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This review article highlights the most recent advances with respect to the preparation of Janus objects
by bulk phase processes. Historically most of the concepts developed for generating asymmetric
particles have been based on the use of interfaces or surfaces, which are necessary to break the
symmetry. This restricts in many cases the amount of produced particles, due to the two-dimensional
nature of the approaches. Therefore the bulk synthesis of such asymmetric micro- and nanoobjects is of
primary importance for their production at an industrial scale and helps to open up the field to
commercial applications. We summarize here the different alternative concepts, spanning a wide range
from sophisticated polymer chemistry to the use of external electromagnetic fields, that have been
proposed in recent years in order to break the symmetry in true bulk processes.

1. Introduction

Janus was one of the major roman gods and was usually repre-
sented with two faces looking in opposite directions (Fig. 1a).
Being the god of time, beginnings, endings and transitions, he
was also the god of gates and doors, hence we can still find his
presence in the word “janitor” (gatekeeper). In reference to the
god’s facial features, De Gennes coined in the late eighties the
term “Janus grains”.?* He used it for describing particles that,
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similar to amphiphilic molecules, were composed of two different
parts, one being hydrophilic and the other being hydrophobic.
After De Gennes’ introduction, the term “Janus particle” was
usually employed for describing objects with sizes ranging from
the micro- to the nanoscale owing to different chemistries or
polarities and thus, structures exhibiting a chemical break of
symmetry.>* Asymmetry at the nanoscale can be found in nature,
a good example being hydrophins. These proteins that are
produced by filamentus fungi show a hydrophobic patch
composed of chain residues of leucine, valine and alanine which
occupy 20% of their surface.® From this chemical asymmetry
very interesting properties are arising, such as a surfactant
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Fig. 1 (a) Two-faced god Janus. (b) Janus particles (JPs), isotropic (top)
and anisotropic (bottom). (c) Asymmetric patchy particles (APPs). (d)
JPs as emulsion stabilizers. (e) Electrophoretic rotation of a JP between
two transparent electrodes. (f) Janus swimmer propelled by bubble
generation at one side of the object. (g) Electron-hole photogeneration at
a metal-semiconductor Janus interface for water splitting.

behavior with self-assembly at water—air interfaces® which are
already exploited for stabilizing emulsions.” In the last few years
the term Janus has been increasingly employed beyond the
frontiers of micro- and nanochemistry. One can find in the recent
literature for example publications dealing with “Janus macro-
molecules” such as dendrimers® and fullerenes.® As the following
review is focused on asymmetric particles at the micro- and
nanoscale, this topic will not be developed.

A very wide range of particles with different chemistries and
shapes is now available and their complexity is increasing due to
the variety of techniques that emerge as nanotechnology is
developing. It therefore becomes necessary to establish a precise
classification that is likely to be accepted by the scientific
community.'® In this context, even if the term “Janus particle”
was widely used, Du and O’Reilly recently clarified the descrip-
tion of asymmetric particles.'* Based on their definitions, we will
distinguish between “Janus” and “patchy” particles.

The term “Janus particles” (JPs) will be employed when the
object is composed of equally separated domains (Fig. 1b) in
contrast to “asymmetric patchy particles” (APPs) for systems
with non-equally separated domains (Fig. 1c). The generic term
“asymmetric particles” (APs) will be used when describing both
of them. Although increasing efforts are made to create different
sorts of patchy particles (PPs),"** symmetrical patchy particles
will not be discussed, as the main focus of the present review is
the physico-chemical asymmetry of the particles.

JPs and APPs can be isotropic or anisotropic (Fig. 1b), they
can have plenty of different shapes and can be constituted of
many materials, which can be either hard or soft. A straight-
forward approach for producing APs, introduced by Casagrande
in 1988,' that is still used in many laboratories consists of
immobilizing particles at an interface for breaking the symmetry.
Even if these interface-based techniques allow a very good
regularity in functionalisation, they make the preparation of

large quantities rather difficult, because they usually lead to
monolayer equivalents of material as the modification occurs in
a two-dimensional reaction space. In his 1992 Nobel Prize
lecture, De Gennes already mentioned the importance of scaling-
up the production of dissymmetric objects.> Obviously, for their
commercialization and their use at an “industrial scale”, bulk
techniques for producing APs need to be developed. Conse-
quently, in the recent literature, one can notice intensive efforts
made in this direction. Even if several articles'®*'> and excellent
reviews, discussing the synthesis of JPs and PPs, already
exist,**1124 none of them focuses on the bulk synthesis.
Therefore, it seems timely to discuss techniques that have
a potential chance to be used for an up-scale of AP production.
In this review, the utility of APs will be discussed, then, one and
two dimensional synthetic techniques will be briefly presented,
and finally the bulk techniques for breaking the symmetry will be
reviewed.

2. Behavior of Janus and asymmetric patchy
particles

2.1. Adsorption at interfaces and self-assembly

Because of their intrinsic heterogeneities, one of the first prop-
erties of Janus and asymmetric patchy particles that naturally
comes into one’s mind is their assembly at interfaces, and
intensive work has been carried out to observe and understand
this phenomenon. De Gennes illustrated the assembly of JPs at
interfaces using the expression: “The skin can breathe”, imagining
a monolayer of “Janus grains” like a membrane with “pores”
between the grains, allowing the exchanges between the two
separated media.? Organization of poly(methyl methacrylate)
(PMMA) and polystyrene (PS) JPs at the water—air interface has
been observed by Xu ez al* and several theoretical studies have
been performed to predict JP behavior at liquid-liquid interfaces.
Binks et al. performed calculations in order to compare the
adsorption of homogeneous spherical silica particles to asym-
metric ones at the oil-water interface. It was found that by
maximizing the amphiphilicity of particles, desorption energies
can be increased by a factor of three.? Nonomura ez al. estimated
the adsorption energy for ~10 pum diameter Janus disks at
a liquid-liquid interface as about 10% to 10° kg 7.>” Considering
these data and combining them with the Pickering effect, the
strong potential for APs to be used as particulate surfactants
becomes obvious (Fig. 1d). Comparable to the hydrophilic—
lipophilic balance (HLB) for amphiphilic molecules, the notion
of “Janus balance” was introduced by Jiang and Granick as the
ratio of work to transfer a JP from the oil-water interface into
the oil phase and the work needed to move it into the water
phase.?® This value (that can also be applied to homogeneous
particles) is calculated with simple parameters and gives infor-
mation about the particle adsorption and can help in designing
efficient asymmetric particle emulsifiers. Hirose studied theoret-
ically the adsorption of spherical submicron APs at curved
interfaces, and concluded that liquid droplets surrounded by
Janus particles may be stable and can be considered as a soft
solid.?* Ruhland et al. measured interfacial tensions at liquid—
liquid interfaces using submicrometer and micrometer-sized
PMMA-PS Janus disk stabilizers.?® A very nice practical study
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of micrometer-sized spherical JPs at the oil-water interface was
carried out by Park ez al.*' It has been shown that, in contrast to
homogeneous particles, JPs were attracted to each other due to
capillary interactions generated by the irregular shape of the
Janus boundary. A control of the inter-particle interactions
offset based on electrostatic repulsions was also demonstrated.?*
Adams et al also insisted on the importance of the Janus
boundary quality and its roughness for the adsorption at air—
water and water—oil interfaces.?® Considering nanometer-sized
JPs, based on data obtained by Monte-Carlo simulations,
Cheung and Bon emphasize the fact that at these scales, the
particles are more affected by Brownian motion, and one has to
carefully consider their orientational freedom.** Glaser et al.
measured a considerable decrease of the interfacial water—hexane
tension using ~10 nm APPs compared to homogeneous particles
of comparable size and chemical nature.?*

2.1.1. Particulate surfactants. Several groups used Janus and
APPs as particulate surfactants. Polymeric and silica micrometer
and submicrometer-sized APPs with different morphologies were
used for stabilizing emulsions (Fig. 1d).3*3¢ Recently, more
complex and very interesting systems were developed. Firstly,
Tanaka et al. showed the control of the Janus balance on
mushroom-like asymmetric particles upon stimuli such as
temperature and pH, resulting in stabilization/destabilization of
emulsions under different conditions.’” Secondly, Liang et al.
used tailored Janus nanosheets as particulate surfactants.
Modification of one side of the sheets with paramagnetic parti-
cles allowed manipulation of the droplets with a magnetic field.*®
Particulate surfactants owning catalytic parts make them very
attractive catalysts for reactions where reactants and products
are soluble in different phases.** Such a system was elegantly
presented by Crossley er al. for improving biofuel upgrade
reactions.*’

2.1.2. Stabilizers in polymer systems. Advanced materials can
be obtained by blending non-miscible polymers. In order to be
successful, the blending requires the use of compatibilizing
agents, often block copolymers, which generates several prob-
lems such as micellisation and non-specific adsorption of the
agent.*! In order to overcome the problems, Walther er al.
demonstrated the use of JPs as very efficient stabilizers for
PMMA and PS blends.*! Simulations were also recently per-
formed in order to predict the incorporation of JPs into
macroscopically oriented structures of diblock copolymers.*?
Interestingly, it was recently observed that JPs can be sponta-
neously generated in quaternary polymer blends.*?

