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’ INTRODUCTION

The normal fate of a liquid cooled down below its melting
temperature is the achievement of the thermodynamically stable
crystalline state. However, for kinetic reasons, crystallization can
in many instances be avoided and a metastable liquid can exist
even below the melting temperature.1 Further temperature
reduction eventually leads to the formation of a glass, namely a
system with the mechanical properties of a solid but displaying
no long-range atomic or molecular order. The crossover from the
melt to the glassy state is commonly addressed as the glass
transition. This phenomenon is kinetic in nature as the associated
temperature—the glass transition temperature Tg—depends on
the applied cooling rate. Given the ability of a large number of
materials to form a glass, the physics of glass-forming liquids has
been widely investigated in the past decades. In particular, both
dynamic and thermodynamic aspects of glass-forming liquids—
together with the associated glass transition—have been the
subject of intense debate. Among them, polymers have been
widely studied due to their good ability to form glasses. Nowa-
days, the achievement of a large number of experimental results
has generally clarified these aspects above the Tg of the glass
former, i.e., for relaxation times of the order of or smaller than
seconds. Conversely, much less is known about the fate of the
dynamics and the thermodynamics of glass-forming liquids
below the so-defined Tg. This is especially relevant in polymer
glasses due to the use of these systems inmany applications in the
glassy state.2 Furthermore, this issue is of particular interest since

the extrapolation of available data obtained above Tg to lower
temperatures generally produces a singularity in both dynamics
and thermodynamics. In particular, the relaxation time associated
with the glass transition is predicted to diverge at a finite
temperature if empirical laws such as the Vogel�Fulcher�
Tamann (VFT)3�5 (or the Williams�Landel�Ferry equation
(WLF)6) are assumed to be valid also below Tg. The extrapola-
tion of first-order thermodynamics variables also results in a
singularity at a finite temperature, namely the temperature at
which the thermodynamic properties of the glass would equal
those of the crystal.7 This would lead to the conclusion, against
the third principle of thermodynamics, that below this tempera-
ture an amorphous system possesses a smaller entropy than the
crystal counterpart. With some exceptions8,9 the temperatures
for dynamic (the Vogel temperature T0) and thermodynamic
(the Kauzmann temperature TK) singularity are generally found
to be approximately equal.10

In recent years, several theoretical11�15 and experimental16�22

works have been devoted to the study of the dynamics below Tg

of glass-forming systems, including polymers. In all cases sig-
nificant deviations from the VFT behavior toward a milder
temperature dependence have been encountered. From the
point of view of thermodynamics, several studies, both
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ABSTRACT: We performed a systematic study on the recoverable enthalpy in several glass-
forming polymers. We found that after prolonged isothermal physical aging the enthalpy
reaches a plateau with values substantially larger than than those corresponding to the enthalpy
state extrapolated from the melt state. Enthalpy recovery experiments after up-jumps indicate
that the enthalpy state corresponding to the plateau found after simple down-jump experiments
is restored after long-term aging. This result is interpreted considering the plateau in the
enthalpy as a thermodynamically stable state. We argue on the possible scenarios emerging
from this conclusion. In particular, we discuss whether polymer glasses in the achieved
thermodynamic state are stable over any time scale, or rather this corresponds to a relative
minimum with further evolution at much larger time scales. Finally, the shift factor obtained
from aging time�temperature superposition of enthalpy recovery data was found to considerably deviate from the Vo-
gel�Fulcher�Tammann equation, normally adequate to describe the segmental mobility above the glass transition temperature
(Tg). The deviation of thermodynamics and dynamics from the behavior expected extrapolating the behavior from above Tg has
been analyzed within the Adam�Gibbs framework, which actually relates the relaxation time and a thermodynamic magnitude,
namely the configurational entropy. It has been found that, at least semiquantitatively for most of the investigated polymers, the
connection between dynamics and thermodynamics holds also below Tg.
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theoretical,23,24 molecular dynamics simulation,25�27 and
experimental,28�33 also seem to indicate deviations from the
mere extrapolation of thermodynamic variables from above Tg,
though—in comparison to those in the dynamics—these are
seen at temperatures somewhat lower if Tg is taken as a
reference.34,35 In all cases the predicted or observed deviations
are always in the direction of a decrease in the equilibrium
specific heat. This implies that below Tg first-order thermody-
namic variables decrease with temperature less rapidly than
expected from mere extrapolation. This may possibly avoid the
violation of the third law of thermodynamics.36 Among the
mentioned studies, a number of them28�33 were based on
monitoring enthalpy relaxation during prolonged aging below
Tg. In all cases the recovered enthalpy appears to reach a plateau
with no apparent evolution of the thermodyanic state during
time. Interestingly, such a plateau corresponds to an enthalpy
level considerably higher than that obtained extrapolating this
magnitude from aboveTg. Despite the appearance of this plateau,
it is not yet clear whether this corresponds to an effective energy
minimum or this plateau is only apparent and further reduction
in enthalpy would occur at significantly longer times. Further-
more, recent results on vapor deposited low molecular weight
glasses showed enthalpies considerably lower than those achieved
after long-term aging.37,38

