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Abstract

We report the synthesis at the gram scale of spherical silica particles bearing two organic patches made
of grafted polystyrene chains at their poles. The patchy character of the particles is evidenced by
combining transmission electron microscopy analysis and electron energy-loss spectroscopy. The
multi-stage synthesis is based on the fabrication of silica/polystyrene bipods by dispersion
polymerisation followed by the selective dissolution of the polymeric nodules, and leads to about 70%
pure batches. The morphological purity is increased up to 98% by flow cytometry experiments. The
polyethylenimine used as a stabiliser in the polymerisation step seems to play an important role in the
detection of patches since the latter proved unsuccessful for particles obtained in the presence of
polyvinylpyrrolidone.
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1. Introduction

Patchy particles, which are particles having a zone of different chemical nature or topology, are good
candidates as building units to fabricate new colloidal structures with photonic or catalytic properties
by self-assembly [1,2]. In particular, two-patch particles have been assembled into colloidal clusters
[3], linear chains [4—6] or two-dimensional lattices [7].

Several synthetic strategies of two-patch particles have been successfully developed in recent years.
For example, Kretzschmar and Pawar used the glancing angle deposition method to create two patches
oppositely positioned on spherical micrometric particles previously organized in a close-packed
monolayer [8]. van Oostrum et al. have used a polystyrene (PS) membrane as a temporary mask to
synthesize silica microparticles with two polar patchs at the surface of an agarose gel [9]. Zimmerman
et al. fabricated silica particles with two polar patches by microcontact printing with polyethyleneimine
(PEI) ink and poly(dimethoxysilane) stamps [10].



One of the main drawbacks of the above strategies based on the use of a two-dimensional template is
the low amount of produced particles per batch, which is a severe limitation for further applications.
To overpass this limitation, several strategies based on the use of 3D colloidal crystals, emulsion
droplets or larger particles as scaffolds, which provide a higher amount of surface area per unit volume,
have been developed to fabricate patchy particles in a higher yield [1,2]. Patchy gold nanorods have
been produced by Kumacheva et al., who took advantage of the presence of {111} facets specifically
at both ends of gold nanorods to graft thiol-ended PS macromolecules only there [4]. We have
reported the synthesis of silica/PS bipods by emulsion polymerisation of styrene in the presence of
silica particles of a few tens of nanometres [5,6]. The exceptional morphological yield of 97% has
allowed the fabrication of quasi-pure batches of 2-patch silica particles by dissolution of the nodules
of so-called bipods and thus to perform self-assembly studies. To develop two-patch particles of
several hundred nanometres, emulsion polymerisation proves unsuitable, as PS nodules cannot
exceed 300 nm in diameter and lead to "raspberry" morphologies under these conditions [11]. To
obtain regular bipods, i.e. where the PS nodules are aligned with the central seed, it is essential that
the two PS nodules can reach sizes much larger than the seed to be able to move away from each other
as much as possible for steric - and possibly electrosteric - reasons during their growth. Obtaining large
PS nodules thus requires the use of another polymerisation process, which is dispersion
polymerisation. This differs from emulsion polymerisation in that the monomer is soluble in the
reaction medium and the latex particles formed are not stabilised by a surfactant but by
homopolymers such as polyvinylpyrolidone (PVP), polyvinyl alcohol or hydroxycellulose. Very
marginally, Hong et al. have shown that it is also possible to use PEI [12].

Previous work has described the use of silica particles in the dispersion polymerisation of styrene.
Some have used colloidal silica as a stabiliser and obtained raspberry morphologies where PS particles
are coated with inorganic nanoparticles [13—16]. Others have pre-modified the surface of the silica
particles to encapsulate them in the polymer and obtain core-shell particles or composite particles
[17-22]. Some of these works have shown that, in ethanol and in the presence of the stabiliser PVP,
surface-modified silica particles of sufficient size can serve as seeds for latex growth and lead to
multipod particles [19-22]. The authors of these studies point out that the number of nodules per seed
decreases during growth, butin an uncontrolled manner leading to a high polydispersity in the number,
position and size of PS nodules. Among these multipods, the authors observed quite well-shaped
bipods, but no statistical study was conducted [21,22].

