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Abs~act-Core-shelI latexes were synthesized by sequentia! emulsion polymenzafion of rnethyI methacrylate (iVIMA), 
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 carefialIy to avoid the fon~aation of secondary particles. The sequentia! 
polsm:eaization method adopted for this synthesis took advantage of stabilizing particles gro~:a: dm'ing shell poly- 
merization. In core-shell latex polymerization, to suppress the generation of new particles and to minimize the gelation 
dtaing the shell polymerization, the amount of surfactant (Sodium dodecyI benzene sulfonate: SDBS) should be 
:-educed to the mi:m~aum, 0.01 wt% and 0.02 wt% of SDBS to amouut of monomer, respectively, when the Poly- 
methyl methacrylate (PMMA) and Polystyrene (PSt) core latexes are prepared. In addition, the monomer pre-e~aulsion 
method is better than monomer-add method. The core-shell structure for composite latex synthesized was demon- 
sh-ated by Particle Size Analysis (PSA), Differential Scaming Calorimeter (DSC), Transmission Electron Micro- 
scope (TEM), fon~aability of film, and hydi-olysis under NaOH solution. 
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INTRODUCTION 

Latex mate:ials in which a core of one polymer is sun-ounded 
by a shell of a second polymer are m:portant in many different in- 
&tstrlal applications. For example, those with core and shell poly- 
meis differing in their glass Iralsition tempera~-es (Tg) may be 
used to modify the properties of latex paint The core-shell latexes 
with polymer phases differing in pH sensitivity have been made to 
manufacture void-coi~laitmg particles that can be used as opaquifi- 
ers in coatings [Devon et aI., 1990; Blankenship, 1986]. 

All the earlier theoretical treahnei~ of the emulsion polymer- 
ization of styrene [Kim et al., 1999, 2000; Park et al., 2000; Song 
et al., 1999] were based on the assumption that the parhcles were 
swollen homogeneously, i.e., there was no concen~-ation difference 
throughout the particles, because styrene is miscible with polysty- 
rene in all proportions. 

But Williams et aI. [1970, 1973, 1974] pos~Iated that the poly- 
merization cccurred at near the surface of the monomer-swollen par- 
ficle as the result of a monomer concenh-afion gradient comprising 
a polymer-:-ich ~core' suaounded by a monomer-:-ich %hell'. This 
core-shell polymerization morphology has been well known in sys- 
tems that are it~herently incompatible. Howevei; in compatible sys- 
tems this polymerization hypothesis has created conlxoversial argu- 
I'l:eI]tS. 

Core-shell tem:inology is saaigr indicating the locus 
for polymerization in a homopolymerizatiOll In the composite pair 
system it is confusitg since core-shelI particle moiphologies may 
be obtained &umg the polymeaiza~bn by phase separatio:l, in which 
case the morphology may be independent of the lccus of polymer- 
ization. 
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P~xton [1969] investigated the soap adsorption ct~-acte:-istics of 
the surface of the PS-PIvIMA (polystyrene/p@ methyI methacry- 
late) composite latex that was made by St,M/VIA emulsion poly- 
meaization using semi-batch technique. 

Devon et al. [1990] studied the physical properties of two latexes 
that were the hard-core/soft-shell and the sot~,core/hard-sheI1 type 
composite palymer particles. In these systems the hard polymer was 
PIvIIvIA 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- 
ome:~ were polsanefized over the seed particle surfaces. 

Also, Ivlo:gan [1982] studied :nullifeed e~nulsion polsanerization 
with soft-hard and hard-soft polymer pair systems. He used IvIMA, 
EA, styrene, Buthyl acrylate (BA) as monomers and sequential batch 
addition. His hypotheses and experimental results showed core-fu~t 
and shell-second composite latex particles. 

