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Abstract

Silica/PS and silica/PMMA heterodimers were obtained in very good yields using 80 nm silica particles
first functionalized with a polymerizable alkoxysilane and then used as seeds for the emulsion
polymerization of either styrene or methyl methacrylate. Aiming at a one-pot and scalable process, a
commercial silica sol was used and the grafting reaction of silica with the functional silane was directly
performed in the mixture of surfactants subsequently used for the polymerization. The effect of silica
content, nature and concentration of the surfactant, of the reactive alkoxysilane or of the monomer, on
the formation of the silica/PS heterodimers was investigated. Either dumbbell- or snowman-like dimers
were obtained depending on monomer conversion. The typical morphological yield reached 60% with
respect to all morphologies. The synthesis of silica/PMMA dumbbell-like dimers was also successful. In
addition to TEM and DLS, the emerging technique of charge detection mass spectrometry (CD-MS) was
used to provide the true mass distribution and the sample composition in terms of morphologies.

Finally, this system also proved to be efficient for the synthesis of dimpled polymer particles.

Introduction

In recent years many efforts have been devoted to the synthesis of colloidal clusters of spherical
particles for both fundamental studies and preparation of new materials.* In particular, anisotropic

clusters constituted of both organic and inorganic particles have been the topic of many studies and



different processes both physicochemical and chemical have been developed and a vast range of

d>™ A few years ago we reported a one-pot seeded-growth emulsion

morphologies obtaine
polymerization process allowing the nucleation and growth of a controlled number of polystyrene (PS)
latex nodules onto the surface of silica seed particles.’® To promote the affinity between both phases,
the surface of the silica seed was previously treated by an alkoxysilane bearing a polymerizable group.
The idea was to promote the capture of the growing chains initiated in water by copolymerizable
species located at the surface of the silica seed, and thus favour the nucleation/growth of the polymer
nodules onto the seed. According to this strategy various morphologies have been observed such as

dumbbell- or snowman-like dimers,”* and multipod-like clusters.?” **

Various parameters such as the
concentration and nature of the compatibilizing agent, the nature and concentration of the surfactant,
the size and concentration of the silica seed or the grafting density of the silane molecules proved to

strongly impact the final morphology.

To date, the synthesis of heterodimers (either snowman- or dumbbell-like) has been limited to low
monomer conversions and the influence of the experimental conditions on the control of the
morphology has not been studied in details. Aiming at a scalable and robust process allowing the
formation of a large quantity of dissymmetrical particles in one step, the original process** has been
modified and improved in many ways. Within this work, a commercial silica sol was used instead of
home-made silica seeds. In place of common hydroalcoholic protocols, the grafting reaction was
performed directly in water in the presence of the surfactants subsequently used for the emulsion
polymerization, providing the opportunity to skip time-consuming steps of separation /redispersion of
the silica in water. To improve both the polymerization kinetics and the colloidal features of the
polymer nodules (stability and dispersity), an anionic surfactant was added to the non-ionic one used in
the initial recipe. Using this new protocol, the effect of various experimental parameters (silica content,
nature and concentration of the surfactants, alkoxysilane and monomer) on the formation of silica/PS
dimers was investigated. The formation of silica/poly(methyl methacrylate) (PMMA) dimers is also
reported for the first time using alkoxysilane-modified seeds. The final silica/polymer dimers were
characterized by using conventional transmission electron microscopy (TEM) and dynamic light
scattering (DLS) techniques. A very innovative aspect of this work is that the emerging technique of
charge detection mass spectrometry (CD-MS)® was used as a complementary tool for the
characterization of the silica/polymer dimers* to clear any doubt about the sample composition in
terms of cluster morphology. Finally, this system also revealed to be an efficient strategy for the

synthesis of dimpled polymer particles.



