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A simple Pickering emulsion route has been developed for the assembly of temperature-responsive
poly(N-isopropylacrylamide) (PNIPAM) microgel particles into colloidal molecules comprising a small
number of discrete microgel interaction sites on a central oil emulsion droplet. Here, the surface activity
of the microgels serves to drive their assembly through adsorption to growing polydimethylsiloxane
(PDMS) emulsion oil droplets of high monodispersity, prepared in situ via ammonia-catalysed hydrolysis
and condensation of dimethyldiethoxysilane (DMDES). A dialysis step is employed in order to limit
further growth once the target assembly size has been reached, thus yielding narrowly size-distributed,
colloidal molecule-like microgel-Pickering emulsion oil droplets with well-defined microgel interaction
sites. The temperature-responsiveness of the PNIPAM interaction sites will allow for the directional
interactions to be tuned in a facile manner with temperature, all the way from soft repulsive to short-
range attractive as the their volume phase transition temperature (VPTT) is crossed. Finally, the
microgel-Pickering emulsion approach is extended to a mixture of PNIPAM and poly(N-isopropyl-
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methacrylamide) (PNIPMAM) microgels that differ with respect to their VPTT, this in order to prepare
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1 Introduction

Due to ease of preparation as monodisperse systems, colloidal
spheres have for many decades been the dominant research
objects in the area of soft condensed matter physics, and have
given us important insight into phenomena such as phase
behavior, and equilibrium and non-equilibrium processes such
as crystallization and glass/gel formation and the corres-
ponding underlying kinetic pathways."™'> However, as spheres
interact through fully symmetric potentials that limit their self-
assembly to only a few simple crystal structures such as cubic
and hexagonal close-packed (CCP and HCP), or to disordered
aggregates, their usefulness as building blocks is limited in the
eyes of material scientists. In this respect, colloidal molecules,'*'*
clusters of colloidal spheres which resemble the space-filling
models of real molecules, offer immediate advantages over their
spherical counterparts as their self-assembly is expected to be
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patchy colloidal molecules where the directional interactions will be more readily resolved.

reminiscent of that of real molecules. Following this analogy,
colloidal molecules have the potential to self-assemble into a
myriad of low-coordination, open structures such as the long-
sought diamond and pyrochlore lattices. Especially the diamond
lattice has gained much attention due to its full photonic band
gap,” and it has been shown by theory and simulations that
tetrahedral colloidal molecules with directional interactions
might constitute just the right building blocks to promote its
formation.'®™°

Whereas several routes to colloidal molecules have been
reported,”®® the assembly of colloidal molecules into ordered
structures has proven extremely challenging as revealed by the
astonishing lack of such reports in literature, with one notable
exception involving DNA-directed assembly.>® The difficulty
associated with the formation of ordered structures stems from
the colloidal molecules’ non-spherical shape that promotes
trapping in glassy or amorphous states. To achieve ordering it
is therefore crucial that the inter-particle interactions can be
controlled and tuned during assembly, which is difficult with
the typical hard sphere-like polystyrene (PS), poly(methyl
methacrylate) (PMMA) and silica-based colloidal molecules.
Alternatively, an annealing step that induces melting of the
glassy regions and thereby enables defect healing has to be
implemented. As shown elsewhere,*** besides powerfully

This journal is © The Royal Society of Chemistry 2020
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directing the assembly, the use of DNA-functionalised building
blocks indeed offer such interaction control and annealing
possibility, however with the drawback that the process is not
easily tunable but rather an on-off event due to the very steep
melting curve of DNA-functionalised colloids.

In this work, we address the aforementioned difficulties
related to the self-assembly of colloidal molecules, this by
fabricating colloidal molecules from so-called microgel particles
based on the temperature-responsive polymer poly(N-isopropyl-
acrylamide) (PNIPAM).**>' Microgels are spherical, crosslinked,
soft polymer particles of colloidal dimensions, swollen with a
good solvent — water in the case of PNIPAM microgels. Due to
their soft nature, PNIPAM microgels possess a greater defect
tolerance in crystallisation compared to hard spheres. In addition,
their temperature-responsive behaviour allows for their size,
volume fraction and interactions to all be conveniently tuned
in situ. The temperature-response stems from the lower critical
solution temperature (LCST) of (linear) PNIPAM®*> that mani-
fests itself in a volume phase transition temperature (VPTT)>*
around 32 °C for the corresponding microgels. Below the VPTT,
the highly water-swollen, soft microgels interact via a repulsive
potential composed of a short-ranged steric part conveyed by
dangling polymer chains and a long-ranged electrostatic part
originating from charged moieties in the polymer network.
On crossing the VPTT, the change in solvent quality leads to
particle shrinkage and densification through water expulsion,
accompanied by a change of the potential to hard sphere-like
with an added short-range van der Waals attraction due to the
increase in polymer density; in case of sufficient charge screening,
this attractive component leads to (reversible) flocculation of the
particles. Due to the ease with which the softness, size, volume
fraction and interactions can be manipulated, microgels have been
widely used to investigate various aspects of the phase behaviour
of soft colloids as function of the nature and the range of the
interactions.”>

In a previous paper, we showed the potential of a microgel-
Pickering emulsion route for the generation of colloidal molecules
with temperature-responsive (microgel) interaction sites.®® This
method utilises the surface activity of microgels®®”" in order
to drive their assembly through anchoring to monodisperse
poly(dimethylsiloxane) (PDMS) oil emulsion droplets, synthe-
sised by ammonia-catalysed hydrolysis and condensation of
dimethyldiethoxysilane (DMDES)’? in the presence of an excess
of microgels. Whereas raspberry-like microgel-decorated oil
droplets with 12-25 microgels per oil droplet were obtained
after three days of oil droplet growth, low-valency colloidal
molecule-like assemblies were observed in the early stages.

