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Abstract

CH3 C HCOOH is commonly accepted as the free radical responsible for the ESR signal
detected in alanine after irradiation. The aim of this study is to find out the number of transient species
leading to this radical and their kinetics of reaction. To do so, we follow the evolution of the
ESR/alanine spectrum shape and correlate the response estimated from the central peak height to the
absorbed dose. We use the theory of transformation systems. The first step is to make hypothesis on the
number of equivalence classes and their content. From these hypotheses, we model the kinetics of free
radical concentrations and check their fitting with experiment. We present comments on these different
models, and their consequences on the evolution of the ESR signal on the first days after irradiation.
The two successive reaction mechanisms (creation of free radicals and recombination reaction) are
compared with the results obtained from a multiparametric study (experimental design) of combined
effects (temperature and humidity before and after irradiation) which influence the reaction kinetics.

1. INTRODUCTION

Since the twenty last years, ESR/alanine dosimetry has been the subject of many papers which
analyse different aspects of this technique and generally make the assumption that only the ESR signal
of a stable free radical is observed. Many works about the irradiation of alanine have been carried out
now since several years. Some deal with the fundamental reactions of radical formation in alanine.

The mechanism of radical formation in a powder is not well determined. The first step is to know
correctly the crystal structure of L-a-alanine. The formula is CH3CH(NH3)+CO2" (zwitterion). After
irradiation, the stable observed species by ESR is a radical anion formed by deamination. Its formula is
(CH3)CHCO2\ It is trapped in the crystal lattice. A complete description of the radical reactions is
based on the knowledge of the crystal structure and on the mechanisms observed in single crystals [1-3]
or by spin trapping studies [4-5]. The mechanisms are similar in the two cases, and we can suppose in
the first approach that in alanine powder, we have a great number of micro-crystals, so the reaction
should not be different. But we must take into account that the specific area is very large and that the
reaction at the surface and the influence of the neighbouring crystals for hydrogen bonds may modify
the kinetic or the basic scheme.

The first consistent description of the different steps of the reaction mechanism has been proposed
by Minegishi et al. [6] and more precisely developed by Shields et al. [7] :
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CH3HC(NH3)
+CO2" (+hv) -* [CH3HC(NH3)

+CO2T + e" (1)

(CH3HC(NH3)
+CO2-)

+ + e- -» CH3CH(NH3)
+C OCT (2)

CH3HC(NH3)
+COO" + H* -> CH3HC(NH3)

+COOH (3)

CH3HC(NH3)
+C OOH + CH3HC(NH3)

+CO2" -»CH3HC(NH3)
+CCV + CH3HCCOOH+NH3 (4)

CH3HC(NH3)+COOH -» NH3 + CH3HCCOOH (5)

The two last reactions (4) and (5), which are intermolecular and intramolecular, respectively can
exist at higher temperature than 77 K, but are poorly understood.

Some authors [1, 2] describe the stable free radical in the single crystal as a planar species
which can present three kinds of hydrogen bonds (two in the same plane and the third out of it) with
neighbouring amino-protons. Those bonds are not equivalent for the radical formation process. It is well
known that by ionising radiation, an electron is ejected and trapped by molecules to form the radical
anion. The anion is trapped as a protonated radical, and protonation is replaced by a hydrogen bridge.
This proton located out of the plane is selectively transferred to the anion. The authors mention that the
three hydrogen exchange reactions may occur at room temperature.

2. EXPERIMENTAL

2.1. Materials

A Bruker spectrometer (EMX model) with a cavity model 4108 TMH is used for the
measurements.

2.2. Sample preparation

L-a-alanine powder (Merck) is sieved without crushing to a granulometry between 150 and
180 ^m. The sample mass is about 100 mg and samples are directly irradiated in a quartz "Suprasil"
tube in air. The environmental conditions are ambient temperature and relative humidity close to 0 %.
The powder is stored in a desiccator then transferred in a tube sealed with paraffin.

2.3. Protocol for irradiation and measurements

A Philips X rays tube type MCN 321 was used. It delivers photons with an average energy of
200 keV after filtration with 3 mm of aluminium. The experimental conditions of irradiations are
300 kV and 30 mA. Irradiation is performed at room temperature.

Two experiments were carried out, consisting of successive and cumulative irradiation steps, each
irradiation being immediately followed by the ESR measurement. Due to technical constraints the
successive steps were not equal in time, and therefore in dose. In the first experiment, the irradiation
times were at first one 5-minute step, followed by 12 steps of 10 minutes each. The dose rate was about
32.2 Gy/min, the total dose was around 4100 Gy. In the second experiment, the irradiation times were
respectively : 2-2-2-3-3-3-5-5-5-5-10-10 minutes. With the same dose rate, the total dose is around
1800 Gy.

2.4. Analytical procedures for post - irradiation measurements

Each ESR measurement is performed as soon as possible after the end of each irradiation step
(within a few minutes). The small signal coming from the irradiated quartz is insignificant for the
measurements of the alanine signal. After irradiation, the sample remains in the cavity of the
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spectrometer at room temperature and is measured at regular time steps. In the first experiment, the
measurements were performed for 8 days, the second for 25 days. The parameters used for the
measurements were: frequency around 9.8 GHz, microwave power 1.3 mW, amplitude modulation
2.5 G, and sweep width of 160 or 20 G. All the results have been normalised for comparison purposes.

