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Introduction

Surfactant-free synthesis of layered double
hydroxide-armored latex particlest

X. G. Qiao,?® P.-Y. Dugas,® V. Prevot*© and E. Bourgeat-Lami {2 *2

MgAl-layered double hydroxide (LDH)-armored latexes were produced by Pickering emulsion polymeriz-
ation of styrene (St) using 2-hydroxyethyl methacrylate (HEMA) and methyl methacrylate (MMA) as auxili-
ary comonomers. While St led to bare polymer latex particles, St/HEMA and St/MMA mixtures produced
nanocomposite latexes. Clearly, the use of hydrophilic comonomers such as HEMA or MMA is key to pro-
moting adhesion of the LDH nanoplatelets onto the polymer particle surface and latex stabilization.
Several parameters such as the nature and amount of auxiliary comonomer, the ionic strength and the
LDH percentage were shown to play a crucial role in the formation and stability of the resulting MgAl-
LDH-armored particles. Increasing the HEMA content above 8 wt% (based on total monomer) induced
aggregation of both the LDH and latex particles, which was tentatively attributed to HEMA hydrolysis
under basic conditions. Similar results were observed for MMA although destabilization occurred for
higher concentrations (i.e., >30 wt%). Transmission electron microscopy confirmed the armored mor-
phology with the concomitant presence of excess of free-standing platelets for high LDH contents. The
average particle diameter was strongly dependent on the synthesis conditions and decreased with
increasing the amount of MMA and/or the LDH content, indicating that the inorganic particles effectively
played the role of a Pickering stabilizer. The addition of salt screened the positive charges between adja-
cent LDH sheets allowing closer packing of the LDH platelets onto the latex particle surface. The higher
the salt content in the polymerization medium, the larger was the size of the nanocomposite particles.

recent years, various strategies have been implemented to
address this issue such as the use of reactive surfactants that
are covalently bound to the particle surface, in situ self-assem-

Emulsion polymerization is a widespread process for the pro-
duction of polymer colloids in aqueous dispersed media, also
known as synthetic latexes. The resulting materials can be
used in many different applications including coatings,
adhesives and biomedecine. Polymer latexes are most often
prepared in the presence of molecular surfactants that play an
important role in controlling the particle size, the reaction rate
and latex stability. However, one of the major drawbacks of
surfactants used in emulsion polymerization, is their ability to
migrate and accumulate at the film surface or at the film/sub-
strate interface, which may degrade the coating properties." In
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bly of block copolymers,> and the synthesis of Pickering
latexes that can be described as polymer particles stabilized by
inorganic solids.® In this last strategy, molecular surfactants
are replaced by inorganic particles that adsorb at the polymer
particle surface, playing the role of stabilizer.* The corres-
ponding process is known as Pickering emulsion polymeriz-
ation, by analogy with the stabilization of emulsions by solid
particles first described by Ramsden® and Pickering.® The for-
mation of an inorganic armor around the polymer latex par-
ticles can additionally be exploited to create ordered structures
with the inorganic particles located at the boundaries between
the polymer particles, leading to film materials with improved
optical,” barrier®® or mechanical properties.’®"® It is note-
worthy that although Pickering emulsion polymerization is
often confused with the polymerization of Pickering
emulsions,""®> both processes are very different from the
mechanistic point of view.

Until now, a large variety of inorganic nanoparticles has
been investigated as solid stabilizers in Pickering emulsion
polymerization, such as colloidal silicas,'® > LAPONITE® clay
discs,*>**?” iron oxide nanoparticles,”®*® zinc oxide,>**’
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cerium dioxide’” and titania.**° To promote the effective
adsorption of the Pickering stabilizer onto the polymer latex
particles, several strategies have been reported. For example,
Percy et al.'® used 4-vinylpyridine (4VP) as an auxiliary como-
nomer to form polymer/silica composite particles with a rasp-
berry-like morphology, taking advantage of the strong acid-
base interaction between 4VP and silica. 2-Vinylpyridine
(2vP)*° and 1-vinylimidazole'® also served a similar purpose.
Alternatively, cationic monomers or cationic initiators such as
2-(methacryloyl) ethyltrimethylammonium chloride'® and 2,2
azobis(2-methylpropionamide) dihydrochloride (V50)*° were
used to synthesize silica-based poly(methyl methacrylate)
(PMMA) or P2VP composite particles, thanks to their ability to
strongly interact electrostatically with the surface of the in-
organic particles. Xu et al.>® also reported the successful for-
mation of magnetic polystyrene (PSt) microspheres using V50
as cationic initiator and poly(methacrylic acid) (PMAA)-functio-
nalized iron oxide (IO) nanoparticles as Pickering stabilizer.
Electrostatic interaction between the amidine group of V50
and the carboxylate anions of PMAA under basic conditions
was key in obtaining stable composite particles with the tar-
geted raspberry-like morphology. Our group also recently
described the surfactant-free synthesis of composite latex par-
ticles with a patchy 10 overlayer through Pickering emulsion
polymerization of St and (meth)acrylates, using (meth)acrylic
acids (MAA or AA) as auxiliary comonomers.”® A minimum
amount of auxiliary comonomer was required to favor 10
adsorption at the latex particle surface, while a too high con-
centration promoted IO aggregation and latex destabilization.
Other workers reported the use of poly(ethylene glycol)-based
macromonomers (PEGMA or Sipomer PAM) to favor adsorp-
tion of silica®® or LAPONITE® clay platelets®*® at the surface
of Pickering latex particles. In the particular case of clay min-
erals, other examples of auxiliary comonomers include MAA,>*
methyl acrylate,” and methyl methacrylate (MMA).>* The con-
centration of the latter must be however carefully adjusted as a
too high amount of MMA promotes latex destabilization due
to substantial hydrolysis of this monomer under basic con-
ditions as shown by Teixeira et al.>* for LAPONITE® clay.
Among the different inorganic fillers of interest for colloidal
nanocomposites, layered double hydroxides (LDHs), have
gained increasing attention due to their 2-dimensional mor-
phology and their tunable chemical composition.***® LDHs
display a brucite like structure in which a fraction of the diva-
lent metal cations is replaced by trivalent cations. Such substi-
tution leads to a positive charge at the layer surface compen-
sated by the intercalation of anions into the interlayer space.
Compared to clay minerals, LDH matrices possess specific
intrinsic properties such as anionic exchange, highly hydroxyl-
ated layers and biocompatibility, of great interest in various
applications including catalysis, biology or coatings.’**° The
synthesis of LDH-armored latex particles by Pickering emul-
sion polymerization could be an alternative way to obtain
efficient dispersions of LDH platelets into polymer matrices
and create new smart functional nanocomposite materials.
Even if several authors have reported the formation of
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Pickering emulsions stabilized by LDH particles,”"™** to the
best of our knowledge no previous research has investigated
the use of LDHs as Pickering stabilizers in emulsion polymer-
ization. A few years ago, Qiu and Qu*’ reported the surfactant-
free emulsion polymerization of styrene (St) in the presence of
LDH platelets using potassium persulfate as thermal initiator
to favor polymer intercalation into the LDH galleries, but no
evidence of formation of LDH/PSt composite particles was pro-
vided in this article.

