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superparamagnetic iron oxide particles using acrylic acid or methacrylic

acid as auxiliary comonomers
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Univ Lyon, Université Claude Bernard Lyon 1, CPE Lyon, CNRS, UMR 5265, Chemistry,
Catalysis, Polymers and Processes (C2P2), 43 Bvd. du 11 Novembre 1918, F-69616
Villeurbanne, France.

ABSTRACT

Iron oxide (10)-based composite latex particles with a patchy 10 overlayer were successfully
prepared by Pickering emulsion polymerization of acrylic monomers and/or styrene using
acrylic acid or methacrylic acid as auxiliary comonomers. The ultrasmall 10 particles
adsorbed at the latex surface and played the role of a solid stabilizer. The influence of the
synthesis conditions on the composite particle size, polymerization kinetics, 10 incorporation
efficiency and particle morphology was studied. Thermogravimetric analysis indicated that
the efficiency of iron oxide incorporation was improved with increasing the suspension pH,
the amount of auxiliary comonomer or the 10 content, and reached ca. 90% under optimized
conditions. Reducing the initial iron oxide concentration at constant monomer concentration
led to an increased particle size and a reduced colloid stability, indicating that the magnetic
nanoparticles stabilized the colloidal nanocomposites. Transmission electron microscopy
studies confirmed the presence of iron oxide at the particle surface. In the light of these
results, a tentative mechanism for Pickering emulsion polymerization using 10 nanoparticles

as solid stabilizer in the presence of (meth)acrylic acid auxiliary comonomers was proposed.

Keywords: Iron oxide, Pickering emulsion polymerization, auxiliary comonomer, patchy,
morphology, cryo-TEM.



1. INTRODUCTION

In recent years, there has been an increasing interest in the synthesis of colloidal
organic/inorganic hybrids incorporating a variety of inorganic materials. Among them,
magnetic particles have attracted particular attention owing to the great advantages that these
materials can offer.> Composite latexes incorporating magnetic nanoparticles [mostly
maghemite (y-Fe,O3) and magnetite (FesO,)], unlike other submicronic latexes, can be
handled by an external magnetic field, explaining why these particles have been extensively
studied for a range of biomedical applications including magnetic resonance imaging and
drug delivery.®> Among the techniques the most commonly applied for the synthesis of
magnetic composite latexes, emulsion polymerization, a widely used free radical
heterogeneous polymerization process, can be considered as one of the most efficient
method.* Very recently, a special attention has been dedicated to surfactant-free
polymerizations solely stabilized by nanoparticles, due to their simplified composition and
preparation steps.” Two processes can be distinguished. The first one is Pickering
miniemulsion polymerization. In this process, inorganic particles are used to stabilize
miniemulsion droplets following the discovery of Ramsden® and Pickering’ that finely-
divided insoluble solid particles can efficiently stabilize emulsions. The sub-micron monomer
droplets are prepared in such a way that they efficiently trap the radicals generated in the
aqueous phase. Hence, the polymerization takes place in the Pickering stabilized
miniemulsion droplets which are subsequently converted into armored nanocomposite latexes
of submicrometer size through droplet nucleation. However, the main drawback of this
method is that it requires pre-emulsification of the monomer using high-shear devices to
create the miniemulsion, which may lead to coagulation of the Pickering stabilizer and highly
complicate scaling-up of the process in view of industrial applications. The second process,
which we refer to as Pickering emulsion polymerization in this work, is a classical emulsion
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polymerization process in which the conventional emulsifier is replaced by nanosized
inorganic solids. The monomer is emulsified as coarse droplets and particles are formed by
heterocoagulation between a growing polymer particle and the inorganic solid that adsorb at
the surface of the polymer latex particles during the course of the polymerization.® Compared

9,10,11

to Pickering miniemulsion polymerization, very few papers have been published on the

use of iron oxide particles as Pickering stabilizer in conventional emulsion polymerization.

Xu et al.'?

prepared raspberry-like magnetic polystyrene (PSt) microspheres (200-600 nm)
using 2,2'-azoisobutyramidine dihydrochloride (AIBA) as cationic initiator. The initiator was
adsorbed on the surface of poly(methacrylic acid)-functionalized Fe;O4 nanoparticles at pH
around 9.0, and used to initiate the emulsion polymerization of styrene. Upon growing, the
polymer chains became insoluble in the aqueous solution and aggregated on the magnetic
nuclei leading to the formation of magnetic PSt microspheres with raspberry-like
morphology. The cationic initiator was key in obtaining the targeted morphology as the use of
potassium persulfate (an anionic initiator) resulted in polydisperse particles with no
|O/polymer interaction. Kim et al.*® fabricated core-shell magnetic PSt/inorganic particles by
Pickering emulsion polymerization using nanosized y-Fe,O3 particles as solid stabilizer.
Styrene monomer was first added to the y-Fe,Os dispersion and agitated vigorously in a
homogenizer until the styrene layer was well dispersed in the aqueous phase as emulsified
droplets. An aqueous AIBA solution was then added to initiate the polymerization. Images
obtained from scanning and transmission electron microscopy (SEM and TEM, respectively)
showed PSt/y-Fe,O3 composite particles with an uneven surface. According to the authors,
styrene droplets were stabilized by y-Fe,O3; nanoparticles positioned at the water/droplets
interface, and droplet polymerization occurred immediately after addition of AIBA. Although
TEM and SEM analyses seemed to indicate the presence of 10 at the particle surface, the

exact mechanism of particle formation is questionable. Indeed, the authors did not give any



indication on droplet size and stability. Besides, the final particles were quite small (150-300
nm in diameter) which is not in agreement with a droplet nucleation mechanism as emulsion
droplets obtained by simple agitation (even if vigorous) are usually relatively large (even in
Pickering emulsions). Finally, there was no information about the 10 particles surface
chemistry, surface charge or suspension pH, making it difficult to understand what was the
driving force for 10 adsorption at the monomer/water interface.

In this article, we report the surfactant-free synthesis of polymer/IO composite particles using
v-Fe,03 as solid stabilizer. Relying on the well-known affinity of carboxylic acids towards
iron oxide, methacrylic acid (MAA) and acrylic acid (AA) were selected as auxiliary
comonomers. Indeed, previous reports in the literature have indicated that the use of an
auxiliary comonomer can promote inorganic particles adhesion to the latex surface, #6718
However, to date, their utilization has never been reported for iron oxide. As compared with
the previous literature, special attention was paid to the mechanism of the Pickering emulsion
polymerization process by studying the effect of the physicochemical parameters (suspension
pH, 10 content, type of monomer) on the evolution of particle morphology, 10 incorporation

efficiency and polymerization kinetics. The magnetic properties of the resulting hybrid latexes

were also briefly examined.

2. EXPERIMENTAL SECTION

2.1. Materials

Iron (I1) chloride tetrahydrate (FeCl,.4H,0, 99 %, Aldrich), iron (I1l) chloride hexahydrate
(FeCl3.6H,0, 97 %, Aldrich), iron (111) nitrate nonahydrate (Fe(NO3)3.9H,0, 98 %, Acros
Organics), diethyl ether (99.5%, Aldrich), hydrochloric acid (HCI, 37 %, VWR International),
nitric acid (HNOs, 65-70 %, VWR International), potassium hydroxide (KOH, Acros
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Organics) and ammonia (20 %, VWR International) were all used as received. The
monomers, methyl methacrylate (MMA, 99% Aldrich), styrene (St, 99%, Acros), n-butyl
acrylate (BA, 99%, Aldrich) and the auxiliary comonomers, methacrylic acid (MAA, 99.5%,
Acros Organics) and acrylic acid (AA, 99%, Aldrich) were used without further purification.
2,2'-Azobis[2-(2-imidazolin-2-yl) propane] dihydrochloride (ADIBA, Wako Pure Chemical
Industries, Ltd) was used as radical initiator. Deionized water (Purelab Classic UV,

ElgaLabWater) was used for all experiments.

