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Aging dynamics was investigated in the glassy states of poly�2-chlorostyrene� by measuring the complex
electrical capacitance during aging below the glass transition temperature. The variations with time and tem-
perature of the ac dielectric susceptibility and volume could be determined by simply measuring the variation
in the complex electrical capacitance. Isothermal aging at a given temperature for several hours after an
intermittent stop in constant-rate cooling is stored in the deviations of both the real and imaginary parts of the
complex ac dielectric susceptibility and volume. During cooling after isothermal aging, the deviation of the ac
dielectric susceptibility from the reference value decreases and almost vanishes at room temperature. By
contrast, the deviation in volume induced during isothermal aging remains almost constant during cooling. The
simultaneous measurement of ac dielectric susceptibility and volume clearly revealed that the ac dielectric
susceptibility exhibits a full rejuvenation effect, whereas the volume does not show any rejuvenation effects.
We discuss a plausible model that can reproduce the present experimental results.
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I. INTRODUCTION

It is well known that below the glass transition tempera-
ture, the dynamical mode called the � process is totally fro-
zen �1�. This frozen state is referred to as the glassy state. In
polymeric systems, segmental motion is the microscopic ori-
gin of the � process �2�. However, even in the glassy state,
there is a very slow change in the structure and dynamics
when approaching a real equilibrium state. This phenomenon
is known as aging or physical aging �3�. Several interesting
phenomena, including memory effects and rejuvenation, oc-
cur during physical aging �3–5�. These effects, which are
related to aging processes, are frequently observed in many
disordered systems, including polymer glasses �6–11�, spin
glasses �12–15�, and other disordered systems �16–18�.
Therefore, we expect that a common physics lies behind ag-
ing phenomena. The elucidation of this common physics is
the ultimate goal in this field.

In previous papers �8,9�, we measured the complex di-
electric susceptibility as a function of the aging time for vari-
ous thermal histories, including isothermal aging at a given
aging temperature below the glass transition temperature Tg,
the constant-rate mode, and the temperature cycling mode
for the glassy states of poly�methyl methacrylate� �PMMA�.
For isothermal aging, both the real and imaginary parts of
dielectric susceptibility decrease with increasing aging time.
Because the dielectric susceptibility originating from the ori-
entational polarization of electric dipoles can be regarded as
a measure of disorder, the reduction in the dielectric suscep-
tibility implies that the glassy state is approaching a more
stable equilibrium state.

We also investigated the glassy dynamics for thin films of
polystyrene �PS� by measuring the aging time dependence of
the complex electrical capacitance C���C�− iC�� for isother-
mal aging at a given temperature �19,20�. The capacitance

measurements clearly revealed that the imaginary part of the
complex electrical capacitance C� decreases with increasing
aging time, while the real part of the complex electrical ca-
pacitance C� increases with increasing aging time. If the ef-
fect of temperature on the geometrical capacitance is ne-
glected, the temperature �and time� dependence of the
dielectric susceptibility will be the same as that of the elec-
trical capacitance. The observed results for C� suggest that
the aging time dependence of C� for PS is consistent with
that observed for PMMA.

By contrast, the aging time dependence of C� for PS ap-
pears to be totally different from that of the real part of the
dielectric susceptibility for PMMA. In a previous paper �20�,
we discussed the aging time dependence of not only the di-
electric susceptibility but also the geometrical capacitance
and we were able to reproduce the observed aging time de-
pendence of C� over a wide frequency range. According to
this interpretation, the increase in C� is associated with a
reduction in the volume �i.e., an increase in the density�,
while the decrease in the imaginary part is associated with a
decrease in the ac dielectric susceptibility. In other words,
measuring the complex electrical capacitance enables us to
simultaneously measure both the volume and the imaginary
part of the ac dielectric susceptibility under exactly the same
conditions. However, because the polarity of PS is very
small, it was difficult to obtain sufficiently strong signal of
the dielectric loss and we were unable to fully confirm the
validity of our interpretation in our previous paper �20�.

In this paper, we used poly�2-chlorostyrene� �P2CS� as a
model system for complex capacitance measurements using
dielectric relaxation spectroscopy. The structure of P2CS is
quite similar to that of PS, with the exception that a chlorine
atom Cl is attached to the benzene ring. The presence of the
chlorine atom in the chain enhances the polarity of this poly-
meric system and hence P2CS can be regarded as an ideal
system for dielectric measurements. We performed capaci-
tance measurements on thin films of P2CS under a variety of
thermal conditions in order to investigate the glassy dynam-*Corresponding author; fukao.koji@gmail.com
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ics of this polymeric system. Through such measurements,
we attempted to elucidate the nature of unusual behavior,
such as memory and rejuvenation effects, observed during
aging in the glassy state.

In this paper, the experimental details are described in
Sec. II, the results observed during isothermal aging are
given in Sec. III A, and measurements of the Kovacs effect
are described in Sec. III B. The observed results relating to
memory and rejuvenation effects are given in Sec. III C and
then a possible scenario for such effects is proposed in Sec.
III D. We have also measured the thickness dependence of
aging phenomena and glass transition dynamics; these results
will be published in the near future.

