
Confined Self-Assembly of Asymmetric Diblock Copolymers within
Silica Nanobowl Arrays
Jie Yu, Chong Geng, Yiming Zeng, Qingfeng Yan,* Xiaoqing Wang, and Dezhong Shen

Department of Chemistry, State Key Laboratory of New Ceramics and Fine Processing, Tsinghua University, Beijing 100084, People's
Republic of China

*S Supporting Information

ABSTRACT: The confined self-assembly of asymmetric diblock copolymer
polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) within an array of
silica nanobowls prepared using a colloidal spheres templating technique is
investigated. By manipulation of the nanobowl size, block copolymer (BCP)
thickness, and interfacial interaction, a rich variety of ordered BCP nanostructures
not accessible in the bulk system or under other confinements are obtained,
resulting in hierarchically ordered nanostructures.

Diblock copolymer molecules consist of two chemically
distinct blocks which are covalently linked to each other.

Owing to their mutual repulsion, the two dissimilar blocks tend
to segregate into different domains, and the spatial extent of the
domains is limited by the constraint imposed by the covalent
connectivity of the blocks, leading to a so-called microphase
separation phenomenon.1−8 The confinement provides a new
route to develop unique self-assembled block copolymer (BCP)
nanostructures which are not readily available in bulk or thin-
film systems.9−26 Compared to that in BCPs self-assembling
under one-dimensional (1-D) and two-dimensional (2-D)
confinements, polymer chains suffer more severe frustrations
during microphase separation under three-dimensional (3-D)
confinements. Thus, BCP self-assembly under 3-D confine-
ments may experience unusual microphase separations which
could lead to far more complex BCP nanostructures, as
suggested by a number of theoretical predictions.27−32

Experimentally, Thomas and co-workers33 first reported the
self-assembly of lamella-forming diblock copolymer within a
microdroplet. Okubo and co-workers34−36 studied the micro-
phase separation behaviors of BCP spheres. A diblock
copolymer solution was emulsified to generate oil-in-water
emulsions. As the volatile organic solvent evaporated, the BCP
self-assembled into nanostructured spheres due to confined
microphase separation. Yang and co-workers37,38 also used an
emulsion droplet as a confining geometry for the self-assembly
of BCP−homopolymer blends. They have systematically
investigated the effects of the particle size and the content of
homopolymer on the internal morphology of the nano-
structured spheres. Yabu and co-workers39−46 have demon-
strated a well-developed method, that is, self-organized
precipitation, to produce micro/nanospheres from diblock
copolymers or blends of diblock copolymers and homopol-

ymers. During the formation of micro/nanospheres, self-
assembly of diblock copolymer simultaneously occurs. Because
of the 3-D spherical confinement, a diversity of microphase
separation nanostructures both on the surface and within the
inner core of the micro/nanospheres could be obtained.
Besides direct synthesis of diblock copolymer spheres, colloidal
templating strategy has been used to study the self-assembly of
diblock copolymers under 3-D confinements. Using this
strategy, Manners' group and Ozin's group have studied the
confined self-assembly of symmetric polystyrene-block-poly-
(ferrocenylethylmethysilane) (PS-b-PFS) within silica spherical
cavities and successfully generated concentric shell structures.47

Subsequently, they systemically investigated the self-assembly
of symmetric and asymmetric PS-b-PFS confined in silica
colloidal crystals and inverse colloidal crystals.48 Recently, Fu et
al. fabricated ordered arrays of asymmetric pPolystyrene-block-
poly(methyl methacrylate) (PS-b-PMMA) hollow spheres by
using solution wetting of silica inverse colloidal crystals.49

Microphase separation behaviors in these diblock copolymer
hollow spheres were investigated. Nevertheless, all of the
previous theoretical and experimental studies on 3-D confined
self-assembly of diblock copolymers have focused on their
microphase separation behaviors within a spherical cavity.
Here we report the microphase separation behaviors of

asymmetric diblock copolymer PS-b-PMMA under 3-D
confinement imposed by nanobowl arrays. The confining
environment could be characterized into soft and hard
confinement according to their deformability.32 The size and
shape of confining geometry are fixed in hard confinement such
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as an inverse colloidal crystal, whereas they are not fixed but
deformable in soft confinement such as a microdroplet.
Nanobowl arrays provide a unique 3-D confining system for
the self-assembly of BCPs by combining the characteristic of
soft and hard ones. The constraint imposed by the nanobowls
is not as strong as that in the case of spherical hard confinement
because it can be released by reorienting the polymer chains
along the unconfined directions. It is also not as weak as that
under soft confinement such as in a microdroplet because the
shape of the underneath confining geometry is fixed.
Furthermore, the interfacial interaction between the surface
and the blocks are imposed not only at the inner wall of the
nanobowls but also at the polymer/vacuum interface. These
divergences induce BCPs to undergo different microphase
separation behaviors in comparison with that under 3-D
spherical hard confinement or microdroplet soft confinement,
leading to new and complex copolymer morphologies which
would not be accessible in the bulk system or under other
confinements.
Figure 1 schematically illustrates the preparation of the silica

