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Radiation-induced free radical formation in the amino deidalanine has been studied using powder and
single-crystal X-, K-, and Q-band electron paramagnetic resonance (EPR) spectroscopy, X-band powder
electron-nuclear double resonance (ENDOR), thermal annealing, and EPR spectrum simulations. The spectra
obtained after room temperature irradiations are composite, consisting of resonances from mainly three radicals
denotedR1, R2, andR3. R1 is the well-known, stable room-temperature species formed by deamination
from a protonated alanine anion radical. On the basis of simulations of EPR spectra obtained at X-, K-, and
Q-bands, the room-temperature EPR spectrum seems to consist of about B2%Jpbn thermal annealing,

the R1 resonance disappears faster than those of the other two componenf®2 Bpecies is presumably
formed in the oxidative chain of radiation-induced events by net H-abstraction from the central alanine carbon
atom. Q-band EPR was used to determine gktensor ofR2. This species contributes about 35% to the
resonance recorded at room temperature. Upon thermal annealing this radical decays sldRErrésriting

in the predominance dR®2 in spectra obtained after prolonged warming at 480 K. Powder ENDOR was used

to verify that the dominating species remaining after thermal annealing at this temperature ind2ehs

not a successor species of either of the room-temperature radical®3T$@ecies was previously assigned

to an N-deprotonated version B2 being additionally protonated at the carboxyl group. Detailed spectral
data for this resonance are missing but a set of parameters based on available data and otherwise estimated
using literature values for similar products was constructed. Simulations indicated-th@¥&of the room-
temperature resonance could be ascribeB20R3 is more heat-resistant than tRd andR2 radicals, and

after prolonged annealing at 480K it was estimated that the resulting resonance consisted of abRat 51%
and 43%R3. The remaining part (about 6%) of the resonance was d&d.t@hese numbers must, however,

be considered as tentative because of the lack of precise spectral dR@ for

1. Introduction radiation-induced radical. This species, radiRa| often called

The simple amino acitta-alanine (see structure below) has the SAR, stable al_amlr_]e radical (see Structure 1 b.eIOW)' IS
formed by deamination from a protonated alanine radical

attained considerable interest for use in radiation dosirfietry anions—8
and has been formally accepted as a secondary standard for high- '
dose and transfer dosimetry. The electron paramagnetic reso-

nance (EPR) powder spectrum from amorphous alanine pellets (||) + (u)
or other types of polycrystalline alanine samples have been used H\C/C\OH HsN\é/C\O_
for this purpose. Figure 1a shows a typical example of such an I I
EPR spectrum. The amplitude of the central line of this powder CH, CH,
spectrum readout is usually used for monitoring the radiation Structure 1 Structure 2
dose. RI (SAR) R2
0, In Figure 1, the EPR spectrum from an alanine pellet
H Iil Pll (”: X-irradiated at room temperature (a) is compared with the
3TN A7 TN - i i
C 0 spectrum from a polycrystalline sample of partially deuterated
|* ! alanine (b). As indicated by the dotted lines, the extreme outer
CH, features of the regular spectrum from nondeuterated alanine are
missing from the spectrum of the deuterated sample. This
&acalanine observation differs from that mentioned by Arber et®al

However, this observation is the most compelling evidence

For many years, it was assumed that the polycrystalline EPR gbtained from polycrystalline spectra that the standard alanine

spectrum from irradiated alanine mainly is due to only one single spectrum consists of a resonance in addition to that from the
- _ _ : : R1 radical becaus&1 contains no exchangeable protons.

Phys'iaghtm.sa/fgsst)l;egbflé%o?lf' E. O.; Haugedal, S. R.; Nelson, W. H. In two recent papers we have shown that in single crystals
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the EPR parameters measured or estimated@ffor the three
major radicals in alanine.

