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Liquid-to-glass transition in glycerol: A 'H rotating-frame spin-lattice relaxation study
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Rotating-frame’H spin-lattice relaxation measurements in glycerol with various isotopic substitutions are
presented. The data cover the supercooled liquid-to-glass transformation region and, combined wittHearlier
relaxation measurements, may reveal aspects of the crossover from ergodic-to-nonergodic behavior that ap-
pears to take place near the calorimetric anomaly at 185 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 tran$Bioh63-1828)03006-9

[. INTRODUCTION addition to higher sensitivity and a purely dipolar coupling,
H rotating-frame spin-lattice relaxatidRFSLR permits us
Considerable interest in the transition from a supercooledo extend the available time window of relaxation times by
liquid to a glass has been stimulated by the introduction irmore than three orders of magnitude in relatior’kd SLR
the last decade of the mode-coupling theqiyCT).!=3  along the static laboratory field.
Within the framework of MCT the glass transition is viewed In Sec. Il of this paper the basic aspects of RFSLR in
as a process involving two different regimes. With increasingglycerol are reviewed and the experimental results are pre-
temperature, fast but spatially localized motion of increasingented in Sec. Ill. In Sec. IV, the connection between our
amplitude (B8 process soften the glass structure until, at results and?H SLR data and their bearing upon the ergodic-
some critical density, or temperature, the network breaksionergodic crossover are discussed.
down leading to translational motion over long distanGes
process Thus the glass transition may be regarded as an
ergodic-nonergodic transition where, at a critical value of a Il. SPIN-LATTICE RELAXATION IN
coupling parameteh, related to the density, the particles THE ROTATING FRAME IN GLYCEROL

become arrested in cages formed by neighboring particles Glycerol is one of the most extensively studied glass-

a_nd can therefore sample only a r_e.st_ricted pha;e space. Inf(?rming liquids. It exhibits a specific-heat anomaly B§
simplified model of the glass transitibit was predicted that —185K and is extremely difficult to crystallize. Besides
the correlation function for density fluctuations should deca

) . ) - INMR 42 3 variety of other techniques such as dielectric
with a time constant that diverges at the critical valyeof 0. -0 22 neutron-scattering®2* light-scattering?®25 and
the coupling constant g8 —\/\g| ~# with u=1.765. ' ’ ;

) ; . ) dynamic specific-heat measureméhtsave been employed
From the experimental point of view, unambiguous con-

' . L to probe the supercooled liquid-to-glass transition region. Al-
firmation of predictions of MCT has not yet been put for- 01 5 vast amount of NMR data have been reported, only
ward. In many glass formers there is no way to meanlngfullyin a few case¥” has RFSLR been employed as an experi-

identify a liquid-to-glass transition since in the window of \onia) 100l in spite of its sensitivity to Slower motions,
time scale available to the particular experimental probewhich are of interest in the glass transition region

changes are O“GF‘ gradual. However, since many masking For SLR in the laboratory frame in a dipolar coupled sys-
effects can conceivably take place, an active search of CONam of spins of a single species, with gyromagnetic ratio

V".‘C"‘g confi_rmation of thg predi_ctior_15 of MCT using appro- spinl, and Larmor frequency, the relaxation rate is given
priate experimental techniques is still underway. 6

Nuclear magnetic resonan@&@MR) is especially suitable
as a way to monitor the transition from ergodic-to-
nonergodic behavior which is believed to characterize the s ayo D @
glass transition. The changes that take place at the crossover ~ 1/T1=2y"h71(1+ 1)2k [Jic"(wo) + i’ (2wo) ], (1)
from a regime of spatially localized motion to one involving
long-range translational motion can be detected by various
NMR technique&® provided the masking effect of spin dif- whered{H(») andJ{@(w) are spectral density functions cor-
fusion can be avoided. This usually favors the choice of nufesponding to the dipolar interaction between pair spins with
clei with a quadrupole moment such &d, where spin dif- internuclear distance,,. The upper indices identify two of
fusion is largely quenched, over spjmuclei such asH. the three types of terms in the magnetic dipole-dipole inter-
In this paper, we present results which suggest it action, namely, those which involve transitions where the
spin-lattice relaxationSLR) in glycerol, a widely studied magnetic quantum numben of the pair changes bjAm|
glass former, can also be sensitive to the crossover frorr 1 or |[Am|=2, respectively.
ergodic-to-nonergodic behavior when the relaxation of the On the other hand, for spin-lattice relaxation along a
magnetic moment occurs along a rotating magnetic field. Irstrong resonant-rotating magnetic field of amplit@idarge
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compared to the local dipolar field and assuming that thevhere G(T;,) denotes the distribution of relaxation times.
correlation time 7o satisfies the conditionrwg7y>1, the  On the other hand, in the fast exchange regime whgre

