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In previous papers, we found that the mean square displacement �u2� in polystyrene thin films decreased
with film thickness and discussed two possible causes for the decrease. One is the hard interface layer between
the polymer thin film and the substrate, and the other is the spatial confinement effect of polymer chains. In
order to disclose the cause of the decrease of �u2� with film thickness, we studied the molecular weight Mw

dependence of �u2� in polystyrene thin films. We found that �u2� was independent of Mw within experimental
error, concluding that the interface effect is a main reason for the decrease of �u2� with film thickness.
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I. INTRODUCTION

It was reported that the thermal and mechanical properties
of polymer thin films are very different from those of the
bulk state. Among them, the glass transition temperature Tg
of thin films is one of the attracting phenomena and the
decrease of Tg was observed with film thickness for polysty-
rene �1–4�. It was assumed that a decrease of Tg was caused
by a mobile surface layer; however, a definite mechanism of
the glass transition of thin films is still unknown. The glass
transition is a relaxational process; therefore, dynamical
studies are needed to understand this phenomenon. Many
dynamical studies of polymer thin films were performed us-
ing various methods like dielectric relaxation �5–7�, atomic
force microscopy �8–11�, x-ray photon correlation spectros-
copy �XPCS� �12�, dynamic mechanical analysis �13�, inelas-
tic neutron scattering �14–18�, dynamic light scattering �19�,
and so on. We also studied the glassy dynamics of polysty-
rene thin films with inelastic neutron scattering �17,18� to
observe the decrease of mean square displacement �u2� as
well as the inelastic and quasielastic neutron scattering inten-
sity with film thickness. We considered two main possibili-
ties for the reason of decrease of �u2� with film thickness.
One is the hardening of polymer chains due to the spatial
confinement �confinement effect�. When the film thickness
decreased to less than a polymer chain coil size that is com-
parable to twice the radius of gyration �2Rg�, polymer chains
cannot sustain a normal coil form and the deformation of
polymer coils would occur. Under this condition, the de-
formed polymer chains would have a higher restoring force
than the normal coils and result in a decrease of mobility.
However, a decrease of mobility �=�u2�� was observed even
for 1000 Å thin film, which is much larger than 2Rg in bulk
�17,18�. In order to understand this phenomenon, we as-
sumed that a hard layer �lower mobility layer� would exist at
the interface between the polymer thin film and the substrate.
With decreasing film thickness, the contribution from such a

hard layer becomes large under the assumption that the
thickness of such a hard layer is independent of the film
thickness. This is another possibility �interface effect�. Ex-
cept for the two possibilities, we considered other minor pos-
sible reasons for the decrease of �u2�. One is the end group
effect. According to the experiment by Satomi et al. �11� it
was negligible for Mw above 105, but not for Mw below 105.
The other is the surface roughness of polymer thin films.
Miyazaki et al. investigated the surface roughness of poly-
styrene thin films for different Mw by x-ray reflectivity �XR�
in a wide thickness range �20�; however, the observed rough-
ness was less than 7 Å and not dependent on thickness or
Mw. Therefore, this is negligible too.

In the former paper, analyzing the inelastic data we con-
cluded that the interface effect was a candidate for a decrease
of �u2� with film thickness �17,18�. However, it was not
enough for the final conclusion. In order to settle this prob-
lem, we prepared thin films with the same film thickness for
different molecular weights �Mw�, giving different ratios of
the film thickness �=d� to the double radius of gyration
�2Rg�. If the confinement effect were dominant, the decrease
of �u2� would be observed with the decrease of ratio of
d /2Rg because decreasing the ratio d /2Rg means an increase
of spatial confinement. And if the interface effect were domi-
nant, �u2� would be constant regardless of the ratio d /2Rg

because the ratio is constant under the same film thickness.
Conducting the experiment of the Mw effect, we can under-
stand which factor is responsible for the decrease of �u2�
with film thickness.