We were inspired by these works to develop a protocol using PEI as a stabiliser and allowing to obtain
silica/PS bipods with a morphological yield of around 70%. This paper presents this protocol and our
efforts to reveal the two patches made of grafted PS macromolecules obtained after dissolution of the
two PS nodules. We also show that it is possible to increase drastically the morphological yield by using
a technique known as flow cytometry cell sorting [23] to sort the bipods by the amount of light they
scatter. Our experimental approach is summarized in Figure 1.



NH,OH + MMS ‘ >
TEOS —0_’ o-; ——— TEOS: o "
(9 molecules/nm?) 5N

O silica seed synthesis silica seed

@ seed-growth dispersion polymerisation + styrene ARG < 5 /
© purification by morphological sorting +PEl @ . o/\s(
O patch development +AIBN VAN N

, X
\ THF styrene: ©/\
—0—
PEI: \K\/\NT
H n

silica/PS NS
’ C Ny
two !)atch bipods AIBN: Patt \N><C§\
silica ° o N
particle \/ THF: < 7

Figure 1: Synthetic pathway and chemical formula of the reagents used for the synthesis of 2-patch
silica particles.

2. Materials and methods
2.1 Materials.

Tetraethoxysilane (TEOQS, Fluka) and ammonia (28-32% in water, J.T. Baker) were purchased in their
reagent grades and used without further purification. Styrene (99%, Aldrich),
methacryloxymethyltriethoxysilane (MMS, ABCR), azobis (isobutyronitrile) (AIBN, Acros), absolute
ethanol (VMR) and branched polyethyleneimine (PEI, My~70,000 g.mol?, Alfa Aeser), Nile Red
(Thermo Fisher), Triton™X-100 (Sigma Aldrich) and tetrahydrofuran (THF, Sigma Aldrich) were used as
received. Deionized water with a resistivity of 18.2 MQ.cm at 25 °C was obtained with a Milli-Q system
(Millipore).

2.2 Synthesis and surface functionalisation of silica seeds.

Silica particles with a mean diameter of 500 £ 19 nm were prepared as follows: in a 500-mL round flask
maintained at 18°C, 100 mL of absolute ethanol and 20 mL of an aqueous solution of ammonia were
introduced and stirred at 400 rpm to homogenise. 45 mL of diluted TEOS (20 vol% in absolute ethanol)
were then introduced dropwise at an addition rate of 8.1 mL.h}, and the solution was left under stirring
for 8 h. After evaporation of three quarters of the liquid phase using a rotary evaporator, the seeds
were washed by three centrifugation/redispersion cycles in absolute ethanol (12,000 g, 5 min).

The surface of the silica seeds was then functionalised through the chemical grafting of MMS as
follows: 100 mL of the silica seeds suspension (10 g/L) were poured in a round flask of 250 mL together
with 20 mL of an aqueous solution of ammonia and the solution was stirred at 700 rpm to homogenise.
The calculated amount of MMS corresponding to a nominal surface density of 9 molecules/nm?
(assuming perfect sphericity of the particles and their non-porosity) was added into the solution and
the mixture was stirred at 300 rpm for 3 h at room temperature and then at 90 °C for 1 h. Then, the
seeds were washed as previously described. The silica seed suspension was concentrated, and its final
concentration of 52.4 g/L was determined by measuring the mass of a dried extract.



2.3 Synthesis of silica/PS bipods by seed-growth dispersion polymerization of styrene. PEI (250 mg)
was dissolved into 50 mL of the reaction medium made of 4.2 mL of the previous silica seed dispersion,
5 mL of styrene and 40.8 mL of absolute ethanol. This dispersion was poured in a 100-mL reactor fitted
with a condenser and deaerated by bubbling nitrogen for 2 h. In parallel, 25 mg of AIBN were dissolved
in 2.5 mL of absolute ethanol and the solution was deaerated in the same conditions. Then, the
temperature was raised to 75°C, while the stirring speed was set at 350 rpm. Lastly, the AIBN solution
was added and the polymerisation reaction was carried out for 6 h. The particles were washed by three
centrifugation/redispersion cycles in absolute ethanol (12,000 g, 5 min). The concentration of the final
dispersion was 65 g/L.