In a similar way Janus particles have been used for emulsion
polymerization of PS, styrene and n-butylacrylate without
additives.*! The sizes of the monodisperse PS latexes that can be
obtained are controlled by the amount of added Janus particles.*!

2.1.3. Water repellents. Morphologies and wetting properties
of silica wafers coated with micrometer-sized spherical asym-
metric polymeric particles (hydrophilic/hydrophobic) were
recently studied and compared to homogeneous particles.*
Surfaces coated with homogeneous particles showed a hydro-
phobic behavior, while, due to APs self-assembly into aggregates,
surfaces coated with them were super-hydrophobic.** Kim et al.

prepared microstructured JPs that were used for conceiving
flexible hydrophobic surfaces and liquid marble that can be
manipulated with tweezers.** The possibility to use JPs to make
water repellent textiles has also been demonstrated recently.*

2.1.4. Asymmetric particles as membrane key-components.
Based on computer simulations, Alexeev ef al. predicted that
combining a lipid membrane and APs could lead to a new kind of
membrane.*” When the membrane is stretched, pores can open
that close again when the tension is released. In the presence of
APs, which will be located at the inner pore wall, the pore is
stabilized allowing for an “open door” for exchanges through the
membrane.*’

2.1.5. Self-assembly of asymmetric particles. APs, like
amphiphilic molecules, have the ability to self-assemble into
superstructures. This phenomenon is very interesting from an
intellectual as well as from a practical point of view and could be
used to mimic molecular behaviour.'®*' Experimentally, Park
et al. showed that micrometer-long gold/polypyrrole nanorods
arrange themselves in solution, giving rise to fascinating struc-
tures (from bundles to core-shell hollow spheres) that can be
controlled by tailoring the rod morphology.*® Walther et al.
studied the assembly of PMMA-PS Janus cylinders, showing
that above a certain critical concentration or in certain solvents
fiber-like superstructures constituted of cylinders with a PS
domain at the centre are formed.* Theoretically, first simula-
tions of the patterns that can be formed by JPs self-assembly were
performed in a very simplified 2D model.®® Granick’s team
carried out very important work based on simulations and
experimental observations to further understand JPs assembly.**
Simulations and experiments revealed that dipolar spherical JPs
will form clusters with a preserved charge anisotropy (in the case
where the particle diameter is higher than the electrostatic
screening length).’* A second approach, based on experiments
and a model considering charged/hydrophobic spherical JPs also
predicted the formation of small clusters.®® A very interesting
element revealed in this case is that the size of the cluster can be
controlled by the salt concentration. At low ionic strength, the
electrostatic repulsion between JPs will dominate the hydro-
phobic interactions, leading to small clusters. Increasing the salt
concentration will lead to bigger clusters with very interesting
morphologies such as worm-like structures or a chiral triple
helix.’»33

2.2. Dynamics in magnetic and electromagnetic fields

2.2.1. Orientation control of Janus particles in electric DC and
magnetic fields — towards pixels for e-paper. Electronic paper
(e-paper) is a display technology designed to imitate the paper
appearance for objects such as mobile phones and e-book
readers. The majority of e-paper technologies are based on
electrophoretic screens, the display being constituted of vesicles,
acting as pixels, which are filled with black and white particles
owning opposite charges. With each vesicle being sandwiched
between transparent electrodes, switching their polarity results in
attracting particles with different charges and colours towards
the reader’s eye.>* One can easily imagine that JPs are very
suitable objects to increase the performance of such
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a technology. This would avoid the use of vesicles and allow for
increasing the display resolution since in this case each JP can act
as a pixel (Fig. le). Indeed, dipolar JPs will orientate in DC
electric fields as it has been demonstrated with gold-latex JPs
and with gyricon balls.*® This phenomenon has already been used
for conceiving electrophoretic screens with electrically aniso-
tropic 100 um black/white>” and 300 pm black/green®® Janus
beads. Very recently, a magneto-driven display has been intro-
duced with Janus beads containing Fe;O4 nanoparticles (NPs) at
one side and fluorescent quantum dots at the other side.*

2.2.2. Motion and assembly in AC electric fields and magnetic
fields. Velev’s group carried out pioneering work by studying
experimentally the behaviour of JPs in external fields.®® As it has
been predicted by Bazant and Squires,*"*> APs composed of
materials with different polarisability move in homogeneous AC
electric fields (ACEFs).%* Micrometer-sized PS—gold JPs have
been studied in low-frequency ACEFs. First, due to the largest
induced dipole orientation in the field direction, they orientate
with the boundary being parallel with respect to the ACEF
direction. Then, submitted to induced charge electrophoresis,®!%*
they move normally to the electric field towards the PS part
(Fig. 2a).%® In fact, the induced double layer of the metal part
being composed of much more counter-ions than at the insu-
lating part, the ions will move tangentially to the electric field
direction, dragging liquid and thus generating the motion

E
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i 4 particle
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Fig. 2 (a) Optical images illustrating motion of PS—gold JPs in an AC
field of amplitude 140 V cm~' and 1 kHz frequency, JP positions at 1 =0's
are represented by drawings. Inset: scheme of induced charge electro-
phoresis responsible for the motion. Reprinted with permission from ref.
63 Copyright (2008) by The American Physical Society. (b) Optical
micrograph of staggered chains of PS—gold JPs formed at 56 V cm~"' at 40
kHz; the scale bar represents 70 pm. Reprinted with permission from ref.
64 Copyright (2008) American Chemical Society. ¢) Optical micrograph
of a metallo-dielectric 2D lattice of confined staggered chains formed at
27 V ecm™' at 40 kHz with a higher JP concentration; the scale bar
represents 50 pm. Reprinted with permission from ref. 64 Copyright
(2008) American Chemical Society. The field direction for the three
figures is indicated by the upright arrow.

(Fig. 2a, inset).®® Due to the electric field induced dipole inter-
actions between the same JPs, at higher frequencies ACEFs, they
assemble in staggered chains, 3D bundles or 2D crystals (Fig. 2b
and ¢) and disassemble when the field is switched off.%*
Micrometer-sized PS—iron JPs, can assemble in ACEFs as well as
in magnetic fields.®> Depending on the coating thickness,
different JP chain morphologies can be formed, which persist
when the magnetic field is removed and can be disassembled by
demagnetisation.®® APs containing a p-type material-metal
junction exhibit a diode-like behaviour.®® Chang et al have
shown that diodes can be moved in a controlled way in ACEFs.*’
Indeed, the diode rectifying effect generates an electroosmotic
flow at its proximity which directs the motion.®” Recently, Calvo-
Marzal et al. propelled cadmium—polypyrrole APs in ACEFs at
a micrometer-scale.®®

2.2.3. Manipulation with optical and optomagnetic traps and
motion in a laser beam. In contrast to dielectric micro/nano-
particles and metallic NPs that can be manipulated in three
dimensions in optical traps, metallic microparticles and micro-
JPs with a metal part can only be controlled in two dimensions
due to inhibited light transmission by the metal coating.®® This
lowers their spatial control in optical traps, but can also provide
an original way to generate a JP rotational motion above
a certain laser power.”® Erb et al. showed for the first time that
micrometer-sized spherical APPs with a metallic patch can be
controlled in three dimensions by optical tweezers.®® Using
a cobalt patch, they were able to control two additional degrees
of freedom in an optomagnetic trap.%® Besides the optical tweezer
context, Jiang et al. used a defocused laser beam to propel silica—
gold micrometer-sized Janus beads by self-thermolysis, the
motion being directed by the temperature gradient generated by
the laser light absorption in the gold part.”

