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ABSTRACT: A poly(ethylene oxide)-based macromolecular agent for reversible addition-fragmentation chain
transfer (PEO-RAFT, 2 000 g-mol™') was synthesized and used as a stabilizer and a control agent in the
miniemulsion polymerization of styrene. Using 2,2'-azobis(isobutyronitrile) as initiator, stable polystyrene (PS)
particles sterically stabilized by the PEO segments were obtained with almost complete conversion after 22 h.
Molar masses increased linearly with conversion although rather broad molar mass distributions were obtained
due to the presence of several populations of PEO-b-PS block copolymers. However, dynamic light scattering
analyses showed a significant increase in particle diameter with conversion and the ratio of the number of particles
to the number of droplets (N,/Ng) was thus lower than one indicating that the system did not follow a true
miniemulsion process. Transmission electron microscopy additionally revealed the presence of holes inside the
formed particles suggesting that block copolymer PEO-b-PS could be buried inside the particles during
the polymerization. Varying the concentration and the nature of the initiator did not lead to an improvement of
the molar mass distribution, while a decrease in polymerization temperature to 40 °C enabled to keep the particle
size constant throughout the polymerization with values close to the starting droplet diameter as expected for a

true miniemulsion.

Introduction

The successful synthesis of latex particles relies on a judicious
choice of the main reagents involved in their elaboration. Among
them, the surfactant plays a key role in the formation and growth
of the particles by ensuring their colloidal stability. Three types
of surfactant are usually described: (a) electrostatic stabilizers,
which are charged low molar mass molecules able to provide
electrostatic repulsion between the particles, (b) steric stabilizers,
which are polymer chains with both hydrophilic and hydropho-
bic domains, and able to induce entropic repulsion between
polymeric chains of two different particles, and (c) electrosteric
stabilizers, which combine the characteristics of the two first
classes.

Due to their size, steric and electrosteric stabilizers (or
macromolecular stabilizers) show many advantages over low
molar mass ones, such as improved stability under freezing
conditions or under high shear, or preventing from diffusion
issues during film-formation. Indeed, macromolecular stabilizers
strongly adsorbed onto the surface of the particles' * or even
anchored via a covalent bond” are less inclined to desorb or
migrate compared to conventional low molar mass surfactants
like sodium dodecyl sulfate (SDS). To be covalently linked to
the particles, the surfactant must carry a group able to participate
to one of the key-steps of the free radical polymerization process
(initiation, propagation, termination or transfer reactions) that
leads to the formation of the chains incorporated into the
particles. According to the reaction in which they are involved,
these reactive surfactants are referred to as inisurf (initiation),®
surfmer (propagation)® or transurf (transfer).”® In these par-
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ticular cases, the surfactant not only plays a key role in the
formation of the particles and the functionalization of their
surface, but also becomes actor in the synthesis of the polymer
chains which will form the particles.

If the two first classes of reactive surfactants have been deeply
studied, only a few works deal with the synthesis and the use
of transurfs,? and for most of them a thiol transferring group is
involved. For instance, Fifield et al.’ synthesized sodium 10-
mercapto-1-decanesulfonate, a low molar mass transurf which
was used in emulsion polymerization of styrene to produce
stable colloids containing sulfonate ionic surface functional
groups. Thiol-ended poly(ethylene oxide) (PEO) or poly(vinyl
acetate-co-vinyl alcohol) chains were also successfully used as
macromolecular transurf in styrene dispersion'®™'? or emulsion’
polymerization. In fact, the high transferring nature of the thiol
function'® leads to a high reactivity of the transurf in the
dispersing phase. As a result, although the in sifu formation of
amphiphilic block copolymers—able to act as the proper
surfactant and to stabilize the formed particles—is taking place,
the hydrophobic segment is not long enough to provide the block
copolymers with sufficient surface activity, leading to a poor
anchorage of the surfactant at the surface of the particles. To
overcome this drawback, and favor a more gradual incorporation
of the transurf, less transferring groups such as ones operating
via an addition-fragmentation mechanism, namely derivatives
of dimer of methyl methacrylate®'* or allyl sulfides,' have been
introduced at the end of low molar mass surfactant or macro-
molecular chains and used in emulsion polymerization of
styrene.