In the present work, we attempt to clarify the nature of the
observed plateau in the enthalpy after prolonged physical aging
in polymer systems. To do so, we first perform systematic long-
term enthalpy recovery experiments in a wide temperature range
below Tg on several glassy polymers, namely polystyrene (PS)
with two different molecular weights, poly(methyl methacrylate)
(PMMA), and polycarbonate (PC). These experiments aimed to
characterize the line in the enthalpy versus temperature plot
defining the plateau in the time evolution of the thermodynamic
state of the glassy polymer. Having achieved this information,
polymers were subjected to the following thermal cycle, sche-
matized in Figure 1: (i) they were first aged at a temperature Ta1

significantly smaller thanTg, in particular small enough to reach a
plateau in the enthalpy consistently different form the extra-
polated one; (ii) samples were subsequently heated up at a

temperature Ta2 and the isothermal evolution of the enthalpy
monitored. If the two aging temperatures, Ta1 and Ta2, are
adequately selected, the initial enthalpy at step (ii) will be
intermediate between the extrapolated one and that correspond-
ing to the plateau (for details see Experimental Section). Thus,
the direction of enthalpy evolution (upward or downward)
delivers information on the thermodynamically stable state of
the glassy polymer. Further experiments after partial equilibra-
tion at an aging temperature Ta1 and up-jump to Ta2 followed by
monitoring of the enthalpy recovery were performed to provide
additional evidence on the independence of the achieved ther-
modynamic state from the thermal history. Furthermore, aging
time�temperature superposition of enthalpy recovery data close
to the plateau was performed. The temperature dependence of
the so-obtained shift factor delivered information on the dy-
namics below Tg. Considering that both the shift factor and the
enthalpy deviate from the behavior expected by simple extra-
polation of data from above Tg, these two aspects were related to
each other through the Adam�Gibbs (AG) approach.39 This
actually provides a connection between the dynamics and the
thermodynamics of glass-forming polymers.8

’EXPERIMENTAL SECTION

Polystyrene (PS) and poly(methyl methacrylate) (PMMA) were
purchased from Polymer Source Inc. and polycarbonate (PC) from
Sigma-Aldrich. PMMA and PC respectively displayed the following
molecular weights and distributions:Mw = 308 000 gmol�1 andMw/Mn =
1.5; Mw = 34 600 g mol�1 and Mw/Mn = 1.5. Two different PS were
employed possessing the following molecular weights and distributions:
Mw = 85 000 g mol�1 and Mw/Mn = 1.02 (labeled as PS85K); Mw =
7000 gmol�1 andMw/Mn = 1.03 (labeled as PS7K). The calorimetricTg

corresponding to a cooling rate of 20 K min�1 are reported in Table 1.
Thermal analyses of the samples were carried out by means of a

differential scanning calorimeter (DSC-Q2000) from TA Instruments.
The temperature was calibrated with melting indium. All DSC measure-
ments were performed under nitrogen atmosphere on samples of about
5mg, placed in aluminumpans. All enthalpy recovery experiments began
with a heating ramp to a temperature equal to or larger than Tg + 30 K,
kept for 5 min, to erase the material’s previous thermal history. For
enthalpy recovery after down-jump from above Tg to the selected aging
temperature Ta, samples were subsequently cooled down at 20 K min�1

at a temperature considerably lower than Ta followed by stabilization at
Ta and aged in the calorimeter for times from several minutes to 48 h
before being cooled down to 293 K, at a cooling rate of 20 Kmin�1, prior
to reheating at 10 K min�1 for data collection. For the measurements of
the enthalpy relaxation at longer aging times (ta > 48 h), the annealing of
the samples was carried out in an external vacuum oven, at Ta, after
erasing of the thermal history and quenching of the samples in the DSC.
After aging, the samples were quenched again and DSC thermograms
recorded. Second scans were run immediately after a new cooling at
20 Kmin�1. The complete thermal procedure applied to the samples for
the structural recovery study has been schematized in a previous work.32

