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SYNOPSIS

Graft copolymers with poly(n-butyl acrylate) (PBA) backbones and poly (methyl meth-
acrylate) (PMMA) macromonomer side chains are used as compatibilizing agents for
PBA/PMMA composite latexes. The composite latexes are prepared by seeded emulsion
polymerization of methyl methacrylate (MMA) in the presence of PBA particles. Graft
copolymers were already incorporated into the PBA particles prior to using these parti-
cles as seed via miniemulsion (co)polymerization of n-butyl acrylate (BA) in the pres-
ence of the macromonomers. Comparison between size averages of composite and seed
particles indicates no secondary nucleation of MMA during seeded emulsion polymer-
ization. Transmission electron microscopy (TEM) observations of composite particles
show the dependence of particle morphologies with the amount of macromonomer (i.e.,
mole ratio of macromonomer to BA and molecular weight of macromonomer) in seed
latex. The more uniform coverage with the higher amount of macromonomer suggests
that graft copolymers decrease the interfacial tension between core and shell layers in
the composite particles. Dynamic mechanical analysis of composite latex films indicates
the existence of an interphase region between PBA and PMMA. The dynamic mechani-
cal properties of these films are related to the morphology of the composite particles,
the arrangement of phases in the films, and the volume of the interphase polymer.

© 1997 John Wiley & Sons, Inc.

INTRODUCTION

Composite latexes often possess properties that
are different from latexes of the same polymer
composition but are prepared by physical blend-
ing of the constituent polymer latexes or by emul-
sion copolymerization of the corresponding mono-
mers. Seeded emulsion polymerization is the most
common preparation method for composite latex
particles. Unfortunately, this technique may gen-
erate particles with a variety of morphologies. The
core-shell morphology, where a second-stage poly-
mer totally covers the seed particles, is only an
idealized representation based upon the sequen-
tial monomer addition. Transition morphologies,
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such as hemispherical particles, raspberry, sand-
wich, mushroom, and confetti-like structures, are
frequently reported.’~® Design and control of latex
particle morphology are often crucial in order to
meet the end use requirements for these materials.

Many polymerization parameters can affect
composite particle morphology.'”'® Thermody-
namic factors determine the stability of the ulti-
mate particle morphology according to the mini-
mum surface free energy. Kinetic factors, how-
ever, control whether the particle is going to reach
the thermodynamically predicted degree of phase
separation. Thermodynamic parameters typically
involve the compatibility between the phases in
the system (i.e., hydrophilicity of each phase, par-
ticle surface polarity, and interfacial tensions).
On the other hand, examples of kinetic factors
are cross-linking agent, viscosity of the reaction
medium, mode of monomer addition, and poly-
merization temperature.
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Several researchers specifically examined the
role of interfacial tensions in particle morphol-
ogy.''~® Originally, Torza and Mason'' studied
three mutually immiscible liquids where one of
the liquids was water. Sundberg et al.'? applied
the approach of Torza and Mason™ to polymer
encapsulating oil droplets in a micrometer size
range. They proposed that each particular mor-
phology possesses a different value for free en-
ergy; the morphology with the lower free energy
is the more thermodynamically favored one. Di-
monie et al.’® studied the effect of process vari-
ables on the composite latex particle morphology.
Finally, Chen et al.'*~'¢ investigated the applica-
bility of the interfacial tension approach to predict
the particle morphology in seeded emulsion poly-
merizations. They proposed a pathway of particle
morphology during seeded emulsion polymeriza-
tion according to the free energy changes. Their
model describes the surface free energy corre-
sponding to the various possible morphologies of
the composite latex particles.

In summary, interfacial tension is one of the
most important parameters controlling composite
particle morphology. Based on the previous ther-
modynamic analyses, ' 6 a seeded emulsion poly-
merization system tends to reach the lowest sur-
face free energy state; that is, the one with the
minimum total interfacial energy. Both the in-
terfacial tensions between the different polymer
phases and the interfacial tensions between each
polymer phase and the aqueous medium are the
key factors controlling the equilibrium composite
particle morphology. Consequently, one may be
able to control the composite particle morphology
by monitoring these interfacial tensions.

The objective of our research project is to un-
derstand the role of the graft copolymers (used as
compatibilizing agents) in reducing the interfa-
cial tension between the core and shell phases
of the composite particles. The system studied is
poly(n-butyl acrylate)/poly(methyl methacry-
late) (PBA/PMMA ) composite latex. Compatibil-
izing agents are graft copolymers with PBA back-
bones and PMMA macromonomer side chains
(BA/PMMA macromonomer graft copolymers). A
preceding paper'” already described the mini-
emulsion (co)polymerization of n-butyl acrylate
(BA) in the presence of PMMA macromonomers.
This process incorporates macromonomer as side
chains into the PBA backbones constituting PBA
seed particles in situ (during the time of the parti-
cle preparation). Due to an extremely low water
solubility of the macromonomers, the use of mi-

niemulsion polymerization rather than conven-
tional emulsion method is essential for the suc-
cessful incorporation of the macromonomers into
the PBA particles.'”'® In the seed latexes, hydro-
philic PMMA-macromonomer branches of the co-
polymers partition close to the particle-water in-
terface and lower the interfacial tension between
these phases.'”' In the composite latexes, we an-
ticipate that the graft copolymers would also re-
duce the PBA/PMMA interfacial tension. A lower
interfacial tension between these two polymer
phases would allow better coverage of the core
PBA particles by the shell PMMA.

The present paper focuses on the following sub-
jects: (1) the preparation of the PMMA shell by
seeded emulsion polymerization of methyl meth-
acrylate (MMA ) on the PBA incorporating macro-
monomer seeds, (2) the morphological character-
istics of the composite particles, and (3) the dy-
namic mechanical properties of films prepared
from composite latexes. The particle morphologies
are explained in terms of the change in the in-
terfacial tension between PBA and PMMA. The
dynamic mechanical data are interpreted in terms
of particle morphology, arrangement of phases in
the films, and existence of an interphase layer
between the core and shell phases.

