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Introduction. Phase separation in polymer blends
can occur due to the immiscibility between blend
components, resulting in a variety of structures, which
are important to many applications ranging from biomedical (e.g., gas separating membrane) to microelectronic device fabrication (e.g., lithography).1,2 It is
known that, after a blend is quenched into a metastable
or unstable state, phase separation may proceed either
by nucleation and growth (NG) or by spinodal decomposition (SD). The time evolution of SD phase separation
can be divided into three stages, namely, the early,
intermediate, and late stages. In the early stage, the
behavior is well described by Cahn’s linearized theory.3,4
In the intermediate and the late stages, time evolution
of phase separating domains is traditionally characterized by the power law q*(t) ∼ t-n, where q*(t) and n are
the peak wavenumber and the power exponent characterizing the time evolution. After Lifshitz and Slyozov5
obtained a scaling exponent n ) 1/3 considering diffusion
effects and Siggia6 proposed tube hydrodynamic instability with n ) 1 for the bulk system, various theories
and simulations7-20 and many experiments (especially
scattering experiments)21-30 have been focused on the
power law describing the phase separation of polymer
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blends. However, surface phase separation of polymer
thin films is not well investigated. It is well-known that
the surface composition and structure as well as the
final properties of polymer blends at the surface are
often different from those in the bulk due to a surface
enrichment of the component with a lower surface
energy so as to minimize the total surface energy of the
system.31 In addition, for thin films of polymer blends,
the surface composition, and structure depend not only
on the surface energy of the components but also on the
substrate and the film thickness. Consequently, the
evolution of the surface morphology of films on different
substrates or with different film thickness may be
different. Therefore, a detailed understanding of surface
phase separation of thin films, especially the kinetics,
is helpful for tailoring surface properties of polymer
films. Research on morphology of surface-induced phase
separation was well reviewed by Geoghegan and Krausch
recently.32 The validity of using data obtained ex situ
to describe the real phase separation is still a question.
There may be several reasons for this. The quench
process results in a shrinkage of the thin film, which
can distort the surface structure; more importantly, the
humidity at ambient can affect AFM observation significantly, again distorting the images obtained; last,
but not least, a wetting temperature may exist for some
polymer blends.33,34 The in situ AFM technique has been
employed in many studies.35-50 However, there is no
report of application of this technique in the investigation of polymer surface phase separation kinetics.
PMMA/SAN blends have a lower critical solution temperature (LCST) in the bulk, which results in the films
being homogeneous when prepared under ambient
conditions and phase-separating at high temperatures.33,34,51,52 Wang and Composto33 investigated the
interface phase separation kinetics for thin films of
deuterated poly(methyl methacrylate) (dPMMA)/SAN
after etching dPMMA by ex situ AFM. They proposed
the bulklike, late-stage spinodal decomposition for the
power exponent n ) 1 in the very early stage and the
capillary wave fluctuations for n ) 1/3 in the middle
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stage.33 In another paper, they identified four distinct
regimes in film thickness as it decreased from semiinfinite to below the radius of gyration.51 In a previous
work, we obtained the phase diagram for the same
system,52 where we learned that the 50/50 PMMA/SAN
blend is miscible at temperatures below 155 °C and
undergoes spinodal decomposition at above 170 °C. Both
results obtained at room temperature reported by
Composto and co-workers31,34,51 and An and co-workers52
suggest that a thin PMMA layer can wet the surface of
the phase-separated blend. In this study, we report our
work on the temporal evolution of surface phase separation of PMMA/SAN blend films with ∼130 nm film
thickness (∼14Rg) on the silicon substrate by means of
in situ atomic force microscopy (AFM), and the kinetics
of the surface phase separation will be discussed. Work
on the effect of the film thickness and substrate on the
surface phase separation kinetics will be reported in
future publications.
Experiment. a. Materials. Poly(methyl methacrylate) (PMMA, Mw ) 387 kg/mol, PD ) 3.72) and poly(styrene-ran-acrylonitrile) (SAN, 30% AN by mass, Mw
) 149 kg/mol, PD ) 2.66), purchased from Across and
Aldrich, respectively, were used without any further
purification. The glass transition temperatures of PMMA
and SAN, obtained from a differential scanning calorimeter (Perkin-Elmer Diamond DSC) at an elevated
rate of 10 °C/min, were 128.7 and 112.0 °C, respectively.
