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Inspired by hierarchical protein self-assembly in biological
systems, the self-assembly of nanoparticles into superstruc-
tures has attracted much attention because of potential
applications of these superstructures in the fields such as
electronic or optical materials and novel nanodevices.[1–5]

Template-free self-assembly of nanoparticles with anisotropic
interactions is of particular interest because it can lead to
tailor-made complex superstructures.[1,6–8] In fact, Janus nano-
particles are nano-objects with anisotropic interactions.[9] The
facile preparation, applications, and self-assembly of Janus
nanoparticles have attracted extensive interest, and Janus
particles with various sizes, structures, and compositions have
been recently reported.[10–18] Several kinds of Janus particles
are capable of self-assembling into regular superstructures.
For example, M�ller and co-workers reported that amphi-
philic Janus micelles prepared from ABC triblock copolymers
could self-assemble into spherical supermicelles.[19, 20] Granick
and co-workers reported that amphiphilic and zwitterionic
Janus colloidal spheres could assemble in water to form
ordered clusters.[21,22] In a recent study, we prepared Janus
nanoparticles by using hybrid organic/inorganic nanotubes as
a desymmetrization tool and the as-prepared amphiphilic
Janus nanoparticles self-assembled into narrowly size-distrib-
uted flowerlike supermicelles in water.[23] Despite these
results, assembly of Janus nanoparticles into superstructures
other than spherical supermicelles or clusters, such as nano-
wires,[24] tubular and sheetlike superstructures, still remains
challenging.

Herein, we report a novel mechanism for the formation of
polymeric Janus particles from mixed-shell micelles (MSMs)
and the template-free self-assembly of the Janus particles into

tubular superstructures and nanosheets. Micelles with mixed
P2 VN/PEO shells were prepared by noncovalent cross-
linking of poly(acrylic acid) (PAA) blocks by addition of
1,2-propanediamine (PDA) to a solution of PEO3500-b-
PAA3800/P2VN38000-b-PAA24000 (1:1 (w/w), PEO = poly(ethy-
lene oxide), P2VN = poly(2-vinyl naphthalene), and the
subscripts denote the molecular weights of the respective
blocks) in DMF (Figure 1 a). The molar ratio of AA/PDA was
1:5, and the total polymer concentration was 1.0 mgmL�1.

MSMs with PEO/P2VN as the mixed shell and a PDA-
cross-linked PAA network as the core were thus formed by
noncovalent cross-linking. After switching the solvent from
DMF to water (pH 7) by using dialysis, P2 VN in the mixed
shell collapsed into separated microdomains (Figure 1b). In
water, P2VN microdomains were surrounded and protected
by solvated PEO chains so that the MSMs were individually
dispersed. By decreasing the pH value of the aqueous solution
to 3.1, intramicellar complexation occurred between PEO
and PAA (Figure 1c), which resulted in an asymmetric
intramicellar phase separation between the PEO/PAA com-
plex and P2VN. As a result, amphiphilic Janus nanoparticles
with a hydrophobic P2VN domain (formed by aggregation of
all the P2VN small domains in a MSM) on one side and a
hydrophilic PEO/PAA complex domain on the opposite side
were formed (Figure 1d). These Janus nanoparticles were
able to self-assemble in water to produce tubular and
sheetlike superstructures.

The average hydrodynamic radius, hRhi, of MSMs in DMF
was 190 nm (Figure 2a, curve 1). In water, MSMs were
individually dispersed with an hRhi value of 140 nm (Fig-
ure 2a, curve 2) because of the protection of solvated PEO
chains in the mixed shell. The decrease in the hRhi value of the
MSMs should result from the collapse of P2 VN chains in
water. In the transmission electron microscopy (TEM) image
of MSMs cast from neutral water stained with RuO4

(Figure 2b), contrast within each MSM was observed. The
darker domains were assigned to P2VN microdomains (2–

Figure 1. Schematic illustration of the processes for preparing MSMs
in DMF (a) and in water (b), and the intramicelle complexation (c) to
form Janus nanoparticles (d). Note that one MSM transforms into one
Janus nanoparticle, and the black P2VN domain in the Janus nano-
particle was formed by aggregation of all the P2VN small domains in
the MSM.
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3 nm). This morphology is consistent with what was expected
for the mixed-shell micelles or particles.[25–27] The size of dried
MSMs cast from water and observed by TEM was only 25–
45 nm, which is much smaller than the 2hRhi value of MSMs in
water (280 nm). This observation suggests that the PDA-
cross-linked PAA core was highly swollen by water (see the
Supporting Information) and was thus very flexible.

