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Abstract TiO,—SiO, composite nanoparticles were pre-
pared by a sol-gel process. To obtain the assembly of
Ti0,—Si0, composite nanoparticles, different molar ratios
of Ti/Si were investigated. Polyurethane (PU)/(TiO,—SiO5,)
hybrid films were synthesized using the “grafting from”
technique by incorporation of modified TiO,—SiO, com-
posite nanoparticles building blocks into PU matrix. Firstly,
3-aminopropyltriethysilane was employed to encapsulate
Ti0,—Si0, composite nanoparticles’ surface. Secondly, the
PU shell was tethered to the TiO,—SiO, core surface via
surface functionalized reaction. The particle size of TiO,—
SiO, composite sol was performed on dynamic light
scattering, and the microstructure was characterized by
X-ray diffraction and Fourier transform infrared. Thermog-
ravimetric analysis and transmission electron microscopy
(TEM) employed to study the hybrid films. The average
particle size of the TiO,—SiO, composite particles is about
38 nm when the molar ratio of Ti/Si reaches tol:1. The
TEM image indicates that TiO,—SiO, composite nano-
particles are well dispersed in the PU matrix.

Keywords TiO,—SiO, composite nanoparticles - Ti-O—Si
bond - Polyurethane/(TiO,—Si0;) nanocomposite hybrids
Introduction

In recent years, inorganic—organic hybrid materials have
attracted considerable attention because of their outstanding
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chemical and physical properties [1]. The hybrid materials
are applied in many fields, such as optical wave guide [2],
semiconductor nanocrystals [3], magnetic materials [4], and
bioactive materials [5]. The progress in new polymer
synthesis techniques makes it possible to synthesize well-
defined polymer—nanoparticle hybrids with novel properties
and controlled architectures. There are many methods for
attaching polymer chains onto nanoparticle surfaces, in-
cluding chemisorption [6], covalent attachment of end-
functionalized polymers to a reactive surface (“grafting to”)
[7], and in situ monomer polymerization with monomer
growth of polymer chains from immobilized initiators
(“grafting from™) [8, 9]. Current polymerization methods
used to prepare inorganic—organic hybrids by tethering the
polymer chain to the nanoparticle surface include anionic,
cationic, ring-opening metathesis, nitroxide-mediated, atom
transfer radical polymerization, and reversible addition
fragmentation chain transfer. During these polymerization
procedures, the sol-gel [10-13] process is a common way
because it has provided good opportunities for preparing
inorganic—organic hybrid materials at the molecular level
and the experimental condition is mild and easy to control.

Of these nanocomposite hybrids, polyurethanes (PUs),
as the organic matrix, have provided a wide range of
properties from a variety of starting materials. Tailor-made
properties of these materials can be obtained from well-
designed combinations of monomeric materials. On a
molecular basis, PU may be described as the linear structure
block copolymer of the (AB), type. Part A, the hard
segment, is composed of oligomers, which are prepared by
the reaction of a low molecular weight diol or triol chain
extender with diisocyanate. Part B, the soft segment, is
normally a polyester or a polyether polyol with a molecular
weight of 1,000-2,000. To improve the performance of PUs
in various applications, PU nanocomposite hybrids and
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multiphase polymeric systems such as interpenetrating net-
works (IPNs) have been extensively used for more than three
decades. Hideki and Curtis [14] prepared PU/SiO, hybrid
films at the molecular level by a sol-gel process using the
IPNs technique. Takavuki et al. [15] prepared PU/TiO,
hybrid materials by a sol-gel process using triethoxysilyl
end-capped urethane prepolymer and titanium isopropoxide.
Chen et al. [16] studied the effects of different titania sol on
the microstructure and properties of the PU/TiO, hybrid
films. They found that the introduction of TiO, nanoparticles
into the PU matrix could increase some physical properties
such as viscosity, modulus, mechanical strength, abrasion
resistance, hardness, and ultraviolet absorbance. Although
many approaches have been done on PU/SiO, and PU/TiO,
hybrid films [17-20], the reports on PU/(TiO,—SiO,) nano-
composite hybrid films have not been seen elsewhere.

