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ABSTRACT: In the absence of emulsifier, we prepared
stable emulsifier-free polymethylmethacrylate/polystyrene
(PMMA/PSt) copolymer latex by batch method with
comonomer N,N-dimethyl, N-butyl, N-methacryloloxylethyl
ammonium bromide (DBMEA) by using A1BN as initiator.
The size distribution of the latex particles was very narrow
and the copolymer particles were spherical and very uni-
form. Under the same recipe and polymerization conditions,
PMMA/PSt and PSt/PMMA composite polymer particle
latices were prepared by a semicontinuous emulsifier-free
seeded emulsion polymerization method. The sizes and size
distributions of composite latex particles were determined
both by quasi-elastic light scattering and transmission elec-
tron microscopy (TEM). The effects of feeding manner and
staining agents on the morphologies of the composite par-

ticles were studied. The results were as follows: the latex
particles were dyed with pH 2.0 phosphotungestic acid so-
lution and with uranyl acetate solution, respectively, reveal-
ing that the morphologies of the composite latex particles
were obviously core–shell structures. The core–shell poly-
mer structure of PMMA/PSt was also studied by 1H, 13C, 2D
NMR, and distortionless enhancement by polarization trans-
fer, or DEPT, spectroscopy. Results showed that PMMA/PSt
polymers are composed of PSt homopolymer, PMMA ho-
mopolymer, and PMMA-g-PSt graft copolymers; results by
NMR are consistent with TEM results. © 2005 Wiley Periodi-
cals, Inc. J Appl Polym Sci 97: 1681–1687, 2005
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INTRODUCTION

Composite latices with different types of particle mor-
phologies can be of great use in the fields of plastic,
paint, and coatings industrial applications.1,2 Some of
these applications involve enhancing the strength of
adhesives, and modifying and enhancing the tough-
ness of engineering plastics. They can also be used as
water-resistant, radiation-resistant, invisible, and
weather-resistant films.

Composite latex particles with different particle
morphologies can be prepared by two-stage emulsion
polymerization, seeded emulsion polymerization
methods, equilibrium-swelling batch methods, and
semibatch methods, to cite a few examples. When the
second-stage monomer is different from the monomer
of the seed polymer, phase separation occurs and
many types of heterogeneous morphologies may be
formed. Okubo and coworkers3–6 showed that heter-
ogeneous composite polymer particles could change
the particle morphologies from confetti-like to rasp-
berry-like and containing voids. The film-forming
properties of latex depend on the particle morpholo-

gies and the surface properties, although the particle
morphologies depend on the molecular weights of
polymers, the internal particle viscosity during poly-
merization, polymerization condition, and the differ-
ence of the core–shell polymer in hydrophilicity and
solubility, for example. In recent years, there have
been some reports on emulsifier-free core–shell-struc-
tured emulsion polymerization.7–10 However, these
investigations were restricted with anion emulsion. In
the present work, we primarily investigated the syn-
thesis of styrene/methylmethacrylate/N,N-dimethyl,
N-butyl, N-methacryloloxylethyl ammonium bromide
(St/MMA/DBMEA) emulsifier-free cationic copoly-
mer emulsion by the batch method and of MMA–St
functional polymer latices with core–shell morpholo-
gies by the semicontinuous method, using DBMEA as

comonomer. DBMEA provides cationic

quaternized groups in the surface of the particles. The
morphologies of latex particles were investigated in
detail with pH 2.0 phosphotungestic acid (PTA) and
uranyl acetate (UAc) as staining agents, and the core
and shell structures of the composite latex particles
can clearly be seen.

