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Abstract : Dispersion copolymerization of styrene and butyl acrylate in isopropanol/water media using
poly(N-vinyl pyrrolidone) and 2,2'-azobis(isobutyronitrile} as the stabilizer and the initiator,
respectively, was carried out to study the effects of monomer ratios, concentration of initiator, stabilizer,
and isopropanol/water ratios on the polymerization kinetics. The polymerization rate increased with
increasing concentration of styrene in monomer mixture, initiator, stabilizer, water content in
isopropanol/water dispersion media, and polymerization temperature, but decreased with monomer
concentration. The average particle size of the latices increased with increasing concentration of butyl
acrylate in monomer mixture, initiator, monomer, and polymerization temperature, but decreased with
increasing concentration of stabilizer and water content in isopropanol/water dispersion media. In this
study, poly(styrene-co-butyl acrylate) latices of 1~2 Um size range with narrow size distribution were

prepared.

Introduction

Preparation of uniform polymer particles in
micrometer size has recently received a great
attention. Latices in this range with narrow
particle size distribution have found a wide variety
of applications such as toners,’” instrument
calibration standards, column packing materials
for chromatography,®* model systems,® solid sup-
ports for organic and biopolymer synthesis,® and
biochemical field and biochemical analysis.”*
Micrometer-size monodisperse particles are
difficult to be obtained because this size is just in
the diameter range of particles produced by
emulsion polymerization and suspension poly-
merization. Micrometer-size monodisperse particles
were prepared by emulsion polymerization
seeded from latices of a small size generated
either by Vanderhoff's successive seeding method**
or Ugelstad's two-stage swelling method.'*"
However, these procedures are very tedious and
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difficult to carry out.

Dispersion polymerization is an attractive al-
ternative to other polymerization methods to
prepare micrometer-size monodisperse particles
in a single step.*®* Dispersion polymerization
usually involves the polymerization of a monomer
mixture dissolved in an aqueous or a nonaqueous
media in the presence of an amphiphatic
polymeric stabilizer to produce insoluble polymer
particles dispersed in the continuous phase. In
fact, dispersion polymerization can be regarded
as a modified precipitation polymerization in
which flocculation is prevented and particle size is
controlled by the presence of the steric stabilizer.
The first studies of this technique were carried
out in nonaqueous dispersion systems [NAD] to
prepare the poly(methyl methacrylate) particles
in submicrometer size range by Barret.® Later,
Almog et al.' used this polymerization method in
polar media to prepare monosize polystyrene and
poly(methyl methacrylate) particles up to 5 pm.
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Ober et al.,""*Tseng et al.,”* and Paine et ol %
and others studied this technique in order to
control size and achieve narrow size distribution.

In spite of recent studies,®* the kinetics and
the mechanisms involved in dispersion poly-
merization are still poorly understood, because
dispersion polymerization depends on numerous
reaction parameters, and the process is highly
sensitive to small changes in these parameters.®*

Recently, we* have studied dispersion poly-
merization of styrene and butyl acrylate to
investigate the effects of concentration of mono-
mer, molecular weight and concentration of steric
stabilizer, polymerization temperatures, agitation
types, and isopropanol/water ratios, etc. In the
previous investigations, we mainly used bottle-
polymerization using tumbler and studied only
the effects of different parameters on the average
size and size distribution.

In the present study, we carried out dispersion
polymerization of styrene and butyl acrylate in
isopropanol/water mixtures using a stirred
reactor and investigated the effects of monomer
ratios, concentration of initiator, stabilizer, and
monomer isopropanol/water ratios as polymeriza-
tion media, and reaction temperature on poly-
merization kinetics and average particle size and
size distribution.

