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ABSTRACT: Structured latex particles with a slightly
crosslinked poly(styrene-n-butyl acrylate) (PSB) core and a
poly(styrene-methacrylate-vinyl triethoxide silane) (PSMV)
shell were prepared by seed emulsion polymerization, and
the latex particle structures were investigated with Fourier
transform infrared, thermogravimetric analysis, differential
scanning calorimetry, transmission electron microscopy,
and dynamic light scattering. The films that were formed
from the structured core (PSB)-shell (PSMV) particles under
ambient conditions had good water repellency and good

tensile strength in comparison with films from structured
core (PSB)-shell [poly(styrene-methyl methyacrylate)] latex
particles; this was attributed to the self-crosslinking of
CH,=CH—Si(OCH,CH,;); in the outer shell structure. The
relationship between the particle structure and the film
properties was also investigated in this work. © 2006 Wiley
Periodicals, Inc. ] Appl Polym Sci 100: 1824-1830, 2006
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lymerization

INTRODUCTION

Polyacrylic and poly(acrylic—styrene) latices and cor-
responding latex products have been widely used in
coatings, paints, adhesives, and so forth because of
specific properties, such as good film-forming, gloss
and transparency, and mechanical properties. On the
other hand, polyacrylic and poly(acrylic-styrene) lati-
ces have many weaknesses, such as poor water resis-
tance and weather resistance, because of their chemi-
cal structure. These weaknesses give polyacrylic and
poly(acrylic—styrene) latices many disadvantages in
applications. In contrast, because of the existence of
S5i—O—S5i, polysiloxane has many excellent proper-
ties, such as a low glass-transition temperature and
surface tension, good water repellency, weather resis-
tance, and thermal stability. Therefore, it is possible to
modify polyacrylics and poly(acrylic-styrene) with
polysiloxanes or siloxanes to improve their physical
and chemical properties.

In the past decades, much research on siloxane (or
polysiloxane)-modified polyacrylics and poly(acrylic—
styrene) has been conducted by many researchers, and
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great progress has been made.' This work includes the
formation of mixtures through the addition of siloxane
(or polysiloxane) to polyacrylic [or poly(acrylic—sty-
rene)] latices,” copolymerization with acrylics (or
acrylic-styrene) and siloxane (or polysﬂoxane),{"7 the
formation of complex polymers such as interpenetrat-
ing polymer networks,®® and core-shell-structure
polymer particles'’™"? In particular, because the core
or shell structure can be easily changed for achieving
certain functions, the core-shell-structure polymer parti-
cles of siloxane-modified acrylics and acrylic—styrene
have been investigated extensively and deeply.'®'0~1>
Despite the many excellent properties of siloxanes,
the poor compatibility between polysiloxane and
acrylics (or acrylic-styrene) brings disadvantages to
their polymerization and products, so vinyl trialkox-
ysilane has often been used as a crosslinking agent to
form a middle transition layer between the core and
shell to improve the compatibility between polysilox-
ane and polyacrylics [or poly(acrylic-styrene)].* Much
research on the crosslinking of polysiloxane products
and the effect of the crosslinking on improving prod-
uct properties has been repor’red;lﬁ*18 however, re-
ports about the self-crosslinking properties of organo-
silicone acrylic emulsions with vinyl trialkoxysilane
have seldom been seen. In this work, vinyl triethylox-
ysilane (VITS) was introduced into the outer shell of
core [poly(styrene-n-butyl acrylate) (PSB)]-shell [poly-
(styrene-methyl methacrylate—vinyl triethoxide silane)
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(PSMV)] latex particles to give them self-crosslinking
properties in the film-forming process. The properties
of these latex particles were investigated.

EXPERIMENTAL
Materials

Aerosol 501 (A-501; 35% aqueous solution of disodium
isodecyl sulfosuccinate) was bought from Special
Chemical Reagent Co. (Shanghai, China). Styrene (St),
diethylene glycol diacrylate (DEGDA), methyl
methacrylate (MMA), and n-butyl acrylate (BA) were
purchased from Tianjin Chemical Reagent Factory
(Tianjin, China) (analytical reagents); the inhibitor was
removed by vacuum distillation before use. VITS was
purchased from Tianjin Chemical Reagent Factory
(Tianjin, China) and was used as received. Potassium
persulfate (K,S,0q; 99.99%) was recrystallized in
deionized water before use. Deionized water was pur-
chased from the chemical plant of Nankai University.

