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I
n this work, we demonstrate that during
formation of organic�inorganic compo-
site particles, proper cross-linking of the

organic matrices can induce sufficiently
large internal strain, which drives themicro-
phase separation between the organic
matrices and newly forming inorganic nano-
particles (NPs) and transforms the homoge-
neous composite particles to Janus particles.
Janusparticles are exotic andelegantmodels
to study the complicated organization pro-
cesses in colloidal science. They have been
recognized as advanced building blocks to
construct sophisticated supraparticle struc-
tures that would not be implemented using
isotropic particles.1�3 In the past decade, a
variety of strategies have been developed to
produce Janus particles comprising two che-
mically distinct domains clearly separated
either on the surfaces or in the bulk or both.
Microphase separation is one of the very few
available strategies enabling reliable and
large scale production of colloidally stable
Janus particles. This strategy was initially
developed to produce Janus polymer
particles.4 Now it is applied to preparation
of inorganic/polymer or inorganic/inorganic

Janus particles2,3 based on microphase se-
paration either within emulsion droplets5 or
on the surfaces of preformed particles.6

Current microphase separation strategies
rely predominantly on the incompatibility
between two constituent components em-
bodied in the bulk phases of target particles
or between two stabilizing ligands on the
particle surfaces.2,3 The final particle struc-
tures from partial (core@shell and Janus type)
to complete phase-separation (nonengulfing)
are determined by the balance of the inter-
facial tensions between three phases, two
constituent solid phases and one solvent
phase, embodied in the reaction systems.7

In many systems, particularly in the presence
of stabilizing ligands, however, the large sur-
face energy contrast between two separated
phaseswith different chemical naturemay be
significantly smeared out by the ligands sta-
bilizing either or both of these two phases,
leading to homogeneous mixing of the two
phases at least on the nanoscale and thus
yielding homogeneous composite particles.
Hydrogen bonding is one of the impor-

tant interactions involved in determining
the three-dimensional structures of proteins,
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ABSTRACT Janus particles, consisting of Fe3O4 nanoparticles and organic particles

of the complexes ofR-cyclodextrin and polyethylene glycol (5) nonylphenyl ether, have

been successfully fabricated via strain-driven microphase separation, which is distinct

from conventional surface wetting-driven microphase separation. The as-prepared

Janus particles can self-assemble into hollow spheres, which draw a clear analogy with

self-assembly of lipids to vesicles.
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nucleic acids, or carbohydrates. It is also used to control
the type and shapes of the nanoparticle clusters.
For example, it was reported by the Rotello group8

that polymeric layer protected gold particles self-
assembled into spherical aggregates through hydro-
gen-bonding interactions. In their strategy, the poly-
mers acted as the mortar to hold the colloidal particles
together to form spherical aggregates. It was also
reported in our previous work9 that the hydroxyl
groups of the R-cyclodextrin (R-CD) rims can interact
with the hydrophilic moiety of the surfactant and
the CDs after the formation of an inclusion complex
with the hydrophobic groups of the surfactant NPEn
(where n = 5, 9, or 30). This would result in the pos-
sible formation of hydrogen bonds between R-CDs,
and between the surfactant NPEn and R-CDs10�13

(Scheme 1). First, linear NPE5-CD complexes are quickly
formed due to the host�guest relation. Next, hydro-
gen bonds between the linear chains of the NPE5-CD
complex would be formed by hydroxyl groups from
additional CDs. Lastly, a network would be formed due
to cross-linking between linear NPE5-CD complexes. As
the number of hydrophilic groups of the surfactant
NPEn and R-CD concentration increases, it is likely that
these interactions among them would increase. This
can lead to linkage or bridging of the surface coating
on the nanoparticles and further enhance the interac-
tions between singular nanoparticles, causing them to
be bound together.9 As expected, the morphology of
the aggregates of Fe3O4 nanoparticles was tuned from
mesoporous to hollow and solid when the length of

the hydrophilic groups of the surfactant NPEn was
changed from 5 to 9 and 30, respectively. The results
indicate that the intensity of hydrogen bonds between
the Fe3O4 nanoparticles in the aggregates was gradu-
ally increased; the intensity of hydrogen bonding is
related to the amount of R-CDs and the NPEn.9

