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Microphase-separated structures under spherical 3D
confinement

Takeshi Higuchi

This focus review introduces recent progress made in microphase-separated structures under three-dimensional (3D)

confinement. Block copolymers spontaneously form unique structures when the polymer molecules are assembled in confined

spaces. The polymers are frustrated because of the limited space for phase separation, resulting in morphologies that are more

complex than those of bulk films. In addition to conventional parameters such as volume fraction, molecular weight and

interactions of constituent polymers, the confinement effect is a significant parameter for controlling the morphologies. Here

I give an overview of experimental and theoretical results for spherical 3D confinement and discuss the prospects for this area

of research.
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INTRODUCTION

Microphase-separated structures formed by block copolymers have
received much attention for their potential use in basic science and
industrial applications.1,2 Block copolymers are composed of dissim-
ilar polymer segments linked end-to-end via covalent bonds. If these
segments are immiscible, then they prefer to separate from each other
but are unable to do so because of the covalent bonds linking the
segments. Because of this dilemma, block copolymers spontaneously
form periodic phase-separated structures. The characteristic lengths of
the structures depend on their molecular weights and generally range
from 10 to 100 nm. Highly ordered nanostructures can be prepared by
simple methods such as spin coating and thus microphase-separated
structures have been investigated for diverse nanotechnology applica-
tions, for example, etching masks in lithography,3 photonic crystals,4

laser devices,5 filtration6 and photovoltaic devices.7 To control the
performance and function of materials, the morphologies of
microphase-separated structures have been studied in terms of the
conventional parameters of volume fraction, molecular weight and
interactions of constituent polymers.
Microphase-separated structures in confined geometries have

received much attention, because block copolymers form morpholo-
gies very different from those of bulk films due to spatial constraints.
Dimensionality is a crucial factor for categorizing the confinement
systems for microphase-separated structures (Figure 1a). A thin
film is defined as a one-dimensional confinement system, in which
the boundary condition is determined by one spatial limitation, that is,
the thickness of the film.8–12 A film with thickness that is not an
integer multiple of the period of a microphase-separated structure
induces frustration of the block copolymers. Consequently,
the resulting morphologies depend on the film thickness. For example,
the orientation of cylindrical structures were changed with the film

thicknesses. It is noteworthy that perforated lamellar structures were
induced by the confinement effect.12 The cylindrical pore of an anodic
aluminum oxide membrane and nanofibers prepared by electrospin-
ning are examples of two-dimensional (2D) systems, because they
have two boundary conditions, dx and dy, where d is a diameter of
cylinder in x and y directions.13–19 When the dx is equal to the dy, the
2D confinement space has complete cylinders without distortion,
Similar to one-dimensional confinement systems, the morphologies
under 2D confinement strongly depend on the diameters of the
confined spaces. For example, a cylinder-forming diblock copolymer
formed stacked disks and torus-like structures in anodic aluminum
oxide pores as a 2D confinement system. Notably, a helical structure
can form in cylindrical pores with a specific diameter even though the
block copolymer has no chirality.19 Three-dimensional (3D) confine-
ment systems, which are higher hierarchical confinement systems,
have garnered considerable attention because of their potential to
form unique and novel morphologies.20–25 In spherical nanoparticles
as 3D confinement systems, the block copolymers form various
distinct structures that differ from those in one-dimensional and
2D confinement systems.
This focus review introduces an overview of experimental

and theoretical results for microphase-separated structures under
3D confinement. Here, the effects of 3D confinement on static
microphase-separated structures and the dynamic transformations of
the structures are introduced, and the prospects for this area of
research are discussed.

