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a b s t r a c t

Poly(glycidyl methacrylate-co-butyl methacrylate)/poly(vinylidene chloride-co-methyl acrylate) (poly(-
GMA-co-BMA)/poly(VDC-co-MA)) composite latexes have been successfully synthesized via a two-stage
emulsion polymerization process. In a first step, emulsion copolymerization of GMA and BMA was
carried out in optimized conditions (low temperature, neutral pH, starved-feed conditions) to both limit
the hydrolysis of epoxy groups and obtain small particle size (typically 30e50 nm size range). Composite
latexes were then obtained by a second-stage seeded copolymerization of VDC and MA in the presence of
tetrasodium pyrophosphate to control the pH and reach high molecular weight, leading to partial
encapsulation of the seed particles (snow-man morphology, in agreement with theoretical expectations).
Thermogravimetric analyses performed on the resulting composite particles showed that the epoxy-
functionalized seed polymer behaved as an efficient thermal stabilizer of PVDC.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Poly(vinylidene chloride) has been studied from both academic
and industrial points of view, due to its outstanding properties,
including a good resistance to a wide variety of solvents and an
extremely low permeability to water, oxygen [1] and aroma [2]
originating from its high degree of crystallinity [3,4]. This charac-
teristic makes it a good candidate for use in the high barrier
packaging industry. However, PVDC homopolymer undergoes a fast
degradation when heated a few degrees over its melting temper-
ature (T ¼ 203 �C) [5], resulting in a gradual coloration and a loss of
its superior properties. Atmoderate temperatures (T¼ 120e190 �C)
slow degradation occurs which also deteriorates the beneficial
properties, HCl being the only gas product evolved. The dehydro-
chlorination mechanism, described in Scheme 1 consists then in an
unzipping process [6e9], starting from defect structures identified
as unsaturation randomly introduced in the polymer backbone
during polymerization or processing [7,8,10]. The homolytic
cleavage of allylic CeCl bonds gives rise to a chlorine radical that
þ33 467147220.
r (P. Lacroix-Desmazes).
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abstracts an adjacent hydrogen atom to release hydrogen chloride
and extend the unsaturation by one unit, creating a newallylic CeCl
bond that will further propagate the degradation reaction in
a similar way.

In order to enhance the thermal stability of the polymer,
vinylidene chloride is usually copolymerized with small percent-
ages of other monomers [6], typically acrylates, vinyl chloride or
acrylonitrile. Nevertheless, this strategy is limited as increasing
amounts of comonomers tend to decrease PVDC barrier properties.
Therefore, to further limit the thermal degradation of poly(-
vinylidene chloride) copolymers, the addition of thermal stabilizers
has to be considered. Improvement of thermal stability is particu-
larly required for waterborne PVDC: emulsion polymerization leads
to vinylidene chloride copolymers with a poor thermal stability
compared to their counterparts obtained by suspension, solution or
bulk polymerizations [3,4], due to the presence of larger amounts of
additives accelerating the polymer degradation process.

We report here a strategy consisting in the incorporation of
epoxy-functionalized seed particles into PVDC latexes via a two-
stage emulsion polymerization process. Although their role in the
stabilization of vinylidene chloride copolymers is not well under-
stood, epoxy-functionalized compounds, such as epoxidised
soybean oil or glycidyl methacrylate (co)polymers, have been
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Scheme 1. Mechanism of poly(vinylidene chloride) dehydrochlorination.
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proved to retard the polymer thermal degradation [3,4,11,12]: they
may not only behave as efficient HCl-scavengers but also as
chelating agents for metal chlorides, which are formed in situ via
a reaction between hydrochloric acid and metal ion impurities and
behave as catalysts for PVDC dehydrochlorination [13,14].

To the best of our knowledge, it is the first time that PVDC
composite particles, showing improved thermal stability, have
been prepared from epoxy-functionalized seed latexes.

2. Experimental

2.1. Materials

Glycidyl methacrylate (GMA, Aldrich, 97%), n-butyl methacry-
late (BMA, Acros, 99%), vinylidene chloride (VDC, Aldrich, 99%) and
methyl acrylate (MA, Aldrich, 99%) were distilled under reduced
pressure to remove inhibitors. Potassium persulfate (KPS, Aldrich,
99%), sodium metabisulfite (Na2S2O5, Aldrich, 99%), sodium
hydrogencarbonate (NaHCO3, Aldrich,), tetrasodium pyrophos-
phate (TSPP, Alfa Caesar, 98%), Dowfax 2A1 (Dow, 42 wt% solution
in water) were used as received. Water was deionised through an
ion-exchange resin (conductivity below 1 mS/cm).

