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ABSTRACT: A series of experiments were carried out on the soap-free emulsion poly-
merization mechanism of 4-vinyl pyridine (4VP)/styrene (St) and the solvent, ethyl
acetate (EA), by using the cationic initiator, 2,29-azobis(2-amidinopropane) 2HCl (V50).
To investigate the mechanism of polymerization in detail, a particular quasi-static
polymerization system—the reaction mixture in a sealed bottle allowed to stand with-
out agitation during the whole polymerization period—was employed. The partition of
monomers at ambient and solid content of the latex during the quasi-static polymer-
ization in the presence of 8 wt % EA was measured by 1H-NMR, and the variation of
particle size was observed by scanning electron microscopy (SEM). The solubility of 4VP
and St in water decreased as the amount of EA increased. Meanwhile, most of the EA
was partitioned in the oil phase, even in the cases where the charged amount of EA was
much lower than the solubility of EA (; 8 wt %) in water at ambient. The solubility of
EA in water was also affected by the composition of 4VP and St (i.e., increased as the
fraction of 4VP increased, but decreased as the fraction of St increased). This observa-
tion, as well as the quantitative analysis of the quasi-static emulsion polymerization,
indicated that the initial reaction in the soap-free emulsion polymerization was closely
related to the disturbance of the interface of monomer/water phase, which triggered the
generation of monomer droplets. Therefore, a new mechanism was proposed for the
nucleation of soap-free emulsion polymerization, namely, the nucleation was performed
in the droplets. The droplets absorbed the oligomeric radicals generated in the aqueous
phase to continue the polymerization, as well as to promote the colloidal stability of the
droplets. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 82: 2679–2691, 2001
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INTRODUCTION

In our previous work,1 ethyl acetate (EA) was
employed to increase the solid content of soap-free
emulsion polymerization of poly(4-vinyl pyridine-
co-n-butyl acrylate). Also, for investigating the

effects of EA on the soap-free emulsion polymer-
ization,2 the 4-vinyl pyridine [4VP(1)] and styrene
[St(2)] copolymerization system, of which the co-
polymerization reactivity ratios were disparate,
r1 5 1.04, r2 5 20.733 was selected. The study on
the properties and morphologies of resultant lati-
ces, which were carried out with ampoules, indi-
cated that, with the addition of EA, the copolymer
composition tended to be homogeneous irrespec-
tive of the disparate copolymerization reactivity
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ratios. Therefore, continuing work was devoted to
reveal the effects of EA on the mechanism of
P(4VP/St) soap-free emulsion polymerization in
detail.

In the past decades, the mechanism of emul-
sion polymerization was widely investigated for
almost all the factors that possibly affected poly-
merization behavior.4,5,6 Three well-known mod-
els, as comprehension of these works, were pos-
tulated, although some details of these mecha-
nisms are still disputed. They are micellar
nucleation, homogeneous nucleation, and mini-
emulsion mechanisms. On the basis of these
mechanisms, much work devoted to mathemati-
cal treatment has been published.7–11

However, both in the mechanisms and in the
mathematical equations, a term that directly re-
flected the influence of agitation on the process of
nucleation and particle size development could
not be found. This was inconceivable, because the
agitation, to some extent, was the original driving
force for the emulsion polymerization. In many
cases, without agitation, a successful emulsion
polymerization cannot be performed. Particularly
in the industrial scale production of emulsion la-
tex, it was common knowledge that agitation was
related to both the amount of coagulum and the
end properties of latex.4 Much work has been
devoted to the design of the stirrer, from the
shape of impeller to the mode of installation in a
reactor.12–16