3D CONFINEMENT

Shape and size
Figure 1a shows various types of confinement, including one-dimen-
sional, 2D and 3D systems. The confinement spaces are classified as
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symmetrical or asymmetrical. In the case of 3D confinement systems,
spheres24–26 and inverted spheres (for example, inversed opals;23,27)
have been used as confinement spaces. Recently, a hemispherical space
has been reported for asymmetrical confinement.28,29

In any confinement system, the size of the confined space is the
most important parameter. The size effect of confinement is defined as
D/L0, where L0 is the equilibrium period of the microphase-separated
structure in the bulk state and D is the confinement size of the
boundary conditions (Figure 1b). The value of D/L0 indicates the
strength of the size effect; for example, a small D/L0 induces strong
frustration for polymers. The degree of the size effect can be
categorized as weak or strong confinement (see ‘Morphology under
soft 3D confinement’). When D/L0 is > 3 (that is, weak confinement),
the morphology is usually similar to the bulk state, because
the confining space is much larger than the periodicity of the
microphase-separated structure at equilibrium. On the other hand,
when D/L0 is o2 (that is, strong confinement), unique structures
that differ from those of the bulk state are formed by the confining
effect.

Stiffness of interface
The stiffness of the interface is also important in controlling
the morphology under confinement. Confinement matrices made
of rigid materials are classified as ‘hard confinement,’ because the

confinement size and the interface between the polymer and
matrix are clearly defined. Arsenault et al.21 reported using colloidal
crystals and inversed opals to realize 3D hard confinement for the
first time. On the other hand, liquid or gas phases are defined as
‘soft confinement,’ because the matrices can be deformed. In soft
confinement, the polymers have greater freedom than those in hard
confinement, meaning that the shape of interface between polymer
and matrix may change to reduce the free energy. The details of
soft confinement systems are described in ‘Morphology under soft
3D confinement’.

Interface chemistry
In any confinement system, the interaction energy between the
polymer and confinement matrix strongly affects the morphology
(Figure 1c). When the confinement matrix interacts equally with the
polymer segments of diblock copolymers, both the polymer segments
appear at the interface, which is called a ‘neutral surface.’ Conversely,
matrices are fully covered by one polymer segment when the matrices
strongly interact with the segment. To achieve the desired interfaces of
matrices, the surfaces of materials used for confinement spaces have
been modified with self-assembled monolayers30 and polymer
brushes.31 Random copolymers are grafted onto the surfaces of
hard confinement matrices to prepare neutral surfaces.32 In the case
of soft confinement, poor solvents for polymers can be used to form

Figure 1 (a) Schematic illustration of types of confinement with dimensionality, symmetry and interface stiffness. (b) Size effect of confinement is defined
as D/L0, where L0 is the equilibrium period of the microphase-separated structure in the bulk state and D is a confinement size of boundary condition.
(c) Schematic illustration of chemical interactions between polymer segments of block copolymer and confinement matrices. A full colour version of this
figure is available at the Polymer Journal journal online.
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confinement spaces with weak interaction, although ideal neutral
surfaces are difficult to prepare.33,34 By adding surfactant molecules
or nanoparticles into the dispersion media, interactions between
the polymers and surfaces of soft confinement systems can be
controlled.35,36

MORPHOLOGY UNDER SOFT 3D CONFINEMENT

Preparation of block copolymer nanoparticle
Block copolymer nanoparticles have been prepared by using synthetic
and non-synthetic techniques. In the early stages of research in this
area, amphiphilic block copolymers were investigated as an extension
of surfactants of small molecules.1 Amphiphilic copolymers sponta-
neously form micelles with various shapes in selective solvents;
the micelles are considered spherical nanoscale spaces. Although
the micelles are much larger than conventional surfactants, the
morphologies are similar, which indicates that amphiphilic block
copolymers are not frustrated in the micelles. Therefore, most research
interest has been focused on the application of micelles for drug
delivery systems and so on.37 On the other hand, research
into hydrophobic block copolymer nanoparticles is limited due to
difficulties in their preparation. As the synthesis of block copolymer
requires high purity chemicals to control the polymerization, it is
difficult to prepare block copolymer nanoparticles by conventional
emulsion polymerization. Kitayama et al.38 have reported that
ARGET–ATRP (activators regenerated by electron transfer–atom
transfer radical polymerization) in miniemulsion produces nanopar-
ticles from poly(iso-butyl methacrylate-b-styrene). Although ARGET–
ATRP enables the synthesis of block copolymer nanoparticles,
sophisticated synthetic controls are still required.
Several research groups have investigated the preparation

