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The temperature dependence of characteristic length scales associated to the glass transition such as the
cooperativity length scale introduced by Adam and Gibbs [cooperative rearranging region (CRR)] or the
dynamic heterogeneity as estimated from the four point correlation function yy,, is at the center of large
interests. Broadband dielectric spectroscopy and temperature modulated differential scanning calorimetry allow
to study the CRR size temperature dependence in the temperature range of ergodicity loss for glass-forming
liquids, starting from the onset of cooperativity in the crossover region down to the glass transition tempera-
ture. Furthermore, the correlation between these two techniques allows to explore a large frequency range
(from 1 mHz to 10 MHz). The goal of this work is to follow the cooperativity evolution along the Arrhenius
plot for two different polymeric systems: poly(ethylene 1,4-cyclohexylenedimethylene terephthalate glycol)

and poly(bisphenol A carbonate).

DOI: 10.1103/PhysRevE.81.041805

I. INTRODUCTION

If a glass-forming liquid is cooling down a dramatic in-
crease in the viscosity and the structural («)-relaxation times
7 is observed. Decreasing the temperature at atmospheric
pressure by a factor of 2, 7 may increases by more than 14
orders of magnitude. This dramatic increase in the relaxation
times with decreasing temperature can be most naturally in-
terpreted assuming a cooperative behavior of the relevant
molecular motions. Like in low molecular glass forming lig-
uids in the polymeric glass formers, segmental dynamics are
known to be cooperative [1,2] rearranging movements of a
given structural unit are only possible if a certain number of
neighboring units are also moving. These movements con-
cern molecular fluctuations in a polymeric chain and a part
of various molecular units belonging to neighboring chains.
The extent of this cooperativity is assumed to increase with
decreasing temperature and should be in the range of a few
nanometers at the thermal glass transition. Adam and Gibbs
[3] have introduced the notion of the cooperative rearranging
region (CRR) defined as a subsystem, which can rearrange
its configuration to another one, independently of its environ-
ment. Using this picture the temperature dependence of the
relaxation time close to the thermal glass transition tempera-
ture 7, which obeys the empirical Vogel/Fulcher/Tammann
(VFT) law [4-6] can be well described. For higher tempera-
tures than 7, at a temperature Ty in the range Ty/T,
~1.2—1.3 the temperature dependence of 7 changes from
this low temperature VFT behavior to a high temperature
VFT law (see for instance Ref. [7] and literature quoted
there). In parallel to the change in the temperature depen-
dence of the relaxation rate also a change in the temperature
dependence of the dielectric relaxation strength [8] is ob-
served at Tg. Moreover in the same temperature range the
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localized Goldstein/Johari (genuine) B process which is re-
garded as a precursor of dynamic glass transition splits from
the « relaxation (see Refs. [7,9] and literature quoted there).
Although the temperature dependence of the relaxation time
is still weak non-Arrhenius, it is widely discussed in the
literature that Ty indicates the onset of cooperativity. It is
also worth to note that the critical temperature predicted by
the mode coupling theory to the glass transition [10] is quite
close to Tg. According to this theory for temperatures above
Tc or Ty the molecular motion can be described by a cage
leaving-flow process which also leads to a non-Arrhenius
temperature dependence of the relaxation rates.

Literature shows a great interest of scientists in determin-
ing the temperature dependence of such system cooperativity
either by using the Adam and Gibbs theory [11-16], or by
calculating a correlation number from the four point correla-
tion function y, [17-19]. In this work, we propose to use the
fluctuation approach developed by Donth to estimate the size
of the CRR also in its temperature dependence.

According to Donth et al. [20], the CRR volume can be
calculated from the von Laue approach describing a system
with a fluctuating temperature. Each CRR presents a fluctu-
ating region of molecular mobility (and so relaxation time)
and can be understood as a group of ‘“sub-subsystems,”
called structural units, each one having its own glass transi-
tion temperature, and its own free volume, linked to its own
relaxation time. The resulting glass transition temperature
distribution can be experimentally obtained from tempera-
ture modulated differential scanning calorimetry (TMDSC)
[21] or from broadband dielectric spectroscopy (BDS) [7].
According to this approach, the average volume of a CRR
denoted as V, can be estimated according to the following
equation [1]:

A(1/C,
o= ﬁkﬂi, (1)

where T, is the dynamic glass transition temperature, p the
density at T,, kg the Boltzmann constant, 6T the average
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TABLE 1. Measured quantities in TMDSC and BDS experiments.

