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Because the Roman god Janus was usually represented with two heads placed back to back, the
term Janus is used for the description of particles whose surfaces of both hemispheres are different
from a chemical point of view. So, they could be used as building blocks for supraparticular
assemblies, as dual-functionalized devices, as particular surfactants if one hemisphere is
hydrophilic and the other hydrophobic, etc. If they could allow the segregation of negative
charges on one hemisphere and positive charges on the other one, they would display a giant
dipole moment allowing their remote positioning by rotation in an electric field as a function of
field polarity. This review deals with the great and imaginative efforts which were devoted to the
synthesis of Janus particles in the last fifteen years. A special emphasis is made on scalable
techniques and on those which apply to the preparation of Janus particles in the nanometer range.
Specific properties and applications of Janus particles are discussed.

1 Introduction

Even though nanometric particles have been used in art since
ancient times (e.g., gold colloids dispersed in decorative
glasses), considerable efforts have been devoted during recent
years in the design, synthesis and understanding of their
properties.! Various examples show that, on the nanometer
scale, particles display original behaviours which are not
observed in bulk materials and can be tuned by adjusting the
particle size. Because of the minimization of interfacial tension
energy, nanoparticles are typically prepared in spherical shape
and their surface chemical groups are isotropically arranged.
Theoretical works have shown that anisotropic particles
could be very useful for controlling molecular recognition
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and self-assembling processes, which are one of the more
intriguing and challenging aspects in current materials
science.> The synthesis of non-spherical nanoparticles is now
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Fig. 1 Schematic representation of Janus-like morphologies com-
pared to the dual-faced Janus god (Note: spheres symbolise particles;
diamonds and triangles symbolise chemical functions).

a route which is extensively investigated.> A complementary
approach is the preparation of particles with diversely
functionalised hemispheres. They could recognise themselves
and select left from right, or top from bottom to yield supra-
molecular (or supraparticular) objects in a pre-programmed
fashion, like proteins. In this way, a new chemistry based on
nanoparticles instead of atoms could be imagined.* Such a
behaviour, combined to the specific physical properties of
nanoparticles (e.g., optical, magnetic, efc.), affords unique
opportunities to create revolutionary material combinations.”

In 1991, on the occasion of his Nobel lecture, De Gennes
was one of the first scientists to use the term Janus for the
description of particles whose surfaces of both hemispheres are
different from a chemical point of view (Fig. 1).° In the Roman
religion, Janus was the god known as the custodian of the
Universe. He was usually represented with two heads placed
back to back so that he might look in two directions at the
same time. By considering Janus grains (e.g., glass beads)
displaying simultaneously polar and apolar faces, De Gennes
described their spontaneous monolayer arrangement for
instance at air/water interface.*’ In comparison with similar
films made of conventional molecular surfactants, he predicted
promising properties due in particular to the presence of
interstices between the grains and therefore to the possibility of

Janus Dumbbell-like
particle particle

Bicompartmental
particle

Snowman-like
particle

Acorn-like
particle

Half raspberry-
like particle

Fig. 2 Schematic representation of Janus and comparable particles
(Note: spheres and diamonds symbolise particles and chemical
functions, respectively).

chemical exchanges between water and air. He illustrated this
property with the sentence: “The skin can breathe”.

During the last fifteen years, the “Janus” term has been also
used for describing asymmetric dendritic macromolecules® or
unimolecular micelles based on block copolymers in solution
(Fig. 1).° Nevertheless, the present review will focus on hard
and permanent Janus structures, i.e., particles according to the
original definition of De Gennes, and their asymmetry will be
essentially considered from the viewpoint of their surface
chemical groups. That is why, biphasic particles such as
bicompartmental, dumbbell-like (hetero-doublets or asym-
metric dimers), snowman-like, acorn-like and half-raspberry-
like particles will be also considered (Fig. 2). Indeed, they
belong to the larger family of ‘“‘dis-symmetrical particles”,
where the asymmetry is also related to their shape and/or the
chemical composition of their bulk."
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Beyond their use as elementary building blocks for
supraparticular assemblies as already mentioned, Janus
particles should be very promising with respect to numerous
applications.

By combining a hydrophilic hemisphere with a hydrophobic
one, amphiphilic Janus particles could be useful for the
stabilization of water-in-oil or oil-in-water emulsions."' About
a century ago, Pickering discovered that fine solid particles
could be used as stabilizers in emulsion technology.'* Recently,
it was shown that particles of intermediate hydrophobicity are
most effective in stabilizing oil or water drops of submicron
diameter for periods exceeding several years.!’ Theoretical
considerations predicted that desorption energies of homo-
geneous particles may be increased 3-fold by maximizing the
amphiphilicity of Janus particles, which could prove to be
efficient emulsion stabilizers.'* Therefore, in water-based
paints for instance, Janus particles could play the role of
surfactants during storage and application prior to become a
conventional coating pigment. Specific arrangements of the
amphiphilic pigments in the coating thickness would be
expected allowing leafing or not-leafing effects.

If Janus particles were made of surface chemical groups
allowing the segregation of negative charges on one hemi-
sphere and positive charges on the other one, they would
display a giant dipole moment allowing their remotely
positioning by rotation in an electric field as a function of
field polarity.'® If these dipolar particles were also bichromal,
for instance, they could be used for electronic displays, such as
the electronic reusable paper.'®

As a last example of this non-exhaustive list of expected
properties and applications, Janus particles displaying hemi-
spheres coated with different chemical groups could be
toposelectively functionalised by using the right antagonist
reagents. So, they could be derivatised into original bifunc-
tional carriers useful for catalysis, sensing, drug delivery, ezc.

One of the main intentions of this contribution is to impart
information about the great and imaginative efforts which
were devoted to the synthesis of Janus particles in the last
fifteen years. A special emphasis will be made on scalable
techniques and on those which apply to the preparation of
Janus particles in the nanometer range. Specific properties
and applications of Janus particles will be discussed as fast as
their synthesis will be described.

In the most general case, Janus and comparable particles are
prepared from symmetric ones.'® Several dis-symmetrisation
procedures, ie., chemical or physico-chemical processes
altering the symmetry elements of the precursor particles,
have been investigated. They can be classified in four general
routes: techniques based on (i) toposelective surface modifica-
tion, (ii) template-directed self assembly, (iii) controlled phase
separation phenomena and (iv) controlled surface nucleation.
The first route reported in the next section is the exception
which proves the rule, because as far as we know it is the single
route allowing to prepare Janus particles in a one-step process.

