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In frozen biological media and molecular glasses only restricted motions exist; because of the weakness
and disorder of intermolecular bonds these motions may have stochastic nature. Electron spin echo (ESE)
spectroscopy of spin-labeled molecules allows detecting their restricted stochastic rotations (stochastic
molecular librations). As in molecular disordered media motions may be highly cooperative, it would
be desirable to investigate their spectroscopic manifestation also in the systems where cooperative
effects would be certainly ruled out. In this work, ESE of spin-labeled molecules adsorbed on inorganic
SiO, surface was investigated in a wide temperature range. The rate of motion-induced spin relaxation
was found to become measurable above 130 K, increasing with temperature and attaining then a saturat-
ing behavior with a well-defined maximum near 250 K. For two types of molecules differing remarkably
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EPR in their size and polarity (a small highly-polar nitroxide radical and a large spin-labeled peptide), quite
ESE similar results were obtained. This saturating behavior was quantitatively reproduced in simulations
ESR within a simple model of jump between two close orientations. Comparison with experiment allowed
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estimate that at 250 K the correlation time of the motion 7. is of the order of several tens of nanoseconds
and the angle o between two orientations is around 0.02 rad. As the found saturating behavior is a prop-
erty of individual motions, for any other molecular system an excess of the spin relaxation rate above the
maximum found here for adsorbed molecules may be ascribed to cooperative motions. Comparison with
literature data on molecular systems of different origin has shown that effects of cooperativity indeed are
present and, moreover, may be very essential.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

In solids at low temperatures, translations and rotations of
atoms and molecules are suppressed, and only vibrations and
restricted rotations of atomic groups and molecules (molecular
librations) exist. In disordered molecular media, because of weak-
ness and disorder of intermolecular interactions, vibrations and
librations may have a stochastic (diffusive) nature. Stochastic
molecular motions induce spin relaxation of spin labels which
may be detected by electron spin echo (ESE) spectroscopy. This
type of motion was detected by ESE in a large variety of molecular
systems of different origin: molecular glasses [1-5], molecular
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crystals [3], frozen photosynthetic reaction centers [6-9], biologi-
cal membranes [10-16], peptides and proteins [16-23], living
seeds [24], polymers [25], frozen ionic liquids [26-28], and mole-
cules confined in nanocapsules [29]. In these studies, the applica-
bility of the theoretical librational model was quantitatively
confirmed and relationships between dynamical and structural
properties of the systems and their functionality were investigated.

Stochastic molecular librations are visible not only at the tradi-
tional X-band EPR, but at higher EPR bands as well [2,4-7,21,29-
31]. At high-field W-band EPR, because of a higher sensitivity to
the reorientations, also intramolecular motions (with the excep-
tion of molecular librations) may be detected [31]. In addition to
the traditional nitroxide spin labels, also other types of spin-
labeled systems were studied: quinone anions in photosynthetic
reaction centers [6-8], triarylmethyl radicals [27], and transient
triplet states appearing upon photoexcitation [32,33]. A librational
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motion manifests itself also in continuous wave (CW) EPR
[10,11,14-18,34-38] (note that CW EPR lineshapes are influenced
also by conventional harmonic librations which do not result in
spin relaxation).

In molecular media, stochastic molecular librations may appear
not only because of an individual motion of a molecule in the cage
formed by its surrounding but also because of a rearrangement of
this cage. These cooperative motions of nearby molecules would
result in appearance of motional hierarchy and different spin relax-
ation channels. To assess the possibility of motional cooperativity,
it would be reasonable to investigate simpler systems in which
cooperative effects certainly may be ruled out. Spin-labeled mole-
cules adsorbed at low concentrations on solid inorganic surfaces
presents a good example of such a system. Indeed, these surfaces
do not participate in the motion, and low concentrations of spin-
labeled molecules prevent mutual interaction between them.