2.3. Chemically and magnetically driven micro- and
nanoswimmers

Autonomous microswimmers are of enormous interest for
practical applications such as drug delivery,”> DNA detection,”
isolation of cancer cells™ and writing of microstructures.” The
swimmers are APPs with catalyst patches that can be used to
generate a linear motion. Several strategies have been developed
and the motion can be generated using magnetically and/or
chemically active patches containing a ferromagnetic mate-
rial,’*” enzymes® or enzyme mimics.®* The most developed
strategy consists of using the hydrogen peroxide decomposition
reaction at a metal catalyst patch for generating the motion by
self-electrophoresis® or a bubble propulsion mechanism®3-3*
(Fig. 1f). This research area becomes very attractive and a lot
of efforts are made by different groups, and one can cite as
examples work carried out by Wang ez al. %53 Mallouk ef al. ,3**°
Sen et al®* and Ozin et al®*** For more information, we
refer the interested reader to recent reviews and perspective
articles.”>1%

2.4. Asymmetric particles for sensing

As was discussed previously, APs orientate in a DC electric field.
As this orientation ability depends on the surface charges, one
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can use APs functionalized on one part with a pH dependent
charged molecule to make a pH sensor.>> 5 nm magnetic APPs
owning pH or temperature sensitive polymer patches have been
synthesized. Since these parameters affect the agglomeration
state of the PPs by hydrophobic forces and electrostatic repul-
sions, their precipitation can be considered as a sensor output
signal.’* Himmelhaus and Takei conceived an optical detector
with arrays of ~100 nm spherical PS—gold JPs having a homo-
geneous alignment (the PS half facing the substrate).'”* Because
the maximum wavelength of the array’s extinction peak depends
on the refractive index of the media and on the compounds
binding to the gold half spheres, these systems can be used for
in situ sensing of self-assembled monolayer formation and
binding of biomolecules.'®* Microsized JPs with fluorescent
metal half spheres in suspension show fluorescent patterns, which
look like the moon phases, from which information about the
four degrees of freedom can be deduced.'** Magnetic fluorescent
metal JPs (MagMOONSs) rotating with an external magnetic
field, can be very useful for detection in biological environments,
since the periodic blinking of the JPs allows an easy in situ
background subtraction.'** 1% The free motion of similar systems
in solution due to Brownian motion can be used for conceiving
modulated optical nanoprobes (MOONSs). The autocorrelation
function of the fluorescence fluctuation of the blinking MOON5s
allows precise detection of parameters such as temperature,
pressure, viscosity, chemical interactions and influences of the
environment. '

2.5. Interaction with light: plasmon materials, anti reflecting-
surfaces and photocatalytic applications

Wang and Halas studied experimentally plasmonic properties of
arrays made of ~200 nm dumbbell-like gold nanoshell APs.''?
The polyvinylpyridine coated parts of the AP are embedded into
PDMS, so that each AP side faces different dielectric environ-
ments, leading to non-similar plasmon modes that hybridize.!*
In another context, it was reported that PS snowman-like AP
arrays on glass show a transmittance increase compared to glass
with a single layer of spherical PS particles. This so-called
motheye effect can be very useful for designing anti-reflective
coatings.’®* Photogeneration of electron—hole pairs upon
photoexcitation of semiconducting (SC) material can be used for
applications such as depollution, synthesis and water splitting.
However, photocatalytic activity of sole SC particles is usually
poor and leads to high charge recombination rates. Adding
a metallic junction to the SC particles is a strategy that can be
used to increase the photocatalytic yields. Indeed, the metal part
acts as an “electron sink”, due to its larger electric double layer
capacitance compared to the SC one, and therefore a SC—metal
junction decreases the charge recombination probability.!™*
Gold-TiO; snowman-shaped APs with sizes around 10 nm have
been studied for photocatalytic applications. This system showed
an increased activity for methanol oxidation compared to TiO,
NPs.'** AP arrays were also more active for methylene blue
degradation compared to TiO, and gold-TiO, composite NPs.!1%
These results suggest that SC—metal APs can be used as efficient
photocatalysts, and one can imagine that photon-induced water
splitting may be achieved in the near future by engineering the
JPs components (Fig. 1g).

2.6. Medical applications

Even if so far no in vivo medical application has been developed,
it is straightforward to imagine the strong potential of APs for
in vivo drug delivery since one part of the particle can play the
role of the recognition unit (for disease affected body area
recognition), with the other part being the drug carrier. Hu and
Gao recently reported imaging and magnetolytic therapy based
on the use of JPs.'*¢ 100 nm fluorescent magnetic APPs have been
magnetically directed for staining cells. Once the cells are stained,
they can be imaged and destroyed under the action of a rotating
magnetic field.!*¢

3. Breaking the symmetry at a single interface, one
and two-dimensional synthetic approaches

We will now briefly discuss some classic approaches that have
been used for APs synthesis at single interfaces. They are based
on solid-liquid, liquid-liquid, liquid-gas and gas-solid inter-
faces, and as a consequence, the synthesis is carried out in a one
or two dimensional reaction space. Multistep procedures are
required for two-dimensional approaches and they are strongly
limited by low space-time yields. However, they usually lead to
APs with a good homogeneity, and sufficient quantities for
laboratory use, but up-scaling of these processes to an industrial
level is more difficult to imagine.

3.1. Interface immobilization and modification

A straightforward, first published' and probably most used
technique to break symmetry consists of modifying objects that
are immobilized at an interface, so that a part of the objects is
screened and cannot be modified. Even if the panel of accessible
APs using this approach is very large and the quality of the
obtained APs is rather good, the synthesis is quite tedious since
multiple steps are required (Fig. 3a). Particle immobilization in
a compact array can be achieved by techniques such as Lang-
muir-Blodgett,"'”!*® gspin coating,'*® drop casting,'*® solvent

evaporation,"'?? convective assembly,'?*'** and spreading on
a , O¢
% /o f(ff(f/ &5 5»000
y /) O >/ OOV
lmmoblllzatlon mod/f catlon detachment

Fig. 3 (a) Janus particle synthesis by modification of immobilized
spherical particles. (b) Formation of Janus particles based on micro-
fluidics. (c) Gyricon process. (d) Janus particle formation by the elec-
trodynamic co-jetting process.
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a liquid-air'® or a liquid-liquid'® interface. Subsequently,

a polymer can be added to protect the particle’s lower surface
for a precise boundary adjustment.!''-124127:128 The gurface
modification can be achieved by a wide range of techniques
among which one can cite molecular functionalisation,'!*-'?°
electrostatic adsorption,’**!3® microcontact printing using
a polydimethylsiloxane (PDMS) stamp,!'>!312L131  meta]
sputtering,?>'3> temperature change,’* plasma polymer-
ization,'*”'33¢lectroless deposition,'** electrophoretic modifica-
tion,"? electrochemical deposition'*® and Langmuir-Blodgett
film transfer.** Finally, after having removed the protecting
polymer by dissolution, the particle can be detached, usually by
sonication.

128

3.2. Template-based synthesis

Templates are interesting supports for breaking symmetry. A
recent approach is based on the use of colloidal crystals. After
a surface functionalisation of the colloidal crystal, the removal of
the first bead layer is achieved with tape, revealing the beads
underneath with unfunctionalized surface dots at their top. These
“naked” silica dots can be used as active surfaces to grow patches
asymmetrically.’® Yin ef al studied geometric confinement
induced by dewetting along surfaces patterned with holes.'*® They
elegantly showed that PS and silica particles can be confined in
cylindrical holes with appropriate diameters. Heating the template
filled with the beads above the PS glass transition temperature
allows welding of the particles, leading to micrometer-sized
APPs."¥7 Electrodeposition through porous membranes such as
alumina or track etched polycarbonate is a common technique for
producing metallic or semiconducting nanotubes.'*® This multi-
step technique which requires (i) evaporation of a metallic layer on
one side of the film to serve as a working electrode, (ii) electrode-
position and (iii) membrane dissolution, can be used to create
multi-component asymmetric tubes.*8:23:138.139

3.3. Self-assembly by colloidal crystallization and coalescence

Velev et al. showed that water evaporation from droplets
containing latex beads, previously spread at a perfluorinated
liquid—air interface can result in microstructured particles.*®
Segregation of different colloids in the droplets can lead to AP
generation.’® A dielectrophoresis chip was elaborated so that
evaporating droplets can be moved during the crystallization
process.’*! Fialkowski et al. developed an original method based
on the use of a glass surface covered with a water soluble gel
substrate.'*? After hydrophobic droplets, containing different
pre-polymers, are deposited on the gel layer, they can coalesce to
form one dissymmetric droplet at the gel-air interface. The gel is
then etched which, by decreasing the gel-droplet contact area,
can induce the generation of a spherical Janus droplet that can be
solidified by heating or UV exposure.’** A similar concept was
developed on a dielectrophoresis-chip where the coalescence of
water droplets with different compositions on a perfluorinated
liquid—air interface can be controlled by using electric fields.'*?

