
of German silver waveguide within the vacuum jacket. For 
kinetics studies, temperatures were chosen within a range where 
the reaction proceeded sufficiently slowly with respect to  the time 
needed to  bring the cavity to a steady operating temperature, yet 
not so slowly as to  be inconvenient to  observe. Complete spectra 
were taken continuously for times ranging between 4 and 4 hours. 
To correct for any drift in spectrometer sensitivity a standard 
specimen was included in the cavity in a second specimen position 
provided. This took the form of a hollow PTFE rod containing 
powdered ZnSe:Mn whose spectrum of six equally spaced lines 
of uniform height fits comfortably around the hyperfine specbrum 
of most organic free radicals. The complete spectrum of both 
specimen and standard (Fig. I(a)) was obtained repeatedly with 
a 4 min. sweep, yielding up to 30 charts per run from which the 
relative heights of specimen and standard spectra were obtained. 
When prolonged heatings were required the crystals were mounted 
in detachable cavities which were heated in a temperature 
controlled oven, the samples being protected from oxidation by a 
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Figure 1. (a) Superimposed spectra of free radical CH8-CO-NH4H-- 
COOH in irradiated acetylglycine and of standard aperimen of powdered 
ZnSe : Mn. 

(b) Spectra of radical A, HOOCCH,--CH,-COO (central line) and 
radical 3, HOOC-CHpCH-COOH in freshly irradiated succinic acid. 

(c) Showing independent annealing of radical A after specimen is held 
for 2 h at 80 "C. Applied field perpendicular to crystal b axis and making 
100' with a axis. 
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nitrogen atmosphere. Whcre the heating was performed in situ 
the crystal was protected in this regard by the evacuation of the 
cavity. In fact no effects were observed that could be attributed 
to the reaction of atmospheric oxygen with the free radicals even 
when air was admitted presumably because of the low permeability 
of these crystals to oxygen. The major hazards to the crystals 
arising from heating them are oxidation, fracture due to thermal 
stresses and in some cases, the evaporation of the crystal. This 
last difficulty can be very satisfactorily eliminated by coating the 
crystals with silicone grease. 

It is important to maintain the orientation of the crystal un- 
changed throughout the experiment and this was achieved by 
slothing each into an individually cut PTFE rod of diameter 
chosen so as to  be a firm push fit in a bush on the cavity wall. 
The particular orientation chosen for the crystal is of importance 
only when it is necessary to  separate the lines due to two different 
radicals, as in the case of succinic acid, when the crystal was 
mounted with the magnetic field in the direction of the c* axis 
(Fig. l(b) and (c)). 

For accurate comparison of the free radical annealing rates in 
pairs of crystals a double cavity constructed after the fashion of 
Kohnlein and Miillers was used. Two soft iron discs attached to  
the outside of the cavity at one of the two sample positions shifted 
the spectrum of that crystal by about 100 gauss in terms of the 
applied field allowing the comparison of the virtually identical 
spectra of two similar crystals. 

The crystals used were prepared from analytical reagent grade 
chemicals by slow evaporation from aqueous solutions. Large 
batches were grown in order to facilitate the choice of matched 
pairs of crystals of similar habit and appearance and of closely 
similar mass. No difficulty was found in obtaining pairs of crystals 
with masses equal to less than &:/, thus simplifying the comparison 
of free radical concentrations to that of comparing the total 
number of spins present in each specimen. Deuterated crystals 
were prepared by three recrystalizations from 99.75% D,O, using 
a sufficiently large amount of the solvent so that the eventual 
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degree of deuteration of exchangeable hydrogens reached essen- 
tially this value. Under mild conditions such as these, deuteration 
usually takes place only at polar hydrogens, in particular, in the 
compounds used, for the amino and carboxylic acid groups and 
at the amide hydrogens of dihydrothymine. In  addition it should 
be noticed that treatment with heavy water effects the complete 
deuteration of malonic acid, even on the backbone positions.9 