In this work, we investigated in a wide temperature range
stochastic molecular librations of spin-labeled molecules of two
types — a relatively small nitroxide and a large spin-labeled peptide
- which are adsorbed on an inorganic SiO, surface. The chemical
structure of the nitroxide radical (NR) used in this work is shown
below:

COOK

COOK

The amino acid sequence of the 10-mer spin-labeled peptide
(TriTOAC4) is

nOct-Aib-Gly-Leu-TOAC-Gly-Gly-Leu-Aib-Gly-Ile-Lol

where nOct is n-octanoyl, Lol is the 1,2-amino alcohol leucinol,
and the non-proteinogenic o-amino acids Aib (a-aminoisobutyric
acid) and spin-labeled TOAC (2,2,6,6-tetramethylpiperidine-1-
oxyl-4-amino-4-carboxylic acid) are

P
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This peptide is an analog of the antibiotic trichogin GAIV [39] in
which Aib at position 4 is replaced by TOAC.

2. Experimental
2.1. Materials and methods

Pyrogenic silica powder was a commercial product from ZAO
Polisorb, Chelyabinsk Region, RF (20 nm particle size, a specific
surface area of 300 m?/g). Nitroxide radical NR was kindly provided
by Dr. L.A. Kirilyuk, Novosibirsk. Solid-phase synthesis, purification
and chemical characterizations of the TOAC-labeled trichogin GA
IV (TriTOAC4) sample used for spectroscopic measurements were
carried out at the Department of Chemical Sciences, University of

Padova, following our published procedure [39]. Electron Spray
Ionization Mass Spectrometry (ESI-MS) data (g/mol): MW cq.:
1177.7924; MWygouna: 1177.8264.

The samples of TriTOAC4 and NR adsorbed on the SiO, (denoted
correspondingly as TriTOAC4/SiO, and NR/SiO;) were prepared as
following. The SiO, powders were put on the surface of a 0.1 um
Amicon Ultrafree-MC Durapore PVDF centrifugal filter (Millipore,
MA, USA). Then, methanol solutions of TriTOAC4 or NR were added
and the system was left for 30 min at room temperature. Then, a
centrifugation (2000 rpm, 4 min, 25 °C) was performed to remove
the solution with the non-adsorbed molecules. The samples were
dried on filters in an argon stream and put into 3-mm glass tubes.
Finally, air was pumped out (10~ torr) and tubes were sealed.

2.2. EPR/ESE measurements

The measurements of continuous wave EPR spectra, ESE decays
and echo-detected (ED) EPR spectra were carried out on an X-band
ELEXSYS E580 9-GHz FT-EPR spectrometer (Bruker, Bremen, Ger-
many) equipped with a split-ring Bruker ER 4118X-MS3 resonator
inside an CF 935 cryostat (Oxford Instruments, Abingdon, UK). The
temperature was controlled by a nitrogen stream with an accuracy
of +0.5 K. In ESE experiments, the resonator cavity was overcou-
pled to provide a ringing time of about 100 ns. The ESE measure-
ments were performed by microwave two- (90°-71-180°-7-echo)
and three-pulse (90°-1-90°-T-90°-7-echo) sequences. The pulse
lengths were 16 ns and 32 ns for 90°- and 180°-pulses, respec-
tively. In all cases the time delay T was scanned, changing from
120 ns with steps of 4 ns. The ED EPR spectra were obtained as
an echo signal amplitude with the time delay t kept constant
(and in the three-pulse experiments the time interval T constant
as well) and the magnetic field scanned.

3. Results

The measurements were carried out in the temperature range of
80-295 K. The CW spectra (not shown) in the whole temperature
range studied were typical for immobilized nitroxides diluted in
matrix and did not show an extra line broadening typical for their
aggregation. An example of ED EPR spectra obtained at 100 K and
250 K (for the TriTOAC4/SiO, sample) with different time delays
T (120, 300, and 600 ns) is shown in Fig. 1. These spectra are
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Fig. 1. ED EPR spectra obtained with a two-pulse microwave sequence, with 7 fixed
to 120 ns (black line), 300 ns (red line), and 600 ns (blue line), on the sample
TriTOAC4/SiO, at the two temperatures indicated. Two spectral positions possess-
ing the smallest (1) and largest (2) anisotropies are also shown.
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normalized by the central peak amplitude (the field position 1 in
Fig. 1). This normalization allows to exclude all field-independent
spin-relaxation mechanisms.

