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Abstract The glass transition and the α-process above the glass transition tem-
perature, Tg, and the aging dynamics below Tg were investigated for single and
stacked thin polymer films. First, the glass transition dynamics of stacked thin films
of polystyrene (PS) and poly(2-chlorostyrene) (P2CS) were measured using differ-
ential scanning calorimetry and dielectric relaxation spectroscopy. The Tg for as-
stacked thin PS films has a strong depression from that of the bulk samples. How-
ever, after annealing at high temperatures above Tg, the stacked thin films exhibit
glass transition at a temperature almost equal to the Tg of the bulk system. The α-
process dynamics of stacked thin films of P2CS show a very slow time evolution
from single thin film-like dynamics to bulk-like dynamics during the isothermal
annealing process. The temperature dependence of the relaxation time for the α-
process changes from Arrhenius-like to Vogel-Fulcher-Tammann dependence with
increase of the annealing time. Secondly, the aging dynamics of P2CS ultrathin films
with thicknesses less than 10 nm were investigated using dielectric relaxation spec-
troscopy. The imaginary part of the dielectric susceptibility, ε ′′, for P2CS ultrathin
films with a thickness of 3.7 nm increases with an increase in isothermal aging time,
while this is not the case for P2CS thin films thicker than 9.0 nm. This anomalous
increase in ε ′′ for the ultrathin films is strongly correlated with the presence of a
mobile liquid-like layer within the thin films.
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1 Introduction

If a material in the liquid state at high temperature is cooled down in an appro-
priate manner, the material can often keep the liquid state even below the melting
temperature, which is called supercooled liquid state. Then, further cooling of the
supercooled liquid enables us to obtain a solid state with disordered molecular ar-
rangement similar to the liquid state but without any mobility characteristic of the
liquid state, if no crystallization occurs during the further cooling [1]. This disor-
dered solid state is the glassy state and the transition from the liquid state to the
glassy state via the supercooled liquid state is known as the glass transition and the
temperature at which the glass transition occurs defines the glass transition tem-
perature Tg. It should be noted that the glassy state is a non-equilibrium state. The
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understanding of the mechanism of the glass transition remains one of the most im-
portant unsolved problems in the condensed matter physics [2], although there have
been many approaches not only from experimental and theoretical viewpoints but
also from simulational ones [3].

The results observed so far have revealed several anomalous dynamical behavior
related to the glass transitions. First, the characteristic time τα of the main motion
excited in the liquid states, which is the α-process, becomes extraordinarily longer
with decreasing temperature down to Tg in a manner given by

τ−1
α = τ−1

α ,0 exp
(
− U

T −T0

)
, (1)

where τα ,0 is a characteristic time of an elementary process of the α-process, U is an
apparent activation energy and T0 is the Vogel temperature, which is by about 50 K
lower than Tg. This is called the Vogel-Fulcher-Tammann (VFT) law [4]. Hence, it
is expected that the time scale of the α-process becomes a macroscopic time scale,
i.e., 102-103 sec at Tg. As a result, the molecular mobility induced by the α-process
is almost lost and the disordered structure is totally frozen in the glassy state. Sec-
ondly, the relaxation function φ(t), which is obtained by several relaxation measure-
ments such as dielectric relaxation spectroscopy, viscoelastic measurements and so
on, is given not by the single exponential function but by the stretched exponential
function :

φ(t) = exp

[
−
(

t
τK

)βK
]
, (2)

where βK is the stretching parameter and 0 < βK < 1 and τK is a relaxation time
(τK ≈ τα for the α-process) [5]. The observed relation that 0 < βK < 1 means that
there are distributions of the relaxation times τα of the α-process in real systems,
in other words, there are many motional units with different characteristic times.
Recent further investigations clearly show that the motional units of the α-process
with various values of τα move not independently but in a collective manner. This
type of character of the molecular motion is usually known as dynamical hetero-
geneity [6, 7]. Within the system, there are several domains with slower motions or
faster motions. As temperature approaches from high temperature to Tg, the dynam-
ical heterogeneity grows significantly especially in the supercooled liquid state, and
hence this can be believed as one of the most important characters of dynamical
nature of the glass transition. According to this scenario, there should be a length
scale which characterizes the dynamical heterogeneity in the liquid states near the
glass transition. This idea is associated with a cooperative rearranging region (CRR)
which has been proposed by Adam and Gibbs long time ago [8]. Therefore, the ex-
perimental approaches to such characteristic length scale of the glass transition and
the α-process have been important issues which should be clarified in order to elu-
cidate the mechanism of the glass transition.
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Fig. 1 Thickness dependence of the glass transition temperature of atactic PS films obtained during
the heating process (◦ corresponds to Mw=2.8×105, and 4 to Mw=1.8×106). The values of Tg are
determined as the crossover temperature between the straight lines characterizing the real part of
electric capacitance C′(T ) at 10kHz below and above Tg. The symbols • and represent the data
obtained for uncapped supported films of atactic PS by Forrest et al. using ellipsometry for atactic
PS (Mw=7.67×105 (•), 2.2×106 ( )) [9]. The solid curve was obtained from the layer model [21].

1.1 Glass transition of thin polymer films

If there is a characteristic length scale of the glass transition and the α-process, it
can be expected that there is an appreciable change of the glass transition dynamics
as the system size decreases down to the length scale. From such motivation, many
investigations on the glass transition in small scales or confined systems, namely, the
glass transitions of small molecules in nanopores or thin polymer films, have widely
been performed since 1990s [10]. The investigations on confined systems have re-
vealed that the Tg of thin polymer films or small molecules in a confined geometry
decreases with decreasing film thickness or size of nanopores in many cases if there
is no strong attractive interaction of polymers or small molecules with surrounding
material, although there are some contradictory results [11–30]. As a typical exam-
ple, Fig. 1 shows the glass transition temperature of thin films of polystyrene (PS)
supported on substrate measured by dielectric measurements and elipsometric mea-
surements. In this figure Tg of thin PS films decreases with decreasing film thickness
regardless of the method of measurements. For physical origins for the depression
of the Tg there are several candidates such as surface or interfacial effects [31], con-
finement effects in thin film geometry [10], and so on. The physical origin has not
yet been determined but is still in debate.

In addition to the glass transition of the single thin films, we here refer to the glass
transition of stacked thin polymer films, where the stacked films consist of many
ultrathin polymer layers, for example, thin layers with thickness of about 10 nm
and the total thickness is µm-scale order, that is, the thickness of bulk films. For
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such stacked thin films, we have a question whether the glass transition behavior
for the stacked thin polymer films has thin-film like properties or bulk-like ones.
In the literature an answer to this question can be found. The glass transitions of
stacked thin films have been investigated using differential scanning calorimetry
(DSC) by Simon et. al. [32, 33]. The glass transition temperature Tg of stacked thin
PS films is dependent on the thickness of the single layers of the stacked thin films,
which is similar to that for single thin polymer films. Furthermore, Tg is increased
by annealing above Tg and approaches that of the bulk system, which suggests that
stacked thin films prepared by an appropriate method can maintain the thin-film
properties of the glass transition dynamics. This result suggests that the existence
of the interface between thin polymer layers can decrease the Tg, and hence the
interfacial interaction can control the depression of Tg.

1.2 Aging phenomena of polymer glasses

As mentioned in the above, the molecular mobility due to the α-process is almost
lost in the glassy state [1], because the characteristic time of the α-process becomes
macroscopic time scale below Tg. In polymeric systems, segmental motion is the mi-
croscopic origin of the α-process [34] and this motion is almost frozen in the glassy
states. However, even in the glassy state there is a very slow change in the struc-
ture and dynamics when approaching an equilibrium state, and this phenomenon
is known as physical aging [35]. Several interesting phenomena, including memory
and rejuvenation effects, occur during physical aging [35–37]. These effects are fre-
quently observed in many disordered systems, including polymer glasses [38–43],
spin glasses [44–47], and other disordered systems [48–50].

We have previously investigated the aging dynamics in polymer glasses of
poly(methyl methacrylate) (PMMA) [40–42], PS [51,52], and poly(2-chlorostyrene)
(P2CS) [53] using dielectric relaxation spectroscopy and temperature modulated
differential scanning calorimetry. In PMMA, the real and imaginary parts of di-
electric susceptibility, ε ′ and ε ′′, decrease with increasing aging time for isothermal
aging. This result is consistent with the idea that the non-equilibrium glassy state
approaches an equilibrium state. An example of the memory and rejuvenation ef-
fects of the dielectric susceptibility for the aging dynamics observed in PMMA are
shown in Fig. 2.

