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ABSTRACT: Surface mobility in polystyrene (PS) films was studied using (PS/deuterated PS) bilayer
films, which were prepared by attaching original two surfaces together. Time evolution of the bilayer
interface at various temperatures was examined by dynamic secondary ion mass spectroscopy in
conjunction with neutron reflectivity. When the bilayer was annealed at a temperature above bulk glass
transition temperature, Tg

b, the interfacial thickening was well expressed by the context of Fickian
diffusion. On the other hand, in the case of an annealing temperature above surface glass transition
temperature, Tg

s, and below Tg
b, the interface monotonically thickened with the time at first and then

turned to be independent. This means that chains went across the “mobile” interface and then reached
the “dead” bulk region in which the diffusivity should be frozen. Hence, it was claimed that chains could
diffuse discernibly in the surface region even at a temperature lower than the Tg

b. On the basis of
temperature and molecular weight dependences of quasi-equilibrium interfacial thickness after a
sufficiently long time, a possible model of mobility gradient in the surface region was proposed.

Introduction

Polymer surfaces play an important role in the field
of polymer technology through the processes of wetting,
friction, and adhesion.1 In addition, they have been now
recognized as crucial factors to construct highly and
intriguing functionalized materials such as permselec-
tive membranes, biomaterials, etc.2 Hence, it is of
importance to understand precisely how surfaces differ
from bulks, structurally and dynamically.

So far, surface mobility and dynamics have been
widely explored by many research groups with the
advent of modern spectroscopic and microscopic meth-
ods. Their conclusions seem to be based on that surface
mobility is much enhanced in comparison with the
corresponding bulk one,3-15 although contradictory ar-
guments have been going on.16-21 We, combining tem-
perature and angular-dependent X-ray photoelectron
spectroscopy, studied the surface reorganization process
in poly(styrene-block-methyl methacrylate) diblock co-
polymer films being in a nonequilibrium state with
annealing.22 A characteristic temperature, at which the
surface chemical composition started to change, was
much lower than the bulk glass transition temperature,
Tg

b, and the depression became remarkably closer to the
outermost surface. Since such a composition change can
be attained only by molecular motion with a relatively
large scale, this result implies that there is a mobility
gradient in the surface region. Jean et al. have used
Doppler broadening of energy spectra of annihilation
radiation coupled with a slow positron beam to inves-

tigate Tg near the surface of polystyrene (PS).5 They
made a great success that Tg in the surface thin layer
drastically decreased and its value was strongly de-
pendent on the distance from the outermost surface.
Also, surface dynamics can be examined by probing
surface relaxation in rubbed films. Liu et al. first
conducted this technique and pursued surface relaxation
in PS films by near-edge X-ray absorption fine structure
(NEXAFS).23 Since the NEXAFS dichroic ratio did not
completely recover to zero below the Tg

b, they concluded
that molecular motion at the PS surface was not
activated in comparison with that in the bulk, although
the dichroic ratio at the surface started to decrease
around 333 K, being much lower than the Tg

b. Schwab
and co-workers made a similar experiment but with
optical birefringence.8 Then, they clearly showed that
chains closer to the outermost surface relaxed much
faster than bulk ones. This was well advocated by a
work of Wallace et al. using NEXAFS.13 Besides, Kerle
et al. directly observed by atomic force microcopy that
artificially rough PS surfaces started to flatten out even
at a temperature below the Tg

b.12 In contrast, Pu et al.
have systematically worked on surface dynamics using
shear modulation force microscopy and dynamic second-
ary ion mass spectroscopy and argued that there is no
evidence of any peculiarities for surface mobility and
dynamics.20

Glass transition and dynamics in thin films have been
also attracted much attention due to scientific interests
for a finite size effect on Tg as well as the importance of
coating technologies. In particular, Tg in the thin films
has been examined using ellipsometry,24,25 Brillouin
light scattering,26 and X-ray reflectivity.27,28 Keddie et
al. found that Tg started to decrease as the film became
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thinner than approximately 50 nm.25 They took a notion
of a liquidlike layer at the surface to rationalize what
they observed. This model has been widely supported
by following many different experiments.29-31 Later,
Kawana and Jones indicated a possibility that the
thickness of such a liquidlike layer was of the order of
10 nm.32 Independently, Kim et al. anticipated the
depth-dependent Tg profile based on a continuous mul-
tilayer model.33 Their model convincingly showed that
surface glass transition temperature, Tg

s, was much
lower than Tg

b and gradually approached the Tg
b with

increasing distance from the surface. There have been
several attempts to clarify the depth dependence of
surface mobility. However, there seems to be a lack of
experimental evidence for it.