Instead of using less transferring end groups, the use of
reversible chain transfer agents consists in an interesting
alternative to efficiently anchor the transurf onto the particle.
This strategy has very recently emerged and benefits from the
unprecedented advances in controlled radical polymerization
techniques.'>~'® These techniques include the reversible addi-
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Scheme 1. Chemical Structure of the Poly(ethylene oxide)-Based
Macromolecular Agent for Reversible Addition—Fragmentation
Chain Transfer (PEO-RAFT)
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tion-fragmentation chain transfer (RAFT) process'® which relies
on the use of thiocarbonyl thio compounds of structure
Z—C(=S)—SR, which are very efficient reversible chain transfer
agents acting as control agents (RAFT agents). The proper
choice of R and Z groups depends on the monomer to
polymerize and not only influences the kinetics of the polym-
erization, but also enables an accurate functionalization of the
o- and w-chain ends of the polymer chains (via R and Z,
respectively). Notably, RAFT recently allowed the synthesis of
various amphiphilic copolymers subsequently used as efficient
surfactant in emulsion?>! or miniemulsion®*~2* polymerization.

As mentioned above, an original and challenging approach
consists of taking advantage of the reactivity of the thiocarbonyl
thio end group of hydrophilic (co)polymers (i.e., hydrophilic
macroRAFT agents) for controlling the formation of the
particles. Indeed, like the above-mentioned thiol-ended chains
used in emulsion polymerization,” hydrosoluble macroRAFT
agents (either directly obtained by RAFT polymerization or via
chemical modification of preformed polymers) can act as a
transurf during an emulsion polymerization by forming an
amphiphilic block copolymer in situ which is capable to stabilize
the nascent particles. The very first example of this type relies
on the use of poly(acrylic acid) as a macroRAFT agent in the
synthesis of poly(butyl acrylate) core poly(acrylic acid) shell
particles”?® under butyl acrylate feed conditions. Using a
similar procedure, BoZovié-Vuki¢ et al.>’ obtained stable
particles starting from a RAFT synthesized poly(4-vinylpyridine)
used in the emulsion copolymerization of styrene and acryloni-
trile in a semicontinuous process. Simplified procedures were
further proposed for batch emulsion polymerization of various
monomers by using presynthesized hydrophilic macroRAFT
agents such as polysoap,?® the protonated form of poly(diethy-
laminoethyl methacrylate) (PDEAEMA),? a double hydrophilic
block copolymer of poly(ethylene oxide)-b-poly(dimethylami-
noethyl methacrylate) (PEO-b-PDMAEMA),*® dextran,*' poly-
acrylamide®* and PEO.* Stable latex particles of polystyrene
(PS),2873033 poly(butyl acrylate)®*** or poly(vinyl acetate)*’
were obtained in each case and sometimes®* additional control
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over the molar mass of the chains constituting the particles was
achieved, thus demonstrating the versatility and the potential
of this novel approach which does not require the use of
additional free surfactant.

Previous work in our group indicated that this approach could
be extrapolated to dispersion polymerization.** We would like
to report here on the first attempt to our knowledge to apply it
in miniemulsion polymerization of styrene. This paper focuses
on the synthesis of polystyrene particles via miniemulsion
polymerization using a PEO macroRAFT agent (Scheme 1) as
both stabilizer of the particles and control agent of the free
radical process.

Experimental Section

Materials. Water was deionized before use (Purelab Classic UV,
Elga LabWater). Styrene (S, 99%, Aldrich) was distilled under
vacuum. Hexadecane (HD, 99%, Acros Organics), potassium
persulfate (KPS, 99+%, Acros Organics), sodium metabisulfite
(SMB, 97+4+%, Acros Organics), dilauroyl peroxide (LPO, 99%,
Acros Organics) were used as received. 2,2'-Azobis(isobutyronitrile)
(AIBN, Fluka, 98%) was recrystallized from ethanol at 40 °C. PEO-
RAFT was synthesized by reacting the commercially available
amino-PEO (PEO-NH,, 2 000 g-mol !, methoxy poly(ethylene
glycol) amine, 99.99%, Fluka) according to the procedure described
by dos Santos et al.*°

Partitioning of PEO-RAFT between Water and Styrene. A
mixture of styrene, water and PEO-RAFT of the same composition
as in Latex 1 recipe (see Table 1) was vigorously stirred at 75 °C
for 20 min and then left at the same temperature until complete
separation of styrene and water. The amount of emulsifier in the
aqueous phase was determined by gravimetric analysis, and the
amount in styrene calculated by mass balance.