b. Sample Preparation. Substrate: Silicon wafers
were boiled in a bath of 100 mL of 80% H2SO4, 35 mL
of H2O2, and 15 mL of deionized water for 15 min, rinsed
in deionized water, and then blown-dry with compressed
nitrogen.53 Sample 1: A 1.0 × 10-2 g/mL 1,2-dichloroethane solution of SAN was spun-cast onto the Si wafer
to produce a thin film. The film was dried under vacuum
at room temperature. 1 µL of a 1.0 × 10-7 g/mL PMMA
solution in acetic acid was spun onto the dry SAN thin
film, and the fleck was ∼3 mm2 in size. This sample
was prepared for the purpose of identifying the characteristics of PMMA domains and SAN domains. Sample
2: Thin blend films of PMMA/SAN were prepared by
spin-casting the 1.0 × 10-2 g/mL 1,2-dichloroethane
solution of the blend (50:50 wt %) onto the silicon wafer
pretreated as described above. The thickness of all films
measured by a Bruker D8 Discover X-ray reflectometer
was 133.5 ( 10.0 nm.
c. AFM Measurements. The AFM measurements
were carried out on a scanning probe microscope (SPA300HV, Seiko Instruments Inc., Japan) equipped with
a temperature-control stage. The temperature reading
for the hot stage was calibrated with pure gallium,
indium, and tin, whose melting points (Tm) are 30, 156,
and 232 °C, respectively. The sample was heated to 115
°C at a rate of 5 °C/min, annealed at that temperature
for 10 h to remove residual solvent sufficiently, and then
elevated to various temperatures for further analyses,
namely 155, 165, 175, and 185 °C. For sample 1, the
experiment was only carried out at 175 °C. A control
experiment performed at 115 °C showed that the
annealing sample did not cause phase separation or
surface roughening (not shown here). The in situ
topography and phase images were obtained simultaneously by virtue of a tapping mode AFM at a constant
temperature (115 °C and the experimental temperatures) under ultrahigh vacuum (<10-4 Pa). A silicon tip
(purchased from Olympus) with a spring constant of 42
N/m was used. AFM was operated at a scan speed of 2
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Figure 1. Snapshots of topography (left) and phase (right)
images for sample 1: at room temperature (27 °C) under
ultrahigh vacuum before treatment (a, b), at 175 °C for 6 min
(c, d), and for 244 min (e, f). The z-axes for topography and
phase images are 8.0 nm and 15.0°, respectively. The dimensions of all images are 5 × 5 µm2.

Hz. To ensure the steadiness of the contrast in the
height and phase images and to minimize the influence
of height variations on the phase images, the set-point
ratio under ultrahigh vacuum was set at 0.96 ( 0.01.
The data of root-mean-square surface smoothness
(RMS) were directly obtained from topography images
of a 5 × 5 µm2 area using the commercial software
bundled with the AFM to ensure that at least one
complete protuberance was included, and the data of
characteristic wavenumbers, q*(t), were computed from
the phase image of a 2 × 2 µm2 area as described in the
literature,54 where a further spherical average was
performed after the routine 2D fast Fourier transforms
(FFT).
Results and Discussion. a. Identification of Domains. Although the evolution of the morphologies can
be monitored at different temperatures, the identification of different domains in situ may be a problem.
Herein, we try a simple in situ method to identify the
different domains on a nanometer scale. Figure 1a
shows the topography image of sample 1 under ultrahigh vacuum at room temperature. Because acetic acid
is a good solvent for PMMA and a nonsolvent for SAN,
when a drop of PMMA solution in acetic acid is cast on
a SAN film and dried, as sample 1 was prepared, PMMA
must be on top of the SAN film. Therefore, in the
topography of sample 1 (Figure 1a) the lighter regions,
i.e., the ridges, must be the PMMA phase, and the
corresponding regions in the phase image (Figure 1b),
the darker regions, can now be identified as PMMA, too.
In addition, the amount of PMMA in the 1 µL solution
cast on the SAN film was enough to cover only 5% of
the 3 mm2 area (the area covered by the solution) even
when it formed a single molecular layer. Therefore, the
darker regions, which covered the majority of the
surface area, in the topography image of sample 1
cannot be the PMMA phase. This is consistent with the
assignment of the domains based on the height data.