BDS

TMDSC
Disturbance Temperature 7'
Response Entropy S

Material function

Entropy compliance Jg(w)

Electric field E
Polarization P
Dielectric susceptibility x"(w)

temperature fluctuation related to the dynamic glass transi-
tion of an average CRR. From the application of the fluctua-
tion dissipation (or Callen-Welton) theorem [22,23] to heat
capacity spectroscopy (HCS, with entropy S as extensive
variable and temperature T as intensive variable) and ap-
proximating the loss part C” of the complex heat capacity C*
as function of temperature at fixed frequency as a Gaussian,
Donth has shown that the average temperature fluctuation 6T
corresponds to the standard deviation o of the Gaussian [1].

The difference in reciprocal specific heat capacity at con-
stant volume A(1/C,) is determined at the dynamic glass
transition temperature 7, from TMDSC data via the approxi-
mation

A(1/Cv) = A(I/Cp) = (l/cp)glass - (]/Cp)liquid’ (2)

where C, is the specific-heat capacity at constant pressure.
The average CRR volume have been calculated for nu-
merous organic polymers to study for example the influence
of nanofiller content, the confinement effects due to the pres-
ence of crystalline phases, on the glass transition dynamics
[12,24-26]. Recently, Schroter published a review article
concerning the estimation of characteristic length scales or
cooperativities for the « relaxation by the fluctuation ap-
proach from calorimetric data and put in evidence that it is
an important tool in studying molecular mobility [27]. The
number of particles per CRR noted N, can be estimated by

_PNAVe  NAA(LIC))
T My Myer)? P

Ng 3)
where N, is the Avogadro number and M, the molar mass of
the relevant structural unit, in the considered case the mo-
lecular mass of the repeating unit. It worth to note that the
number of segments N, is one CRR do not belong to one
polymeric chain but to many chains, because close to the
glass transition a polymeric melt is a quite dense system.
As discussed above, the relaxation function or spectra at
the dynamic glass transition (« relaxation) of glass forming
liquids in general and polymers in a more special case, is
much broader than the Debye function (single relaxation
time) and has to be described by a relaxation time distribu-
tion function. Thus, the Arrhenius diagram representing the
relaxation time as a function of temperature does not corre-
spond to a single curve associated to a single function 7(7),
but to a so-called dispersion zone [1]. Assuming the time/
temperature equivalence and representing the sample in
terms of an average CRR size, o7 also represents the tem-
perature range of this dispersion zone. From this viewpoint,
HCS experiments such as the 3w method [28-30], TMDSC
[31,32] and ac chip calorimetry [33-35] allow to study the
temperature dependence of the cooperativity length scale cal-

culated at the corresponding dynamic glass transition tem-
perature, this means along the trace of the dynamic glass
transition in the Arrhenius plot [36,37]. All parameters of Eq.
(3) can be determined by HCS for different frequencies @ or
corresponding temperatures T,.

The study of the « relaxation as function of the frequency
or temperature leads to the determination of its characteristic
parameters, in particular of the average temperature fluctua-
tion o7 and the dynamic glass transition temperature 7. This
enables the calculation of the temperature dependence of the
CRR size in a wide temperature range, starting from the
onset of cooperativity in the crossover region around 7j
down to the thermal glass transition temperature 7.

In order to explore a large frequency range (from 1 mHz
to 10 MHz) it is useful to correlate the HCS method with
BDS. There are several common and/or complementary fea-
tures for the glass transition phenomenon studied by these
two techniques:

(i) Both methods probe the dynamic glass transition by
applying a periodic perturbation to the sample (a modulated
temperature ramp in TMDSC and a periodic electrical field
in BDS). These techniques allow to measure complex quan-
tities: the complex heat capacity C; for TMDSC and the
complex dielectric permittivity £ for BDS consisting in cor-
responding real and imaginary parts (respectively C|) and C[,
e’, and £") [7,18].

(ii) From the point of view of the linear response theory
both the complex permittivity and the complex heat capacity
are generalized compliances. Therefore, both quantities can
be compared directly.