Irradiation of crystals waa performed with x-rays from a Mo 
anode x-ray tube operated at 40KVP. To aid in the uniform 
irradiation of the crystals, a matter of some importance for kinetic 
studies, the radiation wm hardened by 0.005" of A1 foil and the 
crystals given equal doses from two opposite sides. The radiation 
so produced consists essentially of the K ~ L  characteristic and con- 
siedrable amounts of much more penetrating white radiation. 
Calculation shows that the above procedure should result in 
adequately uniform irradiation of typical organic materials up to 
2 mm in thickness and crystals thicker than this were not used. 
Accurate dosemetry is not an easy problem with the radiation 
used. However, we believe that an adequate estimate of the doses 
used is provided by a comparison of rate of free radical production 
by our source with that in the Coso gamma source at the Austral- 
ian Institute of Nuclear Science and Engineering, Lucas Heights, 
N.S.W. The nominal doses we quote mean essentially a free 
radical concentration equal to that produced by a corresponding 
dose of CosO gamma rays. The typical dose used for kinetic 
studies was about 5 Mrad nominal. It is perhaps worth remarking 
that wherever the experiments here described were repeated on 
gamma irradiated specimens, no detectable differences in behav- 
iour were noticed. 

Free Radical Production and Annealing Rates 
Because pairs or sets of crystals of a given compound containing 

essentially the same concentration of free radicals were required 
for comparisons of annealing rates from crystal to crystal and for 
the obtaining of activation energies of free radical destruction, 
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investigation was made as to how reliably this could be achieved 
by subjecting nominally similar crystals to the same dose of 
radiation. Selected crystals were irradiated in pairs or batches 
and the relative concentration of radicals resulting were determin- 
ed by comparing successively with a copper sulphate standard. 
The findings may be summarised by stating that the production 
rate of free radicals in nominally similar crystals was always 
found to be the same to within the accuracy of measurement 
(Table 1, col. 3) which was about 5%, being limited principally by 
small errors in the alignment of the individual crystals. Even 
preirradiating a crystal with 5 Rbad and annealing out the radicals 
produced did not subsequently affect the efficiency of the radical 
production in it. More remarkably, it  was found in five compounds 
studied (Table 6) that deuteration of the crystals did not cause any 
considerable change in the free radical production rate when effects 
due to the sharpening of the lines by the reduction of inhomo- 
geneous broadening were accounted for by integrating the areas 
under the respective absorption spectra. These observations made 
us confident that in most cases crystals with equal free radical 
concentration or known multiple concentrations can be prepared 
by manipulation of the radiation dose, provided only the dosage 
saturation is avoided. 

Using the double cavity five compounds (Table 1) were examin- 
ed for the reproducibility of annealing rates between matched 
pairs of crystals. The crystals were irradiated in pairs to a dose 
of about 5Mrad and the resulting small differences in radical 
concentration were taken into account in the comparisons of 
reaction rates as indicated in the table. This required a knowledge 
of the kinetic order of the reaction which was in fact second-order 
for all cases except N-acetylglycine where the reaction obeys 
third-order kinetics. Although the data gained from these rather 
tedious experiments is limited in extent it is clear that free 
radical annealing in organic crystals displays (e.g., Fig. 2(a)) a 
degree of reproducibility which is remarkable for reactions in the 
solid state. 

Two different procedures were adopted to discover whether the 
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Figure 2. (a) Kinetic plots of second order decay of free radical signal on 
annealing of two nominally identical irradiated glycine crystals. The 
lower curve has been displaced vertically for clarity (b) showing the effect 
on annealing rate of damage produced by pre-irradiating and annealing. 
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annealing rate of free radicals is affected by the radiation dose that 
the crystal has received. A pair of crystals of a, selected compound 
were prepared with free radical concentration different by a factor 
of about 2 by adjustment of their respective radiation doses. By 
comparison of their annealing rates in the double cavity and with 
a knowledge of the kinetic order obeyed by the reaction (the 
determination of which is described later) one can compare the 
observed relative annealing rate with that expected on the basis 
of the differing concentration. Since one crystal received about 
twice the radiation dose than the other and therefore about twice 
its much secondary damage, the equality of the annealing rates 
after correction for the difference in concentration would indicate 
that the annealing rate is essentially unaltered by the extra 
radiation dose. This was found to be the cam for the two com- 
pounds examined in this way, namely L-a-alanine where the 
annealing kinetics of the free radicals was second-order and in 
acetylglycine where it was third-order (Table 2). 

