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ABSTRACT The dynamic mechanical behavior of four structurally related amorphous polymers has been 
investigated around and above their glass transition. In this temperature range two dispersion processes 
associated with segmental motion and the terminal zone, respectively, have been well resolved. However, 
the time-temperature superposition principle cannot be applied simultaneously to these processes. Segmental 
motion and terminal zone proceases have been described in terms of the Havriliak-Negami relaxation function. 
We have also found that the time domain Fourier transform of those H-N behaviors can be well described 
by means of stretched exponential functions, and therefore it is possible to characterize process by means 
of a single shape parameter, 8. The so-obtained 0 parameters for the two dispersion are related to the 
corresponding apparent activation energies in the way expected by the coupling model when a common 
microscopic friction coefficient is assumed to control both processes. 

Introduction 
The dynamics in polymer melts has been a field of great 

scientific interest for several This interest arises 
mainly from the fact that a polymer melt presents two 
different dynamics, each of them having a different 
characteristic time scale and nature.2+ It is well estab- 
lished that the fastest of these two dynamics is associated 
with segmental motions of small parts of the main chain, 
and then it depends strongly on the local chemical structure 
of the polymer. This kind of motion is present in all 
polymeric systems, and its characteristic time scale is 
nearly independent of molecular weight. The main 
features of this process are similar to those observed in 
the dynamical behavior of low molecular weight glass- 
forming liquids. However, the slowest of the two dynamics 
mentioned above is a specific feature of the polymeric 
systems, and it is controlled by the translational diffusion 
of the chain along its own contour and therefore depends 
mainly on the topological features of the polymer chain. 
The characteristic time scale corresponding to this process 
is strongly dependent on molecular weight; the higher the 
molecular weight of the polymer, the greater the difference 
between the time scale characteristics of the two dynamics. 

The presence of the two different dynamical regimes on 
a given polymer melt can be checked by studying its 
dynamic mechanical response! The dynamic mechani- 
cal behavior around and above the glass transition of high 
molecular weight glassy polymers shows two well-resolved 
dispersion regions, each of them related to one of the two 
different dynamical regimes mentioned above. The dis- 
persion region called the primary &-relaxation occurs in 
the glass transition range, and it is related to the segmental 
motion (fast dynamics). The other one is usually detected 
at  temperatures well above the glass-transition range; i.e., 
it corresponds to the slowest process, and it is known as 
a terminal zone relaxation. This latter dispersion process 
is the precursor to the Newtonian flow corresponding to 
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an ideal fluid that may only be reached at  very high tem- 
peratures. 

Standard characterization of the dynamic mechanical 
behavior of polymers is usually performed by studying 
the real and imaginary components of the modulus or the 
compliance as a function of both frequency and tem- 
perature.68 The experimental data obtained by this 
method usually extend over a wide temperature range but 
involve in general only a few decades in frequency.8 
However, the application of the timetemperature super- 
position principle allows us to extend the mechanical 
behavior over a wider reduced frequency range? The time- 
temperature superposition principle assumes that the tem- 
perature only shifts the relaxation on the time scale but 
does not change the shape or nature of the relaxation 
process. In some cases this assumption is not actually 
true, so that the timetemperature superposition principle 
must be carefully usedag In this sense, it has been clearly 
shown that in many cases there is a clear breakdown of 
the superposition principle just in the range of the glass- 
rubber t ran~i t ion .~  

In general, the two mechanical dispersion processes 
observed on polymer melts extend over several decades in 
frequency so they cannot be described as single Debye 
relaxations. Such a behavior is commonly explained by 
the assumption of a continuous distribution of Debye-like 
relaxation processes (relaxation time spectrum) associated 
to each particular dynamics. Following this idea each 
individual relaxation time is characteristic of the behavior 
of a certain number of relaxing units.8 In this framework, 
the experimental behavior observed is ascribed to the su- 
perposition of the different elementary processes. There 
are several reasons to accept the existence of such a 
distribution, taking into account the structural features 
of the polymers (molecular weight distribution as an 
example). However, as far as we know, a definitive link 
between the structural properties and the experimentally 
found relaxation time distribution has not been established 
up to date. 

