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ABSTRACT: A facile one-step approach for the synthesis of physically and chemically
anisotropic polymer particles with tunable size, shape, composition, wettability, and
functionality is reported. Speciﬁcally, dynamically reconﬁgurable oil-in-water Janus emulsions
containing photocurable hydrocarbon or ﬂuorocarbon acrylate monomers as one of the droplet
phases are used as structural templates to polymerize them into precision Janus particles with
highly uniform anomalous morphologies including (hemi-) spheres, lenses, and bowls. During
polymerization, each interface is exposed to a diﬀerent chemical environment, yielding particles with an intrinsic Janus character that
can be ampliﬁed via side-selective postfunctionalization. The fabrication method allows to start with various common emulsiﬁcation
techniques, thus generating particles in the range of 200 nm −150 μm, also at a technical scale. The anisotropic shape combined with
the asymmetric wettability proﬁle of the produced particles promotes their directed self-assembly into colloidal clusters as well as
their directional alignment at ﬂuid interfaces. We foresee the application of such Janus particles in technical emulsions or oil
recovery, for the manufacturing of programmed self-assembled architectures, and for the engineering of microstructured interfaces.

1. INTRODUCTION
Polymer particles with two distinct faces of diﬀering
chemistries, so-called Janus particles, represent a unique
collection of functional colloidal materials featuring anisotropic
wettability, chemistry, and optical, electric, and magnetic
properties.1,2 Due to their amphiphilicity and thus directionality within a single hybrid particle, Janus particles have
attracted considerable attention in a diverse set of applications,
including as powerful solid surfactants to mediate stability in
multiphasic ﬂuid mixtures and inﬂuence the packing dynamics
at the interfaces,3−7 as motile particles with directional
propulsion proﬁles,8,9 colloidal building blocks for selfassembled structure formation,10−12 for imaging,13,14 or as
transducers in sensing applications.15−17 Because the properties and functions of Janus particles are closely related to their
geometry and composition, a variety of fabrication methods
have been developed to meet speciﬁc application-oriented
requirements.18 Most common techniques rely on either
breaking the symmetry of existing particles or identifying the
pathways to directly synthesize or self-assemble smaller
components into anisotropic structures.
Most nano- and microscale Janus particles are produced via
selective-growth techniques, where particles are restrained on a
two-dimensional interface and subsequent side-selective postmodiﬁcation generates asymmetric particles.19 While this
method is straightforward, and well-deﬁned Janus particles
can be generated, compositional ﬂexibility and upscaling of this
approach is limited to the milligram to gram scale.
Alternatively, particles have been produced via self-assembly
of speciﬁcally designed block copolymers. Cross-linking of selfassembled polymer bundles facilitates the generation of
nanoscale soft-matter Janus colloids in solution.20−22 However,
© 2020 American Chemical Society

methods of this nature have diﬃculty addressing larger
microscale particles and often involve tedious syntheses and
the diversity of accessible particle shapes is still rather limited.
Photoinduced radical polymerization within the conﬁned
space of emulsion droplets has evolved as a powerful
alternative for the production of anisotropic particles and
supraparticles with remarkable control of shape and functionality.23−27 Emulsion and dispersion polymerization are the
classical methods for the production of polymers and are
industrially applied on the largest scale by utilizing the
compartmentalization of emulsion droplets for control of
polymer molecular weight, viscosity, and heat ﬂux.28−31
Besides single-phase emulsion droplets, the use of complex
emulsion droplets such as multiple, multilayered, and Janus
emulsions gives rise to a large structural diversity, which can be
polymerized to produce anisotropic particles.32−35 As a result,
microﬂuidic techniques, in particular, have evolved as a
powerful tool for the generation of monodisperse micrometer-sized anisotropic particles, as these approaches allow for
the creative design of numerous geometrically complex and
intricate objects.36,37 As a drawback, microﬂuidic approaches
typically require multiple fabrication steps, are limited to the
higher micrometer size range, and depend on hard or soft
lithographic techniques for the fabrication of highly sophistiReceived: September 16, 2020
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Figure 1. One-step fabrication of chemically and physically anisotropic Janus particles. (a) Conceptual sketch of the fabrication procedure. (b)
Chemical structures of acrylate monomers and solvents used in this method. (c) Side-view micrographs of the three diﬀerent stages during the
fabrication procedure. Scale bar: 100 μm.

Figure 2. Production of anisotropic particles via phase-selective emulsion polymerization. (a) Dynamic conﬁgurability of Janus emulsion
morphology via surfactants and subsequent conversion into precision anisotropic particles. (b) Side-view optical micrographs of produced
anisotropic particles with insets showing side-view micrographs of Janus droplets before polymerization, and scanning electron micrograph of the
resulting particles. Scale bars: 50 μm.