In the present paper, the microgel-Pickering emulsion route
is refined. In order to promote the formation of low-valency
colloidal molecules with well-defined interaction sites, highly
charged microgels that are comparable in size to the oil droplets
are chosen to play the roles of the interaction sites. At a desired
stage, when the assemblies have reached a desired size/valency,
further growth is suppressed by employing an efficient dialysis
step that serves to reduce the concentration of DMDES monomer
and ammonia catalyst. Removal of excess microgels using
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deterministic lateral displacement (DLD) technology’’* finally
yields a pure fraction of colloidal molecules. Following this
strategy, outlined in Fig. 1, we are able to obtain colloidal
molecules consisting of a central oil droplet with a small
number of well-separated microgel protrusions that can act as
temperature-responsive, directional interaction sites, repulsive
below the VPTT and attractive above. Finally, we share results
on the extension of the microgel-Pickering emulsion approach
to binary mixtures of PNIPAM and poly(N-isopropylmethacryl-
amide) (PNIPMAM) microgels that differ with respect to their
VPTT. This results in patchy particles with a small number of
temperature-responsive interaction sites, and we discuss their
potential role in future studies of directional interactions in
systems of colloidal molecules or as model systems to mimic
complex biocolloids.

2 Materials and methods
2.1 Chemicals

N-Isopropylacrylamide (NIPAM, 97%, Aldrich), N,N’-methylene-
bis(acrylamide) (BIS, 99%, Sigma-Aldrich), acrylic acid (AAc,
99.5%, Acros Organics), methacryloxyethyl thiocarbamoyl
rhodamine B (MRB, Polysciences Inc.), sodium dodecyl sulphate
(SDS, >99%, Duchefa Biochemie), potassium persulphate
(KPS, >99%, Sigma-Aldrich), pyrromethene 546 (PM546, Exciton
Inc.), dimethyldiethoxysilane (DMDES, 97%, Acros Organics) and
ammonia (ammonium hydroxide solution, 28.0-30.0% NH; basis,
Sigma-Aldrich) were all used as received. Water was purified using
a Milli-Q water purification system (resistivity 18.2 MQ cm,
Millipore).

2.2 Microgel synthesis

Microgels were prepared by free radical precipitation poly-
merisation.””> In a three-necked flask, 2.87 g (25.4 mmol)
NIPAM, 0.22 g (1.43 mmol, 5.0 mol%) BIS, 0.16 g (2.22 mmol,
7.5 mol%) AAc, 4.0 mg MRB and 6.5 mg SDS were dissolved
by stirring in 190.0 g of water. Upon complete dissolution of the
reactants, the necks of the flask were fitted with a septum,
a nitrogen inlet and a condenser, after which the flask was
immersed into an oil bath at 70 °C. During warm-up, the
solution was purged with nitrogen under stirring. After 30 min,
when the temperature was equilibrated and the solution was
well purged, polymerisation was initiated through addition of
77.8 mg KPS in 5.0 g of water. A gradual increase in turbidity
was observed over the 10 min following KPS addition. The reaction
was allowed to proceed for 4 hours under a nitrogen mantle,
after which the suspension was allowed to cool down to room
temperature. The suspension was then filtered through glass wool
to remove any traces of coagulum, and was thereafter purified by
repeated cycles of centrifugation, decantation and redispersion.

2.3 PDMS oil droplet synthesis

PDMS oil droplet syntheses were (typically) performed in 20 ml
glass vials with screw-cap, cleaned by soaking in 4% NaOH over
night, in 14% HNO; for 10 min, and then thoroughly washed
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Fig. 1 Synthesis of PDMS oil droplets in the presence of PNIPAM microgels yields colloidal molecules with a small number of discrete interaction sites
following dialysis that quenches further oil droplet growth. The use of PNIPAM microgel as interaction sites will allow for convenient tuning of the
interactions between the colloidal molecules, from soft repulsive (T < VPTT) to attractive (T > VPTT) through an increase of temperature across the

microgels’ VPTT.

with water. 100 pl (0.01 v/v) of DMDES (either unstained or
stained with 1.0 mg PM546 per 10 ml of DMDES) was added to
9900 pl of 0.1 v/v aqueous ammonia solution (corresponding to
a pH of 12.3; the pH was never measured after addition of
DMDES as we suspect that DMDES might react with the glass
surface of the pH probe) followed by vigorous shaking by hand for
30 s. The solution was allowed to rest during oil droplet formation
and growth. After two hours, a slight increase in turbidity was
observed, which continued to increase during oil droplet growth.
The resulting emulsions were (sometimes) dialysed (MWCO
12-14 kDa, Spectrum Labs) against water (100 times the sample
volume) in order to suppress further oil droplet growth and to,
as described elsewhere,”” increase emulsion stability.

2.4 Preparation of microgel-decorated silicon oil droplets

The microgel-decorated silicon oil droplets presented in Fig. 10
were obtained by adding 50 pl of PM546-dyed low-viscosity
(5 cSt) silicon oil (Aldrich) (1.0 mg PM546 per 10 ml) to 350 pl of
0.5 wt% microgel suspension and vortexing the mixture for
2 min. The ones presented in Fig. 13 were instead prepared
from 100 pl of silicon oil and 400 pl of 0.2 wt% 1:1 (number:
number) PNIPAM : PNIPMAM microgel suspension.

2.5 Preparation of colloidal molecules

(Typically) 50 pl (0.01 v/v) of DMDES was added to 3700 pl of
aqueous ammonia solution followed by vigorous shaking by
hand for 30 s. As soon as the foam had set, 1250 pl of 2.0 wt%
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microgel suspension was added; the final concentrations of
ammonia and microgels were 0.1 v/v and 0.5 wt%, respectively.
After swirling to mix the two components, the mixture was
allowed to rest during oil droplet formation and growth, during
which colloidal molecule-like microgel-decorated oil droplets
were formed. At a desired stage, further growth was suppressed
by dialysis (MWCO 12-14 kDa, Spectrum Labs) against water,
which also served to improve the stability of the system.

The microgel-decorated oil droplets presented in Fig. 14
were prepared in the same way as just described, but with the
amounts specified in Table 1.

2.6 Removal of excess microgels

Isolation of colloidal molecules through removal of excess
microgels was achieved using a DLD device. A detailed

Table 1 Amounts used for the preparation of the patchy colloidal
molecules presented in Fig. 14. The number ratio refers to PNIPAM:PNIPMAM.
The concentrations of the microgel suspensions were 1.87 wt% for PNIPAM
and 1.95 wt% for PNIPMAM. The final ammonia concentration was 0.05 v/v

Number NH; (aq.) DMDES PNIPAM PNIPMAM
Fig.  ratio iy [u1] iy [u1]
14A 1:0 1440 20 540 0
14B 0:1 1580 20 0 400
14C 1:1 1510 20 270 200
14D 1:5 1555 20 90 335
14E 1(6 h) :5 1555 20 90 335

This journal is © The Royal Society of Chemistry 2020
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description of the device can be found in the ESL A dilute
suspension (& 0.25 wt%) of microgel-decorated oil droplets and
excess microgels was introduced through the two sample inlets
at the sides of the array, whereas water was introduced through the
central inlet. The pressures applied to the inlets (~ 100 mbar) were
fine-tuned to ensure a balanced flow aligned along the direction
of the channel. The device was run for 5 hours, which generated
~50 pl of suspension in the cluster outlet.

