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Temperature dependence of glass-transition cooperativity from heat-capacity spectroscopy:
Two post-Adam-Gibbs variants

H. Huth, M. Beiner, and E. Donth
Fachbereich Physik, Universita¨t Halle, D-06099 Halle (Saale), Germany

~Received 21 July 1999!

The Adam-Gibbs paper@G. Adam and J. H. Gibbs, J. Chem. Phys.43, 139 ~1965!#, one of the most cited
works in physics, has a continuing influence on research into glass transition. This paper is generally consid-
ered as the turning point from rare free volume to small configurational entropy as the reason for slow
molecular mobility in glass formers. The reader, however, is confronted with a dilemma. The slowing down is
conceptually linked with increasing cooperativity, but in fact we find only a formula for a link of mobility with
configurational entropy. Neither the size of cooperativity nor its temperature dependence can be calculated
from Adam-Gibbs formulas. The present paper compares predicted temperature dependences of cooperativity
for two post Adam-Gibbs variants — the first via the configurational entropy and the second via a fluctuation
approach — with the temperature dependence of cooperativities determined by means of heat-capacity spec-
troscopy~HCS! data for polystyrene, polyisobutylene, and a random copolymer~SBR 1500!. The data yield a
strong increase of cooperativity with lower temperature and, taking previous HCS data into account, indicate
a cooperativity onset about 100 K above the Vogel temperature for these polymers. An acceptable fit of the
cooperativity data can formally be reached by both post Adam-Gibbs variants only upon the condition that this
onset is included. The problem of a final decision between both variants and the conceptional differences
between the configurational entropy approach and the fluctuation approach to glass transition are discussed.
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I. INTRODUCTION

The main conclusion of the Adam-Gibbs~AG! paper1 was
that ‘‘The molecular-kinetic theory proposed in the pres
paper explains the temperature dependence of relaxa
phenomena in glass-forming liquids essentially in terms
the temperature dependence of the size of the cooperat
rearranging region’’~CRR!. AG ‘‘define a cooperatively re-
arranging region as a subsystem of the sample which, up
sufficient fluctuation in energy~or, more correctly, enthalpy!,
can rearrange into another configuration independently o
environment.’’ In other words, CRR’s are defined by stat
tical independence of their thermal fluctuations with relat
to glass transition. The formulas obtained are@AG Eq. ~10!#

Sc5Nsc ~1.1!

with Sc being the extensive configurational entropy of a m
roscopic supersystem composed ofN subsystems
~5CRR’s!, andsc is the extensive configurational entropy
the subsystem ofz monomeric units. Further,@AG Eq. ~20!#
they introduce a critical size of a CRR for transition eve
marked by an asterisk (* ):

z* 5NAsc* /Sc , ~1.2!

where Sc is now themolar configurational entropy of the
macroscopic sample andNA is the Avogadro constant. Th
main result is@AG Eq. ~21!#

W̄~T!5Ā exp~2Dm sc* / kT Sc!5Ā exp~2C/TSc!,
~1.3!

whereC is a constant,k is the Boltzmann constant,W̄(T)
;1/t(T) is the transition probability that is reciprocally re
PRB 610163-1829/2000/61~22!/15092~10!/$15.00
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lated to the relaxation timet(T), and Dm is ‘‘largely the
potential energy hindering the cooperative rearrangement
monomer segment.’’ This is an interpretation in the sense
Simon2 that structural relaxation is not associated with a c
lective barrier, i.e., in the sense of Goldstein’s subsequ
energy landscape.3 AG suggested that the dependence ofDm
on T andz can be neglected. As seen from Eq.~1.3!, s* is
then also considered as a constant. AG stressed that the
vation of Eq.~1.3! ‘‘is based essentially on the assumption
independent and equivalent subsystems,’’ i.e., CRR’s.
see, however, thatz(T), in other words the number of par
ticles in a CRR, cannot be calculated from Eqs.~1.2! and
~1.3! ~nor from other AG formulas!, sinceSc in Eq. ~1.1!,
when related to one mole, is trivial with respect toN andsc .
This situation will be called the ‘‘AG dilemma.’’

There are essentially two approaches to escape from
dilemma. These phenomenological approaches will be ca
‘‘post AG variants’’ in this paper:

First variant5Sc variant. The first variant tries to find a
reformulation without leaving the configurational entrop
concept. Matsuoka4 scales the temperature dependence ofsc*
with respect toSc . He assumes thatsc* →0 for T→0 but, of
course,Sc→0 for T→T0, where T0 is the Kauzmann or
Vogel temperature. This gives

z;T/~T2T0!. ~1.4!

