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ABSTRACT: Broader developments of nanoscience and
nanotechnology require complexly but regularly structured
nanoparticles whose fabrications in turn pose a great challenge
to nanoscience and nanotechnology. In this communication,
we report a new and robust method with a clear mechanism
for fabricating narrowly size-distributed superparticles with a
bicontinuous inner structure. The processes for the fabrication
include: molecular self-assembly of a triblock copolymer in its
selective solvent into the core−shell−corona micelles, the self-
limited aggregation of the micelles (particles) into narrowly
size-distributed superparticles constructed by the integrated
micelles, and the final molecular self-assembly confined within
the superparticles into cylinders that are crowded and interconnected to form the bicontinuous nanostructure; the molecular self-
assembly into the micelles, the self-limited aggregation of the particles (i.e., the micelles), and the further molecular self-assembly
within the superparticles occurred in a cascade manner.

Polymeric nanoparticles play critical roles in many advanced
technologies including colloidal crystals, microelectronics,

controlled drug delivery, and immunoassays.1−5 The nano-
particles for these applications are usually simply structured
polymeric nanoparticles, such as uniform spheres, core−shell
micelles, and bilayer nanoaggregates.5−10 Recently, broader
developments of nanoscience and nanotechnology require
complexly but regularly structured nanoparticles whose
fabrications in turn pose a great challenge to nanoscience and
nanotechnology. These nanoparticles include multicompart-
ment wormlike micelles, multilayer spheres, porous spheres,
and the nanoparticles with bicontinuous nanostructures.11−21

As one kind of the nanoparticles with complex but regular
nanostructures, the bicontinuously structured polymeric nano-
particles (BSPNPs) are more delicately structured and are
promising in the applications as nanotemplates for biomimetic
mineralization, highly efficient microreactors for interfacial
chemical reactions, and unique nanovehicles for controlled drug
release. It was reported that self-assembly of the double-comb
diblock copolymer20 or the semicrystalline comblike block
copolymer21 could lead to BSPNPs. However, the existing
methods rely on trial-and-error procedures with unclear
mechanism, and the methods available for preparing BSPNPs
are quite limited.
Recently, as a newly emerging scientific area, particle self-

assembly has attracted much attention, as it can lead to
superparticles which are expected to exhibit collective or
synergistic properties and promising applications.22−24 Con-

structed by nanoparticles as building blocks, superparticles are
large enough to have complex but regular nanostructures, and
the nanostructures can be controlled through adjusting the
structure parameters of and the packing between the building
blocks and/or the subsequent molecular self-assembly within
the superparticles.22 Therefore, particle self-assembly opens a
new avenue for fabricating complexly but regularly structured
superparticles. Herein, we report cascade molecule−particle−
molecule self-assemblies for fabricating the BSPNPs formed by
interconnected nanocylinders. The processes include self-
assembly of a triblock copolymer in its selective solvent into
core−shell−corona micelles, self-limited aggregation of the
micelles (particles) into superparticles, and the final molecular
self-assembly confined within the superparticles into cylinders
that are crowded and interconnected to form the BSPNPs
(Scheme 1). This method has the following advantages: (1)
The size distribution of the superparticles is narrow, which is
the result of the self-limited aggregation. (2) The method is
quite robust since cylinders can be commonly obtained from
block copolymer self-assembly (as explained below, in the
crowded nanospace, the interconnection between the cylinders
is inevitable). (3) The mechanism for forming the bicontinuous
structure is clear.
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The triblock copolymer PS83-b-PAA33-b-PSSNa12 (polystyr-
ene-b-poly(acrylic acid)-b-poly(sodium 4-styrenesulfonate), the
subscripts represent the average degrees of polymerization) was
used for the present study (S1, Supporting Information (SI)).
The molecular self-assembly of PS83-b-PAA33-b-PSSNa12 in
DMF at the concentration of 1.0 mg/mL led to primary
micelles with an <Rh> (average hydrodynamic radius) of 59 nm
(Figure 1A), measured by dynamic light scattering (DLS).