In fact, attempts to introduce the agitation fac-
tors in the models have been done from earlier
times until now. The studies were mainly focused
on the effect of agitation on the particle number,
because the particle number is related to the po-
lymerization rate and affects the outcome of co-
agulation of particles during the polymeriza-
tion.4,17–23 For example, with the emulsion poly-
merization of St, Omi et al.17,18 found that the
final particle number decreased as the agitation
increased, using sodium oleate as emulsifier,
whereas Nomura et al.19 suggested that the size
of monomer droplet decreased as the agitation
rate increased, using sodium lauryl as emulsifier.
As for the soap-free emulsion polymerization of
MMA in a pilot scale reactor, Kawase22 found
that the particle size increased as the agitation
rate increased from 50 to 272 rpm. The size dis-
tribution was nearly monodisperse at the initial
stage, but broadened at high conversion at the
lower agitation rate, whereas at the higher agita-
tion rate, the size distribution became narrow.
Chen and Chang23 found the particle number at
the high agitation rate was higher than that at

the low agitation rate; therefore, he proposed that
the shear force had an important role in the nu-
cleation stage of the soap-free emulsion polymer-
ization of St with a low amount of 2-hydroxyethyl
methacrylate (HEMA). However, no further de-
tails were given for the effects of agitation on the
nucleation.

The other important effect of the agitation on
the mechanism of emulsion polymerization is the
size of monomer droplets and the transport of
monomers to the reaction loci. The classical the-
ory of Harkins24,25 describes the role of droplets
as a reservoir of monomers which supplies mono-
mers to the growing particles by the diffusion
process through the aqueous phase. The normal
size and number of monomer droplets are around
1–10 mm and on the order of 1011/L-latex, respec-
tively; hence the possibility of them becoming re-
action loci is negligible compared to the soap mi-
celles, the number of which is 1020-1021/L-latex.
His theory has been considered to be sufficient to
elucidate the experimental results of emulsion
polymerization conducted with hydrophobic
monomers such as St. It seems to the present
authors that his theory, for the diffusion process
of monomer in particular, has been overextended
without much dispute as to the emulsion poly-
merization involving more hydrophilic monomers.

It should be reasonable to presume that there
is no thermodynamic restriction for a hydrophilic
monomer, such as 4VP, to form smaller droplets
than that of St. Besides, two facts seemed to be
ignored in the emulsion polymerization system.
The first is that the collision of particles with the
monomer droplets, especially in the initial stage
at which the macroscopic volume or cross-sec-
tional area of monomer droplets cannot be negli-
gible, although their number is fewer than that of
the particles. The second is that the monomer
droplets are also capable of absorbing the oligo-
meric radicals, thereby starting polymerization in
the monomer droplets.4–6

Under the limitations of the monomer diffusion
process, some authors encountered a difficult
choice to explain their experimental results that
the initial copolymer chains were more abundant
in a hydrophobic monomer despite the disparate
reactivity ratios.26–32 Either the copolymerization
reactivity ratios obtained from the bulk copoly-
merization were not applicable26–29 or the hydro-
phobic monomer diffused much faster than that
expected in the emulsion copolymerization sys-
tem.30–32 Therefore, the most recent article pub-
lished by Samer and Schork30 proposed that there
was a substantial driving force for monomer
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transport other than the diffusion in the copoly-
merization of methyl methacrylate (MMA)/2-eth-
ylhexyl acrylate (EHA). In this context, related
experiments should be cited here that were de-
signed to detect the exit of radicals from a parti-
cle.6 Although it was realized that the oligomeric
radicals had difficulty exiting from a particle, as
well as the reentry to a particle via water phase
because of their hydrophobicity, the diffusion was
yet regarded as a unique way for the transport of
oligomeric radicals. One might wonder why mass
exchange could not occur at the moment of colli-
sion between two particles.

Therefore, to investigate the effect of agitation
as well as the role of monomer droplets in the
emulsion polymerization system, a unique exper-
iment, called quasi-static polymerization, was
carried out. Namely, the reaction mixture in a
sealed bottle was allowed to stand without any
agitation during the whole polymerization period.
This experiment originated from an occasional
observation that the polymerization preferen-
tially occurred at the upper layer of the aqueous
phase just below the interface of monomer/water
phase, when the 4VP/St polymerization system
(initiator, V50) stood still for a long time in a room
where the temperature was only slightly changed.
This observation was not coincidental with that
expected from homogeneous nucleation,5 accord-
ing to which the polymerization should homoge-
neously take place in the aqueous phase. More-
over, there is only one monomer droplet (i.e., the
monomer phase during the polymerization be-
cause mechanical agitation was not imposed). It
is beneficial for us to clarify the function of mono-
mer droplets and that of agitation in the polymer-
ization system. Additionally, as preliminary work
for these studies, the partitions of monomers and
EA were also measured.

