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Heterogeneous relaxation patterns in supercooled liquids studied by solvation dynamics

Hauke Wendt
Max-Planck-Institut fu¨r Polymerforschung, Ackermannweg 10, 55128 Mainz, Germany

Ranko Richert
Department of Chemistry and Biochemistry, Arizona State University, Tempe, Arizona 85287-1604

~Received 17 September 1999!

We have measured the solvation dynamics of a dipolar supercooled liquid near its glass transition in a
temperature range in which the average structural relaxation time varies more than four orders of magnitude.
The analysis of the time dependent average emission energy and the inhomogeneous linewidth of theS0

←T1(0-0) transition reveals that the orientation correlation decay pattern intrinsic in each relaxing unit is
associated with a stretching exponentb intr51.0060.08 in the entire rangeTg<T<Tg16 K. Our analysis also
allows one to detect fluctuations in terms of the resulting apparent homogeneity within the long time tail of the
decay. Even at times significantly exceeding the average structural relaxation time, no sign of a transition
towards purely exponential or otherwise homogeneous behavior could be observed. This implies that even at
t'50̂ t&KWW the individual time constants remain correlated to their initial values att50.

PACS number~s!: 64.70.Pf, 78.47.1p, 77.22.Gm, 05.40.2a
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I. INTRODUCTION

A characteristic feature of supercooled liquids and ot
disordered materials is their nonexponential behavior as
gards the relaxation dynamics@1#. In recent years, heteroge
neities with respect to the relaxation time have been rec
nized as the source of these complex correlation functi
@2–7#. The majority of experimental techniques measure
ensemble averaged two time correlation function on
Therefore, they are not sensitive to a spatial variation of
characteristic relaxation times. Other approaches, like N
@2,8,9#, photobleaching experiments@4,10#, or dielectric
hole-burning techniques@5,11,12# can exploit spectral selec
tivity in order to reveal the heterogeneous nature. Th
methods allow for probing a subensemble whose respo
differs initially from that of the average but becomes ind
tinguishable from the average after some evolution per
@4,10,13#. Therefore, heterogeneity with respect to molecu
dynamics is not a static property. Instead, several experim
tal results suggest that fluctuations of the local relaxat
times tend to restore ergodicity on the time scale of the st
tural relaxation.

A different approach to the details of molecular dynam
is by measuring higher moments of the two-time correlat
function @6,7,14,15#. It has been demonstrated previous
that solvation dynamics experiments on highly supercoo
liquids yield not only the meanf(t) but also the variance
r(t) of the relaxing quantity@6#. In order to clarify the mean-
ing of r(t), the ensemble averaged relaxation functionf(t)
is written as the mean of local contributionsx(t,t) with
respect to the probability densityg(t) of finding a particular
value oft,

f~ t !5E
0

`

g~t!x~ t,t!dt5^x~ t,t!&. ~1!

The bracketŝ & represent ensemble averages throughout
paper. In the homogeneous case, no variation ofx(t,t) ex-
PRE 611063-651X/2000/61~2!/1722~7!/$15.00
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ists, i.e.,g(t)5d(t2t0) and x(t,t)5f(t). Consequently,
the variancer(t)5^x2(t,t)&2^x(t,t)&2 remains zero for all
times in this situation. Heterogeneity is present whene
g(t) has a finite width andx(t,t) is accordingly more ex-
ponential than isf(t). The degree of exponentiality as re
gards the intrinsic relaxation pattern can be cast into a sin
parameter,b intr , by chosing the stretched exponential form
x(t,t)5exp@2(t/t)bintr# @14#. In this case,r(t) takes the
form

r~ t !5^x2~ t,t!&2^x~ t,t!&25f~21/b intrt !2f2~ t !. ~2!

In contrast to the mean,f(t), the concomitant second centr
momentr(t) is seen to depend explicitly onb intr . Examples
of r(t) for various values ofb intr are given in Fig. 1. In
recent papers, the inhomogeneous linewidths taken from
vation dynamics experiments have been analyzed in term
r(t). Based on the simplified model of a static distribution
t, it was shown thatb intr>0.8 atT5Tg13 K for the glass-
forming liquid 2-methyltetrahydrofuran@15#.

