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Nanopressing: Toward Tailored Polymer
Microstructures and Nanostructures

Yi-Huei Kao, Mu-Huan Chi, Chia-Chan Tsai, Jiun-Tai Chen*

A simple and versatile method is developed for preparing anisotropic polymer particles by
pressing polymer microspheres at elevated temperatures. Polystyrene (PS) microspheres are
used to demonstrate this approach. Depending on the mechanical deformation and wetting of

the polymers on the substrates, polymer structures with spe-
cial shapes such as barrel-like or dumbbell-like shapes can be
prepared. The morphology of polymer structures can be con-
trolled by the experimental parameters such as the pressing
pressure, the pressing temperature, and the pressing time.
The wetting of the polymers on the substrates dominates
when the samples are annealing at higher temperatures for

longer times.

1. Introduction

Polymer microspheres and nanospheres have been exten-
sively studied because of their applications in areas such
as drug delivery, biosensing, affinity chromatography, and
cosmetics.'#! The spherical polymer particles can be pre-
pared by chemical or physical methods such as heteroge-
neous polymerization, coacervation, emulsification, and
spray-drying.>™?l To overcome the intrinsic limitations of
isotropic polymer particles and to prepare polymer par-
ticles with multiple functionalities, one of the common
design strategies is to use anisotropic polymer particles.!**!
The shapes of nonspherical polymer particles are essential
in determining their properties and functionalities. For
example, Yunker et al.l4 studied that the coffee ring effect,
which is commonly observed for polymer spheres, can be
eliminated by using ellipsoidal particles. The anisotropic
shape of the particles deforms the air-water interfaces sig-
nificantly, producing strong interparticle capillary interac-
tions and leading to the uniform deposition of particles.

Y.-H. Kao, M.-H. Chi, C.-C. Tsai, Prof. J.-T. Chen
Department of Applied Chemistry, National Chiao Tung
University, Hsinchu 30050, Taiwan

E-mail: jtchen@mail.nctu.edu.tw

Macromol. Rapid Commun. 2014, 35, 84-90
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

wileyonlinelibrary.com

To fabricate nonspherical polymer microparticles
or nanoparticles, various approaches have been devel-
oped,'3?°! such as the stretching method,*%7] the
seeded polymerization,[*81] microfluidics,’?”! and micro-
molding.?! Among these approaches, the stretching
method is commonly used to prepare ellipsoidal polymer
particles through the uniform deformation of polymer
microspheres in a matrix of another polymer. For example,
Ho et al!l’6l embedded monodisperse spherical polysty-
rene (PS) particles in a deformable poly(vinyl alcohol)
(PVA) matrix. The samples were then stretched above
their glass transition temperatures to various predeter-
mined macroscopic draw ratios. Later, Champion et al.l*”]
modified the stretching method to generate polymer par-
ticles of over 20 distinct shapes in large quantities.

Despite these methods, however, the preparation of
precisely shaped polymer particles is still a great chal-
lenge. Here, we report a simple and versatile method that
directly addresses this need. The method involves placing
polymer microspheres on a flat substrate and pressing the
microspheres with another substrate, while the samples
are thermally annealed. Unique structures such as barrel-
like or dumbbell-like polymer structures, which are not
accessible by other traditional methods, can be prepared.
Various experimental factors including the pressing
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pressure, the pressing temperature, and
the pressing time are discussed for their
effects on the sizes and shapes of the
resultant particles. At shorter pressing
times, barrel-like polymer structures are
formed because the mechanical stress
dominates the deformation process. I
At longer pressing times, however, the
wetting of the polymer becomes more
important, and dumbbell-like polymer
structures can be obtained.

annealed.

2. Experimental Section

2.1. Materials

Polystyrene microspheres with a mean diameter of 2 um (vari-
ation: 5%) were purchased from Polyscience. Four-inch Si (1 0
0) wafers were obtained from Guv Team International Co., Ltd.
Deionized water was obtained from Milli-Q system. Ethanol, ace-
tone, and isopropyl alcohol were purchased from ECHO Chemical.

