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Abstract We have studied the kinetics and mechanism of
particle nucleation in the emulsion polymerization of vinyl
pivalate (VPi) under a wide variety of conditions. Quanti-
tative comparisons between the theoretical and experimen-
tal estimations of the average number of radicals per
polymer particle, n as a function of the amounts of
surfactant were performed. The relationship between n
and the parameter αw, the ratio of radical production in the
aqueous phase to termination per particle, can be explained
by assuming that chain-transferred monomer radicals
escape from the particle. We studied the influence of the
chain transfer agents (CTA), namely, n-dibutyl disulfide,
t-dibutyl disulfide and L-cysteine in the emulsion polymer-
ization. The addition of a CTA had a strong influence on
the resulting degree of polymerization. The experimental
results can be accounted on the basis of a kinetic analysis of
the chain transfer reaction, assuming an increase of the rate
of escape of chain-transferred radicals from the polymer
particle.
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Introduction

High molecular weight syndiotactic poly (vinyl alcohol)
(PVA) prepared from the saponification [1] of poly (vinyl
pivalate) (PVPi) has been widely used for industrial
products such as clothes, films, membranes and medical
drug delivery [2, 3] systems with high strength and water-
resistive properties. Yamamoto et al. [1] reported that there
was a highly regular ordering of acetate groups with a
syndiotactic configuration in the main chain in PVA that
had been converted from PVPi by complete saponification
under a nitrogen atmosphere. It was demonstrated [4] that
PVA derived from PVPi has a higher degree of syndio-
tacticity than that derived from poly (vinyl tri-fluoro
acetate) (PVTFA). When used for industrial materials, the
high crystallinity of ultra-high molecular weight (UHMW)
syndiotactic PVA and the extensive hydrolysis of PVA
produced by poly (vinyl acetate) (PVAc) affect their
mechanical properties [5]. The medical properties of
hydrogel material composited with high molecular weight
syndiotactic PVA, in particular a high affinity for human
organs, were reported [6–8]. The complete hydrolysis of
PVA derived from PVPi has advantageous properties as a
process for tissue engineering in many medical applications
such as blood dialysis, hollow fiber filtering for artificial
dialysis of microscopic blood vessels and artificial glass for
the human eye [9, 10]. One of the problems found in using
ultra-high molecular weight (UHMW) PVA for medical
materials is the great difficulty of controlling the viscosity
of the bulk polymerization process reaction mixture. Lyoo
and colleagues reported the physical properties, such as the
thermal behavior and the medical applications of a
precursor of highly syndiotactic ultra-high molecular
weight (UHMW) of PVA derived from PVPi by suspension
polymerization initiated with a redox system at low
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temperature with a conversion of over 60% and high
linearity [11–14]. To the best of our knowledge, there were
few studies on the kinetics and mechanism of particle
formation in emulsion polymerization of VPi varied with
the amount of surfactant, initiator and chain transfer agents.
This seems to be a worthwhile subject to be widely
applicable for use in industrial products. Though some
scientists and developers have made an attempt to indus-
trialize the syndiotactic UHMWof PVA derived from PVPi,
it was not successfully produced on a commercial basis.
The basic research on the emulsion polymerization of VPi
under variable conditions needs to control the molecular
weight of PVA in a wide range of physical applications.

Emulsion polymerization was well-known to control the
kinetics, particle formation and the degree of polymeriza-
tion of the resulting polymer, which makes it possible to
apply in a variety of industrial products such as medical
applications of PVA with high strength. Emulsion polymer-
izations are commonly studied both to understand the
physical basis of the kinetic behavior of radicals in polymer
particles and to control emulsion particle sizes and the
number average degree of polymerization (Pn) of the
resulting polymers. The kinetics and mechanisms of the role
of surfactants on particle nucleation in emulsion polymer-
izations have been investigated to clarify the phenomenon of
radicals escaping from a polymer particle. Studies were
pursued to determine the average number of radicals per
particle, n, for styrene [15–17] by solving the theoretical
steady state equation proposed by Smith and Ewart [15–17]
and for of vinyl acetate (VAc) and vinyl chloride (VCl) [19,
20] using a rigorous estimation by O’Toole [18] that
considers the radical balance equation in the aqueous phase.

Nomura and Ugelstad showed a log–log plot of the
calculated value of n against the parameter αw as the ratio
of radical termination per particle, which has become
known as the Ugelstad plot [19, 20]. Nomura made a
qualitative comparison between experimental and theoreti-
cal results with an approximate equation in terms of n
against the parameter αω in the emulsion polymerization of
methyl methacrylate (MMA) and vinyl chloride (VCl) vs
the amounts of sodium lauryl sulfate (SLS) used [21]. This
type of quantitative comparison between experimental
variables with respect to the average number of radicals
per particle, n, assuming that chain-transferred monomer
radical can escape from the particle, suggests that this
approach to the kinetics and mechanism of particle
formation may be useful.