Enthalpy recovery within the so-called “asymmetry of approach”46

was conducted through the procedure exemplified in Figure 1: (i)
samples were first cooled down at 20 K min�1 to a temperature
considerably lower than Tg and stabilized at Ta1 and allowed to age
until no time evolution in the enthalpy is detected (thermodynamic path
A�B�C in Figure 1); (ii) samples were brought from Ta1 to Ta2 (C�D
in Figure 1) and the enthalpy evolution was monitored with time. Ta1

and Ta2 were selected in such a way that the thermal cycle drawn in
Figure 1 is respected. In particular, the main requirement of this
procedure is that the initial enthalpy state at Ta2 after prolonged aging
at Ta1 lays between the plateau line and the one extrapolated from the

Figure 1. Schematic illustration of the temperature dependence of the
enthalpy in the melt (red) and glassy (blue) state. The gray line
represents the enthalpy corresponding to the plateau found after
prolonged aging.
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melt state. This thermal cycle allows investigating the direction of the
enthalpy evolution at Ta2: either from D to E or from D to F in Figure 1.
Further enthalpy recovery experiments were conducted by partially

aging atTa1 for a time significantly smaller than that required to reach the
plateau (path B�C0 in Figure 1), then performing an up-jump to Ta2

(path C0�D0 in Figure 1), and finally allowing the thermodynamic state
of the system to evolve.
As a general rule, in all the previously described thermal procedures,

the amount of recovered enthalpy of a glass for a period of time ta at a
given temperature Ta was evaluated by integration of the difference
between thermograms of aged and unaged samples, according to the
relation47

ΔHðTa, taÞ ¼
Z Ty

Tx

ðCp
aðTÞ � Cp

uðTÞÞ dT ð1Þ

whereCp
a(T) andCp

u(T) are respectively the specific heat of the aged and
unaged samples and Tx and Ty are respectively temperatures
(appropriately chosen) below and above the calorimetric Tg.
Apart from calorimetric data, we have employed literature data from

broadband dielectric spectroscopy (BDS)18,40�42—providing informa-
tion on the segmental dynamics above Tg—for the same polymers
investigated in this study.

’RESULTS

Figure 2 (filled symbols) displays the temperature depen-
dence of the specific heat at different aging times after a down-
jump from above Tg with 20 K min�1 cooling rate. Experiments

performed at one aging temperature for each polymer (indicated
in the figure caption) are reported as a showcase. The main
signature of enthalpy relaxation during physical aging is the
development of an endothermic overshoot in the temperature
range of the glass to liquid transition. This overshoot system-
atically shifts to higher temperatures and increases in magnitude
with increasing aging time. Such behavior generally indicates
increase of the recovered enthalpy during the course of physical
aging. It is worth noticing that, among the investigated polymers,
PMMA displays a peculiar evolution with the aging time of the
specific heat versus temperature. In this case, differently from all
other investigated polymers a prepeak appears and increases in
magnitude with increasing aging time. This characteristic is
specific of PMMA, at least among the polymers investigated in
the present work, and has been already evidenced in the
past.31,32,48,49

The time evolution of the recovered enthalpy—displayed as
the difference between the total recoverable enthalpy (the very
long time limit) and that recovered at each aging time—is
displayed in Figure 3 for all investigated polymers and tempera-
tures. The insets of Figure 3 show the temperature dependence
of the total recovered enthalpy together with the enthalpy that
would be recovered if the enthalpy of the melt was linearly
extrapolated below Tg. The latter can be approximately obtained
from ΔHextr = ΔCp(Tg � T), where ΔCp is the difference
between the melt and glass specific heats evaluated at Tg. This
can be appropriately described by a linear function of the
temperature:ΔCp = a + bT,

50 where a and b are material specific

Table 1. Summary of All Parameters of the Investigated Glass-Formersa

polymer Tg (K) a (J g�1 K�1) b (J g�1 K�1) Ta (K) ΔHTot (J g
�1) ΔHExtr (J g

�1) log A (s) βKWW xb Δh*/k (K)

