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Quantification of spontaneous initiation in radical polymerization
of styrene in aqueous miniemulsion at high temperature*
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Abstract
The spontaneous (thermal) initiation rate (Ri,th; no added initiator) in radical polymerization of styrene in aqueous miniemulsion at 110 and
125 �C with sodium dodecylbenzenesulfonate or poly(vinyl alcohol) as surfactants (colloidal stabilizers) has been estimated using a novel
approach based on the total number of chains. In qualitative agreement with previous work at lower temperatures, Ri,th was found to be
3.1e15.1 times greater than that in bulk. According to the activation energy and conversion dependence of Ri,th, the radical generation mech-
anism differs from that in bulk. The experimental evidence is consistent with the enhanced Ri,th in miniemulsion being related to the oilewater
interface, with radical generation in the aqueous phase playing a negligible role. The implications with regards to nitroxide-mediated radical
polymerization in aqueous dispersed systems are discussed.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

It is well established that styrene (S) undergoes spontane-
ous (thermal) polymerization [1e7], i.e. the pure monomer
polymerizes on heating in the absence of a radical initiator,
the rate of radical generation being third order with respect
to monomer [8]. The two most widely accepted mechanisms
are the Mayo mechanism [2,9] and the biradical mechanism
proposed by Flory [1,9]. In an aqueous dispersed system of
S, radical generation is expected to occur in the dispersed
phase according to the same mechanism as in bulk S. How-
ever, experimental evidence suggests that there are additional
contributions to the radical generation rate. The rate of spon-
taneous generation of radicals in an aqueous S emulsion poly-
merization at 50 �C with a particle diameter of approximately
100 nm is greater than that in the corresponding bulk system
* Part CCCV of the series ‘‘Studies on Suspension and Emulsion’’.

* Corresponding author. Tel./fax: þ81 (0)78 803 6161.

E-mail address: okubo@kobe-u.ac.jp (M. Okubo).

0032-3861/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.

doi:10.1016/j.polymer.2007.12.036
[10e12]. At such a low temperature, the rate of spontaneous
initiation in bulk/solution is extremely low [8]. The mecha-
nism and the nature of the initiating species in such S emulsion
polymerization systems remain unknown, although it has been
reported that radical generation occurs in all three phases (i.e.
monomer droplets, particles, and the aqueous phase) [13].

The development of controlled/living radical polymerization
(CLRP) [14,15] has revolutionized the field of radical polymer-
ization over the past 15 years. Not only does CLRP provide us
with means of synthesizing well-defined polymers and block co-
polymers with narrow molecular weight distributions (MWDs)
as well as other complex architectures, it is also increasingly
being utilized as a tool to deepen our understanding of funda-
mental kinetic/mechanistic aspects of radical polymerization
in ways that have hitherto not been possible [16,17].

The application of controlled/living radical polymerization
(CLRP) [14,15] in aqueous heterogeneous systems is an active
area of research [18e27]. In nitroxide-mediated polymerization
(NMP) [28,29] (one of the most frequently employed CLRP
techniques), temperatures significantly higher than those nor-
mally employed for conventional emulsion polymerizations
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are required (generally> 90 �C depending on the nitroxide/
monomer) [14]. The rate of spontaneous initiation plays an im-
portant role in NMP [14,30], and a quantitative understanding of
spontaneous initiation in high temperature aqueous dispersed
systems is thus desirable. Adding to the complex picture of these
systems, Cunningham et al. [31,32] recently proposed that the
surfactant sodium dodecylbenzenesulfonate (SDBS) is partici-
pating in the generation of radicals during 2,2,6,6-tetramethyl-
piperidinyl-1-oxy (TEMPO)-mediated polymerization of S in
aqueous miniemulsion at 135 �C. In the same study, it was
also found that changing the concentration of the surfactant
Dowfax 8390 (disulfonated alkyl diphenyloxide sodium salt)
did not influence the polymerization rate. El-Aasser et al. [33]
investigated the rate of spontaneous initiation of S in bulk and
aqueous miniemulsion (Dowfax 8390) in the presence of various
amounts of TEMPO at 125 �C, reporting that the induction
periods were very similar in bulk and miniemulsion, which sug-
gests that the rates of spontaneous initiation were also similar in
both systems. Spontaneous initiation in TEMPO-mediated poly-
merization of S is complicated by the fact that the presence of
TEMPO affects the rate of initiation [3,34e36].

In the present contribution, spontaneous initiation in the
conventional (non-living) radical polymerization of S in aque-
ous miniemulsion at high temperature (110 and 125�C) using
SDBS or poly(vinyl alcohol) as surfactants (colloidal stabi-
lizers) has been quantitatively investigated by employing a novel
approach based on analysis of the total number of chains in the
system as a function of time. It is shown that the spontaneous
radical generation rates in aqueous miniemulsion are signifi-
cantly higher than in the corresponding bulk systems. The impli-
cations of the results with regards to the implementation of NMP
in aqueous miniemulsion are discussed.

