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Abstract. The Tool-Narayanaswamy-Moynihan (TNM) phenomenological model is widely accepted in or-
der to describe the structural relaxation of glasses. However several quantitative discrepancies can be found
in the literature that cannot be entirely ascribed to the experimental errors. In this work we compare the
predictive power of two recently proposed configurational entropy approaches extending the TNM formal-
ism. Both of them change the treatment of non linearity by adding a free parameter. We use Differential
Scanning Calorimetry (DSC) experiments in order to test the models in two different polymers. One of
them is a commercial PMMA sample, the other is a side chain liquid crystal azo-benzene polymer properly
synthesized for optical nanorecording purposes. Different results were found for the two systems. In the
PMMA sample only one of the new models was able to improve the agreement between DSC experiments
and theory with respect to the TNM model, whereas in the second polymer both the approaches were able

to describe the experiments better than TNM model.

PACS. 64.70.Pf Glass transitions — 61.43.Fs Glasses — 61.41.4+e Polymers, elastomers, and plastics

1 Introduction

It is well known that glass-forming systems below
their glass transition temperature Ty are in an out-of-
equilibrium thermodynamic state [1]. Accordingly, if a
glass is kept under isothermal condition at T,, < T} its
physical properties spontaneously change and the system
evolves towards its equilibrium state [2,3]. This very slow
process is usually referred to as physical ageing or struc-
tural relaxation and characterizes all the different glass-
forming materials. Many experimental techniques enable
the study of this phenomenon, among them Differential
Scanning Calorimetry (DSC) is one of the most widely
used. It allows one to record the temperature depen-
dence of the heat capacity of a sample during an heat-
ing scan through the glass transition temperature, after
a complex thermal history that usually involves an an-
nealing step in the glassy state. The recovery of equi-
librium near T} is detected, in the experimental ther-
mograms, as an overshooting peak whose area is related
to the change of enthalpy during the ageing [4]. Posi-
tion and shape of the peak strongly depend on the an-
nealing conditions. The Tool-Narayanaswamy-Moynihan
model [5,6] (TNM), or the equivalent Kovacs-Aklonis-
Hutchinson-Ramos (KAHR) one [7], is widely accepted
in order to represent the structural recovery process in
glasses. This approach takes into account the experimen-
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tal finding that the kinetics of structural recovery de-
pends on both temperature and structure of the glass that
changes during the ageing. In this model the fictive tem-
perature Ty [8], is used as structural parameter so that
non-linearity is treated by assuming a specific dependence
on both Tt and T of the instantaneous relaxation times.
The expression originally proposed [5] is a generalized
Arrhenius law:

xAh
RT

(T, T) = Aexp ( L= x)Ah)

AT 1)
where x (0 < & < 1) is the non-linearity parameter par-
titioning the structural and thermodynamic contribution
to 7, Ah is the activation energy, R the gas constant and A
a prefactor. Then the Boltzmann superposition principle
is assumed to be applicable during the cooling and heat-
ing procedures once a reduced time-scale is defined. As a
final step, the non-exponential character of the recovery
process is accounted by using the stretched exponential
function as a relaxation function. In this way the consti-
tutive equation of TNM model can be obtained in terms
of the evolution of Ty [4]:
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Ty is a reference temperature well above the glass transi-
tion temperature, @ is the cooling or heating rate and [ is
the stretching parameter. During the annealing step (if it
exists) the second integral of equation (2) is replaced with
a time integral having dt in place of dT'/Q. The empirical
expression defined in equation (1) has been criticized [9],
and alternative relations have been proposed in literature.
Among them, the most frequently used is the expression
developed by Scherer [10] and Hodge [9]:

B
T(Ty,T) = Aexp (RT(l—TQ/Tf)) . (3)

This latter is physically more reasonable than the pre-
vious one because at the equilibrium (Ty = T) the
Vogel-Fulcher-Tamman law is recovered. Moreover, it can
be obtained in the framework of a theoretical model by
extending the Adam-Gibbs theory [11], with some ad-hoc
assumptions. When equation (3) is adopted, the approach
is usually named Adam-Gibbs-Vogel (AGV) model.

