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a b s t r a c t

A novel hydrophobic composite films (POSS-FPA-SiO2) were prepared by directly physically mixing
octavinyl polyhedral oligomeric silsesquioxane containing fluorinated polyacrylate latexes (POSS-FPA)
with colloidal silica. Sol-gel processes were carried out on the surface of POSS with addition of co-solvent
to enhance roughness and hydrophobicity of composite films. TEM photos revealed that colloidal silica
particles had enriched and aggregated on the surface of POSS, the sol-gel processes of silica particles
occurred to form raspberry-like structure particles. The average diameter data indicated that the ag-
gregation of colloidal silica particles on the surface of POSS had increased the average diameter of the
composite latexes. FT-IR spectra confirmed that two kinds of eSieOe bonds existed in the composite
films, which one related to the SieO framework of POSS and the other obtained form the sol-gel pro-
cesses. SEM and AFM images illustrated that the coarse structure obtained from the sol-gel processes had
increased the roughness of the composite surface. The water contact angle (WCA) of composite films
were found increasing as the sol-gel processes. TGA curves demonstrated that the composite films
exhibited much better thermal stability than that of pure FPA and POSS-FPA films.

© 2017 Elsevier Inc. All rights reserved.pm
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1. Introduction

Hybrid materials with both inorganic and organic components
draw more and more attentions because of its combination of the
advantages of both inorganic materials and organic polymers [1,2].
Polyhedral oligomeric silsesquioxanes (POSS) is a class or organic-
inorganic hybrid nanomaterial constituted by an inorganic silica
Rn(SiO1.5)n core cage structure, where n (n¼ 8,10,12) is the number
of silicon atoms of the cage and the R is a range of organic func-
tional groups such as hydrogen, alkyl, alkene, aryl arylene groups,
etc [3e5]. Those functional groups attached on POSS and make it
easily to incorporate into polymer system via blending, grafting or
copolymerization [6e11].

Many studies have reported about the preparation of POSS-
based hybrid polymers with different architecture, such as
dumbbell-type, pendent-type, bead-type, star-type or network-
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 type, from atom transfer radical polymerization (ATRP), reversible
addition-fragmentation chain transfer polymerization (RAFT),
emulsion polymerization and so on [12e14]. The hybrid polymers
display a number of desirable properties, especially the high ther-
mal stability, high glass transition temperatures, flammability
resistance, and hydrophobicity [11]. Usually, the incorporation of
POSS units into polymer may improve the properties such as me-
chanical strength, hydrophobicity and thermal stability, and can
also increase surface roughness [1,15]. However, the improvement
of surface roughness and hydrophobicity was limited because of
the small particle diameter sizes of POSS [16].

In our previous study, we have prepared polyacrylate/silica
hybrid materials by directly mixing colloidal with KH570 modified
polyacrylate emulsion, the sol-gel processes of colloidal silica par-
ticles were carried out by addition of co-solvent to form SieOeSi
crosslinking during film-formation [17,18]. We also had successfully
synthesized octavinyl polyhedral oligomeric silsesquioxane grafted
fluorinated polyacrylate (OvPOSS/FPSA) composite materials via
emulsion polymerization, and it was found that the composite films
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exhibited better thermal stability and hydrophobicity [19]. How-
ever, the maximumWCA of composite films only up to 102�, which
indicated that the improvement of hydrophobicity of composite
films was still limited. Therefore, in present paper, a novel hydro-
phobic composite films (POSS-FPA-SiO2) were prepared by directly
physical mixing octavinyl polyhedral oligomeric silsesquioxane
Scheme 1. The synthetic route of PO
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containing fluorinated polyacrylate latexes (POSS-FPA) with
colloidal silica, sol-gel processes of colloidal silicawas induced with
addition of co-solvent to built coarse structure in low surface en-
ergy surface during film-formation (Scheme 1). The morphology,
chemical structures, average diameter sizes, surface morphology,
hydrophobicity and thermal stability have been studied.
SS-FPA-SiO2 composite materials.
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2. Experimental

