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Abstract: Janus particles endowed with controlled anisotropies
represent promising building blocks and assembly materials
because of their asymmetric functionalities. Herein, we show
that using the seeded monomer swelling and polymerization
technique allows us to obtain bi-compartmentalized Janus
microparticles that are generated depending on the phase
miscibility of the poly (alkyl acrylate) chains against the
polystyrene seed, thus minimizing the interfacial free energy.
When tetradecyl acrylate is used, complete compartmentaliza-
tion into two distinct bulbs can be achieved, while tuning the
relative dimension ratio of compartmented bulb against the
whole particle. Finally, we have demonstrated that selectively
patching the silica nanoparticles onto one of the bulb surfaces
gives amphiphilicity to the particles that can assemble at the
oil–water interface with a designated level of adhesion, thus
leading to development of a highly stable Pickering emulsion
system.

Janus particles are biphasic colloids that have two parts, on
opposite sides of the particles, with different compositions or
properties. The advantage of using Janus particles is that their
shape and chemical anisotropies are independently control-
lable, which allows us to give asymmetric functionality to the
particles.[1] Janus particles have been explored in various
applications as the building blocks for supra-nanostructures,[2]

optical biosensors,[3] functional surfactants,[4] and carriers of
biomacromoleclues.[5] Janus particles with chemical aniso-
tropy are usually synthesized by employing advanced tech-
nologies, including macrophase separation during polymeri-
zation,[6] controlled drop polymerization in microfluidic
channels,[7] and toposelective surface modification from
particle monolayers.[8] Moreover, shape anisotropy can be
achieved by means of dewetting a bulb from the seed

particle,[9] controlling packing of hard spheres in confined
drops,[10] and by generating elastic force in cross-linked
particles.[11]

To date, the successful development of uniform Janus
particles still remains a challenge mainly owing to their
limitation in large-scale production, and a good example can
be found in microfluidics. It is true that utilizing microfluidic
techniques enables one-pot production of a variety of
monodisperse Janus particles.[12] Although the versatility in
providing shape and chemical anisotropies can be endowed to
the Janus microparticles in the microfluidic channel by tuning
fluidity, interfacial tension, and phase miscibility in drops,
their intrinsically low production has hampered practical
applications. We may use other synthetic methods, such as 2D
sputtering and gel-trapping;[13] however, these techniques are
either complicated or time-consuming. Unlike those methods,
the use of the seeded polymerization technology has been
considered to be the solution for this critical issue.[14] Seeded
polymerization is advantageous in that a large quantity of
highly monodisperse Janus particles can be produced in bulk.
Uniform swelling of polymer seed particles with secondary
polymerizable monomers and consecutive polymerization in
a batch reactor leads to formation of Janus particles. Their
colloidal anisotropies depend on the phase miscibility,[15]

surface wettability,[16] and crosslinking density of seed par-
ticles.[17] The particles are highly susceptible to independently
tailoring of the surface chemistry, as well as to precisely tuning
the particle geometry.

Herein, we describe a straightforward method for syn-
thesis of monodisperse Janus microparticles with controllable
anisotropies, such as compartmented bulb dimensions and
surface amphiphilicity. The synthesis method is based on the
seeded monomer swelling and consecutive polymerization.
Through this technique, we not only precisely tune the
relative dimension ratio of the compartmented bulb against
the whole particle, which is named “degree of Janusity” in our
study, but also selectively provide the amphiphilicity to the
particles. The degree of Janusity between the polystyrene (PS)
seed and the polymerized poly (alkyl acrylate) (PAA) is
varied by swelling the PS seed particles with a designated
amount of alkyl acrylate monomers. Moreover, by treating
one of the bulb surfaces with silica nanoparticles (NPs),
amphiphilicity is successfully imparted to the particles.
Finally, using the amphiphilic Janus microparticles, we
demonstrate that they can readily assemble at the oil–water
interface with a different level of adhesion, which is essential
for improving the stability of the resulting Pickering emul-
sions.
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The utilization of the seeded swelling and consecutive
polymerization method allowed us to produce uniform Janus
microparticles in large-scale productions (Figure 1A). The
seed particles used in this approach were linear PS particles
synthesized using the dispersion polymerization method
(Figure 1B). The PS seed particles were monodisperse in