Matsuoet al.,5 ‘‘assuming that the entropy within the CRR
zero,’’ calculate the CRR size from

z~T!5sc* NA /Sc~T!, ~1.5!
15 092 ©2000 The American Physical Society
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PRB 61 15 093TEMPERATURE DEPENDENCE OF GLASS-TRANSITION . . .
wheresc* 5 const is for a single molecule, andSc is for one
mole. They extrapolate their precise experimentalSc(T) data
to high temperatures and find then

Sc~T!5sc* NA2C8/T2, ~1.6!

whereC8 is a constant obtained from the extrapolation. Bo
methods give a moderate increase of CRR size for lo
temperatures. They obtain values between 4 and 10 m
ecules or monomeric units at the glass temperatureT5Tg ,

z~Tg!54210. ~1.7!

In a more general argumentation: starting from the Ka
mann extrapolation6

Sc~T!;T2T0 , T.T0 but nearT0 , ~1.8!

and assuming that the cooperativity has something to do
Sc(T) we expect from the AG equation, Eq.~1.3!,

z~T!;1/~T2T0!, T.T0 but nearT0 . ~1.9!

This expectation is reflected by the Matsuoka formula E
~1.4!, whereas the Kauzmann temperatureT0 is not directly
reflected in the Matsuo formula Eq.~1.6!.

Second variant5fluctuation variant.The CRR size is cal-
culated using a Nyquist-type fluctuation formula.7 This ap-
proach corresponds directly to the AG CRR definition
statistical independence of relevant thermal fluctuatio
Calling z now Na , z[Na , we get the cooperativity from

Na5RT2D~1/cV!/M0dT2, ~1.10!

where D(1/cV)5(1/cV)glass2(1/cV) liquid with cV being the
isochoric specific heat capacity, anddT the temperature fluc
tuation of one average CRR which can be calculated fr
the transformation interval atTg ~Ref. 8! or from the disper-
sion of the imaginary part of dynamic heat capacity,Cp9 , as
determined by means of heat-capacity spectrosc
~HCS!.9–11 The isochoric specific heat will be approximate8

by the isobaric specific heat,D(1/cV)'D(1/cp).
General problems with temperature fluctuation of su

systems will be discussed in a parallel paper.12 This paper
contains a comparison of the statistical J. W. Gibbs appro
~no temperature fluctuation! with the thermodynamic von
Laue13 approach~with temperature fluctuation!. Eq. ~1.10! is
based on the latter. The paper12 contains also a proposal ho
a combination of dynamic neutron scattering, specific-h
capacity, and dielectric compliance can be used to decide
temperature-fluctuation issue by experiments in the cro
over region.

The temperature dependence obtained7,14 by using a fluc-
tuational relation to the Williams-Landel-Ferry15 ~WLF!
equation fort(T) is stronger than Eq.~1.4!,

Na;~T2T0!22. ~1.11!

The CRR sizes atTg are in fact larger7 than those from the
first variant, Eq.~1.7!,

Na~Tg!5352290. ~1.12!

A first independent and quantitative determination from
change NMR methods for spin diffusion16 obtained a char-
acteristic length ofja5361 nm for CRR’s in polyvinylac-
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etate, in accordance to that from the fluctuation approa
This length corresponds toNa of order 100 particles pe
CRR ~Ref. 17! and does not correspond to the estimatio
based on theSc variant @Eq. ~1.7!#.

The sensitivity of calorimetric cooperativity to confine
ment of glass formers in pores18 and between layers19 of
larger dimension~5–12 nm! indicates that the condition o
statistical independence for the CRR definition is sensitive
small disturbances induced by such a confinement.

Recent HCS results show directly an onset of the co
erativea relaxation in the crossover region9,10 as previously
indicated by dielectric measurements.20–22 For the cooperat-
ivity close to the a onset we observed, so far, for fiv
substances10,11

Na~T!;~Tonset2T!2, T,Tonset. ~1.13!

This result is confirmed by differential scanning calorime
~DSC! along a homologous series of polymers whose on
temperature systematically approachesTg .23 Interpolating
between Eqs.~1.11! and~1.13! we obtained11 for the fluctua-
tion variant

Na
1/2~x!5A

12x

x
, 0,x,1, ~1.14!

and by analogy, from Eqs.~1.9! and~1.13! for theSc variant

Na
1/2~x!5A8

12x

Ax
, 0,x,1, ~1.15!

whereA and A8 are constants, andx is a reduced tempera
ture,

x5~T2T0!/~Tonset2T0!, ~1.16!

wherex50 for the Kauzmann or Vogel temperatureT0 and
x51 for the onset temperatureTonset.

The crossover is hardly indicated by the temperature
pendence of configurational entropy defined asSc5Smelt
2Scrystal. Only a weak bend is occasionally observed in t
melt heat capacity.24 The AG relation Eq.~1.3!, however,
breaks down above the crossover:25 Viscosity and dielectric
relaxation time change their temperature dependence a
the crossover.26–29Since the material is frozen forT,Tg our
analysis is altogether restricted toTg,T,Tonset.

