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ABSTRACT

The description of kinetics of physical aging, namely the slow evolution of a glass thermodynamic state toward equilibrium, generally relies
on the exclusive role of the main « relaxation. Here, we study the kinetics of physical aging over a wide temperature range in five small
molecules interacting via van der Waals forces monitoring the time evolution of the glass enthalpic state. To this aim, we employ fast scanning
calorimetry, which permits exploring a wide range of aging times. To challenge the role of the « relaxation in the description of physical aging,
we employ a model-independent approach, based on the time to reach equilibrium, and a modified version of the single parameter aging
model. The latter accounts for the non-linearity of aging making use of the so-called density scaling approach to describe the dependence of
the a relaxation time on the glass thermodynamic state. We show that the « relaxation is generally adequate to describe aging at temperatures
close to the glass transition and, for lower temperatures, the latest stages of equilibration. In contrast, at low aging temperatures, it fails to
catch a wide portion of the time-dependent evolution of the glass thermodynamic state, which is found to be much faster than predicted
considering only the « relaxation. Hence, our results and analysis provide compelling arguments that the description of glass equilibration
under a wide range of aging conditions is conveyed by different molecular mechanisms, beyond the mere role of the « relaxation.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0157994

I. INTRODUCTION kinetics, this has been shown studying the cooling rate dependent
glass transition temperature, T, and the temperature-dependent «

Liquids can be supercooled below their melting tempera-  relaxation time, 7. It was shown that, in both polymeric®* and low
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ture, provided that crystallization is avoided. On further cooling
and depending on the applied rate of temperature decrease, the
supercooled liquid transforms into a non-equilibrium glass, a phe-
nomenon addressed as vitrification or glass transition." The non-
equilibrium glass exhibits a solid-like behavior and excess free
energy with respect to the metastable supercooled liquid. The time-
dependent reduction in the glass free energy toward equilibrium
defined by the metastable supercooled liquid is known as physical
agingl‘j‘ or structural recovery. b2

The kinetic nature of vitrification and, once in the glassy state,
of physical aging implies that both phenomena must be medi-
ated by at least one molecular mechanism. Within the commonly
accepted picture, in both vitrification and physical aging, the main «
relaxation with super-Arrhenius temperature dependence has been
regarded as the only relevant mechanism. Concerning vitrification

molecular weight glass formers,”'” the cooling rate dependent glass
transition exhibits the same super-Arrhenius temperature depen-
dence as 7,. Furthermore, several studies where physical aging after
non-linear thermal'' " and dielectric'® perturbations is monitored
in a limited range in the proximity of T, showed that the typical time
scale of aging follows the same behavior as 7q.

The paradigmatic picture addressing the role of the « relaxation
has recently been challenged. Experiments where the vitrification
kinetics was explored in a wide range of cooling rates for a metal-
lic glass former showed that this takes place at lower temperatures
than expected only accounting for the « relaxation.'® This behavior
is exacerbated in polymeric'” and metallic glass formers'® subjected
to geometrical confinement. Regarding physical aging, there exists
increasing evidence that the simple scenario where the approach to
equilibrium exclusively depends on the « relaxation must be deeply
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revisited. When aged significantly below T, polymeric,”” ' chalco-
genide,” metallic,””* and simple molecule glasses exhibit at
least two steps in the kinetics of equilibrium recovery. In polymeric
glass formers, for which aging experiments at various aging tem-
peratures and times were carried out,'” while the slow step can be
associated with the a relaxation, the fast one exhibits mild tem-
perature independent activation energy, underlying the existence
of molecular mechanisms different from the « relaxation triggering
physical aging at short aging times.

While the mentioned activity evidences the presence of mul-
tiple mechanisms of equilibration, a systematic study, above all in
small molecule glasses, has so far remained elusive. The present
study aims to provide a comprehensive characterization of phys-
ical aging, monitored following isothermal enthalpy relaxation, of
five small molecule glasses, interacting via van der Waals forces,
and challenges the role of the a relaxation in the kinetics of
physical aging. To this aim, on the one hand, we consider a
model-independent metric, based on the determination of the aging
temperature-dependent time to reach equilibrium. On the other
hand, we employ a modified version of the so-called single para-
meter aging (SPA) model, which has been shown to catch the
entire phenomenology of physical aging after temperature jumps
of a few Kelvin.” ™ To account for the thermodynamic state
dependence of the « relaxation time, 7, our approach employs the
density scaling relation,’” where both temperature and volume con-
tributions to 7 are included. Based on these two complementary
approaches, we show that the « relaxation is able to provide a
complete description only in a limited temperature range in the
proximity of the glass T. In contrast, when the aging temper-
ature largely departs from T, accounting exclusively for the «
relaxation generally fails to describe the kinetics of glass equilibra-
tion. The natural consequence of this finding is that mechanisms
beyond the « relaxation contribute to glass equilibration signifi-
cantly below T and must be accounted for in both theoretical mod-
eling of aging and lifetime prediction of products made of glass,’’
where modifications of properties may be detrimental to practical
applications.

2 25,26

Il. EXPERIMENTAL

o-Cresolphthalein dimethyl ether (KDE >98% purity), phe-
nolphthalein dimethyl ether (PDE >98% purity), and 1,1-bis
(4-methoxyphenyl)cyclohexane (BMMPC >98% purity) were pro-
vided by Polymer Source, while o-terphenyl (OTP, >99% purity) was
provided by Sigma-Aldrich. BMPC (also referred to as bisphenol-
C-dimethylether) was obtained from the Max Planck Institute for
Polymer Research, Mainz, Germany. All materials were used as
received.

Fast Scanning Calorimetry (FSC) was performed using a
Mettler-Toledo Flash Differential Scanning Calorimeter (DSC) 1
equipped with an intracooler and operating in a temperature range
between 173 and 723 K. A Leica M60 optical microscope is inte-
grated in the FSC system, and it is operating at a 400x magnification,
allowing the evaluation of the quality of the chip and the obser-
vation of the deposition of the sample on it. Furthermore, a Leica
IC80 HD camera is connected, offering the possibility of acquir-
ing micrographs of the chip. The sample chamber was purged with
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dry nitrogen at a flow rate of 20 ml/min. The specimens were pre-
pared by the direct deposition of the material (sample mass ~100 ng)
onto a Mettler-Toledo UFS 1 chip. The samples deposited on
the chip exhibited an equivalent diameter of ~200 ym, which,
given the sample mass of #100 ng and densities of our materials
between 1 and 1.3 g/cm3, resulted in samples’ thickness of the order
of 10 ym.

Standard Differential Scanning Calorimetry (DSC) was per-
formed by means of a TA Instruments DSC Q2000, equipped with
an intracooler and operating in a temperature range between 193
and 873 K. The oven was purged with dry nitrogen at a flow rate of
50 ml/min. Specimens have been prepared by weighing about 10 mg
of sample in a 40 yl aluminum pan without lid.

Isothermal aging experiments at different times were per-
formed for all samples, aiming to characterize the vitrification kinet-
ics. The temperature program comprises heating and cooling scans
at a rate of 1000 K/s in a temperature range between 173 K and
Tm + 10 K, depending on the melting temperature of the compound.
After cooling from the melt, the samples were kept at T, for dif-
ferent aging times (#.), ranging from 0.1 to 80000 s. After each
isotherm, the samples were immediately cooled down to 173 K and
a heating scan was recorded. Prior to the evaluation of the time- and
temperature-dependent fictive temperature T¢( Ty, ta) (see Sec. I11),
the glass and liquid heat flow rates of a given set of experiments were
superposed on the unaged reference via the VITRIFAST method,
recently introduced by Abate et al.,’” an optimization procedure
based on the minimization of the mean squared error between aged
and unaged scans in the glass and liquid.

