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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∗1a as the faster component and 1/T∗1b as the slower com-
ponent, respectively. It was shown that 1/T∗1a is strongly affected
by the CH3 group dynamics of the SAR1 center. The complete tem-
perature dependence of 1/T∗1a was described by invoking several
relaxation mechanisms that involve hindered motion of the CH3

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
(∆E/k = 1570 K). On the other hand the temperature dependence
of 1/T∗1b is related to the motional dynamics of the neighborly NH3

and CH3 groups. We found a larger average potential barrier for
this motion (∆E/k = 2150 K) corresponding to smaller tunneling
frequencies of the neighbor groups. C© 2001 Academic Press

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

The electron spin–lattice relaxation data in solids yield
portant information about the molecular groups dynamics.
relaxation data follow changes of the reorientation correla
times in the range of several orders of magnitude. Neverthe
such measurements have been so far rarely explored for the
of molecular dynamics. The reason lies in an extremely c
plex behavior of the individual magnetization relaxation curv
which are not simple one-exponential curves. A detailed sys
atic study of the electron spin–lattice relaxation data in a w
understood model system could provide a basis for studie
other more complex systems. In this respect we findγ -irradiated
L-alanine as a good candidate. The longitudinal relaxation r
of the so-called first stable alanine radical (HC. CH3R), SAR1,
center (1–3) have been frequently studied by various pulse
nonlinear EPR techniques (4–11). These studies reveal that th
motional averaging of the electron proton hyperfine splitting
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a strong spectral diffusion mechanism are mostly responsible
the poorly understood relaxation rate behavior. A detailed
croscopic picture of the origin of various relaxation mechanis
cannot be easily reconstructed due to significant disagreem
in the experimental values of the measured parameters su
electron spin–lattice relaxation time,T1, or rotational correlation
time, τ = τ∞ exp(1E/kT) of the CH3 group. For example, it
can be demonstrated (10) that literature data for the CH3 dynam-
ics of the SAR1 center (1, 4, 5, 7, 12) differ in activation energy,
1E/k, from 1100 to 2100 K and even more for the preexpon
tial factor,τ∞, from 0.1 to 0.001 ps. On the other hand, seve
characteristic relaxation times were measured and origins o
corresponding relaxation mechanisms are not completely c
(8, 9). In order to elucidate some of these relaxation mec
nisms it is essential to reverse the analysis: i.e., to determin
much as possible, an accurate value ofτ and from it to calculate
temperature dependence of various relaxation mechanisms

Recently, EPR, transfer saturation EPR (TSEPR), and e
tron nuclear double-resonance (ENDOR) techniques have b
employed (11) to obtain a more reliableτ value in the tempera-
ture region of fast motion of the CH3 group (180–320 K). It was
suggested (11) that the intermolecular motions can quite su
stantially influence the value of the measured correlation timτ
and thus should not be neglected. This might explain the la
discrepancies in the dynamical parameters reported previo
for the CH3 group of the SAR1 center.

The present study has been undertaken to examine the lo
tudinal relaxation rate of the SAR1 center over the tempera
interval 5–290 K. The temperature dependence of the none
nential relaxation rate is described by introducing several re
ation mechanisms that involve hindered motion of CH3 groups
from classical rotational motion to the coherent rotational tu
neling. The electron spin–lattice relaxation measurements
appear to be an unique tool for probing the molecular dynam
as one can follow the molecular group reorientational corre
tion times from the picosecond region around room tempe
ture to the microsecond region at liquid helium temperatu
It is shown that all the relaxation mechanisms present can
9 1090-7807/01 $35.00
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described with two types of characteristic potential barriers
this entire temperature interval. The first one is related to
reorientation of the CH3 group of the SAR1 center with an en
ergy barrier 1570 K. The second energy barrier of about 215
represents the average reorientation potential barrier of the
neighbor groups (CH3 and NH3) to the SAR1.

2. EXPERIMENTAL

Single crystals ofL-alanine were grown by slow evaporatio
from water solution at room temperature. Paramagnetic c
ters were produced byγ -ray irradiation (60Co) with a dose of
10 kGy. The pulsed experiments were performed with a Bru
ELEXSYS 580 spectrometer. A simple inversion recovery te
nique (π–t1–π2 –π2 –echo) has been used. A typicalπ pulse
length was 128 ns. Each relaxation curve represents 1024 p
when t1 was regularly increased from 1000 ns to about 5T1.
The field-swept spectra has been recorded with integra
of the two-pulse echo signal (π2 –τ–π2 –τ–echo) while sweep-
ing the external magnetic field over the resonant lines. Herτ

was 200 ns and the integration gate was 100 ns.

