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ORIGINAL CONTRIBUTION

The role of initiation in the synthesis
of silica/poly(methyl methacrylate)
nanocomposite latex particles through
emulsion polymerization

Abstract Silica/poly(methyl meth-
acrylate) nanocomposite latex parti-
cles have been synthesized by
emulsion polymerization of methyl
methacrylate using a nonionic sur-
factant: nonylphenol poly(oxyethyl-
ene) and three different initiators,
namely: 2,2’-azobis(2-amidinopro-
pane) dihydrochloride (AIBA),
potassium persulfate (KPS) and
azobis(isobutyronitrile) (AIBN),
being cationic, anionic and nonionic,
respectively. A silica sol with an
average diameter of 68 nm was used
as the seed. The polymerization
reaction was conducted under alka-
line conditions in order to evaluate
the role of the surface charge of the
hydrophilic silica on the coating
reaction. AIBA was found to be
adsorbed on the silica surface owing
to electrostatic interactions of the
amidine function of the cationic
initiator with the silanolate groups
of the oxide surface, while the an-
ionic and the nonionic initiators did
not adsorb on silica under the same
conditions. Nonetheless, whatever

the nature of the initiator, polymer-
ization took place on the silica
particles as evidenced by transmis-
sion electron microscopy. The extent
of interaction between the inorganic
surface and the polymer particles
was quantified by means of ultra-
centrifugation and a material bal-
ance. As much as 65% by weight of
the total polymer formed was found
to be present at the silica surface
using AIBA, while only 40% for
KPS and 25% for AIBN was found
to cover the silica particles under
alkaline conditions. We demonstrate
that by using a cationic initiator and
by controlling the pH of the sus-
pension it is possible to significantly
decrease the amount of free polymer.
Coating of the silica particles took
place through a kind of in situ
heterocoagulation mechanism.

Key words Emulsion polymeriza-
tion - Heterocoagulation -
Coating - Silica - Nanocomposite
particles

Introduction

In recent years, a great number of scientists have
dedicated their efforts to the elaboration of new com-
posite systems. Very interesting applications of multi-
phase materials can be found in the biomedical field [1, 2],
in optic [3], microelectronic and automotive industries.
Among the large number of strategies which have been
developed for the synthesis of multiphase systems,

microencapsulation technologies provide a variety of
methods which are largely used in agriculture, food and
pharmaceutical areas, for instance. A particular category
of encapsulated materials are fillers and pigments. The
encapsulation reactions of fillers and pigments have been
reviewed recently by van Herk and German [4]. Although
a lot of procedures exist, emulsion polymerization is by
far the technique most frequently used for the encapsu-
lation reaction of minerals with polymers [4-8]. One
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difficulty, however, of encapsulation reactions through
emulsion polymerization resides in the fact that inorganic
surfaces are hydrophilic, while polymers are hydropho-
bic. In order to promote polymerization on the inorganic
surface, modification of the mineral can be carried out by
using, for instance, silane or titanate molecules reactive
in free radical polymerization [9-11]. The adsorption of
bilayers forming surfactants has also been widely studied
and provides hydrophobic loci for the solubilization of
monomers and/or oligoradicals and their subsequent
polymerization through a kind of (ad)micellar nucleation
mechanism [12]. As an alternative, heterocoagulation,
which involves the precipitation of preformed Ilatex
particles on the inorganic core surface, can also be
envisaged [13]. However, none of these techniques enables
the complete avoidance of the formation of free
polymer, which almost always competes with the coating
reaction. In order to improve the coating efficiency and
to achieve high polymer concentrations on the inorganic
surface, the amount of free surfactant can be controlled
and maintained at concentrations just below the appar-
ent critical micellar concentration of the soap [14]. A
minimum surface area of the seed particles is required
and better results are obtained when the monomer is
added under starved feed conditions [12, 15, 16]. Of
course, the nature of the surfactant, the monomer and
the initiator molecules is also critical. A lot is gained, for
instance, in using initiators with strong interactions with
the inorganic surface and more hydrophobic monomers.
Cationic initiators, for example 2,2"-azobis(2-amidino-
propane) dihydrochloride (AIBA), have been used for
the encapsulation reaction of titanium dioxide pigments.
A high amount of encapsulating polymer was obtained
when the terminal ionic group of the polymer chain and
the surface charge of the inorganic particles were
oppositely charged [17]. AIBA has also been used in
the polymerization reaction of vinyl monomers on
several clays substrates [18]. It was demonstrated that
AIBA was adsorbed on the mineral surface by means of
an ion-exchange reaction [19]. In a related approach,
AIBA was adsorbed on mica, a layered silicate, and the
attached free radical was involved in the polymerization
reaction of styrene [20]. Significant amounts of polymer
grafted to the mineral surface were obtained. Surpris-
ingly, however, only a few studies using AIBA and
colloidal silica are reported in the literature. Yoshinaga
et al. [21] have synthesized monodisperse poly(methyl
methacrylate)/SiO, and polystyrene/SiO, composites in
alcoholic solutions using dispersion polymerization. It
was shown that polystyrene bonding on the inorganic
surface took place through electrostatic interactions.
Here, we report results on the coating reaction of silica
nanoparticles by emulsion polymerization of methyl
methacrylate, using nonionic nonylphenol poly(oxyethy-
lene) (NP3o) and AIBA as a cationic initiator. AIBA was
compared to an anionic and a nonionic initiator:

