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Liquid-to-glass transition in glycerol: A 1H rotating-frame spin-lattice relaxation study

Luiz G. Mendes, M. Engelsberg, Ineˆs C. L. de Souza, and Ricardo E. de Souza
Departamento de Fı´sica, Universidade Federal de Pernambuco, 50670-901, Recife, Pernambuco, Brazil

~Received 12 May 1997!

Rotating-frame1H spin-lattice relaxation measurements in glycerol with various isotopic substitutions are
presented. The data cover the supercooled liquid-to-glass transformation region and, combined with earlier2H
relaxation measurements, may reveal aspects of the crossover from ergodic-to-nonergodic behavior that ap-
pears to take place near the calorimetric anomaly atTg5185 K. The much faster rate of relaxation in the
rotating frame and its dependence on the amplitude of the rotating field increase considerably the time window
of available data and may help in the understanding of the glass transition.@S0163-1829~98!03006-9#
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I. INTRODUCTION

Considerable interest in the transition from a supercoo
liquid to a glass has been stimulated by the introduction
the last decade of the mode-coupling theory~MCT!.1–3

Within the framework of MCT the glass transition is viewe
as a process involving two different regimes. With increas
temperature, fast but spatially localized motion of increas
amplitude ~b process! soften the glass structure until, a
some critical density, or temperature, the network bre
down leading to translational motion over long distances~a
process!. Thus the glass transition may be regarded as
ergodic-nonergodic transition where, at a critical value o
coupling parameterl, related to the density, the particle
become arrested in cages formed by neighboring parti
and can therefore sample only a restricted phase space.
simplified model of the glass transition1 it was predicted that
the correlation function for density fluctuations should dec
with a time constant that diverges at the critical valuelg of
the coupling constant asu12l/lgu2m with m51.765.

From the experimental point of view, unambiguous co
firmation of predictions of MCT has not yet been put fo
ward. In many glass formers there is no way to meaningfu
identify a liquid-to-glass transition since in the window
time scale available to the particular experimental pro
changes are often gradual. However, since many mas
effects can conceivably take place, an active search of c
vincing confirmation of the predictions of MCT using appr
priate experimental techniques is still underway.

Nuclear magnetic resonance~NMR! is especially suitable
as a way to monitor the transition from ergodic-t
nonergodic behavior which is believed to characterize
glass transition. The changes that take place at the cross
from a regime of spatially localized motion to one involvin
long-range translational motion can be detected by vari
NMR techniques4,8 provided the masking effect of spin dif
fusion can be avoided. This usually favors the choice of
clei with a quadrupole moment such as2H, where spin dif-
fusion is largely quenched, over spin-1

2 nuclei such as1H.
In this paper, we present results which suggest that1H

spin-lattice relaxation~SLR! in glycerol, a widely studied
glass former, can also be sensitive to the crossover f
ergodic-to-nonergodic behavior when the relaxation of
magnetic moment occurs along a rotating magnetic field
570163-1829/98/57~6!/3389~7!/$15.00
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addition to higher sensitivity and a purely dipolar couplin
1H rotating-frame spin-lattice relaxation~RFSLR! permits us
to extend the available time window of relaxation times
more than three orders of magnitude in relation to2H SLR
along the static laboratory field.

In Sec. II of this paper the basic aspects of RFSLR
glycerol are reviewed and the experimental results are
sented in Sec. III. In Sec. IV, the connection between
results and2H SLR data and their bearing upon the ergod
nonergodic crossover are discussed.

II. SPIN-LATTICE RELAXATION IN
THE ROTATING FRAME IN GLYCEROL

Glycerol is one of the most extensively studied gla
forming liquids. It exhibits a specific-heat anomaly atTg
5185 K and is extremely difficult to crystallize. Beside
NMR,4–21 a variety of other techniques such as dielect
relaxation,22 neutron-scattering,23,24 light-scattering,23,25 and
dynamic specific-heat measurements26 have been employed
to probe the supercooled liquid-to-glass transition region.
though a vast amount of NMR data have been reported, o
in a few cases16,17 has RFSLR been employed as an expe
mental tool in spite of its sensitivity to slower motion
which are of interest in the glass transition region.

