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ABSTRACT: A core-shell nanosilica (nano-SiO,)/fluori-
nated acrylic copolymer latex, where nano-SiO, served as
the core and a copolymer of butyl acrylate, methyl meth-
acrylate, and 2,2,2-trifluoroethyl methacrylate (TFEMA)
served as the shell, was synthesized in this study by seed
emulsion polymerization. The compatibility between the
core and shell was enhanced by the introduction of vinyl
trimethoxysilane on the surface of nano-SiO,. The mor-
phology and particle size of the nano-SiO,/poly(methyl
methacrylate-butyl acrylate-2,2,2-trifluoroethyl methacry-
late) [P(MMA-BA-TFEMA)] core-shell latex were charac-
terized by transmission electron microscopy. The
properties and surface energy of films formed by the
nano-S5i0,/P(MMA-BA-TFEMA) latex were analyzed by
Fourier transform infrared spectroscopy, differential scan-

ning calorimetry, thermogravimetric analysis, scanning
electron microscopy/energy-dispersive X-ray spectroscopy,
and static contact angle measurement. The analyzed
results indicate that the nano-SiO,/P(MMA-BA-TFEMA)
latex presented uniform spherical core-shell particles
about 45 nm in diameter. Favorable characteristics in the
latex film and the lowest surface energy were obtained
with 30 wt % TFEMA,; this was due to the optimal migra-
tion of fluorine to the surface during film formation. The
mechanical properties of the films were significantly
improved by 1.0-1.5 wt % modified nano-SiO,. © 2010
Wiley Periodicals, Inc. ] Appl Polym Sci 120: 1152-1161, 2011
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INTRODUCTION

Inorganic/organic hybrid materials possess the
advantages of both the inorganic material and the
organic polymer."” The incorporation of an inor-
ganic phase into an organic polymer matrix may be
an effective approach for enhancing the mechanical
strength and may provide improvements over other
specific properties of the organic polymer.*®

Nanosilica (nano-SiO,)/fluorinated acrylic copoly-
mers are typical inorganic/organic hybrid materials.
The synergism of advantageous properties between
nano-SiO, and fluorinated acrylic copolymers pro-
vides it with excellent properties, such as a low sur-
face energy, thermal stability, hydrophobic behaviors
endowed by fluorinated acrylic copolymers, and a
high strength endowed by nano-SiO,.”” Therefore,
up to this point, nano-SiO,/fluorinated acrylic
copolymers have attracted much attention in the
field of protective coatings.'*"!
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In fact, the final properties of these nano-SiO,/fluo-
rinated acrylic copolymers materials are strongly de-
pendent on the structural design, such as blends and
core—shell structures, of the components. When nano-
SiO,/fluorinated acrylic copolymers are designed
with a core-shell structure, especially when nano-
Si0O; serves as the core and fluorinated acrylic copoly-
mers serve as the shell (this is referred to as a core—
shell nano-SiO,/fluorinated acrylic copolymer latex),
the differences in compatibility between silicon and
fluorine and the polar interactions between the core
versus the substrate and the shell versus the substrate
could drive the fluorinated groups to preferentially
migrate to the film surface and nano-5iO, to disperse
into the polymer matrix. From this point of view,
such migration and rearrangement of the components
not only maintains the excellent surface properties of
the film materials, even in a low amount of fluorine,
but also improves the mechanical properties of the
films by nano-SiO,.'*"?

However, making a core-shell nano-SiO,/fluori-
nated acrylic copolymer latex is not trivial. Thermo-
dynamic instability is created by the different hydro-
phobic properties and weak bonding forces between
the more polar core and the less polar shell; this
induces the transformation between the core and
shell, even obvious macrophase separation, and ulti-
mately affects the superior performance of the latex
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film. On the other hand, a multinuclear structure
rather than single core structure is normally
obtained because of the small size and high surface
energy of nano—SiOz.10 It is, therefore, promising to
modify the nano-SiO, surface with modifier agents
(i.e., silane coupling agent) to enhance the interac-
tion between the nano-SiO, core and the fluorinated
acrylic copolymers shell'*'® and to employ the semi-
continuous emulsion polymerization technique to
synthesize core-shell particles with a single core.'?
Silica sol usually serves as the core of nano-SiO,/flu-
orinated acrylic copolymer latex to improve the
properties of the latex. However, fumed nano-SiO,
compared with nano-5iO, obtained by silica precur-
sors (tetraethylorthosilicate) via the sol-gel pro-
cess,'®" has an extremely large surface area and a
smooth nonporous surface and can cause different
effects or mechanisms from that of silica sol. Addi-
tionally, the direct use of fume nano-SiO, simplifies
the procedure for the in situ synthesis of SiO, and
provides more suitable surface properties of the final
material.'® Nevertheless, to this point, there has been
a lack of study of core-shell nano-SiO,/fluorinated
acrylic copolymers with fumed nano-SiO, as the
core because this development was extremely lim-
ited by the difficulty obtaining a stable dispersion
for the encapsulation of fumed nano-SiO, because
silanol and siloxane bonds usually hold individual
fumed silica particles in aggregation even under the
best mixing conditions.

