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ABSTRACT: In this study, the structural and morpho-
logical properties of poly(methyl methacrylate)/poly
(acrylonitrile-g-(ethylene-co-propylene-co-diene-g-styrene)
(PMMA-AES) blends were investigated with emphasis
on the influence of the in situ polymerization conditions
of methyl methacrylate. PMMA-AES blends were
obtained by in situ polymerization, varying the solvent
(chloroform or toluene) and polymerization conditions:
method A—no stirring and air atmosphere; method B—
stirring and N2 atmosphere. The blends were character-
ized by infrared spectroscopy (FTIR), transmission elec-
tron microscopy (TEM), and dynamic mechanical analysis
(DMA). The results showed that the PMMA-AES blends
are immiscible and present complex morphologies. This
morphology shows an elastomeric dispersed phase in a
glassy matrix, with inclusion of the matrix in the elasto-
mer domains, suggesting core shell or salami morphology.
The occlusion of the glassy phase within the elastomeric

domains can be due to the formation of graft copolymer
and/or phase inversion during polymerization. However,
this morphology is affected by the polymerization condi-
tions (stirring and air or N2 atmosphere) and by the sol-
vent used. The selective extraction of the blends’
components and infrared spectroscopy showed that cross-
linked and/or grafting reactions occur on the elastomer
chains during MMA polymerization. The glass transition
of the elastomer phase is influenced by morphology,
crosslinking, and grafting degree and, therefore, Tg

depends on the polymerization conditions. On the other
hand, the behavior of Tg of the glassy phase with blend
composition suggests miscibility or partial miscibility for
the SAN phase of AES and PMMA. VC 2011 Wiley Periodi-
cals, Inc. J Appl Polym Sci 124: 2846–2856, 2012
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INTRODUCTION

Mixing two or more polymers together is an easy
way to achieve desired properties without the need
to synthesize specialized polymer systems. The
design, selection, and performance of polymer blends
crucially depend on the ability to predict and to con-
trol the phase behavior and the morphology of the
blends. Most research on polymer blends has focused
on materials prepared by conventional mixing of
component polymers; the in situ polymerization of
polymer blends has occasionally been explored,
although one of the most important commercial
blends, high impact polystyrene (HIPS), is usually

obtained by using similar procedures.1 Polymer
blends prepared through in situ polymerization may
possess morphologies that result from reaction-
induced phase separation and from a complex combi-
nation of the products of crosslinking and grafting
reactions, and thus provide the final products with
different and, in many cases, superior properties in
comparison to materials prepared by other ways. The
development of complex morphologies in these
blends during the polymerization has been observed
to significantly improve final properties such as
impact strength.2 Another factor influenced by in situ
polymerization is stereochemistry. In an earlier arti-
cle, Carvalho et al.3 reported the radical polymeriza-
tion of the poly(methyl methacrylate), PMMA, in the
presence of poly(acrylonitrile-g-(ethylene-co-propyl-
ene-co-diene)-g-styrene) (AES), resulting in PMMA
with increasing amounts of triad syndiotactic as the
AES content in the reaction medium increased.
The most commercially significant example of in

situ polymerization blends is found in the toughen-
ing of a brittle polymer by rubber modification.
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HIPS is known as a typical rubber-toughened poly-
meric material basically prepared by free radical
polymerization of styrene in the presence of dis-
solved polybutadiene (PB). However, many details
of its complex physical chemistry properties are still
unknown. An indication of the complexity of this
system is that so far, no mathematical model of the
process has been developed that is capable of pre-
dicting the evolution of the particle morphology.4

The structural and morphological characteristics of
the blend obtained by in situ polymerization
depends on several variables such as the type and
amount of rubber and initiator, polymerization tem-
perature, stirring rate, grafting efficiency, molar
mass, concentration of chain transfer, and interfacial
surface. The effects of the stirring rate, the tempera-
ture, the initiator characteristics, the concentration of
chain transfer agent, and the modifier concentrations
on the final properties of HIPS have been investi-
gated.4–7 Soto et al.4 observed that the rubber parti-
cle diameters in HIPS can be made smaller by
increasing either the stirring rate or the grafting effi-
ciency. Besides, previous studies have revealed that
the size of the rubber particles increases with
increasing rubber content, initiator concentration,
and chain transfer agent concentration.5,6 With rela-
tion to the initiator, Soto et al.4 observed that perox-
ide radicals are more efficient for inducing graft
copolymerization than azo radicals.