2.2. Methods

Synthesis of ultrasmall superparamagnetic iron oxide particles. 10 nanoparticles were
prepared using the Massart approach which involves the aqueous coprecipitation of iron
chlorides under alkaline conditions.®* In a beaker, 13 g (0.0481 mol) of FeCl; and 7.2 g
(0.0362 mol) of FeCl, were dissolved in 40 mL of deionized water and 4 mL of hydrochloric
acid (37 wt% water solution) to give a Fe(ll):Fe(lll) stoichiometric ratio of 3:4. This solution
was stirred until complete dissolution, and poured in a four-necked round-bottom flask
equipped with a mechanical stirrer (500 rpm) followed by quick injection of 40 mL of 20 wt%
aqueous NH4OH solution and stirring for 30 minutes to facilitate the hydrolysis and
condensation of iron precursors. A black precipitate was formed immediately indicating the
formation of 10 nanoparticles. The resulting black precipitate was collected with a permanent
magnet (Supermagnete Q-51-51-25-N, Germany), and after decantation of the supernatant,
the residue was washed with deionized water (40 mL) and HNO3 (70 wt% solution, 5.2 mL).
The oxidation to maghemite was then completed by adding a solution of Fe(NO3); (12.92 g,
0.0534 mol) dissolved in deionized water (32 mL) and heating to 80 °C under stirring at 500
rpm for 30 min. The resulting orange precipitate was again collected with the aid of a magnet,

and peptized by adding 10.4 mL of HNO; (70 wt%) and 80 mL of deionized water. The color



of the suspension turned from orange to orange-brown. The mixture was stirred manually
with a teflon spatula and the nanoparticles were again isolated from the solution with the help
of a magnet. Finally, the residue was washed several times first with acetone, then with
diethyl ether, and finally dispersed in 40 mL of deionized water. Any remaining diethyl ether

was removed by evaporation under the fume hood. The pH of the final suspension was 2.2.

Preparation of magnetic microspheres via Pickering emulsion polymerization. Emulsion
polymerizations were performed in a glass-jacketed reactor equipped with a condenser and a
nitrogen inlet. As a representative example (run 6 in Table 1), the 10 suspension (16.13 g,
which is equivalent to 2.0 g dry 10) was diluted with water (75.87 g). The mixture was placed
in the reactor, followed by the addition of MAA (0.13 g) dissolved in water (5 g). This
suspension was deoxygenated by purging with nitrogen for 30 min. In the meantime, MMA
(20 g) was deoxygenated for 30 min and added to the 10 suspension under vigorous stirring
while the temperature was raised to 70 °C. The ADIBA initiator (0.2 g, 1.0 wt % based on
monomer) was dissolved in 5 g of degassed water and added to the reactor. This was
considered to be the zero time of the polymerization. The polymerization was conducted for 2
hours under mechanical stirring at 350 rpm. Samples were taken during polymerization to
follow the evolution of the conversion as a function of time, and of the particle size and

particle number as a function of the conversion.

MAA adsorption isotherms. MAA adsorption onto 10 was investigated at 25 °C for two
different pH values (pH = 2.2 and 4.5) using the depletion method. Briefly, equivolumes of
the magnetic suspension and MAA solutions were mixed to cover MAA concentrations
ranging from 1 to 10 g L™ (equivalent to 3.5-35 pmol m™ relative to 10 surface given a

specific surface area, Sspec, Of 166 m? g as determined by BET and M, maa = 86.06 g mol™)



while maintaining a fixed 10 content of 20 g L™. pH adjustment to 4.5 was carried out by
dialyzing the 10 suspension against deionized water in 6~8000 Daltons dialysis tubes. Indeed,
direct addition of NaOH to the 10 suspension led to particles aggregation. The mixtures were
left stirring for 30 min to reach the adsorption equilibrium, and ultracentrifuged at 80 000 rpm
(Allegra™ 64R centrifuge) for 120 min. The MAA concentration in each supernatant was
determined by UV analysis using a pre-established calibration curve (Amax = 400 nm) and the
adsorbed amount was then calculated by difference between the initial and equilibrium

concentrations according to:

Adsorbed MAA (mgg™1) = W x 1000 1)

where Co (g L™) is the initial MAA concentration, C. (g L™) designates the MAA equilibrium
concentration in the supernatant, V (L) is the volume of solution and m (g) is the mass of iron

oxide.

10 incorporation efficiency and latex surface coverage by 10. Iron oxide incorporation
efficiencies were determined by comparing the 10 content of the 10-armored particles after
removal of the free 10 by centrifugation at 7500 rpm for 15 min, with the original 10 content
(myo) used in the corresponding polymerization experiments. The rotational speed (7500 rpm)
was carefully selected to enable selective sedimentation of the latex particles while retaining
the free 10 in the supernatant. The estimated error in the final iron oxide incorporation
efficiencies was + /- 2%. The 10 content of the purified particles was determined by TGA on
a TA instruments Q5000 IR. Typically, 10 mg of the dried sample were accurately weighed
and heated from 25 to 800 °C at a rate of 10 °C min™ under an oxygen atmosphere. The 10

incorporation efficiency (IE, %) was then calculated as follows:

IOTGA X (100_10the0)

0 =
TE (%) = 15,0x (100 ~ 1076

x 100 )
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where 101ga (%) is the 10 content of the purified composite particles and 10, (%) is the
theoretical 10 content before centrifugation determined from the amount of 10 initially
introduced and the monomer conversion determined by gravimetric analysis (after subtracting

the mass of 10 and initiator) .

mio

IOtheo (%) =

x 100

Conversion
(mIO + MmonomerX T)

3)
with mo corresponding to the total mass of 10 introduced and Mmenomer tO the total mass of

monomer.

Combining equations (2) and (3), it turns:

Mmonomer X Conversion X 107¢4 ( 4)
mio (100— IOTGA)

IE (%) =

The surface coverage of the latex particles by 10 (Cov. %) was calculated using the IE value,
assuming that the surface area occupied by one 10 nanoparticle at the polymer particle surface
was equal to the cross-sectional area of a plane bisecting that nanoparticle. The surface

coverage can then be expressed as:

Mmonomer X Conversion

Cov. (%) = 5 ( yomeny Py 100 ()

where pio is the apparent density of the 10 nanoparticles (pio = 5.24 g cm™)?! and Djo their
diameter determined by TEM, pgpoymer IS the polymer density and Dy the composite particles

diameter determined by DLS.

2.3. Characterization techniques

Fourier Transform InfraRed (FTIR) spectroscopy. FTIR spectra were recorded from KBr

pellets at room temperature using a Nicolet iS50 FTIR spectrometer from Thermo Scientific



equipped with a deuterated triglycine sulfate (DTGS) detector. Background and sample were
acquired using 32 scans at a spectral resolution of 4 cm™ from 4000 to 400 cm™. Spectral data

were obtained using OMNIC Software from Thermo Scientific.

X-Ray Diffraction (XRD) analyses. XRD measurements were performed on PANalytical
X'Pert Pro diffractometer equipped with a X'Celerator Scientific detector and a Cu
anticathode (Koy/ Koay). The instrument was used in the theta/theta reflection mode, fitted
with a nickel filter, 0.04 radian Soller slits, 10 mm mask, 1/2 ° fixed divergence slit, and 1°
fixed antiscatter slit. The diffracted beam was detected (detector active length = 2.122° (260))
over a range of 5-70° (26) with a step size of 0.0167° and a counting time of 350 s/step. The
size of the iron oxide nanocrystallite was estimated from the XRD data using the Debye-

Scherrer equation:

0.91

D(Ao) - Pcosb ©)

where D is the crystallite size (&), A is the wavelength of X-rays (Cu Ka: 1 = 1.5418 A), 0 is

the diffraction angle, and B is the full width at half-maximum (in radians).