Preparation of the poly(styrene-n-butyl acrylate)
[P(St-BA)] seed latex

Deionized water (40 mL), K,S,05 (0.35 g), A-501 (1.5
g), DEGDA (0.27 g), and a selected amount of St and
BA (the total of the two was 22 g) were added to a
250-mL, four-necked, round-bottom flask equipped
with a mechanical stirrer, a thermometer, a dropping
funnel, and N,-controlled equipment. The flask was
then purged of oxygen with bubbling nitrogen for 30
min at room temperature, with stirring at about 210
rpm. After that, the flask was placed in a water bath of
a controlled temperature of 75°C. Ten minutes later,
the remainder of the monomer mixture of St and BA
was continuously dropped into the flask through a
dropping funnel for 2 h with strong stirring. The re-
action process continued for 30 min after the dropping
was finished.

Seeded emulsion polymerization of
St-MMA-VITS onto the P(St-BA) latex particles

In the seeded polymerization, no additional surfactant
was added to the system. Although the amount of
VITS was varied in the experiments, the total weight
was kept constant (20 g), and the weight ratio of St to
MMA was invariable (11.5/8.5). K,S,04 (0.05 g) and
0.35 g of NaHCO;, which was dissolved in 10 mL of
water, were first charged to the reactor after the mono-
mers were dropwise added in the first step. Thirty
minutes later, the monomer mixture was added drop-
wise at a low rate of about 10 mL/h. The reaction
mixture stood for an additional 3 h when the addition
was completed.
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Characterization of the composite particles

Solid film samples that were formed in a polypro-
pylene mold were extracted successively with n-hex-
ane for 24 h. The chemical composition of the polymer
was determined with a Bio-Rad FTS 135 Fourier trans-
form infrared (FTIR) spectrometer.

The measurement of the transmission electron mi-
croscopy (TEM) was performed on a JEOL (Japan)
TEM-100. Before the TEM measurement, the emulsion
samples were diluted with distilled water and placed
in a copper grill covered with a carbon membrane.

The measurement of the dynamic light scattering
(DLS) was performed on a BI-200SM. The measure-
ments were performed at 25°C with an Ar laser light
wavelength of 514.5 nm, and the measurement angle
was 90°.

The saturated water adsorption of the solid film,
which had been dried for 48 h in a vacuum drying
oven at 60°C and then kept for 24 h at room temper-
ature, was characterized by the immersion of about1 g
of the solid film in deionized water at room tempera-
ture and the comparison of the weights of the solid
sample before immersion (W;) and after immersion
(W,); the saturated water adsorption was defined as
(Wy, — W)/ W, X 100%.

The differential scanning calorimetry (DSC) thermo-
grams were recorded with a Netzsch (Germany) DSC
204 at a heating rate of 20°C/min under an N, atmo-
sphere from —100 to 200°C, and thermogravimetric
analysis (TGA) was performed a in Netzsch TG 209 at
a heating rate of 20°C/min under an N, atmosphere
from 0 to 500°C.

Stress—strain characteristics were determined on a
Testometric (England) M500-25kN at a tensile rate of
20 mm/min at 25°C

RESULTS AND DISCUSSION

Copolymerization stability of VITS with BA, St,
and MMA

VITS is an important copolymerization monomer con-
taining one C=C group and three SiOCH,CHj;
groups. It can not only undergo radical polymeriza-
tion with acrylic and St monomers but also condense
with Si—OH groups originating from the hydrolysis
of SiIOCH,CHj; groups to self-crosslink in film forma-
tion. However, the Si—O—C bond in VITS molecules
is much easier to hydrolyze and condense both in
acidic media and in alkali media, and this brings in-
stabilities to the polymerization process and storage
process that must be prevented. Therefore, it is the key
factor for controlling the hydrolyzation and conden-
sation reactions, which are determined mainly by the
emulsion pH, SiOCH,CHj; group content, and method
of adding VITS. To avoid coagulation in the emulsion
polymerization process and storage process, NaHCO;
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TABLE 1
Influence of the VITS Content and Adding Mode on the Emulsion Stability
VITS (wt %) 0 2 4 6 8 10
Mode 1 1 I I I II I
Stability (6 months later) Stable Stable Stable Stable Stable —a —