TABLE 2. Effect of Radiation Induced Impurities on the Reaction Rate 
~- 

Relative 
Concentrations Rel. Fractional Expected Rel. 

Compound of Radicals Decay Rates Rates 

L-a-alanine 2.1 2.0 2.1 
N-ace tylglycine 2.2 4.5 4.8 

For the other method of examining the effect of previous 
irradiation on annealing rates, a pair of crystals of the compound 
were selected, one of which was given a radiation dose of 5 Mrad, 
and then both crystals were annealed together at  a temperature 
sufficient to destroy the free radicals produced in the irradiated 
member of the pair. Both crystah were then treated with a 
5Miad dose at room temperature which produced equal free 
radical concentrations in each in accordance with the observations 
mentioned earlier. The relative annealing rates of the crystals 
were then compared in the double cavity. In marked distinction 
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to the previous procedure it was found that the differing histories 
of the crystals resulted in widely different annealing rates yet with 
the annealing curve accurately obeying the expected kinetic law 
(Fig. 2(b)). In  each case preirradiating, annealing and cooling 
remarkably reduced the annealing rate by as much as a factor of 
4 in the case of acetylglycine (Table 3). 

TABLE 3. Effect of Preirradiating and Annealing on the Reaction Rate of 
Free Radical Destruction 

Conc. iu 
Preirrad. Crystal 

Conc. in Rel. Fractional Exmctcd 
Compound Fresh Crystal Decay Rates Relative Rates 

Glycinc 1.02 0.48 1.02 
L-a-alanine 1.05 0.53 1.05 
N-acetylglyoine 0.98 0.25 0.96 

The kinetic order for free radical destruction was mostly deter- 
mined by measurements on the sample in situ in the variable 
temperature cavity. Spectra were taken continuously with the 
cavity containing the sample crystal and the standard maintained 
at  a constant temperature. The height of the spectrum of the 
sample relative to the standard was plotted according to the hypo- 
theses of first, second and third-order kinetics. In this way the 
reaction order was determined for the crystals of Table 4. In no 
case did deuteration of the crystal effect the reaction order, the 
reaction curves being always conformable to second-order kinetics 
except for acetylglycine (Fig. 3) and its deuterated analogue 
where the data can be fitted accurately with third-order kinetic 
curves. In most cases the determination of the kinetic order for 
the series of spectra is a quite straight forward matter especially 
where only one radical is present after irradiation, when measure- 
ment of the height of a prominent peak in the spectrum allows one 
to follow changes in the relative concentration of the free radicals. 
Where two radical species are present after irradiation as in 
malonic and succinic acid measurement of the decay curves 
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Figure 3. (a) Annealing of free radicals in acetylglycine plotted according 
to second order kinetic hypothesis (b) plot,ted according to third ordcr 
kinetic hypothesis. 
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depended on choosing a crystal orientation such that absorption 
lines of each radical could be isolated free from overlap from the 
spectra of the other. This was achieved easily in succinic acid and 
with somewhat more difficulty in malonic acid. In succinic acid 
the radicals (HOOC-CH,-CH2-CO0 and H O 0 G C H 2 -  
CH-COOH) anneal independently with second-order kine tics 
with life times of about 30 minutes at  80 "C and 110 "C respectively. 
It is evident that in this compound at least, that each radical 
species " destroys itself" with no sign of reaction between the 
dissimilar radical types (Fig. l(b) and (c)). Similar remarks 
apply to observations made on deuterated succinic acid crystals. 
In  malonic acid the situation is similar with the radicals12 
(CH,-COOH and HOOC--CH-COOH) annealing in the 
experimental time of 65°C and 80"C, respectively, again with 
second-order kinetics. In  the deuterated compound, however, the 
spectrum of the irradiated crystal was very narrow making it 
impossible to isolate lines of the separate species which were 
obviously present as can be demonstrated from the change in the 
shape of the spectrum as the microwave power is varied, a 
characteristic of a sample containing at least two species with 
different spin-lattice relaxation times requiring Mering power 
levels for saturation. It was observed, however, that the whole 
spectrum annealed with second-order kinetics at a lower tempera- 
ture than for the undeuterated material, namely 55 "C. In glycine 
the only other crystal containing two radical species when freshly 
irradiated the situation is more complex and may be summarized 
as follows. The identity of these two radicals was the matter of 
some d i s p ~ t e l ~ , ~ ~ I  until they were shown16 to be CH,-COO- and 
NH:-CH-COO- respectively. On storing the crystal for several 
weeks at room temperature or warming for a few hours at 40°C 
the ESR spectrum alters16 with the disappearance of the lines of 
the former radical and the appearance of the spectrum of a new 
and as yet unidentified radical. Integration of the ESR spectra 
shows that this change proceeds with no alteration in the total 
spin concentration. It is apparent that one of the radicals is 
converted more or less quantitatively into a new species. Investi- 
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A N N E A L I N G  K I N E T I C S  OF FREE RADICALS 365 