For each specimen, the time scale of spontaneous fluctua-
tions associated with the « relaxation was characterized in terms of
frequency-dependent complex thermal susceptibility (i.e., the com-
plex specific heat, ¢;) by means of FSC and DSC step-response

analyses.” *” The step-response protocol, spanning the whole range
of the glass transition, consists of a loop of down-jumps of AT = -2 K
at a nominal cooling rate (f3), followed by an isotherm of duration
tiso. The base angular frequency wy can be determined as

wo =27ty = 21/ (tis0 + AT/B), (1)

where the period of stimulation ¢, is the cumulative time of the
down-jump and the isotherm. The real (¢, ) and imaginary (¢, ) con-
tributions to the complex susceptibility c;, as well as the reversing
specific heat (c;”), i.e, the modulus of the complex susceptibil-
ity, were calculated for wy and higher-order harmonics w = kwo
(k =2,3,4,...) by using a Discrete Fast Fourier Transform (DFFT)

relationship of the form

Y HE(t) e At

— @
S qe(r) € At

6 (0) = cp(w) —icy (w) =

where HF(t) and q,.(t) are the instantaneous heat flow and the
instantaneous cooling rate, respectively. The temperature depen-
dence of ¢; (w, T) has been assessed by running the DFFT algorithm
for each loop composing the step-response protocol. Finally, the
temperature-dependent relaxation time, 7(T) = (27w)™"(T), has
been determined at the inflection point of c;fv(w, T), that is, the
modulus of the complex specific heat, which approximately equals
the real part of the complex specific heat, cl',(w, T), due to the fact
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TABLE I. Experimental parameters of the step-response protocol.

Technique B Isotherm (s) tp (s) wo (rad s™1)
FSC 2000 K s 0.1014 0.1024 61.3
FSC 500 1.6344 1.6384 3.83
FSC 100 16.364 16.384 0.38
DSC 15 K min™ 120 128 0.049
DSC 1.875 960 1024 0.006 1
DSC 0.5 7956 8196 0.00077

that ¢, is at least one order of magnitude smaller than . The
determination of the time scale of spontaneous fluctuations in a
frequency range of about six orders of magnitude is achieved by
performing six different step-response experiments for each spec-
imen and combining the measurements of FSC and DSC. Table I
reports the experimental parameters of the step-response protocols
that have been adequately chosen to probe ¢; (w, T) in the largest
frequency range available, while maintaining a good accuracy and
low signal-to-noise ratio (Table I).

lll. RESULTS

We begin presenting the calorimetric response underlying
physical aging at one aging temperature for each investigated sys-
tem as showcases. Similar results were obtained at the other aging
temperatures. Figure 1 shows the heat flow rate scans, propor-
tional to the specific heat, ¢, collected at 1000 K/s on samples
cooled down at the same rate to the indicated temperature and aged
isothermally in a wide range of times. The typical signature of glass
equilibration resulting from physical aging—that is, the develop-
ment of an endothermic overshoot with magnitude increasing with
aging time”’°—can be observed. The temperature interval where the
overshoot is located depends on the aging time. Shortly after the
beginning of aging, it grows on top of the specific heat step under-
lying the glass transition. At longer aging times, the endothermic
overshoot shifts to higher temperatures, indicating that access-
ing low energy states delays devitrification when heating the aged
samples.

From the connection between specific heat and enthalpy:
¢ = (%) p» the area between the aged and unaged scans contains
the amount of enthalpy relaxed during physical aging. The enthalpic
state of the glass can be parameterized via the concept of fictive
temperature, Ty, that is, the temperature at which the glass line
drawn from the glass thermodynamic state crosses the supercooled
liquid line.”*”” Hence, low Ty(s) are characteristic of low enthalpy
glasses. The fictive temperature is obtained via the Moynihan
method,”

T Ty
/ (cp,l — ¢pg)dT = / (¢p — cpg)dT, 3)
Ty T,

where ¢, is the specific heat of the sample, ¢;; and ¢,,, are the lig-
uid and glassy lines, respectively—fitted by linear equations (see the
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dashed lines in Fig. 1)—and T; and T, are the temperatures well
above and below T, respectively.

The aging time and temperature evolution of T is presented
in Fig. 2 for all investigated systems. The Ty of OTP at zero aging
time and after cooling at 1000 K/s, Ty = 263 K, agrees with previ-
ous reports. " Data at such a high rate for the other glass formers
are not available. However, as expected, the zero aging time Ty of
these glass formers is systematically larger than T at rates of several
K/min." As a general rule, decreasing the aging temperature entails
increasing times to reach equilibrium and lower Ty. In all cases, the
values of Ty at the end of the aging process lie in close proximity to
the aging temperature, apart from some minor deviations for aging
temperatures significantly lower than T, likely resulting from the
inaccurate extrapolation of ¢, ; below T,."!

The aging time evolution of Ty allows obtaining insights into
aging kinetics. A model-independent approach relies on the use of
the time to reach equilibrium, 7.4, indicated with open symbols in
Fig. 2, which does not depend on the previous thermal history** and
is representative of the glass close to equilibrium."” Here, 7,4 was
determined considering that equilibrium was reached when Ty was
less +1 K different from its average plateau value. Figure 3 depicts
the aging temperature dependence of 7.4 for all investigated systems.
In the same figure, the temperature dependence of the « relaxation
time, 7, obtained from the step-response analysis in the linear regime
delivering the frequency and temperature dependence of complex
specific heat,”"” is presented (see Sec. II for details). As a general fea-
ture, 7,4 follows the same temperature dependence of 7 at large aging
temperatures. In all cases, except for PDE, the same applies for lower
aging temperatures. For PDE at low aging temperatures, 7., seem-
ingly exhibits a slight deviation from 7 toward a mildly activated
temperature dependence.

A. Modeling the kinetics of physical aging

The time to reach equilibrium is representative of the kinet-
ics of physical aging of the glass in the proximity of equilibrium
and, therefore, only conveys information on molecular mechanisms
active under these conditions. For a comprehensive description of
the overall kinetics of physical aging, the entire aging time evolu-
tion of the glass thermodynamic state must be described. For this
purpose, the unavoidable requirement stands on implementing a
framework including the typical signature of physical aging, that is,
its non-exponentiality and non-linearity.* The former regards the
intrinsic nature of the a relaxation, resulting in a response more
stretched than a simple exponential.”’ The non-linearity of physical
aging is due to the fact that the relaxation time of molecular mecha-
nisms assisting equilibration changes with the glass thermodynamic
state. In particular, in aging protocols where a reduction in T takes
place—as is the case of the present study—t progressively increases
during aging, whereas the opposite holds for experiments entailing
a Ty increase.

The non-linearity of aging can be quantified employing the
concept of material time, &, related to the clock rate, that is, the
inverse of the relaxation time, byr 29,44

de =14t (4)

Within the conventional description of physical aging, the
relaxation time is identified with that of the « relaxation. In such
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FIG. 1. Heat flow rate scans, proportional to the specific heat, for all glasses at the indicated aging temperatures and times.

a way, the non-linear response of physical aging can be reduced to
the linear response at equilibrium by simply replacing the time, t,
with the material time, £.*” Popular phenomenological approaches,
implementing the non-exponential and non-linear behavior of
aging, are the Tool-Narayanaswamy-Moynihan (TNM)* and
Kovacs—Aklonis-Hutchinson-Ramos (KAHR)*> models, which
share the common feature of requiring multi-parameter fit-
ting. Furthermore, both models impose a temperature inde-
pendent activation energy at equilibrium, which is at odds
with the super-Arrhenius temperature dependence of the «
relaxation time. Efforts to account for the increasing activa-
tion energy with decreasing temperature have recently been
implemented."*

Here, differently from TNM and KAHR approaches, we
describe « relaxation driven aging without making an explicit
assumption on the mathematical form of non-linearity. This
approach, known as single parameter aging (SPA), has recently been
shown to accurately describe aging of several glasses’”* and, for
the first time, to predict non-linear aging from linear response.”’
Given the relatively small temperature jumps explored in previ-
ous applications of SPA, the aging time dependence of Int was
assumed to be linear with the instantaneous thermodynamic state of
the glass: In 7(¢) = In 7o + A(Tf(t) — Ta), where A is the single fit-
ting parameter and In 7 is the equilibrium relaxation time, attained
after aging completion, at the aging temperature, T,. In this way,

higher order terms of the Taylor expansion are neglected. While this
assumption is certainly acceptable for temperature jumps of a few
Kelvin, our study entails changes of Ty with the aging time as large
as more than 20 K (see Fig. 2), for which the linear assumption may
be inadequate.

