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ABSTRACT: In this study, vinyl-group modified nanosilicas (mSiO,) were prepared via sol-gel method using vinyltriethoxysilane (VTES)
as modifier first, then the novel poly(hydroxylic fluoroacrylate)/mSiO, nanocomposite was successfully synthesized by in situ solution
polymerization of mSiO, with dodecafluoroheptyl methacrylate (DFHMA), f-hydroxyethyl methacrylate (HEMA), methyl methacrylate
(MMA), and butyl acrylate (BA) initiated by 2,2-azobisisobutyronitrile (AIBN) in the co-solvents of ethyl acetate and butyl acetate. The
chemical composition and structure of the nanocomposite were characterized by Fourier transform infrared spectrometry (FTIR) and
transmission electron microscopy (TEM). TEM observation indicated that mSiO, nanoparticles obtained a well dispersion in polymeric
matrix. Thermogravimetric analysis (TGA) studies revealed that the temperature corresponding to 50% weight loss of the nanocompo-
site was improved by 21.5°C with the addition of 2.0 wt % mSiO,. The synthesized nanocomposites were applied to use with hexam-
ethylene diisocyanate trimer (HDIT) to prepare polyurethane materials. Tensile test revealed that polyurethane material with mSiO,
content of 2.0 wt % showed an ultimate tensile strength of about 5.19 times higher than that without mSiO,. The polyurethane

films displayed surface energy of lower than 25 mN m™
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and high light transmittance. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000:
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INTRODUCTION

Organic—-inorganic nanocomposites have drawn much attention
in both fundamental research and practical applications during
the past decade.'™ The combination of organic polymer and
inorganic nanoparticles would endow the hybrid materials with
improved performances such as mechanical strength, hardness,
thermal stability, and corrosion resistance, and so on.*™® Nano-
silica is an important member in the family of inorganic materi-
als and there have been many published work concerning the
preparation of nanocomposites with nanosilica. For example,
Hong et al. have successfully employed silica nanoparticles into
polymethylmethacrylate (PMMA) by in situ bulk polymeriza-
tion, and the resultant hybrids showed higher glass transition
temperature, surface hardness, and impact strength than pure
PMMA.” Zheng et al. have prepared PMMA/SiO, nanocompo-
sites with improved thermal properties via in situ suspension
polymerization.® The improved performances of the reported
nanocomposites were obtained only when the nanoparticles get
well dispersion in polymeric matrix.” However, due to the enor-
mous specific surface area and high surface energy of nanosili-
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cas, the particles are prone to aggregation. Besides, the surface
of pure nanosilicas is hydrophilic, which is incompatible with
hydrophobic polymeric matrix. Therefore, it is indispensable to
modify nanosilicas to render each nano-individual stable and
not to agglomerate. Generally, y-methacryloxypropyl trimethoxy
silane (MPS), a kind of silane coupling agents, was used as the
modifier to graft double bonds on the surface of nanosilicas.'*"
'2 The modification process, though widely used, was preceded
in organic solvent of toluene or xylene and, moreover, the graft-
ing amount was relative low and the modification result was
not very ideal, which was reflected by lipophilic degree.” Here
we chose vinyltriethoxysilane (VTES) as the modifier to prepare
vinyl group functionalized nanosilicas via sol-gel process to
improve the lipophilic degree. In contrast with the method
mentioned above, the processes of preparation and modification
nanosilicas occurred simultaneously.