2.7 Characterisation techniques

2.7.1 Dynamic light scattering (DLS). A Malvern Zetasizer
Nano-ZS (Malvern Instruments Ltd) equipped with a 633 nm
4 mW HeNe laser with automatic laser attenuator was used for
dynamic light scattering (DLS) measurements on very dilute
suspensions. Disposable PMMA cuvettes (BrandTech Scientific, Inc.)
were used as samples cells. Measurements were performed at a
fixed scattering angle of 173° using the non-invasive back-scatter
(NIBS) technique. Samples were equilibrated for 15 minutes prior to
measurements. The data were analysed by the cumulant method
provided by the instrument software. The hydrodynamic radius Ry;
(the Z-average radius, or ‘cumulants mear’, given by the software) is
given as the average of five consecutive measurements of 60 s where
the standard deviation represents the error. Microgel swelling curves
were obtained by measuring Ry; as a function of temperature in the
range 20 to 54 °C.

2.7.2 3D dynamic light scattering (3D DLS). 3D DLS
measurements were performed using an 3D LS spectrometer
(LS Instruments AG) that implements a solid state laser light
source (660.0 nm, 100 mW). The fluctuations in the intensity
of the scattered light were measured in a 3D cross-correlation
configuration’®”” with modulation unit.”® 5 mm cylindrical
NMR-tubes were used as sample cells. Temperature control
(20 °C) of the sample was ensured by regulating the vat
temperature using a water circulation thermostat. 60 s mea-
surements were performed at 70, 90, 100 and 130°, sequentially
and repeatedly over 24 hours. A single exponential fit of the
obtained correlation functions yielded the diffusion coefficient
D, from which the hydrodynamic radius Ry was calculated
using the Stokes-Einstein equation, assuming hard spheres
of radius Ry. Correlation functions with an intercept lower than
0.2 were excluded.

2.7.3 Static light scattering (SLS). Static light scattering
(SLS) was performed using the same setup as for 3D DLS. The
angular dependence of the intensity of the scattered light was
measured from 30 to 150° in steps of 2°, with one 30 s
measurement at each angle. Emulsions were diluted ten-fold
beforehand. The data were analysed by comparison with the
calculated Mie scattering profiles of homogeneous solid spheres,
using a readily-available algorithm by Pefia-Rodrigues et al.”® Here,
a refractive index of 1.403 was used, corresponding to the oil.
Additionally, polydispersity was taken into account in the calcu-
lation of the form factor, where a Gaussian distribution was
used. The addition of a reflection contribution to the scattered
intensity, which accounts for the contribution from the scattered
light that is reflected at the air/glass interface at the opposite
side of the decaline vat, did not produce better fits with the data

This journal is © The Royal Society of Chemistry 2020
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and was therefore neglected. Optimal values for the radius and
the polydispersity were obtained using a least-square fitting of
the experimental and numerically obtained intensity curve in the
logarithmic representation.

2.7.4 Confocal laser scanning microscopy (CLSM). Confocal
micrographs were recorded on an inverted confocal laser scan-
ning microscope (Leica DMI6000) with an SP5 tandem scanner
operating in resonant mode and using a 100x/1.4NA oil
immersion objective. The microscope is mounted in a thermo-
stated enclosure that enables temperature control with an
accuracy of 0.2 °C. The samples under study were kept between
two cover glasses separated by a 0.12 mm spacer (Invitrogen
Secure-Seal™ imaging spacer). Covalent incorporation of a
fluorescent rhodamine derivative (MRB) during synthesis
enabled fluorescence CLSM studies of microgels, whereas oil
droplets were labelled using oil-soluble PM546 dye. A 543 nm
HeNe and a 488 nm Ar laser were used to excite the two
respective fluorophores.

2.7.5 Electrophoretic mobility and zeta potential measure-
ments. A Malvern Zetasizer Nano-ZS (Malvern Instruments Ltd)
equipped with a 633 nm 4 mW HeNe laser with automatic
laser attenuator was used for measurements of electrophoretic
mobility and zeta potential. Disposable folded capillary cells
(Malvern DTS1070) were used as samples cells. Measurements
were performed at a fixed scattering angle of 17° using the
M3-PALS laser interferometric technique. The electrophoretic
mobility is given as the average of five consecutive measurements.
Samples were equilibrated for 15 min prior to measurements.

3 Results and discussion

Not only are PNIPAM microgels easy to prepare, as highly
monodisperse systems, from cheap starting materials via standard
precipitation polymerisation methods,”® but due to their response
(size, volume fraction, softness, interactions) to external stimuli -
temperature in particular - they have received extreme attention in
both fundamental and application-oriented science.**™® Their
temperature-response is exploited also in the present study, where
microgels are used as building-blocks for colloidal molecules,
playing the roles of interaction sites with repulsive or attractive
interactions depending on the temperature. In contrast to the two
other methods for preparing microgel-based colloidal molecules
that were only very recently reported by our group - which involve
evaporation-induced clustering of microgels confined in water
droplets® and microgel clustering induced by electrostatic
interactions,®" respectively - the colloidal molecules introduced
in the present paper consist of a central PDMS oil emulsion
droplet serving as an anchor for a limited number of microgels
that adsorb to the oil-water interface.