For SLR in the laboratory frame in a dipolar coupled sy
tem of spins of a single species, with gyromagnetic ratiog,
spin I , and Larmor frequencyv0 the relaxation rate is given
by26

1/T15 3
2 g4\2I ~ I 11!(

k
@Jik

~1!~v0!1Jik
~2!~2v0!#, ~1!

whereJik
(1)(v) andJik

(2)(v) are spectral density functions co
responding to the dipolar interaction between pair spins w
internuclear distancer ik . The upper indices identify two o
the three types of terms in the magnetic dipole-dipole int
action, namely, those which involve transitions where
magnetic quantum numberm of the pair changes byuDmu
51 or uDmu52, respectively.

On the other hand, for spin-lattice relaxation along
strong resonant-rotating magnetic field of amplitudeB1 large
3389 © 1998 The American Physical Society



th

re

ro
tic
ta
io
re

b
F

e-
s

a

t

te

io
n

of

el
a
e

es

th

s.

rm

tial

ion
he

ial

pin
a-
ing
us
de-
-

e re-
of

e

fit

be

the

r
ity
nal
he
is

tral
ike

t a
er.
dry
hen
nt

3390 57MENDES, ENGELSBERG, de SOUZA, AND de SOUZA
compared to the local dipolar field and assuming that
correlation time t0 satisfies the conditionv0t0@1, the
RFSLR rate is given by27

1/T1r5
3
2 g4\2I ~ I 11!(

k

1
4 Jik

~0!~2v1!. ~2!

Here Jik
(0)(v) denotes the spectral density function cor

sponding to theDm50 term in the dipole-dipole coupling
andv15gB1 .

The validity of Eq. ~2! is not limited to liquids and
strongly narrowed solids. As shown by Look and Lowe,28 it
is also applicable to the study of much slower motions p
vided that, in a time that is much shorter than the spin-lat
decay time, a spin temperature in the rotating frame is es
lished. Under this condition, the decay of the magnetizat
in the rotating frame should be monoexponential with a
laxation rate given by Eq.~2!.

The spectral density functions for the dipolar terms can
evaluated if one assumes a definite model for the motion.
a simple rotationally diffusive motion with exponentially d
caying correlation functions27 and assuming a continuou
distribution of correlation timesg(t), one obtains10

^1/T1&'
2
5 g4\2I ~ I 11!^1/r ik

6 &E g~t!@t/~11v0
2t2!

14t/~114v0
2t2!#dt. ~3!

Implicit is the assumption that the motion of internucle
vectors whose contributions to 1/r ik

6 are dominating, is cor-
related. Under these circumstances one may factor out
average valuê1/r ik

6 &, as shown in Eq.~3!.
If the same set of assumptions leading to Eq.~3! are ap-

plied to Eq.~2!, the following expression for the RFSLR ra
is obtained:

^1/T1r&'
3
5 g4\2I ~ I 11!^1/r ik

6 &E g~t!@t/~114v1
2t2!#dt.

~4!

Provided that the evolution of the nuclear magnetizat
towards equilibrium is exponential, the relaxation functio
F l(t)5exp(2t^1/T1&) andF r(t)5exp(2t^1/T1r&) are com-
pletely determined by Eqs.~3! and ~4!, respectively. How-
ever, this condition may not hold. With a distribution
correlation times, and consequently ofT1 (T1r) values, one
can have regions containing many molecules with a w
defined correlation time that maintains their identity for
certain time. The decay of the relaxation function may b
come nonexponential depending upon the lifetime of th
regions.

