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Slow dynamics near glass transitions in thin polymer films

Koji Fukao* and Yoshihisa Miyamoto
Faculty of Integrated Human Studies, Kyoto University, Kyoto 606-8501, Japan

~Received 25 December 2000; published 19 June 2001!

The a process~segmental motion! of thin polystyrene films supported on glass substrate has been investi-
gated in a wider frequency range from 1023 Hz to 104 Hz using dielectric relaxation spectroscopy and thermal
expansion spectroscopy. The relaxation rate of thea process increases with decreasing film thickness at a
given temperature above the glass transition. This increase in the relaxation rate with decreasing film thickness
is much more enhanced near the glass transition temperature. The glass transition temperature determined as
the temperature at which the relaxation time of thea process becomes a macroscopic time scale shows a
distinct molecular weight dependence. It is also found that the Vogel temperature has a thickness dependence,
i.e., the Vogel temperature decreases with decreasing film thickness. The expansion coefficient of the free
volumea f is extracted from the temperature dependence of the relaxation time within the free volume theory.
The fragility indexm is also evaluated as a function of thickness. Botha f andm are found to decrease with
decreasing film thickness.

DOI: 10.1103/PhysRevE.64.011803 PACS number~s!: 64.70.Pf, 68.60.2p, 77.22.Gm

I. INTRODUCTION

Glass transitions and related dynamics in thin polymer
films have widely been investigated by various experimental
techniques@1,2#. One of the major motivations of such stud-
ies is to investigate the finite size effects of glass transitions
that could be related to the cooperative motion in super-
cooled liquids near the glass transitions. For this purpose, the
glass transition temperatureTg in thin films has been mea-
sured by using several experimental methods such as ellip-
sometry@3,4#, neutron reflectivity measurement@5#, positron
annihilation lifetime spectroscopy~PALS! @6#, dielectric
measurement@7,8#. Although contradicting experimental re-
sults onTg have been reported in the literatures, some com-
mon features seem to appear among recent experimental re-
sults @2#. In many cases, the glass transition temperatures in
thin films are lower than those of the bulk system if there is
no strong attractive interaction between polymers and sub-
strate@3,4#. In particular, the glass transition temperature in
freely standing films is much lower than that in thin polymer
films supported on substrate@9,10#.

The dynamics of thea process~segmental motion! of
polymers in thin films have also been investigated by some
techniques. Second harmonic generation reveals that the dis-
tribution of relaxation times broadens with decreasing film
thickness, while the average relaxation time of thea process
remains constant for supported films of a random copolymer
@11#. In the case of freely standing films of polystyrene, pho-
ton correlation spectroscopy studies indicate that the relax-
ation behavior of thea process in thin films is similar to that
of bulk samples of polystyrene, except for the reduction of
the a relaxation time@12#. Because there are only a few
experimental observations on the dynamics of thin polymer
films, the dynamical properties of thea process have not yet
been clarified in thin polymer films.

Measurements of chain mobility in thin polymer films
supported on substrate have also been done by using fluores-
cence recovery after photobleaching@13# and dynamic sec-
ondary ions mass spectroscopy@14#. A decrease in the chain
mobility of the polymer melt is observed in thin films or near
the substrate by such experiments. This result appears to be
inconsistent with the reduction inTg and also in the relax-
ation rate of segmental motions.

In the previous papers@7,8#, we reported thatTg for thin
polystyrene films supported on glass substrate can be deter-
mined as the crossover temperature at which the temperature
dependence of the electric capacitance changes drastically
and that the dynamics of thea process can be determined
from the frequency dependence of the complex dielectric
constant of the films. We confirmed thatTg decreases with
decreasing film thickness in the same way as observed by
ellipsometry@3# and that the temperatureTa , at which the
dielectric loss shows the peak at a given frequency of applied
electric field~from 102 Hz to 104 Hz), is also lower in thin
films than that in the bulk system, and the thickness depen-
dence ofTa clearly depends on the molecular weight of the
polymer. Because the glass transition temperature is directly
connected with the dynamics of thea process, the tempera-
turesTa andTg are expected to have similarity in the prop-
erties including the molecular weight dependence. However,
no experimental results that support the existence of the mo-
lecular weight dependence ofTg in thin supported polymer
films have so far been reported@2#, in contrast with the case
of freely standing thin films, where the glass transition tem-
perature is found to strongly depend on the molecular weight
of polymers@9,10,15#.