3.1 The microgel building blocks

3.1.1 Microgel design and synthesis. When designing the
microgel system for the present study, mainly two factors were
considered: microgel size and microgel charge (electrostatic
inter-particle repulsion). These factors were believed to be the

Soft Matter, 2020, 16, 1908-1921 | 1911
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most important for the number of microgels per oil droplet
(valency) and their separation (distance) at the oil-water
interface. With respect to size, the microgels cannot be too
small in comparison with the central PDMS oil droplets, or
high-valency, raspberry-like structures will be obtained instead
of the target low-valency colloidal molecules. Also the microgel
charge naturally influences the valency, as particles that
strongly repel each other occupy a larger effective droplet
surface area compared to weakly repulsive ones. Furthermore,
the larger the separation between adsorbed microgels, the more
well-defined the interaction sites and the more directional the
interactions that they mediate; if too densely packed, the
assembly would merely resemble a sphere with a rough surface.
Finally, the use of strongly repulsive microgels would, hypothe-
tically and in a valence shell electron pair repulsion (VSEPR)-
like manner, result in regular microgel configurations where
the microgel-microgel distances are optimised.

With these considerations in mind, the microgels used in
the present study were designed to have a large magnitude
of charge. Besides charges originating from the free radical
initiator KPS, AAc was co-polymerised in order to incorporate
additional negative charges (carboxylic acid groups). NIPAM
was chosen as main monomer due to the low, easily accessible
VPTT of the corresponding polymer, PNIPAM. BIS was used
as cross-linker and the polymerisable rhodamine derivative
MRB was incorporated to enable fluorescence CLSM studies.
The polymerisation followed standard one-batch, free radical
precipitation polymerisation.”> Following purification, the
microgels were imaged by CLSM. Whereas a 0.1 wt% suspen-
sion (Fig. 2A) exhibited fluid behaviour, a crystalline particle
arrangement was observed at 3.7 wt% (Fig. 2B). Crystallisation,
which reflects a high degree of particle size monodispersity,
was also evident from the suspension’s ‘structural color’ caused
by Bragg diffraction.

3.1.2 Microgel temperature-responsiveness. The temperature-
responsive behaviour of the microgels was studied, first of all, by
DLS, by measuring Ry as a function of temperature in the interval
20 to 54 °C, with the microgels suspended in pure water (Fig. 3,
filled squares). In this temperature interval, the microgels shrink
from (Ry) 478 £ 35 nm at 20 °C to 212 + 1 nm at 54 °C. The
observed deswelling occurs over a wider range of temperatures
than typically reported for pure PNIPAM microgels. This has

Fig. 2 CLSM micrographs of the PNIPAM-co-AAc microgels at (A) 0.1 and
(B) 3.7 wt%, respectively, recorded at 20 °C. In (A), the microgels are
electrostatically adsorbed to an amine-functionalised cover slip.
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Fig. 3 Evolution of Ry with T for the PNIPAM-co-AAc microgels, mea-
sured by DLS in water (filled gray squares) and in 1 mM HCL (pH 3.0) (filled
red circles), respectively. The error bars are typically smaller than the
symbol size.

previously been attributed to the presence of charged carboxylic
acid moieties within the particle interior that counteracts collapse
of the polymer network;®* however, a recent study instead links this
deswelling behaviour to the extended conformation adopted by the
dangling polymer chains at the particle periphery in the strong
electric field induced by the particle charges.®* The swelling effect
exerted by the carboxylic acid groups becomes evident when
comparing the swelling curve measured in pure water to one
measured in 1 mM HCI (Fig. 3, filled circles) where the majority
of the these groups are protonated and uncharged (pk, 4.25 for
AAc). Under these conditions, the osmotic swelling is reduced and
a smaller Ry (412 £+ 8 nm at 20 °C) is consequently measured.
The observed decrease in particle size occurring on the single-
particle level on crossing the VPTT is naturally reflected in a
reduction of the total particle volume fraction ¢. For the microgels
used in the present study, this could be directly visualised by
CLSM: here, a crystal was melted into a fluid state as the
temperature was raised from 20 to 40 °C (Fig. 4). The crystal state
was recovered on return to 20 °C (not shown). Such temperature

5pum

20°C | - £
AT
Fig. 4 CLSM micrographs of the PNIPAM-co-AAc microgels at 3.7 wt%,
at (A) 20 (T < VPTT) and (B) 40 °C (T > VPTT), respectively, showing
the reversible transition from an arrested, crystalline state below the VPTT
to a fluid state above as the particle size and volume fraction decreases.

40 °C
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cycling - known as annealing - has been used elsewhere to
effectively remove defects in microgel crystals.** The fact that
the phase behaviour® can be controlled and the phase diagram
explored so easily in situ with temperature is a clear advantage of
microgels as compared to hard sphere building blocks.

With the reduction in particle size observed by DLS, an increase
in the magnitude of the electrophoretic mobility x naturally follows
as the charges originating from initiator residuals and carboxylic
acid groups become condensed and effectively contribute to an
increase in the apparent surface charge. With the microgels sus-
pended in water, u increased from —1.90 + 0.03 x 10 *m*V 's"
at 20 °C to —3.39 + 0.06 x 10°° m*> V' s at 50 °C.
We acknowledge the fact that u also varies with pH through
the degree of deprotonation of the carboxylic acid groups, but
this was not further investigated in the present study.

In addition to size and magnitude of charge, also the inter-
particle interactions of PNIPAM microgels are affected by
changes in temperature: as previously described, under condi-
tions where the electrostatic interactions are screened, an
increase in temperature across the VPTT induces a transition
from a soft repulsive state to a hard sphere-like one with an
added short-range attraction. For the microgels used in the
present study, this behaviour was visualised by CLSM. Here, an
increase in temperature from 20 to 40 °C, in 5 mM HCl in order
to suppress and screen the microgel charges, resulted in the
formation of a volume-spanning gel network due the afore-
mentioned repulsive-to-attractive transition (Fig. 5). The transi-
tion was completely reversible, and the fluid state was restored
on cooling down to below the VPTT. It is worth noticing that in
pure water (Fig. 4) or in 1 mM HCI (Fig. 3) the electrostatic
repulsion was strong enough to prevent the particles from
flocculating above the VPTT.

