N

N

Determination of the entropy production during glass
transition: theory and experiment
H. Jabraoui, S. Ouaskit, Jacques Richard, J.-L. Garden

» To cite this version:

H. Jabraoui, S. Ouaskit, Jacques Richard, J.-L.. Garden. Determination of the entropy production dur-
ing glass transition: theory and experiment. Journal of Non-Crystalline Solids, 2020, 533, pp.119907.
10.1016/j.jnoncrysol.2020.119907 . hal-02184448v2

HAL Id: hal-02184448
https://hal.science/hal-02184448v2
Submitted on 29 Jan 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-02184448v2
https://hal.archives-ouvertes.fr

Determination of the entropy production during glass transition: theory and
experiment

H. Jabraoui,! S. Ouaskit,? J. Richard,>* and J.-L. Garden*3*

! Laboratoire Physique et Chimie Théoriques, CNRS - Université de Lorraine, F-54000 Nancy France.
?Laboratoire physique de la matiére condensée, Faculté des sciences Ben M’sik, Université Hassan II de Casablanca, Morocco
9 Institut NEEL, CNRS, 25 avenue des Martyrs, F-88042 Grenoble France
4Univ. Grenoble Alpes, Institut NEEL, F-38042 Grenoble France
(Dated: January 10, 2020)

A glass is a non-equilibrium thermodynamic state whose physical properties depend on time. In
this paper, we address the issue of the determination of entropy production during glass transition.
In a first part, for the first time we simulate the entropy production rate of a two-level system
departed from equilibrium by cooling. We show that this system, which can simulate the basic
thermodynamic behavior of a glass-former, obeys the Clausius theorem. This first theoretical part
shows us the importance of the fictive temperature in order to determine the entropy production
rate. In a second part, for the first time we determine experimentally, with a high degree of precision,
the entropy production rate of a polymer-glass, the Poly(vinyl acetate), during cooling/heating at
different rates, and also during annealing steps at different aging times. Although being on the
order of few %, or less, of the configurational entropy involved in the glass formation, the positive
entropy generated over different parts of the cycle is clearly determined. These new data may open
new insights for an accurate thermodynamic treatment of the glass transition.

PACS numbers:
Introduction

There are different formulations of the second law of
thermodynamics. One of them states that the infinites-
imal entropy change of a system following a thermody-
namic transformation, dS, may be written as the sum of
two contributions, dS = d.S+d;S [1]. d.S = % is the part
of the entropy dealing with the heat exchange between
the system and its surroundings. d;S is the infinitesimal
internal entropy production contribution, which is pro-
duced in the system itself. This contribution is always
positive, d;S > 0, for irreversible transformations (what-
ever the direction of the transformation), while it is equal
to zero for reversible transformations. Since this latter
contribution is always positive, the second law is often
written under the form of an inequality, dS > % (Clausius
inequality).

Since a glass is by nature a system outside equilibrium
whose properties depend on time, we can wonder what
is the origin of this entropy production term during glass
formation, or during structural recovery of a super-cooled
liquid from a glassy state. What is the order of magni-
tude of this contribution? Is it even experimentally mea-
surable (by calorimetry for example)? These questions
have been tackled by Davies and Jones in their semi-
nal paper on the thermodynamic of the glass transition
[2]. Owing to the two thermodynamic variables, affin-
ity and fictive temperature, they estimated the produc-
tion of entropy by calculation of surfaces in the enthalpy-
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temperature diagram. This allowed them to estimate the
error due to irreversible processes on the measured zero-
point entropy of glasses, which is less than 2% in the
case of glycerol. As the question of the real value of
the zero point entropy of glasses was of interest, Bestul
and Chang showed how, during cooling and heating of
a glass, irreversibility prevents the precise determination
of the residual entropy at 0 K [3]. The calculation of
the integrals of the %dT between 0 K and the melt-
ing temperature, T, during cooling and during heating,
only yields to a lower and an upper bounds of the exact
value of the residual entropy. They showed that these
two boundaries are clearly above zero for the boron tri-
oxide glass, proving the reality of a value different from
for the residual entropy [3]. Langer and co-workers used
a similar reasoning based on the Clausius inequality in
order to enclose the value of the statistical entropy of a
non-equilibrium system (such as a glass) by two bounds
determined by the integration during cooling and heating
of the ‘%Q [4]. Goldstein discussed in the appendix of a
paper on the excess entropy of glasses, the reliability of
the calorimetric method [5]. He also investigated the dif-
ference between the real value of the entropy (AS) and
that measured by calorimetry (AS,,,). He performed
simulations showing that irreversibility has a little effect
on the calorimetric determination of the residual entropy
of glasses. Based on an identical reasoning, Johari and
co-workers compared these calorimetric integrals (cooling
and heating) between a temperature in the glassy state,
T, (at which the real value of the glass entropy is ex-
pected) and a temperature in the liquid state, T; [6, 7].
From DSC data on various different glass-formers, they
showed that experimental errors made in this determi-



nation are on the same order of magnitude, or greater,
than the difference between these two bounding values
[6, 7]. This proves that the determination by calorimetry
of the residual entropy of glass by integration of C,dInT
is perfectly valuable. Johari and Aji found a new pro-
cedure by comparing the fictive temperature calculated
from the area method in the C,,—T graph, and also in the
Cp—InT graph, in order to arrive to the same conclusion
[6, 8]. In our work, we also use the fictive temperature,
but with a different objective. From the classical determi-
nation of the fictive temperature, we directly determine
the instantaneous rate of production of entropy through
the glass transition range either during cooling or heat-
ing, and also during annealing steps. For that purpose,
we use an expression for this entropy production rate that
is known for a long time, but that we derive here from a
simple thermal model of glasses:

diS:(l 1)XCdT

(1)

i \7 7 7) S

where C; is the configurational heat capacity. This ex-
pression has already been obtained by Davies and Jones
[2], and a close one has been obtained by Bridgman, who
has generalized the entropy function for non-equilibrium
systems undergoing irreversible processes [9]. In the same
way as we used in this paper, Fotheringham and col-
leagues started from a two reservoir approximation and
the use of the fictive temperature (one single or multiple)
in order to derive the same equation as above for the en-
tropy generation [10]. Méller and co-workers used the
framework of non-equilibrium thermodynamics to simu-
late the temperature behavior of the production of en-
tropy during cooling and heating of a glass [11]. Tropin
and colleagues used the same model in order to simu-
late the temperature behavior of the production of en-
tropy over decades of different heating and cooling rates
[12]. They even exploited data on cyclic processes from
differential scanning calorimetry (DSC) experiments on
polystyrene and PLC to verify the Clausius theorem, giv-
ing a value just above the noise of the measurement [12].
Tombari and Johari discussed on the Clausius theorem
during glass transition [13]. Based on highly sensitive
calorimetric experiments carried out with a home-made
calorimeter, they showed by means of an accurate anal-
ysis of the uncertainty in the calorimetric measurement
that the effect of irreversibility measured by difference
in the C,dInT integrals determined during cooling and
heating of a glass is too small to prevent the obtaining of
a consistent value of the residual entropy of glass [13].

In the present work, differently than the previous ap-
proaches where the results of the integration of C,dInT
are compared on cooling and heating, here we determine
directly the rate of production of entropy along the con-
sidered thermodynamic cycles. Cycles including cooling
and heating are considered, but also cycles with an aging
step during cooling are also considered. This allow us to

validate the Clausius theorem by integration of this rate
over the entire thermodynamic cycle. In a first part, we
address the question on a theoretical point of view. The
master equation approach to the non-equilibrium glass
transition developed by Bisquert from a two-level sys-
tem (TLS) is used for that purpose [14]. In a second
part, the issue is experimentally addressed. We describe
a procedure in order to extract the production of entropy
generated by a glass-former (here the PolyVinylAcetate
(PVAc)) during cooling and heating scans of a differential
scanning calorimeter (DSC), and during aging.