In the present work, we report Pickering emulsion polymer-
ization of St stabilized by Mg;Al(OH)g(CO3), 5 LDH nanosheets.
Aiming at preparing LDH-armored composite particles,
2-hydroxyethyl methacrylate (HEMA) and MMA were investi-
gated as auxiliary comonomers to promote adhesion of the
LDH platelets onto the surface of the polymer latex particles.
The effect of the nature and concentration of the auxiliary
comonomers, the ionic strength, and the LDH content on par-
ticle morphology and polymerization kinetics was investigated
in details to provide insights into the mechanism of formation
of the Pickering latex particles.

Experimental
Materials

Aluminum nitrate (Al(NOj);, >97%), aluminum chloride
(AlCl;, >97%), magnesium nitrate (Mg(NOs),, >97%), mag-
nesium chloride (MgCl,, >97%), zinc nitrate (Zn(NOj3),, >99%),
zinc chloride (ZnCl,, >98%), potassium nitrate (KNOs, >99%),
potassium chloride (KCl, >98%), sodium chloride (NaCl,
>99.5%) and sodium hydroxide (NaOH, >98%) were all pur-
chased from Sigma-Aldrich, and used without further purifi-
cation. The monomers, styrene (St, 99%, Acros), methyl meth-
acrylate (MMA, 99%, Acros), methacrylic acid (MAA, > 99.5%,
Acros), and 2-hydroxyethyl methacrylate (HEMA, 99%, Aldrich)
were used as received. 2,2"-Azobis[2-(2-imidazolin-2-yl)propane]
(ADIBA, Wako Chemicals Gmbh) was used as the initiator. All
experiments were performed in deionized water (Purelab
Classic UV, ElgaLabWater).

Syntheses

Mg;Al(OH)g(CO3)p5. The LDH platelets noted hereafter
MgAI-LDH were synthesized by flash precipitation in water fol-
lowed by hydrothermal treatment as previously reported.*®
Typically, 500 mL of a 0.1 M mixture of Mg(NO;),-6H,0 and Al
(NO3);3-9H,0 (Mg/Al = 3) was prepared, and the pH of the solu-
tion was adjusted to 10.0 by rapid addition of NaOH (0.2 M).
After further stirring for 30 min, the precipitate was centri-
fuged and washed twice before being transferred into a Teflon-
lined stainless steel autoclave and submitted to an hydro-
thermal treatment at 150 °C for 4 hours.

Pickering emulsion polymerization of St in the presence of
MgAI-LDH nanoparticles was performed in a 25 mL three-
necks round-bottom flask equipped with a mechanical stirrer
(overhead, teflon turbine blade, 500 rpm), a condenser and a
nitrogen inlet. In a typical experiment (entry HO2 in Table 1),

This journal is © The Royal Society of Chemistry 2020
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the initiator: ADIBA (0.01 g) and LDH (0.1 g, weighted accord-
ing to the solids content of the LDH colloidal suspension)
were first introduced in deionized water (9.0 g, including the
water in the weighted LDH colloidal suspension) and stirred
under nitrogen bubbling for 20 min in an ice bath. The
mixture was then transferred into the flask, which was
immersed into an oil bath thermostated at 70 °C. Once the
temperature reached 60 °C, the monomers, a mixture of
styrene and the auxiliary comonomer (either HEMA or MMA)
(total = 1.0 g) were introduced in the suspension to start
polymerization. Samples were periodically withdrawn to follow
monomer conversion by gravimetric analysis and the particle
diameter by dynamic light scattering (DLS). The experimental
conditions and main characteristics of the resulting latex par-
ticles are listed in Tables 1-4.