The general aim of the present paper is to look for
criterion that can decide between the two post AG varian
The methodical problem is that at present such a decis
must be based on cooperativities experimentally determi
by means of the fluctuation variant, since theSc variant does
not give an independent way to experimental determina
of cooperativities. Thead hocuse of configurational entropy
for determination of cooperativity in the first variant is n
suited for its test. On the other hand, Eq.~1.10! of the fluc-
tuation variant allows a determination of cooperativity as
function of temperature by HCS independently from anyad
hocassumption about this temperature dependence. The
open point30 of Eq. ~1.10! is if subsystem temperature can
fact fluctuate.12 Our idea is, therefore, to determineNa(T)
from experimental HCS data using the fluctuation formu
@Eq. ~1.10!# and to compare the results with the temperat
dependences as obtained for the two post AG variants@Eqs.
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~1.14! and~1.15!#. The experimental problem is whether th
experimentalNa(T) values from HCS are precise enough
not to discriminate between the different temperature dep
dences. The general problem is to formulate the concepti
differences between the two post-Adam-Gibbs variants
understanding glass transition, briefly: cooperativity vs c
figurational entropy.

II. EXPERIMENTAL RESULTS FROM HEAT-CAPACITY
SPECTROSCOPY „HCS…

Heat-capacity spectroscopy (HCS53v method31,32! was
used to get the calorimetric parameters of Eq.~1.10! for three
amorphous polymers, polystyrene~PS!, polyisobutylene
~PIB!, and a random styrene butadiene copolymer~SBR
1500!, in the frequency range from 0.02 to 2000 Hz. Som
properties of the polymers are given in Table I. To enla
the quality of the data at least three temperature runs o
least two different nickel heaters were performed for ea
sample. Small nickel heaters~about 1.536 mm2) were used
for high frequencies (.1 Hz!, while larger heaters~about
5310 mm2) were used for low frequencies~0.02–20 Hz!.
This ensures that the signal amplitude and precision is la
enough at high frequencies~amplitude;v21/2), while the
thermal wavelength is small compared to the heater dim
sion at low frequencies, as required by the data evalua
concept.34,35 Further experimental details of our HCS set
and data evaluation method are described elsewhere.36,37

Typical isochronous (v5const) effusivity data,
rkcp* (v,T)5rkcp8(v,T)2 irkcp9(v,T), as obtained from
our HCS setup are shown in Fig. 1. An upwards step in
real part and a corresponding peak in the imaginary part
typical for compliances at the dynamic glass transition, w
obtained for all samples and frequencies. Transferring
different peak maxima in an Arrhenius plot (logv versus
1/T), we obtained WLF~Ref. 15! shaped traces~Fig. 2!. The
calorimetric traces for PS and SBR1500 are parallel to
corresponding dielectric traces. Only a small frequency s
(,0.3 decades! between both traces is observed, similar
for other polymers.38 The large~about one decade! frequency
gap between HCS and dielectric traces in polyisobutylen
probably due to a second relaxation process at frequen
slightly above thea transition. This was previously observe
by shear measurements in a wide frequency-time range.39,38

In order to calculate the cooperativity from our HCS da
@Eq. ~1.10!# we have to extract the pure dynamic heat cap
ity, cp* (v,T), from our HCS effusivity data,rkcp* (v,T).
We extractcp* (v,T) data by calibrating the HCS data wit

TABLE I. Characteristic properties@Tg5glass temperature;Mw

andM05 molecular weights of polymer chain and monomeric un
respectively;m5d(log v)/d(Tg /T)uT5Tg

5fragility ~Ref. 33!#; of the
polymers.

Sample Tg ~K! Mw (kg mol21) M0 (g mol21) m

SBR 1500a 215 '500 61 97
PIB 201 101 56 43
PS 373 270 104 117

aSBR 1500 is a random styrene butadiene copolymer contai
23w% styrene and is not crosslinked.
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DSC and temperature modulated dynamic scanning calo
etry data~TMDSC!. Two assumptions are necessary for th
procedure:~i! frequency independence ofrk, and ~ii ! tem-
perature independence ofrk. The first assumption~i! is
widely accepted. There are different experimental tests40–42

that rk is practically frequency independent in the range
the dynamic glass transition. The remaining uncertainty
this approximation seems to be smaller than 10% in the H
frequency window. More critical is the second assumpt
~ii !. Serious information about the temperature depende
of thermal conductivity for polymers are rare. Moreover, t
k(T) data in the literature are partly less defined. Usua
the temperature dependence is small, of order 10%/100
and, if any, a slight bend nearTg is indicated. To test the
rk(T)5const assumption for our polymers we divided t
low-frequency HCS data bycp(T,v) data from TMDSC at a
comparable frequency. This temperature dependence ork
is of the of order a few percent for SBR 1500, PIB, and PS
the HCS temperature range~Fig. 3!. The calculation of
D(1/cp) would only be influenced if thek(T) function
change in the HCS dispersion zone is so large that the
gent construction~see below! used to determineD(1/cp)
would fail. This is obviously not the case~Fig. 3!. The peak
width, dT, would be influenced if the peak shape is signi
cantly modified by the underlying changes ink(T). This can
be excluded because the relevant temperature interval,dT

,

g

FIG. 1. Real and imaginary parts of dynamic effusivity,rkcp*
5rkcp82 irkcp9 , from heat-capacity spectroscopy~HCS! for SBR
1500 rubber, polyisobutylene~PIB!, and polystyrene~PS! as func-
tion of temperature.
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,20 K, is too small for a significant change ofk(T). In
summary, we think that the influence of a residualrk(v,T)
function on our calorimetric parameters,D(1/cp) and dT2,
can be neglected because its variation in the relevant t
perature region is small.