Dynamic Light Scattering (DLS). The particle size (hydrodynamic diameter, Dy) was
measured by DLS using the Zetasizer NanoZS instrument from Malvern. The data were
collected at 173° scattering angle using the fully automatic mode of the Zetasizer system, and
depending on the size distribution, either the monomodal cumulant analysis or the CONTIN
analysis was performed. The broadness of the distribution was given by a dimensionless
number called poly value determined from the autocorrelation function using the second order
method of cumulant analysis (the higher this value, the broader the size distribution). The
number of polymer or composite particles per liter of latex suspension at the end of the

polymerization, N, (L™), was calculated using Dy, according to the following equation:



21
Cpolymer (composite) 10
1TD}31

6
Np(L_l) = (7)

ppolymer (composite)

where Copolymer (composite) (9 L™) is the polymer (or composite) concentration and ppotymer composite)
(g cm™) is the density of the polymer or of the composite latex particles, respectively. The
composite particle concentration was determined from the 10 content in the particles

determined by TGA and the polymer concentration determined by gravimetry as follows:

Monomer]

_ [ , 10
Ccomposite (gL D= oo Conversion + [10]

100

IE (8)

where [Monomer] and [I0] (g L™) designate the initial monomer and 10 concentrations,

respectively. The density of the composite particles was determined using the equation (9) as:

1
f1o + Fpolymer
P10  Ppolymer

©)

Pcomposite =

where fio and fpoymer are respectively the weight fractions of 10 and polymer in the composite
particles.

[10] IE __ [Monomer] Conversion

and fpolymer -

fio = (10)

100 Ccomposite 100 Ccomposite
The calculation of Ccomposite during the course of the polymerization was however not possible
as IE was not determined for each withdrawn samples, and was only determined for the final

latexes. All the plots showing the evolution of N, versus conversion were thus built using

Zeta potential measurements. Zeta potential measurements were performed with the
Zetasizer Nano ZS instrument from Malvern. Two kinds of particles were analyzed: i) pristine
IO and ii) 10 nanoparticles after MAA adsorption. All measurements were performed by
adding a few drop of the suspension to an aqueous solution of 10> mol L™ KNOs. In the case
of pristine 10, a stock suspension of the 10 nanoparticles in deionized water was first
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homogenized by ultrasonication for 15 min and the pH of the measuring solution was adjusted
within the range of pH 3 to pH 10 by using 10 mol L™ aqueous solutions of HNO3 or KOH,

respectively.

Transmission Electron Microscopy analyses (TEM and cryo-TEM). TEM analyses were
carried out at the Centre Technologique des Microstructures (CTp), platform of the Université
Claude Bernard Lyon 1, Villeurbanne, France. A drop of the diluted 10 or composite latex
suspension was deposited on a carbon/Formvar-coated copper grid and the solvent was
allowed to evaporate. The analysis was carried out at room temperature with a Philips CM120
microscope operating at an accelerating voltage of 80 kV. The number-average and weight-
average particle diameters (D, and D, respectively) and the polydispersity index (PDI =
Duw/Dy) of the pristine 10 or of the latex particles were calculated using D, = Xn;Dj/Zn; and Dy,
= ¥nDi*/=nD;*, where n; is the number of particles with diameter D;. A minimum of 150
particles was counted for each batch. To prevent particles deformation (for soft polymer
compositions) and/or the deleterious effect of radiation (PMMA is known to be particularly
sensitive to electron damage), and allow reliable determination of particle size and
morphology, some of the composite latex particles were characterized by cryogenic-
transmission electron microscopy (cryo-TEM). The diluted samples were dropped onto 300
Mesh holey carbon films (Quantifoil R2/1) 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 (Phillips CM120) and observed at

an accelerating voltage of 120 kV.

Magnetic measurements. A vibrating sample magnetometer (VSM, BHV-55) was used to

investigate the magnetic properties of the 10 nanoparticles and of the composite latexes by
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measuring the magnetization (r) as a function of the magnetic field intensity (H) from 21 to 0
kOe, at room temperature using the Weiss extraction method.?* This dynamic method makes
use of the variation of flux induced in a coil when moving the sample in the field.
Measurements were performed on dried samples. Specific magnetization (M in emu g*) of a

given sample was defined as:

300
M = 4 XoXa (11)

m

where 4300 was the apparatus constant, m the mass of the sample (g), J the raw electric signal
value (a.u.), and « the correction of the magnetic image for strong magnetic fields. Ms, the
specific saturation magnetization was obtained by extrapolation of M for strong magnetic

fields (1/H — 0).

3. RESULTS AND DISCUSSION

3.1. Synthesis of ultrasmall iron oxide magnetic nanoparticles

A stable dispersion of ultrasmall superparamagnetic iron oxide nanoparticles in water, also
called a ferrofluid, was prepared by the coprecipitation of metallic salts according to the

method of Massart et al.,*

which is probably the simplest and most efficient chemical
pathway to obtain magnetic nanoparticles. The recipe relies on the synthesis of Fe3O,
(magnetite) particles by the coprecipitation of ferrous and ferric iron salts in an alkaline
environment, followed by oxidation of magnetite into maghemite (y-Fe,O3) using
Fe(NO3)3s/HNO3. Zeta potential measurements indicated a net positive surface charge ( = +
50 mV at pH 2.2) responsible for the colloidal stability of the sol, and an isoelectric point

(IEP) of about 7.4 (Figure 1a) consistent with the literature value of 7.5 for maghemite.”® The

protonated surface hydroxyl groups are counterbalanced by non-flocculating nitrate counter-
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ions as shown by FTIR measurements (Figure S1 in the Supporting Information). TEM
analysis showed somewhat irregular maghemite crystallites with a number-average diameter
D, = 5.6 nm, and a polydispersity index (Du/Dy) of 1.29 as determined by statistical analyses
of more than 160 particles (Figure 1b). XRD confirmed the crystalline structure and gave a
crystallite size of 6.9 nm in good agreement with the TEM measurements indicating that the

particles were monocrystalline.
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Figure 1. ) ¢ potential of pristine 10 nanoparticles as a function of pH ([KCI] = 10° M) and

b) TEM image and size histogram of the 10 nanoparticles used in this work.

3.2. Synthesis of magnetic composite microspheres

The aim of this study was to form magnetic composite microspheres by Pickering emulsion
polymerization of various monomers using 1O nanoparticles as solid stabilizer. Several
authors have shown that the surface chemistry of the inorganic particles plays a significant
role in Pickering emulsion polymerization. Indeed, inorganic colloids are too hydrophilic for
the oligomers formed in water to adhere irreversibly to their surface, which most often results
in binary blends of inorganic and polymer particles. This wettability issue can be overcome

by the use of small amounts of hydrophilic comonomers (so-called auxiliary comonomers).
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The role of the auxiliary comonomer is to create favorable interactions between the growing
polymer chains and the inorganic surface.’>?* Relying on the well-known affinity of
carboxylic acids towards iron oxide,>?* MAA and AA have been selected as auxiliary
comonomers in the present study. The effect of auxiliary comonomer concentration, 10
content, suspension pH and type of hydrophobic monomer on the polymerization kinetics, the
particle size, the 10 incorporation efficiency and the composite particle morphology was
studied in detail, and the results were compared to the ones obtained under the same

conditions in the absence of 10.

3.2.1. MAA as auxiliary comonomer

In a first study, control experiments were performed to assess the role of both 10 and MAA in
the surfactant-free emulsion polymerization of MMA (Table 1).

The polymerization conducted in the absence of both 10 and MAA at pH 5.9 (run 1) gave
stable PMMA latex particles with diameters of around 420 nm. From the TEM results, the
particles are spherical and uniform in size (Figure S2 in the Supporting Information). Such a

narrow particle size distribution is characteristic of surfactant-free emulsion polymerization.

Table 1. Recipes and results for the synthesis of pure polymer and composite latex particles

by surfactant-free emulsion polymerization of MMA in the presence of MAA. ?