3. RESULTS

When the magnetic field is applied along theL-alanine crystal
c axis, the well-known quintet (1:4:6:4:1) spectrum is observ
at room temperature due to the SAR1 center (1). The quintet
structure originates from the three equivalent fast-rotatingβ-
protons and oneα-proton with an almost identical splitting. A
low temperature (T < 120 K) the decrease in rotational motio
of the CH3 group leads to nonequivalentβ-protons coupling and
the spectrum splits further in the doublet structure. The cha
of the quintet as a function of temperature was described ea
(1) by employing modified Bloch equations and is related to
freezing out of the rotational motion of the CH3 protons on the
EPR time scale. The structure at low temperatures is uncha
below 120 K and it can be assumed that the CH3 groups are
frozen on the continuous wave EPR (CWEPR) time scale. P
EPR field-sweep spectra (Fig. 1) were obtained by record
the intensity of the electron spin echo signal as a function
the external magnetic field. They show a similar temperat
behavior as was measured earlier by CWEPR. These sp
also show that the spin echo signals are largely due to the S
center. (Particularly in the low-temperature region,T < 30 K,
the field-sweep echo experiment significantly simplifies the
served broad structure of the CWEPR spectra by changing
separation time between echo-forming pulses).

The positions of the two outermost lines of the spectr
remain unchanged (proton spin states,|−−−〉, |+++〉 ) and
they are invariant of CH3 motions in the modified Bloch equa
tion model (1). Thus, these lines can be good candidates
temperature-dependent studies of longitudinal relaxation r

for the SAR1 center at fixed magnetic field in the wide tem
perature interval. In the presence of spectral diffusion (8) it is
ET AL.
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FIG. 1. Typical field-sweep echo EPR spectra for the first stableL-alanine
radical for the magnetic field alongB || c (a) at 287 K and (b) at 25 K. The arrow
denote magnetic field positions for the|−−−〉 (solid) and|+−−〉 (dashed)
proton hyperfine components.

convenient to employ a standard inversion recovery pulse
quence (13) for measurements of longitudinal relaxation rat
In the pulse sequence, the evolution time and other param
were carefully checked to obtain more reliable relaxation ra
especially in the low-temperature region. The typical elect
magnetization recovery curve (taken at the low-field hyper
component denoted by the arrow in Fig. 1) is shown in Fig
and exhibits a multiexponential shape

R(t) =
∑

j

A∗j b1− Sj exp(−t/T∗1 j )c, [1]

whereT∗1 j represents the characteristic longitudinal relaxat
time. Most of these curves can be described with biexpone
function. We have therefore attempted to fit all magnetiza
curves with a biexponential formula. As a result, two diffe
ent characteristic relaxation times were observed, and we n
them 1/T∗1a and 1/T∗1b. One expects that the detected recov
curves will show the presence of different relaxation proces
due to the strong spectral diffusion via neighboring protons
is present in the system. This is because the entire EPR s
trum is too wide to be completely saturated. In this case, as
discussed earlier (8) it is expected that the faster relaxation ra
is always more effective than the slower relaxation rate.

The experimental results for both relaxation component

-the temperature interval 5–290 K are shown in Fig. 3. For the
relaxation rate measured at room temperature it can be noted
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FIG. 2. Saturation recovery spectrum of SAR1 measured for the|−−−〉
hyperfine proton component at 40 K. The continuous line represents a bi
nential fit to the Eq. [1].

that deduced values (T∗1a = 2.1 µs, T∗1b = 21.2 µs) show the
same order of magnitude as the values measured earlier (6, 8, 9).
However, over a wide temperature region, both component
hibit complex temperature dependence with some similaritie

FIG. 3. Characteristic longitudinal relaxation times (obtained for the
field hyperfine component denoted by the continuous arrow in Fig. 1), 1/T∗1a

(circles) and 1/T∗1b (squares) evaluated from recovery spectra at various temp
tures. Triangles represent 1/T∗1a obtained from the|+−−〉hyperfine component.
NGITUDINAL RELAXATION 151
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is thus convenient to use the notation for the two relaxation tim
asT∗1a for the shorter relaxation andT∗1b for the longer relaxation
time in the whole temperature interval. Two maxima at hig
temperatures (∼160 K) and an unexpected rapid relaxation b
havior at lower temperatures of the fast- and the slow-relaxa
components (Fig. 3) indicate that several different relaxa
mechanisms are active in the entire temperature range.

