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ABSTRACT: We investigated the influence of substrate
confinement on the capillary breakup of parallel non-
axisymmetric polymer stripes suspended on top of, or confined
between, another immiscible polymer pattern. When the
residual layer thickness of the pattern was reasonably large, the
PS (or PMMA) stripes confined within PMMA (or PS)
trenches broke up, either nucleated, out-of-phase, or without
clear phase correlation depending on the geometry and
viscosity ratio between the two polymers. In stark contrast,
for the two extreme cases of viscosity ratios we studied, in-phase breakup of confined polymer stripes was always observed when
the alternating PS/PMMA stripes were formed, that is, without residual layer, regardless of the specific geometry.

■ INTRODUCTION

The stability of nanostructured polymers depends on their
viscoelastic properties and a range of surface and interfacial
interactions particularly in the liquid state. Polymeric
nanostructures and thin-films can spontaneously rupture into
interesting structures upon heating via different mechanisms
such as spinodal,1 Marangoni2 and nucleation-and-growth3−5

instabilities. In the past, experimental efforts have been made to
direct the structural/morphological evolution by using thermal
gradient,6,7 electrical field,8,9 and topographically10,11 or
chemically12,13 patterned substrates. The resultant hierarchical
structures often times possess complexity beyond the capability
of traditional top-down lithographic techniques.14−17 There-
fore, a thorough understanding of the mechanisms that dictate
the structural evolution is important not only for manufacturing
robust polymer nanostructures but also for utilizing the rupture
processes to achieve useful structures.
Viscous polymer nanowires (or stripes) with large length-to-

diameter (or width) ratios tend to rupture, driven by the
capillary fluctuations at the surfaces and/or interfaces.18,19 At a
temperature above its glass transition temperature (Tg), a single
cylindrical polymer thread embedded in an immiscible viscous
liquid medium will break into isolated droplets to minimize the
interfacial area. The average distance between neighboring
droplets reflects the wavelength of the fastest-growing mode of
fluctuation, which further depends on the initial thread
diameter and the thread-to-medium viscosity ratio.20 The
simultaneous capillary breakup of multiple polymer threads has
been investigated recently. When the threads are separated by
rigid walls, each thread ruptures independently.21,22 However,
when an array of threads are embedded in an immiscible
viscous liquid, strong hydrodynamic interactions can occur
during the capillary breakup of the neighboring threads,
resulting in phase-correlation between the final droplets.

The nature of the phase correlation can be manipulated by
the diameter and lateral distance between neighboring threads,
as well as the thread-to-medium viscosity ratio.23−25 Specifi-
cally, in-phase breakup occurs when the threads are close to
each other, in which case the necking/breaking locations of
neighboring threads are aligned perpendicularly to the long axis
of the threads. As the distance between neighboring threads
increases, out-of-phase breakup occurs; the necking point of a
thread forms next to a droplet of a neighboring thread. When
the threads are sufficiently far away from their neighbors, no
phase-correlation is expected.23−25 Besides the fiber arrays
studied, out-of-phase breakup was observed in the late stage of
polymer blends demixing under shearing conditions.26

Significant suppression of capillary instability was observed
when a polymer thread and the surrounding medium were
contained within rigid confinement, either under quiescent27,28

or pressure-driven flow29 conditions. Son et al. found that
confined threads tend to undulate parallel to the capping plates
more than in the vertical direction, which resulted in squashed-
ribbon shapes. This nonaxisymmetric shape provided stability
against the amplification of interfacial fluctuations.27,30

Accordingly, the breakup kinetics was slowed down when
rigid confinement was imposed.28 Recent theoretical work also
indicated that the breakup wavelength, kinetics, and phase
correlation can be dramatically modified under rigid confine-
ment.31

Here, we study the influence of substrate confinement on the
breakup behaviors of patterned submicrometer polymer stripes
on top of, or separated by, another immiscible viscous polymer.
We found that the capillary breakup of these confined polymer
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stripes varied with the geometry and degree of substrate
confinement. With the increase of confinement, the simulta-
neous breakup of the polymer stripes transitioned from either
nucleation or out-of-phase mode to an in-phase mode,
regardless of the preferential wetting of the components.
Morphological evolution was consistent for the two extreme
cases of stripe-to-medium viscosity ratios that were studied. A
variety of arrays of droplets with different spatial arrangements
can thus be obtained by manipulating these factors.