The data reduction procedure in Fig. 3 allows us also
check the precision of our absoluterkcp* values. The calcu-
lated rk values are compared to literature data forrk in
Table II. The data are in agreement if the large absolute H
uncertainty is taken into account. A comparison ofrk data
from different HCS runs on one and the same sample~Table
II ! indicates the value of this absolute uncertainty. The c
sistency of data at different frequencies for one tempera
run on one heater is better because the main uncerta
comes from effects of different heater and sam
dimensions.36 The data from different runs were, as me
tioned above, finally normalized by TMDSC calibration
get comparable values forD(1/cp) in gK/J. The correspond
ing rk prefactors are listed in the first column of Table
The shape of theD(1/cp)(T) curves is not affected by thi
fixed-factor normalization.

FIG. 2. Thea peak frequencies from HCS (j) and dielectric
spectroscopy ((), on log10 scale, versus inverse temperature f
SBR 1500, PIB, and PS. The solid lines are fits to the data with
WLF equation logv5log V2B/(T2T0)(T05Vogel temperature,
log V5logarithm of the asymptotic frequency,B5curvature!. Di-
electric data for theb process (L) in SBR 1500 are added. Th
dotted line corresponds to an Arrhenius temperature dependen
-

o

S

-
re
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e

Figure 4 demonstrates how the calorimetric paramet
dT and D(1/cp), were determined from normalized HS
data: The D(1/cp)5(1/cp)glass2(1/cp) liquid values were
taken by a tangent construction to thecp8(T) data from the
real part isochrones (v5const), while thedT values were
obtained from a fit with the Gauss function to the imagina
part ofcp* (T)5cp8(T)2 icp9(T). Note that the statistical erro
of the parameters obtained and the uncertainty of therk
normalization procedure influence only the absoluteNa val-
ues, not the general shape of theNa(T) curves. In the sense
of Eqs. ~1.14! and ~1.15! only the prefactorsA and A8 are
affected, not the functional dependence ofNa on reduced
temperature. The uncertainty of absoluteNa values from
DSC and TMDSC is estimated in Ref. 8.

The calorimetric parameters,dT and D(1/cp), for our
three polymers have a well defined temperature depend
@Figs. 5~a! and 5~b!#: ThedT value increases linearly withT,
while theD(1/cp) values decrease systematically. The on
temperaturesTonset were estimated by a linear extrapolatio
of Dcp(T) to zero, the Vogel temperaturesT0 were taken
from a WLF fit of dielectric data. The dielectricT0 values
are comparable but more precise than the Vogel temperat
taken from a WLF fit of our HCS data. The onset tempe
tureTonsetis comparable with the temperatureTb , where the
dynamic glass transitiona and the Johari Goldstein proces
b ~Ref. 43! merge in the crossover region of SBR 150
(Tb'2952325 K! and PS (Tb'425 K!.44 Typical uncer-
tainties for theT0 and Tonset values in Table III are abou
610 K.

An extrapolation to high temperature givesdT(x51)
'15 K at the onset, in good agreement with the experime
valuedT'20 K at the onset of thea process directly mea
sured in poly(n-hexyl methacrylate).9 A linear extrapolation
of dT to low temperatures would givedT50 at a finitex

e

.

FIG. 3. Calibration ratiorkcp8/ c̃p8 versus temperature for SBR
1500 ~�!, PIB (L) and PS (d). Dynamic effusivityrkcp8(T) is
from HCS at 0.02 Hz~SBR 1500, PS! or 0.1 Hz ~PIB!. Dynamic

heat capacityc̃p8 is from temperature-modulated DSC~Ref. 67! at

~1/60!Hz. The ratiorkcp8/ c̃p for PIB (L) with c̃p from conven-
tional DSC (dT/dt5210 K/min! is additionally given. Note that
the particularity for PIB nearTg results probably from the fre-
quency shift between HCS and TMDSC~or DSC!.
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TABLE II. Density and thermal conductivity near the glass temperature.

Sample rk (kg W m24 K21) from HCS rk (kg W m24 K21) from literature

SBR 1500 147 ~1st run!

141 ~2nd run!

136 ~3rd run!

1772233 ~T525 °C!a ~Ref. 62!

2022204 ~T520 °C! ~Ref. 63!

PIB 67 ~1st run!

68 ~2nd run!

75 ~3rd run!

1032109 ~T520 °C!b ~Ref. 64!

120 ~T520 °C! ~Ref. 63!

118 ~T5Tg! ~Ref. 65!

119 ~T525 °C!b ~Refs. 62 and 66!

