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Initiated by Water-soluble and Oil-soluble Initiators
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Abstract The solubility of initiator determines its distribution and the roles played in emulsion polymerization as well as the final
products, but this is still lack of systematic investigation. The present work focuses on this issue by comparing the kinetic behaviors and
product properties of styrene emulsion polymerization initiated by 2,2-azoisobutyronitrile (AIBN) and potassium persulphate (KPS).
Compared to KPS-initiated emulsion polymerization, the AIBN-initiated polymerization was found to be insensitive to the type of
emulsifier, and have high polymerization rate as well as narrow molecular weight distribution and particle size distribution. This result
indicates the effective free radicals are generated in micelles or colloids, which could decrease the proportion of homogeneous nucleation
and make the process and product more controllable. As a consequence, there is a linear relationship between molecular weight of product
and AIBN concentration in 1g-1g coordinate. It provided a reference for the preparation of latexes with specified molecular weight and

supported the possibility of the coexistence of multiple free radicals in one micelle or colloid when using oil-soluble initiator.
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INTRODUCTION

Emulsion polymerization is an environmentally friendly app-
roach to producing high performance polymeric materials,
compared to the processes using volatile organic solvents
like solution polymerization or precipitation polymerization.
The water-borne emulsion polymers are widely used as
important components in adhesives, inks, paints, synthetic
rubbers, coatings, drug delivery systems, thermoplastics,
immune-diagnosis tests, and cosmetics.['~3]

Conventional emulsion polymerization process involves
the emulsification of monomers in water containing emulsifi-
er and following polymerization reaction in micelles or col-
loids. When using water-soluble initiator as a typical case,
the mechanism of emulsion polymerization has been thor-
oughly investigated to reach a common view of micellar nuc-
leation scheme, which is described as Smith and Ewart mod-
el.l*%] In detail, water-borne free radicals initiate the poly-
merization of monomers dissolved in aqueous phase firstly
to generate hydrophobic oligomeric radicals, and then the
oligomeric radicals are captured by micelles and further re-
act with the monomer therein. However, it is difficult to
avoid other scenarios. For examples, abundant free radicals
and deficient monomers in the aqueous phase may result in
the generation of low-molecular-weight polymers; the nucle-
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ation in aqueous phase may take place once the oligomeric
radicals reach high polymerization degree before being cap-
tured by micelles,[”l and Ozdeer ef al.[¥! even obtained latex
products with bimodal particle size distribution by the KPS-
initiated emulsion copolymerization of styrene and butyl ac-
rylate. In the past few decades, the usage of oil-soluble initi-
ators (e.g. AIBN) has been reported in emulsion polymeriza-
tion,[*~12] providing alternatives and offering some good per-
formance. For instance, Ali et al.l13] studied the emulsion
polymerization of 2-hydroxyethyl methacrylate (HEMA) and
found that stable latex products were produced only as using
oil-soluble initiators in combination with alkyl sulfate. Our
group successfully prepared monodispersed polystyrene nan-
olatex with poly(vinyl alcohol) (PVA) as the sole stabilizer
by using AIBN as initiator,[!4] which is difficult to be real-
ized by conventional emulsion polymerization with water-
soluble initiators due to the formation of coagulum during re-
latively long reaction time.[!-16] Besides, oil-soluble initiat-
ors are fit to produce non-ionic latex products, while water-
soluble initiators could decompose into ions to affect surface
charge properties of particles.[!7]

Unlike the water-soluble initiators, the oil-soluble initiat-
ors still face controversy in the mechanism of active species
generation and transportation during emulsion polymeriza-
tion, such as the position that effective radicals generate,[18:19]
although the polymerization kinetics might be similar when
using different initiators.[2°] One opinionl2!=24] considers that
the initiator dissolved in the aqueous phase generates the ef-
fective radicals since the pair of radicals formed in micelles
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or colloids tend to terminate once being formed. Another
opinion[25-26] considers that the desorption rate of the newly
formed radicals from the micelles or colloids is greater than
the rate of termination, so the initiators in micelles or col-
loids could provide most effective radicals. The former is
similar to what happens in emulsion polymerization initiated
by water-soluble initiator; the latter may result in a different
scenario without the transfer of oligomeric radicals from
aqueous phase to micelles. Therefore, the mechanism of
emulsion polymerization initiated by oil-soluble initiator
may be further revealed through systematically comparing
this process with the emulsion polymerization initiated by
water-soluble initiator.