From the definition of the fictive temperature, the fol-
lowing relation is easily obtained [4]:

ity G,(T) — 8= (1)

dr AC,(Ty)
_Gp(T) = CF™(T) _
AC,(T) = CN(T). (4)

In equation (4), Cp(T) is the heat capacity curve,
Cf;rlass (T') is the unrelaxed glassy heat capacity line and
AC,(T) = Cjaud(T) — C895(T') is the heat capacity in-
crement between the glassy and the liquid state. All these
quantities can be measured experimentally by means of a
DSC apparatus so that direct comparison between theo-
retical and experimental normalized curves (C’IJ,V ) can be
accomplished. The four model parameters (4, x, Ah and
B, or Ty, B, A and () can be conveniently found by fitting
the experimental DSC traces with some search routine.
Simultaneous fitting procedures of several thermograms
can be conveniently adopted to reduce correlation and
thermal history dependence of the model parameters [12].
However, alternative procedures to the curve fitting have
also been proposed [4], which will be briefly explained in
the following. In the literature usually the activation en-
ergy Ah is determined by the cooling rate dependence of
the glass transition temperature [13] according to the ex-
pression:

Ah dlnQ.

"L, )

From the Ah and T, values, a crude estimation of the
prefactor A is possible. To evaluate the non-linearity
parameter x, the most used method is the peak shift
method [14,15] where the temperature position of the
DSC overshooting peak Tj,, recorded after annealing the
glass for a time t, at a temperature T, < T}, is analysed
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as a function of the enthalpy loss AH(T,,t,) [4]:

AH(Ty ta) = | (Cp(0) — C(0)) do. (6)

S
8 \@ﬂ

In equation (6) Cp(T) and Cy(T) are the heat capacity
measured after having annealed the sample at T, for the
time t,, and the heat capacity of the unannealed sample
respectively (reference scan), whereas T, and Ty are ref-
erence temperatures (T, < T, < Ty). In a well-stabilized
glass, a linear behaviour of 7}, vs. AH is obtained, which
provides the following dimensionless peak shift:

S=AC, (;j;) . (7)

In the set of the annealing experiments, the cooling
and heating rates are maintained constant. It has been
shown [14,15] that this peak shift is a strong function of
the non-linearity parameter x:

S = F(x) (8)

where F(x) is a function almost independent of the distri-
bution of relaxation times, theoretically calculated. The
x parameter has been determined in many different glass-
forming systems by using this procedure.

Finally the non-exponential parameter 3 can be esti-
mated by analysing the cooling rate dependence of the
upper peak [15], which is observed in intrinsic cycles, i.e.
cooling-heating ramps without annealing. If an estimation
of the AGV parameters (Eq. (3)) needs, some approximate
expressions in terms of the TNM parameters are often
used [16]:

v~ 1—To)T ~1—Ty)T, 9)
B

Independently of the validity of these methods in pro-
viding the values of the model parameters, in our opinion
the curve fitting method has to be preferred because it
allows the check of the capability of these models to de-
scribe the recovery process. Indeed, significative discrep-
ancies that cannot be completely ascribed to the exper-
imental errors have been observed in several polymers.
These could be related to the fact that only one structural
parameter, a fictive temperature, is used to model the non-
linear effects. Alternative approaches and extensions of
the TNM/AGV model have been proposed [17-21] where
an additional parameter is introduced in modelling non-
linearity. Gémez-Ribelles and coworkers have recently de-
veloped a configurational entropy approach (GR model),
which better describes the DSC experiments in several
polymers [21,22]. In this model, the configurational en-
tropy S.(T,t) was used as a structural parameter. The
evolution equation for S, is formally very similar to the
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constitutive equation of TNM or AGV model:

T(t)

AC’;f’”(G)
Sc(t) = S(Th) + / Td@
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; tim ) B
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Z / 7 df | exp / 5N
= A\r, i1

(11)

Likewise, the instantaneous relaxation times are obtained
by extending the Adam-Gibbs theory