2 The dual-supplied spinning disk technique

This original technique allows the one-step synthesis of
bicompartmental polymer particles.'® Molten white and black
wax-like polymers are introduced on opposing sides of a disk,
which is spinning at around 2700 rpm, where they flow to the
edge and form small jets which are black on one side and white
on the other one (Fig. 3a). Due to the Rayleigh instability, they
break up into 100-um bichromal balls which quickly solidify as
they fly through the air (Fig. 3b). The higher the spin, the
higher the percentage of small beads. Depending on the nature
of polymers, the two-tone balls display also a slightly stronger
positive and permanent electric charge on one hemisphere than
on the other one. Red/white, green/white, black/yellow and
red/yellow balls can be also prepared by changing the nature of
the colouring pigments in the wax-like polymers.

These bichromal beads are used in the Gyricon display
medium (from the Greek root gyro, to rotate, and icon, image)
that combines the advantages of paper with electronic
addressability.!” Ten of thousands of microballs are blended
with uncured elastomer, which is converted to a sheet 250 to
500 pm thick prior to curing. The sheet is then soaked in a low
viscosity silicon oil to make it swell and form cells of oil
around each ball, which is now free to rotate when exposed to
an electrical field. The sheet is sandwiched between sheets of
plastic which carry a grid of addressing electrodes similar to
those used in conventional liquid crystal displays (Fig. 3c).
This arrangement provides the switching circuit to control the
ball rotation. Applying one polarity of field (+50 V) gets a
white hemisphere display; the opposing polarity displays black
hemispheres. If a precise enough charge is transmitted, one to

Fig. 3 The Gyricon rotating ball display: (a) the dual-supplied spinning disk apparatus for the fabrication of bichromal balls, (b) 100-um black/
white balls as organised on the corners of squares imaged with the Gyricon display, (c) schematic cross section of the Gyricon display medium.

Reprinted and redrawn from www.gyricon.com.
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each encapsulated sphere for an independent response, the
spheres are impacted against the wall of their cell, where they
stay until dislodged by another electrical field. Forty-cm
square displays were built at a resolution of 220 dots per inch.
Next challenges concern a higher resolution, a truer white
image and therefore smaller and more tightly packed balls.

3 Processes based on toposelective surface
modification

The toposelective surface modification of precursor symmetric
particles is the most intuitive route to elaborate site-specific
functionalised Janus particles. The main challenge is to modify
one hemisphere without altering the surface of the other one.
The reported strategies are: (i) the temporary masking of one
hemisphere during the surface modification of the other
one, (ii) the use of reactive directional fluxes or fields
supposing that the particle screens the face which shall not
be modified, (iii) the microcontact printing, (iv) the partial
contact with a reactive medium thanks to the arrangement of
the particle along an interface on the assumption that the
particle is unable to rotate during the procedure (Fig. 4).

(a) Surface modification of partially-masked particles

This is the oldest way to obtain Janus particles. The very first
example was mentioned by De Gennes in 1991 and, in fact, it
had been reported by his colleagues in 1988. They described
the elaboration process of amphiphilic glass microspheres
(40-50 pm in diameter) and the study of their behaviour at
water/oil interfaces.>”!8! The commercial precursor beads
were deposited on a solid substrate covered with a cellulose
varnish film of controllable thickness partially protecting the
particles. The unprotected hemispheres were treated with
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Fig. 4 Schematic representation of the four strategies allowing to
toposelectively modify the surface of particles: (a) masking/unmasking
techniques, (b) techniques using reactive directional fluxes or fields, (c)
microcontact printing techniques and (d) techniques based on
interfaces and partial contact with a reactive medium.

b)

Fig. 5 Optical microscopy images displaying discriminatory water
condensation on an amphiphilic Janus glass bead. (a) Hydrophilic face,
(b) hydrophobic face, (c) mixed face. Reprinted with permission
from ref. 18.

octadecyltrichlorosilane to make them hydrophobic, whereas
the protected ones remain hydrophilic. After dissolution of the
varnish, the glass beads were released, washed and dried. Their
amphiphilic character was checked by optical microscopy
experiments which showed a discriminatory behaviour of
water vapour with the formation of small droplets onto the
hydrophobic hemispheres (droplets diameter of about 10 pm;
contact angle around 90°) and a continuous film onto the
hydrophilic one (Fig. 5).

The behaviour of these amphiphilic Janus particles at the
interface between water and different oils was studied and
compared to that of totally hydrophilic or hydrophobic
beads.®!® It was observed under an optical microscope that
all the beads were arranged along the interface, but the
hydrophilic particles were preferentially immersed in the water
phase, the hydrophobic ones in the oil phase and the
amphiphilic Janus ones were symmetrically positioned at
the interface. Such behaviour was explained on the basis of
the different forces which act on the particles and considering
that the total energy of the system is the sum of two
contributions: one corresponds to the interfacial energy
between the solid and the liquids and the other to the energy
of the liquid/liquid interface. Later, theoretical studies were
dedicated to such behaviour and predicted the effects of the
hydrophilic and hydrophobic area ratio'* and particle shape.*

Although interesting for large particles, the protecting-
varnish technique is, however, unsuitable for nanoparticles,
because control of the varnish layer thickness below 1 um
would be rather difficult. The selective patterning of 1-pm
silica spheres using a photoresist layer was developed by the
Bell Laboratories.>! A polished silicon wafer was covered
by spin-coating with a monolayer of non-contacting silica
beads from a colloidal solution and heat treatment at 250 °C to
ensure a good adhesion between the particles and the
substrate. The photoresist was then spin-cast and subsequently
treated by a reactive ion etching plasma in order to reduce its
thickness at a value lower than the silica bead diameter,
therefore releasing a controlled area of the silica surface. Then,
thin non-continuous layers of metal (Ti, Au, Ag or Cu) or
metal oxide (Al,O3 or TiO,) were deposited using e-beam
sputtering, prior to remove the photoresist layer by soaking in
a solvent. So, silica beads with metal or metal oxide caps may
be prepared through this process, which is claimed to be useful
for patterning spheres down to 100 nm in diameter. The
authors also demonstrated that gold caps may be selectively
derivatised with alkanethiols.

