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ABSTRACT: Dynamic mechanical analysis was successfully used, for the first time, to characterize
polymer thin and ultrathin films supported on substrates. This method allowed us to uncover the effects
of the free surface and the substrate interface on the segmental dynamics in polystyrene (PS) films with
various thicknesses. As the film thickness decreased, the distribution of relaxation times for the segmental
motion became broader, a change mainly due to surface and interfacial effects. Interestingly, PS ultrathin
films sandwiched with SiOx layers exhibited a relaxation process corresponding to the interfacial segmental
motion in addition to that in the internal region of the films. The results obtained in this study imply
that two contrasting effects exist: the effect of the free surface accelerates the segmental motion, whereas
interfacial interactions produce the opposite effect.

Introduction

Thin and ultrathin polymer films have become widely
utilized in such cutting-edge applications as nanocoat-
ings, nanoadhesion and nanolubrication, biomaterials,
and multilayer devices. Here, we define an ultrathin
polymer film as one with a thickness comparable to, or
less than, the chain dimension. In such ultrathin films,
the chain conformation is no longer a random coil, and
the ratio of the surface and interfacial area to the total
volume becomes larger. Thus, the physical properties
of these films are often different from those of the bulk
materials.1

During the past decade, the thermal properties of
ultrathin films of polymers deposited on substrates have
been extensively studied by a great variety of tech-
niques.2-21 The general conclusion from these studies
is that the glass transition temperature (Tg) in the
ultrathin state deviates from the bulk value. If an
attraction exists between the chains and the sub-
strate, the Tg of such films increases over that in the
bulk,3,10,18-20 a change which implies that the substrate
interface strongly restricts molecular motion in the
films.22-25 Otherwise, Tg is less than the bulk value,
probably because of the presence of a surface
layer4,5,8-10,13,14,21 in which molecular motion is more
active26-40 and/or the confinement of chains into a
narrow space.41,42 This tendency was observed in poly-
styrene (PS) ultrathin films. Forrest, Dutcher et al. have
presented interesting studies using free-standing PS
ultrathin films.43 Such films possess two free surfaces
instead of a free surface and the substrate interface;
thus, the Tg reduction from the bulk value was much
more pronounced than that of the corresponding sup-
ported films.43b This result convincingly shows that the
surface and interfacial effects should be crucial factors
affecting the thermal properties of ultrathin polymer

films. However, little information about segmental
dynamics in these films is currently available.

Dielectric relaxation spectroscopy (DRS) is a well-
established technique for examining molecular dynam-
ics. It has already been applied to ultrathin films of
various polymers; results from its use have shown that
the relaxation time distribution, fragility, and Tg vary
with decreasing film thickness.9,44,45 However, in the
case of DRS, a specimen needs to be sandwiched
between two electrodes, meaning that the film does not
possess free surface. Thus, the reported anomalous
dynamics induced by ultrathinning could arise from an
interfacial interaction with the electrodes and/or from
the chain confinement effect. Of course, if the electrodes
did not perfectly cover the specimen, a surface effect
would appear in addition to the two effects above.46 In
such a case, it is hard to separate each relevant factor
from the mixture.

So far, a few additional methods have been proposed
to study the issue. By optical birefringence measure-
ments, Schwab et al. have clarified the relaxation
dynamics of PS ultrathin films in which the surface had
been rubbed.13 Although they clearly showed a surface
effect on the thin film dynamics, in their experiment,
the chains in the films were stretched by the rubbing.
Thus, the results they obtained cannot be directly
transferred to the situation in pristine films. Further,
Forrest et al. have applied photon correlation spectros-
copy to free-standing PS ultrathin films and have
claimed that the shape of the relaxation function in the
films was similar to that of the bulk sample.43c The
latter authors have also used a quartz crystal microbal-
ance (QCM) for measurements on PS ultrathin films on
substrates.43c While QCM provided the relation between
the temperature and relaxation time, it did not reveal
the distribution of relaxation times.