In this paper, we investigate the dynamics ofa process in
thin films of polystyrene, especially the thickness depen-
dence of the dynamics for a wider frequency range, including
lower frequencies corresponding to the glass transition re-
gion, in order to clarify the dependence of the relaxation time
of the a process,ta , and Tg on thickness and molecular
weight. For this purpose, we adopt a new technique, thermal
expansion spectroscopy~TES! @16–18#, in addition to dielec-
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tric relaxation spectroscopy~DES!. For polar materials with
strong dielectric relaxation strength, DES is a powerful
method that can cover very wide frequency range from
1024 Hz to 1012 Hz by itself @19–21#. Because polystyrene
is less polar material, however, it is difficult to obtain sig-
nificant dielectric loss signals in lower frequency ranges by
DES. In such lower frequency range, TES is a powerful tool
for nonpolar materials.

On the basis of the observed relaxation rates as functions
of temperature for the thin films with various thicknesses, we
obtain the Vogel temperature and thermal expansion coeffi-
cient of the free volume. The fragility index is also obtained
as a function of thickness and the non-Arrhenius behavior of
the a process in thin polymer films is discussed in compari-
son with that in small molecules confined in nanopores.

II. EXPERIMENTAL DETAILS

A. Sample preparation

Atactic polystyrene~a-PS! used in this study was pur-
chased from Scientific Polymer Products, Inc. (Mw52.8
3105), the Aldrich Co., Ltd. (Mw51.83106, Mw /Mn
51.03), and Polymer Source, Inc. (Mw56.67
3106, Mw /Mn51.22), whereMw and Mn are the weight
average and the number average of the molecular weights,
respectively. Thin films of a-PS with various thicknesses
were prepared on an Al-deposited glass substrate using a
spin-coat method from a toluene solution of a-PS. The thick-
ness was controlled by changing the concentration of the
solution. After annealing at 343 K in the vacuum system for
several days to remove solvents, Al was vacuum deposited
once more to serve as an upper electrode. Thickness of each
film is evaluated from the electric capacitance at room tem-
perature using the equation of the flat-plate condenser on the
assumption that dielectric permittivitye8 does not depend on
thickness, i.e.,e852.8 @22#. This assumption may not appear
to be a good assumption for very thin films. However, in our
previous papers@7,8#, we showed that the glass transition
temperatureTg determined as the temperature at which the
temperature coefficient of the electric capacitance changes
discontinuously agrees very well with that observed by ellip-
sometry even for very thin films, as mentioned in the Intro-
duction. In our measurements, thickness is determined from
the electric capacitance on the basis of the above assumption.
These results may lead to the validity of the assumption that
e8 is independent of thickness for the thickness range inves-
tigated here.

Thin films prepared according to the above procedure are
located in air, in a hand-made sample cell. The temperature
is measured by an Chromel-Alumel thermocouple attached
on the back side of glass substrate. Two successive thermal
cycles prior to measurements are performed on prepared thin
films before the data acquisition starts in order to relax as-
spun films and obtain reproducible results. In the first ther-
mal cycle the films are heated from room temperature to 343
K and then cooled down to room temperature. In the second
thermal cycle the procedure is the same as in the first one
except that the upper-limited temperature is 378 K~not
343 K!.

Even after measurements up to 378 K, the samples were
found not to suffer from dewetting. However, an optical mi-
croscope measurement showed that the surface of the upper
electrode of the thin films was slightly rough after the mea-
surements, while that of the lower electrode between the
polymers and glass substrate remained smooth. This implies
that the upper electrode does not affect the thermal properties
of thin polymer films.

B. Dielectric relaxation spectroscopy

For dielectric relaxation measurements we use an LCR
meter~HP4284A! in the range of frequency of applied elec-
tric field, f E , from 20 Hz to 1 MHz. The measurements were
performed during heating~cooling! processes between room
temperature and 408 K at a heating~cooling! rate of 0.5
K/min. From the dielectric loss data in the wide temperature
and frequency ranges we extracted the temperatureTa at
which dielectric loss exhibits a peak at a given frequency. In
order to avoid the effect of the extra loss peak due to the
existence of a finite resistance within the upper electrode
@8,23#, we utilized the dielectric data up to 10 kHz.