In the standard HIPS process, the generation of
graft copolymer during the polymerization is vital
because of its effect on morphology and mechanical
properties. By accumulating at the interfaces the
graft copolymer reduces the interfacial tension, pro-
motes phase inversion, and controls particle size.4

The rubber phase in HIPS contains unreacted PB,
graft copolymer, and possibly crosslinked PB.8

Another blends obtained by in situ polymerization
have been studied such as PMMA and poly(ethyl-
ene-co-vinyl acetate) (EVA),9 poly(styrene) (PS) and
AES,10 PS and poly(styrene-b-butadiene-b-styrene)
(SBS),7 PMMA and poly(styrene-co-acrylonitrile)
(SAN),11 and PS and poly(ethylene-co-propylene-co-
diene) (EPDM).12,13 Cheng and Chen9 investigated
the influence of the initiator on the morphology of
PMMA/EVA blends and observed that the formed
graft copolymer results in finely dispersed EVA par-
ticles in the PMMA matrix. In general, the mechani-
cal properties of in situ polymerized blends are bet-
ter than the properties of the corresponding blends
prepared by melt mixing. This is due to formation of
copolymers at the interface, to crosslinking and to
the particular morphology of in situ polymerized
blends.

Poly(acrylonitrile-co-butadiene-co-styrene) (ABS),
HIPS, and poly(methyl methacrylate-co-butadiene-co-
styrene) copolymer (MBS) are efficient impact resist-

ance modifiers, however they present low thermal
resistance and low weatherability due to the high
level of unsaturation of the rubber phase.14,15 This li-
mitation can be overcome by using saturated elasto-
mers like EPDM and AES instead of PB. In situ poly-
merized blends of PS and AES are more thermo and
photochemically stable than HIPS, for instance.16

AES is a very attractive impact resistance modifier
for thermoplastics due to comparable impact
strength and better environmental and thermal re-
sistance than ABS.14,15 AES is a very complex ther-
moplastic elastomer constituted by free EPDM, free
SAN, and a graft copolymer of SAN on EPDM
chains.14

Because of its composition and properties AES is
seen as a good and promising candidate for modify-
ing and improving the mechanical properties of
PMMA, mainly because the interactions between
PMMA and the SAN phase of AES could play an
important role in the compatibilization of PMMA-
AES blends. This hypothesis is based on the fact that
PMMA-SAN blends exhibit a miscibility window.
This miscibility window is very well established in
the literature and it depends on the molar mass of
the polymers, on the temperature, and on the acrylo-
nitrile content in the SAN.17–19

In this work, PMMA-AES blends were prepared
by in situ polymerization of methyl methacrylate
monomer in the presence of AES to investigate the
effect of polymerization conditions on structural and
morphological properties. This way, the blends were
prepared varying of the solvent type under air or an
inert atmosphere. In radical polymerization, the
presence of oxygen can affect the reaction kinetics
producing species such as polymeric peroxide, for
example. This kind of reaction competes with the
usual propagation reactions resulting in an inhibi-
tion of polymerization.20

EXPERIMENTAL

Materials

Chemtura Corp. supplied AES (RoyaltufVR 372P20).
AES is a complex mixture of SAN, EPDM, and
grafted copolymer EPDM-g-SAN. AES contains 13
wt % free EPDM, 22 wt % free SAN, and approxi-
mately 65 wt % EPDM-g-SAN. SAN presents 27 wt
% acrylonitrile content. The global composition of
AES is 50 wt % SAN and 50 wt % EPDM. The
EPDM of AES contains 68.9 wt % ethylene, 26.5 wt
% propylene, and 4.6 wt % 2-ethylidene-5-norbor-
nene (ENB) as diene.21 The molar mass (Mn) and
polydispersity of AES are 448 kg mol�1 and 6,
respectively.
Methyl methacrylate monomer (Proquigel Quı́-

mica S/A) was submitted to extraction of
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polymerization inhibitors with a 5% NaOH solution.
After this, the organic layer was washed with dis-
tilled water. Then MMA monomer was dried using
Na2SO4 and distilled at 25�C under vacuum. Methyl
methacrylate monomer was stored at �15�C.

In situ polymerization of PMMA-AES blends

The blends were prepared by two different proc-
esses, called method A and method B.