2.4 Dissolution of the PS nodules. The suspension of bipods (1 mL) was diluted 20 times in absolute
ethanol and centrifuged (12,000 g, 5 min). The pellet was redispersed in THF (40 mL) and the non-
grafted PS chains were removed by three centrifugation/redispersion cycles in THF (12,000 g, 5 min,
40 mL). The final pellet was redispersed in absolute ethanol.

2.5 Staining of the hydrophobic areas of the silica/PS bipods with Nile red. The silica/PS bipods (100
uL) were incubated with Nile red in ethanol (400 pL) for at least 2 h. Then 500 pL of water were added
to force the Nile red to label the hydrophobic parts and the dispersion turned from pink to purple. The
particles were observed under a Zeiss LSM 980 confocal microscope (oil immersion objective x 63) at
an excitation wavelength of 488 nm.

2.6 Characterization and purification of the bipod batches. The dispersion of bipods (175 ul) was
diluted in 50 mL of aqueous solution of Triton™ X-100 (1 vol.%). The tube was introduced into the
sampling compartment of the flow cytometer (Beckman Coulter MoFlo Astrios EQ) and analysed at a
wavelength of 488 nm. Cytometry in general strives to provide information on individual cells, or in
this work particles [23]. The liquid containing the objects of interest is diluted with a buffer designed
to achieve a certain viscosity and surface tension such that a jet of the final mixture breaks apart into
reproducible droplets. At sufficient dilution such that the objects pass a series of detectors individually,
the information can be combined on the individual object level. This allows the identification of sub-
populations in the sample. For biological or medical examinations of cells, fluorescent labels that
specifically bind to particular molecules such as proteins are typically used. The information obtained
with the cytometer is then the relative amounts of the different labels and correlations between these.
In addition to fluorescence assays, it is possible to collect information on the light scattering, which
does not provide information on molecular details but rather on geometrical parameters such as size,
shape and refractive index distribution. In the flow cytometer used in this work, the light scattering is
measured in the forward and the sideward direction. This is a very crude approximation of the
information one can collect with static light scattering, but importantly on a per particle level rather
than on a population average level. The intensity of the scattered light in the two directions is
continuously measured and any peaks in this signal are used to identify the passage of an object and
to characterize it. The peaks are quantified in two ways in the software: by specifying the highest
brightness that was observed during the passage and by providing an integral measure of all the light
that was scattered and collected as it passed by. The latter is referred to as “area of the
forward/sideward scattered light” (denoted as 488-FSC1-Area and 488-SSC-Area) as it quantifies the
area under the peak in the intensity/time graph. We found that the best discriminatory results were
obtained by plotting the area of the forward scattered light against that of the sideward scattered light.
Finally, it is possible to sort the objects based on combinations of the individual objects’
measurements. This is done by electrically charging a jet of the flow with the characterized objects
that then breaks up into droplets. The charge helps to break the flow up into droplets. The train of
charged droplets is deviated as it falls by applying an electric field that directs it to one of several



containers. If the sorting criteria are properly chosen and the dilution is sufficient to provide enough
time and empty droplets between two differently identified objects, it is thus possible to sort them.
The recovery of particles was performed in five sorting tubes, corresponding to the fractions indicated
by black ellipses in Figure 4.