■ EXPERIMENTAL SECTION
Poly(methyl methacrylate) (PMMA) and polystyrene (PS) with a
monodisperse molecular weight distribution were purchased from
Polymer Source, Inc. Both polymers were used without further
modification. Listed in Table 1 are the molecular weight, Tg,

polydispersity index (Mw/Mn) and viscosity of both PS and PMMA.
The values of Tg were determined from the second scan on a
NETZSCH 204F1 differential scanning calorimeter (DSC), operated
at a heating rate of 20 °C/min. The viscosities were calculated from
previous literature.32,33

PS17.7k/toluene solutions of three different weight concentrations
(1.0, 2.0, and 3.5 wt %) were first spin-coated onto 380 μm thick
silicon substrates. The silicon substrates had been treated with piranha
solutions and oxygen plasma prior to use, which resulted in a thin
oxide layer at the surface. Immediately after spin-coating, the PS films
were placed in a vacuum oven at 60 °C (below the Tg of PS17.7k) for
2 h in order to remove the remaining toluene.
Nanoimprint lithography (NIL) was used to replicate a surface

grating pattern from a silicon mold onto the PS films, with an Eitre 3
(Obducat Inc.) nanoimprinter under a pressure of 4 MPa at 140 °C
for 3 min. Since the molecular weight of PS used is well below its

critical molecular weight for entanglement (Mc ≈ 35 kg·mol−1 for bulk
PS),32 the experimental time-scale of the imprinting process was long
enough to allow residual stresses to fully relax.34,35 Therefore, we do
not expect strong residual stress effects resulted from the nano-
imprinting during the capillary breakup of the stripes discussed below.
A silicon mold containing line grating patterns, with a pattern height of
240 nm, a periodicity of 834 nm and a line-to-space ratio of 1, was
used for patterning all samples. To facilitate releasing the mold from
the imprinted PS films at room temperature, a silanizing agent
(tridecafluoro-1,1,2,2-tetrahydrooctyl trichlorosilane, purchased from
Sigma-Aldrich, Inc. and used as received) was deposited on the surface
of the mold via vapor deposition, which would reduce the adhesion
between the PS and the silicon mold.36

PMMA16.7k was subsequently spin-coated onto the imprinted PS
patterns from an acetic acid (a selective solvent for PMMA37 that does
not dissolve PS) solution with a weight concentration of 1 wt %. The
resultant bilayer-type patterns were again annealed in a vacuum oven
at 60 °C (below the Tg of both PMMA16.7k and PS17.7k) for 2 h to
remove residual solvents. The PMMA/PS bilayer samples were
annealed under ambient conditions on an STC200 hot-stage (Instec,
Inc.) with a temperature stability of 0.1 °C. Before use, the hot-stage
had been calibrated for the temperature range of 47 to 286 °C, with 7
different melting point standards from Sigma-Aldrich, Inc. A
Dimension 3100 atomic force microscope (AFM, Bruker Corp.) was
operated under tapping mode for examining the morphological
evolution induced by annealing, after the samples had been cooled
down to room temperature. Silicon probes with resonant frequencies
of approximately 300 kHz and spring constants ranging from 25 to 75
N/m were used for all AFM measurements. In addition to PMMA/PS
bilayer samples, PS on PMMA patterns (PS/PMMA) were also
prepared and characterized with similar protocols. Furthermore, the
PMMA (or PS) was selectively dissolved with acetic acid (or
cyclohexane) exposing the original PMMA/PS interface for character-
ization with AFM, as well as a JEOL JSM-7401F field emission
scanning electron microscope (FE-SEM).

