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Origin of the divergence of the timescales for volume and enthalpy recovery
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Abstract

Although the relationship between the relaxation timescales of thermodynamic, mechanical, viscoelastic, and dielectric properties in amor-
phous materials has been studied extensively, no general consensus has been reached. In this work, we examine the relationship between the
timescales of volume and enthalpy relaxation for polystyrene using the cooling rate dependence of the glass transition temperature (Tg) obtained
from capillary dilatometry and differential scanning calorimetry (DSC). Our analysis suggests that both volume and enthalpy exhibit similar
relaxation timescales at temperatures above and below Tg. The divergence of the times required to reach equilibrium noted in the literature
at temperatures several degrees below the nominal Tg is attributed to the effects of nonlinearity. The relationship between nonlinearity and
dynamic heterogeneity is discussed.
� 2007 Published by Elsevier Ltd.
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1. Introduction

At temperatures lower than their glass transition tempera-
tures (Tgs), glass forming materials deviate from equilibrium
behavior and form glasses. As a consequence of the kinetic
nature of the glass transition process, the deviation from equi-
librium behavior depends on the cooling rate [1,2]. The kinetic
nature of the glass transition is also exemplified by structural
relaxation below the Tg, which refers to the process by which
the thermodynamic properties of a material such as volume or
enthalpy evolve with time in an effort to reach equilibrium
[1e3]. Although structural relaxation has been studied exten-
sively, seemingly discrepant results are found regarding the
relationship between the relaxation timescales of different
properties. Some reports suggest that different properties ex-
hibit identical relaxation timescales or relaxation kinetics
[4e18]; whereas, other studies imply that the timescales are
dissimilar [19e30].

In an effort to better understand the relative timescales of
different properties, Simon and coworkers [19] developed
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a general picture for relaxation timescales. The general picture
[19] shown in Fig. 1, depicts the temperature dependence of
the times required to reach equilibrium (tNs) for selenium,
polystyrene, and polyetherimide. The solid symbols represent
the experimental data, whereas the open symbols represent
extrapolated values of the times required to reach equilibrium
determined from the TooleNarayanaswamyeMoynihan
(TNM) model [31e33] for polystyrene and from a linear ex-
trapolation for selenium. Enthalpy, volume, and creep relaxa-
tion measurements for polyetherimide, shown as the grey
symbols, suggest that the timescales for different properties
are the same near and above the nominal value of Tg (defined
as the temperature where the time to reach equilibrium is
104 s) [4]. The same trend can be observed from volume and
enthalpy relaxation measurements for polystyrene [20]. How-
ever, at temperatures below Tg, TNM model [31e33] calcula-
tions suggest that the times required to reach equilibrium for
volume and enthalpy diverge for polystyrene, with volume
requiring a longer time compared to enthalpy [20]. A similar
divergence was observed by Thurau and Ediger [21] for the
times required to reach equilibrium during structural relaxa-
tion for the translational and rotational diffusion of a probe
molecule in polystyrene, as shown in Fig. 1. The divergence
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Fig. 1. Temperature dependence of times required to reach equilibrium for selenium, polyetherimide, and polystyrene, after Ref. [19]. Note that in that work,

the volume relaxation data for selenium were obtained from Ref. [34]. Experimental data of Thurau and Ediger from Ref. [21] for the times required to reach

equilibrium for tetracene rotation and translational diffusion in polystyrene are also shown.
in timescales is also observed in selenium: the times to reach
equilibrium for volume relaxation obtained from the data of
Hamada and coworkers [34] are found to be similar to the
timescales of creep and enthalpy relaxation at temperatures
above Tg; however, below Tg, volume and creep require a
longer time to reach equilibrium compared to enthalpy [19].
Hence, according to the general picture [19], different proper-
ties have the same relaxation time close to the nominal value
of Tg; however, several degrees below the nominal Tg, volume
requires a longer time to attain equilibrium compared to en-
thalpy, resulting in a divergence in the relaxation timescales.

