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Polyurethanes are functional polymers whose properties can be tailored
made by simply adjusting the compositionsto meet the highly diversified
demands of modern technology. The assembly of inorganic-organic
nanocomposite material s affords unique opportunities to create revolu-
tionary material combinations. These novel materials can have unex-
pected properties arising from the synergism between the components.
More and more attention is being paid to the incorporation of an inorganic
network such as a silica phase into an organic polymer matrix because
of the potential physical and chemical properties. In the past decade,
material scientists showed great interest in organi c-inorganic nanocom-
posites astheir gpplication could dramatically improve materia properties
such as heat resistance, radiation resistance, mechanical and electrical
properties and other propertiesin engineering plastics, enhanced rubber,
coatings and adhesives. The properties of nano-composites strongly
depend on the organic matrix, nanoparticles and the way in which they
were prepared. Many researchersstudied organi c/inorganic nanocomposite
systems and tried to understand the mechanism so as to obtain the
expected improvement over traditional organic materials. It wasfounded
that nano-silica could increase the hardness and scratch resistance of a
coating and keep it clear at the same time. Nano-silica could enhance
tensile strength and elongation of polyurethanes elastomer, although
themodulus and hardness were lower than the corresponding microsize
filled polyurethanes.
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INTRODUCTION

Polyurethane is a segmented block copolymer composed of alternating hard
and soft segments. Polyurethane has been extensively used due to its excellent
physical properties, e.g. flexibility at low temperature, abrasion resistance, variable
hardness, etc. However, polyurethane has drawbacks of low thermal stability and
mechanica strength. A great deal of effort has been devoted toimproving its properties
in recent years, which includes chemical modification to its molecular structure
and addition of inorganic filler (including clay and wollastonite). In general, the
addition of inorganic filler can strengthen polymer matrix without improving its
toughness or even reducing its elongation at break™*.



3314 Rad et al. Asian J. Chem.

More and more attention is being paid to the incorporation of an inorganic
network such as asilica phaseinto an organic polymer matrix because of the potential
physical and chemical properties™°. There are many methods for attaching polymer
chains onto nanoparticle surfaces, including chemisorption™, the covalent attachment
of end-functionalized polymers to a reactive surface (grafting-to)*? and in situ monomer
polymerization with the monomer growth of polymer chains from immobilized
initiators (grafting from)**,

Solvent and waterbased polyurethanes are modified to make it as advanced
materials either by varying polyurethane microstructures or by dispersing inorganic
fillers, especially through incorporation of nano-sized layered silicates within the
polyurethane continuous matrix. MMT, alayered silicate with lamellar shape, has
attracted intensive research interest recently, for the preparation of polyurethane/
clay nanocomposites. This is because the lamellar platelets of MMT display high
in-plane strength, stiffness and aspect ratio™*®. Depending upon the organization
of thesilicate layersin apolymer matrix, two types of morphology can be achieved
in the nanocompositesi.e., intercalated or exfoliated. In general, there are various
methods that can be used to prepare polymer/montmorillonite; exfoliation-adsorption,
in situ intercal ative polymerization, melts intercalation and template synthesis' %,
After the development of the nylo/MMT nanocomposite®, alarge number of new
polymer/clay nanocomposites based have been investigated® .

Inorgani c-organic nanocomposites can be prepared by directly blending organic
material swith inorganic nanoparticles or by asol-gel processwith ametal alkoxide
such as tetraethoxysilane (TEOS) for the silicon dioxide (SiO)-polymer system.
The most commonly used inorganic hanoparticlesare SiO,, TiO,, ZnO and CaCOs.
Of these, nano-silicawasfirst produced and studied in anumber of polymer systems.
For instance, Chang et al.?* introduced it into a poly(methyl methacrylate) matrix.