Method A: AES was dissolved in chloroform or tolu-
ene (1 : 6 w/v) under stirring for 1 h at room tempera-
ture. Then methyl methacrylate monomer was added
and the mixture was stirred for 48 h before initiating
polymerization. Benzoyl peroxide (0.1 wt %) was
added to the viscous and homogeneous solution and
the polymerization was carried out at 60�C for 192 h.

Method B: AES was dissolved in chloroform or tol-
uene (1 : 6 w/v) under stirring for 1 h at room tem-
perature. Then methyl methacrylate monomer was
added and the mixture was stirred for 24 h before
polymerization. Benzoyl peroxide (0.1 wt %) was
added to the viscous and homogeneous solution and
the polymerization was carried out at 60�C under
stirring under flowing nitrogen for 8 h. After this
time, the stirring was stopped and the reaction mix-
ture was kept under a nitrogen flow until the end of
polymerization (around 12 h).

PMMA homopolymer was also prepared by meth-
ods A and B. Each polymerization reaction produced
cylindrical blocks of 11.0 cm height and 9 cm diame-
ter (approximately 550 g of material). Methyl methac-
rylate monomer and chloroform or toluene residues
were extracted at 120�C in a vacuum oven for 48 h.
The yield of the polymerization of methyl methacry-
late monomer was around 95% for all composition.

The compositions and the nomenclature used for
the PMMA-AES blends are given in Table I. The no-
menclature used to describe the blends is based on
the EPDM content in the blends and on the poly-
merization conditions. For example, the blend con-
taining 6.9 wt % of EPDM, polymerized by method

A using toluene (T) as solvent is named 6.9EPDM-T-
A, while the blend with similar composition poly-
merized in CHCl3 (C) and by method B is called
6.9EPDM-C-B. The AES content in the blends was
calculated from the nitrogen percentage determined
by elemental analysis.

Selective extraction of the blend’s components

The components of the PMMA-AES blends were
continuously extracted using a Soxhlet apparatus.
Firstly, the EPDM phase was extracted with hexane
(named Fraction 1), followed by simultaneous
extraction of the PMMA, SAN, EPDM-g-SAN with
chloroform (named Fraction 2). Each extraction step
was performed for 72 h. The residue of the extrac-
tion was named Insoluble Fraction. This procedure
was performed in duplicate.

Gel permeation chromatography

The average molar mass (Mw), number average
molar mass (Mn) and polydispersity (Mw/Mn) of
Fraction 2 of the PMMA-AES blends were measured
by gel permeation chromatography (GPC) in a
Waters 510 Gel Permeation Chromatograph with a
Waters 410 Differential Refractometer Detector. Sep-
aration was performed on polystyrene-divinylben-
zene Tosoh-Haas columns with 10 lm particles.
High performance liquid chromatography grade
THF was used as mobile phase at a flow rate of 1
mL min�1. Standard molar mass polystyrene in the
molar range between 9100 g mol�1 and 2,890,000 g
mol�1 was used for calibration.

Fourier transformed infrared spectroscopy

Films of Fraction 1, Fraction 2, and Insoluble Frac-
tion were compression molded in a Marconi MA
098/A Hydraulic Press at 180�C at 10 ton and they
were characterized by infrared spectroscopy.
Attenuated total reflection spectra of the three

fractions were collected using an Illuminat IR
(Smiths Detection) equipped with a ZnSe internal
reflection element (45�). A spectral range of 4000–
650 cm�1 was used with 64 scans collected per spec-
trum and a resolution of 4 cm�1.
The transmission spectrum of the Insoluble Frac-

tion of the blends was collected using a Fourier trans-
formed infrared spectroscopy (FTIR) Bomen MB-Se-
ries spectrophotometer using 16 scans, in the spectral
range of 4000–400 cm�1 and a resolution of 4 cm�1.