Reactive chain transfer agents (CTA) are increasingly
popular agents for controlling the number average molec-
ular weight (Mn) of the resulting polymer. Recently, several
authors have studied the influence of CTAs on the kinetics
and mechanism of particle formation in emulsion polymer-
izations. Nomura has investigated the influence of CTAs in

the emulsion polymerization of styrene [22]. For example,
mercaptans with the thiol-end groups as chain transfer
agents have high transfer constant coefficients. An ideal
chain transfer agent should not affect the kinetics, but only
the average molecular weight of the polymer. In fact, it is
well-known that the addition of chain transfer agents does
affect the rate of polymerization. The present authors
pointed out that the presence of chain transfer agents
enhanced radical desorption and proposed a theoretical rate
coefficient of radical desorption from the particles, which
included their contribution [23]. Although the role of chain
transfer agents in the emulsion polymerization is not
completely understood, some reasons for radical desorption
increasing the rate of particle formation were suggested [23,
24]: (1) a decrease in the growth rate of particle during
polymerization and (2) a decrease of the consumption rate
of micelles in the system attributed to the desorption of
chain-transferred radical from the particle. Nomura reported
that there was a strong influence of carbon tetrachloride,
carbon tetrabromide and four primary mercaptans (C2, n-
C4, n-C7 and n-C12) as model chain transfer agents on the
kinetics and mechanism of particle formation and on the
number average degree of polymerization of resulting
polymers in the emulsion polymerization of styrene [22].
The effect of chain transfer agents can be explained on the
basis of an increase of desorption of chain-transferred
radicals from the polymer particles assisted by the chain
transfer agent.

We have studied the kinetics and mechanism of particle
formation in the emulsion polymerization of vinyl pivalate
(VPi) using varying amounts of sodium lauryl sulfate
(SLS), potassium persulfate (KPS) and a water-soluble azo
compound, such as 2, 2′-azobis (2-amidinopropane) dihy-
drochloride (V-50), as initiators. The kinetic results over a
wide variety of conditions allowed a quantitative compar-
ison between theory and experiment for the ratio of radical
termination, that is, the average number of radicals, n,
divided by the parameter αω. In particular, we have
investigated the influence of chain transfer agents (CTA)
on the initial rate of polymerization, the mechanism of the
particle nucleation and number average molecular weight
of the resulting polymer obtained from the emulsion
polymerization.

Experiments

Materials

Commercially available vinyl pivalate monomer (VPi:
Nihon vinyl poval, Japan) was purified by distillation under
a nitrogen atmosphere. Sodium lauryl sulfate (SLS: Nacalai
tesque, Japan) as a protective colloid, potassium peroxodi-
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sulfate (KPS) (Wakenyaku, Japan) and 2, 2′-azobis (2-
methylpropionamidine) dihydrochloride (V-50) (Wako, Ja-
pan) as water-soluble initiators and sodium sulfate
(Na2SO4, Wakenyaku, Japan) as a pH regulator. Chain
transfer agents such as n-dibutyl disulfide, t-dibutyl
disulfide (Aldrich, Japan), and L-cysteine (Wako, Japan)
of guaranteed reagent grades were used as received without
further purification.

Emulsion polymerization

Prescribed amounts of SLS were added to a 50-ml flask
equipped with an argon inlet tube, a vacuum and sampling
connections and argon introduced and evacuated three
times to remove oxygen in the system. We carried out the
emulsion polymerizations of VPi under several sets of
conditions. The basic recipe was VPi: 4.3 g, water: 45 g,
Na2SO4: 0.07 g, KPS: 0.0125 g, SLS: 0.018–6.129 g at
50 °C under an Ar atmosphere. In the case of seed emulsion
polymerization, the polymer seed latex was prepared by
emulsion polymerization under the same conditions but
using 4.315 g VPi per 45 g water and SLS (0.06 g),
initiated by KPS (0.0125 g). In the feed stage of emulsion
polymerization, the seed emulsion polymerization was
performed in the seed-particle solution (1.118 g PVPi per
10 ml water) using SLS (0.00612 g), Na2SO4 (0.070 g),
initiated by KPS (0.0125 g) at 50 °C under an Ar
atmosphere for 4 h. We investigated the influence of
chain-transferred agents (CTA) with addition of sodium
sulfate (Wakenyaku, Japan) with pH controlled at 3.5.
Table 3 lists a typical recipe varied with a mole ratio of
CTA to VPi in the range of 1.0×10−5–1.0×10−2.

Measurements

The particle sizes of the emulsion polymers were measured
by dynamic light scattering (Parl III, Otsuka, Japan). The
number average degrees of polymerization (Pn) of PVPi
were measured by GPC (TSKgel GMHHR-M, Tosho,
Japan). The degree of polymerization of a standard sample
of PVPi was determined by a viscosity measurement.

Results and discussion

Emulsion polymerizations

Figure 1 shows the time–conversions curves in the
emulsion polymerization of VPi as a function of time for
various amounts of SLS. In the cases where the SLS
concentration exceeded the critical micelle concentration
(CMC=7.07×10−3 mol L−1), more than 90% polymer-
izations was achieved in 2 h. The initial rate of polymer-

ization, Rp, measured from the slopes of the initial linear
portion of the curves was found to be 8.03×10−4 mol L−1 s−1.
The initial rate of polymerization increased with increasing
the initial amounts of SLS. In the initial stages, there was a
short induction period before the polymerization started. The
behavior is thought to arise from a small amount of
dissolved oxygen remaining in the aqueous phase. After
freeze-evaporation was performed several times with a rotary
pump to remove this oxygen, a new set of polymerization
data, shown in Fig. 2a and b, confirmed that there was no
induction period in the absence of oxygen dissolved in the
aqueous phase. We obtained evidence that the initial rate of
polymerization (Rp) increased with the amount of SLS and
with that of the KPS initiator, as shown in Figs. 1 and 2b.
The dependence of Rp on the [SLS] and that on [KPS] was
to the 0.16 and 0.32 power, the relationship, which differed
slightly from that found in Smith–Ewart’s theory [15–17].
This variation can be attributed to the kinetic effect of the
escape of chain-transferred monomer radicals from the
polymer particle.