II. EXPERIMENTAL

Polymer samples used in this study are P2CS purchased
from Polymer Source, Inc. �weight-averaged molecular
weight Mw=3.3�105, Mw /Mn=2.2�. Using spin coating, we
prepared thin films of P2CS from a toluene solution on a
glass substrate on which aluminum �Al� had been vacuum
deposited. The film thickness was controlled by varying the
concentration of the solution; in this study, we used a film
thickness of 22 nm. After annealing at 343 K under vacuum
for 2 days to remove solvents, Al was again vacuum depos-
ited to serve as an upper electrode. In order to obtain repro-
ducible results, several heating cycles up to and exceeding
the bulk value of the glass transition temperature Tg were
carried out before capacitance measurements were performed
on the relaxed as-spun films. The value of Tg in the thin films
with d=22 nm was 383 K. The thickness was evaluated be-
fore measurements from the value of the electrical capaci-
tance at 273 K for the as-prepared films in the manner pre-
viously reported �21,22�.

Capacitance measurements were carried out using an
LCR meter �Agilent Technology, 4284A and E4980A� for the
frequency f range from 20 Hz to 1 MHz during cooling and
heating between 423 and 273 K at a rate of 1 K/min as well
as during isothermal aging at various aging temperatures
Ta�=300–357 K�. The complex electrical capacitance of the
sample condenser C� was measured as a function of tempera-
ture T and aging time t.

In this paper, we employed the following two temperature
protocols:

�1� Isothermal aging. In this temperature protocol, the
temperature changes from a high temperature 413 K �above
Tg� to an aging temperature Ta �below Tg� and then the tem-
perature is maintained at Ta for ta hours. We denote this
protocol as I�Ta , ta�.

�2� Constant-rate mode. The temperature is decreased
from 413 to 273 K at a constant rate of 1 K/min and then it
is increased from 273 to 413 K at the same rate. This is a
simple constant-rate mode and we refer to this temperature
change as the reference mode. In addition to the above ther-
mal treatment, we included an intermittent stop at Ta for ta
hours during cooling from 413 to 273 K. We denote this
temperature protocol as C�Ta , ta�. According to this notation,
the reference mode corresponds to the protocol C�Ta ,0� for
any value of Ta.

III. RESULTS AND DISCUSSION

A. Isothermal aging

Figure 1 shows the aging time dependences of the real
and imaginary parts of the electrical capacitance C� and C�
for thin films of P2CS during isothermal aging I�Ta , ta�,
where Ta lies between 299.8 and 357.4 K, and ta=30 h. The
deviations of C� and C� from their values when the tempera-
ture first reaches the isothermal aging temperature Ta are
plotted. Figure 1 shows that C� increases with aging time
during isothermal aging, while C� decreases with aging time.
The aging time dependences of C� and C� for thin films of
P2CS are qualitatively the same as those observed in PS
films in a previous study by us �20�. Because of the higher
polarity of P2CS, we were able to obtain much clearer time
dependences of C� and C� for P2CS than for PS. Here, we
consider the physical origin of the observed aging time de-
pendences of C� and C� for the polymeric system P2CS.

The origin of the variation in the electrical capacitance
can be attributed to the change in the volume or density and
the change in the ac dielectric susceptibility during aging.
Each component of the complex electrical capacitance C�

can be written as follows:

C��f ,T,t� = ����T,t� + �disp� �f ,T,t��C0�T,t� , �1�
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FIG. 1. Aging time dependences of the deviation of �a� the real
part and �b� the imaginary part of the complex electrical capacitance
from the value at the initial time t=0 in P2CS thin films with d
=22 nm for various aging temperatures Ta=357.4, 347.8, 338.2,
328.6, 319.0, 309.4, and 299.8 K. The applied electric field has a
frequency f of 1 kHz.
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C��f ,T,t� = �disp� �f ,T,t�C0�T,t� , �2�

where �disp� and �disp� are the components of dielectric con-
stants due to molecular motion and consequently they are
strongly dependent on the frequency of the applied electric
field for the temperature range in which molecular motion
can be observed. The parameter �� is the dielectric constant
for a very high-frequency range where there is no contribu-
tion from molecular motion and C0 is the geometrical capaci-
tance that can be evaluated from the size of the condenser
prepared from the thin polymer films using the relation C0

=�0
S
d . Here, S is the area of the electrode, d is the thickness

of the sample, and �0 is the dielectric permittivity in vacuum.
To evaluate C0, we use the thickness d at 273 K and S=8
�10−6 m2.

During isothermal aging, we anticipate that the density
will increase with aging time � �d

�t �0 for aging�; this is usu-
ally referred to as densification of polymeric materials �23�.
By contrast, the ac susceptibility �i.e., the magnetic and di-
electric susceptibilities� decreases with increasing aging time
for polymer glass and spin glass �8,9,12,13�. This is well
understood since the dielectric constant, for example, can be
regarded as a measure of the disorder with respect to the
orientation of the dipole moments.

As for the volume change, the effective area of the elec-
trode S remains constant under the present measurement con-
ditions. In this case, the volume change can be described by
the thickness change �d

�t and we obtain the following rela-
tions:

1

C0

�C0

�t
� −

1

d

�d

�t
,

1

��

���

�t
= −

1

d

�d

dt
. �3�

Here, it should be noted that �� is related to the density of
the material � via the Clausius-Mossotti equation �24� and
hence the change in �� with time or temperature includes
contributions from the change in density. Performing a
simple calculation, we obtain the following relations:

1

C�

�C�

�t
=

2�� + �disp�

�� + �disp�
�−

1

d

�d

�t
+ ��f�

1

�disp�

��disp�

�t
� , �4�

1

C�

�C�

�t
= −

1

d

�d

�t
+

1

�disp�

��disp�

�t
, �5�

where

��f� =
�disp� �f�

2�� + �disp� �f�
.

