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Thin films of poly(methyl methacrylate) (PMMA) and poly(styrene-ran-acrylonitrile) (SAN) blend can
phase separate upon heating to above its critical temperature. Temperature dependence of the surface
composition and morphology in the blend thin film upon thermal treatment was studied using in situ
X-ray photoelectron spectroscopy (XPS) and in situ atomic force microscopy (AFM). It was found that in
addition to phase separation, the blend component preferentially diffused to and aggregated at the
surface of the blend film, leading to the variation of surface composition with temperature. At 185 °C,
above the critical temperature, the amounts of PMMA and SAN phases were comparable. At lower
temperatures PMMA migrated to the surface, leading to a much higher PMMA surface content than in the
bulk. The migration and preferential segregation of a blend component in thin films demonstrated here
are responsible for the great difference between in situ and ex situ experimental (not real quenching or
annealing) results of polymer blend films, and help explain the slow kinetics of surface phase separation
at early stage for blend thin films reported in literature. This is significant for the control of surface
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properties of polymer materials.
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1. Introduction

Polymer blend films play an important role in many applica-
tions, such as biomaterials, adhesion, electrochemistry, and surface
patterning [1-3]. Their performance in these applications depends
on surface properties, which are mainly controlled by surface
composition and surface structures. On the other hand, surface
properties of thin films can be different from that of the bulk
because molecules at surface are exposed to a different
environment [4]. Polymer blend thin films are no exceptions.

Much work has been focused on the relationship between
surface composition and structure and surface properties of thin
films [5-12]. In addition, by using techniques such as atomic force
microscopy (AFM) [13,14], forward recoil spectrometry (FReS) [15],
and dynamic secondary ion mass spectrometry (DSIMS) [16],
morphology, composition distribution in the planes parallel and
vertical to the substrate, and phase evolution and dynamics [13-20]
have been studied. So far most of the investigations on the
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evolution of surface chemical composition and surface structure
have been based on ex situ experimental methods. Recently in situ
AFM and XPS techniques have been employed to investigate the
evolution of surface structure and surface composition in real time
and direct space, such as crystallization and melting of polymers
[21-23], island nucleation and growth in self-assembled mono-
layers [24], and substrate-facilitated assembly of elastin-like
peptides [25]. In some cases, significant discrepancies in surface
composition or surface structure have been found between ex situ
and in situ experiments, such as in thin blend films of poly(methyl
methacrylate) (PMMA) and poly(styrene-ran-acrylonitrile) (SAN).
PMMA/SAN is a typical system for phase separation studies
[13,15,19,26-31]. Based on the results obtained via ex situ experi-
ments [13,15,19,26], the surface of the blend film is covered with
PMMA-rich phase even after extensive annealing. However, more
recently insitu AFM studies showed that at high temperatures
surface phase separation is obvious, and both PMMA-rich phase
and SAN-rich phase are present at the film surface [30]. The
discrepancy observed suggests that the decrease of temperature
after the annealing process can significantly alter the surface
composition of the blends. In fact, many polymer materials are
processed at high temperatures before cooled down to and used at
low temperatures. If surface structure and surface composition are
important to a particular application, the effect of the cooling
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process on the surface composition and structure must be consid-
ered. However, so far the literature on the evolution of surface
structure and surface composition with decreasing temperature is
limited.

In this work, in situ XPS and AFM were employed to examine the
evolution and development of the surface chemical composition
and surface morphology of thin films of PMMA-SAN blends during
various annealing processes. It was found that at higher tempera-
tures, the amounts of PMMA and SAN on the surface were
comparable. When temperature decreased, PMMA migrated to the
surface and takes the place of SAN. Based on these observations, the
difference between in situ and ex situ experimental results of
polymer blend films reported by previous researchers was clarified,
and the slow kinetics of surface phase separation at early stage in
our previous work was explained.