From Fig. 1 one can see that at 250 K all spectral positions with
increasing 7t are decreasing with respect to the spectral maximum.
This effect implies a faster spin relaxation at these positions. In the
center of the high-field component (the field position 2 in Fig. 1)
the decrease is most pronounced. Meanwhile, the relaxation of
the two outer spectral shoulders is relatively slower. This behavior
is in full agreement with the model of stochastic molecular libra-
tions [1-3,10-13]. To illustrate this behavior, for a nitroxide
solid-state EPR let us consider an approximation of axial aniso-
tropy of the g- and hyperfine interaction (HFI) tensors, with the
parallel and perpendicular principal values of the g- and HFI ten-
sors denoted as g, g,, A, A.. In the case of rotation around the
X molecular axis by a small angle o(t), the resonance frequency
deviates by a small value Aw(t) [1-4,13]:

Aw(t) = a(t)R(0, @) 1)
where
m(Al — A} -
Re(0,0) = [B(g, —g) + - . rlcosbsindsing,
(A, sin”0 +AH(:0520)

with the angles 0 and ¢ determining the orientation of the magnetic
field B in the molecular frame and m being the nitrogen nuclear spin
projection onto its quantization axis. For small-angle motions,
angles 6 and ¢ may be considered as constants, as well as the m
value, the latter because of the low rate of nitrogen spin flips in
solids. For a motion around the Y molecular axis, sin ¢ in (1) is to
be replaced by cos ¢. For a motion around the Z molecular axis
under the used axial approximation, Aw(t) = 0. One can see from
Eq. (1) that for m = 0 (central HFI component) and for canonical ori-
entations, for which 6 = /2 (two spectral shoulders), the relaxation
is indeed expected to be slower than for other spectral positions.
Note that two other canonical orientations in the spectrum corre-
sponding to 6 = 7/2 are too close to the large central peak and
therefore they are not seen.

Fig. 1 shows that at 100 K these effects are suppressed. This
observation may be readily assigned to freezing of the motions.
Moreover, for 7=600ns the side components at 100 K become
somewhat larger. This behavior may be easily explained by the
field-dependent relaxation induced by dipole-dipole interactions
between electron spins (the so-called effect of “instantaneous dif-
fusion” in ESE formation which is induced by microwave pulse per-
turbation of the dipolar-coupled spin system - see for details e.g.
[11]). These interactions result in a faster relaxation for the most
intense component.

Fig. 2 shows how the ED EPR spectra change with increasing
temperature (with the time delay 7 kept constant). One can see
that these variations qualitatively look similar to those with
increasing 7 (Fig. 1): the side components are also diminishing,
and the canonical orientations relax slower.

The alternative ways to present the ESE experimental data on
motion-induced spin relaxation are temporal decays. To exclude
field-independent relaxation processes, a comparison of the echo
decays in the most isotropic and the most anisotropic field posi-
tions (in Fig. 1 see positions 1 and 2, respectively) allows refining
the pure contribution of the orientational motions. A semi-
logarithmic plot of the echo decays in these two field positions,
E1(27) and E,(27), and of their ratio, E>(27)/E{(27), is given in
Fig. 3. This ratio can be well approximated by a straight line (in
the time range of 0.24-0.92 ps), which implies an exponential
decay. The exponentiality of the decay is indeed predicted by
theoretical consideration of stochastic molecular libration model
[1-3,10-13].

T T
332
B mT

Fig. 2. ED-EPR spectra for TriTOAC4/SiO, sample at different temperatures. The
time delay 7 is 120 ns in all cases.
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Fig. 3. Semi-logarithmic plot for (a) ESE decays for the field positions 1 and 2 (see
Fig. 1) and (b) for the ratio of these decays, with the linear approximation shown
(dashed line). The approximation was obtained by fitting in the time range
embraced by the vertical dotted lines; the tangent of the slope angle provides the
AW value. The sample is TriTOAC4/SiO, at 240 K.

