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ABSTRACT: Surface glass transition temperature, T, of monodisperse polystyrene (PS) films was

determined from the temperature dependence of Iatera? force at a given scanning rate. The end groups
of the PS were composed of sec-butyl group and a repeatlng unit terminated by proton. TS of the PS films
was discerned to be markedly lower than its bulk Tg, T, in the entire number-average molecular weight,
Mn, range, 4.9K to 1460K. The M, dependence of TS was analyzed on the basis of a simple power law.
The exponent of M, related to T; was —0.60 + 0.03 in contrast to the power of —0.5 from the Mayes
scaling argument that is based on both chain ends being perfectly localized at the surface. This result
implies that the surface localization of end groups of the PS used here is not complete. The TS
extrapolated to the infinite M, was found to be lower than the corresponding Tb by approximately 20 K
The apparent activation energy of the surface a,-relaxation process for the PS obtalned from Arrhenius
plot was 230 + 10 kJ-mol~?, significantly smaller than that for the bulk PS. Also, it was shown on the
basis of Ngai's coupling model that the cooperative motion at the surface can be achieved much easier
than its internal bulk phase. Thus, the difference between the T; and the Tg for the infinite M, PS was
explained in terms of the size and/or energy barrier reduction of the cooperative movement for the surface
aa-relaxation process, which might be arisen from the existence of the free space presented to polymer

segments at the surface.

Introduction

Surfaces and interfaces of polymeric materials play
an important role in many technological applications
such as lubrication, adhesion, and biomaterials.! To
design highly functionalized polymeric materials, the
systematical understanding of aggregation states and
physical properties in the vicinity of surface and inter-
facial layers, which are impossible to be deduced only
by extrapolating the bulk ones, is of pivotal importance
as the first benchmark.

Since the early 1990s, thermal behaviors in polymer
thin films have been extensively explored with the
advent of modern spectroscopic and microscopic meth-
ods. Restricting ourselves to the discussion of polysty-
rene (PS) for brevity, a conclusion obtained is consis-
tently arrived that the glass transition temperature, Ty,
in thin films differs markedly from that for the bulk,
although the interpretations as to why T4 must be
lowered in thin films differ.2=7 It seems to us that the
most persuasive arguments with respect to a depression
of Ty in thin films are based on the specific thermal
behaviors of polymer chains around surface and inter-
facial regions.

Authors have systematically embarked on surface
molecular motions of PS films mainly by scanning force
microscopy, e.g., scanning viscoelasticity®~11 and lateral
force microscopy 2~14 (SVM and LFM). SVM enables one
to gain direct access to viscoelastic properties on solid
surfaces by measuring an amplitude change in response
force, and detecting a phase lag between a stimulus
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displacement and a response force. 810 LFM relies on a
measure of lateral force between a sample surface and
a probe tip, and has been demonstrated to be a powerful
tool to investigate viscoelasticity of various polymer
surfaces. 12716 The authors have found that in the case
of the monodisperse PS film with a number-average
molecular weight, My, smaller than ca. 40K, the surface
was in the glass to rubber transition state or rubbery
state at room temperature even though the bulk glass
transition temperature, Tg, was far above the room
temperature. °~11 Furthermore, the thermal molecular
motion of polymer chains at the surface was strongly
influenced by chemical structures of chain end groups.*3
Boiko and Prud’homme, using lap-shear strength mea-
surements, observed that the strength at PS/PS inter-
face developed due to interdiffusion of PS chains at a
temperature below Tg, and concluded that the mobility
at the free surface was highly enhanced in comparison
with its internal bulk state.l” Besides, positron-an-
nihilation spectroscopic studies clearly indicated that
T, in the thin surface layer of PS film was suppressed.'®
On the other hand, these conclusions are in contrast to
a recent report on surface relaxation of PS film with
M, of 96K, based on the spectroscopy of near-edge X-ray
absorption fine structure by Liu et al.1® They have not
observed any evidence of vigorous molecular motion on
PS film surface at temperatures below its Tg. Hence, it
seems that a consensus for the thermal molecular
motions at the film surface is yet to emerge.