A core-sheli particle is roughly divided into o~ganic-org~fic (poly- 
mer-core, polymer-shell) and inorgarnc-organic (inorganic stm-ounded 
by polymer) composite latexes. The core-shelI COmlX~ite particle 
is vmied from a core-shell smacture to a complete phase separation 
with vario~ts two phase sh-acture in between, @ending on poly- 
meaization sequence, palyme:-ization methods, reaction condition, 
polymer compatibffity, molecular weight of polymer, polymer phase 
ratio, etc. The shape of the core-shell composite particles in the above 
showed various s tmc~e  such as itwerted core-shelI, polymeric oil- 
m-off, raspberry, confetti-like, etc. ~Lee and Ishikawa, 1983; Mast- 
sv:aoto et al., 1976; Okubo et aI., 1980, 1982]. Ivlany researchers 
studying polymer colloids are concet~-ating their attention on the 
production of micron-sized monodispersed core-shell polymer par- 
ticles l:-epared by soap-fi-ee emulsion polsane:-ization to apply to 
the biomedical field, micrceleclromcs, etc. [O�89 et al., 1999]. Sarac 
[1999] showed that the use of a redox initiation system enables poly- 
me:Jzafions to be perfon~aed at lower temperature than possible with 
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a thennal i-eactior~ Lee [2000] studied the effect of heating on the 
morphology and physical properties of PMM_A/PS core-shell com- 
posites and the polymer blends. He found that the behavior of the 
interpenetration layer was the sane as compatibilizer that would 
increase the degree of compatibility of polymer blends. Park et al. 
[1999] studied the effect of surfact~lts in acrylic emulsion poly- 
merlzatiorL He realized that the overall conversion of the polymer- 
ization reaction in a mixed mrfact,mt syste~n was fouzld to be higher 
than that in a single nonionic surfactant system. Emulsion particle 
size decreased as surfactant content increased. Lee et aI. [2000] ex- 
anined that the morphology of the compasite pal3aner latex was 
core-shell s~ucture, the core was PMlXdA and shell was PIvlMA- 
PMAA copolymer. The cm-boxylic acid functional groups (COOH) 
of IvIAA were dislributed on the surface of con~tx;site polymer latex. 
The concentration of carboxylic acid groups distributed on the sur- 
face of composite poI3aner latex could be conlrolled by the amount 
of  MAA. 

Fabre and Meunier et al. [2000] reported the thermomechanical 
properties of film fi-on~ s~uctured sofl,core/hmd-shell hydrophobic 
latexes. These films were formed at room temperature, that is, 70 ~ 
lower t i m  the Tg of the PlviIvIA that built the shell. The latexes 
were cha-acteszed and exhibited a soft-core/hard-shell s~uc~e.  
They foLmd that the mechanical properties of these films were cIosely 
related to their very particular organization. 

In this article, we describe the fommlation of acrylic core-shell 
latex polymerization employed to build core-shell slruct~tre. The 
s~uc~-es of these composite particles were observed by studying 
with respect to film formation, hydrolysis by NaOH, glass transi- 
tion tempera~-e by DSC, particle size analysis, and micrological 
observation by TEM photograph. 

EXPERIMENTAL 

1. Materials 
Reagent grade Styrene (St), Methyl methacrylate (iviIvIA), Ethyl 

acrylate (EA) was distilled at reduced pressure under N2 atmosphere. 
Az~m~onivan pez~ulfate (APS) as initiator was obtained fi-on~ Ald- 
rich Sodium dodecyI benzene sulfonate (SDBS) as an e~nulsitier 
was used without purification. All water was deionized. 
2. Polymerization 