View Article Online
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Characterizations

X-ray diffraction (XRD) was performed on a PANalyticalX'Pert
Pro diffractometer equipped with an X’Celerator Scientific
detector and a Cu anticathode (Kal/Ka2). The diffracted beam
was detected over a range of 3°-70° (26) with a step size of
0.0167° and a counting time of 350 s per step. The density of
the LDH powder was measured using an AccuPyc Pychometer
II 1340 (Micromeritics) with helium as density medium.
Dynamic light scattering (DLS, Nano ZS from Malvern
Instruments) was used to measure the particle size (average
hydrodynamic diameter, Z,, ) and the dispersity of the samples
(PdI, the higher this value, the broader the size distribution).
The data were collected at 173° using the fully automatic mode
of the zetasizer system and the cumulants analysis method.
Zeta potential ({) measurements were carried out on the same

Table 1 Experimental conditions and characteristics of the latex particles synthesized by Pickering emulsion copolymerization of St and HEMA for

various HEMA and MgAl-LDH contents?

No. St/HEMA (g/g) LDH (g) Conversion (wWt%) Zay. (DLS) (nm) PdI (DLS) D, (TEM) (nm) D,,/D, Nrpn/Natex
st1? 1.0/0 0.1 41.9 361 0.09 333 1.01 198

HO01¢ 0.92/0.08 0 98.0 243 0.04 210 1.01 0

HO02 0.96/0.04 0.1 80.9 183 0.04 130 1.04 6

HO03 0.94/0.06 0.1 86.4 208 0.11 141 1.06 7

HO04 0.92/0.08 0.1 98.2 233 0.12 145 1.18 7

HO054 0.88/0.12 0.1 91.0 — — 196 1.45 18

HO06 0.92/0.08 0.025 86.6 526 0.26 134 1.08 1.5

HO07 0.92/0.08 0.05 90.6 300 0.58 120 1.09 2

“Water = 9 g and ADIBA = 0.01 g. b Control experiment performed in the presence of 10 wt% of LDH using St as the sole monomer. ¢ Control
experiment performed in the presence of 8 wt% HEMA and in the absence of clay (the pH was fixed at 10.2). ¢ Unstable latex. The final product
was however characterized by gravimetry to determine the monomer conversion and by TEM after glass-wool filtration to evaluate the particle

size and morphology.

Table 2 Experimental conditions and characteristics of the latex particles synthesized by Pickering emulsion polymerization of St in the presence
of 10 wt% of MgAl-LDH (based on total monomer) using increasing amounts of MMA as auxiliary comonomer?

No. St/MMA (g/g) Conversion (%) Zay. (DLS) (nm) PdI (DLS) D, (TEM) (nm) D,/D,, (TEM) Nrpu/Niatex
Mo1 0.9/0.1 84.9 177 0.05 131 1.03 6

MO02 0.8/0.2 86.8 181 0.11 122 1.02 5

Mo03 0.7/0.3 94.0 367 0.53 117 1.05 4

Mo4? 0.6/0.4 45 — — — — —

Mo5” 0.5/0.5 — — — — — —

Mo6” 0/1.0 — — — — — —

“Water = 9 g, ADIBA = 0.01 g and MgAI-LDH = 0.1 g. ? Latex destabilization in the course of the polymerization.

Table 3 Experimental conditions and characteristics of the latex particles synthesized by Pickering emulsion copolymerization of St and MMA (80/

20 wt/wt) in the presence of increasing amounts of MgAl-LDH?

No St/MMA (g/g) LDH (g) Conversion (%) Zay. (DLS) (nm) PdI (DLS) D, (TEM) (nm) D,,/Dy, (TEM) Nyon/Matex
MO07 0.8/0.2 0 64.9 242 0.02 210 1.01 0
MO8 0.8/0.2 0.025 65.7 201 0.03 174 1.03 4
M09 0.8/0.2 0.050 75.2 166 0.01 142 1.03 4
M10 0.8/0.2 0.075 75.6 163 0.05 131 1.02 5
MO02 0.8/0.2 0.1 86.8 181 0.11 122 1.05 5

“Water = 9 g, total monomer =1 g and ADIBA = 0.01 g.

This journal is © The Royal Society of Chemistry 2020
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Table 4 Experimental conditions and characteristics of the latex particles synthesized by Pickering emulsion copolymerization of St and MMA (90/
10 wt/wt) in the presence of 10 wt% (based on total monomer) of MgAl-LDH and increasing salt concentrations®

No NaCl (mM) Conversion (%) Z,y. (DLS) (nm) PdI (DLS) D,, (TEM) (nm) D,/D,, (TEM) Nelay/Niatex
Mo1 0 84.9 177 0.05 131 1.03 6

Mi11 2 63.4 217 0.015 184 1.06 22

Mi12 10 49.3 240 0.006 211 1.02 42

M13” 50 30.5 385 0.125 275 1.04 152

“Water = 9 g, total monomer = 1 g, ADIBA = 0.01 g and MgAI-LDH = 0.1 g. ” Latex destabilization after 24 hours.

instrument using a dilute LDH dispersion (50 mg L™") contain-
ing 1 mM KNO; to adjust the ionic strength. AFM images were
obtained on a Bruker Nanoscope IIla atomic force microscope.
Imaging was achieved using the repulsive mode in intermit-
tent contact, commonly known as the “tapping” mode. For
imaging the LDH particles, a drop of a dilute dispersion was
casted on a freshly cleaved mica substrate with scotch tape.
Transmission electron microscopy (TEM) was performed at an
accelerating voltage of 80 kv with a Philips CM120 trans-
mission electron microscope (Centre Technologique des
Microstructures (CTp), plate-forme de 1'Université Claude
Bernard Lyon 1, Villeurbanne, France). Highly diluted samples
were dropped on a Formvar-carbon coated copper grid and
dried under air. The number and weight average particle dia-
meters (D, and Dy, respectively) and the polydispersity index

