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Abstract—Core-shell latexes were synthesized by sequential emulsion polymenzation of methyl methacrylate (MMA),
styrene (St), and ethyl acrylate (EA) in the presence of anionic surfactant, and the characteristics of these latexes were
evaluated. The core latex had to be synthesized carefully to avoid the formation of secondary particles. The sequential
polymerization method adopted for this synthesis took advantage of stabilizing particles grown during shell poly-
merization. In core-shell latex polymerization, to suppress the generation of new particles and to minimize the gelation
during the shell polymerization, the amount of surfactant (Sodium dodecyl benzene sulfonate: SDBS) should be
reduced to the minimum, 0.01 wt% and 0.02 wt% of SDBS to amount of monomer, respectively, when the Poly-
methyl methacrylate (PMMA) and Polystyrene (PSt) core latexes are prepared. In addition, the monomer pre-emulsion
method is better than monomer-add method. The core-shell structure for composite latex synthesized was demon-
strated by Particle Size Analysis (PSA), Differential Scanning Calorimeter (DSC), Transmission Electron Micro-
scope (TEM), formability of film, and hydrolysis under NaOH solution.
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INTRODUCTION

Latex materials m which a core of one polymer 1s surrounded
by a shell of a second polymer are mportant m many different m-
dustrial applications. For example, those with core and shell poly-
mers differing m ther glass transition temperatures (Tg) may be
used to modify the properties of latex pamt. The core-shell latexes
with polymer phases differing m pH sensitivity have been made to
manufacture void-contaming particles that can be used as opaquufi-
ers n coatings [Devon et al., 1990; Blankenship, 1986].

All the earher theoretical treatments of the emulsion polymer-
1zation of styrene [Kim et al., 1999, 2000, Park et al, 2000, Song
et al, 1999] were based on the assumption that the particles were
swollen homogeneously, 1.¢., there was no concentration difference
throughout the particles, because styrene is miscible with polysty-
rene 1 all proportions.

But Williams et al. [1970, 1973, 1974] postulated that the poly-
merization occurred at near the surface of the monomer-swollen par-
ticle as the result of a monomer concentration gracient comprismg
a polymer-rich ‘core’ surounded by a monomer-rich “shell’. This
core-shell polymerization morphology has been well known m1 sys-
tems that are mherently incompatible. However, m compatible sys-
tems this polymerization hypothesis has created controversial argu-
ments.

Core-shell termmology 15 straightforward, mdicating the locus
for polymerization m a homopolymerization. In the composite pair
system 1t 13 confusmg smce core-shell particle morphologies may
be obtamed during the polymerization by phase separation, m which
case the morphology may be mdependent of the locus of polymer-
1zation.
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Paxton [1969] mvestigated the soap adsorption characteristics of
the surface of the PS-PMMA (polystyrene/poly methyl methacry-
late) composite latex that was made by St-MMA emulsion poly-
merization using semi-batch techmque.

Devon et al [1990] studied the physical properties of two latexes
that were the hard-core/soft-shell and the soft-core/hard-shell type
composite polymer particles. In these systems the hard polymer was
PMMA and the soft polymer was Polybuthyl acrylate (PBA). The
observed properties also supported the core-shell morphology. In
the above two systems the seed polymers became cores and the mon-
omers were polymernized over the seed particle surfaces.

Also, Morgan [1982] studied multifeed emulsion polymerization
with soft-hard and hard-soft polymer pair systems. He used MMA,
EA, styrene, Buthyl acrylate (BA) as monomers and sequential batch
addition. His hypotheses and expermental results showed core-first
and shell-second composite latex particles.

A coreshell particle s roughly divided mto organic-organic (poly-
mer-core, polymer-shell) and morgamic-orgame (norganic surrounded
by polymer) composite latexes. The core-shell composite particle
1s varied from a core-shell structure to a complete phase separation
with various two phase structure in between, depending on poly-
merization sequence, polymenzation methods, reaction condition,
polymer compatibility, molecular weight of polymer, polymer phase
ratio, etc. The shape of the core-shell composite particles m the above
showed various structure such as wnwverted core-shell, polymeric oil-
m-o1l, raspberry, confetti-like, etc. [Lee and Ishikawa, 1983; Mast-
sumoto et al., 1976, Okubo et al, 1980, 1982]. Many researchers
studymg polymer colloids are concentrating ther attention on the
production of micron-sized monodispersed core-shell polymer par-
ticles prepared by soap-free emulsion polymernization to apply to
the biomedical field, microelectromics, etc. [Okubo et al,, 1999]. Sarac
[1999] showed that the use of a redox initiation system enables poly-
merizations to be performed at lower temperature than possible with