Our preliminary investigations in the incorporation of an
inorganic network such as the nanosilica phase into the PU
matrix have been presented in a previous paper [21]. In this
work, we report that the fabrication of TiO,—SiO, nano-
particles and PU/TiO,—SiO, nanocomposite films can be
carried out by incorporating TiO,—SiO, nanoparticles
building blocks into the PU matrix. In pursuit of this,
dynamic light scattering (DLS), X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FT-IR), thermog-

0_/S|-(CH2)3NH2
(0]

N4

Si-(CH,);NH,

+ HO(CH2),0H

OH @ OH + NHz(CH2)3S|(OCZH5)3 — O

O— Si-(CH,);NH,
o/

N4

Si-(CH,);NH,

ravimetric analysis (TGA), and transmission electron
microscopy (TEM) were employed for the characterization.

Experimental section
Materials

Tetrabutyl titanate (TBOT), ethyl silicate (TEOS), toluene
2,4-diisocyanate (TDI), and 3-aminopropyltriethoxysilane
(APTS) were all of analytical-grade purity and were used as
received. Ethanol was purified by a 4-A molecular sieve
and distilled under reduced pressure before use. Hydro-
chloric acid and ammonia water were used to control the
pH value of the sol. 1,4-Butanediol (BD) and poly
(propylene glycol) (hydroxyl number is 56 mg of KOH/g
of N220, the average molecule weight of 2,000) were
purged by distillation under reduced pressure before use.
Toluene was used without further purification. Stannous
caprylate was used as the catalyst for the preparation of PU.

Synthesis of TiO,—Si0O, nanoparticles

TiO,—Si0, nanoparticles were synthesized by a sol-gel
process with TBOT and TEOS (the molar ratio of Ti/Si

CH;
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Scheme 2 Schematic formation of PU/(TiO,—SiO,) nanocomposite hybrids
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Fig. 1 The average size of different molar ratios of TiO,/SiO, sol

ranged from 1/4 to 1/0.25) and 15 g ethanol carried out in a
250-ml conical flask with magnetic stirring at ambient
temperature. In the first step, the solution of distilled water,
hydrochloric acid, and 15 g ethanol was mixed well. Then,
the mixture of TBOT and TEOS was added dropwise to this
solution with a lower speed. The process was carried out
under continuous magnetic stirring. In the second step, the
Ti0,—Si0, nanocomposite sol was aged at room tempera-
ture for several days, then dried at 90 °C for 5 h. Finally,
The gel of TiO,—SiO, composite nanoparticles was calci-
nated by a muffle furnace at 500-550 °C for 3 h, and then
Ti0,/Si0, nanoparticles were obtained.

Synthesis of polyurethane/TiO,—Si0, nanocomposite
hybrid films

In a typical run, 0.5 g TiO,—SiO, composite nanoparticles
in 40 g of toluene were refluxed with stirring at 110 °C for
2 h, and then 0.2 g APTS was added to this solution. The
mixture was refluxed with vigorous stirring for 6 h. After
isolation and dehydration with methanol washing, the free
APTS was removed. Finally, the APTS-g-TiO,—SiO,
nanopowder was dried in vacuum oven. The schematic
APTS grafted into TiO,—SiO, nanoparticles’ surface was
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Fig. 2 XRD spectra of a pure TiO,, b pure SiO,, and ¢ TiO,—SiO,
hybrid particles (Ti/Si=1:1 mol/mol; TiO,—SiO, gel was calcined at
500 °C)

Counts

(@

(b)

10 20 30 40 50 60 70 80
2-theta-scale

Fig. 3 XRD spectras of a mixture particles of TiO,—SiO, (Ti/Si=
1:1 mol/mol; TiO,—SiO,-mixed gel was calcined at 500 °C) and b
TiO,—SiO, composite particles (Ti/Si=1:1 mol/mol; TiO,—SiO, gel
was calcined at 500 °C)

shown in Scheme 1. For synthesis of PU/(TiO,—SiO,)
hybrids, firstly, the APTS-g—(TiO,—Si0,) nanopowder was
dispersed in 40 g of toluene with continuously stirring.
Then, 8.4 g TDI, 40 g PPG, and 1.8 g BD were introduced
into the flask, where BD was used as a chain extender. The
polymerization was carried out at 85 °C for 4 h. Finally,
PU/TiO,—Si0, nanocomposite hybrids were obtained. The
schematic synthesis PU/(TiO,—Si0,) nanocomposite
hybrids were shown in Scheme 2.