The hydroxyl groups from R-cyclodextrins have
strong adsorption capacity on the surface of Fe3O4

nanoparticles, rendering them water-soluble. It has
been demonstrated earlier by the Yang group that
hydrophobic Fe3O4 nanoparticles can be transferred
into aqueous solution due to functionalization of Fe3O4

nanoparticles with the R-CDs.14

In our previous work, we mainly focused on the
effect of the NPEn surfactants on the aggregates of
Fe3O4 nanoparticles at the low concentration of R-CDs
due to the high cost of R-CDs. To increase the amount
of hydrogen bonds, it is easier to increase the concen-
tration of R-CDs, instead of the NPEn surfactants.
In general, a molecule experiences strain when

its chemical structure undergoes some stress which
raises its internal energy in comparison to a strain-free
reference compound. Accordingly, the formation of
hydrogen bonds among molecules would limit their
freedom and induce the internal strain. Herein we
demonstrate that cross-linking of host matrices can
induce sufficiently strong internal strain to squeeze
newly formed guest NPs out of the host matrices
with increasing amount of hydrogen bonds formed
among NPE5, CDs and NPE5-CD complexes. In addi-
tion, the distribution of strain is localized due to the

Scheme 1. Molecular structure of R-CD (a) and NPE5 (b), possible hydrogen bonds formed among R-CDs (c), and between
R-CDs and NPE5 (d).
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gradual addition of CDs, instead of addition in a
lump. Here this strain-driven microphase separation
concept has successfully led to colloidal Janus particles
consisting of 10 ( 1 nm Fe3O4 NPs and 22 ( 2 nm
organic particles of the complexes (R-CD-NPE5) of
R-cyclodextrin (R-CDs) and polyethylene glycol (5)
nonylphenyl ether (NPE5). However, such Janus NPs
cannot be obtained when NPE9 or NPE30 is used,
which should occur because the number of hydrogen
bonds between CDs and NPE5 can be tuned with
increasing concentrations of CD, while those between
CDs and NPE9 (or NPE30) are too strong to be tunable.
Note that since their surfaces are coated with the
R-CD-NPE5 complexes, the Fe3O4 NPs can be well
dispersed within the R-CD-NPE5 complex particles
when the complex particles are weakly cross-linked.
As-prepared Fe3O4/R-CD-NPE5 Janus particles exhibit
excellent colloidal stability in water and can readily
self-assemble into hollow spheres composed of double
layers of the Janus particles, reminiscent of lipid vesi-
cles, upon adding ethanol into the aqueous dispersion
of Janus particles. Up to date, colloidal magnetic
particles or Janus particles with magnetic parts have
been successfully guided to self-assemble into linear or
zigzag chains or circular dipolar structures especially
under zero magnetic field.15�24 The success of direct-
ing magnetic particles to more complicated architec-
tures like vesicles by self-assembly is rarely reported.

RESULTS AND DISCUSSION

In our work, Fe3O4 NPs were synthesized in the
presence of both NPE5 and R-CD via the conventional
co-precipitation method in water. First, Fe2þ and Fe3þ

ions were added into the aqueous solution of NPE5
ligands under constant stirring and nitrogen protec-
tion. Into the resulting solutionwas theR-CD/ammonia
mixture added dropwise for about 30 min, followed by
24 h incubation. As such, Fe3O4 NPs were expected to
be formed and stabilized with the R-CD molecules
anchored on their surfaces,14 while the NPE5 mol-
ecules were expected to form complexes with the
R-CD molecules due to the strong inclusion of either
the nonylphenyl or poly(ethylene glycol) moieties
of the NPE5 molecules or both in the cavities of the
R-CD molecules.25 Taking into account that all these
processes occur simultaneously, the R-CD-NPE5 com-
plexes and the R-CD-stabilized Fe3O4 NPs are ex-
pected to be cross-linked (Scheme 1) to form organic/
inorganic composite particles. In the current work, the
amounts of Fe2þ ions, Fe3þ ions, ammonia, and NPE5
were fixed, while the amount of R-CD added was
adjusted to alter the final structures of as-prepared
composite particles by tuning the cross-linking degree
due to the formation of different amount of hydrogen
bonds, which were visualized by transmission elec-
tron microscopy (TEM). As shown in Figure 1, when
the R-CD-to-NPE5 molar ratio is adjusted around 12.5,