2.2. Polymerizations

Emulsion copolymerization of glycidyl methacrylate and butyl
methacrylatewas carried out in a 250mLdouble-walledglass vessel,
equipped with a mechanical glass anchor propeller. An aqueous
solution of sodium metabisulfite, Dowfax 2A1 and sodium hydro-
gencarbonate was charged in the reactor, heated up at 30 �C and
stirredat a speedof200 rpm.At thebeginningof the reaction, 9mLof
a 10 g/L aqueous solution of KPS was injected at once in the reactor
followed bya continuous addition of this solution at a rate of 4.5mL/
h for 4 h. At the same time a continuous feed of the monomer
solution (90wt%ofGMA,10wt%ofBMA)was startedandmaintained
for 3 h. Continuous additions were performed with two Perfusor
Compact syringe pumps (Braun). The reaction lasted for 5 h in total.

Seeded emulsion copolymerization of vinylidene chloride and
methyl acrylate was performed in a 300 mL stainless steel reactor
(Parr Instrument Company), equipped with a stainless steel 4-
bladed mechanical stirrer and internal pressure and temperature
sensors. Oxygen was removed from the autoclave by purging it via
three cycles of vacuum (10�2 mbar) broken with nitrogen. Vacuum
was restored in the reactor before charging an aqueous solution
containing the poly(GMA-co-BMA) seed latex and sodium meta-
bisulfite. A 4 bars nitrogen overpressure was then established in
the vessel. The speed of agitation was set at 250 rpm and the
temperature was raised to 55 �C. A stirred pre-emulsion contain-
ing tetrasodium pyrophosphate, KPS, Dowfax 2A1, VDC and MA,
was then continuously pumped into the reactor at a rate of 24 mL/
h for 5 h via a Series III digital HPLC pump (LabAlliance). The
overall reaction lasted for 6 h. Residual monomer was stripped by
heating up the latex for 1 h at 60 �C under reduced pressure
(0.2e0.4 bar). The protocol for the synthesis of the reference latex
(R1) consisted in adding an initial shot of 15 wt% of the pre-
emulsion and 10 mL of a 10 g/L KPS aqueous solution to form
a poly(VDC-co-MA) seed in situ. After 30 min, the pre-emulsion
continuous addition was started and maintained at a rate of
24 mL/h for 5 h.

2.3. Characterization

2.3.1. Particle size measurements
The particle sizes distributions of the latexes were determined

by dynamic light scattering (DLS) with a Nanotrac particle size
analyzer (Microtrac Inc.).

2.3.2. Gel content
The percentage of gel present in the poly(BMA-co-GMA)

copolymers was determined by extraction of the soluble part
with dichloromethane. A sample of dry polymer (wpolymer) was
weighted in a cellulose extraction thimble (Whatman) of known
mass, placed in a Soxhlet and extracted with dichloromethane at
reflux for 72 h. At the end of the extraction, the undissolved part
of the polymer remaining in the thimble was dried and weighted
(wundissolved part). The gel content was then calculated via Equa-
tion (1):

gel contentð%Þ ¼ Wundissolved part � 100=Wpolymer (1)



Table 1
Polymerization recipes to study the influence of temperature and pH on the hydrolysis of epoxy groups.

Initial load KPS solution feed
(4.5 mL/h)

Monomer feed (10.3 g/h)

Entry T (�C) pH Na2S2O5 (g) NaHCO3 Buffer (g) Dowfax 2A1 (g) Water (g) KPS (g) Water (g) GMA/BMA (g)/(g)
S1 60 6.3 0 0 8.04 73.70 0.27 27 27.82/3.08
S2 30 3.4 0.25 0 8.01 73.52 0.27 27 27.85/3.06
S3 30 7.3 0.24 0.09 8.00 72.83 0.27 27 27.71/3.10

Table 2
Influence of the reaction temperature and pH on the hydrolysis of epoxy groups.