Experimental
Materials. Styrene (St) and butyl acrylate
(BA) purchased from Junsei, were vacuum

distilled under nitrogen and stored at -10°C
before use. All other materials were used without
further purification. The initiator was 2,2'-azobis
(isobutyronitrile) (AIBN, Junsei). As the poly-
merization medium, isopropanol (Duksan Chemi-
cals)/distilled deionized-water mixtures were used.
Poly(N-vinyl pyrrolidone) (PVP K-30, Sigma)
was used as a steric stabilizer.

Dispersion Polymerization. The polymeriza-
tions were carried out in a 100 mL three-necked
round-bottom flask equipped with mechanical
stirring and constant temperature-control system.
Polymerizations were conducted at a constant
temperature of 75°C. The reaction mixture was
stirred with an anchor-type agitator at a speed of
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150 rpm. In a typical procedure as shown in
Table I, PVP K-30 was dissolved in dispersion
medium containing isopropanol and water. The
monomer phase was prepared by dissolving
AIBN in styrene/butyl acrylate monomer mixture.
The stabilizer/dispersion medium solution was
first charged to the reactor and purged with
nitrogen gas for 15 minutes, and then the heating
and stirring were started. When the reactor
temperature was raised to 75°C, the monomer
phase was added at one time, and the zero-
reaction time was defined. The latex samples
were withdrawn in appropriate intervals and the
solid content of these samples was determined
gravimetrically.

Particle-Size Analysis. Particle sizes of
resulting dispersions were determined using
scanning electron microscopy (SEM, dJeol Jsm
6400) and transmission electron microscopy
(TEM, Jeol Jem 2010). For the SEM, one drop of
the final dispersion was diluted in about 2~3 mL
of methanol and one drop of the diluted
dispersion was coated on the aluminum stud and
was dried at room temperature overnight. The
samples were sputter coated with gold, and
examined at 15 kV. For the TEM, one drop of
dispersion with a concentration of 1~3% was
placed on a carbon-coated Formvar electron
microscope grid, and most of the drop was
removed by contacting it with filter paper. The
sample was then stained with 2% phosphotung-
stic acid to improve the contrast. The transmis-
sion electron micrograph of the latex was taken
at 80 kV and cold stage. The particle size of the
latices was measured on photographs and
particle size distributions {PSD) were determined
from the ratio of Number (D, and Weight (D.)
average diameters as follows:

N
2D
=

D, == (1)
N
3.0

D, =& (2)

Y
2.D¢
i=0

where, N is the total number of barticles counted
(about 100~200 particles), and D, is the diame-
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ter of particle i

Dy,

PSD = (3)

Molecular Weight and Glass Transition Tem-
perature Analyses. The molecular weights of
latex polymers were measured using a GPC
(Waters 510) equipped with a differential
refractometer detector and Waters Styragel HR
column (100, 500, and 10000 A in pore size).
The glass transition temperatures (T,) were
determined using Du Pont TA 2100 differential
scanning calorimeter. The specimens were scan-
ned as a heating rate of 20 °C/min.

Results and Discussion

Effect of Styrene/Butyl Acrylate Ratio. In
order to study the effect of styrene/butyl acrylate
ratio, 5 different dispersion polymerizations with
various monomer ratios were carried out using
the polymerization condition as shown in Table I.
The SEM (@~®) and TEM (@) photographs,
the conversion versus time curves, the solubility
parameters of the reaction mixture at the

Table 1. Standard Recipe Used in Styrene/Butyl
Acrylate Dispersion Polymerization

ingredients wt%®  amount (g)
St/BA 13.0 7.50
isopropanol/water (70/30 wt%) 85.6 49.56
AIBN 0.2 0.12
PVP K-30 1.2 0.68

“Based on total weight (57.86 g). Polymerization conditions:
75°C (polymerization temperature) 100 mL 3 neck flask,
150 rpm.
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Figure 1. SEM (®~©) and TEM (@) photographs, and
the conversion versus time curves at 5 different styrene/bu-
tyl acrylate monomer ratios in dispersion polymerization.