3.2 PDMS oil droplets

3.2.1 Emulsion preparation. In order to obtain a mono-
disperse colloidal molecule end product, a chemical synthesis

a

20°C | -

AT

Fig. 5 CLSM micrographs of the PNIPAM-co-AAc microgels at 2.5 wt%
and in 5 mM HCL (pH 2.3), at (A) 20 (T < VPTT) and (B) 40 °C (T > VPTT),
respectively, illustrating the reversible transition from a repulsive (fluid)
state below the VPTT to an attractive (gel) state above the VPTT. (A) is a xy
snapshot from a video recorded in bulk solution, whereas (B) is a maximum
intensity projection constructed from 22 xy frames collected over a
z-distance of 5.29 pm.
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route to prepare monodisperse oil-in-water (O/W) emulsions
was here chosen over traditional comminution methods that
typically yield broad oil droplet size distributions. In brief,
following the method first introduced by Obey and Vincent,”*
this was accomplished by ammonia-catalysed hydrolysis and
condensation of DMDES monomer to yield charge-stabilised
PDMS oil emulsion droplets of high monodispersity in aqueous
solution. The reaction is analogous to the well-known
Stober synthesis of silica colloids from tetraethyl orthosilicate
(TEOS),*® and has also been employed for polymerisation of
other organosilanes.>>**"®® The process starts from a two-phase
system containing DMDES oil in aqueous ammonia solution.
Ammonia-catalysed hydrolysis serves to solubilise the DMDES,
which then condenses to give PDMS oligomers that, at a critical
length, become insoluble and separate out of the solution in
the form of oil droplet nuclei. A new two-phase system is
formed where the oil droplets grow as a function of time,
by recruiting oligomers from solution and by coalescence until
stabilised by charges originating from deprotonated silanol
groups.

In addition to high droplet monodispersity and excellent
emulsion stability, the use of PDMS as the oil phase offers two
important advantages. First, the refractive index of PDMS (1.40)
is only slightly higher than that of water (1.33). This has,
in turn, two important implications: that the corresponding
emulsions scatter light only very weakly and that the attractive
droplet-droplet van der Waals attractions are weak. Whereas
weak scattering is beneficial for microscopy studies, weak
van der Waals forces means that the interactions of microgel-
decorated oil droplets is (mainly) governed by microgel-microgel
interactions. Second, the fact that PDMS is slightly less dense than
water (0.91 g ml™ ') compensates for the microgels being slightly
more dense, and it can be assumed that the resulting microgel-
decorated oil droplets are (more or less) density-matched with
water. This allows for microscopy studies in bulk solution without
significant sedimentation or creaming during the time frame of
the experiment.

Guided by previous studies on organosilane polymeri-
sation,”>®” in the present study PDMS oil droplets were prepared
from 0.01 v/v DMDES in 0.1 v/v ammonia solution, corresponding
to a pH of 12.3. As anticipated, the resulting oil droplets showed,
by emulsion standards, a remarkably high degree of mono-
dispersity, as revealed when a 48 hour-old emulsion was studied
by CLSM (Fig. 6 and Video S1, ESIt). Based on the micrographs,
the oil droplet diameter was estimated to about 1.5 um. The zeta
potential { of the droplets was measured to —110.6 + 2.4 mV,
signifying them being highly colloidally stable.

3.2.2 Oil droplet growth. Whereas the 1.5 um oil droplets
showed excellent monodispersity (Fig. S1, ESIt), their size was
too large with respect to the size of the microgels to be
considered suitable for the preparation of low-valency colloidal
molecules. In order to obtain smaller oil droplets, the possibility
to shorten the oil droplet growth time was therefore investigated;
it was envisioned that the final oil droplet size could be limited
through efficient dialysis that depletes the reaction mixture of
DMDES and ammonia, effectively quenching further growth.
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10 um

Fig. 6 (A) Bright-field and (B) fluorescence CLSM micrographs of mono-
disperse PDMS oil droplets prepared from 0.01 v/v PM546-dyed DMDES in
0.1 v/v. ammonia and grown for 48 hours. The emulsion was not dialysed.
The micrographs are xy snapshots from Video S1, ESL.¥

Prior to any attempts at dialysis quenching, the evolution of
the oil droplet size with time during the first 24 hours was
studied by DLS. Here, the 3D cross-correlation technique”®””
was employed to allow for the measurements to be performed
in situ while effects of multiple scattering were being
suppressed. The measurements were performed at four different
scattering angles and any measurement coinciding with the
minima of the form factor (characterised by a low intercept in
the correlation function) was excluded from the data set. As seen
in Fig. 7, the oil droplet radius initially increases steeply and
thereafter the growth begins to slowly level off. After 24 hours of
growth, the radius approaches 500 nm. As it took a finite time to
prepare the sample for measurements, the first 10 minutes were
not monitored and the curve is therefore missing a lag phase
corresponding to the nucleation period as well as the 0-100 nm
growth period. As the full growth curve was not captured, no
model has been fitted to the data to describe the growth process
in more detail.
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Fig. 7 PDMS oil droplet growth probed via the evolution of Ry with time t
up to 24 h, measured by 3D DLS at four different scattering angles. t = 0
corresponds to the time of addition of DMDES to the ammonia solution;
t = 10 min corresponds to the start of the measurements. Correlation
functions with an intercept lower than 0.2 (due to coincidence with P(q)
minima) have been excluded from the data sets. The oil droplets were
prepared from 0.01 v/v DMDES in 0.1 v/v.ammonia solution.
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Fig. 8 1(qg) trace measured by SLS (symbols) together with a Mie fit of the
form factor (line; radius 473 nm and polydispersity 5.0%), for oil droplets
prepared from 0.01 v/v DMDES in 0.1 v/v ammonia solution and grown for
24 hours. The emulsion was diluted ten-fold prior to measurements.

After 24 hours of oil droplet growth, the turbidity of the
emulsion prevented further in situ light scattering measurements.
At this point the emulsion was instead diluted ten times in order
to effectively reduce the oil droplet concentration and growth rate
before subjecting it to SLS measurements. The presence of well-
defined minima in the resulting I(q) trace (Fig. 8) points to a high
degree of oil droplet size monodispersity, which was quantified by
fitting the form factor P(q) with a Mie scattering profile of
homogeneous solid spheres; considering that the sample was very
dilute, we assumed inter-particle interactions to be negligible and
consequently I(g) oc P(q). The fit, which included a Gaussian
smoothing to mimic polydispersity, yielded an oil droplet radius
Rs1s of 473 nm - in good agreement with Ry obtained from DLS
measurements — and a polydispersity of 5.0%.

