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Abstract Core-shell composite
polymer particle was prepared by the
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the treatment time and finally
attained to that of SP. The treatment
time to attain the {-potential of SP
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cationic small polymer particles (SPs)
onto an anionic large polymer
particle (LP), following heat treat-
ment at temperatures which were
higher than glass transition
temperature (T, = 18 °C) of SP. At
pH 9 {-potential of the hetero-
coagulated particle (HP) was
negative, but it changed to positive by
the heat treatment and increased with

became short by elevating the
treatment temperature. This indicates
that during the heat treatment, SP
continued to melt on the surface of LP
and finally formed a continuous shell.
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Introduction

In general, submicron-sized composite polymer particles
are produced by seeded emulsion polymerization and their
morphologies obey not only thermodynamics, but also
kinetics because of high viscosity in polymerizing particles
[1]. By utilizing this technique, some anomalous com-
posite polymer particles, such as “raspberry-like” [2],
“confetti-like” [3], “snowman-like” [4], “octopus ocel-
latus-like” [5], “void-containing” [6], “golfball-like” [7]
and “sandwich-like” and “halfmoon-like” [8], were
obtained. Their morphologies are thermodynamically
unstable.

On the other hand, in previous articles [9-11] we
suggested a novel technique to produce anomalous com-
posite polymer particles having uneven surfaces by deposi-
ting stepwise many cationic small particles (SP) onto an
anionic large particle (LP), which was named “stepwise
heterocoagulation method”. Recently, we developed it to
produce spherical core-shell composite polymer particle in

which core and shell should be, respectively, derived from
LP and SPs, regardless of the difference in hydrophilicities
of the two kinds of base polymers [12, 13]. The transmis-
sion electron microscopic (TEM) observation of the
heterocoagulated particle (HP) has shown that SPs melt
on the surface of LP at the temperature above glass
transition temperature (7,) of SP and finally form a con-
tinuous shell.

In a series of above-mentioned investigations on the
stepwise heterocoagulation method, anionic charges of LP
were introduced as carboxyl and sulfate groups which
were, respectively, derived from methacrylic acid (MAA)
monomer and potassium persulfate (KPS) initiator. Since
the amount of the former was larger than that of the latter,
the negative {-potential should be increased with an in-
crease in pH value in alkaline range. On the other hand,
cationic charges of SP were introduced as quarternary
ammonium and amidinium groups which were, respective-
ly, derived from methacryloxyethyl trimethyl ammonium
chloride (QDM) monomer and 2,2-azobis(2-amidino-
propane)hydrochloride (V-50) initiator. Since the amount

8¢6 N



M. Okubo and Y. Lu

283

Estimation of surface morphology with {-potential measurement

of the former was larger than that of the latter, the
positive {-potential should be almost independent of the
pH value.

In this article, in order to estimate the variation
of surface morphology of HP prepared by the stepwise
heterocoagulation method with heat treatment at
temperatures above T, of SP, the change of {-potential
of HP will be measured as a function of the treatment
time.

Experimental
Materials

All reagents were the same as those in the previous
paper [12].

Preparation of polymer particles

Anionic LP with 618 nm in hydrodynamic-average dia-
meter (Dy,) was produced by emulsifier-free emulsion ter-
polymerization of methyl methacrylate (MMA), ethyl
acrylate (EA), and MAA under the conditions listed in
Table 1. Cationic SP with 104 nm in Dy, was produced by
emulsion terpolymerization of styrene (S), butyl acrylate
(BA), and QDM under the conditions listed in Table 2.
The T, values of the LP and SP were, respectively, 70 °C
and 18 °C measured by using a differential scanning calori-
meter (Seiko Instruments Inc., SSC-5200) at a heating rate
of 10°C/min.

Table 1 Recipe of emulsifier-free emulsion polymerization® for
preparing anionic large P(MMA-EA-MAA) (59.0/32.0/9.0, molar
ratio) particles

MMA [g] 4438
EA [g] 243
MAA [g] 6.0
KPS [g] 035
H,O [g] 500
Dy, [nm]® 618
Dy/D, 101
T, ['C]® 70

UN,; 70°C; 24 h.

® Hydrodynamic, number and weight average diameters, separately,
measured by dynamic light scattering spectroscopy.

9 Glass transition temperature measured by differential scanning
calorimeter.

Abbreviations: MMA, methyl methacrylate; EA, ethyl acrylate;
MMA, methacrylic acid; KPS, potassium persulfate.

Table 2 Recipe of emulsion polymerization® for preparing cationic
small P(S-BA-QDM) (55.0/42.0/3.0, molar ratio) particles

S [g] 244
EA [g] 29.9
QDM [g] 2.66
Tween 80 [g] 2.5
V-50 [g] 0.250
H,O [g] 200

Dy, [nm]® 104
D,/D," 1.02
T, [°C]? 18

¥N,; 70°C; 24 h.

) Hydrodynamic, number and weight average diameters, separately,
measured by dynamic light scattering spectroscopy.

9 Glass transition temperature measured by differential scanning
calorimeter.

Abbreviations: S, styrene; BA, butyl acrylate; QDM, methacryl-
oxyethyl trimethyl ammonium chloride; V-50, 2,2"-azobis(2-ami-
dinopropane)hydrochloride; Tween 80, polyoxyethylene sorbitan
monooleate.

