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Film thickness dependence of complex behaviors coupled by phase separation and dewetting in blend [poly(methyl
methacrylate) (PMMA) and poly(styrene-ran-acrylonitrile) (SAN)] films on silicon oxide substrate at 175 �C was
investigated by grazing incidence ultrasmall-angle X-ray scattering (GIUSAX) and in situ atomic force microscopy
(AFM). It was found that the dewetting pathway was under the control of the parameter Uq0/E, which described the
initial amplitude of the surface undulation and original thickness of film, respectively. Furthermore, our results showed
that interplay between phase separation and dewetting depended crucially on film thickness. Three mechanisms
including dewetting-phase separation/wetting, dewetting/wetting-phase separation, and phase separation/wetting-
pseudodewetting were discussed in detail. In conclusion, it is relative rates of phase separation and dewetting that
dominate the interplay between them.

Introduction

Polymer blend films have attracted intense interest because of
scientific interests as well as industry applications in recent
decades.1-4 These applications and properties are mainly con-
trolled by basic phase behaviors. On one hand, many researchers
have focused on phase separation, since they were blends.
Structures and dynamics of phase separation have been investi-
gated systematically.5-7 It is found that they are dominated by
many factors such as molecule weight, temperature, and sub-
strate. In particular, film thickness dependence has received too
much attention. In some cases, however, significant discrepancies
havebeen found. For instance,Binder andhis co-workers8 proved
in theory that miscibility and critical temperature increased with
decreasing films thickness,which resulted in slowkinetics of phase
separation. However, results of Tanaka et al.9 showed that lower
critical solution temperature (LCST) of polystyrene-poly(viny1
methyl ether) (PSPVME) blend films changed from more than
450 K to room temperature when film thickness decreased from
1500 nm to 25 nm. Thus, it is necessary to clarify this problem in
our system not only for the purposes of phase separation itself,
but also for further investigation of complex behaviors, e.g.,
interplay between phase separation and dewetting.

On the other hand, dewetting of polymer film has been studied
for several decades due to the advantages of the polymer as a

model.10,11 There are several dewetting mechanisms including
spinodal dewetting, nucleation and growth, autophobicity, and
composition (density) fluctuation.12 Many factors such as mole-
cule weight, substrate, and external conditions affect structures
and dynamics of dewetting. Obviously, film thickness plays an
important role in them. Sharma suggested that there was a critical
thickness in single-component films. Furthermore, pathway and
morphologies of dewetting were different, which was ascribed to
the formof intermolecular potential in an extended neighborhood
of the initial thickness.13,14 On the basis of the composition
fluctuation introduced by Wensink,12 the parameter of Uq0/E,
which described the initial amplitude of the surface undulation
and original thickness of film, respectively, was employed to
distinguish the pathway andmorphologies of spontaneous dewet-
ting in PMMA/SAN blend films in our previous work.15 It was
found that, for film with higher magnitude of Uq0/E, it dewetted
by means of “fragment of bicontinuous structure”, while for film
with lower magnitude of Uq0/E, it underwent the process of
“expansion of holes”. Transition between them has been carried
out by varying the composition in the blend (with different Uq0).
According to this law, it is expected that transition from one
mechanism to the other will take place when film thickness is
varied (with different E).

Much effort has been devoted to investigating the interplay
between phase separation and dewetting. For instance, Kanemo-
to et al.16 recently reported how fluorescence spectroscopy and
AFM can be used to understand the phase separation of nano-
particles embedded in polybutadiene thin films as a function of
dewetting and film rupture. This is a very smart way to clarify the
complex phase behaviors of “phase separation of nanoparticles
and polymer” and dewetting of thin film. However, in the case of
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polymer blend films, there are many incongruous mechanisms
including phase separation/bilayer-dewetting (“/”means taking
place at the same time and “-” means followed by another
process, sic passim), dewetting-phase separation/wetting.9,10,17-22

It seems that they cannot coexist in one system. In this work, we
try to unify kinds of interplay mechanisms by varying thickness,
since it plays an important role both in phase separation and in
dewetting. Our results revealed that relative rates of these two
phase behaviors were the key factor of interplay between them.
Different mechanisms discussed above can be regarded as embo-
diment of relative rate dependence.

Experimental Section

Materials. The polymer system is a blend of poly(methyl
methacrylate) (PMMA) (Mw = 387 kg/mol, PDI = 3.72) and
ploy(styrene-ran-acrylonitrile) (SAN) (Mw=149 kg/mol, PDI=
2.66, 30wt%ofAN) purchased fromAcross andAldrich, respec-
tively.