Equation �5� clearly shows that the time derivative of C� is
controlled by simple competition between the change in the
thickness and the change in the ac dielectric susceptibility
�disp� . In the case of PS, dilatometric measurement shows that
the initial specific volume of PS, v0, is 0.972 cm3 /g and the
amount of the decrease in specific volume �v is
0.0025 cm3 /g for the isothermal aging at 86.1 °C for �t
=30 h �23�. Therefore, we obtain the relation 	 1

v0

�v
�t 	=8.6

�10−5 h−1 and hence 	 1
d

�d
�t 	=2.9�10−5 h−1 for the aging at

86.1 °C. As for the electric capacitance, the relative change
in C� during isothermal aging can be evaluated from the
present measurement on thin films of P2CS as listed in Table
I. Therefore, for low frequencies below 1 kHz, the following
relation holds: 	 1

d
�d
�t 	 / 	 1

C�

�C�
�t 	�0.02.

On the other hand, the time derivative of C� includes a
frequency-dependent factor ��f� as Eq. �4� shows. In order to
evaluate the value of ��f�, we can use the values of �disp� and
�� for various frequencies listed in Table II. It is found that �
is a decreasing function of f and that �=8.8�10−3 for 10 Hz
and �=5.8�10−4 for 10 kHz. Although � is much smaller
than 1 even at 10 Hz, the value � becomes still smaller as f
increases. Therefore, it is concluded that �	1 for the fre-
quency range f 
10 Hz. Furthermore, as shown in Table I,
the increasing rate of C� for aging at 357.4 K for 30 h is

TABLE I. Relative change in C� and C� during isothermal aging at 357.4 K for �t=30 h for the thin
films of P2CS with thickness of 22 nm. The upper part is for C� and the lower part is for C�.

f�Hz� 20 Hz 100 Hz 1 kHz 10 kHz 100 kHz

C��pF� 9201.0 9148.7 9098.9 9066.5 9000.9

�C��pF� 3.6 7.0 10.1 11.7 13.3
1

C�

�C�
�t �h−1� 1.3�10−5 2.6�10−5 3.7�10−5 4.3�10−5 4.9�10−5

C��pF� 77.6 47.4 35.5 85.6 –

�C��pF� 5.1 3.2 1.7 1.3 –
1

C�

�C�
�t �h−1� 2.2�10−3 2.3�10−3 1.5�10−3 0.5�10−3 –

TABLE II. Frequency dependence of ��, �disp� , and ��f� for thin
films of P2CS with thickness of 995 nm �27�. ��=2.7583 for f
=100 kHz. �disp� can be evaluated from the relation �disp� =��−��.

f 10 Hz 100 Hz 1 kHz 10 kHz

�� 2.8072 2.7814 2.7686 2.7615

�disp� 0.0489 0.0231 0.0103 0.0032

��f� 8.8�10−3 4.2�10−3 1.9�10−3 5.8�10−4
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1

C�

�C�

�t
= 4.9 � 10−5 h−1 for 100 kHz. �6�

If the relation �	1 is valid and �
1

�disp�

��disp�
�t can be neglected,

we expect the following relation from Eq. �4�:

1

C�

�C�

�t
� − 2

1

d

�d

�t
. �7�

As shown above, 1
d

�d
�t =2.9�10−5 h−1 for PS. Here, we ex-

pect that the same relation is valid also for P2CS. On this
assumption, we obtain the relation

1

C�

�C�

�t
� 5.8 � 10−5 h−1. �8�

Comparing Eq. �6� and �8�, the agreement between the two
values is not perfect, but good enough for us to judge that
Eq. �7� is valid at frequencies above 100 kHz. As a result, in
the case of P2CS, the contribution from the thickness change
is much larger than that from the change in the ac dielectric
susceptibility for the real part of the electrical capacitance C�
at 100 kHz. As f decreases, 1

C�

�C�
�t becomes smaller and ��f�

becomes larger. Therefore, we expect that the contribution
from �disp� will become larger than that from d at low frequen-
cies even for the real part of the electrical capacitance C�.

On the basis of the above considerations, it is concluded
that the increase in C� and the decrease in C� with increasing
aging time observed for f =1 kHz in Fig. 1 are mainly asso-
ciated with the reduction in the volume and the reduction in
the ac dielectric susceptibility, respectively. In the following
section, we show further evidence for the hypothesis that the
change in C� is associated with the volume change.

B. Kovacs effect

Kovacs et al. performed an interesting experiment that
demonstrated the existence of memory effects in polymer
glasses �4�. In their experiments, volume relaxation was mea-
sured at a point in the glassy state located on a line extrapo-
lated from the equilibrium line in the liquid state. Because
this point lies on the equilibrium line, no further volume
changes are expected at that point. However, their results
revealed that the volume relaxation strongly depends on the
thermal history of the polymer before reaching the equilib-
rium point. In other words, the thermal history can be stored
within the glassy state of polymers. In the present study, as
shown in Sec. III A, the increase in C� is mainly associated
with the change in the volume or thickness at high frequen-
cies. In this case, because C� is approximately inversely pro-
portional to d, the value 1 /C� should have the same tempera-
ture dependence as the volume under the present conditions.