EXPERIMENTAL

Materials

The following monomers, 4-vinylpyridine (4VP),
styrene (St), methyl methacrylate (MMA), and
solvent ethyl acetate (EA), were purchased from
Kishida Chemical Industries Co., Ltd. Water-sol-
uble initiator 2,29-azobis(2-amidinopropane),
2HCl (V50), and potassium persulfate (KPS) were
supplied by Wako Chemical Industry Co., Ltd. EA
was distilled under atmosphere. The other re-
agents were distilled under reduced pressure, ex-

cept the initiators V50 and KPS, which were used
without further purification.

Water used in all experiments was distilled
and deionized (DDI) with the conductivity of 18
MV cm21 by employing a Milli-Q water purifica-
tion system (Millipore).

Methods of Experiments

A standard recipe for polymerization is shown in
Table I.

Partitions of Monomers and EA

The mixture, which was formulated as shown in
Table I, was fully mixed with a pipette at ambient
and then allowed to stand for 2 h at 25°C. The
partitions of monomers and EA were determined
by 1H-NMR (ALPHA-500, JEOL). The typical
spectra and calculating methods are shown in the
appendix.

Quasi-Static Soap-Free Emulsion Polymerization

The quasi-static emulsion polymerization was
employed in this study. It can be defined as fol-
lows: the monomers, EA and water (total weight:
80 g), in a 100-mL screw bottle were fully mixed
with a pipette at ambient and allowed to stand at
25°C for 4 h. The bottle was then immersed in a
70°C water bath without any agitating. As shown
in Figure 1, approximately 0.1 mL latex was with-
drawn from a layer with a syringe at each sam-
pling. Because convection, resulting from the heat
flux and the sampling, was not avoidable in the
polymerization system, it was called quasi-static
soap-free emulsion polymerization.

Characterization

The partition, conversion, and concentration of
the monomers, as well as the composition of co-

Table I Typical Recipe for the Experiments
and Measurements of Partition

Monomer (wt %)
EAa

(wt %)
Water
(wt %)

Initiatorb

(wt %)St 4VP

5 5 8 82 2
MMA

10 90 2

a Variable (0–10) for measuring the partition of comono-
mer. The amount of water changed simultaneously.

b Based on the amount of monomer.
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polymers, were all determined by 1H-NMR oper-
ated at 500 MHz, 30°C, for which the methods of
calculation are shown in the appendix. The sam-
ple, withdrawn from the polymerization system
by a syringe, was directly injected into the NMR
tube and then diluted with approximately 103 vol
deuterated methanol (CD3OD), as soon as possi-
ble. The NMR samples were stored at 5°C before
measurements.

The size and shape of the dried microspheres
were observed by scanning electron microscopy
(SEM) (JEOL JSM-5310) and transmission elec-
tron microscopy (TEM) (Hitachi H-700H). The
SEM sample was prepared as follows: one drop of
diluted latex (1 3 1024 g/mL) was cast on a stage
covered with an aluminum film; after being dried
at room temperature, it was coated with a thin
gold film. The particle size was determined by
direct measurement of 200 particles/sample on a
SEM photo. The TEM specimen was prepared as
follows: one drop of dilute latex (1 3 1024 g/mL)
was cast on a copper mesh covered with a thin
collodion film coated with carbon, and then, after
drying, stained with CH3I vapor in a closed bottle
at room temperature for 3 or 4 days.

All of the phenomena and experiments were
reproducible.

RESULTS AND DISCUSSION

Partition of Monomers and EA

The partition coefficients for various monomers in
the copolymerization system are important pa-
rameters for the kinetic analysis4–6 with an ac-
curate estimation of monomer composition in the
polymer particles. In the present work, the parti-
tion of 4VP and EA had to be measured at ambi-
ent because 4VP polymerized readily at high tem-
perature, especially in the presence of initiator,
V50.