Sample Preparation. Silicon wafers were cleaned in a bath of
100 mL of 80% H2SO4, 35 mL of 30% H2O2, and 15 mL of
deionized water at 80 �C for 60min and rinsed in deionized water,
then blown dry with compressed nitrogen. Thin blend films were
prepared by spin-coating 1,2-dichloroethane solution (with dif-
ferent concentration) of PMMA/SAN (50:50 wt %) onto the
cleaned silicon wafer. After preparation, films were kept under
vacuum for 12 h. Thicknesses measured by a D8 Discover X-ray
reflectometer (Bruker, Germany) were 8.9 nm (labeled as S89),
39.8 nm (labeled as S398), and 50.4 nm (labeled as S504),
respectively.

AFM and GIUSAX Measurements. The in situ atomic
forcemicroscopy (AFM) topography imageswere obtained using
an SPA-300 (Seiko Instruments Inc., Japan) at 175 �C with a
temperature-control stage driven in tapping mode. A silicon tip
(Olympus, Japan) with a spring constant of 42 N/m was used.
Synchrotron grazing incidence ultrasmall-angle X-ray scattering
(GIUSAX) measurements were performed at the BW4 beamline
atHASYLAB (DESY,Germany), using amonochromatic X-ray
beam with energy of 8.979 keV. The sample to detector distance
was L = 13037 mm. X-ray scattering intensity patterns were
acquiredbya two-dimensional detectorarray (2048� 2048pixels).
Prior to measurement of GIUSAX, samples were annealed at
175 �C (higher than bulk phase separation temperature, 160 �C23)
for different times in the oven, respectively.

Result and Discussion

In our previous work,22 we only found that film thickness can
strongly influence phase separation and dewetting. However,
there is no suitable method to distinguish phase separation from
dewetting when both of them take place, which hinders further
understanding of interplay between them. In addition, in another
previous work,15 we successfully established the combination
method of AFM and GIUSAX, which can identify both beha-
viors and do some further investigation on dewetting induced by
composition fluctuation. Therefore, the above results make it
possible for us to investigate the complex interplay between phase
separation and dewetting in this work.

Thickness Dependence of Dewetting Pathway. First of all,
it is necessary to introduce composition fluctuation (predicted by
Wensink et al.12) in brief, since it is the theoretical support of
dewetting in our work. Spin-coated PMMA/SAN film is homo-
geneous, since the solvent evaporates too quickly for polymer
chains to reconstruct. When the film is heated above its glass
transition temperature, PMMA diffuses to the substrate so as to
create the composition gradient due to the favorable interaction
with the substrate.23 Since this diffusion cannot take place pre-
cisely in the same way over the whole film, this is likely to create
fluctuation in the mixture composition along the surface. When
the amplitude of fluctuation is large enough, the free surface will
be destabilized eventually. This dewetting mechanism has been
predicted and validated by theory12 and experiment,15 respectively.

RowA inFigure 1 shows the evolution of S89 during dewetting
at 175 �C. In Figure 1A1, we can find some bicontinuous struc-
tures (highlighted by ellipse) which are similar to the bicontinuous
phase structures of phase separation in polymer blend films.24

With further annealing, these structures with long hills and gullies
grow and develop in the direction of surface and thickness. From
then on, more and more parts of the structure (top-left part in
Figure 1A2, top-right andbottom-left parts in ellipse ofFigure 1A3)
decay from the main one, resulting in the formation of droplets.
Then, these droplets become rounder and rounder due to surface
tension. This process is the reoccurrence of the dewetting pathway
of SAN50 with nearly equal thickness annealed at 145 �C in our
previouswork.15 It isworthnoting that the scenario highlighted in
Figure 1A is the epitome of transition from bicontinuous struc-
ture to droplet in the whole scanned area. This is the so-called
“fragmentation of bicontinuous structures”. Results of S504
(Figure 1C) show a completely different pathway. It is easy to
find that there are some holes surrounded by uneven rims on the
surfacewhen the film is heated at 175 �C for 145min (Figure 1C1).
They grow in height and diameter while the number of holes does
not increase remarkably with further annealing. A typical exam-
ple is highlighted by the ellipse in Figure 1C. Seemingly, this
scenario is similar to the dewetting pathway of SAN90 annealed
at 145 �C in our previous work.15 It is obvious that results of S398
are the mixture of the above two mechanisms. Both holes and
bicontinuous structures appear inFigure 1B1.However, the former
develops so rapidly that the latter is invisible in the following