3. RESULTS

In Fig. 1, we observe a curve close to a sigmoid. Figure 2 presents the evolution of the signal
after irradiation for the first experiment. During the next 8 days it increases slowly. After irradiation,
the signal continues to increase more than 2 % during the first 144 hours. Figure 3 presents the
evolution of the signal after irradiation for the second experiment. The signal increases also after
irradiation. For comparison purposes, Fig. 4 presents the first part of the curve corresponding to the
first 200 hours, which concerns only the first increase (~ 1 %) and stabilisation of the signal. In the two
experiments, many experimental points are affected by the thermal sensitivity of ESR spectrometer
diodes as shown by the observed cyclic variations due to the ambient temperature control system. These
artefacts have been identified and these points have been suppressed before using the data for modelling.

For the analysis of those curves, an assumption can be made on species which are involved, and
on the mechanism of reactions. The corresponding kinetic equations and curves can then be compared
to experimental data. Concerning the observed increase of the signal after irradiation, it may be assumed
that there several species that are not seen in our experiment and which would be transient species. The
scheme of reactions would be :

(6)

where, A is the alanine molecule,
B is a transient species. This species has not been observed by ESR measurements at room

temperature in our experiments,

R' is the radical measured by ESR. It is often called secondary radical. The last reaction
continues after irradiation.
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FIG. 1. ESR Signal versus elapsed time during successive irradiation.
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FIG. 7. Comparison with fitted values - Signal versus time after irradiation (1800 Gy - 200 h)
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From a technical point of view and taking into account the two last proposed reactions of
deamination (4) and (5), a first order reaction is proposed as in Eq. (7):

= k.dt (7)

which gives by integration :

-k.t (8)

where, k is the apparent rate constant,
I is the value of the ESR signal at t of the R secondary radical corresponding to the

disappearing of the B transient species,
Imax is the maximum value of the normalised signal representing the R secondary radical.

A straight line can be drawn up to 120 hours and 200 hours respectively for the first and the
second experiment. So, only these experimental points are used for calculation. If Ro, number of radicals
existing at the end of irradiation, is taken as the initial condition, the equation can be written as :

R=ARb.(l-e*) + Ro (9)
where, ARb represents the increasing of the signal corresponding to the disappearance of the transient

species,
(ARb + Ro) represents the limit value of the signal.

The rate constants, calculated from experimental data by using equation (9), leads approximately to the
same value of 2x10~2 h"1.

4. DISCUSSION

These results suggest three conclusions. First, as it was shown in Refs [1-3] for a single crystal, a
transient species also exists in powder. Because the signal increases after irradiation, at least one
intermediate species and one reaction are likely. In the first approximation, the reaction mechanism can
be considered identical to that in the single crystal. The transformation to the final stable radical takes
place during and after irradiation. This mechanism is relatively slow and clearly observable at room
temperature.

Two other works suggest a mechanism of formation of the final free radical. The study which has
been performed by Sinclair and Hanna [8] at low temperature and on a single crystal of L-alanine
suggests that the primary radiation effect is the ejection of an oxygen electron. This fact is characterised
by an unpaired electron localised on the carboxyl group. This is confirmed by the work of Gottschall
and Tolbert [9] on metal chelates of alanine. Sinclair and Hanna mentioned several steps for the radical
reaction : the ejection of an electron leads to the formation of a positive ion (1) and a negative ion (2).
This negative ion is transformed in unstable free radicals which will give, by direct deamination, the
final stable radical. They suggested that the mechanism of decarboxylation of the positive ion is possible
at low temperature creating an ethyl ammonium radical. Zagorski [10] suggested that the intermediate
species, that he observed by absorption of light, is due to one or several precursors of the more stable
ESR detected species before deamination and decarboxylation. This intermediate species has been
studied by pulsed radiolysis [11]. He studied the kinetics of formation and the decay of this intermediate
species in a mono-crystal of L-a-alanine.

Those approaches tend towards the same scheme: a simplification of the mechanism in two steps
and at least one transient species. The first reaction has a very high rate constant, and thus the
correspondent species is only observable at low temperature.
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Pilbrow et al. [12] put in evidence that, in irradiated alanine powder, two different free radicals
might exist; but the irradiation conditions are not well defined. Makino et al. [5] have studied irradiation
of alanine in aqueous phases. They mentioned two parent radicals. The first radical (CH(CH3)COO) is
formed by deamination reaction caused by the attack of an aqueous electron, the second
(CH2CH(NH3+)COO") by hydrogen abstraction reaction from the methyl group. For this last one, the
observed spectrum is presented as the overlap of two forms: zwitterion and anion with a low
interchange. We assume that the kinetics are generally faster in aqueous than in solid phase and that the
previously described reactions are probably similar in powder form with slower kinetics.

Several researchers have studied the evolution of the ESR signal after irradiation [13-15]. They
used in each case their own alanine pellets, that makes the comparisons with these works difficult.
These studies mention the influence of some parameters, such as temperature and humidity, without
detailed operative conditions. They could be included in a kinetic modelling. From the results presented
in Refs [14, 15], we can suppose that the apparent signal evolution is the results of the competition
between the increase due to the last reaction of formation of the observed radical and its disappearing by
recombination or destruction in presence of water. In a previous work [16], we have shown using an
experimental design that the results may be altogether very different and consistent depending on the
experimental conditions used.

Presently, no explanation can be proposed for the second increase of signal and why it happens at
different times. We need further investigations to prove its existence and formulate available hypothesis
of several mechanisms with different ways leading to the same observed radical. With the lack of
evident reaction mechanisms, the compatibility between the experimental data and the fits performed
with a simple set of kinetic equations was tested and found consistent.
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