The aim of this study was to obtain a core-shell
structure latex by a morphogenetic control method.
Fumed nano-SiO, was used as the core after ultra-
sonic dispersion and surface modification, and the
polymer shell gradually took shape via semicontinu-
ous seed emulsion polymerization. The final mor-
phology of the core-shell nano-SiO,/poly(methyl
methacrylate-butyl acrylate-2,2,2-trifluoroethyl meth-
acrylate) [P(MMA-BA-TFEMA)] latex and the film
properties were characterized by transmission elec-
tron microscopy (TEM), Fourier transform infrared
(FTIR) spectroscopy, scanning electron microscopy/
energy-dispersive X-ray spectroscopy (SEM-EDX),
differential scanning calorimetry (DSC), thermogravi-
metric analysis (TGA), static contact angle measure-
ment, and mechanical testing.

EXPERIMENTAL
Materials

2,2,2-Trifluoroethyl methacrylate (TFEMA) and vinyl
trimethoxysilane (VIMS) were supplied by XEOGIA
Fluorine-Silicon Chemical Co. Ltd. (Harbin, China)
and Wuhan University Silicone New material Co.
Ltd. (Wuhan, China), respectively. Nano-5iO, (VK-
SP15), with an average diameter of 10-25 nm (deter-
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mined by TEM) and a specific area of 230 m*/g, was
supplied by Hang Zhou Wan Jing New Material Co.
Ltd. (Hang Zhou, China). Methyl methacrylate
(MMA) and n-butyl acrylate (BA), supplied by
Aldrich were rinsed with a 10 wt % NaOH aqueous
solution and ion-free water until the pH value of the
rinse water was about 7; They were then dried over
anhydrous magnesium sulfate for 24 h. Concentrated
hydrochloride (36%vol), isopropyl alcohol, sodium
dodecyl sulfate (SDS), octylphenyl polyoxyethylene
ether (TX-10), sodium bicarbonate, and ammonium
persulfate (APS) in analytical purity were purchased
commercially and were used as received.

Preparation of the nano-SiO,/P(MMA-BA-TFEMA)
core—shell latex

Surface modification of nano-SiO,

In 220 mL of a water/isopropyl alcohol solution (5/
6 v/v), 4.0 g of nano-SiO, was well suspended by
sonication of the resulting mixture for 40 min. Then,
4.0 g of VIMS was added to the obtained suspen-
sion, and the pH was adjusted to 3—4 with a concen-
trated HCl solution. The mixture was immediately
transferred into a four-mouthed flask equipped with
a reflux condenser and a mechanical stirrer; this was
followed by vigorous stirring for 1 h at 82°C under a
nitrogen atmosphere. The solid modified SiO, was
obtained after the suspension was cooled to room
temperature and the liquid phase was removed by
centrifugation. Then, the modified SiO, particles
were extracted with acetone for 4 h in a Soxhlet ex-
tractor to remove unreacted chemicals; this was fol-
lowed by drying at 100°C for 1 h under reduced
pressure. The dried modified SiO, particles were
ground into fine powder before use.

Synthesis of the nano-SiO,/P(MMA-BA-TFEMA)
core—shell latex

The nano-SiO,/P(MMA-BA-TFEMA) core-shell la-
tex was prepared by the following procedure: The
modified nano-SiO, fine powder, together with
mixed emulsifiers (TX-10/SDS weight ratio = 2:1),
was ultrasonically dispersed into ion-free water to
prepare the seed latex. The seed latex was added
to a flask under a nitrogen atmosphere and heated
to 75°C; this was followed by the introduction of
NaHCO; and APS solutions into the flask succes-
sively under vigorously stirring. Then, a mixture of
monomer MMA, BA, and TFEMA was slowly added
to the flask dropwise over 4 h. The reaction tempera-
ture was held at 80°C for 2 h more before the nano-
Si0,/P(MMA-BA-TFEMA) core-shell latex was
obtained. The recipes for the nano-SiO,/P(MMA-
BA-TFEMA) core-shell latex are given in Table L

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
Recipes for the Synthesis of the Core-Shell Latex
Modified

