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The longitudinal relaxation rate of the first stable alanine radi-
cal, SAR1, was studied by employing pulse EPR technique over a
wide temperature interval (5-290 K). The complex nonexponen-
tial recovery of the longitudinal magnetization in this tempera-
ture interval has been described with two characteristic relaxation
times, 1/ T;; as the faster component and 1/ T} as the slower com-
ponent, respectively. It was shown that 1/T;; is strongly affected
by the CH3 group dynamics of the SAR1 center. The complete tem-
perature dependence of 1/T} was described by invoking several
relaxation mechanisms that involve hindered motion of the CH;
group from classical rotational motion to coherent rotational tun-
neling. It was shown that all relevant relaxation mechanisms are
determined by a single correlation time with the potential barrier
(AE/k = 1570 K). On the other hand the temperature dependence
of 1/ T is related to the motional dynamics of the neighborly NH3
and CHj; groups. We found a larger average potential barrier for
this motion (A E/k = 2150 K) corresponding to smaller tunneling
frequencies of the neighbor groups.  © 2001 Academic Press

Key Words: pulse EPR; spin-lattice relaxation; L-alanine; para-
magnetic center; proton tunneling.

1. INTRODUCTION

a strong spectral diffusion mechanism are mostly responsible ft
the poorly understood relaxation rate behavior. A detailed mi
croscopic picture of the origin of various relaxation mechanism:
cannot be easily reconstructed due to significant disagreeme
in the experimental values of the measured parameters such
electron spin—lattice relaxation timg,, or rotational correlation
time, t = 7, exp(AE/KT) of the CH; group. For example, it
can be demonstrateti@) that literature data for the GHtlynam-
ics of the SAR1 cented( 4, 5, 7, 12 differ in activation energy,
AE/k, from 1100 to 2100 K and even more for the preexponen
tial factor, 7, from 0.1 to 0.001 ps. On the other hand, severa
characteristic relaxation times were measured and origins of tt
corresponding relaxation mechanisms are not completely cle.
(8, 9. In order to elucidate some of these relaxation mecha
nisms it is essential to reverse the analysis: i.e., to determine
much as possible, an accurate value ahd from it to calculate
temperature dependence of various relaxation mechanisms.
Recently, EPR, transfer saturation EPR (TSEPR), and ele
tron nuclear double-resonance (ENDOR) techniques have be
employed 11) to obtain a more reliable value in the tempera-
ture region of fast motion of the GHfjroup (180—320 K). It was
suggested1(l) that the intermolecular motions can quite sub-

The electron spin—lattice relaxation data in solids yield instantially influence the value of the measured correlation time

portant information about the molecular groups dynamics. Thad thus should not be neglected. This might explain the larg
relaxation data follow changes of the reorientation correlatiaiscrepancies in the dynamical parameters reported previous
times in the range of several orders of magnitude. Neverthelégsthe CH; group of the SAR1 center.

such measurements have been so far rarely explored for the studyhe present study has been undertaken to examine the lon
of molecular dynamics. The reason lies in an extremely corudinal relaxation rate of the SAR1 center over the temperatut
plex behavior of the individual magnetization relaxation curvesjterval 5-290 K. The temperature dependence of the nonexp
which are not simple one-exponential curves. A detailed systenential relaxation rate is described by introducing several relax
atic study of the electron spin-lattice relaxation data in a welition mechanisms that involve hindered motion ofs@tboups
understood model system could provide a basis for studiesffm classical rotational motion to the coherent rotational tun
other more complex systems. In this respect wefiridadiated neling. The electron spin—lattice relaxation measurements th
L-alanine as a good candidate. The longitudinal relaxation ratggpear to be an unique tool for probing the molecular dynamic
of the so-called first stable alanine radical (Eld;R), SAR1, as one can follow the molecular group reorientational correla
center (-3) have been frequently studied by various pulse aritn times from the picosecond region around room tempere
nonlinear EPR techniqued+11). These studies reveal that theure to the microsecond region at liquid helium temperatures
motional averaging of the electron proton hyperfine splitting aritlis shown that all the relaxation mechanisms present can t
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described with two types of characteristic potential barriers ir
this entire temperature interval. The first one is related to the

reorientation of the Cklgroup of the SAR1 center with an en- ¢
ergy barrier 1570 K. The second energy barrier of about 2150 }
represents the average reorientation potential barrier of the fir: a)
neighbor groups (Ckland NH) to the SAR1.

