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ABSTRACT: Exfoliated poly(vinyl acetate) (PVAc)/
montmorillonite (MMT) and poly(vinyl acetate-co-glycidyl
methacrylate) [P(VAc-co-GMA)]/MMT nanocomposite lati-
ces, prepared by soap-free emulsion polymerization, were
able to be cast into films, and the latter was crosslinked
with diethylene triamine as a curing agent. The glass-tran-
sition temperature of the crosslinked P(VAc-co-GMA)/
MMT nanocomposite films was higher than that of the
PVAc/MMT counterparts. Although both the Young’s
modulus and yield stress for the PVAc/MMT nanocompo-
site films increased with the content of MMT, the extent of
the increase was greater for the crosslinked P(VAc-co-
GMA)/MMT nanocomposites. The exfoliated MMT nano-
platelets retarded the cold drawing of the PVAc matrix
during tensile testing, resulting in a decrease of the elonga-

tion. However, crosslinked P(VAc-co-GMA)/MMT nano-
composite films still had more elongation than the PVAc/
MMT counterparts. The drastic decrease of the water
vapor permeability with the content of MMT for both
types of nanocomposite films suggested that the exfoliated
MMT nanoplatelets were dispersed evenly and flattened
completely along the film surface. After all the nanocom-
posite film samples were burned, the inflammable residues
for the samples with an MMT content higher than 5 wt %
could preserve the original film profile with stiffness, and
this indicated that the exfoliated MMT nanoplatelets acted
as inflammable scaffolds. � 2008 Wiley Periodicals, Inc.
J Appl Polym Sci 109: 355–362, 2008
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INTRODUCTION

Since nylon 6/montmorillonite (MMT) nanocompo-
sites were invented by a Toyota research group,1–3

polymer–clay nanocomposites have attracted vast
attention because of their superior properties with
respect to conventional composite materials.4–6 A
small amount of the clay dispersed in the polymeric
matrix can significantly improve the mechanical
properties,7 thermal stability,8 barrier properties,9

and ionic conductivities.10 Various polymers, clays,
processes, and characteristics associated with poly-
mer/clay nanocomposites have been reported
recently.11–15 Although researchers have usually
adopted certain organic modifications for clay to
access exfoliated polymer/clay nanocomposites,
Park et al.16 successfully used soap-free emulsion po-
lymerization to prepare exfoliated poly(methyl meth-
acrylate) (PMMA)/MMT nanocomposites for optical
applications without the organic modification of clay

to minimize the light scattering loss caused by a sur-
factant.

Soap-free emulsion polymerization in an aqueous
solution is a clean and prevailing process for manu-
facturing polymer latices.17–21 Recently, in our labo-
ratory, we have investigated the exfoliation process
of MMT during the soap-free emulsion polymeriza-
tion of methyl methacrylate in the presence of
MMT.22 It was surprising to find that the polymeriz-
ing chains were aggregated into a disk form inside
the clay interlayer regions for micellation and even-
tually exfoliated the MMT. The exfoliation of MMT
was almost completed in the micellation stage. How-
ever, because the as-formed exfoliated PMMA/MMT
nanocomposite latex particles are too rigid to form a
film by casting, their applications are limited. To
solve this problem, poly(vinyl acetate) (PVAc) was
employed to replace the PMMA matrix.23 The cast
films from the PVAc/MMT nanocomposite latices
were transparent, with the exfoliated MMT nanopla-
telets in a flat form uniformly dispersed in the PVAc
matrix. As a result, the exfoliated MMT nanoplate-
lets in the film effectively reduced the water vapor
permeability of PVAc.

In this study, to extend the application of PVAc/
MMT nanocomposite films, we introduced an extra
crosslinkable glycidyl methacrylate (GMA) monomer
into soap-free emulsion polymerization. The result-
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ing poly(vinyl acetate-co-glycidyl methacrylate)
[P(VAc-co-GMA)]/MMT nanocomposite latex could
be crosslinked with diethylene triamine as a curing
agent. Although the Young’s modulus and yield
stress of the PVAc/MMT nanocomposite films were
increased with the content of MMT, those of the
crosslinked P(VAc-co-GMA)/MMT counterparts were
increased more. Besides, the crosslinked P(VAc-co-
GMA)/MMT nanocomposite films also had more
elongation than the PVAc/MMT counterparts. Inter-
estingly, after all the nanocomposite films were
burned, the inflammable residues for the samples
with an MMT content higher than 5 wt % could pre-
serve their original film profile with stiffness, and this
indicated that the exfoliated MMT nanoplatelets acted
as inflammable scaffolds.