PS7K 363 0.87 �0.0015 359 1.3 1.3 �87.6 0.4 0.19 76 500

356 1.75 2.3 �86.9 0.35 0.15

353 2.34 3.3 �86 0.3 0.1

343 2.94 6.8 �87.3 0.3 0.1

343�353c �0.6 �86 0.3 0.1

PS85K 375 0.87 �0.0015 369 1.9 2.2 �76 0.4 0.19 69 800

366 1.96 3.1 �76.4 0.4 0.19

362 2.2 4.4 �76.7 0.4 0.19

358 2.27 5.75 �77.3 0.4 0.19

353 2.34 7.4 �77 0.35 0.15

343 2.41 10.9 �78.9 0.35 0.15

353�366c �0.55 �76.4 0.4 0.19

PC 419 0.52 �0.0006 414 1.4 1.5 �123.5 0.35 0.15 124 000

411 1.7 2.4 �122.7 0.3 0.1

408 2 3.3 �123 0.3 0.1

398 2.2 6.4 �125.4 0.3 0.1

398�411c �0.65 �122.7 0.3 0.1

PMMA 396 0.75 �0.001 393 0.67 1.05 �56.6 0.5 0.29 54 500

388 1.06 2.85 �56.5 0.45 0.24

383 1.15 4.7 �56.6 0.45 0.24

378 1.2 6.55 �56.8 0.45 0.24

368 1.6 10.3 �57.6 0.45 0.24

353 2.15 16.2 �59.6 0.45 0.24

353�378c �0.95 �56.8 0.45 0.24
a Tg andΔHTot (J g

�1) are obtained from experiments.Δh* is evaluated from literature data.18,40�43 The parameter a and b to calculateΔCp = a + bT are
obtained from literature data.44,45 Log A, βKWW, and x are obtained fitting enthalpy recovery curves to the TNM model (see text for details).
bNonlinearity parameter related to the stretching exponent by x = (βKWW� 0.2)/1.05. c Indicates up-jump to the higher temperature after equilibrating
at the lower temperature.
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parameters reported in Table 1 determined fitting the obtained
Cp versus temperature data. The ΔCp(s) obtained from our data
generally agree with those available in the literature for the
investigated polymers.44,45 In the same table we report the total
recovered enthalpy and the one that would be recovered in case
the trend of the enthalpy above Tg was followed also at lower
temperatures. From the observation of Figure 3, the following
qualitative considerations can be made: (i) the total recoverable
enthalpy increases with decreasing temperature; (ii) the time
evolution of the recovered enthalpy appears to be highly
stretched, covering several orders of magnitude in time; (iii)
for the lowest investigated temperatures only a relatively small
fraction of the extrapolated recoverable enthalpy is actually
recovered; (iv) even for the lowest investigated temperatures
lower than Tg by as much as about 40 K, the enthalpy reaches a
plateau after aging times shorter than 107 s. The latter result is
rather remarkable considering that the relaxation time of the
α process is generally expected to reach practically unfeasible
time scales already at Tg � 10 K.3�5 This issue will be discussed
in details in the Discussion section.

The inability of the enthalpy to evolve toward the extrapolated
equilibrium is certainly an important outcome of the systematic
study of the present work and agrees with a number of recent
studies.28�33 To get further insight on the nature of the observed
plateau in the time evolution of the enthalpy, we have followed
the evolution of the enthalpy after the thermodynamic path
schematized in Figure 1: A�B�C�D. It is interesting to check
whether the enthalpy of the glass—having a thermodynamic

state defined by point D at the aging temperature Ta2—evolves
toward the previously defined plateau (point E in Figure 1) or
toward the thermodynamic equilibrium (point F in Figure 1).
This is shown in Figure 2 (open symbols) where the specific heat
versus temperature is shown for different aging times starting
from the thermodynamic state defined by point D in Figure 1. As
is possible to observe in all cases the endothermic overshoot
slowly evolves toward the specific heat versus temperature plot
corresponding to the enthalpy state of the plateau obtained from
standard down-jump experiments. Figure 4 displays the enthalpy
evolution after the up-jump. In all cases the qualitative conclusion
drawn from the observation of Figure 3, namely, that the
enthalpy reaches the same value as that corresponding to the
down-jump from above Tg to Ta2 after prolonged aging, is
quantitatively confirmed. This result implies that the plateau in
the enthalpy observed after prolonged aging can be considered as
a thermodynamically stable state rather than being kinetic in
nature.