3.4. Microfluidic approaches

Microfluidic devices are getting more and more popular for the
production of a large range of particles, among which one can

find APs and especially JPs."** A three-channel hydrodynamic
device with an inner gas channel located between two outer
channels containing liquids with different particles can be used to
create Janus shells by the assembly of the particles around the gas
bubble.'*s A Y-shaped channel can be used to form a two phase
organic stream containing monomers and colloids. Upon
encountering in a co-flowing aqueous stream, the organic one
can form Janus droplets with colloidal,’” color®”%4¢ or molec-
ular anisotropy.’*” The droplets are finally solidified by heat
treatment® or UV-curing (Fig. 3b)."*” It is noteworthy that
Nisisako and Torii developed a chip with 128 outlet channels for
the laboratory-scale production of JPs.!*®

3.5. Electrodynamic co-jetting

Electrospinning is a common technique for producing polymer
fibers. Basically, a high electric field applied between the solution
and a counter-electrode located underneath induces a jet of
electrically charged species directed towards the substrate, which
after solvent evaporation and solidification will usually lead to
fibers. Lahann’s group, using an electrospinning setup, showed
that the effect of a high electric field on a laminar flow of two
polymers can eventually lead to the generation of micrometer
and sub-micrometer APs (Fig. 3d)."**'*° Naturally, Janus fibers
can also be obtained.™!

4. One and two dimensional approaches with high
production rates

Even if they usually lead to high-quality and uniform APs, it
seems obvious that the great majority of the one or two-dimen-
sional techniques presented above can hardly be considered for
industrial production of APs, since they are limited by low space-
time yields due to the use of individual interfaces. A couple of
low-dimensional methods, which we will present below, seem to
be quite attractive, since they show that in some cases, inherent
disadvantages can be balanced, thus leading to higher produc-
tion rates.

4.1. Spinning disk process

“Gyricon” beads are bicolored micrometer-sized JPs produced
by Xerox for applications in e-paper.>®'*> Their synthesis is based
on the spinning disk process (Fig. 3c).!*® Basically, two differ-
ently pigmented molten polyethylene streams are projected
respectively onto both sides of a spinning disk (~3000 rpm). The
centrifugal force makes these streams flow to the disk edge where
they encounter. Here, affected by the Taylor instability, the
stream is ejected as small jets formed by bicolored JP spheres,
with a size from 40 to 106 um, depending on the disk rotation
rate, and which then solidify as they fly away from the disk.'?

4.2. Breaking the symmetry in electrospun fibers

Ho et al. reported a technique for generating APs based on the
immobilization of silica particles at the surface of large surface
area electrospun fibers.’>* The particle embedding can be trig-
gered by the spinning temperature, leading to a control over the
APs boundaries (Janus balance). After a surface treatment on the
uncovered part, anisotropically modified particles can be
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released from the fibers by a simple washing process. The tech-
nique has been validated by the synthesis of 500 nm sized Janus
beads with one half covered with gold NPs. The authors achieved
the production of billions of APs per mg of polymer mat.'s*

5. Breaking the symmetry at interfaces in the bulk

An obvious strategy that one can consider for increasing the yield
of AP formation consists of developing similar techniques
than the ones previously described at interfaces, but trying to
increase the size of the interface as much as possible. Accessible
interface areas increase exponentially when using emulsions and
suspensions, an aspect that has already been considered for
creating APs.

5.1. Pickering emulsions

In order to decrease the surface energies of emulsion interfaces,
particles tend to adsorb strongly at these interfaces to stabilize
the emulsion. This so-called Pickering effect has been used to
produce APs in large quantities.

5.1.1. Liquid-liquid Pickering emulsions. When the particles
are adsorbed at the Pickering interface, one part is immersed in
the oil phase, while the other one is immersed in the water phase,
which allows topo-selective modifications. Usually, a tuning of
the functionalised areas is possible, since the particle embedding
in the droplet depends on the droplet polarity and on the parti-
cle’s surface hydrophobicity. Using the adsorption of spherical
metal NPs at oil-water emulsion interfaces, combined with the
reduction of silver, allowed the synthesis of bimetallic nano-
meter-sized APPs.'5 Modification of the water accessible surface
of CuO microbeads by thioacetamide leads to CuO-CuS JPs.'*¢
The same concept was adapted to microgels for creating amide-
carboxylic acid Janus microgels, which can be topo-selectively
stained with gold NPs."*” An intrinsic problem is the rotation of
the objects at the liquid-liquid interface. Even if several publi-
cations report the non-rotation of spherical particles,*>'*¢ it
seems quite important to find a way to prevent eventual rotation
in order to generate APs. In this context, a method involving
water in oil emulsions containing different monomers in both
phases and modified sub-micrometer silica beads at the interfaces
was developed.'®® Upon the polymerisation of both monomers at
the particle surfaces, the amphiphilic nature of the particle
increases, preventing their rotation."®® Another approach,
using a quite similar system but with an oil in water emulsion and
~100 nm silica beads modified with polymer brushes, has been
suggested.™ It consists of polymerizing not only at the bead
surface, but in the whole emulsion, and thus the viscosity is also
increased, preventing possible rotation.'*®

5.1.2. Polymer and wax-based Pickering emulsions. Another
possibility for decreasing the rotation of spherical particles at
Pickering interfaces is to literally trap them prior to their
toposelective modification. This can be achieved by using oil in
water emulsions with droplets containing monomers or polymers
that can be respectively hardened through polymerization'®® or
solvent evaporation.'®' Granick’s team developed an efficient
and simple technique for the production of large quantities of JPs

(Fig. 4a). A Pickering emulsion is realized with wax droplets in
water, stabilized by silica microbeads at a temperature where the
wax is liquid. Cooling down the solution solidifies the wax,
locking the particles with one wax-protected half (Fig. 4b, inset).
A chemical modification is then possible directly through the
water phase'®® or by taking out the waxy colloidosomes and
modifying them in the vapor-phase (Fig. 4b).'** Wax dissolution
liberates the APs. Dipolar and amphiphilic JPs with micrometer
size were synthesized at the gram scale'®* with ~50% yield.'**
This is not only attractive from a productivity point of view, but
the technique is also interesting because it allows a fine control of
the “Janus balance” since the particle embedding in the wax
phase is easily controllable by parameters such as ionic strength,
pH and surfactant addition.’®* Other groups used Granick’s
process to synthesize micrometer-sized JPs with two sorts of
responsive polymers,'®® sub-micrometer sized polymer-laponite
core-shell particles with anisotropic surface potentials,'®® and
100 nm silica JPs.'®” Etching of the unprotected silica part leads
to original AP morphologies.® Kim et al developed an
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Fig. 4 (a) Scheme of the wax-based Pickering emulsion method. (b)
Epifluorescence image of silica Janus beads synthesized by the wax-based
Pickering emulsion method. Reprinted with permission from ref. 163
Copyright (2008) American Chemical Society. Inset: scanning electron
microscope (SEM) micrograph of a wax colloidosome stabilized with
silica particles. Reprinted with permission from ref. 164 Copyright (2008)
American Chemical Society. (c) Scheme of the suspension-based tech-
niques for synthesizing APs. (d) TEM micrograph of asymmetric organic
NPs synthesized by the cyclic templating strategy, where the thiol
modified parts are labeled with gold NPs. Reprinted with permission
from ref. 175 Copyright (2011) American Chemical Society. Inset: TEM
image of a templating gold NP covalently linked with organic NPs before
ligand exchange.'”® (e) Seeded emulsion polymerization scheme. (f) SEM
picture of snowman-like polyacrylonitrile-polystyrene particles synthe-
sized by seeded emulsion polymerization. Inset: TEM image of a unique
particle. Reprinted with permission from ref. 180 Copyright (2010)
American Chemical Society. (g) Scheme of solvent evaporation in the
emulsion droplet technique. (h) TEM micrograph of magnetic spherical
particles obtained with this technique. Reprinted with permission from
ref. 116 Copyright (2010) American Chemical Society.
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interesting process which requires a photocurable oil phase in
an oil in water Pickering emulsion.’® The particles are PS
microbeads and the droplets contain a photocurable polymer.
Using ultrasound treatment, the droplets are divided into smaller
entities, and even though the majority exhibits a raspberry-like
morphology, some of them form APs, that can be hardened upon
UV-curing. The affinity between polymer and PS particles will
direct the AP final shape from JPs to snowman-like APPs.'