gation of the kinetics of this reaction presents some difficulty 
because in the complex spectrum one cannot isolate lines either of 
the parent or daughter. The kinetics were shown to be first-order 
by assertaining that the relaxation time of the reaction rate is 
independent of radical concentration. A pair of matched crystals 
were prepared with relative concentration of radicals in the ratio 
of 3: 1 by adjustment of the irradiation doses. These were 
mounted separately in detachable cavities and annealed in parallel 
in the oven, their spectra being taken at frequent intervals. 
Careful measurement show that the parameters of the complex 
spectra, such as peak height ratios, etc., changed at  the same rate 
for each specimen throughout the annealing. The further anneal- 
ing of the glycine crystals resulting from this treatment showed 
more interesting features. At  145 "C the spectrum of the remain- 
ing radicals is annealed with little change in shape of the spectrum 
being apparent until the end, when a small residuum of the un- 
identified radical survives prolonged heating at this temperature. 
The decay follows second-order kinetics and looks deceptively like 
the familiar annealing of a single radical although observations of 
saturation verify that two radicals are present. It is apparent 
that we here observe the mutual destruction of two dissimilar 
radicals initially present in almost equal concentrations and 
displaying a true second-order reaction. 

Activation Energies 

When it was found that the rate of free radical annealing does 
not vary greatly from crystal to crystal, it was hoped to measure 
the activation energies by measuring the change in annealing rate 
with temperature using sets of matched crystals. For this purpose 
six selected glycine crystals were irradiated similarly and the decay 
curves of their ESR spectra were obtained as they were annealed 
at various temperatures from 135 "C to 155 "C. Unfortunately on 
the Arrhenius plot the points showed so much scatter that the 
best estimate that could be made of the activation energy was 
1.0 & 0.4 eV. It is apparent that the rate of annealing of the free 
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366 MOLECULAR C R Y S T A L S  A N D  L I Q U I D  CRYSTALS 