In Fig. 2, the time evolution of dielectric susceptibility has been measured for
the thermal history which consists of the series of the three isothermal annealing
processes at the temperatures T1, T2, and T1 for time τ1, τ2, and τ3, respectively.
This thermal history is called temperature cycling mode (TC mode). Here, the value
of T2 is set to be lower than the one of T1. Figure 2 shows time dependence of
ε ′′−ε ′′ref for PMMA thin films with the thickness d=26 nm, T1=374.2K, T2=354.6K,
and ∆T ≡ T1 − T2=−19.6K. The origin of the time (tw=0) is defined as the time
when the temperature reaches T1 after cooling from 403 K (above Tg). The value
of ε ′′ref is the reference value of ε ′′ for each aging temperature (T1 or T2). In this
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Fig. 2 (a) Aging time dependence of the difference between ε ′′ and ε ′′ref observed by the TC mode
with T1=374.2 K and T2=354.6 K (∆T =−19.6 K) for PMMA thin films with d=26 nm. (b) The
difference ε ′′− ε ′′ref obtained by shifting the date points in the third stage in the negative direction
of the time axis by τ2 after removing the data points in the second stage. Aging times at the first
and second stages are τ1 = τ2 = 5 hours. The horizontal axis of Fig. 2(b) is the total aging time at
T1. The solid curve is the standard relaxation one obtained by isothermal aging at 374.2 K.

case, the value of ε ′′ref for T1 (T2) is the initial value of ε ′′ obtained at the time when
the temperature reaches T1 (T2) directly from 403 K. As the aging time tw increases
from 0, ε ′′− ε ′′ref decreases. This decrease in ε ′′ corresponds to aging. At tw = τ1,
the temperature is lowered from T1 to T2, and then ε ′′−ε ′′ref immediately changes to
0. This indicates that the decrease in temperature from T1 to T2 causes the polymer
sample to rejuvenate. As the aging time elapses at T2, ε ′′− ε ′′ref relaxes from 0 just
like a new relaxation process starts at t = τ1. At tw = τ1 + τ2, the system is heated
up to T1, and then the temperature of the system is kept at T1. On this stage, ε ′′−ε ′′ref
goes back to the value which ε ′′ − ε ′′ref had reached at tw = τ1 and then begins to
decrease as if there were no temperature change during the aging process at T1.

In Fig. 2(b) is shown the time evolution of ε ′′− ε ′′ref after removing the data be-
tween τ1 and τ1 + τ2 and shifting the data for tw > τ1 + τ2 in the negative direction
along the time axis by τ2. In this figure, we can see that ε ′′− ε ′′ref decreases mono-
tonically with the aging time without any discontinuous change except for a short
region just after τ1. The curve obtained in the above way agrees very well with the
curve obtained by keeping the system at T1 without any temperature change. This
implies that polymer glasses can remember the state at tw = τ1 of the relaxation to-
wards the equilibrium state and recall the memory at tw = τ1 + τ2. In this case, we
can say that there is a memory effect.

The memory and rejuvenation effects can also be observed for another thermal
protocol, i.e., constant rate mode (CR mode). In this CR mode, two serial ramping
processes between 273 K and 403 K are done. The first one consists of cooling and
heating processes at the rate of 0.5 K/min and this is defined as the reference process.
The second one is the same to the first one except the addition of an isothermal aging
process at a given temperature Ta (Ta is located below Tg of PMMA). The difference
of the dielectric susceptibility between the first and second ramping process, ε ′−
ε ′ref, is obtained as the effective contributions of isothermal aging to ε ′. Figure 3
displays the temperature change in ε ′− ε ′ref obtained by the CR mode with various
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Fig. 3 Temperature dependence of the difference between ε ′ and ε ′ref observed by CR mode
with three different aging temperatures Ta=374.2 K, 364.5 K and 354.5 K for PMMA films with
d=514nm. The frequency of the applied electric field f is 20Hz. The heating and cooling rates
were 0.5 K/min and the aging times at Ta was 10 hours. Open and full symbols display the data
observed during the cooling and heating processes, respectively.

aging temperatures Ta for d = 514 nm. In Fig. 3, it is found that, as the sample is
cooled down from 403 K to Ta, ε ′ is almost equal to ε ′ref and the difference ε ′ −
ε ′ref remains zero. The difference then begins to deviate from 0 to a negative value
and the deviation becomes larger monotonically with increasing aging time during
the subsequent isothermal aging at Ta. This indicates that ε ′ decreases with aging
time at Ta. As the temperature decreases from Ta to room temperature after the
isothermal aging, the difference ε ′−ε ′ref decreases with decreasing temperature and
becomes almost zero at room temperature. Just after the temperature reaches 293 K,
the heating process begins. As the temperature increases, the difference ε ′ − ε ′ref
begins to deviate from 0 to a negative value almost along the same way as observed
during the preceding cooling process. The difference between ε ′ and ε ′ref exhibits a
maximum at around Ta+10K and then decreases to 0 with increasing temperature.

This behavior observed by the CR mode can be interpreted as follows: the ther-
mal history that the sample is aged at Ta for 10 hours is memorized at Ta during
the cooling process. As the temperature decreases from Ta to room temperature,
the sample begins to rejuvenate and is back to almost a standard age at room tem-
perature. During the subsequent heating process, the sample becomes older almost
according to the curve along which the sample experienced rejuvenation during the
preceding cooling process after a temporary stop at Ta. This result implies that not
only the aging process at Ta near Tg but also the subsequent cooling process can
be memorized and the whole thermal history can be read out during the heating
process.

The above two temperature protocols clearly show the existence of interesting
memory and rejuvenation effects. As shown in Sec. 1.1, recent researches have
shown that segmental motion, which is frozen in the glassy state, is strongly de-
pendent on the film thickness [11, 20]. The value of Tg decreases with decreasing
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film thickness, and accordingly, the dynamics of the α-process, the segmental mo-
tion, become faster in thinner films [20, 21, 54, 55]. Therefore, it is very natural to
expect that there should be a characteristic thickness dependence of the aging dy-
namics in thin polymer films. There have been several reports on the dependence of
the aging dynamics on thickness [40, 56–59].

1.3 Heterogeneous and aging dynamics in single and stacked thin
polymer films

As mentioned in Sec. 1.1 and 1.2, we developed our researches on the glass transi-
tion of polymeric systems in two different ways. First, we investigated dielectric re-
laxation behavior of thin polymer films in order to elucidate how the glass transition
dynamics change over the range from the liquid state to the supercooled liquid state
near Tg when the system size changes from bulk to nm scale in thin film geometry.
Through this series of investigations, we could show the significant contributions
of the surface and interfacial dynamics to the glass transition dynamics, and now
we have moved to the investigation on the glass transition of stacked thin polymer
films [60, 61]. Secondly, we investigated the aging dynamics of polymer glass be-
low Tg and showed the existence of the common aging phenomena both for polymer
glass and spin glass, and then we have continued the investigation on the nature of
the memory and rejuvenation effects observed for aging process and how the con-
finement in thin film geometry affects on the aging dynamics [53, 62]. We believe
that such investigations on the glass transition dynamics both from the liquid state to
Tg and from the glassy state to Tg are quite important. The true understanding of the
basic mechanism of the glass transition might not be obtained before the researches
from both the directions could be connected with each other.

Here, we would like to show our recent results on the glass transition dynamics of
stacked thin polymer films and the aging dynamics of ultrathin polymer films inves-
tigated by differential scanning calorimetry and dielectric relaxation spectroscopy.
For both cases, heterogeneous dynamics such as the surface and interfacial dynam-
ics play a crucial role for determining the characteristic features. Through the two
different researches related to the heterogeneous dynamics, it can be expected that
a clearer view of the glass transition could be obtained.

In this article, we show the experimental results on the glass transition and aging
dynamics for single and stacked thin films of PS and P2CS, observed along the two
different directions as shown in this above. After giving the experimental details
in Sec. 2, the glass transition temperatures are given as a function of thickness for
single thin films of P2CS in Sec. 3. Then, the glass transition dynamics of stacked
thin films of P2CS are discussed in Sec. 4 and the aging dynamics of the ultrathin
P2CS films are done in Sec. 5. Finally, a summary is given in Sec. 6.
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2 Experiments

2.1 Sample preparation

P2CS and PS used in this study were purchased from Polymer Source, Inc, and
General Science, Co. Ltd., respectively. The weight-averaged molecular weight,
Mw, and the molecular weight distribution (Mw/Mn, where Mn is the number-
averaged molecular weight) were Mw = 3.3×105 and Mw/Mn= 2.2 for P2CS, and
Mw=2.8×105 for PS. The structure of P2CS is similar to that of PS, except for the
presence of a chlorine atom on the benzene ring. However, the polarity of P2CS is
much larger than that of PS; therefore, P2CS can be regarded as an ideal system for
the dielectric measurements.

Using spin-coating, we prepared single thin films of P2CS for dielectric mea-
surements from a toluene solution on a glass substrate on which aluminum (Al)
had been vacuum deposited. The film thickness was controlled by varying the con-
centration of the solution. After annealing at 343 K under vacuum for two days to
remove solvents, Al was again vacuum deposited to serve as an upper electrode. The
thickness was evaluated before measurements from the value of the electrical capac-
itance at 273 K for the as-prepared films in the manner previously reported [20,21].
The absolute thickness is also obtained by direct measurement using atomic force
microscope.

