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SYNOPSIS

Polystrene (PS) particles, generated from soap-free emulsion polymerization of styrene
monomer, water, and potassium persulfate, were investigated by photon correlation spec-
troscopy (PCS) and TEM. The particle size distribution (PSD) was quite uniform. From
the data of PCS, it could be said that lots of particles flocculated in the final stage of
reaction. It was also deduced from the molecular weight distribution (MWD), measured
by GPC, that, during the early stage of reaction, molecules with low molecular weight
(< 4000) might exist and the particles were perhaps formed through micellar-type nucleation
mechanism. When initiator concentration increased, reaction rate increased but weight
average molecular weight, tensile modulus, and elongation decreased. The number density
of particles was found to be proportional to 0.49 power of initiator concentration. However,
monomer concentration did not seem to have any great effect on all of them above.

INTRODUCTION

Conventional emulsion polymerization has the
drawbacks of the pollution of emulsifier and the dif-
ficult separation due to emulsifier. Therefore, in 1965
Matsumoto and Ochi® proposed to do without the
emulsifier, and they successfully prepared the poly-
strene latex with particles of monodisperse size dis-
tribution. Vanderhoff and Van Den Hul? listed the
wide applications of particles with monodisperse size
distribution. For examples, these particles could be
used as model colloids and calibration standards.
However, “low solids” is still the major problem of
emulsifier-free production of latexes.

The preparation of monodisperse latex differs
from conventional emulsion polymerization. Three
methods are possible: (1) soap-free emulsion poly-
merization, (2) seeded emulsion polymerization, and
(3) soap-free emulsion copolymerization with co-
monomer functioning as the emulsifier. Goodwin et
al.® pointed out that the first method was the most
basic one and could prepare particles with more ver-
satile size ranges than the second method.

There are mainly three nucleation mechanisms
for soap-free systems: the homogeneous nucleation
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mechanism proposed by Fitch,* the coagulation of
terminated free radicals propounded by Ugelstad
and Hansen,’ and the micellar-type nucleation
brought forward by Goodwin et al.? Fitch et al.*%7
argued that conventional Smith-Ewart micellar
theory was only applicable for systems with mono-
mers not soluble in water, like styrene. In a study
of the KPS/styrene/H,0 system, Goodwin et al.?
and Goodall et al.® found that, in the early stage of
reaction, the GPC spectrum showed a peak corre-
sponding to molecular weight less than 1000. They
identified the nucleation mechanism as the micellar
type. Recently Song and Poehlein®*® developed a
model to simulate particle nucleation of emulsifier-
free aqueous-phase polymerization. This model in-
cluded the homogeneous nucleation mechanism as
well as the in situ micellization nucleation mecha-
nism. The particle nucleation period can be divided
into two stages. The critical chain length decreased
during stage 1 due to the increase of oligomer con-
centration through significant aqueous phase ter-
mination of radicals. Particle size increased during
stage 2 through coagulation and polymerization.
Suwa et al.'! discussed the effects of reaction con-
ditions on the number and size of particles in ra-
diation-induced soap-free emulsion polymerization.
He pointed out that the polymerization loci was in
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Figure 1 Conversion vs. reaction time.

the water phase. As to the kinetics after the particle
formation, Hearn et al.’? made the point that the
bimodal molecular weight distribution could not be
explained by conventional theory and that the po-
lymerization possibly proceeded at two sites. Arai
et al.'® compared the polymerization rate of bulk
polymerization, emulsion polymerization, and soap-
free emulsion polymerization and also studied the
effects of mixing rate.! In addition, they proposed
a kinetic model to discuss the effects of change of
monomer and initiator concentrations on particle
number for the system MMA /KPS /H,0.1®

Due to lack of emulsifier to provide stability, the
nucleation mechanism and the time-dependent par-
ticle size distribution for soap-free emulsion poly-
merization is well worth of study. Therefore, in this
work, we study the effects of reaction conditions,
like monomer and initiator concentration, on the
conversion, particle number, molecular weight, me-
chanical properties, PSD, and MWD. The particle
size is probed with photon correlation spectroscopy
and TEM.