Miniemulsion Polymerization Procedure. Batch miniemulsion
polymerizations of styrene were performed at 75 °C in a three-
necked round-bottom flask equipped with a condenser and a
nitrogen inlet. Styrene was first mixed with hexadecane and the
initiator (if monomer-soluble, i.e., AIBN or LPO). This organic
phase was then added to the aqueous phase (water and PEO-RAFT)
under vigorous stirring. After 15 min, the resulting mixture was
ultrasonicated (750W Vibracell 75042, amplitude 90%) for 2 min.
The obtained stable miniemulsion was then transferred to the round-
bottom flask and deoxygenated by purging with nitrogen for 30
min at room temperature. The introduction of the round-bottom
flask into the preheated oil bath corresponded to time zero of the
polymerization. A slightly different procedure was used with a water
soluble initiator (i.e., KPS or KPS/SMB): the temperature was raised
to 75 °C during the nitrogen purge, and the following addition of
the initiator gave the zero time of the polymerization. The regular
withdrawal of samples allowed us to follow the conversion of

Table 1. Summary of experimental conditions for miniemulsion polymerizations of styrene mediated by poly(ethylene oxide)-based
macromolecular agent for reversible addition-fragmentation chain transfer (PEO-RAFT) at 75 °C“

[initiator] [PEO-RAFT] N,
expt initiator” (mol-L7'.) (mol-L7'.) conv,—y, (%) Dy‘(nm) — Poly (ML en)
Latex 1 AIBN 9.1 x 1073 22 x 1073 594 358 — 0.08 4.2 x 102
Latex 2 AIBN 9.2 x 1073 44 x 1073 42 224 —0.13 1.8 x 10"
Latex 3 AIBN 9.1 x 1073 6.4 x 1073 33 178 — 0.24 3.5 x 1013
Latex 4 AIBN 4.6 x 1073 22x 1073 40¢ 347 —0.13 4.7 x 102
Latex 5 AIBN 5.6 x 107* 22x 1073 10/ 633 — 0.44 8.1 x 10"
Latex 6 KPS 92 x 1073 22 x 1073 94 581 —0.26 9.4 x 10"
Latex 7 KPS 9.1 x 1073 22x 1073 87 325 —0.05 5.4 x 102
SMB 9.4 x 1073
Latex 8 LPO 93 x 1073 22 x 1073 59 389 — 0.76 3.3 x 102
Latex 9 KPS 9.6 x 1073 1.9 x 1073 43% 170 — 0.04 3.5 x 10"
SMB 9.6 x 1073

@ All experiments were carried out with 10 wt % of styrene; hexadecane = 5.2 wt %/styrene; T = 75 °C (except Latex 9, T = 40 °C).  kq values (s™')
are as follows. 2,2'-Azobis(isobutyronitrile) (AIBN): kg = 9.06 x 107> s™! (75 °C /styrene, from ref 43). Potassium persulfate (KPS): kg = 4.35 x 107° 57!
(75 °C /water, from ref 44). KPS/Sodium metabisulfite (SMB): kg = 2.7 x 107* s™! (75 °C /water from ref 45). Dilauroyl peroxide (LPO): kg = 1 x 10™*
s! (74.8 °C/styrene, from ref 43). © Obtained by dynamic light scattering. 490% conversion achieved within 22 h (D, = 406 nm; Poly = 0.12). ¢ 86%
conversion achieved within 22 h (D, = 403 nm; Poly = 0.43)./ 25% conversion achieved within 22.7 h (D, = 686 nm; Poly = 0.23). ¥ 94% conversion
achieved within 23 h (D, = 174 nm; Poly = 0.06).
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monomer as a function of time and the evolution of molar masses
and molar mass distributions as a function of monomer conversion.

Characterization Techniques. Monomer consumption was
followed by gravimetric analysis of samples withdrawn from the
polymerization medium at different times. The particle size
(hydrodynamic diameter, Dy) and the dispersity of the sample (Poly-
the higher this value, the broader the size distribution) were
measured by dynamic light scattering (DLS, Zetasizer HS1000 from
Malvern Instruments). The data were collected using the fully
automatic mode of the Zetasizer system, and depending on the size
distribution, either the monomodal analysis (the so-called cumulants
analysis) or the Contin analysis was performed. The number of
particles N, (mL ™' 4y is calculated using Dy, from DLS according
to eq 1, with 7 the solid content of the emulsion (g*mL ™[ ,.x) and
o the density of the particles (taking into account the conversion).

6T
paD;’

N,= (D)

The number of radicals per particle n is estimated using N, and
the concentration of propagating radicals [P°] determined experi-
mentally from the slope of In[M]y/[M], versus time curve (see
equation (2), which gives the rate of polymerization R;, as function
of [P*], with k, the rate constant of propagation (L-mol™"-s™"), [M],
the monomer concentration in the particles).