Figure 2�a� shows the temperature dependence of the in-
verse of C�, which can be regarded as the volume in this
case, for various thermal histories. The sample is cooled
from 413 K�
Tg� at which the sample is thermally equili-
brated down to Ta. The sample is isothermally aged at Ta
=347.8 and 357.6 K for 80 and 40 h, respectively. The
sample is then heated again to Tf =367.1 K, which is located
on the line extrapolated from the equilibrium line above Tg

and the temperature is maintained at Tf. Here, the volume of
the sample is expected not to change with time at Tf because
the sample has already attained an equilibrium volume at Tf.

However, contrary to our expectation, the value of 1 /C�
exhibits an interesting aging time dependence during isother-
mal aging at Tf as shown in Fig. 2�b�. Figure 2�b� shows the
relative deviation of the volume � as a function of aging time
during isothermal aging at Tf =367.1 K after two different
thermal histories �indicated by the solid and broken curves�.
Here, � is defined as

��t� =
v�t� − v�0�

v�0�
=

C�−1�t� − C�−1�0�
C�−1�0�

, �9�

where v�t� and C�−1�t� are the volume and the inverse of C�
at time t. In Fig. 2�b�, the aging time dependence of ��t� is
also shown for isothermal aging at Tf after direct quenching
from 413 K to Tf �indicated by the dotted curve�. Figure 2�b�
shows that � increases with increasing aging time and then
decreases back to its initial value after going through a maxi-
mum. Furthermore, the time at which 1 /C� shows a maxi-
mum is strongly dependent on the aging temperature Ta be-
fore the sample reaches the temperature Tf. This suggests
that polymer glass can store memories related to its previous
thermal history even after it is heated to the temperature Tf.
Because the value 1 /C� is proportional to the volume of the
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polymeric system, the present measurements can well repro-
duce the well-known Kovacs experiments �4�. Therefore, we
regard this result as strong experimental evidence for the
validity of our interpretation that, in this case, 1 /C� has the
same temperature and time dependence as the volume of this
polymeric system. As a result, it is possible to simulta-
neously measure the volume and the ac dielectric suscepti-
bility by performing a single measurement of the electrical
capacitance of P2CS.

C. Memory and rejuvenation effects for C�

For P2CS thin films, we have performed capacitance mea-
surements for constant-rate mode, in which we have ob-
served memory and rejuvenation effects for other polymeric
systems such as poly�methyl methacrylate� �8,9�. As men-
tioned in the previous sections, for P2CS, we simultaneously
observed the variations of both the ac dielectric susceptibility
and volume with time and temperature changes. Therefore,
we can extract the aging behavior not only of the ac dielec-
tric susceptibility but also of the volume of exactly the same
polymeric glasses by conducting a single capacitance mea-
surement.

Figure 3 shows the temperature dependence of the devia-
tion of C� from the reference value Cref� , �C���C�−Cref� �,

during the constant-rate mode C�Ta , ta�, where Ta=357.4
−299.8 K and ta=30 h. Here, the reference value Cref� is
defined as follows. We perform capacitance measurements
during simple heating and cooling at the rate of 1 K/min and
then we obtain the reference value Cref� at any temperature for
heating and cooling, separately. The results observed for
cooling and heating are shown in Figs. 3�a� and 3�b�, respec-
tively. Figure 3�a� shows that during cooling from a high
temperature in the liquid state, �C� remains at zero because
the liquid state is an equilibrium state. Then, for isothermal
aging at Ta, �C� decreases from zero due to aging; this
moves the system toward an equilibrium state. However, as
the temperature decreases again from Ta to room tempera-
ture, the deviation induced during isothermal aging decreases
with decreasing temperature. At 273 K, the deviation almost
vanishes, that is, the polymer glass is fully rejuvenated as far
as the ac dielectric susceptibility �ac� is concerned. During the
subsequent heating, �C� decreases again with increasing
temperature as if the polymer glass knew the path along
which it was cooled during the preceding cooling cycle and
�C� increases after going through a minimum at Ta�, which is
about 30 K above the isothermal aging temperature Ta. The
results observed in the constant-rate mode for thin films of
P2CS clearly demonstrate that there are memory and rejuve-
nation effects, similar to those observed in PMMA �6,8�.

These results were observed for P2CS at f =1 kHz. We
also measured the frequency dependence of �C� as a func-
tion of temperature for the constant-rate mode. It is found
that the temperature dependence of �C� is qualitatively in-
dependent of frequency and only the relaxation strength of
�C� depends on the frequency and the aging temperature.
Figure 4 shows the aging temperature dependence of the re-
laxation strength �Ctotal� of �C� as a function of the fre-
quency of the applied electric field. Here, we define �Ctotal�
as �Ctotal� ��C��0�−�C��ta�, where ta=30 h. Figure 4
shows that �Ctotal� increases with decreasing frequency at a
given aging temperature and that it increases with increasing
temperature at a given frequency. The value of �Ctotal� for
isothermal aging at 357.4 K for f =20 Hz is about 5 times
greater than that for f =10 kHz and hence ��total� also in-
creases with increasing aging temperature and with decreas-
ing frequency. Therefore, this dependence of �Ctotal� on Ta
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and f suggests that the main driving force that induces the
change during isothermal aging is the mobility due to the
lower frequency tail of the � process. The observed fre-
quency dependence of �Ctotal� for P2CS is the same as that
observed for PMMA by several groups �6,8�. These results
were observed for the imaginary part of the complex electri-
cal capacitance in the case of thin films of P2CS. We now
consider the results for the real part of the electrical capaci-
tance C�.