Master equation approach of the
non-equilibrium glass transition

The TLS model has long been used to reproduce ex-
perimental results in glass research and in particular the
memory effect [4, 15]. For example, it successfully de-
scribes the low-temperature properties of glasses, e.g.,
the linear temperature dependence of the specific heat
(see references in [15]). Takada and colleagues started
from a TLS to deeply discuss the notion of configura-
tional entropy, residual entropy of glass on a statistical
point of view, addressing problems close to such as dis-
cussed here [16]. Langer and colleagues also considered
the TLS as a toy model for non-equilibrium systems to
discuss about the residual entropy of glasses [4]. From a
macroscopic point of view, Bisquert started from a TLS
coupled to a master equation with the purpose to simu-
late basic thermodynamic features of the glass transition
[14]. In particular, by means of this approach, it is possi-
ble to simulate classical properties of glasses. For exam-
ple, during cooling it is possible to observe the saturation
to constant values of the energy and entropy due to the
freezing of the system configurations, while the averaged
energy and entropy of the equilibrium TLS continue to
decrease. It is also possible to recover the behavior of
the specific heat as experimentally measured during a
glass transition. A positive enthalpy peak is observable
on heating due to the enthalpy recovery process during
unfreezing. It is also possible to observe the effect of neg-
ative overshoot of the specific heat (sometimes called the
"negative specific heat effect”) at the beginning of heat-
ing. The so-called fictive temperature associated to the
slow modes of the glass is also perfectly calculable with
this model [14].

In Fig.(1) a TLS is represented with two energy min-
ima, the ground state called state 0 at energy ey = 0,
and the excited state called state 1 at energy €; = e.
The value of the energy barrier is A¢ = 1 in units of
energy. From this TLS it is possible to calculate the
occupancy probability of each state in equilibrium with
poe = 1/Z and pye = e’e/T/Z with the partition function
Z = 1+e/T. From the probabilities, we have access



FIG. 1: Double-well potential of a two-level-system.

to all the macroscopic properties in equilibrium, with in
particular the energy of the TLS, E., = (¢;) = €p1.. Hav-
ing the mean energy of the system in equilibrium, the

heat capacity of the TLS is C¢q = (%)2 % The

obtained expression of the equilibrium heat capacity Ceq
is the simplest expression that we can obtain for the TLS
under the simplest assumptions used. This is due to a
partition function, which does not take into account the
degeneracy of each level (with kg = 1, the number of
atoms N =1, and the energy of the ground state g = 0
have been chosen for simplicity reasons). This equilib-
rium heat capacity presents a Schottky anomaly in the
low temperature range such as expected for a TLS. C¢q
is plotted as a function of temperature in Fig.(3) (black
curve in Fig.(3)). The kinetics of the energy distribu-
tion in the TLS can be represented by a master equation
driving the time dependency of the occupancy probabil-
ity of each state. In focusing on the excited state, we
have dp; /dt = wo,1po — w1,0p1 Where wg 1and wy o are the
transition rates from the levels 0 to 1 and 1 to 0 respec-
tively. It is assumed that the two transition rates are of
the type wg 1 = voe 2o/T and w0 = voe 21T, This would
say that particles have to overcome the height barriers A
and A7 in order to be in the minimum 0 or 1. Such an
assumption amount to consider a mean relaxation time
of Arrhenian type. Indeed, using the principle of detailed
balance occurring in equilibrium poe/p1e = w1,0/wo,1, the
master equation is rewritten under the form of a simple
first-order differential equation for the occupancy proba-
bility to be in the state of energy level 1:

dpy :_(pl—ple)
dt T

(2)

with 7 = 1/(wo,1 + w1,0) is the mean kinetic relaxation
time of the TLS system when submitted to a perturba-
tion. Here the perturbation is the temperature change
driving the pic.term and 7. In defining a linear time
dependent law for temperature in cooling/heating T =
Ty + bt , Eq.(2) is numerically solved. Once p; is cal-
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FIG. 2: Energy of the TLS as a function of temperature dur-
ing a rapid cooling and a slow cooling, and during the succes-
sive heating. The energy of a TLS remaining at thermody-
namic equilibrium during cooling and heating is also shown.
Inset: Entropy of a TLS during cooling and heating as well
as entropy of a TLS remaining at equilibrium.

culated as a function of time/temperature, the configu-
rational energy F = (¢;) = ep1, the configurational en-
tropy S = —kp (Inp;} = —kp (polnpo + p1lnp1), and the
configurational heat capacity are calculated along tem-
perature ramps. For the configurational entropy, the sta-
tistical definition used is simple. The average is limited
to only two accessible states because we do not consider
the degeneracy of each level for simplification reason. In
Fig.(2), the energy of a TLS is represented in equilib-
rium (black line) and during cooling and heating (blue
and red lines) for temperature rates b = 10~°(rapid cool-
ing and heating) and b = 107" (slow cooling and heating)
in unit of Kelvin per second. In the rest of the paper,
all the parameters shown in the different figures, whose
temperature behavior is simulated from the model, are
in arbitrary units. The blue lines correspond to ener-
gies during cooling, and red lines correspond to energies
during heating succeeding the previous cooling. During
cooling at a given rate, the energy starts to depart from
its equilibrium value (progressive freezing) and becomes
constant when the system is completely vitrified (glassy
state). The lower the cooling temperature rate is, the
lower the energy at which the system starts to depart
from equilibrium is (smaller value of T,). During heating
the energy cross the equilibrium line due to a damping
effect, and it returns to the equilibrium line from below.
The TLS energy behaves like a glass configurational en-
ergy. In using the statistical definition of entropy above,
we observe that the configurational entropy of the TLS is
approaching a constant value during cooling, and that it
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FIG. 3: Configurational heat capacity of a TLS as a function
of temperature during a rapid cooling and a slow cooling,
and during the successive heating. The configurational heat
capacity of a TLS remaining at thermodynamic equilibrium
during cooling and heating showing a Schottky anomaly.

behaves exactly like the energy during cooling and suc-
cessive heating (see inset in Fig.(2) for the rate b=107").
The constant value of this configurational entropy at low
temperature is the so-called zero-point entropy of a glass,
while it is equal to zero for the equilibrium state. In
Fig.(3), the configurational heat capacities belonging to
the respective TLS energies are represented as a function
of temperature (C' = dE/dT = edp,/dT). Heat capacity
drops during cooling, that are typical of a glass tran-
sition, are observed at different glass temperatures de-
pending on the temperature rates. At the beginning of
heating the small decrease in the heat capacity (negative
heat capacity effect) is observed as well as the enthalpy
recovery peaks at higher temperature, both effects be-
ing typical of glass-formers. Magnitudes and positions of
these peaks are temperature rate dependent. When the
cooling rate is too rapid regarding the intrinsic kinet-
ics of the energy repartition between the two levels, we
observe (see the two blue curves in Fig.(3)) that it is pos-
sible to freeze a part of the equilibrium Schottky anomaly
(black curve). In this case, the number of accessible en-
ergetic states of the TLS is progressively reduced. The
corresponding configurational entropy becomes constant
above zero (residual entropy) such as observed in inset in
Fig.(2). Tool defined the fictive temperature of a glass in
assuming that a property P (energy, volume, index of re-
fraction, etc...) of a non-equilibrium glass at temperature
T is equal to the property P, of the same system at equi-
librium at the fictive temperature Ty, P(T) = P.o(T})
[17, 18]. When the system is completely glassy, the fic-
tive temperature is constant, and written T}, the limiting

fictive temperature. This is why this temperature may
be associated with the specific temperature of the slow
configurational modes in a glassy system [17, 18]. Here
the fictive temperature is calculated by means of the TLS
configurational energy:

E(T) = Ecq(T¥) 3)

Once p1(T') has been calculated from Eq.(2), T is calcu-
lated as a function of temperature at any time solving the
equation ep; (T) = ee™/Ts /(1 +e~</T1). The temperature
dependency of the fictive temperature, not represented
here, is similar to the energy and entropy behaviors. By
means of this approach, we would like now to go further
by the calculation of the entropy production rate during
glass transition.