2. EXPERIMENTAL

sity (arb. units)

Single crystals of-alanine were grown by slow evaporation -
from water solution at room temperature. Paramagnetic cer
ters were produced by-ray irradiation °Co) with a dose of €
10 kGy. The pulsed experiments were performed with a Bruke 2
ELEXSYS 580 spectrometer. A simple inversion recovery techi)
nique (r—t1—%Z—-%—echo) has been used. A typical pulse b)
length was 128 ns. Each relaxation curve represents 1024 poir
whent; was regularly increased from 1000 ns to aboul;5
The field-swept spectra has been recorded with integratio
of the two-pulse echo signaf(r—5—r—echo) while sweep-
ing the external magnetic field over the resonant lines. Here
was 200 ns and the integration gate was 100 ns. B (mT)

nten

| | [ | |
330 335 340 345 350 355 360

FIG. 1. Typical field-sweep echo EPR spectra for the first stakdéanine
radical for the magnetic field alorigj|| c (a) at 287 K and (b) at 25 K. The arrows
denote magnetic field positions for the ——) (solid) and|+——) (dashed)
When the magnetic fleld iS app|led along thalanine Cl’yStal proton hyperﬁne components.

c axis, the well-known quintet (1:4:6:4:1) spectrum is observed
at room temperature due to the SAR1 cenfgr The quintet
structure originates from the three equivalent fast-rotafing convenient to employ a standard inversion recovery pulse s¢
protons and one-proton with an almost identical splitting. At quence {3) for measurements of longitudinal relaxation rates.
low temperatureT < 120 K) the decrease in rotational motiorin the pulse sequence, the evolution time and other paramete
of the CH; group leads to nonequivaleftprotons coupling and were carefully checked to obtain more reliable relaxation rate:
the spectrum splits further in the doublet structure. The changspecially in the low-temperature region. The typical electror
of the quintet as a function of temperature was described earleagnetization recovery curve (taken at the low-field hyperfine
(1) by employing modified Bloch equations and is related to thewmponent denoted by the arrow in Fig. 1) is shown in Fig. 2
freezing out of the rotational motion of the Gldrotons on the and exhibits a multiexponential shape
EPR time scale. The structure at low temperatures is unchanged
below 120 K and it can be assumed that thes@jrbups are R(t) = Z A1 - S exp(-t/TH)], [1]
frozen on the continuous wave EPR (CWEPR) time scale. Pulse f
EPR field-sweep spectra (Fig. 1) were obtained by recording
the intensity of the electron spin echo signal as a function wlhereTl*j represents the characteristic longitudinal relaxation
the external magnetic field. They show a similar temperatutiene. Most of these curves can be described with biexponenti
behavior as was measured earlier by CWEPR. These spefdirection. We have therefore attempted to fit all magnetizatior
also show that the spin echo signals are largely due to the SAREves with a biexponential formula. As a result, two differ-
center. (Particularly in the low-temperature regidn< 30 K, ent characteristic relaxation times were observed, and we nan
the field-sweep echo experiment significantly simplifies the othem 1/ T}, and I/ T;};. One expects that the detected recovery
served broad structure of the CWEPR spectra by changing theves will show the presence of different relaxation processe
separation time between echo-forming pulses). due to the strong spectral diffusion via neighboring protons tha
The positions of the two outermost lines of the spectrum present in the system. This is because the entire EPR spe
remain unchanged (proton spin states——), |[+++) ) and trumis too wide to be completely saturated. In this case, as we
they are invariant of Ckimotions in the modified Bloch equa-discussed earlied] it is expected that the faster relaxation rate
tion model (). Thus, these lines can be good candidates faralways more effective than the slower relaxation rate.
temperature-dependent studies of longitudinal relaxation rate§’he experimental results for both relaxation components ir
for the SAR1 center at fixed magnetic field in the wide tenthe temperature interval 5-290 K are shown in Fig. 3. For the
perature interval. In the presence of spectral diffus@nit(is relaxation rate measured at room temperature it can be nots