Janus particles, which consist of one relatively spherical
dark domain with sizes in the range of 22 ( 2 nm and
one uniform black dot with sizes of 10 ( 1 nm, are
produced at high production yield. Due to the clear
imaging contrast, the dark domains can be assigned to
the organic phases of R-CD-NPE5 complexes and the
black dots to the inorganic phases of Fe3O4 NPs (inset
of the left panel on the upper right corner in Figure 1),
respectively. The chemical composition of as-prepared
Janus particles was also verified by the selected area
diffraction pattern (Supporting Information Figure S1)
and the FTIR spectrum (Supporting Information
Figure S2). The Fe3O4 nature of the resulting iron oxide
NPswas further confirmed byMössbauer spectroscopy
(Supporting Information Figure S3). Careful assess-
ment of TEM images indicates that about 20% of as-
prepared Janus NPs contain two or even three Fe3O4

NPs decorated on one R-CD-NPE5 complex domain
(Inset of the right panel on the upper right corner in
Figure 1).
When the R-CD/ammonia mixture is added into the

aqueous solution of NPE5/Fe2þ/Fe3þ mixtures, R-CD
molecules are expected to immediately form com-
plexes with NPE5 molecules via strong host�guest
inclusion interaction. The R-CD-NPE5 complexes are
subsequently cross-linked viahydrogenbonds between
the hydroxyl groups on the R-CD exterior surfaces of
either neighboring parts of the complexes or between
the complexes and excess R-CD molecules (Scheme 1).
In parallel to complexation with NPE5 molecules,

R-CD molecules are also expected to stabilize newly

Figure 1. TEM image of Fe3O4/R-CD-NPE5 Janus particles
obtained via addition of ammonia/R-CD mixtures to aque-
ous solution of Fe2þ/Fe3þ/NPE5 mixtures. The concentra-
tions of Fe2þ ions, Fe3þ ions, ammonia, NPE5, and R-CD are
0.010 M, 0.020 M, 240 mM, 0.72 mM, and 9.0 mM, respec-
tively. TheR-CD-to-NPE5molar ratio is 12.5. The insets show
the high magnification TEM images of as-prepared Janus
particles bearing one (left panel) and two Fe3O4 NPs (right
panel) in one R-CD-NPE5 complex domain, respectively.
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formed Fe3O4 NPs by anchoring their exterior surface
hydroxyl groups on the NP surfaces, which make the
Fe3O4 NPs well dispersed within the R-CD-NPE5 com-
plex matrices. Thus, the incompatibility between the
different phases embodied in Fe3O4/R-CD-NPE5 com-
posite particles is expected to be not sufficiently large
to guide the formation of the Janus structures.
To reveal the mechanism behind the formation of

Fe3O4/R-CD-NPE5 Janus particles, we investigated how
the structures of the Fe3O4/R-CD-NPE5 composite
particles are correlated with the R-CD-to-NPE5 molar
ratio (Figure 2). When the R-CD-to-NPE5 molar ratio is
at 2.5 or below, round composite clumps are obtained,
in which tiny Fe3O4 NPs of 3�4 nm in size are homo-
geneously inlaid in the R-CD-NPE5 complex matrices
and tend to agglomerate (Figure 2a) as NPE5 plays a
key role at low concentration of R-CDs. The result is
also in good agreement with our previous results.9

With R-CD-to-NPE5 molar ratio increasing to about 5,
Fe3O4 NPs with sizes of ca. 10 nm are obtained and
enclosed by thin R-CD-NPE5 complex shells which
cannot be directly observed due to the low contrast
(Figure 2b). The shell thickness of the R-CD-NPE5
complex becomes noticeable when the R-CD-to-
NPE5 molar ratio is in the range of 7�10 (Supporting
Information Figure S4), highlighting the clear separa-
tion between the Fe3O4 NP phase and the R-CD-NPE5
complex phase. When the R-CD-to-NPE5 molar ratio is
in the range of 10�14, fairly uniform Janus particles, as
shown in Figure 1, are obtained. When the R-CD-to-
NPE5molar ratio is larger than 14, irregular microphase
separation structures are observed, where Fe3O4 NPs