EXPERIMENTAL

Materials

Seed latexes (PBA homopolymer or BA/PMMA
macromonomer copolymers) and PMMA homo-
polymer latexes were already prepared by mini-
emulsion homopolymerization of BA or copoly-
merization of BA in the presence of PMMA-macro-
monomer.'” BA and MMA monomers (Aldrich)
were purified by passing through a column filled
with an inhibitor remover packing (Aldrich). So-
dium lauryl sulfate (Henkel), potassium persul-
fate (Fisher), phosphotungstic acid (Fisher), and
ruthenium(III) chloride hydrate (Aldrich) were
used with no further purification. Distilled-deion-
ized (DDI) water was used in all experiments.

Latex Preparation

PBA/PMMA composite latexes were prepared
starting from PBA seed latexes (PBA homopoly-
mer or BA/PMMA-macromonomer copolymers)*”
with MMA as the second-stage monomer. Seeded
emulsion polymerizations were carried out in a



Table I Recipe for Seeded Emulsion
Polymerization to Prepare PBA/PMMA
Composite Latexes at 70°C

Weight

Ingredients (g)
Seed latex® 10,000
MMA monomer 2.000
DDI water 8.000
Sodium lauryl sulfate (SLS), 2.6 mM 0.012
Potassium persulfate (KPS), 3 mM 0.013

2 PBA homopolymer or PBA incorporating PMMA macro-
monomer; solids content approximately = 20 %."

batch mode. Seed polymer/monomer ratio was 1 :
1 (w/w). Table I gives the recipe for the composite
latex preparation. Table II provides the composi-
tions of the latexes used in the subsequent experi-
ments.

Seeded emulsion polymerization procedures
are as follows:

1. Dissolve an appropriate amount of sodium
lauryl sulfate (SLS) surfactant in water to
make a 2.6 mM concentration.

2. Add 6 mL of the SLS solution to 10 mL seed
latex in a 25 mL flask blanketed with a ni-
trogen atmosphere.
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3. Stir the mixture with a magnetic stirrer for
15 min at room temperature.

4. Swell seed latex particles with 2 mL. MMA
monomer for 30 min with continuous stir-
ring.

5. Place the mixture in a thermostated bath
with circulating hot water at 70°C for 10
min.

6. Dissolve a given amount of potassium per-
sulfate (KPS) initiator in water to make a
3 mM concentration.

7. Inject 2 mL of the KPS solution into the
flask.

8. Carry out polymerization at 70°C for 6 h.

PBA and PMMA homopolymer latexes were
prepared by miniemulsion homopolymerization
as described in the previous paper.'” Composi-
tions for PBA/PMMA homopolymer latex blends
are also included in Table II.

Characterization and Testing
Particle Size Determination

Capillary hydrodynamic fractionation (CHDF
1100, Matec Applied Science) was used to mea-
sure the particle size distributions of latexes.
CHDF samples were prepared by diluting the
original latexes with water to 2% solids, sonifying

Table II Compositions of PBA/PMMA Composite Latexes and Homopolymer Blends

Macromonomer in Seed Latex

Composite or Blend

Macromonomer/BA
(x 1072 PBA/PMMA
Sample
M, Weight PBA
Name (g/mol) (g)* mol/mol wiw mol/mol w/w Volume"
BMO — — — — 0.781 1.000 0.530
BM253 5320 0.400 0.049 2.041 0.766 0.980 0.519
BM512 1260 0.247 0.127 1.250 0.772 0.988 0.523
BM536 3640 0.696 0.127 3.605 0.754 0.965 0.512
BM553 5320 1.000 0.127 5.263 0.742 0.950 0.504
BM596 9640 1.740 0.127 9.529 0.713 0.913 0.485
BM1053 5320 2.000 0.267 11.111 0.703 0.900 0.478
Blend 30 0.335 0.30/0.70 0.33
Blend 50 homopolymer blends 0.781 0.50/0.50 0.53
Blend 65 1.451 0.65/0.35 0.68

220 g total seed polymers.

> Fraction based on total polymer volume. Calculation is based on the densities of PBA and PMMA (1.055 and 1.188 g/cm?,
respectively) and of PMMA macromonomers® and the weights of all the components in the latexes.
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them in a sonifier bath (Commonwealth Scien-
tific) to break up any aggregates, and filtering
these latexes through 5 um pore size filters (Milli-
pore) before injection. Of all the averages ob-
tained from the CHDF, the main peak number
average (Main D,) was chosen to represent the
samples because it better portrays the changes in
size of the majority of the particles. Three injec-
tions were made for each sample, and the num-
bers were again averaged.

TEM Observation of Composite Particle
Morphology

Morphologies of the composite latex particles
were studied using the Phillips TEM-400 at 100
kV. All the images were taken at 60,000 magnifi-
cation. First, the original latexes were diluted
with a 2% aqueous solution of phosphotungstic
acid (PTA) stain. Second, we place a drop of each
dilute latex on a carbon-coated Formvar film de-
posited on an aluminum grid. Then, for the prefer-
ential staining, the samples were also stained by
the ruthenium tetroxide (RuQO,) vapor for 30 min.
(RuO, vapor was generated by the reaction be-
tween ruthenium(III) chloride hydrate and a
commercial household bleach.) RuO, reacts with
PBA at a slightly faster rate than with PMMA.
Thus, it allows the differentiation between PBA
and PMMA regions. (PBA would appear darker
in the micrographs.)