C. Thermal expansion spectroscopy

Thermal expansion spectroscopy is a new technique that
has very recently been introduced in studies on slow dynam-
ics in supercooled liquids by Baueret al. @16#. In this
method, a sinusoidal temperature modulation,

T~ t !5^T&1Tveivt, ~1!

is applied to the sample, and then the corresponding change
in capacitance with the same angular frequencyv as the
temperature modulation has,

C8~ t !5^C8&2Cv8 ei (vt1d), ~2!

is detected within a linear response region. Here,v52p f T
and f T is the frequency of temperature modulation,^T& is the
average temperature,^C8& is the averaged capacitance,Tv is
the amplitude of the temperature modulation with angular
frequencyv, Cv8 is the amplitude of the response capaci-
tance with the angular frequencyv, andd is the phase lag
between the temperature modulation and the corresponding
capacitance change. In the case of a flat-plate condenser,
C85e8e0S/d, wheree8 is the permittivity of a-PS,e0 is the
permittivity of the vacuum,S is the area of the electrode
(S58.0 mm2 in the present measurements!, and d is the
thickness of the films. If there is no dynamical process in-
volved, e8'e` , where e` is the permittivity in the high-
frequency limit, and hence the capacitance change with tem-
perature is directly connected with volume change in thin
films via e` , S, andd as shown in the previous paper@8#.

In the case of thin films of a-PS in which the area of the
film surface remains constant with temperature change, the
linear thermal expansion coefficient,an , normal to the film
surface satisfies the following relation:
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an52z
1

C8~Ts!

dC8

dT
5z

1

C8~Ts!

Cv8

Tv
eid, ~3!

whereC8(T) is the capacitance at temperatureT andTs is a
standard temperature,z'0.5 for a-polystyrene@8#.

As far as the response obeys the change in external field
without any delay, the phase lagd is zero. However, if there
is any dynamical process with a characteristic time of the
order of 1/v in the system,d is no longer zero, and hence,an

becomes a complex number. Hereafter, we denotean by an* ,
where

an* 5an82 ian9 . ~4!

Here, an8 and an9 are the real and imaginary parts of the
complex thermal expansion coefficient.

In the present measurements the average temperature^T&
is controlled to increase with a constant rate, 0.1 K/min or
0.5 K/min. The amplitudeTv is set between 0.2 K and 0.6 K.
For capacitance measurements in TES the frequency of the
applied electric field was chosen to be 100 kHz to avoid the
interference with dielectric relaxations@16#.

In both DES and TES measurements, we measure~com-
plex! capacitance of thin films, and hence we use the same
sample for the two different measurements. Iff T50 and f E
is varied at a fixed temperature, we obtain the data of the
frequency dispersion of the dielectric constant. Iff E is fixed
to be a high frequency, for example, 100 kHz andf T is
varied at a given temperature, we are able to perform TES
measurement on thesame samplethat is used for DES mea-
surements. For this reason, we can obtain dynamical proper-
ties in a wider frequency range from 1023 Hz to 104 Hz
even for less polar material such as a-PS by combining two
powerful methods DES and TES.

III. RESULTS AND DISCUSSION

A. Dynamics of the a process
near the glass transition temperature

Figure 1 displays the temperature dependence of both the
real and imaginary partsan8 and an9 measured by TES for
thin films of a-PS with film thickness 18 nm and 247 nm and
Mw56.73106. The modulation frequencies of temperature,
f T , are 2.1 mHz and 16.7 mHz. The peak temperatureTa at
which the imaginary part ofan* has a maximum at a given
frequencyf T shifts to a lower temperature with decreasing
film thickness. At the same time, the width in the tempera-
ture domain of the transition region between the glassy state
and the liquid state becomes broader as the thickness de-
creases;;15 K for d5247 nm and;30 K for d518 nm.
This corresponds to the fact that the distribution of the relax-
ation times of thea process becomes broader with decreas-
ing film thickness. Our recent measurements of dielectric
relaxation in thin films of a-PS have also revealed the broad-
ening of the dielectric loss peak not only in the temperature
domain but also in the frequency domain at frequencies
above 100 Hz@8#. Ellipsometric studies also support the re-
sults observed in the dielectric measurements@24#. The

broadening observed in the present TES measurements near
Tg suggests that there is a distribution inTg within the thin
polymer layers and that the distribution becomes broader in
thinner films.