Experimental

Materials. Styrene (Sty, 99% from Acros) was purified by passing over a column of basic aluminum
oxide. Methyl methacrylate (MMA, 99% from Acros), sodium dodecyl sulfate (SDS, 99% from Aldrich),
Synperonic® NP30 (NP30, from Fluka), sodium persulfate (NaPS, 98% from Acros), methacryloxy methyl
triethoxysilane (MMS) and methacryloxy propyl dimethyl methoxysilane (MPDMS, 92% from ABCR)
were used without further purification. Commercial silica particles (Klebosol 30R50, AZ Electronic
Materials, 32 wt%) were first centrifugated at 15 000 rpm for 15 minutes to remove the very small
particles (diameter < 50 nm) present in the sample. The number- and mass average particle diameter
(Dn and D, respectively) as well as the particle-diameter dispersity (D,/D,) of the silica seeds after
centrifugation were determined from TEM observations (D, siica = 80 nm, D,,/D, = 1.02). Water was
deionized before use (Purelab Classic UV, Elga LabWater). All chemical structures are shown in the

Supporting Information (Scheme S1).

Surface modification of the silica seed. The surface of the silica seeds was treated by grafting MMS or
MPDMS directly in water. The silane (0.1 function nm™) was added to the silica suspension containing

NP30 and/or SDS and the mixture (pH = 8.5) was stirred at room temperature overnight.

Emulsion polymerization. Styrene or MMA was added to the silane-modified silica suspension. The
mixture was introduced in a 250 mL glass thermostated reactor fitted with a condenser and purged
with nitrogen under stirring (275 rpm) for 30 min. It was then heated to 70 °C and NaPS (0.5 wt.%
relative to the monomers) dissolved in 1 mL of deionized water was added to start the emulsion
polymerization. The regular withdrawal of samples allowed us to follow the monomer conversion with
time by gravimetric analysis. The various polymerizations performed for this study are presented in

Table 1.

Formation of dimpled PS particles. A polymerization experiment was carried out following a D8-type
recipe (run D11, see Table 1), stopped after 35 min (corresponding to 34% styrene conversion). The

sample was then gently stirred for one week under nitrogen bubbling.



Table 1: One-pot seeded-growth emulsion polymerization of styrene or MMA using silane-functionalized silica
seeds®

[M] NP30/SDS | [Surf] [Silical] | Time | Conv |Dypsorpmma Niater/

Run® b 1. Silane 1 4 Du/D, .
gL (w/w) gL gL (h) (%) (nm) Niiica

Styrene emulsion polymerization
D1 100 100/0 3 MMS 10 2 18 103 1.12 1.8
D2 100 0/100 2 MMS 10 3 93 65 1.10 3.6
D3 100 99/1 3 MMS 10 5 94 144 1.02 2.8
D4 100 99/1 3 MMS 22 5 32 94 1.03 2.1
D5 100 99/1 3 MPDMS 10 4 87 179 1.04 15
D6 25 99/1 3 MPDMS 10 3 90 57 1.22 10
D7 25 99/1 1.5 | MPDMS 10 3 91 103 1.02 2.3
D8 25 99/1 0.75 MPDMS | 10 3 79 121 1.02 1.1
0.1 8 64 1.04 0.8
D9 25 99/1 0.75 | MPDMS 10 0.5 25 90 1.05 1.0
3.0 82 127 1.05 1.0
0.5 20 82 1.05 1.0
D10 25 99/1 0.75 | MPDMS 10
3.0 77 115 1.08 1.2
D11 25 99/1 0.75 MPDMS | 10 0.6 34 91 1.01 0.9
MMA emulsion polymerization

D12 100 99/1 3 MPDMS 10 10 15 101 1.02 1.9
D13 100 99/1 3 MPDMS 20 10 20 108 1.02 1.5
D14 100 99/1 3 MPDMS 30 10 13 73 1.02 13
D15 100 99/1 3 | MPDMS 30 10 20 84 1.06 1.1

® All experiments were carried out with [NaPS] = 0.5 g L'l; Silane: 0.1 function nm'z; T =70 °C. ° M stands for monomer. Global
concentration of surfactant (i.e. NP30 + SDS). 4For PS, the size of the nodules was determined by TEM, except for run D10
where cryo-TEM images were used. For PMMA, the size of the nodules was determined by cryo-TEM exclusively. Note that the
swelling of the PS particles by styrene (run D10) or the swelling of the PMMA particles by MMA (runs D12-D15) likely led to
overestimated D, values. ©Calculated from the average diameter of the PS nodules obtained by TEM and using equation 1,
except for run D10 and runs D12 to D15, where N\ tex/Nsiiica Was determined from the manual counting of the number of latex
particles and the number of silica particles in the cryo-TEM images, and making the ratio.

