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Glass transition dynamics of stacked thin polymer films
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The glass transition dynamics of stacked thin films of polystyrene and poly(2-chlorostyrene) were investigated
using differential scanning calorimetry and dielectric relaxation spectroscopy. The glass transition temperature
Tg of as-stacked thin polystyrene films has a strong depression from that of the bulk samples. However, 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 poly(2-chlorostyrene) show
a time evolution from single-thin-film-like dynamics to bulk-like dynamics during the isothermal annealing
process. The relaxation rate of the α process becomes smaller with increase in the annealing time. The time scale
for the evolution of the α dynamics during the annealing process is very long compared with that for the reptation
dynamics. At the same time, 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. The fragility index
increases and the distribution of the α-relaxation times becomes smaller with increase in the annealing time for
isothermal annealing. The observed change in the α process is discussed with respect to the interfacial interaction
between the thin layers of stacked thin polymer films.
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I. INTRODUCTION

It is well known that amorphous materials exhibit structural
and dynamical changes at the glass transition temperature
Tg . As temperature decreases, the relaxation time of the α

process, which is the segmental motion of polymers, becomes
longer and at Tg it reaches a macroscopic time scale such
as 102–103 sec. As a result, below Tg there is almost no
mobility of the material due to the α process and the system
can be regarded as a glassy state [1]. Recent investigations
have revealed 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, although
there are some contradictory results [2–21]. Physical origins
for the depression of the Tg include such candidates as surface
or interfacial effects [22], and confinement effects in thin-film
geometry [23].

Recently, the glass transitions of stacked thin films have
been investigated using differential scanning calorimetry
(DSC) [24,25]. The glass transition temperature Tg of stacked
thin polymer 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.

We have previously reported an investigation on the glass
transition behavior of single thin films and stacked thin films of
poly(2-chlorostyrene) (P2CS) by capacitance measurements
as a means to determine the thickness dependence of the glass
transition dynamics in single and stacked P2CS thin films [26].
The following results were obtained: (1) The Tg of single
P2CS thin films was found to decrease with decreasing film
thickness in a similar way to that observed for polystyrene
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(PS) thin films [2,11,12]. 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 with a thickness of 12–18 nm. Here, the stacked
thin films consist of 10 layers of 12 nm thick single thin films.
(2) Annealing could result in a decrease of �Tg for the stacked
thin films.

The difference between the stacked thin films and the
single films is the existence of interfaces between the thin
layers. Therefore, from the previously observed results it
can be expected that the interfacial interaction between thin
polymer layers could play a crucial role in determining the
depression of Tg for thin polymer films [27,28]. However, a
detailed mechanism for the depression of Tg in the presence
of interfaces is still unclear. According to our previous results,
how the interface disappears for annealing above Tg and how
the change in the interfacial interaction affects the Tg of stacked
thin films must be determined for the purpose of elucidating
the Tg depression mechanism for stacked thin polymer films.

In this investigation, we measured the thermal and dielectric
quantities of stacked thin films using DSC and dielectric
relaxation measurements for the isothermal annealing process
above Tg , to identify the change in the glass transition
dynamics in stacked thin polymer films.

The experimental details are given in Sec. II. The thermal
properties of glass transitions for stacked thin PS films as
observed by DSC are given in Sec. III, and the evolution
of glass transition dynamics for stacked thin films of P2CS
as observed by dielectric measurements is given in Sec. IV.
Furthermore, the change in dielectric loss spectra is discussed
in Sec. V, and concluding remarks are given in Sec. VI.

II. EXPERIMENT

P2CS and PS used in this study were purchased from
Polymer Source, Inc., and General Science Co., Ltd., re-
spectively. The weight-averaged molecular weight (Mw) and
the molecular weight distribution (Mw/Mn, where Mn is the
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TABLE I. 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

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.

Stacked thin films were prepared in the following way [26].
Single ultrathin films of various thickness were prepared on
glass substrates by spin coating of a toluene solution. The
thickness was controlled by changing the solution concentra-
tion and was evaluated directly by atomic force microscopy
measurements [11]. 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 measurements and 10 layers for the dielectric
measurements, as listed in Tables I and II. 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, was detached from the Teflon substrate using a razor
blade.