10 MAA MAA Conv. Dn N IE Cov

RNy gLy @molm?d P o) me PV e e @)
1 0 0 / 5.9 100 420 001 4410 |/ /
2 0 1.4 / 3.1 100 473 007 3110 / /
3 0 1.4 / 229 100 624 004 1310 / /
4" 0 1.4 / 2.2 100 586 007 1.610® / /
5 20 0 0 2.2 100 451 007 3510® / /

6 20 1.4 5 2.2 99 267 004 1710° 204 55

2 All experiments were carried out for 2 h with MMA = 20 wt%/water, ADIBA = 1 wt%/MMA and T = 70 °C."°
pH value of the aqueous phase or of the 10 suspension. ¢ Determined by DLS. ¢ Calculated using equation (7). ®
Calculated using equation (4). " Calculated using equation (5). ¢ pH value was adjusted by addition of HNO3. "
Polymerization carried out in the continuous phase of the 10 suspension after removing 10 by centrifugation.
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Unexpectedly, the polymerization performed in the presence of MAA resulted in bigger
particles (Dy, = 473 nm, run 2) that still displayed a narrow size distribution. This can be
explained by the low pH of the reaction. Indeed, more oligoradicals are initially formed in the
presence of MAA due to the increased monomer concentration in water resulting in a larger
number of primary particles. However, the MAA units, which are located both inside and at
the surface of the particles, are non-ionized at pH 2.5, and cannot provide efficient colloidal
stability. The primary particles thus aggregate into larger entities. According to
Smoluchowski’s theory,?’ the rate of particle aggregation scales with the square of the particle
concentration. Consequently, the higher the number of primary particles, the larger the final
particle size. Moreover, decreasing the suspension pH to 2.2 by adding HNO3 to reach a pH
close to that of the 10 suspension resulted in even larger particles around 620 nm in diameter
(run 3). This was likely due to the concomitant increase of ionic strength upon decreasing pH.
Surfactant-free polymer latexes are indeed highly sensitive to ionic strength.® The
polymerization performed at pH 2.2 in the serum of the 10 suspension also resulted in the
formation of large particles (Dn = 586 nm, run 4, Figure 2a). Interestingly, the particle size
was not significantly influenced by the presence of 10 in the absence of MAA: Dy, = 451 nm
(run 5) versus 420 nm (run 1), indicating that pristine 10 was not capable to act as a Pickering
stabilizer as confirmed by the cryo-TEM image of Figure 2b. It was only when 10 and MAA
were used together that significantly smaller polymer latex particles (D, = 260 nm, run 6)
could be successfully obtained. The cryo-TEM image of Figure 2c shows however that only a
small fraction of 10 nanoparticles was located at the polymer surface at the end of the
reaction. Indeed, a few 1O clusters could be occasionally seen around the particles but the
majority of the magnetic particles were remaining free in the water phase. This was also
reflected in the low 10 incorporation efficiency (IE) and the latex surface coverage by 10

(Cov), as only approximately 20 wt% of the 10 particles were actually adsorbed on the
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PMMA latex particles as determined by TGA, which corresponds to approximately 5 %
coverage (Table 1). It is thus surprising that such a small amount of 10, unevenly distributed
on the particle surface, contributes to a significant decrease of the particle size as observed

experimentally. We will come back to this point later on in the discussion.

[I0]=20gL* [1I0]=20gL*

k [MAA]=14gL% nolO
No MAA, pH = 2.2

pH = 2.2 (10 supernatant)

llﬂ.“‘_h

Figure 2. Cryo-TEM images of PMMA latex particles synthesized in the presence of: a)
MAA alone (1.4 g L, run 4), b) 10 alone (20 g L™, run 5), and c) both 10 (20 g L™) and
MAA (1.4 g LY, i.e. 5 umol m?, run 6). All experiments were carried out at 70 °C with
MMA: 20 wt %/water and ADIBA: 1 wt %/MMA.

Figure 3 shows the evolution of conversion with time and of the particle size and particle
number with conversion for this first series of experiments. The rates of the polymerizations
performed in the presence of MAA (runs 2, 3, 4 and 6) are very high with 100% conversion
being achieved in less than 30 minutes.

According to Fitch,? the nucleation rate in surfactant-free emulsion polymerization strongly
depends on the events taking place in water and notably on the rate of aqueous phase
polymerization, which in turns depends on the monomer(s) concentration in water and on the
propagation rate constants. The addition of MAA increases the total monomer concentration

in water, which increases the rate of oligoradicals formation. This in turns increases the
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number of reaction loci, which increases the polymerization rate. Indeed, the polymerization
rate was significantly higher when the polymerization was performed in the presence of MAA
than when no MAA was introduced in the solution (Figure 3a). The reaction rate also appears
to be influenced by the presence of 10 and decreases in both cases (with or without MAA)
although it is again higher in the presence of MAA. The particle size, and hence the particle
number were also strongly influenced by the presence of 10 suggesting a different nucleation
mechanism (Figures 3b and 3c). In the absence of 10, the particle number was fixed very
early and did not significantly evolve during polymerization. In the presence of 10O, the
nucleation stage showed on the contrary a limited aggregation (i.e. the particle number
decreased). The aggregation rate was more important in the presence of MAA, which is likely
due to the fact that a greater number of particles have been formed initially. The final number
of latex particles (1.7 10" L") remained however two orders of magnitude higher than in the
absence of MAA (3.6 10™ L™) pointing again to the determinant role of the 10 nanoparticles

on nucleation.

In summary, the capability of y-Fe,O3 nanoparticles to act as a Pickering stabilizer during the
emulsion polymerization of MMA using MAA as auxiliary comonomer was demonstrated in
these preliminary experiments. However, the low 10 incorporation efficiency and the low
affinity of the 10 nanoparticles for the PMMA surface (as evidenced by TGA and TEM
analyses), raise concerns about the underlying particle formation mechanism. Therefore, the
adsorption properties of MAA onto 10 were investigated in the following section to address

this issue.
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Figure 3. Evolution of: a) conversion versus time, b) particle diameter versus conversion, and c) particle number versus conversion for a series

of preliminary surfactant-free emulsion polymerization experiments performed in the absence of 10 and MAA (run 1), in the absence of 10 with

1.4 g L™ MAA under different pH conditions: pH = 3.1 (run 2), pH = 2.2 (adjusted with HNOs) (run 3), pH = 2.2 (continuous phase of 10) (run

4), and in the presence of 20 g L™ 10 without MAA (run 5) or with 1.4 g L MAA (i.e. 5 pmol m™) (run 6). All experiments were carried out at

70 °C with MMA: 20 wt %/water and ADIBA: 1 wt %/MMA.
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MAA adsorption onto 10 nanoparticles

The adsorption isotherms of MAA onto 10 nanoparticles at pH 2.2 and 4.5 are shown in
Figure 4. In both cases, MAA adsorption steadily increased with increasing solution
concentration until a plateau was reached for an equilibrium concentration of around 12 g L™,
The plateau adsorption at pH 4.5 (5 mg g™ or 0.35 umol m™) was almost two times higher

than that at pH 2.2 (3 mg g™ or 0.23 pmol m™).

Adsorbed MAA 8 - 4 . — 45 Adsorbed MAA
(mg g'10) pH=2.2 pH =4.: 0,5  (umolm?)
6 R 0.4
4 0.3
I |
0.2
2
0.1
0 . . 0

C.(gL™h

Figure 4. Evolution of the adsorbed amount of MAA (mg g, left or pmol m?, right) on the
IO surface at pH 2.2 and pH 4.5 as a function of the residual (equilibrium) MAA

concentration in water, Ce. [I0] =20 g L™

1.2 % studied the adsorption of a series of C4-dicarboxylic acids (maleic, fumaric

Hwang et a
and succinic acids) at the hematite (a-Fe,O3)/water interface, and showed that the adsorption
was pH-dependent. The adsorption increased with increasing pH up to the pKa of the acid and
then decreased approaching zero at pH values above the point of zero charge, where both the
hematite surface and the organic acid were negatively charged. Based on this result, the
authors concluded that electrostatic interaction was the major contribution to the adsorption of

organic acids on hematite. Considering that the pKa of MAA is 4.4, we also drew the

conclusion that an increasing pH promoted electrostatic interactions. However, the plateau
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adsorption (0.25-0.35 pmol m™) was in both cases much lower than the lower maxima
measured by Hwang et al. for aliphatic acids (1.5-1.7 pmol m™@). As a consequence, a
significant amount of MAA remained in solution (around 99 wt% at the plateau at pH 4.5)
even for low initial concentrations. Such a low MAA adsorption is surprising as carboxylic
acids have been reported to strongly adsorb on transition metal oxides, including iron
oxides.>*3* A possible explanation may lie in the fact that the MAA molecules are not able
to efficiently displace the adsorbed nitrate ions, which are present in large concentration in the
suspension medium. This hypothesis was verified by FTIR analysis of the MAA/IO
complexes which showed the presence of a band at 1385 cm™ attributed to nitrate vibrations
(Figure S1, Supporting Information).® In addition, DLS confirmed that MAA adsorption had
no influence on particle size and ¢ potential, which both remained constant over the full range
of MAA concentrations investigated for the two pH values (Figure S3 in the Supporting
Information). These results are consistent with the adsorption isotherms, and show that the
MAA molecules, which are adsorbed in only small quantities, do not affect the 10 surface

charge and colloidal stability.