In this work, typical oil-soluble initiator AIBN and water-
soluble initiator potassium persulfate (KPS) were selected to
conduct emulsion polymerization of styrene comparatively.
To cognize how the polymerization takes place, the time pro-
file of monomer conversion and the morphology, size, and
molecular weight distribution of final products were determ-
ined carefully. For different initiators, the effects of emulsifi-
er type and the ratio of initiator to monomer were investig-
ated separately to explore their differences. Then, by propos-
ing that the micelles are the dominant sites of free radical
generation and polymerization for oil-soluble initiator initi-
ated emulsion polymerization, the experimental results were
explained thoroughly from mechanism. The potential advant-
ages were discussed at last about oil-soluble initiator initi-
ated emulsion polymerization in the uniformity of products
and the usage of nonionic emulsifier.

EXPERIMENTAL

Chemicals and Materials

Styrene (St, Sinopharm) was washed with sodium hydroxide
aqueous solution (5 wt%) and water sequentially to remove
the polymerization inhibitors, and then purified by distilla-
tion under reduced pressure. Then, St and water were
stripped with nitrogen gas to remove dissolved oxygen for
at least 1 h before use. AIBN (J&K) was recrystallized
twice from ethanol. Water-soluble initiator KPS (Xilong
Chemical), the emulsifiers sodium lauryl sulfate (SLS, J&K),
sodium dodecyl benzene sulphonate (SDBS, Sinopharm),
Tween 20 (Xilong Chemical), and NaNOz were used as
received. The water used throughout experiments was ultra-

pure water produced from water purification machine
(Center 120FV-S).

Polymerization Reaction

The polymerization process with Tween 20 as emulsifier was
taken as an example for illustration. Tween 20 aqueous
solution was used as the continuous phase to dissolve water-
soluble initiator KPS. St was used as the dispersed phase to
dissolve oil-soluble initiator AIBN. The schematic of ex-
perimental set-up for polymerization reaction was based on
our previous report.!*l The continuous phase and the
dispersed phase were fed into a three-necked flask and
homogenized by continuous mechanical stirring (800 r-min”")
for 30 min under nitrogen atmosphere at room temperature.
The obtained emulsion was pumped through a stainless steel
coil emerged in thermostat to reach the desired reaction
temperature rapidly (< 30 s), and injected into a 100 mL
three-necked flask with magnetic stirrer (300 r-min~!) under
nitrogen atmosphere. A water bath was used to control the
reaction temperature. Timing started as the injection was just
finished. Samples were drawn from the reactor at preset time,
in which the products were precipitated by ethanol, separated
out by filtration, and dried in vacuum oven at 40 °C for
further characterization. The conditions of polymerization
experiments are listed in Table 1.

Analysis and Characterization

For latex particles, the morphology was characterized with
scanning electron microscopy (SEM, JSM 7401F, JEOL).
The test sample was prepared by sprinkling a trace amount of
dried polymer sample over the SEM sample stage which was
coated with a film of conducting resin, and then coated with
gold nanoparticles to prevent charge buildup from the
electron beam. The number-average molecular weight (M)
and polydispersity index (PDI) of the polymers were
measured with a Waters gel permeation chromatography
(GPC) instrument comprised of a Waters 2707 auto sampler,
a 1515 Isocratic HPLC pump, a 2414 refractive index
detector, and three GPC columns thermostated at 38 °C. The
instrument was calibrated with polystyrene standards. The
mobile phase was tetrahydrofuran (THF), of which the flow
rate was 1.0 mL-min"!. The data were processed by the
Breeze 2 software from Waters. The monomer conversion
was determined gravimetrically.

Table 1 Collection of experimental conditions and product characterization results ?