RFSLR rate is given b <Tyk, the relaxation function assumes the exponential form
d (t)=exp(—KL/Ty,)) with (1/T4,) given by Eq.(4).
_ 3422 14(0) In many cases involving glassy systénasd in systems
UTy=zy A7 +1)§k: adic (201). @ ith spatially localized motior® the relaxation function has

been found to be described by a stretched exponential
Here J{’(w) denotes the spectral density function corre- (t)=exy —(t/t.,)#] with 0<B<1 over a considerable
sponding to theAm=0 term in the dipole-dipole coupling range of time. Provided that the experimental relaxation
andw;=yB;. function ®,(t) can be fitted by a stretched exponential, the
The validity of Eg. (2) is not limited to liquids and average valuéT,,) is determined by, and 8. Given that
strongly narrowed solids. As shown by Look and Lo®®&  the integral of Eq(5) over all values of time yield$T},),

is also applicable to the study of much slower motions propne can perform this integral analytically yieldfhg
vided that, in a time that is much shorter than the spin-lattice

decay time, a spin temperature in the rotating frame is estab- (Ty)=td'(1B)/ B, (6)
lished. Under this condition, the decay of the magnetization ] ) ]
in the rotating frame should be monoexponential with a re\WhereI'(x) is the gamma function. Thus, for an exponential
laxation rate given by E¢(2). decay 8=1), 1hse=1(T1,)=(1/Ty).

The spectral density functions for the dipolar terms can be Although the relaxation functiom (t) of Eg. (5) should
evaluated if one assumes a definite model for the motion. Fd?e completely determined hy(7) of Egs.(3) and(4) in the
a simple rotationally diffusive motion with exponentially de- SIOW exchange regime, this is only true in the absence of spin
Caying Corre|ation functioﬁé and assuming a Continuous dlfoSIon.Sl |f Spln dlfoSIon cannot be neglected a.nd IS Ca-

distribution of correlation timeg(7), one obtain¥’ pable of transporting magnetization between neighboring
spins faster than they can relax directly to the lattice, thus

2 4y2 5 2 5 establishing a uniform spin temperature, an exponential de-
(T~ 5y R +1)<1/rik>f g(n[7/(1+wsr) cay of ®,(t) would prevail®? even in the presence of a dis-
tribution of correlation timeg(). Since the spin-diffusion
+4r/(1+4w§rz)]dr. 3 constant is temperature independent whereas spin-lattice re-

laxation is strongly temperature dependent, the regime of

Implicit is the assumptpn that the motlor? of. 'nte_mUCIGarnegligible spin diffusion may only prevail in a limited range
vectors whose contributions tor§/ are dominating, is cor- of temperature.

related. Under th6ese circumstances one may factor out the various distribution functions have been employed to fit
average valugl/rjy), as shown in Eq(3). relaxation data in glycerol. FotH spin-lattice relaxation in
If the same set of assumptions leading to E3).are ap-  the temperature range 253 <343 K and Larmor frequency
plied to Eq.(2), the following expression for the RFSLR rate i, the range 0.45 wo/2m<117 MHz, it was shown by
is obtained: Noack and Preissif§ that reasonable agreement could be
obtained with the function

~ 3,452 6 2 2
(UTy )~z y*h |(I+1)<1/r|k>f g(n)[7(1+4wim)]dr. g(T):%[Bs/z(\/m)]Z/T, @

(4)
whereB;(x) is the Bessel function of ordgrand  is the

Provided that the evolution of the nuclear magnetizationtemperature-dependent characteristic correlation time of the
towards equilibrium is exponential, the relaxation functionsdistribution.
@(t) =exp(-1/Ty)) and P (t) =exp(-1/Ty)) are com- The origin of the functiory(7) in Eq. (7) can be found in
pletely determined by Eqs3) and (4), respectively. How-  Torrey’s theory® of relaxation by translational diffusion. For
ever, this condition may not hold. With a distribution of a purely rotational motion a Debye-like spectral density
correlation times, and consequently ©f (T,,) values, one function is expected under the assumption of rotational
can have regions containing many molecules with a welldiffusion?’ However, when the time dependence of the
defined correlation time that maintains their identity for adipole-dipole interaction caused by translational motion is
certain time. The decay of the relaxation function may be-also taken into account via a diffusion equation, the spectral
come nonexponential depending upon the lifetime of thes@ensity function becomes an integral of the Debye-like

regions. spectrum® whereg(7) acts as a distribution function.
The above scenario is adequately described by the

