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In this study, we blended two readily available polymers, polydimethylsiloxane
(PDMS), a semi-crystalline polymer, and polystyrene (PS), an amorphous polymer,
both having widely varying physical properties. The blend is then spin coated to
form a thin film. We investigated the effects of relative polymer concentration, spin
coating speed, and environmental factors, such as temperature, on the ultimate
morphologies of the phase-separated thin films. It was found that it is possible to
regulate the morphologies of the thin films to achieve desirable microstructures
such as spherical droplets, holes, bi-continuous lamellar structures, and tubules by
controlling the fabrication conditions. The polymer blend films with higher PS
concentrations were shown to form a bilayer system with an upper PS-rich layer
due to the thermodynamic instability of the film caused by the rapid evaporation of
solvent, while films with higher PDMS concentrations exhibited cohesive forces
that engendered microtubule formation and led to high surface roughness.

KEYWORDS

polystyrene/polydimethylsiloxane blends, phase separation, micropatterns, thin films,
spin coating

1 Introduction

Polymer thin films enjoy a wide application across various fields of research, such as
electronics, optics, and biotechnology (Xia et al., 1996; Sirringhaus, Tessler, and Friend,
1998; Jager, Smela, and Inganis, 2000). The diverse range of applications requires films
with a wide array of surface morphologies, including uniform and smooth surfaces and
specially ordered patterns of varying length scales. One cost-effective approach to
creating patterned surfaces involves exploiting the inherent surface instability of thin
polymer films, including phenomena like dewetting (Sharma and Reiter, 1996; Xue and
Han, 2011) and phase separation (Budkowski, 1999), both of which fall under the
category of “bottom-up” methods. In the context of thin films, phase separation often
coincides with dewetting (Miiller-Buschbaum et al., 2005). Dewetting occurs when an
unstable or metastable thin polymer film on a non-wetting solid surface gains sufficient
mobility due to thermal or solvent vapor annealing. The typical dewetting process
involves the formation and growth of holes, the merging of these holes to create ribbons,
and the eventual disintegration of ribbons into droplets (Kargupta and Sharma, 2001;
Miiller-Buschbaum, 2003). Controlled dewetting offers a convenient and effective means
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of generating ordered structures on a micro/nano-meter scale,
which can be tailored to mimic natural structures to achieve
properties required for certain niche applications (Xue, Zhang,
and Han, 2012). For instance, they can be used to create self-
cleaning and water-repellent coatings based on lotus leaf
structure (Latthe et al., 2014), antireflective optical coatings
that imitate a moth’s eye (McDougal et al, 2019), and
photonics and optoelectronics films that resemble the surface
of butterfly wings (McDougal et al., 2019). Polydimethylsiloxane
(PDMS) has good optical transparency in the visible and near-
infrared spectra. Blending with polystyrene (PS) can modify the
refractive index, making it useful for optical devices such as
lenses, waveguides, or micro-opto-electromechanical systems
(MOEMSs) (Kose et al.,, 2005; R; Luo et al., 2020). They can
also be used for anti-fouling coatings in marine applications that
replicate the surface of ‘shark’ skin (Fu et al., 2017). PDMS is
known for its low surface energy, which helps in resisting the
adhesion of biofouling organisms. Blending PDMS with PS can
enhance the coating’s mechanical strength while maintaining its
anti-fouling properties, making it useful for marine applications
or medical devices prone to biofouling (Mo et al., 2021). The
biocompatible nature of PDMS makes it suitable for applications
in biomedical devices. Blending with PS can make the material
more robust for various medical applications, such as
implantable devices or controlled drug release systems (T. Luo
et al., 2023; Arias-Zapata et al.,, 2016). Patterned PDMS films
formed due to isotropic contact instability show a significant
influence on selective oil adsorption from oil-water mixtures,
making them useful as separation and oil-recovery membranes
(Basu and Sarkar, 2019).