Fast motions imply the applicability of the Redfield’s theory of
spin relaxation, <Aw?> 12 < 1, where 7. is the correlation time
for the motion. In that case, the rate of the exponential echo decay,
W, is given by

W =< Aw?(t) > T, = RX(6, @) (1), 2)

As this relaxation appears because of the spectral anisotropy, it
is natural to call it anisotropic relaxation.

For the comparative two-pulse ESE experiment described
above, in which the echo decay is taken at two field positions
and then divided by each other, we have

E(21) = E;(27)/E1(27) = const exp(—2TAW) (3)

where AW is difference of the relaxation rates for these two posi-
tions. The AW value may be directly measured as a tangent of the
slope angle in Fig. 3b.

Note that the spectral simulations performed within the Red-
field’ theory for the two employed spectral positions in the simu-
lated EPR spectrum [13] have shown that
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AW =K < o? > 1, 4)

where (¢%) is the mean angular amplitude and K is a numerical coef-
ficient, equal approximately to 10'7 rad=2 s=2 [13], with the exact
value depending on the magnetic parameters of the used nitroxide
spin label.

Fig. 4 shows the semi-logarithmic plot of the E»(27)/E{(27) rep-
resentative data obtained for different temperatures. These data,
like those shown in Fig. 3b, also may be approximated fairly well
by straight lines. The line slope becomes more negative with tem-
perature increase, which indicates a AW increase. Note that a
slightly positive slope at 80 K may be explained by the aforemen-
tioned field-dependent relaxation induced by “instantaneous dif-
fusion”, which is also known to decay exponentially [11]. As the
dipole-dipole contribution to the ESE decay is temperature-
independent, the AW value at any temperature is to be subtracted
by those obtained at 80-100 K, where motions are not expected to
be active.

Meanwhile, basing on the theory of the “instantaneous diffu-
sion” mechanism, the positive slope at 80K allows to estimate
the surface concentration of the adsorbed molecules. As spin labels
on surface are expected to have a two-dimensional spatial distri-
bution, the approximating formula derived for this mechanism
may be employed [40]:

2
Einscip. (7) = Eoexp(~3.210p(g* u5T/h)’) (5)
where ¢ is the surface density in cm™2 units, g is the g-factor, i, is
the Bohr magneton, and the dimensionless parameter p reflex the
efficiency of the pulse excitation. Data in Fig. 4 for 80 K may be well

approximated by the 73 temporal dependence (data not given), and
application of Eq. (5), with p taken as 0.2 [40], then readily provides
o~ 710" cm™2. This ¢ value in turn allows to estimate the distance
between the molecules on the surface as ~10 nm. This distance is
much larger than the molecular sizes for the both adsorbed mole-
cules used, so these molecules indeed are diluted on the surface.
The time range for the linear approximation (see vertical dotted
lines in Figs. 3b and 4) was taken the same for all temperatures and
all samples. The temperature dependences of the AW anisotropic
relaxation rate for all the samples studied are shown in Fig. 5
(above 300 K the ESE signal decayed too fast). The AW values are
almost zero below ~130 K, but exhibit an increase with tempera-
ture up to about 250+ 10 K. The maximum AW, value for the
NR/SiO, sample is 1.48 +0.05 ps~! and for the TriTOAC4/SiO,
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In(£,(24)/E,(22))

-2.54
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Fig. 4. The same as in Fig. 3b, for other selected temperatures. Data are shifted
along the vertical axis for convenience.
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Fig. 5. Temperature dependence of the anisotropic relaxation rate AW for the
samples TriTOAC4/SiO, (squares) and NR/SiO, (circles). Solid curves: simulation
using Eq. (6) with 7. =65 ns and o = exp(—1.94 — 529 K/T) for the NR/SiO, sample,
and with t.=40ns and o =exp(—1.68 — 523 K/T) for the TriTOAC4/SiO, sample.
Two horizontal dashed lines show the attained maximal AW/, values.

sample is 1.04 +0.05 us~!. Above ~250K both dependences in
Fig. 5 show a slight decrease.