Analytical techniques. The latexes (diluted solution deposited on a carbon/formvar-coated copper grid
and allowed to evaporate) were observed by transmission electron microscopy (TEM) with a Philips
CM120 microscope operating at an accelerating voltage of 80kV (Centre Technologique des
Microstructures (CTu), plate-forme de I'Université Claude Bernard Lyon 1, Villeurbanne, France). In
order to provide a more reliable analysis of particle size and morphology, some selected samples of

silica/PS dimers and all silica/PMMA samples were observed in their natural hydrated environment



using cryogenic TEM (cryo-TEM). Thin liquid films of the suspensions were deposited onto on 300 Mesh
holey carbon films (AgarScientific, UK) and quench-frozen in liquid ethane using a cryo-plunge
workstation (made at LPS Orsay). The specimens were then mounted on a precooled Gatan 626
specimen holder, transferred in the microscope and observed as described previously (at an
accelerating voltage of 120kV). The number- and mass-average particle diameter (D, and D,
respectively) as well as the particle-diameter dispersity (D./D,) were determined using AnalySIS

software (Soft Imaging System).

The number ratio of polymer (PMMA or PS) latex particles to silica particles, Niex/Nsiica, Was
determined through statistical analysis of the TEM images. Silica and polymer particles show
significantly different contrast and can be thus unambiguously identified on the micrographs. However,
the procedure for PS was different from that used for PMMA. For the silica/PS dimers, the average
diameter of the PS nodules, D, ps, was determined by TEM and the ratio Nyaex/Nsiica calculated using
equation 1:

M= (£2) < (5) < (32) o

Csilica dps Dn, ps

with Cgjicaand Cps (g L'l) the silica and PS concentrations, respectively, ds;icsand dps (g cm"3) the silica and
PS densities (2.0 and 1.05, respectively), and D, siicaand D, ps(nm) are the diameters of the silica and PS
particles determined by TEM, respectively. For the silica/PMMA dimers, due to the likely swelling of
PMMA particles by residual MMA, the N ex/Nsiica ratio was directly determined from the cryo-TEM
images by manually counting the number of latex particles and the number of silica particles in the
cryo-TEM images, and making the ratio. The morphological yield was calculated with respect to the
total number of morphologies present in the sample (i.e. organic/inorganic particles, free polymer

particles and free silica seeds).

Charge detection mass spectrometry (CD-MS) experiments were performed on a custom-built charge
detection-mass spectrometer coupled with an electrospray source (ESI). This instrument was described
in details in previous works.”> CD-MS simultaneously and independently measures m/z and z (m is the
molar mass and z the number of charges) for individual ions. Highly charged ions, produced by ESI, pass
one at a time through a small metal flight tube attached to a charge-sensitive preamplifier that captures
their image current. Once frequency-filtered, amplified and shaped, the primary image current signal is
characterized by a double-pulse readout signal. The time between the two pulses corresponds to the
flight time required for the ion to traverse the length of the pick-up tube and is a function of the m/z
ratio of the ion. The amplitude of the signal is proportional to z. A primary advantage of the CD-MS
measurement approach is the rate of highly charged individual ions that are analyzed. In such

conditions, several thousands of ions can be analyzed individually in less than one minute. Calibration in