Zimmermann-Brittin modet® Denoting byT' the lifetime of
the kth region characterized by a relaxation tifig (T14),
if the slow exchange conditiohi,> T, (T4,) is satisfied for IH RFSLR measurements in glycerol were performed at a
all these regions, the relaxation functidr{t) decays nonex- frequency of 90 MHz in a Bruker CXP-100 spectrometer.
ponentially and, in the continuous distribution limi,(t) is  The samples were dried by heating for several hours in a dry
given by nitrogen atmosphere at a temperature of 90 °C and then
sealed m a 9 mm-diam tube in a vacuum. Three different
samples were employed: glycemy- (fully protonated,
glycerolds (deuterated at the nonhydroxyl protpnsand

IIl. EXPERIMENTAL RESULTS

@0 [ exa-UT,)GTLAT, )
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FIG. 1. Decay of the!H magnetization in a rotating field
of amplitudeB;=0.2 mT for glycerolds at T=188 K ((J). The
solid line is a stretched exponential fitting functio®,(t)
=ex{ —(t/'ts#] with 8=0.85 andt,=20.6 msec. The dashed line
represents an exponential decay obtained fibpit) by setting

B=1.

glycerol-3C; (99% *3C trisubstituted, fully protonatédIso-
tec Inc).

Pulsed rotating magnetic fields of upBg=0.4 mT with
maximum width of 300 msec were produced in a coil 10 mm
in diameter and 34 mm in height. The validity of the condi-
tion B2>B2 . whereB,,. denotes the local dipolar field, was
monitored by the ratio of the spin-locked magnetization to
the thermal equilibrium magnetization in the temperature re
gion of long valuegT,,). This ratio should be only slightly
smaller than one when this condition is fulfilédlt was
found that in glyceroHs, with a smaller dipolar local field
than glycerold,, the condition was satisfied foB;
=0.2mT as well as foB;=0.4 mT. For glycerod, a ro-
tating field of amplitudeB;=0.4 mT was employed in all
measurements.

The decay of the magnetization in the rotating frame
could be followed for approximately two decades in ampli-
tude and for times longer than approximately 1@8ec it
decayed monotonically. A gas flow cryostat system was em
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FIG. 2. Measured stretching exponemisin glycerolds as a
function of temperature differences with respect Tg=185K
(Top) for a rotating magnetic field of amplitud®, = 0.4 mT. (Bot-
tom) for B;=0.2 mT.

parison the exponential function resulting from settigg
=1 in ®(t) is also shown.

Figure 2 shows the measured stretching exporgim
glycerolds as a function of temperature in the glass trans-
formation region for two different values &,. For values
of the stretching exponent in the range 6:98<1 the de-
cays appeared exponential within the available signal-to-
noise ratio and could not be discriminated. Whenever the
decays appeared as exponential, within the available accu-
racy, the valug3=1 was adopted in Fig. 2.

" An apparent nonexponential decay of the magnetization
in the rotating frame could be caused by effects unrelated to
spin-lattice relaxation. This could occur in our data near the
minima of (T,) where the time required for the establish-
ment of a spin temperature in the rotating frame is no longer
negligible compared with spin-lattice relaxation times. Re-
sidual overall nonexponentiality, which could have been
caused in earlier datdy artifacts in the data acquisition, has
been eliminated.

In addition to a drop in3 that peaks close td =187 K,
slightly aboveT,, nonexponential decays are also apparent
in Fig. 2 near a temperaturé,,(B,) at which(Ty,) is a

ployed to control the temperature in the glass transformatiominimum for the particular value d,. This second peak is

region to within 0.5 K with an estimated absolute repro-
ducibility of =1 K.