Sample® Si0; (g) BA (g) MMA (g) TFEMA (g) TX-10 (g) SDS (g) APS (g) NaHCO; (g) Water (g)
N1 0.1 10.3 7.8 2.0 1.6 0.8 0.10 0.03 60
N2 0.1 9.1 6.9 4.0 1.6 0.8 0.10 0.03 60
N3 0.1 8.6 6.4 5.0 1.6 0.8 0.10 0.03 60
N4 0.1 8.0 6.0 6.0 1.6 0.8 0.10 0.03 60
N5 0.1 6.9 5.1 8.0 1.6 0.8 0.10 0.03 60
N6 0.1 5.7 4.2 10.0 1.6 0.8 0.10 0.03 60
S1 0.1 6.0 8.0 6.0 1.8 0.9 0.10 0.03 60
S2 0.2 6.0 8.0 6.0 1.8 0.9 0.10 0.03 60
S3 0.3 6.0 8.0 6.0 1.8 0.9 0.10 0.03 60
S4 0.4 6.0 8.0 6.0 1.8 0.9 0.10 0.03 60
S5 0.5 6.0 8.0 6.0 1.8 0.9 0.10 0.03 60

®In the sample codes, “N” indicates different contents of TFEMA, and “S” indicates different contents of modified

5i02.

Characterization of the core-shell latex
and the copolymer film

FTIR spectra of the modified SiO,, nano-SiO,, and
core-shell latex films were recorded on an Avatar
360 FTIR spectrometer (Nicolet Co., Wisconsin) in
the range 4000400 cm . A JEM-3010 transmission
electron microscope (JEOL Ltd., Tokyo, Japan) with
an acceleration voltage of 200 kV was used for the
morphology study of the latex nanoparticles. The
obtained latexes were diluted with ion-free water
and then deposited onto carbon-coated copper grids
after they were dyed with a phosphotungstic acid
solution. TEM observations were performed after the
grids were dried in air. The morphology of the film
surface, the film cross section, and its elemental
composition were obtained with a JSM-6460 scan-
ning electron microscope (JEOL Ltd., Tokyo, Japan)
coupled with an energy-dispersive X-ray detector for
electron-beam microprobe analysis. The determina-
tion of the elemental composition was carried out at
an acceleration voltage of 25-30 keV, a lifetime
greater than 50 s, a pulse-counting rate of about
2000 cps, and a working distance of 34 mm. DSC
analysis was carried out on a DSC-200 instrument
(Netzsch, Co. Ltd., Bavaria, Germany). The samples
were preheated to 100°C for 5 min to eliminate the
thermal history, quickly cooled to —80°C, and finally
heated to 300°C at a heating rate of 10°C/min under
a nitrogen atmosphere. The thermogravimetric data
were obtained from a Q600 thermogravimetry ana-
lyzer (TA Instruments Inc., New Castle, USA) under
a dry nitrogen atmosphere over the temperature
range 25-700°C at a heating rate of 10°C/min. The
measurements were taken with 10-11 mg of film
samples. The static contact angles of the films were
measured with a JC2000C2 contact angle goniometer
(Zhongchen Power Co., Shanghai, China) by the ses-
sile drop method with a microsyringe at 25°C. The
injection volume of liquid was 5 pL, and the average
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of six readings of contact angles were used as the
final value for each sample. The surface free energies
of different samples were evaluated via the follow-
ing equations:

n(t+cos0) =2[ () + ()] @
=V % @

where 0 is the static contact angle of the liquid on
the film surface; v; and vy, are the surface tensions of
the liquid and solid, respectively; y/ and v/ are the
polar and dispersive components of the liquid sur-
face tension, respectively; and v/, and yf are the po-
lar and dispersive components of the solid surface
tension, respectively. ¢ and y? were calculated with
the contact angles, surface tension, and dispersion
and polar components of water (y; = 72.8 mN/m, y/
= 21.8 mN/m, and y/ = 51.0 mN/m) and hexade-
cane (y; = 27.6 mN/m, 7 = 27.6 mN/m, and vW=0
mN/m). The tensile strength and fracture elongation
of the films were measured with a tensile testing
machine CMT6503 (SANS Co., Cheng De, China).

RESULTS AND DISCUSSION
Characterization of the core-shell latex

The obtained construction structures of the nano-
Si0,/P(MMA-BA-TFEMA) latex particles were
characterized with TEM images, as shown in Fig-
ure 1. Typical core-shell structures were observed
via the significant contrast between the core (light
regions) and shell (dark regions) because of their dif-
ferences in electron penetrability [Fig. 1(a)]. The
thickness of the P(MMA-BA-TFEMA) shell in the
core-shell particles was about 5 nm, which was
rather small compared with the average diameter of
the whole particles. As shown in Figure 1(b), the
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Figure 1 TEM images of nano-SiO,/P(MMA-BA-TFEMA) latex particles (N4) with 30 wt % TFEMA (image a is an
enlargement of part of image b).

distribution of particle size was relatively homogene- The additional amount of modified SiO, had a
ous, and the average diameter of the core-shell par-  great influence on the structure of the latex particles.
ticles was about 45 nm. As shown in Figure 2, the construction structures of