of hydrophobic block copolymer nanoparticles by non-synthetic
techniques. The precipitation of block copolymers in emulsion

droplets can produce block copolymer nanoparticles dispersed in
water.39 The block copolymers are dissolved in a water-immiscible
organic solvent and the polymer solution is emulsified in water by
adding a small amount of surfactants. Then, the organic solvent in the
emulsion droplets is gradually evaporated. The resulting polymer
nanoparticles have diameters of several hundred nanometers and the
surfaces of nanoparticles are covered with the surfactant molecules.
Transmission electron microscopy has revealed that various
microphase-separated structures are formed in the nanoparticles,
which depend on D/L0. The results indicate that emulsion droplets
affect the internal morphologies as a spherical soft 3D confinement.
In this 3D confinement system, the morphologies are similar to those
of bulk state, because the smallest D/L0 is ~ 3, which is weak
confinement (see ‘Shape and size’).
We have investigated block copolymer nanoparticles prepared

by a simple solvent evaporation method.20 Hydrophobic block
copolymers (for example, poly(styrene-b-isoprene, PS-b-PI) are
dissolved in a good solvent (for example, tetrahydrofuran). A small
amount of poor solvent (for example, water), which is miscible in the
good solvent, is stirred into the polymer solution. The good solvent is
gradually evaporated within 2 days and the boiling point of the poor
solvent must be higher than that of the good solvent. After complete
evaporation of the good solvent, the block copolymers are precipitated
as nanoparticles in the poor solvent. This preparation method, which
is called self-organized precipitation, has several advantages. First,
particle diameters can be controlled from several tens of nanometers
to several micrometers by changing the preparation conditions
(for example, concentration of the polymers, mixing ratio of good
and poor solvents, and the evaporation speed of the good solvent).
Second, the surfaces of the block copolymer nanoparticles obtained
have no surfactant, meaning bare polymers are exposed on the
particle surfaces. Third, this method can be universally applied to

Figure 2 Microphase-separated structures in nanoparticles as a function of block copolymer molecular weight and the D/L0 ratios of 3D confinement systems.
The figure is adapted from Higuchi et al.24 Reprinted with permission from Higuchi et al.24 Copyright 2008, Wiley-VCH Verlag GmbH & Co. A full colour
version of this figure is available at the Polymer Journal journal online.
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versatile block copolymers by choosing suitable solvents for the
polymers.
We systematically prepared lamella-forming PS-b-PI nanoparticles

with a range of D/L0 values.24 Figure 2 shows dark-field scanning
transmission electron microscopy images of PS-b-PI nanoparticles.
When D/L0 is > 2.0, one-directional stacked lamellar structures
are formed in the nanoparticles. In contrast, various frustrated
structures are formed in the nanoparticles in the case of
1.0oD/L0o2.0. These results indicate that the boundary between
weak and strong confinement cah be drawn at D/L0= 2.0 for spherical
soft 3D confinement. This was the first report to experimentally
find frustrated structures under soft 3D confinement.

3D structure of block copolymer nanoparticle
As shown in Figure 2, the frustrated structures are very complicated,
so their morphologies cannot be observed by conventional

transmission electron microscopy. To determine the frustrated
structures in three dimensions, transmission electron microto-
mography (TEMT) was applied to observe the block copolymer
nanoparticles.25 TEMT is a powerful tool for 3D visualization of
specimens based on computed tomography.40–42 Figure 3 shows
the 3D structures of block copolymer nanoparticles with D/L0 from
0.66 to 1.89 in the weak confinement regime (D/L0o2) The
reconstructed 3D images of lamella-forming PS-b-PI (fPI= 0.65)
nanoparticles presented in Figures 3a1–a7 are shown in
Figures 3b1–d7 along with D/L0 values. In the 3D images, the blue
and green phases correspond to the PS and PI phases, respectively.
By focusing on the structures of the PS phase, the frustrated
structures can be categorized into three types; ring (D/L0= 0.66),
helix (0.97≤D/L0≤ 1.52) or branched helix (1.52≤D/L0≤ 1.89).
Although PS-b-PI has no chirality in the molecular structure, it is
intriguing that the resulting morphologies are twisted on the surfaces