Spin coating is a widely used deposition technique for polymer
thin films, leveraging phase separation and dewetting phenomena to
achieve diverse surface morphologies (Walheim, Ramstein, and
Steiner, 1999; Ton-That et al., 2000; Raczkowska et al., 2004;
Escalé et al., 2012). However, it is important to note that the
resultant structures produced through spin coating are often not
in a state of equilibrium due to rapid solvent evaporation, slow phase
separation, and dewetting kinetics (Basu et al., 2021). To attain
equilibrium, annealing of the thin film is required to facilitate the
arrested nanostructures to achieve stability (Ton-That et al., 2000).
Some of the various parameters that have been studied to
understand their effect on the resulting film structures are film
thickness (Tanaka et al., 1996), solvent (Arias et al., 2002; Cui et al.,
2006), molecular weight (Li, 2003), substrate (Boltau et al., 1998;
Bjorstrom et al., 2007; Wei et al., 2009), and formulation of polymer
blends (El-Mabrouk et al., 2007; Zuyderhoff et al., 2008; Sohn et al.,
2011).

Indeed, surface-induced morphological phase separation in an
immiscible polymer blend thin film spin cast from a common
solvent has long been explored and has garnered considerable
attention due to its potential applications in areas such as
dielectric coatings, the modulation of optical and wetting
characteristics of surfaces, and gaining insights into how
confinement affects phase separation (Tu, et al., 2019a; Tu, et al,,
2019; Bhandaru, 2020; Dhara and Mukherjee, 2021; Saleem et al.,
2023). (PMMA)
immiscible blends are among the systems that have been studied

Polystyrene and poly(metha methacrylate)

most extensively (Das et al., 2020; Guo and Ren, 2021; Mrdenovi¢

Frontiers in Soft Matter

10.3389/frsfm.2023.1306346

etal., 2022; Cai et al., 2023). Walheim et al. (1997) utilized a selective
dissolution approach to fabricate PS/PMMA film with phase-
separated domain structures. Tanaka, Takahara, and Kajiyama
(1996) produced phase-separated structures in PS/PMMA films
using the spin-coating method. The formation of these surface
structures was attributed to either frozen chain conformation or
aggregation, preventing the formation of a PS-rich overlayer due to
rapid solvent evaporation. Ton-That, Shard, and Bradley (2002)
explored the relationship between the PMMA concentration and the
size of the structures in the film. They observed that the size of the
structures increased with the increasing solution volume and
PMMA concentration. The size increase is due to the incomplete
dewetting of PMMA from the underlying PS, with structure size
increasing linearly with film thickness square for a given PMMA/PS
ratio. Some of the studies exploring the formation of composite films
are summarized in Table 1.

Despite the occurrence of phase separation, blending two
amorphous polymers often does not lead to the formation of
micropatterned structures in thin films. However, introducing a
crystalline polymer into the blend can result in the formation of
unique structures during spin coating, driven by the interplay
between phase separation, dewetting, and crystallization. For
example, Zhao and Ding (2010) demonstrated the formation of
vertically stratified structures by crystallization and lateral phase
separation in a crystalline poly(3-hexylthiophene) (P3HT)/poly
(ethylene glycol)s (PEG) system. Several studies have reported
that phase separation in ultrathin PMMA/polyethylene oxide
(PEO) films significantly impacts the crystallization process and
crystal shape, resulting in distinctions from those observed in pure
PEO films (Okerberg, Marand, and Douglas, 2008; M; Wang, Braun,
and Meyer, 2004; Ferreiro et al., 2002; M; Wang, Braun, and Meyer,
2003).

In this study, we demonstrated the ability to create unique
surface structures through phase separation and dewetting in thin
films formed by blending amorphous PS with semi-crystalline
PDMS. Blending PS, an amorphous polymer, with PDMS, a
semi-crystalline polymer, for spin-coated thin films can offer a
unique set of benefits due to the combination of properties from
both polymers. Amorphous polymers like PS typically have good
transparency and mechanical strength, while semi-crystalline
polymers like PDMS offer flexibility and elasticity. Blending them
can result in thin films with a balanced combination of transparency,
strength, and flexibility. The amorphous nature of PS can make it
brittle, but blending it with a semi-crystalline polymer like PDMS
can enhance toughness and ductility. This combination is
particularly useful in applications where mechanical durability is
essential. Amorphous polymers tend to have lower melting points
than semi-crystalline polymers. Blending PS and PDMS can allow
for the adjustment of the thermal properties of the thin film, making
it suitable for a broader range of temperature conditions. Blending a
semi-crystalline polymer with an amorphous polymer can
sometimes improve the processability of the blend. This is crucial
for spin coating, as it ensures that the thin film can be uniformly
deposited on the substrate. The combination of amorphous and
semi-crystalline characteristics expands the range of potential
applications. For example, such blended films may find use in
flexible electronics, sensors, or other applications where a
combination of transparency, mechanical strength, and flexibility
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TABLE 1 Summary of studies associated with micropatterned thin films.