) N,
Ry =k [MI,[P] =k, [MI, @

The latexes (diluted solution deposited on a Formvar-coated
copper grid and allowed to evaporate) were further examined by
transmission electron microscopy at an accelerating voltage of 80
kV (Philips CM 120, Centre Technologique des Microstructures
(CTu), Claude Bernard University, Villeurbanne, France). The
number- and weight-average diameter (D, and D, respectively)
as well as the particle size dispersity (I, = D,/D,) were determined
using AnalySIS software (Soft Imaging System).

Molar masses and molar mass distributions of the dried polymers
were determined by size exclusion chromatography (SEC) using a
modular system comprising a Waters 515 HPLC pump and an
autosampler 717Plus (Waters). A precolumn (PLgel 5 zm) and three
columns [two PLgel 5 um Mixed C (300 x 7.5 mm?) and one
PLgel 5 um 500 A (300 x 7.5 mm?)] thermostatted at 30 °C were
used with tetrahydrofuran (THF) as eluent at a flow rate of 1
mL-min~!. Waters 410 refractometer was used for detection and
molar masses were calculated on the basis of a calibration curve
using low polydispersity polystyrene standards.

The particles in their dry state were analyzed using differential
scanning calorimetry (DSC). Appropriate amounts of samples were
sealed in aluminum sample pans and were prepared by compression
molding. DSC thermo-scans of the materials were then recorded
under a dry nitrogen atmosphere at a heating rate of 10 °C min ™!
from 20 to 130 °C, in two scans using a Setaram DSC 131
apparatus. The machine was first calibrated with a set of pure metals
(mercury, indium, tin, lead, and zinc). Glass transition temperature
(T,) was obtained from the inflection point method, whereas the
melting temperature (7},) was taken at the endothermic maximum.

Results and Discussion

PEO-RAFT Mediated Miniemulsion Polymerization of
Styrene. Prior to any polymerization experiment, the ability of
PEO-RAFT to stabilize a miniemulsion of styrene in water was
checked. Solutions of PEO-RAFT in water and hexadecane in
styrene were mixed together at room temperature and sonicated.
A miniemulsion exhibiting styrene droplet size close to 200 nm
(determined by DLS measurements) and which was stable for
at least 7 h (even if the particle size distribution became slowly
broader; see Supporting Information) was obtained. The same
procedure was also conducted with commercial hydroxylated
PEO (PEO-OH). However, in this case, the sonication step did
not allow the formation of a miniemulsion. These preliminary
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observations clearly show that enough PEO-RAFT molecules
are located at the interface between styrene droplets and the
aqueous phase to ensure the stabilization of the formed
miniemulsion.

Following these preliminary stability studies, miniemulsion
polymerization was then carried out with AIBN as initiator at
75 °C (Latex 1). The detailed experimental conditions and
features of the final latex are provided in Table 1. 59% monomer
conversion was reached within 7 h (and 90% conversion
achieved after 22 h, Figure la) with a slight induction period
of about 30 min. Samples were regularly withdrawn from the
polymerization medium and analyzed by SEC. As shown by
Figure 1b a shift of the corresponding SEC chromatograms
toward higher molar masses with conversion is observed. Indeed,
a linear evolution of M, with conversion can be plotted up to
high conversion while polydispersity indices (M/M,) remain
rather high (Figure 1c). The broad molar mass distribution (at
least three populations can be identified at low conversion)
suggests a quite complex polymerization mechanism. This also
likely explains the discrepancies between theoretical M, and
experimental values observed in Figure lc. Note that the best
fit of experimental M, is obtained by taking into account initiator
derived chains with AIBN efficiency f set to 0.2 using the
following equation:

[M]Omstyrcnc X (3)

M, =m +
TR RAFT) A2/ (1 — e

where M, is the theoretical number average molar mass, mgagr
is the molar mass of the macroRAFT agent, Mgyrene 1S the molar
mass of styrene, x is the fractional monomer conversion, [M]
is the initial monomer concentration, [RAFT], is the initial
macroRAFT agent concentration, [I], is the initial initiator
concentration, kg is the decomposition rate coefficient of the
initiator and t is the time. It should be noted that the
concentrations in this expression are all with respect to the total
organic phase.