potassium persulfate (KPS) and azobis(isobutyronitrile)
(AIBN), respectively. The composite particles were fully
characterized using transmission electron microscopy
(TEM), IR spectroscopy, thermogravimetric and ele-
mental analyses. We were particularly interested in the
morphology of the nanocomposite particles and in the
efficiency of the coating reaction.

Experimental

Materials

Methyl methacrylate (from Aldrich) was purified by distillation un-
der reduced pressure before use. The nonionic NP3, (Gerland) and
the initiators AIBA (Kodak), KPS (Acros) and AIBN (Aldrich)
were used as received. The hydrophilic silica sol (Klebosol 30N50,
Clariant) was centrifuged at 16,000 rpm for 30 min before use
(Beckman Avanti 30 ultracentrifuge) in order to separate the
particles whose diameter is much lower than the mean diameter of
the sol.

Characterization of the silica sol

The silica particles size and particles size distribution were
determined by dynamic light scattering (DLS) and TEM. DLS
measurements were performed using a Malvern Autosizer Lo-C
instrument. For TEM experiments, a drop of a diluted dispersion
was put on a carbon film supported by a copper grid and placed in
the vacuum of a Philips CM10 electron microscope. The specific
surface area was determined by nitrogen adsorption at 77 K using
the Brunauer—-Emmett—Teller method (ASAP 2010, Micromeritics).
The electrophoretic mobility of the silica sol was determined using
a laser electrophoresis zeta potential analyzer (Zetasizer III from
Malvern instruments). The analyses were carried out at 20 °C and
the zeta potential was an average of three measurements. The ionic
strength was kept constant by dilution of the silica sol into a
0.001 mol/l sodium chloride solution. The pH of the suspension
was controlled by adding 0.1 N standard aqueous solution of
sodium hydroxide. The results are reported in Table 1.

Adsorption of initiators on the silica surface

The adsorption of AIBA, AIBN and KPS on the silica surface was
performed at pH 9.8 by addition of a dilute solution of the initiator
to the silica sol under a nitrogen atmosphere and gentle stirring.
The silica dispersion containing the initiator was kept refrigerated
at 5 °C overnight to equilibrate. The dispersion was next centri-
fuged and the concentration of KPS or AIBN in the supernatant
was determined by carbon elemental analyses. AIBA concentra-
tions were determined by UV analysis of the serum using a
calibration curve. The amount of initiator adsorbed on the silica
surface was determined by the difference between the total amount
and the free amount of initiator.

Table 1 Characterization of the silica sol

D, (nm) D, (nm) Dy/D, S (m?/g) pH Zeta
(DLS) (TEM) (TEM) (BET) potential
(mV)
Klebosol 70 72 1.07 56 9.8 -31

30N50
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Table 2 Polymerization recipes

for the synthesis of the silica/ Ingredients (g) Samples
poly(methyl methacrylate)
(PMMA) composite latexes JL22 JL148 JLY
Deionized water pH 9.8 100 100 100
Silica SiO, 1.16 1.2 1
Surfactant NP3 0.6 0.68 0.64
Monomer Methyl methacrylate 1.1 0.98 1.1
Potassium persulfate 0.012 - -
Initiator Azobis(isobutyronitrile) - 0.014 -
2,2’-Azobis(2-amidinopropane) - - 0.014
dihydrochloride

Synthesis of the silica/PMMA nanocomposite latexes

The polymerizations were carried out in batch at 60 °C for up to
24 h under a nitrogen atmosphere. The 300-ml glass reactor fitted
with a condenser was charged with silica, NP3, and deionized
water. Degassing was carried out for several hours under gentle
stirring before increasing the temperature to 60 °C. Then, the
initiator dissolved in 10 ml deionized water and the monomer were
added at once to start the polymerization. The recipes are reported
in Table 2.

Characterization of the silica/PMMA nanocomposite latexes

The monomer to polymer conversions were determined gravimet-
rically by measuring the solid content after removal of water and
residual monomer by evaporation. Particles size were determined
by DLS, and TEM images were taken to characterize the mor-
phology of the nanocomposite particles.