The latter observation is further corroborated by enthalpy
recovery results at Ta2 obtained after a third thermodynamic
path, namely that indicated in Figure 1 as A�B�C0�D0. The
specific heat versus temperature plot after prolonged aging at Ta2

starting from D0 is displayed in Figure 5 for PC as a showcase
(similar results are obtained for the other polymers). In the same
figure the specific heat versus temperature curve corresponding
to the achievement of the plateau after simple down-jump to Ta2

is shown. Figure 5 indicates that, whatever the thermal history of
the glass—direct down-jump to Ta2 or first partial annealing at

Figure 2. Specific heat versus temperature for different thermal histories, including down-jump (red filled symbols) and up-jump experiments (blue
empty symbols), as obtained by DSC for (a) PS7K, (b) PS85K, (c) PC, and (d) PMMA. Details on the thermal history corresponding to the DSC scans
are reported in the figure.
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Ta1 followed by up-jump to Ta2—the system evolves until point
E of Figure 1. Thus, we can conclude that, whatever the thermo-
dynamic path imposed to the glass former, the plateau reached by
the enthalpy after prolonged isothermal aging corresponds to a
minimum in the energy.

’PHENOMENOLOGICAL DESCRIPTION

In the present section, we employ the Tool�Narayanaswamy�
Moynihan (TNM) model51�53 to describe enthalpy recovery
data presented in the previous section of the paper. Themain aim
of this section is to show that, within the asymmetry of approach,
up-jump and down-jump experiments can be described with the
same set of parameters, thus demonstrating that the same
molecular mechanism enables to achieve the energy minimum
corresponding to the gray line in Figure 1. According to the
TNM model, the spontaneous evolution of the thermodynamic
state occurring during physical aging depends on both the
temperature and the thermodynamic state of the glass. Such a
dependence is summarized by the following two equations:

ΔHTot �ΔHðtÞ ¼ ΔHTot exp �
Z t

0

t0

τ

� �
dt0

( )βKWW

ð2Þ

and

τ ¼ A exp
xΔh�
kTa

þ ð1� xÞΔh�
kTf

� �
ð3Þ

where τ, βKWW, A, x, Δh*, and Tf are respectively the relaxation
time for physical aging, the stretching exponent, a pre-exponential
factor, the nonlinearity parameter, the TNM activation energy,
and the fictive temperature.

Equation 2 expresses a typical signature of the dynamics of
glass-forming liquids, namely the intrinsically nonexponential
behavior of any relaxation.54 Equation 3 quantitatively provides a
measure of the effect of the thermodynamic state on the
relaxation time for physical aging, the so-called nonlinearity.
This is mainly given by the nonlinearity parameter x and the
fictive temperature Tf. The latter can be defined as the tempera-
ture at which a glass with a given structure would be in
equilibrium51 (the latter defined extrapolating the enthalpy of
the melt to temperatures below Tg). According to this definition,
Tf can be written as Tf = Ta + ((ΔHTot Extr � ΔH(t))/ΔCp),
where, in this case, ΔHTot Extr is the enthalpy that would be
recovered if the thermodynamic state of the melt was extrapo-
lated to the aging temperature andΔCp is the difference between
the melt and the glass specific heat.

Figure 3. Time evolution of the recovered enthalpy at different temperatures for (a) PS7K at 359 K (red circles), 356 K (blue up-triangles), 353 K
(green squares), and 343 K (violet diamonds); (b) PS85K at 369 K (red circles), 366 K (blue up-triangles), 362 K (green squares), 358 K (violet
diamonds), 353 K (cyan down-triangles), and 343 K (brown stars); (c) PC at 414 K (red circles), 411 K (blue up-triangles), 408 K (green squares), and
398 K (violet diamonds); (d) PMMA at 393 K (red circles), 388 K (blue up-triangles), 383 K (green squares), 378 K (violet diamonds), 368 K (cyan
down-triangles), and 353 K (brown stars). The straight lines are the fits of the data to the TNMmodel. The insets display the total recovered enthalpy
after prolonged aging (red triangles) and the corresponding interpolation (red line) and the one that would be recovered if the melt enthalpy was
extrapolated from above Tg to the aging temperature (dashed blue lines).
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The TNM model can be fitted to the experimental data
having βKWW, A, and x as fitting parameters. The stretching
parameter βKWW and the nonlinearity parameter x are gen-
erally found to be correlated by x = (βKWW� 0.2)/1.05.55 This
reduces the number of fitting parameters. Furthermore, the
magnitude of the fitted value of A depends on the choice of
Δh*. The latter is generally given the value of the activation
energy of the α process in proximity of Tg.