A commercial instrument (TA Instruments, Q200) was used
for the DSC measurements. DSC measurements were first
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. DSC measurements were repeated three times
to confirm reproducibility. The stacked samples used for the

TABLE II. Thickness of a single layer d , number of stacked
layers, isothermal annealing temperature Ta , and Tg (single thin film
with a thickness of d) for stacked P2CS thin films prepared for the
dielectric relaxation measurements. Asterisk (∗) indicates that the
value of Tg is evaluated for a single thin film with thickness d ,
rather than the total stack thickness, from an approximation given
in Ref. [26].

d (nm) No. of layers 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

DSC measurements were then annealed at 523 K for 12 h
in vacuo. DSC measurements were performed for the heating
and cooling processes between 403 and 303 K. Nitrogen gas
was flowed at 30 mL/min during the DSC measurements.

An LCR meter (Agilent Technology, 4284A) was used
for the dielectric measurements. One measurement 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 stabi-
lization of the measurements. Following that, the dielectric
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 successively 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 annealing 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 nth
isothermal annealing cycle starts from 10(n − 1) h.

III. THERMAL PROPERTIES DETERMINED BY
DIFFERENTIAL SCANNING CALORIMETRY

Figure 1 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 I. Figure 1(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 I. 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 [2,11]. In contrast, the depression for the stacked thin
films is smaller than that for the freely standing thin films [29].
This result for the Tg of stacked thin films is consistent with
that reported in the literature [24,25].

Figure 1(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 sample. 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.
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FIG. 1. (Color online) 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.

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.

IV. 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 during
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 II. 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
ranged between 412 and 425 K.

0
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FIG. 2. (Color online) Evolution of ε′′ spectra as a function of
annealing time ta for the successive isothermal annealing of stacked
P2CS thin films at 425 K. The thickness of each thin layer was
18 nm. The annealing times ta were 0, 3.4, 6.8, 10, 13.4, 16.8, 20, . . .,
173.4 h.

A. Shift in the dielectric-loss peak due to the α process

Figure 2 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. II, 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
process 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 annealing time ta from the
data presented in Fig. 2. Figure 3 shows the time evolution
of fα thus obtained for four different stacked thin films with
various thickness and annealing temperatures.

Figure 3 shows that at the beginning of isothermal anneal-
ing, 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 thickness of the
stacked thin films. (See the solid curve for single thin films
with a thickness of 120 nm in Fig. 9.) This result suggests that
the α dynamics of the stacked thin films approach those of
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FIG. 3. (Color online) Dependence of fα on the annealing time
ta for successive isothermal annealing process at Ta = 425, 422, 416,
and 412 K for stacked P2CS thin films, where the thickness of a single
layer was 9–18 nm. The solid curves were calculated using Eq. (1)

thicker films with thicknesses larger than 100 nm from those
of a single ultra thin film.

Figure 4 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. As shown
in Refs. [11,12], 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 phenomenon, Tg is determined from
the crossover temperature of C ′ observed during the ramping
process at a constant rate. Figure 4 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

 360

 365

 370

 375

 380

 385

 390

 395

0  20  40  60  80  100  120  140  160  180

T
g 

(K
)

annealing time (h)

heating
cooling

FIG. 4. (Color online) Dependence of Tg on the annealing time ta
observed for the ramping process in the temperature domain between
two successive isothermal annealing processes for stacked thin films
of 18 nm thick P2CS layers.

in Fig. 4, the Tg at ta = 0 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 [26]), while Tg at ta = 180 h
is almost equivalent to that for the bulk (Tg = 387.8 K for
d = 180 nm [26]). Although there is a slight difference in
Tg between the heating and cooling processes, as usually
observed in other Tg measurements, 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. 3 and 4 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.

