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The Adam-Gibbs papdiG. Adam and J. H. Gibbs, J. Chem. Ph¢8, 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 copoly@®BR 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.

[. INTRODUCTION lated to the relaxation time(T), and Au is “largely the
potential energy hindering the cooperative rearrangement per
The main conclusion of the Adam-Gibb&G) papef was ~ monomer segment.” This is an interpretation in the sense of
that “The molecular-kinetic theory proposed in the presentSimorf that structural relaxation is not associated with a col-
paper explains the temperature dependence of relaxatidactive barrier, i.e., in the sense of Goldstein’s subsequent
phenomena in glass-forming liquids essentially in terms ofnergy landscapeAG suggested that the dependence\ pf
the temperature dependence of the size of the cooperativen T and z can be neglected. As seen from Ef.3), s* is
rearranging region'{CRR). AG “define a cooperatively re- then also considered as a constant. AG stressed that the deri-
arranging region as a subsystem of the sample which, upon\ation of Eq.(1.3) “is based essentially on the assumption of
sufficient fluctuation in energgor, more correctly, enthalpy  independent and equivalent subsystems,” i.e., CRR’s. We
can rearrange into another configuration independently of itsee, however, that(T), in other words the number of par-
environment.” In other words, CRR’s are defined by statis-ticles in a CRR, cannot be calculated from E¢k2) and
tical independence of their thermal fluctuations with relation(1.3) (nor from other AG formulas sinceS; in Eq. (1.1),
to glass transition. The formulas obtained & Eq. (10)]  when related to one mole, is trivial with respectN@nds; .
This situation will be called the “AG dilemma.”

Sc=Ns; (1.9 There are essentially two approaches to escape from the
dilemma. These phenomenological approaches will be called
“post AG variants” in this paper:

First variant=S. variant The first variant tries to find a
reformulation without leaving the configurational entropy
oncept. MatsuoKascales the temperature dependencs’of

with S; being the extensive configurational entropy of a mac
roscopic  supersystem composed oRN subsystems
(=CRR’9), ands, is the extensive configurational entropy of
the subsystem af monomeric units. FurthefAG Eq. (20)]
they introduce a critical size of a CRR for transition events®

marked by an asterisk J: with respect tcS.. He assumes thaf —0 for T—0 but, of
course,S,—0 for T—T,, whereT, is the Kauzmann or
Z* =Npst/S;, (1.2  Vogel temperature. This gives

where S; is now themolar configurational entropy of the
macroscopic sample ard, is the Avogadro constant. The z~TI(T—Ty). (1.4
main result iIfAG Eq. (21)]
I J— _ 5 . . . .
W(T)=Aexp —Aus* /KT S)=Aexg —C/TS.), Matsuoet al,” “assuming that the entropy within the CRR is
(M) A-Anse <) o ) (1.3 e’ calculate the CRR size from

where C is a constantk is the Boltzmann constanW(T) .
~1/7(T) is the transition probability that is reciprocally re- Z(T)=s; Na/S(T), 1.9
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wheres} = const is for a single molecule, arg{ is for one  etate, in accordance to that from the fluctuation approach.
mole. They extrapolate their precise experimestélr) data  This length corresponds thl, of order 100 particles per

to high temperatures and find then CRR (Ref. 17 and does not correspond to the estimations
) based on thé&; variant[Eq. (1.7)].
Sc(T)=s¢NaA—C'"/T%, (1.6 The sensitivity of calorimetric cooperativity to confine-

ment of glass formers in por€sand between layet$ of
rger dimension5—12 nm indicates that the condition of
is_tatistical independence for the CRR definition is sensitive to
small disturbances induced by such a confinement.
Recent HCS results show directly an onset of the coop-
z(Ty)=4-10. 1.7 erativea relaxation in the crossover regittf as previously

o _ indicated by dielectric measuremeRts?? For the cooperat-
In a more general argumentation: starting from the Kauzivity close to thea onset we observed, so far, for five

whereC’ is a constant obtained from the extrapolation. Both
methods give a moderate increase of CRR size for lowe
temperatures. They obtain values between 4 and 10 mo
ecules or monomeric units at the glass temperaturd g,

SC(T)NT—TO, T>T0 but nearTO, (18) Na(T)N(Tonset_T)zi T<Tonset- (113‘9
and assuming that the cooperativity has something to do withpis result is confirmed by differential scanning calorimetry
Sc(T) we expect from the AG equation, E(..3), (DSC) along a homologous series of polymers whose onset

N _ temperature systematically approachies.?® Interpolating
AT ~UT=To), T>To butneao. (1.9 between Eqs(1.11) and(1.13 we obtail;%salfor the fluctua-
This expectation is reflected by the Matsuoka formula Eqtion variant

(1.4), whereas the Kauzmann temperattigeis not directly

reflected in the Matsuo formula EL.6).
Second variantfluctuation variant.The CRR size is cal-
culated using a Nyquist-type fluctuation formdlZhis ap- .
proach corresponds directly to the AG CRR definition by@nd Py analogy, from Eq¢1.9) and(1.13 for the S, variant

statistical independence of relevant thermal fluctuations.