Fluorinated polymers are known for their desirable properties
including high thermal and chemical stability; low surface
energy, dielectric constants, and flammability; excellent mechan-
ical features and corrosion resistance.'”™> Among the
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fluoropolymers, fluoroacrylate polymers are widely used with an
increasing trend in the areas of construction, automotive, navi-
gation, and aerospace industries.'®'” While most of the reported
fluoroacrylate polymers were prepared via various emulsion po-
lymerization techniques.'®>* The disadvantage of these techni-
ques is that the constituent of the emulsion is complex and the
residual emulsifiers in the resin are hard to remove. So the
hydrophobicity of the film is partially offset by the residual
hydrophilic emulsifiers. Zhang et al. have revealed out that the
water and oil repellency of the latex film is inferior to solvent-
borne film.”> In addition, as revealed in Chen et al. study, in
situ polymerization method was superior to traditional blending
method in terms of the dispersion of nanoparticles in polymeric
matrix. They reported that basically homogeneous nanosilica
particles appeared in polyester polyol/nanosilica composite res-
ins prepared by in situ polymerization whereas some aggrega-
tion occurred in polyester polyol/nanosilica composite resins
prepared by the blending method.** The objective of this
research is to prepare nanocomposites with the merits of or-
ganic fluoropolymer and inorganic nanosilicas through the tech-
nique of in situ solution polymerization. Dodecafluoroheptyl
methacrylate (DFHMA) and hydroxyethyl —methacrylate
(HEMA) were adopted as fluorine-containing monomer and
hydroxyl-containing monomer, respectively. Vinyl group func-
tionalized nanosilicas were prepared and different amounts of
them were introduced into the polymerization. And also, the
tensile properties, thermal stability, light transmittance, and sur-
face properties of the nanocomposites were investigated.

EXPERIMENTAL

Materials and Apparatus

Tetraethylorthosilicate (TEOS) (A.R.), absolute ethanol (A.R.),
and ammonia (25 wt % in water), were purchased from Sino-
pharm Chemical Reagent (China). Vinyltriethoxysilane (VTES)
(Shanghai Silicon Mountain Macromolecular Materials, China)
and f-hydroxyethyl methacrylate (HEMA) (Aladdin-reagent,
Shanghai, China) were used as received. Hexamethylene diiso-
cyanate trimer (HDIT), with the trade mark of Desmodur
N3600 (NCO% = 23.0 = 0.5%), was supplied by Bayer Com-
pany (Germany). Dodecafluoroheptyl methacrylate (DFHMA),
with the molecular formula of CH,=CHCOOCH,CF(CF3)
CFHCF(CF3),, was obtained from XEOGIA Fluorine-Silicon
Chemical (China) and used after distillation under vacuum.
MMA and BA, purchased from LingFeng Chemical Regent,
(China), were first washed by 10 wt % aqueous solution of so-
dium hydroxide to remove inhibitor, and then by distilled
water thoroughly. The washing-treated monomers were dried
over anhydrous magnesium sulfate for 48 h followed by distil-
lation under Azobisisobutyronitrile
(AIBN) was used after recrystallization in ethanol. The solvents
of ethyl acetate (EA) and butyl acetate (BAT) are analytical
grade. Ultrasonication through the experiment was performed
in a KH5200B ultrasonic cleaner with the frequency of 40 KHz
and power of 200 W (KunShan HeChuang Ultrasonic, China).
The ultrasonic medium (water) was recirculated and cooled to
keep the temperature at the range of 16-18°C during ultraso-
nication process.

vacuum before use.
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Preparation of Vinyl-Group Modified Nanosilicas (mSiO,)
Nanosilicas were synthesized by the modified Stober method as
follows™: In a 250-mL four-necked round-bottomed flask
equipped with a magnetic stirrer and a dropping funnel, 80.0
mL ethanol, 5.0 mL ammonia, and 3.0 mL deionized water
were mixed and magnetically stirred at 300 rpm for 1 h at a
constant temperature of 50°C. Afterward, a solution of 25.0 mL
TEOS, 5.0 mL VTES, and 20.0 mL ethanol was dropwise added
into the flask. The mixture was allowed to react for 12 h iso-
thermally at 50°C to form gelatin, then transferred into a
hydrothermal reaction vessel and aged at 120°C for 24 h. After
filtration, rinsing with ethanol and drying under vacuum at
40°C for 12 h sequentially, the hydrophobic nanosilica powders
were obtained.

