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Introduction. Surface structure and surface molec-
ular motion of multiphase polymer films play an im-
portant role in many functional applications.’ In order
to design the highly functionalized surface, it is neces-
sary to control surface structure and to reveal the
molecular motion at the surface region.

Studies on the surface phase-separated structure of
block copolymers have been done extensively by several
groups.2~® Most works revealed that the component
with lower surface free energy compared with that of
the other component was preferentially concentrated at
the air—polymer interface.

DeKoven and co-workers casted the question “is the
molecular surface of polystyrene really glassy?”¢ They
concluded that the outermost surface of the PS film with
a molecular weight less than 24K was in a rubbery state
from the recovery characteristics of the scratched pat-
tern formed by a cantilever tip on the basis of atomic
force microscopic (AFM) observation. The authors
designed a scanning viscoelasticity microscope (SVM)
and studied the two-dimensional mapping of moduli for
multiphase polymers.” SVM observation of the polymer
surface revealed that the magnitude of tan ¢ at the
surface region was higher than that in the bulk sample.
In this paper, the terms “bulk sample” and “bulk” are
defined as the whole sample and the inside of the
specimen, respectively. However, the systematic mea-
surement of glass transition temperature, T, at the
surface of solid polymers has not been reported yet.

The purpose of this study is to evaluate T at the film
surface of a symmetric poly(styrene-block-methyl meth-
acrylate) diblock copolymer [P(St-6-MMA)] on the basis
of the temperature-dependent X-ray photoelectron spec-
troscopic (TDXPS) and the angular-dependent XPS
(ADXPS) measurements.

Experimental Section. The symmetric P(St-b-
MMA) copolymer was purchased from Polymer Labo-
ratories Co., Ltd. The total number-average molecular
weight, My, and the polydispersity of P(St-6-MMA) was
455K and 1.10, respectively. Also, the PS weight
fraction of copolymer was 48.7%. The magnitudes of
the surface free energy for PS and PMMA at 298 K are
40.7 and 41.2 mJ-m~2, respectively.® The copolymer thin
film with a thickness of ca. 50 nm was prepared by a
dip-coating method.

Differential scanning calorimetry (DSC; Rigaku ther-
moflex 8230) was used to evaluate T of the bulk P(St-
b-MMA) copolymer and PS and PMMA homopolymers.
The specimen was heated up to 423 K at a heating rate
of 10 K'min~! under a dried nitrogen purge.

The surface chemical composition of the P(St-b-MMA)
film was investigated on the basis of TDXPS and
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ADXPS measurements. The XPS spectra were obtained
with a ESCA 750 X-ray photoelectron spectrometer
(Shimadzu Co., Ltd.). The XPS measurement was
performed under conventional conditions with a Mg Ko
X-ray source. The main chamber of XPS was main-
tained at ~107% Pa. The analytical depth of XPS, d,
from the outermost surface is defined by

d=3Asin @ 1

where 4 is the inelastic mean-free path of the photo-
electron in the solids and 6 is emission angle of the
photoelectron.® The magnitude of d of polymeric ma-
terials ranges from 2.7 to 10.5 nm by using the value of
4 evaluated from Ashley’s equation.!® The surface
composition change owing to the annealing-induced
surface reorganization process was measured by using
a temperature-controlled heating stage of XPS. The
annealing of the specimen was carried out from 293 to
373 K at 5 K intervals. The specimen was held at each
temperature for 8 h.

Results and Discussion. The DSC thermogram of
P(St-6-MMA) showed two base-line shifts which indi-
cated two Tys. This result indicates that the bulk P(St-
b-MMA) is in a microphase-separated state. The tem-
perature at the midpoint of the base-line shift was
defined as T,. In a comparison of P(St-5-MMA) with
the PS and PMMA homopolymers, it was revealed that
the lower and higher T, corresponded to the PS and
PMMA components, respectively. T ps and Tgpmma for
the bulk P(St-b-MMA) were 380.5 and 394.2 K, respec-
tively.

Figure 1 shows the schematic representation of the
surface ordering process for the segregated symmetric
P(St-b-MMA). The as-cast film of P(St-b-MMA) formed
randomly oriented microphase-separated domains at the
surface region, since the solvent was evaporated fairly
fast from the film before attainment of an equilibrium
state, and then P(St-b-MMA) molecular chains were
frozen in a non-equilibrium state. With annealing of
the as-cast film of P(St-b-MMA), the reorganization at
the film surface proceeded, and then the well-defined
lamellar structure parallel to the film surface was
formed in a quasi-equilibrium state.

Figure 2 shows the XPS Cj; spectra of the as-cast
P(St-6-MMA) film and also PS and PMMA homopolymer
films at an emission angle of the photoelectron of 15°.
The Cy, spectra for the P(St-6-MMA) films were decon-
voluted into four peaks corresponding to neutral carbon
(285.0 eV), ether carbon (286.5 eV), carbonyl carbon
(288.8 eV), and the shake-up of m—x* of the benzene
ring (291.5—292.0 ¢V) by a standard nonlinear curve
fitting. Then, the surface PS weight fraction was
evaluated on the basis of the ratio of the XPS peak
intensities for the neutral, ether, and carbonyl carbons.