112, o\ 1-x
N, (x)—A—X , 0<x<1, (1.149

Calling znow N, , z=N,, we get the cooperativity from Nl/z(x):Arl_X O<x<1 (1.15
X
N,=RT?A(1/c\)/My5T?, (1.10 Vx
whereA and A’ are constants, andlis a reduced tempera-

where A(1/cy) = (1/cy) 935 (1/cy) "4 with ¢, being the

isochoric specific heat capacity, aad the temperature fluc-
tuation of one average CRR which can be calculated from X=(T—=To)/(Tonsei= To), (1.16
the transformation interval at, (Ref. 8 or from the disper-
sion of the imaginary part of dynamic heat capacﬁ%,, as

. ; =1 for the onset temperatui,,set
determined by means of heat-capacity spectroscop§5 . [ onset
(HCS).>"11 The isochoric specific heat will be approximated The crossover is hardly indicated by the temperature de-

by the isobaric specific heah(1/c,)~A(1/c,). pendence of configurational entropy defined &s= Sy
General problems with temperature fluctuation of sub-_ Sesta- Only @ weak bend is occasionally observed in the

systems will be discussed in a parallel paffeThis paper Melt heat capacity’ The AG relation Eq.(1.3, however,
contains a comparison of the statistical J. W. Gibbs approachi'€aks down above the crossovéiviscosity and dielectric

(no temperature fluctuationwith the thermodynamic von relaxation t|m§_2%ha}nge their temperature dependence above
Laué"® approachwith temperature fluctuationEg. (1.10 is the crqss_ove?. Since the' material is frozen far<T, our
based on the latter. The papecontains also a proposal how analysis is altogether restricted Tg<T<Tonser

a combination of dynamic neutron scattering, specific-heat 1€ general aim of the present paper is to look for a

capacity, and dielectric compliance can be used to decide tHiterion that can decide between the two post AG variants.

temperature-fluctuation issue by experiments in the cross.n€ Methodical problem is that at present such a decision

over region. must be based on cooperativities experimentally determined

The temperature dependence obtali8dy using a fluc- by means of the fluctuation variant, since tevariant does
tuational relation to the Williams-Landel-Fetfy (WLF) not give an independent way to experimental determination

ture,

wherex=0 for the Kauzmann or Vogel temperaturg and

equation forr(T) is stronger than Eq1.4) of cooperativities. Thead hocuse of configurational entropy
' for determination of cooperativity in the first variant is not
N,~(T—Ty 2 (1.1  suited for its test. On the other hand, Ef}.10 of the fluc-

tuation variant allows a determination of cooperativity as a
function of temperature by HCS independently from aaly
hocassurl;r%gtion about this temperature dependence. The only
o open point” of Eq. (1.10 is if subsystem temperature can in
Na(Tg)=35-290. (1.12 fact fluctuatet? Our idea is, therefore, to determimé,(T)

A first independent and quantitative determination from exfrom experimental HCS data using the fluctuation formula
change NMR methods for spin diffusihobtained a char- [Eq.(1.10] and to compare the results with the temperature
acteristic length o€,=3x1 nm for CRR’s in polyvinylac- dependences as obtained for the two post AG varides.

The CRR sizes af are in fact largerthan those from the
first variant, Eq.(1.7),
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TABLE I. Characteristic propertids = glass temperaturéy,, 3.0 — r r . r
andM = molecular weights of polymer chain and monomeric unit, ~ 25 L SBR : e
respectively;m=d(log w)/d(Tg/T)|T:Tg:fragiIity (Ref. 33]; of the ) sol
polymers. N e sl

E LSE 1
Sample Ty (K) M, (kgmol!)  Mg(gmol'®) m v,z 0.1
SBR 15007 215 ~500 61 97 :'Q A
PIB 201 101 56 43 g 0.0 frees
PS 373 270 104 117
_ 120
3SBR 1500 is a random styrene butadiene copolymer containing e 100k
0 i i Mot
23w% styrene and is not crosslinked. i 080F
(1.14 and(1.195]. The experimental problem is whether the ;3 0'60, pxc, L
experimentaN,(T) values from HCS are precise enough or S 008+ .

not to discriminate between the different temperature depen-
dences. The general problem is to formulate the conceptional
differences between the two post-Adam-Gibbs variants for
understanding glass transition, briefly: cooperativity vs con-
figurational entropy. 21