Another alternative explanation for the broad dispersion 
experimentally observed can be found in the frame of the 
coupling model.lOJ1 This theoretical model is based on 
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the dynamics of complex correlated systems, and it studies 
the coupling of a primitive relaxation mode to a complex 
system. In this framework, motions of the fundamental 
mode on small spatial scales are well-defined, but, as the 
relaxation develops, they encounter cooperativity and 
complexity. Thus, complexity of the system results in a 
slowing down of the process. In the coupling model 
scheme, the relaxation rate of the fundamental mode 
becomes modified in a time-dependent factor (u&)-~ ,  where 
w, is a frequency that characterizes the complexity of the 
system, and for polymers it is expected to be on the order 
of 1010 s-1. The index n is then a measure of the coupling 
strength of the fundamental mode to the complex system. 
The main predictions of coupling model are as follows: 

(i) a stretched exponential behavior for the time decay 
function p( t )  

q( t )  = e x p [ - ( t / ~ ) ~ ]  P = 1 - n (1) 

(ii) a power law for the relationship between the 
fundamental time scale 7f and the observed one 7 

7 a (7f)11u (2) 
Equation 1 takes into account the non-Debye character 
of the relaxation processes usually observed,6J while eq 2 
displays the relationship between the fundamental time 
scale and the observed one. 

In spite of the different molecular origin of the two 
dispersion processes taking place in polymer melts, both 
are related to the main-chain dynamics although involving 
two different length scales. This fact has led several 
authors to look for some relationship between the two 
dynamics.12-'5 In this sense, Ngai's coupling model 
considers that these dynamics are associated with two 
different coupling indexes, whereas the fundamental 
motion is similar. The different values of the coupling 
indexes are related to the differences in the geometry of 
the main motion associated with each dynamics (Le., 
segmental motion and diffusional translation). With this 
main idea, the model assumes that the value of the coupling 
index in the terminal zone should be similar for all the 
linear polymers that have been found experimentally.11J2 
Moreover, recent Monte Carlo and molecular dynamics 
computer simulations appear to confirm these results.16 
This fact is explained by consideration of the similarity 
of the motion geometry in the range where the molecular 
motion corresponds to translational diffusion. 

However, from an experimental point of view the value 
of the coupling index corresponding to the main-chain 
diffusional translation is generally found to be lower than 
the coupling index associated with the segmental motion 
in which the geometry is close to rotational diffusion. In 
the framework of the coupling model, the difference 
between the coupling indexes associated with the two 
dynamics can explain the differences observed in the tem- 
perature behavior of the characteristic time scales through 
eq 2. If a fundamental friction coefficient, {An, is assumed 
to control each dynamical regime (in the sense that the 
fundamental relaxation rate is proportional to [f(T), the 
experimental time scale happens to be related to this 
fundamental friction coefficient in the following way: 

T ( T )  a [lf(7')1"@ (3) 
By means of eq 3 a relationship between the apparent 
activation energy of each dispersion process and the one 
corresponding to the fundamental motion can be estab- 

lished as 

(4) 

Then, if the fundamental friction coefficients lf( 7') con- 
trolling both dynamical regimes (segmental and terminal 
ones) are the same, the ratio of the corresponding apparent 
activation energies should be the same as the reciprocal 
of the ratio of the corresponding values of the /3 parameter, 
i.e. 

EaSIE, = P d P S  ( 5 )  
where the subscripts S and T refer, respectively to the 
segmental and terminal dynamics. The values of E, and 
/3 can be determined independently from experiments. 
Thus, the relation 5 could be considered as a test of the 
coupling model scheme. 

In the present work, the dynamics of the polymer melt 
as observed from dynamic mechanical measurements are 
compared for four structurally related glassy polymers. 
The frequency dependence of the mechanical modulus in 
each of the two dispersion regions is obtained by applying 
separately to each of them the time-temperature super- 
position principle. Thereafter, each dispersion region is 
described in terms of a Havriliak-Negami-like equation." 
On the other hand, shift factors used to build the master 
curve allow the determination of the temperature de- 
pendence of the characteristic time scales. These tem- 
perature behaviors are compared with those obtained for 
the zero-shear viscosity. The results obtained are inter- 
preted in the frame of Ngai's coupling model outlined 
above. 

Experimental Section 
Materials. Four commercial glassy polymers having the 

Bisphenol A residue have been investigated. They are Bisphe- 
no1 A polycarbonate (PC), poly(ary1 ether sulfone) (PSF), a 
copolymer of Bisphenol A and epichloridrine (phenoxy, PH), 
and a copolyester of Bisphenol A and an equimolar mixture of 
isophthalic and terephthalic acids (polyacrylate, PAr). All the 
polymers were supplied by Union Carbide. 