charge was performed using a test capacitor that allowed a known amount of charge to be pulsed onto
the pick-up tube. The test pulses were generated with a shaping-pulse generator so that the time
dependent signal response could be determined as well. The charge of a particle was then directly
deduced from this calibration and from the average value of the voltage intensity of the two pulses
generated by the particle on the detector. Calibration in mass was performed externally using NIST
traceable size standards (70, 100, 150, 200, 250, 300, 350, 400, 450 and 500 nm PS nanospheres
supplied by Polysciences Europe GmbH). Aqueous mother solutions of dimer samples were diluted in
H,0/MeOH = 1:1 solvent mixture at concentration around 10* objects L™ before injection to the ESI
source. Mass histograms are built from the collection of a statistically relevant number N of single mass
measurement for each sample (N > 5000 typically). Samples are a mixture of free polymer particles (PS
or PMMA), free silica particles, dimers, bipods, and tripods. The experimental mass histograms are thus
fitted with multiple LogNormal distribution fit functions, each corresponding to the individual
contribution of free polymer particles, free silica particles, dimers, bipods, and tripods to the overall
mass distribution. First, the mass distribution of primary free silica seed particles were measured by CD-
MS, from which we extracted parameters xc(silica) and w(silica) of LogNormal function (Figure S1).
Mean masses of polymer nodules (xc(pol)) were calculated on the basis of the diameter of the objects
as determined by TEM and assuming perfectly spherical geometry and densities of 1.05 and 1.19 for PS
and PMMA, respectively. These measured and calculated parameters were then combined as a basis for
fixing the xc fit parameters for dimers, bipods, and tripods contributions (xc(dim), xc(bipods), and
xc(tripods)). Finally the weight of each contribution was modulated to best fit the experimental

distribution (Figures 6, S2 and S3).

Results and discussion

The original recipe used for several years for the synthesis of various silica/PS clusters was based on a
nonionic surfactant (i.e. (poly(ethylene glycol) nonylphenyl ether, with 30 PEG units — referred to as
Synperonic® NP30) used in relatively high concentration (ca. 3 g L™). However, it is well known that non-
ionic surfactants usually show poor efficiency in terms of nucleation. As a result, complete conversion
was rarely observed.”® In addition, even if well-defined clusters could be obtained at low conversion
(typically lower than 30% for 2 h of reaction), the system was contaminated by a secondary nucleation
of pure PS particles finding its origin in NP30 molecules originally present in the monomer droplets and
progressively released in the medium as the polymerization proceeds.”® On the other hand, using a
pure anionic surfactant such as sodium dodecylsulfate (SDS) led, as expected, to higher monomer
conversion but the particle morphology appeared less easy to control.”’” The presence of the non-ionic

surfactant indeed seemed to be mandatory and this is likely related to the well-known affinity of



282 This adsorption probably favors both

poly(ethylene oxide)-based macromolecules for silica surfaces.
the localization of monomer molecules owing to the phenyl group of NP30 and the growth of the

polymer chains at the surface.

For the synthesis of pure polymer particles, one way to improve the nucleation in non-ionic surfactant-
based systems consists in the addition of a few percent of an anionic surfactant such as SDS to the non-

3933 This strategy is widely used in the industry to take advantage of the complementary roles

ionic one.
of both types of surfactants. The anionic surfactant will provide efficient nucleation, while the non-ionic
one will ensure the stabilization of the latex over a broad range of conditions (stability against freeze-

thaw, shear or in the presence of polyelectrolytes).

We recently showed that the polymerization recipe could be optimized for the synthesis of
multipods/silica clusters by the substitution of 5 wt% of NP30 for SDS.** In this case, large amounts of
either tetrapods or hexapods (i.e. four, respectively six, PS nodules surrounding one silica core) were
prepared with yields over 80%. In the present paper, the use of the mixed surfactant system was
extended to the synthesis of silica/polymer (either PS or PMMA) dimers with the aim of producing large
amounts of materials (at the gram scale). In the original studies,” silica/PS dimers were obtained using
NP30 as a surfactant and 80 nm silica seeds (10 g L™) obtained by the Stéber process and surface-
modified with MMS with a nominal surface density of 0.1 function nm™. MMS grafting was performed
in hydroalcoholic media. In the present work, we put a special focus on simplifying the process to allow
broad use of this strategy and an easy access to gram-scale products. A commercial aqueous silica
dispersion was thus used instead of home-made silica seeds, and MMS grafting was performed directly
in water in the presence of NP30 and/or SDS instead of using a water/ethanol mixture requiring further
separation/redispersion steps. Therefore, the second role of the surfactant(s) was to help the

dispersion of MMS molecules in water.”’