Il. EXPERIMENTAL RESULTS FROM HEAT-CAPACITY
SPECTROSCOPY (HCS)

Heat-capacity spectroscopy (HESw method'?) was
used to get the calorimetric parameters of Bql0 for three

*
P
=
o)
(&N
T

¢ 10° *m K%Y
n

amorphous polymers, polystyrenéPS, polyisobutylene & 0.00F b oy R
(PIB), and a random styrene butadiene copolyn®@BR 8'0 100 1&0' 40 160
1500, in the frequency range from 0.02 to 2000 Hz. Some T (°C)

properties of the polymers are given in Table |. To enlarge

the quality of the data at least three temperature runs on at FIG. 1. Real and imaginary parts of dynamic effusivipycy
least two different nickel heaters were performed for eact= pxCy—ipxCy, from heat-capacity spectroscofiCS) for SBR
sample. Small nickel heatefabout 1.5<6 mn¥) were used 1500 rubber, polyisobutylen@IB), and polystyren¢PS as func-
for high frequencies %1 Hz), while larger heatergabout  tion of temperature.

5x10 mnt) were used for low frequencig®.02—20 Hy.

This ensures that the signal amplitude and precision is largpSC and temperature modulated dynamic scanning calorim-
enough at high frequencigamplitude ~ ™%, while the  etry data(TMDSC). Two assumptions are necessary for this
thermal wavelength is small compared to the heater dimenprocedures(i) frequency independence pk, and (ii) tem-
sion at low frequencies, as required by the data evaluatioperature independence @f«. The first assumptior(i) is
concept** Further experimental details of our HCS setupwidely accepted. There are different experimental 8t
and data evaluation method are described elsewfiéfe. that p« is practically frequency independent in the range of

Typical isochronous ¢§=const) effusivity data, the dynamic glass transition. The remaining uncertainty of
prCh (@, T)=prCy(w,T)—ipkcy(w,T), as obtained from this approximation seems to be smaller than 10% in the HCS
our HCS setup are shown in Fig. 1. An upwards step in thérequency window. More critical is the second assumption
real part and a corresponding peak in the imaginary part, agi). Serious information about the temperature dependence
typical for compliances at the dynamic glass transition, weref thermal conductivity for polymers are rare. Moreover, the
obtained for all samples and frequencies. Transferring the(T) data in the literature are partly less defined. Usually,
different peak maxima in an Arrhenius plot (lagversus the temperature dependence is small, of order 10%/100 K,
1/T), we obtained WLRRef. 15 shaped trace&ig. 2). The and, if any, a slight bend nedf, is indicated. To test the
calorimetric traces for PS and SBR1500 are parallel to the «(T)=const assumption for our polymers we divided the
corresponding dielectric traces. Only a small frequency shiftow-frequency HCS data by,(T,®) data from TMDSC at a
(<0.3 decadegsbetween both traces is observed, similar ascomparable frequency. This temperature dependengscof
for other polymers® The large(about one decadérequency s of the of order a few percent for SBR 1500, PIB, and PS in
gap between HCS and dielectric traces in polyisobutylene ithe HCS temperature rang@ig. 3. The calculation of
probably due to a second relaxation process at frequencigg(1/c,) would only be influenced if thex(T) function
slightly above thex transition. This was previously observed change in the HCS dispersion zone is so large that the tan-
by shear measurements in a wide frequency-time rdhde. gent construction(see below used to determine (1/c,)

In order to calculate the cooperativity from our HCS datawould fail. This is obviously not the cag€ig. 3). The peak
[Eg. (1.10] we have to extract the pure dynamic heat capacwidth, 5T, would be influenced if the peak shape is signifi-
ity, ¢;(w,T), from our HCS effusivity datapxcy (w,T).  cantly modified by the underlying changesxiT). This can
We extractc;(w,T) data by calibrating the HCS data with be excluded because the relevant temperature intervl, 2
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0r 7 FIG. 3. Calibration ratiq;;cc,')/?:;, versus temperature for SBR
. L L ) 1500 (8), PIB (¢) and PS @). Dynamic effusivity pxcy(T) is
39 4.2 45 4.8 from HCS at 0.02 HASBR 1500, PSor 0.1 Hz (PIB). Dynamic
1000/ T (K" =
8 : — .( ) : heat capacity:é is from temperature-modulated DSRef. 67 at
PS (1/60Hz. The ratiopkc/c, for PIB (<) with ¢, from conven-
= 6} %\s\s\& 4 tional DSC dT/dt=—10 K/min) is additionally given. Note that
‘_; the particularity for PIB neaiTy results probably from the fre-
g 4t - quency shift between HCS and TMDS@r DSQ.
3
w2} . Figure 4 demonstrates how the calorimetric parameters,
- o oT and A(1/c,), were determined from normalized HSC
0r ] data: The A(1/c,)=(1lc,)9s-(1/c,)" ¢ values were
23 24 25 26 27 taken by a tangent construction to th(T) data from the
1000/ T (K real part isochrones«(=const), while thesT values were