3.2.3 Oil droplet growth quench. In order to assess the
feasibility of dialysis quenching to limit the final oil droplet
size, aliquots of the emulsion containing growing oil droplets
(2 ml each time of the total 10 ml of emulsion) were taken out
after 12, 24, 48 and 72 hours of growth and were put for
dialysis. After 72 hours of dialysis, the oil droplet size was
measured by 3D DLS to 419 + 18 (12 h), 504 + 38 (24 h), 568 +
31 (48 h) and 648 + 39 nm (72 h), respectively, averaging over
three 60 s measurements per angle and over all scattering
angles (50, 70, 90 and 110°). By comparison with the oil droplet
size measured following a simple dilution quench (Fig. 9),
it was confirmed that dialysis serves to effectively limit further
oil droplet growth. In addition, as shown in previous work,”
dialysis contributes to long-term oil droplet stability by reducing
the ionic strength.

3.3 Colloidal molecules

3.3.1 Microgel interfacial activity. The preparation of microgel-
based colloidal molecules featured in the present paper takes
advantage of the spontaneous adsorption of microgels to oil-water
interfaces,® conveyed by the surface activity of linear PNIPAM.?*°*
The interfacial activity of microgels has been extensively exploited in

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Evolution of Ry of oil droplets — prepared from 0.01 v/v DMDES in
0.1 v/v ammonia solution — with growth time t. Data represented by filled
grey squares were obtained following a ten-fold dilution of (an aliquot of)
the emulsion whereas data represented by red circles were obtained
following a 72 hours dialysis quench.

the past decade, with the realisation that microgels can serve as
stimuli-responsive stabilisers for emulsions that can be broken on
demand.66’68’71'92_95

The interfacial activity of the microgels used in the present
paper was assessed using large, low-viscosity silicon oil droplets
to provide an oil-water interface. The oil droplets were pre-
pared by simply dispersing silicon oil in a microgel suspension.
The resulting (polydisperse) emulsion was studied by CLSM,
where the affinity of the microgels for the oil-water interface
was confirmed by the presence of microgel-decorated oil droplets
(Fig. 10). The oil droplets host and mediate long-range ordering
of the microgels into 2D hexagonal crystals (Fig. 10A and B),
enabled by the liquid nature of the oil that allows for lateral
rearrangements in the interface. 2D microgel crystals have also
been observed at the phospholipid bilayer membrane of giant
unilamellar vesicles (GUVs) in the case of fluid lipid chains.”®®”
The microgel centre-to-centre distance in the 2D crystal,
about 700 nm, is significantly smaller than expected from the
microgels’ hydrodynamic diameter Dy (956 nm), which is
a reflection of their soft repulsive potential and the ability of
their loosely cross-linked shells to interpenetrate, deform and
compress.’® "%

Due to their hydrophilic nature, the adsorbed microgels
were observed to mainly reside on the water-side of the interface
where their spherical shape was retained (Fig. 10C). Similar
observations have been made for closely related PNIPAM-co-
methacrylic acid microgels at the water/n-heptane interface, using
freeze-fracture shadow casting (FreSCa) cryo-SEM.”® These micro-
gels showed only a small protrusion - corresponding to about
20% of the bulk diameter - into the oil and were reported to retain
their bulk shape on the water-side. In the oil, however, substantial
flattening was reported. This ‘fried-egg’-like conformation, with
the loosely crosslinked particle periphery spreading in the inter-
face, is well known to be adopted by microgels at interfaces,*”"°
but was not observed in the present paper, however. We believe
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Fig. 10 CLSM micrographs of PM546-dyed silicon oil emulsion droplets
decorated with PNIPAM-co-AAc microgels, recorded at 20 °C. (A1) and
(A2) are maximum intensity projections constructed from 15 xy frames
collected over a z-distance of 529 pm and show the red and green
channel, respectively; (B) and (C) are simple xy images. In (B) only the red
channel is shown, whereas the two channels have been merged in (C) to
visualise the position of the microgels with respect to the interface.

that such observations were prohibited due to the low polymer
density and the consequently low fluorophore abundance in the
‘egg white region’, in the loosely crosslinked particle periphery
capable of deforming and spreading in the interface. The use of
cryo-SEM would allow for any such deformations to be studied
with better resolution, but this was not pursued in the
present study.

3.3.2 Microgel-decorated oil droplet preparation. To form
the intended colloidal molecules, an in situ microgel-Pickering
emulsion method was employed (Fig. 1). In short, following
hydrolysis of the DMDES monomer in aqueous ammonia
solution, the resulting (one-phase) system was mixed with a
microgel suspension to allow for PDMS oil droplet growth in
the presence of an excess of microgels to suppress bridging
aggregation. In order to limit the final oil droplet size and
thereby form colloidal molecules with a small number of
microgel interaction sites, the possibility to quench the oil
droplet growth before completion was utilised.

Considering the relatively large size and high electrophore-
tic mobility (478 + 35 nm and —1.90 + 0.03 x 10 *m* Vv ' s *
at 20 °C, respectively) of the microgels, and comparing to a
study involving smaller, less charged, pure PNIPAM microgels
(Fig. S2, ESIT), we hypothesised that the target colloidal mole-
cules, with (around) four microgel interaction sites per droplet,
would not form until after the initially steep oil droplet growth
period (Fig. 7). This is beneficial as it means that less demands
are put on the efficiency of the dialysis quench that serves to
limit further oil droplet growth. In order to localise the position
in time at which the target colloidal molecules have formed,
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the evolution of the number of microgels per oil droplet was
studied by imaging the sample by CLSM after 12, 18, 24, 36, 48
and 72 hours of oil droplet growth (Fig. 11). As in the emulsion
experiments, the DMDES and ammonia amounts were 0.01 v/v
and 0.1 v/v (pH 12.3), respectively. In order to suppress the
formation of bridging aggregates of alternating oil droplets and
microgels, a large excess of microgels was used (0.5 wt%); Fig. S3
(ESIT) shows the detrimental effect of not using an excess of
microgels.

Already at the first time point investigated, at 12 hours of oil
droplet growth, small, colloidal molecule-like microgel-decorated
oil droplets were observed. Due to the high monodispersity of the
oil droplets, the assemblies display a remarkably narrow size
distribution: a single type of assembly was observed together with
a very small number of ‘dimer aggregates’ formed by the bridging
of two oil droplets by one microgel particle. Judging from the xy
micrograph in Fig. 11 (Fig. S4, ESL} shows additional micro-
graphs), the oil droplets each carry three microgels at this point.
However, studies of the assemblies in bulk solution, where they
tumble around and their geometry can be more clearly visualised,
reveal that each oil droplet in fact carries four microgels, well
separated on the surface of the droplet, in a tetrahedral-like
arrangement (Video S2, ESIf). As seen in Fig. 11, the number
of microgels in the cross-section increases with time to four
(sometimes five) at 72 hours, the last time point investigated.
At 72 hours, the oil droplets carry about six to seven microgels in
total, as deduced from studies in bulk solution.