2. Experimental and methodology
2.1. Materials
Styrene (S) and methyl methacrylate (MMA) were purified
by distillation under reduced pressure in a nitrogen atmosphere.
Linear polystyrene (PS; Wako Pure Chemical Industries, Ltd.,
Japan), sodium dodecylbenzenesulfonate (SDBS; Nacalai
Tesque Inc., Kyoto, Japan), hexadecane (HD; Nacalai Tesque
Inc., Kyoto, Japan) and special-grade (Aldrich) poly(vinyl
alcohol) (PVA; Gohsenol GH-17: degree of polymerization,
1700; degree of saponification, 88%; Nippon Synthetic Chem-
ical Co., Ltd., Japan) were used as received. Analytical grade
potassium persulfate (KPS, Nacalai Tesque, Kyoto, Japan)
was purified by recrystallization.
2.2. Polymerization procedures
Miniemulsion polymerizations (5.0 wt% solids content
based on 100% monomer conversion): A solution of S
(0.75 g), HD (26.25 mg) and linear PS (0.75 mg; DP¼ 2000)
was mixed with an aqueous solution of SDBS (45 mg; 6 wt%
rel. to S). The recipe for the miniemulsion polymerization
containing PVA was the same except that PVA (45 mg; 6 wt%
rel. to S) was used instead of SDBS. Bulk polymerization with
SDBS: S (4 g) was mixed with SDBS (16 mg; 0.4 wt% rel. to S).

Emulsification was carried out using ultrasonication (Ultra-
sonic Homogenizer, Nissei, US-600 T) for 12 min at 0 �C.
The resulting emulsion was transferred to a glass ampule (ap-
proximately 4 mL), degassed using several N2/vacuum cycles
and sealed off under vacuum. The polymerizations were carried
out at 110 and 125 �C shaking the ampules horizontally at a rate
of 110 cycles min�1.

Polymerizations of monomer-saturated aqueous solutions: S
(15 g) was mixed with water (200 g) in a glass beaker followed
by vigorous magnetic stirring for 5 h at room temperature. The
mixture was transferred to a separable flask and left standing at
room temperature until complete phase separation had occurred
(1 h). The aqueous phase solution (15 g) was transferred to
a glass ampule, degassed using several N2/vacuum cycles and
sealed off under vacuum, and subsequently heated at 125 �C
for 24 h shaking the ampule horizontally at a rate of
110 cycles min�1. Polymerizations of monomer-saturated
aqueous solutions containing KPS were carried out as above
except that KPS (2.5 mg; 9.2� 10�3 mmol) was added and
the polymerizations were conducted at 70 �C for 5 h.

Copolymerizations of S and MMA in aqueous solutions
were carried out after mixing individual monomer-saturated
aqueous solutions of each monomer (1:1 volume ratio; total
mass of water¼ 15 g) prepared as above, with and without
KPS (2.5 mg; 9.2� 10�3 mmol).
2.3. Measurements
S conversions were determined by gas chromatography
(Shimadzu Corporation, GC-18A) with helium as carrier gas,
employing N,N-dimethylformamide as solvent and p-xylene
as internal standard. Molecular weights (MW) were obtained
by gel permeation chromatography (GPC) employing a Tosoh
GPC system equipped with two TSK gel columns (GMHHR-
H, 7.8 mm i.d.� 30 cm) using tetrahydroforan (THF) as eluent
at 40 �C at a flow rate of 1.0 mL min�1, and a refractive index
detector (RI-8020). The column was calibrated against five
standard PS samples (1.05� 103e5.48� 106). Particle size
distributions were measured using dynamic light scattering
(FPAR-1000, Otsuka Electronics, Osaka, Japan) at the light
scattering angle of 160� at room temperature. Number-average
(dn) and weight-average (dw) droplet diameters were obtained
using the Marquadt analysis routine. The values given are aver-
age values over the course of the polymerizations.
2.4. Estimation of rate of spontaneous initiation
The rate of spontaneous (thermal) initiation (Ri,th) was esti-
mated experimentally from MW data (GPC). It was assumed
that chains are initiated by thermal radicals (R�) and mono-
meric radicals (M�) generated by chain transfer to monomer.
In the following, the subscripts R and M denote chains initi-
ated by thermal radicals and monomeric radicals, respectively,
and P� and PH denote propagating radicals and chains having
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undergone chain transfer to monomer, respectively. The chain-
stopping events are:

Chain transfer to monomer:

PR� þM /
ktr;M

PRHþM� ð1Þ

PM� þM /
ktr;M

PMHþM� ð2Þ

Bimolecular termination:

PR� þ PR�/
kt

PRPR ð3Þ

PM� þ PM�/
kt

PMPM ð4Þ

PR� þ PM�/
kt

PRPM ð5Þ

There are thus five types of dead chains in the system, and

their concentrations are denoted as CRH (PRH), CMH (PMH),
CRR (PRPR), CMM (PMPM), and CRM (PRPM). The concentra-
tion of R end groups derived from R� ([R end group]th) by
spontaneous initiation is equal to:

½R end group�th ¼ CRH þ 2CRR þ CRM ð6Þ

(the ‘‘2’’ accounting for one chain containing two R end
groups) and it follows that the rate of spontaneous generation
of radicals (M s�1) is given by:

Ri;th ¼ d½R end group�th=dt ð7Þ
Now, the task at hand is to calculate the value of [R end

group]th from [chains]tot, where the latter is readily obtained
from GPC data according to:

½chains�tot ¼ a½M�0ðMWÞ0=Mn ð8Þ

where [M]0 is the initial monomer concentration, a is frac-
tional monomer conversion, (MW)0 is the MW of the mono-
mer, and Mn is the number-average MW of the polymer.

The total concentration of chains is:

½chains�tot ¼ CRH þ CMH þ CRR þ CMM þ CRM ð9Þ

Assuming that Ctr,M remains constant with conversion [37],
the concentration of chains having undergone chain-stopping
by chain transfer to monomer is [38]:

½chains�tr;M ¼ CRH þ CMH ¼ a½M�0Ctr;M ð10Þ

where a is the fractional monomer conversion, [M]0 is the ini-
tial monomer concentration, and Ctr,M¼ 2.34� 10�4 at 110 �C
[38]. It follows from Eqs. (9) and (10) that the concentration of
chains derived from bimolecular termination is given by:

½chains�tot � ½chains�tr;M ¼ CRR þ CMM þ CRM ð11Þ

Each chain transfer to monomer event generates one M�, which
reinitiates a new chain. Thus, by counting M end groups, we
can write:
½chains�tr;M ¼ a½M�0Ctr;M ¼ CMH þ 2CMM þ CRM ð12Þ

Equating Eqs. (10) and (12) and rearranging yields:

CMM ¼ 0:5ðCRH � CRMÞ ð13Þ

Insert Eq. (13) into Eq. (11):

½chains�tot � ½chains�tr;M ¼ CRR þ 0:5ðCRH � CRMÞ þ CRM

¼ CRR þ 0:5CRH þ 0:5CRM

ð14Þ

Eqs. (6) and (14) give:

½R end group�th ¼ CRH þ 2CRR þ CRM

¼ 2ð½chains�tot � ½chains�tr;MÞ ð15Þ

where [chains]tot and [chains]tr,M are evaluated from Eqs. (8)
and (10), respectively. The slope of a plot of [R end group]th

vs. time subsequently yields Ri,th (Eq. (7)) as a function of time.
We have thus developed a very simple means of estimating

Ri,th, which relies only on experimental GPC data and the
value of Ctr,M.

3. Results and discussion
3.1. Rate of polymerization
Fig. 1a shows conversion vs. time data for spontaneously
initiated (no initiator added) polymerizations of S at 110 �C
in miniemulsion with SDBS (dn z 61 nm) and PVA
(dn z 250 nm), as well as in bulk. The initial rates of polymer-
ization (Rp) were much higher in both miniemulsion polymer-
izations than in bulk, in agreement with previous reports
[39,40]. At 110 �C, the initial Rp in the miniemulsion with
dn z 61 nm was approximately 68 times greater than for the
corresponding bulk system, while that of the miniemulsion
with dn z 250 nm was 4.4 times greater than that of the bulk
system (Table 1).

Fig. 2a shows conversion vs. time data for spontaneously
initiated polymerizations of S at 125 �C in miniemulsion with
SDBS (dn z 64 nm) and the corresponding bulk polymeriza-
tion. Again, Rp was much higher in miniemulsion than in
bulk, by a factor of approximately 34.