2. Methods

Polycrystalline samples dfo-alanine were obtained from
Sigma-Aldrich and used without further purification. Single
crystals were obtained by slow evaporation from aqueous
solutions at room temperature. Partially deuterated crystals were
obtained similarly by repeated recrystallizations from 99%@D

3"‘0 : 3“15 : 3'50 : 3;5 : The crystals are orthorhombic with space groep2;2;.18
Crystals were oriented and mounted for EPR and ENDOR
Magnetic Field (mT) measurements using X-ray diffraction methods to ascertain
Figure 1. First derivative X-band EPR spectra from polycrystalline correct orientations, as described eafi®ellets were pressed
I-o-alanine X-irradiated and measured at 295 K. Each spectrum is from the commercial polycrystalline samples using a 5-mm
centered ayy = 2.0023. (a) Nondeuterated sample, des@.4 kGy. Weber pellet press. Irradiations were performed using a Phillips
(b) Deuterated sample, dose7 kGy. Dotted lines indicate spectral - gjqa_\yindow X-ray tube operating at 60 kV and 40 mA. Crystals
Leeaﬁgfast:gi(;g::pfgthaz radical, features not present in the partially were given doses of about 30 kGy, powders and pellets as
specified below. For heating irradiated powder (polycrystalline)
samples before EPR measurements, a THERMOLYNE 1300
furnace was used, equipped with a calibrated thermostated
heater. A thin layer of irradiated alanine powder on an aluminum
foil sheet was placed in the oven for predetermined times. The

unambiguous structure assignment has not yet been fnade air temperature in the oven was continuously monitored. After
Structure 3 below was suggested, however, as a possibléremoval from the oven and cooling to room temperature, pellets

candidate foR3. Wherea®1 is assumed to be a species formed were pressed from the powder without the addition of any binder

in the reductive chain of radiation-induced eveg,andR3 material. )
are both most probably oxidation produ@éd.'2 EPR/ENDOR spectra were recorded with a Bruker ESP300E

Any satisfactory computer reconstruction of the polycrystal- IS:%fC)t(r_%rgﬁéerEE%u'gpgﬁa\;wégvsittaw:Srduzé dar\l(/jitr? ;abz?vr!]:\jll b(gdges.
line EPR spectra of alanine consequently should include the reference sam Ié (JEOL Co)y ermanentl mountedg N the
resonances from these two additional radical species, with P ) P y

. ) : second cavity. For X-band ENDOR, the Bruker ENDOR cavity
parameters extracted from single-crystal experiments Whereand the DICE ENDOR accessory were used together with an

(SAR, Structure 1) and a species (radi€&®, Structure 2)
formed by net hydrogen abstraction from the central carbon
atom, seem to occur in comparable relative amounts. The third
species (denoteR3) apparently is a minority species and an

i 9
available: ENI 3200L 200-W radiofrequency amplifier. For variable
_ temperature measurements, a Bruker ER 4111 Variable tem-
o | (”) ‘|3' perature accessory was used. Q-band EPR was performed with
HZN\Céc\OH — HZN\é/C\OH — H,N_ _C_ a homemade cylindrical Q-band cavity including a permanently
| ‘ (|7 OH mounted MA*/MgO reference sample. Microwave frequencies
CH, CH, CH, were monitored using a HP 53152A frequency counter/power