2. Experiment part
2.1. Materials

Poly(methyl  methacrylate) (PMMA, M, =387 kg/mol,
PD =3.72; Across) and poly(styrene-ran-acrylonitrile) (SAN, 30%
AN by mass, M,y = 149 kg/mol, PD = 2.66; Aldrich) were used as-
received without any further purification.

2.2. Sample preparation

Thin films of a PMMA/SAN blend (50/50 wt%) were prepared by
spin-casting a 1.0 x 1072 g/mL solution of the blend in 1,2-dichloro-
ethane onto silicon wafers. The silicon wafers were cleaned in
a bath of 100 mL of 80% H,SOg4, 35 mL of 30% H,0,, and 15 mL of
deionized water at 80 °C for 60 min, rinsed with deionized water,
and then dried with nitrogen [20] prior to use. Four replicate films
were prepared under the above conditions and labeled as samples
#1, #2, #3, and #4. The thicknesses of all films were measured on
a Bruker D8 Discover X-ray reflectometer to be 130 + 2.3 nm (this
thickness is well-suited to compare with that in Ref. [30]).

2.3. Atomic force microscopy (AFM)

The surface phase morphology of the blend films was charac-
terized on a Seiko SPA-300 scanning probe microscope equipped
with a temperature-control stage operating in tapping mode.
Sample #1 was treated in the chamber of the AFM according to the
temperature profile shown in Fig. 1.

2.4. X-ray photoelectron spectroscopy (XPS)

Surface chemical composition of the films was determined on
a Thermo ESCALAB 250 X-ray photoelectron spectrometer equip-
ped with a hot stage using monochromatic Al X-ray source
(1486.6 eV). The take-off angle (between the sample surface and
the detector optics) was 90°. The sample analysis chamber of the
XPS instrument was maintained at a pressure of about 2.0 x 10”7 Pa
during the spectral measurements. The binding energy peaks were
charge-referenced to the C-C/C-H peak at 284.6 eV [32]. The area
exposed to X-ray was about 500 x 500 pm?, and the sampling
depth was less than 10 nm.

To assess the extent of degradation of the blend films caused by
the X-ray at high temperatures, sample #2 was maintained at
185 °C for several hours in the XPS analysis chamber to reach
a steady state, and spectra were taken at 0 min, 2 min, 4 min, 6 min,
and 8 min of X-ray exposure, respectively, at the same sample
position. In addition, sample #3 was heated to 185 °C in an oven for
about 3 h, which approximately corresponds to point E in Fig. 1, and
then quenched into liquid nitrogen. Sample #4 was treated using

T T T
200 B CD E 1
O-0-0 m] O-0K
| ¢
GO 150 o-=d -
[ \ G
< ] o—0O
=]
£ \w
o 100 -
g 0—0Q
£
)
[t
50 E
yo0—=0o
o A
0 . . . .
0 300 600
Time (min)

Fig. 1. Schematic representation of thermal treatment profile for samples #1 and #4.
Measurements are carried out at the labeled point.

the temperature profile shown in Fig. 1, and the surface composi-
tion was monitored by XPS.

To assess the evolution of the surface chemical composition and
morphology of the PMMA/SAN blend films, the following thermal
treatment process shown in Fig. 1 was applied to samples #1 and
#4, in situ on the AFM and XPS, respectively. First the specimen was
rapidly heated to 185 °C (A and B), and then maintained at this
temperature for about 3 h for the phase separation to fully develop
(B-E). The specimen was then cooled to 155 °C, 125 °C, 95 °C, and
40 °C and maintained for 38 min, 45 min, 45 min, and 75 min,
respectively (E-]), to simulate the slow cooling process used in ex
situ experiments reported in literature. Finally the film was heated
quickly back to 185 °C and maintained at the temperature for half
an hour to investigate if the change of the surface morphology and
composition was reversible (J-K).

3. Results and discussion

The binary mixture of PMMA/SAN shows Lower Critical Solution
Temperature (LCST) behavior. The critical phase separation
temperature of this system is about 165 °C in the bulk, which is
lower than the 185 °C used in this work for the phase separation to
develop. The glass transition temperature of PMMA and SAN is
119.5 °C and 112.0 °C, respectively (from DSC, data not shown).