While keeping the overall philosophy, we implement the SPA
model describing the dependence of 7 on the aging temperature,
Ta, and specific volume, V(T,,t), of the glass, namely its thermo-
dynamic state, via the so-called density scaling approach,” which
has recently been rationalized on the basis of free volume mod-
els.”” The underlying idea is in the same spirit as the density
scaling approach to non-equilibrium glasses recently proposed by
Niss,”!

7(Tast) 5)

C
ST V(T

where C and y are material specific constants.

In Eq. (5), the dependence of both 7(Tq,t) and V(T,,t) are
shown in Fig. 4 for OTP at equilibrium, just after cooling to T,
and at a given aging time at T,. In our study, the relaxation time at
equilibrium, 7, is obtained from calorimetric measurements in the
linear regime (the same data as shown in Fig. 3). The specific volume
at the beginning of aging, V(0), and that at equilibrium, V4, can
be calculated from the equilibrium volume, Vy, at the initial fictive
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FIG. 2. Aging time evolution of the fictive temperature at different aging temperatures for all investigated glasses. The open symbols indicate the time to reach equilibrium zeq.

temperature, T;(0)—in our case, the fictive temperature after
cooling at 1000 K/s—by the following equations:

V(0) = Vo(1 - ag(T((0) - Ta)) (6)

and

Veq = VO(I_‘XI(Tf(O)_Tﬂ))’ (7)
where ag and o are the coefficients of thermal expansion in
the glassy and liquid states, respectively. Here, we have implicitly
assumed that T; from enthalpy relaxation experiments coincides
with that of volume relaxation, which was shown to be approxi-
mately correct.'*>**** In analogy to Eq. (6), as depicted in Fig. 4, the
time-dependent volume is connected to the time-dependent fictive
temperature by
V(t) = Vo(1-a(Tp(0) = Tp(t)) = ag(Ty(t) = Ta)).  (8)
Before expressing the instantaneous volume during aging,
V(t), as a function of T¢(t), we define the normalized relaxation
function, varying between the unity, at the beginning of aging, and
zero, once aging is completed,

)

Hence, combining Egs. (7)-(9), we obtain the following expres-
sion, where the aging time dependence is exclusively contained in
R(1),

V(£) = Vo(1 - AT;(a - AaR(£))), (10)

where A = oy — ag and ATy = T¢(0) — Th.

From the explicit aging time dependence of V (), the relaxation
time at a given aging temperature and time can be written combining
Eqgs. (5) and (10),

C

Ta,t) = , 11
7(Tart) = 7o exp Tu(Vo(1 - AT (2 - AaR(2)))) (11)
and analogously, the equilibrium relaxation time is given by
. (12)

foo S0 P (Vo(1 - wAT)))

Combining Egs. (11) and (12), the aging time-dependent relaxation
time can be rewritten as
C

In 7(Ta, t) =In7eo (Ta) + vl

1 1
* ((1 “AT (o - AaR(2)))  (1- wAT;) )
(13)
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We now define the following function of R(t), corresponding
to the second addend of the right-hand side of Eq. (13):

ry - C 1 1
g(R(®)) = T Vi \ (1 - ATf(ag - AaR()))  (1-aAT) )
(14)
In such a way, the aging time and temperature-dependent
relaxation time are expressed by

In 7(Ta, t) = In7eo + g(R(2)). (15)

For temperature down-jumps, where the relaxation
time during aging is always smaller than or equal to Teo,
g(R()) <0.

To model physical aging results of a given glass, the knowledge
of the normalized relaxation function at a reference aging temper-
ature R;(t) is required. This can be obtained by interpolating or
fitting with an appropriate function experimental aging data at that
temperature. The reduction in the non-linear response after an arbi-
trarily chosen temperature jump to the linear response after a jump
smaller than the amplitude of spontaneous thermal fluctuations”
implies that the normalized relaxation function is a unique function
of the material time: R, (¢) = R,(&). This implies that a generic nor-
malized relaxation function after an arbitrary temperature jump can
be derived from the relaxation function at a reference temperature.””

The equality of R(&) after different jumps holds for the derivatives,
too,

dRi(§) _ dR:(§)
a& dE

which can be rewritten in terms of absolute time considering Eq. (4),

(16)

dRi(t)
dt;

dRx(t3)

dt; Tz(tz ) (17)

T1(tf) =

Here, 71(#) = 7(T1,t; ) and 72(85 ) = (T2, £2)*. Hence, combining
Eq. (17) with Eq. (15), we obtain
dR(t)
dt}

. dRy (85 .

e exp (R (1)) = 2 o exp (gCRa))
(18)
If we consider identical changes in the normalized relaxation
function, dR; (¢;) = dR>(#5 ), we can deduce the time increment for

aging at the target temperature rearranging Eq. (18),

* T , 00 *
dt; = # exp [g2(R) - g1 (R)]dt], (19)

where g(Ri(#")) and g(R2(#;)) are replaced by g, (R) and g,(R),
respectively. Integrating Eq. (19), we obtain

by oo h *
= /0- dt, = :2—‘/0 exp [2(R) —g1(R)]dt;. (20)
1,00
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for a given time for OTP.

TABLE II. Data required to obtain the « relaxation time within the density scaling approach for KDE,54 PDE,5 QTP,>*%

BMMPC," and BMPC.57

Glass formers T(0) (K) Vo (cm3/g) a; (kK™ o (kK™) y C(K (g/cm3)”)
KDE 330.5 0.87 0.505 0.25 4.5 7100
PDE 306.5 0.735 0.765 0.25 4.5 8100
OTP 263 0.905 0.87 0.25 4 12000
BMMPC 277 0.91 0.635 0.25 8.5 6100
BMPC 259 0.9 0.765 0.25 7 4550

Hence, Eq. (20) allows converting a discrete set of experimental data
points, the time vector t; = (f},£,...,t]), corresponding to a set
of normalized relaxation function vectors R = (RI,RZ, ...R"),toa
second set of data points corresponding to a different aging temper-
ature, the time vector t; = (£3,3,...,t;). Plotting R vs t, delivers
the model prediction at any aging temperature from the knowledge
of the normalized relaxation function at a reference temperature.
Importantly, this does not require any fitting parameter.