A Study on the Synthesis of Acrylic Composite Particles and Investigation of their Characterization 319

a thermal reaction Lee [2000] studied the effect of heatng on the
morphology and physical properties of PMMA/PS core-shell com-
posites and the polymer blends. He found that the behavior of the
mterpenetration layer was the same as compatibilizer that would
mcrease the degree of compatibility of polymer blends. Perk et al.
[1999] studied the effect of surfactents m acrylic emulsion poly-
menzation He realized that the overall conversion of the polymer-
1zation reaction i a mixed surfactant system was found to be higher
than that 1 a single nomome surfactant system. Emulsion particle
size decreased as surfactant content increased. Lee et al. [2000] ex-
amimed that the morphology of the composite polymer latex was
core-shell structure, the core was PMMA and shell was PMMA-
PMAA copolymer. The carboxylic acid functional groups (COOH)
of MAA were distributed on the surface of composite polymer latex.
The concentration of carboxylic acid groups distributed on the sur-
face of composite polymer latex could be controlled by the amount
of MAA.

Fabre and Meurer et al. [2000] reparted the thermomechanical
properties of film from structured soft-core/hard-shell hydrophobic
latexes. These films were formed at room temperature, that is, 70 °C
lower than the Tg of the PMMA that built the shell. The latexes
were charactenized and extubited a soft-core/hard-shell structure.
They found that the mecharical properties of these films were closely
related to their very particular organization.

In ths article, we describe the formulation of acrylic core-shell
latex polymenzation employed to build core-shell structure. The
structures of these composite particles were observed by studymg
with respect to film formation, hydrolysis by NaOH, glass transi-
tion temperatire by DSC, particle size analysis, and micrological
observation by TEM photograph.

EXPERIMENTAL

1. Materials

Reagent grade Styrene (St), Methyl methacrylate (MMA), Ethyl
acrylate (EA) was distilled at reduced pressure under N, atmosphere.
Ammonium persulfate (APS) as mutiator was obtamed from Ald-
rich. Sodium dodecyl] benzene sulfonate (SDBS) as an emulsifier
was used without purification. All water was delomized.
2. Polymerization

The 1 litter reactor vessel that was equipped with ports for nitro-
gen, a condenser, a paddle-type stirrer, dropping furmel, and ther-
mometer was kept i a water bath mamtamed at 85 °C. Agitation
speeds were 60 rpm for core polymer and 80 rpm for shell poly-
merization. Prior to polymerization, the reaction mixture was purged
with mitrogen for at least 30 minutes, and during the reaction a small
positive pressure of nitrogen was mamtained. SDBS was dissolved
m deiomzed water, and monomers were then added to the SDBS
solution with agitation to prepare pre-emulsion. Iitial seed was pre-
pared with perts of pre-emulsion. The remamnder monomer pre-emul-
sified and mitiator solution was added via dropping funnels to grow
this seed The grown seed was used as the core polymer m the next
emulsion polymerization. In the shell polymerization step, core la-
texes (500 g, 2 wit%) were placed m the reactor vessel m a water
bath at 85 °C. After mitrogen degassmg, monomer and mitiator solu-
tion were added m the reactor for 5 hours. After monomer and APS
solution addition was completed, the reaction was allowed to post
react for 2 hours to remove residual monomers and the polymers
were filtered with 120-mesh filter to remove grits.

In this manner, several core-shell polymers were prepared by
changing the kinds of monomers for core and shell polymers. The
experimental conditions are summarized n Table 1 and Table 2.

3. Latex Characterization
3-1. Hydrolysis of Latex for Alkali Solution

Table 1. Polymerization recipe of core polymers

(unit: g)

DW SDBS MMA St EA APS Conversion (%)
CM-1 830 00021 421 0.31 86.6
CM-2 830 00042 421 0.31 97.0
CM-3 830 00084 421 0.31 98.0
CE-4 830 00042 421 031 97.5
CS-5 830 0.0042 421 031 77.6
CS-6 830 0.0084 421 031 95.5
CS-7 830 00120 421 031 96.1

DW: deionized water. St: styrene. SDBS: sodium dodecyl benzene
sulfonate. EA: ethyl acrylate. MMA: methyl methacrylate. APS:
ammonium persulfate