meter operating in the range 10 Hz to 46 GHz. In all EPR
Structure 3 experiments the microwave power was kept below 0.5 mW to
R3 avoid power-saturation phenomena and any unnecessary influ-
ence of forbidden transitions and spin-flip lin€®.Similarly,
Recently, several groups have made density functional theory-modulation amplitudes were always kept below 0.1 mT (pp).
based (DFT) molecular orbital calculations on possible radicals K-band EPR spectra were recorded using a home-built spec-
formed from alaniné!~° The results from these calculations trometer in the Department of Physics and Astronomy, Georgia
agree very well with each other and with available experimental State University, as described in detail in many previous
single-crystal dat&and together they provide substantial support publications®
to the structural interpretation of the three radicals in alanine  g-Tensors foiR1 andR2 were extracted from single-crystal
as outlined above. spectra at Q-band, recorded by rotating the crystals about the
Several groups have also recently reported that by warming three crystallographic axes. A modified version of the program
irradiated alanine to above 460 K the EPR spectra changeMAGRES'®2° was used for data reduction, as previously
irreversibly (Ciesielski, B., private communication, 2084 he described! For R2, the two Schonland alternativ@swere
resonance remaining after the almost complete disappearanceindistinguishable within experimental error, whereas¥bithe
of R1 also seems to be similar to that observed by Wieser et one fitting best with the previous resifltwas chosen.
al.l” after long-term UV-irradiation of an irradiated alanine EPR spectrum simulations were made using the program
sample. Vanhaelewyn et al. suggested that the remaining patterrk VASAT previously describel with spectral parameters from
mainly consists of the resonance dueR®.'® previously published woflor extracted as described in the text.
The major purpose of the present work is to show by powder Fitting composite spectra to experimental spectra, linear least-
electror-nuclear double-resonance (ENDOR) spectroscopy that squares regression routines of MS EXCEL 2000 were used,
the high-temperature resonance from alanine has a significantproducing as fitting parameters the percentage contribution of
contribution from both théR2 and R3 radicals. Furthermore,  each component to the spectrum andrthactor of the fitting.
by spectrum simulations it will be shown that the experimental [Note: 2 = 1 — [S(yi — WA/(SY2 — Syi&n), where §;
polycrystalline alanine spectra at room temperature, as well asrepresents a calculated (estimated) spectrum amplitude value,
after warming, are reproduced in a satisfactory manner usingn is the number of values (spectrum resolution),is the
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Figure 2. First derivative single-crystal Q-band EPR spectrd-af
alanine recorded at 295 K with the magnetic field directed along eac
of the three crystallographic axes. Features specific foRtheadical
are highlighted by insets at the low-field line positions. Microwave
frequencies are 33845.77, 33900.86, and 33902.65 MHz from top to
bottom.

Magnetic Field (mT)

Figure 3. Effect of heating on a polycrystalline samplelai-alanine,
h X-irradiated at 295 K to a dose of 63 kGy. (a) X-band first derivative
EPR spectrum recorded at 295 K immediately after irradiation. (b)
X-band first derivative EPR spectrum recorded at 295 K after heating
at 480 K for 40 min. The microwave power is the same in both cases
(0.5 mW), but other instrument parameters are different. The arrows
marked 15 indicate the field positions for the ENDOR spectra in

TABLE 1: g-Tensors for the R1 and R2 Radicals in Figures 4-6.

X-Irradiated I-a-Alanine at 295 K as Determined by Q-band
EPR Measurements

_ _ — cioenvector minimum g-tensor principal value foR2 deviates about 25
isotropic  principal 9 from the expected direction of the lone electron orbital (LEO)

radical  value  values (adl (b0 (e0] for this radical, calculated as described previodsly.
R1 2.0033 2.0043 0.7148 0.1057 0.6913 3.2. Warming Experiments.As mentioned in the Introduc-
2.0038 0.5546 —0.6878 —0.4683 tion, it has been reported that upon thermal annealing above

2.0021 0.4260 0.7181 —0.5503 about 460 K the EPR spectra from alanine irradiated at room
R2 2.0030  2.0038 —0.1191 —0.0627  0.9980 temperature change irreversibly. Apparently, fRé radical
2.0032 0.7502 0.6593 0.0501 decays faster than other radicals contributing to the speéitfim.
2.0022 0.6611 —0.7492 —0.0392 . L
The spectrum due to the radicals remaining after the almost

R12 2.0033 2.0041 0.828 0.030 0.559 ; ) i
5 0034 0498 —0.678 —0.5098 complete disappearance RflL also seems to be similar to that

20024 0.362 0.735 —0.574 obs_erve_d by Wie_ser et .4l after long-term UV-irradiation of
) an irradiated alanine sample. Vanhaelewyn et al. suggested that
@ From previous X-band measuremetts. the remaining spectrum mainly is due R2.16 The possibility

remains, however, that this spectrum is not the pure signature
of R2, but a spectrum due to a mixture of, el82 andR3, or
of successor radicals of eith®l, R2, or R3.