(iii) The response forms: by TMDSC, the dynamic glass
transition is traduced by a heat capacity step AC, in the real
part and a dissipative peak in the imaginary part. By BDS,
the dynamic glass transition is traduced by a step called di-
electric strength Ae and a peak in the imaginary part. AC,
and Ae are both linked to the amorphous phase quantity
involved in the glass transition [4,6].

(iv) At each temperature, the glass forming liquids present
a relaxation time distribution function. Using an Arrhenius
diagram, these distributions are represented by a dispersion
zone [1]. It is known that this dispersion zone broadens as
the temperature increases. This is shown by a broadening and
a loss peak shift toward higher temperatures as the frequency
of the applied perturbation increases, which is observable by
BDS [6] and by HCS experiments [21,38].

However, the measured quantities are different between
these two experimental techniques (see Table I):

(i) The temperature T and the electric field E are the in-
tensive variables

(ii) The entropy S and the orientation polarization P are
the extensive variables
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FIG. 1. Real part (C") and loss part (C”) of the complex heat
capacity C* () versus temperature for PC for the different oscilla-
tion periods (40, 60, 90, and 120 s) at a cooling rate of q=
—0,5 K/min, and an oscillation amplitude of 1 K.

The Callen-Welton theorem application gives the follow-
ing relations for TMDSC [1]:

TAT*(w)
Gilw)y=—""7", 4
o) =" )
TwAS*(w)
Jo(w)=——7, 5
o) =" 5)
G is the imaginary part of the complex temperature modu-
lus G;=‘;—§ =Cl and J¢ the imaginary part of the complex

entropy compliance J;:Z—‘;:%, and AT*(w) and AS*(w) are
the respective spectral densities of temperature and entropy
fluctuations and c;, the complex specific heat capacity at con-
stant volume.

For BDS the equivalent relations are the following [6]:

A 2
M () = ka_ETW) (©)
B
2
X(0) = () -1= T, )
B

M" is the imaginary part of the complex electric modulus
*:g—i and x” the imaginary part of the dielectric suscepti-
bility X*:s*—l:j—;, AE*(w) and AP*(w) are the respective
spectral densities of the local electric field and the polariza-
tion. £* is the complex dielectric permittivity.

Combining Egs. (4) and (7) yield

AT () _ Gi(w)

AP(@) - Y@ ®

Assuming that G7.(w) and x”(w) can be factorized in an in-
tensity factor and a spectral shape function of (w)

Gi(w) = Gy(T) X fr(w)  X'"(0) = xo(T) X f(w). (9)
It holds
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FIG. 2. Real part (C’) and loss part (C”) of the complex heat
capacity C* (1) versus temperature for PETg for the different oscil-
lation periods (40, 60, 90, and 120 s) at a cooling rate of q=
—0,5 K/min, and an oscillation amplitude of 1 K.

AT () _ Go(T) X fr(@)
AP0) XD X f(@)

Provided that temperature and polarization fluctuations have
approximately the same spectral shape function fr(w)
=~ fX(w), which seems to be a reasonable assumption, the
width of the temperature fluctuations can be estimated from
the width of polarization fluctuations.

The aim of this work is to follow the cooperativity evo-
lution along the Arrhenius plot for two different polymeric
systems poly(ethylene 1,4-cyclohexylenedimethylene tereph-
thalate glycol) denoted as PETg and poly(bisphenol A car-
bonate) denoted as PC, and to compare the experimental de-
pendencies with the theoretical ones on a large frequency
domain. Furthermore, this work allows to confirm that tem-
perature and polarization fluctuations have comparable spec-
tral shape functions fr(w)= f,(w).