Figure 3 (a1–a7) Transmission electron microscopy (TEM) images of diblock copolymer (PS-b-PI) nanoparticles. (b1–b7) 3D structures of nanoparticles
having different particle diameters, in which PS and PI phases are shown in blue and green, respectively. The PI (c1–c7) and PS (d1–d7) phases of the
nanoparticles are shown separately. The figure is adapted from Higuchi et al.25 Reprinted with permission from Higuchi et al.25 Copyright 2012, The Royal
Society of Chemistry.
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of the nanoparticles. Furthermore, the PS phases twist more intricately
as the particle diameters increase (thus D/L0). TEMT revealed the
3D structures of the nanoparticles as strong soft 3D confinement.

Simulation of morphology under soft 3D confinement
Before the experimental discovery of frustrated structures under
3D confinement, several groups simulated the theoretical morpholo-
gies of diblock copolymers.43–47 In these simulations, various
morphologies including stacked lamellar, onion-like and other
complicated structures were predicted; however, it is difficult to make
a direct comparison between experimental and simulation results
under 3D confinement.48 We recently reported a joint experimental
and computer simulation study of the frustrated structures under
soft 3D confinement.49 Figure 4 shows a direct comparison of the

morphologies in the PS-b-PI nanoparticles between the experimental
reults (Figures 4a2–h3) and simulation reults (Figures 4i1–p2).
The actual D/L0, fPI and surface areas of the nanoparticles
were quantitatively measured from 3D structures obtained by
TEMT. These structural parameters were used for the simulation.
As shown in Figure 4, our results showed remarkable agreement
between the experiments and simulations. However, the exact
values of D/L0 differed, which is likely to be due to the fact that
the model boundary conditions of the simulations cannot be
perfectly reflected in the actual nanoparticles. When our D/L0 values
are compared with those of another simulation results by using
a different simulation technique,45 the experimental values were
in disagreement with the simulation. This suggests that the
mismatch of D/L0 is universal problems underlying in any simulations.

Figure 4 (a1–h1) Transmission electron microscopy (TEM) and (a2–h2 and a3–h3) 3D structures of diblock copolymer (PS-b-PI) nanoparticles obtained by
TEMT. The blue and green phases in the 3D images correspond to the PS and PI phases, respectively. (i1–p1 and i2–p2) Simulated structures of diblock
copolymer in spherical confinement. Scale bars in (a1–h1) indicate 100 nm. The figure is adapted from Higuchi et al.49 Reprinted with permission from
Higuchi et al.49 Copyright 2016, Wiley-VCH Verlag GmbH & Co.
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Although the values of D/L0 in the simulation are still under
discussion, the results show the same sequence of structures in
both the experiments and simulations, which indicates that
simulation using the structural parameters extracted from experi-
mental results enabled the morphologies under 3D confinement to be
predicted.

Phase transformation under soft 3D confinement
The dynamic transformations of the morphologies and the static
structures of microphase-separated structures in the bulk state
have been investigated. In this section, we introduce morpho-
logical transformation under 3D confinement.33,34 In as-cast block
copolymer films, the microphase-separated structures are frozen in

Figure 5 Dark-field scanning transmission electron microscopy (STEM) images of lamella-forming diblock copolymer nanoparticles prepared at
35 °C. Nanoparticles with (a) one-directional stacked lamellar, (b–e) various transformed lamellar, and (f) onion-like structures were observed. Scale bars
indicate 100 nm. (g) 3D structures of the nanoparticles and (h and i) cross-sectional image of nanoparticles with transformed lamellar structures obtained by
TEMT. The blue and green regions correspond to PS and PI moieties, respectively. Scale bars indicate 100 nm. The figure is adapted from Higuchi et al.33