2.2. Preparation of PS Microspheres on Silicon Substrates

The silicon wafers were cut into smaller substrates (=1.2 cm x 1.2
cm) and were cleaned by deionized water, acetone, and isopropyl
alcohol. Before use, the silicon substrates were dried by N, gas.
The PS microspheres in a 2.5 wt% aqueous suspension were first
diluted with ethanol (weight ratio = 1:1). The PS microspheres
were then spread on the silicon substrates by spin-coating the
aqueous suspension at 4000 rpm for 90 s. Under this condition,
separated PS microspheres on silicon substrates can be prepared.

2.3. Nanopressing of PS Microspheres

After spin-coating the PS microspheres on a silicon substrate, the
sample was dried to evaporate the residual solvent. Subsequently,
another silicon substrate was placed on top of the microspheres.
A force was then applied on top of the sample by using a weight
or a clip, whereas the whole sample was annealed at the preset
temperature (170 °C) in an oven. After the sample was pressed
and annealed for the desired time such as 5 min, the force was
released and the sample was cooled to room temperature. The
two silicon substrates were separated, and the polymer micro-
structures were characterized.

2.4. Structure Analysis and Characterization

The distribution of the PS microspheres spread on the silicon
substrates before the pressing process was investigated by an
optical microscope (OM, Zeiss). A scanning electron microscope
(SEM, JEOL JSM-7401F) with an accelerating voltage of 5.0 kV was
also used to investigate the polymer microstructures before and
after the pressing processes. Before the SEM measurement, the
samples were dried in a vacuum oven and coated with 4 nm of
platinum.
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Scheme 1. The schematic illustration of the experimental process to prepare anisotropic
polymer particles by pressing polymer microspheres, while the samples are thermally

3. Results and Discussion

The experimental scheme to fabricate the anisotropic
polymer particles is shown in Scheme 1. Commercially
available PS microspheres with an average diameter of
=2 um are used as the starting materials. At first, sepa-
rated PS microspheres are deposited on a silicon substrate
by spin-coating a suspension of PS microspheres. A second
silicon substrate is then placed on top of the microspheres.
By putting a weight or applying a force on the second sub-
strate, the microspheres are deformed, while the samples
are annealed above the glass transition temperature (T,) of
the polymer. When the pressing temperatures are higher
than the T, of the polymer, the microspheres can wet the
silicon substrates. Depending on the pressing pressure,
the pressing temperature, and the pressing time, barrel-
like or dumbbell-like PS particles can be prepared. The
shape deformations of the PS particles are mainly con-
trolled by both the pressing pressure from the weight and
the wetting behavior of polymers on the silicon substrates.

The pristine PS microspheres can be obtained com-
mercially or synthesized by the emulsion polymerization
technique.??] In this work, we use PS microspheres with
an average diameter of =2 um. The sizes of the micro-
spheres can be measured by SEM, as shown in Figure 1.
The distribution of the microspheres on the silicon sub-
strates can be controlled by changing the sphere concen-
tration of the suspension and the spin-coating speed. By
using suspensions with higher sphere concentrations or
spinning the suspensions at lower speeds, multilayers of
stacked polymer microspheres can be formed on the sil-
icon substrates. For the purpose of this work, separated
polymer microspheres are necessary. Therefore, suspen-
sions with a lower sphere concentration (=0.078 wt%)
and a high spin-coating speed (=4000 rpm) are applied.
The SEM image of separated PS microspheres on a silicon
substrate is shown in Figure 1a. The separation distances
between the microspheres are =10 to 50 um. Figure 1b
shows the SEM image of a single PS microsphere on the
silicon substrate. The contact area of the PS microsphere
on the silicon substrate is small, due to the spherical
geometry of the microsphere.