Although the general picture presented in Fig. 1 is consis-
tent with the majority of previous works, a closer review of
the literature reveals that perhaps the divergence in the times
required to reach equilibrium for volume, enthalpy, and creep
below Tg is due to the nonlinearity of the temperature jumps
made to obtain data at these temperatures rather than simply
due to low aging temperatures themselves, as indicated by
Fig. 1. For example, a divergence in timescales for different
properties has been observed in studies in which the times re-
quired to reach equilibrium were examined or modeled after
down-jumps of greater than several degrees [19e27] e the
only exceptions to this are four papers [4e7]. The first two
of these [4,5] are work from Simon, Plazek, and coworkers
on polyetherimide in which the same relaxation times were
found for enthalpy, volume, and creep in spite of fairly large
temperature down-jumps; however, in those works, the aging
temperatures were still in the vicinity of the nominal Tg as
shown in Fig. 1, explaining why the timescales were similar,
i.e., the jumps were not large enough that the nonlinearity be-
came an issue. In the third paper by Rault [6] on polystyrene
and poly(vinyl acetate), volume and enthalpy recovery were
compared; at least in the polystyrene case, comparisons were
made at temperatures where again the jump size is such that
the two properties are expected to be the same based on our
previous results, shown in Fig. 1. In the fourth paper, Bero
and Plazek [7] made small 2.5 K jumps to temperatures
approximately 10 K below the nominal Tg in a specific attempt
to reduce the nonlinearity of the jumps; as an aside, it is noted
that, depending on the material, 2.5 K jumps are not necessar-
ily small enough to achieve nearly linear behavior: Moynihan
and coworkers [22] observed that the times required to reach
equilibrium for enthalpy and the index of refraction differed
after 2.8 K jumps in B2O3. In contrast to the results involving
down-jumps to compare the times required to reach equilib-
rium, studies in which similar responses for various properties
were observed often involved comparing the relaxation times
of different properties at equilibrium density (above Tg) or
comparing the cooling rate dependence of Tg or Tf

0 for differ-
ent properties; in all such studies [8e13,28], relaxation times
were similar and showed the same Vogel [35]eTammane
Hesse [36]eFulcher [37] temperature dependence although
there were some slight discrepancies: Sasabe and Moynihan
[28] pointed out that for poly(vinyl acetate), the glass transi-
tion temperature for volume was 1 K lower than that for
enthalpy measured at the same rate; similarly, Moon and
coworkers [8] found that although the relaxation times for
enthalpy and dielectric spectroscopy agreed quantitatively for
a low molecular weight poly(propylene glycol), there was
a systematic difference in the enthalpic and dielectric a-relax-
ation times for a higher molecular weight sample; Roland and
coworkers [9] also found that highly crosslinked polyvinyl-
ethylenes showed different enthalpic and dielectric relaxation
times. The remaining papers, which do not fit into either of
the above categories, are those in which the kinetics of, for
example, volume and enthalpy recovery are compared; most
of these works argue that enthalpy and volume are directly
related because the ratio of their relative relaxation rates
(dh/dv) is a constant at a given aging temperature after down
or up temperature jumps [14e18]; however, others find that
the kinetics of structural recovery for the two properties are
considerably different after more complicated temperature or
pressure histories [29,30]. We have previously argued that
one cannot determine whether the timescales for various
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properties are related based on their kinetics [4]; rather the
times required to reach equilibrium or the relaxation times at
equilibrium should be compared.

