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Abstract RAFT miniemulsion polymerizations of styrene
with living polystyrene (PSlc) serving as both RAFT reagent
and polymer costabilizer were investigated. Theminiemulsion
upon aging at 25 °C showed satisfactory stability against the
Ostwald Ripening process. The rate of polymerization for
RAFT miniemulsion polymerization initiated by oil-soluble
AIBN is much slower than that for the water-soluble SPS
counterpart. In addition to the predominant monomer droplet
nucleation, much stronger particle nucleation taking place in
the continuous aqueous phase (homogeneous nucleation) for
the run with AIBN was observed. It is the different extents of
homogeneous nucleation that is responsible for the quite
different kinetic behaviors between the RAFT miniemulsion
polymerizations initiated by different types of initiator (AIBN
versus SPS). Furthermore, increasing initial molar ratio of
RAFT reagent to AIBN greatly enhances the characteristics
of RAFT polymerization (i.e., better control over polymer
chain growth with the progress of polymerization).

Keywords RAFTminiemulsion polymerization . Living
polymer costabilizer . Ostwald ripening . Kinetics

Introduction

Controlled/living free radical polymerizations are of increas-
ing importance in industry because they are capable of syn-
thesizing polymeric materials with well controlled molecular

weight and molecular weight distribution, molecular architec-
ture and desirable end-functionalities [1, 2]. Some representa-
tive techniques include nitroxide-mediated polymerization
(NMP) [3], atom transfer radical polymerization (ATRP) [4]
and reversible addition fragmentation transfer polymerization
(RAFT) [5–7]. The principles of NMP and ATRP are based on
reversible termination reaction, whereas RAFT is based on
reversible chain transfer reaction [8]. Among these ap-
proaches, perhaps RAFT polymerization is the most promis-
ing one because it offers many advantages such as compatible
with a wide range of monomers, a broad range of reaction
conditions and a variety of processes (e.g., bulk, suspension,
emulsion and miniemulsion) [9–12].

The key feature of RAFT polymerization is the chain equi-
librium reaction between propagating radicals and dormant
species, as shown in Scheme 1 [13]. The activating
group must activate the carbon-carbon double bond of
monomer toward radical addition, but not imparts sig-
nificant stabilization to intermediate radical. In contrast,
the leaving group should be a good homolytic species and ca-
pable of reinitiating polymerization [14, 15]. Thiocarbonyl com-
pounds such as dithiocarbamates, xanthates, dithiocarbonates
and trithiocarbonates are commonly used as RAFT reagents
[5]. Among these RAFT reagents, trithiocarbonates
(e.g., dibenzyl trithiocarbonate (DBTTC) illustrated in
Scheme 1) are of great importance as they contain two
homolytic leaving groups that allow polymer chain segments
grow in two directions. In addition, trithiocarbonates exhibit
high chain transfer constant and are hydrolytically stable
[16, 17].

Emulsion polymerization is an important process widely
used in plant production of water-based polymers for indus-
trial applications such as thermoplastics, paints and coatings
and adhesives because it provides a green process in large
scale production, easy heat removal and convenient handling
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of final products with high solids content [18, 19]. However
some problems such as poor control in polymer molecular
weight and molecular weight distribution, transport of very
hydrophobic species in heterogeneous reaction system, high
level of coagulum and phase separation occur during polymer-
ization [20–23]. Living RAFT miniemulsion polymerization
serves as an alternative to overcome these problems.
Miniemulsion is prepared by homogenizing a mixture of
monomer, water, surfactant and costabilizer under high shear-
ing to achieve submicron monomer droplet size (50–500 nm
in diameter) [24, 25]. The resultant miniemulsion droplets
exhibit an extremely large total oil–water interfacial area
available for particle nucleation therein. The extremely hydro-
phobic costabilizer incorporated into miniemulsion droplets
suppresses diffusion of monomer from small droplets with
higher interfacial energy to large droplets with lower interfa-
cial energy (termed Ostwald Ripening). Incorporation of sur-
factant into the colloidal system is a must in order to prevent
coalescence among miniemulsion droplets and achieve high
colloidal stability. Anionic surfactants are commonly used to
provide adequate miniemulsion stability during storage and
polymerization [26–28]. Reimers and Schork [29, 30],
employed polymethyl methacrylate as costabilzer in stabiliz-
ing miniemulsions against Ostwald ripening and then studied
particle nucleation mechanisms involved in subsequent
miniemulsion polymerizations. They claimed that it was the

monomer droplet nucleation that predominated in the
polymerization.