In Situ Solution Polymerization of Poly(Hydroxylic
Fluoroacrylate)/mSiO, Nanocomposites (PHFA/mSiO,)
PHFA/mSiO, nanocomposites were prepared by in situ solution
polymerization. A typical synthetic process was employed as fol-
lows: the monomers of MMA (8.0 g), BA (13.0 g), DFHMA
(4.5 g), and HEMA (4.5 g) as well as initiator (AIBN, 0.6 g)
were dissolved in the mixed solvents of EA (10 mL) and BAT
(20 mL), and then mSiO, (0.6 g) was added in the solution fol-
lowed by ultrasonic treatment for 0.5 h until obtaining a milky-
white suspension system. In a 250-mL four-necked flask,
equipped with mechanical stirrer, reflux condenser, dropping
funnel, and gas inlet cock, EA (10 mL) and BAT (20 mL) were
heated at 85°C for 5 min under nitrogen atmosphere. Then the
prepared mixture was dropwise added into the flask within 1—
1.5 h. The reaction mixture was stirred isothermally at 85°C for
another 4 h to achieve a higher conversion. Upon cooling at
room temperature, PHFA/mSiO, nanocomposite solution with
2.0 wt % of mSiO, was obtained. Pure PHFA polymer was also
synthesized under the similar procedure as PHFA/mSiO, nano-
composites just without mSiO,. The final monomer conversions
were calculated by gravimetric analysis according to the follow-
ing formulas:

S X Wy = W; — Wisioa

C(%) = W

x 100 (1)

where W), is the weight of total monomers, W, is the weight of
product solution, S is the solid content of the product solution,
W; and W,,si0, are the weights of initiator and mSiO, put into
the flask, respectively. The detailed recipes and conversions of
the prepared samples are listed in Table 1.

Preparation of Polyurethane Materials

In practice, hydroxylic polyacrylate resin is commonly used in
conjunction with crosslink agent, such as polyisocyanate, to pre-
pare polyurethane materials. Herein, we took sample 4 as an
example of preparing polyurethane material. 43.5 g of PHFA/
mSiO, nanocomposite solution was mixed with 5 g of compo-
nent solvent (EA, BAT, and acetone with a volume ratio of 3 : 3
: 1) at 300 rpm for 10 min, and then HDIT (Caution! Wear
protective gloves, safety goggles, and mask when handling
HDIT), a widely used curing agent, was added with the NCO/
OH molar ratio of 1.1 followed by stirring at around 500 rpm
for 20 min. The NCO/OH molar ratio of 1.1 was also selected
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Table I. Recipes for Preparation of PHFA/mSiO, Nanocomposites

Monomers (g)

Solvents (mL)

Initiator (g)
Sample mSiO- (g) MMA BA DFHMA HEMA EA BAT AIBN Conversion (%)
1 0 8.0 13.0 4.5 4.5 20 40 0.6 99.75
2 0.15 8.0 13.0 4.5 4.5 20 40 0.6 99.03
3 0.3 8.0 13.0 4.5 4.5 20 40 0.6 99.34
4 0.6 8.0 13.0 4.5 4.5 20 40 0.6 99.51

for other samples. The mixture was ultrasonicated for 15 min
to remove air bubbles. For tensile testing, the prepared mixture
was poured into a mould with a size of 14 cm X 4 cm x 1 cm.
The mold was placed into an oven to evaporate the solvents at
35°C for 10 h and cure the mixture at 80°C for 2 h, and then
the membrane was produced with the thickness of about 2 mm.
For transparency and contact angle measurements, the prepared
mixture was coated on a slide and cured at 80°C to form the
film with the thickness of about 20 um. Pure polyurethane was
also processed under the similar conditions like sample 4.

Characterization

As the synthesized PHFA/mSiO, nanocomposites cannot dis-
solve in n-hexane, when the prepared nanocomposite solutions
were added into n-hexane, PHFA/mSiO, nanocomposites can
be precipitated from the solvents. After filtering, PHFA/mSiO,
nanocomposites were dried under vacuum at 25°C for 24 h to
remove the n-hexane. FTIR spectra of PHFA/mSiO, and mSiO,
were recorded in transmission mode with KBr wafer on a Nico-
let 5700 spectrometer.