7(#) = 7(Su(t), T(t)) = Aexp (S?T) a2

For the configurational entropy S. and enthalpy H., it
is assumed an identical relaxation mechanism to compare
DSC experiments and theoretical curves via the relation

ass 8HC
Cp(T) — CE*(T) = o7

The main difference with respect to the AGV approach
is represented by the introduction in equation (11) of the
term AC};’”(T) = Czlfm(T) — CglagS(T), where Cffm(T)
is the heat capacity of the equilibrated glass. This for-
malism does not assume that the limit values of config-
urational heat capacity in the glass, and then entropy
and enthalpy, are obtained by extrapolation from the melt
(CLm(T) = Cpa for T < Ty), so that it offers the oppor-
tunity of testing different hypotheses. The simplest choice
in the GR model adds one more free parameter with re-
spect to the AGV one: it is the phenomenological shift §
of the Cl™(T') with respect to Cj9(T). § manifests itself
in a narrow temperature range around the glass transition
temperature as shown in Figure 1 [22]. We have recently
shown that the GR approach describes DSC experiments
in two different polymers better than other possible mod-
ifications of TNM or AGV models [23].

There is a different extension of the AGV model [24]
aimed to overcome a particular flaw exhibited by this ap-
proach itself. In fact, the Adam-Gibbs temperature T,
(see Eq. (3)) obtained directly from equation (9) or from
the curve fitting method is often found at temperatures
150 K or even more below the glass transition temper-
ature [4,24]. This appears to be physically unrealistic
and disagrees with the Vogel-Fulcher temperatures usu-
ally measured by dielectric or viscoelastic investigations.
This result could be related to the AGV handling of non-
linearity through the assumed dependence of the out-
of-equilibrium configurational entropy on the sole fictive
temperature:

(13)

S.(Ty) = / %‘%9. (14)

With the Adam Gibbs assumption 7 « exp(B/(S.T))
with an hyperbolic form for AC,(T) in equation (14),
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Fig. 1. The parameter ¢ introduced in the GR model and
representing the shift in the limit glassy heat capacity with
respect to its extrapolation from the melt (right). On the left,
the effects on the configurational entropy are shown.

equation (3) is easily obtained. Because non-linearity is
driven by the difference S.(T,t) —S.(T)°? it could be that
equation (14) introduces too much non-linearity.

A different expression was proposed [24] where S, de-
pends on both fictive and present temperature through an
entropic non-linearity parameter x4, which ranges from 0
to 1:

S.(T, Ty) :zS/ACTMdH(P%)/A%WdQ. (15)

A possible interpretation of this expression is in terms
of dynamical heterogeneities. In fact if S.(Ty), as given
by equation (14), is followed during a cooling procedure,
its freeze is seen at the glass transition (the glassy value
of Ty). If instead the glass transition is supposed to be gov-
erned by two separate processes characterized by two dif-
ferent time-scales, a temperature range would exist where
the behaviour of configurational entropy is intermediate
between the equilibrium and the frozen one. The path
followed by S.(T,Ty) would then depend on the relative
weight of the two processes as in equation (15).

Equation (15) corresponds to the idea that the exis-
tence of a spectrum of relaxation times influences also the
treatment of non-linearity, being related to the presence
of a distribution of glass transition temperatures. The bi-
modal character of such distribution is solely due to a
mathematical convenience and represents a simple way
for taking into account the heterogeneity, via the config-
urational entropy. The result of equation (15) is then to
provide an instantaneous relaxation time, averaged on the
dynamics contribution pertaining to the faster and the
slower domains. The description of the behaviour of S, in
terms of equation (15) is meaningful in a limited range of
temperatures, because of the freezing of the fast compo-
nent at a certain temperature T}, ;.

It should be emphasized that the heterogeneous char-
acter of dynamics in glass-formers systems has been ob-
served in several experimental studies [25-28]. Further-
more, in recent numerical works [29,30] the coexistence
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of fast domains and slower clusters has been found in
Lennard-Jones systems. More importantly, Thurau and
Ediger [31], have recently evidenced the effects of spa-
tial heterogeneities on the physical ageing mechanism of
a polystyrene sample.