The above scenario is adequately described by
Zimmermann-Brittin model.29 Denoting byGk the lifetime of
thekth region characterized by a relaxation timeT1k (T1rk),
if the slow exchange conditionGk@T1k (T1rk) is satisfied for
all these regions, the relaxation functionF(t) decays nonex-
ponentially and, in the continuous distribution limit,F r(t) is
given by

F r~ t !5E exp~2t/T1r !G~T1r !dT1r , ~5!
e
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where G(T1r) denotes the distribution of relaxation time
On the other hand, in the fast exchange regime whereGk
!T1rk , the relaxation function assumes the exponential fo
F r(t)5exp(2t^1/T1r&) with ^1/T1r& given by Eq.~4!.

In many cases involving glassy systems4 and in systems
with spatially localized motion,30 the relaxation function has
been found to be described by a stretched exponen
F r(t)5exp@2(t/tse)

b# with 0,b,1 over a considerable
range of time. Provided that the experimental relaxat
function F r(t) can be fitted by a stretched exponential, t
average valuêT1r& is determined bytse and b. Given that
the integral of Eq.~5! over all values of time yieldŝT1r&,
one can perform this integral analytically yielding8

^T1r&5tseG~1/b!/b, ~6!

whereG(x) is the gamma function. Thus, for an exponent
decay (b51), 1/tse51/̂ T1r&5^1/T1r&.

Although the relaxation functionF r(t) of Eq. ~5! should
be completely determined byg(t) of Eqs.~3! and~4! in the
slow exchange regime, this is only true in the absence of s
diffusion.31 If spin diffusion cannot be neglected and is c
pable of transporting magnetization between neighbor
spins faster than they can relax directly to the lattice, th
establishing a uniform spin temperature, an exponential
cay of F r(t) would prevail,32 even in the presence of a dis
tribution of correlation timesg(t). Since the spin-diffusion
constant is temperature independent whereas spin-lattic
laxation is strongly temperature dependent, the regime
negligible spin diffusion may only prevail in a limited rang
of temperature.

Various distribution functions have been employed to
relaxation data in glycerol. For1H spin-lattice relaxation in
the temperature range 253,T,343 K and Larmor frequency
in the range 0.45,v0/2p,117 MHz, it was shown by
Noack and Preissing10 that reasonable agreement could
obtained with the function

g~t!5 3
2 @B3/2~At0 /t!#2/t, ~7!

whereB3/2(x) is the Bessel function of order32 andt0 is the
temperature-dependent characteristic correlation time of
distribution.

The origin of the functiong(t) in Eq. ~7! can be found in
Torrey’s theory11 of relaxation by translational diffusion. Fo
a purely rotational motion a Debye-like spectral dens
function is expected under the assumption of rotatio
diffusion.27 However, when the time dependence of t
dipole-dipole interaction caused by translational motion
also taken into account via a diffusion equation, the spec
density function becomes an integral of the Debye-l
spectrum11 whereg(t) acts as a distribution function.

III. EXPERIMENTAL RESULTS

1H RFSLR measurements in glycerol were performed a
frequency of 90 MHz in a Bruker CXP-100 spectromet
The samples were dried by heating for several hours in a
nitrogen atmosphere at a temperature of 90 °C and t
sealed in a 9 mm-diam tube in a vacuum. Three differe
samples were employed: glycerol-d0 ~fully protonated!,
glycerol-d5 ~deuterated at the nonhydroxyl protons!, and
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57 3391LIQUID-TO-GLASS TRANSITION IN GLYCEROL: A . . .
glycerol-13C3 ~99% 13C trisubstituted, fully protonated! ~Iso-
tec Inc.!.

Pulsed rotating magnetic fields of up toB150.4 mT with
maximum width of 300 msec were produced in a coil 10 m
in diameter and 34 mm in height. The validity of the cond
tion B1

2@Bloc
2 whereBloc denotes the local dipolar field, wa

monitored by the ratio of the spin-locked magnetization
the thermal equilibrium magnetization in the temperature
gion of long valueŝ T1r&. This ratio should be only slightly
smaller than one when this condition is fulfilled.33 It was
found that in glycerol-d5 , with a smaller dipolar local field
than glycerol-d0 , the condition was satisfied forB1

50.2 mT as well as forB150.4 mT. For glycerol-d0 a ro-
tating field of amplitudeB150.4 mT was employed in al
measurements.