their size, because they were generated by following the
nucleation and growth mechanism during polymerization in
a polar medium.[18] In a typical synthetic procedure, the 3 mm-
sized PS seed particles, which were finely dispersed in 2 wt%
of PVA in the mixture of EtOH/water, were uniformly
swollen with the mixture of tetradecyl acrylate (TA), ethylene
glycol dimethacrylate (EGDMA), and Irgacure 184 in EtOH/
water (3:2 v/v). The complete diffusion of monomers could be
confirmed in 5 h at room temperature without any particle
aggregation or coalescence (Figure 1C). Under these swelling
conditions, the volume of the PS seed particles could be
increased by factors of five, while maintaining the initial size
uniformity. The monomers in the swollen particles were
photo-polymerized at room temperature, which induced
phase separation between the PS seed and the newly
polymerized PAA phase. Upon UV irradiation, typically,
the TA-swollen PS particles turned into PS/PTA Janus
particles (Figure 1D). The biphasic compartmentalization of
the Janus particles was confirmed by selectively labeling one
of the bulbs with a fluorescence probe (Figure 1E). The Janus
microparticles synthesized in our study were spherical, mean-

ing there was no geometrical deformation of particles during
the phase separation (Figure 1F). Moreover, the particle size
increased in micrometer scales after seed polymerization,
which typically depended on the monomer swelling ratio
(Figure 1G).

As the polymer particles composed of two different
polymer pairs exhibit various types of morphologies associ-
ated with the thermodynamic and kinetic preferences,[19] we
sought to determine how the Janus particle morphology was
obtained in response to the phase miscibility and medium
solvency. Our approach for fine tuning the phase miscibility
between the PS seed and PAA was to use alkyl acrylate
monomers having different alkyl chain lengths. When the
monomers with a short alkyl chain length (C< 14) were
polymerized in the swollen PS particles, either total escape of
the monomers or their partial phase separation was observed
(Figure 2A, B). These results come from the high monomer
solubility in the continuous phase and the relatively good
affinity of PAA for PS, respectively. When the TA monomer
(C = 14) was incorporated, a distinctively bi-compartmental-
ized Janus morphology could be successfully obtained (Fig-
ure 2C). Generation of this morphology is generally associ-
ated with minimization of the total free energy.[20] Interest-
ingly, using the monomer with a long alkyl chain length (C>

14) produced a sandwich-shaped particle morphology (Fig-
ure 2D). We attribute this result to the fact that PAA with
long alkyl chains increased the hydrophobicity and chain
flexibility against the PS, which favorably enlarges the contact
area, and thus eventually leads to formation of the sandwich
morphology.[21] We also found that the medium solvency was
critical for determining the particle morphology (Figure 2E–
H), because the final equilibrium state is determined solely by
the changes in the interfacial tensions of three phases (PS,
PAA, and water).

For a better understanding of the formation of the bi-
compartmentalized Janus particle morphology, we tried to
predict the particle shape. In principle, the shape of
the particles was estimated by calculating the total free
energy for the three interfaces: PS (1)-water (2), water (2)-
PAA (3), and PS (1)-PAA (3). The total interfacial free
energy given by the sum of the three interfacial energies is
G ¼ g12S12 þ g23S23 þ g13S13, where gij and Sij are the inter-
facial tension and the interfacial area between two phases
i and j.[22] For facile prediction, we assume that the volume
ratio of the two bulbs is controllable near unity and
the surface tension between the two bulbs is small,
g12; g23 � g13 �1 mNm¢1.[23] When g12 and g23 are sufficiently
high, the spreading coefficients (Si ¼ gjk ¢ gij ¢ gik) are
S1 > 0, S2 < 0, and S3 < 0, thus leading to a core–shell
structure in which phase 3 forms the core owing to its higher
surface tension (g23 > g12).[24] When g12 and g23 are too low to
be determined, but still have the tension, a spherical Janus
particle morphology composed of PS and PAA bulbs can be
obtained. We also realized that to obtain untruncated bi-
compartmentalization while maintaining the spherical par-
ticle shape, it is essential that the surface tension values of
each bulb to the medium should be similar to each other (for
example, g12 � g23 �4 mNm¢1; see the Supporting Informa-
tion).