The last example of surface modification of partially-
masked particles was recently reported as a gel trapping
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Fig. 6 (a) Schematic diagram of the gel trapping technique, (b) SEM
image of 3.9 um PS latex particles as arranged on the cured elastomer
surface, (c) SEM image of Janus particles fabricated by gold sputtering
on a monolayer of 2.7 um sulfate PS latex particles partially
embedded on the elastomer surface. Reprinted in part with permission
from ref. 23.

technique.?>** The first step is based on the injection of a
colloidal dispersion of polystyrene (PS) particles at the
interface between a hot hydrocolloid aqueous solution (gellan
2 wt%) and a pre-warmed decane phase (Fig. 6a). After gelling
the water subphase at room temperature, the decane phase was
replaced by polydimethylsiloxane (PDMS) oil which is cured
for 48 h. Then the solid elastomer was peeled off the gel and
the particle monolayer trapped on the gel surface is therefore
replicated and transferred onto the elastomer surface. By a
simple scanning electron microscopy (SEM) observation,
this method allowed the measurement of the three-phase
contact angle of the particles adsorbed at the oil/water
interface (Fig. 6b). In a further step, gold was evaporated
onto the elastomer surface and the gold-capped PS particles
were mechanically recovered from the substrate (Fig. 6c).
According to the authors, the gel trapping technique is
efficient for the dis-symmetrisation of particles down to
100 nm in diameter.

(b) Surface modification of particles in directional fluxes and
fields

In this part, the surface modification of one hemisphere of the
particles is performed in reactive directional fluxes. The second
hemisphere is supposed to be spared the reaction because it is
sheltered by the particle itself. This route allows avoiding the
tedious masking and unmasking steps.

An easy method was reported to prepare Janus particles
by evaporating gold on particles (diameter of 20-50 pm).'> By
so-treating one single hemisphere of fluorescent latex micro-
spheres which were negatively charged, the authors were able
to functionalize this gold cap with either 2-aminoethanethiol
or thioglycolate to bring positive charges on this hemisphere
and create a giant dipole moment. As shown on Fig. 7a, the
deposited gold layer is sufficient to quench fluorescence and
discriminate both hemispheres under a fluorescence micro-
scope. Moreover, the electric dipole moment of these Janus
particles appeared to be pH-dependent. When subjected to an
alternating electric field in various buffer solutions, their
electrophoretic rotation as a function of the direction of
the electric field was monitored by fluorescence microscopy
(Fig. 7). Such fluorescent colloidal particles show intensity
fluctuation (blinking) because of their rotational Brownian
motion.”* Interactions between molecules immobilised on
the surfaces of the particle and the solid substrate restrict
the rotation of the particle, thus modulating the intensity

Fig. 7 Electrophoretic rotation of 20 pm fluorescent latex particles
partially recovered of gold and modified with 2-aminoethanethiol.
Fluorescence was quenched by evaporated gold, allowing for ready
observation of rotation. The polarity of the electric field was reversed
between the two shots. Reprinted with permission from ref. 15.
Copyright 1997 American Chemical Society.

fluctuations. Because the time-dependent rotational angle can
be obtain from the fluorescent intensity, the intensity signals
can be used to investigate the weak interactions between
unlabelled molecules by analysing the angular distribution of
the particle. This study was the first demonstration of an
optical measurement of the particle rotations.

The usefulness of golden Janus nanoparticles monolayers
was investigated for an optical sensor device.”> They showed
with PS latex particles of 110 nm that the resulting sample
exhibited a large extinction coefficient of optical density of
2.4 with a bandwidth of 100 nm in the visible region. The
extinction peak position was found to depend linearly on the
refractive index of the environment. They demonstrated that
formation of a thiol monolayer can be detected in situ and that
biological binding as modelled by the biotin—avidin pair can be
detected without labelling. The sub-monolayer sensitivity of
this device promises development of optical biosensors which
could be readily incorporated into microfluidic devices or
single-use disposable Kkits.

This technique of metal evaporation may obviously be
applied to particles of different nature in a wide range of size.
Nevertheless, a more recent study demonstrated that for
diameters less than 100 nm, a thorough control of the metallic
film thickness is necessary for avoiding dis-symmetrised
particles that were stuck together.®® When the precursor
particles are silica beads, and providing that a preliminary
Ti-W adhesion layer was deposited before the gold one, an
annealing step in air at 700 °C for 3 h allows the gold cap to
dewet and form a gold microcrystal on top of each individual
silica bead (Fig. 8a).?” So, half raspberry-like or halfmoon-like
particles may be easily converted to snowman-like particles.
For specific purposes, silica particle may be dissolved in an
aqueous HF solution for the production of gold half-
shells with diameters ranging from 100 to 500 nm and shell
thickness of 8-15 nm (Fig. 8b).?® By varying the nature of
the evaporated metal, platinum or palladium half-shells were
also fabricated.

As a last application example of gold-silica Janus particles,
their possible use as dual-functionalised building blocks in a
preliminary step towards selective DNA-directed assembly

This journal is © The Royal Society of Chemistry 2005
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Fig. 8 (a) Snowman-like silica—gold particles as formed by dewetting
half-shells of gold deposited on one hemisphere of silica precursor
particles. Reprinted with permission from ref. 27. (b) Gold half-shells
obtained from acorn-like silica—gold particles after dissolution of the
silica template. Reprinted in part with permission from ref. 28.
Copyright 2003 American Chemical Society.

was recently reported.”> The authors took advantage of the
biphasic nature of the particles for performing two non-
interfering chemical procedures: silane chemistry was chosen
for the silica side and thiol chemistry for the gold side. So, they
immobilised different oligonucleotide sequences on each of the
two hemispheres (Fig. 9a). These dual-functionalised micro-
spheres were used in the selective orthogonal assembly of
fluorophore-tagged target oligonucleotides. The chemistry
efficiency and selectivity were checked by confocal microscopy
(Fig. 9b). Further experiments are currently in progress for
assembling these building blocks into highly complex hier-
archical structures.

On the occasion of the preparation of electrodeposited
catalysts, a method for toposelectively depositing catalytically
active metals (Au, Pd) onto electrically conducting particles
(graphite) using electric fields was developed.’® An acetone
suspension of graphite particles (diameter of 1-2 um) was
nebulized onto a thick cellulose paper. The papers were then
stacked together and sandwiched between two flat graphite
electrodes. After immersion in a toluene—acetonitrile solution
of PdCl,, the application of an electric field polarized the
electrically isolated graphite particles and resulted in separate
anodic and cathodic regions on the same particle. Then the
reduction process involves the electrodeposition of the metallic
Pd. The transmission electron micrograph shows a graphite
particle to which Pd and Au were applied sequentially to
opposite ends by reversing the direction of the electric field.
Such a particle may be assimilated to a Janus-like object,
with the additional characteristics that both faces are not
only chemically different but also different from those of the
pristine particle.