In this study, the authors synthesized living polystyrene
using DBTTC as RAFT reagent and then used it as
costabilizer (denoted as PSlc) in ST miniemulsion polymeri-
zations. The objective of this work was to evaluate the effec-
tiveness of PSlc in stabilizing ST miniemulsions against
diffusional degradation of submicron monomer droplets
upon aging at room temperature. Another major thrust
was to investigate the mechanisms and kinetics involved
in RAFT miniemulsion polymerizations of ST with PSlc
acting as both RAFT reagent and costabilizer. The re-
sults obtained from this work may help gain a better under-
standing of RAFT polymerization occurring within a large
population of submicron reactors (i.e., miniemulsion
droplets).

Experimental

Materials

The chemicals used include styrene (ST, Taiwan Styrene),
sodium dodecylbenzene sulfonate (SDBS, Sigma-Aldrich),
Emulgen 950 (a polyoxyethylene nonylphenyl ether with 50
units of ethylene oxide, Kao Soap), sodium bicarbonate

Scheme 1 The mechanism of
RAFT polymerization of ST
using dibenzyl trithiocarbonate
(DBTTC) as RAFT reagent,
where I is the initiator radical, Pm
and Pn are the polymeric radicals
with m and n units of styrene
(ST), respectively, and R is the
radical originating from the
leaving group. Note that R serves
as both activating and leaving
groups in RAFT polymerization
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(Riedel de Haen), sodium persulfate (SPS, Riedel de Haen), 2,
2′-azobisisobutyronitrile (AIBN, Sigma-Aldrich), benzyl
chloride (Acros), carbon disulfide (Panreac), sodium sulfide
hydrate (Acros), tributylmethylammonium chloride solu-
tion (75 %, Acros), methanol (Union Chemical Ind.),
ethanol (Union Chemical Ind.), a series of polystyrene
(PS) standards for gel permeation chromatography
(GPC) calibration (Shodex), tetrahydrofuran (THF, Acros),
nitrogen (Ching-Feng-Harng) and deionized water
(Barnsted, Nanopure Ultrapure Water System, specific con-
ductance <0.057 μS cm−1). ST was purified at 40 °C under
reduced pressure and stored at 4 °C before use. Other
chemicals were reagent grade and used as received.

Preparation and characterization of living polystyrene
costabilizer

DBTTCwas synthesized according to the literature [31]. First,
58.5 g of sodium sulfide hydrate, 3 g of 75% aqueous solution
of tributylmethylammonium chloride, 35.4 g of carbon
disulfide and 150 mL water were charged to a 500-mL
reactor equipped with a mechanical agitator and a ther-
mometer. The mixture was then stirred for 1 h. The
reactionmixture turned to bright red immediately after sodium
trithiocarbonate was produced. Subsequently, 100.8 g of ben-
zyl chloride was added to the reactor over a period of 15 min.
The mixture was stirred at 50 °C for 3 h and then at 70 °C for
additional 30 min. To complete the reaction, 1.5 g of
tributylmethylammonium chloride was added to the reaction
mixture without heating overnight. A yellow semi-solid prod-
uct containing DBTTC (bottom layer) was separated from the
aqueous phase (upper layer) using a funnel separator. The
crude DBTTC product was washed repeatedly by excessive
ethanol. The crystalline product was then filtered and
dried at 50 °C. The product was characterized by 1H-NMR
and 13C-NMR.