Stacked thin films were prepared in the following way [60]. Single ultrathin films
of various thickness were prepared on glass substrates by spin coating of a toluene
solution, as shown in the above. The film was floated onto the surface of water and
transferred to the top of a substrate or a stack of polymer thin films on a substrate.
This procedure, using ultrathin films with the same thickness, was repeated until the
total number of stacked thin layers reached several hundred for the DSC measure-
ments and 10 layers for the dielectric measurements, as listed in Tables 1 and 2.
For the dielectric measurements, the first layer of P2CS was prepared directly onto
an Al-deposited glass substrate and subsequent thin layers were prepared according
to the above procedure. For the DSC measurements, a Teflon plate was used as a
substrate. The stack of thin films, which consisted of several hundred thin layers,
were detached from the Teflon substrate using a razor blade.

Table 1 Thickness of a single layer d, total weight, number of stacked layers, and Tg (K) measured
by DSC for stacked PS thin films prepared for the DSC measurements.

d (nm) weight (mg) No of layers Tg (K)
70 0.623 73 369
55 0.528 100 364
40 0.611 130 361
20 0.786 224 353
13 0.899 400 350
Bulk 1.361 1 376
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Table 2 Thickness of a single layer d, number of stacked layers, isothermal annealing tempera-
ture TA, and Tg (single thin film with a thickness of d) for stacked P2CS thin films prepared for
the dielectric relaxation measurements. ∗The value of Tg is evaluated for a single thin film with
thickness d, rather than the total stack thickness, from an approximation given by Eq.(3) in this
article.

d (nm) No. of lay-
ers

TA (K) Tg (K)∗

18.5 10 425 381.0
15.4 10 416 380.1
10.0 10 412 378.6
9.6 10 422 378.5

2.2 Measurements for stacked thin polymer films

DSC measurements were performed in order to determine the Tg of the stacked PS
thin films as listed in Table 1. A commercial instrument (TA Instruments, Q200)
was used for the measurements. The DSC run was firstly conducted for the heating
process from 303 to 403 K at a rate of 10 K/min, and then for the cooling process
down to 303 K at the same rate. The measurements were repeated three times to
confirm reproducibility. The stacked samples used for the DSC measurements were
then annealed at 523 K for 12 h in vacuo. Nitrogen gas was flowed at 30 mL/min
during the DSC measurements.

Dielectric measurements were performed in order to investigate the dynamics of
the α-process of the stacked P2CS thin films as listed in Table 2. An LCR meter
(Agilent Technology, 4284A) was used for the dielectric measurements. One mea-
surement for the frequency f range from 20 Hz to 1 MHz took approximately 50 s.
Prior to the dielectric measurements, several heating and cooling processes through
Tg were conducted for stabilization of the measurements. Following that, the dielec-
tric measurements were performed repeatedly for the following temperature cycles.
One temperature cycle consists of two successive parts:
(1) Cooling and heating processes between 433 and 273 K at a rate of 1 K/min were
conducted twice.
(2) After the ramping process, the temperature was changed from 433 K to TA
(= 412∼425 K) and was then kept at TA for 10 h (isothermal annealing at TA).

These measurements showed that the two dielectric loss spectra observed suc-
cessively in the temperature domain at a given frequency in part (1) agree with each
other; therefore, the annealing effect for the ramping process (1) between 273 K and
433 K was determined to be negligible compared with that for the isothermal anneal-
ing process. The annealing time ta can be well-defined by the total time for which
the films remain at the annealing temperature TA. Hence, ta for the n-th isothermal
annealing cycle starts from 10×(n−1) h.
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2.3 Measurements of aging dynamics in thin polymer films

Dielectric measurements were carried out in the same experimental setup described
in Sec. 2.2 for the ultrathin films of P2CS with thickness d of 3.7, 5.4, 9.0, 9.5, and
22 nm, in order to investigate the aging dynamics below Tg. The complex dielectric
constant ε∗(≡ ε ′− iε ′′) was evaluated as a function of temperature T , aging time tw,
and the frequency of applied electric field f . The value of ε∗ was obtained from the
value of the complex electrical capacitance of the sample condenser C∗(≡C′− iC′′),
on the assumption that C∗=ε∗C0 is valid, where C0 is the geometrical capacitance of
the sample condenser.

For the investigation of the aging dynamics, the following two temperature pro-
tocols were employed:

1) Isothermal aging: In this temperature protocol, the temperature was changed
from a high temperature of 425 K (above Tg) to an aging temperature Ta (below Tg),
and then the temperature was maintained at Ta for ta hours.

2) Constant-rate mode: The temperature was decreased from 425 to 273 K at a
constant rate of 1 K/min, and then increased from 273 to 425 K at the same rate. This
is a simple constant-rate mode and we refer to this temperature change as the refer-
ence mode. In addition to the above thermal treatment, we included an intermittent
stop at Ta for ta hours during cooling from 425 to 273 K. This temperature protocol
is denoted as C (Ta, ta). According to this notation, the reference mode corresponds
to the protocol C (Ta,0) for any value of Ta.

3 Glass transition temperature of thin P2CS films

Before showing the results of glass transitions dynamics of stacked thin films and
aging dynamics of the ultrathin P2CS films, the thickness dependence of Tg of single
thin films of P2CS supported on the Al-deposited glass substrate is shown in Fig. 4.
The value of Tg was determined from the measurements of the electric capacitance
(dielectric constant) for the ramping process with a constant rate, in this case, at the
rate of 1 K/min. As shown in Ref. [20, 21], the temperature coefficient of the real
part of electric capacitance C′ observed for high frequency (i.e., 100 kHz) changes
significantly through the glass transition temperature, because the thermal expansion
coefficient of the glassy state is much smaller than that of the liquid state. On the
basis of this property, Tg can be determined from the crossover temperature of C′

observed during the ramping process at a constant rate. Fig. 4 clearly shows that
Tg of single thin P2CS films decreases with decreasing film thickness in a similar
way observed for thin films of PS. The observed thickness dependence is given as
follows [60]:

Tg(d) =

{
∆Tg(d −dc)+Tg,c : d < dc

Tg,∞ − dc

d
(Tg,∞ −Tg,c) : d > dc,

(3)
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Fig. 4 Thickness dependence of Tg for thin films of P2CS determined as a crossover temperature in
the electric capacitance. ◦ stands for Tg of the single thin films and �, 4 are Tg of the stacked thin
films annealed at 393 K and 413 K, respectively. In the latter case, the thickness of the horizontal
axis is the averaged thickness of each single layer within 10 stacked thin films.

where ∆Tg=0.28±0.07 K/nm, dc=30±11 nm, Tg,c= 384.2±2.7 K, Tg,∞=388.5±0.6 K.
The thickness of the as-prepared films was evaluated from electrical capacitance
measured at 273 K, according to a previously reported procedure [20,21]. It should
be noted that the value of Tg for bulk films is about 18 K higher for P2CS than for
PS.

4 Glass transition dynamics of stacked thin polymer films

A similar measurement of Tg has been performed for not only single thin films but
also stacked thin films of P2CS [60]. The observed Tg for stacked thin films has
been plotted in Fig. 4, also. In this figure, it is found that Tg for stacked thin films
of P2CS annealed at 393 K for 2 hours (See the symbol �) is located far below the
bulk Tg and furthermore about 10 K below the Tg of the single thin film with the
same thickness (See the symbol ◦). This result suggests that the stacked thin films
can keep the Tg of the single thin films even after stacking 10 thin layers. In the
case of PS thin films, it has been reported that the magnitude of the depression of
Tg of the freely standing films is by about 50 K larger than that of the supported
thin films [9, 65]. If the magnitude of the depression of Tg of the freely-standing
thin films of P2CS can obey the same law for PS, it is concluded that the Tg of the
stacked thin films of P2CS is located between the supported single thin films and
the freely standing films. This result is consistent with the results observed for PS
stacked thin films [33]. In Fig. 4, the value of Tg of stacked P2CS thin films annealed
at 413 K for 2 hours is larger than the one annealed at 393 K and almost equal to the
value of the single P2CS thin films with the corresponding thickness.



Heterogeneous and Aging Dynamics in Single and Stacked Thin Polymer Films 13

-0.3

-0.28

-0.26

-0.24

-0.22

-0.2

-0.18

-0.16

-0.14

-0.12

-0.1

 320  330  340  350  360  370  380  390  400

T
ot

al
 h

ea
t f

lo
w

 (
a.

u.
)

T (K)

13 nm
20 nm
40 nm
55 nm
70 nm

bulk

-0.34

-0.32

-0.3

-0.28

-0.26

-0.24

-0.22

-0.2

-0.18

-0.16

-0.14

-0.12

 320  330  340  350  360  370  380  390  400

T
ot

al
 h

ea
t f

lo
w

 (
a.

u.
)

T (K)

After annealing at 523 K

13 nm
20 nm
40 nm
55 nm
70 nm

bulk

(a)

(b)

Fig. 5 Temperature dependence of the total heat flow for stacked PS thin films with various single
layer thicknesses, from 13 nm to that of the bulk value, during the heating process at a rate of
10 K/min. (a) As-stacked thin PS films, and (b) after annealing at 523 K for 12 h. Each curve is
shifted slightly along the vertical axis for ease of comparison.