The solid curves in Fig. 1 are reproduced by combining
the following two equations. One is the Havriliak-Negami
~HN! equation that can empirically describe the frequency
dependence of susceptibilitya* (v) @25#:

a* ~v!5
Da

@11~ ivtHN!12aHN#bHN
, ~5!

wherev52p f , f is the frequency of the applied external
field, Da is the relaxation strength,tHN is the relaxation
time,aHN andbHN are the shape parameters. The second one
is the Vogel-Fulcher-Tammann~VFT! law that can widely
be used to describe the temperature dependence of the relax-
ation timeta of the a process:

ta5t0 expS U

T2T0
D , ~6!

whereU is the apparent activation energy,T0 is the Vogel
temperature, andt0 is the relaxation time at high tempera-
tures@26#. In this analysis, it is assumed that the parameters

FIG. 1. Temperature dependence of complex linear thermal ex-
pansion coefficientan* for a-PS with film thickness 18 nm and 247
nm (f T516.7 mHz, 2.1 mHz,Mw56.73106). The upper figure
shows the real part ofan* and the lower one, the imaginary part.
Solid lines are calculated by using the HN equation and the VFT
equation with the parameters listed in Table I.
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Da, aHN , andbHN in Eq. ~5! are independent of tempera-
ture and thattHN5ta . The parameters used in Fig. 1 are
listed in Table I. Inserting the shape parametersaHN andbHN
into the empirical relation involvingaHN , bHN and bK ,
bK5@(12aHN)bHN#1/1.23 @27#, we obtain the stretching pa-
rameter bK in the relaxation function described by the
stretched exponential function,f(t)5exp@2(t/tK)bK#. The
values ofbK obtained in this manner arebK50.2 and 0.3 for
d518 nm and 247 nm, respectively. Because the smaller
value ofbK means the broader distribution of the relaxation
times, in this case, of thea process, this result qualitatively
confirms the above experimental results obtained in the TES
measurements.

B. Glass transition temperature

Figure 2 displays thed dependence ofTa for a-PS films
with three different molecular weights for the modulation
frequency of temperaturef T58.3 mHz. Since the relaxation
time corresponding to this frequency is of the order of
102 sec, i.e., a macroscopic time scale, the temperatureTa
can be regarded as the glass transition temperatureTg . This
definition of Tg has been supported by several experiments.
For example, Hensel and Schick showed that the calorimetric

glass transition temperature determined by DSC~differential
scanning calorimetry! during linear cooling with the rate of
210 K/min corresponds to the temperature at which a struc-
tural relaxation time is about 100 sec by temperature-
modulated DSC@28#. Baueret al. measured the glass transi-
tion temperatures using capacitive high-frequency detection
in temperature ramping as well as in harmonic temperature
cycling experiments. They found thatTg determined during
cooling with the rate of210 K/min corresponds to an aver-
age structural relaxation time of about 700 sec@16#.

According to the above definition we can see in Fig. 2 that
the glass transition temperature thus obtained decreases
slightly with decreasing film thickness down to a critical
thicknessdc . Below dc , Tg decreases much more rapidly
with decreasing film thickness. Thed dependence ofTg be-
low dc seems to be fitted by a linear function ofd. ~Note that
the horizontal axis is on a logarithmic scale in Fig. 2.! Fur-
thermore, thed dependence ofTg clearly depends on the
molecular weight of the polymer. AsMw increases, the criti-
cal thicknessdc increases and the slope ofTg with d below
dc also changes withMw .

As listed in Table II, the values ofdc change withMw in
accordance with the radius of gyrationRg @29#. This implies
the existence of strong correlation betweendc andRg . The
Mw andd dependence observed in the present measurements
is similar to that ofTg observed in freely standing films of
a-PS @9,15# and also to that ofTa in supported films ob-
served aboveTg by using dielectric relaxation spectroscopy
in the frequency range from 102 Hz to 104 Hz @7,8#. From
the experimental results it follows that theMw andd depen-
dence can be ascribed to the confinement effects of polymer
chains into thin film geometry. This effect is characteristic of
the dynamics of thea process of thin polymer films and is
absent in small molecules in confined geometry.

C. Relaxation rate of thea process and Vogel temperature

Figure 3 displays the dependence of the relaxation rate of
the a process,f m ([1/2pta , where ta is the relaxation
time!, on temperature for thin a-PS films with various film
thicknesses. We measured the temperatureTa at a given fre-
quencyf m (5 f E for DES or f T for TES! using the DES and
TES methods and combined the two data to obtain the relax-
ation ratef m in a wider frequency range from 1023 Hz to
104 Hz. The upper and lower figures are the results forMw
51.83106 and 6.73106, respectively. We can see that at a
given temperature above 390 K, the relaxation ratef m in-
creases with decreasing film thickness. At a temperature near
the glass transition~for examples, 370 K!, the thickness de-
pendence off m is much more enhanced, i.e., there is a larger
shift in f m nearTg than at higher temperatures for the same

FIG. 2. Thickness dependence of the glass transition tempera-
ture Tg . The value ofTg is measured as the temperatureTa at
which the imaginary part of thermal expansion coefficients has a
peak value for the modulation frequency 8.3 mHz in TES measure-
ments. The arrows show the crossover thicknessdc , below thatTg

decreases abruptly with decreasing film thickness.Mw52.8
3105 (n), 1.83106 (s), and 6.73106 (h).