Thin-film
fabrication
method

S.no.

Polymer

1 Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) and polydimethylsiloxane (PDMS)

Spreading

2 Polystyrene (PS)/polyisoprene (PI) Spin coating

3 Polystyrene/poly(methyl methacrylate) (PS/PMMA)- Spin coating
AuNP

4 Polyvinyl pyrrolidone (PVP)/polyvinyl alcohol (PVA) Dip coating

5 Poly(3-hexylthiophene-2,5-diyl) (P3HT) and poly(methyl = Spin coating

methacrylate) (PMMA)

6 ZnO over chitosan/polyvinylpyrrolidone (CHP) substrate

Solvent and drop casting

10.3389/frsfm.2023.1306346

Significant outcome Reference

Use of a surfactant, Triton X-100, enhances PEDOT:
PSS-PDMS films, enabling stretchable conductors for
electronics

Luo et al. (2020)

Budkowski et al.
(2003)

Substrate chemistry shapes polymer blend film
topography, enabling lithographic templates

Addition of AuNPs enable one-step spin coating for
thin polymer bilayer formation

Das et al. (2020)

Optimized PVA/PVP blend enhances CO, permeance
for efficient gas separation

Helberg et al.
(2020)

Efficient one-step spin coating enhances NO, Hou et al. (2019)

sensitivity in high-performance gas sensors

Kumar et al.
(2020)

Biodegradable CHP substrate with ZnO film enables
flexible and efficient H, sensing

is desirable. PDMS is known for its excellent adhesion properties
and hydrophobic nature. Blending it with PS can enhance the overall
adhesion of the thin film while allowing for control over wetting
properties, which is crucial in applications such as microfluidics.
Both PS and PDMS are generally compatible with spin coating,
making the blending process suitable for thin-film deposition
techniques commonly used in microfabrication and other
industries (Késtner et al.,, 2013; Ye et al., 2013).

To our knowledge, blending an amorphous polymer with a
semi-crystalline polymer to produce unique patterned films has
never been explored. The current study demonstrates that a
multitude of morphological patterns can be created by the
spin coating of a blended PS-PDMS solution. Spin coating is a
relatively simple, cheap technique that is widely used as a
precursor step for lithography for the creation of patterned
films. It was demonstrated that controllable formation of
desirable morphologies in the resulting thin films can be
achieved via spin coating of the PS/PDMS blended solution
followed by phase separation. This is a highly significant
observation, as it has the potential to reduce our dependency
on the highly complicated process of lithography to create
patterned thin films for use in various applications such as
optics, electronics, and biomedical coatings.

The morphology of phase-separated structures in polymer thin
films was examined, and the effects of the polymer blend
concentrations, spin-coating temperature, and speed on the film
morphologies were also studied.

2 Materials and methods

2.1 Materials

PS pellets used in the experiment were supplied by CDH Fine
Chemicals Pvt. Ltd. (New Delhi, India) and were used without any
additional processing. PDMS was purchased from Dow Chemical
Company (United States) as a two-part silicone elastomer kit
consisting of a silicone elastomer and a cross-linking agent under
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the trade name SYLGARD™ 184. PDMS was prepared by mixing
the elastomer with the crosslinker in a ratio of 10:1, the mixture was
degassed until a clear, and a viscous liquid was obtained. Toluene, a
common solvent, was sourced from Thermo Fisher Scientific and
used as received.