The above results can be summarized as follows: 1) the Tg of single P2CS thin
films was found to decrease with decreasing film thickness in a similar way to that
observed for PS thin films [11, 20, 21]. The magnitude of the depression ∆Tg, of
Tg for the stacked thin films from that for the bulk samples was larger than that for
single thin films supported on a substrate. Here, the stacked thin films consist of 10
layers of 12-18 nm thick single thin films. 2) Annealing could result in a decrease
of ∆Tg for the stacked thin films.
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4.1 Thermal properties determined by differential scanning
calorimetry

In this section we will show the results on the DSC measurements for the stacked PS
thin films. Figure 5 shows the temperature dependence of the total heat flow during
the heating process at a rate of 10 K/min for stacked PS thin films with various
single layer thicknesses, as listed in Table 1. Figure 5(a) shows an anomaly in the
total heat flow around 350-380 K, which is associated with the glass transition of
PS, and the temperature at which the anomaly occurs can be regarded as Tg. Values
of Tg, evaluated as the middle temperature of the anomalous region, are listed in
Table 1. The Tg for stacked PS films increases from 350 to 369 K with increasing
single layer film thickness in the stacked thin films, even if the total thickness of the
stacked thin polymer films is sufficiently large to nullify the dependence of Tg on the
thickness. The magnitude of the Tg depression for the stacked thin films from that
for the bulk is slightly larger than that for the single thin polymer film supported on
a substrate [11, 20]. In contrast, the depression for the stacked thin films is smaller
than that for the freely-standing thin films [65]. This result for the Tg of stacked thin
films is consistent with that reported in the literature [32,33] and with that measured
by capacitance measurements for stacked P2CS thin films as shown in Fig. 4.

Figure 5(b) shows the temperature dependence of the total heat flow observed
after annealing at 523 K for 12 h in vacuo. The anomalous region, i.e., Tg, is located
almost at the same position, regardless of the single layer thickness. The observed
value of Tg is approximately 376 K, which is almost equal to that for the bulk sam-
ple. This result suggests that Tg of the stacked thin films increases and approaches
the bulk Tg after annealing at 523 K in vacuo. In other words, the bulk-like glass
transition dynamics could be restored after annealing at high temperature for 12 h.

Annealing at high temperature diminishes the contrast at the interface between
two thin layers, which suggests the possibility that the glass transition temperature
could be controlled through interfacial interaction.

4.2 Evolution of glass transition dynamics for stacked thin films

To demonstrate the effect of annealing on the glass transition dynamics of stacked
P2CS thin films in more detail, in-situ dielectric measurements were performed dur-
ing successive isothermal annealing processes at a given annealing temperature, TA.
For these measurements several stacked thin films of P2CS were prepared, as listed
in Table 2. The thickness of each single layer was between 9 and 18 nm, and the
number of stacked layers for each sample for the dielectric measurements was 10.
The annealing temperature was ranged between 412 and 425 K.
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4.2.1 Shift in the dielectric loss peak due to the α-process

Figure 6 shows the evolution of the dielectric loss spectra in the frequency domain
observed for the successive isothermal annealing process of stacked P2CS thin films
of 18 nm thick layers. The dielectric loss ε ′′ vs. frequency f is plotted for various
times ta= 0∼173.4 h of isothermal annealing at 425 K. The dielectric loss peak due
to the α-process is located around 103.6 Hz at ta= 0 h. The frequency at which the
dielectric loss has a peak due to the α-process is denoted by fα . The location of the
peak fα decreases down to 102.3 Hz and the peak height increases with increasing
annealing time, which suggests a slowing of the α-process dynamics with increase
in the annealing time.

As described in Sec. 2.2, two dielectric measurements in the temperature domain
were conducted between two successive isothermal annealing processes for 10 h.
The results suggest that there is no appreciable annealing effect of the ramping pro-
cess between the repeated isothermal annealing processes for 10 h. The value of
fα for the isothermal annealing process was evaluated as a function of the anneal-
ing time ta from the data presented in Fig. 6. Figure 7 shows the time evolution
of fα thus obtained for four different stacked thin films with various thickness and
annealing temperatures.

Figure 7 shows that at the beginning of isothermal annealing, the frequencies
log10 fα are located at 3.5, 3.3, 2.9, and 2.2 for TA= 425, 422, 416, and 412 K,
respectively. At a given TA, the value of fα for stacked thin films is higher than
that observed for a single thin film with a thickness equal to that of a single layer
in the stacked thin films. However, as the annealing time increases at a given TA,
the value of log10 fα decreases monotonically down to 2.4, 1.9, 1.4, and 0.75 for
TA= 425, 422, 416, and 412 K, respectively. The final values almost correspond to
those observed for single thin films with thicknesses almost equivalent to the total
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Table 3 Values of f ∞
α , f 0

α , τ obtained by fitting the observed data using Eq. (4) for various an-
nealing temperatures TA, and the thickness of a single layer, d. Here, the exponent n is fixed at
0.70.

TA (K) d (nm) log10 f ∞
α log10( f 0

α/ f ∞
α ) τ (h)

425 18.5 2.31 ± 0.01 1.22 ± 0.01 28.9 ± 0.7
422 9.6 1.90 ± 0.03 1.45 ± 0.02 28.0 ± 1.7
416 15.4 1.29 ± 0.01 1.65 ± 0.01 43.0 ± 1.2
412 10.0 0.6 ± 0.18 1.60 ± 0.17 45 ± 11

thickness of the stacked thin films. (See the solid curve for single thin films with
the thickness of 120 nm in Fig. 13.) This result suggests that the α-dynamics of
the stacked thin films approach those of thicker films with thicknesses larger than
100 nm from those of a single ultrathin film.

Figure 8 shows the dependence of Tg on the annealing time. The Tg values were
determined in the temperature domain for the ramping process from measurements
obtained between two successive isothermal annealing processes at TA= 425 K for
stacked thin films of 18 nm thick P2CS layers. The value of Tg was determined
in the same manner described in Sec. 3. Figure 8 shows that the Tg of the stacked
thin films increases with increase in the annealing time. When taking the value of
Tg for the heating process in Fig. 8, then at ta=0 the Tg of the stacked thin films is
much smaller than that for a single thin film with similar thickness (Tg= 380.8 K for
d= 18 nm [60]), while Tg at ta=180 h is almost equivalent to that for the bulk (Tg=
387.8 K for d= 180 nm [60]). Although there is a slight difference in Tg between
the heating and cooling processes, as usually observed in other Tg measurements,
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the dependence of fα on the annealing time for isothermal annealing is qualitatively
consistent with the change in Tg.

The time evolution of fα and Tg in Figs. 7 and 8 suggests that there should be a
change in the dynamics of the stacked thin films with a characteristic time scale of
several tens of hours for isothermal annealing.

4.2.2 Time evolution of fα

A slow change in fα and Tg was observed during isothermal annealing of the stacked
P2CS thin films. Here, we will investigate the dependence of fα(ta) on the annealing
temperature and possibly on the thickness of the single layers of the stacked thin
films. Figure 7 shows that the annealing time dependence of fα observed during the
isothermal annealing process can well be reproduced using the following equation:

log10 fα(ta) = log10 f ∞
α (4)

+(log10 f 0
α − log10 f ∞

α )exp(−(ta/τ)n),

where f 0
α and f ∞

α are the values of fα at ta = 0 and ∞, τ is the characteristic time,
and n is the exponent of the stretched exponential function. The solid curves given in
Fig. 7 are calculated using Eq. (4). The best fitting parameters are given in Table 3.

According to Eq. (4), the following scaling function can be obtained:

Fα(t̃a) = exp(−t̃n
a ), (5)
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where

Fα(t̃a) ≡ log10

(
fα
f ∞
α

)
/ log10

(
f 0
α

f ∞
α

)
, (6)

t̃a ≡ ta
τ
. (7)

In Fig. 9, all fα(ta) data are plotted after scaling via Fα(t̃a) using Eqs. (6) and (7).
Figure 9 shows that the time evolution of the α-peak frequency fα , can well be
reduced to a single master curve for various values of TA (and d). Therefore, we
can expect that the observed time dependence of fα can be controlled by a common
mechanism, regardless of TA and d. Furthermore, the exponent of Eq. (5) is given by
the following relation: n=0.70±0.03. Therefore, a single exponential function could
be a good approximation for this slow changing process.

Figure 10 shows the characteristic time τ for the change in the α-peak frequency
fα for this process observed during isothermal annealing at TA. The characteris-
tic time τ increases with decreasing annealing temperature. It should be noted that
there is an ambiguity in determining the temperature dependence of τ , due to the
small number of observed points. Nevertheless, if we assume that the tempera-
ture dependence of τ is given by τ(TA) = τ0 exp(U/TA) (where τ0 and U are the
constants), then a straight line can be obtained in Fig. 10 with the parameter U =
6.2±1.9 kcal/mol. This activation energy is much smaller than of the common value
for the β -process of polystyrene (U ∼ 35 kcal/mol) [66].
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4.2.3 Diffusion of polymer chains

A change in the contrast at the interface between two neighboring layers is expected
to occur during the isothermal annealing process. With increasing annealing time,
the contrast decreases and, as a result, the morphology of the stacked thin film ap-
proaches that of the bulk film. It is clear that the diffusion of polymer chains is pro-
moted during isothermal annealing, and the polymer chain undergoes interdiffusion
between neighboring layers [67]. However, there is a question here as to whether
the presently observed change is due solely to chain diffusion.