The objective of this study is to elucidate the thermal
molecular motions at the surface of the monodisperse
PS films based on LFM measurement at various sample
deformation rates and temperatures. Specifically, our
intent in this paper is to describe the molecular weight
dependence of surface glass transition temperature,
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Tg, of the PS films, and bring for the factors influenc-
ing Ty,

Experimental Section

Monodisperse PSs with various Mys were synthesized by
the anionic polymerization method using sec-butyllithium and
methanol as an initiator and a terminator, respectively. Hence,
the chemical structures at the chain ends are composed of a
sec-butyl group and a repeating unit terminated by proton.
The PS film was coated from a toluene solution onto a cleaned
silicon wafer by a spin-coating method. The film was dried at
296 K for more than 24 h and then annealed at 393 K for 24
h under vacuum. The film thickness evaluated by ellipsometric
measurement was approximately 200 nm, which was sufficient
to avoid any ultrathinning effects on the surface molecular
motion.

The surface relaxation behavior of the PS film was examined
by using LFM (SPA 300 HV, Seiko Instruments Industry Co.,
Ltd.) with an SPI 3800 controller. LFM measurements were
carried out at various temperatures in vacuo so as to avoid
the surface oxidation and a capillary force effect induced by
surface-adsorbed water. A piezoscanner was thermally insu-
lated from the heating stage. A cantilever with the bending
spring constant of 0.09 N-m~%, of which both sides were
uncoated or coated by gold, was used. The applied force to the
cantilever tip was set to be 10 nN in a repulsive force region.
It was confirmed that the sample surface was not damaged at
all by scanning the tip under the current experimental
condition. TtgJ was determined by differential scanning calo-
rimetry (DSC8230, Rigaku Co., Ltd.). The specimen was
heated to 423 K at a heating rate of 10 K-min~! under dried
nitrogen purge.

Results and Discussion

Since the frictional behavior of polymeric solids is
closely related to their viscoelastic properties,?° it is
possible to examine surface molecular motion of the
polymeric solids by using LFM, which is a powerful tool
to detect lateral force between sliding cantilever tip and
solid surface on a nanometer scale. What is central to
our claim is that the lateral force alteration with
measuring temperature and scanning rate corresponds
well to the temperature and frequency dependences of
dynamic loss modulus, respectively.1016 In either case
that the surface is completely in a glassy or rubbery
state, the magnitude of lateral force is not strongly
dependent on the measuring temperature at a given
scanning rate or the scanning rate at a given temper-
ature. On the contrary, the lateral force discernibly
varies with the temperature or the scanning rate, and
a peak is observable on the lateral force—temperature
or the lateral force—scanning rate curve when the
surface is in a glass—rubber transition state. Hence, if
the lateral force changes with the temperature or the
scanning rate, it can be judged that the surface is in a
glass—rubber transition state. Since the frequency range
of our LFM is restricted within a few decades, it is
impossible to obtain the whole picture of surface relax-
ation phenomena from a glassy to a rubbery state at a
given temperature. Thus, the lateral force measurement
was made at various temperatures as well as different
scanning rates in order to apply the time—temperature
superposition principle to the surface molecular motion.

Figure 1 shows the lateral force vs temperature
curves for the PS films with M, of 4.9K and 140K at a
fixed scanning rate, v, of 103 nm-s~1. The ordinate is
normalized by the peak value of lateral force to show
how the lateral force varies with temperature in the
vicinity of a transition region. The lateral force—
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Figure 1. Typical lateral force—temperature curves at a given
scanning rate. The curves for the PSs with M, of 4.9K and
140K at the scanning rate of 10 nm-s™* are displayed. The Tg
values measured by DSC were 348 and 376 K, respectively.
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Figure 2. Molecular weight dependences of T2 and TS of the
monodisperse PS, which were determined by BscC and LFM,
respectively. The arrow beside the ordinate shows the room

temperature. The dotted curve traces the TZ variations with
M, deduced by Mayes' scaling theory, whereas the solid curves
are drawn in the context of the power law analysis.

temperature curves shown in Figure 1 make it clear that
each surface transition temperature for the PS films
with M, of 4.9K and 140K is much lower than their T
of 348 and 376 K, respectively, based on the onset o%
DSC curves, at which the heat capacitance starts to
increase. Thus, it seems reasonable to conclude that the
thermal molecular motions at PS film surfaces are more
activated than those in the internal bulk phase. The
activation has been hitherto attributed to the surface
localization of chain end groups, both experimentally®—14
and theoretically,?! which might induce an extra free
volume at the surface.