3. RESULTS
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nential fit to the Eq. [1].

30

40

50

Saturation recovery spectrum of SAR1 measured forthe—)
hyperfine proton component at 40 K. The continuous line represents a biex
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is thus convenient to use the notation for the two relaxation time
asT;; for the shorter relaxation arifj, for the longer relaxation
time in the whole temperature interval. Two maxima at highel
temperatures+160 K) and an unexpected rapid relaxation be-
havior at lower temperatures of the fast- and the slow-relaxatio
components (Fig. 3) indicate that several different relaxatiot
mechanisms are active in the entire temperature range.

In the low-temperature range the relaxation rate was als
measured on the second nearest EPR line to the low field lir
(I+—-), the magnetic field position denoted by dashed arrov
in Fig. 1b. This step was important in order to check the sens
tivity of the measured relaxation rate due to the hindered motio
of the CH; group. Normally the second line of the spectrum is
affected by the proton exchange and one expects that its lol
gitudinal relaxation rate is directly enhanced by the rotatior
correlation motion of the Cgigroup @). It should be noted that
the relaxation curves for the second line could be measured on
up to 90 K, where the intensity of the second line collapsed du
to fast proton exchange. Indeed, for this EPR line the measure
longitudinal relaxation rate is enhanced as is shown in Fig.
(triangles). One notes that difference in the longitudinal relax
ggi_on between the two lines can be detected at temperature s|
nificantly lower (down to~60 K) than that of the changes in the
EPR spectrum caused by freezing out of the molecular grou
reorientations, which started at around 120 K. Thus, reliable ir

that deduced valueS{, = 2.1 us, Ty, = 21.2 us) show the formation ont for the CH; group in the region of very slow
same order of magnitude as the values measured e&r|&rg.
However, over a wide temperature region, both components g¥known relaxation mechanism. However, belo0 K the

hibit complex temperature dependence with some similaritiestlo relaxation rates become identical within the experimenta
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FIG. 3. Characteristic longitudinal relaxation times (obtained for the lo
field hyperfine component denoted by the continuous arrow in Fig./T);: 1

10°

motion is expected and can help to deduce the real nature of t

error bar. We thus conclude that belevs0 K this additional
relaxation channel becomes ineffective and the two lines hay
the sameT;".

4. DISCUSSION

4.1. The Spin Hamiltonian

The temperature dependence of the longitudinal relaxatio
rate, as described above, exhibits very complex behavior, ar
it is approximated with two different characteristic relaxation
timesT;; andT;},. One expects that the functional temperature
dependence of each of these relaxation times is dominated |
dynamical motion of the methyl groups. The spin Hamiltonian
for methyl group protons with respect to the unpaired electrol
contains the termdld, 15

H=vS+m) let+ ) ST+ Ha—23, > llj. [2]
k k

j<k

whereve andvy, are the electron and nuclear Larmor frequencies
Ty is the electron—nuclear hyperfine interaction, END, for the
"kth nucleus, andH, is the nucleus—nucleus dipolar interaction,

(circles) and 1T, (squares) evaluated from recovery spectra atvarious tempePdAND. The last term describes the proton exchange contribt
tures. Triangles representL, obtained from the-——) hyperfine component. tion for the vth libration level of the methyl group. The first
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three terms are usually employed to describe; Gélaxation 10° [
in the fast-motion regime involving classical jumping of pro-
tons between the three potential wells. The quantum aspect c
CHgz dynamics inside of a potential barrier involves the last term
(Eq. [2]). The tunneling splitting for the ground libration level 108
(3Jp) and other excited levels can be calculated from the height ot
the potential barrier by using the stationary Sxtinger equa-
tion for the hindered rotorl, 17). In what follows we will
describe the contributions of the individual terms in Eq. [2] to
the spin—lattice relaxation of the SAR1 center.