Our 'H RFSLR data suggest that in the vicinity of the
calorimetric glass transition temperatufg= 185 K nonex-
ponential decays prevail for glycerdk. Figure 1 shows a
decay of the magnetization in the rotating frame for glycerol-
ds at T=188 K andB;=0.2 mT. A stretched exponential
relaxation function®, (t) =exd —(t/ts9#] with 3=0.85 and
tse=20.6 msec appears to fit the data over a considerabl
range and yields, from E@6), (T,,)=22.45 msec. For com-

quite narrow forB;=0.4 mT, and was not studied in an
earlier report. It is seen to somewhat shift towards lower
temperatures and also broaden considerably with decreasing
Bl.

Figure 3 shows'H measured values dfT ;) in glycerol-
do, glycerolds, and glycerolt3C; for B;=0.4 mT. The
data for glycerold, are shown with their actual values,
whereas the data for glycerdk were multiplied by the nor-
malization factor 0.35 and the data for glycefdG,; by 0.74
in order to facilitate a comparison with glycerdy}-
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FIG. 3. Temperature dependence'sf (T, ) values in glycerol-
do (A), in glycerolds (scaled (0), and in glycerof3C; (scaled
(O) measured in a rotating field of amplitud®=0.4 mT. Also FIG. 4. Temperature dependence'sf(T,,) values in glycerol-
shown are'H (T,) values in glyceroll, measured at a Larmor ds measured in rotating fields of amplitudy=0.4 mT (OJ) and
frequency of 2 MHz(V) (from Ref. 10. The dashed line is a B;=0.2mT(O). The dashed lines are theoretical fits.
theoretical fit of(T,,) whereas the dot-dashed line is a theoretical
fit of (T,) using the same parameters. temperature sides of the minimum are almost identical to

those of glycerods atB,;=0.2 mT, the decrease By being

From Fig. 3 one concludes that the time window of relax-compensated by the smaller dipolar local field in glycerol-

ation data, which spans approximately three decades, is no%' This facilitates the discussion of the difference between

centered in a region that is more than three decades shortEld- © and Fig. Abottom. Itis apparent from Fig. 5 that the

than 2H (T,) values in the glass transition region. This ex- droP in 3 nearT is absent but not the drop &y (By).
pansion of the overall time window may be helpful in the

characterization of the ergodic-nonergodic crossover. As in IV. DISCUSSION

2H SLR, the data also exhibit the onset of a different regime . .

below T, with a much less pronounced temperature depen- The data presented in Sec. _III r_eflect three different as-
dence. The combination ofH SLR data and'H RFSLR  Pects of the molecular dynamics in glycerol that may be

data confirms that this mechanism is inherent to the glass arﬁpnsidered as a ”?0‘?'6' hydrogen—bon_ded glass former_. For
not due to relaxation by phonons, in tHél case, or by T>T4 one has to distinguish the following: first, the slowing
paramagnetic impurities. ' ’ down of molecular reorientation and bond breaking as the

Although some slight systematic differences between thdemperature is decreased and approadiesAs mentioned

three different samples are apparent from Fig. 3, some con-
clusion can be drawn from the closeness of the data. As
proposed earlier for a higher temperature raffgeig. 3 also 1.00 | A AMMAAAAAL As
suggests that the motion of methylene proton-proton pairs, of
proton-carbon pairs, and of hydroxyl-proton pairs must be r A
correlated to some degree, since these are the dominating
dipolar interactions in each case. Figure 3 also shows, for 0.95 |- Glycerol-d, 7
comparison, the temperature dependence (@f) for B B=04 mT
glyceroldy, near its minimum, at a Larmor frequency i
wol27=2 MHz (from Ref. 10. Te Toin04 )

Figure 4 shows the temperature dependenceTef) for 0.90 l i
glycerolds for B;=0.4 and 0.2 mT. It appears that tBg . ’ .
dependence becomes somewhat less pronounced as one ap- 0 20 o 20 40 60
proachesT, from the high-temperature side but that a con- T-T, (K)
siderableB;-dependent relaxation still prevails beldly . 8