Living polystyrene costabilizer (PSlc) was prepared by an
isothermal bulk RAFT polymerization process. First, 50 g of
ST and 1.39 g of DBTTC (RAFT reagent) were charged to a
100-mL reactor equipped with a mechanical agitator, a reflux
condenser and a thermometer immersed in a thermostatic oil
bath. The reaction mixture was then purged by nitrogen for
10 min to remove dissolved oxygen, followed by raising the
reactor temperature to 110 °C. The thermal polymerization of
ST in the presence of DBTTC then proceeded for 24 h. The
resultant PSlc was precipitated by excessive methanol and
allowed to stand overnight. This was followed by filtration
and then thorough rinse of PSlc by excessive methanol and
water. The PSlc sample thus collected was dried in a vacuum
oven at 60 °C over a period of 24 h. The number-average
molecular weight (Mn) and polydispersity index (PDI=Mw/
Mn, where Mw is the weight-average molecular weight) data
for PSlc were determined by GPC (Waters, 2410) in

combination with a calibration curve established by a series
of PS standards.

Preparation and characterization of miniemulsions

ST miniemulsion was prepared by dissolving 8 mM of SDBS,
0.6 mM of Emulgen 950 and 2.66 mM of sodium bicarbonate
in 114 g of water and dissolving 2.77 g of PSlc in 27.23 g of
ST, respectively. The volume fraction of PSlc in ST (φp) was
0.08. This was followed by mixing the oily and aqueous so-
lutions with a mechanical agitator at 500 rpm for
10 min. The resultant emulsion was then homogenized
with the ultrasonic homogenizer (Misonic sonicator
3000) for 24 cycles of 100 s in length with 40 s off-
time, and the output power was set at 24 W. The hy-
drodynamic miniemulsion droplet diameter (dm) data
were obtained from dynamic light scattering (DLS,
Malvern, Zetasizer 1000HSA). The sample was diluted
with water to eliminate the multiple scattering effect.
The dilution water was saturated with SDBS (critical
micelle concentration (CMC)=1.8 mM [32]), Emulgen
950 (CMC=0.294 mM [33]) and ST. In this manner,
diffusion of SDBS, Emulgen 950 and ST species from
miniemulsion droplets into the continuous aqueous phase
was prohibited.

ST miniemulsion polymerization kinetics

Immediately after homogenizat ion, the resultant
miniemulsion was charged into a 500-mL reactor equipped
with a four-bladed fan turbine agitator, a thermocouple and a
reflux condenser and then purged with nitrogen for 10 min to
remove dissolved oxygen, while the reactor temperature was
brought to 70 °C. The initiator solution (2.8 mM of
water-soluble SPS based on total water volume) was
then charged into the reactor to start the polymerization,
and the temperature was kept constant at 70 °C
throughout the reaction. For the polymerization initiated
by oil-soluble AIBN, 0.08 g of AIBN was dissolved in
the oil phase containing 2.77 g of PSlc and 27.23 g of
ST immediately before the preparation of miniemulsion.
The agitation speed was set at 350 rpm over a period of
6 h. The latex product was filtered through 40-mesh and
200-mesh screens in series. The hydrodynamic particle
diameter (d) of the sample taken during the reaction
was determined by DLS. In addition, the morphology
of final latex particles was observed by transmission
electron microscopy (TEM, Jeol, JEM-1400). Fractional
monomer conversion (X) was determined by the gravi-
metric method. Evolution of molecular weight and mo-
lecular weight distribution of polymer during the reac-
tion was measured by GPC (Waters, 2410)
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Results and discussion

Characterization of living polystyrene costabilizer

Figure 1 shows the 1H-NMR spectrum of DBTTC, in which
the ratio of the integral area of the characteristic peak at chem-
ical shift (δ)=4.684 ppm (a) to that of the characteristic peak at
δ=7.3–7.4 ppm (b) is 1:2.45, which is reasonably consistent
with the theoretical ratio (1:2.50). The characteristic peaks of
DBTTC obtained from 13C-NMR spectrum further confirm
the molecular structure of DBTTC (Fig. 2).

Mn and PDI of PSlc obtained from GPC (Fig. 3) are
8703 g mol−1 and 1.09, respectively. The very narrow molec-
ular weight distribution (PDI=1.09) reflects the major charac-
teristics of bulk RAFT polymerization used in this work.