Figure 1. Snapshots of topography images for PMMA/SAN
(50:50 wt%) thin films (A for S89, B for S398, and C for S504) at
175 �C forA: 145, 219, 257, 338min. B: 24, 63, 180, 358min. C: 16,
40, 54, 92 min. All dimensions are 2 � 2 μm2.
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images (Figure 1B2). During above evolution, many new holes
occur, leading to the significant increase of hole number per unit
area (Figure 1B2 and B3). Then, the holes have no choice but to
merge with each other. The merger of neighboring holes results in
the occurrence of “valley” (Figure 1B4). It is crossover or growth
in certain direction of these valleys that leads to the formation of
island structures. Obviously, the area highlighted by ellipse in
Figure 1B1-4 is a copy of the dewetting pathway of SAN70 in
our previouswork.15 It is named the “transitional pathway”. From
the above discussion, it is indicated that dewetting (or pseudo-
dewetting) pathways of samples with thicknesses of 50.4 nm,
39.8 nm, and 8.9 nm are similar to the results of SAN90, SAN70,
and SAN50 in our previous work, respectively. In that work, two
kinds of dewetting pathway and their transition were carried out
by varying the composition of blend. It was found that the ratio of
Uq0/E played an important role in the pathway of dewetting. We
can conclude those results in Figure 2 (including change in E and
Uq0). There are three regions in this figure. In region I, a higher
ratio ofUq0/E (higherUq0, lower E) is the reason for “fragmenta-
tion of bicontinuous structures”. In region II, the ratio ofUq0/E is
lower (lowerUq0, higher E), leading to the occurrence of “expan-
sion of holes”. Of course, transitional morphologies and pathway
of dewetting can be obtained in region III. Change of eitherUq0 or
E can result in the variation of this ratio. Inour previouswork, the
transition (in vertical direction in Figure 2) between two kinds of
dewetting pathway was carried out using a different original
intensity in composition fluctuation resulting from a different
composition in the blend. In this work, the parameter Uq0/E is
validated by a different thickness in blend films, which is a
transition in the horizontal direction in Figure 2 (with approx-
imateUq0

25 but different E). Results indicate that it works as well
as that in single-component films.13,14,26

Figure 3 shows the annealing time dependence of root-mean-
square roughness (RMSr) obtained from topography images (by
commercial software equipped with AFM) during dewetting of
three samples. It is worth noting that RMSr depends on the
scanned area. In other words, values of RMSr are different in
different regions. Therefore, it is hard to showallmeasuredRMSr
data here. However, in our experiment, the scopes of RMSr deve-
lopment are approximate. RMSr of three samples increases when
they are annealed at 175 �C; however, there is great difference in
the increase of them. In our previous publication,22 they were
regarded as irrelevant power exponents including 0.18, 0.45, and
0.37. In this paper, we will discuss them in a newway: in the result

of S504, the increase of RMSr follows the power law of t0.18 and
t0.45 in the early and later stage, respectively; the power exponent
tends to a very low magnitude from∼200 min and can be treated
as zero in S89; the result of S398 is similar to that in the thicker
one. However, we can find a shorter early stage and the rudiment
of the later stage in which the exponent tends to zero. We can
conclude the above discussion as follows: there are three stages of
RMSr evolution during dewetting (lines shown in Figure 3),
similar to the early, intermediate, and late stages (exponents of
RMSr increase in these stages are 0.18, 0.45, and 0, respectively) in
spinodal dewetting15,25,27 and spinodal decomposition.5,28 These
similarities come from the relativity of them.29-32 However,
exponents in our experiments do not fit the exponential growth
theory predicted by Brochard and Dalliant.33,34 One possible
reason for this difference is the movement of PMMA to the
substrate due to the strong interaction between them, which has
been discussed in our previous publication.35We can find the first
and second stages in the result of S504, since slow kinetics has
been obtained in the above discussion. During the dewetting of
the transitional sample (S398), the end of the first stage, the whole
second stage, and the rudiment of the third stage are observed.
However, only a very short end of the second stage and the third
stage appear in the thinner sample (S89) due to the rapid
dewetting resulting from thinner film and high loss of conforma-
tional entropy of polymer chains.10 We can go back to Figure 1
and compare Figure 1A4 and B4. Droplets in A4 are clear at
92 min, while rudiments of them begin to appear even in 358 min
in B4, suggesting that dewetting takew place more easily in films
with lower thickness. In other words, it takes more (less) time to
complete dewetting in thicker (thinner) films. Relative to our
previous publication,22 this discussion is completely new and
provides a different way to understand the dewetting process
caused by composition fluctuation.
Interplay between Phase Separation and Dewetting. To

detect phase-separated structures in these films, it is necessary to
perform themeasurement ofGIUSAX, a powerful methodwhich