The decay of the magnetization in the rotating fram
could be followed for approximately two decades in amp
tude and for times longer than approximately 100msec it
decayed monotonically. A gas flow cryostat system was e
ployed to control the temperature in the glass transforma
region to within60.5 K with an estimated absolute repr
ducibility of 61 K.

Our 1H RFSLR data suggest that in the vicinity of th
calorimetric glass transition temperatureTg5185 K nonex-
ponential decays prevail for glycerol-d5 . Figure 1 shows a
decay of the magnetization in the rotating frame for glycer
d5 at T5188 K andB150.2 mT. A stretched exponentia
relaxation functionF r(t)5exp@2(t/tse)

b# with b50.85 and
tse520.6 msec appears to fit the data over a consider
range and yields, from Eq.~6!, ^T1r&522.45 msec. For com

FIG. 1. Decay of the1H magnetization in a rotating field
of amplitudeB150.2 mT for glycerol-d5 at T5188 K ~h!. The
solid line is a stretched exponential fitting functionF r(t)
5exp@2(t/tse)

b# with b50.85 andtse520.6 msec. The dashed lin
represents an exponential decay obtained fromF r(t) by setting
b51.
-

-

-
n

-
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parison the exponential function resulting from settingb
51 in F r(t) is also shown.

Figure 2 shows the measured stretching exponentb in
glycerol-d5 as a function of temperature in the glass tran
formation region for two different values ofB1 . For values
of the stretching exponent in the range 0.98,b,1 the de-
cays appeared exponential within the available signal
noise ratio and could not be discriminated. Whenever
decays appeared as exponential, within the available a
racy, the valueb51 was adopted in Fig. 2.

An apparent nonexponential decay of the magnetiza
in the rotating frame could be caused by effects unrelate
spin-lattice relaxation. This could occur in our data near
minima of ^T1r& where the time required for the establis
ment of a spin temperature in the rotating frame is no lon
negligible compared with spin-lattice relaxation times. R
sidual overall nonexponentiality, which could have be
caused in earlier data7 by artifacts in the data acquisition, ha
been eliminated.

In addition to a drop inb that peaks close toT5187 K,
slightly aboveTg , nonexponential decays are also appar
in Fig. 2 near a temperatureTmin(B1) at which ^T1r& is a
minimum for the particular value ofB1 . This second peak is
quite narrow forB150.4 mT, and was not studied in a
earlier report.7 It is seen to somewhat shift towards low
temperatures and also broaden considerably with decrea
B1 .

Figure 3 shows1H measured values of^T1r& in glycerol-
d0 , glycerol-d5 , and glycerol-13C3 for B150.4 mT. The
data for glycerol-d0 are shown with their actual values
whereas the data for glycerol-d5 were multiplied by the nor-
malization factor 0.35 and the data for glycerol-13C3 by 0.74
in order to facilitate a comparison with glycerol-d0 .

FIG. 2. Measured stretching exponentsb in glycerol-d5 as a
function of temperature differences with respect toTg5185 K
~Top! for a rotating magnetic field of amplitudeB150.4 mT. ~Bot-
tom! for B150.2 mT.
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From Fig. 3 one concludes that the time window of rela
ation data, which spans approximately three decades, is
centered in a region that is more than three decades sh
than 2H ^T1& values in the glass transition region. This e
pansion of the overall time window may be helpful in th
characterization of the ergodic-nonergodic crossover. As
2H SLR, the data also exhibit the onset of a different regi
below Tg with a much less pronounced temperature dep
dence. The combination of2H SLR data and1H RFSLR
data confirms that this mechanism is inherent to the glass
not due to relaxation by phonons, in the2H case, or by
paramagnetic impurities.