Dynamic Mechanical Studies

All specimens, but one derived from the PBA ho-
mopolymer latex, were prepared from freeze-dried
latexes. (This technique produces finer powders
than air-drying.) The dried polymer was formed
into the test specimen by compression molding.
The molding conditions were as follows: 0.7—0.8
g of material was preheated to 150—180°C for 30
min, cooled down to 80—120°C, and then kept un-
der pressure (approximately 1000 psi) for 15—-45
min. (The actual molding conditions varied from
sample to sample.) Each specimen has the follow-
ing dimensions: 30 X 10 X 1 mm?® (rectangular
torsion geometry).

The PBA homopolymer film was air-dried and
cut into a circle of 25 mm diameter (parallel plate
geometry).

All dynamic mechanical analyses (DMA) were
performed on a Rheometrics Dynamic Analyzer
(RDA II), which applies a cyclical shear strain to
the sample. This instrument measures the sample
stress response in the form of the shear storage

M, macromonomer
=5.3x10° g/mol
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Figure 1 Dependence of the measured particle size
averages of seed and composite latex particles on the
amount (top) and molecular weight (bottom) of PMMA
macromonomers used in the seed latex preparation,
and the calculated size of the composite particles.

modulus (G'), shear loss modulus (G”), and the
loss tangent (tan 6, G"/G'). The testing frequency
was 1 Hz, and the temperature range was —100
to 180°C. Soak time was 30 s. Data were collected
every 2°C near the transition temperatures, and
every 5 or 10°C elsewhere.

RESULTS AND DISCUSSION

Latex Particle Size Distributions

Figure 1 shows the dependence of the average
sizes of the seed and composite latex particles on
the amount (top) and molecular weights (bottom)
of macromonomers used in the seed latex prepara-
tion. The predicted sizes of the composite particles
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Table III Standard Deviations of Size of Composite Latex Particles and Corresponding Seed

Particles (CHDF).?

Macromonomer in Seed Latex

Standard Deviations (%)

Number Weight
Sample M, Mole Ratio Based
Name (g/mol) on BA (x 107?) Seed Composite Seed Composite

BMO PBA homopolymer 25 18 41 27
BM253 5320 0.049 41 21 53 26
BM512 1260 0.127 44 36 38 37
BM553 5320 0.127 29 26 37 25
BM596 9640 0.127 53 34 51 32
BM518 18000 0.127 34 28 51 35
BM1053 5320 0.267 47 32 58 43

# See Figure 1 for particle size averages.

are also plotted. [ The predicted values were calcu-
lated based on the average size of the correspond-
ing seed particles'” and the volume of the second-
stage polymer, which was determined from the
weight of MMA in the recipe, (Table I), and the
density of PMMA (1.188 g/cm?®)]. Table III com-
pares the size distributions of the seed and com-
posite latex particles.

The CHDF data shows that composite particle
size averages are larger (Fig. 1), while their size
distributions are narrower (Table III) compared
with those of the corresponding seed particles.
The measured sizes of the composite particles
seem to follow the values predicted. (An exception
was found for one sample (BM1053). The average
size, being larger than expected in this particular
case (136 versus 116 nm; Fig. 3), could reflect
some particle agglomeration during the second-
stage polymerization.) In every sample, no indica-
tion of a second-stage nucleation of MMA is ob-
served. These results suggest that MMA was com-
pletely polymerized onto the PBA seed particles.

Composite Particle Morphology

This section reports the morphological observa-
tions of the composite latex particles. The differ-
ences in the particle morphology are explained
in terms of the change in the interfacial tension
between PBA seed particles and the newly formed
PMMA shell, which is dependent on the mole ratio
of macromonomer/BA and the molecular weight
of the macromonomer used in the seed latex prep-
aration. See Table II for descriptions of these la-
texes.

Effect of Macromonomer Content

Figure 2 shows TEM micrographs of composite
latex particles prepared using (A) PBA homopoly-
mer seed latex (BMO) and (B)-(D) BA/PMMA
macromonomer copolymer seed latexes prepared
with the same macromonomer (M, = 5.3 x 103
g/mol) but different mole ratios of macromonomer
to BA (BM253, BM553, and BM1053).

As seen from the micrographs, the morpholog-
ies of composite particles are strongly dependent
on the amount of PMMA macromonomer used in
the preparation of the seed latexes. The composite
particles prepared from PBA homopolymer seed
latex (BMO) show a mainly hemispherical mor-
phology, i.e., particles with a light PMMA shell
partially covering the dark PBA core [Fig. 2(A)].
This type of morphology is expected because the two
polymers are incompatible. Despite their smaller
sizes, composite particles prepared from PBA seed
incorporating the lowest macromonomer/BA mole
ratio [BM253; Fig. 2(B)] has a similar morphology.
However, composite latexes prepared from PBA
seed incorporating higher amounts of macromono-
mer (BM553 and BM1053) form particles with a
mixture of morphologies. Figures 2(C) and (D)
show some large particles with a PMMA-rich sur-
face and smaller particles, which have either
hemispherical or multiphase morphology. The
uniform core-shell morphology of the larger parti-
cles may be attributed to the effect of the BA/
PMMA-macromonomer graft copolymers parti-
tioning on the surface of the seed particles. During
the second-stage polymerization, the presence of
the graft copolymer layer on the surface of these
seed particles prevents the newly formed PMMA
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Figure 2 TEM micrographs of PBA/PMMA composite latex particles stained with
PTA and RuO,: (A) BMO, (B) BM253, (C) BM553, and (D) BM1053. Macromonomer
M, = 5.3 X 10 g/mol. In these micrographs, PBA is stained dark, whereas PMMA

appears light.

from segregating. Thus, PMMA resides on the
surface of the particles as a continuous shell. The
hemispherical and multiphase particles may re-
sult from the inherent composition inhomogeneity
of the seed latex. It is possible that, in the minie-
mulsion polymerization of BA in the presence of
macromonomer, some PBA seed particles were
formed with little or no graft copolymer on their
surfaces. This may be a consequence of either the
nonuniform size distribution of the monomer
droplets or some homogeneous aqueous phase nu-
cleation of BA during the seed latex preparation.?