Finally, Fig. 5 shows the stretching paramegaas a func- FIG. 5. Measured stretching exponehias a function of tem-
tion of temperature in glyceraly at B;=0.4 mT. For this  perature difference with respect =185 K in glycerold, for
value of By, (T;,) values for glycerod, on the low- B;=0.4mT.
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earlier in connection with Fig. 3, hydrogen bond making and 10* —p—— T
breaking and molecular reorientation appear to be correlated .
to some degree. The relaxation can be described reasonabl o DD 1
well by the temperature dependence of an average structura 10?2 F o -
correlation timery. Second, the increase in the lifetime of , o
regions containing molecules with definite values of the o DD ]
structural correlation time and the crossover to nonergodic 10° | o 4
behavior in the vicinity ofT. , o
Finally, for T<T,, a different relaxation process be- i o i
comes dominant. Although the mechanism does not seem tc T 102 | o 4
involve the fast motion predicted by MCT in tigregime, it 0 o
appears to be intrinsic to the glassy state. (sec) 00k DD ]
The first aspect mentioned above has been studied by sev 104 a |
eral other techniques besides NMR, for example, by dielec- | g‘
tric relaxation, which provides a very wide range of data. It 10° 1 o .
is possible, in the case of glycerol, to correlate earlier mea- 109 L DD i
surements ofH SLR times(T;), our RFSLR timegT;,) of : @
Sec. lll, and dielectric relaxation data in a self-consistent 107 ol 7
manner. o0 L o i
Figure 3 shows the agreement between experimental date o
and calculated values dfT,) and(T,,) in glycerold, ob- 10° | = .
tained from Eqs(3) and(4), respectively, using the distribu- 16 B
tion function g(7) of Eq. (7) and a value[(1/r§)]Y® 25 30 35 40 45 50 55
=1.98 A for both SLR and RFSLR. Given the simplifying 1000/ T (K
assumptions about the model for the motion that lead to Egs.
(3) and (4), this value exhibits a known discrepan@ith FIG. 6. Temperature dependence of the inverse peak frequency
the value 1.71 A calculated from proton-proton distances irof the imaginary part of the dielectric susceptibility in glycetial)
glycerol. (from Ref. 23. Also shown are characteristic correlation timegs

The temperature dependence of the characteristic correlaalculated from values of;=B; y (with B;=0.1, 0.2, and 0.4
tion time 7, was obtained directly from the inverse peak mT) at the measured minima dfT,,) for the given temperature
frequency of the imaginary part of the dielectric susceptibil-(A). Calculated values of;, obtained from minima ofT,) for
ity of glycerol. The consistency of this procedure is checkedvarious values ofs, (from Ref. 10 are also included®).
in Fig. 6 where the measured inverse peak frequency of the
imaginary part of the dielectric susceptibility of glycefols  distance of 1.04 ARef. 34 and, in the case of the inner
plotted together with values af, obtained from the position  six-membered ring® right angles between the covalent O-H
of minima of (T;) and(T,) for various values ofsy (from  bond and the O-H hydrogen bond, one arrives at a proton-
Ref. 10 andB,, respectively. proton intermolecular distance of 2.14 A. Thus, in a nearest-

The good agreement between RFSLR and SLR data olheighbor approximation, a ratio (2.14/1.98)3.0 is ob-
tained through Eqs(3) and (4), without any additional ad- tajined.
justable parameters, confirms that the same physical process, Figure 4 furthermore suggests that e dependence of
closely related to the one involved in dielectric relaxation f0r<Tlr> in glycerol-ds can also be explained by the same dis-
T>T,, is responsible for both types of NMR relaxation tribution functiong() of Eq. (7) as long as the temperature
mechanisms. is higher than approximately 210 K. For temperatures in the

Figure 4 shows a fit of the experimental valueg®f;) i range 185< T<210 K it appears that this distribution func-
glycerolds for two different values o, calculated using tion is no longer adequate.

Egs.(4) and(7). The only change in relation to the fit of Fig.  The second aspect of the molecular dynamics depends not
3 was a value of1/r) 2.86 times smaller than in glycerol- on the reorientation of single molecules but on the lifetime of
do. A smaller value of 1/r) is needed in this case because regions containing many molecules where molecular reorien-
the distances in the dominating dipole-dipole interactiontation takes place at a given rate. The data of Fig. 2, com-
term involve protons that participate in hydrogen bonds. Théined with earlier?H SLR measuremenfscould be used to
value of the shortest proton-proton distance in glycegpis ~ monitor the lifetime of these regions of localized motion
not unambiguously determined by neutron diffraction studiesver a wide time window.