radicals although tolerably similar in different crystals is still 
sufficiently variable to prevent accurate derivation of activation 
energies when the temperature variation of the rate is measured 
using different crystals for each temperature. It was found 
necessary to measure the temperature variation of the annealing 
rate by partially annealing the same crystal succe&sively a t  two 
temperatures separated by a suitable temperature interval. To 
this end the crystal was mounted in the variable temperature 
cavity and maintained at  such a temperature that the ESR 
absorption signal decayed to about half strength over an hour's 
observation, the spectra being taken at frequent intervals. The 
relative free radical concentrations thus obtained yielded, of 
course, a straight line plot when a graph is made of their reciprocals 
(or reciprocal squares) as a function of time and in effect the further 
annealing behaviour of the crystal if it were to be maintained at 
this temperature can be predicted by extrapolation. However, 
when sufficient points have been obtained to allow this to be done 
the annealing temperature is increased &s rapidly M possible by 
about 10 "C and the experimental points for the further annealing 
were entered on the graph (e.g., Fig. 4) to give a new straight line 
of increased slope. Comparison of the two annealing rates yields 
the activation energy. Examination of the data leads one to 
estimate the error in the activation energy thus derived a t  about 
10%. Activation energies were found with values ranging from 
0.5 eV (D,-glycine) to 2.7 eV (malonic acid) as shown in Table 5. 
It is noteworthy that the value of the activation energy in deuter- 
ated glycine is quite Werent from that of the undeuterated 
material. The extent of this difference is much more than can be 
attributed to the effect of deuteration on a particular chemical 
reaction, offering further evidence that in this case at least, 
deuteration of the crystal steers the coime of post-irradiation 
chemical events into new channels. 

The need to measure the activation energy from successive 
annealing experiments on one crystal which must be discarded 
after use, together with the limited temperature range over which 
rates of annealing are accessible to experimental study virtually 
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368 MOLECULAR C R Y S T A L S  AND LIQUID C R Y S T A L S  

TABLE 5. Activation Energies Determined for Free Radical Reactions 

Activation 
Energy 

Compound Radical (eV) Reference 

Glycine 

D,-glycine 
L-a-alanine 
Malonic Acid 
Succinic Acid 

N-acet ylglycine 
Dihydrothpine c 6 d s  (Conversion) 1.0 Bernhardand 

Snipes (1967) 

NHtaH-COO- and 
unknown 1.0 Present work 

R-406 0.5 Present work 
CH,~H-R 2.1 Present work 
CH~-COOH 2.7 Present work 

(Radical A) 1.0 Present work 

(Radical B) 2.3 Present work 
H2C--CO-NH-&€400H 2.0 Present work 

HOOC-CH~-CH~-COO 

HOOC~H-CH,-XOOH 

precludes investigating whether the activation energy is constant 
with temperature. 

Deuteration and the Kinetic Isotope Effect 

The comparisons of the annealing rates necessary for the study 
of the deuterium isotope effect were made with the help of the 
detachable double cavity using oven heating. The pair of crystals, 
deuterated and undeuterated, were irradiated together before 
mounting in the cavity. Where the deuterium isotope effect was 
not present the spectra decayed together, but when present the 
isotope effect produces*such a marked difference" in the annealing 
rates as to  be unambiguously recognisable. The relative rate 
constants were derived from kinetic plots (e.g., Fig. 5) with 
appropriate allowance being made for any slight differences in 
initial concentrations in the free radicals in the pairs of crystals ; 
these are shown in Table 6. 

The case of glycine calls for comment in that the radicals present 
in deuterated glycine after irradiation and low temperature anneal- 
ing t o  effect the conversion routine are obviously different in 
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Figure 5. (a) Kinetic plots comparing the annealing rates of radical A in 
deuterated and undeuterated succinic acid, showing the presence of the 
deuterium isotope effect. (b) Similar plots for the annealing of radical R, 
showing the abfience of an isotope effect. The lower curve has been 
displaced downward for clarity. (c) Kinetic plots showing the absence of 
isotope effect in acetylglycine, where the annealing kinetics are third order. 
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Table 6. Free Radical Reactions Studied for the Deuterium Isotope Effect 

Compound Radicals on which Type of free Relative Iso- 
reaction rates radicd rate tope 
were compared reaction constant effect 