Table 2. Polymerization recipe of shell polymers (unit: g)
CM-2 CM-3 CE-4 CS-6 Cs-7 .
(2.0%) (2.0%) (2.0%) (2.0%) (2.0%) MMA EA St APS DW Conversion (%)
SMM-1 500 5 0.05 10 972
SME-2 500 5 0.05 10 97.0
SMS-3 500 5 0.05 10 975
SMS-4 500 5 0.05 10 974
SES-5 500 5 0.05 10 95.6
SEM-6 500 5 0.05 10 982
SSM-7 500 5 0.05 10 97.6
SSE-8 500 5 0.05 10 973
SSS-9 500 5 0.05 10 96.3
SSM-10 500 5 0.05 10 978

MMA: methyl methacrylate. EA: ethyl acrylate. St: styrene. APS: ammonium persulfate. DW: deionized water
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For identification of latex particle structure, hydrolysis of the latex
with N/200 NaOH solution was employed and the results of final
pH were mutually compared. The latexes (10 g) diluted to 2 wt%
and NaOH of N/200 (65 g) were weighed out and then mixed This
muxture was stured at 65 °C for 48 hours and pH was measured by
pH meter.

3-2. Film Formation

Latexes were placed on the glass plate in round shape and then,
the latexes were dried at 20°C. After the latex had dned, the film
formation comparison was taken where a clear film had formed.
Thus usually occurred 2 to 3 hours after the latexes were placed on
the plate.

3-3. Latex Particle Size

The average particle size was measured by a Particle Size Ana-
lyzer (Autosizer IC, Malvern mstrument LTD.). The latex typi-
cally diluted 1,000 times n water.

3-4. Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) was used to observe
the morphology of the core-shell particle synthesized (TEM: JEM-
200CX, JEOL, Japan).

3-5. Differential Scanning Calorimeter

A Dupont Instruments General V4.1C Dupont 2100 Dafferential
Scannmg Calormeter was used for glass transition temperature meas-
uremert of the latex. The samples were dried completely in a vac-
uum oven at 25 °C. The scarming range used i1 these experiments
was from —50°C to 100°C, with a scarmmg rate of 2 °C per munute.
3-6. Measurement of Conversion

The time-monomer conversion to polymer was calculated by
measuring solid content. At appropriate ntervals aliquots were with-
drawn, of about 1 g by using a syringe, and quenched with metha-
nol containing a small amount of hydroquinone, to prevent further
polymerization. About 1 g of latex was weighed mto an alummum
dish and left 1 hour at 130 °C. The dried polymer was then weighed
and the solids content calculated from the following equation. The
average of two samples was taken.

Conversion (%)=100W/(W,'T,)

W, : sample weight
W, sample weight after drymg
T : principal value of solid content m 100% conversion

RESULTS AND DISCUSSION

PS and PMMA core latexes were made at 5% solids content. This
reaction was performed m the varied concentration of SDBS to ob-
serve the effect of polymerization. Figs. 1 and 2 show the conver-
sion m PSt-core polymernzation and PMMA-core polymenization.
As shown m Figs. 1 and 2, the percent of conversion was affected
by concentration of SDBS. The conversion of PSt-core polymer
using 0.01 wit% of SDBS to the monomer at CS-5 of Table 1 was
77.6%. However, at 0.02% and 0.03% concentration of SDBS of
CS-6, CS-7, the conversion was 95.5 %and 96.1 % respectively. Fig.
2 shows the conversion-time curves of PMMA-core polymer for
effect of emulsifier concentration on the conversion at same mutia-
tor level. Also, the conversion of PMMA-core polymer m the same
process of PS-core polymer seems to depend on the SDBS con-
centration, where 1t 13 found to be 86.6%, 97 0%, and 98.0%, re-
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Fig. 1. Conversion-time curve of PSt core polymerization.
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Fig. 2. Conversion-time curve of PMMA core polymerization.

spectively, for 0.005 wt%, 0.01 wt%, and 0.02 wt% of SDBS to
MMA with increasing the SDBS content. It is known that the more
micelles are formed m aqueous phase at the higher concentration
of SDBS and the micelles then, the more monomer solubilized
during pre-emulsion The radicals generated by thermal decompo-
sition iutiete the polymerization and the nucleation period by enter-
g amonomer-swollen micelle and reacting with the monomer con-
tamned there m. Upon radical entry mto a micelle, the ligher con-
centration of monomer swollen micelles leads to rapid polymeriza-
tion. The stung micelle becomes a growing particle with mcreasing
surfactant requirement. The more monomer-swollen micelles are
formed at relatively higher concentration of emulsifier, the greater
number of particles are generated with same mitiator concentration
at same tme m seed polymernization. Therefore, the rate of poly-
merization depends on emulsifier concentration, because all subse-
quent polymerization will take place in the seed particles that will
contmue to grow particles. The value of conversion, as plotted m
Fig. 3 was selected at time equivalent to a residence time. It can be
seen mn Fig. 3 that the conversion of PMMA-core polymer as 97%
was higher than that of PSt-core polymer at the same concentration
of SDBS (0.01 wt% to monomer). Since MMA has a high solu-
bility i water compared to St, the radicals generated in the aque-