2.7 Characterisation techniques. Transmission Electron Microscopy (TEM) experiments were
performed with a Hitachi H600 microscope operating at an acceleration voltage of 75 kV. The samples
were prepared as follows: the colloidal dispersion, as directly collected from the reactor, was diluted
in ethanol. Ten drops were deposited on a copper grid coated with a carbon membrane and the liquid
was left to evaporate at room temperature. Scanning electron microscopy (SEM) analyses were
performed on a Hitachi SEM T-1000 microscope operating at 15 kV and on a Apreo VS SEM (Thermo
Scientific, Eindhoven, The Netherlands) operating at 1 to 5 kV (Vienna). In preparation for inspection
using the Hitachi SEM T-1000, a thin layer of Gold-Palladium alloy was sputtered onto samples during
60 s before analysis. Confocal microscopy experiments were performed with a Zeiss LSM 980
microscope with an oil immersion objective (x 63). Particles were examined by electron energy-loss
spectroscopy (EELS) with a JEOL JEM 2200FS equipped with an “Omega-in-column” energy filter. The
colloidal solution was diluted in ethanol, and ten drops of the diluted suspension was deposited on a
copper grid coated with a carbon membrane with holes. For size exclusion chromatography (SEC)
experiments, we collected, dried, weighed the first THF supernatant containing the dissolved PS chains,
and then dissolved it again in analytical grade THF at a mass concentration of 5 mg/mL. Experiments
were performed in THF with a Wyatt Technology setup using 0.2 vol% of trichlorobenzene as standard.

3. Results and discussion

3.1 Synthesis of silica/PS bipod-like particles

The batch of silica spherical particles used in this study was obtained by hydrolysis/condensation
catalysed by ammonia in hydro-alcoholic medium where tetraethyl orthosilicate (TEOS) was
continuously added [21]. The particles had an average diameter of 500 nm and a polydispersity index
Dw/Dn=1.03. They were then surface modified by hydrolysis/polycondensation of
methacryloxymethyltriethoxysilane (MMS) at a nominal surface grafting density of 9 molecules/nm?,
corresponding to a highly cross-linked polysiloxane film a few atoms thick [24]. The
methacryloxymethyl pendant groups are mainly exposed to the outside, giving the particles an
organophilic character to promote the nucleation/growth of PS nodules and also allowing the covalent
anchoring of the closest macromolecules by copolymerisation with the methacrylate moieties.

The seed-growth polymerisation of styrene was carried out according to a procedure already reported
[20,21] with two differences: the stabiliser PVP was replaced by PEI and the styrene was introduced
into the reactor at the beginning of the protocol, as proposed by other authors [22]. After adjusting
various parameters such as the concentrations of the different reagents, the temperature and the
duration of the experiment, we arrived at operating conditions optimised for 500 nm silica seeds,
described in the experimental section. The prepared batches were observed by transmission (Figure
2A) and scanning electron microscopy (Figure 2B) and their morphological purity was calculated by
statistical analysis of 300 silica-containing particles, which means that possible free latex particles, i.e.
not bound to the silica seeds, were not included in the statistics. The results showed that 69% of the
hybrid objects are undoubtedly bipods. The two PS nodules are in general aligned with the silica seed
(two extreme examples are given in the insets of Figure 2A, but no statistical study was performed due
to the bias of the orientation of the objects on the substrate). The average diameter of the PS nodules



on bipods is 1350 nm with a polydispersity index of 1.13, higher than that of the silica seeds. The by-
products are mainly monopods (5%), tripods (13%) and objects combining several silica seeds or with
uncertain morphology (13%). A few PS particles independent of any silica seed can also be observed,
but without any consequence on the following steps, since they are spontaneously eliminated when
the PS is dissolved. Regardless of the object concerned, the average size of all PS nodules is 1375 nm
(PDI = 1.06). Thus the wider size distribution of the bipod nodules confirms that they are the result of
coalescence reactions as they grow on the silica seeds [20,21].

Figure 2: Representative images of silica/PS bipods obtained from 500-nm silica seeds by dispersion
polymerisation of styrene. A) Transmission electron microscopy image where particles unmistakably
recognised as bipods are marked in green (Insets: artificially colourised images showing a regular bipod
and a bent bipod). B) Scanning electron microscopy image. C) Fluorescence confocal images under
excitation at 488 nm. Scale bars: 2 um (500 nm in the insets).

We also studied the bipods under a confocal fluorescence microscope after they had been labelled
with Nile red, a hydrophobic staining agent (Figure 2C). The focal plane was adjusted to pass through
the centres of the three spheres that make up the object, so this is a cross-section of the bipod. One
can see that Nile red specifically marked the hydrophobic surface of the PS nodules suggesting that the
PS does not cover the silica surface between the nodules. A counter-experiment, not shown here, was
to verify that the polysiloxane film on the surface of the silica seeds is not labelled by Nile red under
these conditions.

