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Abstract

Polyester polyol/titania hybrid resins and their corresponding polyurethane/titania hybrid films were prepared by in situ method via sol—gel
process of titanium n-butoxide under acidic condition. The effects of the contents and types of titania sol on the microstructure and some
mechanical and optical properties of the hybrids were investigated. It was found that introducing titania into the resin could increase some physical
properties such as the viscosity of the resin, modulus, T, mechanical strength, abrasion resistance, hardness and UV absorbance, but different
titania sols obtained from various molar ratios of water to titanium n-butoxide had an obvious influence on the microstructure and properties of the

hybrid films.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Titania based organic—inorganic hybrid materials have been
extensively studied recently because of combining the balanced
properties of organic polymers (e.g. flexibility, ductility,
dielectric) and titania (e.g. high thermal stability, strength,
hardness, UV absorbance and high refractive index), even
acquiring some special or novel properties due to their special
microstructures, thus can be potentially used in many fields such
as electrical, optical, structural, photoelectrical, nonlinear optical
materials, plastics, rubbers, fibers, coatings, inks, etc. [1-8].

These hybrid materials were usually prepared via sol-gel
process [9-16]. For examples, Lee and Chen [17] reported the
preparation of PMMA/titania hybrid films with 3-(trimethox-
ysilyl)propyl methacrylate as the coupling agent via in situ sol—
gel process. Sarwar and Ahmad [18] prepared titania-aramid
hybrid materials using a sol-gel process and aminophenyl-
trimethoxysilane was used to improve their compatibility.
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Lu et al. [19] entrapped polythiourethane with 3-(isocyanato-
propyltriethoxysilane, then mixed with titanium n-butoxide
and subsequently carried out a sol-gel process to obtain hybrid
optical films. Wu [20] employed acrylic acid as a modifier to
obtain polycaprolactone-g-acrylic acid/TiO, hybrid films. Yeh
et al. [21] successfully prepared PMMA/TiO, using 2-hydro-
xyethyl methacrylate as coupling agent. We also successfully
prepared a series of transparent polyacrylate/TiO, hybrid
materials with titania sol and acrylic acid or 3-(trimethox-
ysilyl)propyl methacrylate as function monomers [22-24].

In this paper, we first prepared polyester polyol/titania
hybrid resins by use of titania sols from the hydrolysis and
condensation of titanium n-butoxide under acidic condition,
the hybrid resins were then cured by isocyanates to obtain
polyester-based polyurethane/titania hybrid films. Since the
esterification process usually contains a lot of -COOH and
—OH groups and these groups can easily react with —OH or
—OR groups at titania during preparing hybrid resins, the
titania phase and polyester (polyurethane) phase should have
very different interactions from these systems reported
previously. Obviously, those interactions can further
influence the microstructure, and possibly improve
some performances of polyurethanes since polyester-based
polyurethanes have been widely used in automotive coat-
ings, coiling coatings, machine coatings, wood coatings
and etc.
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2. Experimental
2.1. Materials

Titanium n-butoxide (Ti(OBu")), acetylacetone (acac),
absolute ethanol (99.7%) and hydrochloric acid (37%) were
purchased from Sinopharm Group Chemical Reagent Co. Ltd.
Phthalic anhydride (98%), adipic acid (99%), 1,4-butanediol
(98%), neopentyl glycol (98%) and 4-methyl-2-pentanone
(96%) were supplied from Bayer Company. Catalyst:
dibutyltin dilaureate (99%) and crosslinking agent: isophorone
diisocyanate (IPDI) trimer (solid content: 70%, NCO: 12%)
was supplied from Degussa Corporation. All the ingredients
were used as received.