The variation of 4VP concentration in the
aqueous phase, as EA was added from 0 to 10 wt
%, is shown in Figure 2. It was found that, with
the increase of EA in the polymerization system,
the solubility of hydrophilic monomer in the aque-
ous phase, 4VP, decreased. On the other hand, as
shown in Figure 2, most of the EA was also par-
titioned in the oil phase, even when the amount of
added EA was lower than the solubility of EA in
water at ambient (; 8 wt %).33

Further investigation indicated that the con-
centration of EA in the aqueous phase shown in
Figure 2 was also affected by the composition of
monomers. It decreased as the fraction of 4VP
increased and increased as the fraction of St in-
creased in the comonomer.

The peak for St in NMR spectrum of the aque-
ous phase was very weak because of its low solu-
bility. Hence, the error accumulated from the cal-

Figure 2 Partition of 4VP, St, and EA in the aqueous
phase.

Figure 1 Illustration of sampling position in the qua-
si-static polymerization system.
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culation was considerable. However, the tendency
of the solubility of St in water seemed also to
decrease as EA increased.

As a result, it is too complicated to calculate
the partition coefficient for monomers, because
the concentrations of 4VP, St, and EA in the aque-
ous phase were dependent on the feed composi-
tion. However, it was clear that the solubilities of
monomers in the aqueous phase were controlled
by the amount of EA.

In many publications,1–2,27–31 an assumption
was frequently applied for explaining the unex-
pectedly fast transport of hydrophobic monomers.
The solubility, thereby the diffusion rate of hydro-
phobic monomer, was increased by the dissolution
of hydrophilic monomer in the aqueous phase.
This assumption may be taken for granted and
should be reconsidered according to the results
shown in Figure 2. For these results, we decided
to investigate several factors from the very begin-
ning of polymerization that probably affect the
kinetic behavior of polymerization in detail.

Quasistatic Polymerization

This experiment was intended to investigate the
nucleation process and the transport mechanism
of monomers, because there was only one big
droplet (i.e., the oil phase of monomer existed on
top of the aqueous phase). If the monomer mole-
cules diffused from the monomer phase into the
aqueous phase, it was reasonable to assume that
a concentration gradient from the interface of
monomer/water to the aqueous phase existed.
This concentration gradient was expected to be
detectable.

Phenomena of Experiments

As shown in Figure 3(a), the apparent nucleation
reaction took place preferentially in the layer just
below the interface of the oil/water phase. Fur-
thermore, as time elapsed, the nucleation reac-
tion in the bottom layer of the aqueous phase (i.e.,
the process where the transparent aqueous phase
became blue) was not observed. Instead, as shown
in Figure 3(b), the milky-white latex formed in
the upper aqueous layer settled down to the bot-
tom layer. This phenomenon was dependent on
the amount of added EA and the time of standing
still. The more the added EA and the longer the
standing time, the more enhanced the phenome-
non was. Apparently, this phenomenon was not in
agreement with that expected by the homogenous
nucleation mechanism postulated by Fitch,5

where the nucleation reaction should occur uni-
formly, because the concentration of water-solu-
ble monomer and initiator is uniform in the aque-
ous phase.

Two possibilities may be considered to account
for this anomalous phenomenon based on the ho-
mogenous nucleation mechanism. One may be
that the solubility of 4VP increased as the tem-
perature was elevated. Thereby, the concentra-
tion of monomer in the layer just below the inter-
face of the oil/water phase was higher than that
elsewhere. The second possibility may be that the
initially formed water-soluble oligomeric radicals
precipitated readily because of the higher concen-
tration of EA in the upper layer of the aqueous
phase. However, it should be noted that this
anomalous phenomenon was also observed both
in the soap-free emulsion polymerization of St
and in that of MMA, using V50 as an initiator
[Fig. 3(c,d)]. Therefore, the latter possibility was
rather remote.

To verify the influence of the former factor, the
solubilities of 4VP as well as that of MMA in the
aqueous phase were measured. As shown in Table
II, the data strongly imply that both the solubil-
ities of 4VP and the MMA decrease at higher
temperatures.