Characterizations

The particle size of TiO,—SiO, sol was performed on a
Malvern 3000 DLS. The XRD patterns were recorded on a
Bruker-AXS D8 ADVANCE (Bruker, Germany) X-ray
diffractometer at a scanning rate of 6 °/min in 26 ranging
from 1 ° to 80 ° with CuKo radiation. FT-IR (Nicolet-
Nexus 670) spectroscopy was used to affirm the bond of
Ti—O-Si. The morphologies of the nanocomposite hybrids
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Fig. 4 FT-IR spectra of a TiO,—SiO, composite nanoparticles (Ti/Si=
1/1 mol/mol; TiO,—SiO; gel was calcinated at 500 °C; 3 h) and b pure
Si0,
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Fig. 5 FT-IR spectra of a TiO,—SiO, composite nanoparticles (Ti/Si=
1/1 mol/mol; TiO,—SiO, gel was calcinated at 500 °C; 3 h), b APTS/
TiO,—Si0, hybrid particles (APTS/(TiO,—Si10;,)=2 wt%), and ¢ PU/
(TiO,—Si0,) particles washed by methanol and acetone ((NCOJ/[OH]=
1.3/1.0 mol/mol; APTS/(TiO,—Si0,)=2 wt%; toluene=70 wt%)

were measured by TEM (Hitachi H-600). Thermal decom-
position of the hybrid films was determined by TGA
(Shimadzu TGA-50) where the heating rate was 10 °C/min
in N, flow.

Results and discussion
DLS characterization of TiO,—SiO, sol

Controlling the amount of TBOT and TEOS with various
Ti/Si molar ratios in hybrid sol resulted in the change of the
average particle size. As shown in Fig. 1, the average
particle size of the hybrid sol presents a notable decrease
with the increasing of Ti/Si molar ratio. When the Ti/Si
molar ratio reaches to 1, the average particle size of the
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Fig. 6 TGA curves of a pure PU ([NCOJ/[OH]=1.3/1.0 mol/mol;

toluene=70 wt%) and b PU/(TiO»-SiO5) hybrids ((NCOJ/[OH]=1.3/

1.0 mol/mol; APTS/(TiO,—Si0,)=2 wt %; toluene=70 wt%)
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hybrid sol is 38 nm. Meanwhile, increasing the molar ratio
continuously, the particle size of the hybrid sol changes a
little. This may be because the TBOT precursor of TiO,
hydrolyzes more quickly than that of TEOS. When the
molar ratio of Ti/Si is more than 1:1, TiO, networks will
encapsulate SiO, and limit the mass transportation of SiO,,
resulting in the production of smaller particle sizes of TiO,/
SiO, composite nanoparticles.

XRD characterization of TiO,—SiO, nanoparticles

The XRD patterns of pure TiO,, pure SiO,, and TiO,—SiO,
composite particles calcinated at 500 °C are presented in
Fig. 2, respectively. As is seen in Fig. 2, the XRD pattern of
pure TiO, (seen in Fig. 2a) shows obvious peaks at about
25.3°,37.8°,48.14 °, and 55 °, which are attributed to the
characteristic peaks of anatase TiO,. The XRD pattern of
pure SiO;, (seen in Fig. 2b) exhibits a broad amorphous
peak at about 22 °, while there is a broad peak to occur at
about 25 ° in Fig. 2c, implying that the XRD pattern of
TiO,-SiO, composite nanoparticles has a less-ordered
structure. This may be attributed to the formation of Ti—
O-Si bonds, limiting the growth of TiO, crystals. To seek
further evidence of the existence of Ti—O-Si bonds, TiO,—
SiO, composite nanoparticles calcinated at 500 °C, along
with the physical mixture of the TiO, gel and SiO, gel for
comparison, were investigated by XRD as shown in Fig. 3.
Both molar ratios of Ti/Si in Fig. 3 are all 1:1. The XRD
results show that the XRD pattern of the mixture of the
TiO, gel and SiO, gel is similar to that of TiO,, while the
XRD pattern of TiO,—SiO, composite nanoparticles is
amorphous. Therefore, a conclusion could be drawn that
the Ti—~O-Ti bonds were destroyed because of the phase
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Fig. 7 TEM image of PU/(TiO,—SiO;) hybrid films ([NCO]/[OH]=
1.3/1.0 mol/mol; APTS/(TiO,—Si0,)=2 wt%; toluene=70 wt%; 4 h;
85 °C)
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transformation of TiO, at 500 °C and then immigrated into
the SiO, networks to form new Ti—O-Si bonds. It also
confirms the existence of Ti—~O-Si bonds in the composite
nanoparticles.