Because DMF is a good solvent for PS and PAA but a
nonsolvent for PSSNa, the micelles are with PSSNa as the core,
PAA as the shell, and PS as the corona (S2 in SI). TEM
observations demonstrated that the micelles are spherical with a
radius about 30 nm (Figure 1B) (S3, SI), which is much smaller
than the <Rh>; the micelles shrank during drying.
Then, neutral water was added at a rate of 0.08 mL/min into

10 mL of the micelles in DMF at 1.0 mg/mL under stirring to
give the suspensions at the water/DMF volume ratios (VR) of
1:10, 1:6, 1:3, 2:3, 1:1, and 4:3, respectively. The suspension in
pure water (VR = 1:0) was obtained by dialysis of the
suspension at VR of 4:3 against neutral water. Due to the high

hydrophobicity of the PS corona, the water addition resulted in
aggregation of the micelles into superparticles, as demonstrated
by DLS measurements. As indicated in Table 1, the <Rh> of the

superparticles in the suspension at VR of 1:10 is 263 nm. Then,
with a further increase in VR from 1:10 to 1:0 (pure water), the
<Rh> decreases steadily from 263 to 217 nm. In the SEM and
TEM images, the superparticles formed at VR of 1:10 are
uniform spheres with a diameter about 500 nm. Besides, when
VR ≥ 1:10, the morphology and the size of the superparticles
obtained at different VRs are similar (Figure 1C and D). Our
repeated TEM and SEM observations confirm that, after VR
reached 1:10, the outline of the superparticles was fixed; they
neither dissociated nor aggregated with the further water
addition. Therefore, the particle aggregation in the suspensions
was completed before VR reached 1:10 (S4 in SI); the above-
mentioned decrease in the <Rh> should result from contraction
of the particles caused by the increase in the water content. The
aggregation of the primary micelles induced by the water
addition is self-limited since it resulted in regular superparticles
(Figure 1C and D). It is imaginable that the addition of water
resulted in a strong attractive interaction between the primary
micelles due to the high hydrophobicity of the PS corona.
Meanwhile, the PSSNa block chains ionized with the water
addition, and hence the micelles become negatively charged
and repulsive to each other. The balance between the
hydrophobic interaction and the repulsive interaction results
in the self-limited aggregation; further evidence for the self-
limited aggregation is discussed in S5 in SI. Self-limited
aggregation of hydrophobic and charged inorganic nano-
particles into regular superparticles was reported.25−27

We aimed at constructing a bicontinuous nanostructure
within the superparticles. It is expected that when a
bicontinuous nanostructure is induced within the superparticles
by the water addition all the sodium cations should be
exchangeable. However, the ion exchange of the superparticles
in pure water with excess strong acidic ion-exchange resin only
removed 66% of the sodium ions. In these superparticles, a part
of the PSSNa block chains were wrapped by the vitrified PS
block chains; the sodium ions in the wrapped PSSNa block
chains cannot be removed by the ion exchange experiment.
The wrapping of the PSSNa block chains by the vitrified PS

corona can be avoided by adding a small amount of Cu2+ into
the primary micelles in DMF (the molar ratio of Cu2+ to
COOH of the PAA block is 1:50), as explained later. After the
Cu2+ addition, the <Rh> of the micelles in DMF decreased from
59 to 53 nm (Table 1). FTIR characterization confirmed the
multivalent interaction between the COOH of the PAA and the
Cu2+ (S6, SI); the <Rh> decrease resulted from the noncovalent
cross-linking of the PAA shell by Cu2+. After the Cu2+ addition,
neutral water was added at a rate of 0.08 mL/min into 10 mL of
the micelles in DMF at 1.0 mg/mL under stirring to give the
suspensions at VRs of 1:10, 1:6, 1:3, 2:3, 1:1, and 4:3,
respectively. The suspension in pure water was obtained by

Scheme 1. Processes for Fabricating the Superparticles with
a Bicontinuous Nanostructure

Figure 1. (A) Hydrodynamic radius distribution of the micelles in
DMF. (B) TEM image of the micelles formed by PS83-b-PAA33-b-
PSSNa12 in DMF. (C) SEM and (D) TEM images of the
superparticles formed in water.