Thermal model of the glass transition

In a previous paper, some of the present authors have
established correspondence formula between the fictive
temperature framework and non-equilibrium thermody-
namic framework of de Donder and Prigogine [19]. Actu-
ally, the existence of a glass fictive temperature proposed
by Tool is equivalent to consider that the glass-system is
composed of two sub-parts (see Fig. (4)). The first one,
of temperature T, is the part of the system composed
by the ’fast’ internal degrees of freedom (generally vibra-
tions or phonon-bath). This part, of the heat capacity,
Cw, plays the role of a thermal bath for the second part,
composed by the ’slow’ configurational modes (it may
be rotations, molecular changes, translations,...). Here,
'fast’ and ’slow’ means that some degrees of freedom
reach equilibrium more rapidly than other ones when
the system is submitted to a perturbation (temperature
change). This second part has a temperature Ty and
a heat capacity C;?. At equilibrium, the thermal bath

Cieqr Tf

K

Cor T

FIG. 4: Thermal model of a glass from a double-system. The
first system is at the equilibrium temperature T. The other
system is thermally coupled to the first one by a thermal
conductance Kj;. It has a fictive temperature Ty and an equi-
librium configurational heat capacity C;9.



imposes the temperature of the configurational part and
Tty =T at each instant. But, during a dynamic event,
induced by cooling or heating, the presence of an ’in-
ternal thermal conductance’ K; generates a delay in the
response of the slow modes with respect to the fast ones
that have reached equilibrium instantaneously. This K;
parameter defines a mean relaxation time 7 = C7?/K;.
What does this internal thermal conductance physically
mean at molecular scale is outside our considerations in
this paper. Now, let us assume that the TLS is equivalent
to this two-body thermal system. In this case, the con-
figurational energy, the configurational entropy and the
configurational heat capacity of the TLS are equivalent to
the mean energy, the mean entropy and the heat capac-
ity of the whole system, less the energy, the entropy and
the heat capacity of the phonon-bath sub-system. Con-
sequently, the configurational heat capacity of the TLS
is:

Crrs =Ci=Ciot - Coo (4)
The energy balance applied to the two-body system is:

cea @i _ o 4T

= = Ki(T-T 5
i o ( f) (5)

The first equality comes from the temperature deriva-
tive of the Tool Eq.(3), dTy/dT = C;(T)/C{?(Ty). The
second equality of Eq.(5) is the amount of heat flowing
between the two sub-parts of the system at different tem-
peratures. As shown in Fig.(3), in the high temperatures
range there is Crps = C;?. The system is in equilibrium
with the equilibrium value of the TLS configurational
heat capacity, and we have Ty = T'. This equilibrium TLS
configurational heat capacity corresponds to the super-
cooled liquid heat capacity less the glass heat capacity
of a glass-former. In the low temperatures range, there
is Crrs = C; = 0 (since Cyot = Cs), and Ty = T]’c. The
system is frozen in one glassy state with a configurational
heat capacity equals to zero.

Entropy production rate

From the thermal model above, the production of en-
tropy may be defined like in the practical case of an ir-
reversible heat-flow between two bodies at different tem-
peratures [19]:

o, = d; S _ (1_1) x Ki(T -Ty) = (1_1) xci‘LT
dt Ty T Ty T dt

(6)
We observe that this entropy production rate is writ-
ten as a product of a thermodynamic force (the pertur-
bation) with a thermodynamic flux (the response) [19].
The thermodynamic force is the difference of the inverse
of temperatures of the bodies, and the thermodynamic
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FIG. 5: Entropy production rate of a TLS as a function of
temperature during cooling and the successive heating.

flux is the corresponding heat flux between these two
bodies. Since all the parameters in Eq.(6) are calculable
with the TLS model, we can simulate the production of
entropy during cooling and heating (see Fig. (5)). The
entropy production rate is shown for a temperature rate
of b=10"" during cooling and heating. There is a broad
peak of entropy production during cooling, and two peaks
during the successive heating. The result of such simula-
tions is similar to that obtained by Moller and colleagues,
demonstrating another time that this approach is equiva-
lent to the classical non-equilibrium thermodynamics [11]
(see also Ref. [20] for more details). Now that we have at
our disposal an expression for the production of entropy,
which is calculable, let us express the configurational en-
tropy change of the system as a function of the same
parameters. From the second law of thermodynamics,
the total entropy change of the system is written:

dStot = deS + d15 (7)

where d.S = 6Q/T is the entropy exchange (due to heat
exchange) between the system and the surroundings, and
d;S is the infinitesimal production of entropy that may
be obtained from Eq.(6) above. In the case of the TLS,
the heat exchange with the surroundings is the heat ex-
change between the two bodies (since the surroundings is
the thermal bath), and it is equivalent to the mean con-
figurational energy change d (E) = C;dT (since there is no
work involved), and we have for the total configurational
entropy variation:

T-T:)C;
C (T-Tp) Ci

- 2tar
dStot Td + Tf T (8)

We notice by the way that the production of entropy
contribution (second term of the right hand side term



in Eq.(8)) is just the entropy due to configurational en-
ergy exchanges multiplied by a kind of Carnot factor
(T-Ty)/Ty. In summing the two contributions in Eq. (8)
above, we come to an important conclusion that the total
configurational entropy change in a system departed from
equilibrium is obtained by integration of the configura-
tional heat capacity divided by the fictive temperature,
and not by the classical temperature as it is generally
derived from calorimetric experiment:

o
Sy = ZidT 9
tot = T 9)

In integrating this expression, we may verify that we ob-
tain exactly the same curve than those shown in inset
in Fig.(2) from the classical expression S = —kp (Inp;) =
—kp (polnpo + p1lnp1), confirming that the two expres-
sions for the total configurational entropy are identical:

[ Si= [ SEdT = ks i) (10)
Ty

Actually, to replace the actual temperature by the
effective temperature amounts to consider the non-
equilibrium system as an equilibrium one but taken at
another temperature. Since the non-equilibrium sys-
tem is considered in equilibrium at the temperature T,
the Boltzmann expression of the entropy corresponds ex-
actly to this equilibrium thermodynamic entropy. Con-
sequently, by the use of the effective temperature, we can
access directly to the exact value of the residual entropy
of a glass, and not only to the lower an upper bounds for
this value such as discussed in Ref. [3, 4]. The expres-
sion (8) or (9) above means that, if we consider only the
entropy variation due to the configurational energy ex-
change between the two parts of the double system (first
term in the RHS of Eq.(8)), [ C;/T'dT, we miss the pos-
itive production of entropy contribution, whatever the
irreversible path followed by the system. This can be
simply verified in presenting on the same graph in Fig.(6)
C;/T and C;/Ty for the cooling and the successive heat-
ing (temperature rate of b= 107"). On cooling, the C;/T}
curve is below the C;/T curve during the glass transition
range. Since the temperature is decreasing (d7'/dt < 0),
that is to say that the production of entropy is positive,
oic = (Ci/Ty — C;/T) x dT'[dt > 0. On heating, there are
two distinct temperature ranges where the C; /T curve is
above the C;/T curve. Since on heating dT'/dt > 0, that
is to say that the production of entropy is also positive
on these two ranges, ;5 = (C;/Ty — C;/T) x dT'/dt > 0.
The difference between the two curves in Fig.(6)(shaded
part)is exactly what is presented in Fig.(5), with one pos-
itive peak under cooling and two positive peaks on heat-
ing.

f
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FIG. 6: Configurational heat capacity of a TLS divided by the
temperature, and configurational heat capacity of a TLS di-
vided by the fictive temperature, as a function of temperature
during cooling and the successive heating.

Clausius theorem

The integration of Eq.(8) above on one thermodynamic
cycle yields directly to the Clausius theorem:

yg%d;p:yﬁ%:_fdisw (11)

The integral on one thermodynamic cycle of the heat
exchange (divided by the temperature) between a sys-
tem and its thermal surrounding is always negative. It
is equal to zero for a reversible transformation along the
cycle. We have used the fact that entropy is a state func-
tion and that 95 dSior = 0. In the case of the glass transi-
tion, considering the liquid-glass-liquid cycle the theorem
must be fulfilled since this transformation is by essence
irreversible and that entropy is produced whatever the
thermal history. In the graph in Fig.(7), we have inte-
grated the C;/T; on the cycle (red solid line) as well as
the C;/T (blue dashed line) when starting from the same
value of entropy at high temperature in the equilibrium
liquid (T = 0.3 in our simulations). Although the inte-
gration of C;/Ty on the cycle brings the entropy back
to this same initial value, the integration of the C;/T
brings the entropy toward a lower value (see Inset2 in
Fig.(7)). The difference between both values are the net
positive entropy produced all along the irreversible path
followed by the system. This contribution is missing in
the integration of dQ/T. Since there is a positive pro-
duction of entropy during cooling, we observe a lower
value of the zero-point entropy of glass when only 6Q/T
is considered (see Insetl in Fig.(7)). During heating, the
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FIG. 7: Configurational entropy of a TLS obtained by integration of C;/T and C;/Ty as a function of temperature during
cooling and the successive heating. Insetl: magnification of the configurational entropy in the low temperature range, where
we observe that the integration of the C;/T gives an entropy remaining below that calculated from the integration of the C;/TY.
Inset2: magnification of the configurational entropy in the starting and final temperature range where it is observed that the
integration of the C;/T gives a final value of the entropy which is distinctly below the final value of the entropy calculated from
the integration of the C;/T}, this latter configurational entropy being identical to the starting value.

dashed line continues to depart from the solid line due to
the existence of two temperature ranges where entropy is
produced.