Ostwald ripening behavior of ST miniemulsions

Effect of polymer costabilizer molecular weight

According toMorton equation [30, 34], the chemical potential
(△μm) of a two-component disperse phase system, in which
droplets of monomer and polymer dispersed in the continuous
aqueous phase can be expressed as follows:

Δμm ¼ ln 1−φp

� �
1−1=nð Þφp þ χmpφp

2 þ a=α ð1Þ

whereφp is the volume fraction of polymer in the oil phase, n
is the number-average degree of polymerization, χmp is the
interaction parameter between monomer and polymer, a is
the droplet radius, and α is defined as 2σVm/(RT), in which
Vm is the molar volume of monomer and σ is the oil–water
interfacial tension. As expected, the larger the value of n (i.e.,
polymer molecular weight), the higher the △μm. This implies
that the effectiveness of polymer costabilizers in retarding the
Ostwald ripening process involved in a two-component dis-
perse phase system decreases with increasing polymer
costabilizer molecular weight. Thus, higher levels of polymer
costabilizer are generally required to produce stable ST
miniemulsions, as compared to low molecular weight
costabilizers such as hexadecane. However, the effect of poly-
mer costabilizer molecular weight is beyond the scope of this
work. For those who are interested in this subject, refer to our
previous study [35], in which the effect of polymer
costabilizer molecular weight on the Ostwald ripening rate
(RO) was confirmed. It is noteworthy that the molecular
weight (8703 g mol−1) of PSlc is low enough to prepare kinet-
ically stable ST miniemulsions in this study.

Ostwald ripening rate of ST miniemulsions

Figure 4 shows the dm
3 versus time (t) data for the ST

miniemulsion upon standing at 25 °C. The Ostwald ripening
experiment was carried out twice to test the reproducibility.

Fig. 1 1H-NMR spectrum of
DBTTC
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The Ostwald ripening rate (RO=1/8 [d(dm
3)/dt]) [36, 37] ob-

tained from the slope of the least-squares best-fitted straight
line was (5.27±1.06)×10−21 cm3 s−1. For comparison, some
representative RO data for ST miniemulsions stabilized by
conventional polystyrene costabilizers (PSc) with comparable
Mn but much larger PDI taken from our previous studies [35]
are listed in Table 1. It is interesting to note that, for ST
miniemulsions with φp=0.08, PSlc is more effective in
retarding the Ostwald ripening process than PSc. This is most
likely due to the very narrow molecular weight distribution of

PSlc in comparison with the PSc counterparts. In other words,
a significant fraction of a particular PSc with a relatively large
PDI exhibits higher molecular weight than its Mn and, there-
fore, this part of PSc species does not effectively stabilize ST
miniemulsion against Ostwald ripening.

Polymerization kinetics of ST miniemulsions

The X versus t profiles for the miniemulsion polymerization
of ST stabilized by PSlc (φp=0.08) and initiated by 2.8 mM

Fig. 2 13C-NMR spectrum of
DBTTC

Fig. 3 GPC curve of living
polystyrene costabilizer
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SPS based on total water volume or 15.0 mM AIBN
based on the oil phase volume at 70 °C are shown in
Fig. 5. Each polymerization was carried out in duplicate
to evaluate the experimental reproducibility. The reproducibil-
ity of the duplicate polymerization initiated by SPS or AIBN
is quite satisfactory, as shown by the open and closed data
points in Fig. 5. It is shown that the rate of polymerization
(Rp=6.6×10

-3mol L−1 min−1) for the duplicate run with
AIBN is much slower than that (2.3×10 -2mol L−1 min−1)
for the SPS counterpart. The value of Rp (= [M]0 dX/dt, where
[M]0 is the initial monomer concentration (2.18 M in this
series of experiments)) was obtained from the slope of the
least-squares best-fitted straight line passing through the linear
part of the X versus t data points (Fig. 5). Furthermore, the
ultimate conversion (ca. 0.64) achieved for the duplicate run
with AIBN is much lower than that (ca.0.85) for the SPS
counterpart.

