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ABSTRACT: The molecular weight dependence of surface dynamic storage modulus, E' and surface
loss tangent, tan 8 for monodisperse polystyrene (PS) films with various number-average molecular
weights, Mns were evaluated on the basis of scanning viscoelasticity microscopic (SVM) meas-
urements at 203 K. SVM measurement revealed that the surface of the monodisperse PS film with
lower Mn than 40 k was in a glass-rubber transition state even at 293 K and surface molecular mo-
tion was more active or enhanced in comparison with that of the bulk sample. The surface nano-
structure of the [PS/poly(vinyl methyl ether) (PS/PVME)] ultrathin blend film of 15 nm thick was
investigated by using atomic force microscope (AFM) and SVM. Both microscopic observations re-
vealed that the (PS/PVME) ultrathin film of 25 nm thick was in an apparent phase-separated state
and the circular droplet-like PYME rich domains were surrounded by the flat PS matrix. This mn-
vestigation indicated that SVM was a powerful tool to evaluate the interfacial nano-structure at the

phase-separated surface.

Introduction

Scanning force microscopy (SFM) is one of the
new scanning probe microscopy technique and use-
ful to investigate surface morphology of materials
with high resolution.' The SFM image was created
on the basis of thc various forces acting between
cantilever tip and sample surface such as van der
Waals, electrostatic, frictional, magnetic forces and
soon. Atomic force microscopy (AFM)® is a widely
used instrument for the ohservation of surface to-
pography, which is obtained by detecting the force
acting between sample surface and probe tip.
When the cbservation is carried out in a repulsive
force region of the force curve, the sample surface
might be deformed by the indentation of a tip. The
modulation of the indentation leads to the mo-
dulation of the force acting between sample sur-
face and tip. If the modulation of the tip in-
dentation is applied sinusoidally to the sample sur-
face, the dynamic viscoelastic properties at the
sample surface can be evaluated by measuring the
amphtude of the modulated deformation for the
sample (response stress) and the phase lag
between modulation signal (stimulation strain) and
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modulated deformation signal (response stress).’
The forced oscillation AFM eguipment, so-called
“scanning viscoelasticity microscope (SVM)™, was
designed by remodeling a commercially available
AFM." The purpose of this study is to investigate
the surface molecular motion of the polymeric sol-
ids and also, to reveal the nano-structure at the
phase-separated polymeric surface on the basis of
SVM measurement.

Experimental

Materials and Film Preparation. Monodis-
perse PSs were prepared by a living anionic po-
lymerization at 293 K using sec-butylithium as an
initiator. Table I shows the number-average molec-
ular weight, M, the molecular weight dispersity,
M./M, where M, is weight-average molecular
weight, and the bulk 7, of monodisperse PSs. The
PS film of ca. 200 nm thick was coated with a tol-
uene solution onto a cleaned silicon wafer by a
spin-coating method at 2 krpm.

Polymer blend film was used in order to image
the surface thermo-mechanical properties in a
phase-separated state. Polymer mixtures used in
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Table 1. Characterizations of PS Used in this Study

M, MJ/M, T/K
17k 1.09 335.3
27k 1.10 341.8
49 k 1.08 353.5
75 k 1.09 367.1
9.0 k 1.09 3684
19.7 k 1.07 364.9
266 k 1.09 3720
404 k 1.08 374.5
475 k 1.05 3795
140.0 k 1.06 3815
2186 k 1.04 3821
1,800 &° <1.30 383.1

“Purchased from Pressure Chemicai Co., Ltd.

this study was composed of P3 with M, of 266k
and MJ/M. of 1.09, and poly(vinyl methyl ether}
(PVME) with M, of 38.8 k and M./M. of 1.98. The
(PS/PVME) blend thin film of 25nm thickness
was coated onto a hydrophilic silicon-monoxide
($i0) substrate by a dip-coating method.

Evaluation of Surface Dynamic Viscoelastic
Properties. The SVM measurement was pet~
formed at 203K in air under a repulsive force of
ca. 25 nN. The modulation frequency and the mod-
ulation amplitude were 4 kllz and 1.0 nm, respec”
tively. The cantilever used was microfabricated
from Si:N, and its spring constant was 0.09 N-m™
The details of quantitative analysis method for the
surface modulus will be published elsewhere.”