Before presenting the outcome of the model prediction, it is
worth remarking that the description of R(t) at the reference tem-
perature contains the intrinsic non-exponential relaxation of the
glass plus the non-linear behavior at that temperature. The magni-
tude of non-linearity, depending on the aging temperature, is tuned
by the function g(R) [see Eq. (15)]. Having summarized these gen-
eral aspects of the model, the implementation within the density
scaling description of the a relaxation time requires the knowl-
edge of several inputs, which are reported in Table II. In the same
table, we also report T¢(0), that is, the fictive temperature after the

quench at 1000 K/s and the specific volume at that temperature,
Vo. The values reported in Table II are taken from the available
literature data.”* " Due to data scarcity, the coefficient of thermal
expansion in the glassy state was fixed at 2.5 x 10™* K™, that is,
the value reported for OTP.> This choice is highly reasonable as
2.5 x 107" K" lies in the tiny range of variation of small molecule
glass formers.™

The outcome of the application of the model is shown in Fig. 5,
where the experimental normalized relaxation functions (symbols)
and those predicted by the model (lines) as a function of aging
time and temperature are presented. Figure 6 shows the difference
between the model prediction and R(t) data from measured Ty,
thus providing a representation of how much the models deviate
from experiments. A common general observation that applies to
all glasses is that the model is able to accurately catch the experi-
mental data at high aging temperatures, specifically for temperatures
larger than 313.2 K for KDE, 298.2 K for PDE, 250.7 K for OTP,
263.2 K for BMMPC, and 246.7 K for BMPC. At lower temperatures,
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g(R(t)), providing the deviation of 7 from its equilibrium value [see Eq. (15)], as a function of R(t) at the lowest investigated aging temperatures.

the model fails to capture the entire time evolution of R(#) in both
the shape and typical time scale of the relaxation. In all cases, the
experimental R(t) appears to be way more stretched than the model
prediction. Altogether, the model predicts largely slower aging time
evolution of the glass thermodynamic state than the experimen-
tal outcome. However, for all glasses except PDE, while failing to
describe the whole aging behavior, the model is able to accurately
catch the ultimate stages of approach to equilibrium. As an excep-
tion, the approach to equilibrium for PDE is found to be always

faster than that predicted by the model, even at the final stages of
the aging process.

A complementary way of visualizing how the model based
on the « relaxation deviates from experimental aging data relies
on depicting the normalized relaxation function vs the material
time, &, which, as discussed, linearizes the aging response [see
Eq. (4)]. This is shown in Fig. 7, where it can be observed that
experimental data at high aging temperatures collapse on a sin-
gle curve, which perfectly overlaps with that predicted by the
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FIG. 6. Difference between the predicted and experimental relaxation function vs time for all investigated temperatures and glasses.

model. Experimental aging data gradually shift to lower & with
decreasing aging temperatures. This way of showing data pro-
vides a plastic representation of how, in this low temperature
regime, only the final part of aging is accurately caught by the «
relaxation, whereas the overall aging response is more stretched
and anticipated with respect to the prediction based on the «
relaxation.

Before closing this section, it is worth pointing out that fitting
of our data by the original SPA model”’ *’ provides analogous devi-
ations as those of our model based on density scaling. Furthermore,

the g(R) function, providing the deviation of In 7 from its equilib-
rium value, varies linearly with R(¢) [see Fig. 4(f)], as in the original
SPA model. However, apart from the absence of any fitting para-
meter, there are at least two reasons why it is worth including density
scaling to describe our data: (i) the most important is that, within the
original version of the model, it would have been unclear whether
deviations from the model predictions were due to the inadequacy
of the « relaxation alone to describe aging significantly below T, or
rather due to the inadequacy of the simple proportionality between
log 7 and Ty; (ii) second, while for not too fragile systems and for
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not too large temperature jumps, the proportionality between log 7
and Ty may be acceptable [see Fig. 4(a)], this is not the case for
highly fragile glass formers, such as polymers, and/or for very large
temperature jumps.

IV. DISCUSSION

In Sec. III, we have presented a systematic characterization
of physical aging in glasses made of small molecules via FSC,
which permitted covering a wide range of time scales and tem-

peratures. In such a way, the current understanding of physical
aging has been challenged employing two different approaches: a
model-independent one exclusively based on the time scale to reach
equilibrium and an approach based on a model originally known
as SPA.””* Within both approaches, the aging behavior at the
highest investigated temperatures is completely caught consider-
ing exclusively the « relaxation. This is evidenced by the aging
temperature dependence of the time scale to reach equilibrium
(see Fig. 3), which exhibits the same super-Arrhenius behavior as
the « relaxation, and by the ability of the model to catch com-
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pletely the time evolution of the glass thermodynamic state. The
latter result is in line with previous reports in which SPA was
fitted to aging data after small temperature steps.”” *’ Further-
more, the adequacy of the « relaxation to describe physical aging
in the high temperature regime agrees with findings where aging
is investigated in a limited temperature interval in the proximity
of Tg.

If we consider our model-independent approach at low aging
temperatures, the temperature dependence of 7,4 generally mimics
that of the « relaxation. This is certainly the case for KDE, OTP,
BMMPC, and BMPC, whereas PDE appears to exhibit minor devi-
ations from the super-Arrhenius temperature dependence of the
a relaxation. Consistently with the analysis based on 7.4, with the
exception of PDE, the model prediction for these glasses close to
equilibrium catches the experimental late stage evolution of the
thermodynamic state. Regarding the anomalous behavior of PDE,
we tentatively ascribe it to the poor extrapolation of equilibrium
7 of the a relaxation to the lowest temperatures at which aging
was investigated.”” However, importantly, low aging temperatures,
corresponding to large jumps in the fictive temperature, entail a
considerable increase in the complexity of the overall kinetics of
equilibrium recovery. Indeed, the common feature of the aging
behavior of all glasses is that, when the description of the whole
normalized relaxation function is realized in the low temperature
regime, the prediction based exclusively on the role of the « relax-
ation largely fails for all investigated glasses. In particular, the
experimental normalized relaxation function is way more stretched
than the predicted behavior and, above all at the early stages of aging,
exhibits a faster evolution than expected only accounting for the «
relaxation.

The failure of the « relaxation as the only mechanism involved
in glass equilibration after large temperature jumps has been shown
in several studies where different variants of the TNM-KAHR
models were applied.””** The inadequacy of this class of models
was explained as resulting from the need for refining/modifying
the explicit analytical form expressing the non-linearity of phys-
ical aging. Here, we rather show that even introducing non-
linearity without making an explicit assumption on its mathematical
form brings about large discrepancies between model prediction
and experimental data. Hence, our findings indicate that the
inadequacy of the TNM-KAHR models to describe physical
aging after large temperature jumps must be sought not so
much in their analytical expressions per se but in the fact that
they exclusively contain one time scale, namely that of the «
relaxation.

The reason for the discrepancy between the predicted and
experimental behaviors after large temperature jumps, especially at
the beginning of aging, must be sought in the role of fast non-«
molecular mechanisms triggering physical aging. Their role has been
documented for a variety of glasses, including polymers, "%
metal alloys,””** chalcogenides,”” and glycerol,”” where multiple
decays toward equilibrium could be separated. Here, even if the
splitting of multiple decays cannot be clearly discerned, the pro-
nounced stretching of the normalized relaxation function indicates
the presence of multiple steps not yet well separated in the approach
to equilibrium. A close inspection of data at the lowest aging temper-
ature actually hints toward a splitting of the approach to equilibrium

ARTICLE pubs.aip.org/aipl/jcp

in two steps. In particular, for all glasses at their lowest investigated
aging temperature, a slowdown of relaxation takes place at about 10°
s, followed by a late evolution to the final equilibrium (see Fig. 5).
Importantly, this observation rules out the possibility that devia-
tions of experimental data from the model could originate from
the inaccurate description of the a relaxation time by the density
scaling.

To understand the decoupling between aging behavior and «
relaxation, the conceptual difference between the non-linear and
linear responses can be invoked.””*® This interpretation agrees
with the experimental findings,” *’ including ours, showing that
for limited temperature jumps, the « relaxation contains all the
information to describe weakly non-linear aging. However, the evi-
dence that there exists an underlying molecular non-a mechanism
triggering aging under certain conditions requires a suitable expla-
nation on why this is unresolved in linear measurements. Here, it
is worth pointing out that our characterization of the glass linear
response relies on the obtainment of the thermal susceptibility, that
is, the complex specific heat, a second-order thermodynamic prop-
erty. Instead, monitoring the time-dependent fictive temperature in
the aging regime implies that the evolution of a first-order ther-
modynamic property, in this case, the enthalpy, is monitored. If
one of the molecular motions triggering physical aging involves a
temperature independent number of degrees of freedom, its asso-
ciated entropy, S(T), will be temperature independent, t00.”” As
a result, the signature of this relaxation will deliver a null contri-

bution to the specific heat as C,(T) =T asa(TT )

fully compatible with the inability of linear response—delivering
a thermal susceptibility and containing information exclusively on
the o relaxation—to describe equilibrium recovery in glass aging,
where a first-order thermodynamic property as the enthalpy is
monitored.