beginning of the polymerization, the particle size
and size distribution, molecular weight and
weight distribution, and the glass transition
temperature of the latices obtained with 5
different monomer ratios, are given in Figure 1
and Table II, respectively. As seen in Figure 1
and Table I, the polymerization rate, final
monomer conversion, solubility parameter, mole-
cular weight, and glass transition temperature
increased with increasing styrene concentration in
monomer mixture. However, the particle size
decreased. Especially, dispersion polymerization
of pure-butyl acrylate showed the lowest rate of
polymerization and molecular weight as shown in
Figure 1-® and Table II, and occurred in clear-
solution state throughout the polymerization

Table II. Effect of Monomer Ratio in Styrene/Butyl Acrylate Dispersion Polymerization’

samples St/BA  &lcal/lemd?  D,{um) PSD M, M, MWD T,(°C)
A 100/0 14.78 1.24 1.006 21,329 80,047 3.75 106.0
B 75/25 14.77 1.36 1.009 17,669 51,019 2.89 50.8
C 50/50 14.76 1.87 1.012 16,538 26,428 1.60 115
D 25/75 14.75 2.06 1435 6,306 25,427 4.03 -225
E 0/100 14.72 - 4,864 10,823 2.22 -56.7

°13.0 wt% monomer and 85.6 wt% isopropanol/water (70/30 wt%) (based on total weight). 9.2 wt% PVP K-30 and 1.67
wt% AIBN (based on monomer weight). Polymerization conditions: 75 °C (polymerization temperature) 100 mL 3 neck flask,

150 rpm.

®Solubility parameter of the mixture was calculated by averaging the solubility parameters of the components based on the

. 20
volume fraction.
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without showing any turbidity. In this study, the
solubility parameter is considered as a measure
of polarity of the dispersion medium. The
increase of butyl acrylate content in monomer
mixture leads to decrease in polarity of the
reaction medium, resulting in formation of long
oligomer chains at the beginning of the poly-
merization. Nucleation occurs at relatively high
molecular weights due to the good solubility of
growing-oligomers in reaction medium. Thus, a
few nuclei are produced, leading to a few large
polymeric particles. The reason of increase of the
polymerization rate and final conversion with
increasing styrene content in monomer mixture
could be explained by the large surface area of
the formed particles and the particle-poly-
merization after nucleation.

Dispersion Polymerization of Styrene/
Butyl Acrylate (50/50 in wi%). In the first
part of the study, we investigated 5 different
dispersion polymerizations with various monomer
ratios. In the second part of the study, dispersion
polymerization of styrene/butyl acrylate (50/50
in wt%) was performed to study the effect of
initiator, stabilizer, monomer concentration, isopro-
panol/water ratio, polymerization temperature on
the polymerization rate, conversion, and average
particle size and size distribution. These effects
are discussed below.

Effect of Initiator Concentration. The poly-
merizations were carried out with three different
AIBN concentrations (i.e., 1.0, 1.67, and 2.5 wt%
based on monomer wt.) in dispersion medium
containing 70% isopropanol and 30% water at a
constant PVP K-30 stabilizer concentration of
1.18% based on total weight under the poly-
merization conditions as described in Table I
Figure 2 and Table Il show the SEM photogra-
phs and variation of monomer conversion with
the polymerization time, and the average size of
latices obtained with three different initiator
concentrations, respectively. As seen in Figure 2,
the polymerization rate and final monomer
conversion increased with increasing initiator
concentration. The high rates of free-radical
initiation due to the high initiator concentrations
led to high monomer conversion. As seen in
Figure 2 and Table Ill, the average particle size

408

80 o

3

Conversion(%)
F-3
3

AIBN (wit)
A e 10
20 1 B w167
c A 25
o= T T T 1
0 200 400 500 800

Reaction Time(min)
Figure 2. SEM photographs and the conversion versus
time curves at 3 different AIBN initiator concentrations in
styrene/butyl acrylate (50/50 in wt%) dispersion poly-
merization.