The number of propagating radicals per particle (n) was
calculated from Eq. (16):

n¼ NAVp

kp

�
d
�
ln
�
½S�0=½S�

��
dt

�
ð16Þ

where NA is Avogadro’s number, Vp is the average particle
volume (Vp ¼ ð1=6Þpd 3

v , where dv is the volume average
particle diameter; dv was approximated with dw), kp is the
propagation rate coefficient (1580 and 2320 M�1 s�1 at 110
and 125 �C, respectively [41]), and [S]0 and [S] are the initial
and instantaneous S concentrations in the organic phase,
respectively. Based on the initial slopes of the first-order plots
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Fig. 1. (a) Conversionetime and (b) first-order plots for spontaneously initi-

ated polymerizations of S at 110 �C in bulk without (6) and with (:)

0.4 wt% SDBS, and in miniemulsions with PVA (B; dn z 250 nm) and

SDBS (C; dn z 61 nm).
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Fig. 2. (a) Conversionetime and (b) first-order plots for spontaneously initi-

ated polymerization of S at 125 �C in bulk without SDBS (6) and in mini-

emulsion with SDBS (C; dn z 64 nm).
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(Figs.1b and 2b), nz0:11 (SDBS; 110 �C; dn¼ 61 nm),
nz0:44 (PVA; 110 �C; dn¼ 250 nm), and nz0:10 (SDBS;
125 �C; dn¼ 64 nm), consistent with significant compartmen-
talization effects in all cases.

Emulsion polymerizations are normally faster than their
homogenous counterparts as a result of compartmentalization
Table 1

Spontaneously initiated miniemulsion polymerizations of styrene

System Emulsifier T (�C) dn (dw) (nm) Ri,th� 107 (m

Bulk e 110 e 0.90

Bulk SDBS 110 e 0.90

Bulk e 125 e 2.42

Miniemulsion PVA 110 250 (310) 4.41

Miniemulsion SDBS 110 61 (76) 13.6

Miniemulsion SDBS 125 64 (80) 18.2

a Numbers in brackets indicate S conversions (%).
(segregation) of propagating radicals which reduces the termi-
nation rate [12], consistent with Rp(miniemulsion) [ Rp-
(bulk) as well as the miniemulsion with smaller particles
exhibiting the highest Rp at 110 �C (Fig. 1). However, Rp is
also affected by the rate of spontaneous initiation, which
may differ between the miniemulsion and bulk systems, as
well as between the two miniemulsion systems (effects of
ol/L s) Rp� 104 (mol/L s) Rp/(Ri,th)1/2 Mn� 10�5a (g mol�1)

1.44 0.48 2.01 (7)

1.49 0.50 2.00 (6)

3.92 0.80 1.61 (13)

6.37 0.96 1.35 (24)

97.6 8.37 2.48 (28)

134.5 9.96 2.33 (24)
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surfactant and/or particle size). As stated in the Section 1, the
rate of spontaneous generation of radicals in an aqueous S
emulsion polymerization at 50 �C for 100 nm diameter parti-
cles exceeds that of the corresponding bulk system [10e12],
and this is also considered likely to be the case at the much
higher temperatures in the present study.
 (m
m

ol
 

3.2. Rate of spontaneous initiation
0

2

4

0 100 200 300 400

b

0 50 100 150 200

Time (min)

0

2

4

6

8

[R
 e

nd
 g

ro
up

] t
h 

(m
m

ol
 L

-1
)

[R
 e

nd
 g

ro
up

] t
h

Fig. 3. Concentration of R end groups derived from R� ([R end group]th) by

spontaneous initiation vs. time for spontaneously initiated polymerization of

S; (a) bulk without (6) and with (:) 0.4 wt% SDBS, and miniemulsion

with PVA (B; dn z 250 nm) and SDBS (C; dn z 61 nm) at 110 �C; (b)

bulk without SDBS (6), and miniemulsion with SDBS (C; dn z 64 nm) at

125 �C.
In a homogeneous system (bulk/solution), the rate of
spontaneous initiation (Ri,th (M s�1)) can be estimated from
Rp provided that the fundamental rate coefficients are known.
However, in an aqueous dispersed system, the relationship
between Ri,th and Rp is very complex due to the influence of
compartmentalization and entry/exit, and also because it is
not clear in which phase(s) radical generation occurs.

Therefore, Ri,th in the present study has been obtained using
a novel approach, whereby the total concentration of polymer
chains in the system is estimated as a function of time from
GPC data (see Section 2). The approach involves differentiat-
ing between the number of chains initiated by spontaneous
initiation from the total number of chains, which entails
accounting for the change in the number of chains due to
bimolecular termination by combination (most studies indicate
that the extent of termination by disproportionation for S is ap-
proximately 10% [9]) and chain transfer to monomer followed
by reinitiation by monomeric radicals (it has been proposed
that chain transfer to monomer may in fact be to the Dielse
Alder dimer formed by reaction of two S units [9,42]).

Chain transfer to surfactant would cause overestimation of
Ri,th as obtained in the present study. The MWDs obtained in
the bulk polymerizations of S at 110 �C in the presence and
absence of SDBS were, however, close to identical (Fig. 1),
thus ruling out chain transfer to SDBS as a significant pathway
to new chains.