The origin of the divergence of the timescales required for
different macroscopic properties to reach equilibrium has been
suggested by Thurau and Ediger [21,38] to be related to
dynamic spatial heterogeneities [38e44] based on the suppo-
sition that the divergence of rotational and translational diffu-
sion timescales is due to the presence of dynamic spatial
heterogeneities. Modeling work by Diezemann [45] supports
this hypothesis. In addition, an enthalpy landscape analysis
by Lacks and coworkers [46] also predicts a difference be-
tween, for example, the times required to reach equilibrium
for enthalpy and volume. Our hypothesis that it is the nonlin-
earity of down or up temperature jumps that leads to this
divergence will be tested in this work for polystyrene using
measurements of the cooling rate dependence of Tg from cap-
illary dilatometry and differential scanning calorimetry (DSC).
We will show that indeed, the Tg values from volume and
enthalpic measurements, and their cooling rate dependence,
are similar. The implications of the results, including whether
they imply a relationship between nonlinearity and dynamic
heterogeneity will then be discussed.

2. Experimental

2.1. Material

The experiments in this work were performed using poly-
styrene (Dylene 8) obtained from Arco Polymers. The same
material was used in previous volume and enthalpy relaxation
studies by Simon and coworkers [20,47e49].

2.2. Dilatometric studies

The dilatometric studies were conducted using a capillary
dilatometer constructed following the design of Bero and
Plazek [7] and Bekkedahl [50] in which mercury is used as
the confining fluid. The design of the capillary dilatometer is
explained in detail elsewhere [47,48,51]. The 5.0 g poly-
styrene sample was molded under vacuum into a cylinder of
1.27 cm diameter; a 0.3 cm axial hole was drilled through
the entire length of the sample to facilitate better contact
with the confining fluid. The experiments were performed by
placing the dilatometer in a temperature controlled oil bath
(Model 6025, Hart scientific) filled with silicone oil. A plati-
num resistance thermometer (Black Stack 1560, Hart Scien-
tific) with an accuracy of 0.0013 K was used to measure the
bath temperatures. A linear variable differential transformer
(LVDT) was used to track the change in mercury level with
temperature [52]. An overall resolution of 0.4� 10�5 cm3/g
was obtained by minimizing noise through a low pass filter
[47].

The dilatometric cooling experiments were performed from
an initial temperature of 105 �C to a final temperature of 60 �C
using cooling rates from 0.2 to 0.01 K/min. The cooling run at
0.003 K/min was performed from an initial temperature of
97.5 �C to reduce run time; note that the sample was at
equilibrium density before commencing the cooling run at
0.003 K/min. The thermal lags for the cooling experiments
were calculated based on the method of Simon [53] and found
to be 0.1 K for a cooling rate of 0.2 K/min and much lower at
slower cooling rates; hence, no corrections were made to the
experimental data. Tg was determined from the volume versus
temperature curves by the point of intersection of the extrapo-
lated glass line with the equilibrium liquid line. The standard
deviation of dilatometric Tg values is � 0.2 �C based on
repeated measurements performed at cooling rates of 0.1 and
0.03 K/min.

2.3. DSC studies

The DSC studies were conducted using a PerkineElmer
Pyris 1 DSC equipped with an ethylene glycol cooling system
maintained at 5 �C. A thin sample with a thickness of 0.27 mm
was used in the experiments. All experiments were performed
under a nitrogen atmosphere. The temperature calibrations on
cooling were performed using two liquid crystal standards,
(þ)-4-n-hexylophenyl-40-(20-methylbutyl)-biphenyl-4-carboxy-
late (CE-3 from Menczel and Leslie [55], University of
Alabama; smectic to cholesteric transition at 78.8 �C) and
4,4-azoxyanisole (SigmaeAldrich Co. Ltd.; liquid crystal to
isotropic liquid transition at 134.5 �C). Heat flow calibrations
on cooling were performed using indium [56]. The calorimet-
ric cooling runs were performed using cooling rates from 30 to
2 K/min. The fast cooling runs at 30 and 20 K/min were per-
formed from 170 to 60 �C in order to ensure that the instru-
mental cooling rate was well controlled at Tg, whereas the
other runs were performed from 130 to 60 �C. Due to the
thin geometry of the DSC sample the thermal lag was found
to be only 0.04 �C at 30 K/min and lower at slower cooling
rates; hence, no corrections were made to the experimental
data. The glass transition temperatures were obtained from
the heat flow versus temperature curves using the half height
criteria in Pyris software. The standard deviation of calorimet-
ric Tg values is �0.3 �C based on two or three measurements
performed at each cooling rate.