Figure 1. A) Synthesis of the Janus microparticles. Bright-field micro-
scope images of B) PS seed particles, C) monomer-swollen PS par-
ticles, and D) PS/PTA Janus particles after photo-polymerization.
E) Fluorescence microscope image of PS/PTA Janus particles. PS was
co-polymerized with 9-vinylanthracene to label the PS seed phase.
F) SEM image of PS/PTA Janus particles. G) Particle size distributions
of the PS seed particles and Janus particles.
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The advantage of using our particulation approach is that
we could precisely manipulate the degree of Janusity. The
degree of Janusity is defined as D/D0, where D is the shorter
diameter of the PTA bulb and D0 is the whole diameter of
a Janus particle. Under our synthetic conditions, the degree of
Janusity could be tuned in the range of 0.25–0.5 by solely
varying the monomer swelling ratio, while maintaining the
particle size monodispersity and the bi-compartmentalized
Janus morphology (Figure 3). Below D/D0� 0.25, some

irregular phase separation was observed because of the
thermodynamically favorable dissolution of PTA in the PS
phase at such low volume fractions. In contrast, above D/D0

� 0.5, the monomer swelling did not proceed uniformly owing
to the limited monomer diffusivity into the PS seed. Having
established the synthetic procedure, our interest shifted
imparting specific surface functionality to the particles.
More specifically, we patched silica NPs on one of the bulb
surfaces of the Janus microparticles, thus enabling fabrication
of amphiphilic Janus microparticles (Figure 4A). It is well
known that the PS particles produced by dispersion polymer-

ization are sterically stabilized by PVP that has been
covalently grafted onto the primary particles.[25] In our
study, the presence of PVP on the PS particles could be
confirmed by XPS analysis (Figure 4B). Therefore, the silica
NPs could patch on the PS compartment through hydrogen
bonding with PVP, allowing us to produce amphiphilic Janus
particles (Figure 4 C, D).

To further demonstrate the practical applicability of our
silica NPs–patched amphiphilic Janus microparticles, we
assembled them at the oil–water interface as colloid surfact-
ants, which enables production of stable Pickering emulsions.
Surprisingly, we observed that each bulb of the amphiphilic
particles was wetted by the compatible liquid phase: the

Figure 2. Bright-field microscope images of the particles produced by varying the alkyl chain length of monomers: A) hexyl acrylate, B) dodecyl
acrylate, C) tetradecyl acrylate, and D) hexadecyl acrylate, and by controlling the medium solvency: E) EtOH/water=4:1 (v/v), F) EtOH/
water =3:2 (v/v), G) EtOH/water =2:3 (v/v), and H) EtOH/water=1:4 (v/v).

Figure 3. Bright-field microscope images of the Janus microparticles
produced by varying the monomer/PS swelling ratio: A) D/D0 =0.25
and B) D/D0 = 0.5. C) The degree of Janusity of the Janus particles
produced by increasing the monomer/PS swelling ratio.