56 This can be
conveniently obtained from relaxation data available in the

literature.18,40�43 These values are listed in Table 1 for all
investigated polymers.

It is worth emphasizing that the assumption of a temperature
independent activation energy Δh* generally constitutes a major
drawback of the TNMmodel. This aspect has been highlighted in
details in a recent paper by Mauro et al.,57 where a number of
phenomenological models, included the TNM, has been tested
on selenium experimental viscosity data and computed via the
enthalpy landscape approach.58 Such analysis clearly indicated
the superior accuracy of the model proposed in that work57 in
comparison to others. This arises from the ability of the
presented model to catch the actual temperature dependence
of the equilibrium viscosity below Tg.

14 Despite the aforemen-
tioned limitations of the TNM model, within the scope of the
present analysis—aiming to demonstrate the equivalence of the
molecular mechanism involved in the achievement of equilibri-
um after down and up-jump experiments—we believe that this
model can still be considered acceptable, overall considering the
mathematical compensation of the activation energy by the
factor A.

The fits of the TNM model to enthalpy recovery data of
all investigated polymers are reported as continuous lines in
Figures 3 and 4 The fitting parameters βKWW, A, and x are
reported in Table 1. The observation of Figures 3 and 4 suggests
that the TNM model appropriately fits experimental data,
included those reporting the enthalpy evolution after up-jump
experiments. The stretching exponent βKWW and the nonlinearity
parameter x depend on the polymer and only weakly on

Figure 4. Time evolution of the recovered enthalpy after down-jump (blue circles) and up-jump (red triangles) experiments (see text for details) for
(a) PS7K, (b) PS85K, (c) PC, and (d) PMMA.

Figure 5. Specific heat versus temperature for PC, as a showcase, obtained
by direct down-jump to Ta2 (411 K) and by a first partial annealing at Ta1
(398 K) followed by up-jump to Ta2 (411 K). Details on the thermal
history corresponding to the DSC scans are reported in the figure.
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temperature, being generally larger at higher temperatures. The
pre-exponential factor A slightly depends on the temperature.
The set of parameters relevant to fit enthalpy recovery data after a
down-jump from above Tg is also able to adequately catch the
enthalpy recovery after an up-jump from a lower temperature
where the plateau was already reached.

’DISCUSSION

In the preceding sections of the paper, we have shown that
several typical polymeric glasses subjected to a variety of thermal
histories reach, after prolonged aging, a thermodynamic state
significantly different from that expected from linear mere
extrapolation of the thermodynamic state from above Tg. In
particular, as exemplified in Figure 1, the thermodynamic state
achieved by the glasses corresponds to an enthalpy consistently
larger than that corresponding to the extrapolated one. Further-
more, the description of enthalpy recovery data through the
TNMmodel suggests that the molecular mechanism responsible
for the achievement of the long-term plateau is identical for all
glass thermal histories, namely, simple down-jump from aboveTg

and up-jump to an aging temperature Ta2 after aging at a lower
temperature Ta1.

These results generally indicate that the thermodynamic state
achieved after prolonged aging corresponds to a relative energy
minimum. The main open question that needs to be formulated
is whether a glass in this thermodynamic state is stable over any
time scale or rather corresponds to a relative minimum with
further evolution on much larger time scales. To answer this
question, longer aging experiments should be performed or
different densification paths be followed in an attempt of
achieving a lower enthalpy state than that found after prolonged
isothermal aging.

In case the obtained stable thermodynamic state after the
employed annealing time is the only achievable by these polymer
glasses, the most important implication is that the Kauzmann
entropy crisis7 would be naturally avoided as proposed by several
authors.23�25,36 In particular, the relatively steep temperature
gradient observed in glass-forming liquids above Tg would
gradually smooth at lower temperatures as indicated by the gray
line in Figure 1, thus avoiding the entropy crisis. In other words,
no violation of the third principle of thermodynamics would
result from this scenario.