Judging from the aforementioned experiments, it is
reasonable to infer that polymer chains existed at the
surface can diffuse even at a temperature lower than
the Tg

b as long as the temperature is higher than the
Tg

s. Perpendicular diffusion in the surface region can
be examined by using a bilayer film composed of two
different components in which the two original surfaces
stand face-to-face.34-37 Following an annealing treat-
ment, the bilayer interface is broadened on account of
the chain interdiffusion. We previously reported the
time evolution of interfacial thickness for the bilayer
films composed of PS and deuterated PS (hPS/dPS) at
a given temperature below Tg

b as a communication.38

At that time, the number-average molecular weight, Mn,
of each component was fixed to be small of 29K. To
complete the set of experiments, the time evolution of
interfacial thickness should be examined for different
temperatures and Mn’s because chain diffusion strongly
depends on the both. For this study, the following three
issues will be discussed: (1) To what extent is the
thickness of surface mobile layer? (2) What is the
relation of the surface mobile layer to the chain dimen-
sion? (3) Is there a mobility gradient in the surface
region, or otherwise, is it a uniform mobile layer?

Experimental Section

Polymers used in this study were monodisperse PS (hPS)
and deuterated PS (dPS), which were synthesized by a living
anionic polymerization or purchased. The chemical structures
at both chain ends were composed of a sec-butyl group and a
repeating unit terminated by proton. Table 1 tabulates Mn,
the molecular weight distribution, Mw/Mn, where Mw denotes
weight-average molecular weight, and Tg

b of the polymers. Mn

and Mw/Mn were measured by gel permeation chromatography
(GPC) with PS standards. Tg

b of hPS and dPS was determined
by differential scanning calorimetry (DSC). Also, Tg

s of hPS

and dPS was interpolated on the basis of the molecular weight
dependence of Tg

s for the hPS examined by scanning viscoelas-
ticity microscopy.3d

Laminated (hPS/dPS) bilayer films were prepared by a
floating method, which has been mentioned in detail else-
where.38 At first, the bottom dPS layer for the bilayer was
coated from a toluene solution onto a silicon wafer by the spin-
coating method. The thickness of this layer was approximately
300 nm. The top hPS film with the almost same thickness was
independently coated onto a microscope slide glass by a similar
manner. Both films were annealed at 393 K for at least 36 h
in vacuo to remove the residual solvent and the strain imposed
by the film preparation process. The perimeter of the hPS film
was scored with a blade, and the film was successively floated
off onto the surface of 2.7 wt % 1-hydro-2-fluoroammonium
solution. Then, the hPS film was picked up onto the dPS film
by attaching the dPS film from the air side, resulting in that
the bilayer interface was built up by two original surfaces of
the hPS and dPS films.

For interdiffusion experiment, the bilayers were annealed
under nitrogen atmosphere at various temperatures. The oven
temperature was set to be the middle between the Tg

s and the
Tg

b or well above the Tg
b. Once the inside temperature of the

oven reached a constant, the bilayers were stored in the oven.
Then, the annealing time was started to count. After a given
time, the bilayers were rapidly quenched by immersing them
into liquid nitrogen. The temperature calibration was made
using mercury thermometers, which can measure the first
decimal point. The temperature accuracy was 0.5 K.

Annealing-induced interfacial evolution of the bilayers was
examined by dynamic secondary ion mass spectroscopy (DSIMS)
(SIMS 4000, Seiko Instruments Inc., Atomika Analysetechnik
GmbH). To gain access to a stable sputtering during the
measurement, the buffer dPS layer was laminated onto the
(hPS/dPS) bilayer by the floating technique. The thickness of
the buffer dPS layer was approximately 200 nm. The incident
beam of oxygen ions with 4 keV and ca. 30 nA was focused
onto a 200 µm × 200 µm area of the specimen surface. The
incident angle was 45°. A gold layer of 20 nm thickness was
sputter-coated on the bilayer surface to avoid a charging of
the specimen during the DSIMS measurement.