In our simulations we used a simple model of random jumps
around an axis lying in the xy plane of the nitroxide molecular
frame by an angle + «. ESE decays in this model are described by
the formula [41]

_ w 2 Aw? 5 Cowe
E(27) = const{(chR‘c +EShRT> - Wsh Rr} e (6)

where w =51 and R* = w? — 2%,

One can found that in the case of fast motion, <Aw?> 12 < 1,
when also 7> 7., Eq. (6) is reduced to the exponential depen-
dence, E(27) = exp(—2TtAw?t.), that is in full agreement with Eq.
(2). The advantage of this model is however its applicability to
any Aw?7? value, i. e. this model is not restricted by the condition
of fast motion underlying the Redfield’s theory of spin relaxation.

The ED EPR spectra were simulated as described in detail else-
where [11]. The hyperfine interaction and g-tensor parameters
were evaluated from the obtained CW EPR spectra. The results of
the simulations are presented in Fig. 6. In the calculations only
two input parameters, 7, and o, were varied.

The calculated curves in Fig. 6 at small « are linear and coincide
well with the predictions of Egs. (3) and (4), just as it was expected
within the Redfield’s theory. The parameter K in Eq. (4) was found
to be equal to 1.9 10'7 rad~2 s~2. At larger «, the curves become
essentially non-linear. This result may be related to a violation of
the <Aw?> 12 <« 1 condition for the Redfield’s theory validity.
Indeed, for 7. =40 ns, Fig. 6 shows that the linearity is distorted
when o= 0.02 rad. Using Eqs. (2) and (4), one obtains that
<Aw?> ~ Kao?, so the linearity is distorted when <Aw?> 12 ~ 0.1.

However in the time window of the ESE experiment shown in
Fig. 6 by two vertical dotted lines, the calculated curves may be
approximated by straight lines, with an effective slope AWe.
One can see that the AW value with varying « at a given 7.
attains its maximal value, AWy, These values are plotted in
Fig. 7 as a function of 7.. A comparison of the calculated data given
in Fig. 7 with the AW,y values found in the experiments (Fig. 5)
allows one to estimate the angles of reorientation o and the corre-
lation time 7. at the temperature where the maximum is achieved
(250 K). We found that for the NR/SiO, sample o ~ 0.02 rad and 7.
~ 65 ns, while for the TriTOAC4/SiO, sample o ~ 0.02 rad and 7. ~
40 ns.
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Fig 6. Simulations of the ratio of echo decays for spectral positions 1 and 2 (see
Fig. 1), within the two-site jump model (Eq. (6)). Data are presented in a semi-
logarithmic plot (cf. Fig. 3b and 4) for three correlation times and different angles o
indicated in the order of the initial slope increase The dashed straight lines are
linear approximation within the time interval encompasses by the vertical dotted
lines (cf. Fig. 3b and 4); the solid straight lines indicate the maximal slope attained
for the 7. employed.
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Fig. 7. Calculated correlation time dependence of the maximal anisotropic relax-
ation rate, within the two-site jump model. Two horizontal arrows indicate the two
experimental situations reported in Fig. 5.

Fig. 8 shows a comparison of the ED-EPR spectra obtained with
the two-pulse (27=0.24 us) and the three-pulse (27 =0.24 ps,
T =2 ps) microwave sequences at room temperature. Clearly, these
two spectra coincide with good accuracy. This result implies that 7.
is indeed lying in the nanosecond time scale, because stimulated
echo is influenced by motion only when the time interval T is smal-
ler than or comparable to 7. [13,42].

T T
334 336

B, mT

T
332

Fig. 8. ED EPR spectra of the sample TriTOAC4/SiO, obtained at room temperature
with the two-pulse microwave sequence (27 = 0.24 us) (smooth line) and the three-
pulse microwave sequence (27 =0.24 ps, T=2 ps) (noisy line), normalized to the
central peak.