Investigation of Surface Localization of
Chain End Groups. End labelled deuterated PS
(dPS) was prepared by a living anionic poly-
merization. Only each end portion was labelled
with proton. The dynamic secondary lon mass spec-
troscopic measurement (DSIMS) analysis of the
end labelled dPS film was performed by using
SIMS 4000 (Seiko Instruments Inc.-Atomika
Analysetechnik GmbH). The incident beam of oxy-
gen ions at 3.0 keV and a current of 6~7 nA was
focused onto a 100 pm %100 pm area of the speci-
men surface.

Results and Discussion
Surface Viscoelastic Functions for Mono-

disperse PS$ Film. Figures 1(a) and 1(b) show the
molecular weight dependence of surface dynamic
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Figure 1. Molecular weight dependence of (a) surface dy-
namic storage modulus, £ and {b) surface loss tangent, tan
5 for monodisperse PS film. Also, the apen squares and cir-
cles it (2) and (b) show the bulk 7, and bulk tan 8, respec-
tively.

storage modulus, E' and surface loss tangent, tan &
of the monodisperse PS films. Also, the bulk T, and
the bulk tan & evaluated by using differential scan-
ning calorimetry (Rigaku DSC-8230) and Rheo-
vibron (DDV-01FP, Orientec Inc.) were plotted in
Figure 1(a) and 1(b), respectively. In the case of
the PS films with M, larger than 40.4k, the mag-
nitudes of surface E and surface tan & were con-
ctant and also, heir magnitudes were ca. 4.5GPa
and 0,01, respectively. These magnitudes of surface
E' and surface tan & agreed well with those for the
bulk sample which was in the glassy state at 293 K.
Thus, it seems reasonable to conclude from the
magnitudes of surface E' and surface tan & that the
surface of the monodisperse PS film with larger M,
than 40.4 k is in a glassy state at 293 K. On the oth-
er hand, in the case of the PS films with M, smaller
than 26.6 k, the magnitudes of surface E' and sur-
face tan & decreased and increased with a decrease
in M, respectively. It is generally accepted that the
onsets for the e,-absorption on the tan &-tem-
perature curve and for the o,-dispersion on the E-
temperature curve well correspond to T.. Thus, it
can be considered from the magnitudes of surface
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E' and surface tan 9 that the surface of the mono-
disperse PS films with smaller M, than 26.6k is in
a glass-rubber transition state even at room tem-
perature. These results indicate that the surface T,
for the monodisperse PS films decreases with a de-
crease in M. and especially, in the case of the PS
films with M, smaller than 26.6 k, the surface T,
gradually approaches to 293 K and, finally, becomes
below 293 K.

Dvnamic viscoelastic properties of the bulk PS
sample with monodisperse M, were measured in
order to compare the bulk E' with the surface E'.
Since, in the case of the PS films with M, smaller
than 40.4 k, the film was very fragile, dynamic
spring analysis technique was applied.® In the case
of the PS films with M, smaller than 26.6 k., the
magnitude of surface tan & was much higher than
that of bulk tan & as shown in Figure 1(b). This
clearly indicates that the surface T is more strong-
ly dependent on M. than the bulk 7, due to the
enhanced surface localization of chain end groups
as discussed below. Thus, it seems reasonable to
conclude that thermal molecular motion at film sur-
face is more active in comparison with that of the
bulk sample, especially in the case of M, smaller
than 26.6 k.

Surface Localization of Chain End Groups. A
depression in T, at the film surface compared with
that of the bulk sample may be explained by the
surface localization of chain end groups.” However,
the surface localization of chain end groups has not
been experimentally confirmed with relation to sur-
face molecular motion. Using the monodisperse
deuterated polystyrene (dPS} of which chain end
group was labelled by protonated group, the SIMS
depth profiling was performed in order to reveal
the selective surface segregation of chain end
groups. Figure 2 shows the SIMS depth profile of
the end labelled dPS film. The dashed vertical line
corresponds to the air-polymer interface. Figure 2
apparently shows the increase and the decrease in
concentration of protons and deuterium ions at the
air-polymer interface, respectively. Since styrene
repeating units were deuterated. protons were
present only in both chain end portions. Thus, the
SIMS depth profile apparently showed an en-
richment of chain end groups in the depth range
from the outermost surface to K. Since the sur-
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Figure 2. SIMS depth profile of proton, deuterium and car-
bon ions for the end labelled deuterated P'S fiim. The inset
enlarges the proton intensity profile linearly, in the vicinity
of the air-polymer interface. The depth before the at-
tainment of the dashed vertical line corresponds to sputt-
ering the eiching of a platinum layer of 10 nm thick to a-
void a charging of the specimen during SIMS measurement.

face localization of chain end groups induced the
larger free volume fraction at the film surface com-
pared with that in a bulk phase, it seems rea-
sonable to conclude that surface molecular motion
at the film surface is fairly more active in com-
parison with that for the bulk sample.