In the low-temperature range the relaxation rate was
measured on the second nearest EPR line to the low field
(|+−−〉, the magnetic field position denoted by dashed ar
in Fig. 1b. This step was important in order to check the se
tivity of the measured relaxation rate due to the hindered mo
of the CH3 group. Normally the second line of the spectrum
affected by the proton exchange and one expects that its
gitudinal relaxation rate is directly enhanced by the rotat
correlation motion of the CH3 group (4). It should be noted tha
the relaxation curves for the second line could be measured
up to 90 K, where the intensity of the second line collapsed
to fast proton exchange. Indeed, for this EPR line the meas
longitudinal relaxation rate is enhanced as is shown in Fig
(triangles). One notes that difference in the longitudinal rel
ation between the two lines can be detected at temperature
nificantly lower (down to∼60 K) than that of the changes in th
EPR spectrum caused by freezing out of the molecular gr
reorientations, which started at around 120 K. Thus, reliable
formation onτ for the CH3 group in the region of very slow
motion is expected and can help to deduce the real nature o
unknown relaxation mechanism. However, below∼60 K the
two relaxation rates become identical within the experime
error bar. We thus conclude that below∼60 K this additional
relaxation channel becomes ineffective and the two lines h
the sameT∗1 .

4. DISCUSSION

4.1. The Spin Hamiltonian

The temperature dependence of the longitudinal relaxa
rate, as described above, exhibits very complex behavior,
it is approximated with two different characteristic relaxati
timesT∗1a andT∗1b. One expects that the functional temperat
dependence of each of these relaxation times is dominate
dynamical motion of the methyl groups. The spin Hamilton
for methyl group protons with respect to the unpaired elect
contains the terms (14, 15)

H = veSz+ vn

∑
k

Ikz+
∑

k

STkIk + Hn − 2Jv
∑
j<k

IkI j , [2]

whereve andvn are the electron and nuclear Larmor frequenc
Tk is the electron–nuclear hyperfine interaction, END, for
kth nucleus, andHn is the nucleus–nucleus dipolar interactio
era-NND. The last term describes the proton exchange contribu-
tion for the vth libration level of the methyl group. The first
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three terms are usually employed to describe CH3 relaxation
in the fast-motion regime involving classical jumping of pr
tons between the three potential wells. The quantum aspe
CH3 dynamics inside of a potential barrier involves the last te
(Eq. [2]). The tunneling splitting for the ground libration lev
(3J0) and other excited levels can be calculated from the heig
the potential barrier by using the stationary Schr¨odinger equa-
tion for the hindered rotor (16, 17). In what follows we will
describe the contributions of the individual terms in Eq. [2]
the spin–lattice relaxation of the SAR1 center.

4.2. Temperature Dependence of the1/T∗1a Relaxation Rate

An indication that the dominant relaxation mechanism in
fast-motion regime of the CH3 groups arises due to electron
proton cross-relaxation terms following from the nonsecu
term (1ms = ±1,1mI = ∓1) in the Hamiltonian (Eq. [2])
was suggested in the previous EPR (1) and ENDOR (5, 11)
studies. The corresponding relaxation rate is in this case (5)

1/T1x ≈ j (ωe) = b2

16ωe

2τωe

1+ τ 2ω2
e

, [3]

where (b/2π ) = 140 MHz represents a constant connec
with electron–proton isotropic couplingTk and ωe = 2πve

represents electron Larmor frequency. Since the splitting
stantb is the largest interaction constant in Hamiltonian [
the contribution of this term is expected to be dominant in
fast-motion regime of CH3 group. Thus, the position of th
corresponding maxima on the temperature scale can be e
correlated with one of the maxima from the experimental d
if the reliable value forτ is known. In the low-temperatur
range we use the advantage of the independent mea
ment of T∗1a for |−−−〉 and for |+−−〉 EPR lines. The re
sults were used to directly obtainedτ in the low-temperature
region:

(1/T∗1a)|+−−〉 = (1/T∗1a)|−−−〉 + 1/τ. [4]