2.2 Fabrication of PS/PDMS blended thin
films

Figure 1 shows a schematic of the film fabrication process. To
prepare PS solutions, the PS pellets were dissolved in toluene to
obtain solutions of 1%, 2%, and 5% weight by volume while stirring
with a magnetic stirrer at 1000 rpm. The PS/PDMS blended
solutions were prepared by adding PDMS to the PS solution to
obtain PS/PDMS ratios of 1:1, 2:1, 5:1, and 1:5. The blended
solutions were then stirred with a magnetic stirrer at 1000 rpm
for 2 h to ensure thorough mixing of the two polymers. The glass
substrates for spin coating were cleaned by sonication in acetone and
then DI water for 15 min each, followed by drying with a stream of
N,. This was carried out to ensure that the surface of the substrate
was free of any dust and contaminants. The cleaned glass substrates
were then spin coated with the blended solutions using a spinNXG-
P1 system at 1,000, 3,000, 5,000, and 8,000 rpm for 30 s to produce
PS/PDMS thin films.

The same process was then repeated at 70°C to deposit another
set of films. A deposition temperature of 70°C was chosen for spin
coating, keeping in mind the glass transition temperature of PS
(100°C), the optimum curing temperature of PDMS (60°C-80°C),
and the boiling point of toluene (110°C), which was used as the
common solvent for polymer blending and spin coating. An
optimum temperature of 70°C is recommended to avoid the
issues associated with solvent evaporation, which could lead to a
change in solution concentration. It also ensures that PDMS is still in
an uncured form in the solution.

Both sets of films were then kept at 120°C under a vacuum of
500 mm Hg pressure in an oven for 24h to facilitate solvent
evaporation and stabilize the phase separation pattern.
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PS + Toluene
Solution

Stirring at Room

Temp. for 24
hours
PDMS (degassed
for 2 hours under
vacuum)
FIGURE 1

Schematic diagram of PS/PDMS blend film formation via spin coating.

2.3 Characterization of the thin films

The morphology of the blended thin films was observed using an
optical microscope (OM) in a reflected mode (DCM-295, Leica
Microsystems, Germany). Fluorescence microscopy (UTVIX-2,
Olympus Corporation, Japan) was used to differentiate the PS
and PDMS phases in the film. Rhodamine B dye was used to
stain PDMS and was spin coated on the top of the blended film
for 30 s at 1000 RPM. This hydrophobic dye naturally emits red
fluorescence and can penetrate  PDMS while remaining
impenetrable in PS (Virumbrales-Muifioz et al., 2019). The OM
images were processed using Image]J software to measure the size of
the microstructures present in the thin films.

The height and roughness of the thin films were assessed by
atomic force microscopy (AFM) (MFP3D-BIO, Asylum Research,
Oxford Instruments, United States) and analyzed through open-
source software Gwyddion. The SEM morphology of the thin films
was observed using a ZEISS EVO 18 microscope.

3 Results

Figure 2 illustrates the variation in size and morphology of
patterned structures formed by the phase separation in PS and
PDMS thin films as the blend concentration and spin-coating speed
are varied. The columns (i-iv) of each row in Figure 2 display results
for coating speeds of 1,000, 3,000, 5,000, and 8,000 RPM,
respectively. Figure 2A displays the phase separation pattern of 1:
1 (PS/PDMS) blends. Figure 2A shows the appearance of a bilayer
structure with two phases, each formed of a separate polymer layer.
The darker, discontinuous regions visible in the images show the
exposed background layer because of the dewetting of the top
polymer layer. The structures of the dewetted holes appear to be
polygonal, blend
concentration is 2:1 (PS/PDMS), the morphology consists of

amorphous, and coarsened. When the
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more circular dewetted structures in the film, as shown in
Figure 2B. The morphology of the blended thin films when the
concentration is 5:1 (PS/PDMS) is shown in Figure 2C. These films
have perfect circular structures; however, the density of the dewetted
structures is significantly lower. A higher polymer concentration of
PS is observed to suppress dewetting to a large extent. An increase in
spin-coating speed or centrifugal force is found to engender a
smaller dewetted circle size and a greater density, as evident from
the Figs. i-iv in each of the rows of Figures 2A-C.