2.2. Preparation of titania sols

68.1 mL (0.2 mol) of Ti(OBu"), and 20.5 mL (0.2 mol) of
acac (served as ligand) were first dissolved into 40.0 mL of
EtOH by stirring at room temperature in a 250 mL three-neck
flask, then heated to 500 °C and kept at that temperature for
0.5 h, followed by slowly dropping the solution of 0.01 mol of
hydrochloric acid, water (molar ratio of H,O/Ti(OBu"),=1, 2,
4 and 8, respectively) and 40.0 mL of EtOH over a period of

0.5 h, and kept at 50 °C under vigorous stirring for another 5 h
to form yellow transparent sols.

2.3. Preparation of polyester /titania hybrid resins

Polyester polyol resin was synthesized in a 500 mL round-
bottomed flask equipped with a mechanical stirrer, a thermometer
with a temperature controller, a N, inlet, a Graham condenser and
a heating mantle. Pathalic anhydride, adipic acid, neopentyl
glocyl and 1,4-butanediol with the molar ratio of 1:4.95:1.36:6.98
were charged into the flask and heated to around 120 °C at a slow
stream of N,, then 0.05 wt% of dibutyltin dilaurate based on the
total weight of monomers was added as the catalyst. The reaction
was carried out at 165 °C for 4 h.

For polyester/titania hybrid resins, titania sol was mixed
with the monomers, then the condensation polymerization was
carried out according to the process as described above.

2.4. Preparation of polyurethane/titania hybrid films

The polyester/titania hybrid resins were mixed with IPDI
trimer based on the molar ratio of NCO/OH=1.1:1 and solid
content was adjusted to 60 wt% by adding 4-methyl-2-
pentanone at room temperature, then 0.05 wt% of dibutyltin
dilaurate based on the total weight of the hybrid resin and IPDI
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Fig. 1. The schematic diagram of the reaction processes for the preparation of (a) titania sol; (b) polyester/titania hybrid resin; (c) polyurethane/titania hybrid film.
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trimer on solid was mixed thoroughly with the solution. The
polyurethane/titania hybrid films with ~45 um thickness were
prepared by casting the above solutions onto clear glass
substrates, then cured at room temperature for a week and
further at 100°C for 0.5h before SAXS and DMA
measurements. For UV-vis spectroscopy analysis, approxi-
mately ~20 um thick films were prepared via casting the
above solutions onto the quartz glass substrates and curing in
the same way.

The detailed schematic diagram of the reaction process is
displayed in Fig. 1.

All polyurethane/titania hybrid samples are labeled as
PUTa-b, where PU means polyurethane, Ta indicates the
different titania sols, a represents the molar ratio of H,.
O/Ti(OBu™)4 and b the theoretical titania content in poly-
ester/titania hybrid resin. For an example, the sample PUT2-3
indicates the polyurethane/titania hybrid film is obtained from
polyester/titania hybrid resin containing 3—wt% T2 titania sol.

2.5. Characterization

2.5.1. Viscosity measurement

The viscosity of polyester/titania hybrid resins were
determined by a NDJ-1A rheoviscometer (Shanghai Shengdi
Technology Development Corporation, China) at 20+ 1 °C.

2.5.2. SAXS analysis

SAXS analyses were performed on a PW 1700 X-ray
scattering instrument (Philips Company, Holland) using copper
radiation with A=0.154 nm and pinhole collimation of the
incident beam. Background collection was performed under
the same conditions as the sample data collection. The
background counts were scaled and removed from the
scattering beam.

2.5.3. AFM observation

AFM topographic images were obtained using Multimode
Nanoscope B instrument (Digital Instrument Inc., USA) with
noncontact tapping mode with a silica probe (NSC 11) and a
frequency of 463 kHz. The roughness analysis was performed
on the dimensions of 2 X2 pm?”. The average surface roughness
(Ra) and root mean square roughness value (Rms) were
obtained by averaging the results from five AFM images.

2.5.4. DMA measurement

Dynamic mechanical analysis was carried out on DMA 242
(NETZSCH Inc., Germany). The samples were quickly cooled
to —50 °C and equilibrated at that temperature for 3 min, then
heated to 120 °C at a frequency of 1 Hz with a constant heating
rate of 5 °C/min under nitrogen atmosphere.