Fig. 1 Procedure developed for the characterization of the composite
latexes and the determination of the efficiency of the coating reaction
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Efficiency of the coating reaction and polymer content
of the composite particles

The coating reactions gave rise to the formation of both
nanocomposite particles, i.e., silica particles surrounded by
PMMA, and independent (free) latex particles. In order to
determine the efficiency of the coating reaction, which corresponds
to the weight fraction of polymer on the inorganic surface, the free
latex particles were separated from the nanocomposite particles
using a series of centrifugations/redispersions in water as depicted
in Fig. 1. In a typical analysis, the original latex dispersion
containing the composite silica/PMMA particles, the emulsifier,
NP3 and the free latex particles was centrifuged at 15,000 rpm for
30 min. The supernatant solution (denoted as the serum) was
carefully separated from the residue. The settled composite
particles were washed with deionized water under stirring and
again separated from the serum by centrifugation. The operation
was repeated until there was no more solid in the supernatant
solution. The curves in Fig. 2 indicate that at least 6 cycles of
centrifugations/redispersions in water were necessary to ensure the
complete extraction of the free polymer particles from the residue.
The residue containing the coated mineral was dried at 50 °C,

Free polymer sample
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Fig. 2 Evolution of the weight fraction of extracted polymer (in
grams per 100 g of the total amount of extractable polymer) which
shows the number of centrifugation/redispersion cycles necessary to
extract the totality of free polymer

weighted and analyzed by IR spectroscopy, thermogravimetric and
elemental analyses. IR spectra were recorded using a Nicolet FTIR
460 spectrometer. Thermal analysis experiments were carried out
using a thermogravimetric analyzer (TA 2950, Dupont Instru-
ments) by heating the sample (10 mg) in a flow of helium (50 ml/
min) at 10 °C/min from room temperature to 700 °C. The serum
solutions containing the free polymer particles and the surfactant
were collected separately into one solution and its solid content
was determined gravimetrically. The composition of the serum was
determined by elemental and '"H NMR analyses. The '"H NMR
spectral analysis was carried out using a Brucker AC 250 MHz
spectrometer with deuterated water. A mass balance was per-
formed on silica, PMMA and NP3y to determine precisely the
amount of each component in the different phases (i.e., the residue
and the serum, respectively). The efficiency of the coating reaction
and the polymer content were calculated as reported in Egs. (1)
and (2):

amount of PMMA in the composite sample

Effici = :
leiency total amount of PMMA formed x 100,
(1)
Polymer content
_ amount of PMMA in the composite sample % 100 . ®)

amount of composite sample

Nonextractable polymer content

After separation of the free polymer, the nanocomposite particles
were suspended in hot toluene under reflux for 4 h to remove
extractable polymer. The product after extraction was separated
from the dissolved polymer by centrifugation and the weight
fraction of nonextractable polymer was determined by thermo-
gravimetric analysis of the recovered powder (Fig. 1). The nonex-
tractable polymer content was calculated according to the
following equation:

Nonextractable polymer content

_ amount of nonextractable polymer
~ amount of recovered product after extraction

100 . (3)

Polymer molecular weights and molecular weight distributions

In accordance with the procedure described previously, two distinct
polymer fractions were isolated for analysis (Fig. 1): the free
polymer and the extractable coating polymer.

The molecular weights and the molecular weight distributions
of the free and the extractable coating polymers were determined
by size-exclusion chromatography with a Waters 600 apparatus
equipped with Shodex columns and a Waters R410 refractometer
detector and using polystyrene standards.

Results
Initiators interaction with the silica surface

The results from elemental analysis indicate that the
nonionic and the anionic initiators, AIBN and KPS,
respectively, do not adsorb on the silica surface at high
pH (Table 3). Indeed, attraction cannot take place under
these conditions since AIBN does not carry any charges,
while KPS and silica are of the same sign. Therefore, we
prove that electrostatic repulsion forces between the
negatively charged silica surface and the anionic initiator
predominate at pH 9.8. In contrast, our results indicate
that AIBA exhibits some interactions with the negatively
charged silica surface owing to electrostatic attraction
between the cationic charges derived from the amidini-
um groups of AIBA and the anionic dissociated silanol
groups of the silica surface. The amount of AIBA
adsorbed was found to be around 2 mg/g silica
(Table 3).

