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A novel nanocomposite that consists of polysilicic acid nanoparticles (PSA)/waterborne
polyurethane (WPU) was prepared. The nano-size distribution of PSA particles were
measured using the dynamic light scattering method. Nanocomposites were monitered
and characterized by Fourier-Transform Infrared spectrophotometer (FT-IR). Si-mapping was
used to elucidate the dispersion of silica in the nanocomposite. Morphological
investigations revealed that PSA nanoparticles were well dispersed in waterborne
polyurethane matrix on the nano-scale (100 nm). Thermal characteristics indicated that
adding PSA increased the thermal degradation temperature by 43°C when the content of
polysilicic acid nanoparticles was 5 wt%. Mechanical property tests demonstrated that
adding polysilicic acid nanoparticles improved the tensile properties (by more than 100%),
and reduced the wear index. Oxygen permeability tests showed that introducing the PSA
nanoparticles increased the oxygen permeability of the nanocomposite.

© 2005 Springer Science + Business Media, Inc.

1. Introduction

In the past decade, the synthesis and characterization
of inorganic-organic hybrid materials by the sol-gel
process have received great attention [1-3]. For exam-
ple, flexible polymers with high modulus, along with
the high thermal stability and good optical properties
of inorganic glasses can be prepared. The properties
of the inorganic-organic hybrid materials are depen-
dent on the nature and relative content of the consti-
tutive inorganic and organic components [4—7]. The
basic sol-gel process involves the hydrolysis and poly-
condensation reactions of metal or silicon alkoxide,
e.g. Si(OEt)4 or Si(OMe),, which are governed by the
value of pH, solvent, catalyst and temperature [8]. The
drawbacks of traditional sol-gel process are the tedious
preparation procedure and the difficulty to control the
reaction.

Polyurethane (PU) is globally used on a large scale
for adhesive, coating, and cast applications due to its
high toughness, high impact strength, and so on. The
phase separation between inorganic and organic com-
ponents may take place and will deteriorate the prop-
erties of the materials [1]. Water dispersions, lattices
or emulsions of polyurethane elastomers or coating
permit the application of polyurethanes from an aque-
ous medium. For waterborne polyurethane (WPU) sys-
tems, only water was evaporated during the drying pro-
cess, thus rendering these systems safe with regard to
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the environment. They are non-toxic, non-flammable
and do not generate polluted air or wastewater
[10-13].

With the aim of exploring the so-called “high-
performance” materials, a combination of organic poly-
mers with inorganic materials has been examined. Ad-
dition of a filler of ultrafine particle such as silica gel,
polysilicic acid nanoparticles, calcium carbonate, or
carbon black to organic polymer has been utilized to
prepare composite materials of high strength [14-20].

Composites containing polysilicic acid nanoparticles
(PSA) is one of the most interesting research topics in
the recent years [21-23]. The polysilicic acid nanopar-
ticles, which contain many silanol groups on the surface
of the particle, which could be directly, incorporated
with the SiOEt groups in the waterborne polyurethane
(WPU). When the solvent and water were removed, the
nanocomposites were obtained.

This study presents the novel synthesis approach
of nanocomposites from waterborne polyurethane and
polysilicic acid nanoparticles. This modified sol-gel
process overcame the drawbacks of the traditional sol-
gel process, and eliminated the need for a tedious man-
ufacturing procedure. Several characterizations mea-
surements of nanocomposite were also conducted in
this study. The thermal mechanical properties and
oxygen permeability of hybrid materials with various
ratios of WPU/PSA were studied.
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2. Experimental

2.1. Materials

The 3-isocyanatemethyl-3,5,5-trimethyl-cyclohexy-
lisocyanate (IPDI) was purchased from the TCI Co.,
Tokyo, Japan. Neopentylglycol (NPG) and Poly-
caprolactone (PCL) with molecular weight 1250 were
obtained from Solvay Interox Company, Cheshire,
UK. The catalyst, stannous 2-ethylhexanoate, is
purchased from Sigma-Aldrich Co., USA. Emul-
sifier used in this study is sulfonate tertiary amine
(DS-200, MW ~ 250), which is received from
HOPAX company, Taiwan. Coupling agent used is
3-aminopropyl-triethoxysilane (APTS) (Fluka, Chem-
icals, Milwaukee, WI, USA); Sodium metasilicate
nonanhydrate was received from Acros Organics,
Geelwest, Belgium.