Entry T(�C) pH Polymer gel
content (%)

Measured
epoxy contenta

Theoretical
epoxy contenta

Intact epoxy
groups (%)

S1 60 6.3 99.0 0.571 0.633 90.2
S2 30 3.4 98.5 0.557 0.634 87.9
S3 30 7.3 99.2 0.622 0.633 98.3

a The epoxy content is expressed in number of mol of epoxy groups per 100 g of
polymer.
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2.3.3. Titration of epoxy groups
The determination of the polymer epoxy content is based on the

ring-opening of epoxy groups by HBr, generated in situ by a reac-
tion between tetraethylammonium bromide and perchloric acid. A
known mass of dry polymer (typically 0.1 g for the seed polymer
and 1 g for PVDC composite samples) was placed in a beaker and
dissolved in 60 mL of dioxane for 5 min at 80 �C, before adding
60 mL of acetic acid. Once the beaker was back to room tempera-
ture, 10 mL of a 0.1 N solution of tetraethylammonium bromide in
acetic acid was added. The titration by a 0.1 N perchloric acid
solution in acetic acid was followed by pH-metering. By comparing
the experimental and theoretical epoxy contents, the percentage of
epoxy groups preserved from hydrolysis during the polymerization
could be determined.

2.3.4. Determination of molecular weights of P(VDC-co-MA)
copolymers

Molecular weights of the second-stage poly(VDC-co-MA)
copolymer were determined by Gel Permeation Chromatography
(PL-GPC 50, Varian, Inc.). Freeze-dried samples of composite and
reference latexeswere dissolved in THF and filtered on 0.2mmPTFE
filters, before being injected in the SEC apparatus. A calibration
employing polystyrene standards (K¼ 14.1�10�5 dL/g and a¼ 0.7)
[15] was employed to calculate the molecular weights. Mark-
Houwink coefficients determined by Revillon et al. [16] for pol-
y(VDC-co-MA) copolymers with a 80:20 VDC:MA mass ratio
(K ¼ 35 � 10�5 dL/g and a ¼ 0.57) were employed to exploit the
calibration curve.

2.3.5. TEM microscopy
Composite latexes were diluted as following: 2 droplets in

100 mL of DI water. The sample was deposited on a copper grid
covered by a layer of FORMAR (polyvinyl formal), then dried at
room temperature and under air atmosphere. Pictures were ob-
tained using a Zeiss EM910 (80 kV) microscope.

2.3.6. Thermal degradation
The thermal degradation of PVDC powders (obtained by freeze-

drying of the composite latexes) was analyzed on a TGA apparatus
Q50 (TA Instruments). Analyses consisted of isothermal experi-
ments performed for 120 min at 160 �C under air atmosphere.

3. Results and discussion

3.1. Synthesis of epoxy-functionalized seed latexes

Hydrolysis of epoxy groups is a major point to consider when
performing the emulsion (co)polymerization of glycidyl methac-
rylate for two main reasons [17]: on the one hand, it obviously
decreases the polymer epoxy-functionality and on the other hand,
hydrolysis of glycidyl methacrylate to glyceryl methacrylate,
a water-soluble monomer, may affect the emulsion polymerization
process and results in the formation of water-soluble polymer. It is
known that the ring-opening reaction of epoxy groups in water
occurs through both acidic and basic catalyses, and is promoted by
high temperatures. A preliminary study, employing recipes indi-
cated in Table 1, was undertaken in order to determine conditions
of temperature and pH that enable to limit the hydrolysis of epoxy
groups.

HBr titrations carried out on freeze-dried samples of latexes
confirmed the sensitivity of epoxy groups to temperature and pH
(Table 2): a high temperature (60 �C) and a pH close to neutral point
resulted in the loss of about 10% of the polymer epoxy content,
while an acidic pH at low temperature (30 �C) provoked the
hydrolysis of epoxy groups to a similar extent.

The low pH (pH ¼ 3.4) obtained when performing the poly-
merization reaction at 30 �C in presence of sodium metabisulfite
originates from the formation of two equivalents of bisulfite radi-
cals ($SO3H, pKa z 1.9) per dissociation event [18] (Equation (2)),
while the thermal dissociation of potassium persulfate only leads to
the formation of low amounts of bisulfate ions (HSO4

�, pKa ¼ 2.0)
originating from the transfer of SO�

4 $ radicals to water [18] (Equa-
tion (3)).

