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Introduction

Since polymer surface conmtacts with ofther environments, its
energy state iz different fromthat in the bulk region.  Such an energy
difference malkes surface structure and physical properties different
from the corresponding bullk ones. The swrface structure and
physical properties play lkey roles in many functional applications
such as selective permeability, wetting property, biocormpatibility, etc.
So far, surface aggregation structure has been exfensively explored
with the advent of modem spectroscopic and microscopic methods.
On the other hand, studies for surface molecular motion have been
emerged at last. In my tall it will be reviewed how thermal
molecular motion at the surface can be experimentally studied, and
also, how active surface molecular motion is in cormparison with the
bull one.

Scanning viscoelasticity microscopy

Local wviscoelastic measurement at polymer surfaces can be
realized by using a family of scanning force microscopy. As the
sanple surface iz deformed by a tip indentation, the modulation of the
tip leads to the displacement modulation of the sanple surface. If
such a displacement to the sample surface is simisoidally applied, the
dynamic viscoslastic properties at the sarmple surface can be evaluated
by measuring the amplitude of the response force signal and the phase
lag between modulated displacement and response force signals. A
forced modulation atornic foree rmicroscope (AFM)  szo-called
“geanning viscoelasticity microscope (SVM)”, was designed by
rermodeling a cormmercially available AFM [1].
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Figure1 M, dependences of sarface E” and surface tan &
for PS-H films at 293 E.  For a conparizon, bulle tan &
and T;" are alzo shown,

Molecular weight dependence of surface dynamic
viscoelastic functions

Monodisparse  proton-terminated polystyrens (PS-H) was
prepared by a living anionic polymerization using sec-butyllithinm as
an initiator and methanol as a terminator. Hence, both chain ends
were cormposed of sec-butyl group and a protonterminated repeating
unit. The PS-H file of 200 nmethicl were coated onto silicon
wafers with native oxide layer by a spin-coating method. SWM
meagarement wag carrisd ot at 293 K in alr. The modulation
frequency and amplitude at the supporting part of the cantilever were
4 kHz and 1.0 nm, respectively. Figure 1 shows the molecular
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weight dependence of surface storage modulus, £” and surface tan &
for the monodisperse PS-H film ar 293 K [2].  Also, bulk tan & and
bulle glass transition termperature, T;® were plotted in it. In the case
of M, larger than 40l surface E7 and surface tan & were constant and
their magnitudes were ca. 4.5 GPa and 0.01, respectively. In contrast,
when 3, became smaller than 40k, surface E° and surface tan &
decrsazed and increased with decreazing M, respectively, at 293 K, as
shown in Figure 1. This result implies that the PS-H surface with 3,
smaller than 40k is in a glass-rubber transition or rubbery state even at
293 K. Thus, it iz conceivable that themnal molecular motion at the
film surface is more active than that in the bulle region, especially in
the caze of M, smallerthan 401,

Direct determination of surface glass transition
temperature

In orderto determine directly surface glass transition termperature,
T, the temperature dependence of surface phase lag between imposed
displacerment and detected force signals, & was examined. Figure 2
shows the temperamre dependence of & for the monodisperse FS-H
film with 3, of 140k [3]. A distinet cn-relazation loss peak
corresponding to micro-Brownian motion at the surface was cbzerved
a a termperature lower than itz T of 376 K. An onset temperature,
that is, a termperature at which & starts to increase, can be empirically
defined as ;7. Hence, based on Figure 2, T for the PS-H film with
M, of 140k can be determined to be 328 K. Similarly, T for the PE-
H film could be examined on the basiz of lateral force microscopy.
Fignre 3 shows the molecular weight dependences of T7 and I} for
the rmonodisperse PS-H films, T, was strongly dependent on 3,
cormpared with 7%, and was remarkably lower than the corresponding
Tgb. Sinee T for the PS-H film with 34, lower than ca. 40k was
below 293 E, it iz envisaged that the PS-H film surface with A, lower
than ca. 40k is in a glass-mabber transition state or a rubbery state even
af room termperatare,  This is in excellent accordance with the results
shown in Fignre 1. Also, the 7,7 - M, relation waz well supported by
Morita et al. nsing coarse-grained rmolecular dynamics sirmlation [4].
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Figure 2 Temperature dependence of sarface phase lag
for the PS-H film with A4, of 1401,
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Figure 3 M, dependence of T and TF for the PS-H filrms,

Ag shown in Figure 3, the A4, effect on T iz mch stronger than that
on Ty, Thus, it seems reasonable to consider that in the case of the
monodisperse PS-H, the number density of chain end groups at the
surface is larger than that in the interior bulk region due to their more
hydrophobic character than the main chain part.  Actually, surface
localization of chain ends for the PS-H was experimentally confirmed
by dynamic sscondary ion mass spectroscopic measurement [2].
Since chain ends induce an excess free volume on account of their
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larger fresdom in cormparison with the main chain part, 777 iz lowered
from the corresponding bullk value.