There are many papers in the literature about solvent-based polyurethane/clay
nanocomposites. These research papers have described the effect of incorporation
of nanolayers of mineral clay on the thermal stability®*', mechanical strength®*¥,
morphology and elasticity”® properties of these nanocomposites. Long chain
organoammonium compounds are widely used in the modification of pristine clay
andthere arerelatively few reports on the modification of clay by organosilanes®*.

It has been well established that the introduction of SIO, into a polymer matrix
can effectively improve the polymer's properties such as abrasion resistance, shock
absorption, surface hardness, modulus and so on. However, it is difficult for nano-
silica particles to be dispersed directly in the water phase without a surface pre-
treatment such as graft modification by a organosilane coupler®*. Even though
they can be dispersed temporarily, the nano-silica particles gather together in larger
aggregates finally because of their high surface energy.

To achieve the expected improvement by adding nanocomposites, understanding
how these nanoparticlesinfluence the organic matrix isimportant. Organic-inorganic
nanocomposites can be prepared by directly blending with nanoparticles and organic
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compounds or a sol-gel process with a metal akoxide. The most commonly used
inorganic nanoparticles are SiO., TiO,, ZnO, CaCO;, etc., of them, nano-silicais
the first nanoparticle produced and has been studied in alot of polymer systems.
For example, Kaddami et al.** and Hajji et al.*® had combined it with poly(HEMA)
and Chang et al.* filled it into poly(methyl methacrylate). Nano-silica could also
improve scratch resistance of a coating and keep the coating clear at the same
time®™. Petrovic et al.*® found that nanoparticle could enhance tensile strength and
elongation of polyurethane elastomer. In this project, nano-silicawas embedded in
the acrylic-based polyurethane, composition of the coatings at the surface and at
theinterface, hardness, abrasion resistance, static and dynamic mechanical properties,
scratch resistance and optical properties of the coatings were intensively investi-
gated by X-ray photoel ectron spectrometer (XPS), pendulum hardnesstester, Nano-
Indenter XP, Instron testing machine, dynamic mechanical analyzer (DMA), trans-
mission electron micrograph (TEM) and UV-Vis spectrophotometer. For the sake
of comparison, the effects of fumed silica and micro-silica on polyurethane properties
were also studied.

Preparation of silicon dioxide/polyurethane

By sol-gel process. The SiO,/polyurethane nanocompositesin which cationic
polyurethane was presented in aform of a microemulsion were developed to reduce
the surface energy of nano-silica®.

Organi c-inorgani c nanocomposites combine the advantages of organic polymers
(flexibility, ductility, dielectric strength, etc.) and those of inorganic materias (rigidity,
high thermal stability, UV-shielding property and high refractive index, etc.)*.
Moreover, they usually contain some special properties of nanoparticles and conse-
quently can be widely used in many fields such as plastics, rubbers, coatings, inks
and so forth. Generally, there aretwo typical kindsof organic-inorganic nanocompo-
sites, depending on the strength or level of interaction between organic and inorganic
phases. one involving physical or weak phase interaction (e.g., hydrogen bonding,
van der Waals forces) and another possessing a strong chemical covalent or ionic-
covalent bond between the organic and inorganic phases. The typical preparation
method, for the second kind of organic-inorganic nanocomposites, is the so-called
sol-gel technique. There are many nanocomposite polymers, especially containing
nano-SiO; or nano-TiO,, prepared by sol-gel approach and investigated by focusing
on how the nanoparticlesinfluence mechanical, thermal and optical properties and
so on, of the nanocomposite polymers and the relationship between structure and
properties.

Since the 1970s the sol-gel process has been used for the deposition of inorganic
mineralsin situ in an organic polymer matrix>*’. Starting materials for the sol-gel
process are metal alkoxides, M(OR)n and asmall amount of acid or base as catalyst.
Metal alkoxides are hydrolyzed and metal hydroxides, M(OH)n, are formed. The
reaction is shown as follows:

M(OR), + "H,O —— M(OH), + nROH
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whereM =Na, Ba, Cu, Al, Si, Ti, Ge, V, W, R = CH3, C;Hs, CsH7, C4Hs, ...; M(OH),
are reactive and threedimensional networks with—OOM OOOM - linkages, formed
by polycondensation® of M(OH), with M(OR), or M(OH)..