Figure 3 shows the annealing temperature depen-
dence of the PS weight fraction for the P(St-6-MMA)
film at the surface region as & function of the analytical
depth. Using Paynter’s algorithm,!! surface composi-
tions within the ranges of 2.7—5.3 and 5.3—7.4 nm were
calculated on the basis of ADXPS measurement. Since
the initial PS weight fraction at all analytical depths
was ca. 50%, it was apparent that both PS and PMMA
domains were almost equally present at the surface
region in 7.4 nm deep. Field-emission scanning electron
microscopic observation for the as-cast P(St-b-MMA)
film revealed the presence of randomly oriented do-
mains on the film surface. In the case of the analytical
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Figure 1. Schematic representation of the surface reorganization of the strong segregated symmetric P(St-6-MMA) diblock
copolymer. The orientation of lamellae accompanying a decrease in the interfacial phase-mixing layer occurred when the strong
segregated P(St-5-MMA) film on the hydrophilic substrate was annealed at Ty < T' < Tiysr. The reorganization process consists
of forming a PS thin overlayer and proceeding with microphase separation.
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Figure 2. XPS C;, core-level spectra of the as-cast P(St-b-
MMA) film and also PS and PMMA films.

PMMA

300 275

® 100 [ P(St-b-MMA) Tgemma
- Mn of 45.5k
= 801 Tors
2 r
S 60}
“l: b g e R et VS Rl - oo e
= 40
2 S Ters
@ 1. 0.0~270m Ty
2 201, 027-530m T 3
g 3. A 53~7.4nm N
0 i i i L
280 300 320 340 360 380 400
Temperature / K

Figure 3. Annealing temperature dependence of the surface
composition of a P(St-b-MMA) film as a function of the
analytical depth.

depth ranges of 0.0—2.7 and 2.7—5.3 nm, the enrich-
ment of PS segments was recognized more apparently
with an increase in the annealing temperature. The
enrichment of PS segments started at a certain anneal-
ing temperature, as shown by the arrows in Figure 3.
This surface enrichment of PS segments results from
the minimization of the air—polymer interfacial free
energy. On the other hand, the enrichment of PMMA
segments was recognized above a certain annealing
temperature in the case of the analytical depth range
of 5.3—7.4 nm. Therefore, each enrichment of PS and
PMMA segments in the depth ranges of 0.0—5.3 and
5.3—7.4 nm clearly indicates the formation of the second
PMMA layer beneath the first PS surface layer as
shown in parts b or ¢ of Figure 2, since the symmetric
diblock copolymer is used as the sample.

Table 1. T for P(St-b-MMA) with M, of 45.5K in
Different Depth Ranges

depth range/nm Tepy/K T pva’K
0.0-2.7 322.5 356.5
2.7-5.3 332.5 356.5
5.3-7.4 339.4 362.5
bulk 380.5 394.2

The surface reorganization can be attained in the
annealing temperature range at which PS or PMMA
segments can change their conformation or aggregation
state in a large scale, that is, their micro-Brownian
motions start. Therefore, the first and the second
increases in the PS weight fraction as shown in Figure
3 correspond to Tgs of PS and PMMA segments, because
the PS and PMMA segments are present on the surface
of the as-cast film. Table 1 summarizes Tgs for P(St-
b-MMA) in different depth ranges. Table 1 apparently
indicates that Tgs of PS and PMMA segments at the
film surface are much lower than those for the bulk PS
and PMMA samples. The magnitude of T, decreased
more strikingly as the analytical region became closer
to the outermost surface. Fox and Flory defined that
Ty was a temperature at which a free volume fraction
attained a certain constant value.l?2 Therefore, based
on the iso-free-volume theory, Table 1 indicates that
more excess free volume exists at the surface region in
comparison with that in the bulk. The larger free
volume at the surface region compared with that in the
bulk sample would be due to the localized chain end
groups at the surface region!® and/or the presence of a
geometrically unsymmetrical atmosphere at the air—
polymer interface. Also, the temperature at which the
excess entropy attained a certain constant value was
defined as T, by Gibbs and Di Marzio.!* Thus, according
to Gibbs’ and Di Marzio’s definition, the iso-entropy
theory, Table 1 indicates that a polymer chain at the
surface region has more excess entropy compared with
that in the bulk. At the present time, it is hard to decide
which contribution from excess free volume or excess
entropy is the main reason for a decrease of T at the
surface region.

In conclusion, the surface Ty for P(St-6-MMA) has
been evaluated on the basis of TDXPS. It was revealed
that the surface T, for P(St-6-MMA) was much lower
than that for its bulk sample. Also, the depth depen-
dence of T, for P(St-b-MMA) has been revealed on the
basis of the combination of TDXPS and ADXPS. The
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great decrease in T for P(St-b-MMA) was observed for
the depth closer to the outermost surface.
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