Reprinted with permission from Higuchi et al.33 Copyright 2016, Wiley-VCH Verlag GmbH & Co.
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a non-equilibrium state because of the rapid evaporation of solvents.
Various techniques have been developed to lead them to equilibrium
structures.50–56 In general, block copolymer films are thermally
annealed at temperatures above the glass transition temperature
(Tg) over a long period (for example, 2 days to several weeks).
Thermal annealing is applied to the block copolymer nanoparticles,
similar to bulk films.33 Lamella-forming PS-b-PI nanoparticles
with random structures are prepared by self-organized precipitation
method at 10 °C and then the nanoparticle dispersion is annealed
stepwise up to 40 °C, which is below Tg of PS. The dispersion is
annealed at each temperature for 2 weeks. After annealing at 20 °C,
the morphologies in nanoparticles are changed to one-directional
stacked lamellar structures. Furthermore, onion-like structures
form in the nanoparticles when they are annealed at 40 °C.
To determine the transformation process from one-directional
stacked lamellar to onion-like structure, a structural analysis
was carried out by scanning transmission electron microscopy and
TEMT (Figure 5). As indicated by the white arrow in Figure 5b,
the transformation began from the polar layer of one-directional
stacked lamellar structures and propagated toward the opposite
polar region (Figures 5c and d). Eventually, all layers were transformed
to onion-like structures (Figure 5f). The 3D structure of the
nanoparticles in the transformation state was directly visualized by
TEMT (Figures 5g–i). The cross-sectional images revealed that the
layers bend along the nanoparticle surface. These results show
that morphological transformation in the nanoparticles is induced
by thermal annealing, even though the annealing temperature is
below the glass transition temperature of a polymer segment.
Such unusual transformations imply that the thermal properties
of block copolymers under 3D confinement differ from those in
the bulk state. As thermal annealing is considered another dimension
in a confinement system, the morphological transformation in
the nanoparticle may be defined as a four-dimensional confinement
system.

FUTURE PROSPECTS

In this review, I have presented an overview of the experimental and
theoretical results under spherical soft 3D confinement. To complete
our review, we discuss the prospects for future developments of block
copolymers under 3D confinement.
In this research field, an important goal is to obtain a fundamental

understanding of the effect of confinement shape on microphase-
separated structures. Although my review has focused on spherical
nanoparticles as a 3D confinement space, various shapes of
3D confinement spaces are possible. Even lamella-forming diblock
copolymers, which represent the simplest morphology of block
copolymer, form a wide variety of complicated structures in the
nanoparticles and have the simplest confinement shape. The effect of
confinement shape originates in the mismatch between the intrinsic
interfacial curvature of the block copolymer and the curvature of
the confinement space. A hemispherical shape can form unique
frustrated morphologies, because it is composed of curved and flat
curvatures.
Recent developments in polymerization techniques have enabled

the synthesis of block copolymers with various chemical structures
including stars, grafts, multiblocks, gradient block copolymers and so
on.57–62 For example, the morphologies of linear triblock terpolymers
(A-b-B-b-C), with one polymer segment added to the diblock
copolymer (A-b-B), diversify even in bulk states.63–66 The morphol-
ogies of triblock terpolymers under 3D confinement are expected
to be more complicated compared with those of diblock copolymers.

TEMT and related 3D microscopy are essential techniques for
the analysis of these morphologies. Novel characterization techniques
may help improve our understanding of the 3D confinement effect.
In addition to the development of experimental techniques, it is
important to improve the computational accuracy of morphological
simulation. As described in ‘Simulation of morphology under
soft 3D confinement’, simulation results are not perfectly
consistent with the actual morphologies under 3D confinement. If
simulation could predict the true morphologies with reasonable
accuracy, it would be possible to form tailored structures under
3D confinement by using the experiential conditions suggested by
the simulations.
Nanoparticles with unique microphase-separated structures have

the potential to become novel materials for optical, photonic,
electronic and biological applications in the fields of nanoscience
and nanotechnology. Hybrids of polymer nanoparticles and
inorganic materials, such as metals and semiconductor nanoparticles,
can also be used for these applications.67,68 In 2D and 3D confinement
systems, the helical structures are induced by the confinement effect
as reported in the literature19 (2D) and Figure 3 (3D), respectively.
However, their helical handedness cannot currently be controlled.
If handedness could be controlled, it would be possible to prepare
novel chiral metamaterials by metalization of helical polymer
phases.
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