Conclusion

In this first part, even by means of the simplest model
of TLS used, we have seen that it is possible to simulate
the basic features of the glass transition. In particular, it
is possible to extract the fictive temperature as a function
of temperature during cooling and heating. With this fic-
tive temperature, we have seen that it is possible to ex-
tract the rate of production of entropy. By integration of
this rate on an entire thermodynamic cycle, we have been
able to verify that such a TLS obeys the Clausius theo-
rem. This first theoretical part has been only presented
in this paper in order to provide clear meanings for the
thermodynamic concepts of entropy production rate and
entropy production. This first part has allowed us to pro-
pose a thermodynamic data treatment procedure in order
to extract from the heat capacity, the entropy rate and
the entropy production. This procedure will be tested
on a real glassy system in the second part of this paper.
Even if the TLS model used here is likely too simple to
simulate the real behavior of a glassy system, we suggest
here some suggestions to go farther in this direction. It
is known that for glasses there is no one single relaxation

time, but a distribution of relaxation times. This means
that a distribution of fictive temperatures has to be taken
into account. In order to simulate this feature, a system
with multi-levels may be envisaged. More importantly,
the heights of the barriers between these different levels
may be very different. With the corresponding number of
master-equations (one for two levels), it is easy to imagine
a distribution in the kinetics of the energy repartition be-
tween the different levels. Levels which are connected by
small barrier-heights are likely to respond more rapidly
to a temperature change than levels connected by high
height barriers. This insures a distribution of relaxation
times for the whole system. It is also known that real
glasses are not driven by Arrhenius thermal activation
processes. In that case, new assumptions concerning the
rate of transition between the levels can be considered.
We can imagine barrier-heights that are not chosen con-
stants anymore, but that are temperature dependent for
example. However, this is not the scope of the present
work to go in this direction.

Experiments
Material and method

The calorimeter used for differential scanning calorime-
try (DSC) experiments is a commercial apparatus



microDSC-III of Setaram company. This is a heat-flux
DSC with two hastelloy batch cells of empty volume of 1
mL. The temperature is controlled either during heating
or during cooling with scanning rates ranging between
about 0.1 K/min to 1.2 K/min. The working tempera-
ture ranges between about -15 °C to 115 °C.

The sample used for the experiments is a model of
polymeric glass-former, the PolyVinylAcetate [PVAc,
(C4HO3),].  The average molecular weight is 157
kg/mol and the polydispersity index (PDI), which indi-
cates the distribution of individual molecular masses in
a polymer, is 2.73. The PVAc is first conditioned during
20 h in an oven under vacuum at a temperature of 150
°C, well above the glass transition temperature, in order
to remove all the water and bubbles from the melt. The
mass is measured (m = 148.36 mg) and the sample is
sealed in the sample-cell of the calorimeter.

The reference material is a polyimide from DuPont com-
pany (Vespel) having not any transitions in the consid-
ered temperature range. It is machined in order to have
a bar of 0.3 mm in diameter and of 5.34 mm long (m
= 214.6 mg). Before using this material as a neutral
reference for PVAc measurements, it is used as a calibra-
tion material for calibrating the DSC. In this preliminary
step, the Vespel is used as a sample, and the reference
cell is let empty. Many experiments are carried out at
different scanning rates, either during heating or during
cooling. This initial procedure allows us to correct, up to
a certain extent, the DSC inaccuracy as a function of the
scanning rate, and the DSC asymmetry between heating
and cooling for each scanning rate.

Specific heat measurements

Five different experiments have been considered. The
exact protocol of each experiment is summarized in table
I

In a first step, we consider only the experiments 1, 2
and 3. In the experiments 1 and 2, the PVAc is firstly
maintained at the temperature of 364.16 K during more
than 20 min. At this temperature, the PVAc is in the
liquid state and its memory is completely erased. Then
it is cooled from this temperature to the lower temper-
ature of 267.95 K at a scanning rate of - 1.2 K/min for
the experiment 1 and - 0.4 K/min for the experiment 2.
The sample is then instantaneously heated to the initial
temperature in the liquid state at 1.2 K/min. During the
cooling and the heating, the differential heat-flux is mea-
sured. The differential PVAc heat capacity is calculated
by means of the following calorimetric equations:

APmES
B

where Cpya. and Cyesper are the PVAc and Vespel
heat capacities of the sample and reference respectively,

AC = CPVAC - CVespel == (12)

3.5 = = Cool. 0.4 K/min
= = Heat. after cool. 0.4 K/min
| = Cool. 1.2 K/min
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FIG. 8: PVAc specific heat as a function of temperature on
cooling and heating for the three experiments 1, 2 and 3 such
as described in table I. The liquid and glass specific heat base-
lines (straight lines) are shown as black dashed lines.

APy, s is the measured differential heat-flux, and 8 =
dT'/dt is the temperature scanning rate of the considered
experiment parts. Cpy a.(T) is obtained with the use of
the Cyesper(T) curve derived from the previous calibra-
tion procedure of the DSC with the Vespel as a sample.
In the third experiment, the sample is maintained dur-
ing more than 20 min at the same initial temperature
of 364.16 K and it is cooled at a scanning rate of -1.2
K/min till the temperature of 293.30 K, where it remains
at this aging temperature during about 60 h. After this
annealing process, it is cooled again toward the lower
temperature of 267.95 K at the same scanning rate. It
is then instantaneously heated from this temperature to-
ward the initial higher temperature at a scanning rate of
1.2 K/min.

In Fig.(8), the PVAc specific heat is shown as a function
of temperature during the cooling of the experiment 1
and 2 (blue solid and dashed lines), and during heating
scans at 1.2 K/min of the three experiments. The PVAc
specific heats of the experiments 1 and 2 without ag-
ing is traced with red solid and dashed line respectively,
and the PVAc specific heat issued from the experiment
with a previous aging is traced with red dotdashed line.
At 340 K, we obtain a value of €}, which is only 0.018
J/gK higher (around 0.9 %) than the value obtained by
Sasabe and Moynihan [22]. In the liquid state, the slope
of C,(T) that we obtained is 15 % lesser than the slope
measured by the same authors [22]. The shapes of the
curves are coherent with a glass transition. During cool-
ing, the liquid is progressively transformed into a glass.
This is seen as a sharp drop in the heat capacity around



Exp. 1| Exp. 1 |Exp. 2|Exp. 2 |Exp. 3| Exp. 3 |Exp. 4| Exp. 4 |Exp. 5| Exp. 5

cooling | heating | cooling | heating | cooling| heating | cooling | heating | cooling | heating

Thign (K) 364.16 | 364.16 | 364.16 | 364.16 | 364.16 | 364.16 | 364.16 | 364.16 | 364.16 | 364.16
waiting time (min) >20 - >20 >20 - >20 - >20 -

scanning rate (K/min)| -1.2 | +1.2 | - 04 | +1.2 | -1.2 | +1.2 -1.2 +1.2 | -1.2 +1.2

Tuging(K) - - - 293.3 - 293.3 - 293.3 -
aging time (h) - - - - 60 - 20 - 6 -

Tiow (K) 267.95 | 267.95 | 267.95 | 267.95 | 267.95 | 267.95 | 267.95 | 267.95 | 267.95 | 267.95

TABLE I: Experimental protocols

the glass temperature 7. The molecular movements that
are characteristic of the liquid are progressively inhibited
because of the drastic exponential increase of their relax-
ation time. They are frozen-in and they do not partici-
pate anymore to the measurement of the heat capacity at
such given scanning rates. For the cooling at the smaller
cooling rate (blue dashed line), the drop is shifted toward
lower temperature (slightly smaller value of 7,). During
heating, we observe a heat capacity overshoot. This peak
is more pronounced for experiment with aging (red dot-
dashed line) than for experiment without aging. It is
also more pronounced for experiment 2 (red dashed line)
with a smaller cooling rate than in the experiment 1 (red
solid line). The area under these peaks during heating
corresponds to the internal energy decrease during the
sample past-history. For instance, we have to supply the
same amount of energy during this heating than the en-
ergy decrease during the previous cooling in order that
the system returns to its initial equilibrium liquid sate.
During annealing at 293.3 K, the PVAc internal energy
had much longer time to decay in its energy landscape
than during a simple cooling scan without aging. This
is why ¢, overshoots are generally greater after such pre-
vious annealing. The shift of this peak toward higher
temperatures is more subtle to explain. It is due to the
evolution of the distribution of relaxation times during
annealing of the PVAc. Generally relaxation times in-
crease during aging. The decay law of the energy during
aging generally does not follow one single exponential
function, particularly for polymeric glass-former [23, 24].