The aim of the present paper is to assess the local re
ation patterns on the basis of substantially improved so
tion dynamics data relative to the previous work@6#. The
present experiments cover a temperature range in which
structural relaxation time varies more than four orders
magnitude. For the correlation decay pattern intrinsic in e
relaxing unit we find a stretching exponentb intr51.00
60.08 in the entire rangeTg591 K<T<97 K, without hav-
ing to invoke a particular relaxation model.

II. EXPERIMENTS

The glass-forming (Tg591 K) solvent 2-methyltetrahy-
drofuran~MTHE! is obtained from Aldrich and freshly dis
tilled. The phosphorescent chromophore quinoxaline~QX!
has been purified by sublimation. MTHF is then doped w
QX at a concentration level of 1024 mole/mole and immedi-
ately filled into a clean brass cell with a sapphire windo
1722 ©2000 The American Physical Society
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PRE 61 1723HETEROGENEOUS RELAXATION PATTERNS IN . . .
which is vacuum sealed by a Kalrez o-ring. The cell
mounted to the cold stage of a closed cycle He refrigera
~Leybold, RDK 10-320, RW 2! and temperature stability
within 630 mK was achieved by a temperature control
~Lake Shore, LS 330! equipped with calibrated diode sen
sors. Samples are allowed to equilibrate for a sufficien
long time in the highly viscous regime.

An excimer laser~Radiant Dyes, RD-EXC-100! operated
at lex5308 nm with a repetition rate of 1 Hz and attenuat
to irradiate the sample at'10 mJ per pulse served for exci
ing the dye electronically. The phosphorescence emissio
coupled via fibre optics to a monochromator~EG&G, 1235!
and registered by a MCP intensified diode array cam
~EG&G, 1455B-700-HQ! with controller ~EG&G, 1471A!,
gating options~EG&G, 1304!, and synchronization facilities
~SRS, DG-535!. The spectra consist of 730 channels with
resolution of 0.04 nm/channel and were wavelength c
brated with Xe and Kr calibration lamps. The time resoluti
is defined by gating the camera with variable gate delaytd
and gate widthstw<10 ms. We refrained from invoking th
cw mode of the camera for delay times exceeding 20
because the cw mode leads to systematic errors regar
both spectral shape and time scale assignment. For
present experiments the delays were scanned logarithmi
within the range 100ms<td<1 s, with the widths set totw
50.1td for td<100 ms andtw510 ms otherwise. Every fina
spectrum is obtained by averaging over the signals fr
1200 excitation pulses.

III. RESULTS

The S0←T1(0-0) phosphorescence spectra of QX
MTHF have been recorded as a function of time and te
perature. For the emission line shapes we observe Gau
profiles, i.e., the intensityI (v) follows

FIG. 1. Individual relaxation patternsx i(t) for a common en-
semble averaged decayf(t)5^x i(t)& of the KWW type with
tKWW51 and bKWW50.5 and for various values ofb intr50.50,
0.60, and 1.00. The decaysx i(t) in each panel are traces of ex
@2(t/ti)

bintr# with ln(ti)5^ln(ti)&6 the standard deviation of ln(ti).
The dottedr(t)5^x i(t)

2&2^x i(t)&
2 curves represent the variance

of the site specific decays.
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I ~v !5
1

sA2p
expF2

~v2^v&!2

2s2 G . ~3!

Therefore, theS0←T1(0-0) transition is entirely character
ized by two quantities, the average energy^v(t,T)& and the
Gaussian widths(t,T), both being a function of time and
temperature. The limiting valueŝv(t→0)& and ^v(t→`)&
are well defined and serve for constructing the so-ca
‘‘Stokes shift correlation function’’

C~ t !5
^v~ t !&2^v~`!&

^v~0!&2^v~`!&
, ~4!

which is the appropriate quantity for focusing on the dynam
cal aspects of the solvation process, while disregarding
absolute energy scale. We also define the total Stokes
Dv5^v(t50)&2^v(t5`)& and the steady state linewidt
s05s(t5`)5s(t50).