Despite broad molar mass distribution, the corresponding
chains seem to be living as attested by the chromatograms shift
with conversion observed by SEC analyses (Figure 1b). If this
is effectively the case, the final latex should only be composed
of PEO-b-PS block copolymers. In order to investigate this last
point, DSC measurements after two temperature treatments were
performed on commercial PEO-OH (DSC1) and on a mixture
of PEO-OH and PS homopolymer in the same weight ratio as
in Latex 1 (DSC2), and compared to measurements carried out
on Latex 1 (DSC3) (Figure 1d). As expected, DSC1 showed
an endothermic effect corresponding to the melting of PEO (Tm
= 59 °C). The same endothermic peak is observed for DSC2
with an additional glass transition temperature (Tg) around 110
°C corresponding to the Tg of PS homopolymer. The absence
of melting of free PEO in DSC3 together with the low Tg
observed (80 °C) compared to the Tg determined in DSC2 (110
°C) is a strong indication of the formation of block copolymers
during the polymerization.

The particle diameter steadily increased during the polym-
erization, while the number of particles was divided by 10 (ratio
of the number of particles to the number of initial droplets N,/
Ny close to 0.1) (Figure le). These observations rule out the
possibility of particle formation via a true miniemulsion
polymerization, and suggest, together with molar mass observa-
tions mentioned above as well as the quite broad particle size
distribution observed by TEM (Figure 1f, D,= 373 nm, D,/
D,= 1.07), that the complex polymerization mechanism that is
taking place may be related to a partitioning of PEO-RAFT
molecules between the organic and the aqueous phase. Indeed,
in previous works, Rieger et al.** and our group” assessed the
ability of a PEO-based dithioester macroRAFT agent to act as
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a precursor of stabilizer in an ab initio emulsion polymerization
of styrene. In our case, the polymerization was very slow and
less than 5% conversion was reached in 7 h. From the beginning
of the polymerization, a pink organic layer was observed
indicating that free PEO-RAFT was likely located in the
monomer phase suggesting that PEO-RAFT was readily able
to migrate between the different phases. Thus, to better
comprehend our system we determined the partitioning of PEO-
RAFT between water and styrene at 75 °C, and found that only
46 wt % of PEO-RAFT remained in the aqueous phase. As a
result, although this value was determined in the absence of
monomer droplets (no HD and no sonication step—see Experi-
mental Section), PEO-RAFT may be located in various loci at
the beginning of the polymerization: in the water, in the styrene
droplets and at the water/droplets interface. Although hydro-
phobic, AIBN is able to initiate the polymerization in water
(water solubility = 0.04 wt %>°) and polymerization can thus
take place in water, at the water/droplet interface and inside
the droplets giving rise to several molar mass populations
consistently with the obtained SEC data and the number and
size of the obtained particles.

Whatever the mechanisms leading to their formation, steri-
cally stabilized and uncharged particles composed of PS-6-PEO
chains with controlled molar masses have been synthesized. The
formation of these particles does not fully obey to a miniemul-
sion process, and drawing a clear picture of the mechanisms
operating in this system would be so far quite risky, but it seems
reasonable (i) to think that particles can be created as originally
expected by the growth of PS segments from the interface of
PEO-RAFT stabilized droplets (i.e., from PEO-RAFT), (ii) that
PEO-b-PS formed in the aqueous phase could be efficiently
captured by existing droplets/particles due to the large surface
area available, (iii) that some of these droplets may act as
reservoirs for already nucleated ones and/or more likely that
coagulation of already formed particles may happen (this would
explain the decrease of N,), and (iv) not to exclude that side
micellar nucleation could happen by self-assembly of PEO-b-
PS copolymer forming in aqueous phase. The block copolymer
formation requiring early chain transfer reactions would account
for the observed induction period (see Figure la). As the
polymerization seems however to remain under RAFT control,
we further investigate the influence of different parameters on
this system such as the PEO-RAFT concentration, the concen-
tration and nature of the initiator and the polymerization
temperature.

Influence of PEO-RAFT Concentration. The results in the
previous section clearly showed the crucial role played by PEO
segments in the stability of the final latex. In this section we
will further focus on some aspects of the system. First, with
the two-fold goal of increasing the rate of polymerization and
narrowing the particle size distribution, experiments with higher
initial concentration of PEO-RAFT (i.e., higher potential of
particle stabilization) and a constant AIBN concentration were
performed, and the results are shown in Figure 2 and Table 1
(Latex 2 and Latex 3).