Energy uncertainty

From the experiments 1 and 2, the following integral
is calculated:

j{ cpy ac(T)dT (13)

Knowing that for those two liquid-glass-liquid cycles no
energy loss occur in the DSC measurement, whatever the
scanning rates, the first law states that this cyclic integral
must vanish. The result of such an integration is summa-
rized in table II (it is noticed AH;_,; like in Ref. [13]).
It is of 5.3x 1073 J/g for the experiment 1 and 3.1 x 1073
J/g for the experiment 2. The initial value of the en-

ergy is taken equal to zero by convention H(7Tp) = 0 at
the starting value of the equilibrium temperature in the
liquid state Tj. This uncertainty value on the energy is
the sum of the uncertainties coming from the calorimeter
itself (noise, drift, calibration), our own calibration with
Vespel-reference sample, and our data processing errors.
These two values may be compared to those measured by
Tropin and co-workers for Polystyrene and PLC glasses
(as an exemple the authors found a value of 8 x 107 J/g
for cyclic integration on the specific heat of polystyrene)
[12] and to those measured by Tombari and Johari for
Polystyrene (they found values of 2x107* J /g and 3x10~*
J/g depending on the scanning rate used) [13]. Our ex-
periments allow us to define a mean uncertainty in en-
thalpy of +2.1x 1073 J/g.

For the experiment 3, since during the annealing process
of 60 h there is no means with the DSC to measure this
energy decrease, then the cyclic integration must yield to
a positive value in energy that is exactly equal to this an-
nealing value. In other words, this enthalpy loss during
the cooling path is inevitably measured by the DSC dur-
ing heating. We call this value AH;_41_42-; because for
these types of experiments (experiments 3, 4 and 5) the
PVAc goes in a glassy state by cooling to the aging tem-
perature (called glassl,) and goes then to another (more
stabilized) glassy state (called glass2) after annealing.
For the ending path of the cooling stage, between the
aging temperature and the lower temperature, we sup-
pose that the glass2 has no time to evolve significantly
toward a glass3. The values of these annealing enthalpies
are given in table 2. We suppose that the uncertainty on
these values are of the same order than those directly
measured on liquid-glass-liquid cycles.

Determination of the fictive temperature

In Fig. (8), we observe that it is possible to assign a
linear baseline for the liquid state and a linear baseline
for the glassy state (see the two black dashed lines in
Fig. (8)). Let be C; the liquid heat capacity baseline
defined on all the temperature range. Let be Cy the glass
heat capacity baseline defined on the same temperature
range. With these two straight lines, we can determine
the difference ACe, = C; — Cy and the difference AC =



Cpvac—Cy = C; on all the temperature range. Here Cj
is the configurational heat capacity of the PVAc. It has
the same meaning as the configurational heat capacity
such as described in the first part of this paper for the
TLS system. The normalized heat capacity is defined as
the ratio of the two previous heat capacity differences :

AC(T)

D) = 26

(14)
where the denominator AC,, is taken at the value T' = T
the fictive temperature. By means of the Tool equation
(Eq.(5)), we calculate the fictive temperature by integra-
tion along temperature of the normalized heat capacity:

Tf(T):Tf(TO)+/CN(T)dT (15)
To

At the starting temperature Ty, T7(To) = To. Since
C™N(T) depends also on T, then we calculate a first ap-
proximated Ty (T) by integration of a normalized heat
capacity with the denominator AC,,(T) taken at the
real temperature. This first approximated Ty (T") is then
used for having the denominator AC.q(T) as a function
of the fictive temperature in order to be able to integrate
a more exact normalized heat capacity. This process is
iterated until we obtain a non-moving T;(7") curve on all
the temperature range. In Fig. (9), the Ty (T') curves are
shown for cooling and heating of the experiments 1 and 3.
The focus is made on the transition range where the fic-
tive temperature already departs from the temperature.
The constant values of the fictive temperature reached at
low temperature for the two experiments are the limiting
fictive temperature T} of the glassy state. In a way, they
represent the energetic state of the glass obtained after a
given thermal history. The fictive temperature is usually
determined from the enthalpy versus temperature, but it
may also be determined from volume versus temperature
from experiments or molecular dynamic simulations [21].
The cooling at 1.2 K/min and the successive heating at
the same rate of experiment 1 is seen as solid blue line
and solid red line respectively. For the aging experiment,
the Ty (T) curves are represented by blue dashed line for
the cooling (with aging as vertical line) and red dashed
line for the heating. For this experiment, contrary to the
TLS model, it is not possible to extract the fictive tem-
perature along time. We don’t know the relaxation law
of the fictive temperature at constant temperature. In
the experiment 3, since it is not possible to follow the
trajectory of the fictive temperature along time, then we
have however the means to determine the final value of
the fictive temperature at the end of the annealing pro-
cess (T}a in Fig. (9)). For that purpose, we assume that
at the end of the cycle, in the liquid state the ending
value of the fictive temperature is equal to the initial ex-
perimental temperature. Therefore, by inverse integra-
tion of the normalized heat capacity along the heating
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FIG. 9: Fictive temperature of PVAc as a function of temper-
ature for experiment 1 and 3 such as described in table I. The
black arrows indicate the sense of the thermodynamic cycle
followed by PVAc during the experiments with an aging step
at 293.3K for the experiment 3.

path, we can come back to the value of the fictive tem-
perature reached at the end of aging. We thus have two
well-defined values of the fictive temperature, one for the
glassl (just before the aging), and the other for the glass2
(just after the aging). A vertical line is then traced (see
blue dashed line in Fig.(9))between these two boundaries
values of the aging process. The second assumption we
used, is to consider that between the aging temperature
of 293.30 K and the final low temperature of 267.95 K,
the fictive temperature remains constant. For an exper-
iment without annealing step, the decrease in the fictive
temperature under the same temperature range is of only
around 0.3 K. This is negligible as compared to the few
kelvins of decrease during aging (see Fig. (9)). More-
over, it is reasonable to consider that after a period of
annealing, the decrease of the fictive temperature is even
less than 0.3 K, because the glass2 is already stabilized.
This small cooling path in the glass2 state is barely seen
as a horizontal blue dashed line in Fig. (9).

Determination of the entropy production rate

Like in the first part of this paper, we have now at
our disposal all the necessary parameters to determine
the entropy production rate for each experiment, either
during cooling or during heating, by means of Eq(6):

d; i 3\ dT
LAY
d \T, T )a
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FIG. 10: Entropy production rate of PVAc as a function of
temperature for the three experiments 1, 2 and 3 such as
described in table I. The cooling path for the experiment 3
with aging is not represented.

The result is shown in Fig.(10) for the cooling of the
experiments 1 and 2 (blue solid and dashed lines respec-
tively), and for the three heating of the experiments 1
(red solid line), experiment 2 (red dashed line), and ex-
periment 3 (red dotdashed line). For cooling, there is
one small but broad peak of entropy production. The
higher the cooling rate, the higher the entropy produc-
tion peak. For heating, contrary to simulations with
TLS, there is only one well-visible entropy production
peak. The smaller the previous cooling rate, the higher
the peak during heating. The peak of the heating after
aging is particularly higher and broader than peaks is-
sued from simple cooling. This aspect is discussed in a
next section. In focusing in the low temperature range,
we see the limit of our data processing since the entropy
production rate is slightly negative for the three exper-
iments at the starting of heating, which is unexpected.
A new definition of the baselines specific heat, particu-
larly in the glassy state, might avoid this problem, but
we have decided in this work to take the same specific
heat baselines for all the data processing, the enthalpy
integration, and the fictive temperature determination.
It is however easy to imagine the appearance of one first
small entropy production peak in this low temperature
range with a glass-specific heat baseline which is not a
straight line.

