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Abstract

The structural relaxation process of poly(vinyl acetate) has been studied by differential scanning calorimetry. The sample was subjected to
different thermal treatments including an isothermal annealing at temperature T, for a time ¢,. The heat capacity ¢ (T) was measured during a
heating scan. Thus, the experimental results consist of a series of ¢(T) curves determined after thermal histories with different values of T,
and t,. The experimental results were compared with the prediction of a multiparameter phenomenological model described in references
[15,16]. This model follows the evolution of the configurational entropy of the sample during the whole thermal history. The parameters of
the model were calculated by simultaneous fits to five c,(T) curves, corresponding to different thermal histories (the parameters of the model
have the character of material parameters, independent of the thermal history). This allows the determination of the temperature dependence
of the relaxation times and the 8 parameter of the Kohlrausch—Williams—Watts equation. From these parameters and an estimate of the
internal rotational barrier obtained by molecular mechanics calculations, the size of the smallest cooperative rearranging region in the
Adam-Gibbs theory was calculated. This result is compared with the length of cooperativity calculated from the temperature fluctuation

theory proposed by Donth. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The relaxation processes in undercooled liquids at tem-
peratures around and above the glass transition are deter-
mined by the cooperative rearrangements of its molecules or
polymer chain segments. The extent of such intermolecular
correlations can be characterized by a length scale that has
been estimated from different experimental or theoretical
approaches [1-3]. The values given in the literature for
this characteristic length at the glass transition temperature,
T, range between molecular dimensions and 1 or 2 nm.

The Adam and Gibbs theory [4] is another possible
approach to the estimation of the length of cooperativity.
The theory is based on the definition of a cooperative rear-
ranging region, CRR, in which a conformational transition
may take place with no interaction with the rest of the
material. The average probability of a conformational
rearrangement is calculated in terms of the number of mole-
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cules or polymer segments contained in the smallest CRR
allowing a conformational rearrangement, z°, and the free
energy barrier per molecule or chain segment hindering the

cooperative rearrangement, Au:
*

i A
W(T) =Aexpsz" , (1)

where k is Boltzmann’s constant. The parameter z* can be
used to characterise the length of cooperativity.
The microscopic parameters in Eq. (1) can be related to

the macroscopic configurational entropy S.(T), from Adam
and Gibbs [4]:
S(MM; __s:

Ny, /(D)
here s, = kIn{)" is the configurational entropy of the smallest
CRR (with Q" being the number of states available for this
smallest CRR). S.(7T) is expressed in specific entropy units
d g_1 K™Y, M, is the molecular weight of the unit respon-
sible for the cooperative rearrangement and N, is
Avogadro’s number.

)
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In this framework, Adam and Gibbs [4] deduced the
expression for the viscoelastic or dielectric relaxation
times at temperatures above Ty

B
= 3
TA(;(T) Aexp ( TSC(T)) s ( )
where
AuNys:  Ap's:
P i 4
B kM, kM, “)

Ay’ being the free energy barrier per mol of molecules or
main-chain polymer segments. From an experimental deter-
mination of 7,¢(7) and S.(7) it is possible to estimate the
product Apz (T) using Egs. (2) and (4). The calculation of z
needs, in addition, a theoretical calculation of Ay. From this
kind of approach and using the Vogel-Fulcher—Tammann—
Hesse (VFTH) equation, which can be expressed as:

C DT,
= — = 5
T=T9eXp T—T, ToeXp T—T, 5)
Miller [5] deduced that, at T,, z (Tg) = T /(Ty — Ty). The

proportionality between z (Tg) and T/(T, — To) has been
also proposed by Hodge [7].