EXPERIMENTAL

Materials

Vinyl acetate (VAc) and GMA monomers were pur-
chased from Acros (Stuttgart, Germany). Both were
distilled under reduced pressure before use to
remove an inhibitor. Potassium persulfate (KPS) and
diethylene triamine, from Across and Sigma, were
directly used as the initiator and curing agent,
respectively. MMT (PK-802), with a cationic
exchange capacity of 114 mequiv/100 g, was pur-
chased from Pai Kong Nanotechnology (Hsinchu,
Taiwan).

Preparation of the PVAc/MMT
and P(VAc-co-GMA)/MMT nanocomposite latices

To a three-necked flask loaded with 125 mL of
deionized water were added 0.3852 g of KPS and an
allocated amount of MMT for the preparation of
PVAc/MMT nanocomposite latices containing 0, 1,
3, 5, or 10 wt % MMT. After stirring at room temper-
ature for intercalation overnight, 9.5 g of VAc mono-
mer was added for soap-free emulsion polymeriza-
tion. The solutions were maintained at 508C for 50 h
first and then heated to 708C for � 3 h until no fur-
ther polymerization was detected. The conversion of
polymerization was � 80%. The PVAc/MMT nano-
composite latex containing 1 wt % MMT, for exam-
ple, was designated as the PVAc/1% MMT nano-
composite latex. For the preparation of P(VAc-co-
GMA)/MMT nanocomposite latices, 9.5 g of mixed
VAc and GMA monomers in a molar ratio of 9 : 1 was
used with otherwise the same amounts of deionized
water, KPS, and MMT in the solution as those for the
preparation of PVAc/MMT nanocomposite latices.
The solutions were directly heated to 708C for con-
ducting the soap-free emulsion polymerization. After
no further polymerization was detected, a small
amount of the latex solution was removed, diluted,

and dried to obtain the latex particles for transmis-
sion electron microscopy (TEM) observation. The
remaining latex solutions were stored in the refrigera-
tor for the next step of film preparation.

Preparation of the PVAc/MMT and crosslinked
P(VAc-co-GMA)/MMT nanocomposite films

The PVAc/MMT nanocomposite latices, after homo-
geneous stirring, were poured into a rectangular alu-
minum-foil mold with dimensions of 15 3 45 cm2

and then heated to 508C in an oven. After 12 h, they
were further heated to 708C to remove the residual
water or monomer until a clear PVAc/MMT nano-
composite film � 0.15 mm thick was formed. To pre-
pare the crosslinked P(VAc-co-GMA)/MMT nanocom-
posite films, the P(VAc-co-GMA)/MMT nanocompo-
site latices were thoroughly mixed with 0.43 g of the
diethylene triamine curing agent before being poured
into a similar rectangular aluminum-foil mold and
heated to 508C in an oven. After 12 h, the film was
further cured at 1008C for 30 min to afford the cross-
linked P(VAc-co-GMA)/MMT nanocomposite film.

Characterization

TEM of the specimens was investigated mainly with
a JEOL JSM-1230 transmission electron microscope
(Japan). X-ray diffraction patterns of the film and
powder samples were recorded with a Philip XRD-
500 X-ray diffraction analyzer (England) with nickel-
filtered Cu Ka radiation at 30 kV and 20 mA. The
molecular weights of PVAc and P(VAc-co-GMA)
matrices removed from their respective nanocompo-
site latices by Soxhlet extraction23 were measured by
gel permeation chromatography, which was carried
out at 408C with a Testhigh series III pump (Eng-
land) and a Testhigh model 500 ultraviolet–visible
(UV–vis) detector. One Phenol Gel 550A column and
two Phenol Gel MXL columns in series were used
with tetrahydrofuran as a mobile phase (0.8 mL/
min). The molecular weights and molecular weight
distributions were estimated by reference to the pol-
ystyrene standard.

UV–vis absorption spectra of the film samples
were recorded on a Jasco model 555 spectrometer
(Japan). Fourier transform infrared (FTIR) spectra of
the latex samples were recorded on a Jasco model
470 FTIR instrument. Their thermal degradation
behavior was monitored with a PerkinElmer 7 ther-
mogravimetric analyzer (Waltham, MA) at a heating
rate of 108C/min under nitrogen. The glass-transi-
tion temperature (Tg) was measured with a Perki-
nElmer Pyris 6 differential scanning calorimeter at a
heating rate of 108C/min. Tensile properties of the
film samples, such as the yield stress, Young’s mod-
ulus, and elongation, were measured with a HungTa
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HT-2328 tensile tester (Taiwan) according to ASTM D
638 type IV with a crosshead speed of 1 mm/min at
308C. At least five specimens were measured for
each testing datum. The fracture surface morphology
after tensile testing was investigated by scanning
electron microscopy (SEM) with a JEOL JSM-6700
high-resolution scanning electron microscope.