Lastly, recent results demonstrated the possibility to
“smartly” make the surface of silica microparticles dis-
symmetrical by a laser photochemical deposition process.®! It
consists of an extension of the lithographic techniques
developed so far on spherical and confined surfaces onto
planar and cylindrical substrates. Micron-sized silica beads
(10 pm in diameter) were first immobilized in an acidic
hydroalcoholic solution of Cr(+VI) ions in a glass cell of
30 pm-thickness in the direction of the laser beam. The
photoreduction reaction of Cr(+VI) to Cr(+III) is driven in
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Fig. 9 (a) Schematic representation of the overall process of
preparing the dual-functionalised particles and demonstrating the
orthogonal assembly of fluorophore-tagged complementary oligo-
nucleotides. (b) Confocal microscopy images of the cross-section of
one dual-functionalised particle after hybridisation with target
oligonucleotides tagged with tetramethylrhodamine for the silica
hemisphere and Cy5 for the gold hemisphere. The left image corres-
ponds to tetramethylrhodamine signals obtained with a 543 nm laser
excitation and the right image corresponds to Cy5 signals at 633 nm.
Reprinted with permission from ref. 29.

the blue—green wavelength (514 nm) by an Ar™ laser, of which
the incident beam power may be adjusted. Through the use
of an optical microscope, the beam has to be previously
focused on the top hemisphere of a bead. Fig. 10 shows
the growth of the Cr(OH); cap onto the silica surface.
Nevertheless, this technique, which allows also a micro-
patterning via a computer-monitoring of the cell holder, is
limited to microparticles because of the optical resolution.

(c) Surface modification of particles through microcontact
printing

The third way to toposelectively modify one hemisphere of
particles is derived from the microcontact printing technique,
which is an easy and efficient way to produce patterns of self-
assembled monolayers even of sub-micrometer lateral dimen-
sions. It is assumed that only the surface of the contact area of
the particles with the elastomer stamp is modified.

First experiments were dedicated to the preparation of
dipolar Janus particles through the microcontact printing of
water-insoluble cationic surfactants (e.g., octadecyltrimethyl-
ammonium) onto monolayers of negatively-charged sulfate PS
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Fig. 10 Schematic representation of the experimental setup imple-
mented for the preparation of laser-induced Janus particles by
photochemical deposition of chromium hydroxide onto 10-um silica
beads centered in the beam. Reprinted with permission from ref. 31.
Copyright 2003 American Chemical Society.

latex particles.*® The first step is the preparation of the particle
monolayer by evaporation of a latex suspension spread on a
glass substrate (Fig. 11a). A surfactant film is deposited on
hydrophilised elastomer stamp. Then the particle monolayer is
stamped with the surfactant film and the so-polarised particles
are redispersed in water. At high salt concentrations, the
repulsion due to the net surface charge is suppressed and
orientation effects due to dipole-dipole interactions take
place and lead to the formation of primarily linear aggregates.
When the surfactant is replaced by a fluorescent lipid, e.g.,
rhodamine-tagged lissamine, the dis-symmetry of the particles
may be directly observed under a fluorescence microscope
(Fig. 11b). For a better control of the area fraction in contact
with the flexible elastomer stamp, the particle monolayer may
be partially embedded into a protective film of glucose. The
same authors prepared half raspberry-like particles through
a similar process by arranging small sulfate latex particles
onto the stamp and larger aminoalkyl latex particles onto the
glass substrate.*

A last example was recently reported for the synthesis of
snowman-like particle arrays for anti-reflecting surfaces.* It is
now admitted that fabrication of surface relief structures is
one of the most promising way for achieving low surface
reflectivity. In particular, the array of conical protuberances
with sinusoidal profiles cause efficient variations in the
refractive index between the air and substrate to be gradual.*
These structures are commonly referred to as “motheye”
structures, because they mimic the geometry of the corneal
lenses of night-flying moths. The microcontact printing
route was used for depositing a cationic polyelectrolyte of
poly(allylamine hydrochloride) onto an array of negatively-
charged 100-nm PS latex particles arranged onto a glass
substrate. Then, similar but smaller (50 nm) latex particles
were let to adsorb onto the array. For electrostatic reasons,

Fig. 11 (a) Schematic representation of the overall process of making
dipolar Janus particles by microcontact printing of a surfactant
film onto a monolayer of oppositely charged latex particles. (b)
Fluorescence microscopy image of 9.6-um PS latex particles stamped
with fluorescent rhodamine-tagged lissamine. Reprinted with permis-
sion from ref. 32.

they arranged essentially onto the top cap of the larger
particles in a snowman-like morphology (Fig. 12a). The
substrates remained optically transparent and the transmit-
tance was measured at normal incidence over the visible
spectral range. Transmission spectra showed that these
particle-on-particle patterns clearly increased light transmit-
tance compared to uncoated glass and particle monolayers
(Fig. 12b). They caused a red shift of about 50 nm in the
maximum transmission wavelength and showed an enhanced
transmittance (up to 97.8%) at this wavelength. Further
efforts will concern the control over the placement and
periodicity of the particles, in order to match the simulated
spectra (inset of Fig. 12b).

(d) Surface modification of particles through partial contact with
reactive media

This last route consists of arranging precursor particles along
the interface between two media. Reacting molecules or
particles are dissolved in the first medium, whereas the second
is inert. Using air/liquid and liquid/solid interfaces, polymer
particles were converted into half raspberry-like particles.*®
Schematic illustrations of the different processes used are
provided on Fig. 13a. Polymer particles of controlled negative
surface charge with a diameter of 1.5 pm have been first
synthesized. Then, these particles were spread at an air/water
interface in order to form a monolayer. While adjusting the pH
of the subphase, the authors were able (i) to specifically
hydrolyze the surface region dipping in the water phase and
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Fig. 12 (a) Field-emission scanning electron microscope images of a
snowman-like particle array (inset: cross-sectional view; scale bar
100 nm). (b) Transmission spectra at normal incidence of uncoated
glass (1), 100-nm particle monolayer (2) and snowman-like particle
monolayer (3) (inset: simulated results; x-axis covers same wavelengths
range as main figure). Reprinted with permission from ref. 34.