The diagrammatic sketch of micellesformed by cationic polyurethaneionomers
in water is shown in Fig. 1. According to the conclusion suggested by Lorenz**®
cationic polyurethaneionomersin water are stabilized because of the electric double
layer and solvent effect. Because the soft segment of cationic polyurethane is hy-
drophobic and the hard segment with NH_- is hydrophilic, the molecular chains of
cationic polyurethane can self-organize to micelles when dispersed in water. The
hydrophilic groupsin the micelles are on the surfaces of particles and hydrophobic
groups are crimped into the particles. The micelles make a Brownian motion and
positive charges are simultaneous with negative ones, so an electric doublelayer is
formed on the surface and there is a voltage between them. The voltage blocks the
aggregation of particles, causing them to act as a surfactant. At the sametime, there
are hydrogen bonds between the hydrophilic groups and water molecules and then
the particles are surrounded by alayer of water molecules.
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Fig. 1. Diagrammatic sketch of micelles formed by cationic polyurethane
ionomersin water [Ref. 23]

The microdomain structures of the polyurethane and SiO,/polyurethane were
analyzed by FTIR asshown in Fig. 2. From Fig. 2, the peaks that are characteristic
of polyurethane structure may be found in the curves for both polyurethane and
SiO,/polyurethane systems. In addition, there were some other peaks in the IR
spectra of SiO./polyurethane. The peak with a wave number of 3384 cm™; corres-
ponded to O-H stretching of Si-OH and the peaks at 1100 and 871 cm* were attributed
to SIOO0 stretching. It may thus be proved that the structure of polyurethane was
been affected by the presence of SiO,, implying that the SiO, did not react with the
polyurethane molecules. From which it may be seen that the silicon element wasin
the samplein addition to carbon and oxygen. Aswe know, there were no chargeson
the surface of SIO,; thus SO, particles themsel ves could not move toward the negative
electrode automaticaly during the electrophoresis process except by being encepsulated
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Fig. 2. FTIR spectra of pure polyurethane and SiO,/polyurethane nanocomposite with
theratio of 3:10 by weight between tetraethoxy silane and polyurethane [Ref. 23]

by cationic polyurethane micelles. Thus, we can say that TEOS had precipitated in
situ in the polyurethane matrix and then SiO./polyurethane nanocomposites could
be prepared by this method. Fig. 3 is the TEM micrograph of SiO,/polyurethane
nanocomposite coloured by phosphor wolframic acid. We can see clearly that the
SiO,/polyurethane nanocomposite particle is approximately round with a diameter
of about 90-100 nm.

100nm

Fig. 3. TEM image of SiO,/polyurethane nanocomposite with the ratio of 2:10
by weight between tetraethoxy silane and polyurethane
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The particle size of SIO,/polyurethane was reported larger than that of polyurethane
and the distribution wider. The size actually doubled going from pure polyurethane
to SiOJ/polyurethane nanoparticles. This is because polyurethane micelles could
effectively encapsulate TEOS, supplying microreactorsfor its hydrolysisand poly-
condensation. The electric double layer and solvent effect would block the aggre-
gation of particles. However, because the nanoparticles were of aloose structurein
which there were other materials such as water and a cohol besides SiO; particles,
the precipitation of TEOS within polyurethane nanocapsules caused the particles
to increase in diameter. Even so, both of them were still at the order of nanometer.