Because of the monodisperse size distribution of the PS
microspheres, monolayers of the microspheres can also
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Figure 1. The SEM images of PS microspheres on silicon substrates
before the pressing and the thermal annealing processes. The
average diameter of PS microspheres is =2 um. a) The tilted view
of many PS microspheres; b) The tilted view of a single PS micro-
sphere; c) The top view of a monolayer of hexagonally packed PS
microspheres; d) The tilted view of a monolayer of hexagonally
packed PS microspheres.

be obtained by using techniques such as spin-coating,3!
electrophoresis,'?4 electrostatic deposition,?s] and the
self-assembly method on the liquid—gas interface.l?¢!
The microsphere monolayers can be used as masks for the
application of nanosphere lithography.?”! SEM images
of hexagonally packed monolayers of PS microspheres
prepared by the self-assembly method on the liquid—gas
interface are demonstrated in Figure 1c,d.[26:28]

In order to study the pressing effect during the thermal
annealing process, we first anneal the PS microspheres
on the silicon substrates without pressing. The annealing
temperatures (170 °C) are higher than the T, of PS
(T =100 °C), and the wetting of the polymer microspheres
can occur on the silicon substrates. When the samples
are annealed at 170 °C for 2 min, wetting of the micro-
spheres occurs on the substrates, as shown in Figure 2a,b.
Compared with the unannealed microspheres, more
polymer chains are in contact with the substrate after
the annealing process, and the contact angle at the air-
polymer—substrate interface is =95°. When the annealing
time is increased to 10 min (170 °C), the contact angle at
the air—polymer—substrate interface is decreased to =35°,
as shown in Figure 2¢,d. The samples annealed for longer
times can wet more on the substrates, and finally the
measured contact angles are closer to the equilibrium con-
tact angle (6g), which is determined by Young’s equation:
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Figure 2. The SEM images of PS microspheres annealed at 170 °C
for (a,b) 2 and (c,d) 10 min without pressing by weights. a) Many
annealed PS microspheres; b) A single-annealed PS microsphere.
The contact angle at the air-polymer—substrate interface is
=95° ¢) Many annealed PS microspheres; d) A single-annealed
PS microsphere. The contact angle at the air-polymer—substrate
interface is =35°.

0 = cos™ (Ysg — Yor) /¥ (1)

where yis the interfacial tension between the liquid and
the gas, % is the interfacial tension between the solid and
the liquid, and ¥ is the interfacial tension between the
solid and the gas.[”!

To fabricate anisotropic polymer structures by the
pressing process, several parameters are involved such
as the type of the polymers, the size of the spheres,
the arrangement of the spheres, the type of the sub-
strates, the pressing pressure, the pressing tempera-
ture, and the pressing time. Among these parameters,
the pressing temperature and the pressing time are the
easiest parameters to be controlled. Figure 3 shows the
SEM images of the pressed polymer structures by using
a weight of 300 g, while the samples are annealed at
170 °C for 3 and 10 min. Similar structures over large
areas can be obtained, as shown in Figure 3a,c. For the
samples annealed at 170 °C for 3 min, barrel-like PS
structures are generated. The detailed wetting behavior
and the formation of a single barrel-like polymer struc-
ture can be observed from the SEM image with a larger
magnification (Figure 3b). The top and the bottom sur-
faces of the barrel-like PS structures are flat, reflecting
the planar nature of the silicon substrates. The convex
shape of the side of the structures is caused by both
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Figure 3. The SEM images of annealed PS particles by pressing
the samples with a weight of 300 g, while annealing at 170 °C for
(a,b) 3 and (c,d) 10 min. a) Many barrel-like polymer particles; b)
A single barrel-like polymer particle. The contact angle between
the polymer melt and the Si wafer is =110°. ¢) Many dumbbell-
like polymer particles; d) A single dumbbell-like polymer particle.
The contact angle between the polymer melt and the Si wafer
is =50°.

the pressing effect and the original spherical shape of
microspheres. The contact angle at the air-polymer—
substrate interface is =110°. When the annealing time
is increased to 10 min (170 °C), dumbbell-like PS struc-
tures can be obtained, as shown in Figure 3b,d. The
SEM image of the dumbbell-like PS structure with a
larger magnification (Figure 3d) indicates that the con-
tact angle at the air—polymer—substrate interface is
decreased to =50°. Therefore, with a longer annealing
time, the wetting effect becomes more important. The
contact angles keep decreasing with the annealing time
and can achieve equilibrium contact angles after a cer-
tain period of time.