Figure 5 shows the temperature dependence of C� for the
frequency range between 20 Hz and 100 kHz observed for
the constant-rate mode C�Ta=357.4 K, ta=30 h�, which is
exactly the same temperature protocol as that used for C� as
shown in Fig. 3. Here, the deviation of C� from the reference
value, �C���C�−Cref� �, is plotted as a function of tempera-
ture. Figure 5�a� shows that �C� at 100 kHz increases with
increasing aging time during isothermal aging at Ta
=357.4 K. This is consistent with the results shown in Fig.
1�a�. Furthermore, during cooling after isothermal aging,
�C� decreases slightly with decreasing temperature, but
most of the deviation induced during isothermal aging is still
present at 273 K. For frequencies above 40 kHz, there is only
very weak frequency dependence as can be seen in Fig. 5.
For higher frequencies, the change in �C� is mainly associ-
ated with the change in volume because the contribution
from the ac dielectric susceptibility is appreciable only at
low frequencies for the temperature range investigated in this
study. Therefore, this result suggests that the volume de-

creases with increasing aging time during isothermal aging at
Ta. The volume change induced during isothermal aging still
survives even at 273 K. This means that the volume change
does not show full rejuvenation. Here, it should be noted that
during cooling after isothermal aging, �C� decreases slightly
and then approaches a finite constant value. This does not
imply that the volume increases with decreasing temperature,
only that the deviation of the volume from the reference
value increases with decreasing temperature. Thus, the vol-
ume change is not unphysical.

During the subsequent heating cycle, �C� remains almost
constant up to about 380 K�
Ta=357.4 K� and it then de-
creases rapidly to zero as shown in Fig. 5�b�. This suggests
that the volume also retains the memory of the temperature at
which isothermal aging was performed.

When the frequency is reduced from 40 kHz to 20 Hz, the
temperature change in �C� strongly depends on frequency
both for cooling and heating as shown in Figs. 5�a� and 5�b�.
The relaxation strength of �C� induced during isothermal
aging at Ta decreases with decreasing frequency. As we have
already discussed in Sec. III A, this strong frequency depen-
dence may be due to the frequency dispersion of the ac di-
electric susceptibility induced by molecular motion. There-
fore, we expect that �C� will show the same temperature
dependence after subtracting the contribution from the
change in volume. For this purpose, we evaluated the value
of �Csub� �T , f� using the following relation:
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FIG. 5. Temperature dependence of the deviation of C� from the reference value Cref� for various frequencies between 20 Hz and 100 kHz
�a� during cooling including isothermal aging at 357.4 K and �b� during the subsequent heating cycle. The lower figures show the tempera-
ture dependence of �C� after subtracting �C� at 10 kHz, �Csub� , for various frequencies between 20 Hz and 10 kHz �c� during cooling
including isothermal aging at 357.4 K and �d� during the subsequent heating cycle.
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�Csub� �T, f� � �C��T, f� − �C��T,100 kHz� . �10�

Figures 5�c� and 5�d� show �Csub� for both cooling and heat-
ing in constant-rate mode. In this figure, �Csub� corresponds
to the real part of the ac dielectric susceptibility �disp� . There-
fore, Figs. 5�c� and 5�d� show that �disp� exhibits full rejuve-
nation and memory effects for the constant-rate mode in a
very similar way as that observed for C�, that is, �disp� , al-
though volume does not show full rejuvenation. The present
capacitance measurements revealed that there is a distinct
difference in the aging behaviors of the volume and the com-
plex ac dielectric susceptibility.

D. Model for aging dynamics

In the previous sections, we successfully observed
memory and rejuvenation effects for the ac dielectric suscep-
tibility and volume by measuring the capacitance. As a re-
sult, we found that the ac dielectric susceptibility reveals that
the relaxation strength due to isothermal aging has a clear
dependence on the aging temperature and the frequency of
the electric field and that the susceptibility shows full reju-
venation and memory effects, while the volume does not
exhibit full rejuvenation. Here, we interpret the memory and
rejuvenation effects in the light of the observed results.

We adopt the following assumptions. The aging dynamics
is controlled by the � process, which occurs at low frequen-
cies at a given temperature in the glassy state. The tempera-
ture dependence of the characteristic time of the � process
���T� is usually given by the Vogel-Fulcher-Tammann law
�VFT law� ���T�=�0 exp�U / �T−TV�� �25�, where �0, U, and
TV are constants. The relaxation time of the � process has a
broad distribution �26�. The mean value is equal to ���T� and
the distribution of the characteristic frequency 
 of the �
process at temperature T is given by g�
 ,T�. We also assume
that g�
 ,T� has a single peak shape with a finite width. The
peak position 
� approximately corresponds to 1 /��. Hence,
we obtain the relation

1

���T�

 
��T� = �
� = 



=0


=�


g�
,T�d�loge 
� .