Effect of Macromonomer Molecular Weight

Figure 3 shows TEM micrographs of a set of sam-
ples in which the molecular weight of the macro-
monomer in the seed latex was varied, while the
macromonomer/BA mole ratio was kept constant
(0.127 X 10 %) to maintain a constant number
of grafted PMMA chains (BM512, BM553, and
BM596). Therefore, the weight ratio of macro-
monomer to BA was increased with the increasing
molecular weight of the macromonomer.

The composite latex particles prepared from
PBA seed incorporating low molecular weight
macromonomer (BM512) show multiple white do-

mains of second-stage PMMA on the PBA phase
[Fig. 3(A)]. Per unit volume, the total interphase
area between the two polymer phases in these
particles is larger than in those with a hemispher-
ical morphology. This type of morphology suggests
that by adding a hydrophilic macromonomer to
the seed latex preparation the PBA/PMMA in-
terfacial tension is decreased (to some extent).
The lower interfacial tension allows the improved
coverage of the seed polymer by the shell PMMA
in the composite particles. However, the amount
of the graft copolymer in this sample may not be
sufficient or its structure does not favor its parti-
tioning at the seed particle surface. Thus, they are
not as effective in lowering the interfacial tension
between the two polymer phases as when macro-
monomers of higher molecular weights are used
to prepare the seed latexes.

When the higher molecular weight macromono-
mers are used in the seed latex preparation at the
same mole ratio, there are larger numbers of total
MMA units and longer PMMA macromonomer
grafts in the seed particles (Table II). Both of
these lead to a higher concentration of MMA units
at the particle interface. Consequently, the in-
terfacial tension is reduced to a lower value. As a
result, more uniform coverage of the seed by the



Figure 3 TEM micrographs of PBA/PMMA compos-
ite latex particles stained with PTA and RuO,. Macro-
monomer/BA mole ratio in seed latex = 0.127 x 1072,
(A)—(C): BM512, BM553, and BM596. In these micro-
graphs, PBA phase is stained dark by RuO,, whereas
PMMA remains light.

shell polymer is observed. When the PBA seed
latex incorporating the macromonomer of the
highest molecular weight (BM596) is used as a
seed latex, the micrograph exhibits all composite
particles with a PBA core completely covered by
the PMMA shell [Fig. 3(C)].

Latex Film-forming Abilities at Room Temperature

To observe the latex film formation behavior, two
drops of each latex were dried on a microscope
glass slide at room temperature. As anticipated
from its low 7, (—53°C?'), the PBA homopolymer
formed a clear, sticky, continuous film. In con-
trast, the PMMA homopolymer latex dried to a
white, cracked film because the drying tempera-
ture was not high enough for the coalescence of
the PMMA particles (T, = 105°C*"). A1:1(w/w)
blend of these two homopolymer latexes formed a
nonsticky, slightly opaque film. However, al-
though the polymer compositions in the PBA core/
PMMA shell latexes are similar to that of the 1 :
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1 blend (see Table II), most of these latexes could
not form continuous films under these conditions.

The following reasons explained the differences
between the film-forming properties of the blend
and the composite latexes. (1) In the blend, PBA
particles are highly mobile. Thus, they randomly
came into contact with each other during the dry-
ing process, coalesced, and formed a continuous
matrix, while PMMA particles remained dis-
persed in the matrix. (The slight opacity of the
film is likely resulting from the aggregation of
PMMA particles to make up domains large
enough to scatter light.?>=2*). (2) In the composite
latexes, the mobility of the PBA phase is reduced
because of its attachment to the PMMA shell of
the particles. (Figs. 2 and 3 show the attachment
of PBA and PMMA phases in composite latex par-
ticles.)

The only composite latex able to form a film is
the one prepared from the PBA seed latex parti-
cles incorporating the lower molecular weight
macromonomer (BM512). This sample possesses
a unique particle morphology. For this particular
latex, we observed earlier by TEM that a large
area of the PBA seed particles was not covered by
the small PMMA “lumps” [Fig. 3(A)]. As a result,
the exposed PBA phases from neighboring parti-
cles can coalesce and form a film. Therefore, this
film consists of a PBA matrix and PMMA fillers,
similar to the one dried from the PBA/PMMA la-
tex blend.

Polymer Compatibility Studies (DMA)

Previous studies already showed that films de-
rived from PBA/PMMA composite latexes may
possess different dynamic mechanical properties,
in spite of the same composition, if their particle
morphologies are different.?*~?” In the following
studies, properties of films from the following la-
tex systems are compared: (1) PBA and PMMA
homopolymer latexes, (2) PBA/PMMA homopoly-
mer latex blends, and (3) composite PBA/PMMA
latexes prepared using PBA seed particles (PBA
homopolymer or BA/PMMA-macromonomer co-
polymers'”). See Table II for details of these sam-
ples.