To the best of our knowledge, it is the first time that
the entropy production rate is determined as a function
of temperature from a calorimetric DSC-experiment. Al-
though the presence of such peaks during cooling and
heating is already the demonstration of the Clausius the-
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orem, we would like to validate it under its usual in-
tegrated shape (see Eq. (11) above) and discuss more
deeply the case of aging.

Verification of the Clausius theorem
Liquid-glass-liquid cycles

Firstly, we would like to calculate the entropy produced
along the liquid-glass-liquid cycles, i.e. for the experi-
ments 1 and 2. In a first step, we calculate the following
integral:

C;
ASi_gi = 95 70 (17)

The final result of such cyclic integration is presented
in table II. The resulting values are close to zero such as
expected. The errors are calculated as the mean value
of these two values like for energy uncertainty. We find
+1.2x 107 J/gK as combined errors of our entropy de-
termination. In a second step, we calculate the usual
calorimetric integral:

Agpect, - 55 %dT (18)

The results are also shown in table II. These values
of the entropy calculated from the configurational heat
capacity divided by temperature along the cycle are lower
(and negative) than their corresponding values calculated
with the integral (17) above. The difference at the end of
integration is about ten times more significant than the
entropy uncertainty. This confirms the validity of the
Clausius theorem with missing net entropy production
term in the latter integral. For the sake of clarity, we
have summarized these results in Fig. (11). The initial
value of the integrals above are taken equal to zero by
convention. The horizontal black line shows the level zero
for a sake of clarity. The blue solid line shows the first
starting values for all the integrals with zero as starting
point. The two red solid lines show the final values of the
integral (17) for the experiment 1 and 2, while the two
red dotdashed lines show the final values of the integral
(18)(see table II). As clearly shown in Fig. (11), the
difference in the calculation of the two integrals above is
about ten times higher than the dispersion around their
final values for the experiments 1 and 2. The Clausius
theorem is verified in this case. For a last verification,
we may verify for each experiment that the difference
A;S obtained by the difference between (17) and (18) is
exactly the same as that obtained by integration along
the cycle of the entropy production rates shown in Fig.
(10).
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FIG. 11: Configurational entropy of PVAc obtained by inte-
gration of C;/T and C; /Ty as a function of temperature during
cooling and the successive heating for the experiments 1 and
2 such as described in table I. The figure shows a magnifica-
tion of the configurational entropy in the temperature range
around the starting and final temperature.

Liquid-glass1-glass2-liquid cycles

This section deals with aging experiments. In this
case, we have to consider particular thermodynamic cy-
cles of the type liquid-glassl-glass2-liquid, for which the
first glass in the cycle (glassl) is obtained by cooling to
the aging temperature, and the second one (glass2) is
obtained after the aging time at the same temperature.
This is the case of experiments 3, 4 and 5. The experi-
ments 4 and 5 are identical to the experiment 3, except
for the aging time which is of about 20 h for the experi-
ment 4, and about 6 h for the experiment 5. As already
discussed, it is not possible for such experiments to di-
rectly measure the enthalpy and entropy decrease during
aging. It is also not possible to directly measure the en-
tropy produced during such relaxation process. While
this decrease in entropy and enthalpy are recovered by
the measurement of the specific heat during the succes-
sive heating scan, for the entropy production, it is not
possible to recover it. Indeed, this entropy is by nature
irreversibly produced and irremediably lost. However, it
is possible to determine this contribution using the same
approach than that we used in the determination of the
fictive temperature during aging (see the vertical blue
dashed line in Fig.(9)). For the three aging experiments
3, 4 and 5, the fictive temperature of the glassl at 293.3
K is obtained by integration of the normalized heat ca-
pacity during cooling. Since the cooling rate is the same,
this glassl fictive temperature is the same for the three
experiments. After the aging process, the final values
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of the fictive temperatures are calculated by inverse inte-
gration along the heating paths assuming that the ending
values of the fictive temperatures must equal the initial
equilibrium liquid temperature (364.16 K). Fictive tem-
peratures calculated like this are obviously different for
the three experiments, and they are each associated to a
particular glassy state (glass2). The second assumption
is that these particular values do not vary when the end
of cooling is carried up (between the aging temperature
and the lowest temperature of 267.95 K). By this way, we
have access to the entropy production during aging even
if the process of relaxation is not known. For each experi-
ment, these specific fictive temperatures (just before and
just after the aging) are used to determine the entropy
produced during this isothermal process. For an isother-
mal process, the expression (16) is not valid anymore,
since it is adapted only for stages where the temperature
varies (cooling or heating). Using Tool’s equation, we use
the other expression for the entropy production rate in
terms of fictive temperature:

;i

&S (qu C’fq)de

d \1, T ] at

T (19)

where C{? has to be taken at the value of the fictive
temperature such as already explained. The integration
of the expression above is processed over the fictive tem-
perature along all the cycle liquid-glassl-glass2-liquid.
The results of such an integration is shown in Fig. (12) as
a function of temperature for the three experiments 3, 4
and 5. It is also shown along the cycle of the experiment
1 without aging for comparison. The blue solid line is
the entropy produced upon cooling at - 1.2 K/min. The
blue dashed lines are the entropy productions during the
cooling but with aging time varying between 6 h (exper-
iment 5), 20 h (experiment 4) and 60 h (experiment 3).
Aging is seen as a vertical line stopping at different levels
depending on the aging time, and continuing as horizon-
tal blue dashed lines till the lowest temperature. The red
solid line is the entropy produced during heating at 1.2
K/min for the experiment without aging. The entropies
produced during heating at 1.2 K/min after the aging
time of 6 h, 20 h and 60 h, are seen as red dashed line,
red doubledotted line and red dotdashed line respectively.
For the sake of clarity, arrows indicate the sens of entropy
production for the experiment 1 without aging, and for
the experiment 5 (aging 6h) only. For such experiments
1 and 5, we may observe a slight decrease of the entropy
just before the jump due to the unfreezing of the PVAc,
which is unexpected. This indicates the limit of our data
processing protocol due to the combination of different
errors such as already discussed (particularly the choice
of a glass specific baseline that we have chosen as a unique
straight line for all the experiments). Nevertheless, for all
the experiments, we see that the Clausius theorem is ful-
filled, with final values of the positive entropy produced
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FIG. 12: Entropy production contributions for PVAc as a
function of temperature during different parts of the thermo-
dynamic cycles for the experiment 1 during cooling and the
successive heating, and for the experiments 3, 4 and 5 dur-
ing cooling, during annealing, during the rest of cooling, and
during the successive heating such as described in table I.
The black arrows indicate the sens of progression of the ther-
modynamic cycle for the experiment 5 with 6 h of aging at
293.3K.

over all the considered thermodynamic cycles well above
the total uncertainty of the experiments. In table II, we
indicate the values of the entropy produced at different
stages of the cycles. In particular, in table IT all the A;S
are integration of o; over the fictive temperature (cf. Eq.
(19)) between the liquid and glass with the subscript I—g
for cooling experiment, between the glass and liquid with
subscript g—1 for heating experiment, between liquid and
glassl with the subscript [ — g1 for the path of the aging
experiment between the liquid and the glass reached be-
fore annealing at the aging temperature, between glassl
and glass2 with the subscript gl — g2 for the path of the
aging experiment during annealing, and between glass2
and liquid with the subscript g2 — [ for the aging experi-
ment during the final heating. The net entropy produced
along all the cycle of the aging experiment have the sub-
script [ — gl — g2 —1. Finally, values of the configurational
entropy variation during the cooling (or identically dur-
ing the heating but with an opposite sign), noted AS;_,
and AS,_;, are also calculated in table II for comparison.
All these data are commented in the next discussion.