Figure 2D (i-iv) show the morphology of the film when the
PDMS concentration is 1:5 (PS/PDMS). The structures formed
when the PDMS concentration is higher than PS concentration
are different from those seen in the previous row of figures. The
elevated regions, as depicted by the white regions in the optical
microscope under the reflection mode, show spherical
agglomeration. However, as the spin-coating speed increases, two
opposing phenomena are observed. From Figure 2D (i-ii), it can be
seen that higher shear caused by higher centrifugal force helps
decrease the sphere size. However, higher centrifugal force (at
5,000 rpm) also helps the sphere to come closer and either
coarsen as observed in Figure 2D (iii) or form an elongated
tubular structure because of coarsening and excessive stretching
(Figure 2D (iv) (at 8,000 rpm)). The tubules are seen to arrange in a
radially outward direction because of the underlying high spin-
coating rate. The elevated rims of the dewetting polymer, the
polygonal dewetted region of the underlying polymer of
Figure 2A (iv), the circular dewetted regions of Figure 2B (iv)
and Figure 2C (iv), and the elevated tube-like structures of
Figure 2D (iv) can be verified from the SEM images of these
structures provided in Supplementary Figure S1.

Figures 3A-D show, respectively, the fluorescence images of
Rhodamine B-exposed blended films spin coated at 8,000 rpm and
having PS/PDMS ratios of 1:1, 2:1, 5:1, and 1:5, respectively. Figures
4A-D show the elemental mapping via line EDX of the blended films

spin coated at 8000 rpm and having PS/PDMS ratios of 1:1, 2:1, 5:1,
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FIGURE 2

Morphology of the blended film with different concentrations and spin coated at different speeds. (A) 1:1, (B) 2:1, (C) 5:1, and (D) 1:5 (PS/PDMS) films
deposited at (i) 1000 rpm, (ii) 3000 rpm, (iii) 5000 rpm, and (iv) 8000 rpm, respectively.

FIGURE 3
Fluorescent micrographs of the blended films. (A) 1:1, (B) 2:1, (C) 5:1, and (D) 1:5 (PS/PDMS) films at 8000 rpm.

and 1:5, respectively. The direction of the arrow in the picture
represents the line on which the mapping was obtained. Upon
comparing Figure 3A and Figure 2A (iv), it is evident that in the
1:1 film, the discontinuous hole-like structures are illuminated. This
implies that the underlying polymer in Fig, 2a is that of PDMS, while
the top layer of PS undergoes dewetting. This is also confirmed by

Frontiers in Soft Matter

the elemental mapping data shown in Figure 4A, according to which
the carbon percentage increases slightly when moving from the
exposed dewetted regions to the elevated regions of the films. Like 1:
1, in both the 2:1 and 5:1 films (Figures 3B,C), the discontinuous
dewetted circular regions show fluorescence and, hence, confirm the
presence of an underlying PDMS layer, while the continuous PS
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FIGURE 4
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Elemental mapping showing the line EDX of the blended film at 8000 rpm. (A) 1:1, (B) 2:1, (C) 5:1, and (D) 1:5 (PS/PDMY) films.

layer at the top remains dark. The illuminated holes are, however,
seen to be lesser in number in the 5:1 films (Figure 3C) compared to
the 2:1 films (Figure 3B), as expected. Figures 4B,C, respectively,
show the elemental mapping of the 2:1 and 5:1 films. In both of
these, we can observe a decrease in the elemental levels of silicon and
oxygen and an increase in the elemental level of carbon. The carbon
content in one unit of PS is higher than in one unit of PDMS, while
silicon is only present in PDMS and not in PS. Since the number of
dewetted holes is significantly less in 5:1 films than in 2:1 films, the
decrease in silicon and oxygen is considerably higher in 5:1 films
when compared to 2:1 films due to the suppression of dewetting
because of the higher PS concentration. In the 1:5 films (Figure 3D),
it is evident that the fluorescent dye has penetrated the PDMS
tubules, resulting in their illumination, while the now-underlying PS
film remains dark. The elemental mapping of the 1:5 (PS/PDMS)
films (Figure 4D) shows an increase in levels of elemental silicon and
oxygen when moving toward the background, while the level of
carbon decreases. This is likely due to the dewetting of the thin layer
of PS in the background, which leads to the picking up of an
elemental signal from the glass slide, which makes up the
substrate for thin film deposition.