PBA/PMMA Homopolymer Latex Blends

The purpose of the following experiment is to de-
termine the arrangement of phases in the mold-
compressed polymer films by comparing our ex-
perimental data on the blends to the existing data
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Figure 4 Temperature dependence of G’ (top) and
tan 6 (bottom) for PBA and PMMA homopolymers and
PBA/PMMA homopolymer latex blends of different
compositions. (See Table II for polymer compositions
in the blends.)

for a similar system. Previously, Dickie and co-
workers?*~?¢ studied homopolymer latex blends
and composite latexes of 95/5 (mol/mol) PBA/1,3-
butylene dimethylacrylate (BDMA) copolymer,
P(BA-co-BDMA), and PMMA. Their experimen-
tal data showed that (1) both the values of G’ in
the region between the transitions of the constit-
uent polymers and the height of the dispersed
phase tan 6 peaks in the blends are highly depen-
dent on the volume fraction of the dispersed
phase, and (2) the blends’ G' curves in the region
between the two T,’s are parallel to that of the
polymer constituting the continuous phase.
Figure 4 shows the G’ (top) and tan 6 (bottom)
versus temperature curves of the PBA/PMMA
blends and those of PBA and PMMA homopoly-
mers. The G’ transitions and the tan 6 peak posi-

tions of the blends correspond well with the T.,’s
of the homopolymer phases. The slope of the G’
curves between the two T,’s are all parallel to that
of the PMMA homopolymer. The G’ values in this
region are higher in blends with lower PBA con-
tents. Moreover, the height of the PBA tan 6 peak
increases with PBA content of the blend, while
the height of the PMMA peak is less affected.
Based on Dickie’s conclusions,?* 2% the DMA
data suggest that these films consist of PBA do-
mains dispersed in a continuous PMMA matrix.
This phase arrangement is possible because dur-
ing the compression molding process to prepare
the DMA specimens, in which the temperature of
the mold was raised to 180°C, the PMMA particles
in the blend are mobile. Thus, they can coalesce
and form a continuous film, trapping PBA parti-
cles as dispersed domains. Accordingly, the mor-
phology of the mold-compressed films is different
from that of the air-dried films, which are com-
posed of a PBA matrix with PMMA fillers (as seen
from the film formation results). (Phase rear-
rangement upon mechanical or heat treatment of
composite latex films is common.)?2%2

Dickie’s Model

Based on a comparison between the measured dy-
namic mechanical properties and the correspond-
ing parameters calculated from a suitable model,
DMA is capable of providing information on the
film morphology. In the case of films prepared
from composite latexes, the film morphology is de-
pendent on the characteristics of the composite
particles. Thus, DMA results can also be related
to the particle morphology.

The subsequent experiment is designed to es-
tablish the validity of the model developed by
Dickie and coworkers?*~2¢ in interpreting our ex-
perimental data. This model predicts the modulus
of systems, consisting of simple domains perfectly
bonded to the continuous matrix based on the fol-
lowing expressions.

G* (1 - ¢v)G} + (a + $v)GF

= (1)
Gy (14 adpv)GE + a(l — ¢pv)GF

b =1+uv(l-uv,vs (2)

a = 2(4 - 5v,)/(7 — 5v,,) (3)

where G* is the complex modulus (G* = G’
+1G"); v is the volume fraction of the dispersed
phase; ¢ is an interaction parameter in the form



Table IV Parameters Used in the Calculation
of the Moduli and Loss Tangent of the PBA/
PMMA Homopolymer Latex Blend (1 : 1)

Parameters Values
Dispersed phase volume fraction (v) 0.53, 0.47*
Matrix Poisson’s ratio (v,,) 0.35, 0.50°
Maximum packing fraction (v,,) 0.73¢

2 For PMMA matrix and for PBA matrix, respectively (see
Table II).

» For PMMA matrix and for PBA matrix, respectively.

¢ Maximum packing fraction for monodispersed spherical
particles.>%

25,26,30

of v,,, the maximum packing fraction of the dis-
persed phase; and « is a function of v,,, the Pois-
son ratio of the matrix; subscript m denotes the
matrix; subscript i denotes the inclusions.

Based on Dickie’s model®~2 and the experi-
mental moduli of the PBA and PMMA homopoly-
mer latexes (Fig. 4), we calculated the G’ and tan
6 values of the PBA and PMMA latex blend (1 :
1 w/w). (See Table II for volume fraction of each
polymer in the blend.) These calculations were
performed under the assumption that the matrix
Poisson’s ratio (v,,) is constant at all tempera-
tures® and assuming additive volumes of the
polymers. The dispersed phase volume fraction
(v) was estimated based on the volume fractions
of the polymers in the latex (Table II; assuming
that the domains are simply PBA or PMMA homo-
polymers). Table IV lists the parameters required
for these calculations. Figure 5 presents the G'—
temperature (top) and tan 6—temperature (bot-
tom) curves of the PBA and PMMA homopolymers
(used in the calculations) and the calculated
curves for the PBA/PMMA blend, assuming ei-
ther PMMA or PBA as the continuous phase [ Fig.
5(A) and (B), respectively], and our experimen-
tal data [Fig. 5(C)].

From Figure 5 (top), a good agreement be-
tween the calculated and experimental values for
G’ is observed when we assume simple PBA inclu-
sions in a PMMA matrix [Fig. 5(A)]. In contrast,
considering PBA as the matrix [Fig. 5(B)] leads
to a calculated curve completely different from the
experimental one. However, assuming a PMMA
matrix [Fig. 5(A)], the calculated G’ values in
the temperature range between the T.’s of PBA
and PMMA are higher than the experimental val-
ues. The difference between the calculated [Fig.
5(A)] and the measured G' [Fig. 5(C)] curves
suggests that the assumption that the dispersed
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phase consist only of PBA is not valid. Obviously,
PBA forms a co-continuous phase within the
PMMA matrix. Because of this interconnection,
the apparent dispersed phase volume fraction in
the film would be higher than the volume fraction
of PBA in the original latex (used for the calcula-
tion).2*~2729-32 This arrangement would lead to a
material with a lower rigidity than expected from
simple PBA domains at the same PBA/PMMA
ratio.