An onset temperature on the lateral force—tempera-
ture curve, that is, the temperature at which the
magnitude of lateral force starts to increase, can be
empirically defined as T;. Figure 2 shows T so ob-
tained as a function of M,,, and Tg determined by DSC
are also plotted. The arrow beside the ordinate denotes
our room temperature, which is abbreviated as “R.T.”.
It is clear that TZ exhibits a stronger M,, dependence
than Tp. While T, monotonically decreases with My,
consistent with the empirical equation established by
Fox and Flory,?? there seems two regions where the M,
dependence of T; differs, as shown in Figure 2. A
possible explanation of such a relation of TZ to M, at a
lower M, roughly bordered by M, = 20K, is deferred to
later section. Even at ultrahigh molecular weight, M,
= 1450K, the T; was definitely lower than the Tg.
Besides, the film surface was already in a glass—rubber
transition or rubbery state at room temperature in the
case of M, smaller than approximately 40K. These
results are in good accord with our parallel experiment
by using another technique, scanning viscoelasticity
microscopy.2®
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Figure 3. Double-logarithmic plot of (Tj. — Tg) vs My, for the
monodisperse PS in accord with a power law analysis. Two
slopes of —0.5 and —1.0 are inserted to make the comparison
with that obtained experimentally easy. The shaded region
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According to Mayes' scaling theory?! invoking that the
chain end localization at the surface is perfect, the My
dependence of Ty is given by

TS = Ty — Ky(b/d) M, 7%° (1)

where Tgy. is the glass transition temperature for a
chain with the infinite My, b is the statistical segment
length, d is the depth from the outermost surface, and
Kwm is a material constant. The dotted curve in Figure 2
was drawn based on eq 1 with Ky = 1.12 x 10%%? b =
0.68 nm,?* d = 1 nm, and the T,., of 354 K as a fitting
parameter. This Ty 0of 354 K would correspond to the
Ty at the surface, szm, and is much lower than the
Tow Of 378 K. Although eq 1 with the T} of 354 K
reproduces quite well the experimental TS at a M,
higher than 10°, this is not the case for a shorter PS
chain. Hence, another method is applied to understand
the dependence of T; on M,. Given that Tj is repre-
sented by the analogous equation with eq 1, it can be
examined how Tj relates to M,

Tg=Tgw — KM® )

Here a and K are constants. Figure 3 shows a double-

logarithmic plot of (Tj. — Ty) against M, to extract the
power of Mn. When log M, reaches approximately 4.3,
the slope of the linear relation between log(Tg» — Tg)
and log M, changes. The solid line drawn in Figure 3
indicates the best fitted one with the T;w of 356 K as a
fitting parameter, provided that the two data points at
the smaller M, side were not counted due to its apparent
deviation from the linear relationship. Thereby the
Tg,m for the PS inferred from eq 2 was again definitely
lower than the TS,oo of 378 K. For the PS with the
infinite My, the number density of chain end groups on
the surface is negligible. Nevertheless, the glass transi-
tion temperature was lowered even at such a pristine
surface. Thus, it is conceivable that the surface molec-
ular motion is activated by other factors in addition to
the surface localization of chain end groups. Since there
is the free space on the polymer surface, it seems most
likely that the size and/or energy barrier of the coopera-
tive movement related to the micro-Brownian motion
is reduced at the surface, resulting in the Ty difference
between at the surface and in bulk even for the infinite
longer PS chain. Also the segment density in the vicinity
of the outermost surface might become smaller, as
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claimed in the intriguing simulation reports.?5-27 Fur-
thermore, the chain entanglement has been inferred to
be depressed at the surface region.28 These factors are
albso possible to be the reason why TS . is lower than
T

gThe slope of the best fitted line in Figure 3 was —0.6
+ 0.03, which was somewhat different from Mayes’
value of —0.5 in eq 1. Since the power of —0.5 was
derived on the basis of the assumption that both chain
ends were perfectly localized at the film surface, our
result implies that the surface segregation of end groups
for the PS is far from complete. This conclusion corre-
sponds well to our previous findings. The Tg depres-
sion of PS terminated by fluoroalkyl groups was larger
than that of the proton-terminated PS owing to the more
remarkable surface localization of chain ends, whereas
in the case of PS terminated by hydrophilic amino
groups, a decrement of T; was smaller than that for
the corresponding proton-terminated PS.23 Besides, it
should be worthwhile to note that our exponent of M,
against T is fairly close to the M, power of —2/3 in the
relation o% surface tension against My, which has been
explained in terms of the chain end effect as well.29 At
the present time, it is hard to conclude whether this
apparent agreement of the M, exponent between TZ
and the surface tension occurs by accident or whether
there exists a universal M, dependence on the surface
physical properties, as seen in the established physical
properties for bulk amorphous polymers; e.g., Tg, the
thermal expansion coefficient, and specific gravity are
inversely proportional to M,.%° Unfortunately, the physi-
cal meaning of a gentle slanting slope obtained at the
smaller M, region bordered by 1043 is not clear either
for the moment. The solid curve in Figure 2 was drawn
from the eq 2 with o = —0.6 and T} . = 356 K.