104 -

(T8

4.2. Temperature Dependence of id;;, Relaxation Rate

An indication that the dominant relaxation mechanism in the 10° -
fast-motion regime of the CHgroups arises due to electron—
proton cross-relaxation terms following from the nonsecular
term Ams = +1, Am; = F1) in the Hamiltonian (Eq. [2])
was suggested in the previous EPR é&nd ENDOR §, 11) 102 ‘ :

studies. The corresponding relaxation rate is in this case ( 10 100 1000
T(K)

2
b_ ﬂ , [3] FIG.4. Temperature dependence of the experimentally obtaiffi Icir-
16we 1+ rza)g cles) and that calculated (continuous curve). The most prominent contribution
for the particular relaxation mechanisms are described with the dashed curv

where b/2r) = 140 MHz represents a constant connectedfd denoted ase, electron-proton spin flipun, END pseudo-seculatin i,

ith elect i iSOtroni l d - 2 proton diffusion; 112, and 1170, the first and the second tunneling contributions.
with electron—proton isotropic couplingk _an We = ! 7_“)6‘ 1/Tj, (triangles) obtained from thie--——) hyperfine component are fitted to
represents electron Larmor frequency. Since the splitting cay [4] and it is shown as the dotted line.
stantb is the largest interaction constant in Hamiltonian [2],

the contribution of this term is expected to be dominant in the

fast-motion regime of Cklgroup. Thus, the position of the For further analysis of these data it is important to note tha
corresponding maxima on the temperature scale can be eagtributions from the all other nonsecular terms are negligible
correlated with one of the maxima from the experimental dagie to small anisotropic coupling in comparison to the isotropic
if the reliable value forr is known. In the low-temperature coupling of the CH group ().

range we use the advantage of the independent measurerhe second important term that contributes to the longitu

1/Taix = j(we) =

ment of Tj; for |———) and for |[+——) EPR lines. The re- dinal relaxation rate is the pseudo-secular pam{ = O,
sults were used to directly obtainedin the low-temperature Am, = +1) with the proton transition in the vicinity of the
region: nuclear Larmor frequency,. The contribution of this term
is derived from the END coupling, and can be written in the
/T = /T + 1/ [4] form
The dotted line in Fig. 4 is the fit of the relaxation raeTt, eno _ CpS°  2mnt 20nT
9 (1/ Tin)ps = ——— = (1/ Tin)max (5]

for |[+——) EPR line (triangles) by using Eq. [4] and the corre- 20, 1+ w?t? 1+ wit?’
lation timet (1o, = 0.12+ 0.06 ps AE/k = 15704+ 45 K).

The agreement between experiment and fit is within the exp&er the CH group, the isotropic hyperfine splitting is large,
imental error and the values efagree with those of recentlya ~ 70 MHz and the nuclear Larmor frequency should be re-
measured and revisedvalues in the fast-motion regimé@1). placed with the nuclear transition frequencigs = v, & 5. In
The obtained value af was used to calculate position and maxthe END relaxation rate the anisotropic coupling is on the orde
ima of the cross-relaxation term (Eq. [3]). A fitted constant aif a few megahertz for each proton and it is small compare:
(b/27) = 136 MHz satisfied the dependence ¢fT}, relax- to the isotropic coupling. However, the cumulative contribution
ation rate at high temperatures (i.e., in the temperature interethe END relaxation can be significant at lower temperature:
between 200 and 250 K) as shown by the dashed cupv@ (T <200 K) in comparison to cross-relaxation terms and all
Fig. 4. Good agreement between the experimental points atter terms that includee, because the maximum is propor-
the theoretical prediction proves that the electron—nuclear sgiional to /w and (Y wn > 1/we). A maximum of the relaxation
flip mechanism of the nearest Gigroup is the leading mecha-rates around 160 K corresponds to thg Tik)5YP mechanism
nism in the relaxation of AT;; in the high-temperature interval.as can be seen in Fig. 4 (dashed curve denotedyUsing
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TABLE 1

Parameters from Egs. [5], [6], and [8] Fitted to the Measured 1/ T} and 1/ T} Values of the SAR1
Paramagnetic Center