Table 1. Effect of Initiator Concentration in
Styrene/Butyl Acrylate (50/50 in wt%) Dispersion

Polymerization®
samples conc. (c‘:vft (;n)mator En(um) PSD
A 1.0 1.69 1.012
B 1.67 1.87 1.012
C 2.5 2.52 1.098

©13.0 wt% monomer and 85.6 wt% isopropanol/water (70/
30 wi%) (based on total weight). 9.2 wt% PVP K-30
(based on monomer weight). Polymerization conditions:
75°C (polymerization temperature) 100 mL 3 neck flask,
150 rpm.

and size distribution increased with increasing
initiator concentration. The increase in the
initiator concentration caused an increase in the
number of free radicals for polymerization. This
led to low molecular weight polymer chains,
which had good solublility in the medium. In
dispersion polymerization,** the nucleation
occurs when the polymer chains reach a certain
molecular weight in which they become insoluble
in the dispersion medium. At high initiator con-
centration, due to low concentration of high
molecular weight chains in the medium, a few
nuclei were produced, leading to a few larger size.

Effect of Stabilizer Concentration. The

Korea Polym. J., Vol. 6, No. 5, 1998



Dispersion Polymerization of Styrene and Butyl Acrylate in Isopropanol,/Water Media

polymerizations were performed with three
different PVP K-30 concentrations(ie., 5.0, 9.3,
and 11.0% based on monomer weight) at a
constant initiator concentration of 1.67% based
on monomer weight in a dispersion medium
containing 70% isopropanol and 30% water,
based on the polymerization conditions as
described in Table I. Figure 3 and Table IV show
the SEM photographs, variation of monomer
conversion with the polymerization time, and the
average size of latices obtained with three
different stabilizer concentrations, respectively. As
seen in Figure 3, the polymerization rate and final
conversion slightly increased with
increasing stabilizer concentration. This may be
explained by the fact that the number of forming
particles increased with increasing stabilizer
concentration, which led to an increase in the
polymerization rate. As seen in Figure 3 and
Table [V, the average particle size slightly

monomer

decreased with increasing stabilizer concentration.
This is not a surprising result since the number of
stabilizer is very important factor for stabilizing
the produced nuclei and reducing the aggregation
and coalescence between nuclei during the early
stages of the growth process. Therefore, the

Table IV. Effect of Stabilizer Concentration in
Styrene/Butyl Acrylate (50/50 in wt%) Dispersion

Polymerization®
samples conc. git(syt;)ablhzer D.{1tm) PSD
(4]
A 5.0 2.01 1.053
B 9.2 1.87 1.012
C 11.0 1.67 1.070

?13.0 wt% monomer and 85.6 wt% isopropanol/water (70/
30 wt%) (based on total weight). 1.67 wt% AIBN (based
on monomer weight). Polymerization conditions: 75 °C
(polymerization temperature) 100 mL 3 neck flask, 150
rpm.

number of formed nuclei increased with increas-
ing stabilizer concentration that led to a lot of
small particles.

Effect of Monomer Concentration. In this
set of experiments, the concentration of monomer
mixture (St/BA, 50/50 in wt%) was varied from
10.0 to 25.0 wt% and the amount of the other
components were the same as those listed in
Table 1. The SEM photographs and variation of
monomer conversion with the polymerization
time, and the average size of latices obtained
with three different monomer concentrations are
given in-Figure 4 and Table V, respectively. As
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Figure 3. SEM photographs and the conversion versus time
curves at 3 different PVP-K 30 stabilizer concentrations in
styrene/butyl acrylate (50/50 in wt%) dispersion poly-
merization.
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Figure 4. SEM photographs and the conversion versus
time curves at 3 different monomer concentrations in
styrene/butyl acrylate (50/50 in wt%) dispersion polymer-
ization.
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Table V. Effect of Monomer Concentration in
Styrene/Butyl Acrylate (50/50 in wi%) Dispersion
Polymerization”

conc. of &lcal/cm®"® D um) PSD

samples monomer (wt%)
A 10.0 14.90 1.75 1.011
B 13.0 14.77 1.87 1.012
C 25.0 14.29 242 1.195