Content (g)

Entry ATBN KPS Tween 20 SDBS SIS NaNO; Ma > 107 PDI
I 01 - 3 - - 187 3.08
2 - 0.1 18 - - 0.889 4.05
3 - 0.01 18 - - 5.39 2.69
4 0.1 - 18 - 0.41 0372 217
5 0.005 - 18 - - 721 1.89
6 0.01 - 18 - - 6.14 2.07
7 0.05 - 18 - - 4.04 2.44
8 0.5 - 18 - - 0.603 241
9 1 - 18 - - 0.348 252
10 0.1 - - 0.744 - 137 402
11 0.1 - - 0.738 - - 178 3.42
12 - 0.1 - 0.738 - - 137 6.10

2 The contents of styrene and water were 10 and 60 g, respectively, for all experimental conditions.
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RESULTS AND DISCUSSION

Emulsion Polymerization Processes with Tween 20 as
Emulsifier

Two series of emulsion polymerization experiments were
carried out with Tween 20 as emulsifier, in which KPS and
AIBN were used as initiator, respectively. Fig. 1 presents the
time profiles of the conversion. It was found that the
monomer conversion of AIBN-initiated emulsion polymeri-
zation (entry 1) was always higher than that of KPS-initiated
emulsion polymerization (entry 2). After 50 min, the con-
version, My, and PDI for the AIBN-initiated polymerization
were over 90%, 1.87 x 10%, and 3.08, respectively, and those
for the KPS-initiated polymerization were less than 70%,
0.889 x 10°, and 4.05, respectively. Compared with KPS,
AIBN seems to initiate the polymerization more effectively
and contribute to obtaining polymer with lower PDI.
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Fig. 1 Time profiles of monomer conversion of various poly-
merization processes with Tween 20 as emulsifier. The initiator was
AIBN for entries 1 and 4, KPS for entry 2. NaNO2 was added for
entry 4 as well. The quantitative conditions included: initiator,
1 wt% of monomer; Tween 20, 3 wt% of water; phase ratio, 1:6; 7=
70 °C.

As well known, for KPS-initiated emulsion polymeriza-
tion, the aqueous solution is the main site where the effect-
ive free radicals are generated. The radical flux of KPS can
be calculated by R; = 2fk4[I], where /= 0.5,271 f; = 2.5 x
1073 s7! is the decomposition rate constants, [I] = 6.17 x
1073 mol-L! is the molar concentration of KPS in aqueous
solution and the calculated value of radical flux is R; =
1.54 x 1077 mol-L~1-s71. Similarly, if the effective free radic-
als of AIBN are generated in water, the radical flux will be
R; = 1.41 x 1078 mol-L7!'s7!, where /= 0.6,127] kg = 4.47 x
1073 s71, [1] = 2.625 x 10™* mol-L! on the basis of its solu-
bility in water.[?”l The calculated value of radical flux of
KPS is around ten times larger than that of AIBN. However,
Fig. 1 shows a fact that AIBN with lower radical flux rate
corresponds to higher polymerization rate. This contradic-
tion implies for the AIBN-initiated emulsion polymerization,
other sites may have significant contribution to free radical
generation.

Since AIBN is soluble in styrene, it is undoubted that most
of them exist in the micelles and monomer droplets. Luo
et al [28] stated that the addition of NaNO, could destroy free
radicals both within the micelles and in the aqueous phase,
and left the polymerization in monomer droplets alone, so

we carried out polymerization experiments in the presence of
NaNO, to reveal the contribution of polymerization in
monomer droplets (entry 4). As seen, both the polymeriza-
tion rate and the molecular weight were quite low. Evidently,
the polymerization in monomer droplets presented insignific-
ant enhancment of monomer conversion in AIBN-initiated
process. On the other hand, Tween 20 has dendritic hydro-
philic part in molecular structure, prone to generating mi-
celles with thick shell. Weiss, et al.[?°] measured the size of
Tween 20 micelles before and after solubilization with »n-
hexadecane and found that the oil molecules may be packed
in the shell of micelles. In this work, most styrene and AIBN
might exist in the shell of micelles as well, which could pre-
vent the in situ generated free radicals from bimolecular ter-
mination. So they could initiate polymerization effectively.
Van der Hoffl3% also supposed that the effective free radic-
als of oil-soluble initiators in emulsion polymerization may
be formed in the emulsifier layer at monomer-water interface.