PS 125 ~1st run!

159 ~2nd run!

136 ~3rd run!

131 ~T5Tg! ~Ref. 63!

1312161 ~T5Tg! ~Ref. 66!

134 ~T5Tg! ~Ref. 62!

1682174 ~T5Tg! ~Ref. 65!

aCrosslinked SBR 1500 rubber.
bIsobutylene isoprene rubber5 vulcanized isobutylene isoprene copolymer containing,3 mol% isoprene.
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.0 for all samples. This may be an indication for a
exhaustion30,45of the possibilities of free volume to drive th
glass transition before the Vogel temperature could
reached. Actually, we have no physical argument for a lin
extrapolation to lower temperatures. The relaxation stren
D(1/cp), as a function of temperature is individually curve
@Fig. 5~b!#.

The isothermal frequency dispersiond ln v @Fig. 5~c!#
was estimated by the local temperature time equivalence

d ln v5dT•~d ln v/dT!WLF , ~2.1!

where the derivative was calculated along the calorime
trace in a logv-T plot. For SBR 1500 the dielectric WLF
parameters were used. The calorimetric Kohlrausch expo
~Table III! was calculated from

bKWW'1.07/d ln v. ~2.2!

The main experimental result of this paper, the tempe
ture dependence of cooperativityNa , is presented in two
different ways: versus reduced temperaturex in Fig. 5~d! and
directly versus temperature in Fig. 6. The square root of

FIG. 4. Example for the construction used for determination
calorimetric parameters,dT ~Gauss fit, the double arrows are 2dT)
andD(1/cp)5(1/cp)glass2(1/cp) l iquid @tangents in liquid and glas
zone of thecp8(T) curves#, from normalized HCS data.
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operativityNa
1/2 is a curved function of temperatureT for all

three polymers. It increases dramatically for low tempe
tures~small x) and tends to vanish near the onset tempe
ture Tonset (x51). The lines in Fig. 6 are fits with the two
post-Adam-Gibbs variants, the configuration-entropy vari
@Eq. ~1.15!, dashed lines# and the fluctuation variant@Eq.
~1.14!, solid lines#. The thin lines are for the original equa
tions @Eqs. ~1.9! and ~1.11!# without consideration of the
crossover. These curves do not correspond to the experim
tal data. The bold lines, including the onset correction,
proximate the data much better. This means that the e
tence of a cooperativity onset is indicated even by
cooperativity data far below the crossover. The fitted on
temperaturesTonset ~Table III! are similar to the values a
observed from theDcp(T)→0 extrapolation described
above. The difference is about 10–20 K, with the high
Tonsetvalues from theDcp→0 extrapolation. The difference
are larger for the configuration entropy variant than for t
fluctuation variant, but always smaller than 20 K. The e
perimental uncertainty of the linearDcp(T)→0 extrapola-
tion is comparable.

The mean deviationsx2 from the fits with both post-
Adam-Gibbs variants are comparable~Table III!. This means
that our HCS data cannot discriminate between them.
Na

1/2(x) or Na
1/2(T) data are more curved than expected~see

deviation plots of Fig. 6!.
The parametersA of Eq. ~1.14! vary between 6.4 and 10.

~Table III!, i.e., A is not a universal but an individual con
stant. This was also observed in Ref. 11. TheNa

1/2(x) data for
different polymers, therefore, do not collapse in a sin
curve @Fig. 5~d!#. Fitting formally the data byNa;(T
2T0)2y would yield y5561 in the available temperatur
range for the investigated polymers~see Table III!. The prod-
uct d ln v•dT increases systematically with reduced tempe
ture x for the three investigated polymers@Fig. 5~e!#.

Figure 5 demonstrates the difficulty to discriminate b
tween the two post AG variants including the onset behav

f
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FIG. 5. Calorimetric parameters for the determination of co
erativity, dT ~a! and D(1/cp) ~b!, estimated frequency dispersio
d ln v ~c!, square root of cooperativityNa

1/2 ~d!, and the product
dT•d ln v ~Ref. 46! ~e! as function of reduced temperaturex5(T
2T0)/(Tonset2T0) for SBR 1500, PIB, and PS.
Informativex values smaller than 0.3–0.5~depending on fra-
gility ! are not possible because of freezing atTg . Informa-
tive x values larger than 0.6–0.8~depending on theA value!
need not be helpful because the behavior is there domin
by the onset behavior. After choosing substances with a la
informativex interval we can only enlarge the data precisi
and the frequency range of HCS to get data suited fo
decision between the variants.

Another way to decide between the two post-AG varia
may be the use of absolute experimental8,16 cooperativities at
Tg @Na(Tg)'100#. To get such large cooperativities from
the Sc approach, with its small variation range from E
~1.6!, would imply to connect the high-temperature critic
sc* values not with a single particle,z* 51,47 but with larger
subsystems,z* .1, e.g., z* '10 ~cf., e.g., Ref. 48!. HCS
data for thea process atT.Tonsetshow, however,Na'1.9,49

Thez* .1 proposal inside theSc variant does not lead to a
adequate explanation for the large cooperativities atTg .