(%)
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2 theta (°)
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(D,,/Dy,) were calculated using Dy, = Yn:D/3'n; and D, = Y n:D*/
Znin, where n; is the number of particles with diameter D;.
The percentage of latex surface coverage by the LDH platelets
was determined as previously reported in the literature assum-
ing a 2D square lateral packing of the LDH discs, and using
the number-average particle diameter determined by TEM (see
the ESI for more details).>*

Results and discussion
LDH synthesis

A colloidal suspension of MgAI-LDH nanoparticles (solids
content = 2.95 wt%, pH = 10.2) was prepared following a fast
coprecipitation strategy combined with a subsequent hydro-

100 nmm

Fig. 1 MgAI-LDH nanoparticles. (A) Powder X-ray diffraction pattern, (B) TEM image, (C) DLS measurement and (D) AFM phase image with, in the

inset, the height profile of a LDH particle.
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thermal treatment. The resulting nanoparticles displayed a
characteristic LDH structure as evidenced by powder X-ray
diffraction (Fig. 1A). The pattern is typical of a well-crystallized
sample and exhibits at low angle, two intense diffraction peaks
corresponding to (003) and (006) reflections confirming the
hydrotalcite lamellar structure, and two smaller peaks at
higher angle, assigned to (012) and (110) reflections. The posi-
tions of the 00/ diffraction lines indicate an interlamellar dis-
tance of 0.76 nm, consistent with the presence of carbonate

Fig. 2 TEM images of PSt latex particles synthesized in the presence of
MgAL-LDH nanoparticles at low and high magnification, showing the
absence of interaction between the two populations of particles (Stl in
Table 1).

View Article Online
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anions in the interlayer domain.”” TEM analysis showed the
formation of platelet-like particles with a particle size in the
range of 10 to 100 nm in agreement with DLS analysis (Z,,. =
80 nm, PdI = 0.25) (Fig. 1B and C, respectively). The LDH plate-
lets displayed an average thickness of 10 + 4 nm as determined
by AFM (Fig. 1D) and a density of 2.0 g cm™>. A zeta potential
value ({) of +31 mV (+5 mV) was measured at pH 9.3 on a very
dilute dispersion, evidencing as expected the positive surface
charge properties of MgAI-LDH particles. { values remained
positive in a wide range of pH (from pH = 4.5 to 13) corres-
ponding to the stability range of LDH suspensions (Fig. S1,
ESIt).

Synthesis of LDH-armored latexes

The objective of the present work was to synthesize composite
latex particles armored with a layer of LDH platelets by surfac-
tant-free emulsion polymerization. Previous works on
Pickering emulsion polymerization using various types of in-
organic nanoparticles, have shown that latex stability and final
particle morphology strongly depend on the physicochemical
properties of the mineral and the nature and composition of
the monomer mixture.>® According to Lotierzo et al.,** in-
organic particles do not spontaneously adsorb onto the
surface of latex particles in the absence of external attractive
forces. The authors argued instead that oligoradicals formed

Fig. 3 TEM images of LDH/polymer composite particles obtained by Pickering emulsion copolymerization of St and HEMA in the presence of
10 wt% of LDH (based on total monomer) for increasing HEMA contents: (A and Al) 4.0 wt%, (B and B1) 8.0 wt% and (C and C1) 12.0 wt%, based on

total monomer (runs HO2, HO4 and HO5 in Table 1).

This journal is © The Royal Society of Chemistry 2020
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in the early stages of the polymerization need to be trapped at
the inorganic particles surface to change their wetting pro-
perties, allowing subsequent adhesion of the inorganic solid
on the latex surface via heterocoagulation. In other words, the
growing oligoradicals must have a certain affinity for the
mineral surface to promote interfacial adsorption. This is
usually achieved by using initiators and/or monomers display-
ing favorable interactions with the inorganic particles.

To test this assumption, we conducted a control experiment
using styrene as the sole monomer (St1 in Table 1). The TEM
images of Fig. 2 clearly show a mixture of bare polymer latex
particles (around 330 nm in diameter) and free LDH
nanosheets that appear as light grey discs, with no affinity
between the two populations of particles, which supports
the idea that the LDH platelets are too hydrophilic for
the polystyryl radicals formed in water to irreversibly adhere to
their surface. According to this, in the following two sections
HEMA and MMA were investigated as auxiliary comonomers in
order to promote the formation of LDH-armored particles.