The temperature dependence of the relaxation times of
the conformational rearrangements can also be obtained
from differential scanning calorimetry (DSC) through the
modelling of the structural relaxation process. Structural
relaxation is the term that designates the process of
approach to an equilibrium state undergone by a glass
held at constant environmental conditions after its formation
history [6,7]. The glass transition itself is the result of the
exponential dependence of the structural relaxation times on
temperature. This is why the modelling of the structural
relaxation is important and has attracted the attention of
many research groups in the past decades (see for instance
the recent reviews of references [7—-10]). Phenomenological
models contain a series of parameters that in most cases play
the role of material constants in the deductions leading to
the model equations. The set of model parameters can be
determined by least-squares fitting to the experimental
results. In differential scanning calorimetry (DSC) experi-
ments, these results consist of a series of heat capacity,
c(T), curves measured in heating scans from a temperature
Tower below the glass transition temperature 7, to a tem-
perature Ty, above T,. Previously, the sample has been
subjected to a thermal treatment that starts at T ypp, with the
sample in equilibrium, and may include, or not, an isother-
mal stage at an annealing temperature T, for an annealing
time 7,. The essential test for the validity of a phenomeno-
logical model is to check whether or not the set of model
parameters are, in fact, material parameters, i.e. whether or
not the model with a single set of parameters is able to
reproduce the c(T) curves measured after different thermal
histories. Several studies have shown that this is not easy in
the case of the Scherer—Hodge (SH) [11,12] or Narayanas-
wamy—Moynihan (NM) [13,14] models. Several possible

causes of this problem have been suggested, with reference
to the failure of some of the assumptions of these models.

Recently, a model has been proposed that introduces a
new hypothesis related to the state attained at infinite time in
the structural relaxation process at a temperature 7', [15,16].
This limit state is identified in the SH or NM models with
the extrapolation to T, of the equilibrium line experimen-
tally determined above T,. This is simply a result of the
identification of the limit value of the fictive temperature
T at infinite time with T,. To introduce a different hypoth-
esis with regard to this point, the equations of the model in
references [15,16] are expressed in terms of the configura-
tional entropy of the system S,(#) instead of the fictive tem-
perature T«(#). The model keeps the main assumptions of the
SH model but is able to introduce different expressions for
the function SU™(T,), the value of the configurational
entropy attained at infinite time in an isothermal treatment
at temperature T, in the glassy state, We will call S$4(T) the
extrapolation of the configurational entropy equilibrium line
determined at temperatures above T to T (see Fig. 1a). The
details of the model and the arguments given to justify its
hypothesis have been discussed elsewhere [15-19] and will
not be repeated here. Only the main equations will be
included. For the numerical simulation, the cooling and
heating stages of the thermal history are replaced by a series
of one-degree steps, followed by isothermal stages with a
duration calculated to give the same average rate of tem-
perature change as in the experiments. The value of the
configurational entropy at a time instant, ¢, after a series
of temperature steps is:

n T; Ac lim T
Z( . —(—)dr) S(u() = ult; - 1)).

i=1

Se(t)=Si™(T) —

(6)

where u(?) is a reduced time:

u(t) = IO s )

and ¢ is a relaxation function of the Kohlraush—Williams—
Watts type:

d(u) = exp( — u). (8)

In Eq. (6), Acy™(T) = ch™(T) — ¢pg(T) (¢ pg(T) being the heat
capacity in the glassy state) is the configurational heat
capacity in the relaxed state, which is defined through:

T; lim

. . i Ac, (T
simry—sin,_p= | 22 Dar ©
Thus, if T” is a temperature above the glass transition region,
then for any temperature T in the glass transition tempera-

ture interval or below:

Achm (0)
Td 10

The shape of S.™(T) and c,™(T) are shown in Fig. 1. The

Se™(T) = SA(T™) +
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Fig. 1. (a) Sketch of the configurational entropy corresponding to the liquid
state (dashed line), to an experimental cooling scan at a finite cooling rate
(solid line), and to the hypothetical line of the limit states of the structural
relaxation process (dashed-dotted line). (b) ¢ (T) lines corresponding to the
three cases described in (a): the dashed line corresponds to the liquid state
c(T), the solid line corresponds to an experimental cooling scan, and the
dashed-dotted line corresponds to the specific heat capacity in the limit

states of the structural relaxation process: c:,im(T)

slope of Si™(T) is smaller than that of S¢4(7) at temperatures
below the glass transition interval. The change of slope is
gradual, covering a temperature interval of 15°C around a
certain reference temperature that, in this work, will be
identified with the glass transition temperature, deter-
mined as the intersection point of the liquid and glassy
enthalpy lines, as determined from the scan measured
after cooling the sample at 40°C min~" from a temperature
above the glass transition. In this way, the shape of shim(T) s
defined with a single additional parameter, called §, that
measures in some way the difference of slope of S;(T)
and SU™(T).