Figure 5 (bottom) shows that, considering the
experimental errors, the locations of the blend’s
tan 6 peaks are correctly predicted from the calcu-
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Figure 5 G’ (top) and tan 6 (bottom) of PBA and
PMMA homopolymers (solid lines), and PBA/PMMA
homopolymer blend (0.5/0.5 w/w). (A) Values calcu-
lated assuming PBA domains in a PMMA matrix. (B)
Values calculated assuming PMMA domains in a PBA
matrix. (C) Experimentally measured values. Some tan
6 curves were shifted vertically by multiplying the val-
ues by 4, 2, and 6 [ for (A), (B), and PMMA homopoly-
mer, respectively]. (See Table II for polymer composi-
tions in the blend.)
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lated values of G’ and G” when a PMMA matrix
is assumed [Fig. 5(A)] (—47 = 3 and 137 = 3°C
experimental, and —43 and 129°C predicted).
Nevertheless, the height of the measured PBA
peak is higher, while that of the PMMA peak is
lower than the calculated values (0.27 = 0.01 vs.
0.08 for PBA, 1.34 vs. 1.50 for PMMA). This peak
height difference also supports the existence of
the interconnected PBA domains.?4253%32 (A de-
tailed explanation for the interconnected PBA do-
mains is given in the last section of this paper.)
Overall, Figure 5 shows that the choice of parame-
ters in Table IV, and Dickie’s equations®~2° are
suitable to help interpret the DMA data for the
composite latexes prepared under the current con-
ditions.

Composite Samples

In the last series of experiments, DMA is used for
the comparison of films obtained from the compos-
ite PBA/PMMA latexes. (See Table II for polymer
compositions of these latexes.) The G'—tempera-
ture curves in Figure 6 (top) show that all the
composite samples behave similarly to the blends,
i.e., having two transitions corresponding to the
T,’s of the homopolymers. (The curves were verti-
cally shifted for easier identification of the transi-
tions.) These transitions correspond to the phase
separation of PBA and PMMA within the compos-
ite particles. Additionally, the G' data between
the two transitions are parallel to that of the PBA/
PMMA homopolymer latex blend, which indicate
that, as in the blend, composite latex polymers
form films which consist of PBA domains in a
PMMA matrix. However, Figure 6 (bottom) shows
that although the compositions of all these sam-
ples are similar, their G’ curves are different. The
values of G’ in the region between the PBA and
PMMA transitions are the lowest for the homo-
polymer blend. For the case of composite latexes
prepared from PBA incorporating macromonomer
seed, the values increase with the amount of mac-
romonomer (macromonomer/BA weight ratio) in
the seed latexes. However, the values of G’ are
the highest when the composite latex was pre-
pared from the PBA homopolymer seed particles
(BMO). The difference in the G’ value reflects the
difference in the volume fraction of the dispersed
phase in the films.?*-26

Previously, Cavaille et al. used a parameter re-
lating modulus of films in their relaxed and unre-
laxed states to explain the interactions between
inclusions and matrix in films prepared from poly-

styrene and PBA latexes.? In the following sec-
tion, a similar parameter, the change in the modu-
lus before and after the T, of PBA (G'2/G'_1¢0 ,
G' at 20°C divided by G’ at —100°C), is used to
approximate the volume fractions of the films’ dis-
persed phase (v). Table V lists the measured val-
ues for G5/G' 190 and for the PBA tan 6 peak
maxima. (These values represent the averages
from up to six specimens per sample.) Apparently,
the samples with the higher G4,/G’'_1p values
possess the lower values for the PBA tan 6 peak
maxima; these values correspond with the lower
volume fractions of the dispersed phase in the
specimens.

Considering that compression molding of
freeze-dried latexes resulted in PBA domains dis-
persed in a PMMA matrix, one may calculate the
values of G’, G", and tan 6 at any temperature
for PBA/PMMA systems of given polymer compo-
sitions. The calculation is based on (1) Dickie’s
equations,?*~26 (2) the moduli of PBA and PMMA
homopolymers (Fig. 4), and (3) parameters listed
in Table IV.

In Figure 7, G'5/G' 159 values of the PBA/
PMMA system calculated based on the assump-
tions in the above paragraph are plotted vs. vol-
ume fraction of the dispersed phase in the system
(v). This plot represents the model-predicted

G/ G' 190 values for simple PBA domains (i.e.,
no PMMA inside these domains) dispersed in a
PMMA matrix at different polymer composition.
The experimental G'5,/G’ 1o values for the 1: 1
blend and all the composite samples (Table V)
are also plotted as straight lines across the same
figure.

From Figure 7, we estimated the values of the
film dispersed phase volume fraction () for each
sample by determining where the corresponding
experimental G',,/G' 1o value intersects the
model curve. Table VI lists the values for the fol-
lowing: volume fractions of PBA (A) and of the
seed polymer (i.e., PBA plus macromonomer) (B)
in the composite latexes; the model-predicted vol-
ume fraction of the dispersed phase in the com-
pression-molded film (v) (based on the experi-
mental values of G'5,/G’'_190 (Table V); and AV,
the difference between columns A and v. The per-
centage of the volume of the interfacial polymer
based on the PBA phase was also calculated and
was reported in the same table. Figure 8 shows
schematic diagrams of PBA and PMMA phases in
the films prepared from homopolymer latex blend
and those prepared from the composite latexes.
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Figure 6 Temperature dependence of G’ for films prepared from PBA/PMMA homo-
polymer blend (0.5/0.5 w/w PBA/PMMA ) or composite polymer latexes (seed polymers/
MMA in composite latex recipe = 1 : 1 w/w) showing the influence of seed latex
compositions. (The curves were shifted vertically by multiplying the G’ values by 1.00,
1.75, 1.25, 1.80, 4.00, 2.00, and 4.50, respectively, for the blend, BM512, BM253, BM536,
BM553, BM596, BM 1053, and BMO.) See Table II for detail of the latexes.