The C(t) results for temperatures 91 K<T<97 K are
plotted in Fig. 2. In the present temperature range the a
age structural relaxation times vary by a factor of 23104,
from 1.531023 s to 27 s. TheC(t) curves are well repre-
sented by stretched exponential decays with a tempera
invariant exponentbKWW50.5. This applicability of time-
temperature superposition allows to cast the data sets into
master plot,C(t) versust/tKWW , in Fig. 3. The inset of Fig.
3 displays thetKWW(T) data used for this rescaling. Th
s(t,T) data are compiled in Fig. 4, again after reducing t
time scales tot/tKWW . For reasons which will be explaine
below, the linewidth results are plotted as@s2(t)
2s0

2#/Dv2.

IV. DISCUSSION

Solvation dynamics associated with dipolar systems
governed by the orientational aspects of molecular dynam

FIG. 2. Normalized Stokes shift resultsC(t) ~symbols! for the
system QX/MTHF at various temperatures fromT591 K to 97 K in
steps of 1 K, in the order of the slowest to fastest decay. The s
lines are fits to theC(t) data using a stretched exponentialf(t)
5exp@2(t/tKWW)0.5#.
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@16,17#. Because the first solvent shell around a probe m
ecule is dominant regarding the electrostatical solute-solv
interactions, the time dependent free energies of solva
can be considered analogous to the local dielectric relaxa
@18,19#. However, the solvation experiments yield not on
the average energies, but also the entire spatial distributio
terms of the inhomogeneously broadened emission pro
That the widths of these spectra is time dependent has b
recognized already in earlier solvation dynamics experime
@20,21#. Within the framework of solvation theories, no pr

FIG. 3. Master plotC(t) ~symbols! versust/tKWW based on the
data of Fig. 2. The solid line is a fit using a stretched exponen
f(t)5exp@2(t/tKWW)0.5#. The inset shows an Arrhenius plot o
t(T) based on the fits of Fig. 2.

FIG. 4. Master plotr(t) ~symbols! versust/tKWW based on the
s intr(t) data of the system QX/MTHF at temperatures 91 K<T
<97 K. The lines are predictedr(t) curves usingf(t)5exp@
2(t/tKWW)0.5# for various values ofb intr51.0, 0.9, 0.8, and 0.7, in
the order from top to bottom curve. The caseb intr5bKWW50.5
leads tor(t)[0.
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diction for such time dependence of the linewidth has be
advanced, because the dynamical behavior of each dipo
identically modeled by the macroscopic dielectric functi
e* (v). In what follows, the alternative picture of spatial
varying relaxation times is addressed in quantitative deta

For rationalizings(t) in the course of a solvation proces
both site specific quantities, the solvation free energyv and
the characteristic time scalet, need to be considered. For
particular site, the energetic relaxation,v(t), can be written
as @6#

v~ t !5v~`!1Dvx~ t,t!, ~5a!

v~ t !5v~`!1Dv exp@2~ t/t!b intr#. ~5b!

Since both quantitiesv(`) andx(t,t) are independent ran
dom variables, the mean̂v(t)& and the variances2(t) of
v(t) can be obtained by adding the individual correspond
moments@15#. This establishes the following correlation b
tweens(t) andC(t)5f(t):

s2~ t !2s0
2

Dv2 5r~ t !5^x2~ t,t!&2^x~ t,t!&2, ~6a!

s2~ t !2s0
2

Dv2 5C~21/b intrt !2C2~ t !. ~6b!

The quantitiess(t), s0 , Dv, andC(t) are well defined by
experiment. The above cases Eq.~5a! and Eq.~6a! are of
general validity, whereas settingx(t,t)5exp@2(t/t)bintr# in
Eq. ~5b! and Eq.~6b! assumes the absence of fluctuatio
regardingt. The only unknown parameter in Eq.~6b! is
b intr , which quantifies the degree of nonexponentiality
trinsic in each local relaxing unit. Therefore, this equati
provides a straightforward link between the normaliz
Stokes shift response function,C(t), and the concomitan
linewidth,s(t), which throughb intr depends ong(t). It pre-
dicts that an excess linewidth,s(t).s0 , appears in the
course of a solvation process if~and only if! the underlying
dynamical processes exhibit a spatial variation of time sca
@15#. Conversely, one could conclude on entirely homog
neous dynamics from an observation of a time invariant li
width, s(t)[s0 .