3.1. Temperature dependence of surface phase separation

Fig. 2 shows the snapshots of topography (left) and phase (right)
images of the film surface (sample #1) obtained at each stage of the
thermal treatment according to Fig. 1. Before heated, the sample has
the flat surface (Fig. 2A). When the sample is annealed at 185 °C for
30 min (Fig. 2B), the surface becomes uneven. From then on, the
topography images show that the height increases with increasing
time during annealing (Fig. 2C-E) and decreases with decreasing
the annealing temperature (F-J). When the sample is heated to
185 °C again, its surface becomes uneven again (Fig. 2K). The phase
images change with time in a different way. It is obvious that the
film surface is homogeneous before the thermal treatment (Fig. 2a).
Darker and lighter regions at the surface appear when the
temperature reaches 185 °C (Fig. 2b), and these regions further
develop with time at this temperature (c-e). As the temperature
decreases from 185 °C to 95 °C, the process is reversed, and the
surface becomes rather uniform at 50°C (Fig. 2j). As the
temperature increases back to 185 °C, the film surface becomes
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Fig. 2. Snapshots of topography and phase images (5 x 5 um?) of sample #1 at various temperatures and time corresponding to Fig. 1.

inhomogeneous again (Fig. 2k). According to our previous study, in
the phase images of PMMA/SAN blend thin films the darker regions
are PMMA-rich phase, and the lighter regions are SAN-rich phase
[30]. It is very interesting that there are some small “dark” regions
on the uneven surface in the topography images, which appear as
“darker” regions in the corresponding phase images, when the

phase separation has developed deeply [Fig. 2E(e) and K(k)].
Possible reason for this is the different thermal expansion
coefficients and density of PMMA and SAN at this temperature.
These observations confirm that for a 50/50 PMMA/SAN blend film,
at higher temperatures the blend enters a two-phase region, and
the surface becomes inhomogeneous and phase separates into
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PMMA-rich and SAN-rich phases. When the temperature
decreases, the film surface becomes homogeneous. Fig. 3 shows the
development of the RMS (root-mean-square surface smoothness)
obtained from the topography (RMSh) and the phase (RMSp)
images during the above thermal treatment as shown in Fig. 1. It is
obvious that both RMSh and RMSp reach a plateau after the initial
slight increase. From then on, they have higher (Fig. 3]) and lower
(F-I) magnitudes at 185 °C and lower temperature, respectively.
There are two possible reasons for the evolution of the topography
and phase images: the blend becomes miscible, or the PMMA- or
the SAN-rich phase migrates to and covers the whole surface.
According to previous ex situ experimental results by AFM and FReS
[14,15], it is clear that this is still a phase separated system.
Therefore in the temperature cycle, especially in the temperature
decreasing process (Fig. 1E-]) the surface reconstruction may
involve migration of one blend component from the bulk to the
surface. To better understand this surface reconstruction process,
XPS was utilized because it can assess the evolution of the surface
composition quantitatively.

3.2. Degradation of PMMA

The thermal degradation temperature of PMMA and SAN is
234.2 °C and 373.2 °C, respectively, studied by thermogravimetric
analysis (data not shown). Although the upper experimental
temperature was about 50 °C below the degradation temperature
of PMMA and much lower than that of SAN, blend film specimen
may still be degraded due to the X-ray exposure in the XPS data
acquisition, and this effect must be assessed before the quantitative
analysis of the surface composition by the XPS technique. Fig. 4
shows the C1s region of the XPS spectra of sample #2 collected at
different X-ray exposure time. Four bands in the spectra are clearly
identified, which are assigned to the chemical groups found in
PMMA and SAN molecules [33-35]. The band at 284.6eV is
assigned to the —-CH3 and —-CH,- species in PMMA or SAN, and the
one at ~286.8 eV is due to the C-O moiety in the MMA units and
the C=N and CH entities in the « position to the nitrile group [34],
while the peak at 288.8 eV is associated with the PMMA ester C
(0-C=0) [33,34]. In addition there is an aromatic T-7* shake-up peak
at 291.3 eV. It can be seen that the peak for the ester C at 288.8 eV
disappears very quickly, suggesting that the PMMA ester groups
degrade more easily under X-ray exposure. To minimize the sample
degradation in the data acquisition process, the acquisition time
was reduced, and each measurement was done at a fresh position
that had not been exposed to X-ray previously. In addition, the XPS