3.2 Conversion of silica/PS bipods to two-patch silica particles

The PS nodules were dissolved during successive washing steps in tetrahydrofuran. This step aimed to
eliminate only physically entangled macromolecules and to keep only those covalently bound to the
surface of the silica particles. The number-average and mass-average molar masses of the extracted
macromolecules analysed by size exclusion chromatography are M, =110,000 g/mol and
My = 200,000 g/mol, respectively. It is generally accepted that the molar masses of the grafted chains
are of the same order of magnitude as those extracted [25].

TEM analysis of the bipods after THF treatment shows that the particles are again quasi-spherical
objects with a diameter of 500 nm corresponding to that of the initial silica seeds (Figure 3A-D). Close
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examination of the periphery of the particles shows the presence of a discontinuous 10-20 nm excess
thickness whose lower electron beam absorption indicates that it was a film of organic nature. By
comparing with the TEM images before dissolution (Insets of Figure 2A), we can see that the widths of
the free spaces between the nodules, on the one hand, and of the areas between the organic films, on
the other hand, are approximately similar: about 100 to 120 nm (approximate values, however,
because the measurements are dependent on the orientation of the particles with respect to the
electron beam). This experiment thus seems to confirm the hypothesis that the organic
overthicknesses correspond to the locations of the PS nodules. By observing more than twenty
particles, we were able to find at least three that were sufficiently well oriented on the TEM grid to
allow us to reconstruct the two grafted polystyrene patches (Figure 3A-C) as well as a fourth particle

where the position of the organic films suggests that it was a three-patch particle, as the tripods were
present up to 13% in the initial batch (Figure 3D).
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Figure 3: Patchy silica particles obtained after dissolution of the PS nodules of the bipod-like particles.
A-D) Representative TEM images of four particles: original images (top) and same images artificially
colourised for showing the patch position (bottom). Scale bars: 50 nm. E-F) Representative TEM images
and EELS images extracted from the data at the energy of carbon K edge at 284 eV. Scale bars: 50 nm.
G-H) Typical EELS spectra showing the carbon K-edge at 284 eV from a zone of the light grey thin layer
in Figure F and from the surface of a silica particle before polymerisation, respectively.

To verify that these patches were organic in nature, we analysed their composition by electron energy-
loss spectroscopy (EELS). The corresponding TEM images and carbon element maps are shown in
Figure 3E-F. These reveal that carbon was largely present in the thicker films and almost absent
elsewhere. Furthermore, comparison of the EELS spectrum recorded on the organic patches (Figure
3G) with those determined on the silica seeds before polymerisation (Figure 3H) shows that the
amount of carbon detected in the polysiloxane film was very low. Thus, it is plausible that the films
observed on the particles consisted of grafted PS macromolecules, and corresponded to the
permanent residues of the PS nodules. We have thus demonstrated that it is possible to create patchy
particles from silica/PS bipods obtained by dispersion polymerisation.

The use of PEl as a stabiliser in the seeded-growth dispersion polymerisation for the synthesis of bipods
appears to be a key requirement for the formation of patches. Indeed, we performed experiments
using PVP more conventionally. A control experiment where we simply replaced PEI with PVP did not
lead to the formation of bipods, but monopods with a record morphological purity of 99% (Figure S1).
This proves that the stabilising properties of PVP and PEl are different. To obtain bipods from the PVP
recipe, we had to modify the experimental conditions, in particular starting from a silica size of 800 nm
(see supplementary information for the experimental details, and Figure S2A). The batch of bipods
obtained was then 54% pure (Figure S2B). After dissolving the PS and carefully examining the surface
by TEM and EELS, we could not detect the presence of patches: the PS layer on the surface seems to
be continuous and covers the whole surface (Figure S3). Our hypothesis that could explain this
difference would be that PVP is known to undergo chain transfer reactions leading to PS-grafted
copolymers explaining its stabilizing power. Such an amphiphilic copolymer could thus adsorb onto the
silica surface, making the patches indistinguishable from the inter-patch areas. To our knowledge, the
ability of PEI to undergo chain transfer reactions during the polymerisation of styrene has not been
reported. Further experiments would certainly be necessary to understand better this difference in
behaviour and its origin.