FT-IR characterization

To gain better understanding of structure of composite
nanoparticles and nanocompsites, we measured the FT-IR
spectra of pure SiO, and TiO,—SiO, composite nano-
particles, respectively (seen in Fig. 4). For pure SiO,, the
characteristic peaks of Si-O-Si are presented at wave
numbers of 1,100, 805, and 475 cm™', respectively. For
TiO,—SiO, composite nanoparticles, the strength of char-
acteristic peaks at wave numbers of 1,100, 805, and
475 ecm ' are reduced, respectively. Moreover, the new
characteristic peak at a wave number of 940 cm ™' occurs in
this case, indicating the formation of new Ti—O-Si bonds
[2, 22, 23]. Figure 5 is the FT-IR spectra of TiO,—SiO,
composite nanoparticles, APTS-g-TiO,—SiO, composite
nanoparticles and TiO,—SiO,-g—PU hybrid particles. All
the samples are washed by methanol. Figure 5a is the FT-IR
spectrum of TiO,—SiO, composite nanoparticles. In Fig. 5b,
the characteristic peaks at wave numbers of 2,921 and
1,500 cm ' are attributed to the characteristic peak of -CH,
and the characteristic peak of —-NH, at the wave number of
1,200 cm™ ', respectively [24, 25], meaning that the APTS-
coupling agent has been successfully grafted onto the
Ti0,—Si0, composite nanoparticle surface. In Fig. Sc, the
characteristic peaks at wave numbers of 1,600, 1,530,
1,450, and 1,413 cm™ ' are corresponding to the character-
istic peaks of —CH,, while the characteristic peak at the
wave number of 1,723 ¢cm ' is a characteristic peak of
C=0. In addition, the characteristic peaks of TiO,—Si0,-g—
PU hybrid particles at 2,921, 1,458, and 1,226 cm ! became
sharper than those of APTS-g—TiO,—SiO, composite
nanoparticles, respectively, indicating that PU has been
successfully grafted onto TiO,—SiO, composite nanoparticles.

TGA analysis

The TGA curves in N, of pure PU and PU/(TiO,-SiO,)
hybrids are presented in Fig. 6. It is obviously indicated that
the initial thermal decomposition temperature of the PU/
(TiO,—Si0,) hybrids is higher than that of the pure PU. For
pure PU, the decomposition occurs at 262—404 °C, while in
Fig. 6b, the decomposition of PU/(TiO,—SiO,) hybrids
occurs at 272-415 °C. These results may be attributed to
the strong interaction between the polymer chains and
inorganic particles and consequently preventing the PU from
thermal decomposition. Furthermore, the thermal stability of
the hybrids is enhanced by the introduction of TiO,—SiO,
composite nanoparticles into the PU matrix [26].

TEM characterization

We investigated the morphology of PU/(TiO,—Si0,) hybrid
films by TEM. The morphology of PU/(TiO,—SiO,) hybrid
films could be observed in the TEM image. Figure 7 shows
that the average particle size of TiO,—SiO, composite
nanoparticles in PU/(TiO,—SiO;) hybrid films is about
70 nm. Furthermore, TiO,—SiO, composite nanoparticles
are well dispersed in hybrid films without any aggregation.
It could be explained that the assembly of TiO,—SiO,
composite nanoparticles with the PU matrix allows nano-
particles to be stable in hybrids films without aggregation.

Conclusions

In this paper, TiO,—SiO, composite nanoparticles were
successfully prepared by a sol—gel process. The formation
of new Ti—O-Si bonds in the TiO,—SiO, composite nano-
particles has been proved by XRD and FT-IR. In the case of
the assembly of APTS/(TiO,—SiO,) and PU/(TiO,-SiO,),
structurally well-defined PU/(TiO,—Si0,) hybrid films can
be successfully prepared by using inorganic TiO,—SiO,
nanoparticles as building blocks incorporated into the
organic PU matrix. The results show that Ti-O—Si bonds
existed in TiO,—SiO, composite nanoparticles. The average
particle size of the TiO,—SiO, composite particles is about
38 nm when the molar ratio of Ti/Si reaches tol:1.
Furthermore, FT-IR and TGA confirmed that APTS had
been successfully grafted to the TiO,—SiO, composite
nanoparticles’ surface. The TEM image shows that TiO,—
SiO, composite nanoparticles in PU/(TiO,—SiO;) hybrid
films are still in nanoscale. The TGA results present that the
thermal stability of PU/(TiO,—Si0O,) hybrid films is higher
than that of pure PU films.
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