In order to analyze the present solvation data along
~6b!, it is convenient to have a simple analytical functio
which matches theC(t) data, such thatC(21/b intrt) can be
obtained easily. Both Fig. 2 and Fig. 3 demonstrate tha
stretched exponential or Kohlrausch-Williams-Wa
~KWW! decay,

fKWW~ t !5exp@2~ t/tKWW!bKWW#, ~7!

with bKWW50.5 is appropriate for handlingC(t) at arbitrary
times. Furthermore, the observation of a temperature inv
ant bKWW makes it sufficient to analyze thes(t)2C(t) re-
lation on the basis of the master curves, where the varia
t/tKWW is used instead of the absolute time. Figure 4 co
pares the experimental results@s2(t)2s0

2#/Dv2 with the
predictions,C(21/b intrt)2C2(t), for various values ofb intr
using C(t)5fKWW(t). In this plot the solid line refers to
b intr51, wherer(t)5C(2t)2C2(t). This case correspond

l
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PRE 61 1725HETEROGENEOUS RELAXATION PATTERNS IN . . .
to intrinsic relaxation patterns which are purely exponen
and results in an excellent agreement with the experime
findings. The dashed curves in Fig. 4 are forb intr50.9, 0.8,
and 0.7, where alreadyb intr50.9 is an inferior fit relative to
b intr51.

An unbiased approach for assessing the intrinsic re
ation pattern is a statistical analysis of the experimental d
according to

b intr5bKWW

ln 2

lnF ln„r~ t !1f2~ t !…

ln„f~ t !… G , ~8!

whereb intr is now expressed in terms of experimentally w
defined quantities,bKWW , r(t)5@s2(t)2s0

2#/Dv2, and
f(t)5C(t). The mean and standard deviation forb intr have
been computed in the range 231022<t/tKWW<2 yielding
b intr51.00160.077. This result states unambiguously th
the orientational correlation decays exponentially as far
the local response around a probe molecule is concer
Within the present experimental range, 91 K<T<97 K or
Tg<T<Tg16 K or 331023 s<^t&<54 s, no indication to-
wards a systematic deviation fromb intr51 can be found. It
shall be noted that an analogous treatment with basic fu
tions x(t,t) other than the stretched exponential is possib

A number of previous investigations can be found wh
have quantified the degree of heterogeneity measured e
by h or by b intr . Regarding materials of low molecula
weight, these studies include propylene carbonate inve
gated by nonresonant dielectric hole burning atT5Tg
14 K ~t5100 ms,bKWW50.72! ando-terphenyl~OTP! us-
ing multidimensional NMR techniques atT5Tg111 K ~t
516 ms, bKWW50.42! @7#. In these two cases, the expe
mental observations are compatible with the purely hete
geneous case,b intr51. NMR techniques have also been a
plied to polymeric systems, polystyrene~PS! at T5Tg
113 K ~t56.5 ms, bKWW50.45! and polyvinylacetate
~PVAc! at T5Tg110 K ~t520 ms,bKWW50.52! @22#. The
result for these polymers is that their intrinsic relaxation
associated with back-jump probabilitiesR'0.360.1 for PS
and R'0.460.05 for PVAc. R.0 states that the intrinsic
segmental relaxation is not entirely exponential. Based
the empirical relationb intr'12R/2, valid for 0<R<0.6, the
values ofR translate intob intr'0.85 ~h50.73! for PS and
b intr'0.80~h50.58! for PVAc. It appears that glass-formin
materials of low molecular weight are associated with p
heterogeneity,b intr51, while polymeric systems are subje
to homogeneous contributions as regards their segmenta
namics. The drawback of the methods compiled above is
b intr is evaluated at a single temperature per material o
and that the overall range of relaxation times remained ra
limited, 6.5 ms<t<100 ms.