2.5.5. Tensile property

Tensile properties were acquired by an Instron DXLL 1000-
20000 machine (Shanghai, China). The specimens for tensile
tests were dumbbell cut from the molded polymer films
according to Die C of ASTM-D412, and carried out at a
crosshead speed of 200 mm/min. A 20 mm benchmark and the

original cross-sectional area were utilized to calculate their
tensile properties. The tensile strength, tensile modulus and
elongation at break were automatically calculated by the
computer connected to the Instron. The average of at least five
measurements for each sample was reported.

2.5.6. Abrasion resistance

Abrasion resistance was determined according to national
standard of China GB1768-79. The coated round glass boards
were rubbed for 200 cycles by 120# rubber abrasive wheel
under 1 kg load. The abrasion resistance was evaluated from
the average weight loss of five parallel tests.

2.5.7. Macro-hardness

Macro-hardness of the coats was determined using a
pendulum hardness tester (BYK Gardner, Germany). The
time swinging from 6 to 2° for the pendulum on the glass with
and without polymer hybrid coats were named as ¢ and f,
respectively. The ratio of #/ty was regarded as the macro-
hardness.

2.5.8. UV—-vis spectra

The absorbance and transmittance spectra of the hybrid
films in the range of 200-700 nm wavelength light were
determined with a UV-vis spectrophotometer (UV-3000,
Hitachi, Japan) at a scanning speed of 300 nm/min.

3. Results and discussion
3.1. Viscosity of polyester/titania hybrid resins

The viscosity of polyester hybrid resins can reflect the
interactions between the components of the system. Fig. 2
shows the typical viscosity curves of polyester/titania hybrid
resins as a function of titania content. It was found that the
viscosity obviously increased as titania content increased,
especially at high titania content. This was because the titania
obtained under acid condition was primarily composed of
network structure with large amount of —-OH and —-OC4Hy
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Fig. 2. Typical viscosity variation of polyester/titania hybrid resins with titania
content.
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Fig. 3. Effect of the types of titania sol on the viscosity of polyester/titania
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groups [24]. When it was embedded into polyester resin via
in situ method, the condition of esterification reaction could
further make some reactions between titania networks
themselves or between titania networks and monomers or
oligomers with —OH or -COOH groups. Thus the titania phase
could act as physical or chemical crosslinking points,
increasing the viscosity of polyester resin. Obviously, the
more the titania was introduced, the more the crosslinking
points formed, the higher the viscosity was.

The effect of the types of titania sols on the viscosity of
polyester/titania hybrid resins was displayed in Fig. 3. It could
be seen that titania sols produced at less water content caused
much higher viscosity of hybrid resin. This could be explained
as follows: in the sol-gel process of Ti(OBu"),, less water
meant more —OC4Hy groups remaining in the corresponding
titania networks [23,24], which availed forming more chemical
interactions especially between titania networks and polyester
segments through the condensation reaction of the —OC4Hq
groups and —OH groups, increasing the viscosity of the system.

3.2. Microstructure of polyurethane/titania hybrid films
by SAXS

The microstructure of the titania phase in the polyuretha-
ne/titania hybrid films was characterized by SAXS through two
parameters: radius of gyration (R) and fractal dimension (D),
measures of the mean-square distance of the scattering centers
within inorganic domains from the center of gravity and the
compactness of inorganic domains, respectively. R, can be
calculated from the slope in the linear region of a plot of
In({(q)) versus qz, according to Guinier’s relation[25,26]:

1(q) < exp(—¢*R3/3) (1)

where I(g) is scattering intensity, scattering vector g = (47/A)
sin(260/2), 20 is the scattering angle and A is the wavelength of
the beam. D can be obtained from Porod plot, namely a log—log
plot of SAXS data. The slope of the linear region in the Porod
plot is called the Porod slope (P). For —3 <P <0, objects are
considered as mass fractal in three-dimension with fractal

dimension (D,,) ranging from 0 to 3 (P= —D,,), while for
—4<P< —3, objects are surface fractal with fractal dimen-
sion (D) ranging from 2 to 3 (P=D;—6) [25,27].