Transmission electron microscopy

The morphology of the blends was examined in a
Carl Zeiss CEM 902 transmission electron

TABLE I
PMMA-AES Blends Prepared in this Work

Solvent Name Method
EPDM in the
blend (wt %)a

Chloroform 6.9EPDM-C-A A 6.9
7.9EPDM-C-A A 7.9
6.5EPDM-C-B B 6.5
9.3EPDM-C-B B 9.3

Toluene 6.9EPDM-T-A A 6.9
11.8EPDM-T-A A 9.3
6.5EPDM-T-B B 6.5
11.1EPDM-T-B B 11.1

a EPDM content in blends calculated from elemental
analysis.
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microscope (TEM) associated to electron loss spec-
troscopy, ESI-TEM. The microscope was operated at
an acceleration voltage of 80 kV and equipped with
a Castaing-Henry energy filter spectrometer within
the column. Ultrathin sections, approximately 40 nm
thick, were cut in a Leica EM FC6 cryo-ultramicro-
tome. Phase contrast between the blend components
was achieved by exposing the samples to vapors of
OsO4 for a period of 4 h. The images were recorded
using a Proscan high-speed slow-scan CCD camera
and processed in the iTEM (Universal Imaging Plat-
form) software.

Dynamic mechanical analysis

Blend specimens of 9.0 mm � 6.0 mm � 1.0 mm
dimension were cut from the middle of blocks and
submitted to sinusoidal deformation at a frequency
of 1.0 Hz and amplitude of 0.02% in the temperature
range from �100 to 210�C, at a heating rate of 2 �C/
min, in a Rheometric Scientific DMTA V Analyzer.

RESULTS AND DISCUSSION

The solubilization of AES in methyl methacrylate is
slow probably because of the high molar mass of
AES and viscosity of the resulting solution. To guar-
antee complete solubilization and homogeneity, a
common solvent for both components was used. The
solvent used in radical polymerization is known to
influence not only polymer characteristics such as
coil size and mobility but also many system proper-
ties such as viscosity.22 Besides, it is established that
the rate of propagation step in radical polymeriza-
tion can show significant variation according to the
solvent employed. Many organic solvents act as
chain transfer agents in radical polymerization and
their reactivity in transfer reactions depends on the
nature of the propagating species.23 Studies about
solvent effect on the radical polymerization of sty-
rene and methyl methacrylate show that chloroform
presents a higher transfer constant in comparison
with toluene and benzene.23–25 The mechanism of
chain transfer for chloroform and toluene in radical
polymerization of MMA involves hydrogen
abstraction.24

Since the polymerization kinetics and the mecha-
nism of radical polymerization is affected by sol-
vents, a significant impact of the solvent on the mor-
phological and structural features of the blends
prepared by in situ polymerization is also expected.
Therefore, the selection of an appropriate solvent
plays a very important role in the preparation of in
situ polymerized blends.

To investigate the influence of the solvent on
methyl methacrylate polymerization, besides mor-
phological and dynamic mechanical analysis (DMA),

selective extraction of the blend’s components were
carried out. The selective extraction of the blends
resulted in three fractions: a hexane soluble fraction
(Fraction 1); a chloroform soluble fraction (Fraction
2), and an insoluble fraction (Insoluble Fraction). In
principle, the EPDM phase should be extracted with
hexane, a non-solvent for PMMA and SAN. PMMA
and SAN are soluble in the same solvents making
this separation by simple extraction impossible. So,
both polymers (PMMA and SAN) were extracted
with chloroform (Fraction 2).
The three fractions of the blends were analyzed by

infrared spectroscopy (Fig. 1). Figures 1(A–C) show
attenuated total reflection infrared spectra of Frac-
tion 1 (extracted with hexane and therefore richer in
EPDM), Fraction 2 (extracted with chloroform, richer
in SAN and PMMA), and insoluble fraction, respec-
tively, while Figure 1(D) shows the transmission
infrared spectra of the Insoluble Fraction of PMMA-
AES blends.
The infrared spectra for all fractions present simi-

lar bands, but the relative intensity of the bands is
different for each fraction. The attenuated total
reflection spectra of the Fraction 1, Fraction 2, and
Insoluble Fraction show an absorption band at 1377
cm�1, assigned to CH3 symmetric deformation,
another intense band at 1464 cm�1, assigned to CH2

angular deformation and two intense bands at 2860
and 2960 cm�1, assigned to CH2 and CH3 symmetric
and antisymmetric stretching of EPDM.21,26 The
C¼¼O stretching of PMMA at 1724 cm�1, OACH3 de-
formation of PMMA at 1390 cm�1, and the symmet-
ric stretching vibration of the CAOAC bond of
PMMA at 990 cm�1 are also observed.27 In the atte-
nuated total reflection spectra, the absorption bands
of the acrylonitrile group of SAN (2237 cm�1)26 was
not observed in any fractions, because of the low
SAN content. However, this characteristic absorption
band of the acrylonitrile group can be observed in
the transmission infrared spectra of all blends [Fig.
2(D)].
To determine a relative composition of the differ-