The dotted line in Fig. 4 is the fit of the relaxation rate 1/T∗1a
for |+−−〉 EPR line (triangles) by using Eq. [4] and the cor
lation timeτ (τ∞ = 0.12± 0.06 ps,1E/k = 1570± 45 K).
The agreement between experiment and fit is within the ex
imental error and the values ofτ agree with those of recentl
measured and revisedτ values in the fast-motion regime (11).
The obtained value ofτ was used to calculate position and ma
ima of the cross-relaxation term (Eq. [3]). A fitted constant
(b/2π ) = 136 MHz satisfied the dependence of 1/T∗1a relax-
ation rate at high temperatures (i.e., in the temperature inte
between 200 and 250 K) as shown by the dashed curvewe in
Fig. 4. Good agreement between the experimental points
the theoretical prediction proves that the electron–nuclear

flip mechanism of the nearest CH3 group is the leading mecha
nism in the relaxation of 1/T∗1a in the high-temperature interval
ET AL.

-
t of

rm
l
t of

to

he
–
lar

ed

on-
],
he

asily
ata

ure-

-

er-

x-
of

rval

and
pin

FIG. 4. Temperature dependence of the experimentally obtained 1/T∗1a (cir-
cles) and that calculated (continuous curve). The most prominent contribu
for the particular relaxation mechanisms are described with the dashed c
and denoted aswe, electron–proton spin flip;wn, END pseudo-secular,wn dif ,
proton diffusion; t12, and t170, the first and the second tunneling contribution
1/T∗1a (triangles) obtained from the|+−−〉 hyperfine component are fitted t
Eq. [4] and it is shown as the dotted line.

For further analysis of these data it is important to note t
contributions from the all other nonsecular terms are neglig
due to small anisotropic coupling in comparison to the isotro
coupling of the CH3 group (1).

The second important term that contributes to the long
dinal relaxation rate is the pseudo-secular part (1ms = 0,
1mI = ±1) with the proton transition in the vicinity of the
nuclear Larmor frequencyvn. The contribution of this term
is derived from the END coupling, and can be written in t
form

(1/T1n)
END
PS =

CEND
PS

2ωn

2ωnτ

1+ ω2
nτ

2
= (1/T1n)MAX

2ωnτ

1+ ω2
nτ

2
. [5]

For the CH3 group, the isotropic hyperfine splitting is larg
a ≈ 70 MHz and the nuclear Larmor frequency should be
placed with the nuclear transition frequenciesvn± = vn± a

2. In
the END relaxation rate the anisotropic coupling is on the or
of a few megahertz for each proton and it is small compa
to the isotropic coupling. However, the cumulative contributi
of the END relaxation can be significant at lower temperatu
(T< 200 K) in comparison to cross-relaxation terms and
other terms that includeωe, because the maximum is propo
tional to 1/ω and (1/ωnÀ1/ωe). A maximum of the relaxation
-
.
rates around 160 K corresponds to the (1/T1n)PS mechanism
as can be seen in Fig. 4 (dashed curve denoted bywn). Using
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TABLE 1
Parameters from Eqs. [5], [6], and [8] Fitted to the Measured 1/T∗1a and 1/T∗1b Values of the SAR1

Paramagnetic Center

CEND(s−2) RSD
MAX (s−1) τ l

∞1(ps) El
1/k (K) 311/

-h (s−1) τ l
∞2(ps) El

2/k (K) 312/
-h (s−1)

1/T∗ 8.87× 1013 2.5× 104 90 170 4.8× 106 990 12 6.0× 106

1a

1/T∗1b 9.85× 1012 1.3× 104 81 190 3.0× 106 870 26 3.0× 106
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the sameτ for the cross-relaxation terms, the fitting consta
CEND

Ps is determined for the 1/T∗1a relaxation rate (Table 1). We
stress once again that the position of the maximum relaxa
rates is obtained from ENDOR transition frequencies and
isfied previously determinedτ . The only free-fitting paramete
is CEND

PS . Thus, the detected (1/T1n)END
PS with the corresponding

coupling constant∼1.5 MHz can be identified with the relax
ation mechanism due to the averaging out of the anisotr
splitting of the CH3 group and is responsible for the electro
spin–lattice relaxation in the intermediate region between
and 200 K.