Hence, a different experimental technique is needed,
one which would permit a systematic study of the
surface and interfacial effects on the segmental dynam-
ics in ultrathin polymer films. One possibility might be
dynamic viscoelastic measurements that have been
widely used to study molecular motion in bulk polymer
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films.47 If this bulk technique is sensitive enough for
the thin and ultrathin films, several intriguing issues
could be addressed. First, both the relation between
relaxation time and temperature and the distribution
of relaxation times would be accessible. Second, when
the measured specimen is in the most practical form of
a spin-coated film, the film surface would be free. This
feature comprises a significant advantage over DRS.
Third, the surface of the substrate could be chemically
and physically modified, enabling a systematical study
of the interfacial effect. Finally, the film surface could
be capped, like a specimen for DRS. In this case, the
film would possess two interfaces instead of the free
surface and the substrate interface. Hence, the effects
of the surface and substrate interface on the segmental
dynamics in polymer thin and ultrathin films could be
clarified. In addition, it should be noted that dynamic
mechanical analysis is one of the methods to measure
Tg that is recommended by the American Standard for
Testing Materials.

In this study, we first present an evaluation of the
validity of dynamic mechanical analysis for PS thin and
ultrathin films supported on substrates. Then, we
discuss in detail the surface and interfacial effects on
thermal molecular motion in those films.

Experimental Section
Monodisperse PSs with number-average molecular weight

(Mn) of 53.4K and 1.46M were used in our experiments. The
values of (2Rg) (Rg is the radius of gyration of an unperturbed
chain) were calculated to be 12.6 and 66 nm, respectively. The
bulk glass transition temperature (Tg

b) was measured by
differential scanning calorimetry (DSC) under a dry nitrogen
purge at a heating rate of 10 K min-1. The values for PS53.4K
and PS1.46M were 376 and 378 K, respectively. PS films with
various thicknesses were spin-coated from toluene solutions
onto commercially available polyimide (PI) film substrates with
a thickness of 7.5 µm. In addition, a PI film covered with a 20
nm layer of SiOx was used as an alternative substrate, being
chosen for its resemblance to a Si wafer covered with the native
oxide layer. First, Si was evaporated in a vacuum chamber
and deposited onto a PI film. Then, the deposited Si layer was
oxidized under the ambient atmosphere for a week, the
oxidation being confirmed by spectroscopic measurements. In
addition, to eliminate the effect of the free surface, some of
the PS films on the SiOx substrates were capped by SiOx layers
following the above-mentioned vacuum evaporation pro-
cedure43b,48,49 and the lamination method proposed by Sharp

and Forrest.46 In the later method, a PS film with a thickness
of ∼20 nm was spin-coated on a SiOx substrate. Also, a PS
film with a similar thickness was spin-coated on a single
crystal of sodium chloride (NaCl), in which the surface was
covered with a deposited SiOx layer. Then, one was put on the
other so that the PS surfaces stand face-to-face. After anneal-
ing at 393 K for 8 h to heal the interface, it was immersed
into a pure water bath, or wet by water droplets, to dissolve
the NaCl crystal. This was so-called a laminated film hereafter.
To remove residual solvent molecules and to eliminate stress
imposed by the preparation procedure, the PS films were dried
at room temperature for more than 24 h and then annealed
at 423 K above the Tg

b for at least 24 h in a vacuum oven.
After annealing, the films were cooled to room temperature
at a rate of 0.5 K min-1. Using an optical microscope, we
confirmed that dewetting of PS on the substrate did not take
place even after the annealing treatment.

The thermal molecular motion of the PS thin and ultrathin
films was examined by dynamic mechanical analysis (DMA)
using a Rheovibron DDV-01FP (A&D Co., Ltd.) tester. Figure
1 shows the experimental setup for DMA. For the measure-
ment, a sample with a width of 3 mm and a length of 30 mm
was held at both ends by two chucks, and static strain was
applied. Then, sinusoidal strain was imposed to the sample
within the linear response regime. The measurements were
carried out at a heating rate of 1 K min-1 under a dry nitrogen
atmosphere.