subsequently immobilize human immunoglobulin G onto this
hemisphere or (ii) to adsorb smaller latex particles (200 nm) of
opposite charge initially dispersed in the water leading to
dipolar particles. For the same last purpose, they also used a
glass substrate as liquid/solid interface, onto which they
transferred the previous monolayer of pristine particles prior
to immersion in the dispersion of positively-charged latex
particles. Due to steric hindrance limitations, they more
successfully obtained half raspberry-like morphologies
(Fig. 13b). Further experiments with similar goals were carried
out by the same team using the Langmuir—Blodgett techni-
que.’” After spreading and compression at the air/water
interface, a fluorine-containing (and consequently hydro-
phobic) terpolymer monolayer was transferred onto polymer
particles (around 200 nm in diameter) previously deposited
onto a glass substrate. Initially, the particles were hydrophilic
due to the presence of amine groups at their surface and
became amphiphilic after the transfer. To give evidence of the
fact, contact angle measurement were carried out as well as
X-ray photoelectron spectroscopy (XPS) analyses showing

Fig. 13 (a) Schematic procedure of Janus particles preparation from
precursor particles arranged along a liquid/solid interface (left route)
or an air-liquid interface (right route). (b) Scanning electron micro-
scopy image of half raspberry-like particles made of 2-pm reactive
acrylic beads and 200-nm latex particles. Reprinted in part with
permission from ref. 36. Copyright 1999 American Chemical Society.

that fluorine atoms were only present onto one hemisphere, the
one being covered with the terpolymer.

A quite similar route was investigated for silica particles
whose diameter was less than 100 nm.?**® Taking advantage of
both Langmuir techniques and chemical affinity between
gold colloids and amine functions, silica nanoparticles were
dis-symmetrically decorated by gold clusters (diameter close to
8-10 nm). Bare silica particles were surface-modified with
amine functions through the grafting of aminopropyl-
trimethoxysilane. These functionalized particles were then
spread and packed tightly together at the surface of a
Langmuir trough filled with a dilute solution of gold clusters.
Transmission electron microscopy (TEM) observations clearly
show that adsorption of metallic colloids only occurred onto
the immersed surface of the precursor silica particle. Another
route was investigated by transferring the monolayer of
amino-functionalized silica nanoparticles onto solid substrates
by the Langmuir-Blodgett technique and then immersing them
in a solution of gold clusters. Attempts of statistical calcula-
tions from TEM micrographs, similar to those illustrated in
Fig. 14, showed that whatever the technique employed, about
40% of the final silica particles were obviously dis-symmetrical,
i.e., with a gold coverage onto one single hemisphere.
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Fig. 14 TEM image showing 80-nm silica particles dis-symetrically
decorated by gold colloids. Such half raspberry-like morphologies were
obtained by arranging a monolayer of aminated silica precursor
particles at the surface of an aqueous colloidal dispersion of gold (scale
bar: 20 nm). Reprinted with permission from ref. 38.

Nevertheless, about 30% extra appeared to be homogeneously
covered and were in fact probably badly positioned onto the
TEM grid. Lastly, 30% extra were too poorly covered (less
than 5 gold colloids) to draw any conclusion.

(e) From plane to curved surfaces and interfaces

Every synthetic route previously described allowed the
preparation of well-defined Janus particles with respect to
their morphology and/or their surface functionalities.
Nevertheless, one of the main drawbacks of such strategies is
the low amount of produced particles by batch, which is
probably the main limitation for further applications. In the
current state of the art, a rough calculation allows us to
evaluate the maximum number of Janus particles which can be
prepared, either in a reasonable duration for the laser-induced
technique, or assuming a reacting surface of 1 m? in all the
other reported techniques. These values depend also on the size
of the precursor particles as already discussed (Fig. 15). In the
case of the laser technique, which operates particle by particle,
only few tens of particles may be fabricated. In the other cases,
the values are inversely proportional to the particle size,
because all these techniques use one monolayer of particles.
Nevertheless, it is important to point out that, assuming a
medium density of 2, 10° particles with a diameter of 100 um
weight around 1 kg, but 10'® particles with a diameter of 1 nm
weight only about 1 mg. So, the industrial future of these
routes will mainly depend on the development of processes
involving surfaces or interfaces of very large area. One of the
most promising outcomes will mainly be the use of emulsions
or microparticulate solid substrates. Indeed, for a perfect
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Fig. 15 Rough calculations of the maximum number of particles able
to be dis-symmetrised according to the used techniques and the size of
the precursor particles, assuming a reactor surface of 1 m>.

dis-symmetry, the interface has to be theoretically infinitely
flat. But, for the dis-symmetrisation of nanoparticles, it is
reasonable to anticipate that closed interfaces or surfaces, such
as those of droplets or particles of few tens of micrometers in
diameter, would be promising tools, because the working area
for dis-symmetrisation would be far higher.

First experiments were performed with 12-nm particles of a
commercial grade of fumed silica previously made hydro-
phobic by surface treatment with trimethylalkoxysilane.*
They were used to stabilise water-in-oil emulsion based on
50/50 toluene and alkaline water. The author assumed that the
alkaline hydrolysis of Si—C bonds occured essentially onto the
surface of the particle hemisphere which was in contact with
the aqueous phase, leading to the local regeneration of
hydrophilic Si—-OH or Si-O~ groups. Thanks to sedimentation
tests, it was observed that the higher the pH, the longer the
emulsion stability. A Janus morphology was put forward to
explain the stabilising effect of the particles. A similar strategy
was recently patented.*” However, the success of the dis-
symmetrisation was also difficult to check and was only
inferred from macroscopic properties such as the ability of
these Janus nanoparticles to stabilize further emulsion with an
improved efficiency.

Following a similar emulsion-based route, the synthesis of
snowman-like particles made of two different materials was
recently reported.*! The precursor nanoparticles, e.g., Fe;O04,
FePt or Au, were dispersed in a proper organic solvent, prior
to their addition into an aqueous solution of silver nitrate.
Ultrasonic emulsification afforded a stable oil-in-water emul-
sion. The reduction of silver cations occurred rapidly and
essentially onto the particle surface leading to the nucleation
and growth of one silver particle per precursor particle
(Fig. 16). The reaction kinetics appeared to be easy to control,
allowing generating snowman-like morphologies with different
size ratios. The authors also checked that a discriminatory
chemistry is also possible on each component of the resulting
Janus particles.