We assume for 7, a dependence on the instantaneous
values of configurational entropy and temperature given
by the Adam and Gibbs equation [4]:

7(S., T) = Aexp ( SBT) . an

Eq. (11) is an extension of Adam and Gibbs’ expression [4]
for the equilibrium relaxation times to states out of equi-
librium. When the configurational entropy S. has the

equilibrium value S$4(T) we have:

B
74(T) = Aexp ( W) (12)

and for the configurational entropy in equilibrium states:
T
Ac,(6
S e (13)
2

is valid. In this equation, T, is the Gibbs—DiMarzio transi-
tion temperature [20], Ac,(T) = cy(T) — cpe(T) is the con-
figurational heat capacity, and c; is the heat capacity in the
liquid state.

The model proposed in references [15,16] has been suc-
cessfully applied to several polymers, including polycar-
bonate [15], poly(ether imide) [16], polystyrene and some
polystyrene derivatives [17], an epoxy resin [18] and a
styrene—acrylonitrile copolymer [19]. In all these polymers
it has been found that the introduction of the new hypothesis
on the limit states of the structural relaxation model
improves significantly the fit of the experimental results.
The model with a single set of model parameters is able
to reproduce a broad series of c,(7) curves measured after
thermal histories quite different to each other. On the con-
trary, if, in the model equations, the value of § is kept equal
to O (this implies that S™(7) = S¢4(T) and the model pre-
diction is very similar to that of the SH model), the least
squares search routine is not able to find a set of parameters
which reproduce simultaneously all the experimental
curves.

The aim of this work is to explore the relationship
between the fitting parameters of the phenomenological
model and the microscopic parameters of the Adam-—
Gibbs theory, in particular the number of main chain seg-
ments contained in the smallest cooperative rearranging
region (CRR) and the number of states available to it.

2. Experimental

The poly(vinyl acetate) used was a secondary standard
from Aldrich; M, = 52700 g mol ™", polydispersity index
2.4. Prior to use, the sample was dried rigorously in a
vacuyum oven above its 7. No further purification was car-
ried out. '"H n.m.r. analysis showed that the sample con-
tained 26% syndio-, 26% iso- and 48% hetero-tactic dyads.

The differential scanning calorimetry, DSC, experiments
were carried out in a Perkin—Elmer DSC-2 differential scan-
ning calorimeter. All the experiments started at T, + 50 K
with the sample in equilibrium. The sample was then cooled
down to the ageing temperature 7, at a rate of 40 K min !,
kept at this temperature for a time #,, and cooled down again
at 40 K min ' until reaching T, — 60 K. Then the measuring
scan was carried out at 20 K min~' until T, + 40K
(approximately seven data points are loaded each degree
during the measuring scan but only one datum point per
degree is shown on the figures). The results are presented
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Fig. 2. Experimental thermograms measured for PVAc after thermal histories that include an isothermal annealing at 25°C for 332 min (Fig. 2a), 30°C for
90 min (Fig. 2b) and 370 min (Fig. 2¢), and 35°C for 735 min (Fig. 2d). The result of the scans measured after cooling at 40 K min™! (Fig. 2e) is also included.

The solid line represents the prediction of the model with B =

in terms of the temperature dependence of the heat capacity,
cp(T), calculated from the heat flux output of the DSC. The
heat capacity standard was sapphire. For the reference scan,
t, Was Zero.

3. Results and discussion
3.1. Experimental results and model simulation

Fig. 2 shows five c(T) curves measured after different
thermal histories. These curves are some of the ones
employed in reference [21] to calculate the time and tem-
perature dependence of the enthalpy change during the iso-
thermal annealing: Ah(T,,t,).