319 

The 1 litter reactor vesseI that was equipped with ports for nitro- 
gen, a condenser, a paddle-type s~irrer, dropping f~anel, and ther- 
mometer was kept in a water bath maintained at 85 ~ Agitation 
speeds were 60rpm for core polymer and 80rpm for shell poly- 
merization. Prior to polymerization, the reaction mixture was pLaged 
with ilitrogen for at least 30 minutes, and duaing the reaction a small 
positive pressure of nitrogen was maintained. SDBS was dissolved 
in deionized water, and monon~ei~ were then added to the SDBS 
solution with agitation to prepare pre-emulsion, hlitial seed was pre- 
pared with parts of pre-emulsiort The remainder monomer pre-emuI- 
sifted and initiato~- solution was added via &oppitg futmels to g o w  
this seed The grown seed was used as the core polymer in the next 
emulsion pol3anerizatior~ In the shell polymezization step, core la- 
texes (500 g, 2 wt%) were placed in the reactor vessel in a water 
bath at 85 ~ ARer nilrogen degassing, monomer and initiator solu- 
tion were added in the reactor for 5 hours. After monomer and APS 
solution a&iition was completed, the reaction was allowed to post 
react for 2 holms to remove residual monomers and the polymers 
were filtered with 120-mesh filter to remove grits. 

In this manner, several core-shen polymers were prepared by 
changing the kinds of monomers for core and shell polymers. The 
experimental conditions are suaam~arized in 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 0.0021 42.1 0.31 86.6 

CM-2 830 0.0042 42.1 0.31 97.0 

CM-3 830 0.0084 42.1 0.31 98.0 

CE-4 830 0.0042 42.1 0.31 97.5 

CS-5 830 0.0042 42.1 0.31 77.6 

CS-6 830 0.0084 42.1 0.31 95.5 

CS-7 830 0.0120 42.1 0.31 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 
MMA EA St APS DW Conversion (%) 

(2.0%) (2.0%) (2.0%) (2.0%) (2.0%) 

SMM-1 500 5 0.05 10 97.2 

SME-2 500 5 0.05 10 97.0 

SMS-3 500 5 0.05 10 97.5 
SMS-4 500 5 0.05 10 97.4 

SES-5 500 5 0.05 10 95.6 

SEM-6 500 5 0.05 10 98.2 
SSM-7 500 5 0.05 10 97.6 

SSE-8 500 5 0.05 10 97.3 

SSS-9 500 5 0.05 10 96.3 
SSM-10 500 5 0.05 10 97.8 

MMA: methyl methacrylate. EA: ethyl acrylate. St: styrene. APS: ammonium persulfate. DW: deionized water 
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100 For identification of latex particle stmc0are, 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 
mLxture was stin-ed at 65 ~ 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 ~ After the latex had dried, the film 
fonuation con~parison was taken where a cleat- film bad formed 
This usually occurred 2 to 3 hours after the latexes were placed on 

the plate. 
3-3. Latex Particle Size 

The average particle size was meas~-ed by a Particle Size Ana- 
lyzer (Autosizer llC, Malvem ilzsllument LTD.). The latex typi- 
cally diluted 1,000 times in wate~ 
3-4. Transmission Eledlon Microscopy 

Transmission Electron Micu-oscopy (TEM) was used to obseI~e 
the morphology of the core-shelI particle synthesized (TEM: JEM- 
200CX, JEOL, Japan). 
3-5. Differential Scanning Calorhueter 

A Dupont Instlurnents General V4.1C gklpont 2100 Differential 
Scanning Calorimeter was used for glass Iransition temperal~-e meas- 
urement of the latex. The samples were dried completely in a vac- 
uum oven at 25 ~ The scanning range used in these experiments 
was fi-on~ -50  ~ to 100 ~ with a sca_,w_mg rate of 2 ~ fer minute. 
3-6. Measurement of Conversion 

The time-monomer conversion to polymer was calculated by 
measuring solid content At appropriate intervals aliquots were with- 
drawn, of about 1 g by using a syringe, and quenched with metha- 
nol containing a small amount of hy&oqumone, to v-event further 
polymerization. About 1 g of latex was weighed into an ahrnin~rn 
dish and left 1 hour at 130 ~ The dried polymer was then weighed 
and the solids content calculated fi-om the following equation. The 
average of  two samples was taken. 