II. EXPERIMENT

We used three amorphous polystyrenes �PSs� with differ-
ent molecular weights �Mw� 2.90�105, 1.05�106, and
1.88�106 and the molecular weight distributions �Mw /Mn�
1.06, 1.07, and 1.13, respectively, where Mw and Mn are the
weight average and the number average of the molecular
weight, respectively; and calculated values of Rg are 147,
280, and 374 Å for Mw=2.90�105, 1.05�106, and 1.88
�106, respectively, under the unperturbed chain approxima-
tion �21�.
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PS thin films were prepared by spin-coating toluene solu-
tions at 2000 rpm on flat glass plates rinsed in toluene prior
to the spin coating. The film thickness was controlled by
varying the concentration of PS in solution, and we prepared
films 400 Å in thickness for three different Mw’s. This film
thickness is less than 2Rg for Mw=1.05�106 and 1.88
�106. The film was removed from the glass plate onto a
water surface, then collected on Al foil 15 �m thick, and
then annealed at 423 K for 12 h after drying in vacuum at
room temperature for 2 days. Three hundred sheets of the
films on Al foils were rolled up and placed into a hollow
cylindrical Al cell 14 mm in diameter and 45 mm high in
order to get enough inelastic scattering intensity.

The inelastic neutron scattering measurements were per-
formed with an inverted geometry time-of-flight �TOF� spec-
trometer LAM-40 �22� installed at the cold spallation neu-
tron source in High Energy Accelerator Research
Organization �KEK�, Tsukuba, Japan. The energy resolution
was about 200 �eV at the elastic position on the energy gain
side. The measurements were carried out at temperatures
from 11 K to 300 K, which is far below the bulk glass tran-
sition temperature Tg �=373 K�, meaning that we mainly fo-
cused on the glassy state. At each temperature the TOF spec-
trum of the empty can including 300 Al foils was carefully
subtracted from that of the thin film after correcting for the
counter efficiency, the self-shielding, and the incident neu-
tron spectrum.

III. RESULTS AND DISCUSSION

The mean square displacement �u2� can be evaluated from
the Q2 dependence of elastic intensity Iel�Q� using the equa-
tion Iel�Q��exp�−�u2�Q2�. As shown in previous papers
�17,18�, the mean square displacement �u2� decreases with
film thickness for PS films with Mw=2.90�105 and the
thickness dependence was well described by the following
equation:

�u2� = �u2�bulk�1 − �d0

d
	�� , �1�

where �u2�bulk, d, d0, and � are mean square displacement of
bulk, film thickness, constant, and exponent, respectively. Al-
though we have no theoretical basis for this equation, we
used it in analogy with the thickness dependence of Tg sug-
gested by Keddie et al. �1�.

In this work we studied �u2� for a film thickness of 400 Å
as a function of molecular weight Mw. First we focus on the
temperature dependence of elastic intensity for three differ-
ent molecular weights. Figure 1 indicates the temperature
dependence of elastic intensity normalized to that of the low-
est temperature for Mw=2.90�105, 1.05�106, and 1.88
�106 at Q=2.20 Å−1, and the error bars were evaluated from
raw counts of the TOF spectrum at each temperature. The
logarithm of the normalized elastic intensity decreases al-
most linearly with temperature as shown by solid lines in
Fig. 1 in the low-temperature range, indicating that the vi-
brational motion is harmonic. In the case of bulk PS, onset of
the so-called fast process is observed at around 200 K, lead-

ing to a deviation from harmonic behavior �23,24�. In our
former works, the onset temperature of the fast process in-
creased �260 K for the 400 Å film� and the spectra obtained
were well scaled by a Bose population factor at 230 K for
400 Å thin films �17,18�; hence, we concluded that the fast
process was suppressed and hard to observe as the film thick-
ness decreased. As seen in Fig. 1, the definite determination
of onset temperature of the fast process was very difficult
due to the large statistical errors. Hence, we do not know
whether the fast process of thin films was suppressed or not
clearly only from the data in this work, and we do not dis-
cuss the onset temperature of the fast process in this paper.
The temperature dependences of the elastic intensity for
three different Mw’s were almost identical within the experi-
mental error. We also evaluated �u2� whose temperature de-
pendence is shown in Fig. 2 for three different Mw’s. The
error bars in Fig. 2 were estimated from the uncertainties of
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FIG. 1. Temperature dependence of the elastic scattering inten-
sity divided by that of the lowest temperature 11 K for Mw=2.90
�105 ���, 1.05�106 ���, and 1.88�106 ��� at Q=2.20 Å−1.
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FIG. 2. Temperature dependence of the mean square displace-
ment �u2� for Mw=2.90�105 ���, 1.05�106 ���, and 1.88�106