obtained from a fit with the Gauss function to the imaginary

FIG. 2. Thea peak frequencies from HCIM) and dielectric  part ofcy (T)=c,(T) —ic;(T). Note that the statistical error
spectroscopy ©), on log, scale, versus inverse temperature for of the parameters obtained and the uncertainty of dke
SBR 1500, PIB, and PS. The solid lines are fits to the data with the,ormalization procedure influence only the absoNteval-
WLF equation logo=Ilog Q—B/(T—To)(To=Vogel temperature, yes, not the general shape of tig(T) curves. In the sense
log Q=logarithm of the asymptotic frequencl=curvature. Di-  of Eqgs. (1.14) and (1.15 only the prefactorsA and A’ are
electric data for the process () in SBR 1500 are added. The gffected, not the functional dependenceNf on reduced
dotted line corresponds to an Arrhenius temperature dependencetemperature. The uncertainty of absolute, values from

<20 K, is too small for a significant change a{T). In  DSC and TMDSC is estimated in Ref. 8.
summary, we think that the influence of a residpa{w,T) The calorimetric parametersiT and A(1/c), for our
function on our calorimetric parameters(1/c,) and 5T%,  three polymers have a well defined temperature dependence
can be neglected because its variation in the relevant teniFigs. 5a) and 8b)]: The 6T value increases linearly with,
perature region is small. while the A(1/c,) values decrease systematically. The onset
The data reduction procedure in Fig. 3 allows us also tdemperatured s Were estimated by a linear extrapolation
check the precision of our absolyi&cy values. The calcu- of Acy(T) to zero, the Vogel temperaturds were taken
lated px values are compared to literature data for in ~ from a WLF fit of dielectric data. The dielectrit, values
Table II. The data are in agreement if the large absolute HC8re comparable but more precise than the Vogel temperatures
uncertainty is taken into account. A comparisonpef data  taken from a WLF fit of our HCS data. The onset tempera-
from different HCS runs on one and the same sarfipible  ture ToneedS cOmparable with the temperatufg, where the
I1) indicates the value of this absolute uncertainty. The condynamic glass transitior and the Johari Goldstein process
sistency of data at different frequencies for one temperatur@ (Ref. 43 merge in the crossover region of SBR 1500
run on one heater is better because the main uncertainfff ;~295-325 K) and PS Tz~425 K).* Typical uncer-
comes from effects of different heater and sampletainties for theT, and T,nse Values in Table Il are about
dimensions® The data from different runs were, as men- =10 K.
tioned above, finally normalized by TMDSC calibration to ~ An extrapolation to high temperature gives (x=1)
get comparable values fdr(1/cy) in gK/J. The correspond- ~15 K at the onset, in good agreement with the experimental
ing pk prefactors are listed in the first column of Table Il. value 6T~20 K at the onset of the: process directly mea-
The shape of thé(1/c,)(T) curves is not affected by this sured in polyQ-hexyl methacrylateJ.A linear extrapolation
fixed-factor normalization. of 6T to low temperatures would givéT=0 at a finitex
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TABLE Il. Density and thermal conductivity near the glass temperature.

Sample pk (kgWm 4K~1) from HCS pk (kgWm 4K™1) from literature
SBR 1500 147 (1strun) 177-233 (T=25°C)? (Ref. 62

141 (2nd run 202—-204 (T=20°C) (Ref.63

136 (3rd run
PIB 67 (1strun 103-109 (T=20°C) (Ref. 64

68 (2nd run 120 (T=20°C) (Ref.63

75 (3rd run 118 (T=T,) (Ref.65

119 (T=25°C)" (Refs. 62 and 66

PS 125 (st run

159 (2nd run
136 (3rd run

131 (T=T,) (Ref.63
131-161 (T=T,) (Ref. 66
134 (T=T,) (Ref.62
168-174 (T=T,) (Ref.65

Crosslinked SBR 1500 rubber.
bsobutylene isoprene rubber vulcanized isobutylene isoprene copolymer containif® mol% isoprene.