S2O
�
5 þ S2O

2�
8 þ H2O/2SO2�

4 þ 2$SO3H (2)

S2O
2�
8 þ xH2O/ð2� xÞSO�

4 $þ xHSO�
4 þ xHO$ (3)

where x depends on the extent of transfer of SO�
4 $ radicals to water

(0 < x < 2)
Hence sodium hydrogencarbonate NaHCO3 was employed as

a buffer to compensate for the acidity brought about by bisulfite
radicals and maintain a pH close to 7 throughout the polymeriza-
tion reaction. The HBr titration indicated that more than 98% of
epoxy groupswere preserved from hydrolysis in these conditions of
low temperature and neutral pH.

The gel content determined by continuous extraction of the
polymer soluble part in dichloromethane was close to 99% in all
cases, independent of temperature or pH conditions. Geurts et al.
[17] established that the high gel content observed in methacrylic
latexes containing GMA originated from traces of dimethacrylates
present in glycidyl methacrylate. Considering that they obtained
very low sol contents (from 2 to 8%) when performing the emulsion
copolymerization of GMA and BMA in a 10:90 GMA:BMA mass
ratio, it is not surprising to observe an even lower sol content when
working with a 90:10 GMA:BMA mass ratio in our case.

Epoxy-functionalized seed latexes with controlled particle size
were obtained by starved-feed emulsion copolymerizations of
glycidyl methacrylate and butyl methacrylate, following the recipes
given in Table 3.



Table 3
Polymerization recipes for the synthesis of epoxy-functionalized latexes at 30 �C.

Entry Initial load KPS solution feed
(4.5 mL/h)

Monomer feed

Na2S2O5 (g) NaHCO3 (g) Dowfax 2A1 (g) Water (g) KPS (g) Water (g) GMA/BMA (g)/(g) Feed rate (g/h)

S4 0.25 0.10 8.03 73.25 0.27 27 27.06/3.04 batch
S5 0.25 0.09 8.04 73.47 0.27 27 44.86/4.72 16.8
S6 0.25 0.10 8.04 73.23 0.27 27 36.03/4.03 13.4
S7 0.26 0.11 8.01 73.29 0.27 27 30.50/3.40 11.3
S3 0.24 0.09 8.00 72.83 0.27 27 27.71/3.10 10.3
S8 0.25 0.10 8.02 73.52 0.27 27 19.40/2.23 7.2
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A batch reaction was first carried out to follow the monomer
conversion versus time (Fig. 1). Following experiments employed
monomer feedrates (Rfeed<16.8g/h, i.e. Rfeed<4.3�10�4molL�1 s�1)
much lower than the maximum rate of polymerization observed
during the batch experiment (Rp max ¼ 1.5 � 10�3 mol L�1 s�1).
Instantaneousmonomer conversions higher than 90% obtained along
the reaction S5 confirmed that monomer-starved conditions were
fulfilled for feed rates lower than 16.8 g/h.

The seed latex particle size could then be adjusted by varying
the monomer feed rate. According to the Smith-Ewart theory [19],
the number of particles formed during the nucleation phase is
given by Equation (4):

NP ¼ k� ðr=mÞ0:4�ðasSÞ0:6 (4)

Where r is the rate of radical generation, m the rate of particle
volume growth, as the area occupied by one surfactant molecule
and S the amount of surfactant present in the medium in the form
of micelles. As a result, reducing the monomer feed rate parameter
should decrease the particle volume growth rate and lead to
a higher number of particles nucleated, resulting in a lower average
particle diameter. Although our system does not strictly obey the
model proposed by Smith and Ewart, this tendency is confirmed by
values of DP (intensity-averaged particle diameter) presented in
Table 4.

3.2. Synthesis of PVDC composite latexes in presence of epoxy-
functionalized seeds

Poly(GMA-co-BMA) latexes were then employed as seeds for the
second-stage emulsion copolymerizations of vinylidene chloride
Fig. 1. Monomer conversion curve for the batch emulsion copolymerization of GMA
and BMA at 30 �C (Entry S4 in Table 3: Na2S2O5 ¼ 0.25 g, NaHCO3 ¼ 0.10 g, Dowfax
2A1 ¼ 8.03 g, Water ¼ 100.25 g, KPS ¼ 0.27 g, GMA ¼ 27.06 g, BMA ¼ 3.04 g).
and methyl acrylate. Table 5 indicates the amounts of reactants
employed for these reactions.