Frontal polymerization: Fronta polymerization (FP) isamode of converting
amonomer into apolymer via alocalized reaction zone that propagates through the
monomer®, The first frontal polymerization reactions were discovered in Russia
by Chechilo and Enikolopyan in 1972, who studied methyl methacrylate polymer-
ization under high pressure®®*®. The method was later extended by Pojman and
coworkers to include numerous polymers®® ™. Pojman and coworkers have done a
great deal of work focusing on the feasibility of traveling fronts in solutions of
thermal free-radical initiators in a variety of neat monomers at ambient pressure
with liquid monomers™" or a solid monomer?. The majority of frontal polymer-
ization work has been performed on afree-radical polymerization system because
it isusually highly exothermic and the heat of the reaction provides autocatalysis
for a polymerization front propagating through a liquid monomer. However, it is
not the only system. The frontal curing of epoxy resins has been investigated™™.
Begishev et al.” studied the frontal anionic polymerization of caprolactam. Frontal
ring-opening metathesis polymerization has been successfully achieved with
dicyclopentadiene and has been applied to making interpenetrating networks™”’.
Recently, much of the research in thisfield has been devoted to the study of frontal
polymerization™®, Mariani and coworkers®* prepared polyurethanesfrontally with
1,6-hexamethylene diisocyanate and ethylene glycol and prepared interpenetrating
polydicyclopentadiene-polyacrylate networks via frontal polymerization. Fiori
et al.* synthesized polyacrylate/poly(dicyclopentadiene) networks frontally. Frontal
atom transfer radical polymerization has also been achieved®. Because of the large
thermal and concentration gradients, polymerization fronts are highly susceptible
to buoyancy-induced convection. Descending fronts of thermoset formation are
normally immune to convection unlessthe reactor istilted with respect to the gravi-
tational vector®, Pojman et al. demonstrated possible methods for overcoming the
instabilities by adding fillers* and performing the fronts in weightlessness® poly-
urethanes provide a wide range of properties from a variety of starting materials.
Tailor-made properties of these materials can be obtained from combinations of
monomeric materials. On amolecular basis, a polyurethane may be described asa
linear-structure block copolymer of the (AB)n type. Part A, the hard segment, is
composed of aligomers, which are prepared through the reaction of alow-molecular-
weight diol or triol chain extender with a diisocyanate. Part B, the soft segment, is
normally apolyester or apolyether polyol with amolecular weight of 1000-3000%.



Vol. 21, No. 5 (2009) Si/Silica Nano Materials in Polyurethane's Structure 3319

Some research groups have prepared polyurethane composites containing intercal ated
silicatelayers®* and silica®™***. Godaand Frank® studied the effect of the organoclay
concentration on the properties of polyurethane-clay nanocomposites. Martin-
Martinz et al.** studied polyurethanes containing different types of silicas. They used
silicas asfillersin thermoplastic polyurethane composites. The physical properties
of the polyurethane-silica composites and the interactions between the silica and
polyurethane wereinvestigated. In thisarticle, wereport on the preparation of poly-
urethane and polyurethane-silica hybrid nanocomposites with poly(propylene
oxide) glycol (PPG) and the chain extender 1,4-butanediol (BD) by frontal poly-
merization. Nano-silica was used to increase the viscosity of the solution to result
in a more stable front and with the idea of preparing useful materials. Materias
were a'so prepared by batch polymerization (BP) with stirring.

Morphology: A TEM micrograph of polyurethane film with 3 wt % nano
silicais shown in Fig. 4 and indicates that most of the nano-silica particles are
evenly dispersed at the scale of = 100 nm in the composite film, but that some
aggregates can still be observed, although in situ polymerization was employed'®.
Thisisbecause hano-silicaparticles have much stronger hydrogen bonding through
—OH groups and higher surface free energy in comparison with micro silica and
thus tend to aggregate. Topographic images of the nanocomposite polyurethane/
iron interface were observed by AFM. Fig. 5a,b show the topographic images of
the interface of pure polyurethane cured at room temperature (°C), respectively.
The polyurethane film cured at room temperature has a rough morphology at its
interface, whereas the polyurethane film cured at 100 °C has some holes, 250-500
nm in diameter, at the interface'®. When the polyurethane was embedded with a
small amount of nano-silica, e.g., 1 wt %, the polyurethane interface displayed
some hemispherical aggregates whose size was around 100 nm, as shown in Fig. 5c.
Asthe nano-silicacontent wasincreased to 7 wt %, these hemispherical aggregates
with the size of = 100 nm could still be observed at the polyurethane interface, as
illustrated in Fig. 5d. These hemispherical aggregates should be nano-silicaparticles,
based on FTIR-ATR analysis and TEM observation. The Ra and RMS values of
different polyurethane interfaces are summarized in Table-1. The data show that