We will take as the glass transition temperature of our

1000 J g ™" and the remaining parameters according to Table 1

PVAc sample, T, = 42°C, which is the temperature of
the crossing point of the enthalpy lines corresponding to
the liquid and glassy states calculated by integration of the
reference scan. The experimental data of the heat capacity at
temperatures well above and below the glass transition were
fitted to straight lines to determine the temperature depen-
dence of cy and c,, respectively. The temperature depen-
dence of the configurational heat capacity was calculated as
an average of the lines determined in all the thermograms,
giving Ac, = 0.8525 — 0.001381 TJ g~' K~! with T'in K.

The parameters of the model are supposed to be material
parameters, independent of the thermal history. The model
with a single set of parameters should be able to reproduce
the ¢, (T) curves measured after any thermal history. Thus,
the set of parameters was determined by simultaneous least
squares fit to the cy(T) curves shown in Fig. 2, whose
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Table 1 _

Model parameters found with SY™(7) as in Fig. 1 for each value of B

BUg 'K é B InA(s) T,(°C) Ty — 1,(°C)
500 0.17 0.41 -225 2.1 399

1000 0.17 0.45 -313 — 143 56.3

1500 0.17 0.47 - 36.7 - 279 69.9

2000 0.17 0.50 —41.0 — 389 80.9

2500 0.17 0.52 — 446 — 485 90.5

3000 0.17 0.54 — 475 - 57 99.0

thermal histories are considered to cover a broad enough
range of annealing temperatures and times. Due to the cor-
relation existing between B, T, and InA, the value of B was
first fixed and a least-squares routine was used to determine
the set of four parameters, 8, 3, T, and InA, that yield a
model simulated set of c¢,(T) curves as close as possible to
the set of five experimental ¢ (7) curves shown in Fig. 2.
This procedure was repeated with different values of B,
ranging between 500 and 3000 J g'. In this way, different
sets of model parameters are found (Table 1). In Fig. 2, the
full lines show the model calculations with B = 1000 J g ',
with the rest of parameters according to Table 1. The model
simulation of any of the thermal histories corresponding to
Fig. 2a—d leads to almost indistinguishable c,(T) curves
when conducted with the different sets of parameters
shown in Table 1, i.e. for the different values of B. This is
due to the correlation that exists between B, T, and InA, in
such a way that the different sets of parameters lead to very
similar values of the relaxation times in the temperature
interval that is significant in the experiments. As an
example, Fig. 3 shows the temperature dependence of the
relaxation times in equilibrium, calculated with values of B
of 1000 and 3000 J g~'. These curves are quite similar in the
temperature interval that is relevant in the experiments.
There is a significant difference in the model prediction of
the reference scan using the different values of B (Fig. 4).
Low values of B do not predict the small overshoot appear-
ing in this c(T) curve, however, the curve calculated with
high values of B shows good agreement with the experi-
mental data. It is important to note that this does not mean
that the model has a particular difficulty in reproducing the

6
4
2
0

log (9

21
4

6 &
27 29

3.3

3.1
1000/T

Fig. 3. Temperature dependence of the relaxation times in equilibrium
determined by the model for different values of B (see text); (A)
1000 J g™ and () 30001 g~*

cp(T) curves measured after this particular thermal history:
the simultaneous least squares fit gives the set of parameters
for which the overall approach of the five calculated curves
to the experimental ones is the best.

The value of 6 is independent of B as shown in Table 1.
This parameter determines the value of the entropy in the
limit states of the structural relaxation process. The most
important difference between the model for the structural
relaxation we have used in this work and the SH or NM
models is the difference assumed between the configura-
tional entropy in the limit states and that of the equilibrium
states at the same temperature. The model also predicts that
the enthalpy in the limit states of the structural relaxation are
higher than those of the equilibrium states. This feature
could, in principle, be experimentally checked, as the incre-
ment of enthalpy during the isothermal annealing Ah(T,,t,)
can be calculated from the kind of curves shown in Fig. 2
(see for instance references [22] and [23]). The problem
comes from the experimental time needed to attain a steady
state (a value of AA(T,t,) independent of the annealing
time) in the isothermal structural relaxation process.