Upon further cooling, the change in the 1/T∗1a temperature
behavior can be clearly noted below 100 K, and one expects
some other relaxation mechanism takes over in this region.
lowing earlier investigation of the relaxation rates of the sp
probes in the slow-motion region (18), we propose that this
mechanism is due to the proton spin diffusion. Its contribut
to the electron spin–lattice relaxation has been calculated p
ously (18) and can be approximated with the form

(1/T1n)
SD = (R)SD

MAX

(
2ωnτ

1+ (ωnτ )3/2

)1/4

. [6]

The origin of this term is associated with proton spin-flip ra
of the CH3 group in the Hamiltonian (Eq. [2]). Still using th
sameτ and nuclear Larmor frequency, the (1/T1n)SD value
well describes the temperature dependence of 1/T∗1a in the low-
temperature interval (30–60 K) as shown by dashed curve
noted aswn dif ) in Fig. 4. The obtained (R)SD

MAX = 2.5×104 s−1

is in the expected range for proton diffusion (18).
It thus turns out that the relaxation mechanisms based on

CH3 group rotational motions determine the temperature dep
dence of 1/T∗1a over the large temperature range. However at
lowest temperatures, the above conjecture fails to describe
1/T∗1a temperature dependence. As shown above, the domi
contribution to relaxation process is related to the proton h
ping and diffusion type of dynamics. At low temperatures t
proton motion is restricted to the proton tunneling inside
hindered potential. We now try to estimate the contribution
this type of proton motion to the electronic spin–lattice rela
ation. The tunneling model of the CH3 protons was suggested b
describe the contribution of tunneling to NMRT1

ation. We use their model here to describe a pro
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relaxation rate in the low-temperature region:

(1/T1n)
TU = Cpp(πL(ωn)+ 4πL(2ωn))

L(ω) = 1

2
(G(ω)+ G(−ω))

G(ω) = (12p1+9p1
-h−11)M−(9 -h−212−3ω2+9p2

1)N

3π (M2+N2)

M = ω(9 -h−212− ω2+ 3p2
1

)
N = 4p1ω

2− 9p1
-h−212+ 3 -h−11p1ω. [7]

The constantCpp represents the proton–proton interaction a
31/h = 3J is the tunneling frequency connected with notati
in Eq. [2]. The correlation time, 1/p1 = τ l = τ l

∞ exp(El/kT),
obeys the Arrhenius relation between the ground state and
first excited vibrational states of the CH3 group. In the NMR
case the spectral density for the NND relaxation rate exhi
the same functional form as the spectral density for the E
pseudo-secular term relaxation rate given in Eq. [5]. The d
ference between these rates is only in the value of the in
action constant. In order to describe tunneling effects one
expand the spectral density simply by addingL(ω) terms from
Eq. [7]. The same expanded spectral density can be introduc
Eq. [5] to obtain the electron–proton relaxation rate additiona
affected by tunneling:

(1/T1n)
END = CEND

PS

(
τ

1+ ω2
nτ

2
+ πL(ωn)+ 4πL(2ωn)

)
.

[8]

In the fitting strategy we usedCEND
PS obtained by fitting the high-

temperature data. The parameters 31/ -h, τ l
0, andEl were now

treated as variable parameters in Eq. [8] and the fit in
low-temperature region leads us to theEl , τ l

∞, and1 values
listed in Table 1. The two fits with maxima around 6 and 35
(dashed curves t12 and t170) are estimated and shown in Fig.
The tunneling splitting with corresponding excitation states w
obtained. The obtained values of tunneling frequencies are s
ilar in magnitude (31/ -h ≈ 1 MHz), and expected for the value
of a hindered potential with barrier height of≈1500 K (16, 17).
Here it should be noted that besides the approximations
were employed in Eq. [8] the value of the tunneling frequenc

tondeduced can appear as an average of tunneling frequencies if
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the population of higher libration states are involved (20). Thus,
with all the above-mentioned relaxation mechanisms, the 1/T∗1a
value is described over a wide temperature interval as show
the continuous curve in Fig. 4. It is important to note that the
component of the relaxation rate dominates and arises from
motional dynamics of the nearest CH3 over a wide frequency
range from proton hopping over the hindered potential to
proton tunneling inside this potential.

We shall mention here that the magnetization recovery c
at low-temperature range starts to deviate from the biexpo
tial curve and can be satisfactory fitted only by involving m
exponents. The most likely reason for this is that at low tem
atures the nuclear spin–lattice relaxation couples more than
lines together. In this case multiexponential decay is expec
Nevertheless we expect that the values extracted and pres
here represent the average values of the slow- and fast-relax
components and as such their general temperature depen
should be correct, although precise value of the fitting para
ters might be unreliable.