In order to answer this question, we estimate the chain diffusion during isother-
mal annealing. The temperature dependence of the diffusion constants measured
using secondary ion mass spectroscopy was reported for PS by Whitlow and
Wool [67]. From these measurements, we have estimated the diffusion length of
P2CS for isothermal annealing at TA, as shown in Table 4. The glass transition tem-
perature for the bulk is Tg=388.5 K for P2CS [60] and Tg=370.5 K for PS [20],
so that the difference of Tg is ∆Tg=18.0 K. Therefore, the temperature dependence
of the self diffusion constant of P2CS, DP2CS(T ), was evaluated from that of PS,
DPS(T ), reported in Ref. [67] using the relation DP2CS(T ) = DPS(T −18.0 K). The

Table 4 Diffusion constant DP2CS, and diffusion length `diff, at two annealing temperatures for
stacked P2CS thin films. DP2CS is evaluated from that of PS reported in [67]. `diff is the diffusion
length for isothermal annealing at TA for 10 h.

TA (K) DP2CS (cm2/s) `diff (nm)
425 9.0×10−16 57
412 1.4×10−16 22
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values DP2CS for isothermal annealing at TA= 425 and 412 K are given in Table 4.
From DP2CS, the diffusion length `diff was also evaluated for 10 h annealing at TA.
Table 4 shows the diffusion length of P2CS is 57 nm for annealing at 425 K for 10 h.
This length is much larger than the thickness of a single thin layer (d= 18 nm), even
for isothermal annealing for 10 h. Therefore, it is expected that the polymer chains
have already reached from one interface to the neighboring one, while the evolution
of Tg and fα still continues. However, this may be an unrealistic situation.

In order to avoid this contradictory situation, there could be two possible sce-
narios. Firstly, in the above discussion, we adopted the diffusion constant from
Ref. [67], which was evaluated from the diffusion constant of polymer chains at the
interface between two bulk polymeric layers. Recent measurements have revealed
the existence of heterogeneous dynamics in confined geometries, such as thin films
and nanopores [68, 69]. For stacked thin films of polymers, the dynamics vary with
an essential dependence on the distance of the layer of interest from the free surface
or from the substrate [70]. If such dynamical heterogeneity is taken into account,
the diffusion of polymer chains could be restricted by the existence of an immobile
region .

Secondly, the interface between the two polymer layers of as-stacked thin films
may not be sufficiently smooth for good contact between the two layers. In this case,
the diffusion of polymer chains between the two thin layers would be limited by
improvement of the contact between the surfaces of the two thin layers. It has been
reported that the area of indentation increases approximately with the logarithm of
time for the contact of two solid surfaces. This observation is related to the change
in the quality of a contact [71, 72]. As a result, the change in the interface between
two thin layers could exhibit a very slow temporal change, as shown in the present
measurements.

4.3 Dynamics of the α-process for stacked P2CS thin films

In this section, the time evolution of dielectric loss spectra for isothermal annealing
process as a function of annealing time ta is discussed to elucidate how the dynamics
of the α-process change with increase of the annealing time ta.

4.3.1 Shape of the dielectric spectra

Figure 11 shows the frequency dependence of the dielectric loss normalized with re-
spect to the peak position and height of the α-process for 4 different annealing times
during the isothermal annealing at TA= 425 K for stacked thin films of 18 nm thick
P2CS layers. The dielectric loss data in the frequency domain at various tempera-
tures and at a given annealing time ta=10×n (n is a positive integer) are extracted
from the data measured for the heating process (1) between the (n−1)-th and n-th
isothermal annealing processes (See the details in Sec. 2.2). The normalized data
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Fig. 11 Time evolution of dielectric loss spectra normalized with respect to the position of the
α-process for isothermal annealing of stacked 18 nm thick P2CS thin films at TA=425 K. The
annealing times are (a) 0, (b) 10, (c) 40, and (d) 160 h. The solid curves were obtained by fitting
the normalized data for the stacked thin films to Eq.(8). The dashed curves in (a) and (d) were
calculated from the fitting parameters for single thin films of P2CS with thicknesses of 20 and
120 nm, respectively. The dot-dashed curve in (d) is that for stacked thin films with a thickness of
1680 nm.

shows that the superposition with respect to the position of the α-process does cor-
respond well for the temperature range from 405 to 425 K, so that a master curve
can be obtained.

As shown in Fig. 11, a master curve for the dielectric loss spectra becomes nar-
rower with increasing annealing time for the isothermal annealing process. For com-
parison, the dielectric loss spectra of single thin P2CS films with thicknesses of 20,
120, and 1680 nm are given by dashed or dot-dashed curves in Figs. 11(a) and (d).
This tendency in the stacked thin films is quite similar to that observed for the single
thin P2CS films with increasing film thickness. Here, it should be noted that there is
a slight deviation from the master curve at ta= 0 h. The slight deviation is consistent
with the existence of heterogeneity in the thin film geometry [21, 73].

Furthermore, in order to observe this narrowing of the dielectric spectra more
quantitatively, the dielectric spectra were fitted in terms of the Havriliak-Negami
equation:

ε∗( f ) =
∆ε

(1+(i2π f τHN)1−αHN )βHN
, (8)
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where τHN is the relaxation time, ∆ε is the relaxation strength, and αHN and βHN
are the shape parameters [74]. As shown by the solid curves in Fig. 11, Eq. (8)
reproduces the observed master curves well at all annealing times.

Figure 12 shows the shape parameters, αHN and βHN , of Eq. (8) as a function of
annealing time for stacked thin films of 18 nm thick P2CS layers. Both parameters
increase with increasing annealing time for isothermal annealing at 425 K. Further-
more, using the αHN and βHN fitting parameters, the stretching parameter βK of the
Kohlrausch-Williams-Watts equation (KWW) can also be evaluated as a measure of
the broadening of the relaxation time distribution [5]. See the relaxation function
given by Eq. (2), where φ(t) is the relaxation function of the fluctuational correla-
tion of dipole moments in the case of dielectric relaxation. There is an empirical
relation among the αHN , βHN , and βK parameters, as follows [75]:

βK = ((1−αHN)βHN)
1/1.23. (9)

Using Eq. (9), the βK stretching parameters can be evaluated and are found to in-
crease with increase in the annealing time, as shown by the open square symbols
in Fig. 12. In other words, the shape of the dielectric loss spectra becomes sharper
with increase in the isothermal annealing time.
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4.3.2 Non-Arrhenius behavior of the α-process

In order to interpret the present results both on Tg and fα , a dispersion map of
the α-process was constructed for stacked thin films of 18 nm thick P2CS layers.
Figure 13 shows the data observed for single thin P2CS films with thicknesses of
20 and 120 nm together with the results for stacked thin films. Here, the values of
fα are plotted for the temperature range of 400-425 K. Furthermore, the value of
Tg for a given annealing time is also plotted as the point (1/Tg, 1/2πτg), where the
characteristic time of the α-process at Tg, τg, is assumed to be 103 s.

Comparison of the temperature and annealing time dependence of the relaxation
times for the α-process of stacked thin films of P2CS with those for single thin
films of P2CS shows that the relaxation rate of the α-process, fα , becomes smaller
with increasing annealing time for the stacked thin films, and the relaxation rate for
the stacked thin films at ta=0 is larger than that for a single thin film with a thick-
ness of 20 nm, and fα approaches that for the single thin film with a thickness of
120 nm with increasing annealing time. It is also noticed that for as-stacked thin
films, the temperature dependence of the relaxation rate for the α-process can be
well described by an Arrhenius type temperature dependence, while non-Arrhenius
behavior becomes more pronounced with increasing annealing times. The curves
in Fig. 13 are given by Eq. (1), where fα = 1/2πτα . Figure 13 shows that Eq. (1)
can reproduce the observed temperature dependence of the relaxation rate of the
α-process well for the isothermal annealing process. The Vogel temperature T0 in-
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creases with increasing annealing time, in accordance with the increase in Tg for the
isothermal annealing process of stacked thin films [60, 61].

In order to evaluate the non-Arrhenius behavior in more detail, the fragility index
m is evaluated according to the following equation for the temperature dependence
of the α-relaxation times [76]:

m =

[
d log10 τα(T )

d(T/Tg)

]
T=Tg

. (10)

Figure 14 shows that the fragility index m increases with increase in the annealing
time at TA = 425 K. The glassy dynamics of the stacked thin films change from less
fragile to more fragile for the isothermal annealing process. The interlayer interac-
tion within the stacked thin films of P2CS may influence the fragility of polymeric
systems, because the contrast at the interface is decreased with increasing annealing
time.

On the base of the present measurements, we can say that both m and βK increase
with increasing annealing time for stacked thin films of P2CS. There should be a
positive correlation between m and βK , which is totally different from that observed
for conventional glassy systems that have been reported in Ref. [77, 78]. However,
a similar positive relationship between m and βK was reported for the thin film
geometry of PS [54]. The origin of the dynamical heterogeneity has two parts: one
is an intrinsic heterogeneity related to the α-process, even in the bulk, and the other
is heterogeneity induced by the geometrical restriction in thin films. The value of
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βK is determined by both factors in the case of thin polymer films, and accordingly,
this leads to a different relationship between βK and m.