2.1. Materials

The octavinyl polyhedral oligomeric silsesquioxane (POSS) was
purchased from Baxi Equipment Co. (Changsha, China). Dodeca-
fluoroheptyl methacrylate (DFMA) was purchased from Harbin
Xuejia fluorin silicon Chemical Co. (Harbin, China). Methyl meth-
acrylate (MMA) was supplied by Shanghai Lingfeng Chemical Co.
(Shanghai, China). Butyl acrylate (BA), acrylic acid (AA), and styrene
(St) were supplied by Tianjin Fuchen Co. (Tianjin, China) and used
without further purification. Colloidal silica (30 wt%, pH ¼ 11, the
diameter size is about 20e50 nm) was supplied by Foshan Nanhai
Waterglass Co. (Foshan, China). Ethanol were supplied by
Guangzhou Chemical Reagent Co. (Guangzhou, China). Nonyl
phenyl polyoxyethylene ether-10 (OP-10), sodium dodecyl sulph-
onate (SDS), sodium bicarbonate (NaHCO3) and potassium persul-
fate (KPS) were used as received without further purification.
Deionized water was used for the polymerization process.
m

2.2. Preparation of POSS-FPA materials

POSS-FPA latexes were synthesized by two-stage emulsion
polymerization under the protection of nitrogen according to the
literature [18]. First, the mixture of core monomers was added to
the mixed emulsifier (OP-10/SDS) aqueous solution under a mag-
netic stirrer and pre-emulsified for 0.5 h. Deionized water, buffer
agent NaHCO3, initiator KPS were charged into a 500 mL four-neck
flask with a machine stirring, and heated to 80e82 �C, then 25 g of
core monomers was dropped into the system and processed for
20 min to prepare the seed latex, the rest core monomer and
initiator KPS solution was added in 2 h with continuous stirring.
The system was kept temperature at 80e82 �C for 0.5 h after fin-
ishing dropping core monomers, and the polyacrylate latexes were
obtained. Second, the shell pre-emulsification monomers with
DFMA and POSS was prepared and added to the system in 1 h, the
initiator KPS solutionwas dropped throughout the process at a rate
of 10e15 droplet/min. After fishing the monomers, the reactor
temperature was increased to 85 �C and lasted reaction for 0.5 h.
The obtained POSS-FPA latexes were filtered through a 200-mesh
sieve, and the FPA latex was prepared from the same method
without addition of POSS. The detail procedure in shown in Scheme
1 and Table 1.

The POSS-FPA films with thickness 5 mm on glass were prepared
by spin coating process. The spin speed and time are 300 rpm and
18 s, respectively. The films were dried at 60 �C for 1 h [19].
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2.3. Preparation of POSS-FPA-SiO2 composite materials

The POSS-FPA-SiO2 composite latexes were prepared by adding
colloidal silica and ethanol as co-solvent to POSS-FPA latexes at
room temperature, and stirred for 12 h, keeping the pH of system at

w

Table 1
Detail polymerization recipes of PA, FPA, POSS-FPA and POSS-FPA-SiO2 latexes.

Samples MMA/g BA/g St/g

PAa 25.5 24.5 18
FPAb 35.5 34.5 28
POSS-FPA 35.5 34.5 28
POSS-FPA-SiO2

c 35.5 34.5 28

a The weight ratio of core and shell monomer was 7/3.
b DFMA and POSS were dropped with the shell monomers.
c The weight ratio of colloidal silica and POSS-FPA latexes is 10%.
about 8.0. The POSS-FPA-SiO2 composite films were prepared from
the same spin coating process.
2.4. Characterizations

Solid content of FPA and FPA-POSS latexes were determined by
weight loss method. A known weight of latexes (m1) was dropped
into the dry watch glass (m0), then heated at 120 �C until the
constant weight (m2) was obtained. The solid content was calcu-
lated by following equation:

Solid content ð%Þ ¼ m2 �m0

m1
� 100

The morphologies were directly observed by using a JEM-2100F
transmission electron microscope (TEM) (JEOL Ltd., Japan) with an
acceleration voltage of 200 kV. The samples were diluted with
deionized water into 0.1 wt%, then blotted gently on the surface of
carbon-coated copper grid, and dried at room temperature under
atmospheric pressure.