Increasing PEO-RAFT concentration leads to a significant
decrease of the polymerization rate (the slope of In([M]y/[M],)
vs conversion decreases accordingly, data not shown) together
with a slightly longer induction period (Figure 2a). This decrease
in rate could be regarded as a possible RAFT retardation effect™®
that would be emphasized by the increasing amount of PEO-
RAFT. Such a decrease in polymerization rate when increasing
macroRAFT agent concentration was already reported in the
literature. Indeed, Luo et al.*” performed RAFT miniemulsion
polymerization of styrene at 75 °C with hydrophobic PS-based
macroRAFT agents (PS-RAFT), using potassium persulfate
(KPS) as initiator, SDS as surfactant and hexadecane (HD) as
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hydrophobe. These experimental conditions were optimized to
fit the assumptions of their kinetic model. The authors mentioned
that increasing PS-RAFT concentration did not influence the
number of particles, results which indicated that the observed
retardation could not be adequately explained on this lone basis.
The observed decrease of the (calculated) average number of
radicals per particle n with PS-RAFT concentration was indeed
put forward. Our results are different: although n decreases with
PEO-RAFT concentration (Latex 1, n = 1; Latex 2, n = 0.16;
Latex 3, n = 0.06), the number of particles increases (Table 1).
Note that similar observation has been reported in the case of
a dextran-based macroRAFT agent used in ab initio emulsion
polymerization of vinyl acetate.®' Indeed, our system differs
from the one studied by Luo et al.,>” since we use a macroRAFT
agent (with a hydrophilic PEO-based R group) which not only
plays the role of the control agent but also of the surfactant. As
a result, an increase in macroRAFT agent concentration will
consistently lead to an increase in the number of particles, which
has been experimentally observed. The decrease in polymeri-
zation rate can thus find its origin in the fact that the decrease
of n seems to prevail on the increase of N, and eventually on
the kinetics (see eq 2). Considering the complexity of our
system, it remains however difficult to further comment on the
decrease of n and on any associated compartmentalization
effect'” and especially on whether and how compartmentaliza-
tion of the propagating radicals may affect the polymerization
rate and the controlled features of the system.

As expected in a controlled radical polymerization, the
results in Figure 2b show that the higher the concentration of
PEO-RAFT, the lower the molar masses. More surprisingly,
TEM photos from Latex 2 revealed morphologies in which
particles have lost their spherical shape and exhibited inside
holes, distributions in size, shape and holes being quite
inhomogeneous (Figure 2c). Direct TEM observation of Latex
3 was not possible due to the soft nature of the obtained particles.
This kind of morphology has already been observed by several
teams. Okubo et al.*®*>° reported a loss of the spherical shape
of the particles together with an increasing number of domains
with less contrast when increasing the concentration of the
poly(oxyethylene) nonylphenyl ether emulsifier in styrene
emulsion polymerization. Tauer et al. observed less contrast
domains® in surfactant free styrene emulsion polymerization
initiated with KPS in presence of a chain transfer agent*' or
employing symmetrical PEG azo inisurf in styrene emulsion
polymerization.** Although a clear understanding of the forma-
tion of these “holes” is missing so far, the origin of these
structures is likely associated with the presence and the
incorporation of the PEO chains inside the PS particles either
as homopolymers or as segments of a block copolymer. PEO
and PS being incompatible, PEO may either go to the aqueous
phase if it is a homopolymer or phase separate if it is part of a
block copolymer which is our case. These hydrophilic chains
would gather in a particular spot and water would accumulate
there later leading to holes when the particles are analyzed under
vacuum by TEM. This additional phenomenon complicates even
more the interpretation of the mechanisms leading to the
formation of the particles.

Influence of the Concentration and the Type of
Initiator. In a next series of experiments, the effect of the
variation of the initiator concentration was studied, using AIBN
as initiator and a constant initial amount of PEO-RAFT (2.2 x
107 mol-L™',). The results are shown in Figure 3. As
expected, a decrease in AIBN concentration leads to a decrease
of the polymerization rate, together with a longer induction
period (Figure 3a). The radical flux being lowered, the
nucleation of the particles is longer. This is best exemplified
by Latex 5 for which the concentration of AIBN is too low
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Figure 1. Miniemulsion polymerization of styrene mediated by poly(ethylene oxide)-based macromolecular agent for reversible addition-fragmentation
chain transfer (PEO-RAFT), initiated by 2,2'-azobis(isobutyronitrile) (AIBN) at 75 °C (Latex 1, see Table 1). (a) Evolution of monomer conversion
vs time, (b) evolution of size exclusion chromatograms with conversion, (c) number average molar mass (M,) and polydispersity index (M/M,) vs
conversion (please note that the full line corresponds to theoretical M, vs conversion without taking into account initiator derived chains, whereas
the dotted line takes into account AIBN derived chains with an arbitrary AIBN efficiency = 0.2), (d) differential scanning calorimetry (DSC)
measurements after the two temperature treatments carried out on [DSC1: a commercial PEO-OH. DSC2: a mixture of commercial PEO-OH (1
mg) and polystyrene (100 mg) prepared with the same theoretical weight ratio as Latex 1. DSC 3: Latex 1], (e) hydrodynamic diameter (Dy) and
ratio of number of particles (V) to the number of initial droplets (Ng) vs conversion, and (f) transmission electron microscopy photo of the final