Conversion (%)= I O0\VJO~'T,) 

W~: sample weight 
W~: sample weight after drying 
Ts : principal value of solid content in 100% conversion 

R E S U L T S  A N D  D I S C U S S I O N  

PS and PMIvIA core latexes were made at 5% solids COlltent. This 
reaction was ferformed in the varied concerlIiation of SDBS to ob- 
serve the effect of polymerization. Figs. 1 and 2 show the conver- 
sion in PSt-core polymerization and PMIviA-core polymenzation. 
As shown in Figs. 1 and 2, the percent of conversion was affected 
by concet~-ation of SDBS. The COlIVei~ion of PSt-core polymer 
using 0.01 wt% of SDBS to the monomer at CS-5 of Table 1 was 
77.6%. However, at 0.02% and 0.03% concenIiation of SDBS of 
CS-6, CS-7, the cotlvei'sion was 95.5 %and 96.1% respectively. Fig. 
2 shows the convei~ion-time curves of PMMA-core polymer for 
effect of emulsifier concenn-ation on the convei'sion at same initia- 
tor level. Also, the cotlvet~ion of PMMA-core polymer in the same 
process of PS-core polymer seems to depend on the SDBS con- 
centration, where it is found to be 86.6%, 97.0%, and 98.0%, re- 
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Fig.  2. C o n v e r s i o n - t i m e  c u r v e  o f  P M M A  core  p o l y m e r i z a t i o n .  

spectively, for 0.005 wt%, 0.01 wt%, and 0.02 wt% of SDBS to 
IvIMA with increasing the SDBS content It is known that the more 
micelIes are formed in aqueous phase at the higher concentration 
of SDBS and the micelles then, the more monomer solubilized 
during pre-emulsioi1 The radicals generated by thermal decompo- 
sition initiate the ix~Iymerization and the nucleation period by enter- 
Ing a monomer-swollen micelle and reacting with the monomer con- 
tamed there in. Upon radical entry into a micelle, the higher con- 
cennation of monomer swollen micelles leads to rapid polymeriza- 
tion. The stung micelle becomes a growing particle with increasing 
s~rfactant requirement_ The more monomer-swollen micelles are 
formed at relatively higher concentration of emulsifier, the greater 
number of parbcles are generated with same initiator concentration 
at sane time in seed polymerization. Therefore, the rate of poly- 
merization defends on emulsifier concenlration, because all subse- 
quent polymerization will take place in lhe seed particles that will 
continue to grow particles. The value of convei'siotl, as plotted in 
Fig. 3 was selected at time equivalent to a residence time. It can be 
seen in Fig. 3 that the conversion of PMIvIA-core polymer as 97% 
was higher than that of PSt-core polymer at the same concenIiation 
of SDBS (0.01 wt% to monomer). Since MIvIA has a high solu- 
bility in water compared to St, the radicals generated in the aque- 
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Fig. 3. Com, ersion comparison of PSt and PMMA core pol)~ner- 
ization at same SDBS concenlralion (0.01 wt% to mono- 
mer). 

ous phase initiate lVlMA solubilized in water as well as IvIMA swol- 
len micelles for particle nucleatioia; thus the greater number of par- 
ticles generated in seed polymerization gave more locus of poly- 
merization in core growth stage than the case of St polymerization. 
Figs. 1 and 2 show that stabile PIvIMA and PSt latexes with no grits 
are obtained by using 0.01 and 0.02 wt% of SDBS to total mono- 
mer, respectively, when the conversions of both PIvIIvIA and PSt 
latexes w e r e  higher 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 PMIvIA latexes of C-1 and C-2 prepared by pre-emuI- 
sion method using SDBS of 0.01 and 0.02 wt% to total monomer 
were 276.5 nm and 175.4nm, respectively. The particle sizes of 
PSt latexes of C-3 and C-4 prepared in sane manner w e r e  2 9 8 . 4  