4. Discussion

The experimental results obtained in this work for adsorbed
molecules refer to their individual motions because of the dilution
conditions on the surface. Also, the solid inorganic matrix does not
participate in the motion. For both NR and TriTOAC4 molecules
adsorbed on the SiO, surface, the AW temperature dependence
shows a saturating behavior - see Fig. 5. This behavior is repro-
duced in simulations within a simple two-site jump model (Figs. 5
and 6) in which motion by the angles + o around a given axis is
assumed. Qualitatively saturating behavior may be explained by
breakdown of the conditions of fast motion imposed by the Red-
field’s theory, Aw?7? << 1, which takes place when the libration
angle o reaches a critical magnitude.

A comparison of the calculated and experimental maximal
AWpax values allows to assess both the librational angle o and
the correlation time 7. — at the temperature where this maximum
is achieved (~250 K). Data in Fig. 7 show that 7. is of the order of
several tens of nanoseconds and the angle « is around 0.02 rad
(i.e. about 1°).

Fig. 5 shows also the simulations of the AW temperature depen-
dence under the approximation of a constant correlation time t.
and an Arrhenius behavior of the angle o, « = exp(p — E/T) rad (like
it was previously assumed in references [12,43]). As t. is expected
to decrease with increasing temperature, the observed saturation
takes place if the angle o increases with temperature faster than
7. decreases. The best-fitted p and E values were found to be
respectively —1.68 and 523 K for the TriTOAC4/SiO, sample, and
—1.60 and 532K for the NR/SiO, sample. One can see from Fig. 5
arather good agreement between these simulations and the exper-
iment; some non-smoothness of the calculated curves is related
with the simplicity of the two-site jump model employed.

It would be interesting to compare the obtained results with the
analogous data found for biological media, where cooperative
effects may appear. This comparison is presented in Fig. 9, where
the data are given for TriTOAC1 (where the TOAC residue replaces
Aib at position 1 of the trichogin structure) embedded in DPPC
(1,2-dipalmitoylphosphatidylcholine) and POPC (1-palmitoyl-2-ol
eoylphosphatidylcholine) lipid bilayers [43], and for spin-labeled
lysozyme [44]. One can see from data in Fig. 9 that ESE-detected
stochastic librations appear in biological systems either above
100 K or above 130 K. Note that this onset of motions is not likely
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Fig. 9. Comparison of data for the TriTOAC4/SiO, sample (squares, the same as in
Fig. 5) with the analogous data published for spin-labeled lysozyme [44] (rhombs),
for spin-labeled peptides in DPPC bilayers [43] (filled circles) and in POPC bilayers
[43] (open circles).

because of the internal flexibility of the molecules. Indeed, stochas-
tic librations detected for nitroxide spin labels at X-band are
known to strongly depend on the matrix and not depend on the
molecular structure (see Ref. [45] and also below).

It is interesting to note that numerous data accumulated in lit-
erature also evidence that ESE-detected stochastic librations
appear, depending on the system, either above 100 K or above
130 K. Onset of the motions above 100 K was found for spin-
labeled stearic acids interacting with membranous Na,K-ATPase
[18], for spin-labeled phospholipids in DPPC/Cholesterol
(50:50 mol%) bilayer [10], for antimicrobial peptide alamethicin
spin-labeled in the middle of the amino-acid chain and near its
C-terminus [17], for spin probe in dry lysozyme [44], for frozen
ionic liquids [26,27] (here motions appear between 80 and
100 K), and for spin-labeled molecules in POPC [15,43] and DOPC
(dioleoyl-glycero-phosphocholine) [15] bilayers.

Onset of the motions above 130 K was found for spin-labeled
molecules in DHPC [12] and DPPC bilayers [43], for antimicrobial
peptide alamethicin spin-labeled near its N-terminus [17], for
hydrated spin-labeled lysozyme [44].