°85.6 wt% isopropanol/water (70/30 wt%) (based on total
weight). 9.2 wt% PVP K-30 and 1.67 wt% AIBN (based
on monomer weight). Polymerization conditions: 75°C
(polymerization temperature) 100 mL 3 neck flask, 150
rpm.
® Solubility parameter of the mixture was calculated by
averaging the solubility parameters of the components
based on the volume fraction.?

seen in Figure 4 and Table V, the average
particle size and size distribution increased and
the polymerization rate generally decreased with
increase in monomer concentration. Increasing
the monomer concentration would increase the
solvency of the medium for the formed polymer,
resulting in increase of the critical chain length of
the growing oligomer molecules and decrease in
the adsorption rate of PVP stabilizer at the same
time.”””*%% These would lead to the formation of
large particles with broad distributions. A
decrease in rate of polymerization with monomer
concentration would be related to the total
surface area of the forming particles. In the initial
period, the polymerization reaction progresses in
the dispersion medium. However, after nucleation,
the monomer and the initiator molecules diffuse
from the dispersion medium to the forming
particles. The monomer and initiator diffusion
rate would be low in the presence of large
particles due to their small total surface area.
Effect of Isopropanol/Water Ratio. The
effects of isopropanol/water medium ratio on the
average particle size and polymerization rate
were studied. The used recipe was similar to that
shown in Table [ except that the isopropanol/
water monomer mixing ratio was varied from
100/0 to 60/40 in wt%. The SEM photographs
and variation of monomer conversion with the
polymerization time, and the average particle
size of latices obtained with three different
isopropanol/water medium ratios are given in
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Figure 5. SEM photographs and the conversion versus
time curves at 3 different isopropanol/water ratios in styrene/
butyl acrylate (50/50 in wt%) dispersion polymerization.

Table VI. Effect of Isopropanol/Water Ratio in
Styrene/Butyl Acrylate (50/50 in wi%) Dispersion

Polymerization”
samples 1sopropan9l/ 3(cal/lem®™ D, (um) PSD
water ratio
A 100/0 11.24 2.76 1.539
B 70/30 14.76 1.87 1.012
C 60/40 15.84 1.35 1.017

©13.0 wt% monomer (based on total weight). 9.2 wt% PVP
K-30 and 1.67 wt% AIBN (based on monomer weight).
Polymerization conditions: 75°C (polymerization tem-
perature) 100 mL 3 neck flask, 150 rpm.

®Solubility parameter of the mixture was calculated by
averaging the solubility parameters of the components
based on the volume fraction.”

Figure 5 and Table VI, respectively. As seen in
Figure 5, both the polymerization rate and final
monomer conversion increased with increasing
water content or the polarity of dispersion
medium. The solubility of the monomer mixture
and AIBN in the dispersion medium decrease
with increasing water content in the dispersion
medium. More monomer and initiator molecules
may transfer to the forming particles when the
water content of the medium is high, so that the
concentration of monomer mixture and AIBN in
the forming particles increase as the water

Korea Polym. J., Vol. 6, No. 5, 1998
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content of the continuous phase increases. There-
fore, relatively high polymerization rates were
observed with increasing water content in
dispersion medium. As seen in Figure 5 and
Table VI, the average size and size distribution of
the latex particles changed with different water
content in dispersion medium. The polymer
particles obtained from pure-isopropanol as the
dispersion medium were relatively large but not
uniform. However, the polymer particles
produced in 30~40% water content had more
uniform latices but smaller size than those
produced in pure-isopropanol medium. The
general trend was that increasing water content
of the dispersion medium resulted in latices of
small size with more uniform distribution.?#3*%
With increasing water content, the critical chain
length would decrease and the adsorption of
stabilizer would increase, and thus both the rate
of nuclei formation and the rate of adsorption of
the stabilizer would increase, resulting in smaller-
uniform particles.