TEM observations were carried out using a JEOL JEM-2000EX
instrument with an accelerating voltage of 120 kV. One drop of
PHFA/mSiO, nanocomposite solution (sample 4) was deposited
in a copper mesh grid and evaporated solvents before observa-
tion. TEM image of dispersion state of mSiO, before in situ so-
lution polymerization was obtained as follows: 0.1 g of mSiO,
was dispersed in 15 mL butyl acetate following ultrasonic treat-
ment for 0.5 h, and then observation was ready by depositing
one drop of this dispersion on a copper mesh and evaporating
butyl acetate. For determination of particle size distribution
about 300 particles from random regions of a sample were
measured manually using the software Image J.

Thermogravimetric analysis (TGA) of PHFA/mSiO, nanocom-
posites was performed on a SDT Q600 instrument. About 40—
60 mg samples were measured over the temperature range of
50-700°C at a heating rate of 20°C min™' under nitrogen
atmosphere. Each sample was measured twice and the average
value was taken.

Tensile tests of the prepared polyurethane membranes were
determined on an Electronic Universal Testing Machine (WDW-
20, Kexin Instruments, Changchun, China) at the load weight
of 20 kN and a crosshead rate of 5 mm min™". The tensile
specimens were dumb-bell-shaped, and the dimensions were
determined with reference to national standard GB/T 528-2009
Type 1. All the tests were carried out at 25°C and 50% relative
humidity. The ultimate tensile strength (UTS) was calculated by
dividing the maximum load on a material experienced during a
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tensile test by the initial cross-section of the test sample. Strain
at break (¢B), also known as fracture strain, was the ratio
between changed length and initial length after breakage of the
test specimen. Young’s modulus (E) was defined as the ratio of
the uniaxial stress over the uniaxial strain in the range of stress
in which Hooke’s Law holds. The data of UTS, ¢B, and E
reported herein were the average of five measurements. One-
way analysis of variance (ANOVA) was used to determine statis-
tical significance of differences between means in each group.
The level of significance was P < 0.05.

The cross-section surfaces of the samples after tensile tests were
observed by a scanning electron microscope (SEM) (JEOL,
JSM-6360LV) with an accelerating voltage of 20 kV, after put-
ting the specimens on a SEM disk and sputter-coated with gold
layer to reduce charge buildup effects by electrons.

The contact angles of water and glycol on the polyurethane
films were measured based on sessile drop method using a con-
tact angle meter (JC2000C1 of ZhongChen Digital Technical
Apparatus, China), and the reported results were the averages of
five measurements. The surface energies of the prepared films
can be calculated by the following equation:***’

7o =7 +yF (2)

nleos0+1) = 20:71)' +20290)? (3)

where 7, represents the surface energy of the film, y? and y?
represent dispersion and polar items of the surface energy,
respectively. The two testing liquids are deionized water and
ethylene glycol, wherein, y, 77 and 7/ of deionized water are
72.8, 21.8, and 51.0 mN m™" and of ethylene glycol are 48.3,
29.3,and 19 mN m™'.%*

UV-vis transmission spectra of the polyurethane films were
obtained with a Shimadzu 2450 UV-vis spectrometer.

RESULTS AND DISCUSSION

FTIR Characterization

FTIR spectra of the pure and modified nanosilicas were shown
in Figure 1(a,b). Both spectra showed characteristic absorption
of SiO, at 1087 cm™ (Si—O asymmetric stretching) and 472
! (Si—O—Si bending vibration).?” For the spectrum of pure
SiO, (spectrum a), a distinct absorption peak at 1645 cm™ was
assigned to the bending mode of physically absorbed water mol-
ecules. The broad band at 3440 cm™ was attributed to hydroxyl
group on the surface of silica. While for the spectrum of mSiO,
(spectrum b), the absorption peak at 3440 cm™"' was weaker and
another two characteristic absorption of C=C group at 1601