Effect of MAA and 10 concentrations

The above adsorption experiments showed an unexpected weak interaction between MAA
and 10, which can account for the low 1O incorporation efficiency and the low latex surface
coverage by 10. However, based on the DLS results, MAA obviously plays a key role in
particle nucleation in the presence of 10 by decreasing the particle size by a factor of two and
by influencing the polymerization kinetics (Figures 3b and 3a, respectively). As most of
MAA is initially located in water, one must consider the oligomers they form in the aqueous
phase upon reaction with solubilized MMA. Such P(MAA-co-MMA) copolymer entities may

likely adsorb on the 10 surface more strongly than the corresponding monomer molecules due
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to the multiplicity of anchoring groups in the whole polymer chains, even if the affinity of
each individual repeat unit for the particle surface is low. The composition of these oligomers
depends on the relative concentration and reactivity ratios of the different monomers present
in the aqueous phase. In general, the reactivity of ionizable monomers is strongly influenced
by the nature of the medium (notably its polarity and proton donor or proton acceptor
abilities),* and by the degree of dissociation of the ionic groups (and so by the pH). There is
to our knowledge only two articles reporting the reactivity ratios of MAA (monomer 1) with
MMA (monomer 2) in water.>”*® In Bezuglyi et al.,*’ the reactivity ratios were reported to be
r. = 0.43 and r, = 2.61 while Daswani et al.*® used the chemical composition of the very short
oligomers formed at very low conversions during surfactant-free emulsion copolymerization
(as determined by MALDI-ToF MS analysis), and estimated the apparent reactivity ratios to
be ry = 2.74 and r, = 3.99 at chain length 6. Note that these values are very different from
reactivity ratios reported in bulk.*® Furthermore, under our experimental conditions, the water
phase initially contains more MMA than MAA as determined from the MMA solubility in
water (15.9 g L™ at 20 °C) and the MAA concentration (1.4 g L™, run 6, Table 1). Therefore,
given the estimated reactivity ratios and the high MMA concentration in water (compared to
that of MAA), the oligomers formed at very low conversion are likely MMA-rich, which may
account for the low 10 incorporation efficiency and the low latex surface coverage by 10. In
the following series of experiments, the amount of MAA was thus gradually increased with
the aim of improving 10 adhesion to the particle surface, and consequently increase the 10
incorporation efficiency at pH 2.2 (runs 6 and 10-12 in Table 2). In order to properly assess
the role of MAA, control experiments were first conducted in the absence of 10 under
otherwise exactly the same experimental conditions as in the presence of 10 (runs 2 and 7-9 in
Table 2). When the MAA concentration was varied from 1.4 to 8.4 g L™ (which is equivalent

to 5-30 umol m? in the 10 experiments) for pH values comprised between 2.6 and 3.1, the
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DLS results showed that the particle size increased from approximately 470 to 720 nm (runs
2, 7 and 8, Table 2). A further increase in MAA concentration (11.2 g L™, run 9) led to latex
destabilization. The evolution of monomer conversion with time showed that the reaction rate
was not significantly influenced by the MAA concentration (Figure S4 in the Supporting
Information). The initial reaction rate was however slightly higher as increasing the MAA
concentration increases the concentration of water-soluble oligomers, and hence the
nucleation rate. This resulted in the formation of a large number of unstable primary particles
that aggregated to form stable mature particles. The higher the number of primary particles,
the higher the probability of collision, and the larger was consequently the final particle size.
The particle size therefore increased with increasing MAA concentration while the reaction
rate was not really affected due to the two opposing effects (initial increase in rate due to

enhanced particle nucleation and further decrease in rate due to limited flocculation).

Table 2. Effect of MAA concentration on the surfactant-free emulsion polymerization of

MMA in the absence and in the presence of increasing amounts of 10 at pH around 2.2.2

10 MAA MAA Conv. Dy IE Cov

RN GLY @LY) @mom?y PR o) mye POVT N ge (og)
0 1.4 / 31 100 473  0.07 3.110° / /
0 2.8 / 29 100 513  0.09 2.410° / /
0 8.4 / 27 100 724 012 8510" / /
99 0 11.2 / 26 29" 443" 018 1.110° / /
20 1.4 5 2.2 99 267 0.04 1.710® 204 55
10 20 2.8 10 2.2 98 243  0.04 2210® 262 65
11 20 8.4 30 2.2 98 191  0.04 4610 718 138
129 20 11.2 40 22 49" 143" 011 / / /
13 10 0.7 5 22 100 278 002 1510 221 31
14 30 2.1 5 22 100 223 0.09 2910® 314 106
159 40 2.8 5 22 46" 219"  0.09 / / /

2 All experiments were carried out for 2h with MMA = 20 wt%/water, ADIBA = 1 wt%/MMA and T = 70 °C."°
pH of the agueous phase or of the 10 suspension. ¢ Determined by DLS. ¢ Calculated using equation (7). ©
Calculated using equation (4)."Calculated using equation (5). ¢ Latex destabilization after 10 minutes. " Monomer
conversion and particle size determined just before latex destabilization.

22



Significantly different results were obtained when the polymerization was performed in the
presence of 10 (runs 6 and 10-12 in Table 2). Contrary to the control experiments where we
observed an increase in particle size and a constant polymerization rate, the particle size
decreased from 267 to 191 nm with increasing MAA concentration from 1.4 to 8.4 g L™ and
the reaction rate increased concurrently as there were more nucleated particles (Figure 5a).
The latex was again destabilized for a too high MAA concentration (run 12) indicating that
the 10 nanoparticles were not capable to stabilize a too large surface area. The 1O
incorporation efficiency determined by TGA was found to increase from 20 to around 72 wt%
with increasing MAA concentration from 5 to 30 pumol m™ while the surface coverage
increased by only 10% due to the concomitant decrease in particle size resulting in a higher
total particle surface area.

The electron microscopy images of Figure 6 confirmed qualitatively that the amount of free
IO in water decreased with increasing MAA concentration and that there were apparently
more 10 particles on the polymer surface in run 11 (MAA = 30 umol m™) than in run 10
(MAA = 10 umol m). The 10 nanoparticles were, however, still not uniformly distributed on

the PMMA surface as attested by the cryo-TEM image of Figure 6c.

i P W A AT - |

[MAA] = 10 pmol m? | “ | [MAA] = 30 pmol m?

F [MAA] = 30 umol m?

Figure 6. a-b) TEM and c) cryo-TEM images of PMMA latex particles synthesized in the
presence of increasing MAA concentrations. &) run 10: 10 umol m?MAA and b, c) run 11: 30
umol m? MAA. All experiments were carried out at 70 °C with 10 = 20 g L™ MMA: 20 wt
%/water and ADIBA: 1 wt %/MMA.
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Figure 5. Effect of MAA concentration on the evolution of: a) conversion versus time, b) particle diameter versus conversion, and c) particle

number versus conversion for surfactant-free emulsion polymerizations of MMA performed in the presence of 20 g L™ 10. [MAA] = 1.4 g L™

(run 6), [MAA] = 2.8 g L™ (run 10) and [MAA] = 8.4 g L™ (run 11). All experiments were carried out at 70 °C with MMA: 20 wt %/water and