3.3.3 Microgel-decorated oil droplet growth quench. As
the target colloidal molecules with four microgel interaction
sites per droplet were found at 12 hours of oil droplet growth,
t = 12 hours was naturally chosen as the point of the dialysis
quench. The efficiency of the quench was confirmed by CLSM:
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the assemblies present after 33 hours of dialysis were still four-
microgel ones (Video S3, ESIt). However, the fluorescence of
the oil had considerably weakened in the dialysis process,
which can be expected since the fluorophore was not covalently
attached but merely solubilised in the oil. The geometry of the
obtained assemblies is highly regular, with the microgels pointing
to the corners of a tetrahedron. The situation is analogous to the
localisation of the hydrogen atoms in methane (CH,), with the oil
droplet playing the role of the sp*hybridised carbon centre.
We attribute the assemblies’ regular geometry to the electrostatic
microgel-microgel repulsion in the plane of the interface -
minimised in the tetrahedral arrangement — and believe this
inter-particle force to also be the locus of the (2D) crystalline
microgel arrangement observed at the interface in the case of
the large silicon oil droplets (Fig. 10). As previously mentioned,
these rearrangements, which enables the microgels to find their
optimum positions with respect to one another, are possible due
to the liquid nature of the central oil droplet.

3.3.4 Isolation of colloidal molecules. Removal of excess
microgels from colloidal molecules was accomplished using
DLD technology,”®”* a continuous microfluidic particle sorting
method providing size-based particle sorting with excellent
resolution.'®*"'°® The sorting process relies on interactions of
particles suspended in a fluid with an obstacle array that is
tilted with respect to the flow direction under laminar flow
conditions. Here, a number of array parameters, such as the
post-post distance and the tilt angle between the post array and
the flow direction, determine a threshold size, the critical
diameter D.. From the point of entry into the device, particles
smaller in size than D. follow a zigzagged but ultimately
straight course as they do not sufficiently interact with the
perpendicular posts in order to be shifted from the overall flow

Fig. 11 xy CLSM micrographs recorded at 20 °C, showing the evolution of the size of the microgel-decorated oil droplets with time. The assemblies are
adsorbed to the glass cover slip. The oil droplets were prepared from 0.01 v/v DMDES in 0.1 v/v ammonia solution and grown in the presence of 0.5 wt%

microgels.
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direction. Particles larger than D., on the other hand, are
laterally displaced across the streamlines when negotiating
each post. In this way, particles smaller and larger than D,
are separated along the length of the device and are finally
collected in different outlet reservoirs upon exiting the device.

The (nominal) D. of the DLD device used in the present
paper was D. = 1.18 pm (ESIf), as estimated by the empirical
expression in ref. 107. This D. was large enough to suppress
lateral displacement of the excess microgels while still allowing
for displacement of the colloidal molecules. Unfortunately,
however, despite extensive surface treatment, the microgels
were observed to stick to the walls and posts of the device - a
problem that grew more and more severe with increasing run
time. This sticking affects, first of all, the effective post size and
post spacing, which in turn influence D.. Second, sticking
eventually results in the formation of clogs that disrupt the
fluid flow through the device. Both of these factors serve to
decrease the resolution of the sorting, and are the reasons why
a small number of free microgels ended up as contaminants in
the colloidal molecule reservoir. Whereas alternative surface
treatments need to be investigated in order to relieve the
sticking problem, the fact that we already obtain an almost
pure colloidal molecule sample (Video S4, ESIT) points to the
usefulness of this sorting approach for the separation of excess
microgels from the target colloidal molecules. CLSM micro-
graphs of colloidal molecules harvested following DLD sorting
are shown in Fig. 12.

3.3.5 Towards patchy colloidal molecules. So far, we have
demonstrated the usefulness of the in situ microgel-Pickering
emulsion approach for the preparation of colloidal molecules
with a small number of well-defined microgel interaction sites.
In the reminder of this paper, we will share some initial results
on the extension of this approach to the preparation of tri-
component colloidal molecules comprising a central oil droplet
and two types of interaction sites, one PNIPAM and one
PNIPMAM that differ with respect to their VPTT (32 and
45 °C, respectively). The difference in VPTT between the two
should then allow for induction of attractions specific to the
PNIPAM interaction sites at temperatures in between the two
VPTTs; in this temperature regime, the PNIPMAM sites are
still repulsive and serve as spacers, effectively separating the

2 um

Fig. 12 xyz maximum intensity projections, constructed from 15 xy
frames collected over a z-distance of 2.94 um and recorded at 20 °C,
showing isolated colloidal molecules of tetrahedral geometry adsorbed to
the glass cover slip.
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attractive PNIPAM interaction sites. Such colloidal molecules
can thus be classified as patchy’®®™"® and their interactions
are, per definition, strongly anisotropic and highly directional.
We believe that the use of such patchy microgel-decorated oil
droplets will considerably facilitate studies of their directional
interactions, which motivated us to fabricate them. In a previous
publication,”® we already reported on the fabrication of
colloidosome-like microgel-decorated oil droplets with around
30 PNIPAM and PNIPMAM microgels simultaneously adsorbed.
Whereas this shows the feasibility of the approach, the goal is here
to fabricate patchy colloidal molecules — not colloidosomes - with
only a small number of interaction sites in order to, at a later stage,
clearly resolve the directional interactions.

In this part of the study, we used two different microgels,
one rhodamine-labelled, 401 nm (Ry at 20 °C) PNIPAM-co-AAc
microgel and one unlabelled, 355 nm PNIPMAM-co-AAc one.
Both were moderately crosslinked (4.8 and 4.9 mol% BIS,
respectively) and had an AAc content of 4.8 mol%. Detailed
descriptions of the synthesis procedures and basic charac-
terisation by DLS and zetametry are provided in the ESLf
Video S5 (ESIT) demonstrates that temperature can indeed be
used to selectively render the PNIPAM particles attractive, while
the PNIPMAM particles remain repulsive. It shows a 1:1
mixture of the two microgels at 35 °C, in between the two
VPPTs. Here, the PNIPAM microgels are attractive and have
formed a volume-spanning network, whereas the PNIPMAM
ones are still repulsive, remain fully dispersed and exhibit
Brownian motion in the liquid parts that are not occupied by
the solid PNIPAM particle network.