Fig. 2 shows the SEM images of the products of entries 1
and 2. For the AIBN-initiated polymerization, the particle
size of the products was around 100 nm and relatively nar-
row distributed. For the KPS-initiated polymerization, the
particle size of the products was distributed around two quite
different values, and numerous particles far smaller than
100 nm existed. An explanation is that these small particles
just generated due to nucleation in aqueous phase. When us-
ing AIBN or other oil soluble initiator, the aqueous solution
is lack of free radicals, and the chain propagation in the
aqueous phase and perhaps nucleation can be inhibited dra-
matically, which is favourable for the uniformity of particle
size.

Fig. 2 SEM images of products of emulsion polymerization using
Tween 20 as emulsifier. The initiators were (a) AIBN and (b) KPS,
respectively. The quantitative conditions included: initiator, 1 wt%
of monomer; Tween 20, 3 wt% of water; phase ratio, 1:6; 7= 70 °C.

Effects of Emulsifier Type

Emulsifier plays important roles in emulsion polymerization.
The type of emulsifier determines the stability and rheology
of the resulting latexes and the polymerization rate.[3!:3]
Weiss et al!¥] reported that the mass transfer rate of
monomer from droplets into the micelles depended closely
on the molecular structure of the surfactant. They further
suggested that the interfacial mass transport coefficient of
Tween 20 micellar solution was relatively low. Herein,
contrast to the nonionic emulsifier Tween 20, conventional
anionic emulsifiers SDBS and SLS were selected to carry out
emulsion polymerization as well. These anionic emulsifiers
could form small monomer-swollen micelles with thin
surface layer.’!l The time profiles of monomer conversion
are shown in Fig. 3. The polymerization rate was obviously
increased with the substitute of Tween 20 by ionic emulsi-
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fiers, although the ratio of concentration to critical micelles
concentration (CMC) for SDBS or SLS (about 5) was far
lower than that for Tween 20 (about 500). The results were
related to the high interfacial mass transport resistance of
Tween 20, which hindered the monomer supply to micelles
and then slowed down the propagation rate of polymer
chains.

100 |
. 80
S
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=
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Fig. 3  The time profiles of monomer conversion of AIBN-

initiated emulsion polymerization with different emulsifiers. The
experimental formulations correspond to entries 1, 10, and 11;
initiator was 1 wt% of monomers; Tween 20 was 3 wt% of water;
SDBS was 1.23 wt% of water; SLS was 1.24 wt% of water; the
phase ratio was 1:6; 7= 70 °C.

Comparison was also extended to the emulsion polymeriz-
ation initiated by KPS, as shown in Fig. 4. No matter which
initiator was used, the emulsion polymerization rate with
SDBS as the emulsifier was always higher than that with
Tween 20 as the emulsifier. For the KPS-initiated emulsion
polymerization, the monomer conversion reached nearly
80% after 10 min polymerization when using SDBS, but
only reached 12% when using Tween 20. Compared with the
AIBN-initiated process, the KPS-initiated process was more
sensitive to emulsifier type and micellar structure. A plaus-
ible explanation is that the effective free radicals of AIBN
mainly generated in micelles or colloids and did not need to
get into emulsifier micelles like the oligomeric radicals initi-
ated by KPS did.
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Fig. 4 The time profiles of monomer conversion of KPS-initiated
emulsion polymerization with different emulsifiers. The experi-
mental formulations correspond to entries 2 and 12; initiator was
1 wt% of monomers; Tween 20 was 3 wt% of water; SDBS was
1.23 wt% of water; the phase ratio was 1:6; 7= 70 °C.