The latexes particle size and its distribution were determined
with a granularity analyzer (ZS Nano S) fromMalvern Co. (England).
The samples were diluted with deionized water into 0.5 wt% before
texted.

Fourier transformed infrared spectroscopy (FT-IR) spectra of
samples dispersed in dry KBr pellets were obtained by an Nicolet
Avata360 FT-IR spectrometer in a spectral range 500e4000 cm�1.

Scanning electron microscopy (SEM) measurements were con-
ducted using a JEOL JSM-6701 system. Atomic force microscope
(AFM) images were obtained using tapping mode at room tem-
perature on a CSPM5500A of Being Nano-Instruments Ltd.,
Guangzhou, China. The samples were all obtained from spin coating
process.

Water contact angle (WCA) measurements using ultrapure
water was performed with a OCA15 contact angle goniometer
(Dataphysics Co., Germany) according to the sessile drop technique.
At least five independent measurements were carried out and the
mean value was determined.

The thermal stability of dried composite films were determined
by the Thermogravimetric analyzer (TG/DSC, STA449C) (Netzsch
Co. Germany) by heating the sample (8e10 mg) from room tem-
perature to 600 �C at 10 �C/min and at an air flow rate of 30mL/min.
In order to remove the water inside the films, the temperature
would keep at 100 �C for 3 min. The TGA samples were prepared by
the method described in the film preparation. The residual weight
content was calculated by following Eq:

Residual weigh ð%Þ ¼ W2 � S2
W1 � S1 þW2 � S2

W1 is the mass of the POSS-FPA, S1 is the solid content of POSS-
FPA,W2 is the mass of the colloidal silica (10 wt% POSS-FPA), and S2
is the solid content of colloidal silica.
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AA/g DFMA/g POSS/g colloidal silica/g

2 0 0 0
2 10 0 0
2 10 1 0
2 10 1 10
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Fig. 2. The particle sizes and distributions of FPA latexes, POSS-FPA latexes and POSS-
FPA-SiO2 composite latexes.
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3. Results and discussion

3.1. The preparation of the POSS-FPA and POSS-FPA-SiO2 composite
materials

As reported in our previous study, vinyl-POSS is successfully
grafted onto the surface of fluorinated polyacrylate latexes, and the
synthesized latexes are mainly star-type structure, as shown in
Fig. 1(a), due to the steric effect of POSS cage-like structures
[10e14,19].

Since the POSS has a SieO nanostructure inorganic framework
and organic groups around the framework, which similar to that of
colloidal silica. Furthermore, POSS cages also exhibit high specific
surface areas and surface energy because of nanoscale, which make
the surface atom of POSS in the highly activation station states [1,4].
When the POSS-FPA latexes blend with colloidal silica, the induced
aggregation of silica particles on the surface of POSS occurs in order
to maintain thermodynamic equilibrium [1,20]. It was assumed
that sol-gel processes were carried out with addition of co-solvent
during aggregation of silica particles and raspberry-like composite
particles were obtained. Fig.1(b) shows the TEMmicrographs of the
POSS-FPA-SiO2 composite latexes. It can be observed that colloidal
silica particles were aggregated on the surface of POSS rather than
Fig. 1. TEM photographs of POSS-FPA latexes (a
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uniformly dispersed, and the sol-gel process of silica particles
occurred during aggregation, leading to form raspberry-like
structure particles.

.