? Coagulation appeared 2 days later after emulsion polymerization.
P Coagulation appeared a month later after emulsion polymerization.

is used as a buffer to maintain a pH value of about 7
before VITS is brought to the reactor.! The influences
of the other two factors on the polymerization and
storage processes are shown in Table L

To determine the effect of the method of adding the
VITS monomer on the polymerization process, mode I
and mode II were compared (based on a theoretical
solid concentration of 45 wt % and a VITS concentra-
tion of 8 wt %). In mode I, the VITS monomer was
mixed with St and MMA in advance and then
dropped into a reactor that contained the prepared
PSB seed emulsion. In mode II, VITS was dropped
when the St and MMA dropping had finished. The
emulsion prepared in mode I was very stable, whereas
the emulsion coming from mode II coagulated after 2
days. The results indicated that the VITS monomer in
mode I was dispersed effectively by monomers St and
MMA in the polymerization process and then was
separated well by St and MMA in the shell, so the
condensation and crosslinking of the Si—OH groups
were limited and the emulsion was stable. However,
in mode II, the VITS monomer was added after St and
MMA were dropped, and this increased the density of
the 5i—OH groups in the outer layer of the shell and
facilitated the condensation, so the emulsion showed
coagulation.

To investigate the effects of different VITS concen-
trations on the polymerization and storage stabilities,
emulsion polymerizations were carried out with VITS
concentrations of 0, 2, 4, 6, 8, and 10 wt % (based on a
constant theoretical solid concentration of 45%) in

(a) (b)

mode L. The results are shown in Table I. The emulsion
polymerization process was very stable when the
VITS concentration was less than 8%; however, coag-
ulation appeared in the copolymerization process and
the emulsion coagulated completely a month later
when the VITS concentration was 10 wt %. It is
thought that increasing Si—OH groups with increas-
ing VITS concentration resulted in the instabilities of
the polymerization and storage processes.

The following samples in this work were pre-
pared according to mode I with not more than 8 wt
% VITS.

TEM and DLS analysis of the latex particles

From the transmission electron micrographs in Figure
1, it can be seen that core-shell structures were suc-
cessfully formed in the composite particles. Because of
the high electron cloud density of the silicone atoms,
compared with that of carbon atoms, VITS showed a
deeper color than BA and St in the micrographs.' The
core—shell structure was not well defined but was still
distinguishable by the deep color in the edge layer and
the light color inside. We think the responsible aspect
was the good compatibility between the core and the
shell because the composition of the core (BA-St) and
the composition of the shell (MMA-St-VITS) were
similar. In contrast to 70 nm in Figure 1(c), the latex
particle diameters in Figure 1(b,c) are about 100 nm.
Because the particles accumulated together in the test-

(c)

Figure 1 TEM micrographs of latex particles from different VITS samples: (a) 0, (b) 4, and (c) 6 wt %.
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Figure 2 Latex particle size distributions of different VITS
concentrations: (a) 0 wt % (mean diameter = 86.9 nm, poly-
dispersity = 0.030), (b) 2 wt % (mean diameter = 91.3 nm,
polydispersity = 0.103), (c) 4 wt % (mean diameter = 136.1
nm, polydispersity = 0.079), (d) 6 wt % (mean diameter
= 149.9 nm, polydispersity = 0.15), and (e) 8 wt % (mean
diameter = 149.1 nm, polydispersity = 0.121). [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

ing samples, it was difficult to determine accurately
the size and size distribution of the particles by TEM,
so the task was completed with DLS.

