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Entry in emulsion polymerization using a mixture of sodium polystyrene
sulfonate and sodium dodecyl sulfate as the surfactant
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Abstract

A mixture of sodium polystyrene sulfonate (NaPSS) and anionic surfactant, sodium dodecyl sulfate (SDS), was used as the emulsifier in the
emulsion polymerization of styrene at 60 �C. The latexes prepared were stable, bearing the better resistance to the addition of electrolyte, and
have the larger values in particle size and the higher polymerization rates than those counterparts prepared using SDS only. The NaPSS was
prepared by a series of process: a concentrated cyclohexane solution of an anionically polymerized polystyrene (PS) was sulfonated with sulfuric
acid at 80 �C, and then neutralized and purified through dialysis. The data of average polymer number per particle (np) were found useful in
investigating the surfactant content effect on the entry of radicals into particles, where the latex particle size plays an important role.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The interfacial properties of sodium polystyrene sulfonate
(NaPSS), an amphipathic molecule constituting of the hydro-
phobic polystyrene (PS) chain and the hydrophilic sodium
sulfonate groups, attract an abundant attention.

The sulfonation of polystyrene can be performed either
homogeneously [1e4] or heterogeneously [5,6].

It has been reported that poly(styrene sulfonic acid) (PSS),
prepared from a narrowly molecular weight distributed poly-
styrene, had solubility and other characteristics significantly
different from those of poly(vinyl sulfonic acid) [6], and the
investigation also includes the influence of the aromatic group
on local and long range interactions in solution.

The concentration dependence of radius of gyration (Rg) of
NaPSS in aqueous solution without added salt has been inves-
tigated by small-angle neutron scattering measurements [7].
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It has been suggested that NaPSS can form polyelectrolyte
aggregates in solution at low ionic strength [8], where dy-
namic and static light scattering experiments in combination
with light microscopy have been performed on solutions of
NaPSS. Both the apparent fast and slow diffusion coefficients
depend on the NaPSS concentration and on the ionic strength
when semidilute solutions were investigated with dynamic
light scattering over a wide NaPSS concentration range [9].

Increasing conductivity with time in NaPSS solution during
dialysis against water in the dilute/semidilute region (0.1 g/L)
was attributed to the aggregation of NaPSS in the aqueous
solution [10]. Before that, the polyelectrolyte solutions with
no or low added salt have been often regarded as a heteroge-
neous solution in the earlier reports [11e20].

The solution properties of poly(styrene sulfonate) ionomers
(of narrow molecular weight distribution containing about
0.5 to about 4.7 mol% sulfonate group) in both a polar and a
relatively nonpolar solvent have been studied [21].

The adsorption of NaPSS to the air surface of water as a
function of polymer concentration was investigated with neu-
tron and X-ray reflectivity and surface tension measurements
[22]. Interesting segment profiles, such as trains, and loops

mailto:hhchu@fcu.edu.tw
http://www.elsevier.com/locate/polymer


2299H.-H. Chu et al. / Polymer 48 (2007) 2298e2305
and tails were related to different levels of polymer concentra-
tions added.

A study has prepared a styreneestyrene sulfonate block
copolymer and applied it in emulsion polymerization as stabi-
lizer [23]. The block copolymer is expected to provide electro-
static stabilization, however, the initial result showed that it
was not as effective as short-chain surfactants, since the solid
content of the experiment is as low as 3%.

A delicate approach studying the entry of free radicals into
latex particles in emulsion polymerization [24,25] has made
the study of emulsion polymerization kinetics more consoli-
dated. In the study, the styrene, a monomer, was commonly
used since plenty of kinetic source data were available for
comparison and comparatively less complicated nucleation
mechanism was involved.

In this study, an anionically polymerized polystyrene (PS)
with a narrow molecular weight distribution (MWD) was
sulfonated and neutralized to obtain the NaPSS, which was
used as a component-surfactant (in conjunction with SDS) in
the emulsion polymerization of styrene. The latex prepared
was stable with a narrow particle size distribution (Dw/
Dn< 1.05). Stabilizing effect of the NaPSS was also investi-
gated by carrying out experiments to determine the critical
flocculation concentration of KCl on the latex sample, and
the critical micelle concentration of NaPSS in water. Interest-
ingly, by using the data of average polymer number per parti-
cle (np) and average radical number per particle ðnÞ, we can
examine the cases for the entry of z-mer (or oligomeric radi-
cal) into the particle when different surfactant contents are
involved.