with sizes of about 10 nm are randomly located within
irregular particles of R-CD-NPE5 complexes (Figure 2c).
Further increase of the R-CD-to-NPE5 molar ratio above
17 leads to complete separation of 10 nm Fe3O4 NPs
from spheres of R-CD-NPE5 complex (Figure 2d). These
results underline a critical role of the R-CD-to-NPE5
molar ratio during formation of Fe3O4/R-CD-NPE5 Janus
particles. Note that Fe3O4 NPs in all microphase sepa-
rated nanostructures obtained at R-CD-to-NPE5 molar
ratios in the range of 5�17, have fairly similar sizes, ca.
10 nm, which is reasonable as the amounts of Fe2þ ions,
Fe3þ ions, NPE5 and ammonia are kept constant in all
experiments.
The R-CD-to-NPE5 molar ratio is expected to gradu-

ally rise from zero to the target value with the time of
adding R-CD/ammonia mixtures into Fe2þ/Fe3þ/NPE5
mixtures. Upon addition of anR-CD/ammoniamixture,
Fe3O4 NPs and R-CD-NPE5 complexes are expected to
be simultaneously formed. The Fe3O4 NPs are stabi-
lized mainly by either R-CD molecules or R-CD-NPE5
complexes or both via the hydroxyl groups of theR-CD
rims anchored on the NP surfaces. The R-CD-NPE5
complexes are also expected to be cross-linked via

hydrogen bonding of the hydroxyl groups of R-CD
exterior surfaces of either neighboring parts of the
complexes or between the complexes and excessR-CD
molecules (Scheme 1). In the later scenario, since the
R-CD molecules anchored on the surfaces of coated
Fe3O4 NPs still have hydroxyl groups available on their
rims, R-CD-coated Fe3O4 NPs are expect to act like
excess R-CDs and are inlaid within the newly growing
particles ofR-CD-NPE5 complexes, leading to Fe3O4/R-
CD-NPE5 composite particles. As shown in Figure 3,
Fe3O4 NPswere formed in the shrinkingmatricesmade
of theR-CD-NPE5 complex. These Fe3O4 NPsmay serve
as weaker cross-linkers as they are movable, which can

Figure 2. TEM image of Fe3O4/R-CD-NPE5 Janus particles
obtained via addition of ammonia/R-CD mixtures to the
aqueous solution of Fe2þ/Fe3þ/NPE5 mixtures. The concen-
trations of Fe2þ ions, Fe3þ ions, ammonia, and NPE5 are
0.010 M, 0.020 M, 240 mM, and 0.72 mM, respectively. The
concentration of R-CD is varied from 1.80 to 12.2 mM,
corresponding to an R-CD-to-NPE5 molar ratio of 2.5 (a),
7.0 (b), 14 (c), and 17 (d). In panel d, the spheres of R-CD-
NPE5 complex are indicted by black arrows.

Figure 3. TEM image of the intermediate product extracted
from reaction solution during the formation of Janus parti-
cles. The concentrations of Fe2þ ions, Fe3þ ions, ammonia,
NPE5, andR-CD are 0.010M, 0.020M, 240mM, 0.72mM, and
9.0 mM, respectively. The R-CD-to-NPE5 molar ratio is 12.5.
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be demonstrated by the presence of empty holes in
the particles of R-CD-NPE5 (Figure 2c) .The possible
strain-driven microphase separation process within
Fe3O4/R-CD-NPE5 complex particles is depicted in
Scheme 2.
These NPE5 molecules can form micelles or vesicles

in water, which may provide a template for the nuclea-
tion of Fe3O4 nanoparticles. NPE5 actually stabilizes the
nanoparticles in the initial stage due to the low amount
of CDs. When the amount of R-CD is increased, these
protection layers of NPE5 are reduced due to the
formation of R-CD-NPE5 complexes. At fixed NPE5
concentration, the shell thickness in the core@shell
Fe3O4 NPs can be increased with increasing CD con-
centration (Figure 2b and Supporting Information
Figure S2). However, strain in the organic phase gra-
dually generated locally due to the gradual addition of
CDs. Accordingly, thewhole particles would release the
internal strain by ejecting the big Fe3O4 nanoparticles.
The process leads to the gradual ejection of Fe3O4