Recently, the fragility index of freely standing PS films has been observed by
dielectric relaxation spectroscopy and was found to decrease with decreasing film
thickness down to the monomer limit [79]. The decrease in fragility index was at-
tributed to an increase in the fraction of free surfaces in freely standing films. Com-
paring the present result with that of freely standing films, it should be noted that the
increase in the fragility index for isothermal annealing of stacked thin polymer films
might correspond to the increase in fragility index for the increase in film thickness
in freely standing films. Therefore, the interface between stacked layers can play a
crucial role similar to the free surface of freely standing films as long as the non-
Arrhenius temperature dependence of the α-relaxation time, i.e., fragility index is
concerned.

4.4 Remarks on glass transition dynamics of stacked thin films

The glass transition behavior of stacked layers of thin films of PS and P2CS was
investigated using differential scanning calorimetry and dielectric relaxation spec-
troscopy. The results obtained can be summarized as follows:

1. Stacked thin films exhibit glass transition dynamics that are similar to those ob-
served for single thin films. The glass transition temperature of as-stacked thin
films is lower than that of the single thin supported films with the same thick-
ness as that of a single layer in the stacked thin films, and is higher than that of
freely-standing films.

2. Isothermal annealing can change the glass transition temperature and the dynam-
ics of stacked thin films from thin film-like dynamics to bulk-like dynamics.

3. The characteristic time for evolution of the α-dynamics for stacked thin films is
very large compared with the reptation time of polymer chains.

4. The relation between non-exponentiality and fragility for stacked thin films is
different from that of conventional glassy systems.

In Sec. 4.2, the shift in the peak frequency of the dielectric loss due to the α-
process was discussed. However, in Fig. 6, an increase in the relaxation strength,
i.e., the area below the α-relaxation peak can also be observed with increase in the
annealing time. The peak height in ε ′′ increases by 19.5 % when the annealing time
elapsed from 0 h to 173.4 h. The value of ε ′′ plotted in Fig. 6 was not corrected
for any variation in film thickness due to isothermal annealing. The variation in
film thickness was found to contribute to the apparent increase in ε ′′ by 6.3 % from
the analysis of the real part of electric capacitance at 273 K and 100 kHz for both
ta=0 h and 173.4 h. Therefore, there should be an intrinsic increase in ε ′′ during the
isothermal annealing process. In Ref. [80], it has been reported that the relaxation
strength of the α-process of the ultrathin films is smaller than that of the bulk. A
possible origin of this increase in ε ′′ observed for the annealing of the stacked thin
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films may be associated with the reduction of the relaxation strength of the single
ultrathin polymer films. The detailed investigation of variation of the dielectric re-
laxation strength for P2CS and PS is now still in progress in order to elucidate the
origin of the increase with annealing time.

It was discussed in Sec. 4.2 that there is a very slow change in the α-dynamics in
stacked thin films of P2CS. There may be several possibilities for this slow change.
If heterogeneous diffusion in thin polymer layers is an essential process, then direct
measurement of diffusion constant of a tracer polymer chain in a thin layer of the
stacked thin film is required. Recently, an alternative measurement of the diffusion
constant of a polymer chain has been proposed [69]. Such measurements could be
applicable for the present case.

If the change in the quality of the contact surface is associated with the observed
phenomena, similar measurements performed under external stress are required to
elucidate the strong stress dependence of the time evolution of the α-dynamics ob-
served in stacked thin films.

Although there are many issues to be clarified, the present measurements provide
clear evidence that a change in interfacial interaction is directly associated with the
change in the glass transition dynamics for isothermal annealing processes.

5 Aging dynamics in ultrathin P2CS films

In the previous section, we have shown the experimental results on the glass tran-
sition dynamics above Tg, and here we move to the aging dynamics below Tg. In
this section, we will discuss the second main topics, i.e., the aging dynamics of the
ultrathin films of P2CS. The aging time dependence of the dielectric loss ε ′′ relative
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to the value ε ′′ref is shown, as an example, in Fig. 15 for P2CS thin films undergoing
isothermal aging at Ta=329 K, where ∆Ta ≡ Tg −Ta= 52.9 K. The value of ε ′′ref is
ε ′′ at tw = 0. This figure shows that ε ′′ decreases with increasing aging time, which
is consistent with the results observed for PMMA thin films [38, 40]. The system
approaches an equilibrium state during isothermal aging, even in the glassy state,
so that the dielectric constant changes slowly with aging time. The aging time tw
dependence of ε ′′ can be fitted to the equation

ε ′′(tw; f ,Ta) =
∆ε(

1+ tw
t0

)n + ε ′′(∞; f ,Ta), (11)

where ∆ε is the relaxation strength towards the equilibrium value, t0 is the char-
acteristic time of the aging dynamics and n is an exponent [40]. This relation can
be applied to relatively thick films. The tw dependence for thinner films is different
from this one and is discussed later.

Figure 16 shows the tw dependence of ε ′′ for P2CS thin films of d=22 nm, 9.0 nm
and 3.7 nm and for two different aging temperatures Ta of 348 and 310 K. The
frequency of the applied electric field was 200 Hz. In Fig. 16(a), the value of ε ′′
decreases with increasing aging time at Ta=348 K, except for the initial stage of
thin films with d=3.7 nm. However, the value of ε ′′ clearly increases for isothermal
aging at Ta=310 K in the P2CS thin films with d=3.7 nm and 9.0 nm. These results
suggest that the tw dependence of ε ′′ is strongly dependent on the thickness and
aging temperature. For thin films with d=3.7 nm, ε ′′ monotonically increases with
increasing aging time at a lower aging temperature Ta(=310 K), while ε ′′ shows
a maximum against the aging time for Ta=348 K. The latter result suggests that
there are two competing physical origins with different time scales. Figure 16(c)
shows how the aging time dependence of ε ′′− ε ′′ref at isothermal aging at Ta=348 K
for d=3.7 nm can be decomposed into two competing, increasing and decreasing,
components. Results of the detailed analyses are shown in Sec. 5.2.

Figure 17 shows the temperature dependence of the imaginary part of the dielec-
tric constant ε ′′ relative to the reference value ε ′′ref for the cooling process including
isothermal aging for 30 h, which is observed for the constant rate mode denoted
by the protocol C (Ta, ta = 30 h). Here, the values of ε ′′ref( f ,T ) have been mea-
sured during the heating and cooling processes at a rate of 1 K/min without any
isothermal aging, i.e., the protocol C (Ta,0). For each temperature, the deviation
ε ′′( f ,T )−ε ′′ref( f ,T ) was evaluated. Figure 17 shows that ε ′′ increases with increas-
ing aging time tw for isothermal aging at various aging temperature Ta, which cor-
responds to the increase in ε ′′ observed in Fig. 16. The deviation of ε ′′ from ε ′′ref
induced during the isothermal aging decreases with decreasing temperature for the
subsequent cooling and ε ′′ approaches ε ′′ref. This temperature dependence shows that
there is a rejuvenation effect, as reported for the glassy state in PMMA [38,40]. Fig-
ure 17 shows that the amount of increase in ε ′′ induced during isothermal aging for
30 h is not a monotonic function of the aging temperature Ta, but has a maximum at
Ta=320 K. The aging temperature dependence of the amount of deviation for ultra-
thin P2CS films is completely different from that for PMMA [38, 40], and also for
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Fig. 16 Aging time dependence of ε ′′−ε ′′ref for P2CS thin films with d=22 nm, 9.0 nm and 3.7 nm,
f =200 Hz. (a) Ta=348 K. (b) Ta=310 K. (c), aging time dependence of ε ′′− ε ′′ref for thin films with
d=3.7 nm and f = 200 Hz, in addition to both the increasing component (∆ε ′′in, dashed line) and
decreasing component (∆ε ′′dec, dotted line).

thicker films of P2CS [53]. If there is only one dynamical mode associated with the
aging phenomena, then the amount of deviation should be a monotonic function of
the annealing temperature. Therefore, this annealing temperature dependence also
suggests that there are two competing processes that have different temperature de-
pendence.



Heterogeneous and Aging Dynamics in Single and Stacked Thin Polymer Films 29

 0

 0.0005

 0.0010

 0.0015

 0.0020

 0.0025

 280  300  320  340  360  380  400

ε"
-ε

" r
ef

T (K)

358.2 K
339.0 K
319.5 K
300.4 K

Fig. 17 Temperature dependence of the ε ′′ deviation from the reference values for P2CS thin films
with d=3.7 nm observed during cooling, including isothermal aging at various Ta.

5.1 Segmental dynamics in ultrathin P2CS films

As discussed in the above, the aging dynamics of ultrathin P2CS films are quite
different from those of thicker films, and have an anomalous dependence on the
thickness and temperature. Here, the microscopic origin for such an anomaly is dis-
cussed on the basis of segmental dynamics measurements using dielectric relaxation
spectroscopy.