Other factors, thus, must be found to explain
this anomalous phenomenon. We considered that
it was probably related to the convective flux gen-
erated in the polymerization system at the begin-
ning of heating, thereby disturbing the interface
of monomer/water phases.

The quasi-static experiments were designed to
reveal the effects of disturbance of the interface of
the monomer/water phase on the nucleation pro-
cess. The mixture of MMA and water was allowed
to stand in a 70°C water bath for 1 h. Then, the
aqueous solution of V50 was charged into the
polymerization system by two modes: injected
into the bottom layer of the aqueous phase and
added dropwise from the monomer phase above.
With the former mode, the disturbance of the
interface, if there was any, was distant from the
layer where the initiator solution was added,
whereas, with the latter mode, the interface was
disturbed by the addition of initiator solution. It
was found that the reaction started soon after the
initiator was added with the latter mode, al-
though with the former initiator-charging mode,
it took about 5 min until the reaction began. Ad-
ditionally, the reaction took place locally some-
where above, rather than in, the layer where the
initiator solution was injected. Although it was
unavoidable to dilute the local concentration of
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monomer due to the injection of initiator solution
with the former mode, it was the best solution we
could find to cancel the effect of the formation of
monomer droplets, which were possibly generated

(the volume of estimated bottom layer/the volume
of V50 solution 5 ; 30 mL/4 mL).

It could be concluded that the nucleation took
place solely, or at least, preferentially in the area
near the disturbed interface of monomer/aqueous
phase. Consequently, the properties of the inter-
face of monomer/aqueous phase are important to
the progress of initial reaction.

On the basis of these results, we suggest that
this anomalous phenomenon was related to the
droplets formed from the disturbance of the inter-
face of monomer/aqueous phase by the convective
flux, and likely, by the decrease of solubility of
monomer in the aqueous phase while the temper-
ature increased. This suggestion is envisaged in
Figure 4(a). An area supersaturated by the mono-
mer was generated because of the disturbance of
convective flow to the interfacial layer or the de-

Figure 3 Progress of quasi-static experiments shown by photographs: (a) Initial
reaction; (b) settlement of particles; (c) settlement of monomer droplets before the
initial reaction occurred; (d) initial reaction; (e) settlement of monomer droplets before
the initial reaction occurred; (f) initial reaction.

Table II Solubility of 4VP and MMA in the
Aqueous Phase at Different Temperatures

Temperature (°C)

5 25 70 (0.5 h)

4VP (wt %) 1.27 0.84 0.93
EA (wt %) 2.63 1.97 1.70
MMA (wt %) 1.48 1.18 1.09

Formulated according to the recipe shown in Table I, ex-
cept for the addition of initiator. Time of stand still was 2 h,
except for 70°C.
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crease of the solubility of monomer. The monomer
droplets formed and absorbed the oligomeric rad-
icals generated in the convective flow or in the
aqueous phase elsewhere.

Other relevant evidence to support this postu-
lation may be obtained from the different behav-
iors arising from the types of initiator, V50 and
KPS, respectively. In the case of using V50, as
shown in Figure 3(c,d), a layer, likely comprising
a large amount of monomer droplets, was ob-
served originating from the interface of monomer/
water phase and extending to the aqueous phase
[Fig. 3(c)]. The reaction took place before it spread
over the whole aqueous phase because of the
higher decomposition rate of V50 (70°C; kd 5 1.15
3 1024 s21 28,34,35). Figure 3(d) evidently shows
that the polymerization preferentially occurred in
the upper layer of the aqueous phase, and then
the formed particles settled down. However, in
the case of using KPS, due to the slower decom-
position rate (70°C; kd 5 2.33 3 1025 s21 35), as
shown in Figure 3(e,f), the layer comprising
monomer droplets spread over the aqueous phase
before the occurrence of reaction [Fig. 3(e)]. A

nucleation reaction similar to that expected by
homogeneous nucleation4 was thus observed [Fig.
3(f)].