Although some slight systematic differences between
three different samples are apparent from Fig. 3, some c
clusion can be drawn from the closeness of the data.
proposed earlier for a higher temperature range,16 Fig. 3 also
suggests that the motion of methylene proton-proton pairs
proton-carbon pairs, and of hydroxyl-proton pairs must
correlated to some degree, since these are the domin
dipolar interactions in each case. Figure 3 also shows,
comparison, the temperature dependence of^T1& for
glycerol-d0 , near its minimum, at a Larmor frequenc
v0/2p52 MHz ~from Ref. 10!.

Figure 4 shows the temperature dependence of^T1r& for
glycerol-d5 for B150.4 and 0.2 mT. It appears that theB1
dependence becomes somewhat less pronounced as on
proachesTg from the high-temperature side but that a co
siderableB1-dependent relaxation still prevails belowTg .

Finally, Fig. 5 shows the stretching parameterb as a func-
tion of temperature in glycerol-d0 at B150.4 mT. For this
value of B1 , ^T1r& values for glycerol-d0 on the low-

FIG. 3. Temperature dependence of1H ^T1r& values in glycerol-
d0 ~n!, in glycerol-d5 ~scaled! ~h!, and in glycerol-13C3 ~scaled!
~s! measured in a rotating field of amplitudeB150.4 mT. Also
shown are1H ^T1& values in glycerol-d0 measured at a Larmo
frequency of 2 MHz~,! ~from Ref. 10!. The dashed line is a
theoretical fit of^T1r& whereas the dot-dashed line is a theoreti
fit of ^T1& using the same parameters.
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temperature sides of the minimum are almost identical
those of glycerol-d5 at B150.2 mT, the decrease inB1 being
compensated by the smaller dipolar local field in glycer
d5 . This facilitates the discussion of the difference betwe
Fig. 5 and Fig. 2~bottom!. It is apparent from Fig. 5 that the
drop in b nearTg is absent but not the drop atTmin (B1).

IV. DISCUSSION

The data presented in Sec. III reflect three different
pects of the molecular dynamics in glycerol that may
considered as a model hydrogen-bonded glass former.
T.Tg one has to distinguish the following: first, the slowin
down of molecular reorientation and bond breaking as
temperature is decreased and approachesTg . As mentioned

l

FIG. 4. Temperature dependence of1H ^T1r& values in glycerol-
d5 measured in rotating fields of amplitudeB150.4 mT ~h! and
B150.2 mT ~s!. The dashed lines are theoretical fits.

FIG. 5. Measured stretching exponentb as a function of tem-
perature difference with respect toTg5185 K in glycerol-d0 for
B150.4 mT.
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earlier in connection with Fig. 3, hydrogen bond making a
breaking and molecular reorientation appear to be correl
to some degree. The relaxation can be described reason
well by the temperature dependence of an average struc
correlation timet0 . Second, the increase in the lifetime
regions containing molecules with definite values of t
structural correlation timet and the crossover to nonergod
behavior in the vicinity ofTg .

Finally, for T,Tg , a different relaxation process be
comes dominant. Although the mechanism does not see
involve the fast motion predicted by MCT in theb regime, it
appears to be intrinsic to the glassy state.

The first aspect mentioned above has been studied by
eral other techniques besides NMR, for example, by die
tric relaxation, which provides a very wide range of data
is possible, in the case of glycerol, to correlate earlier m
surements of1H SLR times^T1&, our RFSLR timeŝT1r& of
Sec. III, and dielectric relaxation data in a self-consist
manner.

Figure 3 shows the agreement between experimental
and calculated values of^T1& and ^T1r& in glycerol-d0 ob-
tained from Eqs.~3! and~4!, respectively, using the distribu
tion function g(t) of Eq. ~7! and a value@^1/r ik

6 &#1/6

51.98 Å for both SLR and RFSLR. Given the simplifyin
assumptions about the model for the motion that lead to E
~3! and ~4!, this value exhibits a known discrepancy,12 with
the value 1.71 Å calculated from proton-proton distances
glycerol.