Our general idea to understand the smallNa'1 values
for thea process is50 to connect them with a cage, includin
the first coordination shell, as used in the interpretation of
a process beyond the crossover,T.Tonset, by mode cou-
pling theory.51 We think that forT.Tonsetthe molecular co-
operativity is localized at the cage door for escaping of
‘‘central’’ particle, whereas forT,Tonset escaping requires
the assistance of a cooperativity shell in the molecular en
ronment of the cage. The details require a discussion of
Na behavior across the crossover region50 and a general
interpretation30 of the smallNa values of order 1, both out
side the scope of this paper.

The temperature dependence ofNa(T) seems to ignore
the real liquid structure. At low temperature,Na is much
larger than the first coordination number~of order 10!, at
high temperatureNa is significantly smaller than 10. At leas
for two substances, PIB~Fig. 5! and benzoin isobutylether,52

Na(T) covers smoothly theNa'10 region without particu-
larity in the frame of the uncertainties. We expect that this
a general phenomenon and suggest calling itdisengagemen
of dynamic heterogeneity from liquid structure.

From an experimental point of view, the fluctuation va
ant seems to be a real alternative to theSc variant. The
change of dynamics at the crossover is explicitly indica
by a definite change of cooperativity as calculated from
fluctuation formula Eq.~1.10!. This change could not be ex
pected from the smooth dependence ofSc(T) or from the
moderate bend of the landscape excitation profile there

-

TABLE III. Vogel temperatures and fit parameters for both post AG variants@Eqs.~1.14! and ~1.15!#.

Sample T0 ~K! Dcp→0 Sc variant @Eq. ~1.15!# Fl variant @Eq. ~1.14!# y bKWW

Tonset ~K! A8 Tonset x2 A Tonset x2 @Eq. ~2.2!#

SBR 1500 184 289 11.8 262 0.51 6.2 277 0.44 4.0 0.4360.05
PIB 159 259 11.5 252 0.96 7.7 258 0.65 5.6 0.4960.05
PS 330 433 15.4 419 0.88 9.8 427 0.78 4.9 0.4960.05
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the next section we will therefore discuss some conceptio
differences between the fluctuation approach and the con
tional approaches to glass transition such as configurati
entropy, landscape paradigm, and dynamic heterogeneit53

FIG. 6. Cooperativity as function of temperature for SBR 150
PIB, and PS. The lines are fits to the data by the configurat
entropy variant~dashed lines! and the fluctuation variant~solid
lines!. Bold lines are obtained using Eqs.~1.14! and ~1.15! with
cooperativity onset, thin lines are from Eqs.~1.9! and~1.11! without
cooperativity onset. Typical errors are indicated and are consid
during the fitting procedure. The fit parameters are given in Ta
III. Deviation plots for the configuration-entropy variant@Eq.
~1.14!,s] and for the fluctuation variant@Eq. ~1.15!, 3] are given
in the lower parts.
al
n-
al

III. CONCEPTIONAL DIFFERENCES

A. Adam-Gibbs paper relationships

In the AG paper,1 statistical independence was only us
for additivity to make statistics with subsystems. To get t
maximal term of an isothermal-isobaric configurational p
tition function, aDc factor inD for G5zm52kT ln D, they
‘‘sort the subsystems into two classes, those,n in number,
that reside in states which allow a cooperative rearrangem
and theN2n that are in states not allowing a transition.
The result is

Dc~z,p,T!5 (
Epot ,V

wc~z,Epot,V!exp~2Epot/kT!

3exp~2pV/kT!. ~3.1!

The configurational entropySc was then expressed directl
as the logarithm of configurationsWc of the maximal term of
the partition function. This procedure is reflected in a seco
slightly varied definition of a CRR ‘‘as the smallest regio
that can undergo a transition to a new configuration with
a requisite simultaneous configuration change outside
boundary.’’1

To get the explicit relationship ofSc and dynamics@Eq.
~1.3!# they gauged the general relation at high temperat
with critical CRR transition values forz andsc , z* for sc* .
Since the cooperativity was only aimed to handle the ad
tivity they did not try to obtain an explicit formula forz(T).

B. Statistical and energetic independence

We consider two extreme variants of the subsystem in
pendence problem with respect to dynamic heterogeneit

(i) No dynamic heterogeneity. In this variant we think
that, in principle, each molecule can be the center of a n
trivial CRR as defined by statistical independence@Fig. 7~a!#.
The result is a large overlap of CRR’s with no reflection
them neither in the Gibbs distribution nor in the energy lan
scape. The additivity needed for a thermodynamic analy
by subsystems is guaranteed by the Riesz represent
theorem of probability theory.54 Supposing that to each con
tinuous functionu vanishing outside a finite interval~outside
any CRR! there corresponds a numberE(u) with the follow-
ing properties: linearity, i.e.,

E~c1u11c2u2!5c1E~u1!1c2E~u2!, ~3.2!