2.2. Synthesis of polysilicic acid
nanoparticles/waterborne polyurethane
nanocomposite

2.2.1. Preparation of polysilicic acid

nanoparticles (PSA)

30 g sodium metasilicate (Na;Si03-9H,0) was dis-

solved in 10~* m? water and then added the solution

into 2.5 N 10~ m? hydrochloric acid solution with

stirring at 0°C in 10 min. Then 10~* m® THF and 60 g

NaCl were added into the solution subsequently. After

stirring vigorously for 15 min, the reaction mixture was

allowed to stand for 10 min. The organic layer (THF
layer) was separated and dried with 30 g of anhydrous
sodium sulfate. The size of the PSA particles in THF
solution was investigated by dynamic light scattering
(DLS) measurement. The synthesis procedures were
shown in Scheme 1.

Aqueous solution

H.0 |
Nazsi03 .

Hydrolysis
|

2.2.2. Preparation of WPU/PSA hybrid
materials

The prepolymer was prepared by reacting 0.025 mol
PCL, 0.11 mol IPDI and 2 x 1077 m?l stannous 2-
ethylhexanoate with acetone at 70°C for 8 h, then
0.0125 mol of DS-200 (contain sulfonic acid group)
was (dissolved in THF solution) added and stirred at
70°C for 5 h 0.0375 mol NPG was added into the poly-
mer solution at 70°C for 3 h. The solution of 0.025 mol
coupling agent in 5 x 10~ m? DI water was dropped
into the polymer solution by micro-tube pump. Then
the preparation of WPU was completed.

PSA-THF solution was added into the WPU solu-
tion according to the different contents of 0, 5, 10,
15, 20 wt% of PSA. The mixture was stirred at room
temperature for 1 h. Films of hybrid materials with uni-
form thickness were then obtained by removing THF
and excess H,O in vacuum at 100°C after the mixing.
The synthesis procedures were shown in Scheme 2.

2.3. Characterization and property
measurements
2.3.1. Dynamic light scattering (DLS)
measurement
The DLS measurement for particle size distribution
of PSA was performed with a Malvern series 4700
apparatus (Malvern Instrument, Worcestershire, UK).
A 2W argon-ion laser operating at a power of 500 mW
with a wavelength of 514.5 nm was used as the light
source, which was focused on the sample cell within
the temperature 25.0 = 0.1°C, and with the scattering
angle at 90°.

2.3.2. Fourier transfer infrared
spectroscopy (FTIR)

FT-IR spectra of polysilicic acid nanoparti-

cles/waterborne polyurethane nanocomposite were

9H,0 ——> a4 — $i—ONa

aq— Sli— ONa + HCl — aq — Sli— OH + NaCl

Condensation

I | Hal
— Sll— OH + HO— Sll— Em—

Extraction

NaCl
aq —Si— OH + THF —> THF — Sli— OH + aq

Net Reaction

1. HCI/H,O

NaZSiO3 . 9H'_70

2. THF/NaCl

Scheme 1 Procedures for preparing polysilicic acid nanoparticles.
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Scheme 2 The synthesis mechanism of polysilicic acid nanoparticles/waterborne polyurethane nanocomposites.

recorded between 400—4000 cm~' on a Nicolet
Avatar 320 FT-IR spectrometer, Nicolet Instrument
Corporation, Madison, WI, U.S.A. The polysilicic acid
nanoparticles/waterborne polyurethane nanocomposite
sample was coated on a KBr plate. A minimum of 32
scans was signal averaged with a resolution of 2 cm™!
within the 400-4000 cm~! range. The characteristic
absorption peaks of functional group were detected
and monitored during the synthesis reaction such
as N-H stretching at 3500 cm™!, O-H stretching at
3300 cm~!, NCO stretching at 2270 cm~!', C=0
stretching of urethane at 1740 cm~!, C=0 stretching
of urea at 1660 cm~! and Si—O asymmetric stretching
at 1150 cm™!.