TEM analysis

In order to check whether some polymer was formed on
the silica surface or not, the latexes were characterized
by TEM. Typical TEM micrographs are shown in
Fig. 3. The TEM micrograph of bare silica particles is
reported in Fig. 3a for comparison, while Fig. 3b and ¢
correspond to nanocomposite particles obtained using

Table 3 Initiators adsorption on the silica surface. The silica
concentration was kept at 10 g/l. The contact time was only 5 min

Initiators Azobis Potassium 2,2’-Azobis(2-
(isobutyro-  persulfate amidinopropane)
nitrile) dihydrochloride
Initial 0.12 0.12 0.12
concentration
(g/h

Free concentration 0.12 0.12 0.1
(g/)*

Amount adsorbed 0 0 2

(mg/g silica)

?Determined by UV or elemental analysis of the serum after
separation of adsorbed initiator
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Fig. 3 Transmission electron microscope micrographs of a bare silica
particles and silica—poly(methyl methacrylate) composite particles
synthesized in the presence of b 2,2-azobis(2-amidinopropane)
dihydrochloride (A/BA) and ¢ potassium persulfate (KPS). Scale
bar: 100 nm

AIBA and KPS as initiators, respectively. The images in
Fig. 3b and ¢ show nanocomposite latexes with a rough
surface due to the presence of small PMMA beads
surrounding the inorganic seed particles. Free PMMA
latex particles can also be detected in addition to coated
silica. Similar results were obtained for AIBN; however,
the size of the PMMA particles was so small in that case

that the TEM micrograph could not be presented for
publication.

Efficiency of the coating reaction
and polymer content of the composite particles

The efficiency of the coating reaction and the polymer
content of the composite particles were evaluated by
extracting the free polymer and analyzing the residue as
described in the experimental part. Typical thermogravi-
metric/differential thermogravimetric analysis (DTGQG)
curves of the composite sample are given in Fig. 4. The
DTG curve in Fig. 4 reveals two principal thermal events
occurring in the following temperature ranges: 25-200
and 200-700 °C. The first zone can be attributed to the
desorption of water and initiator fragments, while the
second weight loss corresponds to the PMMA or NP3
decomposition. Since the two compounds decompose at
almost the same temperature, it was not possible to
discriminate between PMMA and NP5, by thermogravi-
metric analysis. Similarly, only the total PMMA and
NP3y concentration could be estimated by elemental
analysis since the carbon might come from both the NP5,
and the PMMA (see Appendix). Therefore, only the
overall (PMMA and NP;y) concentration could
be calculated at this stage. The results are reported
in Table 4 for the three latexes of the series. The results
in Table 4 indicate that the weight loss determined
by thermogravimetric analysis is in good agreement with
the total (PMMA and NP;j) concentration determined
by elemental analysis. In order to know exactly the
amount of silica, PMMA and NP3 in both the composite
and the free polymer samples, it was decided to perform a
quantitative analysis using a material balance.

Material balance

The material balance was performed on a known
amount of latex containing known quantities of silica,
polymer and surfactant. After quantitative separation
of the free latex particles, the amount of composite
and free polymer was determined gravimetrically. We
found a good balance between the total amount of solid
contained in the latex sample and the total amount of
recovered products. The silica and (PMMA and NP;)
concentrations of the composite and free polymer
samples were determined from their carbon and silicon
contents, respectively, as described in the Appendix
(Table 5). From these data and the amount of recovered
product, the quantities of silica and (PMMA and NP;)
in the residue and the serum samples could be deter-
mined precisely and compared to the theoretical values
(Table 6). The PMMA and NP3, contents were evalu-
ated separately from the NP3g-to-PMMA weight ratio
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determined by '"H NMR analysis of the serum sample
(see Appendix). The amount of NP5, in the residue was
then obtained by the difference in the weight between the
total amount and the amount of NP3y in the serum,
while the amount of PMMA was calculated from
(PMMA and NPj3y) by subtracting the amount of
NP;y. The data reported in Table 6 indicate good

Table 4 Elemental and thermogravimetric analyses of the compo-
site samples

Samples  Elemental Thermogravimetric
analysis (Wt%) analysis (wWt%)
C PMMA + NP3, H,0° PMMA + NP;"
JL9 20.6  34.6 1.5 34.9
JL22 123 20.7 1.9 20.2
JL148 3.5 5.9 1.64 6.2

#Determined from the weight loss between 25 and 200 °C
Determined from the weight loss between 200 and 700 °C

Temperature (°C) Universal V1.9D0 TA Instruments

agreement between the experimental results and the
theoretical values.