latex.
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Figure 2. Influence of initial concentration of poly(ethylene oxide)-based macromolecular agent for reversible addition-fragmentation chain transfer
(PEO-RAFT) (2.2 x 1073 mol-L~L., (Latex 1); 4.4 x 1073 mol-L™',, (Latex 2); 6.4 x 107> mol-L™',, (Latex 3)) for the PEO-RAFT mediated
miniemulsion polymerization of styrene initiated by 2,2'-azobis(isobutyronitrile) (AIBN) at 75 °C. (a) Evolution of monomer conversion vs time,

(b) number average molar mass (M,) and polydispersity index (M,,/M,) vs conversion for Latexes 1, 2, and 3, and (c) transmission electron microscopy
photo of the final Latex 2 (see Table 1 for detailed experimental conditions).



952 Santos et al. Macromolecules, Vol. 42, No. 4, 2009

a) 100 3
[AIBN] (mol.L"".,))
mlatex 1: 9.1x10°
80 1 Olatex 4: 46x10°
X Latex 5: 5.6x 107
2
— 60 -
o
»
o [ ]
g 2 o
8 [ ]
] o
o
20 fo)
X
=
X
) S N - X X X ‘
0 2 4 6 8
Time (h)
b) 30000
251 MM,
20 "/"~“":5- (o)
i
25000 -, ,6:5’55
10
- 20000 -o0s -
"-— 0.0 + T T
g 0 20 40 60 80 100
= 15000 -
=) o '
= ° .
10000 - o O 4 =
=
5000 - 2
n
0 ; ; ‘ .
0 20 40 60 80 100

Conversion (%)

i®e

Figure 3. Influence of initial 2,2'-azobis(isobutyronitrile) (AIBN) concentration (9.1 x 1073 mol-L ™', (Latex 1); 4.6 x 1073 mol-L™, (Latex 4);
5.6 x 107* mol-L ™', (Latex 5)) for the miniemulsion polymerization of styrene mediated by poly(ethylene oxide)-based macromolecular agent for
reversible addition-fragmentation chain transfer (PEO-RAFT) at 75 °C (see Table 1 for detailed experimental conditions). (a) Evolution of monomer
conversion vs time, (b) number average molar mass (M,) and polydispersity index (M,/M,) vs conversion for Latexes 1, 4, and 5, and (c) transmission

electron microscopy photo of the final Latex 4. Please note that the contrast has been adjusted in order to enhance in the figure the lower contrast
domains, which were clearly observed during the actual TEM analysis.
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Figure 4. Influence of the type of initiator for the miniemulsion polymerization of styrene mediated by poly(ethylene oxide)-based macromolecular
agent for reversible addition-fragmentation chain transfer (PEO-RAFT) at 75 °C (AIBN, Latex 1; potassium persulfate (KPS), Latex 6; KPS/
sodium metabisulfite (SMB), Latex 7; dilauroyl peroxide (LPO), Latex 8—see Table 1 for detailed experimental conditions). (a) Evolution of

monomer conversion vs time, (b) number average molar mass (M,) and polydispersity index (M,/M,) vs conversion, and (c) transmission electron
microscopy photo of the final Latex 6.
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Figure 5. Influence of the polymerization temperature for the miniemulsion polymerization of styrene mediated by poly(ethylene oxide)-based
macromolecular agent for reversible addition-fragmentation chain transfer (PEO-RAFT) and initiated by the redox couple potassium persulfate/
sodium metabisulfite (75 °C, Latex 7; 40 °C, Latex 9—see Table 1 for detailed experimental conditions). (a) Evolution of monomer conversion vs
time and (b) number average molar mass (M,) and polydispersity index (M,/M,) vs conversion. Latex 1 (AIBN) is given as a reference.

to favor an efficient nucleation. From Latexes 1 to 4, the
contribution of AIBN derived chains being lowered, the molar
masses increase and the polydispersity indexes decrease