ent fractions of the blends, the absorbance ratio of
the CH2 symmetric stretching band of EPDM and
C¼¼O stretching band of PMMA was calculated
using the height of each band (ICH2/IC ¼ O). The
analysis of the spectra in Figure 1 and the data in
Table II allow concluding that Fraction 1 is poorer in
PMMA, which means that this phase is constituted
of EDPM and PMMA-g-EPDM, while Fraction 2 and
Insoluble Fraction are richer in PMMA and probably
in SAN. Thus, these results suggest that a little frac-
tion of PMMA is grafted onto the soluble EPDM
phase (Fraction 1) and a little fraction of EPDM is
grafted and/or crosslinked in the Insoluble Fraction.
In addition, the composition Fraction 1 as well as
Fraction 2 suggests a higher grafting extent in blends
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prepared in toluene solution. Both, grafting and
crosslinking contributed to anchor the elastomer
phase to the PMMA matrix. Also, rubber crosslink-
ing is beneficial, since it preserves the particle mor-
phology during material processing.28

As reported by Duin and Dikland,29 crosslinking
of EPDM in a radical polymerization medium initi-
ated by peroxide occurs via H-abstraction from the

rubber chains by the radicals formed upon peroxide
decomposition, followed by combination or addition
of EPDM macroradicals (Fig. 2). Macroradicals on
SAN chains can also be formed via H-abstraction
from the tertiary carbon of acrylonitrile and styrenic
segments30 as shown in Figure 2. All these macro-
radicals may react with each other as well as with
methyl methacrylate and solvent.
All blends prepared by in situ polymerization pre-

sented an Insoluble Fraction. Table III shows the
percentage of Insoluble Fraction, and the average
molar mass and polydispersity for the Fraction 2
extracted with chloroform from the PMMA-AES
blends. Fraction 2 is a mixture of PMMA and SAN
with a small amount of EPDM.

Figure 1 A–C: Attenuated total reflection infrared spectra of extracted PMMA-AES blends of fraction 1, fraction 2 and
insoluble phase, respectively. (D) Transmission infrared spectra of extracted PMMA-AES blends of insoluble phase.

Figure 2 Mechanism of macroradical formation, cross-
linking, and grafting reactions of EPDM, SAN, PMMA,
and MMA in the presence of peroxide. MR� ¼ macroradi-
cal; PMMA� ¼ macroradical of PMMA.

TABLE II
The Absorbance Ratio of CH2 Symmetric Stretching

Band (2860 cm21) and C¼¼O Stretching Band for Fraction
1, Fraction 2, and Insoluble Fraction

Solvent Name

ICH2/IC¼O

Fraction
01

Fraction
02

Insoluble
Fraction

Chloroform 6.9EPDM-C-A 4.1 0.04 0.3
6.5EPDM-C-B 3.5 0.08 0.1

Toluene 6.9EPDM-T-A 2.3 0.14 0.2
6.5EPDM-T-B 1.9 0.16 0.1
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The analysis of the data of Table III allows observ-
ing differences in the insoluble Fraction and the
molar mass as a function of method and solvent
used. The Insoluble Fraction of the blends prepared
by method A is higher than the value observed for
PMMA-AES blends prepared by method B. During
radical polymerization in the presence of oxygen
(method A), polymeric peroxides can be formed.
These polymeric peroxides can react easily with
each other, contributing to the increase of the Insolu-
ble Fraction. In general, independent of the method
used, blends prepared in chloroform present higher
Fraction 1 than blends prepared in toluene. In rela-
tion to molar mass, the results show that Fraction 2
of all blends prepared by method A present lower
average molar mass in comparison with Fraction 2
of all blends prepared by method B. The molar mass
difference observed for this fraction for each blend
should reflect the molar mass difference of the
PMMA and also the changes of molar mass of SAN
due to grafting of PMMA. Moreover, polymerization
in the presence of oxygen (method A), an inhibitor
of free radical polymerization,31 results in polymers
with lower molar mass, as observed. This can be
understood based on the fact that the blends pre-
pared in chloroform present lower average molar
masses than blends with similar composition pre-
pared in toluene. The MMA þ AES þ solvent solu-
tion is homogeneous, but during MMA polymeriza-
tion the mixture becomes immiscible. In this
complex solution of MMA/PMMA/AES and solvent
the solvent acts as a chain transfer agent. The chloro-
form is a more efficient chain transfer agent than tol-
uene, thus, the expected mass molar should be
smaller in chloroform than in toluene for the same
degree of conversion of the MMA, what was in fact,
observed.