N-acotyl- H,C--CO-NH-&L-COOH 
glycine and Destruction 1.1 No 

Malonic CH2-COOH and 
Acid unknown radicals Destruction 0.8 No 

Succinic HOOC-CH,CH,CO~ 
Acid and Destruction 4-5 Yes 

H~C-CO-ND-CH-COOD 

DOOC--CH~-CH,-CO~ 

HOOG-CH,-OH-COOH 

DOOG-CH,-CH-COOD 

(Radical A) 

and Destruction 1.0 No 

(Radical B) 

Glycine cH2--COO- 
and 

OD,-COO- 

Conversion Not Yes a 

Deter- (See 
mined Text) 

Dihydro- c, and C, Conversion 1-0 No 
thymine 

structure from those in ordinary glycine treated similarly, the 
spectrum contracting to  a strong single line. It was however, 
observed that the deuterated crystals needed to be held at 55 "C 
to  promote the conversion reaction at the same rate as in the 
undeuterated at 45 "C. In  succinic acid i t  is found that not only 
do the two radicals observed anneal independently with second- 
order kinetics as stated earlier, but that one reaction (viz, that 
involving HOOC-CHz-CHz-COO, radical A), exhibits the 
deuterium isotope effect while the subsequent annealing of the 
radical HOOC-CHz-~H-COOH, radical B,'does not. 

Summary and Conclusions 
The experimental observatiom indicate that the production of 
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A N N E A L I N G  KINETICS O F  F R E E  RADICALS 371 

free radicals in organic crystals and their post,-irradiation be- 
haviour involve chemical processes which are remarkably repro- 
ducible when compared to what is usual for reactions in the solid 
statels. In the crystals of any particular compound the irradiation 
produces free radicals with closely similar eficiency which is 
unaffected by the selection of crystals from different batches or by 
subjecting them to Merent histories of preirradiation and anneal- 
ing. It was even found in the cases studied that deuteration of the 
crystals did not noticeably alter the dosage efficiency of free radical 
production. The rates of post-irradiation annealing reactions of 
the free radicals were found to be reproducible within 10 to 15% 
from crystal to crystal. Comparison of annealing rates of crystals 
subjected to different radiation doses showed no differences in 
rates beyond those expected in nominally identical crystals. 
Although the dosage of radiation itself was found not to influence 
greatly the annealing rates, a history of irradiation followed by 
annealing was observed to markedly alter the annealing rate of 
the radicals produced by subsequent room temperature irradiation. 
Since this change can be due neither to the effects of irradiation 
nor of annealing (since this of course must occur anyway when 
the reaction rate is observed) it is apparent that the alteration is 
produced by the cooling of the crystal which has suffered both 
irradiation and annealing. Considering that unirradiated crystals 
when annealed at the experimental temperature and cooled 
exhibit rate constants for the annealing of subsequently produced 
free radicals which are similar to those of unannealed crystals, one 
can conclude that the combination of irradiation, annealing and 
cooling is necessary to produce the presumed damage to the 
crystal structure. In fact crystals so treated were frequently 
observed to have become brittle and opaque to various extents in 
distinction to crystals respectively subjected to irradiation or 
annealing alone, which always remained water clear and intact. 
It is reasonable to suppose that annealing of irradiated crystals 
allows the aggregation by diffusion of radiation-produced impuri- 
ties, which cause the disruption of the crystal lattice when it is 
cooled. The experiments lead one to conclude that crystals of 
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reduced perfection may exhibit markedly lower annealing rates and 
also that nominally identical water grown crystals behave essen- 
tially similarly in this regard. 

On annealing the crystals the decay of the ESR spectrum was 
always found to be describable accurately by a simple kinetic law. 
For free radical destruction this WM always unambiguously 
second-order except for normal and deuterated acetylglycine 
where third-order kinetics were obeyed. It need hardly be said 
that one, a piori, expects second-order kinetics for this reaction, 
involving as it  does, the pairing of the unpaired electron spin of 
the free radical. The example of third-order kinetics discovered 
may be evidence of one free radical playing the roIe of catalyst in 
assisting the recombination of another two similar radicals. In 
any case it is interesting to speculate as to  what transport mechan- 
ism is involved in bringing the radicals together so that they may 
combine. Whether the mechanism is that of diffusion of the whole 
radical or of the radical state alone, it is apparently impeded by 
damage to the crystal consequent on irradiation, annealing and 
cooling. The low temperature conversion reaction in glycine was 
found to follow first-order kinetics. This is in accordance with 
expectations as is the fact that it wm observed to be uneffected by 
treatments affecting the crystal perfection. 