nanobowl arrays and the confined self-assembly of diblock

copolymer within the nanobowl arrays. Cylinder-forming
asymmetric diblock copolymer PS-b-PMMA was selected in
this study due to its promising potential for commercial
applications.50 In a typical process, a polystyrene colloidal
monolayer was first fabricated from an air−water interface self-
assembly approach.51 The PS colloidal monolayer was
transferred onto a silicon substrate and used as a template to
construct a silica nanobowl array via the sol−gel method.52 A
brush of polystyrene-random-poly(methyl methacrylate) (PS-r-
PMMA) or hydroxyl-terminated polystyrene (PS-OH) was
anchored on the surface of the silica nanobowls. PS-b-PMMA
dissolved in toluene was then spin-coated onto the substrate
with a silica nanobowl array. BCP-coated samples were
annealed at 170 °C for 48 h under vacuum and cooled
subsequently to room temperature before taking out from the
oven. To characterize the microphase separation nanostructures
of the self-assembled diblock copolymer using a scanning
electron microscope (SEM), the PMMA domain was selectively
removed by exposuring to ultraviolet (UV) light irradiation and
development with acetic acid.
The effect of the confining degree of silica nanobowls on the

morphology of the self-assembled PS-b-PMMA diblock
copolymer was investigated by altering the diameters of

nanobowls. The confining degree d/L0 is the ratio of
confinement diameter d and equilibrium period L0. The
asymmetric PS-b-PMMA copolymer used in this study could
form ordered hexagonally packed cylinder structure in the bulk
system with a characteristic equilibrium period of around 32
nm.53 The SEM images in Figure 2a−c are the microphase

separation nanostructures of PS-b-PMMA confined in the silica
nanobowls free of surface modification with various diameters
from 98, 142, to 180 nm, with corresponding confinement
degrees (d/L0) of 3.0, 4.4, and 5.6. Figure 2d schematically
illustrates the corresponding morphologies. It was observed
that the resulting self-assembled BCP structures within the
nanobowls were all center-symmetric. The reason lies in that
with center-symmetrical confining geometries of nanobowls,
the copolymer chains would be imposed to evenly disperse in
the restricted confining space and gather into symmetrical
structures to achieve the maximization of copolymer chain
stretching.28 In the case of silica nanobowls without surface
modification, it was found that the PMMA blocks segregated to
the polymer/silica interface due to the preferential affinity of
PMMA to silica walls, forming the outermost layer of the
center-symmetrical multilayer structure.54,55 Figure 2a shows
the morphology of the self-assembled PS-b-PMMA confined
within 98 nm (d/L0 = 3.0) silica nanobowls. It can be seen that
a dot-like PMMA core was present at the center while the
remaining space was filled with the PS domain. In the 142 nm
(d/L0 = 4.4) nanobowl confinement, a PMMA dot was formed
at the center of each nanobowl as well. In addition, two extra
center-symmetrical ring-like PMMA layers can be seen from the
PS matrix (Figure 2b). By increasing the diameter of the
nanobowls to180 nm (d/L0 = 5.6), PMMA dots with a
hexagonal symmetry formed in the PS matrix were obtained

Figure 1. Schematic diagram of the confined self-assembly of diblock
copolymer within a nanobowl array. (a) A PS colloidal monolayer was
fabricated on a silicon substrate. (b) Silica sol was infiltrated into the
interstices of the PS colloidal spheres. (c) PS colloidal spheres were
removed, leaving behind an ordered silica nanbowl array. (d) The
surface of the silica nanobowls was modified by a PS-OH brush. (e)
The surface of the silica nanobowls was modified by a PS-r-PMMA
brush. (f) BCP was spin-coated on the silica nanobowl array and self-
assembled under thermal annealing.