TABLE I. Parameters for the HN equation and the VFT equa-
tion to obtain the solid curves in Fig. 1. The parameters are obtained
for thin films of a-PS withMw56.73106.

d(nm) f T(Hz) aHN bHN bK U(K) T0(K)

18 1.6731022 0.4060.05 0.2260.03 0.19 1887 312.7
18 2.131023 0.3860.07 0.2360.04 0.20 1887 312.7
247 1.6731022 0.2060.05 0.2960.03 0.30 1733 324.0
247 2.131023 0.2360.06 0.2760.04 0.27 1733 324.0

TABLE II. Critical thicknessdc and radius of gyrationRg of
a-PS (Mw52.83105, 1.83106, and 6.73106).

Mw 2.83105 1.83106 6.73106

dc (nm) 20 34 50
Rg (nm) 16 41 79
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amount of change in thickness. From this result it follows
that the thickness at which the finite size effect begins to
appear increases as the temperature approaches the glass
transition temperature. This fact is consistent with the physi-
cal picture of Adam and Gibbs that the size of thecoopera-
tively rearranging region~CRR!, jCRR increases as the tem-
perature approachesTg from higher temperatures@30#, where
the CRR is a domain in which all molecules move coopera-
tively. If the system size becomes smaller and is comparable
to jCRR, the dynamics should change significantly from
those in the bulk system. It is expected that asjCRR increases
the thickness at which any change in the dynamics occurs
becomes larger.The present experimental result of fm vs1/T
does qualitatively agree with the model with the growing
CRR. This behavior has been observed in thin a-PS films
with the two different molecular weights. The similar system
size dependence of the relaxation rate of thea process has
also been observed for thea process of small molecules
confined in nanopores by using dielectric relaxation spectros-

copy @31#. Such a system size dependence may be character-
istic of the dynamics of the confined geometry.

In Fig. 3 it can be seen that there is the molecular weight
dependence of the relaxation dynamics of thea process in
thinner films. In order to extract the molecular weight and
thickness dependence off m, the observed values off m are
fitted to the VFT law and the parametersU and T0 are ob-
tained as functions ofd for two different molecular weights.
We tried fitting procedures in two different ways:~1! all the
three fitting parameterst0 , U, andT0 are adjusted to repro-
duce the observed values,~2! two parametersU andT0 are
adjusted on condition that the parametert0 is fixed to be a
value obtained for the bulk films. The assumption in the case
~2! corresponds to the one thatt0 is independent of thick-
ness, i.e., the relaxation times at high temperatures are the
same regardless of thickness.

Figure 4 displays the thickness dependence ofT0 for thin
films of a-PS withMw51.83106 and 6.73106. The values
of T0 in Fig. 4 are obtained by the fitting procedure~2!. The
value of t0 is fixed to be 2.42310213 sec and 2.87
310214 sec for Mw51.83106 and 6.73106, respectively.
The values are obtained by fitting the thickness dependence
of f m for the bulk sample to Eq.~6!. In Fig. 4 we can see that
the Vogel temperature decreases with decreasing thickness in
the similar way to the glass transition temperature~Fig. 2!
except that there is the difference (;50 K) in absolute val-
ues betweenT0 andTg at a fixed thickness. Furthermore, we
can see in Fig. 4 thatT0 also depends on the molecular
weight of the polymers.

It should be noted that theMw dependence ofT0 could
not be obtained beyond the error bars by the fitting procedure
~1!, although it is confirmed that the thickness dependence of
T0 could clearly be observed, i.e.,T0 decreases with de-
creasing thickness whichever fitting procedure is chosen.

D. Thermal expansion coefficient of the free volume

Figure 5 displays 1/U as a function of 1/d, where the
values ofU are obtained by the fitting procedure~2!. In Fig.

FIG. 3. Dispersion map for thin films of a-PS obtained from the
peak positions of the loss componentan9 or e9 has the peak value
for various film thicknesses. The value off m satisfies the relation
2p f mta51, whereta is the relaxation time of thea process. Full
and open symbols stand for the values measured by TES and DES,
respectively. The thicknesses are shown in the figure. The solid
curve is calculated by using the VFT equation.~a! Mw51.83106,
~b! Mw56.73106.