Once log M, falls short of the crossover region
identified by the shaded area in Figure 3, the slope of
the linear dependence of log(Ty. — Tg) on log My is
varied. This is presumably due to the discrepancy in
chain conformation at the surface between the two
different Mp ranges. In the case of a PS with larger M,
it might be possible for most of the chain ends to orient
to the surface if the surface free energy of end groups
is small enough to allow them to segregate to the
surface. On the other hand, this would not be true for a
shorter chain because the chain would suffer too large
a loss in entropy on account of its smaller internal
freedom if the most chain ends are localized at the
surface. This means that an increment of the surface
number density of chain ends with the decreasing M,
is not the same in the two M, ranges. That is, the
surface concentration of chain ends for a PS with M,
smaller than 102 is not increased as effective as that
for a PS with larger M, even though M, is decreased.
Since T; is strongly dependent on the surface concen-
tration of chain ends as mentioned, it is envisaged that
there exist two My regimes, where T; decreases with
M in a different manner. Thus, Tz of the PS did not
monotonically but sigmoidally decreased with M,, as
shown in Figure 2.

An effect of the sample deformation, i.e., the scanning
of a probe tip, on TZ must be reported for the sake of
completeness. Figure 4 shows the temperature depen-
dence of dynamic loss modulus, E", for the bulk PS
sample with M, of 1800K as a function of the measuring
frequency, f, measured by a Rheovibron. The peaks on



Macromolecules, Vol. 33, No. 20, 2000

10°

lef=35Hz
onset temperature g’ 2af=11 Hz
_\ [ 4 & 3vf=35Hz

Tl
2 o

©
% » 1% -
~ 1071 ¢ a0 £
"] dars [ o
A
$9376 kT
10° - %374 Fe ...s\
Z 372 i L)
%50 10" 102 ‘\\
10—4 1 ”Hﬁ 1 r<J

250 300 350 400 450 500
Temperature / K

Figure 4. Dependence of dynamic loss tangent on tempera-
ture for the bulk PS with M, of 1800K as a function of the
measuring frequency. The inset shows an effect of frequency
on the onset temperature.

the E"—temperature curves are assigned to the a,
absorption corresponding to the micro-Brownian motion
of polymeric chains.3! The inset of Figure 4 shows the
frequency dependence of the onset temperature, at
which the magnitude of E" starts to increase. The inset
makes it clear that the onset temperature is almost
constant in the frequency range studied here. To
combine our LFM results with a well-defined bulk
mechanical properties such as E", the scanning rate, v,
of the LFM measurement was converted to the fre-
qguency corresponding to the bulk measurement, which
was proportional to the inverse of a deformation period,
as given by

f =vl2a (3

where a is the contact radius of the tip. According to
Johnson—Kendall—Roberts (JKR) theory, which counts
the surface force effect on contact phenomena between
two elastic bodies,?? a is expressed as follows:

3 _ Rt{ 2}
a’ = | Fo + 37RW,, + VBARFW,, + (3TRW,)
(4)

R:i, K, F¢, and Wy, are the radius of curvature of a tip,
the converted modulus, the contact force, and the
adhesive work, respectively. Although it is difficult to
estimate the precise magnitudes of all variables in eq 4
for the moment, f can be roughly estimated to be 70 Hz
by using reasonable numbers. Since the sample defor-
mation rate dependence of the onset temperature does
not exist apparently in this frequency region, as shown
in the inset of Figure 4, it seems reasonable to claim
here that the discrepancy between TS and Tb displayed
in Figure 2 does not arise from the sample deformatlon

Next, it is shown how lateral force changes as a
function of scanning rate of a tip on the PS surface at
different temperatures. Figure 5 shows the relationships
between scanning rate and lateral force on the PS films
with M, of (a) 4.9K and (b) 140K at different temper-
atures. In both PS films, the lateral force was indepen-
dent of the scanning rate at a lower temperatures such
as 259 and 325 K for PS with M, values of 4.9K and
140K, respectively, as shown at the bottoms of Figure
5, parts a and b. It should be noted once again that the
lateral force is invariant across two decades in the
scanning rate if the surface is in a glassy state. Figure
5 shows that both surfaces with M, values of 4.9K and
140K are in the glassy state up to about 259 and 325
K. These are in good accord with the results presented
earlier that TZ with M, values of 4.9K and 140K are
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Figure 5. Scanning rate dependence of the lateral force with
various temperatures for the monodisperse PS films with M,
of 4.9K and 140K.