The detailed formation mechanism of the pressed
microstructures can be explained as follows: At first, the
pressing pressure dominates, and the top surfaces of
the microspheres are flattened by the substrates. Later,
the wetting force by thermal annealing becomes more
important, and polymer chains can wet both silicon
substrates. The initial contact areas between the micro-
spheres and the substrates are small because of the
spherical shape of the microspheres. The ideal contact
angle of a microsphere with a very large diameter on a
flat substrate is close to 180°. After the initial pressing for
a short time, the contact areas of the polymer particles on
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the substrates increase, while the contact angles are still
larger than 90°. With a longer annealing time, the contact
angles gradually decrease, and eventually reach equilib-
rium contact angles.

The pressing process is carried out, while the samples
are thermally annealed at high temperatures. Without
thermal annealing, the polymer chains are in the glassy
states. Therefore, if the polymer microspheres are pressed
without thermal annealing, wrinkled or broken struc-
tures can be observed. Figure Sla,b (Supporting Informa-
tion) shows the tilted and top views of the SEM images
of pressed PS structures by pressing the PS microspheres
at room temperature. The wrinkles and the broken edges
of the pressed structures shown in the images are caused
by the mechanical stress of the pressing weights.3%] Wet-
ting is not involved in the shape changes of the PS struc-
tures, since the pressing process is carried out at room
temperature, which is lower than the T, of the polymers.
Although PS microspheres can be deformed at room tem-
perature and flattened microstructures can be obtained,
the surfaces of the structures are rough, compared with
the structures pressed at elevated temperatures. In addi-
tion, dumbbell-like polymer microstructures, which are
related to the wetting of polymers, cannot be obtained
under these conditions.

A simple morphology diagram can be drawn on the
basis of the shapes of the polymer structures pressed
under different conditions (Figure 4). The morphology of
the pressed polymer structures can be controlled by both
the pressing pressure and the pressing time. For a con-
stant pressing pressure, the shapes of the polymer struc-
tures change with the pressing time. At a shorter pressing
time, the mechanical stress dominates, and barrel-like
structures can be obtained. At a longer pressing time,
the wetting of polymers on the substrates becomes more
important, and dumbbell-like polymer structures are
formed. The dependence of the shape changes of the
structures on the pressing time in the case of applying a

A

Pressing time (min)

>

Pressing pressure (kPa)

images of polymer particles pressed and annealed under dif-

I Figure 4. The graphical illustrations and the corresponding SEM
ferent conditions.
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weaker pressing pressure is similar to the case of applying
a stronger pressing pressure, as shown in Figure 4. But the
heights of the pressed structures are shorter by applying
stronger pressures, when the same pressing temperatures
and times are used.

The shapes and morphologies of the polymer struc-
tures by the pressing technique can also be controlled by
changing the pressing temperatures (data not shown).
The results demonstrate that the dumbbell-like struc-
tures can also be obtained even at lower temperatures
once longer annealing times are used. At high pressing
temperatures, the degree of wetting is higher, and dumb-
bell-like structures can be generated at shorter annealing
times.

In order to prepare the anisotropic structures with uni-
form sizes and shapes, it is important to keep the two
silicon substrates parallel. If the two substrates are per-
fectly aligned, the heights of all the pressed microstruc-
tures are the same, which are equal to the length of the
gap between the two silicon substrates. If the substrates
are not perfectly aligned or the edge of one substrate is in
contact with the edge of the other substrate, the length
of the gap between the two substrates is gradient. In this
case, pressed microstructures with gradient heights at
different locations can be obtained.