■ RESULTS AND DISCUSSION
Recently, we reported the instabilities of patterned multiple PS
stripes aligned in parallel on PMMA line-and-space patterns
with a thick residual layer, when annealed at temperatures
above the Tg of both polymers.38,39 The thickness of the

Table 1. Molecular Weight, Tg, Polydispersity Index (Mw/
Mn) and Viscosity of the Polymers Used

polymer
Mw

(g/mol) Tg(°C)
Mw/
Mn η(Pa·s, @150 °C) acronym

PS 17 700 89.2 1.04 1.9 × 103 PS17.7k
PMMA 16 700 110.4 1.06 5.4 × 105 PMMA16.7k

Figure 1. (a−d) AFM phase images of the PMMA1%/PS3.5% sample after annealing at 150 °C for different amounts of time, as specified at the
upper left corner of each image. The scan-sizes for all four images are 10 μm × 10 μm. (e) A statistical histogram of the distance, d, along line
direction, between a small droplet and its nearest stripe-necking spot, for the annealing duration of 50 min (schematically shown in (c)). A total
number of 141 small droplets have been counted. (f) A schematic for the cross-section after 1 min of annealing, as shown in (a). (g) Cross-sectional
height profiles change during the surface-tension-induced leveling process. The AFM height images and profiles for (a−d) are provided in Figure S5
of the Supporting Information.
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residual layer af ter the surface-leveling process (discussed
below) is specifically defined as hr in part f of Figure 1. Briefly,
we found that the PS stripes underwent a two-stage capillary
instability atop PMMA patterns during annealing: narrower
ones on the PMMA mesa broke up first, followed by the out-of-
phase breakup of the larger ones confined in the PMMA
trenches. The dependence of the wavelength and kinetics on
the viscosity ratio of PS/PMMA was examined systematically.
For that system, the PMMA layer wet the SiOx surface of the
substrate and hr was larger than 150 nm during the capillary
breakup of the PS stripes. Here, we mainly focus on
understanding the influence of the substrate confinement,
that is, with small or zero hr, on the capillary breakup of the
patterned arrays. To examine whether the preferential wetting
of PS/PMMA on the substrate played a role, we studied both
PS cast on PMMA patterns and PMMA on PS patterns. In the
following, we focus on describing the PMMA cast on imprinted
PS patterns first.
The PS film thickness, cast from a 3.5 wt % toluene solution,

was ∼170 nm, which resulted in a residual layer thickness of
∼50 nm in the imprinted PS pattern (the distance between the
PS grooves and the SiOx substrate), determined by the mold
geometry. AFM measurement confirmed faithful replication of
the patterns from the mold onto the PS film (part a1 of Figure
S6 of the Supporting Information). PMMA16.7k was then spin-
coated onto the imprinted PS films out of an acetic acid
solution with a concentration of 1 wt %. Most PMMA was
deposited within the trenches of the PS pattern, with a smaller
amount left on top of the PS mesas. Therefore, the total
amplitude of the pattern decreased, as shown in part g of Figure
1. The as-imprinted PS pattern was ∼240 nm tall and the
overall pattern height reduced to ∼198 nm after the PMMA
deposition. The corrugation of the PMMA layer was found to
be in-phase with the underlying PS pattern, which was
consistent with Mukherjee et al.40 Furthermore, according to
Roy et al., the PMMA should have formed a continuous layer.41

The surface morphology of the resultant bilayer system is
shown in part a2 of Figure S6 of the Supporting Information.
Upon annealing at 150 °C, which was above the Tg of both