TABLE-1
PHYSICAL AND MECHANICAL PROPERTIES OF POLYESTER RESIN AND
POLYURETHANE WITH VARIABLE NANO-SILICA CONTENT [Ref. 104]

Content (wt %) Viscosity (mPas) Macro hardness
0 1100 011
1 1510 0.28
3 3800 0.38
3* 3100 -
5 6420 0.42
7 8340 0.52

*By blending.
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Fig. 4. TEM micrograph of nanocompos ite polyurethane with 3 wt %
nano-silica [Ref. 104]

i (L]

Fig. 5. AFM topographic images of polyurethane/substrate interfaces. (a) with O wt %
nano-silicacured at room temperature; (b) with 0 wt% nano-silicacured at 100 °C;
(c) with 1 wt % nano-silica cured at room temperature; (d) with 7 wt % nano-silica
cured at room temperature [Ref. 102]
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the Raand RMS of the interface of nanocompoasite polyurethane, even if containing
only 1 wt % nano-silica and cured at room temperature, are considerably greater
than those of pure polyurethane interfaces. As discussed previoudly, the interface
roughness could be considered as the index of interface adhesion strength'®. The
adhesion strength of polyurethane interface containing nano-silicais considerably
higher than that of polyurethaneinterface without nano-silica, asreported by Xichong
and WU'®, It gives a hint that introducing nano-silica particles could possibly be
more effective in improving adhesion strength than increasing the curing temperature.
The nano-silica content seems to have no obviousimpact on Ra, RMS and adhesion
strength of polyurethane interfaces, suggesting that 1 wt % nano-silica could possibly
occupy all the polyurethane interface top layer.

Physical and mechanical properties

Glass-transition temper aturesof polyurethane/nano-silicacomposites. Loss
tan & curves of polyurethane films, as afunction of temperature, can been obtained
by DMA measurement®.

Fig. 6 shows the DMA curve of pure polyurethane. The tan d peak, at around
42 °C reflectsthe micro-Brownian segmenta motion of amorphous polyester segment
is defined as the glass-transition temperature (T,). Fig. 7 illustrates the effects of
silica particle size and preparation method on the T, values of nanocomposite poly-
urethanefilms. Asthesilica particles areintroduced, the T, values of polyurethane/
nano-silica composites clearly increase compared with pure polyurethane, no matter
which silica particles or preparation approaches are used. The T, values of poly-
urethane/nano-silica composites first increase then decrease as the particle size
increases. The maximum T4 values occur at silica particle sizes within the range of
28-66 nm, which is very consistent with the variation of hydroxyl values at the
surfaces of silicaparticles, asshown in Table-1. Because the nano-silicawith sizes of

1.0
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Fig. 6. Losstan & curve of pure polyurethane film as a function of temperature [Ref .104]
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Fig. 7. Effect of silicaparticle size on the T, of polyurethane/nano-silicacomposites with
2.25wt % SiO, content [Ref. 104]

28-66 nm have the highest -OH values at their surfaces among these particles, they
should have the strongest interaction with macromolecular chains by hydrogen
bonding or chemical action between —OH groups of silanol and -OH or -COOH
groups from resin molecul es at the same masslevel, restricting the segmental motion
of amorphous polyester molecular chains. Fig. 4 also reveal sthat the polyurethane/
nano-silica composites, obtained from in situ polymerization, have much higher T,
values than those of their corresponding composites from the blending method
because more polyester segments were chemically bonded to silica particles during
in situ polymerization than during the blending method, as discussed above.