2. Experimental

2.1. Materials

Polystyrene was prepared by anionic polymerization tech-
nique and molecular weights were determined by GPC to be
Mw¼ 16 300 and Mn¼ 12 600, respectively. A 5 wt% cyclo-
hexane solution of PS was used at the later sulfonation process.
Sulfuric acid (from SHOWA company, Japan, purity of 97%)
was used as the sulfonating agent. Other chemicals are sodium
hydroxide (from SHOWA company, Japan, purity>96%), and
hydrochloric acid (concentrationw35%). All were used as re-
ceived. Water was purified through a Reverse Osmosis System
(Ultra-pure Water System, Model DI-S3, Kintech Co.) with
a conductivity of 2 mmho.

For the emulsion polymerization, monomer styrene (from
Lancaster Synthesis Ltd., UK, 99% pure) was purified by dis-
tillation under reduced pressure; initiator potassium persulfate
(K2S2O8, KPS, from Wako Company, Japan, 99% pure) and
surfactant sodium dodecyl sulfate (SDS, from Sigma Com-
pany, 99% pure) were used as received.

2.2. Sulfonation of polystyrene

Cyclohexane solution of the anionically polymerized PS
was concentrated to about 5.3 g of PS in 20 mL solution,
and then mixed with 30 g of sulfuric acid (97%). The mixture
was agitated with a magnetic stirrer (at around 700 rpm) in
a 100 mL beaker, setting the temperature of the mixture at
80 �C for 2 h, then stop agitation and left the mixture cooling
down to room temperature. The mixture was diluted with
100 g of extra pure water, and neutralized with NaOH aq.
solution (25 g NaOH in 200 g of water) to pH of 8e9. After
filtration, the filtrate was dialyzed with dialysis membrane
tubings (Cellu. Sep T1, Membrane Filtration Products, Inc.,
USA, with nomial MWCO of 3500) for two days. After that,
it was dried at 60 �C, under reduced pressure, until it reached
a constant weight (i.e., taking about 24 h).

2.3. Characterization of NaPSS

The structure of the NaPSS was characterized using FTIR
(Nicolet Avatar, 320 FTIR) and NMR (Varian, VRX-300/
51). The surface tension of NaPSS aq. solution was deter-
mined with the surface tension meter (Du Nouy’s Tensiometer,
Uchida, 514-B).

2.4. Emulsion polymerization and product
characterization

Emulsion polymerizations were performed at 60 �C, in
250 cm3 four-necked round-bottomed flasks in a constant tem-
perature bath, with a mechanical stirring rate of 150 rpm. Poly-
merization recipes are shown in Table 1. Surfactant(s) and
initiator were dissolved in water in the flask first, then the
monomer styrene was added, and the bath temperature was
raised to the reaction temperature to start the polymerization.
During the polymerization, samples for monomer conversion
and for particle size measurements were withdrawn using a hy-
podermic needle and a syringe. The conversion of monomer to
polymer was determined gravimetrically, i.e., by using hydro-
quinone as a shortstop and methanol as a coagulation agent.
The sample latex was coagulated in the aluminum dish and it
was then dried in an oven at 80 �C for overnight, and the solid
content was computed. The polymerization rate was deter-
mined from the slope of the conversionetime curve in constant
rate region (i.e., around the region between 20 and 60% conver-
sions) as follows:

Rp ¼
�
% conversion change=time

��
M=W

�
dw=
�
100M0

�
ð1Þ

Table 1

Emulsion polymerization recipes and emulsion polymerization rate (Rp) for

each recipe

Recipe no. Styrene

(g)

Water

(g)

K2S2O8

(g)

Surfactants (g) Rp� 107 (mol/mL s)

SDS NaPSS

S1 36 144 0.50 0.30 0 1.76

S2 36 144 0.50 0.50 0 2.02

S3 36 144 0.50 0.70 0 3.10

M1 36 144 0.50 0.30 1.0 4.18

M2 36 144 0.50 0.50 1.0 5.60

M3 36 144 0.50 0.70 1.0 7.05

Polymerization at 60 �C with a stirring rate of 150 rpm.
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where (M/W ) is the weight ratio of monomer to water in the
recipe, dw is the density of water (1.0 g/cm3), and M0 is the
molecular weight of monomer (104.15 g/mol for styrene).
The instantaneous polymerization rate was calculated based
on the difference between the neighboring conversion data
points.