Before commenting these data, we would like to stress
a technical point of interest. In table II, the values of
AHl_gl_gQ_l, ASl_gl_g2_l, and ASﬁega1t7927l are different
from zero because we used the integration over the tem-
perature, which does not take into account the annealing
process at the constant aging temperature. The values
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given in the table IT correspond then to the annealing
enthalpies and entropies of the experiments 3, 4 and 5.
If we have proceeded by using integration over the fic-
tive temperature, like we did for the determination of
the entropy production contributions in table II, we then
have found a value very close to zero (up to the experi-
mental inaccuracy) for AH;_g1_go—; and AS;_g1_g2—;, and
slightly below zero (due to the lack of entropy production
contribution) in ASl’Zegaff g2-1- In appendix, we show the
configurational entropies over all the thermodynamic cy-
cle for the experiment 3 (60 h of aging) when integration
is made over temperature and over fictive temperature.
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l [ Exp. 1 [ Exp. 2 [ Exp. 3 [ Exp. 4 [ Exp. 5 ‘
AH, 41 (J/g) | 53x107° [31x107° - - -
AS;g1 (J/gK) | 1.5x107° [ 85x10°° - - -
ASPe (J/gK) | -22x1077 [-2.3x10°" - - -
A;S1—4(J/gK) 1.7x107" [ 1.5x 1077 - - -
A;Sy-1(J/gK) 6.1x107° | 5x107° - - -
AiSi41(J/gK) | 23x107% | 2x1077 - - -

AH_g1-g2-1 (J/8) -

1.6 1.3 1

ASi_g1-g2-1 (J/gK) -

52x10 °]|4.4%x10°|32x10°

ASlh—Zalt—g%l (J/gK) -

46x1072[3.9x1073[2.9x 1073

AiSi-g1(J/gK) -

1.3x10°%[1.3x107%[1.3x 107*

A;iSg1-42(1/K) -

26x10%2.3x107%[1.8x 1072

AiSg2-1(J/gK) -

3.7x107%2.8x107%[1.8x 1072

AiSi—g1-g2-1(J/gK) -

7.6x107%[6.4x107%[4.9x 1077

ASi-g(J/gK)

—746x1072[-7.8x 1072 -8 x 1072

AS,1(J/gK) 7.46 x 1072

78%x 102

8x 1077

TABLE II: Enthalpies and entropies measured on total and partial thermodynamic cycles. The mean combined error for the
enthalpies is of +2.1 x 1073 J/g and the mean combined error for the entropies is of +1.2 x 1075 J/g.K

Discussion

The TLS statistical model, when it is coupled to a
master kinetic equation, is able to reproduce the primary
features of the glass transition. In particular, the config-
urational heat capacity and the fictive temperature are
calculable within this framework. With a simple ther-
mal model, by means of these two parameters, we can
calculate the entropy production rate along a thermody-
namic path followed by the TLS. It is possible to verify
the validity of the Clausius theorem under this frame-
work. An important point is that the total entropy of
the system may be obtained by integration over temper-
ature of the configurational heat capacity divided by the
fictive temperature. If we integrate the configurational
heat capacity divided by the classical temperature, like it
is always performed in equilibrium thermodynamics, we
lose the positive entropy production term, and the final
entropy calculated on the entire thermodynamic cycle is
smaller than the initial one. This is due to the fact that
the passage from an equilibrium TLS to a kinetically ar-
rested TLS (and vice versa) is by essence an irreversible
process whatever the thermal-history of the system. At
this level, a point of significant interest is the importance
of the parameter "fictive temperature” in the determi-
nation of the total entropy of the system. Without the
calculation of the fictive temperature (owing to the inte-
gration of the normalized heat capacity), it is not possible
to access to the exact value of the glass residual entropy.
Moreover, during annealing steps, this is the knowledge
of the fictive temperature at the aging temperature which
allows us to determine the production of entropy during
such isothermal processes. A calorimeter able to mea-
sure also the heat-flux between the sample and the sur-
roundings under isothermal condition (for exemple with
power compensation technique) might in principle pro-

vide directly this isothermal entropy production at the
same time than the annealing entropy. As a perspec-
tive for this discussion on the fictive temperature, in the
expression (10) of the configurational entropy variation,
the statistical average of —kplnp; on the two states of
the TLS already contains intrinsically the fictive temper-
ature parameter. How can we extract this macroscopic
parameter from statistical physics might be a question of
interest for the study of the glass transition at the mi-
croscopic scale.

Inversely, all these considerations may be applied to real
glassy systems. By means of DSC-measurements of the
heat capacity of a glass (here the PVAc polymeric glass-
former), it is possible to calculate the fictive tempera-
tures. Therefore, it is possible to determine the rate of
production of entropy generated inside the PVAc-system
along different phases of the liquid-glass-liquid transition
path. This is what we have done for the first time exper-
imentally. We have experimentally observed one broad
and small peak during cooling, and one highly resolved
peak during heating for all the different types of experi-
ments considered in this work. Moreover, the combined
errors due to the DSC experiments and the data pro-
cessing used in this study are about ten times smaller
than the positive entropy determined by integration on
the entire considered thermodynamic cycle. For each ex-
periment, we have verified that the integrated form of
the Clausius theorem is fulfilled, with values going from
2.3 x 107 J/gK for the smallest one (experiment 1) to
7.6 x 107* J/gK for the highest value determined for the
experiment with 60 h of aging (experiment 3). This is
for this latter experiment than the entropy created over
the cycle is the highest. However, if we compare this
value with the annealing entropy (5.2 x 1072 J/gK) de-
termined from the same experiment, this is only about
15 %. And, if we compare it to the configurational en-



tropy between the liquid and the glassy state (8 x 1072
J/gK), it is only about 1 %. This ratio is only about 0.3
% for the experiment 1 without aging. Let us empha-
size here that such results have been possibly recorded
owing to a fine and accurate treatment of the data, and
an important care has been taken into account in the
calibration of the DSC. A reference material (Vespel)
has been used in a first step in order to calibrate the
calorimeter at different scanning rates, either for cooling
or for heating. If we compare our results with those ob-
tained by Tropin and colleagues, we observe that these
authors validate the Clausius theorem with a value of
~7x107°(£2 x 107°) J/gK from the DSC calculation of
entropy on polystyrene, and -4 x 107%(+1 x 10™*) J/gK
for PCl at 300 K/s and -1.5 x 1074(+1 x 10™*) J/gK for
PCL at 50,000 K/s [12]. The estimated error is 57 %
of the cyclic integral for polystyrene, and 50 % for PCl
at 300 K/s, and 133 % for PLC at 50,000 K/s. For a
sake of comparison, our calculations for the same inte-
grals are —2.2 x 1074(£1.2 x 107°) J/gK for experiment
1, and -2.3 x 1074(£1.2 x 107°) J/gK for experiment 2.
Our estimated error is only about 11 % of the cyclic in-
tegral. With an highly sensitive home-made calorimeter,
Tombari and Johari obtained values of errors of about
8% of the cyclic integral with a value of 4.8 x 1075 J/gK
[13]. Surprisingly, they obtained positive values, while
the values of Tropin and co-workers, and ours, are neg-
ative such as predicted by the Clausius theorem. In ac-
cordance with the cited authors, we arrive at the conclu-
sion that the entropy dissipated as uncompensated heat
at the molecular scale is generally small as compared to
the corresponding entropic configurational change. For
the experiment with equivalent cooling and heating rate
(1.2 K/min), there is only about 36 % of the total en-
tropy produced on the cycle which is dissipated during
the glass to liquid structural recovery (A;Sq—;) as com-
pared to the entropy produced during freezing (A;S;_g).
For all the other experiments, the entropy produced dur-
ing structural recovery (unfreezing) is higher than the
entropy produced during freezing of the molecular move-
ments. Unfreezing of a slowly cooled, or of a aged glass,
produces more entropy than during the slow cooling, but
also generally it produces more entropy than during an-
nealing (A;Sy1-¢2). In the experiments presented here,
this is for the 6 h annealed glass that the entropy pro-
duced during annealing is equivalent to the entropy pro-
duced during unfreezing (1.8 x 107* J/gK). For the two
other annealed PVAc glasses, the entropies produced are
higher during unfreezing. The ratio of the entropy pro-
duced during annealing on the entropy produced during
unfreezing is of about 82 % for the 20 h annealing, and
70 % for the 60 h annealing. As can be extracted from
these three aging experiments, the entropy production
increases with the aging time, whatever the process in-
volved in this production, either during annealing (i.e
during the decrease in the landscape), or during unfreez-
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ing (during the structural recovery of the liquid state).
This positive entropy contributions seem to tend towards
an asymptotic value as the aging time increases, but we
need more aging experiments to conclude. The annealing
energies and entropies associated to these processes are
also higher for higher aging times, with also a tendency
to an asymptotic behaviour.