B. 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 inves-
tigate the dependence of fα(ta) on the annealing temperature
and possibly on the thickness of the single layers of the stacked
thin films. Figure 3 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

+(
log10 f 0

α − log10 f ∞
α

)
exp[−(ta/τ )n], (1)

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. 3 are
calculated using Eq. (1). The best fitting parameters are given
in Table III.

According to Eq. (1), the following scaling function can be
obtained:

Fα(t̃a) = exp
( − t̃ na

)
, (2)

where

Fα(t̃a) ≡ log10

(
fα

f ∞
α

) /
log10

(
f 0

α

f ∞
α

)
, (3)

t̃a ≡ ta

τ
. (4)

In Fig. 5, all fα(ta) data are plotted after scaling via Fα(t̃a) using
Eqs. (3) and (4). Figure 5 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. (1) is given by the following relation: n =

TABLE III. Values of f ∞
α , f 0

α , τ obtained by fitting the observed
data using Eq. (1) for various annealing 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
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FIG. 5. (Color online) Fα(t̃α) vs t̃a for stacked P2CS thin films
for various values of Ta and d . The solid curve is calculated using
Eq. (2) with n = 0.70 ± 0.03.

0.70 ± 0.03. Therefore, a single exponential function could be
a good approximation for this slow-changing process.

Figure 6 shows the characteristic time τ for the change
in the α-peak frequency fα for this process observed during
isothermal annealing at Ta . The characteristic 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 temperature 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. 6
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) [30].

C. Diffusion of polymer chains

A change in the contrast at the interface between two
neighboring layers is expected to occur during the isothermal
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FIG. 6. (Color online) Arrhenius plot of τ as a function of Ta for
stacked P2CS thin films with various values of Ta and single-layer
thicknesses d (9.6 ∼ 18.5 nm).

annealing process. With increasing annealing time, the contrast
decreases and, as a result, the morphology of the stacked
thin film approaches that of the bulk film. It is clear that the
diffusion of polymer chains is promoted during isothermal
annealing, and the polymer chain undergoes interdiffusion
between neighboring layers [31]. 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 isothermal annealing. The temperature de-
pendence of the diffusion constants measured using secondary
ion mass spectroscopy was reported for PS by Whitlow and
Wool [31]. From these measurements, we have estimated
the diffusion length of P2CS for isothermal annealing at Ta ,
as shown in Table IV. The glass transition temperature for
the bulk is Tg = 388.5 K for P2CS [26] and Tg = 370.5 K
for PS [11], 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. [31] using the relation DP2CS(T ) =
DPS(T − 18.0 K). The values DP2CS for isothermal annealing
at Ta = 425 and 412 K are given in Table IV. From DP2CS,
the diffusion length �diff was also evaluated for 10 h annealing
at Ta . Table IV 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 scenarios. First, in the above discussion,
we adopted the diffusion constant from Ref. [31], 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 [32,33]. 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 [34]. If such dynamical heterogeneity is taken into
account, the diffusion of polymer chains could be restricted by
the existence of an immobile region.

Second, 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

TABLE IV. 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 [31]. �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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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 [35,36]. 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.

V. 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 .

A. Shape of the dielectric spectra

Figure 7 shows the frequency dependence of the dielectric
loss normalized with respect 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 temperatures and at a given annealing time
ta = 10n (n is a positive integer) are extracted from the data
measured for the heating process (1) between the (n − 1)th
and nth isothermal annealing processes. The normalized data
show that the superposition with respect to the position
of the α process does correspond well for the temperature
range from 405 to 425 K, so that a master curve can be
obtained.

As shown in Fig. 7, a master curve for the dielectric-
loss spectra becomes narrower with increasing annealing
time for the isothermal annealing process. For comparison,
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. 7(a) and 7(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 [12,37].

Furthermore, in order to observe this narrowing of the
dielectric spectra more quantitatively, the dielectric spectra
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FIG. 7. (Color online) 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. (5). 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.
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were fitted in terms of the Havriliak-Negami equation:

ε∗(ω) = �ε

[1 + (iωτ0)1−αHN ]βHN
, (5)

where ω = 2πf, τ0 is the relaxation time, �ε is the relaxation
strength, and αHN and βHN are the shape parameters [38]. As
shown by the solid curves in Fig. 7, Eq. (5) reproduces the
observed master curves well at all annealing times.