The particle size was determined with a Photal DLS 3000/
3100 dynamic light scattering (DLS) spectrophotometer. The
determination of latex particle size and distribution by using
DLS is referred from Ref. [26]. The number-average, vol-
ume-average and weight-average diameters (i.e., Dn, Dv and
Dw, respectively), and the particle number per cm3 of aq. phase
(N ) are defined as usual [27], and are shown as follows:

Dn ¼
hX

NiDi=
X

Ni

i
ð2Þ

Dv ¼
hX

NiD
3
i =
X

Ni

i1=3

ð3Þ

Dw ¼
hX

NiD
6
i =
X

NiD
3
i

i1=3

ð4Þ

N ¼ ½6ðM=WÞð% conversionÞdw�=
�
100pdp

�
D3

v

��
10�21

��
ð5Þ

where Ni particles of diameter Di were counted; dp is the
density of polymer (1.053 g/cm3 for PS); Dv is in nm; and N
is in cm�3.

The molecular weights and molecular weight distribution
of polystyrene were determined with a gel-permeation chro-
matograph (GPC) (Jasco, PU-980 pump with Phenolgel
columns (pore sizes of 103, 104, 105 and 106 Å, respectively)
and refractive index detector (Jasco, RI-930)), where the
oven temperature was set at 40 �C, and the flow rate of THF
was 0.8 mL/min.

The average radical number per particle ðnÞ [28] was calcu-
lated using the following equation:

Rp ¼ kpNn
�
M
��

Av ð6Þ

where kp is the propagation rate coefficient (¼176 L/mol s at
60 �C), N the particle number per cm3, Av Avogadro’s number,
and [M] the monomer concentration in particle. And the [M]
(mol/L) was determined as follows:

½M� ¼ dp

ðM0=1000
���

dp=dm

�
þ
�
1=Fm

�
� 1
� ð7Þ

where dm is the density of styrene (0.906 g/cm3), and Fm is the
weight fraction of monomer in the particle at the saturated
condition(¼0.60 at 60 �C). The [M] value is 5.53 mol/L at
60 �C.

The critical flocculation concentration (CFC) of latex was
determined as follows: a 10 cm3 of latex with a concentration
of about 19.0 wt% was titrated with 0.5 cm3 of 50 mM KCl
solution each time until flocculation happening, the particle
size (Dw) was monitored using the DLS during the process,
and the concentration of KCl in solution was then computed.
3. Results and discussion

3.1. Preparation and characterization of NaPSS

The initial trials showed that the sulfonation of PS powders
had rather low degree of sulfonation, while the sulfonation of
PS conducted homogeneously (i.e., using the cyclohexane
solution of PS) at 80 �C, 97% sulfuric acid showed a better
result. Therefore, the latter was adopted for the sulfonation
process in this study. After sulfonation, the product was puri-
fied by neutralization and dialysis processes.

In the sulfonation process, the mixture turned from color-
less and transparency to orange, and then to deep-brown.
When the dialysis is over, the solution is pale-yellow.

The fraction of sulfonation was determined by using both
the neutralization titration and the NMR. The deviation
between two determination methods is within �0.08, as shown
in Table 2. The different batches of NaPSS were blended to-
gether to form a single batch, and the mixture having an
average fraction of sulfonation of 0.714 as determined from
NMR, was used as the surfactant in emulsion polymerization
thereafter.

The dialysis process can reduce Na2SO4 to a pretty low
level within 48 h. The initial solution has a solid of
11.7 wt%. The solids remaining in the dialysis tube were
2.7, 2.6, 2.4, and 2.2% after 12, 24, 48, and 144 h, respectively.
This reflects that for an additional 96 h, there is only a further
reduction of 0.2% in solid content, compared to that at 48 h.

Alternatively, the dialysis of pure Na2SO4 solution versus
time also showed that the solid contents of 3.13 and 2.5%
remained in the tubes after 48 and 144 h, respectively. The
initial solution has a solid of 11.8 wt%.