Finally, the understanding of such phenomenon on a fun-
damental point of view may be of pertinence and utility
for the calibration of a calorimeter and the determination
of liquid and glass baselines. Let us consider only ther-
modynamic cycles consisting in starting from an equilib-
rium state and in coming back to the same initial state
after a cooling followed by a heating. In this case, we
may assume without any doubt that the three following
thermodynamic relations are true:

- the final value of the fictive temperature has to be equal
to the same initial value, after the integration on the cy-
cle of the normalized heat capacity :

95 dT; =0 (20)

- the final value of the energy calculated by integration
on the cycle of the heat capacity has to be equal to the
initial value:

jg Ci1(Ty)dTy =0 (21)

- the final value of the total entropy calculated by inte-
gration on the cycle of the heat capacity divided by the
fictive temperature has to be equal to the initial value:

95 C9(Ty)dIn Ty =0 (22)

For thermodynamic cycles containing stages of anneal-
ing, it is more appropriate to proceed to the integration of
the variables over the fictive temperature if the change of
this parameter can be known with a procedure similar to
what we explained in this work (see also the Appendix).
As a consequence, with a chosen glassy material, the DSC
may be calibrated along a cycle (with a chosen thermal
history) defined by a liquid-glass-liquid path, or other
thermodynamic paths with the only constraint that it has
to start in the equilibrium liquid state. The DSC may
be calibrated with liquid and glass specific heat baselines
fulfilling these three previous equalities.

Conclusion

The toy model of the TLS coupled to a master equation
is used in order to simulate the principal basic features of
the glass transition. In particular, by means of the cal-
culation of the fictive temperature, for the first time, we



have simulated the entropy production rate of the TLS
when it is departed from equilibrium along a given ther-
mal history. We have proved that the non-equilibrium
TLS fulfills the Clausius theorem. In this first theoretical
part, we have also derived an important result : in order
to recover the entropy of the non-equilibrium TLS, which
corresponds to its statistical entropy, we have to integrate
the configurational heat capacity divided by the fictive
temperature, and not by the classical temperature as it
is usually made. This allows us to have an exact value of
the residual entropy of the glassy TLS at low tempera-
tures and not a bracket of this exact value as it is usually
obtained in the literature. In the second part, we have
used this thermodynamic treatment directly on a struc-
tural polymeric glass, the PVAc. A careful calibration
of our differential scanning calorimeter has allowed us to
determine two straight-line-baselines, one for the super-
cooled liquid state, and one for the glassy state. This
permit us to obtain an accurate behavior of the fictive
temperature from all the considered experiments. We
even have found a procedure to extract the isothermal
jump of the fictive temperature during annealing steps
in the glass range. For the first time, the rate of pro-
duction of entropy has been shown as a function of tem-
perature for these experiments. The Clausius theorem
has been verified with a value of the entropy below zero
about ten times greater than the total calculated error
due to the DSC measurement, calibration procedure and
data treatment. Reliable data have been obtained on the
entropy produced along different parts of the glass tran-
sition process (even during aging), and these data on the
production of entropy have be compared to those of the
configurational entropy, and on the annealing entropy in
each experiment.
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Appendix

This short appendix shows in Fig.(13) the difference
between the configurational entropy calculated by inte-
gration over the temperature, and the configurational en-
tropy calculated by integration over the fictive tempera-
ture for an experiment containing a stage of annealing at
a constant temperature (here experiment 3 with 60 h of
aging).

The starting value of entropy is taken equal to zero
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FIG. 13: Configurational entropy for PVAc as a function of
temperature for the experiment 3 with 60 h of aging such as
described in table I, obtained by integration over temperature
(dashed lines)and by integration over the fictive temperature
(solid lines) of the configurational heat capacity divided by the
fictive temperature.The horizontal black dashed line indicate
the zero level of entropy (starting point).

by convention. The cooling entropy obtained by integra-
tion over temperature is the blue dashed line while the
cooling entropy obtained by integration over the fictive
temperature is the blue solid line. The latter shows an
isothermal jump at the aging temperature since the fic-
tive temperature undergoes an isothermal relaxation at
the aging temperature. The AS,,s at this aging tem-
perature is the configurational entropy decrease during
annealing of the PVAc at 293.3K. The red dashed line is
the heating entropy determined by integration over tem-
perature while the red solid line is the heating entropy
determined by integration over the fictive temperature.
The final value of the former arrives well above zero,
while the final value of the latter arrives exactly to zero.
In other words, by integration over the temperature, the
annealing step occurring at constant temperature cannot
be considered, and the final value provides this anneal-
ing configurational entropy. In considering that the final
value of the fictive temperature must be equal to the ini-
tial one (and equal to the classical temperature), then in
using an inverse integration on the last heating path, the
step in the fictive temperature due to annealing may be
estimated. Therefore, by integration over the fictive tem-
perature, this annealing step is taken into account and
the final value of the configurational entropy is exactly
equal to the initial one.



[1] 1. Prigogine and R. Defay, Chemical Thermodynamics.
(Longmans, 1954).
[2] R. O. Davies, G. O. Jones, Advanc. Phys. (Phil. Mag.
Suppl.) 2 (1953) 370-410.
[3] A. B. Bestul, S. S. Chang. J. Chem. Phys. 43 (1965)
4532-4533.
[4] S. A. Langer, J. P. Sethna, E. R. Grannan. Phys. Rev. B
41 (1990) 2261-2278.
[5] M. Goldstein. J. Chem. Phys. 64 (1976) 4767-4774.
[6] D. P. B. Aji, G. P. Johari. J. Phys. Chem. B 114 (2010)
9578-9585.
[7] G. P. Johari, D. P. B. Aji, L. Gunawan. Thermochim.
Acta 522 (2011) 173-181.
[8] G.P. Johari, D. P. B. Aji. Thermochim. Acta 536 (2012)
41-46.
[9] P. W. Bridgman, Rev. Mod. Phys. 22 (1950) 56-63.
[10] U. Fotheringham, A. Baltes, R. Miiller, R. Conradt. J.
Non-Cryst. Solids 355 (2009) 642-652.
[11] J. Moller, I. Gutzow, J. W. P. Schmelzer, J. Chem. Phys.
125 (2006) 094505.
[12] T. V. Tropin, J. W. P. Schmelzer, C. Schick. J. Non-

17

Cryst. Solids 357 (2011) 1291-1302.

[13] E. Tombari, G. P. Johari, J. Chem. Phys 141 (2014)
074502.

[14] J. Bisquert. Am. J. Phys. 73 (2005) 735-741.

[15] G. Aquino, A. Allahverdyan, T. M. Nieuwenhuizen,
Physical Review Letter 101 (2008) 015901.

[16] A. Takada, R. Conradt, P. Richet. J. Non-Cryst. Solids
360 (2013) 13-20.

[17] A. Q. Tool, J. res. Natl. Bur. Stand. 34 (1945) 199-211.

[18] A. Q. Tool. J. Am. Ceram. Soc. 29 (1946) 240-253.

[19] J.-L. Garden, J. Richard, H. Guillou, J. Chem. Phys.
129 (2008) 044508.

[20] J.-L. Garden, H. Guillou, J. Richard, L. Wondraczek, J.
Chem. Phys 137 (2012) 024505.

[21] H. Jabraoui, M. Malki, A. Hasnaoui, M. Badawi,
S. Ouaskit, S. Lebegue, Y. Vaills, Phys. Chem. Chem.
Phys. 19 (2017) 19083.

[22] H. Sasabe, C. T. Moynihan. J. Polym. Sci.: Polym. Phys.
16 (1978) 1447-1457.

[23] D. Cangialosi, V. M. Boucher, A. Alegria, J. Colmenero.
Phys. Rev. Lett. 111 (2013) 095701.

[24] D. Cangialosi. J. Phys.: Condens. Matter 26 (2014)
153101.