Imaging of Thermo-Mechanical Properties at
Polymer Solid Surface. In order to image the ther-
mo-mechanical properties at the polymer solid sur-
face, the polymer blend fitm was prepared. Figure
3(a) shows the AFM image of the as-cast (PS/
PVME) (62/38 w/w) ultrathin film of 25 nm thick
on the hydrophilic Si0 substrate. AFM observation
revealed that the (PS/PVME} ultrathin film was in
an apparent phase-separated state in which the drop-
let-like domains of 200~500 nm in diameter and
20~40 nm in height were formed.’ The charact-
erization of the droplet-like domains was carried
out using AFM observation of the (PS/PVME) u]-
trathin film with different (PS/PVME) blend ra-
tios. The apparent surface area for the droplet-like
domains on the AFM image decreased with a de-
crease in the PVME weight fraction. Then, it was
apparent through the AFM observation that the
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Figure 3. (2) AFM and () SVM images for the (PS/PYME) (62/38 w/w) ultrathin film of 25 nm thickness on the hy-
drophilic substrate, And also, (c) and (d) show sectional views along the line in the AFM and SVM images, respectively.

droplet-like domains were composed of PYME and/
or the PVME rich phase.

SVM observations were performed in order to
evaluate surface viscoelasticity of the as-cast (P5/
PVME) (62/38 w/w) ultrathin film of 25 nm thick-
ness on the hydrophilic Si0 substrate. Since the
bulk T, of PS was far above room temperature,
whereas that of PVME was helow room tem-
perature, it was expected that the glassy PS5 and
the rubbery PVME phases could be distinguished
apparently even at the surface on the basis of the
SVM observation. Figure 3(b} shows the two-di-
mensional image of surface dynamic storage mod-
ulus for the (PS/PVME) ultrathin film at 293 K.
The darker and the brighter regions correspond io
the lower and the higher real part of modulus.
respectivly. The droplet-like domains in Figure 3(b)
well correspond to those of the AFM image in Fig-
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ure 3(a). Since the droplet-like domains were ob-
served as the darker region in comparison with the
brighter matrix one, it is reasonable to conclude
from the variation of the domain-matrix area frac-
tion that the droplet-like domains are composed of
the rubbery PYME and/or PVME rich phase and
also, the matrix composed of the glassy P5 one.
The contrast in AFM image means the diff-
erence of the sample height, whereas that in SVM
image reflects the difference of modulus. Thus,
SVM can reveal the interfacial structure between
different phases at the phase-separated surface,
which cannot be accurately distinguished by using
AFM. The domain size was evaluated along the
line as shown in Figures 3(a) and 3(b}. The size of
PVME domain in AFM image was smaller than
that observed by SVM. This resuit indicated that
remarkable height difference was not present at
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Figure 4. Schematic representation of two possible molec-
ular aggregation state of the phase-separated (PS/PVME)
ultrathin film.

the two phases, that is PS/PVME, interface. Also,
the maximurn height in AFM image and the min-
imum modulus in SVM image were shifted from
the domain center to the right and left hand sides,
respectively. Since the scanning was carried out in
contact mede at high speed, the lateral force by
probe tip induced the plastic deformation of the
rubbery PVME and/or PVME rich phase along the
scanning direction. Also, the scanning direction of
tip in AFM observation was opposite to that in
SVM observation. Thus, it can be considered that
the maximum height in AFM image and the min-
imum modulus m SVM image were shifted from
the domain center to the opposite side. Figure 4
shows the schematic representation of the sec-
tional profile of the surface aggregation structure
of the (PS/PVME} blend ultrathin film. The model
was drawn on the basis of the AFM and SVM ob-
servations as mentioned above. The SVM results
indicated either the presence of low modulus
PVME thin layer at the domain boundary as shown
in Figure 4(a) or the compositional gradient struc-
ture along the radial direction of PVME rich
domain as shown in Figure 4(h). Further effort is
in progress to distinguish these two models.
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Conclusions

Surface viscoelastic functions for the mono-
disperse PS film were evaluated by using SVM. In
the case of the PS films with M, less than ca. 40k,
it was revealed that film surface was in a glass-
rubber transition state even at 293 K. A depres-
sion of surface T, compared wth that for the bulk
sample was explained by the surface localization of
chain end groups. It showed that the surface aggre-
gation structure of the (PS/PVME) blend ultrathin
film could be evaluated on the scale of nanometers

by combining AFM and SVM observations.
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