The experimental Ah(T,t,) data in the literature, on
which to base the conclusion that a material has reached
its limit state during the isothermal annealing process, are
scant. For a maximum ageing time of 10* min it seems that
such results are to be found only in a narrow temperature
interval between T, (determined as the intercept tempera-
ture of the liquid and glass enthalpy lines) and T, — (7 +
10)°. The experimental data reported by Cowie et al. [21] for

1.8

-
(=]

Cp (Jg K)
Y

1.2 -

25 35 45 55 65
Temperature (°C)

Fig. 4. Thermograms predicted by the model for the reference scan. The

experimental data are represented as open circles. The model calculations

with B = 1000 (M) and 3000 J g~ (¥) (and the rest of the parameters as in

Table 1 for each value of B) are represented
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Fig. 5. Experimental thermograms measured for PV Ac after thermal histories that include an isothermal annealing at 25°C for 332 min (Figure 2a), 30°C for
90 min (Figure 2b) and 370 min (Figure 2c), and 35°C for 735 min (Figure 2d). The result of the scans measured after cooling at 40 K min ! (Figure 2e) is also
included. The solid line represents the model simulation with the assumption $™(T) = $%%(T) and the set of parameters: B=1000Yg~, 8 =040,T,= —

22°C, In(A/s) = — 27.0

PVAc allow us to determine values of An(T,,) at T, — 7
and T, — 10, that are smaller than the respective equilibrium
values predicted for equilibrium:

TE
ARNT,) = J _ Acy(1)T

(see Table 2). The data of Ah(T,,¢) reported by Algeria et al.
[24] in a similar interval of annealing temperatures, agree
very well with the values of reference [21]. At lower ageing
temperatures, the limit state cannot be attained within the
experimental time interval. It has been suggested that the
limit values for lower ageing temperatures should be esti-
mated on the basis of shorter time enthalpy loss data and a
model equation {23,25,26]. Extrapolated values of Ah(T,,%)

at T, — 12 and T, — 17 were obtained with this procedure
showing values again smaller than the equilibrium ones.

The limit values predicted by the model for Ah(T,,f,) can
be calculated from the equation:

TS .
ARST )y = IT Acy™(T)dT.

The value of the parameter 6, determined in the search
routine, leads to the values for AR"™(T',) shown in Table 2,
in good agreement with the estimations of reference [21].
If the value of 6 is kept fixed and equal to zero in the least
squares routine, i.e., if one assumes that S™(T) = SS4(T),
the fit is significantly poorer, as shown in Fig. 5. It is note-
worthy that, in this case, the equations of the model became
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Table 2
Enthalpy data at the limit of the isothermal structural relaxation process

Ageing ART,) (T g™ AR™(T)I g™ ARTHYTg™)
temperature

Ty — 7 1.8 1.8 3.0

T, — 10 25 2.7 43

Ty - 12 3.0 3.2 5.1

T, — 17 4.2 4.6 7.3

® Experimental or extrapolated data taken from Ref. [21] (see text).

very similar to those of the SH model. The differences then
lie in the form of the temperature dependence of the con-
figurational heat capacity and in the fact that, in the model
used in this work, the experimental thermograms are not
converted to dT/dT curves. However, these facts seem not
to be critical in the quality of the model fit [15]. Thus, the
improvement in the fit with respect to the SH model has to
be ascribed to the difference between the configurational
entropy in the limit states and in the equilibrium states.