Fig. 4(a) demonstrated the SAXS profiles of the pure
polyurethane and the hybrid films with different content T4 as
examples. The pure polyurethane had almost zero scattering
intensity. However, all the hybrid films exhibited high
scattering intensity resulting from the relative electron density
difference between polyurethane and titania-rich phase. More-
over, the scattering intensity increased with higher titania
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Fig. 4. SAXS profiles of PUT4-4, PUT4-6 and PU4-8 (a) and their
corresponding Porod plots (b) and Guinier plots (c).
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corresponding Porod plots (b) and Guinier plots (c).

content, indicating an increase in phase separation or a
decrease in miscibility [26]. Meanwhile, a scattering peak
was also observed for all hybrid films, which meant the
existence of the short-range periodicity of titania-rich domains.
As we know, the scattering peaks could also be used to estimate
the average distance between the titania-rich domains by
calculating the interdomain spacing ds=27/qax, Where gmax
was the scattering vector at the peak maximum [28]. As the
titania content increased, the ¢n.. values decreased from

0.040 nm ™~ ' (PUT4-4) to 0.035 nm ™' (PUT4-8), correspond-
ing d values increased from 157 to 179 nm, indicating a slight
increase of the distance between the titania-rich domains.
Fig. 4(b) and (c) manifested the corresponding Guinier and
Porod plots showing linear regions. The radius of gyration (R,)
and fractal dimension (D) calculated from the linear region
were also given in the figures. All of the D values of hybrid
films were lower than 1.0, see Fig. 4(b), suggesting titania-rich
domains with mass fractal dimension and very open structure.
As titania content increased, D values decreased from 0.65
(PUT4-4) to 0.52 (PUT4-8), corresponding R, values increased
from 8.33 to 10.38 nm, see Fig. 3(c), indicating that the titania
networks interacted with each other through chemical reaction
or hydrogen bonding during esterification process, forming
looser but bigger titania-rich domains in hybrid films at higher
titania content.

When titania sols changed from T8 to T4 and T2, all of the
SAXS profiles of hybrid films revealed a sharp scattering peak,
as displayed in Fig. 5, and their scattering density increased
correspondingly, indicating that there were titania-rich
domains with short range periodicity structure in all the hybrid
films, and their extent of phase separation increased while
miscibility decreased as water content decreased in the sol—gel
process. The g,.x values decreased from 0.047 nm ! (PUT8-4)
to 0.033nm~' (PUT2-4), see Fig. 5(a), corresponding d;
values increased from 133 to 190 nm, D values increased from
0.55 to 0.96 while R, from 8.29 to 10.97 nm, see Fig. 5(b) and
(c), indicating the titania-rich domains became compacter and
larger while distance between them became longer in hybrid
films as water content decreased in the preparation of titania
sol. Although less water was in favor of the formation of titania
networks with looser even nearly linear structure (such as T2)
in the preparation of titania sol, these titania networks with
more —OC4Hy groups remained not only more easily chemical
bonded with polyester oligomers or monomers but also more
easily condensed between these embedded titania networks
themselves in the environment of esterification, so the new
formed titania-rich domains in the hybrid have both much
compacter and larger microstructure.

3.3. Morphology of the hybrid films by AFM

The three-dimension AFM images of the pure polyurethane
and hybrid films embedded by different titania sols were
displayed in Fig. 6, corresponding surface roughness values
were summarized in Table 1. No obvious agglomerates were
observed in all of the surfaces of hybrid films compared with
the pure polyurethane, which meant a good miscibility and the
titania-rich domains dispersed into polyurethane in nano-scale.
As the introducing titania sols changed from T2 to T4 and T8,
no obvious changes appeared for the corresponding hybrid
films shown in Fig. 6(b)-(d), respectively, but corresponding
Rms or Ra values decreased slightly as Table 1 revealed, which
might be related to the existence of titania-rich domains in
hybrids with smaller and softer structure as indicated by SAXS.
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Fig. 6. AFM images of pure polyurethane (a) and typical polyurethane hybrid films PUT2-4 (b), PUT4-4 (c) and PUTS8-4 (d), respectively.