Transmission electron microscopy

Figure 3 shows the TEM micrographs of PMMA-
AES blends prepared by method A using chloroform

or toluene as solvent. Since the thin sections were
stained with OsO4 to improve the contrast between
the phases, the rubber domains correspond to the
dark regions. The micrographs show the morphol-
ogy of the elastomer phase dispersed in the matrix.
Moreover, many occlusions (matrix subinclusion) in
the rubber particles can be seen, suggesting a core-
shell or salami morphology. The occlusions are rela-
tively smaller and more elongated in samples poly-
merized in chloroform by method A, whereas the
occlusions are larger and semispherical in samples
polymerized in toluene by method A.
The glassy phase occlusions within the elastomeric

domains could be originated by the formation of
graft copolymer and/or phase inversion during po-
lymerization.6,32 Choi et al.33 studied the effects of
the grafting degree on the morphological properties
of HIPS obtained by in situ polymerization and
observed that the presence of grafted chains change
the internal structure of rubber particles, i.e., with
increasing grafting degree, the observed occlusion in
HIPS morphology becomes larger.
As discussed previously, the morphology of in

situ polymerization blends depends on composition,
phase separation extension, crosslinking and grafting
degree, among others factors. To understand the
complexity of an in situ polymerized blend, a
description of the entire polymerization process
should be explained. Initially, the AES/chloroform/
methyl methacrylate solution is homogeneous, but
as the concentration and molar mass of PMMA
increase, phase separation occurs, leading to a con-
tinuous phase of AES/chloroform/methyl methacry-
late solution and a dispersed phase which can be a
complex mixture of PMMA, SAN, EPDM, solvent,
and monomer. After phase inversion, the PMMA-
rich phase becomes the continuous phase, whereas
the AES-rich phase becomes the dispersed phase. As
the grafting process proceeds the more stable are the
PMMA droplets before inversion, and hence it is
expected that PMMA droplets do not coagulated
during phase inversion. This leads to a higher

TABLE III
Percentage of Insoluble Fraction, Average Molar Mass (Mw), and Polydispersity

(Mw/Mn) of Fraction 2 of PMMA-AES Blends

Solvent Name
Insoluble

fraction (%)

Fraction 02

Mw (kg mol�1) Mw/Mn

Chloroform 6.9EPDM-C-A 16.1 6 0.5 172 2.3
7.9EPDM-C-A 19.2 6 0.4 204 3.4
6.5EPDM-C-B 6.3 6 0.5 302 3.8
9.3EPDM-C-B 12.6 6 0.4 283 2.7

Toluene 6.9EPDM-T-A 25.0 6 0.5 196 3.0
11.8EPDM-T-A 52.2 6 0.4 208 3.5
6.5EPDM-T-B 8.7 6 0.2 305 3.5
11.1EPDM-T-B 18.8 6 0.4 324 1.7
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fraction of PMMA occlusions in the rubber particles.
Thus, the higher occlusion in PMMA-AES blends
prepared with toluene is probably due to the pres-
ence of a relatively high grafting degree. The graft
copolymer reduces the interfacial tension and con-
trols the particle size distribution.28

The blend 7.9EPDM-C-A presents an extraordi-
nary and unique morphology. This kind of morphol-
ogy is obtained only for blends polymerized in situ
due to the complexity of the system associated to
the evolution of the polymerization process. A very
similar morphology was reported by Grego et al. for
blends of PA 6.6 and ethylene-propylene rubber.34

Micrographs of the blend 11.8EPDM-T-A, Figure
3, suggest that the elastomer phase is surrounding
the glassy polymer phases. This kind of morphology
was previously reported in our research group for
PS/AES blends also obtained by in situ polymeriza-
tion in the absence of stirring.12