A general description of the polymers investigated in this work, 
including generic chemical structure and glass transition tem- 
peratures T,, determined from the middle point of the specific 
heat increment in a DSC scan at a heating rate of 10 K/min, is 
shown in Table I. 

Mechanical Measurements. A standard Polymer Labora- 
tories DMTA apparatus operating in bending- and shear-mode 
was used. This instrument measures dynamic mechanical 
properties using either flexural deformation (bending-mode) or 
shear deformation (shear-mode) and delivers the real and 
imaginary components of the complex Young's modulus in the 
bending mode (E* = E' + iE") and of the complex shear modulus 
in the shear mode (G* = G' + iG"). The frequency range covered 
extends from 0.1 to 100 Hz. 

By means of the experimental setup described above, bending- 
mode measurements are adequate in the temperature range 
around and below the glass transition temperature range, but at 
temperatures above Tg + 30 K this mode of operation fails because 
the changes in sample geometry lead us to obtain no reliable 
data. In contrast, the shear mode is adequate in the tempera- 
ture range from Tg + 10 to T,  + 80 K, but around and below Tg 
it is not successful, leading to unrealistic low values ofthe modulus. 
Then, combining both deformation modes, we can study the 
dynamic modulus behavior of glassy polymers from tempera- 
tures just below Tg to about Tg + 80 K. 

Bending-mode measurements were performed at isothermal 
conditions in temperature steps of 5 K. When this experimental 
procedure is used, the sample remains about 1 h at each tem- 
perature during the frequency scan over the entire frequency 
range. For the highest temperatures where shear mode applies, 
this long time conduces to degradation of the sample, so shear- 
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Table I 
General Description of the Polymers Investigated 

PSF 

PC 

PH 

a M. = number-average molecular weight. M,/M.  = polydispersity. 

Table I1 
Parameters Obtained from the Fitting of the Master 

Curves in the a-Relaxation Region for t i e  Four Polymers 
Investigated 

17 OOO 

25 OOO 

2.02 

1.53 

3.20 

463 

424 

370 

Table 111 
Parameters Obtained from the Fitting of the Master 

Curves in the Rubber-Liquid Transition Region for the 
Four Polymers Investigated 

PAr 457 8.3 X 108 3.0 0.73 0.40 0.43 
PSF 457 1.3 X 109 13 0.85 0.39 0.44 
PC 417 1.4 X 109 5.0 0.81 0.41 0.44 
PH 359 8.3 X 108 0.5 0.81 0.41 0.44 

mode measurements were performed during temperature scans 
at a constant heating rate of 2 K/min, which avoids the 
degradation of the sample in the temperature range used by us. 

Sample Preparation. Sheet stocks 0.6-0.8 mm thick were 
formed by pressing the commercial material in an air atmosphere 
by a Schwabenthan Polystat 200T press at 65 atm and 100 O C  

above the corresponding glass transition temperature. Sheets 
were dried under vacuum at 120 "C for 40 h. For DMTA bending- 
mode measurements, 12 mm X 30 mm rectangles were cut from 
the sheets. 

On the other hand, bands 3 mm thick and 14 mm wide were 
obtained in a Sieglaff McKelwey rheometer (Tinius OLsen Testing 
Machine Co., Inc.,) 100 O C  above the corresponding glass 
transition temperature. Shear rates were chosen so that the 
obtained bands were homogeneous. For DMTA shear-mode 
measurements, 7-mm-diameter disks were cut from the bands. 

Results and Discussion 
Frequency Dependence. The dynamic mechanical 

behavior observed is very similar for the four polymers 
investigated. For all of them, the two dispersion regions 
mentioned above, which will be called A (segmental 
motions) and B (terminal zone), are apparent around Tg 
and Tg + 30 K, respectively. In order to obtain the values 
of the relaxation parameters, master plots were constructed 
by the horizontal scaling of the log-log plots from the 
experimental data to give visually coherent master curves. 
Reference temperatures used for each polymer can be 
found in Table I1 for the A dispersion region and in Table 
I11 for the B dispersion region. Master plots a t  these 
reference temperatures showing E* vs WUT corresponding 
to the A dispersion region and G* vs waT corresponding 

PAr 523 2.4 X 106 0.05 0.55 0.80 0.49 
PSF 520 1.7 X 106 0.008 0.57 1.0 0.63 
PC 463 5.5 X 106 0.1 0.71 0.85 0.64 
PH 423 1.2 X 106 0.005 0.56 1.0 0.60 

to the B dispersion region can be seen in Figure 1 and 2 
respectively. The corresponding shift factors, aT, have 
been plotted versus the reciprocal temperature in Figure 
3. 