Figure 4. A) Patching nanoparticles on one of the bulbs of the Janus
microparticles. B) N 1S XPS spectra: a) PS seed particles and b) PS/
PTA Janus particles. SEM images of patched Janus particles:
C) 100 nm silica NPs, D) 300 nm silica NPs.
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hydrophilic silica NP–patched bulb was wetted by water, and
the hydrophobic PTA bulb was wetted by hexadecane
(Figure 5A, B). More interestingly, the degree of Janusity
determined the contact angle of amphiphilic particles at the
assembled interface (Figure 5 C). Because of this unique

wetting behavior, the Pickering emulsions made with our
amphiphilic Janus particles showed different structural
stability depending on the degree of Janusity (Figure 5D).
The particles having D/D0 near 0.5 showed remarkably
improved drop viability, which was comparable to the case
using low D/D0. In the Pickering emulsion system, the
adhesion energy (E) of a particle is directly proportional to
the area taken by the particle, as expressed by E = pa2g

(1� cosq)2, where a is the radius of a particle, g is the
interfacial tension, and q is the contact angle.[26] Regarding
our results, it is therefore reasonable to conclude that the
adhesion energy of the particles could be maximized as D/D0

gets closer to 0.5, which is essential for enhancing the
structural stability of Pickering emulsion drops.[27]

In conclusion, this study has introduced an effective
approach for synthesizing monodisperse PS/PTA Janus
microparticles with a controllable degree of Janusity and
surface amphiphilicity. The controlled phase separation of PS
and PTA was successfully confirmed through bright-field and
fluorescence microscope analyses. We have also found that
the relative dimension ratio of the compartmented bulb
against the whole particle, which corresponds to the degree of
Janusity, could be tunable in the range of 0.25–0.5, by simply
varying the monomer swelling ratio. Moreover, we showed
that silica NPs could be patched selectively on the PVP-

coated PS bulb surface, thereby imparting amphiphilicity to
the Janus particles. The Pickering emulsions stabilized by the
amphiphilic Janus particles showed excellent emulsion stabil-
ity because of the maximized adhesion energy. Taking
advantage of the insight gained from this work, our next
studies will focus on the synthesis of functional NP-patched
Janus particles. We expect that they would have potential
either for development of a catalytically activated Pickering
emulsion-based microreactor, or for fabrication of two-
dimensional particle-arrayed flexible biosensors and actua-
tors.

Acknowledgements

This research was supported by Basic Science Research
Program through the National Research Foundation of Korea
(NRF) funded by the Ministry of Science, ICT & Future
Planning (No. 2008-0061891) and also by a grant of the Korea
Healthcare Technology R&D Project, Ministry of Health &
Welfare, Republic of Korea (Grant no.: A103017). J. W. Kim
and J. Cho equally contributed to this work.

Keywords: amphiphilicity · anisotropic phase properties ·
Janus microparticles · oil–water interfaces

How to cite: Angew. Chem. Int. Ed. 2016, 55, 4509–4513
Angew. Chem. 2016, 128, 4585–4589

[1] A. Perro, S. Reculusa, S. Ravaine, E. Bourgeat-Lami, E. Duguet,
J. Mater. Chem. 2005, 15, 3745 – 3760.

[2] a) S. C. Glotzer, Science 2004, 306, 419 – 420; b) S. C. Glotzer,
M. J. Solomon, Nat. Mater. 2007, 6, 557 – 562; c) S. Sacanna, D. J.
Pine, Curr. Opin. Colloid Interface Sci. 2011, 16, 96 – 105.

[3] M. Himmelhaus, H. Takei, Sens. Actuators B 2000, 63, 24 – 30.
[4] a) B. Binks, P. Fletcher, Langmuir 2001, 17, 4708 – 4710; b) N.

Glaser, D. J. Adams, A. Bçker, G. Krausch, Langmuir 2006, 22,
5227 – 5229.

[5] a) A. K. Salem, P. C. Searson, K. W. Leong, Nat. Mater. 2003, 2,
668 – 671; b) E. Mathiowitz, J. S. Jacob, Y. S. Jong, G. P. Carino,
D. E. Chickering, P. Chaturvedi, C. A. Santos, K. Vijayaragha-
van, S. Montgomery, M. Bassett, Nature 1997, 386, 410 – 414.