This mechanism sketched in Figure 4 seems to
resemble the micellar nucleation mechanism pos-
tulated by Goodall et al.36 and the two-stage
mechanism by Kawaguchi et al.26,27 However,
some substantial differences existed among them.
In Goodall’s micellar nucleation mechanism, the
initial oligomeric polymer, which was supposed to
be surface-active, precipitated to form a large
number of micelles; thereafter the monomer mol-
ecules diffused into these micelles. However, the
observations in Figure 3 strongly implied that the
droplets existed prior to the formation of micelles.

In fact, a good suggestion was given in the
two-stage mechanism postulated by Kawaguchi
et al.26,27 They claimed that the homogeneous
reaction in the aqueous phase was just a transi-
tional period during which the main reaction lo-
cus was transferred from the aqueous phase to
the particles. The propagating oligomeric radicals
would provide preferential loci for the condensa-
tion of hydrophobic monomer, such as St, because
of decreasing hydrophilicity. After the hydropho-
bicity of propagating oligomeric radicals reached
a certain extent, they precipitated to form the
nuclei. Obviously, this mechanism was proposed
to explain why the composition of hydrophobic
monomer was so high in the initial copolymer
reported by Kawaguchi et al.26,27,31,32 and Chen
and Chang.23 However, if the condensation of St
in the loci created by the hydrophilic oligomeric
radicals really occurred, at that time the accumu-
lated monomers surrounding the hydrophilic oli-
gomeric radical must grow to form a monomer
droplet, because the hydrophilic monomer should
also condense even more rapidly due to the higher
diffusion rate.

Quantitative Analysis

This experiment was designed to confirm quanti-
tatively the phenomena observed above. Mean-
while, as suggested by the results of partition
measurements, the transport of monomer was re-
garded as quite different depending on the pres-
ence of EA. The macroscopic mass transfer or the
process of monomer transferring to the aqueous
phase during the polymerization can be detected,
because there was only one big monomer droplet
(i.e., the oil phase existed in the quasi-static
emulsion polymerization system).

Briefly, the results of the experiment with 8 wt
% EA are shown as an example, because the pro-

Figure 4 Scheme of the initial reaction in the quasi-
static polymerization system.
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files obtained from adding various amounts of EA
coincided with those shown in this article.

The variations of concentration and composi-
tion of comonomer in three layers of the latex
phase (see Fig. 1) versus the polymerization time
are shown in Figures 5 and 6, respectively. It
clearly shows in Figure 5 that the concentration
of comonomer in the upper layer of the latex rap-
idly decreased in the initial stage. Meanwhile, the
concentration of comonomer in the bottom layer is
lowest with a gradual decrease. The concentra-
tion of comonomer in the middle layer was the
highest because of the increase of St, as shown in
Figure 6. These results coincide with the scheme
shown in Figure 4(a).

The polymerization occurred preferentially in
the upper layer, and then the formed particles
started to settle in the lower aqueous phase. The
rapid decrease of monomer in the upper layer was
due to the high polymerization rate and the set-
tling of particles. The middle layer, obviously,
acted as an accumulating hub for the species com-
ing down from the upper layer and coming up
from the bottom layer due to the convective flux.
The most noticeable characteristic of the middle
layer was that the concentration of St was very
high, compared with the other layers. This im-
plies that most of the species were transferred
from the upper layer, because the concentration
of St in the aqueous phase prior to the polymer-
ization was very low. The droplets, originating
from the disturbance of the interface of monomer/

water phase, contained a higher concentration of
St. They moved down to the middle layer by con-
vective flow, and St was accumulated because of
the higher polymerization rate of 4VP. The spe-
cies in the bottom layer were transferred from the
middle layer. Therefore, the concentration of
monomer was the lowest.

Other evidences to further support the above
results are the variation of solid content and par-
ticle number during the polymerization. As
shown in Figures 7 and 8, both the solid content
and the particle number in the bottom layer were
much higher than those in the other layers within
the first 10 min. This means that the initial set-
tling rate of particles was very fast because of the
high rate of convection at the beginning of heat-
ing. After 10 min, as shown in Figure 8, the par-
ticle number in the bottom layer decreased until
40 min, during the polymerization. It implies that
the settling rate from the middle layer decreased
because of the decrease of convective flow, and the
coagulation of particles occurred during this pe-
riod. This was the reason that the quasi-static
polymerization could not continue for a longer
time. After 40 min, the particle number in the
bottom layer dramatically increased again, obvi-
ously because of the settling of a great number of
particles from the middle layer compensating for
the formation of coagulum. On the other hand,
the particle number of the upper layer shown in
Figure 8 was almost constant after 10 min,

Figure 6 Variation of 4VP monomer molar fraction
at various layers of latex.