Figure 3 shows the development of the particle diameters
(a) and the number of particles (b) during the course of the
emulsion polymerization. When the amounts of SLS
exceeded the CMC more than two times, we observed the
particle size to be about 90 nm and the number of particles
to be approximately 1.9×1014/ml water. As Table 2
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Fig. 1 Time–conversion curves in the emulsion polymerization of
vinyl pivalate (VPi) vs the amount of SLS using KPS at 50 °C.
Recipe: VPi 4.32 g, water 45 g, Na2SO4 0.07 g, KPS 0.01 g. The
value of [SLS] is expressed as a multiplier relative to [SLS]0 at 4.5×
10−4 mol L−1: open circles, 2.0; open squares, 4.0; open diamonds,
6.6; open triangles, 20; open inverse triangles, 66; Ar atmosphere,
50 °C
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indicates, the particle size (dp) decreased to less than 40 nm
with increasing amounts of SLS, while the total number of
particles (Np) increased considerably to 24.0×1014 ml−1.
Further insight into the relationship between Rp and Np and

the amounts of SLS and KPS was achieved by constructing
a log–log plot of Rp and Np with [SLS] or [KPS] obtained
in Figs. 1 and 3b. As shown in Fig. 4a, the relationship of
Rp and Np with the amounts of SLS was estimated to be
Rp∝[SLS]0.16 and Np∝[SLS]0.77, respectively. However,
these relationships do not correspond to those in Smith–
Ewart’s theory (Rp∝[SLS]0.6, Np∝[SLS]0.6). The log–log
plot in Fig. 4b shows that the initial amount of KPS initiator
has a great influence on Rp and Np (Rp∝[KPS]00.32 and
Np∝[KPS]00.46). The relationship between Rp, Np and
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Fig. 3 Effect of the amounts of SLS on the particle diameters (a) and
the number of particles (b) during the emulsion polymerization.
Recipe and symbols: the same as in Fig. 1
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Fig. 2 Time–conversion curves in the emulsion polymerization of
VPi vs the amounts of SLS (a) and KPS (b) after freeze-evaporation
treatment. Recipe for a, the same as in Fig. 1. The value of [SLS] is
expressed as a multiplier relative to [SLS]0 at 4.5×10−4 mol L−1:
symbols for a: closed circles, 0.2; open circles, 2.0; open triangles,
20; open inverse triangles, 66; symbols for b: variable weight of KPS:
double open circles, 0.0001 g; open diamonds, 0.0004 g; open reverse
triangles, 0.0013 g; open circles, 0.0063 g; open squares, 0.0125 g;
SLS 1.83 g
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[KPS]0 were a little at variance with those predicted by the
Smith–Ewart theory (Rp∝[KPS]00.4, Np∝[KPS]00.4). The
slight differences indicate the effect of the escape of some
chain-transferred radicals from the particle, rather than the
initiation reaction of the primary radicals with the monomer
in the aqueous phase.

Theoretical kinetics and mechanism of particle nucleation

Smith–Ewart’s theory suggested the following relationship
between Rp, Np and the number average radicals per
particle, n, assuming that polymerization occurs inside the
polymer particles, but not in the aqueous phase:

Rp ¼ �d M½ �0
�
d t ¼ nkp M½ �pNp Mg

�
NA

� � ð1Þ

Here, [M]0 is the initial monomer concentration, kp is the
propagation rate constant, [M]p is the monomer concentra-
tion in the polymer particles, Np is the total number of
polymer particles and NA is Avogadro’s number. The
observed number average radicals per particle, nobs, are
derived using the following equation.

nobs ¼ RpNA

kp M½ �pNp
ð2Þ

where kp=3,153 L mol−1 s−1 is the propagation rate
constant in the VPi system, which can be estimated
from kp

�
ktw

1=2 ¼ 274 exp �2214=Tð Þ ¼ 1:57� 10�5 [26]
ktw ¼ 9:99� 108 exp �9:4ωð Þ (L mol−1 s−1) and ω is
percent ratio of polymers in solution and is assumed to
the same as those in the VAc system at 50 °C.

Ugelstad et al. [19, 20] has suggested that a general
solution for n derived by Stockmayer [27] and O’Toole [18]
should be solved simultaneously with the steady state
radical balance equation in the aqueous phase. Nomura and
Fujita [25, 28, 29] considered the overall radical balance in
the system (i.e. Y=0), that is, the adsorption of chain-
transferred monomer radical from a polymer particle and
the entry of a radical into a particle, assuming radical
termination in the aqueous phase to be insignificant, are
balanced. They proposed a semi-empirical expression for n
that gives a maximum error of only 4% error compared to
the exact values given as the solutions to the simultaneous
equation by Ugelstad. The expression provides an approx-
imate relationship between n and the rate constant for
radical desorption from the polymer particles (kf) using a
parameter αw that is the ratio of the rate of radical
production to that of radical termination:

n ¼ 1

2
αw þ αw

m

� �2
þ αw þ αw

m

� �� �1=2
� αw þ αw

m

� �( )