[6] a) D. C. Sundberg, Y. G. Durant, Polym. React. Eng. 2003, 11,
379 – 432; b) K. Yoon, D. Lee, J. W. Kim, J. Kim, D. A. Weitz,
Chem. Commun. 2012, 48, 9056 – 9058; c) J.-W. Kim, K.-D. Suh,
J. Ind. Eng. Chem. 2008, 14, 1 – 9.

[7] a) Z. Nie, W. Li, M. Seo, S. Xu, E. Kumacheva, J. Am. Chem. Soc.
2006, 128, 9408 – 9412; b) R. K. Shah, J. W. Kim, D. A. Weitz,
Adv. Mater. 2009, 21, 1949 – 1953; c) K. P. Yuet, D. K. Hwang, R.
Haghgooie, P. S. Doyle, Langmuir 2009, 26, 4281 – 4287.

[8] Z. Bao, L. Chen, M. Weldon, E. Chandross, O. Cherniavskaya, Y.
Dai, J. B.-H. Tok, Chem. Mater. 2002, 14, 24 – 26.

[9] H. C. Shum, E. Santanach-Carreras, J.-W. Kim, A. Ehrlicher, J.
Bibette, D. A. Weitz, J. Am. Chem. Soc. 2011, 133, 4420 – 4426.

[10] S.-H. Kim, A. D. Hollingsworth, S. Sacanna, S.-J. Chang, G. Lee,
D. J. Pine, G.-R. Yi, J. Am. Chem. Soc. 2012, 134, 16115 – 16118.

[11] J. W. Kim, D. Lee, H. C. Shum, D. A. Weitz, Adv. Mater. 2008, 20,
3239 – 3243.

[12] a) J. He, M. J. Hourwitz, Y. Liu, M. T. Perez, Z. Nie, Chem.
Commun. 2011, 47, 12450 – 12452; b) L. Nie, S. Liu, W. Shen, D.
Chen, M. Jiang, Angew. Chem. Int. Ed. 2007, 46, 6321 – 6324;
Angew. Chem. 2007, 119, 6437 – 6440.

[13] V. N. Paunov, O. J. Cayre, Adv. Mater. 2004, 16, 788 – 791.

Figure 5. Bright-field microscope images of the Pickering emulsions
stabilized by silica-NP-patched Janus particles with the different
degrees of Janusity: A) D/D0 = 0.25 and B) D/D0 =0.5. The inset
images show adhesion of amphiphilic Janus particles at the hexade-
cane–water interface. C) Contact angles of silica NP-patched Janus
particles at the hexadecane–water interface. D) Viability of Pickering
emulsion drops at 50 88C: D/D0 =0.25 (&) and D/D0 =0.5 (*).

Angewandte
ChemieZuschriften

4588 www.angewandte.de Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2016, 128, 4585 –4589

http://dx.doi.org/10.1039/b505099e
http://dx.doi.org/10.1126/science.1099988
http://dx.doi.org/10.1038/nmat1949
http://dx.doi.org/10.1016/j.cocis.2011.01.003
http://dx.doi.org/10.1016/S0925-4005(99)00393-7
http://dx.doi.org/10.1021/la0103315
http://dx.doi.org/10.1021/la060693i
http://dx.doi.org/10.1021/la060693i
http://dx.doi.org/10.1038/nmat974
http://dx.doi.org/10.1038/nmat974
http://dx.doi.org/10.1038/386410a0
http://dx.doi.org/10.1081/PRE-120024420
http://dx.doi.org/10.1081/PRE-120024420
http://dx.doi.org/10.1039/c2cc33449f
http://dx.doi.org/10.1016/j.jiec.2007.06.001
http://dx.doi.org/10.1021/ja060882n
http://dx.doi.org/10.1021/ja060882n
http://dx.doi.org/10.1002/adma.200803115
http://dx.doi.org/10.1021/cm010739n
http://dx.doi.org/10.1021/ja108673h
http://dx.doi.org/10.1021/ja305865w
http://dx.doi.org/10.1002/adma.200800484
http://dx.doi.org/10.1002/adma.200800484
http://dx.doi.org/10.1039/c1cc15603a
http://dx.doi.org/10.1039/c1cc15603a
http://dx.doi.org/10.1002/anie.200700209
http://dx.doi.org/10.1002/ange.200700209
http://dx.doi.org/10.1002/adma.200306476
http://www.angewandte.de