Two-dimensional (2D) NMR techniques have been
applied to vinyl and related polymers. For example,
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2D J-resolved proton spectroscopy and 2D techniques
have been applied to polymers11–13: Macura and
Brown14 applied 2D J-resolved proton spectroscopy to
poly(vinyl chloride); Bruch and Bovey15 applied pro-
ton nuclear Overhauser effect spectroscopy (NOESY)
to interpret the spectrum of a vinylidene chloride–
isobutylede copolymer. Mao et al.12 reported proton
NOESY to study the stereochemical configuration of
polymethylmethacrylate (PMMA)–naphthyl ethylene.
Heffner et al.11 described a study of the isotactic and
atactic PMMA by NOESY and J-resolved 2D NMR. In
this article, we apply carbon-13, proton, distortionless
enhancement by polarization transfer (DEPT), gradi-
ent heteronuclear multiple quantum coherence (gH-
MQC), and NOESY to the further exploration of the
structure of PMMA/polystyrene (PMMA/PSt) core–
shell polymer.

EXPERIMENTAL

Materials

Styrene (St) was purified by distillation under vac-
uum and then stored in a refrigerator until required;
methylmethacrylate (MMA) was washed with 10%
aqueous sodium hydroxide purified by passing
through the inhibitor-remover; azobis(isobutylamidine
hydrochloride) [(NH2)2C�(CH3)2CNANC(CH3)2C�-
(NH2)2�2HCl] (AIBA) was kindly supplied by Institute of
Chemical Engineering (Beijing, China) and used directly
without further purification. Dimethylaminoethyl
methacrylate (DMAEMA) and N,N-dimethyl, N-butyl,
N-methacryloloxylethyl ammonium bromide [CH2A
C(CH3)COOCH2CH2N�(CH3)2C4H9Br�] (DBMEA) was
synthesized before use according to the method previ-
ously described in the literature16,17 (yield: 92.51%, tf

108–108.5°C). Double-distilled water was used in all ex-
periments.

Synthesis of P(MMA/St/DBMEA) copolymer latices
by batch method

Copolymer latices were prepared by the batch pro-
cess, using the following recipe: St/MMA � 15 mL/15
mL; 2% DBMEA � 10 mL; the amount of AIBA should
be 0.5 wt % of total monomer. Under the emulsifier-
free condition, the polymerizations were carried out in
a 250-mL glass reactor, equipped with a reflux con-
dense, a stirrer, and a thermometer. All the ingredi-
ents and 130 mL deionized water were first charged
and the reactor was heated to the required tempera-
ture before the addition of initiator solution. The po-
lymerization was carried out under an inert nitrogen
atmosphere and in a thermostat water bath at about 74
� 0.5°C. The reaction was maintained for 5 h and then
cooled to ambient temperature.

Synthesis of seed latices by batch method

Under the emulsifier-free condition, we first synthe-
sized seed polymer latices by the batch method. The
recipe is as follows: MMA � 15 mL (or St � 15 mL);
2% DBMEA � 5 mL; the amount of AIBA was 0.5 wt
% of MMA (or St) monomer. The preparation process
was similar to the synthesis of P(MMA/St/DBMEA)
copolymer latices by the batch method.

Synthesis of composite latices by semicontinuous
polymerization method

After synthesis of seed polymer latices, the reaction
temperature was kept at about 74 � 0.5°C. A mixture
of 5 mL 2% DBMEA and 0.5 wt % of shell monomers
was added to the seed latex and 15 mL shell mono-
mers was added to the reactor in a dropwise manner
at a drip rate of 0.25 mL/min. When the dropwise
addition was completed, the reaction temperature was
kept at about 74 � 0.5°C for 5 h after which it was
cooled to ambient temperature.

Particle size and morphologies

The particle size was measured by quasi-elastic light
scattering (QELS), and polydisperity index values
were obtained. Latex particle morphologies were ob-
served by transmission electron microscopy (TEM).
First, a certain quantity of emulsion was diluted prop-
erly by distilled water and then stained with pH 2.0
(or pH 6.4) phosphotungestic acid (PTA) solution and
uranyl acetate (UAc) solution, respectively. The mix-
ture was allowed to stand for a while, and after film-
ing on copper, the sample was dried at room temper-
ature. TEM was performed by use of a TEM-100SX
instrument (JEOL, Tokyo, Japan). The particle size was
determined by TEM. The particle diameters, from 100
to 150 particles, were measured and the values aver-
aged in each sample.