þ 1

4
þ αw

2

	 
1=2

� 1

2

ð3Þ

aw ¼ rwvp
ktpNp

m ¼ kf vp
ktp

ð4Þ

kf ¼ K0

Kmf M½ �p
K0 nþ kp M½ �p

¼ 12Dwd�
mdD2

p

kmf

kp

	 

¼ K0Cmf ð5Þ

K0 ¼ 12Dwd
mdD2

p

Cmf ¼ : kmf

kp
ð6Þ
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Fig. 4 Relationship of Rp and Np as a function of the amounts of SLS (a)
and KPS (b) in the emulsion polymerization. Recipe: the same as in Fig. 1
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Here, K0 is the mass transfer parameter, Cm is rate of
chain transfer reaction to the monomer estimated from the
equation Cm=0.0237 exp (−2364/T)=1.57×10−5 (50 °C for
VPi) reported by Kuraray, vp is the volume of a polymer
particle, ktp is the termination rate constant for radical
desorption from the polymer particles, ktp=9.99×10

8 exp
(−9.4ω) [L mol−1 s−1] where ω is ratio of distribution of the
polymer in the aqueous phase, which was assumed to be the
same as in the case of VAc. Other parameters in these
formulae are: ktw is the termination rate constant in the
aqueous phase, ka is the rate coefficient for radical entry
into the polymer particles and md is the partition coefficient
for a radical capable of escaping from polymer particle to
water phase.

The expression for the number average of radicals (3)
involves the parameters αw and m, which themselves (4)
contain several rate constants. The rate of radical produc-
tion in the aqueous phase is given by

rw ¼ 2 kdf I0½ � ð7Þ
where kd is the thermal decomposition rate constant, f is the
initiator efficiency, which has a value of 0.6 and [I0] is the
initiator concentration. There might be difficulties in
predicting the exact real value of ρw because the decom-
position rate constant for KPS is affected by ion strength
and the nature of the chemical species in the reaction
system. To determine n using the parameter αw, m and kf,
we estimated ρw=5.89×10

17 (molecules cm−3 s−1) by
(Eq. 7) using a value of the thermal decomposition rate
constant, kd of 1.1×10

−6 (s−1) and the initiator efficiency f=
0.6 at 50 °C.

The parameter δ, the ratio of the water side mass transfer
resistance to the overall mass transfer resistance for a
radical desorbed from the polymer particles that demon-
strated in (Eq. 5) can be estimated with the following
equation.

d ¼ 1þ Dw

mdDp

	 
�1

ð8Þ

Dp ¼ kBT=3πη0r ð9Þ
where Dw and Dp are the diffusion coefficients of the
radical in a polymer particle and in the aqueous phase,
respectively. The latter diffusion coefficient is given by
Dp ¼ kBT=3πη0r where kB is Boltzmann’s constant, T is the
temperature, η0 is the solvent viscosity and r is the particle
radii. Table 1 lists the numerical values of the constants used
in the analysis of the emulsion polymerization of VPi
initiated by KPS at 50 °C vs the amounts of SLS.

Table 1 Numerical values of constants used in the emulsion
polymerization of vinyl pivalate (VPi) vs the amounts of SLS at
50 °C

Constant Unit Vinyl pivalate (VPi)

kp mol−1 L s−1 kp=3153
a

kt mol−1 L s−1 kt ¼ 1:19� 108b

δ – δ ¼ ð1þ Dw

�
mdDpÞ�1c

Cm
d – 0.0237 exp (−224/T)=1.57×10−5

Dw
e cm2 s−1 1.50×10−5

md
f – 1,300

a Estimated with equation, kp
�
kt
1=2 ¼ 274 exp �2214=Tð Þ ¼ 0:289

at 50 °C in Ref. 26
b Assuming termination reaction constant of VPi to be equal to that of
VAc
c Diffusion coefficient of radical in the aqueous phase, Dp=kBT/3πη0ro
where kB is Boltzmann constant, T (K) is the temperature, η0 is
the ratio of viscosity in water (0.7795) and ro is the particle diameter
dCm: chain transfer coefficient to monomer
eDw: diffusion coefficient of the radical in the aqueous phase
fmd: partition coefficient of the radical capable of escaping from the
polymer particle to the water phase

Table 2 Values of polymer particle properties from emulsion polymerization using various amounts of SLS

[SLS]
(X CMC*)

Rp

(10−4 mol L−1 s−1)
dp (nm) [M]p

(mol L−1)
Np

(1014 ml−1)

nex nth t
(10−4 s)

τ
(10−4 s)

θ
(10−4 s)

0.2 3.66 142 2.7 0.28 0.92 0.43 1.16 2.95 0.40
0.7 4.92 134 2.1 0.63 0.60 0.37 1.17 2.39 0.19
2.0 6.73 91 2.3 1.1 0.60 0.30 1.37 0.77 0.20
4.0 8.03 90 2.0 1.9 0.37 0.24 1.19 0.75 0.095
6.6 8.17 70 2.3 2.9 0.16 0.17 1.16 0.36 0.076
20 11.2 55 2.7 7.2 0.14 0.10 1.17 0.17 0.045
66 10.6 39 2.9 24.0 0.04 0.04 1.10 0.06 0.023