3.4. DMA analysis

The storage modulus (E') and tand as a function of
temperature for the pure polyurethane and the hybrid films
were shown in Figs. 7 and 8. The temperature at the peak of the
tan 0 curve is defined as the glass transition temperature (1)
and the height of the tan 6 peak regarded as relaxation strength.
Meanwhile, the crosslinking density (v.) of the hybrid films can
be calculated according to the following equation [29]

/

~ GRT)

Ve (T>Ty 2)
where R is the gas constant and 7 is the absolute temperature.
The equation is effective only when 7T is more than 50 °C above
T,. Herein, the E' value at 130 °C was adopted. All of the
corresponding data were summarized in Table 2.

Fig. 7 showed that the hybrid films had higher E’ value than
pure polyurethane, and the E' value gradually increased with
increasing titania content. Correspondingly, the tan ¢ peaks
became broader and shifted to higher temperature. The data in
Table 2 further revealed that the T, increased from 61.1 to
84.2 °C and the crosslinking density from 1.55 to 6.17 mol/m®
as the titania content in hybrid resin changed from 4 to 8 wt%
(see the samples PUT4-4, PUT4-6 and PUT4-8). More
polyester segments bonded with titania networks should be
responsible for the higher crosslink density and higher 7, of the
hybrid films at higher titania content, which agreed with
the variety of viscosity with titania content. Meanwhile, the

broader tan ¢ peak and lower relaxation strength of the hybrid
film with higher titania content also indicated that more organic
segments were chemically bonded or entrapped within
inorganic domains [30].

Fig. 8 demonstrated that the E' of polyurethane/titania
hybrid film increased in the order of PUT8-4 <PUT4-4<
PUT2-4, and the tan 6 peak became broader and shifted to
higher temperature correspondingly. The data in Table 1
showed that the corresponding T, increased from 56.8 to
64.2°C and the crosslinking density from 1.06X107? to
2.01 X 10~? mol/m*, indicating more ~OC4Hy groups remain-
ing in the titania sol caused more interaction between titania
networks and polyester segments.

3.5. Mechanical properties of hybrid coats

Table 3 summarized the tensile properties, abrasion
resistance and macro-hardness of the polyester-based poly-
urethane/titania hybrid coats. Comparing with the pure
polyurethane, the hybrid coats had higher tensile strength,

Table 1

Rms and Ra of pure polyurethane and corresponding hybrid films
Sample Rms (nm) Ra (nm)
PU 0.242 0.182
PUT2-4 0.276 0.221
PUT4-4 0.261 0.208
PUTS8-4 0.251 0.184
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Fig. 7. Effect of the titania content on the E’ (a) and tan 6 (b) curves of the
hybrid films.

modulus, abrasion resistance and hardness except for elonga-
tion at break. Moreover, the tensile strength, modulus, abrasion
resistance and hardness obviously increased as the titania
content increased (see the samples PU4-4, PU4-6 and PU4-8).
The types of titania sol also influenced the tensile properties of
the hybrid films. The tensile strength, modulus, abrasion
resistance and hardness increased in the order of PUTS8-4 <
PUT4-4 <PUT2-4, in consistent with the DMA results,
suggesting that more interaction between organic matrix and
titania phase caused better mechanical strength, abrasion
resistance and hardness.

3.6. Optical properties

Fig. 9 shows the UV-vis absorbance and transmittance
spectra of pure polyurethane and the typical hybrid films. For
the pure polyurethane film, there was almost no absorption in
the range of 290-400 nm wavelength. When titania was
introduced into the polymers, obvious absorbance in the UV
region was observed, and this absorbance increased signifi-
cantly with increasing titania content. As we knew, titania bulk
material had a band-gap of 3.2eV (absorption edge at
387.5 nm) [31], the band gap shift >E, dependence of the
radius R was [32]:
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Fig. 8. Effect of the titania sols prepared at different water content on the E' (a)
and tan 6 (b) curves of the hybrid films.