Temperature also plays an important role in controlling the
morphology of the polymer films. Figure 5A (i-iv) shows the

Frontiers in Soft Matter

PS/PDMS thin films spin coated at room temperature, while
Figure 5B (i-iv) displays the films deposited at 70°C. The 1:
1 films
discontinuous, isolated hole-like structures exposing underlying
PDMS, while the thin blended films prepared at 70°C show a
continuous exposed structure of underlying PDMS. There is a

prepared at room temperature show discrete,

phase inversion that occurs. The continuous structure of the top
PS at room temperature now starts to disintegrate due to the
coalescence of the holes. When the concentration of polystyrene
increases in the solution to 2% and 5%, the hole size of the dewetted
structures formed at room temperature and 70°C, respectively,
increases from 3.37 um (Figure 5Aii) to 4.75 um (Figure 5Bii) for
2:1 blended films and from 4.87 pum (Figure 5A (iii)) to 6.95 pm
(Figure 5B (iii)) for 5:1 blended films. If closely observed, it can be
seen that the holes formed at a higher temperature for the 5:
1 polymer blend (PS:PDMS) (Figure 5A (iv)) now show more
angular/polygonal structures than perfectly circular structures, as
in Figure 5A (iii). When the concentration of PS:PDMS is 1:5, as the
temperature is increased from room temperature to 70°C, the
average size of the PDMS structures decreases from 5.96 pm
(Figure 5A (iv)) to 2.32um (Figure 5B (iv)), likely due to a
decrease in the number density of tubes, which is now seen to
break up into smaller spheres.
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FIGURE 5

Morphology of the blended film at 8000 rpm with different concentrations and spin coated at different temperatures. (i) 1:1, (ii) 2:1, (iii) 5:1, and (iv) 1:
5 (PS/PDMS) films deposited at (A) room temperature and (B) 70°C, respectively.

100 [ JFimsatR.T.
90 - V] Films at 70°C

80

70 4

60

50

40
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20 4

Area fraction covered by PS (%)

10

1:1 2:1 5:1 1:5
PS:PDMS ratio

FIGURE 6
Graph showing the area fraction of the thin films covered by
polystyrene at 8000 rpm for different PS/PDMS ratios.

A comparison of the area fraction of the films covered by PS with
respect to the PS/PDMS ratio is shown in Figure 6. Because of the
increased number density of holes, the fractional area coverage of
the PS polymer is low for 1:1 (PS/PDMS) and 2:1 (PS/PDMS) films.
As with higher concentrations, dewetting gets arrested, and the
fractional area for PS is high for the 5:1 (PS/PDMS) films. With an
increase in temperature, since dewetting kinetics increases, the PS
fractional area either remains similar to corresponding
morphologies at room temperature or, as expected, decreases in
these films (refer to concentrations 1:1, 2:2, and 5:1 in Figure 6). For
1:5 polymer blends, since PDMS forms tubules and PS goes to the
background, the surface area coverage for PS decreases. It decreases
further for such films at higher temperatures since higher

temperatures engender PDMS tubule breakage into smaller spheres.
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AFM images of the blended films prepared at room temperature
at 8000 rpm are shown in Figure 7, where Figures 7A-D correspond
to the 1:1, 2:1, 5:1, and 1:5 blended films, respectively. The
topographic images, as expected, reveal a non-uniform film with
craters and columns throughout the film spread in a discrete
manner. The craters in the film in Figures 7A-C result from
PDMS exposure due to PS dewetting. The elevated rims and
columns in these figures are those of PS. In Figure 7D, where the
PDMS polymer concentration is high, the columns are formed due
to the aggregation of PDMS in the film. The height of these features
ranges from 100 to 500 nm. The peak height of the 1:1 films is shown
to be 160 nm with a mean roughness of 21.79 nm, while the 2:1 films
show a peak height of 350 nm and a mean roughness of 41.89 nm,
the 5:1 films show a peak height of 117 nm and a surface roughness
of 6.16 nm, and the 1:5 films show a peak height of 550 nm and a
mean roughness of 101.5 nm. In the next section, we will try to
uncover the physical reason behind the structure formation and the
roughness achieved.