Effect of Polymerization Temperature.
The effects of polymerization temperatures on the
average particle size and polymerization rate
were studied. The recipe used was similar to that

Polymerization Temp.(°C)
A ®& TO0
B = 75
C A 80

Conversion(%)

o T T T § 1
0 200 400 600 800
Reaction Time(min}

Figure 6. SEM photographs and the conversion versus
time curves at 3 different polymerization temperatures in
styrene/butyl acrylate (50/50 in wt%) dispersion poly-
merization.
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Table VII. Effect of Polymerization Temperature in
Styrene/Butyl Acrylate (50/50 in wt%) Dispersion

Polymerization”
polymerization —
samples temp.(°C) D, um PSD
A 70 1.67 1.022
B 75 1.87 1.012
C 80 2.38 1.050

“13.0 wt% monomer and 85.6 wt% isopropanol/water (70/
30 wit%) (based on total weight). 9.2 wt% PVP K-30 and
1.67 wt% AIBN (based on monomer weight). Polymeri-
zation conditions: 100 mL 3 neck flask, 150 rpm.

shown in Table I except that the polymerization
temperature was varied from 70 to 85°C. The
SEM photographs and variation of monomer
conversion with the polymerization time, and the
average particle size of latices obtained with
three different polymerization temperatures are
given in Figure 6 and Table VII, respectively. As
seen in Figure 6, both the polymerization rate
and final monomer conversion increased with
increasing polymerization temperature. The high
rates of free-radical initiation due to the high
polymerization temperatures led to high
monomer conversion. As seen in Figure 6 and
Table VII, the average particle size increased with
increasing polymerization temperature. Increase
in the polymerization temperature would cause
increase in the critical chain length due to the
increase in the solvency of the dispersion medium.
The concentration of precipitated oligomer chains
would increase due to increase in both the
decomposition rate of the initiator and the
propagation rate of oligomer chains, and to
decrease in the adsorption rate of PVP. All of
these can contribute to increase in particle size.

Conclusions

In this study, poly(styrene-co-butyl acrylate)
latices of 1~2 Wm size range with narrow size
distribution were prepared by dispersion poly-
merization in isopropanol/water mixture using
AIBN and PVP K-30 as the stabilizer and the
initiator, respectively. The effects of monomer
ratios, concentration of initiator, stabilizer, mono-
mer mixture, isopropanol/water ratios as poly-
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merization media, and reaction temperature were
also studied on both polymerization kinetics,
average particle size, and size distribution.
Important results are as follows:

1. In dispersion copolymerization of styrene
and butyl acrylate with various monomer ratios,
the polymerization rate, final monomer conver-
sion, molecular weight, and glass transition
temperature increased with increasing styrene
concentration in monomer mixture. However, the
particle size  decreased. Especially, dispersion
polymerization of pure-butyl acrylate showed the
lowest rate of polymerization and molecular
weight, and occurred in clear-solution state
throughout the polymerization without showing
any turbidity.

2. The polymerization rate and final monomer
conversion increased with increasing initiator
concentration. The average particle size and size
distribution also increased with increasing initiator
concentration.

3. The polymerization rate and final monomer
conversion slightly increased with increasing
stabilizer concentration. The average particle size
also decreased with increasing stabilizer concen-
tration.

4. The polymerization rate and final monomer
conversion decreased with increasing monomer
concentration. The average particle size and size
distribution also increased with increasing mono-
mer concentration.

5. Both the polymerization rate and final
monomer conversion increased with increasing
water content in dispersion medium. Increasing
water content of the dispersion medium resulted
in latices of smaller size with more uniform
distribution.

6. Both the polymerization rate and final
monomer conversion increased with increasing
polymerization temperature. The average particle
size also increased with increasing polymerization
temperature.
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