) and POSS-FPA-SiO2 composite latexes (b).
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Fig. 3. FT-IR spectra of colloidal silica (a), POSS-FPA film (b) and POSS-FPA-SiO2

composite film (c).
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Fig. 2 illustrates the particle size distributions of the FPA, POSS-
FPA latexes and POSS-FPA-SiO2 composite latexes. The average
diameter of FPA latexes is about 88 nm, while the diameter of POSS-
FPA latexes is 95 nm, which is slightly bigger than that of the FPA. It
was probability attribute to the encapsulation of POSS cages, which
shown in Scheme 1. The average diameter of POSS-FPA-SiO2
Fig. 4. SEM images of FPA film (a), POSS-FPA film
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composite latexes increased to 196 nm, resulted from the aggre-
gation of silica particles on the surface of POSS.
3.2. The chemical structure

Fig. 3 shows the FTIR spectra of colloidal silica, POSS-FPA and
POSS-FPA-SiO2 composite films. In Fig. 3(a), the absorption peaks
around 3355 and 961 cm�1 are associated with the stretching vi-
brations of SieOH group, while 1110 and 800 cm�1 are attributed to
the stretching vibrations of SieOeSi group, respectively [17]. In
Fig. 3(b), The characteristic stretching peaks of eCH3 and eCH2

groups are at 2953 and 2862 cm�1, respectively. The stretching
vibration of C]O group at 1727 cm�1 is attributed to the carboxy of
FPA, while the absorption peak at 1496 cm�1 is related to phenyl
group. The typical absorption at 1302 cm�1 and 1238 cm�1 are
assigned to the eCF and eCF3 stretching vibration peaks, which
provided evidence that DFMA is copolymerized with acrylate
monomers, and fluorinated polyacrylate were obtained [21]. The
absorption peaks at 3115, 3027, 1604 and 972 cm�1 are due to the
characteristic peaks of C]C groups, and the stretching vibration of
eSieOe groups at 1161 cm�1 is attributed to the introduction of
POSS cages. It can reasonably assumed that POSS had already suc-
cessfully grafted onto the surface of FPA latexes, although only part
of eight reactive C]C groups had carried out copolymerization
because of the steric effect. However, compared with the spectrum
of POSS-FPA, two absorption peaks at 1094 and 1061 cm�1

appeared at the same time in Fig. 3(c), the stretching vibration of
SieOH groups at 3355 and 961 cm�1 also disappeared. It can be
possibly concluded that two kinds of eSieOe bonds existed in the
composite films, which one was related to the SieO framework of
POSS and the others came from the sol-gel processes of colloidal
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Fig. 5. AFM images of FPA film (a), POSS-FPA film (b) and POSS-FPA-SiO2 composite film (c) with sizes of 17 mm � 17 mm.
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Fig. 7. TGA curves of FPA film (a), POSS-FPA film (b) and POSS-FPA-SiO2 composite film
(c).
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silica particles. The FT-IR results provided further evidence that sol-
gel processes of silica particles occurred during film-formation.

3.3. The surface morphology

The surface properties of composite film surface is affected by
chemical composition and topography of composite surface [22].
The SEM, AFM and WCA measurements are used to examine the
surface morphology of FPA, POSS-FPA films and POSS-FPA-SiO2
composite films.

The SEM images of FPA, POSS-FPA films and POSS-FPA-SiO2
composite films are displayed in Fig. 4. The FPA film had a smooth
surface in Fig. 4(a), the surface of POSS-FPA film became rougher
resulted from the grafting reaction, and many prominence were
formed on the surface, as illustrated in Fig. 4(b). In Fig. 4(c), the
aggregation of silica particles were found on some area of com-
posite films, and the sol-gel processes occurred during film-
formation to form raspberry-like structure particles.