Effects of Initiator Concentration

During the emulsion polymerization process, the initiator
concentration, referred as the ratio of initiator to monomer,
has direct influence on the probability of chain initiation and
the polymerization degree of propagating chain. Higher
initiator concentration corresponds to more but shorter
propagating chains in common, decreasing the molecular
weight of obtained polymer. When using water-soluble
initiator, shorter propagation chains which possess less
chance to get into micelles, are more probably consumed by
chain termination reaction in aqueous solution. Therefore,
with the increasing of initiator concentration, more products
would generate in the aqueous solution, widening the
molecular weight distribution in general, as indicated by the
comparison of entries 2 and 3 in Table 1. With the KPS
concentration increasing from 0.1 wt% to 1 wt%, My
decreased from 5.39 x 103 to 0.889 x 10°, and PDI increased
from 2.69 to 4.05. Furthermore, Fig. 5(a) shows the time
profiles of monomer conversion in entries 2 and 3. As can be
seen, the increase of KPS concentration can accelerate the
polymerization process at initial but make the final monomer
conversion decrease. Capek et al.’'3* also found that for
emulsion polymerization of styrene with non-ionic emul-

100
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2 40f
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Fig. 5 Effects of initiator concentration on the time profile of monomer conversion in emulsion polymerizations initiated by
(a) KPS and (b) AIBN. The experimental formulations correspond to entries 1, 2, 3, and 6. Tween 20 was 3 wt% of water; the

phase ratio was 1:6; 7= 70 °C.
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sifiers, the maximal rate of polymerization decreased with
increasing initiator (APS) concentration, despite an increase
in particle concentration. An explanation is that the incre-
asing of initiator in aqueous phase might act against the
propagation of oligomeric radicals, and increase the pro-
bability of chain termination between oligomeric radicals.
Therefore, to prepare relatively uniform latex product, the
initiator concentration should be selected carefully for the
emulsion polymerization using water-soluble initiator, and
high initiator concentration is not appropriate.

Comparatively, AIBN-initiated emulsion polymerizations
were carried out with various AIBN concentrations, as
entries 1 and 6 in Table 1. Fig. 5(b) shows the time profiles
of monomer conversion. The results were quite different
from that shown in Fig. 5(a). The curves are almost over-
lapped, and the effect of initiator concentration is little. Cor-
respondingly, as the concentration of AIBN increased from
0.1 wt% to 1 wt%, M, decreased from 6.14 x 103 to 1.87 x
105, and PDI increased from 2.07 to 3.08. Compared with the
KPS-initiated emulsion polymerization, the variances have
the same tendency but are relatively small. This is because
for AIBN-initiated emulsion polymerization, the chain initi-
ation and chain propagation proceeded in micelles mostly,
which is independent of the initiator concentration. It may
endow the AIBN-initiated emulsion polymerization with the
merits of favorable flexibility and controllability in polymer-
ization performance.

Features and Potentials of Emulsion Polymerization
Initiated by Oil-soluble Initiator
Based on above comparisons on apparent kinetics and
products between the emulsion polymerization processes
initiated by AIBN and KPS, it was supposed that there exist
different scenarios depending on the solubility of initiator.
Fig. 6 shows the schematics of emulsion polymerization
processes, in which Figs. 6(a)-6(f) correspond to those us-
ing oil-soluble initiator, while Figs. 6(g)—6(1) correspond to
those using water-soluble initiator. Both groups involve three
common stages: initiation outside monomer droplets, nucle-
ation in micelles, and particle growth to deplete monomer.

Using oil-soluble initiator

Nevertheless, they have original difference in the location of
initiator. When using water-soluble initiator, the polymeriza-
tion is initiated in aqueous solution to generate oligomeric
radicals. Quite a few oligomeric radicals may penetrate into
micelles to carry out further polymerization. However, due
to the steric hindrance of the shell of micelle, some oligo-
meric radicals may still stay in aqueous solution to produce
oligomers by chain termination reactions. The proliferation
of these oligomers in aqueous solution can result in the de-
crease of M,, the broadening of PDI, and the appearance of
small particles (<< 100 nm) through homogeneous nucle-
ation and growth.[33] Such a case is more likely to occur as
using non-ionic emulsifier due to the proneness of generat-
ing micelles with thick shell.[3¢] When using the oil-soluble
initiator, the polymerization proceeds in micelles domin-
antly, and the generation of oligomers in aqueous solution
will be insignificant. Moreover, the shell of micelle does not
exclude free radicals from micelles but prevent them from
bimolecular termination, resulting in the acceleration of
polymerization process. Therefore, using oil-soluble initiat-
or in emulsion polymerization could benefit the control on
molecular weight and particle size, and diminish the effects
of micellar structure and aqueous phase polymerization.
These advantages over using water-soluble initiator have
been confirmed by comparative emulsion polymerization ex-
periments with Tween 20 as emulsifier, which may help to
expand the application of non-ionic emulsifiers to varieties
of emulsion polymerization systems.