Figure 5 Variation of total concentration of 4VP and
St in various layers of latex.
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whereas the solid content shown in Figure 7 con-
tinuously increased. This indicated that the set-
tling of particles from the upper layer gradually
decreased because the driving force i.e., the con-
vection flow disappeared. Moreover, it seemed
that the generation of new particles in the upper
layer also ceased. It should be recalled that the
particle number generated in the quasi-static
emulsion polymerization was on the order of 1014/
L-Lx, which was on the same order as those pre-
pared by mechanical agitation.31,32,37 The particle
diameters were in the range of 0.30–0.55 mm
with 8% EA and 0.38–0.47 mm without EA, re-
spectively. The SEM micrographs of these parti-
cles are shown in Figure 9, where a kind of fuzzy
morphology was found in the presence of EA. It
was probably due to the etching effects of EA
existing both in the particles and in the aqueous
phase during the preparation of SEM samples.

The concentration of EA in the polymerization
system was also determined as shown in Figure
10. It was found that the concentration of EA in
the bottom layer was the lowest among the three
layers up to 20 min after the polymerization
started. This result possibly reflected the fact that
EA was not a good solvent for copolymer with
high 4VP content. It means that, in the droplets
or growing particles with a high concentration of
monomer, EA could exist in a considerable
amount, but as the monomer was consumed, EA
would probably be excluded from the particles,

because of the high fraction of 4VP in the initial
polymer (; 97 wt %). Hence, in the first 10 min,
the concentration of EA in the bottom layer
stayed almost unchanged with that at the equi-
librium prior to the polymerization (Table II), al-
though a great number of particles had settled.
After 10 min, the increase of EA in the bottom
layer probably depended on the diffusion of EA
from the aqueous phase of the middle layer in
accordance with the partition relationship dis-
cussed above, because the monomer concentra-
tion in the aqueous phase of bottom layer was
very low. The increase of EA in the aqueous phase
of the bottom layer may be related to the coagu-
lation of particles in this layer (Fig. 8), because
the permittivity of the aqueous phase decreases
with the increase of EA.2,6

The variation of concentration of EA in the
upper and middle layer was complicated because
of the existence of monomer both in the particles
and in the aqueous phase. However, compared to
the solubility of EA shown in Table II, the higher
concentration of EA in these layers implies that
most of the EA existed in the particles because of
the higher concentration of monomer in the initial
stage. This was probably the reason for the de-
crease of molecular weight with the increase of
EA, resulting in the reaction of chain transfer in
the polymerization system.2 The decrease in con-
centration of EA, as the polymerization pro-
gressed, indicated that EA tended to attain equi-
librium solubility in the aqueous phase when the
monomer was consumed.

Figure 8 Particle number in various layers of latex
versus polymerization time.

Figure 7 Solid content in various layers of latex ver-
sus polymerization time.
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The process of monomer transport promoted by
the concentration gradient of monomer was not a
major factor in this experiment. Furthermore, the
expected apparent decrease of the volume of
monomer phase, resulting from the monomer dif-
fusion, was not observed yet, even though this
polymerization was continued for 3 days in the
70°C water bath (latex coagulated). Instead, a
film was formed at the interface of monomer/latex
phases. It was readily understood that, without
agitation, the oligomeric radicals formed in the
aqueous phase were absorbed by the monomer
droplets and propagated onto the surface of mono-
mer droplets to form a film. This reaction was
considered one of the reasons for the coagulum
build-up in practical emulsion polymerization.3,4,5

Therefore, a reasonable deduction should be that
the interface of the monomer droplet/aqueous

phase must be dynamic for successful emulsion
polymerization; namely, the surface of droplets
must be continuously renewed by the shear force
and/or collision with particles resulting from the
agitation. What would happen while renewing
the surface of droplets in a polymerization system
with mechanical agitation is illustrated in Figure
4(b).