The FTIR and NMR determinations of NaPSS have been
conducted. NaPSS carries characteristic IR peaks at 1185,
1130, 1042, 1011, 668, and 639 cm�1 [29]; where peaks
at 1185 and 1042 cm�1 can be assigned to the SO3

� group
antisymmetric and symmetric vibrational adsorption peaks,
respectively, and 1130 and 1011 cm�1 to the in-plane skeleton
vibration of benzene ring and in-plane bending vibration of
benzene ring [30]. For 1H NMR determination, the peaks at
both 7.6 and 6.7 ppm reflect the connection of SO3

� group
on the phenyl ring [29]. The details of both FTIR and NMR
spectra for PS and NaPSS bearing different sulfonation
degrees can be referred from Ref. [29].

The surface tension measurement of aqueous solution of
NaPSS has been performed. The data are shown in Fig. 1.
The critical micelle concentration (CMC) was determined to
be 0.49 g/100 mL of water, or 1.8� 10�4 M, when the

Table 2

Values of the fraction of sulfonation determined by the neutralization titration

and NMR 300 for different batches

Fraction of sulfonation Neutralization titration NMR 300

Mixed 0.648 0.714

Batch AB 0.633 0.683

Batch AE 0.790 0.714
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molecular weight of NaPSS was taken as 2.70� 104 g/mol. In
comparison, the CMC of sodium dodecyl sulfate (SDS) in
water at 25 �C was determined to be 6.6� 10�3 M (or
0.19 g/100 mL of water) in this study, and the value at 20 �C
reported in literature for SDS is 7.4� 10�3 M [31]. The
deviation between our and the reported data may be attri-
buted to the difference in taking the intercept of the correlation
lines.

Fig. 1. The CMC of NaPSS in water was determined to be 0.49 g/100 mL or

1.8� 10�4 M.
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Fig. 2. Instantaneous polymerization rate versus time for emulsion polymeri-
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SDS (i.e., recipes M1eM3). (The dotted line with an Rp of 4.04� 10�4
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3.2. Stabilizing effect of NaPSS in the emulsion
polymerization of styrene

A pretest revealed that the polymerization of styrene in wa-
ter using NaPSS only is close to a suspension polymerization,
where the reaction time is more than 12 h to achieve a high
conversion, and the particle sizes are large enough to be spot-
ted by eyes. It’s been reflected that even a block copolymer
(PS-b-PSS) is not as effective as short-chain surfactant when
used in emulsion polymerization as the stabilizer [23].
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By using a mixture of 1.0 g of NaPSS and various amount
of SDS as the emulsifier (recipes M1eM3, as shown in
Table 1), the emulsion polymerizations led to stable latex.
The instantaneous polymerization rate versus time curves are
shown in Fig. 2, where the polymerization rate increases
slightly by increasing the amount of SDS. Also, the polymer-
ization rates are slightly faster than those without NaPSS
(Fig. 3). The polymerization rate data are also shown in Table
1. Lines of theoretical prediction assuming a constant particle
density (N ) and ðnÞ of 0.5 were also indicated in Figs. 2 and 3.
Obviously, the M series have rates faster than the theoretical
prediction, while the S series have rates slower than the theo-
retical prediction. This can be attributed to the fact that the
former has higher n values than the latter.

The data of volume-average particle diameter (Dv) at final
conversion are shown in Fig. 4. Note that the emulsion
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polymerizations using a mixture of surfactants (M series)
have the larger particle diameters than the counterparts using
a single surfactant of SDS (Table 3), though the previous
ones have the faster polymerizations (Table 1). This may
seem controversial since the M series have the smaller particle
number density (N ) (Table 5). However, by considering Eq.
(6), we found that the average radical number per particle
ðnÞ (Table 5) has the deciding role in polymerization rate.

Most of the values of average radical number per particle
ðnÞ at middle conversions (see Table 5) are lower than 0.5
(i.e., n ¼ 0:5 for Case II of SmitheEwart theory [32]), except
recipe M1. This implies that the desorption of radicals from
particles and termination in the aqueous phase are not negligi-
ble [33]. Recipe M1 has the highest n value, since it has the
largest particle diameter, where more radicals can coexist in
a particle without instantaneous termination [34].