ADIBA: 1 wt %/MMA.
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As mentioned above, the 10 nanoparticles can likely be attached to the PMMA surface thanks
to the multiplicity of anchoring groups in the whole polymer chain. Increasing MAA
concentration promotes MAA incorporation into the chains, which would favor the adsorption
of the 10 nanoparticles on the latex surface. However, on the other hand, MAA-rich
oligomers may also promote 10 particles aggregation in water, resulting in the formation of
chain-like 10 nanoclusters. Such a clustering mechanism could account for the non-
uniformity of the surface coverage. With the aim to further improve the 10 incorporation
efficiency, in the next series of experiments, the 10 concentration was increased from 10 to 40
g L™ while maintaining a constant MAA concentration of 5 umol m™ (runs 6, 13, 14 and 15 in
Table 2). Note that the total MAA concentration also increased with increasing 10 content,
which could favor the formation of MAA-richer copolymer chains, and promote consequently
IO incorporation into the polymer latex particles. Figure 7 shows the evolution of conversion
with time and of particle diameter and particle number with conversion for this series of
experiments. There is a significant influence of the initial amount of 10 on kinetics (Figure
7a). The reaction rate increased with increasing 10 (and thus MAA) contents from 10 to 30 g
L™ (runs 13, 6 and 14 in Table 2) while the particle size decreased from 280 to 223 nm
(Figure 7b). This suggests that the incorporation of more MAA in the oligomers promotes 10
adhesion to the particles surface, and consequently increases latex stability. The increase in
the reaction rate with increasing 10 content can therefore be mainly attributed to the increase
in the number of particles. TEM analysis revealed, however, that only a few 10 nanoparticles
were located on the polymer surface, most of them being located in the continuous phase (see
Figure S5 in the Supporting Information) as confirmed by the low IE values, close to 20 wt%
for 10 and 20 g L™ of 10. IE nevertheless increased to 31.4 wt% when the 10 concentration
was increased to 30 g L™, However, when the 10 concentration was increased further to 40 g

L™, the latex became unstable (run 15).
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Figure 7. Effect of 10 concentration on the evolution of: a) conversion versus time, b) particle diameter versus conversion, and c) particle

number versus conversion for surfactant-free emulsion polymerizations of MMA performed in the presence of 5 umol m? MAA at pH 2.2. [10]
=10 g L™ (run 13), [10] = 20 g L™ (run 6) and [10] = 30 g L™ (run 14). All experiments were carried out at 70 °C with MMA: 20 wt %/water and
ADIBA: 1 wt %/MMA.
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Effect of suspension pH

In this section, we studied the effect of the suspension pH with the objective of getting better
MAA/IO interactions, and increase consequently the particle surface coverage and the 10
incorporation efficiency. The 10 suspension was dialyzed until pH 3.3 or 4.5 and the 10
content was fixed to 20 g L™ in order to compare these experiments with the previous ones

carried out at pH 2.2 (Table 3).

Table 3. Summary of experimental conditions and results of surfactant-free emulsion
polymerizations of MMA for increasing pH values in the presence of 20 g L™ 10 and 5 pmol
m?2of MAA (i.e. 1.4gL™%).2

10 MAA  MAA
QL") (L") (umolm?)

Conv. D, 1E Cov

PH® ooy (m)° (%)° (%)

Run Poly® N, (L%

2.2 99 267 004 1710 204 55
3.3 100 242 008 2310® 324 7.9
45 100 218 012 3210® 504 110
18 40 2.8 45 96 207 011 3610® 588 255
19 60 4.1 45 95 190 010 4710® 602 363
209 70 48 5 45 58" 165" 0.11 / / /

6 20 14
16 20 14
17 20 14

ol o1 o1 o1 O1

2 All experiments were carried out for 2h with MMA = 20 wt%/water, ADIBA = 1 wt%/MMA and T = 70 °C,”
pH value of the 10 suspension, adjusted to 3.3 or 4.5 by dialysis. ¢ Determined by DLS. ¢ Calculated using
equation (7). ¢ Calculated using equation (4). " Calculated using equation (5). ¢ Latex destabilization after 10
minutes. "Monomer conversion and particle size determined just before latex destabilization.

The experiments performed using 5 pmol m™ of MAA (runs 6, 16 and 17, Table 3) resulted in
the formation of stable latexes for all pH values. With increasing pH from 2.2 to 4.5, the
particle size decreased from 267 nm to 218 nm while the reaction rate increased due to the
increased number of reaction loci (Figure 8). The 10 particles still appeared to be unevenly
distributed around the PMMA particles forming in all cases a “patchy” iron oxide overlayer

(Figure 9).
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Figure 8. Effect of pH on the evolution of: a) conversion versus time, b) particle diameter versus conversion, and c¢) particle number versus
conversion for surfactant-free emulsion polymerizations of MMA performed in the presence of 20 g L™ 10 and 5 pmol m? MAA. pH = 2.2 (run
6), pH = 3.3 (run 16) and pH = 4.5 (run 17). All experiments were carried out at 70 °C with MMA: 20 wt %/water and ADIBA: 1 wt %/MMA.
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In addition, TEM analysis also suggests that the amount of free 10 is less important in the
experiment performed at pH 4.5 (run 17) than in those carried out at lower pH (i.e. pH 2.2,
run 6 and pH 3.3, run 16, respectively). The 10 incorporation efficiency indeed reached 50
wit% at pH 4.5 while the surface coverage increased to 11 %. This result is in good agreement
with the adsorption isotherms, which showed stronger interaction between MAA and 10 at

pH 4.5 than at pH 2.2.

Figure 9. Cryo-TEM images of PMMA latex particles synthesized in the presence of 10 for
increasing pH values. a) pH = 2.2 (run 6), b) pH = 3.3 (run 16), and c) pH = 4.5 (run 17). All
experiments were carried out at 70 °C with 10 = 20 g L™, MAA =5 pmol m?, MMA: 20 wt
%/water, ADIBA: 1 wt %/MMA and T =70 °C.

Increasing 10 content at pH 4.5 for a fixed MAA surface concentration of 5 pmol m™ (runs
17-20 in Table 3) still had no significant influence on the particle morphology (Figure S6,
Supporting Information) and the incorporation efficiency, which increased by only
approximately 25% with increasing the 10 concentration from 20 to 60 g L™. However,
working at a higher pH enabled to maintain colloidal stability for higher initial 10 contents
(up to 60 g L™ at pH 4.5 versus 30 g L™ at pH 2.2), which consequently enabled to achieve a
higher surface coverage (36% for run 19 compared to 10% in the best case at pH 2.2 (see run

14, Table 2).
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Effect of the nature of the monomer

Previous studies on Pickering emulsion polymerization showed that the nature of the
hydrophobic monomer played a key role on the size and the stability of the final armored
particles.”***%2 |n order to assess the effect of the nature of the monomer on the
incorporation efficiency and particle morphology, two emulsion polymerization experiments
were first conducted in the presence of 20 g L™ of 10 using BA or St as monomers and 5
umol m? of MAA as auxiliary comonomer (runs 21 and 23, Table 4). In order to avoid the
dialysis step and compare with the previous series of experiments, the pH was fixed at 2.2. In

all cases, the obtained latexes showed no sign of destabilization.

Table 4. Summary of experimental conditions and results of surfactant-free emulsion
polymerizations of MMA, BA or St in the presence of 20 g L™ 10 for increasing amounts of
MAA at pH 2.2.2

IE Cov
(%) ¢ (%) °

MAA MAA Conv. Dy

@LY (molm?d () (qmb oW N

Run  Monomer

6 MMA 1.4 5 99 267 0.04 1.710® 204 55
21 BA 1.4 5 97 442 0.31 4010 56 26
22" BA 2.8 10 93" 392" 031 / / /
23 St 1.4 5 94 240 0.04 2510 306 7.7
24 St 2.8 10 95 190 0.05 5.110® 458 9.2
25 St 5.6 20 94 171 0.05 7010 775 142
26¢ St 8.4 30 19" 132" 012 / / /

2 All experiments were carried out for 2h with monomer = 20 wt%/water, ADIBA = 1 wt%/monomer
and T = 70 °C. " Determined by DLS. ¢ Calculated using equation (7). ® Calculated using equation (4).°
Calculated using equation (5). " Latex destabilization after 10 minutes. ¢ Latex destabilization after 40
minutes. " Monomer conversion and particle size determined just before latex destabilization.