Stability of latex

The final latex was stored at room temperature for 15
months under a sealing condition. The changes in
emulsion showed the storage stability.

NMR measurements

The 600-MHz 1H-NMR and 150-MHz 13C-NMR spec-
tra were recorded on a Inova-600 spectrometer (Varian
Associates, Palo Alto, CA). The polymer solutions
were prepared with CDCl3 as lock and Me4Si (TMS) as
internal reference. The solution concentrations were
about 10% (w/v) for the proton and carbon experi-
ments.
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Phase-sensitive NOESY spectra were recorded at
room temperature. The processed data matrix con-
sisted of 1024 � 1024 points. The mixing time was 0.6 s
with eight scans collected for each of the 256 spectra.
The processed matrix 0.0836 � 0.011 Gauss function
was applied in the phase-sensitive spectra.

RESULTS AND DISCUSSION

Copolymer latex of emulsifier-free
P(MMA/St/DBMEA)

Particle size and distribution of final latices, as ob-
tained by TEM and QELS, are reported in Table I. It is
worth noting that all the particle sizes measured by
TEM appear to be generally smaller than the corre-
sponding sizes determined by QELS (as seen Tables I,
II, and III); the larger sizes obtained by QELS are
possibly attributable either to the presence of an im-
mobilized water layer surrounding the particles in the
aqueous medium or to swelling of the latex particles
and the charged colloidal particles with the double
electrical layer. In addition, particles under the elec-
tron beam might be subjected by some shrinkage of
the dried particles.

The results shown in Figure 1 indicate that the
copolymer particles were spherical and of very nar-
row particle size distributions (PSD) by TEM observa-

tion. Results from QELS, as shown in Table I, show
that the distributions of copolymer latex particles pro-
duced only a single peak; the mean diameter (Dw) and
the polydispersity index (poly) value were 328.5 nm
and 0.013, respectively. Furthermore, the smaller poly
shows that the distributions of P(MMA/St/DBMEA)
particles were monodisperse. These phenomena may
be explained by the fact that all the nucleation stage of
latex particles is completed at about 10% conversion in
emulsifier-free emulsion polymerization; the nucle-
ation period of particles is much earlier than that in
conventional emulsion polymerization, in which the
nucleation stage usually ends at about 15–25% conver-
sion.18

Seed emulsion polymerization

The first stage in the preparation of the desired core–
shell polymer latex was the synthesis of monodisperse
seed latex to obtain the ultimate core–shell polymer
colloid with a well-defined shape.

As seen Table II, the seed latex particles of PSt or
PMMA were prepared by the batch method in the
absence of emulsifier. The size distributions of the two
seed latex particles were very narrow. As seen in
Figure 2, two seed latex particles are spherically
shaped with a smooth particle surface and a monodis-
perse PSD after the latex particles were dyed with pH
2.0 PTA solution and with UAc solution, respectively.
Moreover, both staining agents gave similar results.
There were no significant differences in particle diam-
eters and morphologies for the same sample between
using pH 2.0 PTA and UAc agent: both particles had a
well-defined and spherical shape. This likely was be-
cause both pH 2.0 PTA and UAc stained with cationic
quaternized groups and amidine groups on the sur-
face of the particles, and thus the color seemed darker
on the outer latex particle.

Morphologies of PSt/PMMA emulsifier-free latex
particles

Under the same recipe and polymerization conditions,
the only difference between P(MMA/St/DBMEA)
and PSt/PMMA was the feeding method: PSt/PMMA
emulsifier-free latex was prepared using the PSt as

TABLE I
Size and Distribution of P(MMA/St/DBMEA) Copolymer

Latex Particles by QELS and TEM

Latex

QELS TEM

Dw (nm) Poly Dw (nm) Peak number

P(MMA/St/DBMEA) 328.5 0.013 250.2 single peak

Figure 1 TEM microphotographs of the soap-free
P(MMA/St/DBMEA) copolymer particles by batch emul-
sion polymerization method.