FIG. 4. Thickness dependence of the Vogel temperatureT0 for
thin films of a-PS (s, Mw56.73106; n, Mw51.83106). The
values ofT0 are obtained by fittingf m vs 1/T to Eq. ~6! on condi-
tion that the parametert0 is independent of thickness. The solid
lines are guides for eyes.
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5, it is found that 1/U decreases as 1/d increases, i.e., the
apparent activation energyU increases with decreasing film
thickness. Here we will analyze the present result within the
free volume theory.

In the free volume theory of Cohen-Turnbull@32#, the
relaxation time of thea process can be described by the
following relation:

ta5t0 expS b

f̃
D , ~7!

where f̃ is the fraction of the free volume andb is a constant.
If we assume that the fractionf̃ increases linearly with tem-
perature as

f̃ 5 f g1a f~T2Tg!, ~8!

we obtain

ta5t0 expS b

a f~T2Tg!1 f g
D , ~9!

wherea f is the thermal expansion coefficient of free volume
and f g is the free volume fraction atTg . Comparing Eq.~6!
with Eq. ~9!, we obtain the Vogel temperatureT0 and the
thermal expansion coefficient of the free volumea f in the
following way:

T05Tg2
f g

a f
and a f5

b

U
. ~10!

Becausea f is proportional to 1/U, we can see in Fig. 5 that
the thermal expansion coefficient of the free volumea f de-
creases with decreasing film thickness. As shown in the
straight line in Fig. 5, the dependence ofa f on d is given as
follows:

a f5a f
`S 12

a

dD , ~11!

where a f
` is the thermal expansion coefficient of the free

volume in the bulk system anda is a characteristic length. It
is determined that the values ofa are 4.260.3 nm and 1.8
60.2 nm forMw51.83106 and 6.73106, respectively. This
result suggests that within the free volume theory the mobil-
ity related to the thermal expansion of the free volume is
reduced in thinner films compared with that in the bulk sys-
tem.

The thermal expansion coefficient of the free volume has
directly been measured for thin films of a-PS by using PALS
@6#. The result shows that the thermal expansion coefficient
decreases with decreasing thickness in the same manner de-
scribed by Eq. ~11!. The obtained value ofa is 5.0
60.5 nm in the case of PALS. Furthermore, our previous
measurements on temperature change in the electric capaci-
tance show that the thermal expansion coefficient of thin
films of a-PS aboveTg also obeys Eq.~11! and a52.5
60.3 nm@8#. Thus, the PALS and the capacitance measure-
ments on thin films of a-PS support the validity of Eq.~11!,
which is extracted from the observed values off m within the
free volume theory.

Taking account of thed dependence ofa f and T0, we
obtain the relations for two different thicknessesd1 andd2,

f̃ ~d1 ;T!5a f~d1!@T2T0~d1!#, ~12!

f̃ ~d2 ;T!5a f~d2!@T2T0~d2!#. ~13!

The present measurement shows that the decrease ina f
(;1/U), which is associated with the slower relaxation,
competes with the decrease inT0 in thin films, which can be
regarded as the speedup of thea process. Hence, we find that
at a finite~crossover! temperatureT* the two straight lines
corresponding tod1 andd2 meet with each other in theT- f̃
plane. This result leads to the conjecture that the relaxation
dynamics of thea process in thinner films become slower
than in the bulk system aboveT* , although the relaxation
dynamics are faster in thinner films in the temperature range
investigated in the present measurements. If we perform the
similar measurements at still higher temperatures, we will be
able to confirm the existence of the temperatureT* at which
the a-relaxation time in thin films becomes equal to that in
the bulk system. Using the present data the value ofT* can
be estimated: for example,T* 5431.6 K for d1512.8 nm
andd25247.1 nm in thin films of PS withMw56.73106.

Tsenget al. observed fluorescence recovery after photo
bleaching in thin polystyrene films supported on fused quartz
and reported that the diffusion constantD of dye in thin PS
films falls below the bulk values above 423 K, althoughD
increases with decreasing film thickness at a given tempera-
ture below 423 K@33#.