>0 for all samples. This may be an indication for angperativityN?is a curved function of temperatutiefor all

exhaustio

where the derivative was calculated along the calorimetri{)
trace in a logw-T plot. For SBR 1500 the dielectric WLF
parameters were used. The calorimetric Kohlrausch expone

60,45

(Table Ill) was calculated from

of the possibilities of free volume to drive the
glass transition before the Vogel temperature could b
reached. Actually, we have no physical argument for a Iinea{
extrapolation to lower temperatures. The relaxation strengt
A(1/c,), as a function of temperature is individually curved
[Fig. 5(b)].
The isothermal frequency dispersiafln w [Fig. 5(c)]

was estimated by the local temperature time equivalence

three polymers. It increases dramatically for low tempera-
?ures(small X) and tends to vanish near the onset tempera-
pure Tonset (X=1). The lines in Fig. 6 are fits with the two
post-Adam-Gibbs variants, the configuration-entropy variant
[Eqg. (1.195, dashed linesand the fluctuation variantEq.
(1.14), solid lined. The thin lines are for the original equa-
tions [Egs. (1.9) and (1.11)] without consideration of the
crossover. These curves do not correspond to the experimen-
tal data. The bold lines, including the onset correction, ap-
roximate the data much better. This means that the exis-
ence of a cooperativity onset is indicated even by the
rc]:f)operativity data far below the crossover. The fitted onset
temperaturesT s (Table 1ll) are similar to the values as
observed from theAcy(T)—0 extrapolation described
above. The difference is about 10-20 K, with the higher
Tonsetvalues from thedc,— 0 extrapolation. The differences

The main experimental result of this paper, the temperaare larger for the configuration entropy variant than for the
ture dependence of cooperativily,, is presented in two fluctuation variant, but always smaller than 20 K. The ex-

different ways: versus reduced temperataie Fig. 5(d) and

perimental uncertainty of the lineaxc,(T)—0 extrapola-

directly versus temperature in Fig. 6. The square root of cotion is comparable.

o

c*(J/gK)

1.8F '

" liquid | E
PIB G, | smpsroscocnacncosoto—
15}F i s ]
12 ~ glass T
09 C 1
F ¢! =
P
0.10 | J
0.6 Hz )‘/Xg%& 60 Hz
005 1
4 e
0.00 | E
-120 -100 -80 -60 -40 -20 0 20
T (°0)

The mean deviationg? from the fits with both post-
Adam-Gibbs variants are comparalflable IIl). This means
that our HCS data cannot discriminate between them. The
N¥2(x) or NY(T) data are more curved than expectede
deviation plots of Fig. &

The parameterA of Eq. (1.14) vary between 6.4 and 10.3
(Table 11I), i.e., A'is not a universal but an individual con-
stant. This was also observed in Ref. 11. 'Ntéz(x) data for
different polymers, therefore, do not collapse in a single
curve [Fig. 5(d)]. Fitting formally the data byN,~(T
—To) Y would yieldy=5+1 in the available temperature
range for the investigated polymedsee Table Il. The prod-

FIG. 4. Example for the construction used for determination ofuCt §In w-JT increases systematically with reduced tempera-

calorimetric parameterg)T (Gauss fit, the double arrows aré®)
andA (1/c,) = (1/c,)9'3%5— (1/c,) """ [tangents in liquid and glass

zone of thecy(T) curved, from normalized HCS data.

ture x for the three investigated polymesig. 5(e)].
Figure 5 demonstrates the difficulty to discriminate be-
tween the two post AG variants including the onset behavior.
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FIG. 5. Calorimetric parameters for the determination of coop-
erativity, 6T (a) and A(1/c,) (b), estimated frequency dispersion
sInw (c), square root of cooperativiti’? (d), and the product
8T-8In w (Ref. 49 (e) as function of reduced temperatuxe- (T
—To) (TonserTo) for SBR 1500, PIB, and PS.
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Informativex values smaller than 0.3—0(8epending on fra-
gility) are not possible because of freezingTgt Informa-

tive x values larger than 0.6—0(8epending on thé value

need not be helpful because the behavior is there dominated
by the onset behavior. After choosing substances with a large
informativex interval we can only enlarge the data precision
and the frequency range of HCS to get data suited for a
decision between the variants.

Another way to decide between the two post-AG variants
may be the use of absolute experimehttooperativities at
Ty [N.(T4)~100]. To get such large cooperativities from
the S, approach, with its small variation range from Eq.
(1.6), would imply to connect the high-temperature critical
s¥ values not with a single particle* =1,*" but with larger
subsystemsz* >1, e.g.,z*~10 (cf,, e.g., Ref. 48 HCS
data for thea process al > T y,ce;Show, howeverN, ~ 1 94°
Thez* >1 proposal inside th&; variant does not lead to an
adequate explanation for the large cooperativitie$ at

Our general idea to understand the smijl~1 values
for thea process i¥ to connect them with a cage, including
the first coordination shell, as used in the interpretation of the
a process beyond the crossovar>T,.ser, Dy mode cou-
pling theory®* We think that forT>T,sithe molecular co-
operativity is localized at the cage door for escaping of the
“central” particle, whereas foiT <T st €SCaping requires
the assistance of a cooperativity shell in the molecular envi-
ronment of the cage. The details require a discussion of the
N, behavior across the crossover regfband a general
interpretatior® of the smallN,, values of order 1, both out-
side the scope of this paper.