4 Discussion

The interaction  parameter, or the
polymer-solvent interaction parameter (also known as the Xps
parameter), is related to Hildebrand solubility parameters (§; the
square root of the cohesive energy density, i.e., the energy of

Flory-Huggins

vaporization per unit volume) of the polymer (P) and solvent (S):
Vs
Xp-s = g (8~ 8p)° +0.34, (1)

where Vg is the molar volume of the solvents, R is the universal gas
constant, T is the temperature, and 85 and 8p are the solubility
parameters of the solvent and polymer, respectively (Gong et al.,
2006; Emerson et al., 2013). The lower value of x implies higher
interaction and mobility of the polymer chains. In our system, &
values for PS, PDMS, and toluene are 18.6, 15.0, and 18.2 MPa'’?,
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FIGURE 7
AFM images of the blended PS/PDMS films at 8000 rpm for (A) 1:1, (B) 2:1, (C) 5:1, and (D) 1:5 (PS/PDMS) films, respectively.
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respectively (Gong et al., 2006; T; Wang et al., 2014). The solubility
parameter of polystyrene in toluene is, thus, 0.347, and for PDMS in
toluene, it is 0.779, according to Eq. 1. Thus, based on the values of x,
PS has a higher interaction and mobility in toluene compared to
PDMS (Roy and Sharma, 2015).

Because of the immiscible nature of the polymer blend, as the
solvent evaporates, the two polymers rapidly phase-separate and
form a bilayer. Since PDMS has a higher density and lower mobility,
it forms the bottom layer and PS forms a thin top layer (for PS:
PDMS ratios 1:1, 2:2, and 5:1). However, the adhesive interaction
between PS and PDMS leads to dewetting of the PS layer from the
underlying polymer, which acts like a substrate. The dewetting leads
to the uncovering of the substrate in the dewetted patches. As PS
concentration increases in films with PS:PDMS ratios of 1:1, 2:1, and
5:1, the thickness of the film increases. For spinodal dewetting of a
thin film over a substrate, the length scales (A) of the dewetted holes
is found to scale as h,% where h, is the mean thickness of the film
(Kotni et al,, 20145 2017). Thus, as the thicknesses of the films
increase in 5:1 films (refer to Figure 2C; Figures 3C; Figure 5Aiii;
Figures 7C; and Supplementary Figure S1C) compared to 2:1 films
(refer to Figure 2B; Figures 3B; Figure 5Aii, Figures 7B; and
Supplementary Figure S1B), the number density of holes is found
to be lesser and situated at greater distances. Since the surface
tension forces for films with larger thicknesses are higher (Sarkar
and Sharma, 2010), one can also see more circular hole formation in
5:1 films compared to 2:1 films (refer to the optical images of
Figure 2C and SEM images of Supplementary Figure S1C).

The smaller the thickness of the dewetting film (PS), the faster
the film rupture process and dewetting kinetics (where the time of
rupture t, oc hy’ (Kotni et al., 20145 2017). As a result, at the same
reference time, one can see that while a 2:1 (PS:PDMS) polymer
blend (Figure 2B) shows several depressions (black and gray), 1:1
(PS:PDMS) polymer blend (Figure 2A) films with smaller
thicknesses reveal mostly dark polygonal dewetted patches. For
higher-thickness 2:1 polymer blend, some of the depressions are
relatively at higher elevations (hence gray in color) and yet to reach
the underlying PDMS surface; on the other hand, others reach the
polymer—polymer interface and rupture, uncovering the underlying
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PDMS surface, leading to dewetting and the appearance of “black
holes.” Different elevations of the depressions/holes are also evident
from the AFM images in Figure 7B, where the shades of brown
illustrate different local thicknesses in the film. The different sizes of
the holes are also apparent. While the depressions at higher
elevations have smaller diameters, the dewetted holes (dark-
brown-colored holes in Figure 7B) at the PDMS substrate start
growing and, hence, show bigger diameters. For thinner films with 1:
1 blend, the kinetics is faster, as evident from the fact that at the same
reference time, the higher elevated depressions are almost missing in
these films, and most of the depressions can be seen to have reached
the bottom PDMS layer, causing rupture and the formation of dark
dewetted patches (refer to Figure 2A; Figure 7A). A comparison of
the corresponding morphologies of Figures 2A,B reveals that the size
of the growing dewetted holes in Figure 2A is larger than that of the
deepening and growing holes in Figure 2B at a particular instance of
time. A change in thickness can also be brought about by a change in
rotational speed. In subsequent rows of Figures 2A-D, as one moves
from figures i-iv as the rotational speed increases, the centrifugal
force also increases, which engenders better spreading, leading to a
decrease in film thickness for films having the same concentration
ratio. Since, with lower film thickness, the patterns formed are at
lower length scales, the number density of patterns increases as one
moves from left to right in each of the rows of Figures 2A-D.