Results and Discussion

In general, DMA has been accepted as a powerful
method to study the relaxation behavior of bulk
samples.47 However, previous to these experiments, we
did not know whether the technique was sensitive
enough to be used with polymer thin and ultrathin
films. To answer this question, we conducted a dynamic
viscoelastic measurement for thin and ultrathin PS
films supported on substrates. Figure 2 shows the
temperature dependence of the loss modulus (E′′) for
PS films of various thicknesses on PI, together with the
data for a control PI substrate. For reasons of space,
only the data at the frequency of 11 Hz are presented,
although we took data at several other frequencies. In
the case of the 226 nm thick film, we succeeded in
observing an Ra absorption peak corresponding to the
segmental motion at around 380 K on the temperature-
E′′ curve. This result is in good accordance with the bulk
data. Because the volume ratio of the PS phase to that
of the total system fell, the intensity of the Ra relaxation

Figure 1. Schematic representation of the experimental setup for DMA.
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peak for the PS decreased as the films became thinner.
However, as explained below, even the 37 nm thick film
appeared to generate sufficient of a relaxation peak to
which we could apply a mechanical model analysis to
the raw data to extract the contribution from the PS
phase.

Figure 3 illustrates Takayanagi’s parallel model, in
which the dynamic strain (∆ε) is everywhere constant.47

Here, t and λ are the thickness in nanometers and
volume fraction of PS, respectively. On the basis of this
model, we can formulate the E′′ for a PS film coated on
PI (E′′all) by50

where S, ∆F, ∆σ, E*, and E′ are the cross-sectional area,
dynamic force, dynamic stress, complex modulus, and
storage modulus, respectively.

This type of substrate subtraction was applied to both
the PS films on SiOx substrates and to the ones
sandwiched between the SiOx layers. The errors of E′′PS
so obtained were within 5% and 10% for thin and
ultrathin films.

Figure 4 shows the temperature dependence of the
background-subtracted E′′ as a function of frequency for

the 226 nm thick PS film on PI. Since the Mn for the
PS used was 1.46M, the film was much thicker than
the chain dimension of 66 nm. On each temperature-
E′′ curve, we noted the Ra absorption peak in the
temperature range from 380 to 390 K. The peak position
shifted to higher temperature with increasing frequency.

The relation between peak temperature and measur-
ing frequency (f) for the Ra relaxation process can be
simply converted to the temperature dependence of
relaxation time (τ) via eq 3.

Figure 5 shows the relation between temperature and
τ for the Ra relaxation process in the 226 nm thick
PS1.46M film on PI. The error bars in Figure 5 denote
the standard deviation of the relaxation temperature
from seven independent measurements. We compared
the film results with the bulk behavior, which we
obtained by the Vogel-Fulcher (VF) equation.51

Here, Tv is the so-called Vogel temperature, at which
the viscosity diverges to infinity; it is generally equal
to Tg - 50. The parameters τ0 and B are the character-
istic time related to molecular vibration and the activa-
tion temperature, respectively. Using the Tv value of 328
K, given by Tg - 50, and the published B value for bulk
PS,9c we drew the solid curve which was in good
agreement with the experimental results shown in

Figure 2. Temperature dependence of the loss modulus (E′′)
for PS1.46M thin and ultrathin films coated on PI substrates.
The data for a control PI are also shown.

Figure 3. Schematic representation of Takayanagi’s parallel
model for PS on PI.

∆F ) ∆σallSall ) ∆σPSSPS + ∆σPISPI ,
Sall ) SPS + SPI (1a)

E* ) ∆σ/∆ε, E* ) E′ + iE′′ (1b)

E*all ) {∆σPSSPS/Sall + ∆σPI(Sall - SPS)/Sall}/∆ε )
λE*PS + (1 - λ)E*PI (1c)

E′all ) λE′PS + (1 - λ)E′PI,
E′′all ) λE′′PS + (1 - λ)E′′PI (1d)

E′′PS ) {(7500 + t)E′′all - 7500E′′PI}/t (2)

Figure 4. Temperature dependence of E′′ as a function of
frequency for a 226 nm thick PS1.46M film coated on a PI
substrate, after baseline correction. The Tg

b value measured
by DSC was 378 K.