2.4. Model calculations

The TNM model [31e33] parameters x, b, ln(A), and Dh/R
were estimated for dilatometry from a simultaneous fit of the
data obtained using cooling rates from 0.2 to 0.003 K/min.
The fictive temperatures (Tfs) resulting from the model calcu-
lations were used to calculate the specific volume:

v¼ vN þ vNDa
�
Tf � T

�
ð1Þ

where Da refers to the difference in thermal expansivity be-
tween the liquid and the glassy states and vN is the equilibrium
specific volume. The LevenbergeMarquardt algorithm in
Matlab� software was used to optimize the parameters x, b,
and ln(A) for various fixed values of Dh/R; the final value of
Dh/R was taken as that corresponding to the minimum value
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of chi square of the fit [57]. The step size in the program was
varied to ensure that the maximum change in Tf was not more
than 0.1 K.

For DSC, the temperature dependence of the fictive
temperature (Tf) obtained from model calculations was used
to calculate the absolute heat capacity:

CpðTÞ ¼ CpgðTÞ þDCp

�
Tf

�dTf

dT
ð2Þ

where DCp(Tf) refers to the difference in liquid and glassy heat
capacities, Cpl and Cpg at Tf. In order to fit the DSC data with
the TNM model [31e33], the normalized heat capacity (CPN)
data obtained from DSC cooling runs were transformed to
absolute heat capacity as shown below:

CpðTÞ ¼ CPN

�
CplðTÞ �CpgðTÞ

�
þCpgðTÞ ð3Þ

The equations for the liquid and glassy heat capacities were
determined from a step scan procedure [58] and depend on the
temperature as follows:

CplðTÞ ¼ 0:70þ 0:0031TðKÞ J g�1 K�1 ð4Þ

CpgðTÞ ¼ 0:02þ 0:0041TðKÞ J g�1 K�1 ð5Þ

In order to estimate the optimum model parameters, the
data obtained on cooling at 30, 10, 4, and 2 K/min were fit
simultaneously using a computer program while ensuring
that the change in Tf was less than 0.1 K between steps.

For the fits to both the dilatometric and calorimetric data,
the error in each model parameter was determined by varying
that parameter and determining chi square while maintaining
the other parameters constant. The errors were evaluated as
the change in a parameter which results in a chi square 1%
greater than the minimum value. Errors were also calculated
from the covariance matrix of the optimized fit parameters,
since the diagonal elements of the covariance matrix represent
the square of the standard error of the fit parameters [59,60].
The errors determined from this method were at least two
times smaller compared to the errors determined from chi
square method; the errors reported are those from the chi
square method.

3. Results

The dilatometric curves obtained on cooling at various rates
are shown in Fig. 2a. The fits of the TNM model [31e33] to
these volumetric data are shown as the dotted lines in
Fig. 2a. The heat capacity response obtained on cooling at
various rates from 30 to 2 K/min is shown in Fig. 2b, with
the dotted line representing the fits of the TNM model [31e
33]. The model provides an excellent description of the data
for both capillary dilatometry and DSC. The parameters ob-
tained from the best fit of the dilatometric and calorimetric
data are tabulated in Table 1, along with values obtained by
fitting both cooling and heating data in other work [54]. For
both dilatometry and calorimetry, the model parameters are
found to vary with thermal history, as is widely reported in
the literature [61]. The significance of the model parameters
will be discussed in more detail later.