In the present work, irradiated alanine samples were warmed
in a furnace set at given temperatures, and measured after
recooling to room temperature. By this procedure, it was found
that, with a temperature of about 480 K, the conversion could

3.1.g-Tensor Determination. Figure 2 shows Q-band EPR  be conveniently followed. After about 40 min of warming, the
spectra from a single crystal of alanine recorded with the spectrum in Figure 3b was obtained and is compared with the
magnetic field parallel to each of the three crystallographic axes. spectrum from an untreated sample (Figure 3a). [Note: The
Low-field features due to thR2 radical are shown expanded two spectra in Figure 3 are quantitatively not directly compa-
in each of the spectra. This figure is directly comparable with rable, because different cavities and instrument settings were
corresponding figures in a previous papshowing spectra used for their recording.] The spectrum in Figure 3b is similar
recorded at X-band microwave frequencies. The comparisonto those published previoust.The loss of spectral intensity
illustrates the similarity of thg-tensors of the two dominating  is considerable by this procedure; the integrated area of the
radicalsR1 and R2. A complete set of Q-band data obtained resonance is reduced by typically a factor of about 10 whereas
by rotation of the crystals about the three crystallographic axes the peak-to-peak amplitude value is reduced by typically a factor
allowed for a precise determination of theensors folR1 and of 40. As indicated by the dotted lines in Figure 3, it is clear
R2. The g-tensors obtained, used in the simulations reported that the outer features of the resonance remaining after warming
below, are given in Table 1. The results ®1 agree well with agree closely with corresponding features of the standard room-
the previous X-band determinati@nThe direction for the temperature alanine powder spectrum.

experimental spectrum amplitude value, and the sums run over
all spectral values.] ENDOR spectra were simulated using the
program ENDSIM?3 modified to optimize the speed of execution
(Lund, A., private communication, 2001).

3. Results and Analyses
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ENDOR Frequency (MHz) Figure 5. Experimental (top) and simulated powder ENDOR spectrum
due to radicaR2 at 220 K. The experimental spectrum was obtained

Figure 4. Experimental (top) and simulated powder ENDOR spectrum by saturating the very high-field EPR resonance line (position 2, Figure
due to radicaR1 at 220 K. The experimental spectrum was obtained 3a), assumed due ®2 only. The stick spectra represent the assigned
by saturating the central EPR resonance line (position 1, Figure 3a) athyperfine-coupling tensor principal values as deduced from the previous
220 K. The stick spectra represent the assigned hyperfine-coupling single-crystal study. In the simulated spectrum (bottom) the lines marked
tensor principal values as deduced from the previous single-crystal studywith o and| are the low-frequency branches of the £&hd HN
for radicalsR1 and R3. Other weak (unmarked) resonance features ENDOR transitions, respectively. These are not observable in the
are due to radicaR2, as shown in Figure 5. experimental spectrum presumably because of relaxation effects.

3.3. Powder ENDOR.ENDOR spectra were recorded from figure. This simulation was also obtained using previously
the irradiated unwarmed and warmed polycrystalline samples. published tensor parameters f&®1. Other resonance features
It is knowr? that the ENDOR response of the amino protons in in Figure 4 are due to radic&2, as shown below.
radical R2 is strongly temperature dependent and the temper-  Figure 5 (top) shows the ENDOR spectrum recorded at 220
ature should be lowered to about 225 K or colder for optimum K, locking the magnetic field to the position marked with
detection of these proton interactions. On the other hand, coolingnumeral 2 in Figure 3a. Apparently, no resonance features due
the irradiated alanine sample below about 200 K results in to radicalsR1 and R3 are present. The resonance features
hindrance of the free rotation of the methyl groups in bRt observed are those due to the methyl group and the three amino
and R2.924 Consequently, ENDOR spectra were recorded at protons ofR2. Line positions expected fdR2 based on the
about 220 K to optimize the ENDOR detection of the various single-crystal dafa(recalculated to the current magnetic field
couplings of the radicals present without introducing spectral value) are indicated by stick spectra, similar to those in Figure
changes due to restricted methyl rotation effects. 4. In the lower part of Figure 5, the corresponding simulated