According to the previous considerations, fluctuations related
to non-w relaxation processes may remain unidentified in thermal
susceptibility measurements. However, those fluctuations may be
visible if the susceptibility is obtained applying different fields, for
instance, dielectric or mechanical linear perturbations.”’” The most
immediate candidates to explain the fast evolution of the glass ther-
modynamic state are secondary f3 relaxations, generally detected by
dielectric and mechanical spectroscopies below T,.”' These are well
characterized in all glasses investigated by us. 107273 ppDE,“ QTP,””
and BMPC”’ exhibit a secondary relaxation, whereas KDE* and
BMMPC” do not. In contrast, deviations of experimental aging
behavior from the prediction expected considering exclusively the
« relaxation are common to all glasses and, therefore, insensitive
to the presence of secondary relaxations. Furthermore, the OTP f8
relaxation attains time scales of the order of seconds below 200 K,
that is, way below the temperatures at which we observe a strong
influence of non-a mechanisms on OTP glass equilibration. All these
arguments are at odds with the explanation of fast aging as triggered
by the f relaxation.

The relaxation mechanism responsible for accelerated aging
with respect to predictions based only on the & relaxation must bear
large potential to equilibrate and exhibit time scales compatible to
such a fast evolution. In this sense, a suitable candidate to explain
the fast non-« relaxation can be a recently identified slow Arrhe-
nius process (SAP), which has been shown to play a role of utmost

. This scenario is
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importance in the kinetics of equilibration of different phenomena,
including physical aging, polymer adsorption, and dewetting.”* A
stringent test of the role of SAP would require an analysis on the
activation energy of fast equilibration at aging temperatures lower
than those of the present study and for longer times, where a com-
plete splitting with the step of equilibration due to the « relaxation is
attained.

The evidence of an additional mechanism of glass equilibra-
tion raises the question of how to apply the concept of material
time under those conditions at which the « relaxation is insuffi-
cient to catch the overall aging behavior. The natural consequence
of our findings is that the material time is tuned by the time
scale of both « and non-a relaxation mechanisms. Hence, Eq. (4)
should be rewritten as d€ = (at;' + (1 — a)Typy_a)dt. The imple-
mentation of the material time requires the knowledge on how much
potential of equilibration is borne by each relaxation mechanism,
contained in the parameter a, and the temperature dependence
of Thon — «-

A final important implication of our findings is that they open
the door to accessing glasses with low energy. Within the sce-
nario of physical aging exclusively driven by the « relaxation, the
tremendous growth of the associated time scale with decreasing tem-
perature would imply that aging would disappear not too far from
T, thereby preventing the exploration of low energy states. In con-
trast, physical aging is known to exhibit pronounced effects even
way below Tg,”"" "' which can be rationalized considering non-a
relaxations, whose potential to equilibrate glasses survives where the
o relaxation is completely frozen. Importantly, reducing the sam-
ple size may significantly shorten the time scale of glass relaxation
via fast non-a mechanisms, as shown in glasses with largely diverse
nature, such as polymers'”** and metallic glasses.'® In such a way,
topics of extraordinary importance, such as the existence of the
ideal glass transition®” at the Kauzmann temperature,”*" can be
explored reducing the sample size and employing fast non-o mech-
anisms to reduce the glass energy over time scales amenable to the
experimental practice.”*

V. CONCLUSIONS

We have presented an extensive characterization of the kinet-
ics of physical aging in five small molecule glasses interacting via
van der Waals forces, exploiting the ability of FSC to access a
wide range of time scales. In this way, we have covered a wide
spectrum of aging time, covering about six decades. With the aim
of challenging the role of the « relaxation, we have adopted two
different approaches to obtain insights into the underlying molec-
ular mechanisms mediating physical aging: (i) a model-independent
approach based on the time to reach equilibrium and (ii) a model,
previously addressed as SPA, where the non-exponentiality and
non-linearity of physical aging are considered without providing an
explicit mathematical form. Here, we have implemented the SPA
model employing the density scaling approach to connect the aging
time-dependent « relaxation time with the glass thermodynamic
state.

The model-independent approach based on the equilibration
time generally shows that the final equilibrium is attained in ways
compatible with the exclusive role of the « relaxation. In the same
way, the final stages of physical aging are reasonably captured by the
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modified SPA model. Furthermore, the whole experimental relax-
ation function at the highest investigated aging temperatures is
accurately described by the model. However, the central finding of
the present study is that, at low aging temperatures, correspond-
ing to large jumps in the fictive temperature, the model based on
the exclusive role of the « relaxation largely fails to describe the
whole relaxation function. In particular, the experimental relax-
ation function is vastly more stretched than that predicted by the
model, implying that, at the beginning of the equilibration process,
aging proceeds faster than predicted by the model. The main con-
sequence of our results and their analysis is that physical aging in
glasses aged significantly below T cannot be described as exclu-
sively triggered by the « relaxation and, therefore, other fast mech-
anisms of equilibration must be considered. As a consequence,
physical aging can survive with rates amenable to the experimen-
tal practice even way below T, where the « relaxation is frozen,
a result that, under certain conditions, may convey glasses to low
energies.

ACKNOWLEDGMENTS

We thank Jeppe Dyre, Kristine Niss, Tina Hecksher,
and Simone Napolitano for the inspiring discussions. We
acknowledge Grant No. PID2021-123438NB-I00 funded by
MCIN/AEI/10.13039/5011000 11033 and by “ERDF A way of
making Europe”; the financial support of Eusko Jaurlaritza, code:
IT1566-22; Grant No. PID2020-114506GB-100 funded by the
Spanish Ministry of Science and Innovation; and Grant No.
TED2021-129457B-100 funded by the Spanish Ministry of Science
and Innovation.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.
Author Contributions

Daniele Cangialosi: Conceptualization (lead); Data curation
(equal); Formal analysis (equal); Funding acquisition (lead); Inves-
tigation (equal); Methodology (equal); Writing - original draft
(lead); Writing - review and editing (equal). Valerio Di Lisio:
Conceptualization (equal); Data curation (equal); Formal analy-
sis (equal); Investigation (equal); Methodology (equal); Writing
- original draft (equal); Writing - review and editing (lead).
Vasiliki-Maria Stavropoulou: Data curation (equal); Formal anal-
ysis (equal); Investigation (equal); Methodology (equal); Writing —
review and editing (supporting).

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES

1. W. P. Schmelzer and 1. S. Gutzow, Glasses and the Glass Transition (Wiley
VCH, Weinheim, 2011).

J. Chem. Phys. 159, 064505 (2023); doi: 10.1063/5.0157994
© Author(s) 2023

159, 064505-12

62:92:81 9202 Atenuer 60


https://pubs.aip.org/aip/jcp

The Journal

of Chemical Physics

2L. C. E. Struik, Physical Aging in Amorphous Polymers and Other Materials
(Technische Hogeschool Delft, 1977).

3D. Cangialosi, V. M. Boucher, A. Alegria, and J. Colmenero, “Physical aging in
polymers and polymer nanocomposites: Recent results and open questions,” Soft
Matter 9, 8619-8630 (2013).

“A. J. Kovacs, Glass Transition in Amorphous Polymers: A Phenomenological
Study, Fortschr Hochpolym Forsch (Springer, 1963), Vol. 3, pp. 394-508.