Synthesis of silica/PS heterodimers

A first series of experiments was carried out with various surfactant systems using the 80 nm silica
seeds (10 g L") surface-modified with MMS (0.1 function nm™). Sodium persulfate was used as initiator

and various mixtures of NP30/SDS as surfactants (runs D1-D3, Table 1 and Figure 1).
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Figure 1: Evolution of monomer conversion versus time for different surfactant systems in the synthesis of
silica/PS heterodimers: (<) NP30 (run D1), (A) SDS (run D2) and (@) NP30/SDS (99/1 wt/wt, run D3). See Table 1
for detailed experimental conditions.

As expected, the rate of styrene consumption was greatly increased when SDS was used together with
NP30 (run D3), the polymerization being complete in 5 h, while for the same polymerization time only
ca. 25% of styrene was converted in the absence of SDS (run D1). In the latter case, secondary
nucleation occurred (evidenced by the increase of the polymerization rate at ca. 4.5 h corresponding to
the formation of a new crop of particles, and by TEM observations) and the latex was not stable after 2
hours of polymerization. As expected, using pure SDS (run D2) led to even faster polymerization but to
the detriment of the morphology control as in this case the nucleation was too efficient (even if the
initial SDS concentration was lowered to 2 g L'). An accurate statistical analysis of particle
morphologies using TEM images remained quite difficult, the particles being prone to aggregate on the
TEM grids. This was actually the case for most of the TEM observations performed throughout this
work. The value of the ratio Ny /Nsiica Was consequently chosen to discuss the outcomes of an
experiment. In the case of run D2 (pure SDS), a few dimers were observed together with a large amount
of free PS particles leading to Nyawex/Nsiica = 3.6 (Figure 2b). The Niwex/Nsiica ratio decreased to 2.8 for
NP30/SDS 99/1 (wt/wt) with mainly tetrapods and tripods present (Figure 2c). The influence of the
NP30/SDS weight ratio (99/1; 98/2; 95/5; 90/10) was also studied (data not shown). A 99/1 ratio
appeared as the best compromise between a high polymerization rate and a reduced number of free

polymer particles (the proportion of which increased with the SDS fraction).
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Figure 2: TEM images of the silica/PS latexes obtained for different surfactant systems in the synthesis of silica/PS
heterodimers: a) NP30 (run D1, time = 1 h, before destabilization), b) SDS (run D2, time = 3 h) and c) NP30/SDS
(99/1 wt/wt, run D3, time = 2 h). See Table 1 for detailed experimental conditions.

To decrease the Ny /Nsiica ratio, one experiment was then carried out with a higher silica
concentration (run D4, [Silica] = 22 g L™, Table 1). Indeed, increasing the number of silica seeds while
keeping the same amount of styrene was expected to lead to the formation of less PS nodules per silica
particle. Nied/Nsiica Was effectively decreased to 2.1 with the formation of some dissymmetrical
particles, together with a majority of dipods and a few tripods. In addition, the conversion was limited

to ca. 30% conversion, the latex becoming quickly unstable, preventing any reliable statistical analysis.