HEMA as auxiliary comonomer

In this section, HEMA was chosen as auxiliary comonomer for
the Pickering emulsion polymerization of St in order to
enhance the compatibility between the hydrophilic LDH and
the hydrophobic PSt. Indeed, HEMA is known to hydrolyze
under basic conditions to form MAA and ethylene glycol,*®
which may promote electrostatic interaction between the
growing oligoradicals and the positively charged LDH surface.
We first added HEMA to the LDH suspension and stirred for
30 minutes in order to modify its surface, but the system lost
stability once the reaction started after the addition of
St. HEMA is indeed known to undergo fast hydrolysis in
diluted alkaline solutions even at room temperature.*> The
released MAA molecules have likely interacted with the LDH
surface,’® which promoted LDH aggregation and subsequent
latex destabilization. To confirm this assumption, increasing
amounts of MAA, with molar concentrations equivalent to the
amount of HEMA used in the Pickering emulsion polymeriz-
ation experiments, were introduced into the LDH suspension.
The results are reported in Table S1 (ESIt) and show that the
LDH particle size increased with increasing the amount of
MAA, indicating that the latter can effectively interact with the
sheets surface and induce LDH aggregation. We thus decided
to retard the addition of HEMA, and introduce it together with
St as described in the experimental part (H02, Table 1). A
stable latex with LDH platelets located at the particle surface
forming the so-called armored morphology, was indeed
obtained by this method using 8 wt% of HEMA with respect to
the total amount of monomer (Fig. 3B and B1).

Interestingly, as seen in Table 1, the addition of LDH not
only led to armored particles but also had a significant impact
on the TEM diameter that decreased from 210 nm without
LDH (HO01) to 145 nm in the presence of 10 wt% of LDH (H04),
for otherwise a fixed HEMA content of 8 wt%, providing clear
evidence that the inorganic platelets influenced the particle
formation stage and contributed to latex stabilization. LDH

3200 | Polym. Chem., 2020, 11, 3195-3208
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also influenced the polymerization kinetics as can be con-
cluded by comparing the experiments performed without
(HO1) and with (H04) LDH (Fig. 4). Indeed, the decrease of par-
ticle size resulted in a concomitant increase of reaction rate as
a direct consequence of the increase of the total number of
particles and radical compartmentalization.

Effect of HEMA content. The amount of HEMA was next
varied from 0.04 g to 0.12 g (i.e., from 4.0 to 12.0 wt% based
on total monomer) for a fixed LDH content of 10 wt%, to see
its effect on the polymerization kinetics and the final particle
size and morphology (HO2 to HO5 in Table 1).

100 - . ¥ .
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Fig. 4 Effect of HEMA content on the evolution of monomer conver-
sion with time during the Pickering emulsion copolymerization of St and
HEMA in the presence of 10 wt% of LDH (based on total monomer).
HEMA content = 4.0, 6.0 and 8.0 wt%, based on total monomer. The
kinetics of the blank experiment without LDH and 8 wt% of HEMA (HO1)
is also reported for comparison (see Table 1 for experimental details).
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Fig. 5 Overall monomer conversion vs. time during Pickering emulsion
copolymerization of St and HEMA (92/8 wt/wt) for different LDH con-
tents (see Table 1 for experimental details).

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 and Table 1 show that the polymerization rate and the
TEM diameter increased with increasing the amount of HEMA
from 4 wt% (HO02) to 8 wt% (HO04) while the latex destabilized at
higher concentration (12 wt% of HEMA, HO5 in Table 1). 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. The
addition of HEMA increased the total monomer concentration
in water, which increased the polymerization rate. Although all
latexes obtained for HEMA contents below 8 wt% were colloid-
ally stable (i.e., there was no massive coagulation observed), the
substantial difference in particle size between DLS and TEM
analyses (almost 100 nm difference for H04, for instance) and
the high PdI values (PdI >0.1) suggest that the particles were
slightly aggregated. Fig. 3 shows the TEM images of the corres-
ponding LDH/polymer composite particles. The images clearly
show that increasing the HEMA content promoted LDH adsorp-
tion on the surface of the latex particles as evidenced by the
gradual disappearance of free LDH sheets in the surrounding
environment of the Pickering latexes. However in parallel the
particle morphology also became more irregular, the LDH plate-
lets adopting a more disordered arrangement at the latex par-
ticle surface (Fig. 3C and C1). This is in agreement with the DLS
results and also in line with the above observation of LDH
aggregation in the presence of HEMA. According to the litera-
ture, the hydrolysis of methacrylates is first-order with respect
to both the ester and the hydroxyl ions.”* The hydrolysis rate
thus increased with increasing the HEMA concentration leading
to both LDH and latex aggregation, explaining the increase in
size and irregular morphology of the composite particles for
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high HEMA contents, resulting for a too high amount, in latex
destabilization.

Effect of LDH content. The influence of LDH content was
next studied for a fixed HEMA content of 8 wt% (H06, HO7 and
HO04 in Table 1). Fig. 5 shows the evolution of the overall
monomer conversion as a function of time for this series of
experiments. The polymerization rate increased with increas-
ing the amount of LDH, while in parallel the particle size and
the size distribution (as determined by TEM analysis) first
decreased and then increased (see Table 1). As an increase in
particle size should result in a lower reaction rate, a possible
explanation for the higher polymerization rate is that a higher
number of primary particles was formed initially with increas-
ing LDH content due to favored nucleation. These unstable
primary particles would however coagulate one another during
polymerization to reduce the overall interfacial energy of the
system leading to larger particles. The extent of aggregation,
and therefore the size of the final particles, would then
depend on both the hydrolysis rate and the LDH content. On
the one hand, increasing the amount of LDH (and thus the
number of platelets) increases the probability of heterocoagu-
lation events with a growing oligoradical promoting nuclea-
tion, but on the other hand, it also increases the concentration
of hydroxyl ions and thus the hydrolysis rate, which may favor
hetero-aggregation, resulting in a decrease of the total particle
number. This assumption is supported by the TEM image of
Fig. 6C (10 wt% of LDH) that shows the formation of particles
with a bumpy rough surface.