Figure 2. SEM images of morphologies of the self-assembled PS-b-
PMMA confined in the silica nanobowl arrays with diameters of (a) 98
nm, (b) 142 nm, and (c) 180 nm. The yellow and blue regions denote
the PS-rich and PMMA-rich phase, respectively. (d) Schematic
illustrations of the BCP nanostructures within a silica nanobowl in a,
b, and c, respectively. Scale bars are all 200 nm.
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(Figure 2c). According to previous theoretical and experimental
studies,25,28,48 it is believed that the PMMA dot could represent
a solid sphere or a short cylinder, while the PMMA ring would
exhibit a helical or toroid structure. The formation of these
unconventional structures such as the dot and ring, which could
not be produced from the bulk system, might be attributed to
the forced curvature within the silica nanobowls and the
confinement-induced entropy loss.22,26 By comparing the
morphologies of the self-assembled BCPs within silica nano-
bowls of three different diameters, it was found that, with
increasing the nanobowl diameter, the resulting microphase
separation nanostructures tended to become more complex.
This is probably due to the reduced confining frustration and
enhanced copolymer freedom in an increased confinement
space. In addition, the self-assembled BCP nanostructures
confined within 3-D nanobowls were different from those
obtained under 3-D spherical confinement.47−49 It might be
caused by the constraint differences between entirely confined
spheres and partially confined bowls, together with the
interfacial interaction of both polymer/silica and polymer/
vacuum presented in the nanobowl system. Therefore, it can be
concluded that nanobowl arrays could be used as a new 3-D
confinement to create unique microphase separation nano-
structures which would enrich the repertoire of self-assembled
BCP nanostructures.
In such a 3-D nanobowl array confining system, the thickness

of the BCP film within the nanobowls would have significant
influences on the final morphology. Figure 3 shows the SEM
images of three typical BCP nanostructures formed at different
regions along the silicon substrate surface with 562 nm
nanobowls. The schematic illustrations of self-assembled BCP
nanostructures confined in a single nanobowl are shown in the
inserts in Figure 3. During the spin-coating process, various line
spin speeds would be present along the surface, resulting in
different thicknesses of BCPs within the silica nanobowls in
various areas of the substrate. In the center area, the line spin
speed was relatively slower than other regions, so that the
thickness of the BCP filled at both the bottom and sidewall of
each nanobowl would be relatively high. In the regions away
from the center area of the substrate, the line spin speed was
faster compared with that in the center region, leading to a
reduced overall thickness of BCPs within each nanobowl. Less
copolymer was distributed at the bottom compared with that at
the sidewall. In the region further toward the edge of substrate,
the spin speed would be even faster, which would further
reduce the average BCP thickness. In this case, the base film
would disappear, leaving behind a curved BCP thin film with a
hole at the bottom. It is well-known that the PMMA blocks
with a lower surface energy compared to PS blocks would
preferentially wet the inner wall of the silica nanobowls,
resulting in a parallel orientation of the microdomains.
However, when the BCP film thickness was increased to a
certain value, a transition from a parallel cylinder to a
perpendicular cylinder phase would occur, as has been observed
in the flat thin film system.56 Therefore, for the thicker BCP
within the nanobowls at the center region of the substrate,
perpendicular PMMA cylinders were observed all over the
nanobowls (Figure 3a). In Figure S1 in the Supporting
Information (SI), a tilt top-view of the self-assembled BCP
nanostructures was presented after the silica nanobowl template
was removed by dilute hydrofluoric acid, which clearly indicates
that the PMMA cylinders have penetrated the whole BCP film
filled in the silica nanobowls. For the nanobowls away from the

center, the film deposited at the sidewall was still thick enough
to generate perpendicular PMMA cylinders, while the thinner
portion at the bottom only provided parallel PMMA cylinders
(Figure 3b). For the even thinner BCP within the nanobowls at
the edge of the substrate, all of the cylinders would be oriented
parallel to the surface of the sidewall, wrapping into concentric
cylindrical domains under the nanobowl confinement (Figure
3c). Tilted side views of these self-assembled BCP nanostruc-
tures after the silica nanobowl templates were removed clearly
and indicate the influence of the BCP film thickness on the
morphology of the BCP nanostructures, as shown in Figure S2
in the SI. The transition of BCP nanostructures from
perpendicular cylinders, a mixture of perpendicular and parallel
cylinders, to concentric parallel cylinders was also observed in
the silica nanobowls with a larger diameter. The SEM images
shown in Figure S3 (see the SI) illustrate the similar transition
of domain structure within 898 nm silica nanobowls when the
thickness of BCP filled varied.
When confined within the silica nanobowls with different

diameters, the BCP nanostructures exhibited different apparent
periods. As shown in Figure S4 in the SI, when the diameters of
the silica nanobowls were 180, 562, and 898 nm, the apparent
period of the cylinders were approximately 40 nm, 37 nm, and
35 nm, respectively. All of these apparent periods were a little
larger than the characteristic period obtained in bulk BCPs (L0