As an increase in silica concentration led to a loss of colloidal stability, another strategy was then
envisioned to reduce the number of PS nodules per silica seed (i.e. the amount of tri- and/or tetrapods),
consisting in the use of a monofunctional silane, MPDMS, instead of MMS (run D5, see Table 1 and
Figure 3). Indeed, for the same initial nominal amount (i.e. 0.1 function nm™), the grafting density was
expected to be easier to control with MPDMS as a trifunctional silane such as MMS may react with the
silica surface (as expected) but also with other silane molecules.** The use of MPDMS effectively led to
the formation of fewer particles and the kinetics was consequently slower (data not shown). At the end

of the polymerization (i.e. after 4 h corresponding to 87% conversion), the ratio Nie/Nsiica Was



effectively reduced to 1.5 and snowman-like dissymmetrical particles with a PS lobe close to 180 nm
were observed on TEM pictures with a yield of ca. 60% (red arrows, Figure 3d). However, other
morphologies such as dipods or very low amounts of free silica or PS particles were also observed. Note
that in both cases dimpled particles corresponding to detached PS nodules could be seen at low
monomer-to-polymer conversions (see black arrows in Figure 3a or 3c). These peculiar morphologies

are discussed later.
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Figure 3: TEM images of the silica/PS latexes obtained using different silanes. MMS (run D3): (a) 20 min, 12%
conversion, (b) 2h, 83% conversion; and MPDMS (run D5): (c) 20 min, 6% conversion, (d) 4h, 87% conversion. See
Table 1 for detailed experimental conditions. In images a) and c), arrows point to the PS dimpled particles. In
image d), red arrows point to the silica/PS snowman-like particles.

Besides the production of these snowman-like silica/PS particles, the production of dumbbells, i.e. with
a PS lobe of the same size than the silica one (80 nm), was also envisioned. We thus played with the
concentration of both styrene and the surfactants to reduce the size of the PS nodules. First, styrene
concentration was divided by 4 (i.e. 25 g L™) keeping the same concentration of surfactants (3 g L") (run
D6, Table 1). The size of the PS nodule was effectively decreased (D,ps = 57 nm) but the surfactant
concentration was too high for this amount of styrene and many free PS particles were formed

(Niatex/Nsiica = 10) together with multipods-like structures with very small PS lobes (D,ps = 34 nm).
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Consequently, the surfactant concentration was reduced to 1.5 g L™ (run D7, Table 1) and finally to 0.75
g L (run D8, Table 1) which effectively induced in both cases a lower number of particles nucleated
(Niatex/ Nsilica = 2.3 and 1.1, respectively) and consequently a higher diameter for the PS lobe (D, ps = 103
nm and 121 nm, respectively, Table 1 and Figure 4). Again, an accurate statistical analysis of the TEM
pictures remained quite difficult, the particles being prone to aggregation on the TEM grids. The size of
the PS lobe in run D8 (N swex/Nsiica = 1.1) was higher than targeted but it is worth mentioning that the

monomer conversion remained quite high (79%).
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Figure 4: TEM images of the silica/PS latexes obtained using different concentrations of the NP30/SDS mixture
(99/1 wt/wt). [Surf] = 3 g L™ (run D6); [Surf] = 1.5 g L™ (run D7); [Surf] = 0.75 g L™ (run D8). See Table 1 for detailed
experimental conditions. Arrows point to the silica/PS dissymmetrical particles.

In all the recipes presented so far the obtained dimers showed a snowman-like morphology at high
conversion, the PS lobe being systematically bigger than the silica seed. To obtain dumbbell-like dimers
one strategy consists in quenching the polymerization when the PS lobe is close to 80 nm. To determine
the moment when this size was reached, the evolution of particle morphology was monitored as a
function of conversion for a D8-type recipe (run D9, Figure 5). To provide a more reliable analysis of
particle morphology, the hybrid particles were observed by cryo-TEM in their hydrated environment. As
expected, the size of the PS lobe increased with conversion, and dumbbell-like particles were obtained

after 30 min corresponding to 25% conversion (D,ps= 90 nm, D,/D, = 1.05). In this case, a statistical
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analysis based on 100 particles gave 53% dimers, 8% dipods, less than 1 % tetrapods, and 38% isolated
silica spheres. This recipe actually offers the possibility to vary the morphology from mainly snowman-
like (at low and high conversions, silica being initially the largest lobe, and finally the smallest one) to

dumbbell-like dimers at an intermediate conversion.
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Figure 5: Cryo-TEM images showing the evolution of particle morphology with conversion for the synthesis of
silica/PS dimers using a D8-type recipe (run D9, see Table 1 for detailed experimental conditions): a) 8%
conversion: Dy, ps = 64 nm, D,,/D, = 1.04, b) 25% conversion, D, ps = 90 nm, D,,/D, = 1.05, c) 82% conversion, D, ps =
127 nm, D,,/D,, = 1.05.