3.3 Purification of the batch of silica/PS bipods by flow cytometry sorting

We experimented with the purification of our bipod batch by flow cytometry, a technique essentially
developed to purify specific cell populations. Although the apparatus allows fluorescence-activated
cell sorting, we were content with the label-free results obtained using the light scattering measured
by two optical detectors. One detector measured the scattering along the path of the laser (forward
scattering) while the other measured the scattering at a 90° angle to the laser (sideward scattering).
Measuring forward and/or sideward scattering allows objects to be discriminated by size: the larger
the volume of a particle the more light it scatters. The measurement of the lateral scattering gives
additional information on the internal complexity of the object, i.e. its granularity. The combination of
these two measurements allows a certain degree of differentiation of objects within a heterogeneous
population. Not surprisingly, we found that the amount of scattered light scaled essentially with the
amount of PS in each multipod. PS has a much higher refractive index than silica and, as it can be seen
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from the SEM pictures (Figure 2), the PS nodules are much larger than the silica cores. The flow
containing the characterized multipods was electrically charged and broken up into droplets containing
on average less than one particle. Two electrodes were then used to deflect these drops
electrostatically into different containers according to the criteria we set for the forward and sideward
scattering signals, thus allowing sorting.

We studied the purification of the bipod batch (69% pure) by this flow cytometry method. First, we
measured forward scattering (FSC) and side scattering (SSC) to determine the populations to be
collected. The populations R4, R3, R2, R1 and R5 (Figure 4) were collected in different tubes. We sorted
approximately 3.33*108 objects, with R3 and R2 representing 57% and 32% of the sorted objects,
respectively. The objects of the different populations were observed by SEM in order to determine the
sorting efficiency (insets of Figure 4). The R4 population (4% of the objects collected) contained mainly
micron-sized impurities and was associated with low forward and lateral scattering due to its smaller
size with respect to the other particles. The R3 population contained mostly free PS particles and
monopods of the order of 1400 nm. Bipods twice the size of monopods were present in the R2
population and it was observed that the forward scattering was effectively doubled. The R1 and R5
populations with more forward scattering contained the asymmetric bipods as well as the tripods. The
bipods were collected in the R2 area and their purity was estimated at 98% (statistical analysis made
over 200 particles).

256
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Figure 4: Representative scatter plot of the bipod batch from the software of the Beckman Coulter
flow cytometer giving the area of the forward scattering peaks of the 488 nm laser (488-FSC1-Area) vs
the area of the sideward scattering peaks (488-SSC-Area) in false colours that represent the number
of observations, with the set fractionation regions in black and SEM views of the collected populations.
Scale bars: 1 pum.

4. Conclusions

In summary, this work demonstrated that silica/PS bipods can be obtained by dispersion polymerization
using PEI as stabiliser. Their morphological purity reached ~70%. To the best of our knowledge, this is
the first report of the use of flow cytometry sorting to purify patchy particles. By doing so, the purity
of the bipods could be increased up to 98%. After the specific dissolution of the PS nodules of the
bipods, a careful analysis by TEM combined with EELS revealed the formation of silica particles bearing
two organic patches by the grafted PS chains. The PEI stabiliser seems to play a role in this success, as
we did not achieve the same observation with particles made in the presence of PVP.

By comparison with previously reported methods such as stamping or glancing angle deposition, which
allow to produce small quantities of 2-patch particles, our strategy gives access to samples at the gram
scale. We anticipate these results open up avenues to construct new colloidal building units, such as,
for instance, inverse patchy particles [26] for the programmed assembly of new structures with
photonic or catalytic properties [27,28]. For instance, the functionalization of the organic patches with
azide groups would enable us to graft dibenzocyclooctyne-terminated DNA strands [29], opening the
way to the synthesis of colloidal chains with predetermined sequence and colloidal crystals with well-
defined architecture.
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