cm-
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Figure 1. FTIR spectra of (a) pure SiO,, (b) mSiO,, (c) PHFA/mSiO,
nanocomposite (mSiO2 1.0 wt %). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

and 3065 cm™' were detected, which indicated the lost of
hydroxyl groups and the grafting of C=C groups on the surface
of mSiO,. Figure 1(c) showed the FTIR spectrum of PHFA/
mSiO, nanocomposites with mSiO, content of 1.0 wt %. No
absorption was observed at 1600-1640 cm™ characteristic for
the C=C bonds, indicating that monomers were polymerized.
The wide and broad absorption band at 1100-1260 cm™ was
the overlap of the stretching vibration absorption of C—F group
at 1100-1240 cm™ and the stretching vibration absorption of
C—O—C group at 1245 cm™.*® Characteristic absorption of
SiO, was detected at 1085 cm™', indicating that nanosilicas were
embedded in polymeric matrix. The absorption at 3540 cm™
was ascribed to the stretching vibration of hydroxyl group
derived from HEMA.

Modification Mechanism of mSiO,

The modification mechanism was presented in Figure 2. In
alkaline environment, TEOS and VTES were hydrolyzed with
water to bring out silanol groups. Hydroxyl condensation after-
ward occurred between these silanol groups, and then the vinyl
groups modified nanosilicas formed. It was worth mentioning
in this work that the processes of preparation and modification
nanosilicas occurred simultaneously. Generally, the hydropho-
bicity of the modified SiO, can be quantified by the so-called
lipophilic degree (LD), which was measured by dispersing of 0.5
g mSiO, in 50 mL water with the addition of methanol. The
VTES-modified SiO, was hydrophobic and floated on the water.
After adding methanol into the water slowly and stirring con-

OC,Hs OH
g SHO pemdi
=HC SII OC,Hs 2%, =HC SII OH 1
C
B
OC,H; OH fic, 0~§i—0, C/ﬁ
Si Si
OH AN 0 S
o 0
Hydrolysis HO) OH l H \ o ?H N4z
§ ——— HO OH ——— =(C-Si—0 O‘S‘I‘C= —_—
HO" GHOH 0"\ o g 0 0 e
Si I
HC p-$i~0 HC
4 CH

Figure 2. Modification mechanism of VTES modified SiO.,.
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Figure 3. Hydrophobicity of pure SiO, (a) and mSiO, (b).

tinuously, mSiO, nanoparticles were wetted and precipitated
gradually. The LD was calculated by the following equation:’*

v

LD =
V +50

(4)

where V (mL) was the volume of the used methanol. The LD of
mSiO, in this research was 10.1%, which was higher than

40
2
= 904
oy
=
2 204
o
=
= 10+ ey |

56 58 60 62 74

Partical size /nm

Figure 4. TEM images of mSiO, before (a) and after (b) in situ solution
polymerization; (c) size distribution of mSiO, after in situ solution poly-
merization. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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Figure 5. Optical picture of PHFA/mSiO, nanocomposite solutions with
mSiO, of 0.5 wt % (a), 1.0 wt % (b) and 2.0 wt % (c) after standing for
three months at room temperature.

Hong’s result of 3.1%, suggesting a favorable modification
method.”

Figure 3 showed the hydrophobic behavior of pure and modi-
fied nanosilicas in water. For the pure SiO,, due to the abun-
dant hydroxyl groups on the particles surface, the particles were
hydrophilic and suspended well in water. On the contrary,
mSiO, was hydrophobic and still floated on water even after
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violent stirring. The grafted C=C groups improved particles
hydrophobicity and the compatibility of mSiO, in organic
monomers and solvents. Furthermore, C=C groups can partici-
pate in polymerization with monomers, so the connection
between inorganic particles and organic polymer could be build
through chemical bonds.