rrn and 229.4 rrn, respectively, and then the amount of SDBS used 
to total monomer was 0.02 wt%, 0.03 wt% The particle size of the 
core-shell latexes ~-et~-ed using the atx)ve latexes as cores, namely, 
the S-1 (PIvIIvLk/PSt, 2/1), S-2 (PMIvLk/PSt, 2/1), S-3 (PSt/PMIvIA, 
2/1) and S-4 (PSt/PIvIMA, 2/1) w e r e  found to be 310.0iam, 189.4 
rnn, 330.8 rrn and 240.2 rnn, respectively. The differences of parti- 
cle size in these core-shell latexes suggest that new particles in the 
shell polymerization of the S-2 and S-4 using C-2 of PIvIMA and 
C-4 of PSt core latexes stabilized by 0.02 wt% and 0.03 wt% of 
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Table 4. Final pH of core-shell pol)aner after hydrolysis by NaOH 
solution 

Core/Shell PH 

PMMA/PMMA (2/1) 9.4 
PMMA/PSt (2/1) 10.1 
PSt/PMMA (2/1) 9.5 
PSt/PSt (2/1) 10.7 

* Hydrolysis conditions. Sample (2%): 10 g. N/200 NaOH: 65 g. 
Temp.: 65 ~ Time: 48 t~- 

SDBS to monomer respectively were generated more than in the 
shell polymerization of the conesponding S-1 and S-3 polymeriz- 
ing in the presence of the core latex C-1 and C-3, which were used 
SDBS 0.01 wt% and 0.02 wt% to monomer in the core polymer- 
izatioi1 The results indicate that the appropriate amount of SDBS 
in the core polymerization was 0.01 wt%/monomer for PMIvIA and 
0.02 wt%/monomer for PS to obtain stable core-shell latex without 
grits in shell polymerization. 

The pH comparison of particles hydrolyzed with NaOH solu- 
tion is given in Table 4. As a result, PS/PS, Plvl/vIA/PS, PS/PIvIMA 
and PlvllviA/PIviIvIA were 10.7, 10.1, 9.5, and 9.4, respectively. The 
fmaI pH was measured after hydrolysis at 65 ~ for 48 hours. In 
compa-ison, the PSt/PSt and PIvIMA/PSt sua-ounded by shell of 
hydrophobic polymer PSt were found to be higher pH than PlvllviA/ 
PMIvIA and PSt/PIvIIvIA shelled hydrophilic polymer PMIvIA. The 
pH chage  Ix-end according to hydrolysis of outside shell polyanez~ 
by scx:litrn hydroxide is evidence of core-shell s~lcture that the core 
was surrounded by the outside shell polyaner in a particle. Fig. 4 
shows DSC curves of PSt/PEA (2/1) core-shell (a), PSt/PEA copoI- 
ymer (b) pretxtred with same ratio of monomer for the determina- 
tion of glass Ix-msition tempera~-e. Copolymer (b) invoMng a single 
copolymer of PSt,PEA compositioilal ratio of 2/1 by weigcht shows 
a single Tg, as expected. In conIx-ast, the core-shell latex (a) shows 
two glass Ixansition tempera~-es, nanely, Tg of PEA a-ound-25 ~ 
and PSt around 100~ respectively. This analysis indicates that com- 
position of copalymer patides is homogeneous over the particle 
radii in a particle and Tg of the polymer is one for that reason. The 
core-shell latex particles were, however, found to have a heteroge- 
neous smacmre consis~g of PS core sua-ounded by a shelI of PEA. 
It means that the core-shell latex is composed of the inside core 

Table 3. Particle size of core polymer and shell polymer with surfactant concentration (unit: g) 

Core DW SDBS MMA St APS (%) Conversion (%) Z Average (rim) 

C-1 800 0.0042 42.1 30.31 97.0 276.5 
C-2 800 0.0082 42.1 30.31 98.0 175.4 
C-3 800 0.0082 42.1 30.31 95.5 298.4 
C-4 800 0.0126 42.1 30.31 96.1 229.2 

Shell C-1 C-2 C-3 C-4 St MMA APS Conversion Z Average 
(2.O%) (2.0%) (2.O%) (2.O%) (O.5%) (%) (rim) 

S-1 500 5 10.05 97.5 310.0 
S-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: deizlized water SDBS: sodium persulfate. MMA: methyl methacrylate. St: styrene. APS: amnomtan persulfate 
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Fig, 6. TEN[ photographs of PMMA (a) and PSt (b). 