The stability of epoxy groups was still a serious factor to
consider when performing the emulsion copolymerization of
vinylidene chloride and methyl acrylate since the evolution of
hydrochloric acid from PVDC chains to the water phase already
started during the polymerization reaction. Tetrasodium pyro-
phosphate (TSPP) was thus employed to scavenge HCl molecules
and protect epoxy groups from ring-opening reactions. As indicated
in Table 6, when TSPP was not included in the recipe, the poly-
merization reactions occurred in acidic conditions (pH of about 2)
and at least 80% of epoxy groups were hydrolyzed, while the
addition of TSPP enabled to maintain a pH close to 5 all along the
reaction and preserve more than 80% of epoxy groups.

At first sight, the differences between molecular weights
(Table 6) of poly(VDC-co-MA) polymers synthesized in the pres-
ence or absence of TSPP may be striking, considering that similar
monomer/initiator ratios were employed in all recipes. However,
the pH values measured on final latexes may account for this
divergence, given that the dissociation of potassium persulfate is
strongly catalyzed by protons in acidic conditions [20e22]. Indeed,
the rate of dissociation of KPS can be expressed by Equation (5) that
takes into account the process of acid-catalysis:

k0 ¼ k1 þ k2
�
Hþ� (5)

ko dramatically increases at low pH, leading to a higher rate of
radical generation which explains the lower polymer molecular
weights obtained in absence of TSPP.

The composite latexmorphologywas another significant feature
to consider, as it may affect the properties of the final material. The
graphical representation developed by Gonzalez-Ortiz et al. [23]
provided a thermodynamic prediction of the composite particles
structure, by taking into account the surface tensions gij at the
interfaces of the three phases present in the system (first-stage
polymer (1), second-stage polymer (2) and water (w)). The surface
tension values of water [24], PGMA [25] and PVDC [24] (as
approximation of poly(VDC-co-MA) copolymer) and their corre-
sponding polar and dispersion components giP and gi

D (Table 7) were
used to derive the values of gij (by applying the harmonic-mean
Equation (6) established by Wu [24]), T and U (Table 8). According
Table 4
Influence of the monomer feed rate on the number of nucleated particles.

Entry Monomer
feed rate
(g/h)

Final wt% of
polymer

Particle
diameter
DP (nm)

Total number
of particles
NP ( � 1017)

S5 16.8 31.49 86.0 1.38
S6 13.4 26.89 70.2 2.05
S7 11.3 23.73 50.6 4.63
S3 10.3 22.13 42.9 6.90
S8 7.2 16.54 28.0 17.42



Table 5
Recipes for the seeded emulsion copolymerization of vinylidene chloride and methyl acrylate at 55 �C.

Entry Employed seed latex Initial load Pre-emulsion feed (z32 g/h)

Na2S2O5 (g) Seed latex (g) Water (g) TSPP (g) KPS (g) Dowfax 2A1 (g) VDC (g) MA (g) Water (g)

C1 S9a 0.20 4.18 27.97 0.39 0.33 3.31 84.07 9.32 62.75
C2 S9a 0.18 4.19 28.00 0 0.33 3.31 84.31 9.31 62.91
C3 S3b 0.23 6.60 32.22 0.35 0.39 3.33 82.15 9.00 65.35
C4 S10c 0.19 8.48 29.82 0 0.34 3.38 84.91 9.82 57.87
C5 S7d 0.20 9.94 31.96 0.37 0.35 3.78 85.46 9.65 58.70
C6 S6e 0.21 10.34 32.09 0 0.34 3.33 86.06 9.43 57.53
R1 (ref) None 0.20 0 18.27 0.06

þ0.31
0.12
þ0.35

0.50
þ2.86

12.72
þ72.09

1.42
þ8.02

21.50
þ53.81

a Seed polymer content: 22.0%, seed particle diameter: 43.0 nm, pH ¼ 7.5.
b Seed polymer content: 22.1%, seed particle diameter: 42.9 nm, pH ¼ 7.3.
c Seed polymer content: 22.0%, seed particle diameter: 50.0 nm, pH ¼ 7.1.
d Seed polymer content: 23.7%, seed particle diameter: 50.6 nm, pH ¼ 7.4.
e Seed polymer content: 26.9%, seed particle diameter: 70.2 nm, pH ¼ 7.5.

Table 6
Characteristics of composite and reference PVDC latexes.