1. Debye relaxation

During aging, each mode of the � process with relaxation
rate 
 can independently contribute to the change in dynam-
ics and structure. Each mode with relaxation rate 
 can con-
tribute to the overall dielectric relaxation as a Debye relax-
ation process with the corresponding single relaxation time
�
1 /
� and hence the complex dielectric constant �D

� �
E ,
�
for the mode with the relaxation rate 
 can be described as

�D
� �
E,
� =

��

1 + i

E




� �� · �̃D
� �
E,
� , �11�

where 
E��2�f� is the angular frequency of the applied
electric field and �� is the dielectric relaxation strength.
From Eq. �11�, we obtain the real and imaginary parts of
�̃D

� �
E ,
����̃D� − i�̃D� � as follows:

�̃D� �
E,
� =
1

1 + �
E



�2 , �12�

�̃D� �
E,
� =


E




1 + �
E



�2 . �13�

The loss curve given by Eq. �13� has a characteristic width,
the full width at the half maximum �FWHM� amounting to
1.14 decades. As for the real part �̃D� , there is a crossover
region where the value of �̃D� changes from 1 to 0 with in-
creasing frequency 
E. The characteristic width of this cross-
over region is 1.14 decade, which is the same value as that
for the width of the loss curve �̃D� .

2. Distribution of the relaxation rate

On the other hand, the distribution function of the relax-
ation rate 
 of the � process has a much broader width than
that of the Debye relaxation process. Figure 6 shows the
dielectric loss �� normalized with respect to the peak value
�max� as a function of frequency f normalized with peak fre-
quency fmax for thin films of P2CS with thickness of 22 nm
for various temperatures between 408.0 and 433.4 K �27�.
The dotted curve is calculated using the Havriliak-Negami
�HN� equation �28�

�� =
��HN

�1 + �i
E�0��HN��HN
, �14�

where ��HN is the dielectric relaxation strength, �0 is the
relaxation time, �HN is the parameter for the distribution of
relaxation times, and �HN is the parameter for the asymmetry
of the dielectric loss profile. The best-fitting parameters are
as follows: ��HN=5.54�0.04, �HN=0.606�0.008, �HN
=0.430�0.015, and �0=0.530�0.03. On the basis of the

0

0.2

0.4

0.6

0.8

1.0

1.2

-3 -2 -1 0 1 2 3 4

ε"
/ε

" m
ax

log10 [f/fmax]

433.4 K
428.1 K
422.6 K
413.4 K
408.0 K

calculated

FIG. 6. Dependence of the normalized dielectric loss on the
normalized frequency for thin films of P2CS with thickness of 22
nm for various temperatures between 408.0 and 433.4 K. The set of
the data �fmax,�max� � gives us the location of the dielectric loss peak
of the � process at a given temperature. Dotted curve is reproduced
using the HN equation with the best-fitting parameters ��HN

=5.54, �HN=0.606, �HN=0.430, and �0=0.530.
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HN equation, the distribution function of the relaxation time
�, F�s�, can be calculated analytically as follows:

F�s� =
1

�
�1 + 2e�HN�x0−s� cos ��HN + e2�HN�x0−s��−�HN/2

�sin��HN tan−1� e�HN�x0−s� sin ��HN

1 + e�HN�x0−s� cos ��HN
�� ,

�15�

where s=loge � and x0=loge �0 �22�. Using this function
F�s�, we can obtain the distribution function of the relaxation
rate 
, g�
 ,T� as follows:

g�
,T� = F�− loge 
� . �16�

In the case of thin films of P2CS with thickness of 22 nm,
the distribution function of the relaxation rate of the � pro-
cess could successfully be evaluated using Eqs. �15� and �16�
with the parameters for the HN equation as shown by the
solid curves in Fig. 7. Although the solid curves in Fig. 7
include an arbitrary shift along the horizontal axis depending
on the temperature T, their shape is unambiguously deter-
mined by Eq. �15�. The FWHM of the distribution peak is
about 6 decades, which is much larger than that of the loss
peak due to the Debye relaxation.

In the case of a broad distribution of the relaxation rates
of the � process, the observed complex dielectric constant
���
E ,T� can be described as a sum of the contributions from
all single Debye relaxations

���
E,T� = 

0

�

�D
� �
E,
�g�
,T�d�loge 
� �17�

=��

0

� 1

1 + i

E




g�
,T�d�loge 
� . �18�

3. Aging of ac dielectric susceptibility

During aging, the dielectric constant shows a decrease
with increasing aging time ta. The origin of the decrease in
the dielectric constant at a given frequency during aging is
mainly due to the shift of the tail of the � process to the
lower frequency side �29�. In this case, 
��T� decreases with
increasing ta and as a result, the peak position of g�
 ,T� is
shifted along the 
 axis as a function of ta. Here, after adding
the additional variable ta to �� and g, we can rewrite Eq. �17�
as follows:

���
E,T,ta� = ��

0

�

�̃D
� �
E,
���
,T,ta�g�
,T,0�d�loge 
� ,

�19�

where
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FIG. 7. Dependence of the distribution function of the relaxation rate g�
 ,T� �solid curve� and the real and imaginary parts of dielectric
constant �D� and �D� �dotted curve� for two different temperatures Ta1 and Ta2�Ta1
Ta2�. �a� g�
 ,Ta1� and �D� , �b� g�
 ,Ta1� and �D� , �c�
g�
 ,Ta2� and �D� , and �d� g�
 ,Ta2� and �D� . Here, Ta1 and Ta2 are chosen so that log10 
��Ta1� and log10 
��Ta2� are located at −2.3 and −6.1,
respectively. The curves of g�
 ,T� are calculated using Eqs. �15� and �16� with best-fitting parameters given in the caption of Fig. 6.
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��
,T,ta� �
g�
,T,ta�
g�
,T,0�

. �20�

Here, ��
 ,T , ta� is a relaxation function that describes the
change in the distribution function of the �-relaxation rates.
As ta goes to infinity, g�
 ,� , ta� approaches the distribution
function of the relaxation rate of the equilibrium state
g�
 ,T ,��. As already mentioned above, �̃D� �
E ,
� has a
peak at 
E=
 and has an appreciable value only for the
range between 
�D

−1 and 
�D. Here, �D=2+�3 and
2 log10 �D�=1.14� is the FWHM for the dielectric loss peak
of the Debye relaxation. At the same time, �̃D� �
E ,
� changes
from 1 for high relaxation rates to 0 for low relaxation rates
over the same range, where �̃D� �
E ,
� has an appreciable
value. In Figs. 7�a� and 7�b�, both �̃D� and �̃D� are shown by
dotted curves together with the distribution function
g(�g�
 ,T ,0� or g�
 ,T , ta�) at a given temperature Ta1.
Therefore, we can obtain the following approximate equa-
tions from Eq. �19�:

���
E,T,ta� � ��


E�D

−1


E�D

�̃D� �
E,
���
,T,ta�

�g�
,T,0�d�loge 
� , �21�

���
E,T,ta� � ��


E�D

−1

�

�̃D� �
E,
���
,T,ta�

�g�
,T,0�d�loge 
� . �22�

The limitation of the integration range in Eqs. �21� and �22�
is introduced due to the existence of the factors �̃D� or �̃D� in
the integrand. The two factors can be regarded as a filter,
through which contributions from the relaxation modes with
the relaxation rate 
�
E�D

−1 are excluded. In Fig. 7, it is
clear why there is such a limitation for the range of the
integration. Therefore, if we measure the ac dielectric sus-
ceptibility ������ at a given frequency 
E during aging, we
can observe the change in the dynamics and structure of
polymer glasses induced by the modes of the � process with
the relaxation rate 


E�D

−1 �
E�D
−1�
�
E�D�, although

the changes occurs over the entire range of 
.
In order to compare the results given in the previous sec-

tions to those of this model, we define the deviation of �� and
�� from the initial value at ta=0 as follows:

����
E,T,ta� � ���
E,T,0� − ���
E,T,ta�

= ��


E�D

−1

�

�̃D� �
E,
��1 − ��
,T,ta��

�g�
,T,0�d�loge 
� �23�

and

����
E,T,ta� � ���
E,T,0� − ���
E,T,ta�

= ��


E�D

−1


E�D

�̃D� �
E,
��1 − ��
,T,ta��

�g�
,T,0�d�loge 
� . �24�

Here, we consider the effects of temperature change. In this
case, the average relaxation rate of the � process, 
�,
changes according to the VFT law and the peak of g�
 ,T ,0�
is shifted along the axis of log10 
, but the shape of
g�
 ,T ,0� does not change. This is due to the well-known
time-temperature superposition law for the � process,
namely, segmental motion in the case of polymeric materials
�30�. This can be described by the following scaling law:

g�
,T,0� = g̃� 



��T�
� , �25�

where g̃�x� is a scaled distribution function that satisfies the
following relation:



0

�

g̃�x�d�loge x� = 1. �26�

In the glassy state, 
� is located at much lower frequency
than the frequency of the applied electric field in our mea-
surement, f =20 Hz−1 MHz. As the value 
� is shifted to a
lower value during isothermal aging, g is a decreasing func-
tion of aging time ta at a given value of 
 for the range of



E�D

−1. This can be verified if the peak of g�
 ,T , ta� is
shifted to a lower frequency side in Fig. 7�a�. Therefore, the
function ��
 ,T , ta� can also be regarded as the decreasing
function of ta during aging. We here assume that for 



E�D

−1, ��
 ,T , ta� is independent of 
 and can be scaled as
follows:

��
,T,ta� = �̃„
��T�ta… , �27�

where �̃�x� is a monotonically decreasing function of x. This
assumption can be justified as long as the microscopic origin
for the change induced during aging is the � process. Using
the functions g̃�x� and �̃, Eqs. �23� and �24� can be rewritten
as

����
E,T,ta� � ���
E,T,0� − ���
E,T,ta�

= ���1 − �̃„
��T�ta…�

�E�T��D

−1

�

�̃D� ��E�T�
�

�
�g̃���d�loge �� �28�

and

����
E,T,ta� � ���
E,T,0� − ���
E,T,ta�

= ���1 − �̃„
��T�ta…�

�E�T��D

−1

�E�T��D

�̃D� ��E�T�
�

�
�g̃���d�loge �� , �29�

where �� 


��T� and �E�T��


E


��T� .
Now let us consider isothermal aging at T=Ta for ta

hours. After isothermal aging, the value of �������� reaches
����
E ,Ta , ta�(����
E ,Ta , ta�) according to the decay law
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given by �̃(
��Ta�ta). If we increase the aging temperature
Ta for a given frequency 
E, the relaxation rate 
��T� in-
creases in accordance with the VFT law and hence the factor