The cooling rate dependence of Tg from dilatometry and
DSC is plotted in Fig. 3 along with the temperature depen-
dence of the times required to reach equilibrium (tN) for vol-
ume and enthalpy relaxation from previous work. The solid
circles and solid inverted triangles represent volume and
enthalpy relaxation measurements from Simon et al. [20].
The solid right triangles represent more recent enthalpy relax-
ation measurements from our laboratory [49] and include error
bars from that work; the error in tN is almost negligible below
aging temperatures of 100 �C but is considerable at higher
temperatures due to the small changes in enthalpy and short
timescales involved. The Tg values from dilatometry and cal-
orimetry are represented by squares and triangles, respectively,
in Fig. 3. The solid lines represent the best fits to the Tg data
from dilatometry and DSC. The dashed line in Fig. 3 repre-
sents the time required to reach equilibrium calculated from

Fig. 2. (a) Specific volume versus temperature response obtained on cooling at

various rates (q) from capillary dilatometry. The dashed line represents the

equilibrium liquid line. The dotted lines represent the fit of the TNM model.

(b) Heat capacity response as a function of cooling rate (q) from transformed

DSC data (solid lines) and TNM model calculations (dotted lines).
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the following Vogel [35]eTammaneHesse [36]eFulcher [37]
equation:

log

�
tN

tN;ref

�
¼ log Aþ C

2:303ðT � TNÞ
ð6Þ

where the values of the constants are taken from previous
work [20]: log A¼�12.8, tN,ref¼ 2512 s, TN¼ 69.8 �C, and
C¼ 852.11 K. The temperature dependence of the times to
reach equilibrium calculated from the VTHF equation is in
agreement with the experimental values above the nominal
glass transition temperature for this material (Tg z 95 �C).
On the other hand, below Tg, the values of tN calculated
from VTHF equation are higher than the experimental values,
consistent with previous experimental work at equilibrium
density [19,20,49,62e67] and theoretical [68e70] work, al-
though we note that in some reports [10,64,71,72], no devia-
tion from VTHF behavior is observed at temperatures below
Tg; a more detailed discussion can be found elsewhere [64].

The value of the slope, dTg/d(�log q), in Fig. 3 is found to
be 2.5� 0.1 K when the volume and enthalpy data are evenly
weighted and taking into account that the Tg value for dilatom-
etry is 1.0 K lower than that for calorimetry at the same rate,
similar to the observation of Sasabe and Moynihan [28]
for poly(vinyl acetate).1 The value of dT/d(log tN) obtained
from a linear fit of all the relaxation data is found to be
2.7� 0.2 K, and the value obtained from the VTHF Eq. (6)
[35e37] is 2.5 K at 100 �C. Agreement between the tem-
perature dependence of times required to reach equilibrium,
dT/d(log tN), for enthalpy relaxation and the cooling rate de-
pendence of Tf

0 from enthalpy measurements were similarly
observed for selenium [19]. However, as mentioned earlier,
in that same work, the timescales for creep and volume mea-
surements were found to diverge from those for enthalpy at
temperatures a few degrees below the nominal value of Tg

[19], and a similar result was suggested for polystyrene based
on the temperature dependence of volume and enthalpy shift
factors and also from TNM model [31e33] calculations
[20]. In this work, no obvious divergence can be observed
between the timescales of volume and enthalpy.

Table 1

Comparison of TNM model parameters for capillary dilatometry and DSC data

Parameter This work Simultaneous fits of cooling

and heating [54]

Dilatometry DSC Dilatometry DSC

Dh/R

(kK)

151.2� 1.3 96� 0.7 130.1� 0.8 82.7� 0.9

ln(A/s) �402.7� 0.03 �253.8� 0.02 �344.7� 0.02 �217.1� 0.02

x 0.723� 0.01 0.790� 0.01 0.258� 0.002 0.426� 0.006

b 0.199� 0.004 0.424� 0.005 0.451� 0.002 0.602� 0.005

1 The fact that the dilatometric Tg is 1 K lower than the enthalpic Tg is based

on (i) the best fit of the Tg versus log q data and (ii) the fact that Tf
0 values

obtained on heating after cooling at a given rate are also lower for volume

than for enthalpy [54].
The cooling rate dependence of Tg and the temperature
dependence of the relaxation time can be used to calculate
the apparent normalized apparent activation energy (Dh/R):