polymers, the morphology of the PMMA/PS pattern started to
evolve (Figure 1 and Figure S5 of the Supporting Information).
As detailed in the Experimental Section, adequate heating time
allowed the residual stresses, imposed by spin-coating and the
NIL process, to relax.34,35 Therefore, the onset of the
instabilities was not induced by residual stresses. At the very
early stage, surface-tension-driven pattern leveling was domi-
nant, causing the surface of the pattern to smooth out. After
only 1 min, the overall PMMA/PS pattern height reduced from
198 nm to ∼6 nm (parts a1 and a2 of Figure S5 of the
Supporting Information). Meanwhile, PMMA was segregated
into two sets of parallel stripes, narrower ones on top of the PS
mesas, and wider ones within the PS trenches (part a of Figure
1). This process was driven by the tendency of PMMA to reach
the equilibrium Neumann contact angle with PS, which was
dictated by the balance between the PMMA surface tension and
the PS/PMMA interfacial tension.39 Part g of Figure 1 shows
the overall geometrical changes during the leveling process. The
3D view of this complex PS/PMMA pattern is schematically
shown in part f of Figure 1. As discussed in our previous report,
the equilibrium shapes of the PMMA stripes were not
cylindrical and were determined by the balance of Laplace
pressure between the PMMA surface and PS/PMMA inter-
face.39

The narrower PMMA stripes, centered on the PS mesas, had
an average width of ∼70 nm and a thickness of ∼20 nm. The
geometry of these stripes was only transient as they started to
break up due to capillary fluctuations almost as soon as they
formed (part a of Figure 1). There appeared no phase-
correlation for the necking/breaking locations between the
neighboring PMMA stripes. This was simply because the lateral
distance-to-width ratio of the stripes (nearly 20:1) was so large
that the hydrodynamic interactions among neighboring narrow
PMMA stripes was negligible.24 After 10 min, the narrow
stripes have completely broken into aligned PMMA droplets on
top of the PS mesas confined between the wider PMMA stripes
(part b of Figure 1). The average distance between two
adjacent droplets along the original line direction was measured
to be 3.3 ± 0.8 μm.
During this period, the wider PMMA stripes within the PS

trenches remained unbroken. Their widths shrank to ∼300 nm
from originally 417 nm, whereas their thicknesses increased to
∼125 nm, as determined from AFM measurements after
selectively removing the PMMA with acetic acid. At this stage,
hr of the PS pattern became 100 nm. Such a cross-sectional
profile of the suspended PMMA stripes was determined by the
balance between the surface tension of PMMA and the PS-
PMMA interfacial tension.39 Up to this point, the overall
morphological changes of the PMMA/PS pattern were similar
to that of the PS/PMMA pattern reported recently.39

After 50 min, undulation along the long axes of the PMMA
stripes, associated with the capillary fluctuations, was clearly
observed, and isolated droplets formed after 100 min (parts c
and d of Figure 1). Interestingly, the locations of these
necking/pinching-off points along the PMMA stripes were
clearly different from that of the PS/PMMA bilayer pattern
reported in ref 39. In PS/PMMA system, the PS stripes in
PMMA trenches dominantly broke up in an out-of-phase
fashion. In contrast, the necking/pinching-off of the PMMA
stripes reported here appeared more likely to occur around the
smaller PMMA droplets resulted from the breakup of smaller
PMMA stripes on the PS mesas (part c of Figure 1). Such a
correlation is more evident in part d of Figure 1, which shows
that most of the smaller PMMA droplets accumulated in the
vicinity of the necked regions between the larger PMMA
droplets. Because of the self-assembly nature of the
morphological evolution, we do not expect this observation
to be exact for all the droplets.
To examine whether this correlation is statistically significant

(against the randomness in this self-assembly process), we
analyzed the positions of 141 small PMMA droplets from
multiple AFM scans at different locations across the sample
surface (annealed for 50 min). The distance along the stripe
direction, d (illustrated in part c of Figure 1), between the
position of a small droplet and that of the nearest necking spots
of the large PMMA stripes, was determined for all the 141
droplets. The distribution of the d is shown in part e of Figure
1, revealing that a majority of the droplets were found to be
within 0.4 μm away from the necking spots, which was 8 times
smaller than the average distance between droplets. Such a
nucleation-like breakup of the PMMA stripes in the vicinity of
smaller PMMA droplets was not observed in the PS stripes on
the PMMA patterns (ref 39). This discrepancy was caused by
the much stronger hydrodynamic effect in the present system:
both the size of the droplets and the droplet/medium viscosity
ratio were much larger in the present system.
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After annealing for 100 min, larger PMMA droplets and
blocks of PMMA stripes were observed, which completely
ruptured into droplets after 250 min (Figure S1 of the
Supporting Information). Thus, a bimodal-like distribution of
PMMA droplets within a continuous PS film was obtained. The
smaller PMMA droplets started migrating, which was driven by
the flow field associated with the breakup of the larger PMMA
stripes. Upon further annealing, the morphological evolution of
the film was dominated by both the coarsening and substrate-
wetting of the PMMA droplets, which induced significant
roughening of the entire films (Figure S2 of the Supporting
Information).
To impose strong substrate-induced confinement effect,