The temperature dependence Nf(T) seems to ignore
the real liquid structure. At low temperaturll,, is much
larger than the first coordination numbef order 10, at
high temperaturdl,, is significantly smaller than 10. At least
for two substances, PIBFig. 5 and benzoin isobutylethéf,
N,(T) covers smoothly th&l ,~10 region without particu-
larity in the frame of the uncertainties. We expect that this is
a general phenomenon and suggest callirdjséngagement
of dynamic heterogeneity from liquid structure.

From an experimental point of view, the fluctuation vari-
ant seems to be a real alternative to tBevariant. The
change of dynamics at the crossover is explicitly indicated
by a definite change of cooperativity as calculated from the
fluctuation formula Eq(1.10. This change could not be ex-
pected from the smooth dependenceSpfT) or from the
moderate bend of the landscape excitation profile there. In

TABLE lll. Vogel temperatures and fit parameters for both post AG varigis. (1.14) and(1.15].

Sample To (K)  Acp—0 S variant[Eq. (1.19] FI variant[Eq. (1.14)] y Brww
Tonset (K) A’ Tonset X2 A Tonset X2 [Eq. (2.2)]
SBR 1500 184 289 11.8 262 0.51 6.2 277 044 40 6835
PIB 159 259 115 252 0.96 7.7 258 0.65 5.6 @4R05
PS 330 433 15.4 419 0.88 9.8 427 0.78 49 66095
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12
N

(@) (b)

FIG. 7. Cooperatively rearranging regiofSRR’s) for no dy-
namic heterogeneitya) and for the Glarum defect diffusion real-
ization of dynamic heterogeneity). White = islands of mobility,
large logw. Gray = cooperativity shells, low log. &£, = charac-
teristic length= average size of a CRR. The low density contrast of
the part(b) pattern makes it appear as shade upon molecular pic-
tures.

Ill. CONCEPTIONAL DIFFERENCES

A. Adam-Gibbs paper relationships

In the AG papet, statistical independence was only used
for additivity to make statistics with subsystems. To get the
maximal term of an isothermal-isobaric configurational par-
tition function, aA factor inA for G=zu=—KkTIn A, they
“sort the subsystems into two classes, thasen number,
that reside in states which allow a cooperative rearrangement
and theN—n that are in states not allowing a transition.”
The result is

Adz,p, T)= > We(Z,Epor, V)EXP — Epo/KT)

pot

X exp(—pVIKT). (3.2

The configurational entrop$. was then expressed directly
as the logarithm of configuratio, of the maximal term of
the partition function. This procedure is reflected in a second,
slightly varied definition of a CRR “as the smallest region
that can undergo a transition to a new configuration without
a requisite simultaneous configuration change outside its
boundary.’®

To get the explicit relationship o8, and dynamicgEqg.
(1.3)] they gauged the general relation at high temperature
with critical CRR transition values faz ands,, z* for s; .
Since the cooperativity was only aimed to handle the addi-
tivity they did not try to obtain an explicit formula fa(T).

1 L 1

375 400
T (K) B. Statistical and energetic independence
FIG. 6. Cooperativity as function of temperature for SBR 1500,  \ye consider two extreme variants of the subsystem inde-
PIB, and PS. The lines are fits to the data by the conflguratlon-p(_:‘ndence problem with respect to dynamic heterogeneity.
entropy variant(dashed lines and the fluctuation variangsolid (i) No dynamic heterogeneityin this variant we think
lines). Bold lines are obtained using Eqel.14 and (1.19 with w0 "in orinciple, each molecule can be the center of a non-
cooperativity onset, thin lines are from E@%$.9) and(1.11) without trivial CRR as defined by statistical independefig. 7(a)]
cooperativity onset. Typical errors are indicated and are considere.?he result is a large overlap of CRR’s with no re]électio'n of
during the fitting procedure. The fit parameters are given in Tablefhem neither in the Gibbs distribution nor in the eneray land-
lll. Deviation plots for the configuration-entropy variafEq. The additivit ded f o, d ergy Vi
(1.14,0] and for the fluctuation variafEg. (1.19, X] are given Ecapeb € addivity neede dOLa he"gf) ynamic analysis
in the lower parts. y subsystems IS guarantee y t e Riesz representation
theorem of probability theory Supposing that to each con-

tinuous functioru vanishing outside a finite intervébutside

the next section we will therefore discuss some conceptiong{ny CRR there corresponds a numkgfu) with the follow-
differences between the fluctuation approach and the convefhg properties: linearity, i.e.,

tional approaches to glass transition such as configurational
entropy, landscape paradigm, and dynamic heterogetteity. E(cquqi+Couy) =c1E(uy) +CcoE(Uy), 3.2
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positivity [u=0 implies E(u)=0], and normalizability. (3.4). The question instead is how large is the contrast of the
Then there exists a unique probability distributierwith Fig. 7(b) pattern. We discuss the contrast problem in relation
to the landscape paradigm.