The approach described by equation (15) has been re-
cently used by Saiter and coworkers [32] to study the en-
thalpy recovery in a semi-rigid polymer family. In a similar
way Calventus and coworkers [33] found the parameters of
the entropic model for some different non-stoichiometric
epoxy-amine resins and discussed their physical meaning.
In these works, however, no direct comparison was made
between experimental DSC scans and theoretical predic-
tions of the entropic model.

The main goal of the present work is to investigate
the improvement of this new model to the AGV approach,
and to compare its performance with the one of GR model
in describing the physical ageing process. Both these ap-
proaches, even if in a different way, change the handling
of non-linearity. According to both of them non-linearity
depends on the difference S.(t) — S.(t = oc), but in the
Hutchinson approach S.(t = o0) coincides with the equi-
librium line extrapolated from above the glass transition
temperature, while in the GR model this assumption is
not invoked and S,(t = co) = SL™ =£ §¢4 is considered.

Experimental data obtained from two different poly-
mers are here presented. For one of them, the Hutchinson
model parameters are evaluated, in order to compare the
two methods, by means of both the peak-shift method and
the carrying out curve fitting procedures. In addition, in
the light of the previous discussion of the validity of equa-
tion (15) in a narrow range of temperatures, we have as-
sumed that the fast component of S, freezes in abruptly
at a fixed temperature.

2 Experimental details

The PMMA sample was purchased from Labservice An-
alytica and used as received without any further purifi-
cation. Its weight average molecular weight was M,, =
21000 g/mol and the sample was almost monodisperse
(M /M, = 1.07). The glass transition temperature, de-
termined according to the enthalpic definition was T, =
392 K.

The second polymer is a side chain liquid crys-
tal polymethacrylate containing a (3-methyl-4’-pentyloxy)
azobenzene mesogenic unit connected at the 4-position by
an hexamethylene spacer to the main chain. It was synthe-
sized following a general literature procedure [34]. X ray
measurements confirmed its nematic character in the tem-
perature range between the glass transition T, = 292 K
and the clearing temperature 7; = 353 K. Its molecular
weight distribution is characterized by M, =~ 59000 g/mol
and M,, ~ 19000 g/mol. The acronym PMA4 will be used
in the following to refer to this polymer.

Differential scanning calorimetry measurements were
carried out with a Perkin-Elmer DSC 7, frequently cali-
brated with indium and zinc standards. Highly pure nitro-
gen was used as purge gas. All thermal treatments were
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performed without removing the sample from the DSC
instrument. For each polymer a single sample of about
10 mg was used. In the experiments, the samples were: i)
firstly maintained at an high temperature (T’ ~ T, +30 K)
for some minutes in order to erase any previous thermal
history; ii) quenched (Q. = 40 K/min) to the temperature
T, < T, and there annealed for the ageing period ¢,; iii)
quenched to a temperature well below the glass transition
and finally reheated at the rate of 10 K/min recording the
signal.

After each measurement, a reference trace was
recorded following the steps i) and iii). Intrinsic cycles
(cooling at different rates and heating at a fixed rate) have
also been performed.

3 Results and discussion

Let us consider firstly the polymer PMMA. Its TNM
parameters were estimated following the procedures de-
scribed in the introduction. In Figure 2 the cooling rate
dependence of its glass transition temperature is shown.
According to equation (5) from these data the value of
the activation energy Ah is obtained. It is found Ah/R =
118 12 kK. Moreover, from the analysis of the annealing
experiments at T,, = 382 K ~ T, — 10 K, we evaluated the
non-linearity  parameter with the peak shift method.

In Figure 3 the behaviour of 7, as a function of
the structural recovery of AH is shown. The value of
0.29 £+ 0.03 was obtained for the x parameter. Finally,
an estimation of the [ parameter is provided by analy-
sis of the dependence of the upper peak in intrinsic cycles,
as a function of the ratio of the cooling to heating rate.
In fact this peak behaves differently [15] from the main
peak observed in annealing experiments, the former ex-
hibiting sensitivity greater to the non-exponentiality pa-
rameter than to the non-linearity one. In Figure 4 two
normalized experimental heat capacity curves recorded
on heating after cooling at different rates are compared,
whereas in Figure 5 the height of the upper peak is re-
ported as a function of the cooling rate (at a fixed heat-
ing rate). The theoretical predictions of TNM model for
two different 3 values are also shown (the other parame-
ters are reported in the figure). From these data one es-
timates the non-exponentiality parameter 3 in the range
0.34 < B < 0.4. The parameters of the Hutchinson model
are then obtained from the relations [24]:

1
1fscs~(1f:£)?2 (16)
T\*
B~Ah|1—-— 1
h( Tg) (a7)

which can be derived following the same procedure leading
to equations (9) and (10). An independent estimation of
the Kauzmann or Vogel-Fulcher temperature in this sam-
ple is not available. However the WLF scaling [35] pre-
dicts Ty — T3 ~ 50 K, and viscosity measurements in an
almost monodisperse PMMA sample (M,, ~ 50000) [36]
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Fig. 2. Cooling rate dependence of the glass transition tem-
perature of PMMA from simple cooling/heating experiments.
According to equation (5) we found Ah/R =118 +12 kK.
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Fig. 3. Evaluation of the non linearity parameter z of TNM
model through the peak shift method. Temperature of the en-
dothermic peak, rescaled by the heat capacity change at Ty,
observed in DSC traces recorded after annealing the PMMA
sample at 382 K as a function of structural recovery AH.

provided a value of the Vogel-Fulcher temperature Tj
about 35 K below the glass transition temperature. Ac-
cordingly we attempted to fix T = 352 K ~ T;—40 K and
from equations (16) and (17), it was found z, ~ 0.2 and
B/R ~ 1.2 kK. Finally, after having assumed 7 ~~ 100 s
at the glass transition [4], the prefactor A was estimated.

We have then completed the set of parameters needed
to work with the Hutchinson approach by setting T,y =
T, — 20 K, where T,y is the temperature where also the
first term contributing to S, in equation (15) is assumed
to freeze in. It is important to note that the results below
have appeared to be weakly dependent on the specific T} ¢
value, at least in the range T, — 30 K < T}y < T, — 10 K.

The ability of the set of parameters to describe the re-
covery mechanism was tested by comparing with the corre-
sponding theoretical curves some DSC experimental scans
recorded after different thermal procedures. The compari-
son is shown in Figure 6 where the discrepancies appear to
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Fig. 4. Normalized DSC thermograms observed in simple
cooling/heating experiments for two different cooling rates:
40 K/min (dotted line) and 1 K/min (continuous line).
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Ah/R=118 kK
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Fig. 5. PMMA sample: the maximum of the normalized DSC
traces recorded during heating at 10 K/min after cooling at
different rates. The lines are the predictions of TNM model
as obtained for two different 3 values. All the parameters are
reported in the figure.

0.5

be very large. Because an overall temperature shift could
derive from an underestimation of the prefactor A, we also
arbitrarily changed it, but attempt failed in obtaining bet-
ter agreement: it still remained quite poor, as shown by
the dotted curves in the figure. At this stage, these re-
sults only provide an evidence that the above procedure
for the evaluation of the model parameters is doubtful.
In fact criticisms have been addressed on different bases.
First of all, equation (5) has been criticized in a recent
paper [20] where a more general expression involving also
the breadth 3 of the relaxation time spectrum has been
proposed. Furthermore, several literature studies have re-
ported the finding that the values of Ah obtained by curve
fitting are smaller than those determined by using equa-
tion (5) (Refs. in [4]).

This effect in a partial way can be traced back to the
thermal lag that broadens the experimental DSC traces;
however, due to the limited range of cooling rates available
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Fig. 6. Comparison between some experimental scans (diamonds) recorded after different thermal treatments of the PMMA
sample and the predictions of the Hutchinson entropic model. Continuous lines are characterized by the set of parameters
A=0936x10""%s B/R=12KkK, To =352 K, z; = 0.2 and 3 = 0.37. The dotted lines were obtained by using the prefactor

A as a free parameter. We found A = 5.32 x 107 s.