Figure 2. Schematic representations of morphologies and path-
way during dewetting corresponding to different value of Uq0

and E. Figure 3. Annealing time dependence of RMSr (root-mean-
square of roughness) in topography images during dewetting in
samples of S89, S398, and S504.
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has been employed by many researchers in the investigation of
(micro)phase separation.15,36-39 In Figure 4A (S89), lines are
results of GIUSAX; the light blue triangle curve is obtained by
fast Fourier transition (FFT) from AFM images (5 � 5 μm2)
annealed at 175 �C for 800min (AFMdata not shown here). FFT
curve shows the correlation of droplets resulting from dewetting.
From the comparisonof the black and light blue triangle curves, it
is clear that there are two peaks with lower magnitude of q,

corresponding to two kinds of ordered structures. They are the
representation of correlation among droplets with different dis-
tances, which is the reason for similar peaks inGIUSAXandFFT
curves. The third one (q = 0.093 nm-1) comes into being with
further annealing to 6 h (shown in the red line in Figure 4A). It is
not caused by morphologies, since it does not exist in the FFT
curve. As shown inmany reports,15,36 it is the result of correlation
among phase-separated structures (PMMA-rich and SAN-rich
phases) in the droplets. Then, it is confirmed that dewetted
structures are detected at 3 h, while phase-separated structures
can be observed from GIUSAX results until 6 h. In other word,
dewetting takes place earlier than phase separation in this sample
(S89). There is noobvious change in the peakor its position (green
and dark blue lines in Figure 4A), whichmeans that dewetted and
phase-separated structures are stable with further annealing. In
the same way, these three peaks with close magnitude of q can be
found in Figure 4B. Similarly, we can find only dewetted
structures without phase-separated structures when the samples
are annealed for 3 h. The later structures come into being between
3 to 6 h. In Figure 4C, neither dewetted nor phase-separated
structure is visible with 3 h annealing.We can find both of them in
the red line (annealed for 6 h).However, the intensity of dewetting
peaks becomes so weak that it is hard to detect in Figure 4C.
Conversely, the peak of phase separation is strengthened relative
to the former one. Two points can be obtained from the variation
of intensity: one, dewetting becomes slower due to the increase of
film thickness, which is in good agreement with the evolution of
RMSr shown in Figure 3; the other, phase separation is the
ascendant behavior in 6 h. It can be expected that phase-separated
structures will appear earlier than dewetted ones in films with
higher thickness. There is no obvious variation in the appearance
time of phase separation peaks in Figure 4A,B,C, indicating that
the rate of phase separation in our blend films is not sensitive to
film thickness on our experiment time scale, which is in good
agreement with results from Chung et al.40 in a similar blend of
PMMA/SAN. However, it is completely different from the result
of PS/PVME blend films fromTanaka et al.9 A possible reason is
the difference of blend systems or film confinement.40

As a matter of fact, there are both influence and competition
with each other between phase separation and dewetting in
polymer blend films.41 On one hand, variation of critical tem-
perature and kinetics are the embodiment of the influence of
dewetting on phase separation.9,15 On the other hand, one of the
behaviors (phase separation or dewetting) will take place earlier
and faster than the other due to the competition between them.
According to above discussion in our system (thickness depen-
dence of kinetics of phase separation and dewetting), it is clear
that dewetting becomes slower while phase separation is insensi-
tive to increasing film thickness. Film thickness dependenceon the
interplay between phase separation and dewetting can be shown
as Figure 5. The dash and dash-dot lines represent the relative
rates of dewetting and phase separation, respectively. Then, we
can get three different regions due to the crossover of two lines. In
region I, the occurrence of dewetted structures is earlier than
phase-separated structures, since the relative rate of dewetting is
higher, resulting in the mechanism of “dewetting-phase separa-
tion/wetting” reported in our previous work.9 In region III,
dewetting is slower because of the significant increase of film
thickness, while the rate of phase separation does not vary
remarkably. As a result of this, phase-separated structures can
be observed earlier than dewetted structures. Or in the more