Figure 2 TEM images of latex particles with different contents of modified SiO, (S1, S4, and S5): (a,b) 0.5, (c,d) 2.0, and
(ef) 2.5 wt %.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Schematic diagram of the formation of nano-
SiO,/P(MMA-BA-TFEMA) latexes with different structures.

the three latex particle samples prepared with varied
modified SiO, contents were compared. When the
amount of modified SiO, was 0.5 wt %, the core-
shell composite particles with a continuous shell in
majority, together with a few neat copolymer par-
ticles, expressed as all-black spheres, were formed
[Fig. 2(a,b)]. Meanwhile, most of the modified SiO,
particles were covered by P(MMA-BA-TFEMA).
When the amount of modified SiO, was increased to
2.0 wt %, the polymer shell of the latex particles
became discontinuous, and obvious conglutination
occurred among composite particles, as shown in
Figure 2(c,d). Some modified SiO, beads were even
observed to link together and form a calabash shape.
Further increases in the additional content of modi-
fied SiO, to 2.5 wt % resulted in an even thinner
polymer shell and serious conglutination among the
composite particles. Some strawberry-like composite
particles and aggregates, because of serious congluti-
nation between particles, were observed, as shown
in Figure 2(e (f), but no neat polymer particles were
observed in this sample.

From this analysis, the deduced nano-SiO,/
P(MMA-BA-TFEMA) latexes with different struc-
tures are illustrated schematically following the
emulsion polymerization mechanism in Figure 3.
The modified nano-SiO, and surfactant dispersed in
the water phase coexisted in three forms: (I) a mi-
celle containing a single nano-SiO,, (II) a hollow mi-
celle without nano-SiO,, and (III) a micelle contain-
ing several nano-SiO,’s. The micelles containing a
single nano-SiO, (form I) as seeds were first formed
once the modified nano-SiO, and surfactant were
dispersed in the water phase. The following added
monomers in the hydrophobic phase entered the
micelles and were polymerized in the presence of an
initiator at certain temperature. Therefore, the core-
shell structure composite particles [Fig. 3(a)] were

Journal of Applied Polymer Science DOI 10.1002/app
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formed. When the amount of nano-SiO, was rela-
tively low (e.g., 0.5 wt %), the surfactant was more
than enough to disperse all of the nano-SiO, par-
ticles evenly. As a result, some hollow micelles con-
taining no nano-SiO, (form II) might have been
formed. The monomers filled these hollow micelles
and were polymerized in the presence of initiator as
well. Therefore, neat polymer particles [Fig. 3(c)]
were formed, as previously shown in Figure 2(a,b).
Meanwhile, the well-dispersed seed micelles con-
taining nano-SiO, formed uniform core-shell par-
ticles after the polymerization of the monomer. With
increasing nano-SiO, content, the hollow micelles
formed in the first stage decreased continuously.
When the surfactant was not sufficient, some
micelles containing more than one nano-SiO, particle
(form III) might have been formed. As a result, the
conglutination among composite particles happened
after the polymerization of the monomer, and cala-
bash-shaped particles [Fig. 3(d)] were formed; this
agreed with the observations shown in Figure 2(c,d).
The additional increase of the nano-SiO, content to
2.5 wt % resulted in the formation of strawberry-like
particles [Fig. 3(b)] because of the monomers were
insufficient to form a noncontinuous shell polymer,
and even more serious conglutination between the
particles occurred. Meanwhile, no hollow micelles
were formed in the first stage; therefore, no neat
polymer was produced in the final sample accord-
ingly. In this case, the optimized nano-SiO, content
existed to form perfect core-shell particles without
either conglutination or neat polymer particles in the
fixed surfactant and monomer feedings.

270

240
3450
210 3410

| 30703[)302963
180
150
120
90
60

30

2859

0 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 SO0

Wavenumber /em”

Figure 4 FTIR spectra of (a) modified nano-SiO,, (b)
TFEMA, and (c) core-shell nano-SiO,/P(MMA-BA-TFEMA)
latex N4.
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Figure 5 DSC curves for (a) the blend latex and (b) core—
shell latex S3 (T = temperature).