Entry Seed
content (%)

TSPP Latex pH Monomer
conversion (%)

Mn (g/mol) Mw (g/mol) Mw/Mn Epoxy content
(mol/100 g)

Theoretical epoxy
content (mol/100 g)

Intact epoxy
groups (%)

C1 1.00 yes 6.2 95.9 61,500 176,400 2.87 4.5 � 10�3 5.6 � 10�3 80.4
C2 0.98 no 2.1 98.2 12,900 36,300 2.80 0 5.5 � 10�3 0
C3 1.65 yes 5.4 94.6 60,300 155,600 2.58 9.0 � 10�3 10.4 � 10�3 86.5
C4 1.99 no 2.2 97.7 9900 25,000 2.52 0 11.2 � 10�3 0
C5 2.54 yes 5.8 95.5 67,300 182,800 2.72 12.7 � 10�3 14.3 � 10�3 88.7
C6 2.87 no 2.5 99.2 10,600 25,300 2.39 2.6 � 10�3 15.9 � 10�3 16.5
R1 0 yes 3.7 92.5 50,100 135,400 2.70 / / /

Table 7
Surface tension values of water, PGMA, PBMA and PVDC and their corresponding
polar and dispersion components.

Surface tension
g (N.m�1)

Polar component
gP (N.m�1)

Dispersion
component
gD (N.m�1)

Water [24] (w) 72.8 50.7 22.1
PGMA [25] (1) 40.14 32.68 7.46
PBMA [26] (10) 31.20 4.93 26.27
PVDC [24] (2) 45.40 9.08 36.32
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to this diagram applied to our case (Fig. 2), a PGMA seedwould only
be partially engulfed by the second-stage poly(VDC-co-MA) poly-
mer, resulting in a snowman-like morphology.

gij ¼ gi þ gj �
h
4gPi g

P
j

.�
gPi þ gPj

�i
�
h
4gDi g

D
j

.�
gDi þ gDj

�i
(6)

According to the same graphical representation applied to the
case of a less polar first-stage polymer such as poly(n-butyl
methacrylate) (PBMA) [26], the seed particles were expected to
be fully encapsulated by the second-stage PVDC polymer, leading to
a coreeshell morphology. Therefore, we assumed that employing
poly(GMA-co-BMA) as the first-stage copolymer would encourage
the encapsulation process.

Transmission electron microscopy (TEM) enabled to visualize
the structure of poly(GMA-co-BMA)/poly(VDC-co-MA) composite
particles. Snowman morphologies observed on pictures (Fig. 3)
Table 8
Values of gij, U and T calculated from the harmonic-mean equation.

g12

(N.m�1)
g1w
(N.m�1)

g2w
(N.m�1)

U ¼ g12/g2w T ¼ |g2weg12|/g1w

PGMA/PVDC 32.36 11.15 32.44 0.998 0.007
PBMA/PVDC 2.84 38.02 32.44 0.088 0.779
showed that poly(GMA-co-BMA) seed particles were partially
encapsulated by the second-stage poly(VDC-co-MA) copolymer:
thus, the first-stage copolymerization of GMA with BMA was not
sufficient to favour the encapsulation process.

3.3. Thermal properties

Powders obtained by freeze-drying of reference and composite
latexes were subjected to thermogravimetric analyses to compare
their thermal stabilities (Fig. 4). After a temperature ramp of 20 �C/
min during 8 min, the variation of the sample mass was measured
at 160 �C for 120 min under air atmosphere. The composite parti-
cles clearly exhibited a slower degradation than the reference
sample, indicating that the presence of epoxy-functionalized seeds
Fig. 2. Graphical representation for the prediction of the thermodynamic morphology
of PGMA/PVDC and PBMA/PVDC composite particles (U ¼ g12/g2w, T ¼ |g2w- g12|/g1w).
,: seed/first-stage polymer, -: second-stage polymer.



Fig. 3. TEM pictures of a poly(GMA-co-BMA)/poly(VDC-co-MA) composite latex.

Fig. 4. Thermogravimetric analyses carried out at 160 �C for 120 min under air
atmosphere for the composite particles and the reference PVDC powders.

Table 9
Rate constants for the dehydrochlorination of composite and reference PVDC
powders at 160 �C.

Entry Poly(GMA-co-BMA) content (%) kinit � 104 (s�1) kprop � 104 (s�1)

C5 2.5 0.87 11.2
C3 1.7 1.33 11.3
C1 1.0 3.98 9.73
R1 0 4.72 16.9
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was beneficial for the PVDC thermal stability. The impact of pol-
y(GMA-co-BMA) on the polymer degradation appears to be double:
it does not only inhibit the period of initiation of dehydrochlori-
nation, but also slows down the propagation step.