267 and 335 K, as shown in Figure 2. When the
measurement was carried out at higher temperatures,
e.g., from 267 to 275 K and from 333 to 342 K for the
PS films with M, values of 4.9K and 140K, respectively,
the lateral force increased with decreasing scanning
rate, especially at the lower scanning rates. Further,
the lift-off point on the lateral force—scanning rate curve
was shifted to the higher scanning rates. As the PS film
was heated, a peak was clearly observed on the lateral
force—scanning rate curve. The peak appeared in the
temperature ranges of 284—292 K and 350—367 K for
the samples of 4.9K and 140K. At higher temperatures
than 300 and 367 K for the samples of 4.9K and 140K,
the lateral force decreased with decreasing scanning
rate. Eventually, the lateral force recovered the invari-
ance with respect to the scanning rate, and this is shown
at the top of Figure 5a. Thus, the overall profiles reflect
a successive change of the surface molecular motion
from the glassy state to the rubbery state via the
transition with the increasing temperature. Since the
performance of the piezoscanner was not stable at a
temperature higher than 373 K, the LFM measurement
for the PS with M, of 140K was truncated at 367 K.
The shape of each curve in Figure 5 suggests that the
master curves for the lateral force—scanning rate rela-
tion might be obtained by the horizontal and vertical
shifts. Since the error bar was not necessarily small,
only the horizontal shift, ar, was quantitatively evalu-
ated.

Figure 6 shows the master curves for the PSs with
M, of 4.9K and 140K drawn by horizontal and vertical
shifts of each curve shown in Figure 5 as the reference
temperatures of 267 and 333 K, respectively. The
amount of horizontal shift, namely, the shift factor, ar,
is collected in Table 1. The master curves obtained from
the dependence of lateral force on the scanning rate was
very similar to the lateral force—temperature curves,
as shown in Figure 1. Therefore, it seems reasonable to
consider as a general concept that the scanning rate
dependence of the lateral force exhibits a peak in a
glass—rubber transition, and that the lateral force in a
glassy and a fully rubber regions is independent of the
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Table 1. Shift Factors, ar, for PSs with M, of 4.9K and

140K

T/IK ar T/K ar

(@) M, = 4.9K
267 1.0 292 25 x 104
275 7.0 x 1072 300 1.0 x 1075
284 6.0 x 1073

(b) My, = 140K
333 1.0 358 3.0 x 1073
342 2.3 x 1071 367 7.0 x 1074
350 2.3 x 1072

scanning rate. It is clear from Figure 6 that the time—
temperature superposition principle, which is charac-
teristic of bulk viscoelastic materials, can be applied to
the surface relaxation process as well. Assuming that
ar, has a functional form of Arrhenius type,333* the
apparent activation energy for the o,-relaxation process,
AH¥, is given by

- (5)

where R is the gas constant and T and T, are the
measuring and the reference temperatures, respectively.
Figure 7 shows the relationships between In ar and the
reciprocal absolute temperature for the PSs with M,
values of 4.9K and 140K, the so-called Arrhenius plots.
The activation energy for the surface o,-relaxation
process calculated from each slope of Figure 7 was 230
+ 10 kJ-mol~?!, independent of M, for the PS. This
magnitude was much smaller than the reported values
for bulk PS sample, ranging from 360 to 880 kJ-mol—1.35:36
The cooperative length scale of micro-Brownian motion
for a fragile glass near Tg has been reported to be
approximately 2 nm.3” That is, a segment existing in
the surface region of 2 nm from the outermost surface
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Figure 8. Semilogarithmic plot of segmental relaxation time
against reciprocal absolute temperature for the PS film with
M, of 140K. The solid line denotes the log 7 — 10%T relation
for the corresponding bulk PS calculated from Vogel—Fulcher
equation. The vertical dashed line merely denotes Tg. The
filled and open triangles are the experimental relaxation times

at the surface and calculated one at Tg by extrapolating
experimental surface 7, respectively. The inset is the same plot
for the PS film with M, of 4.9K, provided that the experimental
surface t values are represented by filled circles.

is supposed to have a fewer neighbor segments to move
cooperatively. The analytical depth of our LFM mea-
surement might be smaller than 1 nm,3 and thus the
surface AH* was remarkably smaller than the reported
values for bulk PS, resulting in the observation that the
T; was also lower than the Tg even for the infinite M,
PS. To make quantitative evaluation of the cooperativity
at the PS surface, the coupling model®® proposed by Ngai
et al. is applied to our results.