Neutron reflectivity (NR) measurements were carried out
using the multilayer interferometer for neutrons (C3-1-2,
MINE) at the Institute for Solid State Physics, the University
of Tokyo. The incident neutrons have a wavelength of 1.26 nm
and a resolution of 3.5%. The reflectivity was calculated on
the basis of the scattering length density profile along the
depth direction by using Spreadsheet Environmental Reflec-
tivity Fitting.39 For the NR measurement, bilayers composed
of top hPS and bottom dPS layers with the thickness of
approximately 50 nm were used to facilitate later fitting
procedure. In this case, the upper hPS layer was not annealed
above Tg

b before the lamination, since the film was too thin to
float off onto the liquid surface after the annealing. Also, it
was preconfirmed that this thickness did not affect the
interdiffusion experiments.

Results and Discussion
Figure 1 shows a typical DSIMS profile of proton, H+,

deuterium, D+, and carbon ions, C+, for the (hPS/dPS)
bilayer. For the first few minutes, the outrermost gold
layer was etched, resulting in that secondary ions from
the polymers were not clearly detected. After the gold
layer, the C+ intensity started to increase and then
remained an almost constant through the bilayer.
Hence, it can be judged that the steady-state etching
proceeded during the measurement. While the D+

intensity was relatively stronger than the H+ one in the
buffer dPS layer, the intensity relation became opposite
in the hPS layer. Then, the relation of D+ to H+ intensity
was again recovered when the etching reached the
bottom dPS layer. Postulating that a constant etching
was attained through the bilayer, the abscissa of etching

Table 1. Characterizations of Monodisperse Polystyrenes
(hPS) and Deuterated Polystyrenes (dPS) Used in This

Study

sample Mn Mw/Mn Tg
b/K Tg

s/Kd

hPS-190Ka 190K 1.09 386 335
dPS-185Kb 185K 1.02 381 335
hPS-116Kb 116K 1.04 384 320
dPS-111Kb 111K 1.07 380 320
hPS-74Kb 74K 1.04 382 310
dPS-76Kb 76K 1.04 381 310
hPS-53Kc 53K 1.04 378 292
dPS-50Kb 50K 1.04 375 292
hPS-29Kc 29K 1.09 376 264
dPS-29Kb 29K 1.03 373 264
a Purchased from TOSOH Co. Ltd. b Purchased from Polymer

Source Inc. c Synthesized by using living anionic polymerization.
d Satomi et al. Macromolecules 2001, 34, 8761.
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time can be simply converted to the depth from the
surface. The etching rate was preexamined using the
dPS film with a known thickness. We are interested in
the thickness of the (hPS/dPS) bilayer interface marked
in Figure 1.

A measured concentration profile by DSIMS is gener-
ally broadened from an ideal one owing to an atomic
mixing effect. The broadening of the obtained profile was
quantified by the instrument function, ∆zg, correspond-
ing to the depth resolution. Figure 2 shows our defini-
tion of the interfacial thickness: (a) the cartoon showing
the bilayer configuration, (b) the deuterium ion intensity
profile ID+(z) through the interface, and (c) the deriva-
tive of ID+(z) by the distance from the center of the
interface. Assuming that the dID+(z)/dz can be expressed
by Gaussian function as shown in Figure 2c, the ∆zi (i
) g or m) is defined as twice the standard deviation of
Gaussian function, corresponding to the depth range
where ID+ rises from 16% to 84% of the maximum
value.34 The ∆zm denotes the measured apparent width
of the bilayer interface. Using (hPS-190K/dPS-185K)
bilayer film without annealing treatment, the ∆zg was
estimated to be 7.4 nm. Hereafter, the number following
each polymer species denotes its Mn. Since the inter-
diffusion at this bilayer interface cannot take place due

to the Tg
s of 335 K being much higher than room

temperature,3c,d the measured interfacial width can be
regarded as the ∆zg. Then, the real interfacial thickness
∆z is given in terms of the ∆zm and the ∆zg.34

Diffusion behavior of polymers strongly depends on
temperature and molecular weight. First, it was exam-
ined whether the interfacial thickness increased even
at a temperature below the Tg

b. Parts a-d of Figure 3
show the time evolution of interfacial thickness for the
(hPS-29K/dPS-29K) bilayer as a function of tempera-
ture. Since the hPS film with Mn of 29K was very fragile,
it was almost impossible to construct the well-defined
bilayer film with a large area. Hence, NR with a
superior depth resolution to DSIMS could not be applied
to the (hPS-29K/dPS-29K) bilayers. In the case of the
annealing at 400, 393, and 380 K being above the Tg

b

of 376 K, the interfacial thickness proportionally in-
creased to a half power of the annealing time, t. This is
in good accordance with the context of Fickian diffusion.
On the contrary, a unique interfacial evolution was
observed at 370 K being in between the Tg

s and the Tg
b.