When PS microspheres are spread on the silicon sub-
strates, separated microspheres can be prepared by using
a polymer suspension with a lower sphere density and by
spinning at a higher spinning speed. Aggregated or multi-
layered microspheres can be formed on the substrates if
a polymer suspension with a higher sphere density and
a lower spinning speed are used. After the pressing pro-
cess, aggregated PS microspheres merge together, and
larger microstructures can be formed compared with the
microstructure pressed from separated microspheres.
The shapes of the pressed polymer microstructures from
aggregated microspheres are similar to those from sepa-
rated microspheres, but the sizes of the pressed micro-
structures from aggregated microspheres are larger than
those from separated microspheres.

For the pressing processes from separated polymer
microspheres or aggregated polymer microspheres, the
relationship between the wetting areas and the heights of
the polymer structures can be calculated. For the conveni-
ence of calculation, separated polymer microspheres and
aggregated polymer microspheres are assumed to form
ideal disc-like structures after the pressing processes.
The volumes of the polymer structures are assumed to
be conserved before and after the pressing processes. For
a single polymer microsphere transformed to a polymer
disc, the following relation is obeyed:

4
§7‘L’T3 = ﬂRihl (2)
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where r is the radius of the original microsphere, R; is
the radius of the disc by pressing one microsphere, and
h; is the height of the disc by pressing one microsphere.
Assuming that aggregated microspheres also form disc-
like structures by the pressing process, the following rela-
tion is obeyed:

4 3 _ 2

ngnr = R h, (3)
where n is the number of aggregated microspheres, R, is
the radius of the disc by pressing the aggregated micro-
spheres, and h,, is the height of the disc by pressing the
aggregated microspheres. For a sample containing sepa-
rated and aggregated microspheres, the heights of the
pressed particles from separated microspheres or aggre-
gated microspheres are the same, which are equal to the
gap (h) between the two silicon substrates. Therefore,
h, = h, = h, and Equations (2) and (3) can be substituted
to yield the following equations:

nRh = %n’Rﬁh (4)

R, /R =+n (5)

Consequently, the relationship between the radius of
the pressed polymer disc and the number of aggregated
microspheres can be described by Equation (5), that the
ratio between the radius of the disc from aggregated
microspheres and the radius of the disc from a single
microsphere is equal to the square root of the number of
aggregated microspheres.

To study the pressed structures from aggregated micro-
spheres, samples containing separated and aggregated
microspheres on silicon substrates are prepared by using
a lower spinning speed, as shown in Figure S2a (Sup-
porting Information). Figure S2b (Supporting Informa-
tion) shows the SEM image of pressed PS structures by
pressing separated and aggregated PS microspheres. In
Figure S2b (Supporting Information), R; R,, R; and Rs rep-
resent the radii of pressed PS structures by pressing one,
two, three, and five PS microspheres, respectively. The
(R./R,) values are measured and are compared with the
theoretical values, as shown in Figure S2c (Supporting
Information). The measured values agree well with the
theoretical data, even though the theoretical values are
calculated on the basis of the assumption that the pressed
structures all have ideal shapes of discs.

In this work, the volumes of the polymer struc-
tures are assumed to be conserved before and after the
pressing processes. This assumption may not be correct.
The PS microspheres are prepared by the emulsion poly-
merization technique, and the polymer chains may pack
more loosely before the annealing process. Therefore,
slight reductions of the volumes of the particles after the
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annealing process are expected. Such reductions, how-
ever, are considered to be relatively small compared with
the sizes of the polymer particles.

The pressing pressure in this work is controlled by the
weights placed on the top of the silicon substrates. The
pressures on individual PS particles, however, are related
to the particle densities on the substrates and the contact
areas between the particles and the substrates. While
the particle densities on the substrates can be controlled
by the particle density in the suspension and the spin-
coating speeds, the contact areas are changing with the
pressing time. Therefore, the pressures on individual par-
ticle are decreasing with time in a nonlinear fashion. Still,
the general trend is maintained that heavier weights can
result in stronger mechanical stresses.