Another example concerns the use of solidified droplets
of paraffin as dis-symmetrisation surface.*” The primary
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Fig. 16 (a) Schematic representation of the nucleation and growth of silver colloids onto particle at the surface of oil droplets. (b) TEM images of
the precursor Fe;Oy4 particles (A), snowman-like Fe;O4~Ag particles after 10 min reaction (B) and 30 min reaction (C) and high resolution TEM
images of snowman-like particles based on Fe;O4~Ag (D), FePt-Ag (E) and Au-Pt (F). Reprinted with permission from ref. 41. Copyright 2005

American Chemical Society.

emulsion was prepared at 60 °C from paraffin wax (melting
point: 42-44 °C), water and 2-um aminated silica particles
under vigorous stirring at 9000 rpm for 1 min leading to
average droplet size of about 100 um. At room temperature,
paraffin droplets solidified leading to the partial embedding of
silica particles (Fig. 17a). The toposelective surface modifica-
tion of the aminated silica particles was performed with the
isothiocyanate derivative of fluorescein (FITC). The labelling
of the free hemisphere of the particles was checked by confocal
fluorescence microscopy (Fig. 17b) and flux cytometry.
Indeed, the intensity of the fluorescence signal of supposed
Janus particles was found just half that of isotropic silica
particles of same size exposed to the fluorophore for the same
duration.

Also concerning the use of microparticles as solid substrates
for making dis-symmetrical nanoparticles, recent results
showed that this route is conceivable at the expense of a great
number of chemical steps and washing steps.*’ Preliminary
experiments concerned the use of commercial trityl resins,
formyl PS and poly(methyl methacrylate) (PMMA) beads. The
first step consisted in the covalent grafting of amino-
functionalized silica nanoparticles (100-200 nm in diameter)
at their surface. After a thorough washing, these raspberry-like

particles were stirred in a gold colloidal solution and washed
again. The more delicate step concerned the cleavage reactions
for removing the gold-decorated silica particles. The best

Fig. 17 (a) SEM image of a solidified paraffin droplet stabilized by
2-um aminated silica particles. (b) Confocal fluorescence microscopy
image of a solidified paraffin droplet stabilized by 2-um aminated silica
particles after FITC labelling.
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results were obtained with the PMMA beads, which were
destroyed through a heat treatment at 300 °C overnight,
during which they slowly depolymerised leading to gaseous
monomers.

4 Processes based on template-directed self-assembly
of particles

Snowman-like, dumbbell-like or half raspberry-like particles
could also be obtained by assembling preformed precursor
particles. In the self-assembling approach, the precursor
particles assemble following their favoured ways of either
minimum local or global energy or favoured kinetics achieving
supraparticles of robust mechanical stability.** The use of
templates with defined dimensions and complexities provide
the opportunities to program self-assembly of the components.
Using lithographic techniques, 1-D or 2-D templates may be
generated and the achievement of minimum feature sizes of
around 10 nm is anticipated in the next decade. In this section,
only the template-directed colloidal self-assembly techniques
allowing the association of particles of different bulk and/or
surface natures, comparable to Janus particles, will be
mentioned.

A first method used simultaneously geometrical confinement
and attractive capillary forces through the dewetting of an
aqueous dispersion of spherical particles previously confined
within a parallel cell composed of two glass substrates
(Fig. 18a).*> The surface of the bottom substrate has been
patterned with a 2-D array of cylindrical holes. When this
dispersion was allowed to dewet slowly across the cell, the
capillary force exerted on the rear edge of this liquid ‘slug’
would drag the spherical particles across the surface of the
bottom substrate until they were physically trapped in
the hole arrays. The maximum number of particles that
could be retained in each hole was determined by the ratio
between the dimensions of the holes and the diameter of
the particles. In order to create snowman-like assemblies,
the first precursor particles are fixed in the holes by heating
at a temperature slightly higher than the glass transition
temperature of the particles and then a dispersion of the
smaller precursor particles is introduced in the same cell.
When assembled in each hole, both particles may be
welded into a single piece by heating (Figs. 18b—) and then
released by dissolving the photoresist pattern in ethanol
under sonication.

A second method concerns the deposition of a single gold
nanoparticle or nanowire on aminated silica particle using a
microporous membrane as template.*® The diameter of the
silica precursor particles exceeded that of the membrane pores
by one order of magnitude and allowed to seal one pore. When
a dispersion of gold colloids is filtered through the membrane,
one or several gold nanoparticles are trapped in this pore and
adsorbed onto the silica particle, leading to snowman-like and
comparable assemblies which were released by sonicating the
membrane filter.

If these template-directed colloidal self-assembly strategies
lead to well-defined supraparticles and open avenues to
imaginative scientists, their current low yield and high cost
due to the template fabrication shall be also mentioned.

— n

Fig. 18 (a) Schematic representation of the experimental cell and
procedure for the dewetting on the second particle dispersion. (b) SEM
images of a 2-D array of hybrid snowman-like particles made of 2.8-
pm PS beads and 1.6-um silica particles. (¢) Fluorescence microscopy
image of a 2-D array of snowman-like particles self-assembled from
3.0-um and 1.7-um PS beads doped with fluorescein and rhodamine,
respectively. The green and red dyes were selectively excited and
recombined into an overlapped image. Reprinted with permission from
ref. 45. Copyright 2001 American Chemical Society.

5 Processes based on controlled phase separation
phenomena

(a) Chemical reactions or crystallisation within core-shell
inorganic particles

In this section, Janus nanoparticles are obtained when pre-
formed core-shell nanoparticles are forced into phase separa-
tion simultaneously or subsequently to a chemical reaction
with one component.

A first example concerned the reaction of Ag-silica
nanoparticles with molecular iodine I,, which is a strong
oxidant in particular towards metallic silver.*” The precursor
core-shell particles were prepared from Ag nanoparticle
dispersions and tetraethylorthosilicate.*® In such conditions,
the silica shell is known to be microporous. Therefore,
chemical exchanges between Ag cores and iodine were
possible. Indeed, the evolution of the absorbance spectrum
of the dispersion showed the disappearance of the Ag surface
plasmon absorption band at 390 nm and the appearance of the
typical 420 nm excitation peak of colloidal B-Agl. Because of
the presence of the silica shell, the reaction rate was slow
enough to monitor by TEM the evolution of the particle
morphology (Fig. 19). It was observed a rapid evolution from
the Ag-silica core-shell morphology to Agl-silica snowman-
like morphology. A mechanism was proposed involving the
temporary existence of a single Agl filament between the Ag
core and the Agl growing particle onto the silica surface.