The water vapor permeability of the film samples
was measured according to ASTM E 96. In general,
�150 mL of deionized water was placed into a cylin-
der cup. The mouth of the cup was sealed with a
film specimen, and the cup was placed on an elec-
tronic balance located in an air-conditioned environ-
ment. The periodical weight was recorded until the
change of the weight with time was linear. The slope
of the linear region was used to estimate the water
vapor transmission (d), which was defined as the
weight loss per unit of time and unit of area of the
film specimen. Then, the permeability coefficient of
water vapor (KV) was estimated with the following
equation:

KV ¼ dd

Psð1� RhÞ (1)

where d is the thickness of the film specimen, Ps is
the saturated water vapor pressure at the testing
temperature, and Rh is the relative humidity outside
the testing cup expressed as a fraction.

RESULTS AND DISCUSSION

P(VAc-co-GMA)/MMT nanocomposite latices

A typical TEM image of the exfoliated P(VAc-co-
GMA)/MMT nanocomposite latex is shown in Fig-
ure 1. Compared to the poorly defined latex particle
domains observed for the PVAc/MMT latex,23 the

exfoliated P(VAc-co-GMA)/MMT nanocomposite la-
tex showed more discernable domains with a diame-
ter of � 100 nm. It has been suggested that because
of the hydrophilic nature of PVAc resin, no well-
defined PVAc matrix was observed.23 Thus, GMA
units in the resin matrix played a major role in creat-
ing the resin domains of � 100 nm for the exfoliated
P(VAc-co-GMA)/MMT nanocomposite latex. The
GMA units were also identified by the absorption
peak appearing at 925 cm21 in the infrared spectra
of the resin matrix, which was contributed by the
epoxy groups. As the P(VAc-co-GMA)/MMT nano-
composite latex solutions were directly cast into a
film, their X-ray diffraction patterns were measured,
as presented in Figure 2. The X-ray diffraction pat-
tern of neat MMT particles was also included for
comparison. The original interlayer d001-spacing of
1.23 nm at 2y 5 � 78 of neat MMT disappeared for
all the P(VAc-co-GMA)/MMT nanocomposite films,
and this indicated that MMTs were fully exfoliated
and dispersed in the films.

The weight-average molecular weight (Mw) and
polydispersity index (PDI) of P(VAc-co-GMA) and
its resin matrices removed from nanocomposite lati-
ces are summarized in Table I. The molecular weight
data of PVAc resin matrices from PVAc/MMT nano-
composites are also included for comparison. Basi-
cally, Mw of the resin matrix slightly decreased with
the content of MMT for both nanocomposite latices.
It has been indicated that KPS as an initiator for the
preparation of a PVAc/MMT nanocomposite latex is
intercalated into the interlayer regions of MMT, so
its concentration is higher in that region. Because the
micellation usually occurs in the interlayer regions,
the radicals on the growing chains should have
more chance to be quenched.23 The molecular weight
of the P(VAc-co-GMA) resin matrix in the nanocom-

Figure 1 TEM micrograph of the P(VAc-co-GMA)/5%
MMT nanocomposite latex.

Figure 2 X-ray diffraction patterns of P(VAc-co-GMA)/
MMT nanocomposite films containing (A) 0, (B) 1, (C) 3,
(D) 5, and (E) 10 wt % MMT and (F) pristine MMT par-
ticles for comparison.
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posites was also slightly lower than that of its PVAc
counterpart.

PVAc/MMT and crosslinked P(VAc-co-GMA)/
MMT nanocomposite films

P(VAc-co-GMA)/MMT nanocomposite latices after
mixing with the diethylene triamine curing agent
were then cast into films. After they were cured, the
films were transparent but brown, as presented in
Figure 3. The brown color resulted from the reacted
amino groups of the diethylene triamine curing
agent. However, because of light scattering by the
exfoliated MMT, the absorption in the entire UV–vis
spectrum was increased with the MMT content, as
shown in Figure 4. Because PVAc/MMT nanocom-
posites have no extra absorption in the visible
region, they appear as a transparent and colorless
film.23 However, it is noteworthy that for the cross-
linked P(VAc-co-GMA)/MMT nanocomposite films,

as the MMT content reached 5 wt %, extra absorp-
tion in the UV region was so high that they might
have potential to be used as UV-screening films.