3.2. The size of the cooperative rearranging region from the
Adam—Gibbs theory

The application of the Adam—Gibbs theory to amorphous
polymers needs an interpretation of the CRR in terms of
main-chain polymer segments. We define a chain segment
as a number of consecutive main-chain bonds, large enough
to allow a conformational transition in the isolated segment
when the position of the two atoms in its both ends are fixed.
The number of main-chain bonds in a segment can be close
to that of the crankshaft mechanism, but, as we will show
below, it is not very important for the arguments given in
this work. It is possible to define a chain segment for each
main-chain bond, allowing several segments to overlap each
other, an idea similar to that of the model proposed by
Robertson [1]. With reference to the scheme of Fig. 6, if
the number of bonds per segment is six, the sequence C1-
C2-C3-C4-C5-C6-C7 would constitute a chain segment and
C2-C3-C4-C5-C6-C7-C8 would be a different one. The
CRR consists of a number, z, of close packed segments.

To estimate the value of Ap’, a PVAc chain segment was
modelled using a methyl-terminated, tetramer sequence.

There are six distinguishable tetramers; mmm, mmr, rmr,
mrm, rrm and rrr, where r is a racemic and m is a meso
dyad; Fig. 6 shows an example, using the rrm tetramer, with
the atoms numbered.

The two central bonds C4-C5 and C5-C6 are taken as
representative of the energy states of the six possible con-
figurational situations. The energy profiles were obtained by
rotating the dihedral angles C3-C4-C5-C6 and C4-C5-C6-
C7 using Allinger’s [27] molecular modelling program
MMP2, starting from a minimum energy position. The
energy profiles were calculated for different segment
lengths. Fig. 7 shows the energy profiles obtained by rotat-
ing the dihedral angle C4-C5-C6-C7 in the mmm tetramer
fixing C1, C2, C3, C7, C8 and C9 (four main chain bonds
per segment), fixing the atoms C1, C2, C8 and C9 (six main
chain bonds per segment), and fixing the position of C1 and
C9 (eight main chain bonds per segment). The calculations
performed, which allow the free motion of both ends of the
model tetramer, are also shown. The energy barriers
decrease as the number of free bonds increases, rapidly
approaching those calculated when allowing for free motion
of both extremes of the tetramer (Table 3 shows the average
energy barriers of the two bond rotations). We will use here
the last calculations as representative of the main chain
segments involved in the cooperative rearrangements. the
results of these molecular modelling calculations are sum-
marized in Table 4.

The minimum energy is obtained with this particular tet-
ramer in an all-trans configuration ( = ~175°). Separately
flexing each of the centre bonds into their gauche config-
urations gives the expected two higher energy states; g — is
located at around — 70° and g + at around 75°.

The possible configurational transitions in each tetramer
cannot be characterized by a single rotational barrier as it is
assumed in the Adam-Gibbs theory. Eq. (1) is interpreted in
the sense that a conformational rearrangement inside a CRR
involves z* simultaneous or sequential jumps with energy
barrier, Au. Due to the appearance of the product Z'Ap in
Eq. (1), it makes sense to take the average of the barriers
hindering all the possible transitions in our model tetramer
for Ap. This implies that the probability of each individual
jump depends more on the spacial arrangement of the neigh-
bor polymer chains in the CRR than on the specific value of

Fig. 6. Scheme of the vinyl acetate tetramer used in molecular mechanics calculations



190 J.L. Gomez Ribelles et al./Polymer 40 (1998) 183—192

155

145 *

135 +

Energy (kJ/mol)

125 -

- I {

115 + f

t

-200 -150 -100 -50

1 " It {
T \E— t T

0 50 100 150 200

Rotational angle (degrees)

Fig. 7. Rotational potential energy for the mmm vivyl acetate tetramer. Calculations performed fixing C1, C2, C3, C7, C8 and C9 (squares), fixing the atoms C1,
C2, C8 and C9 (triangles), and fixing the coordinates position of C1 and C9 (inverted triangles). The calculations performed which allowed the free motion of

both ends of the model tetramer are also shown (circles)

the energy barrier. In this work, an average value Ay’ =
14.6 kJ mol ™! has been used. The different probability of
each tetramer sequence was considered in the calculation of
the average value of Au’ as explained in [21].