Figure 4 shows the FTIR spectra of the modified
nano-SiO,, TFEMA, and core-shell nano-SiO,/flu-
orinated acrylic copolymer latex film N4. For
modified nano-SiO, [Fig. 4(a)], the board peak at
3410-3450 c¢cm ™' was due to the O—H group
(Si—OH). The peaks at 3070 and 3030 cm ' were
attributed to the stretching vibration of the vinyl
group (C=C), and the peak at 2963 cm ' was the
characteristic peak of the C—H (CHj;) group. The
peaks at 1622 and 1415 cm ™' were assigned to the
stretching vibration and bending vibration, respec-
tively, of the vinyl group, and the peaks at 1102 and
468 cm ™! corresponded to the asymmetric stretching
vibration and the bending vibration, respectively, of
the Si—O—Si bond. The existence of vinyl groups
confirmed that the VIMS coupling agents were
chemically coated onto the surface of the nano-5iO,
particles. Figure 4(b) presents the FTIR spectra of
TFEMA. The peaks at 2959 and 2875 cm ™' were the
characteristic stretching peaks of the C—H (CHy)
group. The peak at 1740 cm™' was the stretching
vibration of the C=O group, and the peaks at 1642
and 1412 cm™! corresponded to the stretching vibra-
tion and bending vibration, respectively, of the vinyl
group. The characteristic peaks of CF; were at 1282
cm™ . The distortion vibration of CH, was at 1454
cm . The asymmetric and symmetric stretching
vibrations of the (O=)C—0O—C group were at 1182—
1155 and 1055 cm ™', respectively. The peak at 661
cm ' was the wagging vibration of C—F (CFs)
group. Figure 4(c) shows the FTIR spectra of the
core-shell nano-SiO,/fluorinated acrylic copolymer
latex film. Compared with Figure 4(a,b), the major
differences in the characteristic peaks for the nano-
Si0,/P(MMA-BA-TFEMA) were as follows. The
characteristic stretching peaks of C—H at 2959 and
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2875 cm™ ! were much stronger, whereas the feature
peaks of the vinyl group at about 1600 and 1415
cm ! disappeared; this indicated the polymerization
of the vinyl group on the surface of nano-5i0O, with
the monomers. The appearance of the stretching
vibration and wagging vibration of the C—F (CF;)
group at 1238 and 661 cm ', respectively, and the
bending vibration of Si—O—Si at 468 cm ™' revealed
that TFEMA and modified nano-SiO, were intro-
duced into the latex particles. Furthermore, a series
of evidence, including the band at 1281-1170 cm ™'
due to the overlap of the stretching vibration of
the C—F(CF;) group [at 1282 cm ' in Fig. 4(b)],
the stretching modes of the C—O—C group [at 1182-
1155 cm™! in Fig. 4(b)], and the feature peak of the
Si—O—Si group [at 1102 cm ' in Fig. 4(a)], con-
firmed the core-shell structure formed, as illustrated
in Figure 3.

The influence of the core-shell structure on the
thermal properties of the hybrid materials was stud-
ied with DSC and TGA, as shown in Figures 5 and
6, respectively. For comparison purposes, a blend
latex prepared by the simple mixing of nano-SiO,
(1.5 wt %) and PIMMA-BA-TFEMA) was prepared.
As shown in Figure 5, the glass-transition tempera-
ture of the core—shell nano-SiO,/fluorinated acrylic
copolymer latex film (S3) was [14°C, Fig. 5(b)] was
5°C lower than that of the simple blended latex film
[19°C, Fig. 5(a)] because of their different construc-
tion structures. For the core-shell latex, the interface
interaction between the nano-5iO, core and the poly-
mer shell was greatly reduced because the nano-
SiO, and polymer were chemically bonded by the
VTIMS bridge. The nano-SiO, core possessed fewer
constraints to the chain segments in the polymer
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Figure 6 TGA curves for (a) the blend latex and (b) core—
shell latex S3 (T = temperature).
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Figure 7 SEM-EDX images of the film formed from the latex.

shell. Therefore, a sufficient free volume might have
been provided for the motion of the polymer seg-
ment, and a lower glass-transition temperature was
observed in the core-shell latex film. As for the
blending latex, nano-5iO, without surface modifica-
tion would have been randomly dispersed in the
polymer matrix, which might have greatly hindered
the motion of the polymer segment for the high
interface interaction between the nano-SiO, and
polymer matrix. As a result, the free volume was
reduced, whereas a higher glass-transition tempera-
ture was obtained. As a matter of fact, the core—shell
structure was able to promote the polymer segmen-
tal motion; this might have been related to the fluo-
rine preferential migration onto the film surface.

As shown in Figure 6, both the core-shell latex
and the random blend latex had two degradation
stages: one was at 300°C, corresponding to the
chain-end decomposition of vinylidene, and the
other was approximately at 400°C and was due to
the degradation of the main chain of the polyacrylate
matrix. However, the decomposition temperature at
the maximum weight loss rate of the core-shell latex
reached 390°C, which was slightly higher than that of
the blend latex (383°C). This might have been
induced by the preferential migration of fluorine in
the core-shell latex, which favored the formation of a
film surface more tightly packed with —CF; than the
random blend latex and provided its film with good
resistance for the thermal degradation of the polymer
matrix. Therefore, slightly higher thermal degradation
temperatures of both stages were observed in the
core—shell latex than in the random blend one.