TABLE II
Comparison of Different Staining Methods Used in TEM

for Latices PSt and PMMA Seed Latex Particles

Seed latex

TEM QELS

pH 2.0 PTA UAc No staining

Dw (nm) Dw (nm) Dw (nm) Poly

PS 125.3 128.5 157.8 0.0502
PMMA 158.1 168.7 226.3 0.164
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seed latex particles and MMA was used as the second-
stage monomer by semicontinuous monomer in a
dropwise manner. To enhance the contrast behavior of
the phase components of particles, pH 6.4 and pH 2.0
PTA and UAc, respectively, were used as staining
agents in the TEM micrographs of the final latex par-
ticles for the PSt/PMMA. Figure 3(a) and (b) show the
effects of the different staining techniques for the same
sample. By comparing Figure 3(a) and (b) to Figure
2(a) and (b), the core and shell structures of the com-
posite latex particles can be seen clearly by use of pH
2.0 PTA and UAc staining; PSt seed particles (darker
gray area) appear to be almost covered by the PMMA
second stage (lighter gray area) polymer. In fact, the
regions stained by pH 2.0 PTA and UAc were the
surface layer of the particles and the layer between the
core and shell, containing bonded cationic quater-
nized groups and amidine groups.19

In the semicontinuous process, the second-stage
monomer was gradually added to the first-stage seed
particles. The second-stage monomer contents were
kept so low on the surface of the core phase that they
were under starved conditions; thus semicontinuous
polymerization was used to improve the formation of
the core–shell structure latex, so that the latex particles
formed a clear and orbicular core–shell structure, ob-
taining better distribution of the shell polymer based
on the seed latex particles. However, we have found
that the PSt/PMMA composite latex particles did not
exhibit a core–shell structure with pH 6.4 PTA stain-
ing; moreover, some latex particles coagulated (see

figure sketch), which may be because the pH 6.4 PTA
could neutralize cationic ion groups on the surface of
the latex microspheres, thus promoting some coagu-
lation. Therefore these results indicate that the char-
acterization of composite particle morphologies de-
pends on not only the monomer feeding method but
also the selected staining reagent; thus pH 6.4 PTA
staining agent is not suitable for use with the emulsi-
fier-free cationic emulsion.

Morphologies of PMMA/PSt emulsifier-free latex
particles

Under the sample recipes conditions, varying only the
feeding sequence of the main monomer MMA and
styrene, PMMA/PSt composite latex particles were
prepared using the PMMA seed latex particles and
styrene was used as the second-stage monomer. The
same PMMA/PSt sample was stained with pH 2.0
PTA and UAc solution, respectively, as seen in Figure
3(c) and (d) and Table III. By comparing Figure 3(c)
and (d) to Figure 3(a) and (b), it was found that
PMMA/PSt composite latex had narrower PSDs and
the core–shell structures are clearer and diameters are
larger than those of PSt/PMMA. The particles in Fig-
ure 3(a) and (b) were deformed and nonspherical be-

Figure 3 TEM microphotographs of composite particles by
semicontinuous polymerization method: (a) PSt/PMMA
with pH 2.0 PTA staining; (b) PSt/PMMA with UAc stain-
ing; (c) PMMA/PSt with pH 2.0 PTA staining; (d) PMMA/
PSt with UAc staining; (e) PMMA/PSt with emulsifier with
pH 2.0 PTA staining; (f) PMMA/PSt with emulsifier with
UAc staining.

Figure 2 TEM microphotographs of the seed polymer par-
ticles by batch emulsion polymerization method: (a) PSt
with pH 2.0 PTA staining; (b) PSt with UAc staining; (c)
PMMA with pH 2.0 PTA staining; (d) PMMA with UAc
staining.

1684 ZHANG ET AL.



cause the outer PMMA polymer is only weakly af-
fected by electron beams; the PMMA/PSt latex parti-
cles do not easily deform in the electron beam and the
shape of PMMA/PSt latex particles are very uniform.
Moreover, as seen in Tables III and I, the smaller poly
values show that both the seed and the composite
particles were monodisperse; the results are in sub-
stantial agreement with those of TEM.