2.3.3. Scanning electronic microscopy
(SEM)

Surface morphology of polysilicic acid nanopar-
ticles/waterborne polyurethane nanocomposite were
investigated by Scanning Electron Microscope
(HITACHI-S4700, S570, Tokyo, Japan). The fracture
surfaces were sputter coated with gold prior to scan-
ning. The distributions of Si atoms in the hybrid cream-
ers were obtained from SEM EDX mapping. The white
points in the figures denote the Si atoms.

2.3.4. Tensile properties

Polysilicic acid nanoparticles/waterborne polyurethane
film were cut into dumb-bells shape according to the
ASTM D683 testing method by Instron testing machine
(type: Mini 44). The crosshead speed was 2 mm/min.

The dimensions of samples were 6.0 x 5.0 x 1.4 mm
(Iength x width x thickness). Six specimens were
tested in each case. All tests were performed at am-
bient temperature of 25 + 2°C.

2.3.5. Wear properties

A 10 x 10 cm film was prepared and then fixed it
on wearing machine (type: PT-3050 Taber, Perfect In-
ternational Instrument., Taiwan) with 1 kg load. The
weight loss was measured after 500, 1000, 1500, 2000
and 3000 wearing cycles by ASTM D4060-90 method.
The wear index I was calculated as: I = (W, — W,)/C)
x 1000, where W is the original weight of sample, W,
is the weight after wearing, and C is the wearing cycles.

2.3.6. Differential scanning calorimetor
(DSC) analysis

Samples were carried out for differential scanning
calorimeter (DSC) analysis under a N, atmosphere with
a TA Instruments DSC 10 (U.S.A.). Samples were first
placed in a vacuum oven at 100°C for 24 h before being
sealed in an aluminum sample cell then held at 100°C
for 10 min and was quickly put into liquid nitrogen un-
til the temperature reached at —100°C to obtain amor-
phous samples. These amorphous samples were then
heated again to 100°C at a heating rate of 10°C/min.

2.3.7. Gas permeability
Pure oxygen permeability of nanocomposite film
(80-100 pm) was collected by apparatus shown in
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Scheme 3 The apparatus for gas permeability measurement.

Scheme 3. The permeability coefficient, diffusivity co-
efficient and solubility coefficient were calculated by
the following equations:

(a) Permeability coefficient, P, was determined by
Equation 1 at the steady state.

273><VxLx“’d—’J
P = - (1)
760 x T x A x (Pu— Pd)

where Z—’t’ is the derivative of P4 versus ¢, L is film
thickness, V is the volume of permeation cell, T is the,
temperature, A is the cross section area of nanocom-
posite film, P, and Py is the input and output pressure
of film (but P, >>Py).

(b) Diffusivity coefficient, D, was determined by
time-lag method, as Equation 2:

L2

D= —
66

2)

where © is the time value of straight line crossing the
time-axis in the figure of P4 versus .

(c) Solubility coefficient, S, was determined by
Equation 3:

P=DxS§ 3)

3. Results and discussion

3.1. Particle size of PSA

The particle size of PSA prepared by hydrolysis and
condensation of sodium metasilicate in 2.5 N HCI so-
lution was measured by DLS. Fig. 1 indicates that the
particle size of PSA range from 3 to 25 nm, and the aver-
age size is 9 nm in THF solution in the steady state. PSA
particles can be effectively dispersed in THF solution
on the nano scale, so PSA can be dispersed in water-
borne polyurethane prepolymer to form the nanocom-
posite using conventional stirring machine.
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Figure I The particle size distribution of PSA in THF solution at steady
state.