The surface morphologies was also characterized by AFM. Sur-
face topography and surface average roughness (Ra), root mean
square roughness (Rq) of FPA, POSS-FPA films and POSS-FPA-SiO2
composite films in an area of 1.7 mm � 1.7 mm were examined by
atomic force microscope (AFM), as illustrated in Fig. 5. It was found
that the surface of FPA film seems to be smooth. After grafting re-
action, the POSS-FPA film surface became rougher, the Ra and Rq
was increased from 1.07 to 1.42 nm to 2.22 and 3.23 nm, respec-
tively, which confirmed that the grafting reaction had increased the
roughness of composite surface. However, the Ra and Rq of POSS-
FPA-SiO2 composite films was increased to 9.36 and 12.5 nm,
respectively, which was attributed to the sol-gel processes of silica
particles on the surface of POSS to form coarse structure. Those
results provided another evidence that sol-gel processes of silica
particles occurred during film-formation.
Fig. 6. WCA of FPA film (a), POSS-FPA film (b
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The water contact angle (WCA) on film surface is dependent on
surface elemental composite and structure, and films with a higher
WCA generally display good hydrophobic and water-resistance
[23,24]. To examine the hydrophobicity of the composite films
surface, WCA measurements are carried out and shown in Fig. 6. It
can be found that obvious changes of WCAwere observed. In Fig. 6
(a), theWCA of FPA films is 61�, resulted form the copolymerization
of hydrophilic monomer AA. The WCA increased to 102� while
1.0 wt% POSS was grafted onto the FPA latexes, as shown in Fig. 6
(b). POSS preferentially migrates toward the surface due to its
lowmolecular weight and low surface energy by hydrophobic vinyl
groups, resulting in making the surface much more hydrophobic
[20]. In Fig. 6 (c), theWCA of POSS-FPA-SiO2 composite films was up
to 128�, which was attributed to the sol-gel process occurred to
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form raspberry-like structure particles. Therefore, the POSS-FPA-
SiO2 composite films exhibited better hydrophobic than that of FPA
and POSS-FPA films.

3.4. The thermal stability

The thermal decomposition behavior of FPA, POSS-FPA films and
POSS-FPA-SiO2 composite films were showed in Fig. 7. The tem-
perature corresponding to 5 wt% loss was defined as the initial
degradation temperature (Td) [18]. The Td of POSS-FPA films was
307 �C, which was about 120 �C higher than that of the FPA films.
The result confirmed that the incorporation of POSS cages on the
surface of FPA latexes had enhanced the thermal stability, and the
increase of Tdwas cause by the rigid nature of POSS cageswhich has
the SieOeSi framework and the steric effect may affect the
movement of the local chain of the polymer. Sol-gel processes of
silica particles occurred during POSS-FPA-SiO2 composite film for-
mation, and SieOeSi crosslinking were obtained, which leading to
the enhancement of the Td. The Td of POSS-FPA-SiO2 composite film
was increased to 315 �C, which displayed better thermal stability
than that of FPA and POSS-FPA films. The residual weight of POSS-
FPA-SiO2 is 6.15%, while that of FPA and POSS-FPA is about 0.13% and
0.67%, indicating that the amount of inorganic compound related to
POSS and SiO2 is about 6.15%.

4. Conclusions

A novel hydrophobic composite films (POSS-FPA-SiO2) were
prepared by directly physically mixing octavinyl polyhedral oligo-
meric silsesquioxane containing fluorinated polyacrylate hybrid
latexes (POSS-FPA) with colloidal silica. Sol-gel processes were
carried out on the surface of POSS with addition of co-solvent to
enhance roughness and hydrophobicity of composite films. TEM,
SEM and AFM photos confirmed that colloidal silica particles had
enriched and aggregated on the surface of POSS and sol-gel pro-
cesses were carried out to increase the average diameter of com-
posite latexes, roughness and hydrophobicity of the composite
films surface. FT-IR spectra confirmed the sol-gel processes of
colloidal silica particles had occurred. TGA curves demonstrated
that the composite films exhibited much better thermal stability
than that of FPA and POSS-FPA films.
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