As seen in Figure 3(c) and (d), both staining meth-
ods gave similar results: PMMA/PSt composite parti-
cle morphologies are of obvious core–shell structures,
the size distribution of latex particles were uniform,
and there were no significant differences between the
average particle diameters determined by the two
staining methods. It is assumed that quaternized
groups and amidine groups are both assimilated on
the surface of the seed particles. The AIBA initiator is
soluble in aqueous media and its reactions are mainly
present in the aqueous phase. The amidine radical
exists near the surface of the particles and, because of
the stable seed latex particles, the mobility of the rad-
ical was restricted, resulting in increased time re-
quired for the growing radical to diffuse into the in-
terior of the particle. The high viscosity inside the
particle, as well as the anchoring of the growing rad-
ical by polymerizing with the vinyl groups of the shell
monomer, excluded reaction loci in the inner regions.
Therefore, the second polymerizations occurred
mainly in the shell region of the latex particles. In
addition, the hydrophilic and the immiscibility be-
tween the PMMA and PSt polymers resulted in core–
shell phase separation and the shell polymers were
excluded from the exterior of the seed particles, mak-
ing regular domains and forming an obvious core–
shell structure.

Under the same polymerization conditions, by add-
ing only a small quantity of cationic emulsifiers in the
second phase, as seen in Figure 3(e) and (f), some latex
particles of core–shell can be distinguished (others are
invisible). Moreover, by comparing Figure 3(c) and (d)
to Figure 3(e) and (f), it was found that the sizes of
PMMA/PSt latex particles became a multimodal PSD,

consisting of very small particles (�100 nm) and
larger agglomerated particles; the average diameter of
PMMA/PSt particles is smaller than that of PMMA
seed latex particles [see Table III and Fig. 3(e) and (f)].
Because of the addition of emulsifier, which produces
secondary micelles, and the formation of secondary
particles, in the PMMA-rich seed region, some poly-
merizing reactions on PMMA particles could form
larger PMMA/PSt core–shell particles; however, oth-
ers could not migrate onto the PMMA surface region,
resulting in the formation of isolated new PSt latex
particles, although the new latex particles produced
from the second stage are very small. Thus both the
smaller-diameter secondary particles and the larger
core–shell particles coexist simultaneously in the po-
lymerization process, that is, there is a dual particle-
nucleation mechanism with multimodal broad particle
size distributions.

Stability of the MMA–St emulsifier-free latex

During the entire latex polymerization process, no
coagulates were formed; and when the latices had
been stored for 15 months at room temperature, no
precipitates were produced. These experimental re-
sults showed that latices prepared by emulsifier-free
emulsion polymerization were quite stable because,
when the polymerization was carried out, DBMEA
could be bonded onto the surface of the latex particles,
provided the CH2AC(CH3)COOCH2CH2N�(CH3)2
C4H9 cationic quaternary ammonium groups acted as
surfactant, or DBMEA could be polymerized in the
water phase, acting as polyelectrolyte hydrosoluble
chains. Therefore surface-charge densities of the latex
particle could be greatly improved, thus leading to
stable latices. On the other hand, AIBA also signifi-
cantly improved the stability of the latices. The end
groups of –C(CH3)2C�(NH2)2 on the particle surfaces
acted as surfactants to increase electrostatic repulsion
and therefore the latex particles would be stabilized.

NMR spectroscopy of PMMA/PSt

Figures 4, 5, and 6 show the 600-MHZ proton [Fig.
4(a)], carbon [Fig. 4(b)], DEPT [Fig. 4(c)], 2D gHMQC
(Fig. 5), and 2D NOESY (Fig. 6) spectra of PMMA/PSt
core–shell polymers. The spectra by 13C and DEPT
revealed the phenyl –CH (� 125.4–127.7 ppm), qua-
ternary C(St) (� 143.5 ppm), styrene �-CH (� 51.7
ppm), �-CH2(St) (� 44.9 ppm), carbonyl signals
(MMA) (� 176.6 ppm), quaternary �-carbon (MMA)
(� 44.6 ppm), �-CH2(MMA) (� 52.0–54.1 ppm),
–OCH3 (� 51.5 ppm), and �-CH3 (� 16.3 and 18.5
ppm).11–13 The spectra by 1H and gHMQC spectra
revealed the phenyl group (� 6.4–7.1 ppm), styrene
�-CH2(St) (� 1.4 ppm), styrene �-CH (� 1.8 ppm),