When the concentration of PDMS is higher than that of PS, the
PDMS-PS blend again phase separates when spin coated. Since the
cohesive force in PDMS increases with higher concentrations,
PDMS polymer aggregates to give rise to spherical structures,
while PS forms the underlying layer, as evident from the optical
(Figure 2D; Figure 3D; Figure 5A,Biv), SEM (Supplementary Figure
S1D), and AFM (Figure 7D) images. An increase in centrifugal force
leads to increased shear during spin coating, which either is found to
increase the number density of the spheres, similar to the increase in
the number density of patterns formed in PS-PDMS blends with
high PS concentrations (Figures 2A-C), or is found to cluster the
spheres into elongated tubular structures (Figures 2D-2iv).

An increase in operating temperature normally decreases the
viscosity and, thereby, increases the mobility of any polymer
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(Roudat et al., 2004). Enhanced temperature has a similar influence
on surface tension. An increase in temperature decreases the surface
tension values. As a result, when the PS film interface interacts with
the PDMS film interface to undergo dewetting, the mobility is faster;
moreover, the restraining surface tension forces also decrease, and as
a result, dewetting kinetics fasten. The dewetted patterns now
become more coarsened (compare the morphologies in Figure 5A
to the corresponding topologies in Figure 5B). The lowered surface
tension effects are also visible from the more angular dewetted holes
formed at elevated temperatures (refer to Figure 5B (iii)). For blends
with a 1:5 PS:PDMS ratio, the faster kinetics at higher temperatures
assist in breaking down the tubular structure.

Fabrication of miniaturized patterns with high surface roughness is
ideal for enhancing functional properties. In 1:1 polymer blends, though
the mean thicknesses are less, which leads to reduced length scales,
because of faster kinetics, the morphologies become coarsened, leading
to lowered roughness, whereas for 5:1 films, because of the larger mean
thickness, the dewetting is suppressed, which again leads to less-rough
films. From the study, it can be seen that 2:1 PS:PDMS blends at
8000 rpm were found to be ideally rough, with a peak height of 350 nm
and a mean roughness of 41.89 nm for films having a higher PS
concentration than PDMS concentration. However, for films with
higher PDMS concentrations, the increased coalescence effect leads
to elongated and rough protruding structures with a peak height of
550 nm and a mean roughness of 101.5 nm at 8000 rpm and room
temperature. So, if porous structures with high roughness are required,
moderately higher PS:PDMS ratios are preferred, whereas if protruded
hydrophobic structures are required, one should go for fractional values
of PS:PDMS concentrations.

Conclusion

Thin films fabricated by blending two dissimilar polymers in a
common solvent and spin coating provide an easy method of
obtaining self-organized, patterned surfaces without the need for
expensive and complicated lithographic processes. The polystyrene—-
polydimethylsiloxane films produced by us show a bilayer structure
with the formation of regular patterns, which can be controlled by
varying the concentration of the polymers in the solution, spin-
coating speed, and temperature at the time of fabrication of the films.
The bilayer nature of the film is a result of the phase separation
between the two polymers, which gives rise to spherical droplets,
holes, bi-continuous lamellar structures, and tubular structures in
the film. For PS:PDMS ratios less than 1 and for moderately valued
films with ratios greater than 1, higher rotational speeds and lower
temperatures are all favorable conditions to produce patterns with
high surface roughness. This makes the thin blended films very
versatile in nature, as they can be used in various applications
the of
membranes, coatings on biomedical implants, the creation of
These blended films have the
potential to be functionalized further for specialized applications

involving catalysis, in fabrication antibiofouling

functionalized surfaces, etc.
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by subjecting them to surface modifications and the addition of
nanoparticles.
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