in the experimental practice, also the error on the slope of
InQ. vs. 1/T, can be large. The second important issue
is represented by the use of the peak shift method, whose
applicability seems to be questionable [37]. Actually, in
some cases values of x comparable with those drawn with
the curve fitting method have been obtained [4]; however
there is still a fundamental question, recently addressed
by Zheng and coworkers [37]. By analysing a set of sim-
ulated data in the framework of TNM model, they have
shown that the master curve assumed in the peak shift
method is not a true master curve. The study evidenced
that the error associated with the x determination from
the peak shift method, strongly depends on the § value,
on the different experimental variables and can be as large
as 50%. They concluded that in general the curve fitting
procedure has to be preferred. A final remark is devoted to
the equations (9-10) or (16-17) relating the parameters of
the different models, which are approximated in character
because the models are not equivalent. In particular, they
were derived by assuming identical behaviour of the in-
stantaneous relaxation times as a function of temperature
and fictive temperature, at the glass transition. However
the shape of the overshooting peaks depends on the be-
haviour of the out-of-equilibrium relaxation times over the
whole thermal history. This point could assume some im-
portance, because the experimental curves in the present
work involve annealing temperatures, which extend down

to 30 degrees below the glass transition. These aspects
could assume even more importance in the Hutchinson
model, which requires an additional free parameter with
respect to the TNM or AGV approach.

To get further insight we performed therefore simul-
taneous fitting procedures of the six experimental scans
reported in Figure 6 with the different models. The
Nedler-Mead search routine was employed in order to
find the minimum of the function:

1 6 N ) L. ..
Oq = 6_N Z Z [w(l) (Cgexp(lv]) - Cgtheory(z’]))f ’
i=1 j=1

(18)
In equation (18) the index 4 identifies the experimental
scan whereas the index j the different points in each scan.
To give the same importance to the different measure-
ments, the weighting factors w(i) were assumed propor-
tional to the inverse of the maximum of the overshooting
peaks, with w(i) = 1 in the case of the thermogram with
highest peak. In Table 1 we report the best fit parame-
ters of TNM model corresponding to some different val-
ues of the activation energy Ah. The last row of the table
refers to the set obtained by setting Ah/R = 118 kK
x = 0.29, values provided by the peak shift method,
and f = 0.37. By inspection it is seen that the best
agreement between theory and experiments is found for
78 kK < Ah/R < 90 kK, appreciably lower than the value



L. Andreozzi et al.: Enthalpy relaxation of polymers

389

20 Mook AT K
. i_160 > t,=1220 min 4= T=373K
=160 min . s
- 3 t,=4000 min|
3
2 5L
1 Y el 1= i el
*
0 T l l I L] ok ¢
370 380 390 400 410 390 395 400 405 410 385 390 395 400 405
T (K) T (K) T (K)
1.2 20 .
1.0 T,=373K ’ N Q.=0.5 K/min
t,=120 min 1.0 A= t,=0 min
0.8 1.5
...... 0l
0.6
z . | 10— g s
g 0.6
0.4 04 T.=363 K
t=1120 min| |0
0.2 02 .
0.0 (" ! oo™ ! ! I R il ! ! !
370 380 390 400 410 380 390 400 410 380 390 400 410
T (K) T (K) T (K)

Fig. 7. Comparison between the experimental scans of Figure 6 and the best fits provided by the TNM model. The parameters
are reported in Table 1 (Ah/R = 84.2 kK). The dotted lines are the predictions obtained by using the parameters reported in
the last row of Table 1 and estimated through the methods described in the text.

Table 1. Best fit parameters of the TNM model for the DSC
thermograms reported in Figure 6. Each set of parameters cor-
responds to a different value of the parameter Ah, which is
fixed during the fitting procedure.

Table 2. Best fit parameters of the AGV model in PMMA
for different T settings.

Ah/R (kK) A (s) x Jé; Oa
72.2 1.6 x 107" 046 0.44 0.038
78.2 42x107% 040 041 0.034
84.2 1.1x107°  0.35 0.39 0.031
90.2 32x107% 031 0.36 0.035
118.0 4.0x107'% 017 029 0.072
118.0 1.8 x 10712 0.29 0.37 0.214

Ah/R = 118 + 12 kK given by the analysis of the cool-
ing rate dependence of the glass transition. Even greater
discrepancies were found in other literature studies [38].
Interestingly enough, if the value Ah/R = 118 kK is set,
the best fit value for the x parameter turns out to be con-
siderably lower than the one obtained with the peak shift
method. These results seem to confirm the work of Zheng
and coworkers [37]. In Figure 7 the best fit traces (solid
lines) according to the TNM model (Ah/R = 84 kK)
are compared with the experimental ones. The predictions
(dotted lines) obtained with the set of parameters origi-
nally estimated (last row of Tab. 1) are also shown.