Figure 4. Common double logarithmic presentation in reciprocal
space of GIUSAX of samples with thickness of S89 (A), S398 (B),
and S504 (C). Lines are results ofGIUSAX, and light blue triangle
curve in A is the fast Fourier transition (FFT) from AFM images
(5 � 5 μm2) annealed at 175 �C for 800 min. Dashed line is the
resolution of GIUSAX.
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extreme situation, dewetting will not take place at all. This is the
reason for the appearance of the “phase separation/bilayer-
dewetting” mechanism reported and cited in the literature.9,16-21

In our system of PMMA/SAN, however, not phase separation/
bilayer-dewetting, but phase separation/wetting-pseudodewet-
ting is the suitable expression, since there is no bilayer structure.
There are three reasons for this: first, PMMA/SAN is a weak
immiscible system; second, sizes of phase-separated and dewetted
structures are not on a comparable scale (there is an especial peak
of phase separation in Figure 4.); finally, wetting of PMMA is
unavoidable and preferential, since it is the foundation of com-
position fluctuation. In region II, there will be complex phase
behaviors, since phase separation and dewetting take place at
approximate rates. They will dominate the final structure simul-
taneously. Then, what is the interplay mechanism among phase
separation of PMMA and SAN, dewetting of the whole film, and
preferential wetting of the PMMA layer on the substrate in this
film thickness region? It is clear that, in Figure 3, RMSr of S398
(∼10 nm) has a much lower magnitude compare to film thickness
(39.8 nm). Dewetting of S398 takes place feebly (compare to S89)
and slowly (although it is still faster than phase separation)
coupled by wetting of the PMMA layer on the silicon oxide
substrate.Wecandescribeour current result as “dewetting/wetting-
phase separation” (dewettingmeans the whole film, while wetting
means PMMA layer to the substrate). It is completely different
from the case of S89, in which the whole film dewets rapidly and
completely due to the high loss of conformational entropywhen it
is heated to 175 �C.

In a word, the interplay between phase separation and dewet-
ting lies in the film thickness due to the thickness dependence on
the relative rate of dewetting and phase separation. This is in good
agreement with the result from Ogawa et al.,41 in which PS/
PVME blend films with thicknesses from 65 μm (thick film) to
42 nm (thin film ∼2.5Rg) were investigated by AFM and light
scattering. However, in our system, the interaction between
PMMA and substrate is stronger than that between SAN and
the substrate, which makes our system more complicated, espe-
cially for our film thickness from 50.4 nm (thin film ∼5Rg) to
8.9 nm (ultrathin film ∼Rg). Namely, there will be wetting of
PMMAon the substrate of silicon if samples are heated above the
glass transition temperature of the two polymers,which is not only
the foundation stone of dewetting induced by composition fluc-
tuation, but also the reason for the occurrence of many complex
mechanisms, e.g., “dewetting-phase separation/wetting”. In
other words, wetting of PMMA enriches the interplay behavior
in our system. Furthermore, our results indicate that many
mechanisms which look incongruous are the embodiment of the
thickness dependence. They can coexist in one system and be
changed from one to another by varying some factors such as
composition, film thickness, miscibility of blend, and interaction
with the substrate.Finally,we candraw the conclusion that it is the
relative rate of phase separation and dewetting in polymer blend
films that dominates the complicated interplay between them.

Conclusion

In this work, the parameter Uq0/E, introduced in our previous
work, is validated by PMMA/SAN blend films with thickness
from 1 to 5.5 Rg (radius of gyration). It works as well as single-
component films with different thicknesses and blend films with
different compositions.13-15,26 Furthermore, the interplay between
phase separation and dewetting is investigated by PMMA/SAN
blend filmswithdifferent thicknesses. It is found that relative rates
of them play an important role. Three regions in different thick-
ness ranges and reasons for various mechanisms including “de-
wetting-phase separation/wetting”, “dewetting/wetting-phase
separation”, and “phase separation/wetting-pseudodewetting”
were discussed in detail. Our results are significant for controlling
the dewetting pathway and further investigation of complex phase
behaviors.
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Figure 5. Schematic representations of different mechanisms dur-
ing complex phase behaviors including phase separation and
dewetting due to the variation of relative ratio between them.