Fig. 3 shows the concentrations of R end groups derived from
R� ([R end group]th) by spontaneous initiation as functions of
time for the spontaneously initiated polymerizations of S in
Figs. 1 and 2. The slope of [R end group]th vs. time corresponds
to Ri,th according to Eq. (7), and the resulting Ri,th values are
listed in Table 1 (the error in Ri,th is expected to be less than
50%). Ri,th was markedly higher in miniemulsion than in bulk
at both 110 and 125 �C. The value of Ri,th for the miniemulsion
with the smaller particle size (SDBS; dn z 61 nm) at 110 �C
was 15.1 times greater than that for the bulk system, and the mini-
emulsion at 125 �C (SDBS; dn z 64 nm) had a value of Ri,th 7.5
times greater than that in the bulk system at the same tempera-
ture. At 110 �C, Ri,th of the miniemulsion with the smaller
particle size (SDBS; dn z 61 nm) was greater than that of the
miniemulsion with larger particles (PVA; dn z 250 nm) by
a factor of 3.1, indicating that Ri,th is a function of particle size
and/or surfactant type. The absolute values of Ri,th in bulk S as
estimated in the present work are in relatively good agreement
with the literature values of Hui and Hamielec [8];
Ri,th¼ 9.0� 10�8 M s�1 (Hui and Hamielec: 2.8� 10�8) at
110 �C and 2.4� 10�7 M s�1 (Hui and Hamielec: 1.1� 10�7)
at 125 �C. It should be borne in mind that the accuracy of the
literature values of Hui and Hamielec is compromised by
assumptions in the model employed when fitting experimental
data to obtain Ri,th.
3.3. Kinetic analysis
Figs. 4 and 5 show the MWDs for spontaneously initiated
polymerizations of S at 110 and 125 �C in miniemulsion and
the corresponding bulk polymerizations. In all cases, the
MWDs remained approximately constant with conversion.
This is consistent with chain transfer to monomer playing
a major role as an end-forming event. According to theory,
the chain transfer constant (ktr,M/kp) is expected to be
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independent of conversion [37], and thus the MWDs should
remain the same throughout the polymerization in a system
dominated by chain transfer to monomer, with the number-
average MW (Mn) equal to (kp/ktr,M)� (MW)0, where (MW)0

is the MW of monomer. In the case of S, the chain transfer
to monomer limits are approximately Mn¼ 4.5� 105 and
3.3� 105 g mol�1 at 110 and 125 �C, respectively [38,41],
close to the experimentally obtained values in bulk and mini-
emulsion in the present study (Table 1).

The MWs in the miniemulsions with small particles [(SDBS;
110 �C; dn z 61 nm) and (SDBS; 125 �C; dn z 64 nm)] were
greater than in the corresponding bulk systems (Table 1 and
Figs. 4 and 5). The MW in the miniemulsion with large particles
(PVA; 110 �C; dn z 250 nm) was similar to that in bulk at the
same temperature (Fig. 4). In a S emulsion polymerization
with sufficiently small particles (d< 140 nm [43]), one is deal-
ing with a so called Limit 2a zeroeone system [12]. Under such
conditions, the main end-forming event is chain transfer to
monomer, and the vast majority of the thus generated mono-
meric radicals reinitiate within the particle rather than exit.
Monomeric radicals that do undergo exit are most likely to
undergo re-entry. This results in a MWD governed by chain
transfer to monomer, where bimolecular termination only
makes a limited contribution because it is suppressed by com-
partmentalization (segregation of radicals). The differences in
MWs in Figs. 4 and 5 originate in the different contributions
of bimolecular termination to the chain end-forming process.
In the absence of bimolecular termination, chains grow until
the chain transfer to monomer limit is reached. Bimolecular
termination acts as to reduce the MW, preventing the chain
transfer limit to be reached (although this effect is counteracted
by the increase in MW by termination by combination). The
smaller the particles, the smaller is the contribution of termina-
tion due to compartmentalization. At 110 �C (Fig. 4), more
extensive termination in bulk and the miniemulsion with large
particles (PVA; dn z 250 nm) led to a lower MW than the
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miniemulsion with small particles (SDBS; dn z 61 nm). In the
same way, more significant termination in bulk than miniemul-
sion (SDBS; 125 �C; dn z 64 nm) at 125 �C resulted in higher
MW in miniemulsion (Fig. 5). Based on the particle sizes and
the MWs, it is likely that (SDBS; 110 �C; dn z 61 nm) and
(SDBS; 125 �C; dn z 64 nm) are zeroeone systems, whereas
(PVA; 110 �C; dn z 250 nm) is not.