51. M. Hodge, “Enthalpy relaxation and recovery in amorphous materials,” ]. Non-
Cryst. Solids 169, 211-266 (1994).

SE. Donth, J. Korus, E. Hempel, and M. Beiner, “Comparison of DSC heating rate
and HCS frequency at the glass transition,” Thermochim. Acta 304-305, 239-249
(1997).

7]. E. K. Schawe, “Vitrification in a wide cooling rate range: The relations between
cooling rate, relaxation time, transition width, and fragility,” ]. Chem. Phys. 141,
184905 (2014).

8s. Lapuk, M. Ponomareva, M. Ziganshin, R. Larionov, T. Mukhametzyanov,
C. Schick, I. Lounev, and A. Gerasimov, “Some aspects of the glass transition
of polyvinylpyrrolidone depending on the molecular mass,” Phys. Chem. Chem.
Phys. 25, 10706-10714 (2023).

9L.-M. Wang, V. Velikov, and C. A. Angell, “Direct determination of kinetic
fragility indices of glassforming liquids by differential scanning calorimetry:
Kinetic versus thermodynamic fragilities,” . Chem. Phys. 117, 10184-10192
(2002).

'OM. K. Saini, X. Jin, T. Wu, Y. Liu, and L.-M. Wang, “Interplay of intermolecular
interactions and flexibility to mediate glass forming ability and fragility: A study
of chemical analogs,” ]. Chem. Phys. 148, 124504 (2018).

"], Rault, “Ageing of glass: Role of the Vogel-Fulcher-Tamman law,” ]. Phys.:
Condens. Matter 15, $1193 (2003).

'2p, Lunkenheimer, R. Wehn, U. Schneider, and A. Loidl, “Glassy aging
dynamics,” Phys. Rev. Lett. 95, 055702 (2005).

3R, Richert, P. Lunkenheimer, S. Kastner, and A. Loidl, “On the derivation of
equilibrium relaxation times from aging experiments,” J. Phys. Chem. B 117,
12689-12694 (2013).

' A. Mansuri, P. Miinzner, T. Feuerbach, A. Vermeer, W. Hoheisel, R. Bohmer,
M. Thommes, and C. Gainaru, “The relaxation behavior of supercooled and glassy
imidacloprid,” J. Chem. Phys. 155, 174502 (2021).

'5R. Richert, “One experiment makes a direct comparison of structural recovery
with equilibrium relaxation,” ]. Chem. Phys. 157, 224501 (2022).

'6X. Monnier, D. Cangialosi, B. Ruta, R. Busch, and 1. Gallino, “Vitrification
decoupling from a-relaxation in a metallic glass,” Sci. Adv. 6, eaay1454 (2020).
'7X. Monnier and D. Cangialosi, “Thermodynamic ultrastability of a polymer
glass confined at the micrometer length scale,” Phys. Rev. Lett. 121, 137801 (2018).
'8y, Di Lisio, I. Gallino, S. Riegler, M. Frey, N. Neuber, G. Kumar, J. Schroers, R.
Busch, and D. Cangialosi, “Size dependent vitrification in metallic glasses,” Nat.
Commun. (in press).

'9D. Cangialosi, V. M. Boucher, A. Alegria, and J. Colmenero, “Direct evidence
of two equilibration mechanisms in glassy polymers,” Phys. Rev. Lett. 111, 095701
(2013).

205, Morvan, N. Delpouve, A. Vella, and A. Saiter-Fourcin, “Physical aging
of selenium glass: Assessing the double mechanism of equilibration and the
crystallization process,” J. Non-Cryst. Solids 570, 121013 (2021).

2YM. Pyda and A. Czerniecka-Kubicka, Thermal Properties and Thermodynamics
of Poly (L-Lactic Acid), Advances in Polymer Science (Springer, 2018), pp. 153-193.
22R. Golovchak, A. Kozdras, V. Balitska, and O. Shpotyuk, “Step-wise kinetics of
natural physical ageing in arsenic selenide glasses,” |. Phys.: Condens. Matter 24,
505106 (2012).

1. Gallino, D. Cangialosi, Z. Evenson, L. Schmitt, S. Hechler, M. Stolpe, and
B. Ruta, “Hierarchical aging pathways and reversible fragile-to-strong transition
upon annealing of a metallic glass former,” Acta Mater. 144, 400-410 (2018).
241, Song, W. Xu, J. Huo, J.-Q. Wang, X. Wang, and R. Li, “Two-step relaxations in
metallic glasses during isothermal annealing,” Intermetallics 93, 101-105 (2018).
25R. S. Miller and R. A. MacPhail, “Ultraslow nonequilibrium dynamics in super-
cooled glycerol by stimulated Brillouin gain spectroscopy,” J. Chem. Phys. 106,
3393-3401 (1997).

ARTICLE pubs.aip.org/aipl/jcp

267. Wojnarowska and M. Paluch, “Two-step aging of highly polar glass,” J. Phys.
Chem. Lett. 12, 11779-11783 (2021).

27T, Hecksher, N. B. Olsen, and J. C. Dyre, “Communication: Direct tests of
single-parameter aging,” ]. Chem. Phys. 142, 241103 (2015).

281, A. Roed, T. Hecksher, J. C. Dyre, and K. Niss, “Generalized single-parameter
aging tests and their application to glycerol,” ]. Chem. Phys. 150, 044501 (2019).
298, Riechers, L. A. Roed, S. Mehri, T. S. Ingebrigtsen, T. Hecksher, J. C. Dyre,
and K. Niss, “Predicting nonlinear physical aging of glasses from equilibrium
relaxation via the material time,” Sci. Adv. 8, eabl9809 (2022).

30C. Roland, S. Hensel-Bielowka, M. Paluch, and R. Casalini, “Supercooled
dynamics of glass-forming liquids and polymers under hydrostatic pressure,” Rep.
Prog. Phys. 68, 1405 (2005).

511, Blanco, “Lifetime prediction of polymers: To bet, or not to bet—Is this the
question?,” Materials 11, 1383 (2018).

32A. A. Abate, D. Cangialosi, and S. Napolitano, “High throughput optimization
procedure to characterize vitrification kinetics,” Thermochim. Acta 707, 179084
(2022).

33M. Merzlyakov and C. Schick, “Step response analysis in DSC: A fast way to
generate heat capacity spectra,” Thermochim. Acta 380, 5-12 (2001).

34E. Shoifet, G. Schulz, and C. Schick, “Temperature modulated differential scan-
ning calorimetry: An extension to high and low frequencies,” Thermochim. Acta
603, 227-236 (2015).

35N. G. Perez-de Eulate, V. Di Lisio, and D. Cangialosi, “Glass transition and
molecular dynamics in polystyrene nanospheres by fast scanning calorimetry,”
ACS Macro Lett. 6, 859-863 (2017).

38D, Cangialosi, “Dynamics and thermodynamics of polymer glasses,” J. Phys.:
Condens. Matter 26, 153101 (2014).

57 A. Tool, “Relation between inelastic deformability and thermal expansion of
glass in its annealing range,” ]. Am. Ceram. Soc. 29, 240-253 (1946).

38C.T. Moynihan, P. B. Macedo, C. ]. Montrose, C. J. Montrose, P. K. Gupta, M.
A. DeBolt, J. F. Dill, B. E. Dom, P. W. Drake, A. J. Easteal, P. B. Elterman, R. P.
Moeller, H. Sasabe, and J. A. Wilder, “Structural relaxation in vitreous materials,”
Ann. N. Y. Acad. Sci. 279, 15-35 (1976).

3D, Sonaglioni, E. Tombari, and S. Capaccioli, “Fast differential scanning
calorimetry: New solutions in data treatment and applications to molecular
glass-formers,” Thermochim. Acta 719, 179385 (2023).