The landscape paradigftis a popular concept to discuss
the glass transition dynamics in a one-dimensional picture
with many molecular potential barriers. The hope is to get a
better insight from this picture than from other one-
dimensional(related to spagepictures as, e.g., from the in-
termediate structure functio8(Q,t) or its Fourier trans-
Sorms. The problem is to get a precise map from the high-
dimensional configuration spadg} to the one-dimensional

To mitigate the shock of Fig.(@), we should remark that | X i .
Eq. (1.10, from which our cooperativity was determined, gndscape, premsel'y enough to discuss details or even subtle-
‘ties of slow dynamics.

stems only from temperature fluctuation. The conjugate vari: ) ) ) )
able in thermodynamics is not the energy or the enthalp)é_ Note the different dimensiong of related constructions.
itself, but the entropy with no direct relation to energy pic- 1he energy hypersurfackqo(q), should at least include the
tures. relevant subsystem, a CRR. Its dimensionds f,N,,

The statistical independence of Figa7CRR'’s is decou- Wheref, is the number of degrees of freedom of what is
pled from the energetic independence of Landau-type sulsounted as a particle. The real, geometrical space where

E(u)=f u(x)F{dx}. (3.3

Identifying E(u) with the internal energydU=TdS-pdV,
Eq. (3.3 means to find always, irrespective of the overlap in
Fig. 7(a), an additive sefdx}, i.e., a set of CRR subsystems
which is representative for a thermodynamics of the whol
sample.

systems as mediated by the Gibbs distribution structure and dynamics are measured #as3, of course,
and the landscape is considered as a function of one “col-
Epodd1,02) lective coordinate,”d=1.

_ Let, for instance, a landscape basin be defihbgl a par-
=Epol(d1) + Epol d2)=€xp(— Epod d1,02)/kT)dq tition of the configuration space such that a local minimiza-
=exp(— Epof(01)/KT)dq; - exp(— Epod(d2)/KT)dQ, . tion of E,(q) maps any point in a basin to the same mini-

(3.4 mum. At lower temperature, i.e., with cooperativity, the

' sampling shifts to lower energies and mutual access among

The intermolecular potentials are not switched-off for thebasins becomes subject to considerable activation, the sys-
overlap picture Fig. @. The same must be assumed fortem explores minima with substantially higher energy barri-
small z* of order one in the AG approach. Statistical inde-ers. We may think about cratéfsn the landscape. Such a
pendence directly derived from E@.4) would prevent large landscape is related to configurational entropy by an excita-
variation of cooperativity with temperature as well as smalltion profile®® Is this landscape picture really informative
cooperativities inside the second configuration shell. about our cooperativity?

Note that the CRR’s are functional, i.e., they are exclu- In general, energetic separation implies statistical inde-
sively related to the Fourier components of the slow molecupendence, but the inverse is not always true. There are ex-
lar movements with frequencies in the dispersion zone of themples for statistical independence in systems whose parts
« process of dynamic glass transition. It is their part of theare strongly coupled by energy. An old example are playing
temperature fluctuation that is exclusively used in our Eqcards: an ace of hearts couples physically the independent
(1.10 for N,,. This large and slow fluctuationsT?) cannot  events of getting aces and hearts. In a way, the independence
be quenched by thermal conductivity due to the fastand functionality of CRR’s corresponds to the play, not to
phonons. the deck of cards. Since statistical independence can, in prin-

(i) With dynamic heterogeneityet us now assume to ciple, be imagined without energetic barri¢Fsg. 7(a)] it is
have a dynamic heterogeneityn the special form of a fluc- nota priori agreed that a CRR must correspond to craters or
tuating spatiotemporal pattern of localmobility, logw. As ~ something similar with high-energy barriers. Are there per-
a concrete model we think about a Glarum defect diffusiorhaps secret paths for the subsystem point in the high-
model?® interpreted as a cage whose escaping ability belowdimensionalE,{(q) hypersurface corresponding to cooper-
the crossover is retained, as mentioned above, by means afivity and avoiding the postulated barriers? Is cooperativity
an assisting cooperativity shell in the environm&nEach formed by competition of many equivalent pieces of a “col-
CRR consists then of a cage an island of mobility’ in a  lective” path in a “rugged” Epo(q) hypersurface yielding a
cell of lower mobility [Fig. 7(b)]. The average size of a ‘“gentle” one-dimensional(1D) landscape for the process?
CRR, ¢&,, is defined by the average distance between thé&specially if the density contrast corresponding to the 3D
islands. island picture for mobility logw [Fig. 7(b)] is small? Since