The size and size distribution of the particles mea-
sured by DLS are shown in Figure 2. Figure 2 shows
that with an increase in the weight concentration of
VITS in the copolymers, the particle size increased and
the particle size distribution became wider. When the
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VITS concentration was 0 wt %, the particle size dis-
tribution [Fig. 2(a)] showed a very narrow band in the
range of 80-96 nm. The mean particle diameter was 87
nm, and the polydispersity was only 0.030. With 2 wt
% VITS [Fig. 2(b)], the particle size distribution
showed a similar band in the range of 86-100 nm; the
mean diameter was 87 nm. In parallel, the polydisper-
sity was increased (0.103). However, when the VITS
concentration was more than 4 wt %, the particle
diameters had obvious variations, and the particle size
distributions also showed a broad band [in Fig. 2(c),
the mean particle size is 136 nm, and it is distributed
in the range of 60-285 nm; in Fig. 2(d), the particle size
is 121-217 nm, and the mean diameter is 150 nm; and
in Fig. 2(e), the particle size is 100-251 nm, and the
mean diameter is 149 nm]. For Figure 2(b), there are
not obvious variations in the mean diameter and the
particle size distribution in comparison with Figure
2(a), and this implies that the low concentration of
VITS did not make agglomerates of the particles in the
processes of preparation and storage (6 months).
However, from Figure 2(c) to Figure 2(e), the particle
sizes are obviously larger than those of Figure 2(ab),
and it may be considered that VITS was not inhibited
from hydrolyzing fully in the preparation and storage
processes, and with increasing VITS concentration, the
latex particle conglomeration became easy. This
agrees with the earlier analysis.

FTIR confirmation of the copolymerization of
VITS with BA, St, and MMA and the self-
crosslinking of VITS

The FTIR spectra of polystyrene (PSt), poly(styrene—
n-butyl acrylate/styrene-methyl methacrylate), poly-
(vinyl triethyloxysilane) (PVITS), and the copolymer
poly(styrene-n-butyl acrylate/styrene-methyl methac-
rylate-vinyl triethoxide silane) [P(SB/SMV)] are
shown in Figure 3. Figure 3(D) reveals the composi-
tion of P(SB/SMYV). The characteristic peaks of C—H
of the benzene ring at 3100-3000 cm ' and at 1068 and
1025 cm ™!, C=C ring stretching at 1650-1450 cm !
[Fig. 3(A)], and a C=0O stretching peak at 1736 cm "
[Fig. 3(B)] still exist, and new characteristic peaks ap-
pear: the characteristic peaks at 1106 and 1080 cm ™!,
which can also be observed in Figure 3(C), were con-
tributed by Si—O—Si. The new peaks indicate the
copolymerization of VITS with St, BA, and MMA and
the crosslinked structure of the latex particles. The
peaks are not strong at 1106 and 1080 cm ™' because of
the low concentration of Si—O—-Si. The IR analyses
are well supported by TGA results for the copolymer
samples. The end weight loss decreased with an in-
crease in the VITS concentration, and this definitely
pointed toward a VITS concentration increase in the
copolymers.
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Figure 3 FTIR spectra of (A) PSt, (B) poly(styrene-n-butylacrylate/styrene-methyl methyacrylate) [P(St-MMA)], (C) PVITS,
and (D) poly(styrene-n-butylacrylate/styrene-methyl methyacrylate—vinyl triethoxide silane). [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]

TGA results for the copolymers

Reports on the thermal stabilities of polysiloxanes
have been published by many researchers.'”>* For
linear molecules, the generally accepted view is that
the degradation mechanism is siloxane bond cleavage
with the formation of a cyclic four-centered interme-
diate as the rate-determining step.'®'” In contrast to
this point, the thermal degradation of our experimen-
tal samples was C—C bond scission rather than silox-
ane bond cleavage because the BA-St-MMA-VITS co-
polymers could not form linear polysiloxane and fur-
ther a cyclic four-centered intermediate. On the other
hand, the thermal stability of any polymer material is
largely determined by the strength of the covalent
bond between the atoms forming the polymer mole-
cules. The C—C bond energy is less than that of C—Si,
C=C and Si—O bonds.?* Therefore, with an increase
in the VITS concentration, the rudimental networks
formed by VITS increased, and the weight loss of the
sample decreased. In Figure 4, the weight loss is con-
sistent with the analysis. The influence of the VITS
concentration on the decomposition temperature was
not obvious, and the changes were random.