EXPERIMENTAL

Materials

Styrene monomer was distilled from industrial-grade
styrene under a reduced pressure of about 20 mm
Hg. Potassium persulfate of reagent grade was used
as the initiator.

Emulsion Polymerization

Emulsion polymerization was carried out in a four-
neck flask equipped with a two-blade paddle-type

impeller, thermometer, nitrogen inlet, and con-
denser. The polymerization was performed at 70°C
with 1-1.5 mol /L. H,0 of styrene and 2-5 mmol/L
H,0 of KPS. The rate of agitation was kept at 300
+ 25 rpm. Conversion was determined by the gravi-
metric method of solid product precipitated and
dried from the reaction mixture.

Determination of Particle Size and Particle Size
Distribution

For TEM and PCS test, 4 mL reaction mixture was
taken and diluted with 2 mL hydroquinone aqueous
solution. In TEM test, about 15-30 particles were
taken to calculate the number average diameter of
particles. i.e.,

ﬁ’r = 2 Nidi/Z N;

i=1

The information from PCS test could cglculate the
number average diameter of particles (D,) and par-
ticle size distribution.

GPC Determination

The MWD and the average molecular weight of
polymer were determined by GPC. The pore sizes
of four consecutive columns were 100, 500, 10%, and
10° A. The flow rate for THF was 1 mL/min at
23°C.

Mechanical Properties

The sample taken from the reaction mixture which
had reacted for 24 h was hot-pressed and then tested
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Figure 2 Conversion vs. reaction time.
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Figure3 Number of particles (1/L H,0) vs. conversion.

by Instron machine at 23°C according to ASTM-
1708-79 with 10 mm/min of strain rate. The mod-
ulus, tensile strength, and elongation were deter-
mined.

RESULTS AND DISCUSSION

Conversion

Figures 1 and 2 show plots of conversion against
time. It can be seen that the initiator can enhance
the reaction rate. But the increase in monomer con-
centration does not have much effect on reaction
rate. This is possibly because more particles are
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Figure 4 Number of particles (1/L H,0) vs. initiator
concentration.
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Figure 5 Number average diameter of particles (TEM)
vs. conversion.

generated by increasing initiator concentration, but
this effect is not evident for raising monomer con-
centration. Similar results were reported in Song
and Poehlein’s work.'®

Particle Number

From Figure 3, we can find that the number of par-
ticles decreases with time and finally reaches a
steady value. We suppose that this phenomenon is
due to the coagulation of particles. In the early period
of reaction, primary particles are formed possibly
through micellar-type nucleation. Since these pri-
mary particles are swollen in monomer and soft, they
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Figure 6 Number average diameter of particles (TEM)
vs. conversion.
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Figure 7 TEM pictures of polymer particles at different reaction times in soap-free
emulsion polymerization with M = 1.5, I = 2.0 X 1072 (mol/L H,0): (1) t = 30 min, Dy
=92.4nm;(2)t=3h,Dy=2319nm; (3)t=5h,Dr=314.6 nm; (4) t = 24 h, D; = 489.8
nm.
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Figure 8 Number average diameter of particles (PCS)
vs. reaction time.

can floculate together if collisions take place. Be-
sides, once the surface charge density can no longer
maintain the stability after the particles growing,
particles coagulate to reestablish stability. There-
fore, the particle number is first decreased by co-
agulation of particles. However, in the latter period
of reaction, the coagulation is less likely to happen
because the monomer is being run out and particles
are hardened. This is why the number of particles
finally stays unchanged. In the mean time, the par-
ticle sizes tend to be uniform for the reason of the
so-called competitive growth, which means small
particles grow faster than large particles by way of
limited coagulation. Figure 3 also shows that particle
number increases with initiator concentration but
not affected by monomer concentration. In Figure
4 the particle number is shown to increase linearly
with the 0.49 power of initiator concentration.