Initial polymerization rate (Rp), particle diameter (dp), the concentration of the monomer in the polymer particle ([M]p), number of polymer
particles (Np) and the experimental and theoretical number average of radicals in a particle (nex and nth), respectively
The table also compares the times of desorption of chain-transferred radical from the particle (τ), that of the entry of the oligomers radical into a
particle (θ) and that of the propagation radical to the monomer in the particle (t)
Recipe: VPi 4.3 g, water 45 g, Na2SO4 0.07 g, KPS 0.0125 g, several moles of SLS, Ar atmosphere 50 °C
*CMC=7.20×10−3 mol L−1

528 Colloid Polym Sci (2007) 285:523–534



Theory–experiment comparisons

Using Eqs. (2) and (3), we performed a quantitative
comparison between the theoretical and experimental
number average radical per particle, n. As listed in Table 2,
an increase of the amount of SLS caused a decrease of the
number average of radicals per particle n to less than 0.1.
We can interpret this result as resulting from an increase of
the rate of escape of chain-transferred monomer radical
from the particle (kf) relative to the rate of the monomer
propagation reaction (kp), producing a low value of αw.
Figure 5 shows the “Ugelstad-plots” that compare the the-
oretical and experimental values of n vs αw in the emulsion
polymerizations of VPi initiated with KPS at 50 °C and
refers to the theoretical lines in the system of styrene (St),
methyl methacrylate (MMA) and vinyl acetate (VCl). In the
case of the VPi system, the experimental values of n (open
circles) were in good agreement with the values estimated
with the theoretical calculations (closed circles). The
theoretical value of n decreased to less than 0.5 with
decreasing values of αw. This theoretical behavior of n vs
αw in the emulsion polymerizations of VPi was close to the
experimental results observed in the emulsion polymeriza-
tion of styrene. This behavior might be ascribed to several
reasons: a high rate constant of the propagation reaction of
the polymer radicals to the monomer, a high rate constant

of the chain transfer reaction from the propagation radical
to the monomer or the low solubility of VPi, being only
0.09 vol.% in water.

To consider the kinetics and mechanism of the particle
nucleation in more detail, we will compare the times of the
chemical reactions such as the initiation reaction, propaga-
tion reaction, the chain transfer reaction of propagating
radical to monomer and those of the entry/escape of the
chain transfer monomer radical into/from the polymer
particle. The time of escaping of the chain-transferred
monomer radical (τ) from the particle, the time of entry of
the oligomer radicals with a sulfate end group into the
particle (θ) and the time needed for a propagation radical to
locate in the polymer particle (t) can be formulated by the
following equations.

τ ¼ L2
�
2Dp ð10Þ

θ ¼ 1=2πdnDwNp ð11Þ

t ¼ 1
.

kp M½ �p
� �

ð12Þ

where L is the diameter of the particle, Dp and Dw are the
diffusion constant in the particle and in the aqueous phase,
respectively. Table 2 lists the calculated values of τ, θ and t.
The times of desorption of the chain-transferred monomer
radical from the particle (τ) and entry of the oligomer rad-
icals (θ) were much shorter than that of the propagation
radical to the monomer to locate in the particle (t). The
addition of a considerable amount of SLS caused the
mechanism of particle nucleation during polymerization.
Consequently, if the escape of a chain-transferred monomer
radical from a polymer particle occurs faster than the time
for the propagation radical to be added to a monomer unit,
then this is an important factor that influences the kinetics,
which controls the particle nucleation.

Effect of chain transfer agents

We have studied the influence of the chain transfer agents
(CTA) n-dibutyl disulfide, t-dibutyl disulfide and L-cysteine
on the emulsion polymerization. Figure 6 shows the
influence of n-dibutyl disulfide on the time–conversion
curves in the emulsion polymerization initiated by the
water-soluble azo-initiator, V-50. The initial rate of poly-
merization (Rp) decreased with increasing amounts of CTA.
The influence of the amounts of CTA on Rp can be
explained by two factors. One is the desorption of the
radical from the particle followed by a chain transfer
reaction of the propagating radical to the chain transfer
agents in the polymer particle. The second is a decrease of

Fig. 5 Relationship of number average radicals in a particle n as a
function of αω, assuming that the termination reaction in the aqueous
phase can be ignored. Solid lines: theoretical results of n in the case of
styrene (St), methyl methacrylate (MMA) and vinyl chloride (VCl) on
the basis of equations reported by Nomura and colleagues [25, 28,
29]. The experimental results in the VPi system, open circles; the
theoretical results, closed circles
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the effective concentration of radicals per particle with the
recombination of the chain-transferred radicals in the
polymer particle. The addition of sulfate oxygen at a pH
less than 3.5 caused polymerization into the particle.
Figure 7 and Table 3 show the influence of n-dibutyl
disulfide on the particle sizes (a) and the number of
polymer particles (b) during emulsion polymerization.
The addition of increasing amounts of n-dibutyl disulfide
caused a slight increase in the particle size from 27 to
45 nm using the V-50 initiator, except at the highest
concentration of n-dibutyl disulfide wherein the number of
polymer particles irregularly decreased over the range of
10.7×1015–1.5×1015/ml water. There was a regular de-
crease except at the highest mole concentration of n-di-
butyl disulfide, which might to be due to a drastically
increased rate of escape of chain-transferred radical from
the polymer particle. The log–log plots of the rate of
polymerization and the number of polymer particles vs the
amount of n-dibutyl disulfide as shown in Fig. 8a reveal
that, for the V-50 initiator, the rate of polymerization
linearly decreased with increasing amounts of CTA, while
the number of polymer particles first slightly decreased
and then increased.