PMMA stripes partially confined on PS patterns with ultrathin
(or negligible) residual layers were prepared. This was achieved
by reducing the thickness of the as-cast PS film (Figure S4 of
the Supporting Information, which characterizes the thickness
of the residual layer). Bogdanski et al. showed that a negligible
residual layer could be achieved by the incomplete filling of
molds, where direct lift-off was successful without any
etching.42,43 Specifically, a 90 nm and a 55 nm PS films were
prepared by spin-coating from 2% and 1% toluene solutions.
For the 90 nm film, the as-imprinted PS pattern showed a
residual layer thickness of ∼9 nm, as determined by the AFM
measurements on a scratched pattern. In comparison, no
residual layer was observed for the PS pattern imprinted from
the 55 nm films. Subsequently, PMMA was deposited on top of

the PS patterns by spin-coating from a 1% acetic acid solution.
Upon annealing, the morphological evolution of the two
PMMA/PS patterns were similar. In the following, we focus on
discussing the sample prepared from the 90 nm PS film, and
that from the 55 nm is presented in Figure S3 of the Supporting
Information.
Figure 2 shows the morphological evolution of the

PMMA1%/PS2% sample during annealing at 150 °C. Similar
to all the previous samples, surface-tension driven leveling
dominated the early stage of the pattern evolution, resulting in
a rather smooth PMMA/PS pattern by 20 min, with a root-
mean-square (RMS) roughness of 2.9 nm (insert of part a1 of
Figure 2). Alternating stripes of PMMA and PS formed, as
indicated by the arrows in part a2 of Figure 2. After selectively
removing PMMA (with acetic acid) or PS (with cyclohexane),
the geometries of the PMMA/PS pattern were determined
(Figure S4 of the Supporting Information for the method used
to determine the cross-sectional geometry). As schematically
illustrated in part e of Figure 2, both PS and PMMA formed
direct contact with the Si substrate, with an average line height
(h) ∼108 nm. The width of the PMMA stripes (wPMMA) was
∼100 nm while that of the PS (wPS) was ∼730 nm.
After 50 min, The PMMA stripes broke up and formed

droplets, while PS stripes merged into a continuous film, as
shown parts b1 and b2 of Figure 2. Most significantly, the
positions of the PMMA droplets clearly showed that the
breakup of the PMMA stripes occurred via an in-phase mode,

Figure 2. (a1−d1) AFM topographic images and (a2−d2) their corresponding phase images of the PMMA1%/PS2% sample after being annealed at
150 °C for different amounts of time, as specified at the upper left corner of each image. The insert of (a1) is the line profile for the area marked with
a dashed line. (e) A schematic for the cross-sectional geometry of (a1). (f) Field-emission SEM image of the sample surface after annealing at 150 °C
for 100 min and selectively dissolving PMMA. The original line direction is marked with the dashed arrow. Insert of (f) is a fast Fourier
transformation (FFT) of the SEM image.
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with the droplets and necking positions lined up across
neighboring stripes. This is in stark contrast to the system with
a 70 nm residual layer discussed in Figure 1. After the necking
had occurred, the width of the PMMA blocks increased due to
the contraction along the length direction. As a result, the area
coverage of PMMA increased from ∼12% in part a2 of Figure 2
to ∼37% in part b2 of Figure 2 because of the preferential
wetting of PMMA on SiOx. This preferential wetting of PMMA
forced the PS to deform out-of-plane and caused significant
roughening of the film with an RMS roughness ∼60 nm (part
b1 of Figure 2). Further annealing caused the PS blocks to start
to contract in length (parts c1 and c2 of Figure 2) and form a
larger stripe-like structure in the direction perpendicular to the
original lines, as shown in part f of Figure 2 over a larger area.
From the FFT image in part f of Figure 2, the most significant
correlation length between the PS blocks was 6.5 μm. Recent
theoretical work showed that confinement moderately affects
the breakup wavelength.31 However, a quantitative under-
standing of the wavelength for such complex nonaxisymmetric
stripes with three different surface/interfacial energies is
currently lacking.
With increasing amount of annealing time, more merging/