At first, the bilayer interface monotonically thickened
with increasing t, although the exponent of t could be
hardly determined because of the data scattering. When
t proceeded to 105 s, however, the interfacial thickness
remained the constant of 20 ( 5.6 nm. Here, it should
be reminded that the bilayer interface was prepared by
attaching two original surfaces of hPS and dPS together.
Thus, the data mean that chains went across the
“mobile” interface and then reached the “dead” bulk
region in terms of diffusivity. In other words, half of the
constant interfacial thickness evolved after a sufficiently
long time would correspond to the surface layer, in
which the mobility is enhanced in comparison with the
internal bulk phase. We here define this layer as the
“surface mobile layer”, as shown in Figure 2a. Deferring

Figure 1. Typical DSIMS profile of proton, H+, deuterium,
D+, and carbon, C+, ions for the (hPS/dPS) bilayer. For stable
experiments, gold and buffer dPS layers were mounted on the
bilayer. The interfacial broadening of the bilayer was discussed
on the basis of D+ intensity change.

Figure 2. Our definition of the interfacial thickness: (a)
cartoon showing bilayer configuration composed of hPS and
dPS; (b) deuterium ion intensity profile, ID+(z), through the
interface; (c) derivative of ID+(z) by the distance from the center
of the interface. See text for details.

Figure 3. Double-logarithmic plots of the relation between
interfacial thickness and annealing time for (hPS/dPS) bilayer
annealed at various temperatures: (a) 400, 393, and 380 K
above both Tg

b and Tg
s; (b) 370 K below Tg

b and above Tg
s; (c)

365 K below Tg
b and above Tg

s; (d) 355 K below Tg
b and above

Tg
s. The broken and dotted lines are drawn in the context of

Fickian and segmental diffusions, respectively.

∆z ) (∆zm
2 - ∆zg

2)1/2 (1)
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what the assumption of this notion is, the annealing
temperature dependence of such a surface mobile layer
is discussed. At 370 K, the thickness of the surface
mobile layer was 10 ( 2.8 nm. It should be of interest
to compare the thickness with the chain dimension.
Twice the radius of gyration, 2Rg, of an unperturbed PS-
29K is calculated to be 9.3 nm by 2(Nb2/6)1/2, where N
and b are the degree of polymerization and the Kuhn’s
statistical segment length, respectively. This value is
comparable to the surface layer thickness. Hence, it
seems most likely that the quasi-equilibrium interfacial
thickness was attained by center-of-mass diffusion such
as Fickian. At 365 and 355 K, the interfacial thicknesses
similarly increased with t at first and then turned to
be invariant with respect to the annealing time, as
shown in the parts c and d of Figure 3. The evolved
interfacial thickness at 365 and 355 K were 9.6 ( 2.5
and 11.4 ( 0.9 nm, respectively. Half of these values,
namely surface mobile layer thicknesses, are much
smaller than the unperturbed chain dimension, imply-
ing that segmental diffusion dominates the interfacial
broadening of the (hPS/dPS) bilayers at 365 and 355 K
rather than center-of-mass diffusion.