,
-

ed
le

FIG. 7. Cooperatively rearranging regions~CRR’s! for no dy-
namic heterogeneity~a! and for the Glarum defect diffusion rea
ization of dynamic heterogeneity~b!. White 5 islands of mobility,
large logv. Gray 5 cooperativity shells, low logv. ja 5 charac-
teristic length5 average size of a CRR. The low density contrast
the part~b! pattern makes it appear as shade upon molecular
tures.
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positivity @u>0 implies E(u)>0], and normalizability.
Then there exists a unique probability distributionF with

E~u!5E u~x!F$dx%. ~3.3!

Identifying E(u) with the internal energy,dU5TdS2pdV,
Eq. ~3.3! means to find always, irrespective of the overlap
Fig. 7~a!, an additive set$dx%, i.e., a set of CRR subsystem
which is representative for a thermodynamics of the wh
sample.

To mitigate the shock of Fig. 7~a!, we should remark tha
Eq. ~1.10!, from which our cooperativity was determine
stems only from temperature fluctuation. The conjugate v
able in thermodynamics is not the energy or the entha
itself, but the entropy with no direct relation to energy p
tures.

The statistical independence of Fig. 7~a! CRR’s is decou-
pled from the energetic independence of Landau-type s
systems as mediated by the Gibbs distribution

Epot~q1 ,q2!

5Epot~q1!1Epot~q2!⇒exp„2Epot~q1 ,q2!/kT…dq

5exp„2Epot~q1!/kT…dq1•exp„2Epot~q2!/kT…dq2 .

~3.4!

The intermolecular potentials are not switched-off for t
overlap picture Fig. 7~a!. The same must be assumed f
small z* of order one in the AG approach. Statistical ind
pendence directly derived from Eq.~3.4! would prevent large
variation of cooperativity with temperature as well as sm
cooperativities inside the second configuration shell.

Note that the CRR’s are functional, i.e., they are exc
sively related to the Fourier components of the slow mole
lar movements with frequencies in the dispersion zone of
a process of dynamic glass transition. It is their part of t
temperature fluctuation that is exclusively used in our E
~1.10! for Na . This large and slow fluctuation (dT2) cannot
be quenched by thermal conductivity due to the f
phonons.

(ii) With dynamic heterogeneity. Let us now assume to
have a dynamic heterogeneity55 in the special form of a fluc-
tuating spatiotemporal pattern of locala mobility, logv. As
a concrete model we think about a Glarum defect diffus
model,56 interpreted as a cage whose escaping ability be
the crossover is retained, as mentioned above, by mean
an assisting cooperativity shell in the environment.50 Each
CRR consists then of a cage5 an island of mobility57 in a
cell of lower mobility @Fig. 7~b!#. The average size of a
CRR, ja , is defined by the average distance between
islands.

Assume that~i! beside the Maxwell factor, only a poten
tial intermolecular energyEpot is needed for an explanatio
of the dynamic glass transition, and~ii ! that the Gibbs distri-
bution contains fluctuation enough for this purpose. The68

such a pattern must be reflected by the Gibbs distribu
~being then the ‘‘static’’ boundary for this dynamic heter
geneity!, by the structure, and by the landscape. We do
think, again, that the CRR independence is directly media
by the range of intermolecular potentials as expressed in
e

i-
y
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~3.4!. The question instead is how large is the contrast of
Fig. 7~b! pattern. We discuss the contrast problem in relat
to the landscape paradigm.

The landscape paradigm58 is a popular concept to discus
the glass transition dynamics in a one-dimensional pict
with many molecular potential barriers. The hope is to ge
better insight from this picture than from other on
dimensional~related to space! pictures as, e.g., from the in
termediate structure functionS(Q,t) or its Fourier trans-
forms. The problem is to get a precise map from the hig
dimensional configuration space$q% to the one-dimensiona
landscape, precisely enough to discuss details or even su
ties of slow dynamics.

Note the different dimensionsd of related constructions
The energy hypersurface,Epot(q), should at least include the
relevant subsystem, a CRR. Its dimension isd5 f pNa ,
where f p is the number of degrees of freedom of what
counted as a particle. The real, geometrical space wh
structure and dynamics are measured hasd53, of course,
and the landscape is considered as a function of one ‘‘
lective coordinate,’’d51.

Let, for instance, a landscape basin be defined59 by a par-
tition of the configuration space such that a local minimiz
tion of Epot(q) maps any point in a basin to the same min
mum. At lower temperature, i.e., with cooperativity, th
sampling shifts to lower energies and mutual access am
basins becomes subject to considerable activation, the
tem explores minima with substantially higher energy ba
ers. We may think about craters58 in the landscape. Such
landscape is related to configurational entropy by an exc
tion profile.60 Is this landscape picture really informativ
about our cooperativity?