As shown by TEM, increasing the amount of LDH also led
to slight excess of LDH sheets in water, whose proportion was
however not quantified. The presence of excess inorganic par-

Fig. 6 TEM images of LDH/polymer composite particles obtained by Pickering emulsion copolymerization of St and HEMA (St/HEMA = 92/8 wt/wt)
in the presence of increasing LDH contents. (A) 2.5 wt%, (B) 5.0 wt% and (C) 10.0 wt%, based on total monomer (runs H06, H07 and HO4 in Table 1).
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ticles in water has already been reported in the literature for
high inorganic/monomer weight ratios, using silica®® or
LAPONITE® clay”** particles as Pickering stabilizer. As seen in
Table 1, another noteworthy difference between low and high
LDH contents is the average number of LDH platelets per latex
particle as determined from their respective diameters and

Fig. 7 TEM (left) and cryo-TEM (right) images of LDH/polymer compo-
site latex particles obtained by Pickering emulsion copolymerization of
St and MMA (St/MMA = 80/20 wt/wt) in the presence of 10 wt% of LDH
(M02 in Table 2). More images can be seen in the ESI (Fig. S37).
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concentrations (details of the calculation are provided in ESI{).
The obtained values are particularly low for the lowest LDH
contents (on average 1.5 and 2 LDH platelets per latex particle
for 2.5 and 5 wt% of LDH, respectively) and more than three
times higher for 10 wt% of LDH (around 7, H04). Although, as
mentioned above, there is a slight excess of LDH sheets in
water for HO4, that is not taken into account in the calculation,
these values are in reasonable good qualitative agreement with
the TEM images, and point to the high stabilizing efficiency of
the LDH platelets, which can likely be attributed to their high
surface charge density (3.1 charge per nm?®). Estimation of the
percentage of surface coverage of the latex particles by the
LDH platelets show that as expected the latex surface coverage
increased with increasing LDH content although the calcu-
lated values were surprisingly low (see Table S2, ESIt). Such a
low surface coverage can likely explain the limited colloidal
stability observed for the latex particles synthesized in the
presence of 2.5 and 5 wt% of LDH, as attested again by the dis-
crepancy between DLS and TEM diameters and the high PdI
values (see Table 1).

In a last experiment, we wanted to determine whether a
similar LDH-armored morphology could be obtained by
physical blending of LDH sheets and polymer latex particles.
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Fig. 8 Effect of MMA content on the evolutions of (A) the overall monomer conversion with time, and of (B) the average particle size (Z,,), (C) the
particle number (Ny) and (D) the size dispersity (Pdl) with monomer conversion during Pickering emulsion copolymerization of St and MMA in the
presence of 10 wt% of LDH (based on total monomer). MMA content = 0, 10, 20, 30 and 40 wt% (based on monomers) (see Table 1 and 2 for experi-

mental details).
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For this purpose, an aliquot of LDH stock suspension was
added to the surfactant-free latex (HO1, Table 1) in the same
proportions as in H04, and stirred for one night before
characterization by cryo-TEM (Fig. S2, ESI{). It is clear from
the images that the LDH platelets did not adhere to the
surface of the latex particles indicating that LDH adsorption
took place during the polymerization reaction and was thus

Fig. 9 TEM images of LDH/polymer composite latex particles obtained
by Pickering emulsion copolymerization of St and MMA in the presence
of 10 wt% of LDH (based on total monomer) for: (A) 10 wt% (M01) and
(B) 20 wt% (M02) of MMA (Table 2).
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kinetically controlled. We believe that oligoradicals formation
at the inorganic particle surface provided the necessary
driving force for heterocoagulation, in agreement with pre-
vious literature.>?

MMA as auxiliary comonomer

In order to minimize hydrolysis of the auxiliary comonomer
and improve latex stability, MMA, which is less water soluble
than HEMA, was evaluated for the formation of stable P(St-co-
MMA)/LDH composite latex particles.

TEM analysis of the latex produced in the presence of
20 wt% of MMA and 10 wt% of LDH (based on total monomer,
MO02 in Table 2) indicated successful formation of LDH-
armored particles (Fig. 7). In addition, the particle diameter
(Dn = 122 nm, Table 2) was significantly smaller than the dia-
meter of the PSt latex particles synthesized in the same con-
ditions in the absence of MMA (D,, = 333 nm, St1 in Table 1),
and also smaller than the diameter of the blank experiment
without LDH (D,, = 210 nm, M07 in Table 3). The diminution
of the particle size was again accompanied by a concomitant
increase of the final monomer conversion (64.9 wt% without
LDH (M07, Table 3) vs. 86.8 wt% in the presence of 10 wt% of
LDH (MO02, Table 2)), as a direct consequence of the increase
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Fig. 10 Effect of LDH content on the evolutions of (A) the overall monomer conversion with time, and of (B) the average particle size (Z,,), (C) the
particle number (Ny) and (D) the size dispersity with monomer conversion during Pickering emulsion copolymerization of St and MMA (80/20 wt/
wt). LDH content = 0, 2.5, 5.0, 7.5 and 10 wt% based on total monomer (see Table 3 for experimental details).
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of polymerization rate. The present results thus clearly demon-
strate that the use of MMA as auxiliary comonomer can effec-
tively promote LDH adsorption at the latex particle surface and
reduce the total interfacial free energy of the system, making
LDH platelets efficient solid stabilizers of Pickering emulsion
polymerization of St.