The results in Table 6 show that although the
surfactant, NP3y, was present at a high concentration,
it could be quantitatively extracted from the surface of
the silica/PMMA nanocomposite particles (no residual
NP3 was found in the residue). In addition, we show
that the composite particles were also selectively sepa-
rated from the free PMMA latex particles since nearly
no silica was found in the serum under our experimental
conditions. Consequently, from the data in Table 6, one
can determine with precision the efficiency of the coating
reaction and the polymer content as described in the
experimental part. The results are reported in Table 7
and illustrated in Figure 5. Since no residual surfactant
is adsorbed at the surface of the composite particles after
extraction, the polymer content of the composite sample
and the coating efficiency can also be determined directly
from the thermogravimetric analysis data (Table 4). The
two sets of values are reported in Table 7 along with the

Table 5 Chemical analyses of

the composite and the free Samples JLY JL22 JL148
polymer samples Content
(Wt%) Composite Free polymer  Composite Free polymer Composite Free polymer
Si 29.9 1.7 359 0.6 42.4 0.9
C 20.6 54 12.3 54.8 3.5 56.2
SiO, 62.9 3.6 75.5 1.3 89.2 1.9
PMMA + NP3, 34.6 90.7 20.7 92.1 5.9 94.4
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Table 6 Material balance

Sample PD9 PD22 PD148
composition

Residue Serum Total Theoretical Residue Serum  Total Theoretical Residue Serum Total Theoretical
SiO; (g) 0.088 0.003  0.091 0.094 0.103 0.00155 0.1045 0.117 0.33 0.006 0.336 0.3481
PMMA + NP3, (g) 0.048 0.082 0.13 0.138 0.028 0.109 0.137 0.14 0.022 0.29 0.312 0.334
PMMA (g) 0.044 0.024* 0.068 0.076 0.028 0.042*  0.07 0.08 0.022 0.066* 0.088 0.117
NP3 (g) 0.004 0.058* 0.062 0.062 0 0.067*  0.067 0.06 0 0.224* 0.224 0.217

#Determined knowing the weight ratio, 4, of NP3, over PMMA (see the text)

Table 7 Efficiency of the coating reaction, polymer content and nonextractable polymer content of the composite product

Method Initiator 2,2’-Azobis Potassium Azobis
(2-amidinopropane) persulfate (isobutyro-
dihydrochloride nitrile)

Material balance Coating efficiency (wt%)* 64.7 40 25

Polymer content (wt%)® 323 21.4 6.25

Thermogravimetric analysis Coating efficiency (wt%)* 66.3 37.0 19.6

Polymer content (wt%)® 349 20.2 6.2
Nonextractable polymer content (wt%)° 10.0 8.2 3.7
Nonextractable polymer (mg/g silica) 110 89 38

#Percent by weight of the total amount of PMMA synthesized
In weight percent of the composite sample

“In weight percent of the amount of recovered product after extraction in toluene

nonextractable polymer content of the composite sam-
ple. The data obtained by the two techniques are in good
agreement and definitely attest for the validity of the
method used for the determination of both the efficiency
of the coating reaction and the polymer content of the
composite particles under our experimental conditions.

The results reported in Fig. 5 clearly indicate that a
high coating efficiency and a high polymer content were
obtained when AIBA was used as the initiator. As much
as 65% by weight of the total amount of polymer
synthesized was found to cover the silica surface when
the polymerization reaction was initiated by AIBA,
while only 40 and 25% were found to be surface polymer
when the anionic and the nonionic initiators were used,

100
80
60
40
20

Polymer content (wt%)

AlIBA
KPS AIBN Efficiency (w1%)

Fig. 5 Coating efficiency and polymer content (determined by
elemental analysis) of the composite particles as a function of the
type of initiator, AIBA, KPS, azobis(isobutyronitrile), AIBN, used in
the polymerization reaction

respectively. In addition, a higher amount of nonex-
tractable polymer was also obtained when AIBA was
used as the initiator in comparison to the anionic or the
nonionic initiators (Table 7).

Characterization of the composite latexes

Polymer molecular weight and molecular weight
distributions

The polymer molecular weight and the molecular weight
distribution of the free latex particles and the extractable
coating polymer are reported in Table 8 for the three
samples of the series.

The molecular weights of the coating and the free
polymers are very similar, while the polymolecularity of

Table 8 Molecular weight and molecular weight distribution of the
free polymer and the extractable coating polymer

Samples Free polymer Extractable coating polymer®

M, M, I M, M, 1
JL9 249,000 464,000 1.9 220,000 489,000 2.2
JL22 360,000 632,000 1.7 370,000 664,000 1.8
JL148 319,000 593,000 1.9 260,000 702,000 2.7

#Polymer extracted from the composite sample by refluxing in
toluene
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the coating polymer is higher than that of the free
polymer for samples JL9 and JL148.

IR spectroscopy

The composite sample was characterized by IR spec-
troscopy (Fig. 6). The spectrum in Fig. 6 supports the
view that the composite particles are composed of silica
and PMMA with the presence of vibration absorption
bands characteristic of silica at 1087 cm™' (v Si—O-Si)
and 799 cm™' (9 O-H) and bands at 1735 cm™" (v C=0),
2947 cm™' (v CH») and 3001 cm™' (v CH3) correspond-
ing to PMMA. The assignments are reported in the
figure. IR analysis also confirms the absence of the
nonionic surfactant in the composite sample.