Regarding the possibility that other energy minima with lower
enthalpy can be obtained, this may be the case of vapor-deposited
glasses.37,38 This procedure actually allows achieving low molec-
ular mass glasses with enthalpy substantially lower than that
achievable by standard isothermal aging experiments. Further-
more, the obtained structure seems to be substantially different
from the one that would be obtained if the properties of the melt
above Tg were extrapolated to lower temperatures.59,60 Despite
the unusually low enthalpy of vapor-deposited glasses, the
stability of low enthalpy vapor deposited glasses has not been
studied so far. Therefore, no conclusions about the long-term
evolution of the so-produced glasses can be given until the
direction of the enthalpy evolution of these glasses is not probed
at temperatures corresponding to Ta2 in the scheme of Figure 1.

It is worth noticing that, among the investigated polymers, that
displaying the weakest deviations from the extrapolated line is
PS7K (see inset of Figure 3a). In particular, the recovered
enthalpy of this polymer at fixed distance from Tg is generally
larger than that of the high molecular weight counterpart

(PS85K). A similar result has been found by Andreozzi et al.31

investigating the molecular weight dependence of the recovered
enthalpy in PMMA. Interestingly, these authors found a cross-
over in the amount of recovered enthalpy, when passing from the
nonentangled to entangled regime. The results of the present
study generally agree with those of Andreozzi et al.,31 considering
that PS7K has a molecular weight smaller than that between
entanglements (about 15 000 g mol�1 for PS). In the same
direction as Andreozzi et al.’s results,31 a recent work by Richert61

on low molecular weight poly(vinyl acetate) also indicates that
deviations from the behavior expected considering the melt
properties are negligible below the Tg, at least in the investigated
temperature range. This aspect is currently the subject of our
investigation.

Another interesting aspect of the presented enthalpy recovery
results regards the temperature dependence associated with the
time scale needed to reach equilibrium. To obtain information on
this issue, we have performed aging time�temperature super-
position of enthalpy recovery curves in a way that data at long
aging times (just before the plateau is achieved) collapse.17 In
doing so, the temperature dependence of the time scale in a
nearly equilibrated state is approximately obtained, minimizing
the time-dependent effects, particularly on the activation
energy,17,19 expected during the course of aging. The shifting
procedure is displayed in Figure 6 for PS85K as a showcase.
Figure 7 provides the shift factor as a function of the inverse of the
temperature for all investigated polymers (solid symbols). We
can compare the obtained shift factors with those obtained
assuming that the α relaxation—as obtained from the
literature18,40�42 by BDS aboveTg—maintains its VFT character
also below the glass transition range. This is done in Figure 7
(dashed lines), where the temperature variation of the shift factor
according to the VFT law—applied in the relevant temperature
range—is presented:3�5

aT ∼ exp
B

T � T0

� �
ð4Þ

The parameter B and the Vogel temperature T0 of the VFT law
fitting experimental data from BDS are18,40�42 B = 1310 K and
T0 = 318 K for PS7K, B = 1325 K and T0 = 330 K for PS85K, B =
1500K andT0 = 373K for PC, andB= 1350K andT0 = 334 K for
PMMA. As it is possible to observe in Figure 7, in all cases the
shift factors at the plateau significantly deviate from those
obtained extrapolating the VFT law below the glass transition
range. Thus, time�temperature superposition of enthalpy recovery

Figure 6. Aging time�temperature superposition of enthalpy recovery
data for PS85K.
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data close to the plateau (see Figure 6) delivers activation
energies systematically smaller than those associated with the
α process described by the VFT law. This implies that either the
α process undergoes a dramatic crossover in its temperature
dependence4,16,17 or secondary relaxation processes play a major
role in the equilibration of the glass.18,19,21,62,63 In the former
case, it is interesting to notice that the deviation of the α process
from the VFT behavior predicted by Mauro and co-workers14,57

is, at least qualitatively, compatible with that found by us applying
the aging time�temperature superposition to our enthalpy data
as explained.