By taking advantage of lattice mismatching and selective
annealing, the synthesis of FePt-CdS snowman-like particles
was reported.*” Amorphous CdS was deposited in two steps on
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Fig. 19 TEM images of a single 30-nm Ag-silica particle as a function
of the time after exposure to 2 mM I,. The final image was taken about
20 min after the first one. Reprinted with permission from ref. 47.

the surface of FePt nanoparticles to form metastable core-shell
structures, in which CdS crystallised upon heating on the
occasion of a third step (Fig. 20a). The spontaneous core—
shell-to-snowman evolution was explained as the result of (i)
the incompatibility of the FePt and CdS lattices and (ii) the
surface tension when they are dispersed in a liquid, i.e., dioctyl
ether (dewetting phenomenon). The final Janus particles had
sizes less than 10 nm (Fig. 20b) and exhibited both super-
paramagnestism and fluorescence.

(b) Phase separation phenomena in seeded emulsion
polymerisation

Emulsion polymerization is an heterophase polymerization
process of great industrial importance allowing the elaboration

(a) [FePr@s)  [FePuCds)
l s 1 |_Cd(acac, 1 |
100°C 100 °C 280°C

Fig. 20 (a) Schematic representation of the synthesis of CdS-FePt
snowman-like particles. (b) High-resolution TEM image of CdS-FePt
snowman-like particles. Reprinted in part with permission from ref. 49.
Copyright 2004 American Chemical Society.

of stable colloidal dispersions of latex polymer particles in
water. In “conventional” emulsion polymerization, the poly-
mer particles are formed by starting from an insoluble (or
scarcely soluble) monomer emulsified by the aid of a surfactant
above its critical micelle concentration (CMC). The monomer
is originally distributed between coarse emulsion droplets,
surfactant micelles and the water phase where a small
proportion of monomer (depending on its solubility) is
molecularly dissolved. Polymerization starts in the aqueous
phase by the formation of free radicals through the initiator
thermolysis and the addition of the first monomer units. These
oligomeric radical species are rapidly captured by the
monomer-swollen micelles, where propagation is supported
by absorption of monomer diffusing from the monomer
droplets through the aqueous phase to maintain equilibrium.
Therefore, stabilized nuclei are produced leading to primary
particles, growing gradually until the monomer is completely
consumed. The size of these particles is determined by the
number of primary latex particles formed and the time during
which they grow. The polymer particles generally have final
diameters in the range 0.05-1 pm. One of the important
features of emulsion polymerization is also the ability to
control particle morphology, e.g., formation of core-shell
particles and other equilibrium morphologies by successive
additions of different monomers.

In particular several authors have studied the formation of
dis-symmetrical morphologies as the consequence of phase
separation phenomena during some growth-seeded poly-
merization processes.’®>!3? Theoretical explanations taking
into account geometrical as well as thermodynamical con-
siderations were proposed to predict the final particle
morphology.®’ In general, the dumbbell-like, snowman-like
or acorn-like observed morphologies were in agreement with a
thermodynamic model giving the chemical potential of the
monomers in the swollen particle as the sum of three
components. First, the monomer—polymer mixing force,
promoting particle expansion and depending on the volume
fraction of polymer in the swollen particle and the monomer—
polymer interaction parameter. Second, the polymer network
elastic-retractile force (influenced by temperature and degree
of cross-linking in the seeds) and third, the water—particle
interfacial tension (related to the seed size) that restrict particle
expansion. On the whole, the phase separation process was
favoured by increasing either the monomer/polymer swelling
ratio or the seed cross-link density or the seed size or the
temperature or the cross-linker rate in the mixture of swelling
monomers, efc. In many cases, the chemical natures of the two
components were quite similar and that is why they cannot
really be considered as Janus particles.

Nevertheless, 130-nm acorn-like nanoparticles with a
soft poly(n-butyl acrylate) core partially capped with hard
PMMA through successive MMA emulsion polymerization
reactions were reported.> Atomic force microscopy experi-
ments in tapping mode were carried out and gave evidence for
a preferential oriented adsorption of the particles when
deposited from a dilute dispersion onto flat substrates. On
hydrophilic surfaces, e.g., muscovite mica, the hard phase is
preferentially oriented toward the substrate, whereas on hydro-
phobic substrates, e.g., n-octadecyltrichlorosilane-treated
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Fig. 21 (a) TEM image and (b) high-resolution TEM image of acorn-
shaped PdS,/CooSg particles. Reprinted in part with permission from
ref. 53. Copyright 2004 American Chemical Society.

silica, the soft phase is preferentially oriented toward the
surface.

6 Processes based on controlled surface nucleation

The last known strategy to fabricate Janus nanoparticles in the
shape of dumbbells, snowmen or acorns is based on the
controlled nucleation and growth of a single particle onto
the surface of a precursor. These routes are not assisted by
reactive interfaces or directional fluxes and, in general, the 1 : 1
particle ratio is statistically controlled.

Bicompartmental acorn-shaped PdS,—CoySg particles were
obtained by reduction of Co(acac),-2H>O and Pd(acac),
with 1,2-hexadecanediol in di-n-ocyl ether in the presence of
l-octadecanethiol.”® As shown by TEM on Fig. 21, acorn-like
particles were predominantly observed together with a minor
fragment of spherical Pd sulfide particles. The presence of a
thiol derivative is mandatory, leading to the formation of
metal sulfides by the spontaneous cleavage of the C-S bonds.
Thanks to spectroscopic analyses and TEM observations,
mechanism was speculated and could be summarised by the
following main stages: (i) the reduction of Pd(iI) ions by
I-octadecanethiol to yield Pd,(SCgH37),, clusters, (ii) their
conversion into PdS, nanoparticles still stabilised by chemi-
sorbed 1-octadecanethiol and (iii) nucleation and growth of
the CogSo phase along the [001] direction. The acorn formation
would be the consequence of the Pd surfaces requirement for
producing the free sulfur atoms and supplying them to the
cobalt phases.

Dumbell-like Au-Fe;O4 nanoparticles were synthesized
using decomposition of Fe(CO)s on the surface of gold
precursor nanoparticles followed by oxidation in 1-octadecene
solvent.® The dumbbells were formed through epitaxial
growth of iron oxide on the gold seeds (Fig. 22) and it was

Fig. 22 (a) TEM image and (b) high-resolution TEM image of
dumbell-like Au-Fe;O4 nanoparticles. Reprinted in part with permis-
sion from ref. 54. Copyright 2005 American Chemical Society.

shown that the growth can be affected by the solvent polarity
(for instance the use of diphenyl ether resulted in flower-like
morphologies). The particles simultaneously displayed the
characteristic surface plasmon absorption of gold and the
magnetic properties of Fe3;0,4. Those properties are altered by
the interactions between the two components. Quite similar
morphologies were observed on the occasion of the sequential
reduction of AgNO; and Na,SeO; in ascorbic acid aqueous
solutions.>> By adjusting the concentration of selenium ions,
the ratio of Ag nanoparticles to Se nanoparticles was
controlled from 1 : 1 to 1 : 3 leading in particular to
snowman-like Ag—Se nanoparticles.