5.2. Suspension-based techniques

Adapting the quite simple two-dimensional processes, which can
be employed at a solid-liquid interface, to suspensions seems
a very good alternative for increasing the surface area, and thus
the productivity. In order to increase the accessible surface, the
key parameter is a decrease in colloid size. A few processes, even
at the nanoscale, are already available, which is very promising
for the industrial production of APs.

5.2.1. Breaking the symmetry of micrometer and sub-
micrometer particles. Poncet-Legrand et al developed a tech-
nique based on the covalent binding of ~100 nm silica particles
to PMMA and commercial resin microbeads.'” After successful
binding, gold NPs can be adsorbed at one extremity of the silica
particles, and finally APs are released from the PMMA or the
resin by calcinations or chemical cleavage (Fig. 4c).'” Several
other strategies were developed, based on electrostatic binding of
nanometer-sized spherical particles to sub-micrometer sized
colloids with opposite surface charges. Negatively charged
polymer coated magnetite NPs were adsorbed on positively
charged silica beads. The parts screened by the NPs were not
affected by the subsequent polymerization and these APs were
detached from the beads by changing the silica surface charge
through increasing the pH.'”* A similar process based on elec-
trostatic adsorption of ~100 nm microgels on sub-micrometer PS
beads, followed by a radical polymerization and bead dissolu-
tion, led to asymmetric polymer-coated microgels.” In a totally
different approach, Nie et al. used hydrophobic-polymer coated
yttrium hydroxide nanotubes (NTs). The NTs were suspended in
an aqueous solution containing a monomer. A hydrophobic
cross-linker and an initiator were located in the hydrophobic
coatings of the NTs. The crosslinker polymerizes until reaching
the water interface, where the hydrophylic monomer starts
polymerizing, forming Janus micelles after dissociation from the
NTs.'” Finally, Mao et al. showed elegantly that the templating
particle can also be the modifier. They have designed thiol-
terminated oligomers that form micelles in toluene in such a way
that the thiol moieties are oriented towards the outside of the
micelle. Binding of gold NP on the surface of these few hundreds
of nanometers micelles was achieved. After micelle dissociation
by the addition of an appropriate solvent, gold NP attached to
oligomers in a dissymmetric way are released.'”

5.2.2. Towards nanoparticle surface templating. One very
promising process, showing a symmetry break at NP surfaces,
was very recently reported by Zhang et al. They proposed a cyclic
templating strategy based on click chemistry, that involves as
templating particles a few tenths of nanometer gold NPs func-
tionalised with alkine ligands attached by thiols and smaller

azide coated hydrophobic organic NPs as substrates to be
modified.'” The cycle consists of (i) binding of the organic NPs
to the gold NPs by click chemistry (Fig. 4d, inset), (ii) removal of
the excess organic NPs, (iii) ligand exchange at the gold NP
interface, which liberates the organic NP, possessing now thiol
moieties at one face and (iv) organic APs recovery. The presence
of thiols at one extremity of the nanosized APs was demonstrated
by their anisotropic binding to 1 nm gold NPs (Fig. 4d).’” This
first report shows that the surface of NPs can be used, based on
covalent binding, for breaking the symmetry and predicts
important developments in the near future in this area.

6. Emulsions as bulk templates for breaking the
symmetry

Many reports have shown that emulsions can be used to break
the symmetry by emulsion polymerisation and solvent evapora-
tion. Different strategies based on this technique are currently
employed to generate APs leading to a large range of possible
combinations with different accessible length scales.

6.1. Seeded emulsion polymerisation

The so-called “seeded emulsion polymerization” (SEP), can lead
to homogeneous APs with dumbbell, acorn-like and snowman-
like morphologies, but requires multiple steps (Fig. 4e). The
classical SEP involves a monomer-swollen polymer as the seed.
Basically, the procedure requires three steps, which are (i) poly-
merisation of a monomer M1 emulsified in water with the help of
a surfactant to give polymer P1, (ii) P1 swelling by incorporation
of a monomer M2 that creates the “seed”, and (iii) heating and
polymerization of the seed. The elastic stress generated by the
entropy change during the third step can cause a phase separa-
tion between P1 and M2 that will be generally increased during
the polymerization of M2, due to the difference of hydrophilicity
leading to P2 protrusion, which will generate the AP patch
(Fig. 4f). Mock et al investigated the SEP mechanism, high-
lighting the importance of key parameters such as wetting
affinities between M2 and the seed and the swelling time in
determining the final particle morphology.'”® SEP and a subse-
quent site-selective modification were used to synthesize few
micrometers,'”” sub-micrometer’’® and ~100 nm amphiphilic
organic APs'” as well as sub-micrometer organic—inorganic
APs."® It is worth mentioning that Kim ez al. increased the level
of structural complexity by introducing a subsequent monomer
swelling to dumbbell-like asymmetric particles previously
synthesized by SEP, leading, after heating and polymerization, to
original trimeric structures.’® By encapsulating in the swollen
polymer seed an inorganic core particle, sub-micrometer sized
silica/organic APs (Fig. 6a),’® and magnetic hollow APs were
synthesized.’®® Recently, SEP has been extended and other
processes, which do not use a monomer swollen polymer as
seeds, can still be found under the name SEP or seeded dispersion
polymerization (SDP), when the seeds are particles. A few
procedures involving inorganic particles as seeds have been
reported in the literature. Styrene emulsion polymerization with
silica seeds in the presence of a hydrophilic monomer can lead, by
optimizing the monomer-seed ratio, to a few hundreds of
nanometers snowman-like APs.’®* The PS part can be used as
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a protecting mask that can be dissolved after the modification to
leave a “naked” silica area that undergoes subsequent modifi-
cations.'® Styrene emulsion polymerization in the presence of
Fe;04-silica core—shell particles coated with a coupling agent as
seed can lead to particles coated with a polymeric shell or a bulb,
depending on the reticulation degree.'®® Breaking the symmetry
of the concentric particles is possible using them as seeds for SEP,
leading to ~500 nm snowman-like particles.'® Organic particles
as seeds have also been reported. Using PS beads as seeds,
micrometer-sized organic particles can be created.’®” Recently,
sub-micrometer sized silica-PMMA core-shell particles, sup-
porting silica particles, were used as seeds to generate original
organic-inorganic dumbbell-like APs.'® Finally, oil droplet
seeded emulsion polymerization has been introduced. Using
ferromagnetic oil droplets swollen with styrene monomers as
seeds, Rahman et al. generated ~100 nm acorn-like ferromag-
netic APs."®

6.2. Emulsion droplets as asymmetry inducing polymerization
reactors

The one step synthesis of ~100 nm PS-silica snowman-like APs
was reported by mini-emulsion polymerization. No seeds are
present and the droplets are composed of monomers and TEOS.
During the polymerization, that takes place at 70 °C in the
presence of ammonia, a spontaneous phase separation occurs.'*°
A similar approach based on sonochemistry involves droplets
filled with magnetite particles to generate ~50 nm ferromagnetic
APs.”! Very original APs were synthesized using wax droplets
containing styrene. Upon polymerisation by heating, a phase
separation occurs (similarly to SEP) between polystyrene and the
droplet, and the polymer is dragged to the interface due to the
Pickering effect.’® A subsequent interfacial polymerization of
water soluble monomers breaks the symmetry. Since the PS
phase morphology at the interface depends on the cross-linking
and the surfactant concentration, very original micrometer APs
morphologies were reported.’* Misra and Urban recently
reported the two-step synthesis of ~100 nm acorn-like JPs by
emulsion polymerisation.'®® They showed that this morphology
can be obtained by subsequently polymerising two monomers
with a similar glass transition temperature that is high enough
compared to the reaction temperature. The interfacial energy
between the polymers has to be sufficient to favour a phase
separation with a restricted contact area.'® It has also been
reported that immiscible polymers with different molecular
weights can phase-separate when incorporated in mini-emulsion
droplets.™*

6.3. Solvent evaporation in emulsion droplets

Evaporation of an organic emulsion droplet containing two
products can lead to a phase separation since during evaporation
the less soluble product will precipitate first while the other
concentrates and precipitates when saturation is reached
(Fig. 4g). The formation of amphiphilic PS-PMMA APs parti-
cles by toluene evaporation has been intensively studied. It has
been shown that parameters such as the type of surfactant,'®s the
surfactant concentration,'®>'%¢ and the molecular weight of the
polymer,**®'7 are critical with respect to the APs final

morphologies. By tuning these parameters, one can synthesize
micrometer-sized acorn-like APs and snowman-like APs as well
as spherical JPs. After having induced the symmetry break with
this technique, Tanaka er al used the surface initiated atom
transfer radical polymerization to generate micrometer-sized
mushroom-like APs.’® Besides theses fully organic systems,
inorganic-organic APs can also be created by using this tech-
nique. Indeed, hydrophilic magnetite NPs, inserted in droplets
with PS or amphiphilic polymer will segregate in the particle
during toluene evaporation, forming spherical APs with size-
controllable magnetic patches (Fig. 4h).!'®' In a quite
similar approach, Higuchi and coworkers reported polymer NP
formation of THF-soluble diblock copolymers. After being
solubilized in a water—THF mixture, the copolymers spontane-
ously self-assemble upon slow THF evaporation leading to
microphase separation and they precipitate.?® Engineering the
copolymer molecular weights and the block length allows the
final organization to be tuned; long blocks can give ~100 nm
spherical JPs.?!