In previous studies on PS thin films, the glass transition temperature Tg decreased
with decreasing film thickness and the amount of decrease in Tg was approximately
20 K when the film thickness was decreased from the bulk value to 10 nm [11].
Accordingly, the dynamics of the α-process become faster in thinner films [20].
There are several physical reasons for the decrease in Tg and the increase in the
relaxation rate of the α-process. One is the existence of a liquid-like layer with
higher mobility near the free surface [31, 81]. Furthermore, the distribution of Tg
within thin films is also important for the overall dynamics in thin polymer films [24,
82, 83].

Figure 18 shows the temperature dependence of ε ′′ for the P2CS thin films with
d=9.5, 5.4, and 3.7 nm at 200 Hz. There is a loss peak due to the α-process around
415 K and the peak height decreases with decreasing film thickness. In addition
to this behavior, another process around 320 K is evident only for the d=3.7 nm
thin film. This peak of ε ′′ due to another process is also observed for thin films of
both PS and PS labeled with a dye (DR1; disperse red one) [21, 73]. This extra loss
peak was attributed to the segmental motion of a liquid-like layer near the surface
or interface, which we have labeled as the αl-process. The loss peak observed for
ultrathin P2CS films may also be attributed to the αl-process. If the thickness of the
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liquid-like layer is independent of the overall thickness, then the contribution of the
liquid-like layer becomes more appreciable as the thickness decreases. Figure 18
shows that the dielectric loss peak due to the α-process is reduced, and accordingly,
that of the αl-process becomes more appreciable as the film thickness is decreased
to d=3.7 nm.

Figure 19 shows the temperature dependence of ε ′′ for d=5.4 nm obtained at
three different frequencies of f =20 Hz, 200 Hz, and 2 kHz. The peak due to the
αl-process is shifted to the higher temperature side as f is changed to higher fre-
quency, which suggests that the loss peak around 300 K, the αl-process, has dy-
namical character. In order to analyze the observed dielectric loss, it is assumed that
there are three contributions, such as the α-process, αl-process, and conductivity
components. Therefore, we describe the complex dielectric constant ε∗ as follows:

ε∗( f ,T ) = ∑
i=α ,αl

∆εi

(1+(i2π f τi)1−αi)βi
+ i

σ
ε0(2π f )γ , (12)

where the first terms on the right hand side are contributions from the α- and αl-
processes, as described by the Havriliak-Negami (HN) equations [74], ∆εi is the
dielectric strength of the i-process, αi and βi are the shape parameters, and τi is the
relaxation time. τi can be described by the VFT law [4],

τi(T ) = τ0,i exp
(

TA,i

T −TV,i

)
, (13)

where τ0,i, TA,i, and TV,i are constants. The second term on the right hand side of
Eq. (12) is the contribution from the conductivity component, where γ is an ex-
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Fig. 19 (a) Temperature
dependence of the imaginary
part of the complex dielectric
constant ε ′′ for P2CS thin
films with d=5.4 nm obtained
at f = (a) 20 Hz, (b) 200 Hz,
and (c) 2 kHz. The solid line
is calculated using Eq. (12)
with the best-fit parameters.
The dashed, dotted, and dash-
dotted lines correspond to
the components of the α-
process, the αl-process, and
the conductivity, respectively.
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ponent, ε0 is the dielectric permittivity in vacuo, and σ is the conductivity. This
conductivity component becomes more important as the thickness decreases. The
conductivity σ can be described by using a VFT-like equation,

σ(T ) =
A

T 0.5 exp
(

TA,c

T −TV,c

)
, (14)

where A, TA,c, and TV,c are constants [84]. The temperature dependence of ε ′′ can
be fitted using Eq. (12) in addition to the constant background intensity. The solid
curve in Fig. 19 is the curve calculated for ε ′′ using the best-fit parameters listed
in Table 5. Each component in Eq. (12) is also shown as the dashed, dotted, and
dash-dotted lines in Fig. 19. The fitting parameters listed in Table 5 are commonly
obtained for the three different frequencies f =20 Hz, 200 Hz, and 2 kHz. For the
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Fig. 20 Frequency dependence of ˜∆ε ′′ after isothermal aging at three different aging temperatures
Ta = 339.0 (�), 319.5 (◦), and 300.4 K (4) for 30 h with d=3.7 nm.

fitting procedures, the parameters of TA,αl (TA,c) and TV,αl (TV,c) are assumed to be
common for both the αl-process and the conductivity component.

Table 5 Best-fit parameters for the frequency and temperature dependence of the dielectric loss
ε ′′ observed for the P2CS ultrathin films with d=9.5, 5.4, and 3.7 nm.

process d (nm) 1-αi βi τ0,i (s) TA,i (K) TV,i (K) ∆εi

9.5 0.68 ± 0.04 0.38 ± 0.03 (1.8 ± 0.2)×10−12 1892 ± 1 324.6 ± 0.1 0.65 ± 0.03
α 5.4 0.95 ± 0.11 0.22 ± 0.04 (5.4 ± 1.0)×10−12 1884.4 ± 0.9 319.6 ± 0.1 0.12 ± 0.02

3.7 0.65 ± 0.20 0.21 ± 0.11 (1.3 ± 1.0)×10−11 1750.5 ± 0.8 317.2 ± 0.1 0.075 ± 0.030
9.5 0.26 1 3.5×10−8 4.3×103 61 0.26±0.13

αl 5.4 0.36 ± 0.12 1 (1.1 ± 4.8)×10−10 (4.2 ± 2.6)×103 75 ± 92 0.078 ± 0.014
3.7 0.42 ± 0.09 1 (0.87 ± 2.6)×10−10 (4.2 ± 1.5)×103 72 ± 45 0.107 ± 0.010

process d (nm) A γ TA,c TV,c

9.5 2.0×10−5 0.58 ± 0.24 4.3×103 61
conductivity comp. 5.4 7.4×10−6 0.31 ± 0.04 (4.2 ± 2.6)×103 75 ± 92

3.7 (1.1 ± 3.2)×10−5 0.34 ± 0.04 (4.2 ± 1.5)×103 72 ± 45

5.2 Microscopic origin of the anomaly

Here we return to the aging dynamics that could be observed for isothermal aging at
Ta. For a given frequency f , we could observe the change in ε ′′(tw; f ,Ta) from ε ′′ref(≡
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ε ′′(tw=0; f ,Ta)) (before isothermal aging at temperature Ta) to ε ′′(tw=30 h; f ,Ta)
after isothermal aging for 30 h. Here, we define the relative relaxation strength due
to the isothermal aging as

˜∆ε ′′( f ,Ta) ≡
ε ′′(tw=30 h; f ,Ta)− ε ′′(tw=0; f ,Ta)

ε ′′(tw=0; f ,Ta)
. (15)

Figure 20 shows that the relative relaxation strength ˜∆ε ′′ has a peak against fre-
quency, and the peak frequency fmax is strongly dependent on the aging temperature
Ta. The frequency dependence of ˜∆ε ′′ suggests that there may be a relation between
the aging dynamics and a dynamical mode with a characteristic time (∼ 1/ fmax). It
has been previously reported that for PMMA thin films, the relaxation strength for
structural change during isothermal aging becomes larger with decreasing frequency
at a given aging temperature and does not show a peak at any frequency [38, 40].
The frequency dependence of the relaxation strength due to isothermal aging for
ultrathin P2CS films is completely different from that for PMMA.

A distinct peak of ˜∆ε ′′ in the frequency domain at a given aging temperature was
observed in Fig. 20. A similar behavior related to the αl-process could also be ob-
served in the temperature domain at a given frequency. As already shown in Fig. 16,
there are two competing processes that have different aging time and temperature
dependences for isothermal aging at Ta. Here, we consider the time evolution of
the dielectric loss ε ′′ for isothermal aging at Ta. For this process, it is assumed that
there are two components; ∆ε ′′in is the component that increases with aging time,
and ∆ε ′′dec is the component that decreases with aging time:

ε ′′(tw; f ,Ta)− ε ′′ref = ∆ε ′′in(tw; f ,Ta)+∆ε ′′dec(tw; f ,Ta), (16)

where

ε ′′ref ≡ ε ′′(tw=0; f ,Ta) (17)

∆ε ′′in(tw; f ,Ta) ≡ ∆εl

[
1−

(
1+

tw
tl

)−nl
]

(18)

∆ε ′′dec(tw; f ,Ta) ≡ ∆εb

[(
1+

tw
tb

)−nb

−1

]
(19)

The values tl and tb are the characteristic times, and nl and nb are the exponents, and
∆εl and ∆εb are the relaxation strengths for the increasing and decreasing compo-
nents, respectively. Here, we have decomposed the time evolution of ε ′′− ε ′′ref into
two competing components, ∆ε ′′in and ∆ε ′′dec, using Eqs. (18) and (19) for isothermal
aging at Ta and three different frequencies for ultrathin P2CS films with d=3.7 nm.
The best fit parameters for the time evolution of ε ′′− ε ′′ref for isothermal aging at Ta
are listed in Table 6. For the fitting procedures, the parameter nl is fixed to 1 and
the parameters tb and nb for fitting the data for d=3.7 nm are fixed to those obtained
by fitting the observed data to Eq. (19) with 2 and 4 kHz for d=22 nm. For the de-
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creasing component ∆ε ′′dec, only the value of ∆εb is adjusted in order to reproduce
the observed results for d=3.7 nm at the three different frequencies. An example of
the decomposition of ε ′′ into ∆ε ′′in and ∆ε ′′dec is shown in Fig. 16(c).