DSC analysis of the copolymers

The glass-transition temperatures of the samples were
determined by DSC (see Fig. 5). Figure 5 illustrates the
DSC curves of the polymers with 0, 2, 4, 6, and 8 wt %
VITS. All the samples had two different glass-transi-
tion temperatures; the lower values (T,;) were attrib-
uted to the core PSB, and the higher ones (T,,) were

attributed to the shell PSMV. This was consistent with
the results earlier observed by TEM.

All the samples had almost the same T, which
corresponded to the same core composition (BA and
St were kept invariable). However, there was a small
variation of T, for the different samples, which was
affected by the VITS concentration. Because of the
self-crosslinking that was formed by the condensation
between VITS molecules, the movement of the poly-
mer segments in the shell was subjected to severe
limitations. Much more energy was needed to make

1
2 e —
3-
4
5
Run mass change(%)
1 416.3 -95.49
2 418.7 -93.58
3 4198 -94.86
4 4204 -95.51 ".‘
5 419.8 -95.66 )
B
0 100 200 300 400 500
Temprature/~C

Figure 4 TGA curves of copolymers of different VITS con-
centrations: (1) 8, (2) 6, (3) 4, (4) 2, and (5) 0 wt %. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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Figure 5 DSC curves of different VITS concentrations: (1) 8,
(2)6,(3) 4, (4) 2, and (5) 0 wt %. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.
com.]

these limited segments move. Therefore, with the
VITS concentration increasing, T, became higher.

It can be concluded that the self-crosslinking reac-
tion appeared in two kinds of places: in the shell of the
same latex particle and among different shells of latex
particles. The self-crosslinking reaction greatly de-
pended on the VITS concentration induced, whether it
appeared in the same latex particle shell or among
different latex particle shells. When the VITS concen-
tration was low, the self-crosslinking reaction oc-
curred mainly among different latex particle shells in
the film-forming process, whereas in the same shell,
the self-crosslinking reaction was relatively less be-
cause the VITS units were separated by St and MMA
in the shell. With increasing VITS induced to the shell,
the total self-crosslinking reactions of the two posi-
tions were strengthened. Therefore, in comparison
with sample 5, there was rarely a change for T,, of
sample 4, but those of samples 1-3 were obvious.

Mechanical properties and water-absorbing
behavior

The stress—strain characteristics and water-absorbing
behaviors of all the copolymer films are shown in
Figure 6. Figure 6 shows the stress—strain curves for
several copolymers with different VITS concentra-
tions. Evidently, all the copolymers exhibited larger
stress as VITS was incorporated, and this indicated
that the mechanical response of the copolymers was
affected by the VITS self-crosslinking. It was also pos-
sible to verify that their stress—strain curves were sim-
ilar to those commonly obtained for plastic materials.
Comparing curves 1-4, we found that as the VITS
concentration increased, the samples did not obey the
same order with respect to the tensile stress. At a
higher VITS concentration (8 wt %), the stress value
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Figure 6 Stress—strain curves of self-crosslinking polymer
films. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

was smaller, and it was possible to think that the VITS
self-crosslinking reaction occurring greatly in the
same shell contributed relatively less to the film tensile
stress and that the self-crosslinking reaction among
different shells, which could strengthen the tensile
stress, was in contrast reduced.

The influence of the crosslinking density of the
outer shell PSMV on the water-adsorption behavior is
shown in Figure 7. An obvious change can be ob-
served: the water adsorption decreased as the VITS
concentration increased. When the VITS concentration
was 0%, the water adsorption was about 8% at 250 h,
but the water adsorption was much lower when the
VITS concentration was 2, 4, or 6 wt %. In particular,
the water adsorption was less than 4% when the VITS
concentration was 6 wt %. An important requirement
for the design of core (PSB)-shell (PSMV) latex parti-
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Figure 7 Water adsorption of copolymer latex films: (<) 0,
(¢)2, (™) 4, and (M) 6 wt % VITS. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]
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cles with self-crosslinking characteristics is that the
—Si—O—Si— network formed by the VITS compo-
nents of the shell PSMV appears on the surfaces of the
latex particles so that the structured particles have
good water resistance. It is also though that self-
crosslinking maintains the stability of the core—shell
particles in the film-forming process, which contrib-
utes to the good latex film properties. The results in
Figures 6 and 7 confirm the desirable properties.
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