3.2. Characterization of waterborne
polyurethane

The structures of the polysilicic acid nanoparti-
cle/waterborne polyurethane nanocomposite coatings
were analyzed by FT-IR, as depicted in Fig. 2. Fig. 2a
reveals that the —OH group characteristic absorption
peak was broad at 3200 cm~!. It indicated that the
hydroxyl group was attached to the surface of PSA
nanoparticles. Fig. 2b indicates that the WPU re-
acted with coupling agent, because C=0O stretching
associated with urea appeared at 1650 cm™!. It also
demonstrates an asymmetric stretching of S=0O at
1150 cm~!. The S=O absorption peak revealed that
sulfonic acid emulsifying agent was grafted to the
polymer chain. When the reaction was completed, the
N=C=O0 stretching group of IPDI at 2270 cm™! disap-
peared completely. The C=O0 stretching of urethane at
1735 cm~! appeared and became stronger in the sec-
ond step. The asymmetric stretching peak of Si—O-Si
bonding at 1100 cm~! was also clear.

3.3. Morphological characteristics
The morphology of the fractured surfaces was observed
using SEM. The mapping technique was employed
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Figure 2 (a) FT-IR spectra of PSA nanoparticle and (b) FT-IR spectrum of polysilicic acid nanoparticles/waterborne polyurethane nanocomposites

for functional group identification.

to elucidate the distribution of PSA nanoparticles in
a hybrid matrix. Figs 3 and 4 present the SEM mi-
crophotographs and the EDX Si-mapping of polysilicic
acid nanoparticles/waterborne polyurethane nanocom-
posites. In Figs 2 and 4, the white dots represent the
PSA nanoparticles. Fig. 3 reveals that the particles with
15 wt% PSA content in the polymer matrix were ef-
fectively dispersed, and the particle size was approxi-
mately 50 nm or smaller (since the limitation of SEM,
the particle size of PSA that can be observed and recog-
nized is around 50 nm). Fig. 4 illustrates the aggrega-
tion of PSA nanoparticles when the content exceeded
20 wt%.

3.4. Thermal degradation characteristics

Fig. 5 shows that adding more PS A nanoparticles to the
polymer matrix increases the thermal degradation tem-
perature of hybrid materials. For instance, the thermal
degradation temperature associated with 10% weight
loss was 269.2°C for pristine waterborne polyurethane,
312.6°C for the nanocomposites with 5 wt% PSA con-
tent and 332.4°C for the nanocomposites with 20 wt%
PSA. PSA nanoparticles are inorganic material that ex-
hibits heat-resistance, so the presence of PSA nanopar-
ticles can retard thermal degradation or delay the onset
of the thermal degradation of the polystyrene. The char

yield of nanocomposites increased with PSA nanopar-
ticles content. PSA nanoparticles are more thermally
stable than waterborne polyurethane. The effective dis-
persion of PSA nanoparticles in the polyurethane ma-
trix can enhance the thermal stability of nanoparticles,
increasing the thermal degradation temperature of the
organic-inorganic hybrid.

3.5. Mechanical properties

3.5.1. Tensile properties

Table 1 summarizes the tensile properties of
polysilicic acid nanoparticles/waterborne polyurethane
nanocomposite. Adding polysilicic acid nanoparticles
to waterborne polyurethane increase the initial tensile
modulus of the composites. The tensile modulus of the

TABLE 1 Tensile property of polysilicic acid nanoparti-
cles/waterborne polyurethane nanocomposites (soft segment molecular
weight 1250) nanocomposite with different PSA contents

Silica contents ~ Young’s Max stress Elongation at
(Wt%) modulus (MPa) (MPa) break (%)

0 20.2 0.97 210

5 29.5 1.53 57.2

10 32.1 2.55 58.7

15 359 4.59 54.6

20 40.8 4.02 44.7
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Figure 3 (a) SEM of WPU/15% PSA nanoparticles and (b) Si mapping of WPU/15%PSA nanoparticles.

polysilicic acid nanoparticles/waterborne polyurethane
nanocomposite with 20 wt% silica increased from 20.2
to 40.8 MPa (101.9%). The polysilicic acid nanoparti-
cles play an important role in strengthening the com-
posites by effectively transferring the stress between
the silica and the polyurethane matrix.