In the previous paper@8#, we found that the existence of a
dead layer, where molecular mobility is highly suppressed

FIG. 5. The dependence of 1/U on 1/d for thin films of a-PS
(s, Mw56.73106; n, Mw51.83106). The thermal expansion
coefficient of the free volumea f is proportional to 1/U within the
free volume theory. The straight lines are reproduced by Eq.~11!.
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compared with that in a bulklike layer, is essential to repro-
duce the observed thickness dependence of the thermal ex-
pansion coefficient aboveTg . Equation~11! suggests the ex-
istence of a similar dead layer, which does not contribute to
the thermal expansion of the free volume. The observed re-
duction in chain mobility in thin supported polymer films
@13,14# may be due to the existence of the dead layer.

E. Fragility

As shown in the previous section, the apparent activation
energyU of the a process increases with decreasing film
thickness. From this result, it is expected that the fragilitym
changes with film thickness. Here, the fragility is a measure
of non-Arrhenius character and is defined as follows@34#:

m5Fd logta~T!

d~Tg /T! G
T5Tg

. ~14!

The observed relaxation rate of thea process is converted
into the relaxation time using the relation 2p f mta51. Fur-
thermore, the glass transition temperatureTg is redefined as
the temperature at which the relationta(Tg)5102 sec is sat-
isfied. Figure 6 shows the Angell plot of the relaxation time

ta of thea process in thin films of a-PS, where the values of
log10ta are plotted as a function ofTg /T. In this figure, the
fragility index is obtained as the slope of the tangential line
at Tg .

Figure 7 shows the thickness dependence of the fragility
thus obtained for two different molecular weights. In this
figure we can see that the fragility decreases with decreasing
film thickness, i.e., thin films of a-PS become less fragile
~more strong! as the thickness decreases. This result means
that the temperature dependence ofta , which can be de-
scribed by the VFT law, approaches the simple Arrhenius
law as the thickness decreases. If it is expected that the origin
of the non-Arrhenius behavior according to the VFT law is
related to the cooperativity in the dynamics of thea process,
the observed thickness dependence of fragility index leads to
the conjecture that the dynamics of thea process in thin
films change from the cooperative dynamics as observed in
normal liquid states towards the single molecular dynamics.

In small molecules confined in nanopores, it is observed
by dielectric relaxation spectroscopy that the temperature de-
pendence of the relaxation time of thea process is described
by the Arrhenius law for ethylene glycol confined in zeolite
with pore size less than 0.5 nm@35,36#. From this result,
Kremer et al. estimated the minimum number of molecules
required for the emergence of non-Arrhenius character of
liquids. The present result shows that there is the tendency
towards the single molecular dynamics in polymers in thin
films as well as in simple molecules confined in nanopores.

IV. CONCLUDING REMARKS

In this paper, we have investigated the dynamics of thea
process in thin films of a-PS in the frequency range from
1023 Hz to 104 Hz by using dielectric relaxation spectros-
copy and thermal expansion spectroscopy. The results ob-
tained in this study can be summarized as follows.

~1! We have successfully observed the molecular weight
dependence of the glass transition temperature for thin
a-polystyrene films supported on glass substrate and found

FIG. 6. The dependence of log10 ta on the inverse of the re-
duced temperatureTg /T for thin films of a-PS,~a! Mw51.83106,
~b! Mw56.73106. The values ofTg are obtained by the relation
ta(Tg)5102 sec. The symbols are the same in Fig. 3.

FIG. 7. Thickness dependence of fragility indexm for thin films
of a-PS,Mw51.83106 (n), Mw56.73106 (s).
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the existence of a crossover thickness at which the thickness
dependence ofTg changes abruptly.

~2! The crossover thicknessdc strongly depends on the
molecular weight of the polymer; the values ofdc change in
the similar way to the radius of gyration of the polymer chain
(dc;Rg).

~3! The relaxation time of thea processta decreases with
decreasing thickness. The thickness dependence ofta is
much more prominent near the glass transition.

~4! The Vogel temperatureT0 decreases with decreasing
thickness.

~5! The thermal expansion coefficient of the free volume
a f decreases with decreasing thickness within the free vol-
ume theory.

~6! The fragility indexm decreases with decreasing thick-
ness.

The result~2! implies that the chain confinement effect on
the dynamics of thea process may be involved in the glass
transition behavior in thin polymer films. The molecular
weight dependence of the crossover thickness in thin poly-
mer films supported on glass substrate is qualitatively the
same as that observed in freely standing films of polymers
@10#.