Tg of the PVAc/MMT nanocomposite films was
increased with the MMT content, as illustrated in
their differential scanning calorimetry (DSC) thermo-
grams shown in Figure 5(a), and this is consistent
with the reported behavior for most of the exfoliated
polymer/MMT nanocomposites; that is, the exfoli-
ated MMT nanoplatelets would retard the segmental
motion of polymer chains.6 However, although Tg of
the crosslinked P(VAc-co-GMA)/MMT nanocompo-
site films was higher than that of the PVAc/MMT
counterparts, it was barely changed with the content
of MMT. All the Tg data for the nanocomposite films
are summarized in Table I. Exfoliated MMT nano-
platelets can also increase the degradation tempera-
ture (Td) of PVAc/MMT nanocomposite films, as
illustrated in their thermogravimetric analysis (TGA)
plots shown in Figure 6(a). Td of the film samples
was estimated at the 5% loss of weight in the TGA
plots and is also summarized in Table I. As shown
in the table, incorporating 1 wt % MMT could raise
Td from 269.4 to 307.88C. However, a further increase

TABLE I
Properties of the PVAc/MMT and P(VAc-co-GMA)/MMT

Nanocomposite Films

Sample Mw 3 105 PDI
Tg

(8C)
Td

(8C)

PVAc 6.45a 2.13a 30.2 269.4
PVAc/1% MMT 4.40a 2.01a 34.2 307.8
PVAc/3% MMT 4.99a 2.73a 35.1 306.6
PVAc/5% MMT 4.74a 2.44a 38.5 309.6
PVAc/10% MMT 3.52a 2.23a 41.4 311.4
P(VAc-co-GMA) 5.44 2.31 44.7b 287.3b

P(VAc-co-GMA)/1% MMT 3.03 2.21 45.7b 289.4b

P(VAc-co-GMA)/3% MMT 3.72 1.96 45.1b 292.0b

P(VAc-co-GMA)/5% MMT 3.16 2.89 46.1b 304.1b

P(VAc-co-GMA)/10% MMT 2.69 2.02 46.3b 313.8b

a Taken from ref. 23.
b The sample was crosslinked.

Figure 3 Photographs of crosslinked P(VAc-co-GMA)/
MMT nanocomposite films with indicated MMT contents.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 4 UV–vis absorption spectra of (a) PVAc/MMT and
(b) crosslinked P(VAc-co-GMA)/MMT nanocomposite films
containing (&) 0, (*) 1, (~) 3, (!) 5, or (^) 10 wt % MMT.
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in the MMT content only slightly increased Td. For
the crosslinked P(VAc-co-GMA)/MMT nanocompo-
site films, although Td was only slightly increased
with the content of MMT, incorporating 1 wt % MMT
indeed increased the char yield [see Figs. 6(b)].

The P(VAc-co-GMA)/MMT and crosslinked P(VAc-
co-GMA)/MMT nanocomposite films were then sub-
jected to burning with fire, and their inflammable res-
idues are illustrated in Figure 7. Neat PVAc and
crosslinked P(VAc-co-GMA) films were immediately
burned into black ash as soon as they were brought
close to the flame. However, the films containing
MMT had a retarded burning speed. When the MMT
content was higher than 5 wt %, the inflammable res-
idue even preserved the original film profile with
stiffness. Because the MMT nanoplatelets were dis-
persed evenly and flattened almost completely along
the film surface,23 they acted like scaffolds to preserve
the film profile after burning. It is noteworthy that
once combustion occurs, this scaffold would have the
potential to block flame transportation.

Figure 8 shows the tensile properties of PVAc/
MMT and crosslinked P(VAc-co-GMA)/MMT nano-
composite films, such as the Young’s modulus, yield

Figure 5 Derivative DSC thermograms of (a) PVAc/MMT
and (b) crosslinked P(VAc-co-GMA)/MMT nanocomposite
films containing (A) 0, (B) 1, (C) 3, (D) 5, or (E) 10 wt %MMT.

Figure 6 TGA plots of (a) PVAc–MMT and (b) cross-
linked P(VAc-co-GMA)/MMT nanocomposite films con-
taining (A) 0, (B) 1, (C) 3, (D) 5, or (E) 10 wt % MMT.