Ty (K) A (s) B/R (K) 8 Oa
242 1.1 x 10732 11810 0.42  0.030
262 6.9 x107% 9416 0.39  0.029
282 2.9x1072 7070 0.36  0.034
302 4.7 x 10723 5152 0.34 0.043
322 8.4 x 1071 3344 0.31 0.054
342 5.2 x 1071 1860 0.29 0.061

Assuming the AGV expression provides similar agree-
ment between theory and experiments. In Table 2 the best
fit parameters found for different 75 settings are reported.
We can note that the best results correspond to an Adam-
Gibbs temperature ranging in 242 K < 75 < 282 K, con-
siderably lower than the T, value. As next step, data were
analysed in terms of the Hutchinson entropic model, to
test its ability in improving the agreement with exper-
iments and providing higher values of the Adam-Gibbs
temperature. In Table 3, the best fit parameters found for
some 715 settings are reported, whereas in Figure 8 the
theoretical predictions (T5 = 282 K) and the experimen-
tal traces are compared. The values in the last columns of
Tables 2 and 3 suggest that the entropic model does not
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Fig. 8. Comparison between the experimental scans of Figure 6 and the best fits obtained by the Hutchinson model. The

model parameters are reported in Table 3 (T> = 282 K).

significantly improve the agreement with the experimental
scans with respect to the AGV approach. The possibility
that this result follows from the unrealistic assumption of
two separate processes governing the glass transition phe-
nomenon was ruled out by a study carried out assuming
in equation (15) x5 as a decreasing function of the temper-
ature in the range Ty — 20 < T < T,. This choice should
correspond to a continuous distribution of fictive temper-
atures with contributions to the configurational entropy
that progressively freeze on lowering the temperature.

However one could remark that, as expected, the best
agreement set in the Hutchinson model presents an in-
creased value of the Adam-Gibbs temperature, and that in
the set of parameters the trend is observed that the higher
the Ts value is, the greater the corrective parameter zs. In
addition, for the highest values of the T, parameter, the
decrement in the average square deviations is appreciable,
about 25% for To = 342 K, with respect to the set at the
same T5 in the AGV model.

To conclude our study on PMMA, the experiments
are compared with the predictions of GR model, which
also changes the treatment of non-linearity. Such a com-
parison is shown in Figure 9 (T = 282 K), whereas in
Table 4 we report the best parameters for different 75
settings. An inspection of the results in Tables 3 and 4
evidences that GR model provides better agreement with
the experiments than the Hutchinson one. It is worthwhile
noting that the basic assumption of GR model has been
supported in this polymer by some long term annealing

Table 3. Best fit parameters of the Hutchinson model in
PMMA for different T settings.
T> (K) A (s) B/R (K) Jé] Zs Oa
262 5.7 x 10729 9143 0.40 0.02  0.027
282 2.5 x 10725 6829 0.39 0.05 0.025
302 1.6 x 1072 4817 0.38 0.07 0.033
322 1.8 x 10717 3108 0.36  0.075 0.038
342 5.7x107% 1719 0.34 0.08 0.045

Table 4. Best fit parameters of the GR model in PMMA for
different T5 settings.

T,(K) A(s)  B(/g 6(/gK) B o
262 9.9 x 1073° 4113 0.069 0.40 0.015
282 7.0x 1077 2967 0.076 0.37  0.014
302 1.5 x 10723 2018 0.085 0.35 0.017
322 1.3 x 1071 1249 0.091 0.32  0.022
342 7.6 x1071 657 0.094 0.30 0.030

experiments [23], which were found consistent with the
hypothesis of a limit glassy value of enthalpy higher than
its extrapolation from the melt.