(10)

II. EXPERIMENTAL

Amorphous PETg is provided by Eastman Chemical Co.
Its monomer unit molar mass is 218 g/mol, its number aver-
age molecular weight is 26 000 g/mol, and its glass transi-
tion temperature is 350 K. PC is provided by general elec-
trics. Its monomer unit molar mass is 192 g/mol, its number
average molecular weight is 47 400 g/mol and its glass
transition temperature is 418 K. The molecular weight of
weight of both polymers is considerable high and above the
critical molecular weight of ca. 10* g/mol below that chain
end effects have to be considered. The samples are analyzed
using TMDSC of thermal analysis (TA Q100). Calibration in
temperature and energy is carried out using standard values
of indium and zinc, and the specific heat capacities for each
sample are measured using sapphire as a reference. For a
detailed discussion see for instance reference [39]. The
sample masses are chosen to be similar to the sapphire
sample mass, i.e., approximately 20 mg. The TMDSC ex-
periments were performed with an oscillation amplitude of 1
K, an oscillation period of 40, 60, 90, and 120 s and with a
cooling rate of 0.5 K/min. The calibration is performed for
each frequency. These experimental parameters give the best
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“signal to noise” ratio obtained with the used apparatus. The
samples sustain a thermal treatment at 400 and 470 K, for
PETg and PC, respectively, during 10 min, in order to avoid
thermal history effects.

Dielectric relaxation spectroscopy experiments are carried
out in a parallel plate geometry using circular gold plated
having a diameter of 20 mm. The Novocontrol Concept 40
ALPHA-analyzer interfaced to the sample by a broadband
dielectric converter (BDC, Novocontrol) allows to obtain the
complex dielectric permittivity under a nitrogen atmosphere
isothermally in the frequency range from 107! to 10’ Hz.
The temperature is varied between 193 and 433 K for PETg
and between 400 and 470 K for PC, in consecutive increas-
ing steps of 3 K and is controlled with a stability of AT
=0.1 K (Novocontrol Quatro system controller BDS 1330).

The samples sustain a thermal treatment between the elec-
trodes in order to improve the material/electrodes contact
and to avoid thermal history effects. This treatment consists
in annealing at 400 and 470 K, respectively for PETg and
PC, during 10 min, followed by a cooling run at 10K/min to
the start temperature.

III. RESULTS

From TMDSC, different signals are obtained: the total
heat flow and the complex specific-heat capacity C* [21,39]
given by the following equation:

o= A L (11)
wAT m

Where Aq is the amplitude of the modulated heat flow, Ay the
amplitude of the temperature, and m the sample mass. Due to
the phase shift ¢ between the calorimeter response function
(i.e., the total heat flow) and modulated temperature, two
components C' (the in-phase component, real part) and C”
(the out-of-phase component or loss part) are calculated ac-
cording to

C' =|C*|cos ¢, (12)

C"=|C"|sin ¢. (13)

PHYSICAL REVIEW E 81, 041805 (2010)

However, the raw phase lag, as given by the apparatus,
must be carefully corrected for heat transfer effects [40,41]
(between the sample and the thermocouple and in the sample
itself) and also because of apparatus asymmetry [42].

Concerning BDS measurements, in the frequency domain,
to remove the contributions of the conductivity from the «
relaxation process a power law [43] and the Havriliak-
Negami [44] function is used:

o Ae
S+

NO) G [1+ (w7’ (14)

e'(w) =

&
where oy is related to the conductivity contribution of mobile
charge carriers, s is a fitting parameter and g, is the permit-
tivity of vacuum. g, is the unrelaxed dielectric permittivity,
Ag the dielectric relaxation strength, 7 the relaxation time, «
and S the Havriliak-Negami parameters describing the sym-
metric and asymmetric broadening of the relaxation time dis-
tribution function, respectively. Contributions of a S relax-
ation due to localized motional processes at higher
frequencies are removed from the « relaxation by applying a
second HN function.

To have a consistent treatment for both TMDSC and BDS
data the loss peaks are analyzed in the temperature domain
using (for BDS the analyzed data are used as described
above) a Gaussian law by a Levenberg-Marquardt iteration

procedure
A T-T,\*
—exp , (15)

or\2m or

(1) =

where A corresponds to the peak area.