As can be seen in Figures 1 and 2 both dispersion 
processes extend over around 7 decades in the reduced 
frequency scale. In both cases the superposition principle 
can be applied as a good approximation. Only for the 
lowest frequencies of the A process (the highest ones of 
the B process) does a high scattering of data appear. The 
reason for this behavior in this range of reduced frequencies 
is that both processes overlap in this region. This is a first 
indication that, although the superposition principle can 
be applied to each single dispersion process, the time scales 
associated with these dynamics behave differently with 
temperature. This fact is clearly shown in Figure 3. For 
all the polymers this shift factors corresponding to the A 
process vary faster with temperature than those obtained 
for the terminal zone. 

In both regions (A and B), the dynamic mechanical 
behavior has been characterized by using the Havriliak- 
Negami equation. The existence of the two dispersion 
regions leads us to assume that the complex modulus can 
be written as 

hf*(W) = M,A[~ - @A(W)] + M , B [ ~  - @B(W)] (6) 
In eq 6 M* refers to Young's modulus (E) when the 
measurements were performed by using the bending 
deformation mode or to the shear modulus (G*) when the 
shear deformation mode was chosen. O(w)  is the nor- 
malized complex relaxation function that we assume to 



Macromolecules, Vol. 24, No. 18, 1991 Dynamic Mechanical Study of Four Amorphous Polymers 5199 

(Pa) 
1 os 

1 o6 

lo4 

10.~ lo.* 

(Pa) 
lo9 

1 o6 

1 o3 
lo4 lo-' C&qs-l) 

Figure 1. Complex Young's modulus reduced frequency behavior for (a) PAr (0 ,452 K; 0 , 4 5 7  K; e, 462 K; 0 , 4 6 7  K; X, 472 K), 
(b) PSF (0 ,452  K; 0 ,457  K; e, 467 K; 0 , 4 7 2  K), (c) PC (0,417 K 0 , 4 2 2  K; e, 427 K; 0 , 4 3 2  K; X, 437 K), and (d) PH (0,359 
K; 0 , 3 6 2  K; e, 365 K; 0, 371, K; X, 377 K). 

follow a Havriliak-Negami form,17 i.e. 

(7) 

Equations 6 and 7 fit the experimental behavior over the 
entire temperature range investigated. The values of the 
fitting parameters corresponding to the master curves 
shown in Figures 1 and 2 are shown in Table I1 for 
a-relaxation (A) and in Table I11 for terminal relaxation 
(B). The obtained fitting curves are shown in Figures 1 
and 2 in comparison with the master curves built from the 
experimental data. 

The agreement between the experimental data and the 
fitting curves is reasonable for each dispersion process. 
However, systematic differences appear in the low- 
frequency range of the terminal dispersion. This deviation 
could be due to the fact that we have used polydisperse 
samples. As is well-known the dispersion behavior in the 
terminal zone is very dependent on the molecular weight.6 
Thus, for each polymer, the observed B process should 
arise from the superposition of different processes, each 
of them associated with a single molecular weight. Then 
the parameters obtained for this region would be affected 
by the molecular weight distribution of the sample. In 
this way, the expected value of the a-parameter for a mon- 
odisperse sample should be 1. Polydispersity gives us a 
measure of the sample deviation from the ideal mono- 
dispersity. For a monodisperse sample, polydispersity 
takes the value 1, while as the molecular weight distribution 
broadens, polydispersity increases. If the values of the 
a-parameter and the polydisperisty are related, it should 
be expected that when the polydispersity value is 1 (mon- 
odisperse sample), the value of the a-parameter will be 1, 
and as the polydispersity increases, the a-parameter would 

1 @(a) = 
[1+ (iw7HN)"]7 

be lower than 1. With this argument, we can explain the 
low value of the a-parameter in the B process and relate 
it to the polydispersity of each polymer. As can be seen 
in Table 111, PC has the highest value for this parameter 
as we could expect from its lowest polydispersity value 
(see Table I). The other three polymers have similar values 
but are smaller than the one corresponding to PC, 88 it 
should correspond due to their higher polydispersity 
values. 