7. Breaking the symmetry without interfaces
7.1. Polymerization techniques

7.1.1. Polymer protrusion. Polymerization methods other
than seeded emulsion polymerization that can produce polymer
protrusions have been recently reported. Even if the involved
mechanisms are not well understood, suggestions were proposed
by the authors. Micrometer-sized PS spheres covered with
a polyelectrolyte multilayer (PEM) can exhibit a protrusion of
the polymer core in the presence of small amounts of THF,
leading to PS-PEM snowman or dumbbell-like APs.?? It has
been suggested that due to hole generation in the PEM layer
upon the swelling and the osmotic pressure in the presence of
THF molecules, the PS core can protrude through the shell and
be stabilized by sulfate groups present in the PS latex.?** PS
polymerization on ~400 nm vinyl-modified silica beads can also
lead to a polymer bulge when the monomer is added dropwise in
the presence of low amounts of surfactant.?*® It has been
observed that a small bulge forms, and suggested that the slow
monomer addition favours its adsorption on the preformed PS,
which directed the protrusion growth. Organic-inorganic
spherical PPs can be recovered after having etched the thinner PS
layer.2%

7.1.2. Polymerization in the presence of nanoparticles.
Ohnuma et al. reported the formation of PS—gold snowman-like
spherical APs with very high yield by simply adding citrate-
stabilized gold NPs after the PS precipitation polymerization is
initiated (Fig. 5a).2* Even if the symmetry-breaking mechanism
is not known, the particle evolution was observed during the
reaction and it was found that PS nucleates and grows at the gold
NP surface without embedding it. The NPs addition time and
the type of NP stabilizing agent seem to be critical parameters.?**
It has also been reported that aniline polymerization triggered
by AgNOs; in the presence of gold nanospheres or nanorods
leads to PPs with a gold-silver core-shell patch (Fig. 5b).2%
Fe;O4 nanoparticles can also be partially embedded in a PS
matrix, when present during radical emulsion-free styrene
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polymerization, to create ~100 nm PPs that can be subsequently
modified by silica in a dissymmetric fashion (Fig. 5c).2%¢

7.2.  Copolymer engineering

Even if some linear diblock copolymers and more sophisticated
polymers?*72%® with rather small molar masses can exhibit an
intrinsic Janus character, bigger objects, that can be easily
manipulated, are also required in the frame of nanotechnology.
Those nanometric objects can be obtained through the following
different techniques.

7.2.1. Comb-like copolymers and intramolecular cross-
linkage. High molar mass comb-like copolymers can form
unimolecular asymmetric nano-objects with different asym-
metric morphologies.*'**'! For example, Lanson et al. showed
that poly(styrene) comb-poly(ethylene oxide) copolymers form
100 nm long cylindrical structures with both domains easily
observable under the atomic force microscope (AFM)
(Fig. 6b).*° Cheng et al. reported the synthesis of the “smallest”
polymeric PP by cross-linking the internal part of a triblock
copolymer leading to ~10 nm APPs with two asymmetric poly-
mer chains as patches.?'?

7.2.2. Techniques based on block-copolymer self-assembly.
AP synthesis by copolymer self-assembly has a strong potential
for industrial applications because of its cheapness, simplicity
and the small size of APs that can be produced. Janus micelles
can be created by simply mixing block copolymers that will self-
assemble. Voets et al. reported that the bulk self-assembly of two
diblock copolymers can lead to ~20 nm-sized Janus disks,*'* and
ellipsoidal Janus objects.?’®> A precise transmission electromc
microscope (TEM) observation of these polymeric Janus micelles
still remains a challenge, that can be overcome by staining them
for example with Grubbs catalyst>'¢ or by the topologically
catalyzed modification with a silica precursor.?'” In some cases
the sole self-assembly is not efficient and a subsequent anneal-
ing,>'® photo-crosslinking®'® or intramicellar complexation®° is
required to break the symmetry. Li et al. recently reported the
synthesis of vesicles by diblock copolymer self-assembly in
the presence of HCl or hydrogen tetrachloroaurate. The
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Fig. 5 (a) Scanning electron microscope (SEM) image of PS—gold PPs
obtained by polymerization in the presence of gold NPs. Inset: TEM
picture of a unique PS—gold PP. Reprinted with permission from ref. 204
Copyright (2009) American Chemical Society. (b) TEM micrograph of
APs containing a gold-silver core-shell particle and a spherical poly-
aniline part obtained by aniline polymerization with AgNO; in the
presence of gold nanorods. Reprinted with permission from ref. 205
Copyright (2010) American Chemical Society. (c) TEM picture of
mushroom-like PS-SiO, APs with an embedded Fe;04 NP. Reprinted
with permission from ref. 206 Copyright (2010) American Chemical
Society.
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Fig. 6 (a) TEM image of asymmetric dumbbells composed of a PMMA
coated silica head and a PS body. Reprinted with permission from ref.
183 Copyright (2010) American Chemical Society. (b) Topographic
AFM tapping mode image of asymmetric polymeric objects exhibiting PS
and PEO domains. Reprinted with permission from ref. 210 Copyright
(2007) American Chemical Society. (c) TEM picture of gold—SiO, APs
obtained by ligand segregation. Reprinted with permission from ref. 213
Copyright (2010) American Chemical Society.

dissociation of these vesicles by hydrazine addition leads to
nanometer-sized asymmetric fully organic or mixed organic—
gold PPs.?*' A very original method was recently reported by
Dupont et al. After the precipitation of one of the external
blocks of a triblock copolymer by addition of a complexing
agent, the polymers self-assemble in a hamburger-like way with
insoluble “bun” parts and a “filling” middle block.?** After the
bun parts were photo-crosslinked, the removal of the com-
plexing agent leads to an opening of the sandwich, creating two
nanometer-sized Janus particles.??* It is well known that triblock
copolymers can self-assemble in bulk lamellar structures that
are different, depending on the block sizes and the solvent used
(Fig. 7a).

Saito et al. first reported the use of the lamellae-sphere struc-
ture formed by A-B—C triblock copolymers with spheres of block
B embedded between lamellae outer blocks of A and C, for
synthesizing ~20 nm spherical Janus micelles after crosslinking
of the B spheres.?*® Miiller’s team, about the same time, reported
the use of the same technique for creating Janus micelles with
other compositions (Fig. 7b).2*??* This team then extended the
technique, demonstrating the wide range of possible shapes. The
usual route consists in selectively crosslinking a bulk film block
terpolymer with a subsequent sonication treatment. By cross-
linking cylinders in lamellae-cylinder morphologies, they could
obtain micrometer-long Janus cylinders (Fig. 7¢).* Finally, the
lamellae-lamellae morphology allowed them to synthesize Janus
disks with tuneable sizes (Fig. 7d).**’

7.3. Towards a growth control of patches on silica particles

After having shown that silver patches on ~300 nm silica beads
could be grown with a control over their number and
morphologies leading to PPs and JPs with a two-step tech-
nique,?® Klupp Taylor’s group reported an attractive one step
process.?”® The strategy is based on generating statistically very
few nucleation events per silica bead by using small concentra-
tions of silver salt and a slow dropwise addition of reducing
agent (Fig. 8a).?*® The importance of reaction temperature and
type of silica nanobeads was investigated.??* The number of
particles owning only one patch is very high and the modification
yield can be very close to 100% using optimized parameters.?** In
addition to its direct potential interest for industrial production
of silver PPs, this technique may open new opportunities for
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Fig.7 (a) Scheme of the synthesis pathway based on triblock copolymer
self-assemblies developed by Miiller’s group* for synthesizing Janus
spheres, Janus cylinders and Janus disks. (b) Surface force microscopy
(SFM) image of an assembly of spherical Janus micelles. Reprinted with
permission from ref. 224 Copyright (2001) American Chemical Society.
(c) SEM images of Janus cylinders. Reprinted with permission from ref.
226 Copyright (2003) American Chemical Society. (d) 3D-plotted SFM
image of a Janus disk. Reprinted with permission from ref. 227 Copyright
(2007) American Chemical Society.

creating other APs, since adapting it to other systems seems quite
straightforward.