4.3. Temperature Dependence of the1/T∗1b Relaxation Rate

Now, in accord with the above discussion, the slow-relaxa
components 1/T∗1b can be simply assigned to the relaxation p
cesses due to rotational motional dynamics of neighboring3
and NH3 groups in the lattice. Of course, in that case the s
component of the relaxation rate is dominated by proton dyn
ics as was the case for the fast component. Thus, one expec
the same type of mechanisms of relaxation should be involve
the wide temperature interval. Indeed, temperature depend
of 1/T∗1b is described by using the same type of relaxation me
nisms as in the case of the fast component. The fitting curves
best-fittedτ (τ∞ = 0.09 ± 0.06 ps,1E/k = 2150± 50 K)
using the cumulative relaxation rate description of 1/T∗1b are
shown in Fig. 5. The additional fitting parameters of Eqs.
[6], and [8] are given in Table 1. According to expectatio
for distant protons all interaction constants are weaker du
smaller electron spin density than to closer CH3 protons. How-
ever, one notes significantly differentτ (1E/k = 2150 K) for
these distant proton groups. Aτ with similar potential barrier
was obtained in the recent investigation of SAR1 dynamics11)
by employing transfer saturation EPR and it was attribute
the dynamics of the neighboring CH3 and NH3 groups. It is also
interesting to note that NMR study yields1E/k ≈ 2700 K for
τ of CH3 and NH3 groups in nonirradiatedL-alanine (21). All
the distant protons exhibit hopping and tunneling in the hinde
potential with a barrier higher than that of the nearest CH3 group.
This higher barrier requires a smaller tunneling splitting, wh
was indeed obtained in the fitting procedure of the well-reso
maximum at 10 K.

Tunneling of CH3 groups was studied earlier (16, 17, 19)
for paramagnetic centers possessing a low hindered pote
(1E/k ≈ 200 K) for CH3 when the rotation rate is sufficient

rapid even at low temperature to the average anisotropic c
pling. In this case a significantly larger tunneling frequency
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FIG. 5. Temperature dependence of experimentally obtained 1/T∗1b (circles)
and that calculated (continuous curve). The most prominent contributions
the particular relaxation mechanisms are described with the dashed curve
denoted aswe, electron–proton spin flip;wn, END pseudo-secular,wn dif , proton
diffusion; t 26, and t190, the first and the second tunneling contributions. T
contribution ofwe is only noted as this term and the corresponding constant
not included in Table 1.

expected (3JÀa). The effect of such a large tunneling fre
quency can be seen on the EPR spectrum as a splitting of
second and the third lines of the (1:3:3:1) fast-motion CH3 spec-
trum (16, 22). In such a case, an EPR spectrum is not conveni
for estimation of the tunneling splitting. However it can be es
mated by measuring second-order contributions in an END
spectrum (14, 15). In the case when (3J ≤ a), the tunneling
splitting frequency cannot be resolved inside the degenera
lines. The relaxation rate, on the other hand, is sensitive to e
a small tunneling frequency through the proton relaxation ter
and can thus provide complementary information about the lo
temperature proton dynamics.

Two distinct longitudinal relaxation times of the SAR1 cent
were detected in earlier studies (8, 9), although the underlying
mechanism was not proposed. The possibility that the electr
proton cross-relaxation mechanism due to the hindered mo
of CH3 is responsible for the faster longitudinal relaxation com
ponent was suggested recently (11). This suggestion was base
on the measurements ofT1 components as a function of mi
crowave frequencies at room temperature (9). The present data
obtained by pulse EPR supports this suggestion (11) and more-
over clearly reveals several other relaxation mechanisms, wh
are involved over a wide temperature interval.