Figure 5. Temperature dependence of the relaxation time (τ)
for the Ra process in a 226 nm thick PS1.46M film coated on
a PI substrate. The solid curve denotes the prediction of the
Vogel-Fulcher equation using bulk parameters.

(2πf)τ ) 1 (3)

τ ) τ0 exp{B/(T - Tv)} (4)
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Figure 5. The segmental mobility in a PS film with a
thickness of about 200 nm supported on a solid sub-
strate is generally equal to the bulk behavior.1 Hence,
the data shown in Figures 4 and 5 are quite reasonable,
and on that basis, we can claim that DMA still works
well for polymer films with thicknesses of a few hundred
nanometers.

We then applied the method to thinner films. Figure
6 shows the temperature dependence of the background-
subtracted E′′ at 11 Hz for the PS1.46M thin and
ultrathin films spin-coated on the PI substrates. To
facilitate comparison, we rescaled the variable E′′ for
the ultrathin films with thicknesses of 50 and 37 nm to
have the same peak height as that of the 226 nm thick
film. In addition, we superimposed the data for the 226
nm thick film, shown as a dashed curve, on the ultrathin
film data. The Ra absorption peak was clearly observed
even for the films that were thinner than the chain
dimension. However, the ultrathin films exhibited a
broader relaxation peak toward both lower and higher
temperatures than did the 226 nm thick film. This
result indicated that the distribution of the relaxation
times for the Ra process broadened as the film thickness
decreased. However, our explanation should be couched
in terms of the surface and interfacial effects and/or the
chain confinement effect.

To discuss whether the chain confinement is impor-
tant to the peak broadening, we examined the temper-
ature dependence of E′′ for PS53.4K films with thick-
nesses of 196 and 37 nm on PI substrates. Figure 7
shows the result. In the case of an unperturbed PS53.4K
chain, the 2Rg value was calculated to be 12.6 nm, a
value much less than the film thicknesses. Thus, we
expect that the chain confinement effect should be
unimportant for both films. Nevertheless, the width of
the Ra absorption peak for the 37 nm thick film was
much broader than that for the 196 nm thick film.
Hence, it is plausible that the thinning-induced peak
broadening is mainly caused by the surface and inter-
facial effects. In other words, the faster and slower
relaxation times might be due to the segmental motion
in the surface and interfacial regions, respectively. If,
as the film thickness decreases, the peak finally splits
into three peaks that arise from the surface, the internal
region, and the interfacial region, a further discussion
about the segmental dynamics at a different depth in

the ultrathin film becomes possible. However, such
splitting was not found for the PS films in the thickness
range studied. In addition, the thinning-induced peak
broadening for the PS53.4K film was asymmetric;
specifically, the surface effect was more noticeable than
the interfacial one. Such was not the case for the 37
nm thick film of PS1.46M in Figure 6. The number
density of the chain ends is proportional to a reciprocal
number of Mn. Taking into account that the chain ends
preferentially segregate to the surface to minimize free
energy at the air/polymer interface, we believe that the
segmental motion in the surface region becomes faster
for a film with smaller Mn.27a,b Although the surface
dynamics is not so simple in reality, the asymmetric
peak broadening observed in Figure 7 might be quali-
tatively understood on the basis of the surface segrega-
tion of chain ends.

Here, we should discuss the mobility gradient in the
films. Recently, Ellison and Torkelson, using a fluores-
cence/multilayer method, concluded that the Tg depres-
sion of a thin film was mainly caused by the presence
of a surface region, in which the segmental mobility was
enhanced, and that, because of the surface effect, the
Tg began to fall at a critical thickness of ∼50 nm.8c In
addition, the Tg value in the 10 nm thick layer of the
outermost surface was lower than the Tg

b by 30 K and
gradually reached the Tg

b at a depth of about 30 nm
from the outermost surface. We noted a similar ten-
dency in our mechanical relaxation test. In the case of
the 37 nm thick film, E′′ started to rise at around 340
K, a temperature which was lower than that of the
corresponding bulk value by ∼30 K. Furthermore, an
independent experiment we conducted using scanning
force microscopy revealed that the surface Tg in the film
of PS with Mn of 1.0M was almost 340 K.27b,c Therefore,
it is conceivable that the Ra process peak broadening
on the lower temperature side reflects a mobility gradi-
ent in the surface region.

