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Polymer particles constitute a large part of synthetic materi-
als. Multicomponent polymer-based microspheres find appli-
cations in drug delivery,"! protein isolation and analysis,”
photonics,®! and displays.! Depending on the function,
different materials, sizes, and structures are required, includ-
ing microgels,'"® core-shell, patchy, multicompartment, and
Janus particles.*>) Most well-known strategies for the syn-
thesis of particles include dispersion, emulsion, and mini-
emulsion polymerization.!”! Microparticles are produced in
solution or in a confinement formed of immiscible solvents
and emulsifiers. Multicomponent, functional micropartic-
lest*=7 can also be synthesized by modern techniques, for
example, by microfluidic, photo,”®***%! or thermal polymer-
ization,*! or by evaporation of water from a dispersion.””! All
these methods rely on solvents or processing liquids and often
involve the use of surfactants. For environmental reasons and
to reduce energy consumption, it is desirable to develop
strategies that reduce or completely avoid any type of solvent
or emulsifier.

Here we show that polymeric and composite microspheres
can be produced without solvents, process liquids, or additives
by using superamphiphobic layers. Superamphiphobic layers
extend the water repellency of superhydrophobic surfaces to
organic liquids and aqueous solutions of surfactants or
proteins." On superamphiphobic layers, even nonpolar
liquids form an apparent contact angle above 150° and
a roll-off angle below 10° in air (Figure 1a). For super-
amphiphobicity, low interfacial energy and microscopic
protrusions with overhanging geometries are essential %11l
Microscopic pockets of air are trapped beneath the liquid.
The drop rests on top of the protrusions, and the interfacial
tension of the liquid causes the drop to assume a spherical
shape, much like a freely suspended or falling drop (see the
Supporting Information). Furthermore, because the real
solid-liquid interfacial area is much smaller than the apparent
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Figure 1. Liquid drop on a superamphiphobic layer. a) Schematic of

a liquid drop on a superamphiphobic layer and a magnified view of the
interface between the liquid and the superamphiphobic layer. b) SEM
image of a superamphiphobic layer. c) Video image and d) vertical
section of a drop of styrene on a superamphiphobic layer imaged with
a confocal microscope (contact angle @ =158°, roll-off angle a =6°).
Scale bar in (c): 1 mm. The 6 uL drop was labeled with N-(2,6-
diisopropylphenyl) perylene-3,4-dicarbonacidimide (0.04 mgmL™") and
thus appeared yellow. The reflection of the excitation light (cyan) at the
interfaces shows the top surface of the glass and the bottom surface
of the styrene drop. In between, with some weak scattering at the
silicon oxide nanostructures the superamphiphobic layer can be seen.

contact area, adhesion of the drop to the surface is low,
leading to a low roll-off angle.'!"!

The proposed method to fabricate polymeric micro-
spheres takes advantage of the high liquid repellency of
superamphiphobic layers. The almost spherical shape of the
drops and the extremely low adhesion of the particles to the
layer allow polymeric microspheres to be synthesized on
superamphiphobic layers, as demonstrated for a radical
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polymerization. Janus and magnetic microspheres are pro-
duced by melting agglomerates of polymeric powders. The
polymerized or solidified solid microspheres can be easily
removed from the superamphiphobic layer without leaving
polymer behind or changing the topography of the layer.

We recently developed a simple method to fabricate
optically transparent, robust superamphiphobic layers
(Figure 1)."" Our design is based on a fractal-like arrange-
ment of nanoparticles. A template of soot particles (30-50 nm
in diameter) is coated with a 20-30 nm thick layer of SiO,
(Figure 1b). To render the layer transparent, the soot is
burned away at 600 °C. Finally, the porous SiO, layer is coated
with (tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane
to lower the surface energy (Figure 1c,d). The layer is UV
resistant, stable up to 400°C, optically transparent, and does
not swell in organic or polar liquids. This opens up the
opportunity to fabricate almost contact-free solid-liquid
interfaces.

The repellency of our superamphiphobic layers is dem-
onstrated for styrene (Figure 1d). In the confocal-microscope
image, the fluorescently labeled drop of styrene remains on
top of the superamphiphobic layer without impaling it. The
vertical cross-section also shows the high contact angle. A
similarly high contact angle was observed for several other
monomers (Table 1).

Table 1: Contact angle ), roll-off angle a, and surface tension y of some
monomers on a superamphiphobic surface at 20°C. Drop volume:
(6£1) pL. The surface tensions were measured by using the Wilhelmy-
plate method.