Assume thati) beside the Maxwell factor, only a poten- the landscape is mainly determined by the steep intermolecu-
tial intermolecular energ¥ . is needed for an explanation lar repulsion potentials it seems legitimate to consider den-
of the dynamic glass transition, afit) that the Gibbs distri- sity contrast instead of barrier heights.
bution contains fluctuation enough for this purpose. Phen  The 3D density contrast of the Glarum pattern was esti-
such a pattern must be reflected by the Gibbs distributiomated to be extremely weak at low temperatures. We used a
(being then the “static” boundary for this dynamic hetero- free-volume treatment of Glarum defects by means of Levy
geneity, by the structure, and by the landscape. We do notimit distributions3**From a partition of a CRR into partial
think, again, that the CRR independence is directly mediatedystems, inside a CRR, we get a “fluctuating” free volume
by the range of intermolecular potentials as expressed in Eg.; of order N;l’“, invariant against partition variants. This
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free volume is related to one average CRR and will be usedeally be monitored by such small density contrasts as indi-
as a measure for the density contrast for cooperativity, cated by Eq(3.5) for N,>100? Two qualitative possibilities
evolving from too small a contrast can be imagined. Either

N~ Ve .. . .
c* =N, (35 the cooperativity will become larger than indicated K§/?
The power law follows directly from Levy scaling with the ~ 1/x for low temperatures because the Glarum defect cannot
Levy exponente= By . The contrast* of Eq. (3.5) de-  explore the whole cooperativity cell — the possibilities of

creases dramatically when the cooperativity increases as fée defect diffusion are “exhausted” — or the cooperativity
low temperatures below the crossover. Putting the contrad¥ill become smaller due to other processesch as anx
c*=1 at a crossover witlN,=1, we get a relative density Precursor betweea ands procesgthat may help the liquid
contrast of order 10* for N,=100 anda=1/2. Large, in- 0 remain mobile. The largeN,, values for the lower tem-
dependent CRR’s need not be represented by high-energigratures in Fig. 5 may indicate the first possibility. They
barriers. Such low contrast also does not allow us to con-correspond to small contrast <10™°.
clude that a characteristic length is absent when structure
research fails to find it. At present, structure experiments are
sensitive to a contrast larger then 0or 10", say. The temperature dependence of molecular cooperativity
_Note that the density contrast of E@.5) for cooperativ-  gpserved by means of heat-capacity spectroscopy indicates a
ity is much smaller than the density contrast due to thermajeneral behavior: A cooperativity onset in the crossover re-
density fluctuations of CRR's monitored by the compressyjion and strong increase at low temperatures. Cooperativity
ibility. The latter contrast is of ordec=N,™*, since the geems an alternative concept that should be admitted for
relevant Gauss distribution corresponds to a Levy exponemomparison with conventional concepts for explanation of
a=2. The cooperativity contrast® is a subtlety of the dynamic glass transition, such as configurational entropy,
Epot(d) hypersurface that can appear in low dimensions onljandscape paradigm, and dynamic heterogeneity. Molecular
after careful averagingas, e.g., realized by a scattering ex- cooperativity corresponds to the original strategy of Adam
periment on a large sampke¢,). It seems extremely diffi-  and Gibbs. The low contrast of cooperativity is a subtlety
cult to find a precise map from the high-dimensional con-which causes that cooperativity can only be measured by
figuration space to a one-dimensional landscape picture thakiremely sensitive methods. We used statistical indepen-
can realize a real-space cooperativity contrast of order dence accessible by thermal fluctuations via the fluctuation-
=10“ dissipation theorem. Possibly, the main mystery of glass
Assume that the Vogel temperatug is a measure of the transition — how can the individual, multifarious structures
landscape roughnéSsin the temperature range of a of different glass formers produce a general mobility pattern
specifié® WLF equation. The Vogel temperatufg for thea  in the Arrhenius plot — may be understood by relating the
process above the crossover is larger tiigrfor the o pro-  different facets of glass transition to the cooperativity of the
cess below the crossovérWe expect from the small Vogel « process. The main advantage of cooperativity is to have an
temperature that the landscape roughness below the crossdditional intuitive parameter: the characteristic length for
over is in fact smaller than above the crossover. Largehe o process with a definite temperature dependence.
CRR’s defined by statistical independence cannot easily be
detected: We had to look for a tiny contrast in a nonrugged ACKNOWLEDGMENTS
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