The top and the bottom surfaces of the polymer struc-
tures are flattened by the silicon substrates whose root-
mean-square roughnesses (R,) are typically in the range
of several angstroms. It may also be possible to use pat-
terned silicon substrates by lithography techniques, and
patterns can be transferred to the top and the bottom sur-
faces of the pressed polymer structures.

In order to examine the polymer structures after the
pressing process correctly, the separation process of the
two silicon substrates is critical. If the silicon substrates
are separated when the samples are already cooled to
room temperature, the shapes of the pressed polymer
structures are maintained. If the silicon substrates are
separated at temperatures higher than the T; of poly-
mers, polymer chains are mobile and polymer struc-
tures with special shapes can be obtained. For example,
volcano-like structures with deep concave holes on the
top sides of the structures can be generated when the
second substrate is separated at elevated temperatures,
as shown in Figure S3 (Supporting Information). The for-
mation of the volcano-like structures is related to the pin-
ning of the polymer melts at the polymer/air/substrate
interfaces, which causes the elongation of the polymer
structures during the separation process. The degrees
of the elongation in the pinned regions are higher than
those in the middle parts of the structures, resulting in
the formation of the volcano-like concave shapes. Con-
sequently, the structures are elongated, and the heights
of the structures are higher than those before the sepa-
ration processes. Polymer structures with rough edges
can also be observed, when the separation process is per-
formed at elevated temperatures (Figure S3b, Supporting
Information).

If lateral movements between the two substrates are
involved during the separation processes at elevated
temperatures, tilted polymer structures can be formed.
As shown in Figure S4 (Supporting Information), PS
structures with tilted necks (turtle-like structures) are
generated by separating the two substrates in both the
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vertical and lateral directions to the planar surfaces of
the silicon substrates. The tilt angles of the structures
related to the substrates shown in Figure S4 (Supporting
Information) are =50°. The longitudinal axes of most 1D
nanostructures grown on planar substrates reported in
the literature are usually perpendicular to the substrate
surfaces.’!) Therefore, the separation process used in
this work may provide a unique approach for fabricating
tilted microstructures or nanostructures on flat substrates
that may exhibit interesting optoelectronic properties.
The tilt angles can be controlled by changing the relative
velocities of the lateral movement to the vertical move-
ment. Similar approaches may also be applied during the
separation processes, and special structures such as hel-
ical structures may be generated by twisting or spinning
the top or the bottom substrates during the separation
process, while the samples are still thermally annealed.
As a result, the control over the separation processes of
the pressed samples may open a new avenue for gener-
ating unique polymer structures with distinct shapes and
morphologies that are not accessible by other traditional
methods.

4, Conclusions

We study the preparation of anisotropic polymer micro-
structures by pressing and annealing PS microspheres.
The shape of the microstructures can be controlled by
the pressing pressure, the pressing time, and the pressing
temperature. The shape transformation of the microstruc-
tures can be observed by checking the samples at different
annealing times. The initial barrel-like polymer structures
are transformed to dumbbell-like polymer structures with
longer annealing times. This innovative work offers a new
branch of investigation in the field of anisotropic polymer
particles. In addition to polymers, this strategy can also be
applied to other types of polymers, such as block copoly-
mers, polymer blends, and polymer nanocomposites. In
the future, we will work on using patterned substrates
for the pressing technique and controlling the separa-
tion processes. We will also prepare regularly arranged
and separated polymer microspheres on a substrate, in an
attempt to fabricate ordered arrays of anisotropic polymer
structures. Furthermore, the self-assembly behavior of
these anisotropic structures and possible applications in
biomedical applications such as drug delivery will also be
explored.

Supporting Information

Supporting Information is available from the Wiley Online
Library or from the author.
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