Stepwise heterocoagulation and heat treatment

Heterocoagulation of LP and SP was carried out as fol-
lows. (1) The pH values of LP and SP emulsions were
separately adjusted at 3 with 0.5 N HCI. Tween 80 (cloud
point = 70 °C) of which amount was 8% per polymer solid
was added to the LP emulsion before the blend. (2) The
LP and SP emulsions were blended at 0°C at the blend
ratio of 3 by weight and kept for 1 h. The polymer solid in
the blend emulsion was about 10%. The pH of the blend
emulsion was adjusted from 3 to 9 with 0.1 N KOH in
gentle stirring at 0°C. Then the temperature was raised
and kept at 70°C for 30 min. After unheterocoagulated
SPs were removed by centrifugation at 6000 rpm for 6 min
at 0°C, twice. HP emulsion without free SP was treated at
various heat treatment conditions.

Particle size

The particle sizes and their distributions of LP, SP and HP
were determined by dynamic light scattering spectroscopy
with a particle analyzer (Otsuka Electronics Inc., Model
DLS-700), separately.

{-potential

The {-potential of each particle was measured in 10 mM
KClI with a Laser Electrophoresis Zeta-potential analyzer
(Otsuka Electronics Inc., Model LEZA-600) after each
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diluted emulsion was filtrated with a cellulose nitrate
membrane having pore size of 3 um. The pH of KCI was
adjusted with 0.1 HCI or KOH. The {-potential was ob-
tained as average value of three time measurements.

Results and discussion

Figure 1 shows Dy, distributions of the blend emulsion at
pH 3 (a) and of HP emulsion prepared by the stepwise
heterocoagulation method with the heat treatment at
70°C for 30 min, following centrifugal removal of free SP
(b). The blend emulsion at pH 3 had two peaks of D;, at 99
and 566 nm which were, respectively, nearly equal to those
(104 and 618 nm) of the original SP and LP emulsions.
This indicates that the heterocoagulation did not occur,
and LPs and SPs were independently dispersed stably in
the blend emulsion. On the other hand, after the stepwise
heterocoagulation with mild heat treatment at 70 °C for
30 min, many SPs were adsorbed onto LP to form HP. As
shown in Fig. 1(b), after centrifugation, the peak of SP
disappeared and a new peak appeared at 873 nm which
accorded well with the diameter of HP calculated assum-
ing that SPs are adsorbed onto one LP as single-particle
layer. These results indicate that desired HP was prepared
and free SP were removed completely by the centrifu-
gation.

Figure 2 shows {-potentials of LP and SP measured,
separately in 10 mM KCI solution at different pH values.
The negative {-potential of LP clearly increased with an
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Fig. 1 Hydrodynamic particle-size distributions of blend emulsion
of PMMA-EA-MAA) (LP) and P(S-BA-QDM) (SP) at pH 3 and of
heterocoagulated composite polymer emulsion after centrifugal re-
moval of unheterocoagulated free-SPs (b)
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Fig. 2 {-potentials of LP (0) and SP (e) measured, separately, in
10 mM KCl solution at different pH values
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Fig. 3 {-potentials of heterocoagulated particles after heat treatment

at 70 °C for 30 min (0) and 48 h (@), measured in 10 mM KCl solution
at different pH values

increase in pH because of ionization of the carboxyl
groups. Whereas, positive {-potential of SP was indepen-
dent with pH value because the cationic charges were
mainly due to the quarternary ammonium group.

Figure 3 shows {-potentials of HP treated at 70 °C for
48 h, 30 min measured in 10 mM KCl solution at different
pH values. The {-potential of HP treated for 30 min was
positive at pH 3 at which almost all carboxyl groups do not
ionize, but it was negative at pH 9 at which all carboxyl
groups ionize. These indicate that the HP still exposes fair
amount of the carboxyl group at the surface, that is, “bare”
surface of LP still exists. On the other hand, after the heat
treatment for 48 h, the {-potentials were always positive
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Fig. 4 Changes of (-potentials of heterocoagulated particles with
treatment time at pH 9 at different temperatures (°C): (0), 40; (@), 70;
(0), 100. The measurement was carried out in 10 mM KCl solution at
pH 5.5 at room temperature

regardless of the pH values. This suggests that the carboxyl
groups disappear at the “surface”, that is, the continuous
shell consisting of SPs completely covers the surface of LP.
This is well in accord with the results of TEM observation
of ultrathin cross sections of HP in the previous article [12].

Figure 4 shows changes of {-potentials of HP with the
treatment time at pH 9 at different temperatures above T,
of SP, which were measured at pH 5.5 at room temper-
ature. The positive {-potential increased with the time and
finally attained to that of SP. The treatment time to attain
it is shortened by elevating the temperature. They were,
respectively, less than 6, 24 and 48 h for 100 °C, 70 °C and
40°C. These results also suggest that during the heat
treatment, SPs continue to melt on the surface of LP and
finally formed a continuous shell.

In this way, it is clarified that {-potential measurement
is applicable for the estimation of surface morphology of
HP.
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