particles from organic matrices of R-CD-NPE5 com-
plexes. However, in the absence of NPE5, only Fe3O4

nanoparticles with sizes of about 5 nm were obtained
(Supporting Information Figure S5), which are stabi-
lized by CDs and can be stable in the solution. These
Fe3O4 nanoparticles with CDs alone would agglomer-
ate and precipitate due to strong magnetic dipolar
interactions, but can be redispsersed into the solution
(Supporting Information Movie S1). The result also
indicates that the R-CDs have stronger affinity to
Fe3O4 nanoparticles and limit their size to 5 nm. On
the other side, aggregates of R-CD-NPE5 complexes
were still obtained in the absence of Fe3O4 nanoparti-
cles (Supporting Information Figure S6).
According to its molecular structure (Scheme 1b),

each NPE5molecule needs 1 R-CDmolecule to include
its hydrophobic nonylphenyl moiety and maximum
3 R-CD molecules to include its hydrophilic poly-
(ethylene glycol) (5) moiety.25 Thus, full formation of

linear NPE5-CD complexes needs about 4 units. In
addition, CDs have to stabilize Fe3O4 nanoparticles
due to strong affinity. Furthermore, more CDs are also
necessary for formation of strong networks by forma-
tion of more hydrogen bonds formed between linear
NPE5-CD complexes. When the R-CD-to-NPE5 molar
ratio is less than 4 (e.g., 2.5), the amount of R-CD
molecules should be insufficient to stabilize newly
formed Fe3O4 NPs and even include the hydrophobic
nonylphenyl moieties of all NPE5 molecules due
to competition between NPE5 inclusion and the NP
surface adsorption, thus leading to large clumps
(Figure 2a). When more R-CD molecules are added to
increase the R-CD-to-NPE5 molar ratio above 4, the
numbers ofR-CDmolecules added should be sufficient
to include the hydrophobic nonylphenyl moieties of all
NPE5 molecules to form 1-to-1 R-CD-NPE5 complexes.
In this case, although free R-CD molecules are still not
sufficient to stabilize newly formed Fe3O4 NPs, the
R-CD-NPE5 complexes can adsorb onto the NPs to facil-
itate the NP stabilization, which enable the Fe3O4 NPs
to grow bigger, thus yielding core@shell structured
Fe3O4@R-CD-NPE5 particles (Figure 2b and Supporting
Information Figure S2). With more R-CD molecules
added into the reaction systems, additional free R-CD
molecules can not only include the NPE5 hydrophilic
poly(ethylene glycol) (5) moieties of the as-prepared
R-CD-NPE5 complex, either dissolved in reaction med-
ia or adsorbed on Fe3O4 NPs, but also be integrated as
cross-linkers into the R-CD-NPE5 complex shells on the
NPs to increase both the shell thickness and cross-
linking degree. The latter makes the R-CD-NPE5 com-
plex shells more rigid, thus enlarging the internal strain
within the shells. With more R-CD molecules inte-
grated into the R-CD-NPE5 complex shells on the
Fe3O4 NPs, i.e., the increase of R-CD-to-NPE5 molar
ratio, the strain eventually becomes sufficiently strong
to drive the increasingly rigid shells of R-CD-NPE5
complexes to crack and in turn squeeze out the

Scheme 2. Schematic depiction of strain-driven microphase separation within Fe3O4/R-CD-NPE5 complex particles during
addition of R-CD/ammonia mixtures to Fe2þ/Fe3þ/NPE5 mixtures.
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Fe3O4 NPs. On the other hand, this strain is to a small or
large degree offset by the hydrogen bonding of
the hydroxyl groups on the R-CD rims between the
R-CD-NPE5 complex shells and the R-CDmolecules (as
well as R-CD-NPE5 complexes) directly anchored on
the Fe3O4 NP cores, which slows down the core@shell
separation, thus enabling formation of Janus type
structures at a proper range of R-CD-to-NPE5 molar
ratio (Figure 1). With more R-CD molecules added to
further increase the cross-linking degree and in turn
the internal strain of the R-CD-NPE5 complex parts,
organic and inorganic phases are eventually comple-
tely separated from each other (Figure 2d). As depicted
in Scheme 2, therefore, the microphase separation of
Fe3O4/R-CD-NPE5 composite particles is driven by the
internal stress arising from the increasing cross-linking
degree due to increasing R-CD-to-NPE5 molar ratios.
The current results are also in good agreement
with recent work26 that the increasing internal inter-
actions would lead to the formation of spherical shape
of an organic phase to reduce the surface to volume
ratio (S/V).
Conventional incompatibility-driven microphase se-