We now come to the interfacial effect on molecular
motion in the PS thin and ultrathin films. For this
analysis, we examined two kinds of PS films. The first
comprises the PS1.46M films spin-coated on SiOx sub-
strates. This system resembles that of a PS film on a Si
wafer with a native oxide layer and is the most studied
case so far. The second is the PS1.46M film sandwiched
between SiOx layers. In this case, the films do not
possess a free surface; instead, they possess two inter-
faces with the SiOx layers. To keep the upper interface
during the measurement, we set the thickness of the

Figure 6. Temperature dependence of E′′ for PS1.46M thin
and ultrathin films on PI, after baseline correction. The data
for the ultrathin films, plotted as filled symbols, were rescaled
to have the same peak height as the 226 nm thick film. To
make a comparison between thin and ultrathin films easier,
the temperature absorption for the 226 nm thick film was
drawn as a dashed curve superimposed on the data for the
ultrathin films.

Figure 7. Temperature dependence of E′′ for PS53.4K thin
films on PI, after baseline correction. The data for the 37 nm
thick film was rescaled to have the same peak height as the
196 nm thick film. To make a comparison between two films
easier, the temperature absorption for the 196 nm thick film
was drawn as a dashed curve superimposed on the data for
the 37 nm thick film.
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capped SiOx layer to be about 20 nm. Figure 8 shows
the temperature dependence of background-subtracted
E′′ as a function of thickness for the PS1.46M films (a)
on the SiOx substrate and (b) between the SiOx layers.
The values of E′′ for the ultrathin films were again
arbitrarily rescaled to have the same peak height as
that for the 200 nm thick films. In the case of the
PS1.46M on the SiOx, we clearly saw the Ra absorption
peak, even for the ultrathin films with thicknesses of
56 and 37 nm.

First, we compared the data sets for the PS1.46M
films on the SiOx and on the PI substrates; these appear
in Figures 8a and 6. The temperature absorption curve
for the 196 nm thick film on the SiOx was in good
accordance with that for the 226 nm thick film on the
PI, a result suggesting that the interfacial effect on the
Ra relaxation process is negligible in this thickness
region. More precisely, even if the surface and interfacial
effects on molecular motion exist, they are not detectable
for this thickness range. On the other hand, for the
thinner films, the shape of the Ra absorption peak
depended on which substrate was used. We noted an
obvious difference between the ultrathin films on the
SiOx and PI on the higher temperature side of the peak.
For the ultrathin films on the PI, E′′ monotonically
decreased with increasing temperature, as shown in
Figure 6. In contrast, in the case of the ultrathin films
on the SiOx substrates, E′′ slightly decreased, and then
remained almost constant, or increased again after the
peak, as shown in Figure 8a. This result means that
the fractional amount of slower relaxation times in the
ultrathin films on the SiOx is larger than that in the
corresponding films on the PI. Thus, it seems most likely
that the chains that are in contact with the SiOx layer

are less mobile than those next to the PI. This trend
was more marked for the ultrathin PS films sandwiched
between the SiOx layers. At a later point, we will discuss
this issue, as well as the characteristics of the lower side
of the peak, in more detail. For the ultrathin films on
the PI, the peak broadening on the lower temperature
side became more marked with decreasing thickness
(Figure 6). Postulating that the surface segmental
motion might be more detectable with decreasing thick-
ness due to the larger surface-to-volume ratio, we
consider this result to be reasonable. However, we did
observe a strange thickness dependence of the broaden-
ing for the ultrathin films on the SiOx (Figure 8a). In
the case of the 56 nm thick film, we noted the peak
broadening on the lower temperature side, but on the
other hand, we did not observe it for the thinner, 37
nm thick film. These findings may indicate that the
molecular motion in the surface region is inhibited by
a restriction from the interface, if the interfacial effect
is strong. The same trend was also observed by Ellison
and Torkelson.8c