With the goal of obtaining the clearest picture of the dispersed state of the system and thus clearing
any doubt about the sample composition in terms of cluster morphology, further analyses were
undertaken using the emerging technique of charge detection mass spectrometry (CD-MS).”* ** The CD-
MS-based analyses, thanks to the single-ion measuring approach, provide a direct measurement of
molar mass distributions along with the charge distributions of nanoparticles. For heterogeneous
samples (as in the current case), this technique appears to be efficient to fathom the relative

2435 CD-MS measurements analyze up to several thousand particles and

composition of the mixture.
could thus provide a picture of the whole sample complementary to the information brought by TEM. A
comparison of both techniques was performed on the sample obtained at medium (20%) and high
(77%) conversion for a D8-type recipe (run D10, Table 2). The ion population corresponding to the
resulting colloidal clusters was deconvoluted in a sum of several sub-population contributions as
described in Experimental Section and illustrated in Figure 6 for the low conversion sample. Both
techniques provide a similar analysis of the sample composition at a given styrene conversion time. For
instance, at 20 % styrene conversion, proportion of dimers of 52.3 % and 55 % are found in TEM and
CD-MS, respectively, thus demonstrating the majority proportion reached for the targeted cluster type.
In addition, both analyses exhibited the same trend while extending the styrene conversion time. The

proportion of free silica significantly decreased (from 20 % to 8.5 % in TEM and from 12 % to 2 % in CD-

MS) and the proportion of dipods and tripods increased slightly relatively to that of dimers.
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Table 2: Proportion of the different morphologies encountered in the silica/PS heterodimers batch (run D10) and
in the silica/PMMA heterodimers batch (run D15) as determined by TEM and CD-MS ®

Silica/PS heterodimers

Reaction

. . 30 180
time (min)

Styrene

20 77
conv. (%)
D, ps(nm) 82 115
D,/D, 1.05 1.08
Free Free Free Free

%

Dimers Dipods Tripods .
Morphology a PS silica

p Dimers Dipods Tripods .
PS silic
TEM 52.3 18 7.7 2 20 | 485 235 14 55 85

CD-MS 55 15 13 5 12 46 26 24 2 2
Silica/PMMA heterodimers

Reaction
. . 10 20
time (min)
MMA conv.
20 48
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Figure 6. Mass distribution of silica/PS dimers sample measured by CDMS (black edged circles) at 20% monomer
conversion (t = 30 min). The blue line corresponds to the possible contribution of free silica particles to the overall
distribution, green lines are contributions of free PS particle, dimers, dipods, and tripods, respectively, while the

red line is the sum of all the contributions.
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Synthesis of silica/PMMA heterodimers

To show the versatility of our synthetic strategy, the formation of silica/PMMA dimers was also
undertaken. Such heterodimers were recently obtained in our group using a new and different strategy
which relies on the adsorption of a bicationic initiator on the silica surface,*® and both snowman- and
dumbbell-like silica/polymer clusters were obtained through emulsion polymerization of MMA or
styrene. The first experiment was carried out using experimental conditions similar to those adopted
for styrene, targeting low conversion to reach dumbbell-like morphologies (run D12, Table 1). Due to
the higher water solubility and reactivity of MMA leading to a more efficient nucleation, the number of
free PMMA particles was higher than expected (Nistex/Nsiica= 1.9). The concentration of silica was thus
increased to 20 g L™* (run D13) and then to 30 g L* (run D14). In both cases the Nyses/Nsiica Fatio was
effectively lowered, reaching 1.3 in the latter case (Table 1). This ratio could not be decreased further,
higher silica concentration leading to colloidal stability issues. Many dimers could be clearly observed
by cryo-TEM in run D14 (Figure 7), statistical analyses indicating 47% of dimers, 35% of dipods, 2% of
tripods, 2% of free PMMA particles and 14% of free silica particles. Both statistical analyses of TEM
images and CD-MS measurements were performed on a D14-type recipe (run D15). The data shown in
Table 2 again indicate a relatively good agreement between the two techniques, with however

significant differences in the case of tripods (Figure S3).