To gain a further insight, we compared GR and
Hutchinson approaches by using experimental data of the
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Table 5. Best fit parameters of the AGV, GR and H models in PMAA4 for different 75 settings.

7> (K) A (s) B (J/g) ¢ (J/gK) Jé] Zs Oa Model
227 2.2x107% 19900 - 0.26 - 0.0098 AGV
227 1.4 x 1071 840 0.08 0.28 - 0.0064 GR
257 2.1 x107° 5294 - 0.31 0.17 0.0055 H

PMA4 polymer. The use of both the models has shown
an improved description of the experiments with respect
to the performances of TNM or AGV approaches. In Fig-
ure 10 the experimental thermograms are compared with
the best fits obtained with the GR and H models. In
this case the two approaches similarly describe the en-
thalpy recovery mechanism, even if, apart for the reference
scan (heating at 10 K/min after a cooling at 40 K/min),
H model seems to be more accurate. The previous qual-
itative analysis is confirmed in Table 5 where the sets of
parameters providing the lowest average square deviation
o, for the AGV, GR and H models are reported.

It is worth noting that H model provides the best value
for the Adam Gibbs temperature, in good agreement with
the Vogel-Fulcher temperature, Ty = 259 + 5 K, found by
viscoelastic measurements in this sample [39]. The above
finding is somehow supported by the recent results from
ESR studies which evidenced the highly heterogeneous
character of the dynamics in this PMA4 polymer [39].
In particular, the ESR spectra of paramagnetic tracers
dissolved in very low concentration in PMA4, exhibited
the presence of two quite different dynamical contribu-
tions [40]. This bimodal character of the disomegeneity
could be important if equation (15) is interpreted in terms
of two different dynamical processes governing the glass
transition.

The results of the present work seems to suggest that
the H model provides an appreciable improvement in the
description of the ageing mechanism only in those systems
with a very high heterogeneous character of the dynamics.
In particular, in PMA4 the heterogeneity is emphasized
probably due to its liquid crystalline nature. More mea-
surements on a wider set of high molecular weight poly-
meric materials should be carried out in order to validate
this hypothesis.

Another outcome of this study is that GR model seems
more general than the H approach. In fact, it was able to
produce appreciable decrement of the average square devi-
ation o, with respect to the AGV model in both polymers
we investigated.

4 Conclusions

This work dealt with the enthalpy recovery mechanism of
polymers, in particular it is devoted to the comparison
of the predictive power of two recently proposed configu-
rational entropy approaches extending the AGV model.
DSC experiments performed in two different polymers
were used in order to test the models. In the first part
of the paper we tried to estimate the parameters of the

H model for the PMMA sample, by means of the proce-
dure widely used in literature, of the peak shift method
and some approximate relations relating the TNM and
the H parameters. The obtained parameters were found
to be unable to reproduce the DSC thermograms. These
results suggest that the curve fitting method has to be pre-
ferred to other procedures and support analogous conclu-
sions recently published [37]. In addition, the curve fitting
procedure allows one to directly compare the predictive
power of the different approaches to the description of the
physical aging. In the PMMA sample we showed that only
the GR model highly improved the agreement between ex-
periments and theory with respect to the AGV approach.
However, if one selects the best fit parameters by looking
for the minimum in the average square deviation among
the experimental and the calculated DSC traces, also GR
model provided an estimation of the Adam-Gibbs tem-
perature which seems to be quite unrealistic (Ty, — T» =
110 K). At variance in the side chain liquid crystal polymer
experimental thermograms were described fairly well by
both approaches, with only small differences between their
outcomes. However the best fit values of the Adam-Gibbs
temperature provided by the H model were in excellent
agreement with the Vogel-Fulcher temperature obtained
by viscoelastic measurements. The collection of our results
does not allow a general conclusion, and suggests that a
number of experimental studies on different polymers has
to be carried out; however there are indications that the
GR approach works better than the H model, because the
former is able to describe the physical ageing experiments
in both polymers investigated in the present work. In par-
ticular, the hypothesis at the basis of the GR model on
the asymptotic glassy value of S, is worthwhile of further
investigation by performing very long time annealing ex-
periments.
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