All the calculations have been performed considering
only intramolecular interactions. Obviously the inter-
molecular interactions play an important role in the confor-
mational rearrangements. Around a given chain segment
there are molecular groups pertaining to the neighbour
chain segments. It can be considered that these molecular
groups are randomly distributed in space in such a way that
they could affect the absolute values of the potential energy
in any state but not the rotational barriers hindering the
conformational motions.

The effect of the close packing of the polymer chain
segments in the CRR is to diminish greatly the number of
available rotational states of the chain segments. Many of
the possible conformations of a chain segment are, in fact,
not available, since the positions that the segment atoms
should occupy after the transition are already occupied by
atoms of different chain segments, that are themselves
inmobile. Thus, a CRR containing z segments with three
possible rotational states for each one, could have 37 states,
if no intermolecular interactions exist. This big number is
reduced to a small number Q" due to the close packing of
the main chain segments inside the CRR.

From Egs. (2) and (4), it is possible to find a direct rela-
tionship between parameter B and Q:

BM,
Ay’
Adam and Gibbs [4] mentioned that © could take the value
of two, with just one state available for the CRR before the
conformational transition and another one after it. Hodge
{12] proposed a higher value 3! = 6. Since one chain seg-
ment can be defined for each main chain bond, a mole-
cular weight of M; = 43 g mol ' (a half of the molecular

InQ" =

(14)

weight of the monomeric unit) has been used for the chain
segment.

Eq. (2) can be applied at the glass transition temperature
to give the value of z*(Tg), and the configurational entropy at
T, was calculated using Eq. (13), with the values of T,
obtained with the curve fitting routine. Table 5 gives the
values of Q" and z*(Tg) as a function of B.

The value of Q" can be taken as the basis to establish a
criterium to decide the value of the parameter, B, indepen-
dently from the curve fitting calculation. It appears clearly
that Q" rapidly increases with B. High values of Q" are not
reasonable for the smallest CRR and from this point of view,
values of B equal to or higher than 1500 J g can be ruled
out in this polymer. It is very significant that the set of
parameters found by the search routine with B =
1000J g', determine relaxation times that agree very
well with the features generally accepted for the main vis-
coelastic or dielectric relaxation processes.

The dielectric and viscoelastic relaxation times are
usually expressed in terms of Eq. (5). In reference [28],
data for the difference T', — T, taken from different authors,
are collected, showing values between 57 and 58.4°, which

Table 3

Energy barriers for the transitions between trans (t), gauche + (g*) and
gauche — (g7) conformations of the mmm V Ac tetramer calculated fixing
the position of different atoms of the main chain. The atoms are numbered
according to the schema of figure 6 (see text). The average of the bond
rotations C4-~C5 and C5-C6 is considered

Main-chain t—g” g —t g —gtgt g gt -t togt
atoms fixed
in the

calculations

C1,C2,C3,C7, 147 10.2 28.8 19.9 8.8 223
C8, C9

C1,C2,C8,C9 141 10.0 26.1 19.3 8.0 18.9
C1, C9 13.2 11.1 2217 16.4 8.7 17.1
Free ends 13.0 11.6 21.5 15.6 8.6 159
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Table 4

Energy barriers for the transitions between trans (t), gauche + (g*) and
gauche — (g 7) conformations of the different VAc tetramers (see text). The
average of the bond rotations C4—-C5 and C5-C6 is considered

Tetramer Py t—g g —»tg —gtgtog gtott—g*

mmm 0125 13.0 116 215 15.6 8.6 159
025 128 125 215 14.2 8.1 15.6
0.125 148 9.1 16.6 14.8 89 16.3
0.125 257 161 15.0 14.9 4.7 14.4
0.25 132 5.1 18.8 18.6 163 245
0125 175 43 22.6 14.7 107 220

13332

agrees with the value of T, — T, = 56.3 found in our curve
fitting routine with B = 1000 J g'. The identification of T,
and T, can be justified by the representation of the calori-
metric relaxation times calculated from Eq. (12) in the In7*
versus 1/(T — T,) plot (see Fig. 8), with the straight line
found also allowing us to determine DTy = 2031 K and D =
7.9. This value of D corresponds to a fragile, glass-forming
system in the framework of Angell’s [3] classification, as
it should. The preexponential factor found with B =
1000Jg_1, A = 2.6107 "5, is also the value that can be
expected for the limit of the relaxation times at infinite
temperature.