Figure 7: Cryo-TEM image of the silica/PMMA latex obtained using 30 g L™ of silica (run D14, 13% conversion). See
Table 1 for detailed experimental conditions. Arrows point at some of the dimers.
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Formation of dimpled polymer particles

One very interesting phenomenon was observed with the samples containing residual styrene. As
evidenced by the TEM images of run D8 at low conversion (Figure 3a and 3c), the link between the silica
and PS lobes seems to be quite weak as free dimpled PS particles could be observed. In order to
manipulate these objects, we tried to remove styrene by gentle stirring under nitrogen bubbling of the
dispersion containing dumbbell-like morphologies (run D11, 25% conversion). The latex became
unstable and a phase separation occurred after 4 days. Whereas the bottom layer was essentially
constituted of silica particles, TEM observation of the top layer (Figure 8) showed the presence of free
dimpled PS particles, which took off from the silica surface. This separation of the PS nodule from the
silica seed is very likely related to weak adhesion forces, essentially secured by a few PS chains
covalently bonded to the silica surface and directly dependent on the low grafting density of the
copolymerizable silane. Besides, these polymer chains should be quite mobile in the context of a
polymer nodule swollen with unreacted monomer (25% conversion), promoting their disentanglement
from the PS nodule ones. This makes the assembly silica seed/PS nodule quite fragile with regard to
shear stress as potentially occurring during mechanical stirring or centrifugation stage. On the other
hand, the presence of a notch on the PS particles is objective evidence that particle growth occurred at
the silica surface. Occasionally, PS particles with two dimples, originating from dipods silica/PS clusters
could be observed. Dimpled particles are a very interesting class of colloidal objects which can be used
as building block in various architectures such as new colloidal molecules or low-symmetry photonic

341 1n comparison with the strategies depicted in the literature, our synthetic approach is very

crystals.
simple and already efficient at the gram scale; nevertheless it is restricted to the fabrication of polymer

particles mainly bearing a single circular notch.

Figure 8: TEM images of the PS particles obtained after one week of gentle stirring (run D11, see Table 1 for

detailed experimental conditions). Only the supernatant was analyzed.



Conclusions

Silica/PS heterodimers have been successfully obtained by emulsion polymerization using silica seeds
pre-functionalized by a reactive silane. Aiming at a scalable and robust process allowing the formation
of large amounts of dimers, a commercial silica sol was used, and the silane grafting reaction was
successfully performed directly in the mixture of surfactants subsequently used for the polymerization
instead of in alcoholic media, thus avoiding time-consuming purification steps. The influence of various
experimental parameters (silica content, nature and concentration of both the surfactant and the
alkoxysilane) on the formation of silica/PS dimers was investigated. A fine tuning of the silica, styrene
and surfactants concentrations using the monofunctional silane MDPMS led to the formation of either
dumbbell- or snowman-like dimers, depending on monomer conversion. The typical morphological
yield reached 60% with respect to all the morphologies present in the sample. The synthesis of
silica/PMMA dumbbell-like dimers was also successful. For both types of heterodimers, CD-MS revealed
to be a powerful technique for the characterization of the silica/polymer clusters, complementary to
and in good agreement with TEM analyses. This emerging technique provided the true mass
distribution and consequently the cluster composition in terms of morphologies, thus clearing any
doubt about the clusters' structure. Finally, this system also proved to be an efficient way to access to

dimpled polymer particles.
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