Nevertheless, the a-relaxation is not very dependent on 
molecular weight. The obtained parameters depend only 
on the polymer structure. In any case, the values that we 
obtain are not far away from the reported ones for different 
polymers. 

It has been mentioned above that the H-N response 
function, which is defined in the frequency domain, cor- 
responds to a nonexponential decay in the time domain. 
On the other hand, this time behavior can be described 
approximately by a stretched exponential functional form 
(eq 1). Then, the H-N response functions +A(o) and @B(w) 
previously used to describe the experimental behavior 
should correspond approximately to stretched exponential 
functions in the time domain, and therefore it is possible 
to obtain the values of the corresponding 0 exponents by 
fitting to stretched exponential functions the half-sided 
cosine Fourier transform of the imaginary part of the H-N 
equations @A(O) and @B(w) over the angular frequency 
(+" (w) /w) .  In order to illustrate this fact, in Figure 4 we 
show an example of how the Fourier transform correspond- 
ing to a H-N equation behaves in time and how the 
stretched exponential form allows a good description of 
this time behavior. Values of the so-obtained 0 exponents 
for the A and B dispersion processes are shown in Tables 
I1 and 111, respectively. As can be seen, the values of the 
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Figure 2. Com lex shear modulus reduced frequency behavior for (a) PAr (0,493 K; W, 503 K; +, 513 K A, 523 K X, 533 K; +, 
543 K; A, 553 8 0,563 K), (b) PSF (0,480 K; W, 490 K +, 500 K; A, 510 K X, 520 K +, 530 K; A, 540 K; 0,550 K, m, 560 K), 
(c) PC (0,433 K; W, 443 K; +, 453 K; A, 463 K; X, 473 K; +, 483 K; A, 493 K), and (d) PH (0,383 K W, 393 K; +, 403 K; A, 413 
K; X, 423 K; +, 433 K; A, 443 K; 0,453 K; 8,563 K; 0,473 K). 
j3 parameter obtained for the a-relaxation, j 3 ~ ,  are similar 
for all the polymers. The similarity in @A values could be 
associated with the fact that the four polymers investigated 
present the rest of Bisphenol A in their repeating unit, 
which would control the dynamics of segmental motions. 
However, in the terminal zone the j3 values, BB, corre- 
sponding to the studied polymers are systematically higher 
than the ones obtained for the a-relaxation, and moreover 
they scatter more. The difference between the j3 exponent 
values found for the two dispersion regions on the studied 
materials agrees with the results reported in the literature 
for different kinds of polymers. 

As has been mentioned above, in the frame of the 
coupling model the parameter j3 gives a measure of the 
coupling between the fundamental motion and the sur- 
rounding complex medium. In this frame the differences 
between j3 values corresponding to the dispersion regions 
A and B can be understood in terms of the difference in 
the geometry of the whole motion responsible of each 
dispersion process, which should give rise to the different 
couplings between the moving unit and the neighbor units. 
Segmental motions corresponding to the A process are 
supposed to be complex. In this kind of polymer this 
movement involves segmental rotations that should be 
strongly hindered because of the presence of rigid aromatic 
rings in the main chain. This fact could lead to the 
relatively low values of the j3 exponent obtained. In 
contrast, the translational diffusion of the chain along its 
own contour controls the terminal zone. This corresponds 
to relative displacements in the backbone direction of the 
rigid main chains of the polymers, which would lead to a 
relatively low coupling among them and, as a consequnce, 
to higher values of the 6 exponent in this region. 

Temperature Dependence. The application of the 
time-temperature superposition principle assumes that 
in eqs 6 and 7 only the characteristic time scales T A  and 
TB depend on temperature. Thus, the temperature de- 
pendence of the shift factors can be monitored by the 
temperature dependence of the corresponding character- 
istic time scales. In these conditions the shift factor UT 
and the characteristic time scale T are related by 

a T ( n  = dT) / dT,) 
where Tr is the reference temperature taken to build the 
master curves. In this way, the shift factor and charac- 
teristic time scale behave with temperature in the same 
way. 