From Figure 10, it can be seen that the emulsion polymerization of both MMA and BA in the
presence of 10 resulted in less 10 on the polymer surface than for St, as reflected in the IE
values which were smaller for these two monomers than for St (Table 4). Furthermore, the

particle size was bigger for BA (442 nm) than for MMA (267 nm) or St (240 nm). The
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reaction rate was, however, much lower when St was used, despite a higher particle number
(related to a better 10 incorporation leading to a smaller particle size) (Figure 11). This is
likely related to the much lower solubility of styrene in water compared to MMA (4.3 1073
mol L™ at 50°C versus 1.5 10 mol L™ for MMA)* and to its lower propagation rate constant
(Ko styr = 480 L mol™ s™ and k, mwa = 1035 L mol™ s at 70 °C).** This series of experiments
thus suggests that despite the use of the same auxiliary comonomer (MAA), 10 adhesion to

the polymer particle surface is mainly governed by the monomer nature.

| styrene |

Figure 10. TEM images of polymer/lIO composite latex particles synthesized with different
monomers. a) run 6: MMA, b) run 21: BA and c) run 23: St. All experiments were carried out
at 70 °C with 10 = 20 g L™, MAA =5 pmol m™, monomer: 20 wt %/water and ADIBA: 1 wt

%/monomer.

The MAA concentration was then increased to 10 pmol m for BA emulsion polymerization
(run 22) but the latex got unstable after 10 min polymerization. For styrene, increasing MAA
concentration to 10 pmol m™? (run 24) and even 20 pmol m™ (run 25) led in both cases to
stable latexes. TEM showed an armored morphology with 10 nanoparticles adhering to the
surface of the PSt latex particles, with in addition a lower amount of free 10 in the continuous

phase for the highest MAA concentration (Figure 12).
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Figure 11. Effect of the nature of the monomer (MMA, BA or St) on the evolution of: a) conversion versus time, b) particle diameter versus
conversion, and c) particle number versus conversion for a series of surfactant-free emulsion polymerization experiments performed in the
presence of 20 g L™ 10 and 5 pmol m? MAA at pH 2.2. MMA (run 6), BA (run 21) and St (run 23). All experiments were carried out at 70 °C

with monomer: 20 wt %/water, ADIBA: 1 wt %/monomer.
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Figure 12. TEM images of PSt latex particles synthesized in the presence of increasing MAA
concentrations. a) Run 24: 10 umol m? MAA and b) run 25: 20 umol m? MAA. Both

experiments were carried out at 70 °C with 10 = 20 g L™, St: 20 wt %/water and ADIBA: 1

wt %/St. The images on the right side of the Figure show an enlarged view of the same

samples (top: 10 pmol m™ and bottom: 20 pmol m).

In good agreement with this observation, the incorporation efficiency steadily increased with
increasing MAA concentration (Table 4), reaching 77.5 wt% for 20 pmol m? of MAA while
the surface coverage increased less due to the concomitant decrease of particle size from 235
to 171 nm. Similarly to MMA polymerization, the higher the MAA concentration, the smaller
was the particle size and the higher was consequently the polymerization rate (Figure S7,
Supporting Information). In an attempt to increase further the IE value, the MAA amount was
raised to 30 pmol m? (run 26) but destabilization occurred after 40 min of polymerization
indicating, as already mentioned above, that 10 nanoparticles were not able to stabilize a too
large surface area. A too large increase of MAA concentration may also induce 10

aggregation resulting in an unstable latex.

The above results can be interpreted in view of the overall composition of the oligomeric
radicals formed during the earliest stages of the polymerization and the monomer sequence

distribution along the chains. Indeed, as mentioned above, the auxiliary comonomer is an
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important factor that will not only participate in the Pickering emulsion polymerization, but
also affect the consumption of the main hydrophobic monomer. This last effect is reflected in
the reactivity ratio values. Although there are a lot of reactivity ratios reported in the literature
under different reaction conditions, examples of reactivity ratios determined in the aqueous
phase of emulsion polymerization are scarce. According to the literature, reactivity ratios for
MAA/MMA®"* and MAA/BA* copolymerizations in water indicate that both MMA and BA
tend to polymerize faster than MAA resulting in the formation of MMA- or BA-rich
oligomers during the nucleation step, which does not favor a strong interaction of 10
nanoparticles with the resulting copolymer chains. Most primary particles are thus created by
the collapse of MAA-poor growing polymer chains, which does not favor the stabilization of
these particles leading to some coalescence. Besides, BA being more hydrophobic than
MMA, particle nucleation likely occurs for shorter chains, before enough 10 nanoparticles
can adhere to the latex particle surface. This assumption is supported by the large particle
size, close to 440 nm for 5 pmol m™? of MAA, and a IE value lower than 6 wt% (run 21 in
Table 4).

Similarly to the MAA/MMA and MAA/BA systems, a lot of reactivity ratio values have been
reported in the literature for the MAA/St couple, but in most cases r1 and r, determined either
in bulk or in solution, are both much lower than one.*®*” Although these values may not be
fully appropriate under our experimental conditions, they were used as a first estimate. This
means that both MAA and St do not want to react with propagating radicals of the same type,
resulting in an almost alternating (rir2 ~ 0) distribution. The primary particles are thus created
by the collapse of P(MAA-co-St) alternating copolymer chains, which favors a more efficient
capture of 10 nanoparticles leading to a more efficient stabilization even if particle nucleation

is slower. TEM analysis undoubtedly shows the formation of composite particles with the
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desired armored morphology and small particle size (171 nm for run 25, 20 pmol m? MAA).

The IE is also higher than for MMA or BA (close to 78 wt% for run 25).

3.2.2. AA as auxiliary comonomer

In addition to the monomer reactivity ratios, another parameter of paramount importance is
the solubility of the auxiliary comonomer in water. MAA is effectively water soluble (89 g L
1 at 20 °C in acidic media) but using a more hydrophilic monomer such as AA (miscible with
water) will increase its partitioning in favor of the aqueous phase*® which should favor a more
efficient incorporation of the carboxylic acid units in the initial polymer chains. Following
this assumption, two groups of experiments were designed using in both cases AA as
auxiliary comonomer in the Pickering emulsion polymerization of either MMA or St (Table
5).

For MMA emulsion polymerization, when the AA concentration was increased from 5 to 20
umol m?, the polymerization rate increased only slightly (Figure S8, Supporting
Information). Increasing AA concentration was expected to increase Ny given that more free
radicals and hence more particles are generated, which should have resulted in a higher
reaction rate as reported by Polpanich and coworkers* for surfactant-free emulsion
copolymerization of St and AA. The particle size of run 28 performed in the presence of a
higher amount of AA (353 nm) was however bigger than that of run 27 (253 nm) which could
explain why the AA content did not influence the reaction rate. More interestingly, the
particle size increased suddenly at the end of the polymerization in both cases. These results
can be interpreted in light of the solubility and reactivity of the acid monomer. Reactivity
ratios for AA/MMA in bulk® again differ considerably with those determined in solution,>
for which the global trend is that r;<1 and r,>1.>*? The growing polymer radical for both

monomers thus tends to react with MMA, forming a copolymer consisting mostly of MMA
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leading to poor adhesion to 10 nanoparticles in a similar way as discussed above for MAA.
However, AA-containing oligomers are more water-soluble than their MAA homologues, and
can therefore stay in water for a longer time, which could promote bridging flocculation.
Therefore, the particle size increased immediately as more and more AA units were
incorporated in the polymer chains after the hydrophobic monomer was consumed. Figure S9
shows TEM images of the obtained PMMA particles (runs 27 and 28). More 10 nanoparticles
were found to be located at the PMMA surface in run 28 (20 pmol m™) than in run 27 (5
umol m™), forming in both cases small nanoclusters while the amount of free 10 concurrently
decreased. The IE value thus increased from 29.7% to 73.4% with increasing AA
concentration from 5 pmol m? to 20 umol m? However, a further increase in the AA
concentration (run 29, 30 pmol m™) resulted in latex destabilization due to enhanced bridging

opportunity.

Table 5. Summary of experimental conditions and results of surfactant-free emulsion
polymerizations of MMA or St in the presence of 20 g L™ of 10 using AA as auxiliary

comonomer.?