The correlation function of the motion after t;, in
which an intermolecular coupling between the local
segmental motions in different chains starts to be
cooperative, is given by eqs 6 and 7, where 77 is the

o0 =exp {7} ©)
A @)

single chain independent relaxation and n is the cou-
pling parameter indicating cooperativity. The n for bulk
PS was reported to be about 0.64.40

The main plot and the inset of Figure 8 show the
semilogarithmic plots of the segmental relaxation time,
7, against 1/T for the PSs with M of 140K and 4.9K,
respectively. The s at the surface, filled symbols, were
obtained on the basis of the scanning rate dependence
of lateral force at a given temperature as shown in
Figure 5. Since the peak scanning rate can be converted
to the peak frequency by using eq 4, it is possible with
the relation 7(27fnax) = 1 to evaluate the surface 7 at a
given temperature. The segmental relaxation time for
bulk PS, which was calculated from Vogel—Fulcher
equation, is also displayed in Figure 8 to compare with
the surface .

T=r1,€exp (%) (8)
V

In eq 8, the preexponential, a vibrational lifetime, of
10714 s 36 and the activation temperature, B, of 1842 K
were used. Also the Vogel temperature, Ty, was taken
as (Tg— 50) K. It is apparent from Figure 8 that a
segment located at the surface can be relaxed much
faster than that in bulk. The same trend can be seen
for the PS with M, of 4.9K, as shown in the inset of
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Figure 8. To estimate the coupling parameter at the
surface using eq 7, it is necessary to know the 7 and
the 71 at a given temperature. Since the 7; is relaxation
time of a single chain without the intermolecular
interactions, it should be the same at the surface and
in bulk. The 7; could be easily calculated at T?, and its
magnitude was 10768 s.39 Also, the surface 7 at Tg was
estimated to be 9.03 x 107° s by extrapolating three
filled triangles to Tg. This surface t was represented as
a open triangle in Figure 8. Finally, the coupling
parameter at the PS surface was found to be ap-
proximately 0.2, which was intensively smaller than the
bulk value of 0.64. Thus, it seems reasonable to conclude
that the size and/or energy barrier of the cooperative
motion at the surface is much smaller than that in its
internal bulk state. The apparent activation energy of
the aa-relaxation differs by a factor of 1.5—4 between
the surface and the bulk, and the same factor seems to
emerge for the difference in the cooperativity parameter
n. This agreement may not be entirely accidental but
may indicate a connection between the apparent activa-
tion energy and the degree of cooperativity in the
context of Ngai’'s model. A reduction of the cooperativity
at the surface might be seen to arise from the existence
of the free space on the polymer surface.

Conclusions

The temperature-dependent LFM was applied to the
examination of surface relaxation processes for the
monodisperse PS films. TZ was found to be much lower

than Tg in the entire M, range. The M, dependence of
T; was analyzed on the basis of Mayes’ scaling predic-
tion and a simple power law. Consequently, the expo-
nent of M, related to TZ was —0.60 £ 0.03 in contrast
to the power of —0.5 from the Mayes’ scaling theory
assuming that both chain ends were perfectly localized
at the surface. This result implies that the surface
localization of end groups of the PS used here is not
perfect. The T; extrapolated to the infinite M, was
found to be lower than that for the bulk sample by
approximately 20 K. It was shown that the well-
established time—temperature superposition principle
was applicable to the surface a,-relaxation process as
well. The apparent activation energy for the aa-
relaxation at the PS surface was calculated to be 230 +
10 kJ-mol~1, which was remarkably smaller than the
reported values for bulk PS. The size of the cooperative
movement at the surface was discussed on the basis of
the Ngai’s coupling model. As a result, it was shown
that the cooperativity at the surface was intensively
reduced in comparison with its interior bulk region.
Finally, it was envisaged that the thermal molecular
motion at the PS surface was activated by not only the
surface localization of chain end groups but also the
reduced cooperativity.
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