The effect of n-dibutyl disulfide on Rp and Np might be
caused by termination reactions among chain transfer
agents in the polymer particle and subsequent re-entry of
the chain-transferred radicals into the particle. The reason

for the decrease of the rate of polymerization with the
addition of a small amount of CTA is thought to arise from
a decrease of the average number of radicals per particle
being less than 0.5 and yields a considerable desorption of
n-butyl disulfide radical from the polymer particle. The
chain transfer reaction of agents such as n-dibutyl disulfide
and t-dibutyl disulfide might cause a chain transfer reaction
on the particle surface to escape from the particle. The
considerable increase of radical desorption from the
particles caused by suitable chain transfer agents can be
seen as a kind of “promoting effect” and affords a decrease
of the degree of polymerization of the resulting polymer

Fig. 6 Effect of n-dibutyl disulfide on time–conversion curves in the
emulsion polymerization initiated by V-50 using SLS. Recipe: VPi 4.3 g,
water 45 g, SLS 6.17 g, Na2SO4 0.07 g, V-50: 4.49×10−4 g, [n-dibutyl
disulfide]/[VPi]: open circles, none; open squares, 1.2×10−5; open
triangles, 5.9×10−4; open diamonds, 5.9×10−3; Ar atmosphere, 50 °C

Fig. 7 Effect of n-dibutyl disulfide on the particle diameters (a) and
the number of particles (b) obtained in the emulsion polymerization.
Recipe and symbols: the same as in Fig. 6
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due to the chain transfer reaction into the polymer particle
with the extremely low solubility of CTA in the aqueous
phase.

We also investigated the relationship between the rate of
polymerization and the number of particles produced as a
function of the mole-ratio of n-dibutyl disulfide to VPi for
the case of the water-soluble initiator KPS. As shown in
Fig. 8b, for small amounts of n-dibutyl disulfide the rate of
polymerization stayed constant, but beyond a value of [n-
dibutyl disulfide]/[VPi] of about 10−2, Rp decreased rapidly.
As Table 3 shows, large amounts of n-dibutyl disulfide
caused a gradual decrease of the particle size to less than
10 nm, while the number of particles increased substantially
to about 1.3×1017/ml. The addition of n-dibutyl disulfide
caused a decrease of the number average degree of
polymerization of the resulting polymer. These results can
be explained by the following arguments. The first is that
an acceleration of the desorption of the chain-transferred
radical will decrease the number average radical per particle
to less than 0.5, if the polymerization loci are limited in the
polymer particle. The chain transfer reaction to CTA caused
a decrease of the number average degree of polymerization
of the resulting polymer. A second reason is that the chain
transfer agent may play the role of a co-surfactant to stabilize
the emulsion particle to less than 10 nm under conditions of
constant ionic strength by the addition of sodium sulfate. In
this case, the addition of chain transfer agents caused the
stabilization of the monomer droplets leading to a low
efficiency of the mass transfer in the aqueous phase, that is,
the control of an Ostwald ripening by the CTA.

Lastly, we investigated the influence of L-cysteine on the
emulsion polymerization initiated by V-50. The initial rate

of polymerization did not depend on the amounts of L-
cysteine (not shown in the figures). As detailed in Table 4,
the addition of L-cysteine in the largest amount caused an
increase of the particle size, but in a bimodal distribution at
about 69 and 130 nm. The resulting number of polymer
particle ranged from 1×1014/ml for the large particles to 8×
1014/ml for the small particles. The addition of L-cysteine
caused a decrease in the degree of polymerization. These
experimental results can be qualitatively described as due to
a reduced desorption of chain transfer radical from the
polymer particle when V-50 and L-cysteine were used due
to a low chain transfer reaction rate constant of L-cysteine
because of its low solubility in the polymer particle.

The discussion of the CTA experiments above was
qualitative. Now, we turn to a quantitative description. On
the basis of the theoretical consideration previously
proposed by the present authors [30], the total rate
coefficient for radical desorption (kf) from the particles is
given by

k f ¼K0 m
k mf T½ �p

K0mnþ kp M½ �p
	 


þ K0 T
k T f T½ �p

K0 Tnþ ki T M½ �p
	 
 ð13Þ

K0 T ¼ 12Dw d
mdD2

p

CmT ¼ : kmT

kp
ð14Þ

The total desorption rate coefficient equation is con-
structed from two parts: one is the desorption rate

Table 3 Effect of the amounts of chain transfer agents (CTA) on the particle sizes (dp), the number of polymer particles (Np), the number average
degree of polymerization (Pn) of the resulting polymer and the number of polymers in a particle in the emulsion polymerization initiated by KPS
and V-50

Chain transfer agents
(CTA)

Initiators [CTA]/[VPi]
(mol/mol)

Conv.
(%)

dp
(nm)

Np (10
15/ml) Pn Number of polymers

in a particle

n-dibutyl disulfide V-50 0 100 27 10.7 4,650 13
1.2×10−5 100 31 7.3 2,810 30
5.9×10−4 61 45 1.5 6,290 43
5.9×10−3 78 29 7.0 680 102