Meanwhile for spin probes in simple molecular glass-formers,
ESE study showed that the onset of stochastic librations corre-
sponds to their glass transition temperatures [44-46]. Note that
at the high-field W-band EPR the motions of spin probes in ortho-
terphenyl (glass transition temperature 243 K) become visible
already above ~130K [31]. This result may be explained by the
higher orientational sensitivity in the W-band, so that the
intramolecular motions contribute here to the ESE decays [31].

For biological systems the temperatures of 100 and 130 K of the
onset of the motion hardly can be related with their glass transi-
tion. To date, the nature of these temperature points remains
unknown. We mention only that the onset of motions at 100 K
occurs for the systems nanoscopically more disordered, as com-
pared with the systems where this onset occurs at 130 K - like it
takes place for the POPC bilayer as compared to the DPPC bilayer
(Fig. 9).

Fig. 9 for lysozyme and for DPPC bilayers shows an enhancing
relaxation above ~160-180 K, in comparison with the case of indi-
vidual motion on the surface. This enhancement indicates that dif-
ferent channels of motion-induced spin relaxation appear which
work in a multiplicative way; most probably these relaxation
channels are indeed related with the cooperative motion. Fig. 9
also shows that cooperative motions may result in a AW rate much
higher than that found for individual motions of adsorbed mole-

cules (so that above 160-180 K cooperative motions dominate).
Meanwhile, for motion starting at 100 K (Fig. 9), the cooperative
motions probably appear even at this temperature.

We propose that for any molecular system the onset of
motional cooperativity may be detected as an excess of the mea-
sured AW rate over the 1 us~! value found here for the adsorbed
molecules (see Fig. 9), for the experimental setup employed.

And finally, note that onset of motion near 130 K in biological
media was also observed in neutron scattering experiments [47-
50]. This finding was explained as the onset of methyl group rota-
tions. The data treatment used in the present work, however,
excludes the methyl group rotation contribution to the echo
decays [44]. Therefore, the observed effects in neutron scattering
[47-50] also may be attributed to the individual motion of the
molecules in their entrapping molecular cages, because of the
closeness of the experimental time window - nanoseconds for
both the ESE-detected stochastic librations and for the mean-
squared displacements detected in neutron scattering.

5. Conclusions

Molecules adsorbed at low concentration on a solid surface pos-
sess only negligible mutual interactions. Therefore, possible coop-
erativity in their motion may be certainly ruled out. This is why an
ESE study of spin-labeled molecules on the surface allows extrac-
tion of the pure effects of individual stochastic molecular libra-
tions. The temperature dependence of anisotropic relaxation rate
AW obtained here demonstrates a saturating behavior. This feature
was reproduced in simulations based on a simple model of jumps
between two orientations by an angles + «. The saturation in this
model is explained as a consequence that the libration angle «
reaches its critical value for a given correlation time 7. so that
the condition of the Redfield’s theory applicability, Aw?1? << 1,
is violated. Comparison with experiment allowed to estimate that
near the saturation (at ~250 K) 7. is of the order of several tens of
nanoseconds and the angle « is around 0.02 rad.

This saturating behavior may be considered as an exclusive
property of the molecular individual motions. The maximal aniso-
tropic relaxation rate attained in this case, AW, is close to the
value of 1 ps~! (in the experimental setup used). As in this work
for two very different molecules — a small highly-polar nitroxide
radical and a large spin-labeled peptide - quite similar AW tem-
perature dependences were found, the effect seems to be indepen-
dent on the nature of the molecules. We suppose that for any
molecular system an excess of the spin relaxation rate above this
maximal value may be ascribed to the effects of cooperative
motions. Note that this maximal value was obtained in experi-
ment; the theoretical two-site model was employed only to
explain the observed saturating temperature behavior.

This excess implies that motion occurs not only around a partic-
ular single molecular axis but it rather involves independent reori-
entations around several axes. Comparison with literature data on
biological and molecular systems of different origin has shown that
effects of cooperativity indeed are important and even may domi-
nate. The onset of cooperative motions certainly takes place in fro-
zen biological media for temperatures above 160-180 K.
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