Figures 1 and 2 show the real and the loss part of the C*
(T) for PC and PETg, respectively, measured by TMDSC at
different frequencies. With increasing frequency, for both
samples, the heat capacity step in C" and the loss peak maxi-
mum in C”, corresponding to the dynamic glass transition
temperature T, shifts to higher temperatures when the fre-
quency increases (i.e., when the oscillation period decreases
as mentioned on the figures) as expected and observed in the
literature [45]. A more careful inspection of these thermo-

TABLE II. TMDSC results on PC and PETg with different modulations periods. 7, is the dynamic glass
transition temperature, equivalent to the loss peak maximum; o is the Gaussian standard deviation of the
loss peak; V, and N, are respectively the volume of an average CRR and the particle number in the average

CRR.
Period T, oT Va

Sample (s) (K) (K) (nm?) N,
PC 40 420.3£0.5 3.04+0.05 26.4+3 76+7
PC 60 419.7£0.5 2.99 +0.05 274+3 79+7
PC 90 419.3£0.5 2.92+0.05 28.7+3 82+7
PC 120 418.6 0.5 2.75%=0.05 32.6*3 93+8
PETg 40 352.7*+0.5 2.89+0.05 22.6%2 79+8
PETg 60 351.8%+0.5 2.81=0.05 23.9%2 84+8
PETg 90 351.7%+0.5 2.86 =0.05 23.1%2 818
PETg 120 350.9+0.5 2.78 =0.05 245=*2 868
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450 6

FIG. 3. (Color online) Dielectric loss versus frequency and tem-
perature for PC.

grams give that for both samples the imaginary part of the
specific heat capacity C” show frequency independent low-
temperature wings. As discussed in detail by Weyer et al.
[46], this might be due to an interference between the mea-
surement of the complex heat capacity (dynamic glass tran-
sition) and vitrification of the sample on cooling down to the
thermal glass transition temperature (thermal glass transi-
tion). A disentanglement of both effects requires the applica-
tion sophisticated models based on the Tool/
Narayanaswamy/Moynihan treatment which is beyond the
scope of this paper. Nevertheless on has to keep this in mind.

Also, the loss peak broadens with increasing frequency,
leading to an increase in the standard deviation o of the
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FIG. 4. (Color online) Dielectric loss versus frequency and tem-
perature for PETg.
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FIG. 5. (Color online) Superposition of the loss peaks obtained
by TMDSC (thick line) and BDS (thin line) for PC.

Gaussian fitted to the data. From that data the mean volume
of the CRR are calculated by Eq. (1). The determination of
the CRR size from Eq. (3) needs the knowledge of the
specific-heat capacity in the glassy and in the liquid state.
Therefore, the heat capacity values are linearly extrapolated
to the dynamic glass transition temperature 7', for each fre-
quency. The TMDSC results are reported in Table II for both
samples. As expected, the cooperativity volume increases for
both samples when the oscillation frequency decreases, i.e.,
the dynamic glass transition temperature 7, approaches the
thermal one (7,). These results are in agreement with those
obtained in literature concerning the evolution of the coop-
erativity with temperature [13,14,16-18].

For PC and PETg dielectric loss spectra are presented in
Figs. 3 and 4, respectively. For both samples the « relaxation
peaks, broadens and shifts toward higher temperatures when
the frequency increases. The conductivity phenomenon (p) at
high temperature and low frequency is also observed in this
raw data. Especially for PETg the conductivity contributions
are rather strong and circumvent a reliable analysis of the
dielectric data at lower frequencies. Moreover for the PETg
sample, another loss peak is observed, characteristic of local-
ized B relaxation.

The loss peaks obtained from TMDSC and BDS are su-
perimposed on Figs. 5 and 6 for PC and PETg, respectively.
It is worth to notice that the loss peaks increase continuously

0.35 It

0.3 T 0.04
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C" J/gK)

AT 5
'I’."”"""““““‘"“;""“v‘ "'."_’,',".,,;,—'7'-’\‘7,&
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FIG. 6. (Color online) Superposition of the loss peaks obtained
by TMDSC (thick line) and BDS (thin line) for PETg
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FIG. 7. Evolution of the relaxation time and the dispersion zone
as a function of the dynamic glass transition temperature in an
Arrhenius plot as deduced from BDS and TMDSC experiments.
Dashed lines represent the fit of the VFT equation to the corre-
sponding data for each polymer.

in temperature and in broadness with increasing frequency.
This indicates that the suggested analysis procedure seems to
be reasonable.

IV. DISCUSSION

To check the equivalence and continuity between the two
techniques in terms of relaxation time, the relaxation time
deduced from applied frequency for BDS and TMDSC ex-
periments (7=1/2f) is plotted as a function of temperature
in an Arrhenius plot (Fig. 7). VFT formula is fitted to the

data [4-6]
B
T- To) ' (16)

T=1 exp(

with 7, the pre-exponential factor, B a fitting parameter, and
T, the so-called Vogel or ideal glass transition temperature
which is approximately equivalent to the Kauzmann tem-
perature Ty [47]. The values of the estimated parameters are
given in Table III and are similar to those obtained from the
BDS experiments [48-50] and also with literature data [36].