Both DSC and TGA indicated that the preferential
migration of fluorine onto the film surface was re-
sponsible for the better performance of the core-
shell latex than blend one. The preferential migra-
tion of fluorine is discussed in detail later.

Surface characterization of the film

The fluorine migration onto the film surface was
further confirmed with SEM-EDX, as shown in

Journal of Applied Polymer Science DOI 10.1002/app

Figure 7. A cocontinuous film was obtained by the
core-shell nano-SiO,/fluorinated acrylic copolymer
latex, and the major elements on the surface were
carbon, oxygen, and fluorine. The fluorine content
detected on the film surface was proportional to the
TFEMA content and was higher than its theoretical
value (Table II). It seemed that when more TFEMA
was introduced, it might have resulted in a larger
deviation of the fluorine content between the value
detected on the surface and that calculated in theory.
For example, the content of fluorine on the air-side
surface of the film was 18.48 wt % by EDX, which
was obviously higher than its theoretical value of
10.18 wt %. However, in samples N3 (25 wt %
TFEMA) and N2 (20 wt % TFEMA), the amounts of
fluorine on the air-side surface of the films were
10.55 and 7.39 wt %, respectively, just a little higher
than their theoretical values of 8.04 and 6.79 wt %.
This meant the fluorine migration indeed happened
onto the film-air surface during the formation of the
latex film. Because of the extremely low surface free
energy and self-aggregation properties of the fluo-
rine atoms in nature, the fluorinated side chains of a
copolymer are capable of organizing into a well-or-
dered structure both in the bulk and at the surface
in such a way that forms a surface primarily com-
posed of tightly packed —CF; groups.”! From a mo-
lecular-level perspective, a uniformly organized
array of —CF; groups would be a surface with the
lowest possible surface tension. In other respects, the

TABLE II
Elemental Compositions of the Film-Air Interfaces of
Films with Different Contents of TFEMA and 0.5 wt %
Modified SiO,

TFEMA content with
respect to the total

monomers (wt %) F (wt %)? Si (wt %)
20 (N2) 7.39 (6.79) -
25 (N3) 10.55 (8.04) -
30 (N4) 18.48 (10.18) -

? The theoretical values are presented within parentheses.
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TABLE III
Elemental Compositions of Films with Different Contents of Modified SiO, and 25 wt % TFEMA
Modified SiO, content F (wt %) Si (wt %)*
with respect to the
total monomers Film-air Average Film—-glass Film-air Film—glass
(wt %) interface in bulk interface interface interface
0.5 (S1) 10.55 8.37 11.40 - 0.17 (0.23)
1.5 (S3) 11.11 8.36 11.58 - 0.11 (0.69)
2.0 (S4) 11.18 8.54 11.40 - 0.14 (0.92)

 The theoretical values are presented within parentheses.

core-shell structure (verified by TEM) with proper
chemical bonds (verified by FTIR spectroscopy)
favored more migration of fluorinated segments
than the random copolymer structure thanks to the
lower constraint to segmental motion in the shell
layer for a lack of covalent and hydrogen-bonding
force directly with the core.”*** Interestingly, no sili-
con was detected on the film-air surface of the core-
shell latex film. It seemed that competition between
fluorine and silicon atoms occurred during the sur-
face self-segregation.”

To better understand the migration competition
mechanism between the fluorine and silicon atoms,
cross sections of the latex films were analyzed with
SEM-EDX, and the results are listed in Table III. With
various modified SiO, contents, the F amounts in the
film bulk were always much lower than those in the
film—air interface and film-glass interface, which
decreased the surface energy, whereas silicon was
always rich in the film-glass interface instead of the
film—air interface; this was the result of many syn-
thetic factors. Polarity was the main driving force
among all of them because some hydroxyl groups
remained on the modified SiO, surface [seen Fig. 4(c)
of the FTIR analysis] and drove the modified SiO,
onto the glass substrate with a similar polarity. In
addition, the higher density of modified SiO, com-
pared to that of the polymer matrix may have also
driven the silicon particles to the glass substrate at
bottom because of the action of gravity. However, a
lower silicon content was even observed on the film-
glass interface than the calculated theoretical value;
this may have been to the shielding effect of the poly-
mer coating on the surface of silicon particles.