Quite remarkably, the presence of LDH sheets covering
the latex particles can be clearly identified on the high mag-
nification image of Fig. 7. The platelets pave the surface in a
more or less regular arrangement as a consequence of their
high particle size distribution. Black “rods” corresponding to
erected LDH sheets can also be seen at the polymer water
interface. For geometric considerations, only the larger par-
ticles appear to be fully covered by LDH. Indeed, the LDH
discs are too large to fully accommodate the high surface
curvature of the smaller latex particles, resulting in average
to only around 5 LDH platelets per latex particle (see
Table 2). Such a low value again illustrates the capacity of
the LDH sheets to efficiently stabilize the polymer latex
particles.

Effect of MMA content. As MMA is also known to hydrolyze
under basic conditions, we next wanted to determine to
what extent increasing the amount of MMA could influence
the outcome of the polymerization (Table 2). Fig. 8A
shows the evolution of monomer conversion with time for
increasing amounts of MMA and a fixed LDH content of
10 wt%.
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The polymerization rate for pure St was very low and, as
expected, increased significantly when a small amount of
MMA (0.1 g, 10 wt% based on monomers, M01 in Table 2) was
introduced in the monomer mixture. The polymerization rate
increased further with increasing the MMA content from 0.1 to
0.3 g. However, when the latter exceeded the threshold value of
0.4 g (ie, 40 wt% based on total monomer, M04, M05 and
MO6 in Table 2), the system lost colloidal stability and comple-
tely coagulated. A similar behavior was reported by Teixeira
et al.** during Pickering emulsion copolymerization of n-butyl
acrylate and MMA using LAPONITE® clay as stabilizer, and
was ascribed to in situ MMA hydrolysis. The deleterious effect
of a too high concentration of the auxiliary comonomer was
also emphasized by Li et al?® during the synthesis of IO-
armored latexes. As shown in Fig. 8, the DLS particle size (Z,y)
and the size distribution (indicated by the PdI value) were also
strongly dependent on the MMA content and both decreased
with increasing the amount of MMA at a given conversion,
while the particle number concurrently increased, accounting
for the higher reaction rate. It is worth mentioning here that
contrary to the above HEMA experiments, DLS and TEM ana-
lyses were in reasonable good agreement for up to 20 wt% of
MMA, and only began to diverge for 30 wt% of MMA (M03 in
Table 2) suggesting again limited colloidal stability of the final
latex particles. Latex destabilization was also evident in the
kinetics analysis that revealed a sudden increase of both the
particle size and the size dispersity by the end of the reaction

0.0

8 10
ILDH content (wt%o to monomer)

Fig. 11 TEM images of LDH/polymer composite latex particles obtained by Pickering emulsion copolymerization of St and MMA (80/20 wt/wt) for
increasing LDH contents. (A) No LDH, (B) 2.5 wt%, (C) 5.0 wt%, (D) 7.5 wt% and (E) 10 wt% of LDH, based on total monomer (see Table 3 for details).
(F) Average particle diameter and size dispersity determined by DLS vs. LDH content.
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(orange circles in Fig. 8B and D). This last result is in line with
the above observation of latex destabilization for 40 wt% of
MMA, and confirms that the latter has a negative impact when
it is used in too high relative proportions. As mentioned
above, this can likely be attributed to MMA hydrolysis under
basic conditions, and the release of MAA as attested by the
gradual decrease of pH with increasing MMA content (Fig. $4,
ESIT). As shown in Table 2 and Fig. 9, stable LDH-armored
latexes with small particle sizes were however obtained for 10
and 20 wt% of MMA in the presence of 10 wt% of LDH.

Effect of LDH content. The influence of the LDH content on
the diameter of the final latex particles and the polymerization
kinetics was last evaluated for 20 wt% of MMA (Table 3 and
Fig. 10). It was shown previously that the particle size was little
influenced by the total amount of LDH introduced when
HEMA was used as auxiliary comonomer (likely due to the con-
comitant destabilization of the LDH platelets), while the reac-
tion rate increased. Herein, we carried out a series of copoly-
merization of St and MMA by varying the LDH content from 0
to 10 wt%. The reaction rate again increased with increasing
the amount of LDH (Fig. 10A) due to the increased number of
reaction loci, while the particle diameter decreased from 242
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to 166 nm for up to 5 wt% of LDH and then stabilized for
higher concentrations (Fig. 10B and 11). Besides, in contrast to
HEMA, all latexes were stable with no sign of coagulation, each
composite particle being surrounded by in average 4-5 LDH
platelets, even though the size dispersity (determined by DLS
or TEM) slightly increased with increasing LDH content.

Such a decrease in particle size with increasing the amount
of Pickering stabilizer is an expected outcome of Pickering
emulsion polymerization. However, it has not always been
observed experimentally.>>*® In particular, several authors
have shown a diminution of the particle size down to a limit-
ing value with a concomitant increase of the particle size dis-
tribution suggesting a longer nucleation period.”>** The pla-
teauing of the particle size and the broadening of the particle
size distribution with increasing LDH content, both indicate
that a similar scenario is likely at play here. Additional infor-
mation about the nucleation mechanism can be obtained by
looking at the evolution of the particle number with monomer
conversion. While in the absence of LDH, the particle number
was fixed at a relatively low conversion (<10%, M07, Fig. 10C),
in the presence of LDH, the particle number steadily increased
up to around 30% monomer conversion and then leveled off
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Fig. 12 Effect of the NaCl concentration on the evolutions of (A) the overall monomer conversion with time, and of (B) the average particle size
(Zav), (C) the particle number (N;) and (D) the size dispersity (Pdl) with conversion during Pickering emulsion copolymerization of St and MMA (90/
10 wt/wt) in the presence of 10 wt% of LDH (based on total monomer). [NaCl] = 0, 2, 10 and 50 mM (see Table 4 for experimental details).
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indicating slow nucleation. To go one step further, we have
plotted in Fig. S5 (ESIt) the evolution of the latex diameter (D)
versus the cube root of monomer conversion. As the particle
number scales to D?, a constant particle number should lead
to a straight line. This was indeed the case for M07 but the
plots showed deviation from the linear fit for all experiments
performed in the presence of LDH. The deviation was more
pronounced for high LDH contents, indicating that the higher
the amount of LDH, the more prolonged was the nucleation
period.