7.4. Core-shell and hollow particles as sources of asymmetry

7.4.1. “Out of the shell” pathway. Two examples were
reported with core-shell particles as sources of APs. They are
based on chemical or crystalline transformation that imply
volume changes of the core or the shell part in such a way that the
core cannot remain anymore in the shell. Formation of Agl-
silica nanometer-sized snowman-like PPs using Ag-silica core—
shell nanospheres under I, action was observed with TEM
(Fig. 8b).%° 1, diffuses through the nanoporous silica and
oxidizes Ag’ into Agl. The differences in molar volumes between
the two silver compounds make Agl leave the shell, leading to an
Agl bulb outside the shell, linked to the core part by a filament.
Dewetting of a CdSe shell caused by a change from amorphous
to crystalline upon annealing can induce a FePt core to leave the
shell forming FePt-CdSe snowman-like nanometer PPs
(Fig. 8¢).%*! The protrusion of the PS core of PS-PEM core-shell

particles in certain solvents was also reported by Wang et al.>**

7.4.2. Janus sheets by crushing hollow spheres. Even if it is
difficult to imagine a precise size control of the generated parti-
cles using this technique, crushing hollow spheres with a modified
outer-surface is a very easy and attractive way for generating
Janus objects, as was mentioned by de Gennes (Fig. 8d).> The
first description of this strategy goes back to a 1987 patent from
Griining ef al. describing the formation of Janus microplates by
crushing commercial hollow silica microspheres that have
a hydrophobic modified outer surface.?** Recently, this technique
has been adapted to lab-made** hollow silica microspheres to
generate paramagnetic Janus sheets.?®

hollow sphere

crushing

—
745 M | Janus nanosheets

Fig. 8 (a) SEM image of silica—gold PPs obtained by the method
reported by Klupp Taylor. Reprinted with permission from ref. 228
Copyright (2010) American Chemical Society. (b) TEM micrographs
showing the transformation of a Ag-SiO, core-shell particle in a Agl-
SiO, snowman-like AP under the I, action, the core diameter is 9 nm.
Reprinted with permission from ref. 230. (c) FePt-CdSe snowman-like
PPs obtained by annealing of FePt—CdSe core-shell NPs. Reprinted with
permission from ref. 231 Copyright (2004) American Chemical Society.
(d) Scheme showing the formation of Janus nanosheets by crushing
hollow spheres.

7.5. Janus vesicles

By dialyzing a solution containing vesicles with phosphatidyl-
choline lipid membranes, detergent and dodecane-thiol stabilized
gold nanoparticles, Rash et al. formed Janus vesicles. Indeed, the
detergent removal caused, by dialysis forces, the NPs to migrate
to the inner lipid bilayer, then, hydrophilic attraction between
the gold NPs causes their segregation within the membrane,
leading to new, very interesting Janus nanovesicles, that have
a strong potential for targeted drug delivery.?* Christian et al.
showed that the addition of a binding cation to vesicles
composed of a neutral and an anionic amphiphilic polymer can
lead to a phase separation, generating Janus vesicles.?*®

7.6. Ligand segregation on nanoparticles

Ligand segregation as the origin of symmetry break on gold NP
was reported by Chen’s group. They showed that some combi-
nations of hydrophobic and hydrophilic gold ligands can segre-
gate at the NP surface, generating two areas with different
hydrophilicities on the NP surface.?'**¥7-23® The symmetry is then
broken and subsequent modification can lead to APs composed
of different materials. The adsorption of amphiphilic diblock
copolymers on the hydrophilic part can lead to nanometer-sized
organic®*® or silica?'*?*’ particles with gold patches (Fig. 6¢). The
degree of embedding of gold NPs in the polymer part can be
tuned via the hydrophobic ligand-hydrophilic ligand ratio.?*®
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Taking advantage of the segregated adsorption of mercapto-
benzoic acid and polyacrylic acid around gold NPs, silica growth
with tetraorthosilicate precursors was only achieved at the
hydrophilic NP half to form snowman-like APs.?%®

7.7. Mechanisms for toposelective modification of metallic or
semiconductor nanoparticles

7.7.1. Selective deposition on nanorod tips. Most of the time,
the tips and the core surface of anisotropic metallic or semi-
conducting (SC) nanostructures exhibit reactivity differences.
This is mainly due to the different exposed crystal facets. Usually,
tips present higher surface energies than core surfaces and also
imperfections of the stabilizing ligand layer. This decreases the
activation energy for a particle to nucleate at a tip site, followed
by the autocatalytic growth of the initially deposited particle.
Taking advantage of this phenomenon and the fact that on CdSe
or CdS nanorods the tip facets present more chalcogenide atoms
compared to the core surface (thus, higher affinities for metals),
Pt, PtNi and PtCo particles have been selectively deposited at the
tip of ~120 nm long CdS nanorods.* In some cases, the amount
of metal precursor modifies the final morphology. Statistically,
smaller concentrations will give a modification only at one tip
and increasing the concentration will favour metal NPs at both
tips.?*® Using this mechanism, CdS nanorods with one PbSe
extremity,?*® CdSe-seeded CdS nanorods with one Co extremity
(Fig. 9a),>*! one gold extremity,*** one Ag,S extremity,*** and, at
the same time, one gold and one Ag,S tip were synthesized.?*
Toposelective modification with gold was also reported on
bullet-shaped CdS nanocrystals, generating original PPs.?*?
Other nanorods than CdS or CdSe have been employed and the
selective modification of one tip were reported for TiO, nanorods
with Fe,O3?** and Co0,>** ZnO nanowires with TiO,,>*¢ Te
nanowires with gold (Fig. 9b),**” Pt and FePt nanowires with
gold**® and Co nanorods with gold.**®

7.7.2. Asymmetric particles by the Oswald-ripening mecha-
nism. After having introduced for the first time the gold depo-
sition on CdSe nanorods to generate dumbbell-like
nanostructures,>' Mokari ef al. have shown experimentally and
theoretically that by increasing the gold precursor concentration,
a matchstick-like morphology with the gold being deposited only
at one nanorod tip appears.?*® This phenomenon, observed for
rods with a few tenths of nanometers and ~10 nm CdSe dots was
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Fig. 9 (a) TEM picture of Co-tipped CdS nanorods. Reprinted with
permission from ref. 241 Copyright (2009) American Chemical Society.
(b) TEM image of Te nanowires with gold tips. Reprinted with permis-
sion from ref. 247 Copyright (2009) American Chemical Society.

explained by an Oswald-ripening mechanism. Indeed, at high
gold precursor concentrations, the gold density fluctuation
provides sufficient driving force for a ripening, where the smaller
gold dots, being destabilized compared to the bigger ones, are
consumed, while the size of the bigger ones increases, leading to
nanometer-sized SC-metal matchstick-like APs and JPs. This
dissolution—deposition mechanism implies an electron transfer
that was suggested to occur by hopping through surface states.?*®
This ripening mechanism was also used to generate nanometer-
sized CdS matchstick-like APs with gold at one extremity*? and
Fe;04-Ag PPs.?*?

7.7.3. Surface energy balance. Seh ef al. studied TiO, growth
on gold nanorods and nanospheres.?** Various morphologies
were obtained by using different TiO, precursor amounts, which
in some cases allowed formation of ~50 nm snowman-like and
nanometer-sized TiO, spheres containing a partially embedded
gold nanorod.?** The authors rationalized their formation with
a model based on the balance between the gold surface energy,
TiO, surface energy and the gold-TiO, interfacial energy.
Indeed, for some TiO, precursor volumes, the more stable
morphologies were found to be the asymmetric ones.*>*

7.7.4. Lattice mismatch. yFe,Os-metal sulfide NP morphol-
ogies were investigated by Kwon et al. Their synthetic pathway
consisted in annealing yFe,O;-metal sulfide core—shell particles,
which induced a rearrangement of the metal sulfide shell,
creating crystalline NPs with heterojunctions.?* Studying metal
sulfides with different lattice parameters, they pointed out the
importance of the lattice mismatch between the two materials for
the final morphology.?** Indeed, the two extreme effects of
inappropriate mismatch will be generation of separated particles
or multipatches and cluster formation. A right balance can be
found with systems such as yFe,O3;—CdSe nanometer-sized
PPs.?% The authors then studied the influence of the Fe,Os
nanocrystal size on the final morphology.?*® By using a cation
exchange procedure for CdS nanocrystals, Saruyama et al
reported the formation of CdS-CdTe PPs. The anisotropic
nucleation of CdTe on CdS was also explained by lattice
mismatch and a difference between the crystal structures of the
two materials.?’