According to classical kinetics of radical polymerization, Rp

in a homogeneous system (bulk/solution) is proportional to Ri
0.5,

where Ri is the rate of initiation. In the present study, if the only
factor that sets the polymerizations apart from a kinetic point of
view is Ri,th, then the ratio Rp/Ri,th

0.5 should be a constant at each
temperature. The data in Table 1 show that at 110 �C, Rp/Ri,th

0.5

increases in the order bulk< (PVA; dn z 250 nm)< (SDBS;
dn z 61 nm). In other words, compared to Rp(bulk), Rp(SDBS;
dn z 61 nm) is higher than expected based only on the en-
hanced Ri,th. The same qualitative trend can be seen at
125 �C. The additional Rp enhancement is partly or entirely
due to compartmentalization, i.e. segregation of radicals lead-
ing to lower termination rate, the effect of which increases
with decreasing particle size. The values of Rp/Ri,th

0.5 are rela-
tively similar for bulk and the miniemulsion with large particles
(PVA; 110 �C; dn z 250 nm), indicating that compartmentali-
zation is not important in this case, and that close to pseudo-
bulk kinetics are obeyed, as expected based on the particle
size [12,43]. This is also consistent with the MWs being similar
in these two systems (Fig. 4).
3.4. Origin of spontaneous initiation
Fig. 6. Photographs of S (a) and S/MMA (b) saturated aqueous phase polymer-

ization systems; (a) left: S/water/125 �C/24 h, middle: S/water/SDBS/125 �C/

24 h, right: S/water/KPS/70 �C/5 h; (b) left: S/MMA/water/125 �C/24 h,

middle: S/MMA/water/SDBS/125 �C/24 h, right: S/MMA/water/KPS/70 �C/5 h.

See text for details.
The origin of the enhanced Ri,th in miniemulsion, and the
apparent dependence of Ri,th on particle size and/or surfactant
type, are presently not understood. The values of Ri,th in bulk
yield an activation energy (Ei,th) of 84 kJ mol�1 (based on Ri,th

being proportional to exp(�Ei,th/RT)). The values of Ri,th corre-
sponding to the miniemulsions with small particle sizes [(SDBS;
110 �C; dn z 61 nm) and (SDBS; 125 �C; dn z 64 nm)] yield
a much lower Ei,th of 25 kJ mol�1. Hui and Hamielec [8]
obtained Ei,th¼ 115.2 kJ mol�1 for spontaneous initiation of S
in bulk. The values of Ei,th in our study are likely to contain
significant error because they were derived from only two tem-
peratures covering a narrow temperature range. However, the
significant difference in Ei,th between miniemulsion and bulk is
consistent with the mechanisms of spontaneous initiation being
different.

In miniemulsion, the values of Ri,th (i.e. the slopes in Fig. 3)
appeared to decrease somewhat with increasing conversion,
although there is considerable scatter. In bulk/solution, Ri,th is
proportional to [S]3 [8], and thus decreases dramatically with
increasing conversion. In Fig. 3, Ri,th in bulk appears to remain
relatively constant. However, the levels of conversion were low
(<30%), thus not clearly exposing the conversion dependence.
This also suggests that the mechanism of spontaneous initiation
is not the same in bulk and miniemulsion.

In a zeroeone system, radicals generated in pairs are expected
to terminate rapidly as a result of the confined space effect
[22,44e46] (spontaneous initiation of S in bulk/solution
generates radicals in pairs), unless significant exit of such radi-
cals occurs [47]. Therefore one would expect that in a miniemul-
sion system, the contribution of spontaneous initiation according
to the bulk mechanism would decrease with decreasing particle
size. According to the present data (Table 1), however, Ri,th

increased with decreasing particle size, although it cannot be
excluded that the surfactant type (SDBS vs. PVA) exerts some
influence on Ri,th (see below). This also suggests that a significant
fraction of radicals in the system are generated in such a manner
that geminate termination within particles is not a main factor in
determining Ri,th, i.e. suggesting the mechanism is different from
that in bulk.