On the contrary, in the case of composites obtained without
TSPP, the polymer dehydrochlorination appeared to be faster than
for the reference sample. This could originate from the fact that
chain ends are believed to be the main defects contributing to the
degradation of low molecular weight PVDC copolymers, although
conflicting results were reported concerning a possible correlation
between molecular weights and dehydrochlorination rates
[7,27,28]. Furthermore, in this case most epoxy groups (at least 80%)
were hydrolyzed during the second-stage polymerization process,
and could not contribute to the polymer stabilization. Thereby both
effects may have contributed to a worsened thermal stability.

To quantify the effects of epoxy-functionalized seeds on PVDC
degradation, first order rate constants of initiation (kinit) and
propagation (kprop) of the polymer dehydrochlorination [9,29,30]
were determined via the local slopes of ln((wN e w0)/(wN e wt))
versus t, where w0 is the initial sample weight, wt the sample
weight at a given time t and wN is the sample weight at infinite
time corresponding to the loss of 1 mol of HCl per VDC unit in the
polymer (wN ¼ 0.7238 � w0). The values given in Table 9 confirm
that the presence of epoxy-functionalized seed polymer in
composite latexes resulted in slowing down the evolution of HCl
during both initiation and propagation steps of the degradation
process.

Two poly(GMA-co-BMA) latexes (S3 and S7) were mixed to the
reference latex R1 so as to obtain latex blends with similar seed
contents as composite latexes C5 (2.5%) and C3 (1.7%). These latex
blends were then subjected to freeze-drying and resulting powders
were analyzed by thermogravimetry (Fig. 5). The blends exhibited
a slower degradation than the reference sample but showed
a slightly shorter inhibition period than their respective composite
Fig. 5. Mass loss of composite, blend and reference PVDC powders versus time at
160 �C under air atmosphere.



Fig. 6. Visual comparison of PVDC powders after 120 min of exposure to a temperature of 160 �C under air atmosphere.
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counterparts. It brings us to the conclusion that the sample nano-
structure had an impact on the polymer thermal stability. This
effect may originate from the quality of the dispersion of poly(-
GMA-co-BMA) particles into the poly(VDC-co-MA) matrix. Blends
of the two latexes may indeed result in the formation of larger
poly(GMA-co-BMA) domains and thus HCl may be scavenged more
efficiently by epoxy groups in the case of composite structures due
to a more intimate contact between the two polymer phases. Along
the same line, one can assume that PVDC films obtained from
composite latexes will exhibit a further enhanced stability
compared to reference samples, given that an even more intimate
contact between the poly(GMA-co-BMA) seed particles and the
poly(VDC-co-MA) matrix can be expected in film forming
situations.

Pictures of the powders taken at the end of TGA analyses (Fig. 6)
provided a visual confirmation of the stabilizing role of poly(GMA-
co-BMA) seeds. PVDC coloration originates from the creation of
conjugated polychloroacetylene sequences into the polymer chains
upon dehydrochlorination [7]. The evolution of colour observed on
degraded samples is thus in good agreement with the trends
indicated by TGA experiments. These pictures also made clearly
visible the better thermal stability of composites compared to their
corresponding blends.

4. Conclusions

Poly(GMA-co-BMA)/poly(VDC-co-MA) composite latexes were
synthesized via a two-stage emulsion polymerization process. We
showed that the conditions of temperature and pH during the first-
stage emulsion copolymerization of glycidyl methacrylate and
butyl methacrylate affected the hydrolysis of epoxy groups, while
the monomer feed rate could be adjusted in order to control the
average particle diameter. Due to its role of HCl-scavenger, TSPP
appeared to be a key component during the seeded second-stage
emulsion copolymerization of vinylidene chloride and methyl
acrylate to limit the hydrolysis of epoxy groups and obtain higher
molecular weights.

Isothermal thermogravimetric analyses carried out on freeze-
dried samples obtained from poly(GMA-co-BMA)/poly(VDC-co-
MA) latexes showed that composites displayed an enhanced
thermal stability compared to PVDC reference samples, which
confirmed the role played by epoxy groups in the thermal stabili-
zation of PVDC. These characteristics make poly(GMA-co-BMA)/
poly(VDC-co-MA) latexes good candidates for use as waterborne
barrier filmswith improved thermal stability. Work is in progress to
assess the barrier properties of the resulting films and the results
will be reported elsewhere.
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