Meanwhile, the variations of F amount on the
film—-air interface, which varied with different modi-
fied SiO, contents, were studied by the comparison
of samples S1, S2, and S3, as shown in Table III. The
F amounts on the film-air interface changed obvi-
ously from 10.55 to 11.11 wt % when the modified
SiO, content ranged from 0.5 to 1.5 wt %. The F
amount changed little from just 11.11 to 11.18 wt %
with the increase in the modified SiO, content from
1.5 to 2.0 wt %. This confirmed that the fluorine
migration toward the film-air interface was some-

what affected by the quantity addition of modified
SiO,, so there was a migration competition between
F and Si. In the initial stage, the fluorine content
increased comparatively on the film-air interface
with the increase in the modified SiO, content. This
was because the addition of more modified SiO,
resulted in a large number of core-shell structure la-
tex particles, which effectively enhanced the micro-
phase separation and fluorine migration onto the
film-air interface and, finally, made more fluorine
rich in the film-air interface. However, such an
increase in the fluorine content was not significant
on the film-glass interface (just ranging from 11.4 to
11.58 wt %) with increasing modified SiO, content
from 0.5 to 1.5 wt %, because silicon on the film-
glass interface prevented the migration of fluorine
onto the same position when the total translocation
of fluorine and silicon reached a maximum value.
However, the migrations of fluorine on the film-air
and film-glass interface were both reduced with
increasing modified SiO, content to 2.0 wt %. The
superabundant modified SiO, had to migrate
upward and, finally, affected the fluorine migration
to the film-air interface when the fluorine content
reached an optimum value on the film—glass inter-
face. However, the silica core had little effect on the
fluorine migration, especially to the film-air inter-
face. We deduced from the SEM-EDX analysis that
the self-assembly of the modified SiO, core, and the
fluorinated segment chains occurred during film for-
mation and produced a lower surface energy.

In conclusion, there was a real competition between
fluorine and silicon during the surface self-segregation,
and the distributions of F and Si content along the
cross sections of the latex films exhibited a gradient to
the surface; that is, fluorine-containing chains were
localized on the film-air interface, and most silica par-
ticles lay on the film—glass interface during film forma-
tion. As expected, the orientation of F and Si played an
important role in the properties of the films; these were
suitable for the combination of latex with a protective
substrate and gave a fluoroacrylate surface specialty,
especially with a low surface energy.

To evaluate the excellent surface properties, which
were expected, the static contact angle and surface
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TABLE IV
Influence of the Contents of TFEMA on the Properties of
the Film Surface

Sample

N1 N2 N4 N5 Nb6

TFEMA content (wt %) 10 20 30 40 50
Water contact angle (°) 91 80 114 93 100
Hexadecane contact angle (°) 47 43 55 39 40
Surface energy (mN/m) 2401 29.73 17.19 2495 2291

energy were determined by variation of the TFEMA
and modified SiO, contents, as shown in Tables IV and
V, respectively. As shown in Table IV, when the
TFEMA content was increased under the same weight
ratio of BA/MMA = 4/3 (ca. 1.333), the surface energy
dramatically decreased first and then slightly increased.
The surface free energy decreased to 17.19 mN/m
when the TFEMA content was 30 wt %. Therefore, the
film formed with a 30 wt % TFEMA content exhibited
the most excellent hydrophobic properties. For TFEMA
contents higher than 30 wt %, the contact angles and
surface energies did not increase accordingly but
decreased relatively; this resulted from the limitation of
the migration of the fluorine atoms onto the film sur-
face. As the migration reached a certain degree, the con-
tinuing migration was hindered by the steric effect of
the fluorine atoms migrating to the film-air interface. In
particular, compared to the film with 40 wt % TFEMA,
there were slight increases in the contact angles and a
slight decrease in the surface energy of the film with
50 wt % TFEMA. This contributed to the high TFEMA
proportion in the shell polymer, which offset the
adverse impact of the decrease in the shell polymer
amount due to the increase in low-activity TFEMA
on the enhancement of the surface properties of the
film. In addition, the biggest surface free energy
(29.73 mN/m) was measured for sample N2 because
the BA/MMA weight ratio was a little lower (1.319).

As for the effect of the modified SiO, content on
the properties of film, it revealed a nonlinear relation
(Table V). A minimum surface energy (21.09 mN/m)
was obtained with 1.0 wt % modified SiO,. When
the amount of modified SiO, was varied from 0.5 to
1.0 wt %, there was a reduction in the number of free
polymer latex particles during the seed emulsion po-

TABLE V
Influence of the Contents of Modified SiO, on the
Properties of the Film Surface

Sample

S1 52 S3 S4 S5

Modified SiO, content (wt %) 0.5 1.0 15 20 25
Water contact angle (°) 100 102 97 90 91
Hexadecane contact angle (°) 45 46 43 38 37
Surface energy (mN/m) 21.75 21.09 2294 26.17 26.01
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Figure 8 Effects of the content of modified SiO, on the
tensile strength and elongation at break of the films.