3.5.2. Wear resistance

Fig. 6a and b indicate that the wear index declined as
the particles content increased (below 15 wt%) over
500 and 1000 wear cycles. The wear index was pro-
portional to the reciprocal of the wear-resistance. SEM
revealed that the particles were well dispersed in the
polymer matrix, suggesting that the nanocomposites
exhibit good miscibility between organic and inorganic
phases, so the wear resistance was enhanced by wear-
endurable PSA nanoparticle. The wear-resistance of the
nanocomposites was greatest at 15 wt% PSA nanopar-
ticle content.

3.6. Oxygen permeability

The oxygen permeability of nanocomposite dou-
bled increased from 4.56 x 10~ '!(cc-(STP)-cm)/(cm?
-sec-cmHg) to 9.24 x 10~!!(cc-(STP) -cm)/(cm?-sec
-cmHg) when the PSA content was 20 wt%, as indicated
in Table II. Table II also reveals that the diffusivity coef-
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TABLE II Oxygen permeation properties of WPU nanocomposites
with different PSA contents

PSA contents

(Wt%) P (x10') D (x10%) S (x10%)
0 456 121 3.76
5 7.55 16.8 0.45
10 8.17 13.4 0.61
15 8.71 223 0.39
20 9.24 20.3 0.46

ficient increased and the solubility coefficient fell as the
PSA content increased. The PSA particles increased the
free volume of polymer chain folding then increasing
the number of void of nanocomposite, that reducing
the mean free path of oxygen molecules, increasing
the oxygen diffusivity. However, oxygen is a non-polar
gas, so adding polar PSA nanoparticle to nanocompos-
ite reduces the solubility of oxygen. These two effects
compete; the oxygen permeability of nanocomposite
was increased by adding PSA nanoparticles after all.
To prove the free volume change, a dynamic scan-
ning calorimeter (DSC) was used to observe the T,
of nanocomposite. The results show that the T,s of
waterborne polyurethane, PSA/WPU nanocomposites
with 5 wt%, 10 wt%, 15 wt%, 20 wt% PSA contents are
—44.5°C, =33.5°C, —27.2°C, —24.1°C and —19.2°C,
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Figure 4 (a) SEM of WPU/20% PSA nanoparticles and (b) Si mapping of WPU/20% PSA nanoparticles.
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Figure 5 TGA results of polysilicic acid nanoparticles/waterborne polyurethane nanocomposites with different polysilicic acid nanoparticle contents.
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Figure 6 (a) Wear index of polysilicic acid nanoparticles/waterborne
polyurethane nanocomposites under 500 wear cycles and (b) Wear index

of polysilicic acid nanoparticles/waterborne polyurethane nanocompos-
ites under 1000 wear cycles.

respectively. From the results of T, measurements, it
may be concluded that the free volume of nanocom-
posite increase as the increase of PSA content.

4. Conclusions

Polysilicic acid nanoparticles/waterborne polyurethane
nanocomposites were successfully synthesized. This
modified sol-gel process overcame the drawbacks of
the traditional sol-gel process, and eliminated the need
for a tedious manufacturing procedure. FT-IR was used
to characterize the nanocomposite. SEM micropho-
tographs and Si-mapping of polysilicic acid nanoparti-
cles/waterborne polyurethane nanocomposite indicated
that polysilicic acid nanoparticles were well dispersed
in waterborne polyurethane. TEM microphotographs
revealed that the size of polysilicic acid nanoparticles
that remained in waterborne polyurethane nanocom-
posite was around 100 nm, indicating nano-dispersion
in the nanocomposites. The thermal properties of the
nanocomposite, measured by TGA, demonstrated that
adding polysilicic acid nanoparticles increased the tem-
perature of thermal degradation by 63°C when the PSA
nanoparticles were 20 wt%. Mechanical property tests
showed that adding polysilicic acid nanoparticles im-
proved the tensile properties (The tensile modulus in-
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creased by 101.9% when the polysilicic acid nanopar-
ticles content was 20 wt%). The wear properties of
polysilicic acid nanoparticles/waterborne polyurethane
nanocomposite were considerably improved. Introduc-
ing the PSA nanoparticles increased the oxygen per-
meability of the nanocomposite.
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