The pH value of the aqueous MSM solution was gradually
lowered to induce PEO/PAA complexation. When the pH
value of the solution was higher than 3.1, no aggregation
among MSMs was detected by dynamic light scattering
(DLS). At pH 3.1, the hRhi value of MSMs increased rapidly
with much stronger light scattering, which indicated the onset
of aggregation or self-assembly among primary micelles (the
hydrodynamic radius distributions of the aggregates formed
at 5, 10, and 15 min after the pH reached 3.1 are presented in
Figure S5 in the Supporting Information). The morphology of
these aggregates was observed immediately by TEM and
SEM (see the Supporting Information). Numerous Janus
nanoparticles coexisting with rodlike aggregates were
observed (Figure 2d and Figure S3 in the Supporting Infor-
mation). The dried Janus nanoparticles had an average size of
about 50 nm, being slightly larger than that of the MSMs cast
from water in Figure 2b; the average length and width of the
rodlike aggregates were 0.7 and 0.34 mm, respectively (Fig-
ure 2c and Figure S3 A in the Supporting Information). In the
TEM images of the rodlike aggregates at high magnifications
(Figure 2d, f), the nanorods were seen to be constructed from
small particles, which were presumably the Janus nano-

particles. Furthermore, the morphology at the ends of the
rodlike aggregates in the TEM and SEM images shows that
the nanorods actually have a tubular superstructure (Fig-
ure 2d and Figures S3 and S4 in the Supporting Information).

Thirty minutes after the pH value reached 3.1, precipitates
began to appear in the solution. TEM observations showed
that the precipitates comprised nanotubules that were 0.85–
1.1 mm in length and 0.2–0.4 mm in width (Figure 2e). The
contrast observed within the nano-object in Figure 2 f also
demonstrated that it was constructed from small particles, and
that it had a hollow interior (that is, a tubular superstructure)
since solid nanorods with a diameter of 200–400 nm should
not show such contrast in TEM.

After the precipitate was suspended in aqueous HCl
(pH 3.1) with gentle magnetic stirring for one or two weeks, it
was taken out of the suspension and then studied by TEM.
The nanotubular morphology was the same as that of the
freshly prepared sample. However, after gentle ultrasonica-
tion of the aqueous suspension of the precipitates (either
freshly prepared or after standing for one or two weeks) for 20
seconds, nanosheets with a roughly trapezoidal shape were
observed (Figure 3a) and most of the tubular superstructures
disappeared. Furthermore, after a longer ultrasonication
period (30 min or more) of the aqueous suspension containing
the nanotubules, semicircular nanosheets were observed
(Figure 3b, d and Figure S6 in the Supporting Information).
AFM characterization of a completely dried nanosheet in
Figure 3c showed that its average thickness was 29 nm, which
is slightly larger than the average diameter of P2VN cores (ca.
20 nm, see Figure 2d). The outlines of individual dark P2VN
particles were discernible in TEM images of the nanosheets at
high magnifications (Figure 3d). Both AFM and TEM results
suggested that the nanosheets consisted of a single layer of
Janus nanoparticles, a tentative structure of the nanosheets is
shown in the inset of Figure 3b.

The formation of Janus nanoparticles is a result of
predesigned intramicellar complexation between PEO and
PAA and concurrent asymmetric phase separation between
P2VN and PEO/PAA complexes within a single micelle. In
aqueous HCl (pH 3.1), PDA molecules were quarternized by
H+ ions and were ejected from the PAA core (see the
Supporting Information). It was shown that PEO/PAA
complexation took place in water at pH 3.1 (see the Support-
ing Information), and that the PAA core did not dissociate
because of the interchain hydrogen bonding between PAA
chains (supported by the DLS characterization data pre-
sented in Figure S5 in the Supporting Information). As a
result, the PEO collapsed towards the core to complex with
the PAA (intramicellar complexation), which led to depro-
tection of the hydrophobic P2VN microdomains in a MSM
from the aqueous solution. Because of the high flexibility of
the MSM cores (see the Supporting Information) and strong
hydrophobic interactions, as well as possible p–p stacking
between the naphthalene rings, the P2VN microdomains in a
MSM aggregated to induce asymmetric phase separation
between P2VN and PEO/PAA complexes within a single
MSM. This resulted in amphiphilic Janus nanoparticles with a
larger hydrophobic P2VN domain (ca. 20 nm) on one side and
a hydrophilic PAA/PEO complex on the opposite side.