The dramatically different kinetic behaviors are primarily
due to the quite different d versus X profiles for polymeriza-
tions initiated by AIBN and SPS, as shown in Fig. 6a. The
value of d decreases rapidly from ca. 202 to 121 nm and then
levels off with the progress of polymerization initiated by
SPS, implying formation of tiny particle nuclei (ca. 100–

101 nm in diameter) via other mechanisms such as homoge-
neous nucleation or micellar nucleation (if present; generally
quite high levels of surfactants required to promote micellar
nucleation due to the extremely large total miniemulsion
droplet surface area) [38–41]. On the other hand, the
extent of homogeneous nucleation is less for the duplicate
run with AIBN (d decreases from ca. 222 to 161 nm and then
levels off with the progress of polymerization) as compared to
the SPS counterpart. It is interesting to note that even
miniemulsion polymerizations initiated by AIBN show
supporting evidence for the existence of homogeneous nucle-
ation [26, 42, 43]. Generation of particle nuclei smaller than
initial miniemulsion droplets results in a reduction in d.
Nevertheless, the authors do not intend to go into details about
particle nucleation and growth mechanisms because this sub-
ject is beyond the scope of this work. For those who are inter-
ested in this topic, refer to the aforementioned literature. In
addition to polymerization of miniemulsion droplets, poly-
merization in monomer-swollen particle nuclei generated by
homogeneous nucleation also contributes significantly to the
overall rate of polymerization. The number density of initial
miniemulsion droplets (Nd,i) was roughly estimated to be
4×1016 and 6×1016 L−1 for the duplicate run with AIBN and
SPS, respectively, based on DLS data. In a similar manner, the
number density of final latex particles (Np,f) was roughly es-
timated to be 1×1017 and 3×1017 L−1 for the duplicate run
with AIBN and SPS, respectively. Thus, the ratio of Np,f to Nd,

i (Np,f/Nd,i) is equal to 2.5 and 5.0 for the duplicate run with
AIBN and SPS, respectively. The higher the Np,f/Nd,i, the
stronger the homogeneous nucleation. These calculated

Fig. 4 Representative dm
3 versus time data for ST miniemulsion

stabilized by the living polystyrene costabilizer with Mn=8703 g mol−1

and φp=0.08. The Ostwald ripening experiment in duplicate was carried
out to test the reproducibility

Table 1 Some representative RO data for ST miniemulsions stabilized
by PS costabilizers

Costabilizer Mn PDI φp RO×10
21 (cm3 s−1) Ref.

PSlc 8703 1.09 0.08 5.27 This work

PSc 7142 1.68 0.08 16.98 [33]

PSc 8967 1.84 0.08 18 [33]

Fig. 5 Monomer conversion versus time profiles for the miniemulsion
polymerization of STstabilized by PSlc (φp=0.08) and initiated by SPS or
AIBN at 70 °C. The rate of polymerizationwas obtained from the slope of
the least-squares best-fitted straight line passing the linear part of the X
versus t data points. (filled square,white square) SPS (R2=0.9690), (filled
circle, white circle) AIBN (0.9830)
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results further support the mixed mode of particle nucleation
mechanisms for ST miniemulsion polymerization stabilized
by PSlc against Ostwald ripening and initiated by AIBN or
SPS. It should be noted that Rp is linearly proportional to the
number of latex particles per unit volume of water. The esti-
mated Np,f data suggest that Rp for the SPS-initiated polymer-
ization should be faster as compared to the AIBN-initiated
polymerization. Furthermore, particle nuclei generated by ho-
mogeneous nucleation do not contain any PSlc species since
transport of these hydrophobic polymer costabilizer chains
fromminiemulsion droplets to particle nuclei originating from
homogeneous nucleation is prohibited. As would be expected,
polymerization in those particles in the absence of PSlc (show-
ing conventional emulsion polymerization characteristics) is
much faster than that involved in PSlc-stabilized miniemulsion
droplets, in which RAFT polymerization is the predominant
mechanism. Another minor factor is segregation of free radi-
cals among polymerizing particles initiated by SPS that effec-
tively suppresses the effect of bimolecular termination within
particle nuclei originating from homogeneous nucleation. By
contrast, thermal decomposition of AIBN generates two free
radicals within a miniemulsion droplet, thereby leading to
enhanced bimolecular termination of two neighboring radicals
therein due to the cage effect. This then results in a reduction
in the initiation efficiency involved in the AIBN-containing
miniemulsion polymerization system. It is noteworthy that the