Preparation of PHFA/mSiO, Nanocomposites

TEM images of dispersion state of mSiO, before and after in
situ solution polymerization were displayed in Figure 4. As can
be seen from Figure 4(a), nanosilicas aggregated together. By
contrast, after in situ solution polymerization, mSiO, particles
can be well dispersed in polymeric matrix as shown in Figure
4(b) (sample 4). The size distribution of particles shown in
image (b) was about 64-68 nm. The possible procedures for
nanoparticles dispersing in polymeric matrix through in situ so-
lution polymerization may proceed as follows. Before the reac-
tion occurred, the soft aggregates, composed of the primary
nanoparticles, were absorbed by the monomers. During the po-
lymerization, the monomers gradually infiltrated into the gaps
and space between the aggregated nanosilicas, and then the
monomer free radicals reacted with C=C groups on the surface
of mSiO,. The polymer chains grew at the particle surface and
wrapped the particle. In this method, the gap between the par-
ticles was enlarged and consequently the aggregates disinte-
grated. Nanosilicas were eventually dispersed and kept in the
resultant polymeric matrix through covalent bond.

20+
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Figure 6. TG and DTG curves of PHFA/mSiO, nanocomposites with different mSiO, content. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Table II. TGA Results of PHFA/mSiO, Nanocomposites

mSiOz Tas%" Ta50%" Trmax”
Samples  content (wt %)  (°C) (C) (C)
1 0 267.5 349.6 335.6
2 0.5 271.0 360.1 355.7
3 1.0 276.6 367.7 366.4
4 2.0 283.9 3711 368.1

The results are the average value of two measurements for each sample.
@The temperature at 5% weight loss, PThe temperature at 50% weight
loss, “The temperature at the maximum rate of weight loss, determined
from the peak value in DTG curve.

Figure 5(a,b,c) displayed orderly the PHFA/mSiO, nanocompo-
site solutions with mSiO, content of 0.5, 1.0, and 2.0 wt % after
standing for 3 months at room temperature (23°C * 1°C). It
was observed from Figure 5 that the solutions were milky white
and no obvious phase separation to naked eyes, indicating that
nanosilica particles suspended well in the polymeric matrix. To
verify the effect of double bond on nanosilicas dispersion in
polymer, a contrast experiment was performed. Dimethyldi-
chlorosilance (DDS)-modified nanosilicas were chosen and
employed in polymerization with the same procedure of synthe-
sizing PHFA/mSiO, nanocomposites. The nanosilicas became
hydrophobic after modification with DDS and suspended in the
result polymer solution initially. However, compared with the
above-mentioned nanocomposite solutions, a huge difference
was observed for sample prepared by DDS-modified nanosilicas,
which a thick layer of nanosilicas was settled at the bottom of
the bottle within three days, implying that the suspension stabil-
ity was poor. Due to the effect of Van der Waals force, DDS-
modified silica particles could disperse in polymeric matrix ini-
tially. As compared with covalent bond, Van der Waals force
was too weak to maintain the well dispersion, so the silica par-
ticles were precipitated under the influence of gravity. The
results revealed that the improving of hydrophobicity of nano-
particles alone was not enough for preparation of a successful
nanocomposite. Modification of the nanoparticles with reactive
functional group and involvement of them in polymerization
were another more essential factors. The C=C groups on the
surface of mSiO, particles could react with the monomers and
hence increase the interfacial strength between the nanoparticles
and polymeric matrix.