4
K
/}3 4051
7 ] .2
g {048 &
£ 2F =
(74 J °
F 4 1045 ©
o ¢ o—  ——
// H
AB/O 40.42
O 1 n 1 n 1 n
0 200 400 600
Time (min)

Fig. 3. Development of RMSh and RMSp during the thermal treatment corresponding
to Fig. 1.
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Fig. 4. Cl1s region of the XPS spectra of the blend thin film (sample #2) acquired at
various X-ray exposure time at 185 °C [35].

composition for point E (see Fig. 1) obtained in situ under these
conditions was compared with that of sample #3 (same thermal
history as E) measured at room temperature, and they were within
experimental error. These results indicate that even though
degradation occurs in the blend film specimen, the procedure
adopted in this study can effectively minimize the effect, and the
XPS data thus obtained well represent the surface compositions
quantitatively.

3.3. Temperature dependence of surface composition

Because there are two oxygen atoms in each MMA unit, and
none in SAN units, the surface O/C atomic ratio calculated from the
surface atomic concentrations measured by XPS is a good indica-
tion of the surface composition of PMMA/SAN blend films. Higher
surface O/C ratio indicates higher PMMA content and lower SAN
content at the surface. The evolution of the surface composition of
the blend film was followed using the O/C ratio, and the result is
plotted in Fig. 5. The upper and the lower dash lines represent the
theoretical O/C ratios for pure PMMA and the PMMA/SAN (50/50)
blend, respectively. It can be seen that the surface of the spin-
coated blend film (point A) exhibits an O/C ratio higher than that of
the bulk, but lower than that of pure PMMA. When the film is
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Fig. 5. Development of the XPS C1s peaks of sample #4 in the thermal treatment
process described in Fig. 1.
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quickly heated to 185 °C, the oxygen content starts to decrease
(point B), and after annealing at this temperature (B-D) the surface
composition reaches a steady state (D and E). When the tempera-
ture decreases, the oxygen content at the surface increases signif-
icantly (E-]), and at room temperature the surface oxygen content
approaches that of pure PMMA. From XPS analysis it is obvious that
at 185 °C (points D-F in Fig. 5) the surface O/Cratio is ~0.24, which
is close to that in the bulk of the blend (50/50 wt%). This indicates
that significant amounts of both PMMA and SAN are at the surface.
The above observations indicate that the surface of the as-cast film
was covered with both PMMA and SAN, with PMMA in excess;
increasing the temperature caused SAN to migrate to the surface,
and at 185 °C it took ~90 min for the surface to reach a steady state,
which consisted of comparable amount of PMMA and SAN; when
the temperature decreased, PMMA moves to the surface, and
eventually at room temperature, the surface was mostly PMMA.
This assessment is also supported by the high resolution XPS
spectra in the C1s region obtained, which are shown in Fig. 6.