���. The solid line is drawn to guide the eye.
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the fits. �u2� is almost proportional to T at low temperature as
shown in Fig. 2, indicating again that the motion is har-
monic. The evaluated values of �u2� for different Mw’s lie on
a straight line within the experimental error. It was found that
the values of �u2� in the 400 Å films are independent of Mw

in the temperature range examined. To confirm this, the val-
ues of �u2� for the 400 Å films are plotted as a function of
Mw at some temperatures in Fig. 3. It seemed that �u2�
slightly increased with Mw; however, this was caused by the
large statistical errors and this tendency was not visible at
other temperatures �see Fig. 2�. If the confinement effects
were dominant, a decrease of �u2� would be observed with
increasing Mw because higher Mw is more spatially confined
than lower Mw under the same film thickness. It was there-
fore concluded that the confinement effect was not the main
reason for the decrease of mobility with film thickness.

Unfortunately we have to admit that the experimental er-
ror is not so small because of the very weak scattering inten-
sity from the thin films in the present measurement. If the
Mw dependence of �u2� were so small that it falls within the
error bounds, we could not conclude that the decrease of �u2�
is caused by the interface layer. To check it, we plotted �u2�
as a function of the ratio of film thickness to twice of radius
of gyration �d /2Rg� in Fig. 4�a�, which can be regarded as a
measure of the deformation of polymer coils �25�. In the
figure �u2�’s for different film thicknesses �17,18� are in-
cluded. We also plotted the same data as a function of the
film thickness d for different molecular weights Mw in Fig.
4�b�. It is very clear that the �u2� is scaled by d, not d /2Rg,
within the accuracy in the measurements. This directly sug-
gests that the �u2� is not dominated by the deformation of
polystyrene coils. It is concluded that the main reason for the
decrease of �u2� with film thickness is not the confinement of
polymer coils, but the interface hard layer.

Next we have to consider the origin of the hard interface
layer. Polymer chains tend to form ordered structure exhib-
iting layering �26� near the interface that is related to the
radius of gyration of the polymer �27� as pointed out by
Mukherjee et al. �28�. Zhang et al. �29� revealed orientation

of molecular chain axis of poly�methyl methacrylate� at the
interface using reflection-absorption infrared �RAIR� and
surface-enhanced Raman scattering �SERS�. Especially in
the case of PS, phenyl rings tend to orient parallel to the
interface between PS and substrate, revealed by IR-visible
sum-frequency generation �SFG� spectroscopy �30�. Such
orientation or ordering at the interface between polymer and
substrate may be related to the hard layer, the so-called “dead
layer.” As a result of orientation or ordering at the interface,
the mobility would be smaller than that in bulk due to the
high contribution from the hard layer.

IV. CONCLUSION

We have investigated the effect of molecular weight �Mw�
on the mean square displacement �u2� in order to disclose the
origin of the decrease of �u2� with film thickness. The ob-
served �u2� values are independent of the molecular weight
Mw within the experimental error, and the molecular weight
dependence of �u2� expected from the confinement effect is
much larger than the experimental error. It was therefore
concluded that the decrease of �u2� with film thickness was
caused by the interface hard layer.
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FIG. 3. Mw dependence of the mean square displacement �u2� at
80 K, 150 K, and 230 K for 400 Å thin films. The dotted line is
drawn to guide the eye.
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FIG. 4. �a� Mean square displacement �u2� as a function of the
ratio of the film thickness to twice the radius of gyration �d /2Rg� at
230 K for Mw=2.90�105 ���, 1.05�106 ���, and 1.88�106 ���.
�b� Mean square displacement �u2� as a function of film thickness
�d� at 230 K for Mw=2.90�105 ���, 1.05�106 ���, and 1.88
�106 ���. Solid lines are the results of the fit with Eq. �1�.
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