Table 2
DMA data for the pure polyurethane and the polyurethane/titania hybrid films
Sample E' (MPa) v X 107 T, (°C) Relaxation
(mol/m3) strength
PU 0.49 0.49 50.4 1.15
PUT2-4 2.01 2.01 64.2 0.69
PUT4-4 1.55 1.55 61.1 0.78
PUTS-4 1.06 1.06 56.8 0.81
PUT4-6 2.83 2.82 76.3 0.64
PUT4-8 6.17 6.17 84.2 0.59
Table 3

Tensile properties, abrasion resistance and macro-hardness of polyurethane and
polyurethane/titania hybrid coats

Sample Tensile Elonga- Tensile Weight Macro-
strength tion-at- modulus loss (g) hardness
(MPa) break (%) (MPa)
PU 8.2 178 91 0.025 0.20
PUT4-4 14.5 125 167 0.017 0.31
PUT4-6 17.5 83 217 0.015 0.37
PUT4-8 26.8 56 278 0.013 0.42
PUT2-4 18.3 127 232 0.016 0.32
PUTS8-4 11.2 132 143 0.021 0.24
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n* 1.8
A = SR T eR ©)
where h is Planck’s constant, M is the reduced effective mass of
the electron, e is the electron charge, ¢ is the dielectric constant
of the solid. The first term, proportional to R ™2, is the shift to
higher energy gap due to quantum localization, while the
second term, proportional to R ', is the shift to lower energy
gap due to the electrostatic interaction between the electron and
the hole. When the size of titania was small enough, especially
lower than 10 nm, the band gap value increased dramatically
with the decrease of titania size, leading to the blue-shift of
absorption edge for titania phase due to a quantum size effect
[33]. Similar to the tendency of titania matrix with rutile or
anatase structure, Fig. 9 also revealed a blue-shift of absorption
edge for the titania phase with amorphous and open network
structure in hybrid. All of the transmittance spectra of the
hybrid films exhibited excellent optical transparence in the
visible range (400-700 nm), which was due to the smaller size
of titania phases in hybrid than that of visible light. The
transmittance in the UV region decreased with increasing
titania content in the hybrid films, suggesting that the
polyester-based polyurethane/titania hybrid films could
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Fig. 10. Effect of the types of titania sol on the UV—vis absorbance spectra of
the polyurethane/titania hybrid films.

improve the UV shielding property of the polymer without
decreasing the transparence.

Fig. 10 showed the effect of the type of titania sol on the
UV-vis absorbance spectra of the hybrid films. All of the
hybrid films had strong absorbance in the UV region and good
transparence. As the titania sol changed from T2 to T4 and T8,
the UV absorbance of the corresponding hybrid film gradually
reduced, probably because of looser and smaller titania-rich
domains in hybrid film obtained at more water content as
SAXS measurements.

4. Conclusions

Transparent polyester-based polyurethane/titania hybrid
films were successfully prepared via in situ method using
titania sol from the hydrolysis and condensation of titanium
n-butoxide under acidic condition. The more the titania, or the
titania produced at less water content was embedded, the
higher viscosity of hybrid resin was. SAXS measurements
indicated the titania-rich domains in the hybrid films had mass
fractal dimension and very open network structure. The more
titania was embedded, the larger and looser the titania phase in
the hybrid film was, while the titania obtained by less water, the
larger and denser the titania phase in the hybrid film was. The
more titania, or the titania from less water was introduced, the
higher the T, modulus, tensile strength, abrasion resistance,
hardness and UV absorbance of the hybrid films were. This
meant that the transparent polyester-based polyurethane/titania
hybrid films with improved UV-shielding and mechanical
properties could be prepared by this approach.
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