From the decomposition procedures, we have obtained the relaxation strength
∆εl of the increasing components as a function of the aging temperature Ta for
given frequencies of f =20 Hz, 200 Hz, and 2 kHz. (See the full symbols in Fig. 21.)
In order to compare the aging dynamics with the dynamical mode of the αl-process,
we also plotted in Fig. 21 the component of ε ′′ only for the αl-process, ε ′′αl

, that
has been reproduced using the HN equation with the best-fit parameters for the αl-
process listed in Table 5 (See the open symbols in Fig. 21). Figure 21 shows that
the temperature dependence of the aging strength due to the increasing component
is strongly associated with that of the dielectric loss due only to the αl-process.

Table 6 Best fit parameters for the aging time dependence of ε ′′ − ε ′′ref for isothermal aging at
Ta=300-358 K and for f =2 kHz, 200 Hz, and 20 Hz.

f =2 kHz f =200 Hz f =20 Hz
Ta(K) ∆εl tl (min) ∆εb ∆εl tl (min) ∆εb ∆εl tl (min) ∆εb tb (min) nb
358.2 0.00183 102 ± 1 0.00558 0.00085 61 ± 3 0.00349 0.00153 68 ± 2 0.00741 45 ± 1 0.036 ± 0.003
348.6 0.00247 165 ± 2 0.00603 0.00137 97 ± 3 0.00636 0.00198 122 ± 3 0.01046 157 ± 3 0.043 ± 0.005
339.2 0.00300 233 ± 2 0.00839 0.00275 178 ± 4 0.01969 0.00275 153 ± 2 0.02216 120 ± 6 0.026 ± 0.009
329.4 0.00278 324 ± 2 0.00483 0.00396 250 ± 3 0.03159 0.00402 199 ± 2 0.04524 76 ± 4 0.017 ± 0.011
319.5 0.00232 402 ± 2 0 0.00387 413 ± 9 0.02705 0.00491 391 ± 5 0.07393 317 ± 12 0.018 ± 0.009
310.1 0.00202 450 ± 2 0 0.00329 471 ± 5 0.01145 0.00533 418 ± 3 0.06581 113 ± 12 0.010 ± 0.020
300.4 0.00189 634 ± 5 0 0.00272 632 ± 6 0 0.00472 614 ± 5 0.05685 220 ± 30 0.010 ± 0.040
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Fig. 22 Arrhenius plots for the α- and αl-processes of ultrathin P2CS films with d=3.7 nm. The
value of τ is evaluated from the relationship 1/2πτ = fmax, fα , or fαl . The symbol ◦ corresponds
to the data obtained from the peak frequency fα of the dielectric loss ε ′′ due only to the α-process,
which is evaluated by fitting the observed values of ε ′′ to Eq. (12). The symbol O corresponds
to the data obtained from fαl due only to the αl-process. The symbol 4 corresponds to the peak
frequency of ∆ε̃ ′′, fmax, in Fig. 20 at a given aging temperature Ta.

Figure 22 shows Arrhenius plots of the relaxation times for the α- and αl-
processes obtained by the peak frequency of the dielectric loss ε ′′ for P2CS thin
films with d =3.7 nm. The peak frequencies fα and fαl are evaluated from the fre-
quency dependence of the dielectric loss due only to the α- and αl-processes that are
reproduced from Eq. (12) with best fit parameters. The peak frequency of ˜∆ε ′′( f ,Ta)
after isothermal aging at a given aging temperature Ta for 30 h and with d=3.7 nm is
also plotted in Fig. 22. The peak frequency is evaluated from the observed frequency
dependence of ˜∆ε ′′ in Fig. 20.

From Fig. 22, the temperature dependence of the characteristic time τ evaluated
from the aging dynamics (4) is quite similar to that evaluated from the dynamics of
the αl-process (O), but is completely different from that evaluated from the dynam-
ics of the α-process (◦). Therefore, it can be concluded that the anomalous increase
in dielectric susceptibility observed for isothermal aging of ultrathin P2CS films is
strongly associated with the αl-process.
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5.3 Remarks on anomaly observed in aging dynamics in ultrathin
P2CS films

Occurrence of the αl-process may lead to the increase in the dielectric susceptibility
with isothermal aging of P2CS ultrathin films. The most probable candidate for the
microscopic origin of the αl-process is the presence of a mobile interfacial region
where the polymer chains can maintain their mobility, even below the bulk Tg. Such
mobility can destroy the “ordering” that is developed during the aging process. In
other words, the mobility can rejuvenate the glassy state for ultrathin films of P2CS.

The present measurements showed that the dielectric susceptibility increases
with increasing aging time for the isothermal aging of ultrathin P2CS films. Here,
we have a question on how the mobile layer can increase the dielectric susceptibility
with increasing aging time. For thin polymer films, de Gennes proposed that there is
a sliding motion for the thin film geometry of polymers [85, 86]. Even in the glassy
state, a polymer chain can move along its own contour if there is a interfacial mobile
layer.

The occurrence of the sliding motion can cause polymer chains in the bulk region
to move to the mobile region near the interface during isothermal aging. The num-
ber of polymer chains that belong to the mobile region increases, and the fraction of
polymer chains that contribute to the αl-process increases. This phenomenon mani-
fests as an increase of ε ′′ for isothermal aging at a given temperature and frequency.
We propose this as a possible scenario for the present anomalous increase in ε ′′ for
isothermal aging.

Our previous measurements of P2CS thin films with thicknesses greater than
10 nm showed that both the dielectric susceptibility and volume decrease with in-
crease in the aging time for isothermal aging [53]. The decrease in volume causes
an increase in the electric capacitance. In this case, the decrease in dielectric suscep-
tibility competes with the decrease in volume for determination of the aging time
dependence of the electric capacitance. Therefore, we consider the possibility that
the volume change during isothermal aging could cause an artificial increase in the
dielectric susceptibility. Table 7 shows the decrease in volume and the increase in
the imaginary part of the electric capacitance C′′ for isothermal aging at Ta= 300-
358 K. The increment in C′′ is far greater than the decrease in volume; therefore, the
possibility of an artificial increase is denied.

As a summary in Sec. 5, we have observed an anomalous increase in the dielectric
susceptibility for the isothermal aging of ultrathin P2CS films below Tg, and the
fraction of the interfacial mobile region where the polymer chains are mobile as
observed in a liquid state can increase in accordance with the increase in dielectric
susceptibility.
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Table 7 Relative decrease in volume for isothermal aging at Ta for 30 h, ∆ ṽ ≡ −(v(tw=30 h)−
v(tw=0))/v(tw=0), where v(tw) is the volume at time tw, the maximum relative devia-
tion of C′′ from the initial value at tw=0 during isothermal aging, ∆C̃′′ ≡ (C′′(tw=tmax) −
C′′(tw=0))/C′′(tw=0), where C′′(tw) is the imaginary part of the complex electric capacitance at tw
for an applied electric field frequency of f =1 kHz, and tmax is the time at which C′′ has a maximum
during isothermal aging, and the ratio between ∆C̃′′ and ∆ ṽ.

Ta (K) ∆ ṽ ∆C̃′′ ∆C̃′′/∆ ṽ
300 0.114 8.44×10−2 74.1
319 0.136 9.93×10−2 73.0
339 0.159 7.44×10−2 46.7
358 0.230 2.90×10−2 12.6

6 Summary

In this article, we have discussed two different topics related to the glass transition
of thin polymer films. As the first topic, we have showed the experimental results
of the glass transition and α-dynamics of stacked thin polymer films measured by
DSC and dielectric relaxation spectroscopy. It has been revealed that interfacial in-
teraction can play a crucial role in determining how the glass transition temperature
deviates from the value of the bulk system if the thickness decreases from the bulk
one. Furthermore, the annealing above Tg can induce the change in the interfacial
interaction between thin layers, and hence this can control the fragility and the non-
Arrhenius behavior.

Then, as the second topic, we have discussed an anomalous phenomenon ob-
served for the aging dynamics in single ultrathin polymer films. From this study, it
has been elucidated that the anomalous increase in dielectric susceptibility observed
for isothermal aging process is strongly associated with the mobile region which
exists at the surface and interfacial region of thin polymer films.

The researches on the glass transition of thin polymer films have started in 1990s
for the purpose of determining the existence and the nature of the characteristic
length scale of the dynamics such as dynamical heterogeneity. However, as a by-
product, the researches have clarified that heterogeneous dynamics strongly influ-
ence the α-process and the aging phenomena observed above and below Tg, respec-
tively, and, as a result, produce many fascinating phenomena. Here, the heteroge-
neous dynamics include the mobile regions near the surface and/or interface, and
heterogeneity induced by the geometrical constraint in thin films. These phenomena
seem very complex, but it can be expected that they are strongly associated with
each other. From the various experimental results related to the phenomena, we will
be able to extract the essence of the glass transition and reach the final goal of the
understanding of the mechanism of glass transition.
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