TABLE III
Comparison of Different Staining Methods Used in TEM

for Core/Shell Latex Particles and Comparison of TEM
and QELS Methods for Composite Latex Particles

Core–Shell latex

TEM QELS

pH 2.0 PTA UAc No staining

Dw (nm) Dw (nm) Dw (nm) Poly

PSt/PMMA 148.8 147.5 193.5 0.113
PMMA/PSt 223.5 216.4 293.6 0.106
PMMA/PSt

(with emulsifiera) 139.4 132.7 177.3 0.246

a Emulsifier: C16H31N�(CH3)3Br�.
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�-CH3 (� 0.84 and 1.02 ppm,), OCH3 (� 3.6 ppm), and
�-CH2 (� 1.85–2.06).

Figure 6 shows the 600-MHZ proton NOESY spec-
trum of the core–shell polymer, observed under the
same conditions as those in Figure 4(a). The spectrum

is presented in the phase-sensitive mode. Assignments
between the aliphatic �-CH3 (upfield) and aromatic
(6.4 ppm) indicated that cross-peaks are not observed,
but the cross-peaks are observed between aromatic
aromatic (6.4 ppm) and �–CH(St), between aromatic
aromatic (6.4 ppm) and �-CH2(St), respectively; these
results confirm the existence of homopolymer PSt in
the core–shell PMMA/PSt polymer; of course, there is
also homopolymer PMMA. The results are consistent
with core–shell morphologies and phase separation by
TEM. However, �-CH2(St) resonance exhibits NOE
cross-peaks to the region of the �-CH2(MMA) reso-
nance; no doubt the results confirm the existence of
PMMA-g-PSt graft copolymers in the PMMA/PSt
core–shell polymer.20

Figure 4 NMR spectra of PMMA/PSt core–shell polymer:
(a) 600-MHz 1H spectrum; (b) 150-MHz 13C spectrum; (c)
150-MHz 13C DEPT.

Figure 5 gHMQC spectrum of PMMA/PSt polymer.

Figure 6 Proton phase-sensitive NOESY spectrum (600
MHz) of PMMA/PSt core–shell polymer. The mixing time
was 600 ms.
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CONCLUSIONS

Emulsifier-free emulsion polymerization with cationic
comonomer DBMEA, under batch conditions, resulted
in monodisperse latices, such as P(MMA/St/DBMEA)
copolymer latex and seed polymer latex.

Under the same recipe and polymerization condi-
tions, PSt/PMMA and PMMA/PSt emulsifier-free
composite latex were prepared by semicontinuous
monomer in a dropwise manner. Latex particles were
clearly shown to have core–shell morphologies with
pH 2.0 PTA and UAc staining, although the latex
particles were shown to coagulate with pH 6.4 PTA
staining; thus the cationic emulsion may not use pH
6.4 PTA staining. In addition, particle size measure-
ments may give larger diameters by QELS than by
TEM; the diameters revealed by QELS may be caused
by swelling and formation of a double electrical layer.
Under the same polymerization conditions, a small
quantity of cationic emulsifiers caused PMMA/PSt
latex particles to form multimodal particle size distri-
bution with smaller diameter and the growth of core–
shell particles; thus in the polymerization process,
there can be a dual particle-nucleation mechanism.
The core–shell polymer structure of PMMA/PSt was
also studied by NMR spectroscopy. Results show that
PMMA/PSt polymers are composed of PSt and
PMMA homopolymers and PMMA-g-PSt graft copol-
ymers; results by NMR are consistent with TEM stud-
ies.
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