The temperature dependence of the characteristic cor
tion time t0 was obtained directly from the inverse pe
frequency of the imaginary part of the dielectric susceptib
ity of glycerol. The consistency of this procedure is check
in Fig. 6 where the measured inverse peak frequency of
imaginary part of the dielectric susceptibility of glycerol22 is
plotted together with values oft0 obtained from the position
of minima of ^T1& and^T1r& for various values ofv0 ~from
Ref. 10! andB1 , respectively.

The good agreement between RFSLR and SLR data
tained through Eqs.~3! and ~4!, without any additional ad-
justable parameters, confirms that the same physical pro
closely related to the one involved in dielectric relaxation
T.Tg , is responsible for both types of NMR relaxatio
mechanisms.

Figure 4 shows a fit of the experimental values of^T1r& in
glycerol-d5 for two different values ofB1 calculated using
Eqs.~4! and~7!. The only change in relation to the fit of Fig
3 was a value of̂1/r ik

6 & 2.86 times smaller than in glycero
d0 . A smaller value of̂ 1/r ik

6 & is needed in this case becau
the distances in the dominating dipole-dipole interact
term involve protons that participate in hydrogen bonds. T
value of the shortest proton-proton distance in glycerol-d5 is
not unambiguously determined by neutron diffraction stud
but is expected to be larger than the 1.78 Å proton-pro
distance in a methylene group, which dominates the dip
interaction in glycerol-d0 . Recentab initio molecular-orbital
calculations of structure and vibrational spectra35 suggest
that intermolecular and intramolecular hydrogen bond
takes place in glycerol and that six-membered and twe
membered O-H rings may be formed, with O-H distances
1.87 and;1.77 Å, respectively. Assuming a covalent O-
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distance of 1.04 Å~Ref. 34! and, in the case of the inne
six-membered ring,35 right angles between the covalent O-
bond and the O-H hydrogen bond, one arrives at a prot
proton intermolecular distance of 2.14 Å. Thus, in a neare
neighbor approximation, a ratio (2.14/1.78)653.0 is ob-
tained.

Figure 4 furthermore suggests that theB1 dependence of
^T1r& in glycerol-d5 can also be explained by the same d
tribution functiong(t) of Eq. ~7! as long as the temperatur
is higher than approximately 210 K. For temperatures in
range 185,T,210 K it appears that this distribution func
tion is no longer adequate.

The second aspect of the molecular dynamics depends
on the reorientation of single molecules but on the lifetime
regions containing many molecules where molecular reor
tation takes place at a given rate. The data of Fig. 2, co
bined with earlier2H SLR measurements,8 could be used to
monitor the lifetime of these regions of localized motio
over a wide time window.

The conditionb,1 for glycerol-d5 is seen in Fig. 2 to
prevail nearTg indicating that the spin diffusion times ar
long compared with direct relaxation times at this tempe
ture. However, since the spin-diffusion constant is expec
to be temperature independent while the relaxation rat
still decreasing belowTg , a crossover to a regime wher
spin diffusion predominates over direct relaxation is e
pected to be reached forT,Tg . When this takes place, th

FIG. 6. Temperature dependence of the inverse peak frequ
of the imaginary part of the dielectric susceptibility in glycerol~h!
~from Ref. 22!. Also shown are characteristic correlation timest0

calculated from values ofv15B1 g ~with B150.1, 0.2, and 0.4
mT! at the measured minima of^T1r& for the given temperature
~m!. Calculated values oft0 obtained from minima of̂ T1& for
various values ofv0 ~from Ref. 10! are also included~d!.
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condition b;1 should prevail as seen in Fig. 2 forT
,170 K. Thus, in the case of glycerol-d5 for T.Tg , direct
relaxation times in the rotating frame are expected to
short compared to spin-diffusion times.