Transmission (arb. units)

LN N N (L L L L B A | T 17T 1 1

3500 3000 2500 2000 1500 1000 500

Wave number (cm™)

Fig. 6 IR spectrum of the composite sample after separation of the
free latex particles

Scheme 1 Schematic represen-

- +

tation of the polymerization O NH.

reaction of methyl methacrylate _ n .
(MMA) initiated by 2,2"-az- O NH, Cl
obis(2-amidinopropane) dihy- +
drochloride (41BA) adsorbed 0' NH4+

on colloidal silica

Diameter of the composite latex particles

Though all the latexes are stable to the eye, the TEM
micrograph in Fig. 3b shows silica beads glued together
as small strings or larger aggregates when AIBA is used
as the initiator. Although it is difficult to determine
whether aggregation took place on drying or if it is
representative of particles clusters formed in the aqueous
suspension, it is worthwhile to notice that the diameter
of the composite latex particles determined by DLS, i.e.,
239 nm, is significantly larger than the diameter they
should have if all the polymer formed a regular shell
around silica (i.e., 94 nm). Therefore, it can be conclud-
ed that the composite latex particles synthesized in
presence of AIBA are composed of small aggregates
in agreement with the TEM observation. The same
conclusion can be reached for AIBN, whereas DLS
measurements indicate that the diameter of the com-
posite particles is very close to the theoretical one (i.e.,
91 nm) when KPS is used as the initiator.

Discussion

Since colloidal silica carries negative charges under
alkaline conditions, as attested by zeta potential mea-
surements (Table 1), electrostatic attractions are likely
to take place between the silica surface and the cationic
amidinium groups of the diazo compound when AIBA is
used as the initiator. Therefore, AIBA is expected to
adsorb on silica and to initiate the surface polymeriza-
tion of methyl methacrylate as represented in Scheme 1.

The adsorption of AIBA on colloidal silica is clearly
evidenced by UV analysis of free AIBA in solution
(Table 3), while the formation of PMMA on the silica
surface is shown in the TEM micrograph in Fig. 3b and

H,N NH,
0 % N=N % O —
H,N NH, MMA
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is supported by IR spectroscopy analysis of the com-
posite product (Fig. 6). In addition to the formation of
surface polymer, the image in Fig. 3b also reveals the
presence of free polymer particles resulting from initi-
ation and propagation reactions in the continuous
phase. Indeed, in our system, the initiator molecules
solubilized in water and the initiator fragment which
escapes the silica surface upon thermal decomposition
can initiate the polymerization reaction of methyl
methacrylate and give cationic latex particles. These
primary latex particles can adsorb surfactant and
become stable mature particles but they can also be
attracted in the course of the reaction by the silica
surface and heterocoagulate on the seed mineral as
depicted in Fig. 7.

This in situ heterocoagulation mechanism is qualita-
tively supported by the TEM micrograph in Fig. 3b,
which shows many polymer spots deposited on the silica
surface and is in agreement with quantitative analysis
which demonstrates that 65% by weight of PMMA is
obtained as surface polymer while 25 wt% of PMMA
remains suspended in the aqueous phase in the form of
free latex particles. Such electrostatic effects are widely
described in the literature. They have been observed, for
instance, during the encapsulation reaction of titanium
dioxide pigments [17] and graphite [23] with PMMA.
When the charge of the inorganic surface is opposite to
that of the growing radicals, attractions can take place in
the early stage of polymerization and polymer is formed
on the mineral surface in high yield [21]. Because strong
electrostatic interactions take place, it can be expected
that part of the polymer formed strongly adheres to the
mineral surface. In the present experiments, we demon-
strate that 20% by weight of the total amount of coating
polymer is tightly bound to silica and cannot be
extracted with toluene. Moreover, the fact that the
molecular weight distribution of the coating polymer is
higher than that of the free latex particles (Table 8)
supports the idea that the silica particles actively
participate in the formation of surface polymer. So, all
the results indicate that AIBA plays a determining role
in the coating reaction of colloidal silica through
emulsion polymerization promoting the formation of
polymer on the seed mineral presumably by means of

Fig. 7 Schematic representation of the coating reaction of colloidal
silica in alkaline medium using AIBA as cationic initiator

electrostatic interactions, although the occurrence of
polymer bonding by means of effects other than charge
attractions, for instance, transfer or termination reac-
tions occurring on active sites formed on silica, cannot
be discarded at the present time.