[14] J.-W. Kim, R. J. Larsen, D. A. Weitz, J. Am. Chem. Soc. 2006,
128, 14374 – 14377.

[15] J. Faria, M. P. Ruiz, D. E. Resasco, Adv. Synth. Catal. 2010, 352,
2359 – 2364.

[16] B. J. Park, T. Brugarolas, D. Lee, Soft Matter 2011, 7, 6413 – 6417.
[17] a) J.-G. Park, J. D. Forster, E. R. Dufresne, J. Am. Chem. Soc.

2010, 132, 5960 – 5961; b) J.-G. Park, J. D. Forster, E. R.
Dufresne, Langmuir 2009, 25, 8903 – 8906.

[18] A. J. Paine, W. Luymes, J. McNulty, Macromolecules 1990, 23,
3104 – 3109.

[19] A. J. van Zyl, R. D. Sanderson, D. de Wet-Roos, B. Klumper-
man, Macromolecules 2003, 36, 8621 – 8629.

[20] S. Torza, S. Mason, J. Colloid Interface Sci. 1970, 33, 67 – 83.
[21] Y. Duda, F. V�zquez, Langmuir 2005, 21, 1096 – 1102.

[22] Y. Wang, B.-H. Guo, X. Wan, J. Xu, X. Wang, Y.-P. Zhang,
Polymer 2009, 50, 3361 – 3369.

[23] L. A. Girifalco, R. J. Good, J. Phys. Chem. 1957, 61, 904 – 909.
[24] S. Torza, S. G. Mason, Science 1969, 163, 813 – 814.
[25] S. Onishi, M. Tokuda, T. Suzuki, H. Minami, Langmuir 2015, 31,

674 – 678.
[26] D. Y. Ryu, K. Shin, E. Drockenmuller, C. J. Hawker, T. P.

Russell, Science 2005, 308, 236 – 239.
[27] a) R. Aveyard, Soft Matter 2012, 8, 5233 – 5240; b) F. Tu, B. J.

Park, D. Lee, Langmuir 2013, 29, 12679 – 12687.

Received: January 8, 2016
Revised: January 30, 2016
Published online: March 1, 2016

Angewandte
ChemieZuschriften

4589Angew. Chem. 2016, 128, 4585 –4589 Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://dx.doi.org/10.1021/ja065032m
http://dx.doi.org/10.1021/ja065032m
http://dx.doi.org/10.1002/adsc.201000479
http://dx.doi.org/10.1002/adsc.201000479
http://dx.doi.org/10.1039/c1sm05460k
http://dx.doi.org/10.1021/ja101760q
http://dx.doi.org/10.1021/ja101760q
http://dx.doi.org/10.1021/la901969d
http://dx.doi.org/10.1021/ma00214a012
http://dx.doi.org/10.1021/ma00214a012
http://dx.doi.org/10.1021/ma034596x
http://dx.doi.org/10.1016/0021-9797(70)90073-1
http://dx.doi.org/10.1021/la048065t
http://dx.doi.org/10.1016/j.polymer.2009.03.061
http://dx.doi.org/10.1021/j150553a013
http://dx.doi.org/10.1126/science.163.3869.813
http://dx.doi.org/10.1021/la504535k
http://dx.doi.org/10.1021/la504535k
http://dx.doi.org/10.1126/science.1106604
http://dx.doi.org/10.1039/c2sm07230k
http://dx.doi.org/10.1021/la402897d
http://www.angewandte.de