So far the present discussion has highlighted the deviation
from the behavior expected by mere extrapolation of equilibrium
data from above Tg of both thermodynamics and dynamics.
Considering that a relevant line of thought in the description of
glass-forming liquids is that thermodynamics and dynamics are
intimately connected, it is natural to investigate whether this
framework is also able to catch the phenomenology encountered
in this work below the glass transition range. To do so, we have
employed the AG theory39 of the glass transition connecting the
relaxation time of the α relaxation to the configurational entropy
Sc, which in terms of shift factor reads

aT ∼ exp
C
TSc

� �
ð5Þ

where C is a material specific and temperature independent
parameter. The configurational entropy is experimentally

inaccessible but as it has been shown64 the AG still remains
suitable when Sc is replaced by the excess entropy related to the α
process Sex�α,

8 namely the difference between the entropy of the
melt associated with the α process and that of the corresponding
crystal. The latter can be evaluated as Sex�α(T) =

R
T0

T (ΔCp/T)
dT, whereΔCp, the excess specific heat, is the difference between
the melt and the crystal specific heats—the latter approximated
to that of the glass—respectively Cp-mel and Cp-gl. The latter can
be promptly obtained from the literature.44,45 Cp-mel above Tg is
also reported in refs 44 and 45 for the investigated polymers,
whereas that below Tg is obtained interpolating and deriving the
enthalpy corresponding to the plateau (reported in Table 1 and
the insets of Figure 3). Fitting literature data18,40�42 delivers the
following values for this parameter: C = 535 J g�1 for PS7K, C =
505 J g�1 for PS85K, C = 425 J g�1 for PC, and C = 565 J g�1

for PMMA.
For evaluating Sex-α in the relevant temperature range here, the

measured values of the total enthalpy change—reported in
Table 1 and depicted in the insets of Figure 3—has been used
to obtain interpolating lines (see solid red lines in these insets)
accounting also for the equilibrium behavior above Tg. The shift
factors as evaluated from the AG equation are shown as red lines
in Figure 7. As can be observed, although the AG prediction
tends to underestimate the shift factors obtained by aging time�
temperature superposition of enthalpy recovery data, it captures
rather well the general trend, the worse case being PMMA. In this
particular polymer, it is well-known that a very prominent

Figure 7. Logarithm of the shift factors as a function of the inverse temperature obtained from aging time�temperature superoposition of enthalpy
recovery data (symbols), derived from the temperature dependence of the α relaxation according to the VFT equation (black dashed lines), and
determined from the plateau values of the enthalpy employing the AG equation (continuous red lines). (a) PS7K, (b) PS85K, (c) PC, and (d) PMMA.
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secondary relaxation is detected close to Tg (it is the dominant
dielectric relaxation).65 Taking this into account, one could
speculate that the secondary relaxation in PMMA has a more
relevant role in the equilibration process than in the other
polymers. In fact, by simple inspection of Figure 2, it is obvious
that the enthalpy relaxation features in the DSC trace are
qualitatively different in this polymer. Thus, the consistency of
the AG prediction with shift factors data can generally be
considered reasonable. This result suggests that the thermody-
namic approach to the description of the dynamics of glass
formers may be applied also below the glass transition range.

’CONCLUSIONS

We have performed a systematic study on the enthalpy
recovery of several glass-forming polymers during long-term
aging. We generally find that, independently of the followed
thermodynamic path, the achieved thermodynamic state is the
same at each temperature and considerably deviates from that
expected by extrapolating thermodynamic properties from above
Tg. In particular, the stability of such thermodynamic state is
indicated by monitoring the evolution of the enthalpy after (i)
simple down-jump experiments from above Tg, (ii) up-jump
experiments at Ta2 after achievement of equilibrium at Ta1, and
(iii) up-jump experiments at Ta2 after partial aging at Ta1.

The obtained results suggest that an energy minimum far
different from that corresponding to that of the extrapolated melt
is achieved. This minimum could either be the only achievable by
systems deep in the glassy state or just a relative one. The former
scenario is discussed in relation to the possible solution of the
Kauzmann paradox, since the considerably milder temperature
dependence of thermodynamic variables in comparison to the
extrapolated one would prevent the entropy of the glass from
becoming smaller than the one of the crystal. The possible
presence of other energy minima is discussed considering other
thermodynamic routes able to generate enthalpy states consider-
ably lower than that achieved after classical aging.

Finally, through an aging time�temperature superposition of
the long-term enthalpy recovery data, it has been shown that the
molecular mechanism responsible for the equilibration of the
glass substantially deviates from the VFT behavior normally valid
above Tg. The possible connection between this deviation and
that of thermodynamics has been scrutinized applying the AG
theory. The results suggest that such connection is, at least
qualitatively, realistic.
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