(Figure 3b). TEM observations of the particles formed using
the two highest AIBN concentrations (Latexes 1 and 4) revealed
spherical shapes with very small holes for Latex 4 (Figure 3c).
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Nucleation in the system using AIBN as an initiator is
associated with quite complex mechanisms as evidenced above
and shown by the presence of oligomers at low conversions
(distribution of the species in various loci—see Figure 1b). In
an attempt to narrow the molar mass distribution, two different
strategies have been investigated. First, water soluble initiators
such as KPS or the redox couple KPS/sodium metabisulfite
(SMB) were used to initiate the polymerization in the aqueous
phase (Latexes 6 and 7 in Table 1, respectively) and rapidly
locate the polymerization inside the particles. On the other hand,
to lower the extent of events occurring into the aqueous phase,
we also used highly water insoluble dilauroyl peroxide (LPO)
(Latex 8, Table 1, water solubility®> =2 x 10~ mol+L™"). The
polymerization proceeds at a significantly higher rate when using
water soluble initiators (Figure 4a), the redox couple being as
expected the more efficient as this system is supposed to
generate radicals more rapidly than KPS alone, and it should
therefore provide a more efficient nucleation of the droplets.
LPO did not induce a noticeable difference in the rate of
polymerization compared with AIBN. In all the cases, compared
to the AIBN initiated system, molar masses increased with
conversion without significant difference while the molar mass
distribution was slightly broader especially with the redox
system (Figure 4b). It should be noted that for the same
concentration of initiator, the particles obtained with KPS (Latex
6) exhibits clear holes (Figure 4c), whereas Latex 1 (AIBN)
does not. In the particular case of KPS (and for this PEO-RAFT
concentration), the presence of these holes may additionally be
related to the sulfate groups.*’

Influence of the Polymerization Temperature. The last
experiment consisted in decreasing the polymerization temper-
ature in order to better fit the starting miniemulsion formation
conditions. As mentioned at the beginning of this paper,
although an increase in temperature to 75 °C probably led to a
reorganization of the PEO-RAFT molecules between organic
and aqueous phases, the obtained miniemulsion was stable for
several hours at room temperature. In that respect, we decided
to perform the polymerization at a temperature that would better
reflect the starting arrangement of the different phases and thus
probably improve the particle size distribution. The redox couple
KPS/SMB was then employed to initiate the PEO-RAFT
mediated miniemulsion of styrene at 40 °C. A stable latex was
obtained at the end of the polymerization (23 h, 94% conversion,
Latex 9, Table 1 and Figure 5a). The evolution of molar masses
with conversion was very similar to the one observed at 75 °C
(Figure 5b), with however a strong increase in polydispersity
indices (>4) showing a rapid loss of control of the polymeri-
zation. Nevertheless, as shown by the evolution of the particle
size with conversion (Figure 5c), the miniemulsion features seem
to be kept with Dy, values close to 180 nm (and N,/Ny close to
1) all over the course of the polymerization. This experiment
shows that a true miniemulsion polymerization of styrene
mediated by PEO-RAFT can be performed with lower polym-
erization temperatures that do not disturb the initial partitioning
of PEO-RAFT between the different phases. Particle size issue
being fixed, molar mass distribution may then be improved by
the use of hydrophobic initiator with low decomposition
temperature. These experiments are currently under way in our
laboratories.

Conclusions

The present study reported on the use of a presynthesized
PEO-RAFT polymer used as both a stabilizer and a control agent
to mediate the miniemulsion polymerization of styrene. After
checking the ability of PEO-RAFT to stabilize a miniemulsion
of styrene in water, polymerizations were undertaken at 75 °C
using AIBN as initiator. DSC measurements and molar mass
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determinations showed that the system was living although
polydispersity indices reached values up to 2.2. This rather broad
molar mass distribution was indeed assigned to the presence of
different populations of controlled chain length arising from the
partitioning of PEO-RAFT between the aqueous phase, the
droplets and the water/droplets interface. This also led to a loss
of the miniemulsion features with N,/Ny well below the expected
value of 1. Complex mechanisms induced by PEO-RAFT
partitioning were indeed corroborated by the presence of holes
observed by TEM when PEO-RAFT concentration was raised,
and likely arising from the formation of buried PEO-b-PS block
copolymers. Attempts to improve the molar mass distribution
by varying the concentration and the nature of the initiator did
not work. A decrease in polymerization temperature consistent
with the starting miniemulsion stability in conjunction with the
use of an adequate hydrophobic initiator seemed to be the way
to obtain a true miniemulsion polymerization system with a
relatively constant particle diameter during the polymerization,
while maintaining a good level of control.

Supporting Information Available: Figure showing the aging
of the droplet diameter with time for a styrene miniemulsion. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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