Table 1. Dependence of the <Rh> of the Particles on the
Water/DMF Volume Ratio (VR)

VR 0:1 1:10 1:6 1:3 2:3 1:1 4:3 1:0

<Rh> (nm)a 59 263 251 242 234 232 230 217
<Rh> (nm)b 53 297 287 282 293 327 326 332
aIn the absence of Cu2+. bIn the presence of Cu2+ at the Cu2+/COOH
molar ratio of 1:50.
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dialysis of the suspension at a VR of 4:3 against neutral water.
The superparticles with a <Rh> of 297 nm formed at a VR of
1:10 (Table 1). The <Rh> changes slightly in the VR range
between 1:10 and 2:3. Then, the <Rh> increases remarkably
with a further increase in VR. The variation in <Rh> with VR is
different from that in the absence of Cu2+. SEM and TEM
observations indicate that at a VR ≤ 1:10 the superparticles
prepared in the presence of Cu2+ are similar in the morphology
and size to those in the absence of Cu2+ (data not shown).
However, when VR is large, the morphology of the super-
particles is quite different. As exhibited in the SEM images
(Figure 2A and B), the superparticles formed in pure water and

in the presence of Cu2+ are spherical and with strawberry-like
morphology. The diameter of the superparticles in the SEM
images is about 550 nm, and the size distribution is quite
narrow (Figure 2A and B). TEM and DLS characterizations
also revealed the narrow size distribution of the superparticles
(Figure 2C and D). The average size of the superparticles
observed by TEM is about 500 nm, close to the size observed
by SEM. In the TEM images, there are both high contrast
domains and low contrast domains within each superparticle
(Figure 2C and E). The high contrast cylindrical domains are
composed of the aggregated PS chains. The low contrast
domains are almost empty, which were originally occupied by

the water-swollen PAA and PSSNa blocks (as explained below)
when the superparticles were in water and became empty after
drying.
The existence of the water-swollen domains was confirmed

by the remarkable contraction of the superparticles in 0.1 M
KCl aqueous solution. In the TEM images of the superparticles
cast from 0.1 M KCl aqueous solution, the low contrast
domains visible in Figure 2 C and E almost disappear, and
meanwhile the superparticles contract apparently (Figure 3A).

DLS measurements further confirmed the contraction because
the <Rh> of the superparticles in 0.1 M KCl decreases to 230
nm; in 0.1 M KCl aqueous solution, the polyelectrolyte chains
collapsed, and thus the superparticles shrank. The <Rh>
changed back to 333 nm after the dialysis against pure water
to remove KCl, indicating that the superparticles contracted in
0.1 M KCl can be swollen by pure water again. In 0.4 M KCl,
the <Rh> decreases to 209 nm, but the superparticles
contracted in 0.4 M KCl cannot be swollen by the dialysis
against pure water (S7, SI). It should be mentioned here that
the small amount of Cu2+ has been removed during the dialysis
of the suspension at a VR of 4:3 against neutral water to
prepare the superparticles in pure water, according to atomic
absorption analysis. The PS cylindrical domains should be
interconnected with each other to form a continuous phase;
otherwise, the swollen superparticles should have dissociated.
The interconnected cylindrical structure can be seen from the
TEM images with a relatively large magnification (Figure 2E).
Furthermore, the superparticles formed in pure water were
subjected to ionic exchange with excess strong acidic ion-
exchange resin. Atomic absorption analysis confirmed that all
the sodium ions in the superparticles were replaced by H+ from
the ion-exchange resin. Therefore, all the PSSNa chains were
exposed to the environment outside the superparticles. The as-
formed superparticles have a bicontinuous nanostructure.
As mentioned before, the outline of the superparticles was

fixed at a VR of 1:10. Besides, the superparticles formed at a VR
of 1:10 are actually the clusters of the primary micelles (S5 B,
SI). Therefore, the further molecular self-assembly of the
triblock copolymer within the superparticles at VR > 1:10
resulted in the bicontinuous nanostructure. The molecular self-
assembly into the primary micelles in DMF, the self-limited
aggregation of the micelles, and the further molecular self-
assembly occurred in a cascade manner (S8, SI). To understand
the mechanism for forming the bicontinuous structure, the
system confined in the superparticles should be taken into
account. For simplicity, the PAA and PSSNa blocks can be
thought of as one hydrophilic block (i.e., the PAA + PSSNa
hydrophilic block) because both of them are water-soluble.