Figure 4 shows the TEM micrographs of PMMA-
AES blends prepared by method B using chloroform
or toluene as solvent. The morphology of the blends

prepared by method B is quite different from the
morphology of the blends prepared by method A.
The polymerization conditions in Method A and B
differ in the atmosphere and stirring, however the
influence of stirring on the morphology of the
PMMA-AES blends can still be analyzed. As can be
seen in Figures 3 and 4 the morphology of the final
products prepared under stirring or not is quite dif-
ferent. Recent results of your group showed that the
most important factor in determining the morphol-
ogy of blends of PMMA prepared by in situ poly-
merization is the stirring in comparison with
atmosphere.35

In Figure 4 it is possible to observe that blends
obtained under stirring present elastomeric particles
uniformly distributed in the matrix. As the amount
of AES increases, occlusions can also be seen. How-
ever, the elastomer is always dispersed phase in the
matrix. For these blends, the morphology results not
only from phase segregation but also from the mech-
anism of droplet break up and coalescence, as
observed by mechanical dispersion.32,30

Figure 3 TEM micrographs of PMMA-AES blends prepared by method A using chloroform or toluene as solvent.
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Many occlusions can be observed in the
11.1EPDM-T-B blend suggesting salami morphology
similar to HIPS. Comparing the 6.9EPDM-T-A and
6.5EPDM-T-B blends the following differences can be
pointed out: the domain size of the dispersed phase
as well as the matrix occlusion fraction in this phase
are smaller for the blend prepared under stirring.
This can be explained using the mechanism of drop-
let break up and coalescence that allows the removal
of the matrix material from the ‘‘elastomer cell.’’ This
effect is more evident comparing the morphologies of
the blends 11.8EPDM-T-A (Fig. 3) and 11.1EPDM-T-B
(Fig. 4). As discussed previously, these blends do not
only differ in morphology, but also in phase composi-
tion (Table II) and matrix molar mass (Table III); all
these factors influence each other.

Dynamic mechanical analysis

Figure 5 shows the storage modulus (E0) as a func-
tion of temperature for PMMA, AES, and PMMA-
AES blends prepared by method A and method B
using chloroform and toluene as solvent.

The E0 vs. T curves for PMMA presents a small
drop around 0�C corresponding to the b-relaxation
of PMMA due to the rotation of the COOCH3 side
chains and another drop above 100�C corresponding
to the glass transition.36 For AES, a relaxation can be
observed around �40�C associated with the glass
transition of the EPDM phase and another relaxation
above 110�C attributed to the glass transition of the
SAN phase. The storage modulus curves of the
PMMA-AES blends show a small drop in the region
of the EPDM glass transition and a drop of three
decades in the region of the glass transition of the
PMMA and SAN phases. The low magnitude of the
drop in the storage modulus curves at the glass tran-
sition of EPDM phase is in agreement with a mor-
phology of dispersed elastomeric domains (EPDM)
in a glassy matrix (PMMA/SAN), as observed by
TEM. The loss modulus curves (E00 vs. T, not shown)
present peaks at the same temperature range where
the storage modulus curves present a drop. The tem-
peratures corresponding to the maximum of these
peaks are attributed to the glass transition and
shown in Table IV.

Figure 4 TEM micrographs of PMMA-AES blends prepared by method B using chloroform or toluene as solvent.
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The EPDM phases of all blends prepared with tol-
uene present a glass transition temperature at higher
temperatures than the EPDM phase of AES, while
all blends prepared with chloroform present an op-
posite behavior. This behavior can reflect morpho-
logical differences induced by phase separation and
also the grafting extent in blends prepared with tolu-
ene. Besides as observed by infrared spectroscopy,
the selective extraction of Fraction 1 and Fraction 2
shows that these fractions for blends prepared in tol-
uene present different composition in relation to
blends prepared in chloroform. This different com-
position also can explain the higher glass transition
temperature observed for blends prepared in
toluene.

The shift of the glass transition of the elastomer
phase to lower temperatures was also observed in
earlier work of our research group for polyhydroxy-
butyrate/AES blends,37 PMMA/AES blends,38 in
situ polymerized polystyrene (PS)/AES39 and PS/
EPDM.12 This behavior in blends of a rubbery phase
dispersed in glassy material is common and attrib-
uted to hydrostatic dilatational thermal stresses gen-
erated within the rubber particles because of the dif-
ferences in the thermal expansion between the
rubber and the glass matrix. This dilatational stress
promotes an increase in the rubbery phase free vol-
ume, which allows reduction of the relaxation time
of the rubbery chains and therefore reduces the
glass transition temperature of the corresponding
phase.14,40

In relation to the glass transition temperature for
PMMA/SAN phase for blends with similar composi-
tions the following behavior is observed: blends pre-
pared in chloroform present higher Tg than blends
prepared in toluene, independent of the method
used. This behavior can be explained due to higher
molar mass for blends prepared in chloroform in
comparison with blends prepared in toluene and
higher grafting degree for blends prepared in
toluene.
DMA helps to study polymer/polymer miscibility

through analysis of the glass transition of polymers.