paration should be a thermodynamically controlled
process;7 the reaction kinetics may affect the produc-
tion yield and the dimensions of Janus particles. In
contrast, we found that the successful formation of
well-defined Fe3O4/R-CD-NPE5 Janus particles was
dependent strongly on the reaction kinetics. Janus
particles could be produced at the R-CD-to-NPE5
molar ratio of 12.5 only if the time of addition of
R-CD/ammoniamixtures intoNPE5/Fe2þ/Fe3þmixtures
was longer than 30 min. This underlines the kinetic-
controlled character of the present strain-driven micro-
phase separation. Our ensuing research focuses on
study of the kinetics of addingR-CD/ammoniamixtures
into Fe2þ/Fe3þ/NPE5 mixtures at the R-CD-to-NPE5
molar ratio in the range of 12.5�17.5 to manipulate
the dimension andmicrophase separation degree of as-
prepared Fe3O4/R-CD-NPE5 Janus particles.

From the point of view of morphology, Janus parti-
cles are regarded as nanoscale analogues of surfac-
tants and envisaged to agglomerate in a way fairly
similar to that of surfactants.27 Different from surfac-
tants consisted with clearly separated hydrophobic
and hydrophilic parts, as-prepared Fe3O4/R-CD-NPE5
Janus particles are colloidally stable in water and
the surface coatings of their Fe3O4 NP parts and the
R-CD-NPE5 complex parts are expected identically
hydrophilic due to R-CD coating. Thus, we added a
poor solvent for R-CD molecules�ethanol�into the
aqueous dispersions of the Janus particles to trigger
the particle aggregation. For surfactant aggregates,
their morphology is usually determined by the volume
of the hydrocarbon part (V), the chain length of their
extended all-trans alkyl tails, and the mean headgroup
cross-sectional (effective) surface area (a0) of surfac-
tants, which can be represented by the packing
parameter (P), as estimated by P = V/a0lc.

28 Surfactants
self-assemble into spherical micelles when P < 1/3. For
Fe3O4/R-CD-NPE5 Janus particles shown in Figure 1,
their P is calculated to 0.21 (Scheme 3a).
Figure 4a shows that Fe3O4/R-CD-NPE5 Janus parti-

cles do not agglomerate into micelle-like (spherical)
aggregates but into hollow spherical aggregates with
diameters in the range of 140�170 nm and shell
thickness of about 40�50 nm. To further determine
the arrangement of Fe3O4 NPs in the shells of hollow
spherical aggregates, we utilized as-prepared hollow
spherical aggregates as templates to form hollow silica
spheres. After removal of the organic components by
calcination, the hollow spherical shells were composed
of single layers of Fe3O4 NPs (Figure 5). These results
suggest that the resulting hollow spherical aggregates
are composed of Fe3O4/R-CD-NPE5 Janus particles
agglomerating in an alternatively up and down order-
ing fashion, reminiscent of vesicles (Figure 4c and
Scheme 3b).
Why do Fe3O4/R-CD-NPE5 Janus particles prefer to

self-assemble into vesicle-like rather than micelle-like

Scheme 3. Geometric model and effective shape of Janus particles and the corresponding preferential aggregation
configurations: spheres (a) and vesicles (b). To achieve a clear view to illustrate the aggregation configurations, the head
of Janus NPs in the inner part was drawn smaller than that in the outer part.
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structures? First, Janus particles are obviously much
larger than surfactant molecules and their constituent
parts are more rigid and less flexible than the hydro-
phobic tails and hydrophilic heads of surfactants to
change their morphologies to adapt to dense packing
structures. From a steric hindrance point of view,
therefore, it is difficult for Janus particles to self-
assemble into densely packed micelle-like aggregates.
Second, according to literature,17,19 Janus particles