Let us now turn to the role of the fluctuations or ra
exchange regarding local relaxation time constants. As
quired by ergodicity, these fluctuations let a time constant
associated with a particular site visit the entire relev
t-space in the long time limit. There is evidence that the ti
scale,tx , of these rate exchanges matches that of the st
tural relaxation,ta @3#, with a tendency towards longer live
l
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heterogeneities reported foro-terphenyl as the temperature
lowered nearTg @10#. The relationtx>ta is generally ac-
cepted.

Independent of their time scale, fluctuations have not b
incorporated explicitly into the distribution of site specifi
relaxation times, quantified in Eq.~1! by g(t). However, the
only demand regardingg(t) is that the correlation deca
f(t) can be cast into the form of Eq.~1! in which g(t) has
the properties of a probability density function. This cons
tutes no practical restriction because any physically sens
relaxation pattern can be translated into an appropriate
tribution of t. In the case of fluctuations, the probabili
densityg(t) in Eq. ~1! refers to some ‘‘effective’’ quantity
@23#, but the validity of Eq.~6a! remains unaffected, which
states that the linewidths(t) is proportional to the variance
of x(t,t). Our evaluation regardingb intr does assume the
absence of fluctuations, but in view oftx>ta they remain
insignificant in the time regimet,2tKWW in which the peak
of r(t) is positioned. In any case is the prediction based
static heterogeneity entirely consistent with our observati
in Fig. 4. The bottom line of these arguments is that
above statement,b intr51, holds irrespective of the persis
tence time of site specific dynamics. In terms of the hete
geneity scaleh defined previously@7#,

h5
b intr2bKWW

12bKWW
, ~9!

the present results are consistent with a degree of heter
neity at the theoretical maximum,h51.

An obvious consequence of fluctuations or rate excha
is that they give rise to purely exponential ensemble av
aged decays at timest@tx . This is equivalent to apparen
homogeneity for times exceeding those required for all s
to sample the entiret-space. Unlesstx@ta ,g(t) should be
understood as an effective probability density. Its profile
sults from both, the ‘‘true’’ underlying static densitygs(t)
and the effect of rate exchange, which leads tog(t) being
narrower thangs(t). The case of slow fluctuations woul
result ing(t)'gs(t). The present observation of a temper
ture invariantbKWW implies ag(t) whose shape is tempera
ture independent. This feature of MTHF in its viscous liqu
regime suggests either that the ratioQ of the fluctuation or
rate exchange time to the structural relaxation time,Q
5^tx&/^ta& @24#, is also temperature independent or th
^tx&@^ta& in this temperature regime.

In principle, there exists a further scenario which is co
patible with r(t) exhibiting a maximum as found for th
present data. It is the possibility that the short time dynam
are heterogeneous, while true or apparent homogeneity
vails at longer times. Such a transition from an exponen
to a highly nonexponential character regarding the intrin
relaxation pattern can in principle be thought of by invoki
memory terms@22# which gain importance as time proceed
Compared to the effects of fluctuations, such a picture a
gives rise to homogeneous behavior at longer times,
without necessarily leading to an exponential overall de
f(t). Because the short time dynamics are still assumed
erogeneous, the variancer(t) of the random variablex(t,t)
would initially increase as observed. Iftm denotes the time
after which the relaxation is homogeneous in the sense
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1726 PRE 61HAUKE WENDT AND RANKO RICHERT
all intrinsic relaxations are equally tracking the ensemble
eraged behavior, then fort.tm all individual relaxors will
proceed with a common decay patternx(t,t)5f(t). In re-
ality, such a transition would be a gradual rather than
abrupt change. Letfm(t)5f(t.tm) and rm(t)5r(t.tm)
denote the mean and variance as above but for the time
gime t.tm . Assumingb intr51 for timest,tm leads to

fm~ t !5E
0

`

g~t!exp~2tm /t!
f~ t !

f~ tm!
dt5f~ t !, t.tm ,

~10!

where only the amplitudes at timetm depend ont. In this
equation,g(t)exp(2tm/t) expresses the distribution of am
plitudes att5tm andf(tm) rescales the time dependent ter
to assume unity att5tm . The concomitant dynamics leadin
to fm(t) are now homogeneous but their ensemble aver
is maintained, i.e.,fm(t)5f(t). For the variancerm(t) of
the amplitudesx(t,t)5exp(2tm/t)f(t)/fm(t) we find

rm~ t !5f2~ t !Ff~2tm!

f2~ tm!
21G , t.tm . ~11!