We will now discuss the segmental motion in the PS
films sandwiched between the SiOx layers. Even in the
case of the 211 nm thick film, we did see an additional
shoulder on the higher temperature side of the Ra
relaxation peak, as shown in Figure 8b. As the film
thinned, the high-temperature shoulder evolved and
eventually became a clear peak. Since the presence of
the additional peak for the 37 nm thick film sandwiched
between the SiOx layers depended on the frequency
employed, it is clear that the peak derived from a
relaxation process. In addition, in the case of the
sandwiched films, the relaxation peak did not broaden
on the lower temperature side, even though the films
became thinner. This result can be easily understood
by taking into account the film geometry. In other
words, the free surface disappeared under the capping
SiOx layer, and the interfacial region with the SiOx layer
doubled. On the basis of the results mentioned above,
we suggest that the main and additional peaks observed
at the lower and higher temperature regions should be
assigned respectively to the Ra relaxation processes in
the internal phase and the interfacial layer.

However, at the moment, we are not able to deny the
possibility that the sandwiched films were thermally
damaged by the vacuum-deposition procedure,52 al-
though such damage was not visible in the microscopic
observations. Hence, to investigate this likelihood, we
prepared a PS1.46M ultrathin film sandwiched with
SiOx layers by laminating two PS films on SiOx layers.46

In this case, the film should not have suffered any
thermal damage. The result for the sandwiched film
prepared by the lamination is shown in Figure 8b and
clearly shows the additional peak in the higher tem-
perature region. Although the intensity of the additional
peak was different in the two sandwiched films prepared
by different methods, their temperature regions seemed
to be similar. Since the additional peak was observed
only for the ultrathin PS film sandwiched with SiOx
layers, it is likely that the peak on the higher temper-
ature side arose from an interfacial relaxation process
and is not an experimental artifact.

Figure 9 shows the temperature dependence of τ for
the Ra relaxation processes in the internal and interfa-
cial regions of the ultrathin PS1.46M film sandwiched
between the SiOx layers. Since it was hard to distinguish
the temperature-τ relations between the vacuum-

Figure 8. Temperature dependence of E′′ for PS1.46M thin
and ultrathin films, after baseline correction: (a) on SiOx
substrates and (b) sandwiched between SiOx layers.
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deposited and laminated films, each data point was
averaged over six independents including both vacuum-
deposited and laminated films. The average thickness
was about 40 nm. For a comparison, we have also drawn
the bulk data obtained by the VF equation as a dashed
curve. Even in the case of the internal phase, the
temperature dependence of τ slightly deviated from the
bulk data. This discrepancy might be due to an effect
of chain confinement, which appeared in the high
molecular weight PS ultrathin films.42b However, Figure
9 shows that the temperature-τ relation in the inter-
facial layer was definitely different from that in the
internal region. Since the interfacial Ra relaxation
process seems to be independent of the internal one, the
data set from the interfacial regions was fitted by the
VF equation with a single Vogel temperature, as drawn
by a solid curve in the figure. The Tv so obtained was
369 ( 4 K. Now, Tg is generally accepted to equal (Tv +
50) K. So, even for this simplified case, the value Tg in
the interfacial layer should be 419 ( 4 K, a temperature
higher than the Tg

b value of 378 K. Although the
plausibility of this quantitative estimation for the
interfacial Tg value merits further discussion, it is
evident that the segmental mobility at the interface with
the SiOx layer is depressed in comparison with that for
the bulk.

Conclusions

Thermal molecular motion in PS thin and ultrathin
films supported on substrates has, for the first time,
been studied by dynamic viscoelastic measurement. In
the case of a PS thin film with a thickness of ∼200 nm,
we clearly observed an Ra relaxation process corre-
sponding to the segmental motion but did not see a
deviation from the bulk behavior. For thinner films, the
relaxation time distribution for the Ra process became
broader, probably due to a mobility gradient in the
surface and interfacial regions. When we sandwiched a
PS ultrathin film between the SiOx layers, another
relaxation process, in addition to the original Ra process,
appeared at a higher temperature that we assigned to
the interfacial Ra relaxation process. These results
indicate that segmental mobility in PS ultrathin films
coated on substrates is strongly affected by the free
surface and the substrate interface.
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