Figure 7 Photographs of burned residues of (a) PVAc/
MMT and (b) crosslinked P(VAc-co-GMA)/MMT nano-
composite films with indicated contents of MMT.
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stress, and elongation, as a function of the MMT
content. Although the Young’s modulus and yield
stress increased with the content of MMT for both
nanocomposite films, crosslinked P(VAc-co-GMA)/
MMT nanocomposite films had much higher
Young’s modulus, yield stress, and even elongation
than the PVAc/MMT counterparts. As the content of
MMT reached 5 wt %, both the Young’s modulus

and yield strength of the crosslinked P(VAc-co-
GMA)/MMT nanocomposites were almost double
those of the crosslinked P(VAc-co-GMA) films. How-
ever, elongation was significantly decreased when
exfoliated MMT nanoplatelets (1 wt %) were incor-
porated into both PVAc/MMT and crosslinked
P(VAc-co-GMA)/MMT films. This was due to the
fact that cold drawing of the polymer chains24 dur-
ing tensile testing was retarded by the incorporated
MMT nanoplatelets, as illustrated in Figure 9(a),
which shows only small, striplike ductile resins pro-
truding from the fracture surface of the PVAc/1%
MMT film. For the PVAc/10% MMT film, cold
drawing was completely prohibited, as shown in
Figure 9(b).

Figure 10 shows the water vapor permeability
coefficients of PVAc/MMT and crosslinked P(VAc-
co-GMA)/MMT nanocomposite films as a function
of the MMT content. The water vapor permeability

Figure 8 (a) Young’s modulus, (b) yield stress, and (c)
elongation of (&) PVAc/MMT and (*) crosslinked
P(VAc-co-GMA)/MMT nanocomposite films as a function
of the MMT content.

Figure 9 SEM micrographs of the fracture surfaces of ten-
sile specimens for the PVAc/MMT nanocomposite films
containing (a) 1 or (b) 10 wt % MMT.
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coefficients for both PVAc and crosslinked P(VAc-co-
GMA) films were significantly reduced by the incor-
poration of MMT nanoplatelets because the vapor
could not penetrate the MMT nanoplatelets. For the
PVAc/MMT nanocomposite films, in our previous
study, we used the generalized Nielsen permeability
model25,26 to estimate the average aspect ratio of
exfoliated MMT platelets and obtained a value of
327, which is similar to those directly estimated by
atomic force microscopy and TEM.23 Accordingly, it
was suggested that the MMTs in the PVAc/MMT
nanocomposite films were fully exfoliated, dispersed
evenly, and flattened completely along the film sur-
face. Although the cured P(VAc-co-GMA)/MMT
nanocomposite films had slightly higher water vapor
permeability coefficients than their PVAc/MMT
counterparts, the average aspect ratio of their exfoli-
ated MMT platelets calculated from the generalized
Nielsen permeability model was 320. The difference
in the aspect ratio between PVAc/MMT and cross-
linked P(VAc-co-GMA)/MMT nanocomposite films
was within the experimental error. Apparently, the
MMTs in the cured P(VAc-co-GMA)/MMT nano-
composite films were also fully exfoliated, dispersed
evenly, and flattened completely along the film sur-
face. The slightly higher water vapor permeability
for crosslinked P(VAc-co-GMA)/MMT nanocompo-
site films compared to their PVAc/MMT counter-
parts might be due to the curing phenomenon. It has
been reported that crosslinking tends to reduce the
density of the resin, leading to an increase in the
free volume.27

Although the crosslinked P(VAc-co-GMA)/MMT
nanocomposite films have a slightly higher water
vapor permeability, they are more durable than
their PVAc/MMT counterparts and have superior
mechanical properties. Their fabrication is facile,

and their applications are versatile. Their potential
applications for coatings, painting, adhesives, seal-
ing materials, and so forth are currently under
investigation.

CONCLUSIONS

PVAc/MMT and crosslinked P(VAc-co-GMA)/MMT
nanocomposite films were successfully fabricated via
soap-free emulsion polymerization. The exfoliated
MMT nanoplatelets were dispersed evenly and flat-
tened completely along the film surface. For the
nanocomposite films with an MMT content higher
than 5 wt %, the exfoliated MMT nanoplatelets could
perform as inflammable scaffolds during combus-
tion. Although the Young’s modulus and yield stress
of the PVAc/MMT nanocomposite films were
increased with the content of MMT, crosslinking of
the P(VAc-co-GMA)/MMT nanocomposite films
could enhance this effect. Besides, crosslinked
P(VAc-co-GMA)/MMT nanocomposite films have
higher Tg and more elongation than their PVAc/
MMT counterparts. We believe that those superior
properties of the crosslinkable P(VAc-co-GMA)/
MMT nanocomposite latices and films can justify
their potential applications for coatings, adhesives,
sealing materials, and so forth.
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