5. CONCLUSION
ou-
is

We have performed a detailed analysis of the electron re-
laxation rates of the SAR1 paramagnetic center inγ -irradiated
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L-alanine. By employing the inversion recovery pulse EP
technique the longitudinal relaxation rate obtained exhibits co
plex behavior over a wide temperature interval. Several rel
ation mechanisms such as proton tunneling, proton diffus
and hindered hopping of protons for corresponding hinde
potential were involved in describing this complex relaxati
process. In comparison with earlier studies, where detection
discussion were restricted to large (3JÀa) tunneling splitting,
the evidence for a small tunneling splitting (3J ≤ a) is pre-
sented and discussed in this work. The relaxation mechani
involved show that the largest effect of tunneling is detected
the pseudo-secular part of the END Hamiltonian. It should
noted here that in an earlier model of a spin–lattice relaxat
mechanism involving tunneling modes for the trapped radi
in glassy matrix, the pseudo-secular part of END was neglec
(23). However, the characteristic properties of the temperat
behavior of (T1)−1 of methyl radicals in glassy organic matrice
exhibit similar values and similar behavior as the longitudin
relaxation of the SAR1 center at low temperatures (5–100
(24), and it might be reinterpreted in accordance with the SA
model.

REFERENCES

1. I. Miyagawa and K. Itoh, Electron spin resonance of irradiated single crys
of alanines: Hindered rotation of the methyl group in a free radical,J. Chem.
Phys.36,2157 (1962).

2. S. Kuroda and I. Miyagawa, ENDOR study of an irradiated crystal
L-Alanine: Enviroment of the stable CH3CHCO−2 radical,J. Chem. Phys.
76,3933 (1982).

3. E. Saugstuen, E. O. Hole, S. R. Haugedal, and W. H. Nelson, Alan
radicals: Structure determination by EPR and ENDOR of single crys
X-irradiated at 295 K,J. Phys. Chem. A, 101,9763 (1997).

4. S. A. Dzuba, K. M. Salikhov, and Yu. D. Tsvetkov, Slow rotations (τ ≥
10−5 s) of methyl groups in radicals studied by pulse ESR spectrosco
Chem. Phys. Lett.79,568 (1981).

5. M. Brustolon, T. Cassol, L. Micheletti, and U. Segre, Methyl dynamics stu
ied by ENDOR spectroscopy: a new method,Molec. Phys.57,1005 (1986).

6. K. Nakagawa, S. S. Eaton, and G. R. Eaton, Electron spin relaxation ti
of irradiated alanine,Appl. Radiat. Isot.44,73 (1993).

7. R. Angelone, C. Forte, and C. Pinzino, Relaxation Time Measurement

Longitudinally Modulated ENDOR Spectroscopy on Irradiated l-alanin
Single Crystal,J. Magn. Reson. A101,16 (1993).
NGITUDINAL RELAXATION 155

R
m-
x-

on,
ed
n

and

ms
by
be
ion
al
ted
ure
s
al
K)
1

als

of

ine
als

py,

d-

es

by

8. M. Brustolon and U. Segre, Electron spin-lattice relaxation time and spec
diffusion inγ -irradiatedL-Alanine,Appl. Magn. Reson.7, 405 (1994).

9. B. T. Ghim, J-K. Du, S. Pfenninger, G. A. Rinard, R. W. Quine, S.
Eaton, and G. R. Eaton, Multifrequency electron paramagnetic reson
of L-Alanine,Appl. Radiat. Isot.47,1235 (1996).

10. B. Rakvin, Double modulation ESR study of irradiated alanine,Appl. Radiat.
Isot.47,1251 (1996).

11. B. Rakvin and N. Maltar-Strme˘cki, Study of relaxation rates of stable param
agnetic centers inγ -irradiated alanine,Spectrochim. Acta A56,399 (2000).

12. A. Horsfield, J. R. Morton, and D. H. Whiffen, The electron paramagne
resonance spectrum of CH3CH(CO2H) beetwen 100 K and 200 K,Mol.
Phys.5, 115 (1962).

13. A. Schweiger, Pulsed electron spin resonance spectroscopy: Basic p
ples, techniques, and examples of applications,Angew. Chem. Int. Ed. Engl.
30,265 (1991).

14. S. Clough and F. Poldy, Study of tunneling rotation of methyl groups
electron spin resonance and electron nuclear double resonance,J. Chem.
Phys.51,2076 (1969).

15. F. Bonon, M. Brustolon, A. L. Maniero, and U. Segre, An ENDOR stu
of the temperature dependence of methyl tunneling,Chem. Phys.161,257
(1992).

16. J. H. Freed, Quantum effects of methyl-group rotations in magnetic re
nance: ESR splittings and linewidths,J. Chem. Phys.43,1710 (1965).

17. A. R. Sørnes and N. P. Benetis, The EPR spectrum of the general〉Ċ−C X3
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