Figure 5 Storage modulus (E0) as a function of temperature for PMMA-AES blends prepared by (a) method A,
(b) method B.

TABLE IV
Glass Transition Temperature Obtained from E00

vs. T Curves

Solvent Materials

Glass transition
temperature (�C)

PMMA and
SAN phases

EPDM
phase

PMMA-A 113 –
PMMA-B 110 –

AES 122 �41
Chloroform 6.9EPDM-C-A 129 �43

7.9EPDM-C-A 123 �51
6.5EPDM-C-B 114 �42
9.3EPDM-C-B 118 �44

Toluene 6.9EPDM-T-A 112 �37
11.8EPDM-T-A 125 �38
6.5EPDM-T-B 105 –
11.1EPDM-T-B 120 �36
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The glass transitions of PMMA and of SAN are close
and, because of this the discussion about miscibility
can become difficult. One possibility to analyze the
miscibility between the PMMA and SAN phases of
AES is to simulate the E00 vs. T behavior assuming
complete imiscibilitity of the components of the
blends and a morphology of dispersed phase in a
matrix. Figure 6 shows the simulated and experi-
mental E00 curves of 6.9EPDM-C-A and 6.9EPDM-T-
A. The simulated curve is obtained considering the
experimental data for pure components and assum-
ing a morphology of disperse phase in a matrix.

The simulated E00 curves for 6.9EPDM-C-A and
6.9EPDM-T-A show a peak at 100�C corresponding
to the glass transition of the PMMA phase and a
shoulder at higher temperatures corresponding to
the SAN phase. However, the experimental E00

curves clearly show a well defined peak with a max-
imum at intermediate temperature between the max-
imum of the peak and the shoulder in the simulated
E00 curve. This result suggests that there is some
degree of miscibility between the PMMA and SAN
phases of AES; it may be confined to the interface,
resulting in adhesion between the phases. The graft
copolymer EPDM-g-SAN should also promote a
strong interfacial adhesion between EPDM and the
matrix.

The behavior of the glass transition observed for
PMMA-AES blends can reflect two possibilities: par-

tial miscibility between PMMA and SAN, since the
AN content (27%) of the SAN component used in
this work is within the window of miscibility (9.5–
33%)17,18; and, less probably overlap of the peaks
corresponding to the glass transition of PMMA and
SAN phases.

CONCLUSIONS

In situ polymerization is highly multivariate and, for
this reason, a large number of reactions must be ana-
lyzed to understand the complex interrelationship
between preparation conditions such as temperature,
type of solvent and initiator used, stirring rate,
atmosphere, and structural characteristics, such as
conversion, crosslinking degree, grafting efficiency,
and morphology. Thus, the choice of preparation
conditions is crucial for the properties of the blends.
Chloroform and toluene are known as chain trans-

fer agents for radical polymerization influencing and
determining the molecular structure of PMMA, and
the grafting and crosslinking degree. These charac-
teristics impact directly on the morphology of the
blends. Besides the solvent used, the polymerization
conditions (N2 atmosphere and stirring rate) also
influence the morphological properties of the blends.
The extent of grafting is the key factor for control-
ling the whole morphology.

Figure 6 Simulated and experimental E00 vs. T curve and experimental E00 vs. T curve of (a) 6.9EPDM-C-A (b) 6.9EPDM-
T-A.
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Morphology as well as crosslinking and grafting
degree strongly influence the Tg of the EPDM phase
of the blends. However, the polymer matrix is prob-
ably a miscible or partially miscible blend of SAN
and PMMA.

The authors are grateful to Dr. C. H. Collins for manuscript
revision.
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3. Carvalho, F. P.; Gonçalvez, M. C.; Felisberti, M. I. Macromol
Symp 2010, 296, 596.

4. Soto, G.; Nava, E.; Rosas, M.; Fuenmayor, M.; González, I. M.;
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