Monomer o a y [mMNm™]
styrene 158° 6° 34
methyl methacrylate 156° 10° 28
acrylic acid 154° 7° 29
adipoyl chloride 152° 9° 38
ethylenediamine 152° 16° 42

To demonstrate that superamphiphobic layers can be used
for solvent-free polymerization of microparticles, we carried
out a radical polymerization of a methacrylate initiated by
UV light. We mixed bisphenol A glycerolate dimethacrylate
(bis-GMA) and tri(ethylene glycol) dimethacrylate
(TEGDMA) with the photoinitiator phenylbis(2,4,6-trime-
thylbenzoyl)phosphine oxide. A drop of the mixture was
placed with a pipette on a slightly concave watch glass coated
with a superamphiphobic layer (Figure 2a). The mixture
showed a static contact angle of 159° and a roll-off angle of
20°. Polymerization was initiated by UV irradiation. To avoid
deformation because of gravity or adhesion, the watch glass
was moved by a 2D orbital shaker to keep the drop in rolling
motion while its viscosity continuously increased. The poly-
merized particles rolled off from the superamphiphobic layer
when the substrate was tilted by a few degrees. The adhesion
to particles is extremely low because actual contact is only
established at few points. To produce small particles, we
deposited the mixture by an inkjet printer. Particle diameters
of only a few 10 um were obtained (Figure 2d).
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Figure 2. Synthesis of microspheres by radical polymerization. a) Sche-
matic of the set-up. b, c) Particles synthesized from bis-GMA

(15 wt%), TEGDMA (84 wt %), and photoinitiator (1 wt%). After
mixing and sonication for 30 min, a drop (8-10 uL) was pipetted into
a concave watch glass (10 cm diameter, 1.5 cm high) coated with

a superamphiphobic layer. The polymerization was initiated by pulsed
UV irradiation for 1 min followed by continuous illumination for 4 min
(LQ 400, UV-A: 200 mWcm™ at the end of the glass fiber). d) SEM
image of a microsphere from 99 wt% TEGDMA with 1 wt% photo-
initiator polymerized by UV exposure for 3 min. The mixture was
deposited by an inkjet printer (Nano-Tip JA 070-401) held at a distance
of 4 cm.

The size of the spherical particles corresponds to the
initial volume of the monomer drop. The degree of mono-
dispersity is given by the accuracy of depositing drops of
a well-defined volume. We are able to synthesize particles as
large as a few millimeters (Figure 2b,c). The upper limit is
determined by the effect of gravity, which for drops larger
than the capillary length flattens the drops. The capillary
length is k = /v /gp with the surface tension y, the density p,
and g =9.81 ms~2 Typically, x is about 2 mm. The fundamen-
tal lower limit is given by the spacing between neighboring
protrusions. Particles smaller than the spacing between
protrusions penetrate the superamphiphobic layer. For these
superamphiphobic layers, this spacing was about 1 pm.

It is essential to keep the drops rolling during polymer-
ization, otherwise the particles may adhere to the surface and
form a planar area at the contact region. To demonstrate this
effect, we heated polystyrene powder above its glass tran-
sition. The powder particles formed spheres because of the
surface tension of the polystyrene. After cooling, flat regions
were observed where the particle was in contact with the
superamphiphobic layer (Figure 3a). These flat regions were
also observed after removing the particles from the super-
amphiphobic layer (Figure 3b). However, keeping the super-
amphiphobic surface in motion during solidification leads to
defect-free spherical particles (Figure 3c). We verified by
scanning electron microscopy (SEM) that the particle syn-
thesis does not damage the superamphiphobic layer. This can
be understood considering that the applied forces are
extremely weak.

As the superamphiphobic layers remain stable up to
400°C, microspheres can also be produced by heating
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Figure 3. Confocal images of polystyrene particles formed on a super-
amphiphobic layer after heating the powder to 100°C. a) Vertical cross-
section. b) Particle showing the previous contact area on the top right
side. c) Two polystyrene particles without a flat area. Polystyrene was
labeled with rhodamine B (M, =13.8 kgmol™", T,=91°C; synthesis
described in the Supporting Information).

a thermoplastic polymer powder or blend above its glass-
transition temperature (7,; Figure 4a). As an example, we
fabricated polystyrene microspheres (see Supporting
Movie S1, and Figure S1 in the Supporting Information) and
magnetic hybrid microspheres. Microparticles with a perma-
nent magnetic dipole moment are useful as microrheological
probes and magnetic micromixers,®> and they are used in
various biomedical applications, for example, in immuno-
assays and for protein analysis.>*! Polystyrene was mixed
with iron oxide nanoparticles (Figure S2 in the Supporting
Information) and deposited on a superamphiphobic layer
(Figure 4b). The powder agglomerate was heated at 165°C
for 2 h while a magnetic field of 35 mT was simultaneously
applied to orient the iron oxide nanoparticles. The spherical
shape and the orientation of the nanoparticles were preserved
after cooling.