Thermogravimetric Analysis of PHFA/mSiO, Nanocomposites
The thermal decomposition behavior of PHFA/mSiO, nano-
composites with different contents of mSiO, was investigated by
TGA at a heating rate of 20°C min™" under nitrogen flow. The
curves of thermal gravimetry (TG) and differential thermal gra-
vimetry (DTG) were obtained and illustrated in Figure 6. It was
evident that all the PHFA/mSiO, nanocomposites had a higher
onset decomposition temperature than pure PHFA. The peaks
in DTG curves corresponded to the temperatures at maximum
rate of weight loss (Tj,.x). Table II represented the temperature
data of 5% weight loss (Tgse,), 50% weight loss (Tgs09,), and
Tmax for pure PHFA, and PHFA/mSiO, nanocomposites. For-
mer researchers commonly considered Tgsp0, as an indicator for
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structural destabilization.”® In this study, Tysee, for the pure
PHFA, 0.5, 1.0, and 2.0 wt % PHFA/mSiO, nanocomposites
were occurred at 349.6, 360.1, 367.7, and 371.1°C, respectively.
Tas09, of the nanocomposite was enhanced by 21.5°C with the
addition of 2.0 wt % mSiO,. Also Tgyse, and T, gradually
improved with the increase of mSiO, loading. Generally, poly-
mer having higher crosslinking density showed higher decom-
position temperature, and the crosslinking density increased
with mSiO, loading content. In fact, the embedding nanosilicas
in polymeric matrix played a role of anchor points, which can
link the polymer chains together and restrict the motion of the
polymer chains. The increment in decomposition temperature
with mSiO, loading was also due to the barrier action to reduce
the permeability of the heat current by ceramic nature of the
nanosilica particles. This enhancing effect of nanosilica particles
on thermal stability was also found in poly(ethylene 2,6-naph-
thalate)/silica nanocomposites and poly(propylene) layered sili-
cate nanocomposites.”**

Tensile Test of the Polyurethane Membranes

Figure 7 displayed the typical stress—strain behavior of the polyur-
ethane membranes with different mSiO, loading amount. In com-
parison with neat polyurethane membrane, the composites
showed prominent improvement of UTS and ¢B and the values
increased with the addition of mSiO, content. From the linear
portion of the curve, where Hook’s law was valid, the values of
Young’s modulus were calculated for each sample. Table III sum-
marized the results of UTS, ¢B, and E. The sample with 2.0 wt %
of mSiO, gave the highest UTS (16.72 MPa), which was about
5.19 times higher than that of neat polyurethane material (3.22
MPa). As already discussed, this increase in tensile strength could
be attributed to the strong interaction between the polymeric ma-
trix and the silica particles resulting from the covalent bonds
formed through in situ polymerization. Similar result was also
obtained by Chen et al. in their study.”> The improvement in me-
chanical properties is seen upon addition of silica nanoparticles,
but this improvement could also be ascribed to some other possi-
ble factors, such as change in polymer morphology, crystallinity,
which will be further studied in future.

20
18 -
16
14-

2.0 wt%

12 1
10+

Stress (MPa)

8
6
44

50

Strain (%)

Figure 7. Typical stress—strain curves for polyurethane membranes with
different mSiO, loading amount.
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Table III. Tensile Properties of Polyurethane Membranes with Different mSiO, Content
Tensile properties

Samples mSiO» content (wt %) UTS (MPa) eB (%) E (MPa)

1 0 3.22 (0.24) 7.8 (0.6)° 114.7 (12.6)°
2 0.5 9.31 (0.59)° 20.6 (1.3P 139.5 (14.3P
3 1.0 12.57 (0.89)° 27.91.7)¢ 195.1 (19.5)¢°
4 2.0 16.72 (1.33)¢ 451 (3.6) 312.4 (26.7)

Entries were mean values with standard deviations in parentheses; any two means in the same column followed by the same superscript were not sig-

nificantly different (P > 0.05).

(a) pure polyurethane material

Figure 8. SEM images of the fractured surface of the snapped tensile test specimens (a) pure polyurethane material; (b) 2.0 wt % mSiO, composed.

Figure 8 showed the cross-section surfaces of the snapped ten-
sile test samples. In the case of pure polyurethane material
[Figure 8(a)], the fractured surface was very smooth and had
uniform crack direction, which was indicative of brittle frac-
ture and a weak resistance to crack propagation. As for poly-
urethane nanocomposites with 2.0 wt % of mSiO, content
[Figure 8(b)], the fractured surface presented a rough and
irregular appearance. According to reported literatures, the
rigid particles in the polymeric matrix can bring out the effect
of stress concentration, which can generate a large amount of
“crazes.”’®*” During this process, the tensile energy was par-
tially absorbed. Furthermore, due to the existence of rigid par-
ticles, crack extension in polymeric matrix was hindered and
prevented to develop into destructive crack. In macroscopic
view, it showed the characteristic of plastic fracture and the
enhancement in tensile strength.