Considering now the anionic or the nonionic initia-
tors, the results in Table 3 demonstrate that in agree-
ment with their chemical structures (scheme 2), they do
not interact with the silica surface under our experimen-
tal conditions. Surprisingly, however, when AIBA is
replaced by KPS or AIBN, TEM analysis still reveals the
formation of nanocomposite particles with a strawberry-
like morphology characterized by small latex beads
deposited on the silica surface. Obviously, we must
consider that parameters other than the simple surface
charges interactions influence the coating mechanism in
the present case. Indeed, it is well known that surfactants
also play a determining role in coating reactions by
increasing the accessibility of the monomer and the
growing radicals to the inorganic surface and promot-
ing, consequently, the formation of polymer on the seed
mineral [24]. In the present work, we used nonionic
NP3, which is known to adsorb on silica in the form of
surfactant bilayers [25]. Since we used a large surfactant
concentration, well above its critical micellar concentra-
tion, we can expect to reach maximum adsorption of
NP3 on the silica surface. This high amount of adsorbed
surfactant may promote the subsequent adsorption of
monomer and AIBN molecules as well as that of the
growing polymer. Coating is then suspected to take
place as follows. Uncharged radicals are formed in the
continuous phase upon thermal decomposition of AIBN
molecules. Initiation and propagation reactions take
place in water generating uncharged oligoradicals. The
propagating radicals approach the silica surface and
enter the hydrophobic interface formed by the adsorbed
bilayer of surfactant. Then, polymer particles precipitate
on the silica surface as latex particles which are
stabilized by the surfactant already present at the
silica/water interface. Concurrently, free latex particles
are formed in high yield since a large amount of
surfactant is also available for stabilization of particles
formed in the continuous phase. This is indeed con-
firmed by quantitative analysis, which shows that far less
polymer is formed on the surface of the silica beads than
free latex polymer in the water phase.

0o O CH3 CH;
*K'O"%*O*O*%*O'K* CH; —FN=N—’*CH3
o 0O CN CN
KPS AIBN

Scheme 2 Chemical structures of potassium persulfate (KPS) and
azobis(isobutyronitrile) (47/BN)
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When KPS is used as the initiator, it can be hardly
accepted that the radicals formed in water are captured
on the inorganic seed surface under our experimental
conditions owing to the electrostatic energy barrier
between silica and the growing negatively charged
polymer chains. Consequently, all the polymer should
be formed as free latex particles in that case. However,
quantitative analysis shows that the efficiency of the
coating reaction and the polymer content are signifi-
cantly high when KPS is present.

It is well known that the thermal decomposition of
the persulfate ions gives sulfate radicals according to

S,02” — 280; . (4)

The SO, radical, however, is considered to be unstable
and to hydrolyze in aqueous solutions, giving rise to a
hydroxyl radical [26].

SO; 4+ H,0 < OH + SO + H* (5)

Therefore, a possible explanation for the high coating
efficiency observed in presence of KPS, is the formation
of hydroxyl neutral radicals capable of diffusing into
the hydrophobic surfactant bilayer formed on the silica
surface and of creating reaction loci as described
previously for polymerization reactions initiated with
AIBN. Thus, electrostatic repulsions between the elec-
trical double layer at the silica surface and radicals are
no longer a problem if one considers that initiation
occurs by way of hydroxyl radicals formed by interac-
tion of SO, with water, rather than by the SO radical
ions themselves. However, even if it has been shown that
the SO, radical may be converted to OH" radicals in
alkaline solutions [27], it is well known that the
formation of OH’ radicals preferentially takes place in
acidic conditions [28]. Consequently, a more plausible
assumption, under our experimental conditions, is the
formation of NH, radicals produced by the oxidative
reaction of OH’ or SO, radicals with ammonia, which is
present in high concentrations in our polymerization
medium [29].

OH' + NH; — H,0 + NHj, (6)

(7)

Obviously, both the hydroxy- and the amino-terminated
species described previously should have a higher
tendency to adsorb on silica, by, for instance hydrogen
bonding, than ionized sulfate-terminated species. How-
ever, in comparison to the alkyl radicals produced by
thermal dissociation of AIBN, the fact that OH" or NH,,
radicals give a better coating efficiency than the radicals
produced upon decomposition of AIBN is not straight-
forward. To account for this result, one must assume
that the SO, or OH radicals can also react with
ammonium ions in the electrical double layer as follows:

SO, + NH; — SO} + NH, 4+ H*.

NH{ +SO; — HSO; + NHj', (8)

©)

The NH;' radical formed in the double layer is then
expected to adsorb on silica and may explain the high
coating efficiency observed when KPS is present by
analogy to what was described previously when a
cationic molecule is used as the initiator. This explana-
tion is supported by the TEM observations, which show
that the nanocomposites synthesized in the presence of
KPS and AIBA have similar morphologies, suggesting
that they were obtained by similar mechanisms. Another
possibility that must be considered is the reaction by
hydrogen-atom abstraction of the sulfate radicals and,
more probably, the OH" or the NH, radicals with the
silanol groups of the silica surface according to

SiOH + OH" — SiO” + H,0,

OH' + NHj — H,0 + NH;'.