Fig, 5. Photograph of film formation at 20 ~ 
(a) PStIPEA (2/1) copol3nnca" 
Co) PSVPEA (2/1) core-shell polym~" 
(c) PEA/PSt (2/1) core-shell polyma" 
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Fig, 7. TEM photographs of morphology for PMMA/PSt (2/1) (a) 
aad PSt/PlVEVIA core-shell polymer (2/1) (b). 

r id  the outside shell s~ucture. Fig. 5 is the photograph offihns for: 
matted for PSt/PEA (2/1) core<hell latex (a), PSt/PEA (2/1) copol- 
ymer (b), r id  PEA/PSt (2/1) core-shell latex(c) at 20 ~ In conl- 
prison of the core-shell latex (a) and copolymer latex (b) with same 
ratio ofpolyma; the srnple (a) with shell composition containing 
PEA gave more clear fdm formation, as shown in Fig. 4, than the 
copol3aner counterpart. Bec~tse PEA of shell iu the PSt/PEA core- 
shell latex has amuch lower Tg than PS/PEA latex, it was expected 
that the film frmation temperame (MYs of PEA in the shell would 
decrease film falnation temperature and then make better film at 
20 ~ compared to sanple Co) and sample (c). The core-shell latex 
(c) sutromlded by PS shell sho~vs that MFF was txised by the shell 
of PSt having higher Tg than PS/PEA mid the apper~mlce of the 
fotmalted film was not clem" r id  had a just-dried appearance. These 
differences in fihn formation suggest: that the homopolymer core 
was surrounded by homopolymer shell hi the core-shell particles. 
Fig. 6 shows TEM photographs of PMMA core pmticles (a) mid 
PSt cote pr'ticles. 

Fig. 7 shows TEM photographs of PMMA/PSt (2/1) core-shell 
prticles (a) r id  PSt/PMMA (2/1) core-shell particles Co) produced 
by enmlsion polymerizing with St and MMA in the presence of 

March, 2002 

PM/VL~_ r id  PSt core containing 0.01 and 0.02 wt% to total mono- 
mer, reqoectively, when core polymerizaion was crried out. As 
shown in Figs. 6 and 7, PM2CL~_ core and PSt core-shall particles 
have slightly deformed shape. PSt core mid PMM.A/PSt core-shell 
latex show relatively non-deformed ~hericol structure. These ~f- 
ferences seem to be based on the di_fference of existence of poly- 
mer in particle surface and composition vr-iation ~vJth their radii. 

C O N C L U S I O N  

Aaylic composite paticles were successfully prepared by sequen- 
tifl emulsion polymedzaion of  the conesloonding mononla's in the 
presence of core latexes. When PMMA md PSt core latexes were 
polymerized, the appropriate rnonnt of  SDBS iu the core poly- 
merization was 0.01 ~vt% knononler for PMMA and 0. 02 w t ~  - 

omer for PSt to suppress the generation of new prticles mid to min- 
infize the gelation during the shell polymerization in the presence 
of these core laexes Moreover, a sa'ies of sequential seeded gro~vth 
enmlsion polymerization by a&ting monomers pre-emulsified w~e 
used to obtain high conversion latexes. 

The structure of  the core-shell composite p~ticles synthesized 
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was confu:::ed by DSC, hy&olysis under sodium hydroxide, TEM, 
particle size analyzer, and MFF sin@ etc. All results fi-om the above 
characterization show that shell l:olyme:~ sua:-ounded the core latexes 
and encapsulation took place during shell polymerization. 
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