So far, we have explained on the basis of chain end effect why 7°
is lower than the corresponding T, If thiz notion iz universal, the
Ty walue should be strongly dependent on chain end structure.
Hence, T, of monodisperse o, w-diamino-terminated and o, w-
dicarboxy-terminated  polystyrenss  (o,0-PSINHz): and o o-
FS(COCOH):) were examined. As a general trend, 7,/ waz again
lower than the corresponding T, This result males it clear that
thermal molecular motion at the surface is more active than thatin the
bulle, independent of chain end chemiztty., However, the magnimde
of T was strongly dependent on the chain end species at a given 3,
[5]. Hence, it iz clear that the chain end effect iz cne of the
responsible determmining factors on the magnitude of T/ TF
asyrptotically increazed with increasing M, and was remained to be
atill lower than the bulk one even for high A of ca. 1M, where chain
end affect should be ignored dus to ity extremely low concentration, as
shown in Figure 3. Thus, it seems that the surface molecular motion
iz activated by not only the surface segregation of chain end groups
but also other factors, presumably an existence of the free space on the
polymer phase.

Tr=HBK

Figure 4 SVM images of the PS film at wvarious
terrperatires.,  The left- and right-hand side regions
corregpond to PS and Si surfaces, respectively.

Here, the above-mentioned dizoussion i visually shown. Figure
4 shows the 3V images for the PS film with 3, of ca. 1M, which
wag partially cut by a blade, collected at varicus temperatures from
200 K to 400 K [6]. Thus, P8 and Si surfaces could be observed.
Since the surface modulns of the silicon substrate should be invariant
with respect to terperature in the ermployed range, the contrast
enhancement between the PS and Si surfaces with temperatire reflects
that the modalus of the PE surface starts to decrease.  In the caze of a
lower termperature, the image contrast wag trivial, as shown in the top
line of Figure 4.  On the other hand, as the terrperature went beyond
330K or 340 K, the contrast betwaen the PS and 51 surfaces bacames
rernatkable with increasing termperatire, meaning that the PS surface
reached glass-rubber transition state at around these termperatures.
Here, it should be recalled that the 7,* of the PS by DSC was 378 K.
Hence, we visuglly present in Figure 4 that surface mobility in the PS
filrn was enhanced in cormparison with the bulle one.

Rheological analysis of surface molecular motion

In order to evaluate an apparent activation energy of the surface
c,-Telaxation process, the temperature dependence of 5° was measured
az a function of frequency, £ Figure 5 shows such a plot for the PS-
H with M, of 140k [7]. In all measuring frequencies, clear
abzoption peaks corresponding to the surface o.-relazation were
observed on &—termperatire curves, and itz peal position shifted to
higher termperature region with increasing frequency. Also, again, it
is apparent from Figure 5 that all peak tarrperatures are lower than its
Tgb of 376 K. Assuming that the reciprocal of a terrperature, at
which & exhibits the maxirum value, 1/Te, s proportional to the
nataral logarithm of the measuring frequency in glass-mabber
transition region, the apparent activation energy, AH* of the surface
o-Telaxation process can be cbtained by AF¥=-R d(ln /) / d(1/Thes),
where R iz the gas constant. Figure & shows In f va. 1/Ta
According to (1), AH* of the surface a.-relaxation process can be
obtained from the linsar slope shown in Figure 6, and itz value was
200420 kJ*mol?, which was definitely lower than the reportsd bulk
values of AH* ranging from 360 to 880 lkJ*mol™. This means that
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the cooperativity for the surface og-relaxation was reduced in
comrparigon with that in the bullkk  Sush a redustion of the
cooperativity at the surface might be arizen from the sxistence of the
free space on the polymer surface. Hence, it sesms reasonable to
conclude that the activation of thermal molecular motion at the surface
can be attained by the reduced cooperativity in addition to the chain
and effact.  Also, an affest of the chain entanglement, which might
be depresged at the surface, on the surface meolecular motion should be
congidersd in detail.
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Figure 5 Temrperatre dependsnce of & for the PS-H
film with #n of 140k at various frequencies.
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Figure 6 Semilogarithmic plot of measuring frequency
againat reciprocal absolnte temperature for the P film with
My of 140k,
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