Using an established thermal phase separation approach,38
Janus emulsions were readily obtained by emulsifying a 1:1
volume ratio of the two oils above their TC in an aqueous
solution containing a mixture of surfactants. Depending on the
surfactant composition in the continuous phase, the internal
morphologies of these complex emulsions could be dynamically altered between encapsulated (HDDA/FC/W and FC/
HDDA/W), and Janus emulsion geometries (Figure S1). This
is done by varying the interfacial tensions at the external
hydrocarbon and ﬂuorocarbon interfaces using diﬀerent ratios
of hydrocarbon and ﬂuorocarbon surfactants, namely, sodium
dodecyl sulfate (SDS) and Zonyl FS-300, respectively (Figure
2a).
Janus droplets in diﬀerent morphologies were then
polymerized into their corresponding anisotropic particle
replicas. To this end, we added a radical photoinitiator (2hydroxy-2-methylpropiophenone, Darocur 1173) and placed
the as-prepared Janus emulsions under a UV lamp. We
observed that the photoinitiated polymerization of the
monomer phase proceeded from the external interface of the
droplets inward, which can be attributed to the partial
solubility of the radical initiator within the continuous phase
(Figure S2). As a result, the shape and size of the monomer
droplet phase were essentially retained and locked upon
polymerization (Figure 2b). Utilizing the same thermal phase
separation approach, particles of diﬀerent compositions were

cated microﬂuidic channels, and upscaling is tied to the
number of microﬂuidic channels run in parallel. Consequently,
practical applications of Janus colloids are still hindered by
missing accessibility and structural ﬂexibility.
Herein, we describe a novel, one-step, bulk approach to
generate chemically and physically anisotropic particles based
on a selective polymerization of one phase inside oil-in-water
Janus emulsions. The internal morphology of complex
emulsions comprised of acrylate monomers as one of the
droplet phases can be controlled by balancing the individual
interfacial tensions using surfactants. Dynamic control of these
droplet templates allows the creation of intricate particle
shapes such as (hemi-) spheres, lenses, and bowls in high
uniformity across a sample, with size ranges and distributions
solely controlled by the emulsiﬁcation method (Figure 1).

2. RESULTS AND DISCUSSION
To synthesize a broad variety of Janus polymer particles via
phase-selective emulsion polymerization, we ﬁrst prepared
dynamically reconﬁgurable Janus emulsions with photocurable
acrylates as one of the constituent liquid phases. To this end,
we selected the hydrocarbon monomer 1,6-hexanediol
diacrylate (HDDA) and the ﬂuorocarbon oil methoxyperﬂuorobutane (FC) as our constituent droplet phases. Mixtures
of these two liquids become homogeneous with gentle heating
(TC ∼ 35 °C), but de-mix at room temperature (Figure 2a).
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obtained employing 1,4-butanediol diacrylate (BDDA) or
lauryl acrylate (LA) as alternative hydrocarbon monomers, or
perﬂuorodecyl acrylate (PFDA), with a hydrocarbon solvent to
yield the ﬂuorocarbon particle analogues (Table 1).

Table 2. 2D Static Contact Angle of Water on Various
Acrylate-Functionalized Polymer Thin Films
polymer
substrate
HDDA
HDDA
HDDA

Table 1. Solvent and Monomer Combinations Used for the
Production of Janus Particles in This Study
monomer phase

monomer density

oil phase

oil density

TC (°C)

HDDA
BDDA
LA
PFDA
PFDA

1.01
1.05
0.88
1.63
1.63

MeOC4F9
MeOC4F9
MeOC4F9
octane
decane

1.52
1.52
1.52
0.70
0.73

35
24
33
24
49

Article

HDDA
HDDA
PFDA
PFDA

surface functionality
none
PEG methacrylate (360)
PEG methyl ether
methacrylate (475)
PEG diacrylate (700)
2-carboxy-ethyl acrylate
none
2-carboxy-ethyl acrylate