In order to investigate whether significant radical generation
occurs in the aqueous phase, a S-saturated aqueous solution was
held at 125 �C for 24 h. The solution remained transparent
(Fig. 6a), and gas chromatography revealed that the S conver-
sion was zero within experimental error. The S concentration
in water at saturation at 25 �C is as low as 3.22� 10�3 M
[48], and it is thus conceivable that even if radical generation
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occurs, the efficiency of initiation (i.e. radical addition to S) is
very low due to the low S concentration. To increase the mono-
mer concentration, two saturated aqueous solutions of S and
MMA were mixed in a 1:1 volume ratio, and held at 125 �C
for 24 h (the MMA concentration in water at saturation at
60 �C is 0.256 M [49]). This also resulted in a transparent solu-
tion, with zero conversion of both S and MMA (Fig. 6b). In the
miniemulsion systems, the aqueous phase contains a small
amount of the emulsifier SDBS. To mimic the actual miniemul-
sions, SDBS in low concentration ([SDBS]¼ 0.334 mM; the
critical micelle concentration (cmc) at 50 �C is 3.34 mM [50])
was added to the S-saturated aqueous solution and the S/
MMA aqueous solution, and the solutions were held at
125 �C for 24 h. Again, transparent solutions were obtained
with zero monomer conversions (Fig. 6a and b). Finally, sepa-
rate experiments using the S-solution and the S/MMA-solution
(no SDBS) were conducted at 70 �C for 5 h in the presence of
KPS (0.617 mM). In both cases, polymerization occurred, as
evidenced by the solutions turning turbid due to particle forma-
tion (Fig. 6a and b). The above experiments provide convincing
evidence that the rate of radical generation in the aqueous phase
in the present miniemulsion systems is negligible within the
context of the present work.

There are several reports in the literature on the spontaneous
radical polymerization of S in aqueous dispersed systems. Haw-
kett et al. [11] found that the spontaneous polymerization rate in
seeded emulsion polymerization of S at 50 �C (surfactant:
sodium dodecylsulfate, SDS; particle diameters 88e158 nm)
was approximately 350 times greater than in the corresponding
bulk system. Rigorous investigations suggested that impurities
in S and/or water were not the source of the spontaneous radical
generation. Moreover, changing the surfactant from SDS to
sodium dioctyl sulphosuccinate (Aerosol MA 80) resulted in
comparable, but not identical, polymerization rates. Ab initio
emulsion polymerization under the same conditions produced
a latex, which strongly suggests that spontaneous radical gener-
ation is occurring in the aqueous phase. This is supported by the
work of Lacik et al. [51], who found that spontaneous radical
seeded emulsion polymerization of S at 50 �C under zeroeone
conditions did not proceed in the presence of an aqueous phase
radical scavenger (Fremy’s salt), thus suggesting that radical
formation occurs in the aqueous phase and/or at the particle/
aqueous interface.

Asahara et al. [52] investigated spontaneous initiation of S in
an ab initio emulsion polymerization in the presence of the
surfactant sodium tetrapropylenebenzenesulfonate at 70e
100 �C. The activation energy of the radical generation step
was estimated to be 86.2 kJ mol�1, i.e. higher than that obtained
in the present study. Note, however, that its value was obtained
from the overall energy of activation of the polymerization (no
value of Ri,th was reported), whereas our estimate was derived
directly from Ri,th. They speculated that radical generation
mainly occurred at the interface between micelles (particles)
and the aqueous phase.

Lansdowne et al. [10] estimated the activation energy of the
rate coefficient for radical entry during spontaneous seeded
emulsion polymerization of S (surfactant: SDS; particle
diameter 96 nm) at 30e65 �C to be 87 kJ mol�1. This value
is anticipated to correspond to that of the radical generation
process, which is likely to be the rate determining step [10].
It was argued by Lansdowne et al. that this value suggests
that radical generation occurs via a process involving bond
fission, but most likely not peroxides in the aqueous phase,
because the activation energy of the latter process would be
expected to be higher [53] (approximately 140 kJ mol�1).
Christie et al. [13] investigated the seeded spontaneously
initiated polymerization of S (surfactant: SDS; particle diam-
eter¼ 124 nm) and concluded that radical generation occurs
in the monomer droplets, the aqueous phase, and the particles.

An additional factor which may play a role in spontaneous
initiation of S in aqueous dispersed systems is the so called
‘‘hydrophobic effect’’ [54], which is the tendency of nonpolar
species to aggregate in aqueous solution so as to decrease the
hydrocarbonewater interfacial area. The hydrophobic effect
has been proposed to speed up spontaneous initiation of S
by increasing the rate of formation of the DielseAlder dimer
in the aqueous phase (the DielseAlder dimer is an intermedi-
ate in the proposed mechanisms for spontaneous initiation of S
in bulk/solution [9]).

Cunningham and coworkers [31,32] recently proposed that
the surfactant SDBS is participating in the generation of radi-
cals during TEMPO-mediated polymerization of S in aqueous
miniemulsion at 135 �C. To investigate this, spontaneous poly-
merization of S in bulk at 110 �C was carried out in the present
study in the presence of SDBS (Fig. 1). The polymerization
rate was not significantly affected by the presence of SDBS,
i.e. SDBS does not significantly influence Ri,th in bulk. How-
ever, it can of course not be excluded that radical generation
involving SDBS may occur in the aqueous phase or at the
interface between the organic and aqueous phases. Cunning-
ham and coworkers [31] showed that Rp did increase in the
presence of SDBS during TEMPO-mediated polymerization
of S in bulk (135 �C), which suggests that an SDBS-related
increase in Ri,th may be related to the presence of TEMPO.
Nevertheless, regardless of the possible role of SDBS, it is
evident from Fig. 3 that Ri,th in miniemulsion is significantly
higher than in bulk also using PVA.