Figure 2. a) Hydrodynamic radius distributions of MSMs in DMF and
water, respectively. b) TEM images of MSMs cast from water (stained
with RuO4). c) and d) TEM images of aggregates observed immediately
after the pH reached 3.1 at different magnifications. e) and f) TEM
images at different magnifications of aggregates observed for the
precipitate that formed after 30 min. The scale bars are 100 nm (b),
500 nm (c), 100 nm (d), 1000 nm (e), and 200 nm (f).
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The diameter of dried MSMs observed by using TEM is
about 25–45 nm; P2VN domains are clearly seen in relatively
high contrast in the inset of Figure 2b. The P2VN domain size
in a MSM is about 2–3 nm (some of the P2VN domains show a
cylindrical morphology with a width of about 2–3 nm). In
contrast, the P2VN domain in a Janus nanoparticle is about
20 nm (Figure 2d), which is much larger than the small P2VN
domains in the MSMs. We infer that the intramicellar phase
separation between P2VN and PEO/PAA complex at pH 3.1
led to the formation of Janus nanoparticles. During the
formation of the Janus nanoparticles, all the 2–3 nm P2VN
domains in a MSM aggregated together into one 20 nm P2VN
domain to form the hydrophobic P2VN part (see the
Supporting Information). However, in the tubular super-
structures, the P2VN domains are approximately 15 nm,
being a little smaller than but still comparable to the size of
the P2VN domain in a Janus nanoparticle (the difference may
result from the different states between the free Janus
nanoparticles on carbon films and the Janus nanoparticles in
the tubular superstructure). The average sizes of P2VN
domains were measured by averaging over more than 30
P2VN domains in each case. Although the P2VN domains are
partially fused together in the superstructures, we were able
to differentiate some individual domains at high magnifica-
tions. The average sizes of the trapezoidal sheetlike super-
structure (ca. 28 nm) and the semicircular sheetlike super-
structure (ca. 40 nm) are much larger than P2VN domains in
the tubular superstructure. The increase in the sizes of P2VN
domains in the sheetlike superstructures might result from

partial fusion of P2VN domains in the tubular structure under
ultrasonication. The semicircular nanosheets were obtained
by prolonged ultrasonication (30 min or longer). Therefore,
P2VN domains fused more in the semicircular nanosheets
than those in the trapezoidal nanosheets, as indicated by the
further increase in the average size of P2VN domains in the
semicircular sheetlike superstructure.

As mentioned above, the unique contrast seen in the
tubular superstructures in the TEM images in Figure 2d, f
indicates that they are constructed from small particles. At the
early stage of self-assembly, Janus nanoparticles coexisted
with nanotubes, whereas at the late stage (e.g., 30 min after
the pH value reached 3.1), no Janus nanoparticles were
observed. It is well known that lipid and rigid amphiphilic
block copolymers are capable of forming layered structures
with a relatively reduced curvature, such as vesicles and
nanotubes, although the exact mechanism for the formation
of tubules from lipids is still under debate. The amphiphilic
Janus nanoparticles resemble lipid and rigid amphiphilic
block copolymers in both structure and amphiphilicity.
Therefore, it is reasonable for the amphiphilic Janus nano-
particles to form tubular and layered superstructures.[28–30]

Therefore, we believe that the self-assembly of the amphi-
philic Janus nanoparticles formed the tubular superstructure.

There are two possible pathways for the formation of
nanosheets. The first is the dissociation of nanotubes into
small particles that re-self-assemble into nanosheets. The
second is the direct unwinding of nanotubes to form nano-
sheets. Given that the nanosheets were obtained after a very
short (20 s) ultrasonication period (Figure 3a) and further
ultrasonication led to even more regular nanosheets[16]

(Figure 3b), the first pathway is thus unlikely. Besides, the
trapezoidal and semicircular nanosheets are relatively uni-
form in shape and size, and their long dimensions are close to
the average length of the tubular superstructures (see the
Supporting Information). Therefore, we believe that the
second pathway, that is, the unwinding of the nanotubes led to
the formation of the nanosheets. The ultrasonication resulted
in deformation or further fusion of the P2VN microdomains
in the lateral direction, as shown by a larger average diameter
of darker P2VN domains in the nanosheets in Figure 3 d than
those in Janus particles and nanotubes (Figure 2d, f). The
fusion of P2VN microdomains could increase the bending
rigidity of the layer, resulting in the unwinding and flattening
of the nanotubes (see the Supporting Information). We
speculate that further ultrasonication of the trapezoidal
nanosheets could result in more regular shapes such as the
semicircular nanosheets, because of rounding [16] of the obtuse
angle corners in the trapezoidal nanosheets.