2D static contact angle of
water (degree)
76 ± 1
49 ± 2
47 ± 1
46
45
120
77

±
±
±
±

1
2
3
4

the water contact angles between ∼40 and 120° (Table 2) for
diﬀerent monomer combinations, which illustrates the tunable
hydrophilicity of the external particle surface. To ascertain the
presence of the anticipated polarity contrast on the surfaces of
the particles, we next investigated their behavior at ﬂuid
interfaces. At high concentrations, all produced particles were
able to stabilize both oil-in-water and water-in-oil emulsions
depending on the applied volume ratios of the two phases.
At low particle concentrations (∼1 mg/L), we observed that
the Pickering emulsion stability was dependent on the
amphiphilicity of the Janus particles, with more amphiphilic
particles being superior over their counterparts, in which
amphiphilicity was not chemically enhanced. Notably, in
addition to the amphiphilicity of the particles, their shape
played a signiﬁcant role in promoting the stability of emulsion
droplets (Figure 4b). The latter can be attributed to the
diﬀering packing dynamics of these particles at ﬂuid
interfaces.39,40 ζ-Potential measurements (Figure 4c) on
diﬀerently shaped Janus particles revealed a large diﬀerence
of Δξ = 25 mV in the ζ-potential of cup- vs lens-shaped
amphiphilic particles in aqueous solution (Figure 4c), which
further supported the shape contribution to the amphiphilicity
of the particle system. An increase in carboxylate-functionalized surface area and thus a change in the Janus ratio, i.e.,
hydrophilic to the hydrophobic surface area of the particles,
resulted in an enhanced wettability contrast of the Janus
particles. The latter inﬂuenced the particles’ colloidal
aggregation behavior in aqueous solutions to which the
pronounced diﬀerence in measured ζ-potential values could
be attributed.
The directional organization hypothesis was supported by
the side-view micrographs of amphiphilic particles located at

In principle, this approach is applicable to any conventional
emulsiﬁcation technique that allows variation of the resulting
particle sizes and size distributions over a wide range. As such,
we obtained large quantities of microsized Janus particles (d ∼
100 μm) starting from macroemulsions prepared using largescale, batch techniques such as hand-shaking or vortex mixing.
Applying more precise microﬂuidic methods yielded microsized Janus particle samples with low size distributions (<5%).
In turn, when we applied high-energy emulsiﬁcation
techniques such as homogenization or ultrasonication (Table
S1), we obtained small Janus particles in size ranges of d = 15−
27 μm or d = 294−967 nm, respectively (Figure 3).
All polymer particles synthesized by this method display an
intrinsic Janus character as each interface is exposed to a
diﬀerent chemical environment during polymerization. To
amplify this Janus character, we added water-soluble carboxyor poly(ethylene glycol) (PEG)-functionalized acrylate monomers to the aqueous continuous phase (Table 2). On
polymerization, these monomers copolymerized onto the
external particle−water interface selectively, whereas the
internal interface was shielded by the ﬂuorocarbon oil phase.
Scanning electron microscopy (SEM) images of amphiphilic
particles produced using poly(ethylene glycol) diacrylate
displayed a strong contrast in surface roughness of the inner
and outer interfaces (Figure 4a). To estimate the wettability of
the individual Janus particle surfaces, we produced drop-cast
polymer thin ﬁlms as models that were exposed to the same
external phase compositions and monitored the two-dimensional (2D) static contact angle of water on those functionalized polymer substrates. On those substrates, we measured

Figure 3. Size of the produced anisotropic Janus particles is determined by the emulsiﬁcation technique. (a) Average particle sizes of the produced
Janus particles depending on the emulsiﬁcation method; gray areas represent the range of sizes produced in diﬀerent methods; and error bars
represent the polydispersities of the respective samples. (b) SEM of nanoscale hemispherical Janus particles produced via miniemulsion
polymerization; scale bar: 500 nm.
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Figure 4. Tunable amphiphilicity of the produced Janus particles. (a) SEM of an amphiphilic hemispherical Janus particle (scale bar: 100 μm)
showing diﬀerent surface roughness for poly(ethylene glycol) diacrylate and nonfunctionalized interfaces of the particle (scale bar magniﬁed SEM:
4 μm); (b) average droplet diameter of Pickering emulsions produced with amphiphilic (0.77 mg/mL) and nonamphiphillic (1.5 mg/mL) cup and
hemispherical and lens-shaped HDDA particles; the emulsion sizes are plotted as a function of the particles’ Janus ratio, which is the ratio of
hydrophilic to hydrophobic particle surface area (see Supporting Information for details); (c) ζ-potential of diﬀerently shaped amphiphilic Janus
particles (d = 1.01 ± 0.23 μm); (d) anisotropic wettability proﬁle causes an directional alignment of the as-produced Janus particles at oil−water
interfaces; here, inverted optical micrograph of an amphiphilic HDDA hemisphere at a water−perﬂuorohexane interface, scale bar: 100 μm; (e)
polymerized PFDA droplet stabilized by hemispherical amphiphilic particles, scale bar: 100 μm; (f) Marangoni drag of particles with diﬀerent
shapes and amphiphlicities; scale bar: 1 cm.