A last series of examples deals with the synthesis of hybrid
Janus nanoparticles through controlled surface-nucleation of
latex particles onto inorganic nanoparticles. This route is
also derived from the growth-seeded emulsion polymerisation
technique, but differs from the strategy described in the
previous section by the fact that the seeds are inorganic
particles. Indeed, they are neither able to be swelled by
monomers nor deformable. Therefore, only surface interac-
tions can be provided towards organic monomers and/or
oligomeric radical species leading to latex surface nucleation.
Nevertheless, the surface of inorganic particles is generally
too hydrophilic for generating spontaneous interactions. It is
well-known that the encapsulation of inorganic particles by
polymer coating (core-shell morphology) through emulsion
polymerisation-derived techniques necessitates the preliminary
seed surface modification by molecular agents able to promote
favourable interactions.>® Nevertheless, when the surface is
only moderately modified, the capture of the oligomeric
radical species by the inorganic surface is possible but the
latex particles grow independently, since the wetting is not
efficient enough. Such a behavior was observed when silica
seeds were previously let to react with a monomethylether
mono methylmethacrylate poly(ethylene oxide) macro-
monomer (1.5 pmole.m™?) prior to styrene emulsion poly-
merization.’” Because of the large size of silica seeds (500 nm),
raspberry-like silica—PS particles were obtained. But the
average number of polystyrene nodules per silica particle can
be tuned by varying the diameter and the concentration of the
silica seeds, which is to say, by adjusting the particle number
ratio Niaex @ Nsitica® When this ratio is equal to 1 : 1, original
dumbbell-like or snowman-like morphologies were obtained in
yields higher than 70% with respect to silica seeds. This
strategy was successfully applied to silica seeds with diameter
from 50 to 150 nm (Fig. 23). Similar results were obtained
when silica seeds were previously treated with small amounts

-

Fig. 23 TEM image of dumbbell-like silica—PS particles obtained by
latex surface nucleation on silica particles with an initial diameter of
(a) 80 nm and (b) 50 nm.
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Fig. 24 Schematic morphology evolution of inorganic cores by latex
particles as a function of their respective affinities (cross sections).

of methacryloxymethyltriethoxysilane (in the range 0.1-
1 molecules per nm?).”° In this case, it was shown that the
higher the silane surface density, the more encapsulating the
PS latex particle. So, by controlling experimental parameters
such as the nature and surface density of promoting agents,
the nature of surfactants, the particle number ratio, etc., it
would be conceivable to design a large panel of hybrid Janus
particles (Fig. 24). Nevertheless, no theoretical aspect on these
morphology developments has been reported so far. It seems
that they would be governed by the balance between the
interfacial energies and the driving force of the latex particles’
growth. Such a theoretical study could be inspired by the
recent and original numerical study of a hard sphere wetted by
a spherical viscoelastic particle, according to a Monte Carlo
approach.®°

Lastly, the same authors demonstrated that these silica—PS
particles obtained in the shape of hybrid dumbbells or
snowmen may be powerful intermediate structures for design-
ing Janus particles according to an original latex protection/
deprotection strategy (Fig. 25).°! Indeed, it was observed that
the interactions between silica particles and PS nodules may
be disrupted under mild ultrasonication conditions or by
ultracentrifugation in an aqueous solution of sodium dodecyl
sulfate. This multi-step route is similar to the previously
reported varnish-protecting, gel-trapping or photoresist-
protecting techniques, but differs by the fact that here each
particle carries its own mask. Therefore, no infinitely plane
surface is necessary and all the chemical reactions can be
performed in conventional reactors. According to this route,
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Fig. 25 Schematic representation of the consecutive stages for the
fabrication of the Janus particles through the latex protection/
deprotection strategy: (a) nucleation of a single PS nodule, (b) growth
of this PS nodule until the desired silica surface is masked, (c) chemical
modification of the free silica surface by a first reagent, (d) latex
removing by ultrasonication or ultracentrifugation and (e) chemical
modification of the released silica surface by a second reagent.

Janus silica nanoparticles with a methylated hemisphere and
an aminated hemisphere were successfully fabricated.

7 Conclusion

Since the pioneering work of De Gennes and his colleagues,
numerous original routes have been developed for the
synthesis of Janus particles (Fig. 26). They are one of the
fruits of the remarkable progress which has been achieved in
both polymer and inorganic chemistry yielding well-defined
particles from the viewpoint of their size, their shape and
their surface chemistry. In particular, Janus particles are
now available in the size range of a few nanometers, ie., five
thousand times smaller than the pioneering Janus glass beads.
Anyway, the dis-symmetry checking of these nanoparticles is
not a simple task and, even if TEM and high-resolution TEM
are now common imaging techniques, they are not usable
for evidencing Janus particles whose difference between
both hemispheres is at the molecular level. In those last cases,
an interesting but largely unanswered problem concerns
the surface mobility of ligands, which could lead to ligand
exchanges and tend to their isotropic arrangements. If the
reported works did not mention the instability of the Janus-
like character, no systematic study was focused on such
aspects.

partial contact
with reactive media

directional
fluxes and fields

phase separation
phenomenon or surface
nucleation

Fig. 26 Schematic representation of the synthetic routes yielding Janus particles.
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Some of the suspected properties of Janus nanoparticles
have now been checked: their ability to stabilise oil-in-water or
water-in-oil emulsions, to orient themselves in electric fields, to
be toposelectively surface modified for dual-functionalised
devices, to be used as building blocks for supraparticular
assemblies, etc.

Their potential application fields are numerous, but further
efforts shall be done to develop robust and reliable strategies
that can be extrapolated to large scale productions. Current or
future routes based on controlled phase separation and
nucleation phenomena will very probably be more appropriate
from the viewpoint of their yield and cost.

Lastly, a special emphasis shall be done to hybrid organic—
inorganic Janus particles, because (i) the chemistries of both
counterparts are very different and complementary, (ii) they
will allow to combine properties of polymeric and mineral
materials and (iii) the interactions between both components
may be easily tuned and in particular made reversible.
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