7.7.5. Metal sulfides anisotropic growth. A process for
generating metal-sulfide PPs has been reported by Teranishi and
co-workers.” The method consists of growing first metal NPs
protected by thioalkanes ligands. At high temperature, some S—C
bonds are broken, incorporating some sulfur atoms in the metal.
In the presence of another metal precursor, the new metal sulfide
grows anisotropically, probably in a direction favoured by the
transport of S*~ ions from the metal sulfide previously created.
Using the technique, PdS,~CoySg **® nanoacorns, as well as
CdS-PdS, PPs*® and copper—indium sulfide PPs*° were
reported.

7.7.6. Growth from a single facet. Yu et al reported the
formation of Fe;O4—gold snowman-like nanostructures by
decomposition and oxidation of Fe(CO)s in the presence of
spherical gold NPs.>*' The proposed mechanism is due to the
charge polarization at the gold—Fe;O, interface when Fe;O4
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begins to nucleate at one facet. The other facets then become
electron deficient, protecting them from other nucleation
events.?®! The obtained APs are approximately of 10 nm size with
easily tuneable patches®®' and can serve as platforms for growing
other materials from the gold patch.?®* Shi ef al. extended the
method by synthesizing Fe;O04 and PbS NPs with gold patches
and Fe;04~Au-PbS APs using this technique.?®* Pellegrino et al.
grew epitaxially gold on CoPt; nanocrystals, creating nano-
meter-sized APs.?* The proposed mechanism implies the selec-
tive nucleation of gold on a single facet, making this facet
catalytically active with respect to the further growth of CoPt;.26*
Involving the same mechanism, ZnO-gold snowman-like nano-
structures were synthesized.?** Synthesis of nanometer-sized
FePt—-CoFe,0,4,2% Ag-Se, ¢ FePt-Au,*® Ag,S-ZnS,*” Ag,S-
CdS,*7 Fe304-SiO, *® and FePt-Au®*® APs probably implies
one of the two mechanisms mentioned above.

7.8. Flame synthesis approach

A flame synthesis approach was proposed by Zhao and Gao.?*® In
their device, a solution containing Fe,O; and silica precursor is
injected into a flame, the reaction is then quenched and the
resulting NPs are collected in a thin water layer generated on
a rotating disk. They found out that the resulting particles were
nanosized spherical SiO,~Fe;O, JPs. They explained their
formation by solvent evaporation, followed by a phase separation
in the liquid state during pyrolysis. Even if the production rate was
rather low, this technique seems well adapted for up-scaling.?®®

7.9. Approaches using external electromagnetic fields

The polarization of SC or conducting objects that can be
generated under the influence of electromagnetic fields such as
radio-frequencies,?”® micro-waves,*”! light*”® and electric fields*”*
can trigger their toposelective modification. We now discuss the
case of selective modification for generating APs based on these
kinds of effects.

7.9.1. Photochemistry. Light absorption by SC materials can
promote electrons from their valence band to the conduction
band. Even if the recombination rate is most of the time very
important, the photogenerated hole and electron can react with
electron donors and acceptors respectively. Some cases of located
deposition on SC particles upon irradiation with light leading to
APs can be found in literature. Reiche ez al. showed that dark
areas of illuminated TiO, particles can be the place for Cu*
reduction, while the light exposed area is an oxidation site.?’* SC
nanorods were also selectively modified with metals upon light
exposure. The single tip modification of ZnO nanorods with
silver,”* and of CdS nanorods with gold, have been repor-
ted.?”>?7¢ Even if the single-tip modification mechanism is still
unclear, it has been suggested that once a metal nuclei is created
at one of the tips (due to preferential deposition compared to the
body surface, as discussed above), the metal, due to its large
capacitance attracts the photoinduced electrons for the growth of
the rest of the metal NP.

7.9.2. Bipolar electrochemistry. Bipolar electrochemistry is
based on the polarization of conductive objects in DC electric

fields.?”>?"7 Indeed, the electric field induces a polarization
potential difference equal to the electric field multiplied by the
object length, which arises between the two sides of the object,
creating a cathodic and an anodic pole, which constitutes the
driving force that can be used to trigger depositions (Fig. 10a).
Bradley et al. used this technique to deposit Pd*#2% and
a conducing polymer®! on carbon microstructures, but since the
particles were adsorbed on sheets before their modification
during the experiment, this technique cannot be considered as
a bulk synthesis. With the capillary assisted bipolar electrode-
position (CABED) a bulk technique for achieving bipolar elec-
trodeposition has been suggested.?* This set-up allows applying
the high electric fields (~1500 V c¢cm™') that are required for
modifying small objects. A family of asymmetric metal coated
carbon microtubes could be generated’®® (Fig. 10b and c) by
combining a metal deposition at the cathodic pole, accompanied
by solvent oxidation at the anodic pole (Fig. 10a). This concept
could be extended also to polymer—carbon—-metal APs**?* and it is
possible to use the technique at the nanoscale, as has been
demonstrated for multiwall carbon nanotubes (MWCNT) with
a single gold NP at one tip (Fig. 10d).?®* Even if this is a bulk
technique, the accessible amount of APs is limited by the capil-
lary volume. Since this technique is attractive, because it seems
very appropriate for an industrial AP production, work is under
progress to upscale the technique for reaching gram-scale
production.?®*

7.9.3. Microwaves and radio frequencies induced polarization.
Duque et al. deposited metals at surfactant coated single-wall
carbon nanotube (SWCNT) tips by exposing them, in the
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Fig. 10 (a) Scheme of the bipolar electrodeposition of a metal at one end
of a conducting tube. (b) SEM image of carbon microtubes modified by
bipolar electrochemistry with Pt particles at one extremity.** (c) Optical
microscope image of carbon microtubes modified by copper at one
extremity by bipolar electrodeposition. Reprinted with permission from
ref. 282 Copyright (2008) American Chemical Society. (d) TEM picture
of an asymmetric MWCNT modified with a gold NP.
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presence of metal salts, to microwaves*”! and radio-frequen-

cies.?” Indeed, similar to the bipolar electrochemistry approach,
under the influence of these fields, the SWCNTs are affected by
polarization, which causes their modification. This approach
seems also very attractive for the bulk formation of APs, even if
a precise control of the obtained particle morphology has not
been clearly demonstrated.

8. Conclusion

Janus and asymmetric particles are of major importance for a wide
variety of industrial applications ranging from particulate
surfactants to medical treatments. Since the first work related to
their synthesis was published in 1988, a very wide range of
processes has been developed to produce them, trying to increase
the possible material combinations and the amounts of generated
APs. Numerous low-dimensional techniques involving interfaces
exist and are sufficiently efficient for laboratory scale production,
but cannot be considered for a potential industrial scale-up, unless
they present a very high yield. In the present contribution, we
reviewed the available bulk techniques for AP generation with an
accent on their potential practical importance. More fundamental
issues, aiming at understanding the mechanisms of symmetry
breaking, are equally important®®s and need to be taken into
account in order to improve the efficiency of these processes. The
reviewed approaches consist essentially of creating interfaces in
the bulk, using emulsions as templates, polymer engineering,
crystal growth engineering and exposing particles to electromag-
netic fields. We illustrated the diversity in size, shape and
composition that can be obtained with these bulk techniques.
Gram-scale production of APs has been reached with relatively
good yields by a few groups'®** showing that commercialization
of some APs is about to be reached. Nevertheless, the need for
adaptable techniques, which can be used to break the symmetry of
various types of particles, is still very strong. Obviously, one
process will not have the monopoly and several techniques will be
used in synergy to reach this diversity. In this perspective, poly-
mer-based techniques and wax-based emulsions seem to be very
promising for achieving the production of fully organic, inor-
ganic-inorganic or inorganic-organic APPs. Coupling these
relatively well-developed processes with emerging techniques
involving external electromagnetic fields, such as in bipolar elec-
trodeposition, can increase the diversity and will finally allow the
modification of any kind of particle, with the possibility of
a rational design of complex objects at the micro- and nanoscale.
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