Figure 2. SEM images (A and B), TEM images (C and E), and
hydrodynamic radius distribution (D) of the superparticles formed in
pure water in the presence of Cu2+ at the Cu2+/COOH molar ratio of
1:50. The scale bar in C represents 800 nm.

Figure 3. (A) TEM image of the superparticles formed in the presence
of Cu2+ at the Cu2+/COOH molar ratio of 1:50 after 24 h stirring in
0.1 M KCl aqueous solution. (B) DLS curve of the superparticles in
0.1 M KCl.

ACS Macro Letters Letter

dx.doi.org/10.1021/mz300418b | ACS Macro Lett. 2012, 1, 1312−13161314



Considering the strong hydrophobicity of the PS block chains,
the system confined within the superparticles can be considered
as: a diblock copolymer in its selective solvent. The
nanostructure resulting from the self-assembly within the
superparticles can be predicted by the volume fraction (Φc)
of the block copolymer in the system confined within the
superparticles and the length ratio ( f) of the hydrophilic block,
according to the study by Yan and Shi et al.28 In the present
study, Φc and f were calculated to be 0.25 and 0.35, respectively
(S9, SI). The stable nanostructure is cylinders (S10, SI). The
formation of cylinders in the crowded confined nanospace
resulted in the interconnection of the cylinders, forming the
bicontinuous nanostructure. It is known that gyroid structure is
usually the sole bicontinuous structure resulting from the block
copolymer self-assembly. However, gyroid structure is difficult
to fabricate due to the fact that it occupies a very small stable
area in the phase diagram of a block copolymer in its selective
solvent.28 The method reported in the present study fabricates
a bicontinuous nanostructure by forming the interconnected
nanocylinders within the superparticles; the nanocylinders
formed in the crowded confined nanospace are interconnected
(the explanation for the interconnection is given in ref 29).
This makes the method robust because, in the phase diagram,
cylindrical structure occupies relatively large stable areas.28

Kinetically, the low-degree noncovalent cross-linking of the
PAA shell by Cu2+ accelerated water penetration into the
superparticles (Scheme 1). Theoretically, in the primary
micelles formed in DMF, the PAA block chains in the shell
adopt a highly stretched conformation. Thus, the Cu2+/PAA
complexation mainly results in interchain cross-linking. Since
the molar ratio of the Cu2+ to the carboxyl groups of the PAA is
1:50, the cross-linking degree is low. The low degree interchain
cross-linking led to the clustering of the PS and PAA block
chains;30 the PAA block chains formed clusters on the surface
of the PSSNa core (Scheme 1). Due to the clustering, the
PSSNa core became more open to the water penetration into
the PSSNa core (Scheme 1). The clustering may also retard the
aggregation of the PS block chains into an integrated vitrified
corona. As the result, during the water addition, the PSSNa
block chains were swollen rapidly and sufficiently to induce the
phase transition, leading to the bicontinuous nanostructure.
In conclusion, PS-b-PAA-b-PSSNa forms the primary

micelles in DMF. The self-limited aggregation of the micelles
at the early period of the water addition led to the narrowly
size-distributed superparticles, which are large enough for
formation of nanostructures within them. When the PAA block
chains in the primary micelles are slightly cross-linked by Cu2+,
the further water addition can fully swell the PSSNa block
chains and induce the phase transition within the superparticles.
During the phase transition, the formation of cylinders within
such a crowded and confined space results in the
bicontinuously structured superparticles formed by intercon-
nected nanocylinders. This method is novel and with a clear
mechanism. Besides, the method is robust since in the phase
diagram cylinder structure occupies a relatively large stable
area; in the crowded nanospace, the interconnection between
the cylinders is inevitable.29
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