As discussed in the introduction the temperature depen-
dence of the relaxation time can be considered as one crucial
point of glassy dynamics. The comparison of the relaxation
data obtained by these two different probes gives similar and
consistent results for 7(7). The comparison of the CRR size

TABLE III. Values of VTF parameters obtained by fitting the
VFT equation to the data of PC and PETg.

7'0 B TK
Sample (s) (K) (K)
PC 43x107! 616 318
PETg 2.5x 10712 813 392
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FIG. 8. (Top) Evolution of the number of monomers in a CRR,
N, versus temperature normalized by T, 159 for PC and PETg, as
deduced from BDS and TMDSC experiments. The temperature is
normalized to T, measured with TMDSC, for a 120 s period. (Bot-
tom) Evolution of the normalized number of monomers in an aver-
age CRR, N, versus relaxation time

calculated by both techniques also requires the comparison
of their dissipation zone. Therefore, the dissipation zone of
the « relaxation, (T,-6T)=T=(T,+8T), for PETg and PC
are included in Fig. 7. As already obvious from the raw data
(see Figs. 5 and 6), a good continuity concerning the evolu-
tion of the dissipation zone with the frequency by both spec-
troscopic techniques (HCS and BDS) is observed in Fig. 7.
This is an interesting point considering the fact that it is not
a general trend for all the techniques [18]. A strong decrease
in OT is observed for both polymers as 7, is decreasing to
approach T,. The resulting calculated values for N, are
shown versus both reduced temperature and relaxation time
in Fig. 8. As expected N, increases with decreasing tempera-
ture and/or increasing relaxation time.

The Fig. 8 (top) presents the dependence of the number of
particles N, in one CRR versus a normalized temperature,
T/T, 150 (With T, 15y taken from TMDSC measurement for a
period of 120 s which is close to T,), for PC and PETg. First,
the values for N, calculated from TMDSC and BDS data
seem have an extremely good consistency. This regards both
its absolute values and its temperature dependence.

Moreover with good consistence in the dependencies of
7(T) and &(T) (cf. Fig. 7), the values of N, estimated by the
two different probes seems to be correlated with the same
cooperativity behavior in terms of molecular mobility. As
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discussed in the introduction part, even if the microscopic
“observables” for these two spectroscopic techniques are dif-
ferent, the measurements done in the dynamic glass transi-
tion temperature domain present temperature and polariza-
tion fluctuations with similar spectral shape functions fr(w)
~f (o).

Another worth to notice is that N, increases in very dif-
ferent ways for both glass-formers. As known in literature
[18] and also predicted by the mode-coupling theory, the
increase in the number of dynamically correlated particles in
the temperature range from the onset of slow dynamics down
to Ty, can be described by two regimes: a steeper initial
growth for short relaxation times (7,) and a much weaker
dependence when the temperature approaches T,. If one ana-
lyze the dependence of N, on the relaxation time in Fig. 8
(bottom), one find that PETg has a unique behavior while PC
obeys the discussed two regime dependence.

Another point concerns the temperature range correspond-
ing to the onset of the dynamic glass transition this means
the cooperativity phenomenon (N, is then equal to 1 accord-
ing to Donth) is approximately 1.15=T/T,=1.20 for both
polymers. This temperature range corresponds to the classi-
cally observed crossover temperature domain in agreement
with literature data [35,51-53].
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V. CONCLUSION

The temperature dependence of the characteristic length
scales associated to the glass transition, such as the cooper-
ativity length scale, is an important tool in studying molecu-
lar mobility. In this work, we show that the correlation be-
tween BDS and HCS techniques allows to explore a large
frequency range and to study the temperature dependence of
the size of the CRR in the temperature range of ergodicity
loss for glass-forming liquids, starting from the onset of co-
operativity in the crossover region down to the glass transi-
tion temperature. Finally, the temperature range correspond-
ing to the classically observed crossover temperature domain
can be estimated by this way.
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