For PMMA/SAN blend films prepared by spin-coating, there is
a surface excess of PMMA due to higher solubility of PMMA in the
solvent (1,2-dichloroethane) estimated by solubility parameters,
i.e. in the spin-coating process, SAN is more quickly depleted from
the solution and solidifies first onto the substrate [36], while PMMA
tends to stay longer in the solution phase and enrich at the surface
as more solvent is evaporated. Finally PMMA and SAN chains are
frozen into a narrow zone before reaching a thermodynamically
stable state since the solvent evaporates relatively fast in the spin-
coating process. Upon heating to above the critical temperature of
the blend, phase separation occurs in order to minimize the free
energy of the system. At 185 °C, phase separation is obvious as
shown by AFM (Fig. 2b-e and k), which is in good agreement with
the in situ experiment results [37]. The weight fractions of the two
phases are comparable, which is supported by XPS result according
to above discussion. When the temperature decreases to below
185 °C but still above T; (e.g. points F and G), the surface becomes
more and more homogeneous, and the surface O/C atomic ratio
becomes higher, which indicates that PMMA is migrating to the
surface to partially displace SAN. In fact, in this whole process,
several factors are important for the enrichment of a blend
component and the phase separation at the film surface, including
sample preparation history [38], interfacial tension [39], complex
phase behavior [40], and the difference in the surface tension of the
two components, which dominate the preferential surface segre-
gation of one component in most cases. The complex migration
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Fig. 6. Evolution of the surface composition of sample #4 represented by XPS O/C
atomic ratio with the thermal treatment shown in Fig. 1. The upper and lower dash
lines represent the theoretical O/C values in pure PMMA and the PMMA/SAN (50/50)
blend, respectively.
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Fig. 7. Schematic representation of the surface phase migration between higher and
lower temperatures.

may be caused by the difference in temperature dependence of
surface tension and interfacial tension of PMMA and SAN. When
the temperature is below T, the polymer chains are frozen,
resulting in the stabilization of the morphology and the surface
composition as observed by AFM and XPS at points H and J.

From point B to point E, it is a typical surface phase separation
process, which we have previously reported [30]. In that work,
PMMA/SAN blend films with the same thickness as used here was
investigated by in situ AFM. The temporal evolution pattern of
surface phase separation, especially the coalescence and merger
process has been observed directly. The kinetics of this phase
separation was discussed in detail. It was found that the function of
the characteristic wave number and the annealing time exhibited
two distinct regimes. The power exponent was about 0.12 in the
first regime and 0.32 in the second regime, and the crossover point
of the two regimes was at ~82 min, suggesting that the former
stage is slower than the latter. Because no direct experimental
evidence was available at that time, two possible reasons were
speculated for the slow down of the surface phase separation
kinetics observed. One was the diffusion of one component from
the interior to the surface of the film, and the other was the
restriction of polymer chain mobility by the 2D geometry
constraint of the surface. The in situ XPS results obtained in the
current work now provide direct evidence that the slower
dynamics previously observed was due to the diffusion of the SAN
component to the surface displacing PMMA. Further more, this
diffusion reached equilibrium at about 90 min (as indicated by the
steady O/C ratio from points D-E in Fig. 5), which is in good
agreement with the in situ AFM result.

Based on the above discussion, the evolution of the surface
composition can be interpreted as follows, as illustrated in Fig. 7: at
185 °C, due to the adjacent surface tension values of both compo-
nents, there is comparable amount of both PMMA-rich phase and
SAN-rich phase at the surface. When the sample is cooled from
185 °C to room temperature, PMMA migrates from the bulk to the
surface of the film, while the system remains phase separated. The
opposite process from B to A in Fig. 7 takes place when the sample
is heated from room temperature to 185 °C. The evolution of the
surface structure between these two states is reversible based on
the in situ AFM [37] and XPS experiments, and the temperature
dependence of the surface composition may be attributed to the
change of the surface tension of the components with temperature.

4. Conclusion

We have investigated the evolution of the surface morphology
and surface chemical composition of PMMA/SAN blend films using
in situ XPS in addition to AFM, and found that when the film is
heated to above the critical temperature, in addition to the phase
separation of the two components, SAN also migrates to the
surface. The migration of SAN to the surface at the early stage of
phase separation can lead to the slower kinetics of surface phase
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separation, which confirms our speculation in the previous report
[30]. When the film is cooled down by annealing, PMMA prefer-
entially aggregates at the surface to displace SAN. The entire
process is reversible. These findings indicate that thermal treat-
ment can strongly influence the surface composition and structure
of blend thin films, which may be helpful to control surface
properties of polymer films with multiple components.
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