The interesting feature of the above two quantities is t
sm(t)5Arm(t) and fm(t) decay with the same functiona
form for the time dependence as soon as the dynamics ap
to be homogeneous. In other words, the quantity

Arm~ t !

fm~ t !
5Af~2tm!

f2~ tm!
215const, t.tm ~12!

will be time invariant in cases where the individual rela
ation patterns cease to be site specific. Relative to the
diction r(t)[0 for a system whose dynamics are homog
neous at all times, this new condition expressed in Eq.~12!
can be used as a more general indicator of homogen
applicable also to limited time ranges. On the basis of
present experimental data, the condition given by Eq.~12! is
readily tested by plottingr0.5(t)/C(t) as a function of time.
This is done in Fig. 5 using the master curves, i.e., by p
ting r0.5(t)/C(t) versus t/tKWW . Since this quantity in-
creases monotonically over the entire experimental range
conclude that the dynamics are incompatible with any t
dency towards homogeneity in the present experime
range. Similarly, Fig. 6 shows fortm /tKWW51, 2, and 4 that
rm(t) decays steeper than does the experimental d
thereby supporting the above notion.

A system which is still heterogeneous for timest@ta
could also satisfy the conditionArm(t)/fm(t)5const, but
only in terms of an exponential decay regarding the
semble average. Accordingly, rate exchange mechanism
sociated with a time scaletx give rise to apparent homoge
neity at timest@tx , and will lead to both, an exponentia
long time decay off(t) and a time invariant value o
Arm(t)/fm(t). The quantity Arm(t)/fm(t) appears to be
more decisive in this respect, because the data in Fig.
clearly increasing with time in the regimet.103tKWW , in
which a deviation ofC(t) from exponentiality is not at al
obvious. Similarly, the prediction for homogeneous behav
at times exceedingtm5103tKWW ~dashed lines in Fig. 5 and
-
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Fig. 6! deviates more clearly from the current data in t
Ar(t)/C(t) plot in Fig. 5 than in ther(t) plot in Fig. 6.

The analysis of the present data along the lines of Eq.~12!
as in Fig. 5 thus reveals that the local relaxation patte
remain site-specific even at times as long ast51023tKWW
5503^t&KWW . Note that the bulk of the data points in th
range t.^t&KWW are associated with the higher temper
tures, 95 K<T<97 K. We conclude that the fluctuations o
site specific time constantst are not efficient enough fo

FIG. 5. Master plot ofr0.5(t)/C(t) ~symbols! versust/tKWW

based on the solvation data of the system QX/MTHF at temp
tures 91 K<T<97 K. The line is the prediction for the heteroge
neous case withb intr51.0. Homogeneity fort.tm would lead to
the horizontal dashed curves drawn for the casestm /tKWW51, 2, 4,
and 10 as indicated.