coarsening of the PMMA blocks were evident (part d2 of
Figure 2). The underlying mechanism might be collision-
induced coarsening. However, the PS thin lines trapped
between the PMMA blocks prevented them coarsening into
more rounded shapes. Parts b2−d2 of Figure 2 also showed
that some of the thin ligands connecting two broken PMMA
blocks did not rupture even after 200 min. The slowed rupture
kinetics might be because that the elastic stresses developed
during thinning were able to balance the capillary forces.44

For this system, both PMMA and PS stripes were in contact
with the rigid Si substrate, which inhibited deformation into the
substrate.45,46 Therefore, the lateral flow/deformation of the
PMMA stripes were highly correlated with that of the PS
stripes. An in-phase rupture of the PMMA stripes indicated that
the PS stripes should also show in-phase fluctuations, that is,
the increase (decrease) of PMMA width in the stripes was
accompanied by the decrease (increase) of the contacting PS
stripes (part b2 of Figure 2). Apparently, the PMMA stripes
broke/pinched off quicker than the PS stripes, probably due to
its much smaller original width (part e of Figure 2).
To further examine the generality of the observed

simultaneous capillary breakup in the confined polymer stripes,
PMMA1%/PS1% were examined. As mentioned above, the as-
imprinted PS pattern did not show any detectable residual
layer. After annealing at 150 °C for 50 min, alternating PS and
PMMA stripes formed after the surface-leveling, similar to that
shown in part e of Figure 2. The geometries of the cross
sections of the stripes were: with wPS = 500 nm, wPMMA = 330
nm, and h = 81 nm, as schematically drawn in Figure S3 of the
Supporting Information. The PS to PMMA volume ratio was
estimated to be 1.5, much smaller than that shown in part e of
Figure 2. Similar in-phase simultaneous capillary breakup was
observed, with the only difference being that isolated PS
droplets formed instead of PMMA (Figure S3 of the
Supporting Information vs Figure 2). This discrepancy was
most likely attributed to the fact that the time scale of necking/
pinching-off of the PS stripes was shorter compared with the
PMMA ones, as their widths were comparable but PMMA was
more viscous. The wavelength, or correlation length, of the
droplets formed was ∼5.6 μm.

Furthermore, we examined the PS/PMMA system, by casting
PS (0.5% toluene solution) on nanoimprinted PMMA patterns.
PMMA patterns with a residual layer thickness of ∼50 nm were
imprinted from a film cast from 2.5% acetic acid solution. After
the surface leveling upon annealing at 150 °C for 5 min, PS
stripes confined within PMMA trenches were obtained (part a
of Figure 3), which subsequently broke up without a clear