Surface Properties of the Polyurethane Films

The surface energy is also named surface free energy, which can
be calculated in terms of contact angles of two kinds of liquids
on the film surface. As larger the contact angle lower is the sur-
face energy. Polymers with low surface energy are widely used
in the areas of marine antifouling paints and antigraffiti coat-
ings.”®* It is expected that the introduction of fluorinated
groups in polymer can enhance the hydrophobicity of the film’s
surface. It is well known that fluorinated groups have the strong
tendency to migrate toward interface and preferentially occupy
the polymer—air interface to minimize the interfacial energy
during the film-forming process.'”*>*! As presented in Table
IV, the water contact angles on each sample films are all above
90°, with surface energies less than 25 mN m™, which means
that all the sample surfaces are hydrophobic.*? In addition, one
can see that mSiO, content has no obvious influence on surface

Table IV. Contact Angles and Surface Energies of Polyurethane Films with Different mSiO, Content

mSiO, content

Contact angle (°)

Surface energy (MN m~1)

Samples (Wt %) Water Glycol e vb Ys

1 0 96.8 71.4 22.90 1.86 24.76
2 0.5 98.7 731 23.08 1.40 24.48
3 1.0 97.5 72.0 23.01 1.68 24.69
4 2.0 98.2 72.7 22.96 1.53 24.49
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Figure 9. UV-vis transmission spectra of polyurethane films with different
content of mSiO,. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

energy. Shafrin et al. have pointed out that the wettability of or-
ganic surfaces is determined by the nature and packing of the
surface atoms or exposed groups of atoms of the solid and is
otherwise independent of the nature and arrangements of the
underlying atoms and molecules.*> Therefore, the inside mSiO,
particles cannot act on the surface energy. The dosages of fluo-
rinated monomer (DFHMA) in each sample are the same, so
the surface energies of the samples are nearly the same.

The Light Transmittance of the Polyurethane Films

The optical transparency of nanocomposites is also an impor-
tant parameter for their practical applications such as optical
fiber coating, lens coating, safety glass. The light transmittance
of the polyurethane films with different amounts of mSiO, was
recorded on Shimadzu 2450 UV-vis Spectrometer as shown in
Figure 9. For pure polyurethane film, the light transmittance at
the wavelength of 600 nm was as high as (98 * 0.1)%. The
transparency of the polyurethane films at visible light wave-
length range (400-800 nm) was not affected significantly by the
addition of mSiO, contents, and the transmittance at the wave-
length of 600 nm still remained (96 * 0.1)% for polyurethane
film with 2.0 wt % of mSiO,. Two necessities are required for
high light transmittance; one is that the diameter of mSiO,
nanoparticles should be less than the wavelength of visible
light.** The other is uniformly dispersed nanoparticles in the
matrix, which is also confirmed by Ou and Tan in their
researches.*>*® The application of the PHFA/mSiO, nanocom-
posite will be conducted in the following research.

CONCLUSIONS

In this article, poly(hydroxylic fluoroacrylate)/mSiO, nanocom-
posite was successfully prepared by in situ solution polymeriza-
tion of monomers with vinyl groups modified SiO, (mSiO,).
Chemical bonds were formed between mSiO, and PFHA. TEM
characterization showed a well dispersion of mSiO, nanopar-
ticles in polymeric matrix after in situ solution polymerization.
The introduction of mSiO, nanoparticles significantly improved

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37739
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the thermal stability and ultimate tensile strength of the result-
ant polymer, and the fracture behavior of the polyurethane
membranes changed from as observed by SEM. The polyur-
ethane films had low surface energy of lower than 25 mN m™'
and the light transmittance was not affected significantly by the
addition of mSiO,. According to the results, some promising
applications of the synthesized nanocomposite may be suggested
in the fields of transparent coating, antifouling paint, and anti-
graffiti coating.
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