FIG. 6. Plot ofr(t) as in Fig. 4 but including the prediction
rm(t) ~dashed lines! for homogeneous behavior at timest.tm .
These curves represent the casestm /tKWW51, 2, 4, and 10 as in-
dicated.
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PRE 61 1727HETEROGENEOUS RELAXATION PATTERNS IN . . .
allowing a site to visit the entiret-space within a period o
503^t&KWW . This observation is compatible either wit
slow rate exchanges,Q5^tx&/^ta&@1, or with faster fluc-
tuations, sayQ'1, if the time constant changes are confin
to a limited range around the initial value oft. We suspect
that heterogeneously relaxing units subject to a simple
relation decay of thet’s with a time scaletx around^ta&
'^t&KWW should give rise to exponentiality regardingf(t)
at timest<503^t&KWW , becausebKWW50.5 relates to an
overall t-distribution of moderate width. The reliable stat
ments regarding fluctuations which can be inferred from
present measurements are that there remains a non-vani
correlation betweent(t'503^t&KWW) and t(t50) at a
given site and that the data are entirely consistent with
absence of rate-exchange. More quantitative estimates
lower limit for Q on the basis of the present results requir
model which specifies how a site samples thet space as a
function of time. However, such detailed informations abo
the mechanisms involved in these fluctuations are not av
able to date. The possibility that a wide spectrum of tim
scales is involved in these fluctuations can be regarde
terms of a stretched exponential exchange process@25#. In
any case, it is insufficient to address a characteristic fluc
tion time without specifying the associated displacementDt
in t space, quite in analogy to anomalous diffusion. It sho
further be considered that different experimental approac
to rate-exchange times are likely to probe different measu
of Dt.

The first assessment of exchange times has been rep
by Spiess and co-workers@2,8# for PVAc at a temperature
T5Tg120 K using a reduced 4D-NMR method, which r
sulted inQ5^tx&/^ta&'2. For PS atT5Tg110 K Kuebler
et al. @24# arrived atQ51 on the basis of solid-state NMR
echo techniques. Cicerone and Ediger@4,26# found Q'100
for supercooled OTP atT5Tg11 K using the dynamically
selective photobleaching method. For the same material
at a higher temperature,T5Tg110 K, Böhmer et al. @13#
reportedQ'1 based on multidimensional NMR measur
ments. More recently, Wang and Ediger@10# have shown
that Q decays gradually from 540 to 2 in OTP as the te
perature increases fromTg to Tg110 K Dynamical heteroge
neities observed in nonresonant hole-burning~NHB! experi-
ments on propylene carbonate and glycerol by Schieneret al.
@5,11# are compatible withQ51, whereas Kircheret al. @27#
observed long lived (Q@1) heterogeneities in a relaxo
ferroelectric. Based on these observations, dynamical he
m

-

.
H

r-

e
ing

e
a

a

t
il-
e
in

a-

d
es
es

ted

ut

-

ro-

geneities in supercooled liquids of low molecular weight a
pear to be longer lived only in the immediate vicinity of th
glass transition temperature. The present observation oQ
@1 in the rangeTg<T<Tg16 K for MTHF does not follow
the trend ofQ(T) suggested by previous work on OTP. A
present, we can only speculate that the feature ofQ remain-
ing at high values even at elevated temperatures might
relate with the observation that the stretching expon
bKWW remains constant for MTHF in the present tempe
ture range, instead of increasing withT. Furthermore, OTP
and MTHF differ strongly in their glass transitions temper
tures,Tg5246 K ~OTP! vs Tg591 K, ~MTHF! and in their
molecular dipole moments,m50.07 D ~OTP! vs m51.38D
~MTHF! @28#, whereas their fragilities in terms ofF1/2 are
virtually identical @29#.

V. SUMMARY AND CONCLUSIONS

The solvation dynamics of a supercooled liquid has be
measured near its glass transition in a wide experime
range, 91 K<T<97 K or Tg<T<Tg16 K or 331023 s
<^t&<54 s, by observing the opticalS0←T1(0-0) transi-
tion as a function of time. Analysing both, the average em
sion energy and the inhomogeneous linewidth, reveals
the orientation correlation decay pattern intrinsic in each
laxing unit is associated with a stretching exponentb intr
51.0060.08, such that the dynamics are observed to be
purely heterogeneous nature. In order to assess the effec
fluctuations in the regimet@^t&, we focus on the term
Ar(t)/C(t), which constitutes a sensitive indicator of eith
true or apparent homogeneity due to rate exchange effe
which would eventually lead to an exponential time depe
dence regarding the ensemble average. A scrutiny of the
responding data rules out the possibility that the sites sam
the entiret-space within the experimental time range of
to t'50̂ t&KWW . We conclude that the individual time con
stants remain correlated to their initial values att50 even at
times significantly exceedinĝt&KWW , without claiming that
fluctuations are absent.
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