Although annealing rates varied slightly from crystal to crystal 
of a particular compound to a suacient extent to preclude accurate 
determination of activation energies using sets of crystals this 
quantity could be measured reasonably accurately from experi- 
ments on one crystal, the values being reproducible on repetition 
with fresh crystals. These covered a rather wide range, viz. 0.5 
to  2.7 eV. Although i t  would be unwarranted at present to draw 
any firm conclusions on this data it is interesting to consider the 
relevance of activation energies to the problem of the nature of the 
transport mechanism involved in the free radical annealing. If 
the free radicals migrate bodily orie would expect the activation 
energy of this process to be comparible with that for self diffusion 
in the molecular crystal. At present published datals~zO~zl on self 
diffusion in organic crystals is very limited and does not extend to 
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hydrogen bonded crystals, let alone the particular compounds 
studied here. The data above, however, is potentially useful for 
making this comparison when activation energies for self Musion 
in these crystals becomes available. The alternative transport 
mechanism, viz. radical state transfer by hydrogen atom jumping 
is in this context essentially a topocheruically determined chemical 
reaction, the process having to  proceed with the molecules 
constrained in particular spatial relations by the rigidity of the 
crystal structure. If the intermolecular geometry is favourable 
the transfer may proceed either with a very low or zero activation 
energy possible for free radical reactions, or if not with high or 
very high activation energies. 

Of the six radicals examined for the isotope effect in annealing, 
one showed the deuterium isotope effect on annealing of a partially 
deuterated crystal, viz. HOOC-CH,-CH,-COO in succinic 
acid, while the others were just as unambiguously negative in this 
regard. If free radical destruction proceeds by way of hydrogen 
atom jumping then annealing of the fully deuterated crystal should 
certainly exhibit the deuterium isotope effect. Deuteration should 
have little effect on diffusive mobility of molecules and whole free 
radicals in the crystal, since their mass is thereby not greatly 
altered. The absence of the deuterium isotope effect in some 
partially deuterated crystals as observed above, of course provides 
little evidence either way although examination of a range of 
selectively deuterated crystals of a particular compound would be 
very interesting. In  the case of the radical HOOC-CH2-CH2- 
COO in succinic acid the observed isotope effect indicates that  at 
some stage of the annealing reaction the movement of a hydrogen 
atom constitutes the rate controlling step. Unfortunately, how- 
ever, it is not permissible t o  regard this as proof of radical state 
transport by hydrogen atom jumping because the rate controlling 
step might well be that of the reaction of the radicals after they 
have arrived a t  adjacent sites, by whatever means this occurs. 
However, the present experiments show that it is easy to distin- 
guish unambiguously the presence or absence of the deuterium 
isotope effect and thus obtain clear cut data extremely relevant to  
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the central problem, viz. the existence of the hydrogen atom 
vacancy as a mobile crystal defect. For this hypothetical defect 
the present authors have coined the name “ kenon.”sa 

In summary free radical reactions in irradiated organic crystals 
are well behaved in the sense that a specific reaction order is 
accurately obeyed indicating the homogeneity of the reaction 
system, and production and reaction rates are closely similar in 
nominally identical crystals. Procedures which damage the 
crystal certainly affect the reaction rates while individual, similarly 
prepared crystals do not appear to differ greatly in crystal perfec- 
tion in at least as far as free radical reaction rates are concerned. 
Activatioii energies of reaction are easily and fairly accurately 
measurable and it would appear that in most cases the presence or 
absence of the deuterium isotope effect can unambiguously be 
determined. 
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