phase correlation between the neighboring stripes (part b of
Figure 3). Note that there were indeed tiny PS droplets
(diameter <50 nm) on the PMMA mesa, but they did not affect
the breakup of the larger PS stripes because they were too
small. In comparison, the as-imprinted PMMA patterns
prepared on thinner film, cast from a 1.5% acetic acid solution,
showed a residual layer thickness of less than 5 nm. In this case,
alternating PS/PMMA stripes formed after surface leveling
upon annealing at 150 °C, which broke up subsequently via an
in-phase mode (part d of Figure 3), similar to that observed in
Figure 2 and Figure S3 of the Supporting Information. The
correlation length of the PS droplets, along the original line
direction, was around 4.2 μm. Interestingly, satellite (smaller)
PS droplets between the larger ones were observed in part d of
Figure 3, a morphology that is different from that observed in
part b2 of Figure 2 and Figure S3 of the Supporting
Information. The formation of such satellite or secondary
droplets is attributed to the larger width and lower viscosity of
the PS stripes, which is a phenomenon also observed in the
capillary breakup of fluid filaments with low viscosity.47

From literature, simultaneous in-phase breakup of multiple
threads (with unperturbed radius r) often occurs at small
center-to-center distance (d). Therefore, reducing the distance
between the threads should always favor in-phase. For example,
when the thread-to-medium viscosity ratio approaches 1, the
critical distance, d/r, below which in-phase breakup occurs, is
around 3.24,25 Furthermore, when the thread-to-medium
viscosity ratio is below 0.25, no in-phase breakup is expected.31

From the aforementioned experimental results, it is clear that
increasing the substrate confinement, or decreasing the residual
layer thickness, indeed leads to in-phase breakup of the

Figure 3. AFM phase images of (a, b) PS0.5%/PMMA2.5% and (c, d)
PS0.8%/PMMA1.5%, after being annealed at 150 °C for the labeled
durations.
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patterned polymer stripes, regardless of the viscosity ratio
between the two polymers.
Once the alternating PS/PMMA stripes were developed, in-

phase breakup of either PS or PMMA stripes was always
observed, even though the two extreme cases of viscosity ratios
between the broken stripes to the unbroken ones differed by
several orders of magnitude. Furthermore, the ratio between
the center-to-center distance of the neighboring stripes (equals
the pitch of the pattern, 834 nm) and the width of the broken
stripes ranged from ∼2 (Figure 3) to more than 10 (Figure 1).
However, the collective wavelength of the in-phase breakup was
comparable for all the experiments (Figures 2 and 3 and Figure
S3 of the Supporting Information). Therefore, the in-phase
breakup observed in the confined polymer stripes here was
dictated by different hydrodynamic scaling, if any, from what
was found in fully embedded polymer threads.24

■ CONCLUSIONS

In this study, we investigated the influence of substrate
confinement on the capillary breakup of parallel noncylindrical
polymer stripes suspended on top of, or confined between,
another immiscible polymer pattern. Prior to the capillary
breakup, a surface-tension-induced leveling was observed for all
samples. When the residual layer thickness was reasonably
large, the PS (or PMMA) stripes confined within PMMA (or
PS) trenches broke up, either nucleated (Figure 1), out-of-
phase (ref 39), or without clear phase correlation (part b of
Figure 3) depending on the geometry and viscosity ratio
between the stripes and medium. Most significantly, in-phase
breakup of the confined polymer stripes were always observed
when, preceding capillary breakup, alternating PS/PMMA
stripes were formed, that is, without residual layer. The in-
phase breakup was caused by the rigid substrate confinement
effect, because when the bottom layer was thin, the polymer
interface would become less deformable.45,46 Therefore, the
viscous deformation was forced in-plane, in which case the
necking of neighboring stripes became strongly coupled in an
in-phase manner. A critical as-imprinted residual layer thickness
of less than ∼10 nm was experimentally found, below which in-
phase breakup would occur, in the two extreme cases of stripe-
to-medium viscosity ratios we studied (280/1 and 1/280). The
preferential wetting of the polymer components was not found
to affect the morphological evolution during the annealing
duration that we examined.
These experimental findings call for theoretical work that can

describe the capillary breakup of nonaxisymmetric polymer
threads, as well as the phase correlation between these multiple
stripes. Nevertheless, controlling the breakup behaviors of the
bilayer-like polymer patterns can thus provide a pathway to
creating a plethora of hierarchical structures in thin polymer
films by adjusting the geometry and properties of both
polymers.
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