KPS 0 100 38 10.6 9,360 18
1.2×10−5 100 31 5.0 1,250 71
1.2×10−4 100 32 5.5 1,280 76
5.9×10−3 100 24 1.3 1,420 30
5.0×10−2 98 11 54.5 160 24
1.0×10−1 55 9.7 1.3×102 91 30

t-dibutyl disulfide KPS 0 100 38 10.6 9,360 18
1.0×10−3 100 28.6 9.1 2,900 54
1.0×10−2 100 24.8 13.9 840 24

Recipe: VPi 4.3 g (1.69 mol L−1 ), water 45 g, Na2SO4 0.07 g, SLS 6.17 g, chain transfer agents: several mole-ratio of CTA to monomer,
V-50 0.0004 g, KPS 0.01 g, Ar atmosphere 50 °C

Table 3 Effect of the amounts of chain transfer agents (CTA) on the
particle sizes (dp), the number of polymer particles (Np), the number
average degree of polymerization (Pn) of the resulting polymer and the

number of polymers in a particle in the emulsion polymerization
initiated by KPS and V-50
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coefficient of chain-transferred monomer radicals, the other
is the desorption rate coefficient of chain-transferred chain
transfer agents. Here, K0m, K0T are the desorption ratio
coefficients of the chain-transferred monomer radicals and
those of the chain transfer agent radicals, respectively. kmf

and kTf are the chain transfer rate constants to the monomer
and to the chain transfer agent, respectively. kiT is the re-
initiating rate constant of the chain transfer agent radical.
[T]p and [M]p are the concentrations of the chain transfer
agent and the monomer in the polymer particles, respec-
tively. In (Eq. 14), δ is the ratio of the water–side mass
transfer resistance to the overall mass transfer resistance
around the particle for chain transfer agent radicals and
satisfies the inequality 0<δ<1, and CmT is chain transfer
rate constant to chain transfer agent. In this case, the
average number of radicals per particle n can be expressed
by the following equation:

n ¼ 1

2
�C þ C2 þ 2C

� �1=2h i
C ¼ ri

kfNp
ð15Þ

where ri is the rate of radical production in the aqueous
phase and Np is the number of polymer particles. Equations
(13)–(15) indicate that the rate of polymerization, Rp ¼
kpn M½ �pNp and n decreased with increasing values of kf,
assuming that the number of polymer particles and the rate
of radical production of KPS and V-50 in the aqueous phase
remain constant. According to (Eq. 13), the value of kf
should increase with increasing solubility of chain transfer
agents [T]p in the particles and with the chain transfer
constant, kTf, for individual chain transfer agents.

Experimentally, we found that the addition of the chain
transfer agents: n-dibutyl disulfide and t-dibutyl disulfide
caused an increase of the value of kf by increasing the
concentration in the monomer droplets when the pH was
controlled at 3.5 by addition of sodium sulfuric. We ascribe
this behavior to the high reaction rate constant of the chain
transfer agents as evidenced by the values of the following
experimental parameters: the chain transfer constant (Cx) of
vinyl acetate (VAc) at 60 °C to n-dibutyl disulfide is about
1.0 and to t-dibutyl disulfide is <1.0 [26]. We suppose that
these values reflect the influence of the amount of initiator
on the value of kf.

Fig. 8 Effect of the amounts of n-dibutyl disulfide on the initial rate
of polymerization and the number of polymer particles in the emulsion
polymerizations initiated by V-50 (a) and KPS (b). Recipe: VPi 4.3 g,
water 45 g, SLS 6.17 g, Na2SO4 0.07 g, V-50 0.0004 g, KPS 0.01 g,
several mole-ratio of n-dibutyl disulfide to VPi, Ar atmosphere, 50 °C

Table 4 Effect of the amounts of L-cysteine on polymer particles

[L-cysteine]/[VPi] dp (nm) Np (10
14/ml) Mn (105) Mw (105) Pn Mw

�
Mn

0 69, 81 6.4, 4.0 13.4 43.5 10,500 3.2
1.0×10−6 96 2.3 6.8 23.8 5,300 3.5
1.0×10−5 83 4.0 3.7 19.6 2,900 5.3
1.0×10−4 64, 130 8.0, 1.0 2.7 14.0 2,000 5.3

The particle diameter (dp), number of polymer particles (Np), the number (Mn) and weight average (Mw) molecular weights and the number
average degree (Pn) of polymerization of the resulting polymer obtained in the emulsion polymerization
Recipe: VPi 5.0 ml (3.4×10−2 mol), H2O 45 g, Na2SO4 0.07 g, SLS 0.467 g, V-50 0.004 g, Ar atmosphere 50 °C
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The addition of L-cysteine to the polymerization caused
a decrease of the value of kf with a decrease of [T]p in the
particles. This is thought to be attributed to a small chain
transfer rate constant of acrylamide to L-cysteine of 0.17 at
30 °C [31]. The rate of polymerization, Rp decreased with
increasing kf, as expected from an increase of the chain
transfer constant of the CTA and the high solubility of
chain transfer agents in the particle. Consequently, we
concluded that the influence of the amounts of chain
transfer agents on the kinetic mechanism could be
quantitatively understood in terms of the dependence on
the chain transfer reaction rate, the solubility of CTA and
the efficiency of mass transfer in the aqueous phase on the
desorption of the chain transfer agents from the particle.