From the arguments leading to Eq.~5! one is led to con-
clude that when the conditionb,1 prevails in this negli-
gible spin-diffusion region, one must have^G&.^T1r&. Here
^G& should be interpreted as a characteristic lifetime of
gions with values of the structural correlationt in the vicin-
ity of 1/v1 . Since nearTg , the average correlation timet0
can be seen from Fig. 6 to be much larger than 1/v1 , ^T1r&
should be dominated by the wing of the distribution functi
g(t) at t51/v1'9 msec~for B150.4 mT!, where the relax-
ation process is most efficient. The1H RFSLR data of Fig. 2
~top! suggest that as the temperature is decreased fromTg
130 K, where the condition̂G&,^T1r& is expected to hold,
a temperature is reached when this condition is no lon
satisfied. Hence, forT518761 K, one should havê G&
'^T1r&'20 msec.

The striking similarity between the data of Fig. 2 nearTg
and 2H SLR data deserves some comment. One is led
believe that the above arguments can be applied also to
nonergodic behavior of2H SLR.8 In this case one would
infer ^G8&'30 sec forT518560.5 K, wherê G8& represents
the lifetime of regions with structural correlation time
which in this case would be of order 1/v0;0.003msec. This
conclusion raises some questions concerning the phy
origin of the fluctuations that lead to a lifetime for the
regions nearTg , a subject that has generated considera
debate. Although the origin of these fluctuations is not co
pletely understood at present,5 it is believed that the tempera
ture dependence may be more closely related to the temp
ture dependence ofg(t) than to that oft0 . 1H RFSLR,
combined with 2H SLR as a function of frequency, in th
vicinity of Tg , could in principle answer important question
concerning the nature of these fluctuations.

One is tempted to apply some of the above arguments
to the nonexponential behavior inb near Tmin~0.4 mT!
5228K and Tmin~0.2 mT!5224 K but such a procedur
would be questionable. The nonexponentiality nearTmin
could be caused by other reasons. AssumingB1.Bloc the
time required for the establishment of a spin temperatur
the rotating frame is of the order of 1/gBloc , which for
cu
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glycerol-d0 , for example, is approximately 25msec. On the
other hand, the decay caused by spin-lattice effects ha
time constant of only 90msec forB150.4 mT at the mini-
mum. Hence, the nonexponential decay could be cause
Zeeman-dipolar cross relaxation in the rotating frame.33

Below Tg the values of the stretching exponent f
glycerol-d5 approach the valueb51 more rapidly than for
2H SLR. This indicates that the crossover to the reg
where spin diffusion is significant occurs at a lower tempe
ture in the case of2H SLR. A possible explanation may b
that, in the case of1H RFSLR, the more difficult to fulfill
condition for negligible spin diffusion may be violated whe
^T1r& increases by just a factor of approximately 2 compa
to its value atTg .

The data of Fig. 5 support this interpretation. In glycer
d0 the measured values of^T1r& at B150.4 mT are almost
identical to those of glycerol-d5 at B150.2 mT but the spin-
diffusion constant is expected to be larger in glycerol-d0 be-
cause of the shorter H-H distances. From Fig. 5 it appe
that the nonergodic behavior nearTg is absent in the case o
glycerol-d0 . This may be explained by the larger spi
diffusion constant, in the case of glycerol-d0 , which would
shift the crossover to the spin-diffusion-dominated regime
a temperature higher thanTg , making unobservable the dro
in b nearTg .

V. CONCLUSIONS

We conclude that1H RFSLR in selectively deuterate
glycerol may be a sensitive tool to study the crossover fr
ergodic-to-nonergodic behavior that is believed to be a s
nature of the glass transition. For temperaturesT.210 K,
RFSLR rates and theirB1 dependence are shown to be co
sistent with laboratory frame SLR data using the same
tribution function and to accurately scale with dielectric r
laxation data. The shift in the time window for RFSLR time
by more than three decades compared with2H SLR, may
reveal features of the glass transition.
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