Another advantage of using oil-soluble initiator to initiate
emulsion polymerization over using water-soluble initiator is
the capability of providing simple and confirmed sites for
various chain reactions. It could evade the complexity for
controlling and adjusting the molecular weight distribution
of products. Herein, the concentration of AIBN was adjusted
within an extended range from 0.05 wt% to 10 wt% to ex-
plore the potential of the AIBN-initiated emulsion polymer-
ization in molecular weight regulation. Fig. 7(a) shows the
time profiles of monomer conversion. When the concentra-
tion of AIBN was in the range from 0.1 wt% to 10 wt%, it
had no obvious difference in the polymerization rate, al-
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Fig. 6 Schematics of emulsion polymerization processes initiated by oil-soluble initiator and water-soluble initiator
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Fig. 7 Controllability of AIBN-initiated emulsion polymerization process with respects of (a) monomer conversion and (b)
product molecular weight. The experimental formulations correspond to entries 1, 5, 6, 7, 8, and 9. Tween 20 was 3 wt% of

water; the phase ratio was 1:6; 7= 70 °C.

though the generation rate of free radicals varied signific-
antly.[371 This implies that the rate-limiting step of these
polymerization processes might not be the polymerization it-
self but the mass transfer feeding monomer. However, when
the concentration of AIBN decreased to 0.05 wt%, the poly-
merization rate decreased obviously, indicating the polymer-
ization reaction in micelles became the rate-limiting step due
to the deficiency of AIBN therein. Overall, once the AIBN
concentration was not less than 0.1 wt%, it was supposed
that the molecular weight of the product would be determ-
ined by the amount of effective free radicals. Considering the
relationship between effective free radical and initiator, the
correlation between molecular weight and initiator is reason-
able. Fig. 7(b) shows a linear relationship between molecu-
lar weight of polystyrene and mass ratio of AIBN to styrene
in 1g-1g coordinate, which fits well with an exponential func-
tion:

M, = 8823y~ 06 (1)
where M means the molecular weight of obtained
polystyrene, w means the mass ratio of AIBN to styrene. The
fitting equation is a reference for the preparation of polymer
with specific molecular weight. The strong correlation bet-
ween M, and initiator concentration, as well as the confirmed
site where polymerization reaction takes place, also reflects
the potential coexistence of multiple free radicals in one
micelle or colloid when using oil-soluble initiator.

CONCLUSIONS

To clarify how the solubility of initiator influences emulsion
polymerization in terms of process and product, the kinetic
behaviors and product properties of emulsion polymerization
of highly hydrophobic styrene initiated by AIBN and KPS
were compared systematically in this work. It was found that
compared with KPS-initiated emulsion polymerization, the
polymerization initiated by AIBN was insensitive to the type
of emulsifier. In addition, the latter had higher polymeri-
zation rate as well as provided narrower molecular weight
distribution and particle size distribution than the former did
when using the non-ionic Tween 20 as emulsifier. These
results indicated that the effective free radicals of oil-soluble

initiators were generated in micelles or colloids and did not
need to penetrate their interface, which were different from
the scenario of water-soluble initiators. Besides, due to the
poor solubility of AIBN in water, the AIBN-initiated
emulsion polymerization decreased the proportion of
homogeneous nucleation and was more controllable in the
morphology and molecular weight distribution of polymer
products. Therefore, oil-soluble initiators were thought to be
more adaptive to emulsion polymerizations stabilized by
non-ionic emulsifiers or that have high quality demand on
the particle size or molecular weight distribution of products.
A linear relationship was also established between molecular
weight of emulsion polymer and the concentration of AIBN
in Ig-lg coordinate. The concentration of AIBN covers from
0.01 wt% to 10 wt% and molecular weight from 3.48 x 10*
to 6.14 x 103, providing a reference for the preparation of
latexes with specified molecular weight. Moreover, this
study implies the potential coexistence of multiple free
radicals in one micelle or colloid when using oil-soluble
initiator.
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