CEND(s2)  RER (s ol i(ps) EL/k(K) 3A1/h(sh)  tl,ps) Eb/k(K) 3Az/h(sh)

/75, 887x 10 25x 10* 90 170 48 x 10° 990 12 60 x 10°
1T}, 9.85x 102  1.3x 10 81 190 30 x 10° 870 26 30 x 10°

the samer for the cross-relaxation terms, the fitting constarrelaxation rate in the low-temperature region:

CENP is determined for the /IT;; relaxation rate (Table 1). We

stress once again that the position of the maximum relaxatiQry T1,) ™ = Cpp(rr L (wn) + 47 L(2wn))

rates is obtained from ENDOR transition frequencies and sat- 1

isfied previously determined. The only free-fitting parameter L(w) = =(G(w) + G(—w))

is CENP. Thus, the detected (T1,)5XP with the corresponding 2

coupling constant-1.5 MHz can be identified with the relax- (12p1+9p1htA)M — (9h—2A2 — 302 +9p?)N

ation mechanism due to the averaging out of the anisotropy Glw) = 37 (M2+N?)

splitting of the CH group and is responsible for the electron B

spin—lattice relaxation in the intermediate region between 120 M= a)(9h A% — o+ 3pf)

and 200 K. N = 4pyw? — 9ph~2A2 + 3hApw. [7]

Upon further cooling, the change in th¢ T} temperature

behavior can be clearly noted below 100K, and one expects thfly constanc,, represents the proton—proton interaction anc

some other relaxation mechanism takes over in this region. Fek /1, — 33 is the tunneling frequency connected with notation

lowing e_arller mvestlgat!on of the relaxation rates of the SPIR\ Eq. [2]. The correlation time, fip; = 7' = 7! expE'/KT),

probes n th_e slow-motion reg|0r1§), W€ propose that_th|s_ obeys the Arrhenius relation between the ground state and tl

mechanism is due to the proton spin diffusion. Its contributiog}<; axcited vibrational states of the Glgroup. In the NMR

to the electron spin—lattice re!axation has been calculated preVie the spectral density for the NND relaxation rate exhibit

ously (18) and can be approximated with the form the same functional form as the spectral density for the ENI
pseudo-secular term relaxation rate given in Eqg. [5]. The dif
ference between these rates is only in the value of the inte

[6] action constant. In order to describe tunneling effects one ce
expand the spectral density simply by addln@) terms from
Eq. [7]. The same expanded spectral density can be introduced

. ) . . . L Eq. [5] to obtain the electron—proton relaxation rate additionally
The origin of this term is associated with proton spin-flip ratgga teq by tunneling:

of the CH; group in the Hamiltonian (Eq. [2]). Still using the

samer and nuclear Larmor frequency, the/{,)S° value

well describes the temperature dependence ®f:lin the low-  (1/T1)"P = CEEP (ﬁ + 7L (wp) + 47 L(an)) )
temperature interval (30—60 K) as shown by dashed curve (de- L+ g

noted asun_gir) in Fig. 4. The obtainedR)FRy = 2.5x 10*s™1 [8]
is in the expected range for proton diffusict8).

It thus turns out that the relaxation mechanisms based on thehe fitting strategy we use@5YP obtained by fitting the high-
CHs group rotational motions determine the temperature depg¢amperature data. The parameters/8, r('), andE' were now
dence of Y T;; over the large temperature range. However at tlieeated as variable parameters in Eq. [8] and the fit in th
lowest temperatures, the above conjecture fails to describe kv-temperature region leads us to tB& 7!, and A values
1/T}, temperature dependence. As shown above, the dominbsted in Table 1. The two fits with maxima around 6 and 35 K
contribution to relaxation process is related to the proton hofstashed curvest2 andt170) are estimated and shown in Fig. 4.
ping and diffusion type of dynamics. At low temperatures th€he tunneling splitting with corresponding excitation states wa
proton motion is restricted to the proton tunneling inside thebtained. The obtained values of tunneling frequencies are sir
hindered potential. We now try to estimate the contribution d@frin magnitude (2 /h ~ 1 MHz), and expected for the values
this type of proton motion to the electronic spin—lattice relaef a hindered potential with barrier heightsfl500 K (16, 17).
ation. The tunneling model of the Glgrotons was suggested byHere it should be noted that besides the approximations th
Clough (19) to describe the contribution of tunneling to NMiR ~ were employed in Eq. [8] the value of the tunneling frequencie
proton relaxation. We use their model here to describe a proeduced can appear as an average of tunneling frequencies