Before attempting to prepare colloidal molecules, we studied
the simultaneous adsorption of the two types of microgels - in a
1:1 number ratio - to the interface of an emulsion comprising
large silicon oil droplets. Both microgels were observed to adsorb
to the interface, arranging in a (distorted) hexagonal pattern
(Fig. 13). Here, a quite strong preference for adsorption
of PNIPAM over PNIPMAM was recognised. This preferred
adsorption of PNIPAM over PNIPMAM obviously has important
consequences when trying to prepare colloidal molecules or
patchy particles with a defined number of PNIPAM particles
well separated by PNIPMAM particles at the oil droplet interface.
A simple extension of the in situ microgel-Pickering emulsion
method to a binary mixture of PNIPAM and PNIPMAM would

Fig. 13 CLSM micrographs of a PM546-dyed silicon oil emulsion droplet
simultaneously decorated with PNIPAM-co-AAc and PNIPMAM-co-AAc
microgels, recorded at 20 °C, in (A) fluorescence and (B) bright-field mode.
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always lead to a large excess of PNIPAM particles at the oil droplet
surface, whereas we require the opposite arrangement for our
application. We thus resort to a two-step procedure as described in
the following paragraph. We did not investigate the origin of this
preferential adsorption in more detail, as this would require a
systematic study varying a number of parameters such as polymer
identity and particle size, softness and charge. Instead, we now
turned to smaller oil droplets and the preparation of colloidal
molecules.

A small series of consecutive experiments, outlined in
Table 1, was now performed in order to reach the target patchy
colloidal molecules. First, microgel-decorated oil droplets were
prepared with the two microgels individually. After 24 hours
of oil droplet growth, the resulting assemblies were studied by
CLSM (Fig. 14A and B), revealing, for both microgels, similar
monodisperse structures as those shown in Fig. 11. Deduced
from studies in bulk solution, the oil droplets carried about six
microgels at this point. Next, the in situ reaction was performed
with a 1:1 mixture of the two microgels (Fig. 14C). Here, the
strong preferential adsorption of the PNIPAM microgels
became clear: the oil droplets were exclusively decorated by
the PNIPAM microgels and the same structures as in Fig. 14A
were obtained. In order to boost adsorption of the PNIPMAM
microgels, in the next step a 1:5 PNIPAM : PNIPMAM mixture
was used (Fig. 14D). However, this merely resulted in aggrega-
tion by a bridging mechanism as the PNIPAM microgels are still
preferentially adsorbed but no longer present in large excess.
In order to work around the problem, still using a 1:5 ratio of
the two microgels, we delayed the addition of the PNIPAM
microgels to 6 hours following the start of the oil droplet
synthesis (Fig. 14E). At this stage, the oil droplets were already
decorated with PNIPMAM microgels, and further growth
beyond this point would then allow for PNIPAM microgels to
preferentially adsorb. With this approach, we could successfully
obtain patchy colloidal molecules carrying, typically, one or two

1:0

0zl
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well-separated PNIPAM interaction sites. Extending the second
growth step to longer times would then increase the number of
PNIPAM particles and thus the number of patches or interaction
sites. Whereas the current paper only summarises the results of
our initial experiments, this constitute a first proof-of-concept for
this approach for patchy colloidal molecule preparation.

4 Conclusions

Control of the positions and number of neighbours in a self-
assembling structure has been a long-sought goal in material
science, motivated by the strive to prepare new ordered structures
and materials with novel properties. Such control can be realised
using building blocks possessing a limited number of well-defined
interaction sites, capable of mediating a limited number of highly
directional interactions.

In this paper, the development and use of an in situ microgel-
Pickering emulsion route for the preparation of colloidal mole-
cules with a small number of well-defined interaction sites was
reported. The use of temperature-responsive microgels as building
blocks - which are cheap and easy to synthesise - together with
easy up-scaling, makes the herein reported method a cutting edge
strategy for obtaining large quantities of colloidal molecules
where the interactions can be easily tuned for a more controlled
assembly. Compared to the more complicated routes to microgel-
based colloidal molecules previously reported, which involves the
formation of binary crystals,*>*” our method is highly attractive
because of its simplicity, and in addition offers superior flexibility
as the valency can be easily controlled through the oil droplet size.
Whereas the present paper demonstrates the feasibility and
flexibility of the microgel-Pickering emulsion route, future studies
will have to quantitatively address the directional interactions, as
well as the colloidal molecule phase behaviour and self-assembly
as a function of concentration and temperature.

1(6h):5

Fig. 14 CLSM micrographs, recorded at 20 °C, showing 24 hour-old microgel-decorated oil droplets prepared with different PNIPAM-co-
AAc : PNIPMAM-co-AAc number ratios. The assemblies are adsorbed to the glass cover slip. Scale bars are 2 pm.
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As demonstrated in Fig. 14E, the extension of the microgel-
Pickering emulsion method to binary PNIPAM-PNIPMAM mix-
tures allows us to prepare colloidal molecules with well-separated
interaction sites that are ideal to study the influence of attractive
patches on self-assembly or diffusion. These colloidal molecules
are no longer restricted to a distribution of interaction sites given
by the typical compact and highly symmetrical cluster structures
that are formed with a single class of particles. Instead, the active
interaction sites formed by the PNIPAM microgels can take up
different structures and symmetries that for example mimic the
structure of a H,O molecule, thus offering new possibilities for the
use of colloidal model systems in condensed matter physics.
Finally, patchy colloid models have been increasingly used to
theoretically model the phase behaviour and the dynamics of
proteins in crowded solutions as for example present in the living
cell. Here, our method offers an interesting route for the creation
of protein-mimicking colloidal complexes with corrugated, patchy
surfaces that resemble the hydrophilic/hydrophobic and charged
patches present on globular proteins. This will allow for detailed
model studies under highly controlled conditions, where CLSM-
based multiple particle tracking can for example provide unique
information on the effects of patchiness on short and long time
diffusion in crowded systems."'*"”
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