Table 4

Data of the volume-average diameter (Dv), particle number per cm3 of aq.

phase (N ), molecular weights of weight-average (Mw) and number-average

(Mn), and polymer number per particle (np) for each recipe at low conversions

SDS (g) NaPSS (g) % Conv. Dv (nm) N� 10�15 Mw� 10�5 Mn� 10�5 np
a

0.3 0 31.7 35.7 3.14 8.16 3.85 18.6

0.5 0 28.5 45.6 1.37 8.23 4.23 38.1

0.7 0 31.2 49.2 1.19 12.0 4.84 32.8

0.3 1.0 28.9 57.7 0.682 11.8 6.68 53.9

0.5 1.0 18.2 40.1 1.28 10.7 5.52 19.9

0.7 1.0 11.8 35.5 1.19 9.7 4.51 15.3

a Calculated from the relationship 6.02� 1023pDv
3dp/6Mw.

Table 5

Data of the volume-average diameter (Dv), particle number per cm3 of aq.

phase (N ), and average radical number per particle ðnÞ of latex; and molecular

weights of weight-average (Mw) and number-average (Mn), and polymer

number per particle (np) for each recipe at middle conversions

SDS

(g)

NaPSS

(g)

%

Conv.

Dv

(nm)

N� 10�15 n Mw� 10�5 Mn� 10�5 np
a

0.3 0 63.3 53.9 1.83 0.059 9.33 5.19 55.6

0.5 0 56.8 63.0 1.03 0.12 11.4 5.16 72.7

0.7 0 62.6 60.7 1.27 0.15 11.3 5.57 65.5

0.3 1.0 45.5 79.6 0.408 0.63 13.5 6.48 124

0.5 1.0 46.3 49.6 1.72 0.20 14.5 9.11 27.8

0.7 1.0 38.7 41.2 2.49 0.17 11.8 1.23 19.8

a Calculated from the relationship 6.02� 1023pDv
3dp/6Mw.

Table 3

Data of the volume-average diameter (Dv), particle size distribution (Dw/Dn),

and particle number per cm3 of aq. phase (N ) of latex; and molecular weights

of weight-average (Mw) and number-average (Mn), and polymer number per

particle (np) of polystyrene prepared at final conversions

SDS

(g)

NaPSS

(g)

% Conv. Dv

(nm)

Dw/Dn N� 10�15 Mw� 10�5 Mn� 10�5 np
a

0.3 0 99.1 82.5 1.01 0.798 6.87 2.25 271

0.5 0 96.1 79.2 1.01 0.876 8.41 2.23 196

0.7 0 97.6 62.5 1.12 1.81 8.18 1.45 99.0

0.3 1.0 98.5 103 1.01 0.399 17.0 5.11 218

0.5 1.0 94.5 90.3 1.01 0.582 12.3 3.44 188

0.7 1.0 96.4 79.5 1.01 0.869 14.1 6.68 118

a Calculated from the relationship 6.02� 1023pDv
3dp/6Mw.
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Also, the recipe with the higher content of SDS has the
smaller particle diameter in both the series.

The vigorous particle agglomeration occurs during the
emulsion polymerization, especially for the recipe S1. The
values of Dv increase with % conversion, as shown in Fig. 5
and Tables 3e5; while the values of particle number per cm3

of aqueous phase (N ) decrease rapidly at high conversions
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Table 6

Values of the critical flocculation concentration of latexes prepared with

different combinations of surfactants

SDS (g) 0.30 0.50 0.70 0.30 0.50 0.70

NaPSS (g) e e e 1.0 1.0 1.0

CFC (KCl, mM) 84 84 140 470 500 470
for recipes S1, M2 and M3 (see Fig. 6 and Tables 3e5).
The S1 recipe also reveals substantial nucleation at low
conversions.

The variation of particle number per unit volume of aque-
ous phase during the emulsion polymerization has been
reported before [35], where a dynamic equilibrium between
particle nucleation and particle coagulation during the poly-
merization was revealed. A similar idea has been proposed
by Roe [36], Feeney et al. [37] and Lichti et al. [38]. In Chu’s
dissertation [35], surfactants of SDS and Emulphogene
BC-840 (C13H27(OC2H4)15OH) were used in the emulsion
polymerization of styrene, and the average particle diameter
was counted using TEM photos so that it can avoid miscount-
ing of the cluster of aggregated particles as a large one that
may occur in the dynamic light scattering method.
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The recipe S1 has a surfactant content below the critical
micelle concentration (CMC), however, it has a much larger
particle number than other recipes at low conversions and
a continuous agglomeration until high conversions. In the
presence of 1.0 g of NaPSS, the recipes M2 and M3 show
continuous nucleation (i.e., the values of N increasing) until
40e45% conversion, and have limited agglomerations (i.e.,
the values of N decreasing) afterward, leading to maxima in N.