Dh

R
¼ dln t

dð1=TÞz�
dln q

d
�
1=Tg

� ð7Þ

where q is the cooling rate and t is the relaxation time at
temperature T. The value of Dh/R evaluated from only the
Tg measurements in dilatometry (127� 5 kK) is similar to
the corresponding value of Dh/R obtained only from the
DSC data (112� 6 kK). The relationship between the values
of Dh/R from dilatometry and DSC is further ascertained
from a t-test performed at 90% confidence interval. Based
on the t-test, the value of Dh/R from Tg measurements in dila-
tometry is found to statistically similar to the value of Dh/R
from DSC studies, which substantiates the lack of any diver-
gence in the timescales. However, the value of Dh/R from
TNM model fits of the cooling data is found to be 58% greater
for dilatometry, since the parameters are strongly dependent
on the thermal history of the data being fit, as shown in Table 1.

4. Discussion

In this work, the volume and enthalpy data overlap over the
entire temperature range. Although the Tg values from dila-
tometry are slightly lower (1 K) than the values from DSC
for the same cooling rate, it is clear that there is no divergence
in Tg measurements based on volume and enthalpy, in con-
tradiction to the original prediction from TNM model cal-
culations [20] and the general picture shown in Fig. 1 [19].
The primary difference between these works is that the

Fig. 3. Comparison of the temperature dependence of the times required to

reach equilibrium (tN) for enthalpy and volume relaxation of Dylene 8 with

the cooling rate dependence of Tg for these same properties. The times

required to reach equilibrium (tN) are taken from Ref. [20] (C;) and

Ref. [49] ( ). Error bars from Ref. [49] are also included but are only easily

visible for the highest aging temperature. The dashed line represents the time

to reach equilibrium calculated from the VTHF equation.
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measurements in this work were performed on cooling, and
hence, the degree of nonlinearity in the measurements is con-
siderably smaller than for large temperature down-jumps.
Consequently, we suggest that the divergence observed in
our earlier work at aging temperatures several degrees below
the nominal Tg value arises from the nonlinearity of structural
relaxation coupled with the fact that volume relaxation is con-
siderably more nonlinear than enthalpy relaxation [20]. Hence,
for large temperature jumps, volume relaxation is expected to
exhibit longer relaxation timescales, which would lead to the
observed divergence in the timescales.

Although it has long been known that the magnitude of the
temperature jump affects the time required to reach equilib-
rium for up-jumps [73], conventional wisdom, based on
Kovacs’ seminal work [73], has dictated that the magnitude
of the temperature jump does not affect the time required to
reach equilibrium for down-jumps. Although Kovacs’ volume
recovery plots indicate that the curves for down-jumps merge
as equilibrium is reached, the times required to reach equilib-
rium for the shortest jumps cannot be discerned as the data at
long times for these jumps are not explicitly shown. Further-
more, recent results from our laboratory [47,51] clearly depict
the dependence of the time required to reach equilibrium on
the magnitude of down-jumps for volume relaxation, with
tN increasing for larger jumps. Hence, the divergence of the
timescales required to reach equilibrium for volume and
enthalpy at low aging temperatures is suggested to be due to
differences in the degree of nonlinearity for the relaxation of
these two properties.