but is expected to be larger than the 1.78 A proton-proton The condition3<1 for glycerolds is seen in Fig. 2 to
distance in a methylene group, which dominates the dipolaprevail nearT, indicating that the spin diffusion times are
interaction in glycerod,. Recentab initio molecular-orbital  long compared with direct relaxation times at this tempera-
calculations of structure and vibrational spettrauggest ture. However, since the spin-diffusion constant is expected
that intermolecular and intramolecular hydrogen bondingo be temperature independent while the relaxation rate is
takes place in glycerol and that six-membered and twelvestill decreasing belowly, a crossover to a regime where
membered O-H rings may be formed, with O-H distances okpin diffusion predominates over direct relaxation is ex-
1.87 and~1.77 A, respectively. Assuming a covalent O-H pected to be reached far<T,. When this takes place, the
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condition B~1 should prevail as seen in Fig. 2 faF  glyceroldy, for example, is approximately 2asec. On the
<170K. Thus, in the case of glycerdk for T>T,, direct other hand, the decay caused by spin-lattice effects has a
relaxation times in the rotating frame are expected to bdime constant of only 9Qusec forB,;=0.4 mT at the mini-

short compared to spin-diffusion times. mum. Hence, the nonexponential decay could be caused by
From the arguments leading to E&) one is led to con- Zeeman-dipolar cross relaxation in the rotating frafhe.
clude that when the conditiop<1 prevails in this negli- Below Ty the values of the stretching exponent for

gible spin-diffusion region, one must hayg)>(T.,). Here ~ glycerolds approach the valug=1 more rapidly than for

() should be interpreted as a characteristic lifetime of re-"H SLR. This indicates that the crossover to the region

gions with values of the structural correlatietin the vicin- ~ Where spin diffusion is significant occurs at a lower tempera-

ity of 1/, . Since neafT,, the average correlation timg, ~ ture in the case ofH SLR. A possible explanation may be

can be seen from Fig. 6 to be much larger than;1/(T,) that, in the case _ofH RFSLR, the more difficult to fulfill

should be dominated by the wing of the distribution functioncondition for negligible spin diffusion may be violated when

g(7) at 7= 1/w,~9 usec(for B;=0.4 mT), where the relax- (T%r> increases by just a factor of approximately 2 compared

ation process is most efficient. THel RFSLR data of Fig. 2 0 its value afT. o .

(top) suggest that as the temperature is decreased Trgm The data of Fig. 5 support this interpretation. In glycerol-

+30 K, where the conditiodl’)<(T},) is expected to hold, do the measured values ¢T,,) at B,;=0.4 mT are almost

a temperature is reached when this condition is no longeifeéntical to those of glycerals atB,=0.2 mT but the spin-

satisfied. Hence, foff=187+1K, one should haveT) diffusion constant is expected to be larger in glycafgplbe-

~(T4,)~20 msec. cause of the shorter H-H distances. From Fig. 5 it appears
The striking similarity between the data of Fig. 2 nd@ar that the nonergodic behavior negy is absent in the case of

and 2H SLR data deserves some comment. One is led t§lycerolds. This may be explained by the larger spin-

believe that the above arguments can be applied also to tiliffusion constant, in the case of glyceny; which would

nonergodic behavior ofH SLR® In this case one would shift the crossover to the spin-diffusion-dominated regime to

infer (I'")~30 sec folT= 185+ 0.5 K, where(I'’) represents & temperature higher thdn,, making unobservable the drop

the lifetime of regions with structural correlation times, in B nearTg.

which in this case would be of orderdg~ 0.003usec. This

cqnglusion raises some guestions concemipg the physical V. CONCLUSIONS

origin of the fluctuations that lead to a lifetime for these

regions neafT,, a subject that has generated considerable We conclude that'H RFSLR in selectively deuterated

debate. Although the origin of these fluctuations is not comglycerol may be a sensitive tool to study the crossover from

pletely understood at presetit,is believed that the tempera- €rgodic-to-nonergodic behavior that is believed to be a sig-

ture dependence may be more closely related to the temper@ature of the glass transition. For temperatufes210 K,

ture dependence aj(r) than to that ofr,. 'H RFSLR, RFSLR rates and theB; dependence are shown to be con-

combined with?H SLR as a function of frequency, in the sistent with laboratory frame SLR data using the same dis-

vicinity of T, could in principle answer important questions tribution function and to accurately scale with dielectric re-

concerning the nature of these fluctuations. laxation data. The shift in the time window for RFSLR times
One is tempted to apply some of the above arguments aldy more than three decades compared wfith SLR, may

to the nonexponential behavior i near T,,(0.4mT)  reveal features of the glass transition.

=228K and T;n(0.2 mT)=224 K but such a procedure

would be questionable. The nonexponentiality ndaf,

could be caused by other reasons. Assuning-B,,. the ACKNOWLEDGMENTS
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