R gDy oy e PR g ame PV M) g g
27 1.2 5 MMA 22 98 253 019 2010 297 7.7
28 4.6 20 MMA 2.2 95 353 022 7.110® 734 148

299 69 30 MMA 2.2 77! 181" 0.12 / / /
30 1.2 5 St 2.2 92 223  0.04 3110° 319 6.9
31 4.6 20 St 2.2 94 159  0.07 8.710® 894 132

2" 69 30 St 2.2 62 127" 0.11 / / /

2 All experiments were carried out for 2h with [I0] =20 g L™, MMA or St = 20 wt%/water, ADIBA =
1 wt%/monomer and T = 70 °C. ° pH value of the 10 suspension. ¢ Determined by DLS. ¢ Calculated
using equation (7). ¢ Calculated using equation (4). " Calculated using equation (5). ¢ Latex
destabilization after 10 minutes. " Latex destabilization after 40 minutes. ' Monomer conversion and
particle size determined just before latex destabilization.
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The TEM images of the PSt latexes stabilized by 20 g L™ 10 (runs 30 and 31) are shown in
Figure 13. For 5 pmol m™ AA (run 30), the particle size was around 220 nm, and only a few
IO were attached on the PSt surface. When the AA concentration was increased to 20 umol
m, the particle size significantly decreased (153 nm, run 31) while the IE value increased
from 31.9% to 89.4%. Similarly to the MAA/St system discussed above, reactivity ratios for
AA/Sty*>**> are such that an alternating copolymer is formed, which likely favors its
interaction with the 10 surface and the subsequent formation of composite particles. The
polymerization became faster when the AA concentration increased (Figure S10) due to the
increase of the overall monomer concentration in water. However, when the AA
concentration was increased to 30 pmol m, the latex became unstable. The incorporation of
too many AA units in the chains led to multiplicity of carboxyl groups in the whole polymer

chain, leading to particles destabilization.

& 77
s

@ [AA] =20 pmol m?
p = 3 o,

Figure 13. TEM images of PSt latex particles synthesized in the presence of increasing AA
concentrations. a) Run 30, AA: 5 umol m™ and b) run 31, AA: 20 umol m™. All experiments
were carried out at 70 °C with 10 = 20 g L™, St: 20 wt %/water and ADIBA: 1 wt %/St. The
images on the right side of the Figure show an enlarged view of the same samples (top: 5
pmol m and bottom: 20 pmol m).
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3.3. Mechanism of particle formation

Based on our experimental observations, we propose the following mechanism for the
formation of 10/polymer composite particles. The polymerization starts like in conventional
surfactant-free polymerization by the formation of oligoradicals through propagation of the
monomer molecules dissolved in water. It is assumed that nucleation occurs when the chain
length of the water-soluble oligomeric radicals has reached a critical value, jcit, above which
they precipitate into precursor latex particles. As these precursor particles are solely stabilized
by the charges of the initiator fragments, they may undergo limited flocculation to form stable
primary particles by homogeneous-coagulative nucleation. Latex stability can be significantly
improved by the incorporation of ionogenic functional monomers (such as carboxylic acids).
However, in practice, the location of such functional monomers: on the surface of the
particles, buried inside the particles or solubilized in water, is difficult to control, and strongly
depends on the type and concentration of the reactive monomer and its solubility and
reactivity in the different phases (monomer, water and polymer particles).*® In the presence of
10 particles, part of the AA- or MAA- containing oligomeric radicals can be trapped at the
inorganic particle surface due to favorable interaction with iron oxide, which can significantly
modify the affinity of the growing polymer for the inorganic surface, and influence
consequently the nucleation process as demonstrated in the present work. As they are
growing, the adsorbed oligomers become insoluble and can collide with another 10 particle
(with or without adsorbed oligomers) or with unstable precursor particles resulting into
mature particles. According to this scenario, the size and stability of the final latex particles
strongly depends on the capacity of the oligomeric radicals to effectively adsorb on the 10
surface and subsequently heterocoagulate with unstable growing latex particles, which in

turns depends on the suspension pH, and on the concentration, water solubility and reactivity
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of the functional monomer. Moreover, upon heterocoagulation, the 10 particles with adsorbed
functional oligomers are maintained at the particle surface, which allows for a more efficient
use of the carboxylic acid monomer compared with surfactant-free polymerizations performed
under identical conditions in the absence of 10, where the reactive monomer may be buried
inside the particles depending on the suspension pH and its water solubility. This likely
explains why such small particles are nucleated in the presence of 10 despite their low surface
coverage. For successful Pickering emulsion polymerization and a high 10 incorporation
efficiency, the collision process must be fast with respect to the timescales of particle
nucleation and growth.>” This thus requires that the oligomers contain a minimum amount of
carboxylic acid units to adsorb on the 10 surface before they form new polymer particles.
Indeed, if the oligomeric radicals contain a too high amount of hydrophobic monomer, they
will display only minor interaction with the 10 surface resulting in separate populations of
particles, and hence in a low surface coverage and a low IO incorporation efficiency. On the
other hand, a too high concentration of the carboxylic acid monomer will result in fully water-
soluble oligomers, which in addition to representing a waste of functional monomer, may
favor bridging flocculation and/or 10 aggregation. Therefore, an alternating incorporation of
both monomers seems to be the best compromise as it favors oligomer adsorption on the 10
surface and subsequent formation of composite particles, without affecting 10 or latex

colloidal stability.

3.4. Magnetic properties

Magnetization curves of pure 10 and some selected samples measured at room temperature
are shown in Figure 14. In superparamagnetic materials, the values of remanent magnetization

(My), and coercivity (H.) are zero, and the two magnetization curves go through the zero point
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and overlap. Figure 14 indicates that the composite latex particles are superparamagnetic at
room temperature. The specific saturation magnetization (Ms) of pure 10 is 60 emu g™*. As
expected, this value is in agreement with the saturation magnetization of maghemite and is
smaller than that of the bulk material or of magnetite.>® The saturation magnetizations of the
PMMA and PSt composite particles are 4.3 and 5.3 emu g™, respectively, which agrees well
with the 10 content determined by TGA, indicating that the polymerization process did not

affect the magnetic properties of the 10 particles.

_______________ Magnetization 6 1
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Figure 14. Plots of magnetization as a function of the magnetic field for as-synthesized 10
nanoparticles and for polymer/IO composite latex particles synthesized by surfactant-free
emulsion polymerization in the presence of 20 g L™ 10 using MAA or AA as auxiliary
comonomers. Run 11 (MMA, 30 pmol m? MAA) and run 31 (St, 20 pmol m? AA). The inset

shows a magnification of the magnetization curves of runs 11 and 31.
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CONCLUSIONS

Polymer/1IO composite latex particles with a patchy 10 overlayer have been synthesized
through Pickering emulsion polymerization of MMA and other hydrophobic monomers
(namely BA and St) using ultrasmall superparamagnetic 10 nanoparticles as solid stabilizer,
in the absence of surfactant. An auxiliary comonomer (MAA or AA) was initially used to
promote 10 adhesion to the surface of the generated polymer particles. The auxiliary
comonomers however poorly adsorbed onto 10, and the formation of the composite latexes
was actually promoted by the formation of AA or MAA containing oligomers which can
adsorb more strongly due to the presence of multiple bonding sites. Accordingly, the particle
size decreased with increasing the amount of comonomer or 10 content due to a more
efficient oligomer adsorption on the 10 surface resulting in more favorable interactions
between the 10-functionalized particles and the growing latex particles, while the reaction
rate increased due to the increased number of reaction loci. The suspension pH was also
shown to be a determinant parameter as a higher IE value was obtained at pH 4.5 than at pH
2.2 in agreement with the adsorption isotherms. The Pickering emulsion polymerization
process was also strongly influenced by the reactions taking place in water and the
composition of the oligomeric radicals. The later should incorporate a minimum amount of
carboxylic acid groups to adsorb on the 10 surface and favor the heterocoagulation process.
However, a too high concentration of auxiliary comonomer can also favor 10 aggregation
resulting in an irregular distribution of the superparamagnetic colloids at the latex particle
surface or to bridging flocculation. The most successful results were obtained for St
polymerization using AA as auxiliary comonomer. The reactivity ratios of these two
monomers and the higher water solubility of AA as compared to MAA tend to promote the

formation of AA-rich copolymers displaying favorable interactions with the 10 surface

41



without affecting the 10 or composite latex particles stability. According to this scenario, the
resulting 10 particles with adsorbed oligomers on their surface would exhibit appropriate
surface-activity to contribute to the stabilization of the polymer particle nuclei generated in
the aqueous phase, resulting in the formation of small latex particles with high polymerization

rates.
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