2wnT ) 1/4

(1/T1)°° = (R)yax (m

T
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the population of higher libration states are involva@)( Thus,
with all the above-mentioned relaxation mechanisms, gl
value is described over a wide temperature interval as shown b
the continuous curve in Fig. 4. Itis important to note that the fast
component of the relaxation rate dominates and arises fromthi ;54
motional dynamics of the nearest gdver a wide frequency
range from proton hopping over the hindered potential to the
proton tunneling inside this potential.

We shall mention here that the magnetization recovery curve=
at low-temperature range starts to deviate from the biexponen
tial curve and can be satisfactory fitted only by involving more
exponents. The most likely reason for this is that at low temper-
atures the nuclear spin—lattice relaxation couples more than twi
lines together. In this case multiexponential decay is expected
Nevertheless we expect that the values extracted and present
here represent the average values of the slow- and fast-relaxatic ¢t
components and as such their general temperature dependen ! ;
should be correct, although precise value of the fitting parame- 10 100 1000
ters might be unreliable. T (K)

y'(s™)

103

b

™

102

FIG.5. Temperature dependence of experimentally obtairidg l(circles)
and that calculated (continuous curve). The most prominent contributions fo

. . . - _ - the particular relaxation mechanisms are described with the dashed curves a
Now, in accord with the above discussion, the slow relaxatugngnoted ame, electron—proton spin flipyn, END pseudo-seculaty, g, proton

components Abe C?-n be sm_ply aSS|gned. tothe re_laxat'qn prQiiffusion; t26, and 1190, the first and the second tunneling contributions. The
cesses due to rotational motional dynamics of neighboring Ckbntribution ofwe is only noted as this term and the corresponding constant are

and NH; groups in the lattice. Of course, in that case the slowet included in Table 1.
component of the relaxation rate is dominated by proton dynam-

ics as was the case for the fast component. Thus, one expectsghpbcted (3 > a). The effect of such a large tunneling fre-
the same type of mechanisms of relaxation should be involvedjiiency can be seen on the EPR spectrum as a splitting of tt
the wide temperature interval. Indeed, temperature dependegé€ond and the third lines of the (1:3:3:1) fast-motionsGpec-

of 1/ Ty, is described by using the same type of relaxation mechgum (16, 29. In such a case, an EPR spectrum is not convenier
nisms asin the case of the fast component. The fitting curves wigh estimation of the tunneling splitting. However it can be esti-
best-fittedr (7 = 0.09 + 0.06 ps AE/k = 2150+ 50 K) mated by measuring second-order contributions in an ENDOF
using the cumulative relaxation rate description ¢fl{ are spectrum {4, 19. In the case when (B < a), the tunneling
shown in Fig. 5. The additional fitting parameters of Egs. [S§plitting frequency cannot be resolved inside the degenerate
[6], and [8] are given in Table 1. According to expectationfnes. The relaxation rate, on the other hand, is sensitive to eve
for distant protons all interaction constants are weaker dueg@mall tunneling frequency through the proton relaxation term:
smaller electron spin density than to closergjiotons. How- and can thus provide complementary information about the low
ever, one notes significantly differen(AE/k = 2150 K) for  temperature proton dynamics.