To demonstrate that the composite microspheres acquired
a permanent magnetic dipole moment, we dispersed individ-
ual microspheres in water and exposed them to a weak,
rotating magnetic field (Figure 4c,d). The microspheres
rotated with a frequency corresponding to the external
magnetic field (Figure S3 in the Supporting Information).
When the polymer melt solidified without applying an
external field, the microspheres did not rotate but performed
an oscillatory or rocking motion (Figure 4d and Supporting
Movie S2). Cryo-focused ion beam milling combined with
SEM showed that the nanoparticles formed elongated
aggregates when an external magnetic field was applied
during heating (Figure S4 in the Supporting Information).

To document the generality of our synthetic approach, we
also exploited the high liquid repellency of superamphiphobic
layers to produce Janus microspheres from polystyrene and
poly(methyl methacrylate) (PMMA). The polystyrene/
PMMA blend (synthesis described in the Supporting Infor-
mation) was placed on a superamphiphobic layer and
annealed at 160°C. This temperature was well above the
glass-transition temperatures of both polystyrene (7, = 91°C)
and PMMA (7,=120°C). Polystyrene was tacked with
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Figure 4. Microspheres produced by melting a thermoplastic polymer
on a superamphiphobic layer. a) Schematic of the strategy.

b) Sequence of video microscope images of a polystyrene/iron oxide
composite powder annealed at 165°C for 2 h in a magnetic field of

35 mT (BT) on a superamphiphobic layer. Polystyrene was synthesized
in house by anionic polymerization (M, =5.8 kgmol™', T,=78°C). The
composite microsphere contained 12 vol % of iron oxide. c) Video
microscope images of a polystyrene/iron oxide microsphere in water,
rotating in an external magnetic field of 1.3 mT at 1.2 Hz. The rotation
can be seen following the defect indicated by the red arrow. d) Sine of
the orientation of a composite microsphere fabricated in the presence
(black) and absence (red) of an external magnetic field. e-g) SEM
images of a particle of a polystyrene/PMMA blend annealed e) at
160°C for 10 min, f) at 160°C for 100 min, and g) at 110°C for 1 h.
Polystyrene was labeled with rhodamine B. Excitation wavelength:

570 nm.

a fluorescent dye to visualize the phase separation by confocal
microscopy. As we used a blend containing equal amounts of
polystyrene and PMMA (1:1 w/w), the Janus microspheres
also consisted of polystyrene and PMMA in a w/w ratio of 1:1
(Figure 4¢). The degree of phase separation depends on the
annealing period and particle size (Figure S5 in the Support-
ing Information). As polystyrene shows a lower interfacial
tension with air than with PMMA, polystyrene in thermody-
namic equilibrium embeds PMMA.!"} This was indeed
observed when annealing for a long time (100 min at 160°C
in Figure 4 f). Thus, the surface properties can be tuned by the
duration of annealing. To verify that phase separation
requires the heating of both components above their glass-
transition temperatures, we annealed another particle at
110°C for 1 h (Figure 4 g). No phase separation was observed.
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In conclusion, superamphiphobic layers can be used for
solvent- and emulsifier-free particle synthesis. Particles can be
prepared by polymerization or by melting a single polymer
without surface-active compounds. The particles can be
removed easily from the superamphiphobic layer. Therefore,
the presented approach complements previous work in which
(nano)particles were prepared on top of superhydrophobic
pillars.'! These (nano)particles adhered to the surface of the
pillar. Avoiding solvents excludes the pollution of a continu-
ous phase by monomers, initiators, etc. Expensive purification
of a continuous aqueous phase, which is a problem in
industrial emulsion polymerization, can be avoided. Further-
more, migration and ageing effects that result from a slow
phase separation between particles and stabilizers, typically
occurring in particle films, are avoided. Finally, this method
opens the door to a new generation of particles for medical
applications. The main limitation of the presented approach is
the throughput, which resembles those achievable by micro-
fluidics (typical particle producing rate: 100-1000 particles
per second). The throughput of this method is dominated by
the time it takes to deposit liquid drops (the speed of droplet
generation can reach up to 100 drops per second with an
inkjet printer) or powders on the surface, the polymerization
rate, and the time required to melt a polymer powder, to
orient magnetic nanoparticles, or to phase-separate polymer
blends.
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