Effect of ionic strength. Another important parameter that
is known to influence the formation and the stability of
Pickering latexes is the ionic strength. Salts are well known
for screening electrostatic repulsions and promote inter-
facial adsorption.>® For instance, Yang et al.*" have investi-
gated the effect of salt on the formation and stability of
LDH Pickering emulsions and concluded that the presence
of salt caused an increase in the hydrophobicity of the LDH
platelets promoting their adsorption at the oil/water inter-
face. The copolymerization of St and MMA (St/MMA = 90/10
wt/wt) was thus investigated in the presence of 10 wt% of
LDH and increasing amounts of NaCl chosen as inert salt,
covering a wide range of concentrations from 2 to 50 mM
(Table 4 and Fig. 12).
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As shown in Table 4 and in Fig. 12A and B, the DLS particle
size increased by more than a factor two (from 177 to 385 nm)
when the NaCl concentration was increased from 0 to 50 mM,
while the polymerization rate concomitantly decreased indicat-
ing that the addition of salt compressed the double layer and
reduced electrostatic repulsions at the surface of the LDH-
armored latexes, resulting in the formation of larger particles.
A significant increase of the particle size and high PdIs were
observed for 50 mM NaCl, indicating that as expected, too
high an ionic strength promoted latex aggregation. Indeed, the
resulting latex became unstable after 24 hours and completely
coagulated.

The TEM micrographs displayed in Fig. 13 confirmed the
armored morphology and the DLS results. Although more
LDH platelets were apparently adsorbed on the latex particles
(the platelets appear to be more closely packed on the
surface likely due to lower electrostatic repulsions between
adjacent LDH sheets), the TEM images also suggest that
there is more free LDH in water for high than for low salt
concentrations, which may be due to two concomitant
effects: (i) the decrease of the total surface area of the latex
particles as the salt concentration increases and (ii) LDH
aggregation in water prior to their adsorption on the latex
particle surface.

Fig. 13 TEM images of LDH/polymer composite latex particles obtained by Pickering emulsion copolymerization of St and MMA (90/10 wt/wt) for
increasing NaCl concentrations and 10 wt% of LDH. (A) No salt, (B) [NaCl] = 2 mM, (C) [NaCl] = 10 mM and (D) [NaCl] = 50 mM (runs M01, M11, M12

and M13 in Table 4). Scale bar = 100 nm.
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Conclusions

LDH-armored latex particles have been synthesized through
surfactant-free emulsion polymerization of St using HEMA and
MMA as auxiliary comonomers. Adsorption of the LDH plate-
lets on the polymer particle surface was promoted by in situ
hydrolysis of the functional comonomers (which is known to
occur in alkaline conditions), leading to the formation of an
alcohol molecule and MAA. Under our experimental con-
ditions (pH = 10.2), the carboxylic acid group is fully disso-
ciated resulting in in situ electrostatic interactions of the
growing oligoradicals with the positively charged LDH plate-
lets, promoting subsequent LDH adhesion to the latex particle
surface. Composite latexes with the targeted armored mor-
phology were indeed successfully obtained for both comono-
mers, in a one-step process (i.e. no pretreatment of the LDH
surface was required). We showed that a too high amount of
HEMA, which is fully water soluble, induced colloidal instabil-
ities likely due to the too high concentration of released MAA.
Stable LDH-armored latexes could be however successfully
obtained for 8 wt% of HEMA (based on total monomer) and
10 wt% of LDH. Similar results were observed for MMA
although destabilization occurred at a much higher concen-
tration of 30 wt%. In both cases, the reaction rate increased
with increasing the amount of auxiliary comonomer or the
LDH content due to the concomitant increase of the number
of nucleation loci. While in the case of HEMA, the particle size
was barely influenced by the amount of LDH, the diameter of
the LDH-armored particles synthesized in the presence of
MMA, decreased by almost a factor 2 when the amount of
Pickering stabilizer was increased from 0 to 7.5 wt% and
leveled off for higher LDH contents. This led to latex particles
with a diameter as low as 122 nm surrounded by in average 5
LDH sheets, emphasizing the high stabilizing efficiency of the
LDH platelets that can be attributed to their high surface
charge density. Finally, we showed that the addition of salts
screened the LDH surface charges and electrostatic repulsions
between adsorbed platelets, resulting in the formation of
larger particles with a higher LDH packing density. The result-
ing LDH-armored particles could be potentially assembled
into superstructures and film materials with advantageous
properties for a wide range of applications that can benefit
from the incorporation of a rigid LDH phase. The synthesis of
such film-forming particles and the study of their properties is
a topic that we would like to address in future works.
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