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To identify the assignment of different regions in the
topography and phase images for samples at elevated
temperature, we rapidly increased the temperature of
sample 1 to the target temperature, which was 175 °C,
and monitored the evolution of the surface morphology
of sample 1 at this temperature. Figure 1c-f shows the
morphologies at the target temperature 175 °C after
different annealing times. After 6 min of annealing, in
the phase image of the same area of sample 1, two
different regions can be clearly observed. Compare with
the phase image at room temperature, and it is obvious
that the darker domains should be attributed to the
PMMA phase, exhibiting a broken netlike morphology,
due to the fact that PMMA cannot form a continuous
film. In the corresponding topography image (Figure 1c),
compared with that at room temperature, it is observed
that the PMMA collapses as indicated by the decrease
of the height. Furthermore, the topography image for
sample 1 at 244 min annealing shows the height
decrease, implying PMMA’s collapsing further in comparison with that at 6 min (see Figure 1c,e). Moreover,
PMMA still maintains the net-broken structure, which
can be observed from the phase image (see Figure 1d,f).
b. Morphology and Phase Evolution at Different
Annealing Temperatures. Figure 2 shows the snapshots of topography (left) and phase (right) images for
a PMMA/SAN (50:50 wt %) thin film after different
annealing time at 175 °C under ultrahigh vacuum. The
topography images show that the height increases with
increasing time during annealing. The phase images
change with time in a different way. The phase image
is homogeneous when the film is annealed for 21 min.
From then on, the surface phase separation starts to
develop gradually (see the phase image at 78 min
annealing). At 190 min annealing time, this separation
is more obvious, and two distinct types of regions,
darker and lighter ones, are clearly observed. In addition, an obvious mergence of two neighboring domains
of same type was observed at annealing time from 610
to 1255 min, which was highlighted by the circles in
Figure 2. From the discussion in the previous section,
it has been concluded that in the phase images of
PMMA/SAN blends the darker regions are PMMA and
lighter ones SAN. Therefore, what we observed is the
mergence of PMMA domains takes place.
The evolution of the topography of the blend film
annealed at 185 °C, which is not shown here, is similar,
except a faster roughening than that for 175 °C. The
phase images of sample 2 annealed at different times
are shown in Figure 3. They are very similar to that
for 175 °C, too. At 6 min annealing, the phase image is
homogeneous. From then on, the separation of two
regions occurs gradually (see image for 38 min annealing time). At 91 min, the surface phase separation is
clearly observed, and two different types of regions,
darker and lighter ones, can be readily identified. A
mergence of two dark domains (PMMA-rich domains)
was also observed when the film was annealed for 225350 min, which was highlighted by the circles in Figure
3.
c. Kinetics of Surface Phase Separation. To
quantitatively analyze the surface phase separation, the
root-mean-square surface smoothness (RMS) of the thin
binary polymer blend films and the characteristic wavenumber (q*(t)) are introduced.
Figure 4 shows RMS as a function of annealing time
for the PMMA/SAN thin films at different annealing
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Figure 2. Snapshots of topography (left) and phase (right)
images for sample 2 at 175 °C for 21 min (a, b), 78 min (c, d),
190 min (e, f), 290 min (g, h), 610 min (i, j), and 1255 min (k,
l). The z-axes for topography and phase images are 10.3 nm
and 2.5°, respectively. The dimensions of all images are 2 × 2
µm2.

temperatures. At 155 °C, the RMS reaches a plateau
after an initial slight increase. At higher temperatures,
namely, 165, 175, and 185 °C, the RMS increases
rapidly and then slows down.
Figure 5 shows the time dependence of characteristic
wavenumbers (q*(t)) for PMMA/SAN thin films at
different annealing temperatures on a log-log scale. For
the thin films annealed at 155 and 165 °C, q*(t) remains
constant in the experimental time scale. This indicates
that at 155 °C the blends are miscible, and the initial
surface roughening might be attributed to thermal
fluctuation. At 165 °C an increase of RMS and some
fussy domains are observed in the phase images, even
though q*(t) exhibits little variation during entire
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Figure 3. Snapshots of phase images for sample 2 at 185 °C
for 6 (a), 38 (b), 91 (c), 225 (d), and 350 min (e). The z-axes are
2.8°. The dimensions of all images are 2 × 2 µm2.

Figure 4. Logarithm of root-mean-square surface smoothness
(RMS) as a function of annealing time for sample 2 at different
temperatures: 155 (squares), 165 (circles), 175 (up-triangles),
and 185 °C (down-triangles). RMS data are obtained from the
5 × 5 µm2 topography images.

Figure 5. Annealing time dependence of characteristic wavenumbers (q*(t)) for sample 2 at different temperatures: 155
(squares), 165 (circles), 175 (up-triangles), and 185 °C (downtriangles) on a log-log scale. All q*(t) data are taken from the
2 × 2 µm2 phase images.