In order to explain the existence of the crossover thick-
ness associated strongly withRg , de Gennes proposed a
model in which a new mode of chain motions calledsliding
motion is introduced in addition to the segmental motion

@37,38#. This new motion is a collective motion along the
chain, which requires a smaller free volume except for the
end groups. De Gennes shows that in the bulk state the slid-
ing motion is suppressed because of the end group hindrance
below Tg , while in thinner films (d,Rg) this motion is ac-
tivated through soft surface layers even belowTg . Thus,
some properties ofTg in the freely standing films of polysty-
rene can qualitatively be reproduced by de Gennes’ model.

Although in the case of thin supported polymer films the
situations are more complicated because of the interaction
between the substrate and the polymers, the similar molecu-
lar weight dependence ofdc has been observed as shown in
the previous section. Hence, it is expected that de Gennes’
model may partly be applicable also in the present case. At
the same time, the present form of the model cannot explain
the observed thickness and molecular weight dependence of
T0. We hope that the model will be developed in full agree-
ment with many aspects of the glass transition in thin poly-
mer films.

ACKNOWLEDGMENTS

The work was partly supported by a Grant-in-Aid~Nos.
11640395 and 12874048! from the Ministry of Education,
Science, Sports, and Culture of Japan, and a Grant-in-Aid for
Scientific Research on Priority Areas, Mechanism of Poly-
mer Crystallization~No. 12127203!.

@1# Proceedings of the International Workshop on Dynamics in
Confinement, edited by B. Frick, R. Zorn, and H. Bu¨ttner @J.
Phys. IV10, 7 ~2000!.

@2# J. A. Forrest and R. A. L. Jones, inPolymer Surfaces, Inter-
faces, and Thin Films, edited by A. Karim and S. Kumar
~World Scientific, Singapore, 2000!

@3# J. L. Keddie, R. A. L. Jones, and R. A. Cory, Europhys. Lett.
27, 59 ~1994!.

@4# J. L. Keddie and R. A. L. Jones, Faraday Discuss.98, 219
~1994!.

@5# W. E. Wallace, J. H. van Zanten, and W. L. Wu, Phys. Rev. E
52, R3329~1995!.

@6# G. B. DeMaggio, W. E. Frieze, D. W. Gidley, Ming Zhu, H. A.
Hristov, and A. F. Yee, Phys. Rev. Lett.78, 1524~1997!.

@7# K. Fukao and Y. Miyamoto, Europhys. Lett.46, 649 ~1999!.
@8# K. Fukao and Y. Miyamoto, Phys. Rev. E61, 1743~2000!.
@9# J. A. Forrest, K. Dalnoki-Veress, J. R. Stevens, and J. R.

Dutcher, Phys. Rev. Lett.77, 2002~1996!.
@10# J. A. Forrest, K. Dalnoki-Veress, and J. R. Dutcher, Phys. Rev.

E 56, 5705~1997!.
@11# D. B. Hall, J. C. Hooker, and J. M. Torkelson, Macromol-

ecules30, 667 ~1997!.
@12# J. A. Forrest, C. Svanberg, K. Revesz, M. Rodahl, L. M.

Torell, and B. Kasemo, Phys. Rev. E58, R1226~1998!.
@13# B. Frank, A. P. Gart, T. P. Russell, H. R. Brown, and C.

Hawker, Macromolecules29, 6531~1996!.
@14# X. Zheng, B. B. Sauer, J. G. Van Alsten, S. A. Schwarz, M. H.

Rafailovich, J. Sokolov, and M. Rubinstein, Phys. Rev. Lett.
74, 407 ~1995!.

@15# K. Dalnoki-Veress, J. A. Forrest, C. Murray, C. Gigault, and J.
R. Dutcher, Phys. Rev. E63, 031801~2001!.

@16# C. Bauer, R. Bo¨hmer, S. Moreno-Flores, R. Richert, H.
Sillescu, and D. Neher, Phys. Rev. E61, 1755~2000!.

@17# C. Bauer, R. Richert, R. Bo¨hmer, and T. Christensen, J. Non-
Cryst. Solids262, 276 ~2000!.

@18# K. Fukao and Y. Miyamoto, J. Phys. IV10, 243 ~2000!.
@19# P. K. Dixon, L. Wu, S. R. Nagel, B. D. Williams, and J. Carini,

Phys. Rev. Lett.65, 1108~1990!.
@20# A. Schönhals, F. Kremer, A. Hofmann, E. W. Fischer, and E.

Schlosser, Phys. Rev. Lett.70, 3459~1993!.
@21# P. Lunkenheimer, A. Pimenov, M. Dressel, Yu. G. Goncharov,
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