The 3 parameter of the KWW equation agrees with the
values obtained from viscoelastic experiments, around
0.42-0.43 (see reference [28] and the references there
cited). In dielectric experiments, the parameter 8 is found
to significantly increase with decreasing temperature
[29,30], with values ranging between 0.51 and 0.64. Ngai
et al. [28] found that the product BC is the same when
determined from different experimental techniques, with a
value around 900 K. From our DSC experiments, with B =
10007 g ~', we find BC = 914 K.

Lower values of the parameter B lead to smaller Q*, close
to the values proposed by Hodge, or Adam and Gibbs. How-
ever, the values found by the search routine for the differ-
ence T, — T, and the preexponential factor A for B =
5007 g~ seem less realistic than those found with B =
1000 J g~". This indicates that the CRR could have a num-
ber of possible states slightly higher than those proposed by
Hodge, and Adam and Gibbs.

The size z* of the CCR, accepting B = 1000 J g7, is
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Fig. 8. Equilibrium relaxation time calculated with B = 1000Fg ™.

Table 5
Parameters related to the size of the smallest CRR at T, as obtained from
the Adam-Gibbs theory

BJg'K™H S5 THIg™ K™ z Q

500 0.060 4.8 5
1000 0.090 64 20
1500 0.117 7.4 88
2000 0.141 8.2 392
2500 0.164 8.8 1746
3000 0.185 9.4 7772

equal to 6.4. This means that a cooperative rearrangement
involves the simultaneous or sequential movement of six
main chain segments. The number of repeating units of
the main chains involved in such cooperative motion
remains uncertain, as the definition of the main chain seg-
ments allows them to overlap each other, but it can be said
that this number is around 20. If all the segments pertain to
different polymer chains and each segment contains eight
bonds, the CRR would contain around 25 repeating units of
the main chain. However, if some of the segments pertain to
the same polymer chain, then this number is reduced.

3.3. The size of the cooperative rearranging region from the
temperature fluctuation theory

Another approach to the size of the CRR is the formula
proposed by Donth [2,31] to relate the volume of the CRR
with the mean temperature fluctuation in this region at T,:,

V, = kT2 A(1/c,)/pST>. (15)

where V, is the volume of the CRR, A(1/c,) = 1/cy, — /ey,
with ¢, and c,; being the specific heat at constant volume of
the glass and the liquid, respectively, at T, p is the density
and 67T is the mean temperature fluctuation in the CRR.

The temperature fluctuation can be determined from the
mean fluctuation in In7, 8g, that, in turn, can be evaluated
from the @ parameter of the KWW equation through:

S0 — 1.04 = 0.05
q B .
The relationship between 67 and 8g comes from:
dq 1 din7™
i Pl el o
oT ng(d(l/T)( o)

The values of the specific heat at constant volume at 7', were
calculated from the corresponding values of the
specific heats at constant pressure from the well known
formula:

To?
Py’

The values of the expansion («) and compressibility ()
coefficients and the density (p) at T, were taken from the
data of McKinney and Goldstein [32], as explained in [21],

c,=c,
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leading to ¢ o(Ty) = 1.063J g ' K, c (T = 1.290J g~
K~! and o(Ty) =1.186 g cm?/

Thus, from the model parameters found with B =
1000 ) g”1 we find 6T = 3.65K and V, = 14.3 nm. This
CRR would contain 119 monomeric units, which is higher,
but still within an order of magnitude, of what we deduced
from the Adam—Gibbs theory above. The correlation length
can be calculated from the volume of the CRR:

£,= V" =24nm,

which agrees with the value determined by Donth [2] for
this polymer from the results of Sasabe and Moynihan [29]
and by Donth et al. [33] using different approaches.
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