Figure 4 (top) shows the ENDOR spectrum recorded at 220 powder ENDOR spectrum due to tR2 radical alone is shown.
K from an alanine sample, X-irradiated at 295 K to a dose of It is important to be aware that in the experimental spectra, the
63 kGy. The magnetic field was locked to the center line of the low-frequency branch of the different couplings does not
corresponding EPR resonance in Figure 3a (marked by numeralcontribute at this EPR spectral position presumably because of
1). The stick spectra in Figure 4 indicate the expected line relaxation effects, as previously discus8e@ihe simulation
positions for radicals R1 and the two conformationsR& as program does not include relaxation effects. Thus, lines marked
calculated from the principal values of the hyperfine coupling with | (low-frequency HN coupling) and o (low-frequency
tensors for these radicdls-or both radicals, the agreement methyl coupling) in the spectra are not observed experimentally.
between the experimental and predicted line positions generally  After thermal annealing of the X-irradiated alanine samples
is very good. However, the minimum principal value of the at 480 K for 40 min, the EPR spectrum in Figure 3b is obtained.
o-proton hyperfine coupling tensor f&1 experimentally seems  In Fig. 6a—c are shown the ENDOR spectra obtained (at 220
to be poorly expressed at this value of the locked magnetic field. K) by locking the magnetic field to the three positions marked
This is further demonstrated by the simulated ENDOR spectrum by numerals 3-5 in Figure 3b, respectively. The stick spectra
due to theR1 radical alone shown in the bottom part of the included in Figure 6 are those for the major hyperfine couplings
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Figure 7. Simulated polycrystalline EPR spectra for the three radicals
R1—-R3 formed in |-a-alanine after X-irradiation at 295 K. The
parameters used for these simulations are described in the teRifor
andR2, and in Table 3 foR3. These three spectra have been used as
the basis spectra for all simulations shown in Figured.®.

a)
Exp.
J\/\/ Sim.
c)
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Exp.
Sim.
10 15 20 25 30 35 40 45 50 55 60 65
ENDOR frequency (MHz)

Figure 6. (a) Experimental powder ENDOR spectrum at 220 K

obtained by saturating almost-center EPR resonance line (position 3,Figure 8. Simulated X-band EPR spectra from polycrystallire-
Figure 3b) obtained after 40-min warming of the X-irradiated sample alanine obtained after X-irradiation (dose60 kGy) at room temper-

at 480 K. The stick spectra represent the recalculated hyperfine couplingature. In both a and b, the experimental spectrum is shown as the top
tensor principal values for thR2 radical (high-frequency branches trace and the simulated spectrum as the bottom trace. All final fitting
only), as deduced from the previous single-crystal study, for the presentparameters are given in Table 2. (a) Spectrum reconstructed R4ing
magnetic field position. (b) As above, with magnetic field locked to andR2. (b) Spectrum reconstructed usiRg, R2, andR3.

position 4 in Figure 3b. (c) As above, with magnetic field locked to

position 5 in Figure 3b. Considering the total width of the EPR spectra in Figure 3,

and the clear detection of the methyl coupling and at least two
of the three amino proton couplings of radié® in Figure 6,
there can be no doubt that radid?2 is present in its original

of radicalR2, similar to those in Figure 5, as well as for one of
theR3 conformations. It is noted that the ENDOR is very weak

ental pect ith betier S ratios hat those prosented herelof Sven after prolonged warming t0 480 K. Futhrmore, these
P P ENDOR spectra yield evidence that tR& radical (unmarked

The ENDOR spectrum in Figure 6a was recorded with the conformation) also contributes to the total resonance after
magnetic field at a central position. Thus, both high- and low- annealing at 480 K.