DSIMS measurement revealed the relation between
annealing temperature and quasi-equilibrium interfa-
cial thickness for the (hPS-29K/dPS-29K) bilayer films.
This gives rise to the discussion about mobility gradient
in the surface region. The main panel of Figure 4 shows
the annealing temperature variance with surface mobile
layer thickness, which is drawn from Figure 3. This
figure indicates the surface depth, in which molecular
motion with a relatively large scale can be attained, at
a given temperature. Replacing the abscissa and the
ordinate by each other, the inset figure is obtained. In
this case, the ordinate can be regarded as characteristic
temperature at which the large-scale motion starts to
take place. That is, the inset implies the depth depen-
dence of characteristic temperature. For a comparison,
the Tg

s of 264 K estimated by scanning force microscopy3c

and the Tg
b of 376 K were also plotted at the depths of

0.5 nm and infinity, respectively, although the afore-
mentioned characteristic temperature was not neces-
sarily the same as glass transition temperature. Here,
we should consider an undesirable and unavoidable
situation of our experiment. Since the bilayer interface
used to be two surfaces, the interfacial mobility can be
directly regarded as the surface mobility right after the
annealing is started. Then, the enhanced mobility at the
interface, arisen originally from the surfaces, gradually

disappears with proceeding interdiffusion. However,
such a vigorous diffusivity at the interface can in part
persist unless the annealing is made at a temperature
above the Tg

b. Therefore, the notion of the surface mobile
layer is still effective as long as the annealing temper-
ature is below the Tg

b, provided that the absolute value
of the surface layer thickness is supposed to be under-
estimated.40 In any event, it can be qualitatively claimed
from the inset of Figure 4 that there is a mobility
gradient in the surface region of the hPS and dPS films
and that surface chains and/or segments can diffuse
even at a temperature below the Tg

b. This is in good
agreement with our previous conclusion that the surface
of the hPS-29K film is in a rubbery state, unlike the
bulk region, even at room temperature.3c,d In a sense of
surface dynamics with a relatively large scale motion,
our conclusion made after Figure 4 is also consistent
with many different experiments.8,12,13

So far, we have accounted for the active surface
mobility by preferential segregation of chain end groups
and reduced cooperativity for the segmental motion.3
The depth range in which chain ends were enriched was
on the order of a few nanometers.41,42 Since the chain
ends have a larger freedom than the main chain part,
an excess free volume is induced in such depth region,
resulting in enhanced mobility. Besides, the character-
istic length scale of cooperativity for the segmental
motion has been elucidated to be a few nanometers,43,44

meaning that dynamics becomes faster within a depth
shallower than this length scale. Nevertheless, the
surface mobile layer became thicker beyond a few
nanometers with increasing temperature, as shown in
the main panel of Figure 4. For the moment, it can be
hardly rationalized how such enhanced mobility propa-
gates from the outermost surface to a deeper region.
This is an interesting and challenging issue which
should be addressed in the near future to understand
the origin of the peculiar surface dynamics.

Figure 5 shows the molecular weight dependence of
surface mobile layer thickness at 365 K. This temper-
ature was well below Tg

b for the all samples. Once it
was confirmed that each bilayer interface was no longer
evolved, the annealing treatment for the (hPS/dPS)
bilayers was stopped. The surface layer thickness was
apparently insensitive to Mn up to 110K and then
started to decrease with increasing Mn. Since the
thickness was not scaled by Mn

1/2, it is clear that the
thickness of the surface mobile layer is independent of
the chain dimension; the thickness was not apparently
related to the Tg difference between surface and bulk.
Then, a question should be addressed is why such a
molecular weight dependence appeared in Figure 5. We
again recall the chain end effect as the responsible factor
on the enhanced surface mobility. Figure 6 illustrates

Figure 4. Annealing temperature dependence of surface
mobile layer thickness. The inset was basically drawn replac-
ing the abscissa and the ordinate of the main panel with each
other, showing the relation between depth from the surface
and characteristic temperature. The characteristic tempera-
ture corresponds to a temperature at which a large-scale
motion can start to take place. The filled circle and triangle
in the inset denote Tg

s and Tg
b, respectively.

Figure 5. Molecular weight dependence of surface layer
thickness at 365 K.
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a possible cartoon of mobility gradients in the surface
region, which was drawn by expanding the inset of
Figure 4. At the depth range of a few nanometers from
the surface, Tg should be strongly dependent on Mn
because the concentration of segregated chain ends is
connected to Mn.3c,d Once the depth goes far beyond the
segregation layer of chain ends, there is no reason why
the mobility gradient in the surface region depends on
Mn.45 This might be what was observed in Figure 5.