403, Kahle, J. Gapinski, G. Hinze, A. Patkowski, and G. Meier, “A comparison of
relaxation processes in structurally related van der Waals glass formers: The role
of internal degrees of freedom,” J. Chem. Phys. 122, 074506 (2005).

“1C. Angell, “Glass-formers and viscous liquid slowdown since David turnbull:
Enduring puzzles and new twists,” MRS Bull. 33, 544-555 (2008).

“2]. Hadac, P. Slobodian, P. Riha, P. Saha, R. Rychwalski, I. Emri, and J. Kubat,
“Effect of cooling rate on enthalpy and volume relaxation of polystyrene,” ]. Non
Cryst. Solids 353, 2681-2691 (2007).

“3G. Williams and D. C. Watts, “Non-symmetrical dielectric relaxation behaviour
arising from a simple empirical decay function,” Trans. Faraday Soc. 66, 80-85
(1970).

4%0. Narayanaswamy, “A model of structural relaxation in glass,” J. Am. Ceram.
Soc. 54, 491-498 (1971).

“SA. J. Kovacs, J. J. Aklonis, J. M. Hutchinson, and A. R. Ramos, “Isobaric vol-
ume and enthalpy recovery of glasses. II. A transparent multiparameter theory,”
J. Polym. Sci., Polym. Phys. Ed. 17, 1097-1162 (1979).

“®1. Grassia and S. L. Simon, “Modeling volume relaxation of amorphous poly-
mers: Modification of the equation for the relaxation time in the KAHR model,”
Polymer 53, 3613-3620 (2012).

47T, V. Tropin, G. Schulz, J. W. Schmelzer, and C. Schick, “Heat capacity mea-
surements and modeling of polystyrene glass transition in a wide range of cooling
rates,” J. Non-Cryst. Solids 409, 63-75 (2015).

“81. Grassia, Y. P. Koh, M. Rosa, and S. L. Simon, “Complete set of enthalpy
recovery data using flash DSC: Experiment and modeling,” Macromolecules 51,
1549-1558 (2018).

9], Malek, “Structural relaxation rate and aging in amorphous solids,” J. Phys.
Chem. C 127, 6080-6087 (2023).

J. Chem. Phys. 159, 064505 (2023); doi: 10.1063/5.0157994
© Author(s) 2023

159, 064505-13

62:92:81 920z Asenuer 60


https://pubs.aip.org/aip/jcp
https://doi.org/10.1039/c3sm51077h
https://doi.org/10.1039/c3sm51077h
https://doi.org/10.1016/0022-3093(94)90321-2
https://doi.org/10.1016/0022-3093(94)90321-2
https://doi.org/10.1016/s0040-6031(97)00027-0
https://doi.org/10.1063/1.4900961
https://doi.org/10.1039/d2cp05972j
https://doi.org/10.1039/d2cp05972j
https://doi.org/10.1063/1.1517607
https://doi.org/10.1063/1.5019968
https://doi.org/10.1088/0953-8984/15/11/338
https://doi.org/10.1088/0953-8984/15/11/338
https://doi.org/10.1103/physrevlett.95.055702
https://doi.org/10.1021/jp311149n
https://doi.org/10.1063/5.0067404
https://doi.org/10.1063/5.0131342
https://doi.org/10.1126/sciadv.aay1454
https://doi.org/10.1103/physrevlett.121.137801
https://doi.org/10.1103/physrevlett.111.095701
https://doi.org/10.1016/j.jnoncrysol.2021.121013
https://doi.org/10.1088/0953-8984/24/50/505106
https://doi.org/10.1016/j.actamat.2017.10.060
https://doi.org/10.1016/j.intermet.2017.11.016
https://doi.org/10.1063/1.473068
https://doi.org/10.1021/acs.jpclett.1c03572
https://doi.org/10.1021/acs.jpclett.1c03572
https://doi.org/10.1063/1.4923000
https://doi.org/10.1063/1.5066387
https://doi.org/10.1126/sciadv.abl9809
https://doi.org/10.1088/0034-4885/68/6/r03
https://doi.org/10.1088/0034-4885/68/6/r03
https://doi.org/10.3390/ma11081383
https://doi.org/10.1016/j.tca.2021.179084
https://doi.org/10.1016/s0040-6031(01)00631-1
https://doi.org/10.1016/j.tca.2014.10.010
https://doi.org/10.1021/acsmacrolett.7b00484
https://doi.org/10.1088/0953-8984/26/15/153101
https://doi.org/10.1088/0953-8984/26/15/153101
https://doi.org/10.1111/j.1151-2916.1946.tb11592.x
https://doi.org/10.1111/j.1749-6632.1976.tb39688.x
https://doi.org/10.1016/j.tca.2022.179385
https://doi.org/10.1063/1.1846653
https://doi.org/10.1557/mrs2008.108
https://doi.org/10.1016/j.jnoncrysol.2007.05.017
https://doi.org/10.1016/j.jnoncrysol.2007.05.017
https://doi.org/10.1039/tf9706600080
https://doi.org/10.1111/j.1151-2916.1971.tb12186.x
https://doi.org/10.1111/j.1151-2916.1971.tb12186.x
https://doi.org/10.1002/pol.1979.180170701
https://doi.org/10.1016/j.polymer.2012.06.013
https://doi.org/10.1016/j.jnoncrysol.2014.11.001
https://doi.org/10.1021/acs.macromol.7b02277
https://doi.org/10.1021/acs.jpcc.3c00637
https://doi.org/10.1021/acs.jpcc.3c00637

The Journal

of Chemical Physics

SOR. P. White and J. E. Lipson, “The cooperative free volume rate model for seg-
mental dynamics: Application to glass-forming liquids and connections with the
density scaling approach,” Eur. Phys. J. E 42, 100 (2019).

STK. Niss, “A density scaling conjecture for aging glasses,” J. Chem. Phys. 157,
054503 (2022).

52], Malek, “Volume and enthalpy relaxation rate in glassy materials,” Macro-
molecules 31, 8312-8322 (1998).

53p, Badrinarayanan and S. L. Simon, “Origin of the divergence of the timescales
for volume and enthalpy recovery,” Polymer 48, 1464-1470 (2007).

54C. Dreyfus, A. Le Grand, J. Gapinski, W. Steffen, and A. Patkowski, “Scaling
the a-relaxation time of supercooled fragile organic liquids,” Eur. Phys. |. B 42,
309-319 (2004).

555, Takahara, M. Ishikawa, O. Yamamuro, and T. Matsuo, “Structural relaxations
of glassy polystyrene and o-terphenyl studied by simultaneous measurement of
enthalpy and volume under high pressure,” J. Phys. Chem. B 103, 792-796 (1999).
56M. Paluch, R. Casalini, A. Best, and A. Patkowski, “Volume effects on the
molecular mobility close to glass transition in supercooled phenylphthalein-
dimethylether. IL,” J. Chem. Phys. 117, 7624-7630 (2002).

57M. Paluch, C. Roland, R. Casalini, G. Meier, and A. Patkowski, “The relative
contributions of temperature and volume to structural relaxation of van der Waals
molecular liquids,” J. Chem. Phys. 118, 4578-4582 (2003).

%8p, Lunkenheimer, A. Loidl, B. Riechers, A. Zaccone, and K. Samwer, “Thermal
expansion and the glass transition,” Nat. Phys. 19, 694 (2023).

59T, Hecksher, A. I. Nielsen, N. B. Olsen, and J. C. Dyre, “Little evidence for
dynamic divergences in ultraviscous molecular liquids,” Nat. Phys. 4, 737-741
(2008).

601, M. Hodge, “Effects of annealing and prior history on enthalpy relaxation in
glassy polymers. 4. Comparison of five polymers,” Macromolecules 16, 898-902
(1983).