frequency branches of the various hyperfine coupling®Raf 3.4. EPR Spectrum SimulationsThe first goal with respect
should be detectable together with & resonance, which also o spectrum simulations is to obtain a satisfactory simulation
saturated at this positiofr1, which has decayed, should not  of the room-temperature EPR spectrum from polycrystalliae
contribute resonance features to these spectra. Figure 6a indeegjanine, based on the resonance parameter&toand R2,
shows a prominent feature due to radi&8 (the unmarked  eventually also including3. For that purpose, thg-tensors in
conformatiodl). Similarly, clear features due to the methyl Table 1 were used, together with published hyperfine coupling
coupling of R2 (both high- and low-frequency branches) are parameters forR1 and R2.° Only the nitrogen hyperfine-
observed at this magnetic field value together with at least two coupling tensor of radicaR2 is not known. However, the

of the three amino proton couplings. The ENDOR spectra in estimate previously maflevas used. The two top spectra of
Fig. 6b,c were recorded with the magnetic field locked to Figure 7 show each of the simulated spectraRdfand R2,
extreme field positions (positions 4 and 5 in Figure 3b) where normalized to unit area. These simulated spectra were subse-
neither theR3 resonance nor the low-frequency branch of the quently added to best fit the experimental spectrum using regular
R2 couplings are expected to contribute (relaxation effects). regression routines in MS EXCEL. Figure 8a shows the result
Again, the methyl coupling and at least two of the three amino of the fitting, with the fitted spectrum shown as the lower trace
proton couplings oR2 are easily recognized, whereas the largest and the experimental spectrum as the top trace. The relative
amino proton coupling oR2 is only barely observable. None  weight (by integrated area) of the two components in the final
of the spectra display any features dueRtb. spectrum waR1, 63.5%;R2, 36.5%, with ther? factor being
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TABLE 2: Fitting Parameters for the Simulated Spectra in

Figures 8-10
regression factor
system description (rd radical weight Exp.
X-band, 295 K 0.979 R1 0.635 ,
R1+ R2 R2 0.365 Sim.
(Figure 8a)
X-band, 295 K 0.980 R1 0.589
R1+R2+ R3 R2 0.335
(Figure 8b) R3 0.076
X-band, 480/295 K 0.690 R1 0.112 Figure 9. Simulated X-band EPR spectra from polycrystallire-
R1+ R2 R2 0.888 alanine obtained after X-irradiation at room temperature (dost3
(not shown) kGy) followed by warm_ing at 480 K in 40 min, measured at room
X-band, 480/295 K 0.961 R1 0.061 temperature. The experlmenta_l spectrum is shown as the top trace, and
the reconstructed spectrum using the basis spectra for all radicals R1

R1+R2+ R3 R2 0.507 Lo ; S

: R3in Figure 7 is shown as the bottom trace. All final fitting parameters
(Figure 9) R3 0.432 . .

are given in Table 2.

K-band, 295 K 0.959 R1 0.594
R1+ R2+R3 R2 0.322
(Figure 10a) R3 0.084 a)
Q-band, 295 K 0.953 R1 0.579 Exp.
R1+ R2+ R3 R2 0.379
(Figure 10b) R3 0.042 Sim.

TABLE 3: Spectral Parameters Used for the Simulation of
EPR Spectra from Radical R3 in X-Irradiated Alanine at
295 K (Hyperfine Couplings in MHz)

spectral parameter
g° A[CH3]® ANl A[H(Np)] (2)°

principal values  2.0040 44.5 11.2 —25.2
2.0030 37.3 -84 —16.8
2.0020 36.8 -5.6 0.0

aEigenvectors along the=60 bond direction (maximum value),
normal to the plane NC,—C (minimum value) and perpendicular to
these two directions (intermediate valugEigenvectors from ref 9
exhibiting a maximum value along the,€CH; bond direction.
¢ Eigenvectors along the normal to the plane ®,—C (numerically
largest value), the NC, bond direction (intermediate value), and
perpendicular to these two directions (numerically smallest value).
d Eigenvectors along the normal to the plane ®,—C (intermediate
value), each of the two NH bond directions (numerically smallest
value), and perpendicular to these directions (numerically largest value).