The NaPSS chains may attach to particle in a profile of
‘‘loops and tails’’, since the polystyrene backbone of NaPSS
can attach to particle, while the hydrophilic sodium sulfonate
groups on styrene point out to the aqueous phase. It’s been
reported that at high enough concentrations, the NaPSS mole-
cules form a layer extending to larger depths into liquid,
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forming loops and tails at the air surface, when the adsorption
of NaPSS to the air surface of water was studied [22]. Also,
the NaPSS may exist as an extended moiety, since the distrib-
uted sodium sulfonate groups may hinder the chains to coil
up. Therefore, the molecular chain length of NaPSS (the
number-average degree of polymerization is around 121)
may be about at least 10-fold as large as that of SDS, and in
the presence of NaPSS, the system is prone to form large
particles. In the presence of surfactant molecules having the
relatively longer chains, it tends to form the larger particles,
as the case of using a nonionic surfactant (Emulphogene
BC-840) in the emulsion polymerization of styrene [39],
where a number of TEM pictures are illustrated. This is
consistent with the facts that the mixed-surfactant series
(i.e., M series) have the larger particle diameters than the
single-surfactant series (i.e., S series).

The mixed-surfactant system has the greater capability to
cope with the flocculation when certain amounts of electrolyte
(i.e., KCl) were added to latexes. This system endures the ad-
dition of much volume of KCl solution without flocculation.
Values of the critical flocculation concentration (CFC) for
the mixed-surfactant system are much higher than those for
the single-surfactant system, as shown in Table 6.

In the presence of 1.0 g of NaPSS (mixed-surfactant
system, or recipes M1eM3), the np values don’t cross over
each other, and the value decreases with increasing the SDS
content, as shown in Fig. 7.

3.3. Entry of oligomeric radicals (or z-mers)

The entry of oligomeric radicals (or z-mers) into particles
can be interesting [24,25]. In this study, both average particle
diameter and molecular weight of polystyrene have been de-
termined at low, middle and high conversions. This facilitates
to compute the average polymer number per particle (np) at
each instance. Data are shown in Tables 3e5.

The surfactant amount will affect the average particle diam-
eter of latex, as shown in Fig. 4. In addition, it has been
mentioned [34] that the larger the particle size, the radicals
can coexist in a polymer particle without instantaneous termi-
nation, therefore, n will be larger than 0.5, like in the case of
recipe M1, as shown in Table 5. Obviously, the content and
combination of surfactants affect the particle size, which in
turn, affects the entry of oligomeric radicals.

When plotted the np versus average particle diameter (Dv)
(see Fig. 8), we found that the larger the Dv, the higher the
np values. Both series are plotted, respectively, in Fig. 8.
The result agrees with the idea mentioned in literature [34].
Therefore, the larger the particle size, the more chances for
the oligomeric radicals to enter into particles, so that the np

values are higher in each series.
In Fig. 8, the series S has the larger np values at smaller

average particle diameters, compared to those for series M
with the same SDS content. It is quite clear that radicals in
the S series have the higher entry rates to particles and termi-
nation rates in particles, so that the S series have the higher np

values at the similar Dv values corresponding to those in the M
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series. Note that S series have the smaller values in molecular
weights than M series at final conversion (Table 3).

4. Conclusions

The NaPSS was prepared by sulfonating a narrowly distrib-
uted polystyrene. This surfactant has a critical micelle concen-
tration of 0.49 g/dL of water. By using SDS as the cosurfactant
in the emulsion polymerization of styrene, the polymerization
rates are higher than those using SDS only, while the latexes
have the average particle diameters larger than those prepared
with the SDS surfactant only. The M series have also the better
resistance to endure the addition of the electrolyte. Values of
average polymer number per particle (np) at low, middle and
high conversions decrease with increasing SDS content for
both series of M and S, since the Dv values decrease accord-
ingly. Values of average radical number per particle ðnÞ also
decrease. Obviously, the content and combination of surfac-
tants affect the particle size, which in turn, affects the entry
of oligomer radicals, and the np values. The results agree
with the report that the larger the particle size, the radicals
can coexist in a polymer particle without instantaneous termi-
nation. Obviously, the radicals in S series have the higher entry
rates to particles and termination rates in particles, compared
to the M series.
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