In conclusion, we have successfully prepared Janus nano-
particles from highly swollen MSMs based on a PDA cross-
linked 1:1 (w/w) mixture of PEO-b-PAA and P2VN-b-PAA
diblock copolymers in water. Lowering the pH value of the
solution to 3.1 led to the intramicellar complexation between
the PEO shell and the PAA core. Facilitated by the high
flexibility and large mobility of the micelles, asymmetric
intramicellar phase separation within a single micelle was
induced to form Janus nanoparticles with hydrophobic P2VN
on one side and a hydrophilic PEO/PAA complex on the

Figure 3. TEM images of the nanosheets with a trapezoidal shape (a)
and a semicircular shape (b and d) after ultrasonication periods of
20 s (a) and 30 min or longer (b and d) of the nanotubules in aqueous
solution (pH 3.1). The AFM image in (c) shows the thickness profile of
the nanosheet. The scale bars in (a) and (b) are 1000 nm and the
scale bars in (c) and (d) are 200 nm. The schematic representation of
a nanosheet is shown in the inset of (b). P2VN microdomains are
shown in black, PAA in red, and PEO in blue.
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opposite side. Because of the amphiphilic nature of these
Janus nanoparticles, they further self-assembled into tubular
superstructures, which is reminiscent of the nanotubules
formed by block copolymers and lipids. Upon ultrasonication,
the tubular superstructure could unwind into trapezoidal
(treatment for a short time) or semicircular (treatment for a
long time) nanosheets. These novel superstructures from the
self-assembly of amphiphilic Janus nanoparticles are promis-
ing candidates for nanodevices and sensors.

Experimental Section
Materials and instruments: P2VN38000-b-PAA24000 was purchased from
Polymer Source Inc. The subscripts indicate the molecular weights of
the respective blocks. The molecular weight polydispersity index
(PDI=Mw/Mn) of the block copolymer is 1.09. PEO3500-b-PAA3800 was
prepared and characterized according to the literature.[31–33] The PDI
of PEO-b-PAA was 1.12. DMF (Shanghai Chemical Reagents Co.) of
analytical purity was purified by reduced pressure distillation over
CaH2. 1,2-propanediamine (PDA, Aldrich) and hydrochloric acid
(Shanghai Chemical Reagents Co.) of analytical purity were used
without further purification.

Dynamic light scattering: A modified commercial light scattering
spectrometer (ALV/SP-125) equipped with an ALV-5000 multi-t
digital time correlator and ADLAS DPY425 solid-state laser (output
power = 22 mW at l = 632.8 nm) was used. All the DLS measure-
ments were performed at 90 and 25 8C.

Transmission electron microscopy: TEM observations were
conducted on a Philips CM120 electron microscope at an acceleration
voltage of 80 kV. Samples for TEM observations were prepared by
depositing a drop of the aqueous suspensions onto a carbon-coated
copper grid. Excess solution was absorbed using a filter paper.

Atomic force microscopy: AFM measurements were conducted
on a Nanoscope III microscope (Digital Instruments). The samples
were prepared by placing one drop of the aqueous suspension of the
nanosheets on freshly cleaved mica and the excess solution was
absorbed immediately using a filter paper.

Preparation of PEO/P2VN MSMs: In a typical procedure, P2VN-
b-PAA (2 mg) and PEO-b-PAA (2 mg) were dissolved in distilled
DMF (4 mL) and the solution stirred magnetically for 24 h. The
molecular solubilization of the two block copolymers in DMF was
confirmed by DLS measurements. Subsequently, PDA (9 mg) was
added to the mixture and blue opalescence appeared instantaneously,
which indicated the formation of aggregates in the solution. The
resultant aggregate solution was stirred magnetically for 24 h before
DLS measurements.

To switch the solvent from DMF to water, deionized water
(0.5 mL) was added dropwise into a solution of MSMs in DMF
(2 mL). No precipitate was observed. The solution was then dialyzed
against deionized water for 1 day using a dialysis bag with a 14 kDa
cut-off molecular weight. The total concentration of polymers in the
resultant aqueous solution was approximately 0.5 mgmL�1. The
existence of PEO and PDA in the aqueous solution after the dialysis
was confirmed by SEM energy dispersive X-ray (EDX) analysis and
FTIR characterization (see the Supporting Information). This implies
that the structure of the MSMs was preserved after dialysis (see the
Supporting Information).

To assemble MSMs into tubular superstructure, aqueous HCl
(1m) was added dropwise to an aqueous suspension of the MSMs until
the pH reached 3.1. To transform the tubular superstructure to
trapezoidal and semicircular nanosheets, the aqueous suspension of
the tubular superstructure was ultrasonicated for 20 s and 30 min,
respectively, in an ultrasonic bath with an output power of 100 W.
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