1− �̃(
��Ta�ta) increases and the value �E�Ta� decreases.
Figure 7 shows a schematic picture for the location of g, �̃D� ,
and �̃D� for two different temperatures Ta1 and Ta2�Ta1


Ta2�. Only the regions marked by the arrows have signifi-
cant contributions to the integrals in Eqs. �28� and �29�. The
area of the region for Ta1 is clearly larger than that for Ta2.
Therefore, the values ��� and ��� increase with increasing
temperature Ta. In this case, we can reproduce the observed
aging temperature dependence of the relaxation strength of
the ac dielectric susceptibility during isothermal aging. Fur-
thermore, we here consider the case where the frequency of
the applied electric field f or 
E decreases at a given aging
temperature Ta. In this case, because �E decreases with de-
creasing 
E, the values ��� and ��� increase with decreasing
frequency. Therefore, this simple model can qualitatively re-
produce the dependence of the relaxation strength �Ctotal� on
the aging temperature and the frequency of the electric field
shown in Fig. 4.

Next, we consider the memory and rejuvenation effects
observed for the constant-rate mode. We treat the following
thermal history. The temperature decreases from a high tem-
perature T0 to Ta1 and the temperature is kept at Ta1 for ta

hours. Then, the temperature decreases from Ta1 to Ta2. After
that, the temperature increases again from Ta2 to Ta1, where
Ta1
Ta2.

In this case, after isothermal aging at Ta1 for ta, ��� for

E will be equal to ����
E ,Ta1 , ta�. We then reduce the tem-
perature from Ta1 to Ta2. The change in aging temperature
changes the dynamics of the � process, that is, 
��T�
changes from 
��Ta1� to 
��Ta2�. However, because Ta1


Ta2, it is natural to assume that the structural change in-
duced at a higher temperature does not change after cooling
to a lower temperature. In other words, we can assume that

the value �̃(
��T�ta) does not change for the cooling pro-
cess, but only the parameter �E�T� changes in accordance
with the temperature change. In this case, if the temperature
decreases from Ta1 to Ta2 at a given frequency 
E, �E in-
creases and as a result, ��� decreases with decreasing tem-
perature. Finally, ��� vanishes if the temperature Ta2 is low
enough for the divergence of 1 /
��T�. Therefore, using the
present model, we can successfully reproduce the rejuvena-
tion effects observed for �disp� .

During the subsequent heating from Ta2 to Ta1,

�̃(
��T�ta) does not change, while �E�T� decreases, and
hence ��� increases with increasing temperature. However,
above Ta1, the structural change induced at Ta1 may be modi-
fied and as a result, ��� can change abruptly with a further
increase in the temperature. Therefore, this model can de-
scribe the memory effect with respect to ac dielectric suscep-
tibility. So far, we have discussed only the imaginary part of
the complex electrical capacitance �disp� . It is clear that the
same argument can be applied to �disp� .

4. Aging of the volume

Now let us consider the volume change, �v, during iso-
thermal aging. For ac dielectric susceptibility, the existence
of �̃D� ��̃D� � leads to the limitation of dynamical modes. How-
ever, for volume change, all modes of the � process contrib-
ute to the volume change because the volume is a macro-
scopic physical quantity. Therefore, we can describe the
volume change �v as follows:

�v�T,t� = �1 − �̃„
��T�ta…�

0

�

g̃���d�loge �� . �30�

Here, we adopt the distribution function of the relaxation rate
g̃, which is the same one as for the ac dielectric susceptibil-
ity, although the distribution function for �v may not be the
same for ��. However, what is essential in the present dis-
cussion is the fact that there is no 
E-dependent limitation of
the integration range. For isothermal aging at Ta for ta hours,
the total change in volume �v�Ta , ta� is an increasing func-
tion of Ta because the factor 1− �̃(
��T�ta) increases with
increasing T due to the existence of 
�.

As for rejuvenation effects, there is no temperature-
dependent parameter such as �E�T�, in contrast with ��� and
���. Only �̃(
��T�ta) changes with temperature. However,
the structural change induced at Ta is not modified for cool-
ing below Ta. Therefore, we expect that most of the volume
change �v induced at Ta will be retained even at room tem-
perature. In this model, the origin for the different behaviors
relating to rejuvenation effects is the existence of the lower
bound of the integral 
E�T� in the case of the ac dielectric
susceptibility. This gives rise to an apparent decrease in the
deviation induced during isothermal aging, as the tempera-
ture is decreased.

It should be noted that there are many theoretical models
that can reproduce interesting aging dynamics in polymeric
systems �31�. Some parts of the present model are included
in models of physical aging, but what is most important is
the introduction of the parameter �E in the integral of Eqs.
�28� and �29�. Through this parameter, we can use the same
theoretical model to treat the aging behaviors of the ac di-
electric susceptibility and the volume.

IV. CONCLUDING REMARKS

In this study, we have measured the capacitance of thin
films of P2CS for isothermal aging and for the constant-rate
mode:

�1� We have successfully observed the dependence of the
ac dielectric susceptibility and the volume on aging tempera-
ture and aging time by measuring just the capacitance.

�2� Real and imaginary parts of ac dielectric susceptibility
show memory and rejuvenation effects in a similar way as
that observed for other polymeric systems such as PMMA
and for ac magnetic susceptibility of spin glass.

�3� The volume of glassy states of P2CS does not show
full rejuvenation, although it does show a memory effect.
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