Figure 8 shows the shape parameters, αHN and βHN , of
Eq. (5) 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.
Furthermore, 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 [39]. Here, the
βK stretching parameter is given in the equation

φ(t) = exp[−(t/τK )βK ], (6)

where φ(t) is the relaxation function, i.e., the relaxation
function of the fluctuational correlation of dipole moments in
the case of dielectric relaxation. There is an empirical relation
among the αHN , βHN , and βK parameters, as follows [40]:

βK = [(1 − αHN )βHN ]1/1.23. (7)

Using Eq. (7), the βK stretching parameters can be evaluated
and are found to increase with increase in the annealing time,
as shown by the open square symbols in Fig. 8. In other words,
the shape of the dielectric-loss spectra becomes sharper with
increase in the isothermal annealing time.
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FIG. 8. (Color online) Annealing-time dependence of the shape
parameters, αHN and βHN , from the HN equation, and the stretching
exponent of the KWW equation βK , for isothermal annealing at 425 K.
The values of βK are evaluated using Eq. (7). The corresponding
values for single P2CS thin films with thicknesses of 20 (plotted at
ta = 0), 120, and 1680 nm (plotted at ta = 180 h) are also presented
for comparison.
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FIG. 9. (Color online) Dispersion map for the α process of both
single thin films and stacked thin films of P2CS. For stacked thin
films of 18 nm thick P2CS layers, the temperature dependence of fα

at various annealing times ta = 0 to 160 h are plotted. The results for
single thin films with thicknesses of 20 and 120 nm are also plotted.

B. 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 9 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 depen-
dence 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, the
relaxation rate for the stacked thin films at ta = 0 is larger
than that for a single thin film with a thickness 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 are given using the Vogel-Fulcher-Tammann
law:

fα = f0 exp[−U/(T − T0)], (8)

where f0 is constant, U is an apparent activation energy
(temperature), and T0 is the Vogel temperature [41]. Figure 9
shows that Eq. (8) can reproduce the observed temperature
dependence of the relaxation rate of the α process well for
the isothermal annealing process. The Vogel temperature T0

increases with increasing annealing time, in accordance with
the increase in Tg for the isothermal annealing process of
stacked thin films [26].
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FIG. 10. (Color online) Dependence of the fragility index m on
the annealing time for annealing at 425 K of stacked thin films of
18 nm thick P2CS layers. The fragility indices for single thin films
with thicknesses of 12, 120, and 1680 nm are also plotted.

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:

m =
[
d log10 τα(T )

d(T/Tg)

]
T =Tg

, (9)

where τα = 1/2πfα [42]. Figure 10 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 interaction 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 Refs. [43,44]. However, a similar positive
relationship between m and βK was reported for the thin-film
geometry of polystyrene [45]. 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 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 [46]. The decrease in fragility index
was attributed to an increase in the fraction of free surfaces
in freely standing films. Comparing 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 far as the non-Arrhenius temperature
dependence of the α-relaxation time, i.e., the fragility index, is
concerned.

VI. CONCLUDING REMARKS

The glass transition behavior of stacked layers of thin films
of polystyrene and poly(2-chlorostyrene) was investigated us-
ing differential scanning calorimetry and dielectric relaxation
spectroscopy. The results obtained can be summarized as
follows:

(1) Stacked thin films exhibit glass transition dynamics that
are similar to those observed 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 thickness
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 dynamics 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. IV, the shift in the peak frequency of the dielectric
loss due to the α process was discussed. However, in Fig. 2,
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. 2 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. [47], 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 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
relaxation 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. IV 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 the 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
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[33]. Such measurements could be applicable for the present
case.

If the change in the quality of the contact surface is asso-
ciated 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 observed in stacked thin films.
Although there are many issues to be clarified, the present

measurements provide clear evidence that a change in in-
terfacial interaction is directly associated with the change
in the glass transition dynamics for isothermal annealing
processes.
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