initial rate of initiation (Ri=2fkd[I]0, where f is the initiator
efficiency factor, kd the initiation rate constant and [I]0 the
initial initiator concentration) is 1.13×10−3 and 4.66×
10−5 mM s−1 for the runs with AIBN and SPS, respectively.
In the calculation, f was arbitrarily taken as unity, kd is equal to
3.78×10−5 and 2.33×10−5 s−1 at 70 °C for AIBN and SPS,
respectively [44]. In general, Rp increases with increasing Ri.
The reverse trend (Rp(SPS)>Rp(AIBN)) observed in this
study simply implies that Ri does not play an important role
in determining the polymerization kinetics. All these factors
contribute to the dramatically different kinetic behaviors illus-
trated in Figs. 5 and 6a. Representative TEM photographs for
the final latex products with SPS (at X=0.85) and AIBN (at
X=0.64) as the initiators are shown in Fig. 6b and c, respec-
tively. As expected, dry spherical polystyrene particles are
observed. The weight-average particle diameter (dw) and
polydispersity index index (PDI defined as dw/dn, where dn
is the number-average particle diameter) are 107 nm and 1.02,
respectively, for the run with SPS. As to the run with AIBN,
the values of dw and PDI are 140 nm and 1.22, respectively.
Furthermore, DLS results are quite consistent with TEM ob-
servation; the values of d and polydispersity are 121 nm and
0.11, respectively, for the run with SPS, whereas they are
161 nm and 0.63, respectively, for the run with AIBN. Note
that the larger the value of polydispersity, the broad the parti-
cle size distribution.

Fig. 6 a Hydrodynamic colloidal
particle diameter of latex particles
versus monomer conversion
profiles for the miniemulsion
polymerization of ST stabilized
by PSlc (φp=0.08) and initiated
by 2.8 mM SPS based on total
water volume or 15.0 mM AIBN
based on the oil phase volume at
70 °C. (filled square, white
square) SPS, (filled circle, white
circle) AIBN. b and c TEM
photographs for the final latex
products with b SPS (at X=0.85)
and c AIBN (at X=0.64) as the
initiators
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To gain a better understanding of the effect of initiators
with different water solubilities (AIBN versus SPS) on poly-
merization kinetics, the following empirical equation [45–48]
was used to simulate the kinetic data:

dX=dt ¼ k 1−Xð ÞmXn ð2Þ

where k is the reaction rate constant and m and n are
reaction orders. The modeling results are illustrated in
Fig. 7 (MATLAB 2012A). The dX/dt versus X data were
obtained from least-squares best-fitting the X versus t data in
Fig. 5 with a polynomial of X=a+bt+ct2+dt3, followed by
differentiating this polynomial with respect to t to give dX/dt=
b+2ct+3dt2. dX/dt was then expressed as a function of X with
the aid of the polynomial X=a+bt+ct2+dt3. A general feature
of RAFT miniemulsion polymerizations of ST stabilized by
PSlc and initiated by SPS or AIBN is that a maximal polymer-
ization rate exists at X=ca. 0.40 and 0.25 for the duplicate run
with SPS and AIBN, respectively. The kinetic parameters
(k, m and n) at 70 °C thus obtained are (3.89×10−2 min−1,
1.0610, 0.5316) and (1.85×10−2 min−1, 1.9770, 0.6352) for
the duplicate run with SPS and AIBN, respectively. The SPS-
initiated RAFT miniemulsion polymerization shows a larger
k, distinctly lower m and slightly lower n as compared to the
AIBN counterpart. The quite different reaction orders of m
provide supporting evidence for the quite different RAFT
miniemulsion polymerization kinetics arising from original
loci (continuous aqueous phase for SPS versus miniemulsion
droplets for AIBN) for initiation reactions to take place.