The numbers in Table VI show that the dis-
persed phase volume fraction in the film made
from the PBA/PMMA homopolymer latex blend
(0.670) is much higher than the volume fraction
of PBA in the original latex blend (0.530). Since
the dispersed phase is essentially PBA homopoly-
mer, this unexpectedly high volume fractions of

the dispersed phase possibly arise from the inter-
connection of the PBA domains.?* 26732 In the
melt state during the compression molding, indi-
vidual PBA particles in the blend randomly come
into contact with each other. (The high mobility of
unattached PBA particles was already discussed
earlier in the film-forming experiment.) This pro-
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Table V Measured Values of G5,/G’ 190 and PBA Tan 6 Peak Maxima?®

Macromonomer in Seed Latex

Macromonomer/BA
Sample M, PBA Tan 6§ Peak
Name (g/mol) mol/mol w/w G5/G" 100 Maxima
Blend homopolymer blend (1 : 1) 0.122 * 0.022 0.265 * 0.013
BMO prepared from PBA homopolymer seed 0.294 + 0.014 0.119 + 0.005
BM512 1260 0.127 1.25 0.168 + 0.043 0.193 = 0.003
BM253 5320 0.046 2.04 0.234 + 0.003 0.135 + 0.005
BM536 3640 0.127 3.61 0.234 + 0.024 0.135 = 0.009
BM553 5320 0.127 5.26 0.242 + 0.005 0.139 + 0.005
BM596 9640 0.127 9.53 0.259 + 0.012 0.120 + 0.002
BM1053 5320 0.267 11.10 0.249 + 0.005 0.114 = 0.005

* Experimentally measured and averaged from up to six specimens per sample.

cess enables the existence of small PMMA inclu-
sions within the PBA dispersed phase. This ar-
rangement makes the volume fraction of the dis-
persed phase in the film higher than the actual
volume of PBA in the latex. This film morphology
also explains the difference in the measured mod-
ulus and the values calculated by Dickie’s model
shown in Figure 5.

In spite of their similar composition (same vol-
ume fraction of PBA in the original latex; see Ta-
ble VI), the volume fraction of the dispersed phase
in a film derived from the composite latex pre-

0.3
\ — Model-predicted
\ ~BMo
0.26 - -u-BM596
; o BM1053
—« BM553
g0.22 + —+ BM536
= : - BM253
Q § ~+BMS512
Dois 4 - Blend(1:1)

vol. fraction of PBA
in blend or seed
polymer in
composite samples

0.14 +

—

0.5 0.55 0.6 0.65 0.7
Dispersed Phase Volume Fraction

Figure 7 G5/G’ 1o for experimental 1 : 1 PBA/
PMMA homopolymer latex blend and PBA/PMMA
composite latex polymers, and G5,/ G’ 10 versus the dis-
persed phase volume fraction calculated based on Dick-
ie’s model. The G5/ G’ 190 values for the 1 : 1 blend
and all the composite samples are plotted as straight
lines across the figure. See Table II for the descriptions
of these samples.

pared from the PBA homopolymer seed (BMO,
0.535) is much lower than in the one derived from
the 1 : 1 homopolymer blend (0.670). The only
difference between the blend and this composite
sample is that, unlike individual PBA particles in
the blend, the PBA phase in the composite parti-
cles is attached to the PMMA shell. As already
noticed from the film-forming experiment, this at-
tachment slows the migration and diffusion of the
PBA chains. The resulting PBA domains are thus
smaller and more discrete by the PMMA phase
(minimum or no interconnection of PBA do-
mains). The film morphology shown in Figure
8(B) for composite latex prepared from the PBA
homopolymer seed also corresponds to the dis-
persed phase volume fraction in the film being
almost the same as the PBA fraction in the origi-
nal composite latex (AV = 0.005). Also, a much
higher dispersed phase tan § peak maximum was
recorded (Table V) in the blend (0.265) compared
to the one in the composite samples (0.119). (Tan
6 peak maximum is related to the dispersed phase
volume fraction.)?*~26:30:31

Although the volume fractions of seed polymers
(i.e., PBA and macromonomer) in all composite
latex samples are nearly the same (between 0.528
and 0.530; Table VI), the estimated dispersed
phase volume fractions in these films are quite
different. However, all the composite films show
volume fractions of the dispersed phase higher
than the PBA fraction in the original composite
latexes (AV between 0.071 and 0.117).

For the composite samples prepared from the
PBA seed latexes incorporating the lowest molec-
ular weight PMMA macromonomer (BM512), the
volume fraction of the dispersed phase appears



EFFECTS OF AGENTS IN PBA/PMMA LATEXES

217

Table VI Volume Fractions of Different Phases in the Latexes and in the Compression Molded

Films®

Volume Fractions

Latex Film
(v)
Sample (A) B Film Dispersed AV % Interfacial Polymer
Name PBA Seed Phase (v-A) (Based on PBA)

Blend 0.530 0.530 0.670 0.140 b
BMO 0.530 0.530 0.535 0.005 1.00
BM512 0.523 0.529 0.640 0.117 b
BM253 0.519 0.529 0.590 0.071 13.68
BM536 0.512 0.529 0.590 0.078 15.23
BM553 0.504 0.529 0.583 0.079 15.67
BM596 0.485 0.528 0.569 0.084 17.32
BM1053 0.478 0.528 0.578 0.100 20.92

2 See Table V for sample compositions and measurement values of G5,/G’ ;o0 and tan § maxima.
> Cannot be determined by this method because of the interconnected domains (PMMA inside the PBA dispersed phase).

similar to that of the blend (0.640 and 0.670). For
this particular sample, particle agglomeration
and interconnected PBA domains [Fig. 8(A)] are
anticipated because of the multiphase morphol-
ogy of the particles [Fig. 3(A)] and the higher

PBA
A PMMA
inlerphase
- layer
B

Figure 8 Schematic representations of compression-
molded films derived from (A) showing interconnected
PBA domains in PMMA matrix (blend or BM512), (B)
PBA/PMMA composite latex prepared from PBA homo-
polymer seed (BMO, showing individual PBA domains),
(C) PBA/PMMA composite latex prepared from PBA
incorporating macromonomer seed (low macromono-
mer content), and (D) PBA/PMMA composite latex
prepared from PBA incorporating macromonomer seed
(high macromonomer content).