tend to agglomerate alternatively up and down to
maximize the packing density. When Fe3O4/R-CD-
NPE5 Janus particles agglomerate in an alternating
up and down manner (Scheme 3b), their P-values are
calculated to be 0.83. It is known that surfactants with
P in the range of 0.5�1, for instance lipids, tend to self-
assemble into vesicles. Third, the hydrogen bonding
betweenR-CD rim hydroxyl groups is known to be very
strong.9�13 Strong attractive interparticle forces are
known to promote fast and strong agglomeration of
particles into two-dimensional sheets.29�31 For self-
assembly of lipids into vesicles, lipid bilayers are ex-
pected to coalesce to a critical dimension to become
properly elastic to fold into cap-like structures and, at
the same time, tomaintain the cap-like structure stable
and to avoid collapse.29 This proper elasticity is usually
hardly implemented for self-assembly of hard particles,
including Janus particles consisting of two hard consti-
tuent parts. In our case, theR-CD-NPE5 complex parts of
as-prepared Janus particles, albeit being largely cross-
linked, can be regarded as gel particles, which can
provide elasticity for the sheets of Fe3O4/R-CD-NPE5
Janus particles to bend into hollow spheres.

CONCLUSIONS

In summary, we demonstrate a new strategy of
strain-induced microphase separation to create organic/
inorganic Janus particles. Our approach can be more
generally adopted for large-scale production of Janus
particles as it does not necessarily rely on the incom-
patibility or large surface energy contrast between
two constituent components, which is necessitated in
conventional microphase separation strategies. As-
prepared Fe3O4/R-CD-NPE5 Janus particles can readily
self-assemble into hollow spheres upon addition of
ethanol. The way in which the Janus particles self-
assemble is very similar to that of lipids to vesicles. To
our best knowledge, as-prepared Fe3O4/R-CD-NPE5
Janus particles should provide the first nanoscale
analogue of lipids. They and their vesicle-like assem-
blies may provide not only interesting models to study
the self-assembly behavior of synthetic and biological
lipids but also new building blocks to be applied
directly and indirectly as templates to create new
vehicles for drug encapsulation and delivery.

METHODS
Chemicals. Polyethylene glycol(5) nonylphenyl ether (NPE5),

iron(II) chloride tetrahydrate (FeCl2 3 4H2O), and anhydrous iron-
(III) chloride (FeCl3) were purchased from Sinopharm Chemical
Reagent Co. and Ltd; R-cyclodextrin (R-CD) was from Fluka
(99.9%).

Synthesis of Fe3O4/r-CD-NPE5 Janus Particles. The aqueous solu-
tion of NPE5 (10 wt %, 0.240 g), FeCl2 3 4H2O (0.159 g) and FeCl3
(0.267 g) were consecutively dissolved in 45 mL of water under
vigorous mechanical stirring and N2 protection, followed by
30 min mechanical stirring. Into the resulting mixture solution

was dropwise added the R-CD/ammonia mixture of the aque-
ous solutions of ammonia (1.2 mL, 15 M) and R-CD (30 mL,
12.5 mM). After further vigorous mechanical stirring of the
resulting reaction mixtures for 1.5 h, the aqueous suspensions
of Fe3O4/R-CD-NPE5 Janus particles were obtained. The large
precipitates in the resulting particle suspensions were filtered
out using filter papers.

Self-Assembly of Fe3O4/r-CD-NPE5 Janus Particles into Vesicles. Etha-
nol (100 μL) was dropwise added into the aqueous suspension
of as-prepared Fe3O4/R-CD-NPE5 Janus particles (5 mL) under
mechanical stirring. The resulting mixture suspensions were

Figure 4. (a) Low and (b) high magnification TEM images
and geometrical model (c) of the vesicle-like aggregates
obtained via self-assembly of Fe3O4/R-CD-NPE5 Janus par-
ticles induced by addition of a trace amount of ethanol.

Figure 5. TEM image of hollow silica spheres obtained by
using hollow aggregates of Fe3O4/R-CD-NPE5 Janus parti-
cles as templates for sol�gel reactions of tetraethyl ortho-
silicate (TEOS), followed by calcination to remove the
organic components.
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further stirred for 30 min and kept still for 6 h to fully complete
the self-assembly of the Janus particles.
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