Another important effect of homogeneous nucleation is the
deviation from ideal evolution of molecular weight and mo-
lecular weight distribution of PS during RAFT miniemulsion
polymerization (Figs. 8 and 9). The dashed line represents the
least-squares best-fitted straight line passing through the ex-
perimental data points (i.e., the Mn versus X data) for the

duplicate run with AIBN (or SPS). Thus, the coefficient of
determination (R2) of the least-squares best-fit result serves
as an indicator for evaluating the quality of RAFT polymeri-
zation. That is, the higher the value of R2, the better the control
of polymer molecular weight growth. The value of R2 is
0.9684 and 0.9812 for the duplicate run with AIBN and
SPS, respectively. This result indicates that RAFT polymeri-
zation mechanism still predominates in the ST miniemulsion
system regardless of the type of initiator used, even though
conventional free radical polymerization within particle nuclei
generated by homogeneous nucleation and other side reac-
tions (e.g., bimolecular termination involved in the RAFT
polymerization mechanism) within particles originating from
miniemulsion droplets do occur therein.

The solid line in Fig. 8 represents the theoretical number-
average molecular weight (Mn,th=(nM,0MWMX/nRAFT,0)+
MWRAFT, where nM,0 and nRAFT,0 are the initial number of
moles of monomer and RAFT reagent and MWM and
MWRAFT the molecular weight of monomer and RAFT re-
agent, respectively) as a function of X [49]. In this manner,
the deviation of the Mn versus X data points from the Mn,th

versus X straight line, which is reflected in the coefficient of
determination (Rth

2), serves as another useful indicator for
studying RAFT miniemulsion polymerizations. Interestingly
enough, deviation of theMn versus X data from the theoretical
solid line (Mn,th) for the duplicate run with AIBN (Rth

2=
0.1960) is slightly smaller than that (Rth

2=0.2033) for the
SPS counterpart, that is, the experimental data for the dupli-
cate run with SPS are closer to the theoretical solid line, as
shown in Fig. 8. This result does not necessarily imply that ST
miniemulsion polymerization initiated by SPS performs better
in terms of polymermolecular weight control, as evidenced by
the PDI versus X data shown in Fig. 9, and apparently oil-
soluble AIBN is the initiator of choice in this study. One
possible explanation for theMn versus X data for the duplicate
run with SPS is that a larger fraction of high molecular weight

Fig. 7 dX/dt versus monomer conversion profiles for the miniemulsion polymerization of STstabilized by PSlc (φp=0.08) at 70 °C. a SPS and bAIBN.
The dashed line represents the least-squares best-fitted result based on the empirical equation dX/dt=k(1−X)mXn
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PS formed inside particle nuclei originating from homoge-
neous nucleation pushes experimental data points upward,
thereby leading to a larger value of Rth

2.
The above kinetic data clearly demonstrate controlled

growth of PSlc via the RAFT polymerization mechanism
in the two-component disperse phase system, though
some side reactions interfered with living free radical
polymerization to an appreciable extent. To further study

the effectiveness of RAFT polymerization, a series of
AIBN-initiated ST miniemulsion polymerizations with the ra-
tio of nRAFT,0 to nI,0 (nRAFT,0/nI,0) being set at 0.78 (nRAFT,0=
3.80×10−4 and nI,0=4.87×10

−4 mol), 2.50 (nRAFT,0=1.22×
10−3 and nI,0=4.87×10

−4 mol) and 10 (nRAFT,0=2.44×10
−3

and nI,0=2.44×10
−4 mol) were conducted, and the results

summarized in Fig. 10 and 11. Note that the run with the
highest nRAFT,0/nI,0 was achieved by using one half of nI,0

Fig. 8 Number-average molecular weight versus monomer conversion
profiles for the miniemulsion polymerization of ST stabilized by PSlc
(φp=0.08) and initiated by SPS or AIBN at 70 °C. (filled square, white
square) SPS (R2=0.9812), (filled circle,white circle) AIBN (0.9684). The
solid line represents the theoretical number-average molecular weight
(Mn,th). The dashed line represents the least-squares best-fitted straight
line passing through the experimental data points for the duplicate run
with AIBN (or SPS)

Fig. 9 Molecular weight distribution (PDI) versus monomer conversion
profiles for the miniemulsion polymerization of ST stabilized by PSlc
(φp=0.08) and initiated by SPS or AIBN at 70 °C. (filled square, white
square) SPS, (filled circle, white circle) AIBN