these distant proton groups. Awith similar potential barrier  Two distinct longitudinal relaxation times of the SAR1 center
was obtained in the recent investigation of SAR1 dynandits ( were detected in earlier studie® @), although the underlying
by employing transfer saturation EPR and it was attributed eechanism was not proposed. The possibility that the electron
the dynamics of the neighboring Gldnd NH; groups. Itis also proton cross-relaxation mechanism due to the hindered motic
interesting to note that NMR study yieldsE /k ~ 2700 K for  of CH; is responsible for the faster longitudinal relaxation com-
t of CH; and NH; groups in nonirradiated-alanine R1). All - ponent was suggested recentlyl) This suggestion was based
the distant protons exhibit hopping and tunneling in the hindered the measurements @ components as a function of mi-
potential with a barrier higher thanthat of the neares§ @tdup.  crowave frequencies at room temperati@e The present data
This higher barrier requires a smaller tunneling splitting, whicbtained by pulse EPR supports this suggestidhgnd more-
was indeed obtained in the fitting procedure of the well-resolveger clearly reveals several other relaxation mechanisms, whic

4.3. Temperature Dependence of g} Relaxation Rate

maximum at 10 K. are involved over a wide temperature interval.
Tunneling of CH groups was studied earliei§, 17, 19
for paramagnetic centers possessing a low hindered potential 5 CONCLUSION

(AE/k =~ 200 K) for CH; when the rotation rate is sufficiently
rapid even at low temperature to the average anisotropic couWe have performed a detailed analysis of the electron re
pling. In this case a significantly larger tunneling frequency laxation rates of the SAR1 paramagnetic center-inradiated
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L-alanine. By employing the inversion recovery pulse EPR. M.Brustolonand U. Segre, Electron spin-lattice relaxation time and spectre
technique the longitudinal relaxation rate obtained exhibits com- diffusion iny-iradiated.-Alanine, Appl. Magn. Resor¥, 405 (1994).
plex behavior over a wide temperature interval. Several rela- 8- T- Ghim, J-K. Du, S. Pfenninger, G. A. Rinard, R. W. Quine, S. S.
ation mechanisms such as proton tunneling, proton diffusion, Eaton, apd G.R. Eato_n, Multifrequency electron paramagnetic resonanc
. . . . of L-Alanine, Appl. Radiat. Isot47,1235 (1996).
and hl.ndered h_oppmg O.f pmton.s.for C(_)rrespondlng hlnde_r?g. B. Rakvin, Double modulation ESR study of irradiated alardyppl. Radiat.
potential were involved in describing this complex relaxation 5ot 47,1251 (1996).
process. In comparison with earlier studies, where detection andg rakyin and N. Maltar-Strmeki, Study of relaxation rates of stable param-
discussion were restricted to largel(3> a) tunneling splitting, agnetic centers ip-irradiated alanineSpectrochim. Acta 6,399 (2000).
the evidence for a small tunneling splitting)3< a) is pre- 12. A. Horsfield, J. R. Morton, and D. H. Whiffen, The electron paramagnetic
sented and discussed in this work. The relaxation mechanismsresonance spectrum of CH3CH(CO2H) beetwen 100 K and 20ddK,
involved show that the largest effect of tunneling is detected by Phys:5.115 (1962).
the pseudo-secular part of the END Hamiltonian. It should g A Schweiger, Pulsed electron spin resonance spectroscopy: Basic princ
noted here that in an earlier model of a spin—lattice relaxation gloesz’égcag'gffs' and examples of applicatismgew. Chem. Int. Ed. Engl.
mechanism inVOIVing tunneling modes for the traDDEd radicﬁl S YCIough and. F. Poldy, Study of tunneling rotation of methyl groups by
in glassy matrix, the pseudo-secular part of END was neglected gjectron spin resonance and electron nuclear double resonhrhem.
(23). However, the characteristic properties of the temperature phys.51,2076 (1969).
behavior of T1)~* of methyl radicals in glassy organic matricegs. F. Bonon, M. Brustolon, A. L. Maniero, and U. Segre, An ENDOR study
exhibit similar values and similar behavior as the longitudinal of the temperature dependence of methyl tunne@igem. Phys161,257
relaxation of the SAR1 center at low temperatures (5-100 K) (1992).

(24)1 and it might be reinterpreted in accordance with the SARS$- J- H. Freed, Quantum effects of methyl-group rotations in magnetic resc
model nance: ESR splittings and linewidthls,Chem. Phys43,1710 (1965).

A.R. Sgrnes and N. P. Benetis, The EPR spectrum of the ge)ﬁbrac X3
guantum rotorChem. Phys226,151 (1998).
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