Figure 5. Side-selective postfunctionalization of amphiphilic Janus particles. (a) Reaction scheme and chemical structure of ﬂuoresceinamine. (b)
Confocal micrographs of ﬂuoresceinamine-functionalized hemispherical Janus particles stabilized in 1 wt % poly(ethylene oxide), displaying the
ﬂuorescent marker to be only located at the external interfaces of the particles, scale bar: 100 μm.

alignment at the droplet interfaces was maintained also
throughout a solidiﬁcation process when we UV-polymerized
particle-stabilized droplets composed of a ﬂuorinated acrylate

an oil−water interface, as displayed in Figure 4d, where the
diﬀering wettability of the particles led to a directional
interfacial organization at the ﬂuid interface. The preferential
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Figure 6. Colloidal self-assembly of Janus particles directed through shape and amphiphilicity. (a) Side-view micrograph of shape-directed assembly
of the cup-shaped HDDA particles in toluene; scale bar: 50 μm. (b) Scanning electron micrograph of forced-immersion-assisted self-assembled
particle dimers comprised of amphiphilic hemispherical PFDA Janus particles with water removed after deposition onto the SEM substrate; scale
bar: 100 μm.

marginal residues of oil suﬃced to cause spontaneous selfassembly of amphiphilic Janus particles. Via targeted
combination of diﬀerent particles with variable shapes, this
spontaneous colloidal self-assembly could be directed toward
the predominant formation of dimeric, trimeric, or tetrameric
particle assemblies, which could be readily observed in optical
microscopy (Figures S8−S10). For instance, an immersion of
hemispherical amphiphilic Janus particles resulted in a close to
stochiometric formation of self-assembled dimers with the ﬂat
lipophilic interfaces of the particles facing each other (Figure
6b).

oil. SEM images of the surfaces of such polymer beads (Figure
4e) revealed a largely uniform alignment of hemispherical
amphiphilic particles, which served as a tool to structure the
polymer particle surfaces. Moreover, the strong shape- and
functionality-dependent interfacial activity of the various
amphiphilic Janus particles could be demonstrated by
comparing the Marangoni drag of particles up the wall of a
glass vial when located at an oil−water ﬂuid interface (Figure
4f). Whereas all particles adsorb to the interface of a bulk
water−toluene mixture, the pronounced interfacial activity of
particles with an increased wettability proﬁle could be visually
reﬂected in their increased driving force to expand the available
surface area, which led to the particles “climbing up” the wall of
the glass vials, creating an expanded area of amphiphilic Janus
particles adsorbed at a thin layer of water on the hydrophilic
glass in contact with the oil. In line with the ζ-potential and
contact angle measurements, these observations demonstrate
the pronounced interfacial activity of the cup-shaped Janus
particles with a high hydrophilic-to-hydrophobic surface ratio.
To further prove the nonuniform distribution of the
chemical surface functionalities, we next exposed amphiphilic
particles to a side-selective chemical postconjugation reaction
scheme. Here, we opted for a bulk postfunctionalization
reaction of carboxylic acid-presenting amphiphilic particles
with a ﬂuoresceinamine dye in an 1-ethyl-3-(3dimethylaminopropyl)carbodiimide (EDC) coupling reaction
(Figure 5). Confocal micrographs of the functionalized
particles revealed the anisotropic distribution of the ﬂuorescent
marker, selectively present at only the hydrophilic portions of
the particle surface.
Both, the particle shape and surface functionality can impart
colloidal interaction behavior.41,42 As such, we observed
colloidal aggregation of Janus particles in both hydrophobic
and hydrophilic environments. In hydrophobic solutions, the
shape of the particles largely determined their organization.
For instance, we observed that particles in the cup-shaped
geometries packed into columnar stacks when dropped into
toluene (Figure 6a). In turn, when Janus particles were
mechanically forced into water, the colloidal aggregation
behavior was dominated by hydrophobic interaction driven
by self-assembly forces. As a result, in aqueous environments,

3. CONCLUSIONS
In summary, a straightforward one-step approach for the
fabrication of chemically and physically anisotropic polymer
particles is developed, wherein Janus emulsions act as particle
molds allowing a ﬁne-tuning of the shape, size, composition,
and wettability proﬁle of the ﬁnal particles. The presented
protocol of a phase-selective provision of functional monomers
is general and broadly applicable, allowing the creation of a
wide range of morphologically uniform nonspherical particles
with a ﬁne-tuned wettability proﬁle. The fabrication procedure
allows for various emulsiﬁcation techniques and thus tailoring
of particle sizes also at larger scale. All particles produced in
this approach display an intrinsic Janus character, which
enables side-selective postfunctionalization schemes, their
directed assembly at ﬂuid interfaces, and directional selfassembly into colloidal clusters. This broadened access to a
wide range of amphiphilic Janus particles will help to rapidly
prototype and deploy these colloidal materials in a variety of
new and existing applications, for instance as potent Pickering
emulsiﬁers, e.g., in oil recovery, for the engineering of
structured surfaces and for directed self-organization of
colloidal particles into functional meso- and macroscale
assemblies.
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