Figure 10. Simulated EPR spectra from polycrystallike-alanine
obtained after X-irradiation at room temperature. The experimental
spectra are shown as the top trace and the simulated as the bottom
trace. All experimental spectra were reconstructed using the basis
spectra for the three radicakl—R3 shown in Figure 7. All final fitting
parameters are given in Table 2. (a) K-band (24 GHz) EPR spectrum
at room temperature; dose, 10 kGy. (b) Q-band (34 GHz) EPR spectrum

0.979. This agrees well with the estimates of the composition 3t '00m temperature, dose, 63 kGy.

of single-crystal spectra made previousKd fitting parameters ) . . .
for the simulations made in the present paper are summarized19ure 3b, representing the spectrum obtained after warming at
in Table 2. 480 K for 40 min. Now, using the basis spectra in Figure 7 for

R1, R2, andR3, this spectrum was successfully simulated as
demonstrated by the lower trace in Figure 9. For this simulation,
the relative contributions to the spectrum &#, 0.061;R2,
0.507; andR3, 0.432, withr2 = 0.961. When an attempt was
made to simulate the spectrum witkl and R2 only (not
shown), the'? factor dropped significantly to 0.690. This result
thus clearly shows th&3 is an important part of the resonance
observed after thermal annealing, and also thaRtheesonance

It is clear from previous resulfshowever, that the experi-
mental spectrum at room temperature consists of resonance
from more than two radicals. RadidaB is poorly characterized
experimentally and only the methyl hyperfine-coupling tensor
for two conformations of this radical is known. The ENDOR
spectrum in Figure 6 suggests that the conformation exhibiting
the largest methyl hyperfine coupling is dominating after
warming and in the following text only this conformation of : ) . .
R3 is taken into consideration. Additional parameters R& still contributes slightly after 40 min at 480 K.
were constructed on the basis of previously published parameters Figure 1(,) shows.exper}mer.ltal and simulated EPR spectra for
from similar radical€5-27 These parameters are listed in Table polycrystalline alanine X-irradiated at 295 K recorded at (Figure

3. Figure 7c shows the calculated spectrum obtained using these-02) K-b_and and (Figure 10b) Q-band microwave frequencies.
parameters, normalized to unit area. Figure 8b shows theA_” expeymental spectra were rec_orded at 295 K. Although these
simulated spectrum obtained using these parameters for the'5|mulat|o'ns resylted |r12factors slightly smaller than thosg for
dominating conformationR3 together with the theoretical € Previous simulations, most features of the experimental
spectra forR1 and R2. The relative contributions from the ~ SPEctra apparently are reproduced satisfactorily.
different radicals ar®1, 0.589;R2, 0.335; andR3, 0.076. For
this simulation, the? factor isr? = 0.980.

As described above, after warming at temperatures above 460 The results presented above clearly show thaRReadical
K, the spectrum changes in tHal apparently decay faster than  has a significant contribution to the EPR spectra obtained from
R2 andR3. The top spectrum of Figure 9 is the same as that in polycrystalline X-irradiated-o-alanine at room temperature as

4. Discussion
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well as after warming to 480 K for 40 min. At room temperature, indicate that the three radicals in alanine have a very different
the estimated contribution dR2 (~35%) agrees well with stability at elevated temperatures. Preliminary measurements
similar estimations from single-crystal spectra. have indicated thaR1 is reduced by a factor of about 882

A third resonance, due to radidaB, contributes to the spectra by a factor of about 8, anR3 by a factor about 2, comparing
at all temperatures at or above room temperature. At room spectra obtained immediately after irradiation at room temper-

temperature, the contribution is relatively small—B0%) ature with those obtained after warming at 480 K for 40 min,
whereas after warming at 480 K the relative contribution is far measured at room temperature. The detailed kinetics of these
larger, on the order of 40%. On the other hand, Rieradical radical decay processes will be discussed elsewhere.

seems to be practically absent in thermally annealed samples,
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