O

mobility of the rubbery phase (7T, of this macro-
monomer is lower than room temperature,? and
the latex is film-forming at room temperature).
This film morphology is also responsible for the
tan 6 peak maximum being relatively high (0.193;
Table V).

For all other composite samples, the film dis-
persed phase volume fractions (Table VI) and the
tan 6 peak maxima (Table V) decrease with de-
creasing latex PBA volume fraction (or the in-
crease in the latex macromonomer content). The
difference between the latex’s PBA volume frac-
tion and the film’s dispersed phase volume frac-
tion AV increases with the macromonomer con-
tent (Table VI). Based on the DMA results of
BMO, minimal domain interconnection occurs in
films prepared from all the other composite la-
texes. Thus, AV may only be explained by the
presence of an interphase zone between PBA and
PMMA in the composite sample when macro-
monomer is present in the seed particles.?**?

Previously, using *C NMR, Nelliappan et
al.?3* already showed that an interphase layer
exists between the PBA core and PMMA shell of
the composite latex particles. They also reported
an increase in the thickness of this layer when a
BA/PMMA-macromonomer copolymer was used
as seed latex. For the latexes prepared under the
present conditions, we already showed that mac-
romonomer side-chains of the BA/PMMA-macro-
monomer graft copolymers partition close to the
seed particles—water interface. The partition of
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the macromonomer results in a lower interfacial
tension between seed particles and water in the
seed latexes.'™® Subsequently, in the composite
latexes, the graft copolymers on the seed particles’
surface lower the interfacial tension between seed
particles and the newly formed shell. The low in-
terfacial tension leads to composite particles with
more uniform coverage of the core particles by the
shell polymer (Figs. 2 and 3).

According to the above data, in the composite
films, the macromonomer side-chains of the graft
copolymers partition close to the seed particle/
PMMA interface. This arrangement possibly
allows a higher fraction of the rubbery inclusions
to integrate extensively into the PMMA matrix
and compatibilize these two polymer phases,
forming an interphase layer. The difference be-
tween the PBA volume fraction in the original
latexes and the dispersed phase volume fraction
in the films (AV) is indicative of the volume of
this interphase layer. AV correlates well with the
increase in the amount of incorporated macro-
monomer (weight ratio of macromonomer to BA)
in the seed latex. The higher volume fractions of
the dispersed phase in the films compared with
the volume fraction of the seed polymers in the
composite latexes could be explained by two possi-
ble reasons: (1) the PBA volume in the sample is
lower than the number calculated based on
weight of BA used to prepare the original seed
latex because a large fraction of the PBA chains
is copolymerized with macromonomer and become
a part of the interphase layer, and (2) the model
used for the determination of the dispersed phase
volume fraction does not account for the presence
of the interphase zone but assumes simple PBA
domains in the PMMA matrix.

In conclusion, DMA results show that, by using
PBA seed incorporating PMMA macromonomer to
prepare the composite latexes, the PBA homopoly-
mer volume fraction decreases, and the volume
fraction of the interphase region between the two
polymer phases increases. By increasing the num-
ber of MMA units in the BA/PMMA-macromono-
mer graft copolymer (either by increasing the
mole ratio of macromonomer to BA or by increas-
ing the molecular weights of the macromono-
mers), the volume of the interfacial layer in-
creases. Both the decrease in the rubber phase
volume fraction and the higher volume of the in-
terphase layer correlate with the better compati-
bility of PBA and PMMA in the composite parti-
cles when macromonomer is present in the seed

particles (as previously observed from our TEM
micrographs and *C NMR results®*3).

CONCLUSIONS

Composite latex particles containing 1 : 1 (w/w)
PBA and PMMA were prepared by polymerizing
MMA in the presence of PBA seed latex particles.
Compatibilizing agents (BA/PMMA macromono-
mer copolymers) were already incorporated into
the PBA seed latexes in situ (during their prepa-
ration). The observed increase in the size aver-
ages and narrowing of the size distributions of the
composite latex particles compared with those of
the corresponding seed particles show that the
second-stage MMA monomer is completely poly-
merized onto the seed particles.

For morphological characterization of the com-
posite particles, TEM with the preferential stain-
ing method was used. The degree of phase separa-
tion between the two polymers in the composite
particles is affected by the amount of macromono-
mers used in the seed latex preparation (i.e., mole
ratio of macromonomer to BA and molecular
weight of the macromonomers). The observed
morphologies show quite a good agreement with
the decrease in the polymer;/aqueous phase in-
terfacial tensions observed when PMMA macro-
monomer was incorporated into the PBA seed par-
ticles.!” These results indicate that the decrease
in polymer/polymer interfacial tension enhance
the seed coverage by the shell polymer. Thus, in-
terfacial tension is considered one of the main pa-
rameters controlling particle morphology in com-
posite latexes.

The inability of the composite latexes to form
film at room temperature suggests the reduced
mobility of the PBA phase when attached to the
PMMA shell. The dynamic mechanical analysis
interpreted according to Dickie’s model for phase-
separated polymer blends?*~2® show a decrease in
the PBA volume fraction and an increase in the
volume fraction of the interface layer when the
BA/PMMA macromonomer copolymer seed parti-
cles were used. These results also agree with the
observed particle morphology and Nelliappan’s
BC-NMR studies on PBA core-PMMA shell la-
texes.3?%*
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