A Study on the Synthesis of Acrylic Composite Particles and Investigation of their Characterization

100

80 -

70 -

80 -

50 -

Conversion (%)

—dk— PS5t polymerization
—C— PMMA polymerization

30 60 20 120 150 180

Time {min)

210

Fig. 3. Conversion comparison of PSt and PMMA core polymer-
ization at same SDBS concentration (0.01 wt% toc mono-
mer).

ous phase mitiate MMA solubilized m water as well as MMA swol-
len mucelles for particle mucleatiory, thus the greater mumber of par-
ticles generated m seed polymenzation gave more locus of poly-
menzation in core growth stage than the case of St polymenzation.
Figs. 1 and 2 show that stabile PMMA and PSt latexes with no grits
are obtamed by using 0.01 and 0.02 wt% of SDBS to total mono-
mer, respectively, when the conversions of both PMMA and PSt
latexes were hugher than 95%. Table 3 shows particle size (Z aver-
age) of core latex and core-shell latex. As shown in Table 3, the par-
ticle sizes of PMMA latexes of C-1 and C-2 prepared by pre-emul-
sionn method usmg SDBS of 0.01 and 0.02 wt% to total monomer
were 2765 mm and 175.4m, respectively. The particle sizes of
PSt latexes of C-3 and C-4 prepared m same manner were 298.4
rm end 229.4 nm, respectively, and then the amount of SDBS used
to total monomer was 0.02 wt%s, 0.03 wt%. The particle size of the
core-shell latexes prepared using the above latexes as cores, namely,
the S-1 (PMMA/PSt, 2/1), S-2 (PMMA/PSt, 211), S-3 (PStPMMA,
2/1) end S-4 (PStPMMA,, 2/1) were found to be 310.0nm, 1894
nm, 3308 nm and 240.2 nm, respectively. The differences of parti-
cle size in these core-shell latexes suggest that new particles m the
shell polymenization of the S-2 and S-4 using C-2 of PMMA and
C-4 of PSt core latexes stabilized by 0.02 wt% and 0.03 wit% of
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Table 4. Final pH of core-shell polymer after hydrolysis by NaOH

solution
Core/Shell PH
PMMA/PMMA (2/1) 94
PMMA/PSt(2/1) 10.1
PSt/PMMA (2/1) 95
PSt/PSt (2/1) 10.7

* Hydrolysis conditions. Sample (2%): 10 g. N/200 NaCH: 65 g.
Temp.: 65 °C. Time: 48 hr

SDBS to monomer respectively were generated more than i the
shell polymerization of the corresponding S-1 and S-3 polymeriz-
mg m the presence of the core latex C-1 and C-3, which were used
SDBS 0.01 wt% and 0.02 wt% to monomer 1 the core polymer-
1zation The results mdicate that the appropriate amournt of SDBS
m the core polymerization was 0.01 wt%/monomer for PMMA and
0.02 wt%/monomer for PS to obtain stable core-shell latex without
grits m shell polymerization.

The pH companson of particles hydrolyzed with NaOH solu-
tion 1s given i Table 4. As a result, PS/PS, PMMA/PS, PS/PMMA
and PMMA/PMMA were 10.7, 10.1, 9.5, and 9.4, respectively. The
final pH was measured after hydrolysis at 65°C for 48 hours. In
comparison, the PStPSt and PMMA/PSt surrounded by shell of
hydrophobic polymer PSt were found to be hugher pH than PMMA/
PMIMA and PStPMMA shelled hydrophilic polymer PMMA. The
pH change trend according to hydrolysis of outside shell polymers
by sodium hydroxide 1s evidence of core-shell structure that the core
was surrounded by the outside shell polymer m a particle. Fig. 4
shows DSC curves of PSYPEA (2/1) core-shell (a), PStPEA copol-
ymer (b) prepared with same ratio of monomer for the determma-
tion of glass transition temperature. Copolymer (b) mvolving a single
copolymer of PSt-PEA compositional ratio of 2/1 by weight shows
a single Tg, as expected. In contrast, the core-shell latex () shows
two glass transition temperatures, namely, Tg of PEA around —25 °C
and PSt around 100°C respectively. This analysis indicates that com-
position of copolymer particles 1s homogeneous over the particle
radu m a particle and Tg of the polymer 1s one for that reason. The
core-shell latex particles were, however, found to have a heteroge-
neous structure consisting of PS core surrounded by a shell of PEA.
It means that the core-shell latex 1s composed of the inside core