In order to discuss the temperature behavior of the 
characteristic times scales, first, we have compared the a T  
temperature behavior with zero-shear viscosity, q.18 As 
can be seen in Figure 3, the behavior of the characteristic 
time scale corresponding to the B process is in good 
agreement with the temperature dependence of the 
viscosity, showing that, as expected, the mechanisms 
controlling both viscosity and terminal zone dynamics are 
intimately related. It is well established that the tem- 
perature behavior of the viscosity, and, therefore, that of 
the characteristic time scale of the terminal zone, follows 
a non-Arrhenius behavior that, in general, can be well 
described by Vogel-Ful~her~9.20 (V-F) or Williams-Landel 
and Ferry laws.6 The former can be written as 

where TO is the temperature at which the time scale 
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Figure 3. Arrhenius plot of the shift factor UT, obtained from bending (A) or shear (0) deformation modes data, and reduced 
Newtonian viscosity, v(T)/q(T,re) (X) for (a) PAr, (b) PSF, (c) PC, and (d) PH. Continuous lines are the Vogel-Fulcher fits of the 
viscosity data. 

Table IV 
Values of the V-F Parameters, TOB and T~B, for the Temperature Behavior of the Characteristic Time Scale Corresponding to 

the Terminal Dynamics and of the Apparent Activation Energies at T,, E.B, and E d ,  for Both Processes* 
Tm K TOB, K T ~ B ,  X 109 K E a ,  kcal/mol E d ,  kcal/mol EA~EB 8B/8A 

PAr 466 415 1.20 
PSF 463 414 1.04 
PC 242 349 1.78 
PH 370 311 1.20 

199 
184 
116 
93 

191 0.96 1.07 
248 1.35 1.43 
185 1.60 1.45 
117 1.26 1.36 

a The reciprocal of the ratio between the corresponding @ parameters is shown for comparison. 
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Figure 4. Comparison between the time domain response cor- 
responding to the H-N function (a = 0.85 and y = 0.71), empty 
pointa, and the stretched exponential (T  = 0 . 9 s ~ ~  and = 0.64), 
continuous line. 

diverges and T1 is an apparent activation parameter, which 
in the frame of free-volume theories is related to the 
expansion coefficient of the free volume. The continuous 
curves in Figure 3 represent the V-F fit for the viscosity 
that was reported previously.18 The values of the fitting 
parameters can be found in Table IV. As was discussed 
in the previous paper16 the values we had found for the 

V-F parameters are reasonable in the free-volume frame- 
work. 

As mentioned above, shift factors corresponding to the 
A process vary with temperature faster than the ones cor- 
responding to the B process (see Figure 3). However, in 
this case, instead of the expected V-F behavior, an 
apparent Arrhenius-like behavior is found. Similar be- 
havior for the temperature dependence of the shift factors 
near the glass transition has been reported in the liter- 
ature.618 In order to account for the unphysical values of 
the apparent activation energies usually obtained, several 
explanations have been outlined. On the one hand, in 
some cases this behavior has been interpreted as a 
consequence of the fact that there is a crossover from a 
V-F behavior to an Arrhenius like one through the glass 
transition temperature.6 On the other hand, the temper- 
ature range covered experimentally by us for this dispersion 
process could not be large enough to allow a definitive 
answer about which of both types of temperature depend- 
ences (V-F or Arrhenius-like) applies in this case. 

As mentioned above, if there is a common microscopic 
friction coefficient controlling the dynamics of both the 
segmental motion and the terminal zone, a correlation 
between the temperature dependence and the frequency 
behavior should be expected, in the frame of the coupling 
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model. In order to test whether or not the differences we 
have found for the temperature behavior of the A and B 
processes are correlated to the differences in the frequency 
behavior (different values of the j3 parameter), we have 
calculated the apparent activation energies, E,, of both 
processes at T& 

Macromolecules, Vol. 24, No. 18, 1991 

have obtained for the two dispersion processes on each 
polymer are related to the corresponding 'apparent acti- 
vation energies in the way expected from the coupling 
model when a common microscopic friction coefficient is 
assumed to control both processes. 
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For the A relaxation, the glass transition temperature is 
located within the experimental temperature range we 
have measured, so in this case E, values were obtained 
directly by fitting the experimental behavior to an Ar- 
rhenius law. However, for the B process Tg is always out 
of the temperature range experimentally covered by us, 
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