Fig. 10 Number-average molecular weight versus monomer conversion
profiles for the miniemulsion polymerization of ST stabilized by PSlc and
initiated byAIBN at 70 °C. nRAFT,0/nI,0: (filled square) 0.78 (R

2=0.9976),
(filled triangle) 2.5 (0.9954), (filled circle) 10 (0.9767). The solid line
represents the theoretical number-average molecular (Mn,th). The dashed
line represents the least-squares best-fitted straight line passing through
the experimental data points

Fig. 11 Molecular weight distribution (PDI) versus monomer conversion
profiles for the miniemulsion polymerization of ST stabilized by PSlc and
initiated by AIBN at 70 °C. nRAFT,0/nI,0: (filled square) 0.78 (0.9649),
(filled triangle) 2.5 (0.9476), (filled circle) 10 (0.9767). The numeric
value in the parenthesis represents the R2 for the least-squares best-fitted
straight line passing through the PDI versus X data points
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and 6.41 times as much as nRAFT,0 in the formulation with
nRAFT,0/nI,0=0.78. In this manner, the viscosity of PSlc solu-
tion was adequate to allow successful formation of ST
miniemulsion. Figure 10 shows that the value of R2 for the
least-squares best-fitted discontinuous straight line passing the
Mn versus X data for the run with nRAFT,0/nI,0 greater than 0.78
is larger than the duplicate run with nRAFT,0/nI,0=0.78. This
implies that increasing nRAFT,0/nI,0 results in well controlled
growth of PSlc chains during RAFT miniemulsion polymeri-
zation. More importantly, deviation between the experimental
data and theoretical evolution of molecular weight for PSlc
(see the solid lines in Fig. 10) is greatly reduced when
nRAFT,0/nI,0 is greater than 0.78. Nevertheless, the greatly in-
creased RAFT polymerization characteristics with nRAFT,0/nI,0
is achieved at the expense of desirable fast polymerization
rate. The corresponding PDI versus X data are shown in
Fig. 11. For comparison, least-squares best-fitted straight lines
passing through the PDI versus X data points are included in
the plot. It is shown that changes in PDI with X (i.e., the slope
of the least-squares best-fitted straight line) in increasing order
is: nRAFT,0/nI,0=10 (slope=0.30)<nRAFT,0/nI,0=2.50 (slope=
0.52)<nRAFT,0/nI,0=0.78 (slope=0.63). This trend implies that
the higher the nRAFT,0/nI,0, the stronger the effect of the RAFT
polymerization mechanism on the RAFT miniemulsion poly-
merization of ST.

Conclusion

RAFT Miniemulsion polymerizations of STwith living poly-
styrene (PSlc) serving as both RAFT reagent and polymer
costabilizer were investigated. The miniemulsion upon aging
at 25 °C showed satisfactory stability against the diffusional
degradation of monomer droplets (Ostwald Ripening). The
rate of polymerization for RAFT miniemulsion polymeriza-
tion of ST initiated by oil-soluble AIBN at 70 °C is much
slower than that for the water-soluble SPS counterpart.
Furthermore, the ultimate conversion achieved for the run
with AIBN is much lower than that for the SPS counterpart.
In addition to the predominant monomer droplet nucleation,
much stronger particle nucleation taking place in the continu-
ous aqueous phase (homogeneous nucleation) for the run with
AIBN was observed. It is the different extents of homoge-
neous nucleation that is responsible for the quite different
kinetic behaviors between the RAFT miniemulsion polymer-
izations initiated by different types of initiator (AIBN versus
SPS). To further study the effectiveness of RAFT polymeriza-
tion, a series of AIBN-initiated ST miniemulsion polymeriza-
tions with different initial molar ratios of RAFT reagent to
AIBN (nRAFT,0/nI,0) were carried out. Increasing nRAFT,0/nI,0
greatly promotes the influence of RAFT polymerization
mechanism on evolution of polymer molecular weight
and molecular weight distribution (i.e., better control over

polymer chain growth), but at the expense of desirable fast
polymerization rate generally experienced in conventional
miniemulsion polymerization.
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