Particle Size

Figures 5 and 6 plot particle size obtained from TEM
as a function of conversion. The particle size dis-
tribution was quite sharp from the TEM observation
(Fig. 7). These figures show that small particles are
obtained with higher initiator concentration or with
lower monomer concentration. The similar phe-
nomena were found in Song and Poehlein’s work
t00.'® This could be explained by the effect of ini-
tiator and monomer concentration on particle num-
ber mentioned above. Figure 8 are the results of how
average particle size changes with time obtained
from the PCS. The particle size gradually ap-
proaches a constant when monomer is being used
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Figure 9 Number average diameter of particles (TEM
and PCS) vs. reaction time.

up. Figure 9 compares the results from TEM and
PCS. The values taken from PCS are greater than
those of TEM. This is because of the swelling effect
of monomer in the early stage of reaction and the
second peak found on PCS spectrum in the latter
stage, both of which cause D, (from PCS) larger
than D, (from TEM).

Particle Size Distribution

Figure 10 shows the particle size distribution ob-
tained from PCS versus reaction time. A small sec-
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Figure 10 Particle size distribution, M = 1.5, [ = 2
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Figure 11 Weight average molecular weight of polymer
vs. reaction time.

ond peak appears at about 760.9-837.5 nm in the
later period of reaction, which might indicate bi-
modal size distribution. It is noteworthy that the
second peak in Figure 10 appears at about the po-
sition which represents particles twice the diameter
as those at the first peak. There could be two pos-
sibilities. One is that the second peak is truly caused
by large particles. The other is that the peak actually
represents a floc of two particles. However, what we
see under TEM is uniform particles only. Therefore,
we are assured that floculation occurs during latter
stage of reaction. Again, it explains why D, is larger
than D7, as mentioned above.
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Figure 12 Weight average molecular weight of polymer

vs. reaction time.
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Figure 13 Polydispersity of polymer vs. reaction time.

Average Molecular Weight

In Figures 11 and 12, the weight average molecular
weight (M,) is plotted as a function of time. As
reaction proceeds, the M,, first increases to a max-
imum and then decreases to a constant. M, is low-
ered by raising initiator concentration because
monomer is thus divided among more particles. It
is also found that the effect of monomer concentra-
tion on M,, is not evident. The polydispersity (M, /
M,,) obtained from the data above is shown against
time in Figures 13 and 14. Neither do these figures
show any common relations among them, except
that M,,/ M, first undergoes significant change with
time but later the rate of change moderates.
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Figure 14 Polydispersity of polymer vs. reaction time.



Molecular Weight Distribution

The way the molecular weight distribution (MWD)
changes with time can be seen in Figure 15. The
results first show a binodal distribution with the
peak of low molecular weight at about 4000 (data
taken at a reaction time of 30 min ). This peak moves
toward higher molecular weight for samples taken
at longer reaction time. Finally, a monodispense
distribution is observed. The phenomenon that
many molecules of low molecular weight exist in
early stage of reaction was also mentioned by Good-
win et al.® and Goodall et al.'® and inspired them to
bring forward their micellar type nucleation. Be-
sides, after comparing PSD and MWD, we conclude
that no quantitative relations could be established
between them. It is for the reason that in the early
stage the PSD is monodisperse and the MWD is
bimodal, but in the latter stage the case is reversed.
But, whichever distribution curve the MWD is, the
particles are seen to be uniform under TEM.

Mechanical Properties

Figure 16 shows the effect of initiator concentration
on tensile modulus, tensile strength, and elongation.
We mentioned in the section of Average Molecular
Weight above that higher initiator concentration
lowered the M,,. Therefore, the differences in me-
chanical properties probably come from the molec-
ular weight differences. It is reasonable that poly-
styrene with higher molecular weight would exhibit
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Figure 15 Molecular weight distribution of polymer,

M=1,I=5 X103 (mol/L H0) ( } t = 30 min;
(AAYt=1h;(O0)t=2h; (OOO) t =24 h.
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Figure 16 Effect of initiator concentration on mechan-
ical property of polymer.

higher modulus, higher tensile strength, and higher
toughness (or elongation).
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