(10)
(11)

Although, we do not have any evidence of it, the
formation of free radicals directly attached to the silica
surface could surely explain the high coating efficiency
obtained when KPS is present. Indeed, one can assume
that the polymer chains immobilized at the silica surface
at the very beginning of the reaction could catch radicals
and become active sites for the nucleation and growth of
polymer particles. In addition, the formation of SiO" free
radicals on the silica surface may be also responsible for
the large amount of bonded polymer formed when KPS
is used as the initiator (Table 7).

SiOH + NH;, — SiO" + NH;.

Conclusions

Silica/PMMA nanocomposite latex particles were syn-
thesized in emulsion polymerization using either a
cationic, an anionic or a nonionic initiator. At the end
of the reaction, the composite particles were separated
from the free polymer phase using a series of centrifu-
gations/redispersions in water. The polymer content of
the composite samples and the efficiency of the coating
reaction were determined by thermogravimetric analysis
and the results were confirmed by a material balance.
We found that the polymer content and the coating
efficiency depend greatly on the nature of the initiator.
The best results are obtained for the cationic initiator:
AIBA. AIBA adsorbs on silica and can initiate poly-
merization reactions on its surface; however, AIBA can
also initiate polymerization in the continuous phase and
generate positively charged latex particles which can
adsorb, in situ, on the silica surface giving nanocom-
posite particles with a strawberry-like morphology.
Heterocoagulation, which involves electrostatic attrac-
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tion between the inorganic particles and the cationic
polymer, seems to be, in that case, the driving force of
the coating reaction. Though electrostatic attraction are
unlikely to take place when KPS or AIBN are used as
initiators, PMMA deposition on the silica surface in the
form of small polymer beads has also been evidenced for
these two compounds. Whilst the polymer chains
initiated by AIBN can approach the silica surface and
develop interactions with the surface silanol groups or
with the adsorbed surfactant by hydrogen bonding, such
a mechanism seems unlikely to take place in the case of
KPS owing to the repulsion forces existing between the
anionic radicals and the negatively charged silica
surface. Therefore, the reason why surface polymer is
formed in high yield when KPS is used as initiator is
presumably the possibility to generate OH™ or NH, free
radicals which can abstract hydrogen on the silanol
groups. These attached radicals can also explain the
large amount of bonded polymer obtained when KPS is
present. Another possibility is the formation of NHj"
radicals in the double layer attracted in situ by the silica
surface.

It is clear that further work should be done to clarify
the mechanism leading to the formation of nanocom-
posite particles when KPS or AIBN are used as ini-
tiators. However, we have decided rather to bring more
attention to AIBA, which appears to be the best initiator
of the series. Publications are presently in preparation to
describe in more depth the mechanism of heterocoagu-
lation and the fundamental aspects associated with the
use of a cationic initiator in the synthesis of silica/
PMMA nanocomposite latex particles through emulsion
polymerization.
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Appendix

Determination of the silica, PMMA and NP3,
concentrations from elemental analysis

The silica concentration was determined as follows:

] 0
SiOn(Wt%) Si(wt%) x 61 7
29
where 29 and 61 correspond to the Si and SiO,
molecular weights, respectively.
The PMMA and NP3, concentrations were calculated
according to Eqs. (A2) and (A3):

C(wt%) x 100
S5x12

(A1)

PMMA (wt%) = = 1.66 x C(Wt%),

(A2)

C(wt%) x 1540
75 %12
where 100 and 1540 are the methyl methacrylate and
NP;o molecular weights, and 5 and 75 are the total
number of carbon atoms per molecule. Considering that
Egs. (A2) and (A3) are very similar, the overall PMMA

plus NP3, concentration can be satisfactorily estimated
by

PMMA + NP30(W'[0/0) ~ 1.68 x C(Wto/o).

NP3 (wt%) = =171 x C(wt%), (A3)

(A4)

Determination of the NP5p-to-PMMA
weight ratio by '"H NMR analysis

The molar ratio of ecthylene oxide units to methyl
methacrylate was determined by '"H NMR analysis as

NP3/PMMA (mole/mole) = 2a/4b, (AS)

where a is the area of the peak resonance at 6.5-7.5 ppm
corresponding to the aromatic protons (CgHy) of NP3
and b is that of the methylene protons of PMMA (CHj:
1.8-2.1 ppm). The weight ratio, 4, of NP3g to PMMA is
given by

A = NP3 /PMMA(g/g)

= NP3y/PMMA (mol/mol)(1540,/100). (A6)
Knowing x =PMMA + NP5, and the weight ratio, 4, of
NP3, over PMMA, one can find

X Ax
d NP3, = .
A+1 M YT

PMMA = (A7)
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