In general, energetic separation implies statistical in
pendence, but the inverse is not always true. There are
amples for statistical independence in systems whose p
are strongly coupled by energy. An old example are play
cards: an ace of hearts couples physically the indepen
events of getting aces and hearts. In a way, the independ
and functionality of CRR’s corresponds to the play, not
the deck of cards. Since statistical independence can, in p
ciple, be imagined without energetic barriers@Fig. 7~a!# it is
not a priori agreed that a CRR must correspond to craters
something similar with high-energy barriers. Are there p
haps secret paths for the subsystem point in the h
dimensionalEpot(q) hypersurface corresponding to coope
ativity and avoiding the postulated barriers? Is cooperativ
formed by competition of many equivalent pieces of a ‘‘co
lective’’ path in a ‘‘rugged’’Epot(q) hypersurface yielding a
‘‘gentle’’ one-dimensional~1D! landscape for thea process?
Especially if the density contrast corresponding to the
island picture for mobility logv @Fig. 7~b!# is small? Since
the landscape is mainly determined by the steep intermole
lar repulsion potentials it seems legitimate to consider d
sity contrast instead of barrier heights.

The 3D density contrast of the Glarum pattern was e
mated to be extremely weak at low temperatures. We us
free-volume treatment of Glarum defects by means of Le
limit distributions.30,45From a partition of a CRR into partia
systems, inside a CRR, we get a ‘‘fluctuating’’ free volum
v f of order Na

21/a , invariant against partition variants. Th
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free volume is related to one average CRR and will be u
as a measure for the density contrast for cooperativity,

c* 5Na
21/a . ~3.5!

The power law follows directly from Levy scaling with th
Levy exponenta5bKWW . The contrastc* of Eq. ~3.5! de-
creases dramatically when the cooperativity increases a
low temperatures below the crossover. Putting the cont
c* 51 at a crossover withNa51, we get a relative density
contrast of order 1024 for Na5100 anda51/2. Large, in-
dependent CRR’s need not be represented by high-en
barriers. Such low contrast also does not allow us to co
clude that a characteristic length is absent when struc
research fails to find it. At present, structure experiments
sensitive to a contrast larger then 1022 or 1023, say.

Note that the density contrast of Eq.~3.5! for cooperativ-
ity is much smaller than the density contrast due to ther
density fluctuations of CRR’s monitored by the compre
ibility. The latter contrast is of orderc5Na

21/2, since the
relevant Gauss distribution corresponds to a Levy expon
a52. The cooperativity contrastc* is a subtlety of the
Epot(q) hypersurface that can appear in low dimensions o
after careful averaging~as, e.g., realized by a scattering e
periment on a large sample@ja). It seems extremely diffi-
cult to find a precise map from the high-dimensional co
figuration space to a one-dimensional landscape picture
can realize a real-space cooperativity contrast of orderc*
51024.

Assume that the Vogel temperatureT0 is a measure of the
landscape roughness61 in the temperature range of
specific28 WLF equation. The Vogel temperatureT0 for thea
process above the crossover is larger thanT0 for the a pro-
cess below the crossover.28 We expect from the small Voge
temperature that the landscape roughness below the c
over is in fact smaller than above the crossover. La
CRR’s defined by statistical independence cannot easily
detected: We had to look for a tiny contrast in a nonrugg
landscape.

C. Exhaustion effect

There are indications that at low temperatures the coo
ativities become larger than even expected from the fluc
tion variant~Fig. 5 and Ref. 11!. Can cooperative dynamic
d
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really be monitored by such small density contrasts as in
cated by Eq.~3.5! for Na.100? Two qualitative possibilities
evolving from too small a contrast can be imagined. Eith
the cooperativity will become larger than indicated byNa

1/2

;1/x for low temperatures because the Glarum defect can
explore the whole cooperativity cell — the possibilities
the defect diffusion are ‘‘exhausted’’ — or the cooperativi
will become smaller due to other processes~such as ana
precursor betweena andb process! that may help the liquid
to remain mobile. The largerNa values for the lower tem-
peratures in Fig. 5 may indicate the first possibility. Th
correspond to small contrastc* ,1023.

IV. CONCLUSION

The temperature dependence of molecular cooperati
observed by means of heat-capacity spectroscopy indica
general behavior: A cooperativity onset in the crossover
gion and strong increase at low temperatures. Cooperat
seems an alternative concept that should be admitted
comparison with conventional concepts for explanation
dynamic glass transition, such as configurational entro
landscape paradigm, and dynamic heterogeneity. Molec
cooperativity corresponds to the original strategy of Ada
and Gibbs. The low contrast of cooperativity is a subtle
which causes that cooperativity can only be measured
extremely sensitive methods. We used statistical indep
dence accessible by thermal fluctuations via the fluctuat
dissipation theorem. Possibly, the main mystery of gl
transition — how can the individual, multifarious structur
of different glass formers produce a general mobility patt
in the Arrhenius plot — may be understood by relating t
different facets of glass transition to the cooperativity of t
a process. The main advantage of cooperativity is to have
additional intuitive parameter: the characteristic length
the a process with a definite temperature dependence.
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