Figure 3. SEM images of the morphologies of the self-assembled PS-b-
PMMA confined in the silica nanobowl arrays with a diameter of 562
nm located at different regions: (a) at the center of the substrate, (b)
away from the center and toward the edge, and (c) at the edge of the
substrate. The inserts are the schematic top views of the self-assembled
BCP nanostructures. Scale bars are all 200 nm.
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= 32 nm). Due to the variations in the nanobowl curvatures as
well as the incommensurability between the confinement
dimension and the characteristic cylinder period, the period of
the self-assembled block domains would adjust to fulfill the
boundary conditions, leading to different apparent periods
within the silica nanobowls of different diameters. By increasing
the nanobowl diameter, the curvature effects would be reduced,
and the apparent period would be decreased to a value which
was closer to the characteristic period in the bulk BCP
deposited on a flat substrate. It could be predicted that, when
the dimension of the silica nanobowls was further increased, the
confinement effect would be reduced, and the microphase
separation behavior of diblock copolymer under nanobowl
confinement would perform similarly to that in a planar film
system.
The effect of surface property of the nanobowls on the

microphase separation nanostructures obtained was inves-
tigated by preanchoring the surface of 180 nm silica nanobowls
with a PS-r-PMMA or PS-OH brush. Figure 4a shows the SEM

image of the self-assembled BCP nanostructures within the
silica nanobowls modified with a random brush, and Figure 4b
is the corresponding schematic illustration. PMMA dots
hexagonally packing in a PS matrix were observed, similar to
the nanostructures formed within the silica nanobowls without
surface modification (Figure 2c), except that the number of
PMMA dots increased. In the case of the silica nanobowls
without surface modification, because PMMA blocks had a
lower surface interaction energy with silica, PMMA would
prefer to migrate to the polymer/silica interface and form a
ring-like PMMA layer there. As a result, the amount of PMMA
block at the inner region decreased, leading to less PMMA dots
formed. However, if the surface of silica nanobowl was modified

by random brush to introduce a neutralized layer, such
preferentially wetting of PMMA block would be prevented.
More PMMA blocks would be present at the inner region,
resulting in more PMMA dots emerging in the PS matrix.
Figure 4c shows the SEM image of the self-assembled BCP
nanostructures within the silica nanobowls modified with a PS
brush, and Figure 4d is the corresponding schematic
illustration. In this case, a three-layer structure was formed.
In the inner layer, PMMA dots were distributed in the PS
matrix symmetrically. In the middle layer, a ring-like PMMA
layer appeared. In the outer layer, well-ordered PMMA dots
symmetrically dispersed in the PS matrix were observed. These
results implied that, if the surface of the nanobowls was neutral
to both blocks, the microphase separation nanostructures
became similar to those obtained in nanobowls with a surface
attracting the minor component (PMMA block in our case).
However, when the surface of the nanobowls attracted the
major component (PS block in our case), the final structures
would be different from those observed in a neutral surface
system. These results were in agreement with the theoretical
simulations on a spherical confinement system.28

In summary, nanobowl arrays provide a unique 3-D
confining system for the self-assembly of cylinder-forming PS-
b-PMMA. The nanobowl size, the BCP film thickness within
the nanobowls, and the surface interactions strongly influenced
the microphase separation nanostructures of the self-assembled
diblock copolymer nanostructure. Under the nanobowl
confinement, unusual morphologies such as ring and cylinder
packing in a circle shape could be observed. When the thickness
of the BCP within the nanobowls varied, various self-assembled
BCP morphologies appeared. Furthermore, increasing the
nanobowl diameter would reduce the curvature effect, resulting
in a decrease of the apparent period of the BCP domains and a
self-assembled morphology more similar to that obtained in a
BCP film deposited on a flat substrate. In previous spherical
confinements imposed either by an inversed colloidal crystal or
a microdroplet, the confinement imposed is symmetric and
isotropic. In this work, the confinement imposed by the
nanobowl is anisotropic. The anisotropic confined shape might
play an important role during the confined self-assembly of
BCP. The manipulation of the surface interactions could lead to
different self-assembled nanostructures. By controlling the
nanobowl size, BCP thickness, and interfacial interaction, a rich
variety of ordered nanostructures not accessible in bulk BCPs
and under other confinements were obtained. Integration with
the highly ordered nanobowl arrays leads to hierarchically
ordered nanoscopic structures, which may find applications in
optoelectronic devices, microfluidic devices, biomedical science,
field emission, and so forth.57−59
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Figure 4. SEM images of the morphologies of the self-assembled PS-b-
PMMA confined in 180 nm silica nanobowl arrays with surface
modified by (a) PS-r-PMMA and (c) PS-OH. (b and d) Schematic
illustrations of the BCP nanostructure in a single nanobowl
corresponding to a and c, respectively. Scale bars in a and b are 300
nm and 200 nm, respectively.
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