617, M. O’Reilly, “Review of structure and mobility in amorphous polymers,” Crit.
Rev. Solid State Mater. Sci. 13, 259-277 (1987).

62G. McKenna and C. Angell, “The phenomenology and models of the kinetics of
volume and enthalpy in the glass transition range,” |. Non-Cryst. Solids 131-133,
528-536 (1991).

85 M. Righetti and G. Johari, “Enthalpy and entropy changes during physical age-
ing of 20% polystyrene-80% poly (a-methylstyrene) blend and the cooling rate
effects,” Thermochim. Acta 607, 19-29 (2015).

64A. Toda, “Isothermal enthalpy relaxation of amorphous polystyrene studied
using temperature-modulated fast scanning calorimetry,” Thermochim. Acta 721,
179433 (2023).

65X. Monnier, S. Marina, X. Lopez de Pariza, H. Sardén, J. Martin, and D.
Cangialosi, “Physical aging behavior of a glassy polyether,” Polymers 13, 954
(2021).

88Y. Seo, B. Zuo, D. Cangialosi, and R. D. Priestley, “Physical aging of hydrox-
ypropyl methylcellulose acetate succinate via enthalpy recovery,” Soft Matter 18,
8331-8341 (2022).

S7E. . Donth, The Glass Transition (Springer-Verlag, Berlin Heidelberg, 2001).

ARTICLE pubs.aip.org/aipl/jcp

8D, Cangialosi, A. Alegria, and J. Colmenero, “Effect of nanostructure on the
thermal glass transition and physical aging in polymer materials,” Prog. Polym.
Sci. 54-55, 128-147 (2016).

9D, Cangialosi, A. Alegria, and J. Colmenero, “Comment on ‘Vibrational and
configurational parts of the specific heat at glass formation,” Phys. Rev. B 78,
176301 (2008).

7ON. McCrum, B. Read, and G. Williams, Anelastic and Dielectric Effects in
Polymeric Solids (John Wiley, 1967).

7'K. Ngai, “The origin of the faster mechanism of partial enthalpy recovery deep
in the glassy state of polymers,” Phys. Chem. Chem. Phys. 23, 13468-13472 (2021).
72@. P. Johari and M. Goldstein, “Viscous liquids and the glass transition. II. Sec-
ondary relaxations in glasses of rigid molecules,” . Chem. Phys. 53, 2372-2388
(1970).

72G. Meier, B. Gerharz, D. Boese, and E. Fischer, “Dynamical processes in organic
glassforming van der Waals liquids,” ]. Chem. Phys. 94, 3050-3059 (1991).

747. Song, C. Rodriguez-Tinoco, A. Mathew, and S. Napolitano, “Fast equilibra-
tion mechanisms in disordered materials mediated by slow liquid dynamics,” Sci.
Adv. 8, eabm7154 (2022).

7>L. Boehm and C. Angell, “DC conductivity and secondary structural relaxations
in high-conducting Li* glasses,” J. Non-Cryst. Solids 40, 83-92 (1980).

7®R. Greiner and F. R. Schwarzl, “Thermal contraction and volume relaxation of
amorphous polymers,” Rheol. Acta 23, 378-395 (1984).

77N. G. Perez-De Eulate and D. Cangialosi, “The very long-term physical aging of
glassy polymers,” Phys. Chem. Chem. Phys. 20, 12356-12361 (2018).

78R. C. Welch, J. R. Smith, M. Potuzak, X. Guo, B. F. Bowden, T. Kiczenski, D. C.
Allan, E. A. King, A. J. Ellison, and J. C. Mauro, “Dynamics of glass relaxation at
room temperature,” Phys. Rev. Lett. 110, 265901 (2013).

79K. Grigoriadi, T. Putzeys, M. Wiibbenhorst, L. C. A. Breemen, P. D. Anderson,
and M. Hiitter, “Effect of low-temperature physical aging on the dynamic transi-
tions of atactic polystyrene in the glassy state,” J. Polym. Sci., Part B: Polym. Phys.
57, 1394-1401 (2019).

8H. Yin, P. Chapala, M. Bermeshev, A. Schonhals, and M. Bohning, “Molecular
mobility and physical aging of a highly permeable glassy polynorbornene as
revealed by dielectric spectroscopy,” ACS Macro Lett. 6, 813-818 (2017).

81G. G. Vogiatzis, L. C. van Breemen, M. Hitter, and D. N. Theodorou, “Network
dynamics: A computational framework for the simulation of the glassy state,” Mol.
Syst. Des. Eng. (2023).

82] H. Gibbs and E. A. DiMarzio, “Nature of the glass transition and the glassy
state,” ]. Chem. Phys. 28, 373-383 (1958).

83W. Kauzmann, “The nature of the glassy state and the behavior of liquids at low
temperatures,” Chem. Rev. 43, 219-256 (1948).

84R. S. Welch, E. D. Zanotto, C. J. Wilkinson, D. R. Cassar, M. Montazerian, and
J. C. Mauro, “Cracking the Kauzmann paradox,” Acta Mater. 254, 118994 (2023).
85V. M. Boucher, D. Cangialosi, A. Alegria, and J. Colmenero, “Reaching the ideal
glass transition by aging polymer films,” Phys. Chem. Chem. Phys. 19, 961-965
(2017).

86X. Monnier, J. Colmenero, M. Wolf, and D. Cangialosi, “Reaching the ideal glass
in polymer spheres: Thermodynamics and vibrational density of states,” Phys. Rev.
Lett. 126, 118004 (2021).

J. Chem. Phys. 159, 064505 (2023); doi: 10.1063/5.0157994
© Author(s) 2023

159, 064505-14

62:92:81 920z Asenuer 60


https://pubs.aip.org/aip/jcp
https://doi.org/10.1140/epje/i2019-11862-3
https://doi.org/10.1063/5.0090869
https://doi.org/10.1021/ma971875&tnqx2b;
https://doi.org/10.1021/ma971875&tnqx2b;
https://doi.org/10.1016/j.polymer.2007.01.064
https://doi.org/10.1140/epjb/e2004-00386-3
https://doi.org/10.1021/jp983801l
https://doi.org/10.1063/1.1510115
https://doi.org/10.1063/1.1545449
https://doi.org/10.1038/s41567-022-01920-5
https://doi.org/10.1038/nphys1033
https://doi.org/10.1021/ma00240a013
https://doi.org/10.1080/10408438708242179
https://doi.org/10.1080/10408438708242179
https://doi.org/10.1016/0022-3093(91)90353-8
https://doi.org/10.1016/j.tca.2015.03.012
https://doi.org/10.1016/j.tca.2023.179433
https://doi.org/10.3390/polym13060954
https://doi.org/10.1039/d2sm01189a
https://doi.org/10.1016/j.progpolymsci.2015.10.005
https://doi.org/10.1016/j.progpolymsci.2015.10.005
https://doi.org/10.1103/physrevb.78.176301
https://doi.org/10.1039/d1cp01445e
https://doi.org/10.1063/1.1674335
https://doi.org/10.1063/1.459828
https://doi.org/10.1126/sciadv.abm7154
https://doi.org/10.1126/sciadv.abm7154
https://doi.org/10.1016/0022-3093(80)90095-2
https://doi.org/10.1007/bf01329190
https://doi.org/10.1039/c8cp01940a
https://doi.org/10.1103/physrevlett.110.265901
https://doi.org/10.1002/polb.24883
https://doi.org/10.1021/acsmacrolett.7b00456
https://doi.org/10.1039/d2me00256f
https://doi.org/10.1039/d2me00256f
https://doi.org/10.1063/1.1744141
https://doi.org/10.1021/cr60135a002
https://doi.org/10.1016/j.actamat.2023.118994
https://doi.org/10.1039/c6cp07139b
https://doi.org/10.1103/physrevlett.126.118004
https://doi.org/10.1103/physrevlett.126.118004