In concluding this section, it is apparent that further work is
required to elucidate the mechanism(s) of spontaneous radical
generation in these systems. The experimental evidence of the
present work is consistent with: (i) radical generation at the
interface between the aqueous and the organic phases, and
(ii) radical generation according to the bulk mechanism within
polymer particles and monomer droplets. The contribution
from (i) far exceeds that of (ii).
3.5. Implications for nitroxide-mediated polymerization
Spontaneous radical generation plays a central role in NMP
of S. In the absence of spontaneous initiation, a stationary state
with respect to the propagating radical concentration ([P�]) is
never reached, because [P�] keeps decreasing due to bimolec-
ular termination. However, in the presence of spontaneous
initiation, a stationary state is reached, where [P�] is governed
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by the rates of spontaneous initiation and bimolecular termina-
tion according to [P�]¼ (Ri,th/kt)

0.5, where kt is the termination
rate coefficient, i.e. Rp is independent of the alkoxyamine
concentration at the stationary state [14]. It is thus evident
that a quantitative mechanistic understanding of NMP of S
in aqueous dispersed systems requires knowledge of Ri,th.

We have previously reported that the TEMPO-mediated
polymerization of S in aqueous miniemulsion at 125 �C using
SDBS as surfactant depends on particle size in the diameter
range 70e170 nm [26,55] (simulations indicate that smaller
particles are required for compartmentalization effects to
become important in TEMPO-mediated S polymerization
[22,46]). As the particle size decreases in this range, Rp

increases at the expense of a gradual loss of control/livingness.
This has been proposed to have its origin in (i) the interface
effect, whereby some fraction of TEMPO is located near/
adsorbed at the interface, and/or (ii) enhanced radical genera-
tion caused by SDBS [31,32]. We showed by modeling and
simulations [26] that for dn z 70 nm, a spontaneous initiation
rate as high as Ri,th¼ 3.2� 10�4 M s�1 is required to explain
the experimental conversionetime data by enhanced Ri,th only.
This value is a factor of 176 greater than that determined
experimentally in the present study (last entry in Table 1).
The present results thus support our previous conclusions
[26] that enhanced spontaneous initiation alone cannot explain
the particle size dependence observed in Ref. [55], consistent
with explanations (i) and (ii) both playing significant roles.

4. Conclusions

Spontaneous initiation in radical polymerization of S in
aqueous miniemulsion at 110 and 125 �C using the surfactants
SDBS and PVA has been investigated. For the first time, the
rate of spontaneous radical generation (Ri,th) was quantified
in such high temperature systems. Such systems are becoming
increasingly relevant with the recent advent of NMP in aque-
ous dispersed systems, which is often carried out at high
temperature, and where Ri,th plays an important role.

Ri,th was estimated using a novel approach based on the
total number of chains in the system, i.e. without making
use of the polymerization rate (Rp). By quantitative consider-
ation of the increase in the number of chains based on chain
transfer to monomer, the number of spontaneously generated
radicals having initiated chains can be extracted based on
a simple algebraic procedure.

In agreement with previous work at lower temperatures,
Ri,th was found to be much higher than in the corresponding
bulk systems. The values of Ri,th in miniemulsion were 3.1e
15.1 times greater than in the corresponding bulk systems,
depending on the particular system. Based on the activation
energy of Ri,th as well as its conversion (monomer concentra-
tion) dependence, the mechanism(s) for radical generation is
different from that in bulk, also consistent with previous
work at lower temperatures. It was established experimentally
that radical generation in the aqueous phase is negligible, thus
consistent with the enhanced radical generation observed hav-
ing its origin at the interface between the aqueous and organic
phases (spontaneous radical generation according to the bulk
mechanism is also expected to occur).

The present results are of relevance with regards to recent
experimental findings in the TEMPO-mediated polymerization
of S in miniemulsion at 125 �C using SDBS as surfactant. In this
system, we have reported that as the particle size decreases in the
diameter range 70e170 nm, Rp increases at the expense of
a gradual loss of control/livingness [26,55]. The present results
support our previous conclusions [26] that enhanced spontane-
ous initiation alone cannot explain this particle size dependence
(although it does play an important role), consistent with an
interface effect being operative, whereby some fraction of
TEMPO is located near/adsorbed at the interface.
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