Table 3. Particle size of core polymer and shell polymer with surfactant concentration (unit: g)
Core DwW SDRBS MMA St APS (%) Conversion (%) Z Average {nm}
C-1 800 0.0042 42.1 30.31 970 276.5
C-2 800 0.0082 42.1 30.31 980 175.4
C3 800 0.0082 42.1 30.31 955 208.4
C-4 800 0.0126 42.1 30.31 96.1 229.2

C-1 C-2 C3 C-4 APS Conversion Z Average
Shell (2.0%) (2.0%) (2.0%) (2.0%) St MMA (0.5%) (%) (nm)
S-1 500 5 10.05 915 310.0
S5-2 500 5 10.05 97.4 180.4
S-3 500 5 10.05 97.6 330.8
S-4 500 5 10.05 97.8 240.2

DW: deinized water. SDBS: sodium persulfate. MMA: methyl methacrylate. St: styrene. APS: ammonium persulfate

Korean J. Chem. Eng.(Vol. 19, No. 2)



322 S.-R. Lee and S.-D. Seul

1.0
08 |
06
04}

(@
02t

Heat flow (w/g)

00}

02} (b)

L
0.4 \\

0.6
-100 -50 0 50 100 150 200

Temperature (C)

Fig. 4. DSC curves of PSUPEA (2/1) core-shell pdymer () and PSY
PEA (2/1) copolymer (b).
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Fig. 5. Photograph of film formation at 20 °C.
(a) PSE/PEA (2/1) copolymer
(b) PSt/PEA (2/1) core-shell polymer
(c) PEA/PSt (2/1) core-shell polymer

and the outside shell structure. Fig. 5 is the photograph of films for-
mated for PSt/PEA (2/1) core-shell latex (a), PSt/PEA (2/1) copol-
ymer (b), and PEA/PSt (2/1) core-shell latex(c) at 20°C. In com-
parison of the core-shell latex (a) and copolymer latex (b) with same
ratio of polymer, the sample {(a) with shell composition containmg
PEA gave more clear film formation, as shown m Fig. 4, than the
copolymer counterpart. Because PEA of shell in the PSt/PEA core-
shell latex has amuch lower Tg than PS/PEA laex, it was expected
that the film formation temperaure (MFT) of PEA i the shell would
decrease film formation temperature and then make better film at
20 °C compared to sample (b) and sample (c). The core-shell latex
(c) surrounded by PS shell shows that MFT was raised by the shell
of PSt having higher Tg than PS/PEA and the appearance of the
formatted film was not clear and had a just-dried appearance. These
differences in film formation suggest that the homopolymer core
was surounded by homopolymer shell in the core-shell particles.
Fig. 6 shows TEM photographs of PMMA core particles (a) and
PSt core particles.

Fig. 7 shows TEM photographs of PMMA/PSt (2/1) core-shell
particles (a) and PStPNMMA (2/1) core-shell particles (b) produced
by emulsion polymerizing with St and MMA in the presence of
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Fig. 6. TEM photographs of PMMA (a) and PSt (b).
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Fig. 7. TEM photographs of morphology for PNMIMA/PSt (2/1) (2)
and PSt/PMMA core-shell polymer (2/1) (b).

PMMA and PSt core contaming 0.01 and 0.02 wi% to total mono-
mer, respectively, when core polymerization was caried out. As
shown in Figs. 6 and 7, PMMA core and PSt coreshell particles
have slightly deformed shape. PSt core and PMMA/PSt core-shell
latex show relatively non-deformed spherical structure. These dif-
ferences seem to be based on the difference of existence of poly-
mer m particle surface and composition variation with their radu.

CONCLUSION

Aarylic compostte paticles were successfully prepared by sequen-
tial emulsion polymerization of the comresponding monomers in the
presence of core latexes. When PMIMA and PSt core latexes were
polymerized, the appropriate amount of SDBS in the core poly-
merization was 0.01 wt%omonomer for PMMA and 0.02 wt%/mon-
omer for PSt to suppress the generation of new particles and to mm-
unize the gelation during the shell polymenzation m the presence
of these core laexes Moreover, aseries of sequential seeded growth
emulsion polymerization by adding monomers pre-emulsified were
used to obtain high conversion latexes.

The structure of the core-shell composite particles synthesized
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was confmmed by DSC, hydrolysis under sodum hydroxide, TEM,
particle size analyzer, and MFT study etc. All results from the above
characterization show that shell polymers surrounded the core latexes
and encapsulation took place during shell polymerization.
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