experimental time scale, suggesting that the 50/50
blends may be near its critical temperature for phase
separation. However, at 175 and 185 °C, the q*(t) as a
function of annealing time exhibits two distinct regimes.
For the film annealed at 175 °C, q*(t) follows a power
law of t-0.14 at the early stage and t-0.38 at the later
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stage, and the two regimes cross at ∼139 min and with
a crossover q*(t) of 39.3 µm-1. At 185 °C, the power
exponent n is 0.12 in the first regime and 0.32 in the
second regime, and the crossover point is at 82 min
annealing time and a q*(t) of 35.8 µm-1. These results
indicate that the surface phase separation of PMMA/
SAN involves two distinct processes. The power exponent of ∼0.13 for q*(t) ∼ t-n in the early stage of surface
phase separation is of particular interest because this
indicates that the kinetics is much slower than n ) 1,
which has been proposed by Composto on the early stage
of an interface phase separation process for the same
system.33 On the other hand, there have been other
reports on slow phase separation dynamics where n has
been found to be ca. 0.13.28,54 Tanaka28 investigated
phase separation kinetics of polystyrene (PS) in diethyl
malonate (DEM) solution by phase contrast microscopy
and found that the q*(t) scaled with t-0.15, which is very
similar to what we found in this case. He believed that
the process was much slower because the pattern
evolution was dominated by the slow dynamics of the
polymer-rich, viscoelastic phase. In another paper, Ma54
has obtained a similar power exponent from numerical
simulation of the late stage of two-dimensional phase
separation of ternary mixtures when wetting strength
of one phase (phase C) to another one (phase A or phase
B), and the ratios of the interfacial tensions of other two
phases (phase A and B) were properly adjusted. In our
case, because the surface tension of PMMA is different
from that of SAN,33 for a 50/50 PMMA/SAN blend at
an equilibrium state, the surface concentration of one
component must be >50%. Therefore, when the film is
quickly heated to 175 or 185 °C, which is above the Tg
and the critical temperature for phase separation, more
polymer chains of this component have to diffuse to the
surface to replace the chains of the other component.
Maybe this slow process dominates the early stage of
the surface phase separation, resulting in a slower
kinetics, as indicated by a smaller power exponent,
compared to a bulk phase separation. It is also possible
that the chain mobility is reduced by the 2D geometry
constraint of the surface, which slows down the surface
phase separation kinetics. Then, after a period of surface
enrichment (incomplete wetting) and phase separation,
the RMS is larger, the chains have more freedom to
move around, and the enrichment reaches a dynamic
equilibrium. Consequently, the phase separation process
dominates, and the kinetics can be characterized by the
universal power exponent n of ca. 1/3, i.e., obeying the
Lifschitz-Slyozov (LS) law.5 There are two possible
mechanisms for a kinetic process that obeys the LS law,
namely Ostwald ripening, i.e., evaporation-condensation, or Brownian diffusion (BD) induced collisions of
droplets.6 Because our system is a polymer blend, it is
extremely unlikely that the polymer chains undergo
evaporation under our experimental temperature. Therefore, BD is probably the mechanism of the domain
growth in the late stage of the surface phase separation.
As for the different crossover points at different temperatures, it is probably because the equilibrium of
enrichment of faster dynamics at higher temperature,
resulting in a shorter crossover time at 185 °C than 175
°C. In this work, we have not reached the late stage of
phase separation which is characterized by a zero-order
dependence of q*(t) on t; i.e., the system reaches its
equilibrium, which can be investigated by scattering
techniques conveniently.22
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Conclusions. In this report, a novel in situ method
to identify different domains with nanometer resolution
is established using AFM equipped with a hot stage.
The temporal evolution pattern of surface phase separation and its coalescence process for PMMA/SAN blend
thin films have been observed using this technique in
real space directly. The kinetics of the surface phase
separation studied by this technique, which is very
important for us to understand and control the surface
morphology and structure, has been discussed. The
critical surface phase separation temperature for a 50/
50 PMMA/SAN blend film is found to be around 165
°C. From the power law of q*(t) ∼ t-n, two distinct
regimes are found through the whole investigated time
scale after the thin films abruptly jumped to an unstable
state. The early stage probably is dominated by one
component’s diffusion to the surface, and the restriction
of the surface geometry to chain mobility, resulting in
much slower kinetics than those obtained from literature while the late stage obeyed the Lifschitz-Slyozov
(LS) law.
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