Finally, we come to the interdiffusion experiment by
NR, which is a supplemental technique of DSIMS.
Bilayers composed of hPS and dPS with the higher Mn
of 190K were used. In this case, since the change in
interfacial thickness upon annealing is predicted to be
quite small due to its higher Mn, NR with the depth
resolution better than 1 nm will be a powerful and
promising technique.46-50 The thickness of each com-
ponent layer employed was approximately 50 nm, which
was nearly equal to 4Rg, so that the following fitting
procedure of the experimental reflectivity became easier
by virtue of the appearance of Kiessig fringe. To other
groups25,26,49,51 as well as ourselves,52 substrate and
chain confinement effects on surface mobility began to
be remarkable as the thickness felt short of approxi-
mately 3Rg. Thus, any thinning effects on surface
mobility would be negligible in this thickness range.
Actually, this will be later confirmed. Figure 7 shows
the NR curves for the (hPS-190K/dPS-185K) bilayer film
annealed at 365 K for various times. The solid lines

denote the best-fit calculated reflectivity to the experi-
mental one based on model scattering length density
(b/V) profiles normal to the surface shown in Figure 8.
Since the calculated curves were in good agreement with
the experimental data, it can be claimed that the model
(b/V) profiles correspond well to the composition profiles
in the bilayer film along the direction perpendicular to
the surface. For the hPS and the dPS, the (b/V) values
of 1.41 × 10-4 and 6.46 × 10-4 nm-2 were used,
respectively. When the annealing time increased, the
bilayer interface broadened out, resulting in gradual loss
of the sharpness for higher order fringes on the reflec-
tivity curves. For quantitative analysis, the interfacial
thickness can be defined as the depth range where the
volume fraction of hPS-190K rises from 16% to 84% in
the same manner as the DSIMS profile. The interfacial
thickness monotonically increased with the annealing
and then reached a constant value of 4.7 nm at 5.5 ×
105 s. This interfacial evolution behavior was quite
similar to parts b-d of Figure 3 by DSIMS. Also, half
of the quasi-equilibrium interfacial thickness by NR was
2.4 nm and was equal to the one by DSIMS. Thus, it is
apparent that our conclusion was, of course, indepen-
dent of which experimental technique was used. Com-
paring the thicknesses of the surface mobile layer
obtained by NR and DSIMS, it is also conceivable that
any thinning effects on surface mobility were not crucial
in the thickness range down to 50 nm. Using the bulk
diffusion coefficient being under the same conditions,
temperature, and Mn, after 5.5 × 105 s,53 the interfacial
broadening was predicted by open reverse triangles in
Figure 8. This would help to see how mobile the surface
layer is in comparison with the bulk.

Forrest and Dalnoki-Veress also studied the interfa-
cial thickness of (hPS-115K/dPS-209K) bilayer based on
NR measurements.54 They observed the interfacial
thicknesses of 0.9 and 0.6 nm after annealing at 363
and 322 K for the given time of 3 h, respectively. These
values are much less than our results of 4.8 nm for the
(hPS-190K/dPS-185K) bilayer annealed at 365 K. This
may be because their annealing time of 3 h was much
shorter than ours. Thus, it is plausible that their bilayer
interface was still on the way to the quasi-equilibrium
state.

Conclusions

The presence of a mobility gradient in the surface
region of PS was confirmed on the basis of interdiffusion
experiments using the (hPS/dPS) bilayers. The thick-
ness of the (hPS/dPS) bilayer interface was definitely
evolved with time even at a temperature below the Tg

b.
This means that the surface mobility was much en-
hanced in comparison with the bulk. The thickness of

Figure 6. A possible model for depth dependence of Tg as a
function of Mn, showing the mobility gradient in the surface
region. Within the depth region in which chain ends are
segregated, the mobility gradient should be strongly dependent
on Mn. This would be not the case far beyond the segregated
surface layer of chain ends.

Figure 7. Neutron reflectivity curves of the as-prepared (hPS-
190K/dPS-185K) bilayer and annealed ones at 365 K for
various times. Experimental data sets are shown by symbols,
and the best-fit curves calculated model scattering density
profiles shown in Figure 8 are expressed by solid lines. The
curves are vertically offset for clarity.

Figure 8. Scattering length density profiles at the as-
prepared (hPS-190K/dPS-185K) interface and annealed ones
at 365 K for various times.
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the surface mobile layer was of the order of nanometers,
depending on the temperature and the molecular weight.
In the surface layer, there is a gradient of chain and/or
segmental mobility. Besides, the surface layer is not
apparently related to the chain dimension.
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