When the termination reactions of radicals occur via
coupling reactions in the polymer particle, that is, assuming
that the termination reaction is negligible in the aqueous
phase, the instantaneous degree of polymerization of
resulting polymers Pn is given by

Pn ¼
k p M½ �pn Np

ρw=2ð Þλþ ρw 1� λð Þ þ kT f M½ �p n Np
ð16Þ

where ρw is the rate of radical production in the aqueous
phase and λ is the probability of radical termination,
assuming that the termination reaction is a combination
reaction (λ=0 for VPi) and kTf is the chain transfer constant
to the chain transfer agents. The instantaneous number
average degree of polymerization would decrease from the
effect of a decrease in n resulting from an increase of kTf,
owing to the desorption of the chain transfer radical from
the polymer particle. The cumulative degree of polymeri-
zation, PN with X as conversion of the monomer is given by

PN ¼ XR X
0 1

�
Pn

� �
dX

ð17Þ

The relationship of the number average degree of
polymerization (Pn) with the amount of the disulfide chain
transfer agents are summarized in Table 3. In the cases of
the water-soluble initiators, V-50 and KPS, the values of Pn

of the resulting polymer decreased with increasing amounts
of chain transfer agent. In particular, the use of n-dibutyl
disulfide combined with V-50 produced a marked decrease
in Pn and increased the number of polymer molecules in a
particle up to 102, thanks to fast chain transfer reactions to
chain transfer agents on the boundary surface. In the case
where we used a ratio of 1/10 KPS to n-dibutyl disulfide in
the emulsion polymerization, Pn decreased to about 90 and
the number of polymer molecules per particles dropped to
30. We attribute these effects to a high solubility of n-
dibutyl disulfide in the polymer particle and a large
concentration of primary sulfate radical in the aqueous
phase. These conditions would have the effect of decreasing

n by increasing kTf and ρw, that is, increasing the rate of
desorption of the chain transfer radical from the polymer
particle. In the reactions with t-dibutyl disulfide, the
addition of the most concentrated solution (0.01×
1.64 mol L−1) caused a decrease of Pn to 840 and yielded
only 24 polymer molecules per polymer particle.

There was only a slight difference in the behavior of
different CTAs on the degree of polymerization of the
resulting polymers. These subtle variations are thought to
arise from two sources. One is a slight difference in the
chain transfer reaction rate constant between t-dibutyl
disulfide (Cs<1.0) and n-dibutyl disulfide (Cs=1.0) [26],
that is, a lower rate of desorption of the chain transfer
radical from the polymer particle in the case of n-dibutyl
disulfide. Another reason is the variations in solubility of
the chain transfer agents in the polymer particle. In the case
where L-cysteine was used in the emulsion polymerization
initiated by V-50, the number average degree of polymer-
ization of the resulting polymer decreased somewhat with
increasing CTA concentration. These results can be
described by a low rate of desorption of the chain transfer
radical from the polymer particle due to a low rate constant
of L-cysteine resulting from a low solubility in the polymer
particle. Overall, the influence of chain transfer agents on
the mechanism of particle nucleation and the number
average degree of polymerization of the resulting polymer
can be described theoretically in terms of the dependence of
the desorption of chain transfer radicals from the polymer
particles on the chain transfer rate of CTA, its solubility in
the polymer particle and the efficiency of the mass transfer
of CTA from the aqueous phase to the monomer droplets.

Conclusion

We have studied the kinetics and mechanism of particle
nucleation in the emulsion polymerization of VPi as a
function of the amount of SLS using water-soluble
initiators such as KPS and V-50. In the standard case, there
was a relationship between the initial rates of polymeriza-
tion, Rp, and the number of polymer particles, Np, with
respect to increasing the amount of SLS and KPS
(Rp∝[SLS]0 .16 , Np∝[SLS]0 .77 , Rp∝[KPS]0 .32 and
Np∝[KPS]0.46). On the basis of a kinetic analysis using the
Ugelstad plots, we were able to make a qualitative
comparison between the theoretical and experimental
behaviors of the average number of radical per particle n
as function of the model parameter αω=ρωVp/ktpNp. The
behavior of n vs αω in this system was similar to that in the
emulsion polymerization of styrene varied with various
amounts of SLS. This result can be understood using a
kinetic model consideration featuring low levels of adsorp-
tion of the chain-transferred monomer radical from the
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particle. The addition of the chain transfer agents: n-dibutyl
disulfide and t-dibutyl disulfide caused a decrease in the
number average molecular weight of the resulting polymer
together with a decrease in the size of the polymer particle
in the aqueous phase. The experimental results indicate a
considerable desorption of the chain transfer radicals from
the polymer particle having the effect of decreasing n
resulting from an increase of solubility of CTA into the
polymer particle, as predicted theoretically. On the other
hand, in the case of L-cysteine used in the emulsion
polymerization initiated by V-50, the addition of L-cysteine
caused a slight decrease of the number average degree of
polymerization. This result can be ascribed to a small
amount of desorption of chain transfer radicals from the
polymer particle due to a low reaction rate of L-cysteine
resulting from a low solubility in the particle. The general
role of chain transfer agents in these emulsion polymer-
izations is to modify the escaping of chain-transferred
radicals from the polymer particles. A kinetic analysis
reveals that the molecular weight, size and degree of
polymerization of the product depend on the solubility of
the CTA in the monomer droplets and the efficiency of its
mass transfer from the monomer droplet to the aqueous
phase.
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