CONCLUSION

The solubility of 4VP and St in water decreased,
as the amount of EA increased, in the soap-free
emulsion polymerization system. Meanwhile,
most of the added EA partitioned in the oil phase,
even in cases where the charged amount of EA
was much lower than the solubility of EA in water
at ambient. The solubility of EA in water was also
affected by the composition of 4VP and St (i.e., it
increased as the fraction of 4VP increased, but
decreased as the fraction of St increased).

These phenomena, as well as the quantitative
analysis of the quasi-static emulsion polymeriza-
tion, indicated that the initial reaction in the
soap-free emulsion polymerization was closely re-
lated to disturbance of the interface of monomer/
water phase, thereby the generated droplets of
monomer. Therefore, a new proposal is given for
the nucleation reaction of soap-free emulsion po-
lymerization. Namely, the nucleation occurs in

Figure 10 Concentration of EA in various layers of
latex versus polymerization time.

Figure 9 Micrographs of particles prepared by
quasi-static emulsion polymerization.
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Figure A.1 Typical 1H-NMR spectrum and the assignment of peaks.
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the droplets. The droplets absorb the oligomeric
radicals generated in the aqueous phase to con-
tinue the polymerization. The oligomer mean-
while acts as emulsifier molecules promoting the
colloidal stability of droplets by decreasing the
interfacial tension of monomer droplets.

APPENDIX

The typical 1H-NMR spectrum and assignment of
peaks are shown in Figure A.1.

The area of peak was calculated automatically
by the machine because the peaks used, as shown
in Figure A.1, were isolated from each other.

For example, the average molar composition of
the copolymer, x4VP/St, was calculated as

x4VP/St 5

1
2 Ad58.3 ppm

1
3 Ad57.1 ppm

where Ad58.3 ppm is the integrated area of peak at
the chemical shift ; 8.3 ppm, which was consid-
ered to be the contribution of two 1H adjacent to
the N atom in the pyridine ring. Ad57.1 ppm is the
integrated area of peak at ; 7.1 ppm contributed
by the three 1H (para- and ortho-) of the benzene
ring.

The solid content of latex, wt %, was calculated
as

O Wt 5 Mv Ad58.3 1 Ms Ad57.1
2
3 1 Mw Ad54.9–5.0

1 Mv2Ad56.2 1 Ms2Ad55.8 1 MeAd54.4

wt % 5
Mv Ad58.3 1 Ms Ad57.1

2
3

OWt
3 100%

where the constants of Mv, Ms, Mw, and Me are the
molecular weights of 4VP, St, water, and EA,

respectively. The results of calculation were made
to three significant figures because the difference
of integrated areas of the equivalent peaks, such
as Ad56.2 ppm and Ad55.6 ppm, usually started from
the third figure.

However, two cases were confronted in prac-
tice. Case one was that the specimen, generally in
the beginning of polymerization, was soluble in
CD3OD. In this case, the concentration of mono-
mer, solid content, and composition of monomer
and (co)polymer were calculated via one NMR
spectrum. Case two was that the specimen was
insoluble in CD3OD when the content of St in
polymer reached a certain level. In this case, the
concentration and composition of monomers as
well as the concentration of EA were derived by
the same method as Case one, although an error
was unavoidable, resulting from the insoluble
polymer. However, this error was negligible, be-
cause the total solid content of polymerization
system was just 10 wt %, and the maximum error
was estimated to be lower than 5%.

In Case two, deuterated chloroform (CDCl3)
was used to dissolve the dried latex, and then the
composition of copolymer was calculated. Mean-
while, the conversions were determined by
gravimetry.

Because two different methods were used in
Case two (i.e., NMR and gravimetry) to determine
the conversion of monomer, it was necessary to
investigate if the data derived from the two meth-
ods were comparable with each other. Table A.I
shows the results derived from the two methods.
It was found that the data agreed well.
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