Furthermore, differences in the nonlinearity of volume and
enthalpy recovery are clearly evidenced by differences in the
nonlinearity parameter x in the TNM [31e33] and Kovacse
AkloniseHutchinsoneRamos (KAHR) [74] models. Although
these phenomenological models of structural recovery are
known to have shortcomings [48,53,61,75,76] and erroneously
predict that the time required to reach equilibrium is indepen-
dent of the magnitude of down-jumps, they do describe the
nonlinearity of structural relaxation. For example, in the TNM
model [31e33], the nonlinearity parameter x is incorporated in
the expression for relaxation time (t) as shown below:

lnðtÞ ¼ lnðAÞ þ xDh

RT
þ ð1� xÞDh

RTf

ð8Þ

where Dh/R is the relative apparent activation energy, Tf is the
fictive temperature corresponding to the temperature T, A is
a constant, and the nonlinearity parameter x accounts for the

Table 2

Comparison of the values of the nonlinearity parameter for polystyrene

Source Dilatometry DSC

This work 0.723 0.792

Simon et al. [20] 0.1 0.36

Bernazzani and Simon [47] 0.2

Badrinarayanan et al. [54] 0.258 0.426

Hadac et al. [14] 0.36e0.56 0.56e0.72

Refs. [49,57,77e79] 0.37e0.48
structure dependence of the relaxation time in the glassy state.
The values of x obtained by fitting the dilatometric and calori-
metric data in this work are compared with the values reported
in the literature [14,20,47,49,54,57,77e79] in Table 2. The
pronounced nonlinearity of volume relaxation is clearly evi-
dent from the fact that the values of the nonlinearity parameter
x obtained from dilatometry are lower than the values from
calorimetry. Although the values of the x obtained from fitting
dilatometric and calorimetric cooling data in this work differ
from the values obtained from simultaneous fits of cooling
and heating data in other work [54] and from those obtained
on fitting volume and enthalpy relaxation data [20,47,49], it
is clear that the range of the nonlinearity parameter is lower
for dilatometry than for calorimetry indicating that volume
relaxation will be more nonlinear than enthalpy relaxation for
a given temperature jump.

In sum, we suggest that the divergence in timescales ob-
served for macroscopic properties after nonlinear temperature
jump experiments below Tg is due to differences in the degree
of nonlinearity for the structural relaxation of different proper-
ties. Consequently, experiments in which this nonlinearity is
minimized, including cooling experiments which provide Tg

as a function of cooling rate as we have performed in this
work, show that the timescales are similar for volume and
enthalpy. On a molecular level, since the divergence of the
timescales has been related experimentally to dynamic hetero-
geneities [21,38] and by modeling to the energy [45] or
enthalpic landscapes [46], it is pertinent to ask whether dy-
namic heterogeneity and the energy/enthalpy landscape ideas
are able to account for and model the differences in nonlinear-
ity observed, for example, for enthalpy and volume recovery.
We note that in the enthalpic landscape analysis of Lacks
and coworkers [46], the asymmetry of approach experiment
is attributed to history-dependent weighting factors rather
than to the dependence of the relaxation time(s) on instanta-
neous structure; hence, the nonlinearity of the relaxation re-
sponse may arise from dynamic heterogeneity rather than
being due to the changing structure (volume, enthalpy) of
the glass. In fact, agreement between the timescales of volume
and enthalpy for small linear temperature jumps is predicted
by the enthalpy landscape model since for linear jumps,
enthalpy would be a linear function of volume [80].

5. Conclusions

The glass transition temperature of polystyrene was deter-
mined as a function of cooling rate using both capillary dila-
tometry and DSC. The data were used to reanalyze the
origin of the divergence in the timescales required to reach
equilibrium for volume and enthalpy relaxation at tempera-
tures below the nominal Tg, which has been the subject of con-
siderable debate. In this work, the relationship between Tg and
the logarithm of the cooling rate was found to be the same for
the two properties even for temperatures 10 K below the nom-
inal glass transition temperature, and no divergence could be
observed between volume and enthalpy. The lack of diver-
gence in this work is attributed to the reduced degree of
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nonlinearity of the measurements on cooling. The divergence
observed in earlier work for the times required to reach equi-
librium at aging temperatures below Tg is attributed to the pro-
nounced nonlinearity of volume relaxation compared to
enthalpy relaxation coupled with relatively large temperature
down-jumps used for the lower aging temperatures. A relation-
ship between nonlinearity and dynamic heterogeneity is
suggested.
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