lymerization and an increase in the number of core—
shell latex particles, so the proportion of fluorine in
the shell polymer increased and resulted in a decrease
in the surface energy from 21.75 to 21.09 mN/m.
However, such an effect was limited with the increase
of modified SiO, because the surplus modified SiO,
likely caused coagulation of the latex particles, which
caused a great activity loss for all of the monomers,
especially low-activity TFEMA. This was bound to
reduce the fluorine content of the final film material
and the final surface energy. The changes in surface
energy in samples 54 and S5 were not obvious (26.17
and 26.01 mN/m), and the results were consistent
with the data obtained from SEM-EDX analysis.
However, compared with the lesser influence of the
modified SiO, content on the surface free energy
(from 21.09 to 26.17 mN/m, as shown in Table V), the
TFEMA content greatly affected the surface free
energy, which ranged from 17.19 to 29.73 mN/m, as
shown in Table IV, which further confirmed the orien-
tation of F and Si during film formation. Actually, it
was mainly the migration of fluorine-containing
chains onto the film surface that made the films have
higher static contact angles and a lower surface free
energy. The film with optimal contents of TFEMA
(30 wt %) and modified SiO, (1.0 wt %) indeed had
extraordinary surface properties.

Mechanical properties of the film

It is known that acrylic copolymers have less
strength, so nano-SiO, become a major factor in the
mechanical properties of latex films. For the pur-
poses of investigating the function of modified SiO,,
the tensile strength and elongation at break values
of films with different modified SiO, contents were
investigated in this article (as shown in Fig. 8). In
general, with increasing modified SiO, content, the
tensile strength and elongation at break of the latex
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films increased first and then decreased, except for
those in sample S5. The modified SiO, reinforcing
and toughening polymer matrix was mainly ascribed
to nanoparticles in the bulk absorbing some of
energy through crazes, whereas the film material
bore an external mechanical force.

Specifically, the film with 1.0 wt % modified SiO,
exhibited a higher tensile strength (7.3 MPa) than
that with 0.5 wt % modified SiO, (4.8 MPa) because
of the decrease in the number of neat polymer par-
ticles with increasing modified SiO, content; this
agreed with the TEM images. However, the tensile
strength with 1.5 wt % modified SiO, (7.8 MPa) was
almost similar to that with 1.5 wt % modified SiO,
(7.3 MPa). This suggested that the effect of modified
SiO; on reinforcement and toughening was limited.
When the modified SiO, content increased over 1.5
wt %, the tensile strength was not enhanced any-
more. Because the aggregates of surplus modified
Si0O; in calabash shape [as shown in the TEM images
in Fig. 2(c,d)] affected the heterogeneity of the whole
film material, they finally caused a decline in the
value of the tensile strength. When this content con-
tinued to grow from 2.0 to 2.5 wt %, the tensile
strength increased slightly. This could have been
related to a mass of rigid particles partly withstand-
ing matrix cracking caused by irregular stress distri-
bution. Similar to the variation of tensile strength,
the maximum elongation at break (400%) was
obtained for the latex film with 1.5 wt % modified
SiO,. From this point of view, the amount of modi-
fied SiO, should be controlled at 1.0-1.5 wt % to
provide better mechanical properties.

CONCLUSIONS

Core-shell nano-SiO,/P(MMA-BA-TFEMA) latexes
were successfully obtained by seed emulsion poly-
merization with the help of a mixed emulsifier of
TX-10 and SDS. The size distribution of the latex
was homogeneous, and the average diameter of the
core-shell latex particles was 45 nm. In the nano-
Si0,/P(MMA-BA-TFEMA) core-shell latex, the
nano-Si0, and P(MMA-BA-TFEMA) were bridged
by a VIMS coupling agent. The strong chemical
bond improved the thermal properties of the films
compared with the blending one.

The film obtained by the core-shell nano-SiO,/fluo-
rinated acrylic copolymer latex was actually a cocon-
tinuous film, and the main elements on the film-air
interface were carbon, oxygen, and fluorine. The fluo-
rine content on the film surface was proportional to
the TFEMA content and a little higher than the theo-
retical value, whereas silicon was detected on the
film—glass interface. This was because the fluorine-
containing chains migrated onto the film-air interface
because of a decrease in surface energy, and the most
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silica particles tended to distribute in the region close
to the film—glass interface in the combined effects of
polarity and gravity during film formation. The self-
assembly of the modified SiO, core and the fluori-
nated segments made the tightly packed —CF; groups
on the film surface and rendered the fluorinated poly-
mers particular low on surface free energy. Such an
orientation of F and Si played an important role in the
properties, such as the contact angles, surface energy,
and mechanical properties, of the films.

When the TFEMA content was 30 wt %, favorable
characteristics both in the latex and film properties
were obtained because the content of fluorine on the
film—air interface (18.48 wt %) was much higher
than the theoretical value (10.18 wt %) because
of the migration of fluorine to the film-air inter-
face during film formation. The latex film with
1.0-1.5 wt % of modified nano-SiO, had better me-
chanical properties.
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