The effect of nano-silicaon the viscosity of polyester resin and the mechanical
properties of polyurethane filmswere investigated and are presented in Table-1. As
the nano-silicacontent increases, the viscosity of polyester resinincreases. To investi-
gate how the nano-silica content influences the viscosity of the polyester resin, the
same polyester resin was blended with 3 wt % nano-silica and its viscosity was
around 3100 mPa s, also listed in Table-1, 700 m Pas lower than that of polyester
resin with 3 wt % nano-silica obtained through in situ polymerization. This suggests
that the increase in viscosity is not only caused by the physical interaction but
stems also from the chemical bonding action between polyester resin molecules
and nano-silicaparticles. The datain Table-1 also showsthat increasing the nano-silica
content can increase the hardness of polyurethane film. The change in mechanical
loss tangent, tan &, was compared by Chen® as a function of temperature before
and after nano-silica particles were embedded in polyurethane film. The aaabsorption
was observed at 10 °C and 25°C for polyurethane without and with 3 wt % nano-silica
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embedded, respectively. The aa-absorption arises from micro-Brownian segmental
motion of amorphous polyester molecular chains associated with the glasstransition'.
Asmore nano-silicais used, the aa-absorption temperature increases, namely, the T,
of the soft segments increases, indicating that nano-silica particles could effectively
act as reinforced fillers because of their much larger surface area and stronger inter-
action with resin molecules, as compared with micro-silica particles.

Effect of the nan-osilica content on the polyester'sviscosity: The viscosities
of the polyester resins versus their nano-silica contents are shown in Fig. 8. In
comparison with the pure polyester resin, the polyester resin containing nano-silica
had an increased viscosity. Moreover, the rate of increase, that is, the slope of the
curve, increased with the nano-silica content. This was attributable to the fact that
more hydrogen bonds between the O-H groupsin the polyester resins and nano-silica
particles were formed as the nano-silica content was increased.

3500

3000

2500

2000

Viscosity, mPa.s

1500

10001 T T T T T
0 2 4 6 8 10 12

nano-SiO, concentration (%)

Fig. 8. Dependence of the viscosity of the polyester resins on the
nano-silica content [Ref. 105]

Effectsof nano-SiO, particleson the macrohar dness of polyurethane: Table-2
summarizes the effects of nano-SiO, particles on the macro-hardness of polyure-
thane films. The data shows that the hardnessfirst increased and then decreased as
the nano-SiO, content increased further, no matter how much the film thickness
changed. The MIH of the polyester-based films was measured with a modified
scanning probe microscope equipped with aconical diamond tip. Theintroduction
of a small amount of nano-SiO, into the polyester resin led to an increase in the
MIH, no matter which polyester composition and which type of curing agent were
used. The case of resin A cured with IPDI indicated that the MIH increased as the
nano-silica content increased and this was partially consistent with the variation of
the macrohardness. The weight losses of the polyurethane films before and after nano-
silicawas added are shown in Fig. 9, which indicates that polyurethane containing
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TABLE-2
EFFECT OF NANO-SIO, CONTENT ON THE MACROHARDNESS
OF POLYURETHANE COATINGS [Ref. 105]

! Macro-hardness* Macro-hardness**
Nano-SiO, content (%) (#60 drawdown rod) (#100 drawdown rod)
0 0.48 0.41
1 0.62 0.44
3 0.63 0.34
5 0.59 0.29
10 0.50 0.37

*The thickness of the films was about 30 um and the films were dried for 1 day.
**The thickness of the filmswas about 50 pm and the films were dried for 4 days.
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Fig. 9. Effect of the nano-silica on the weight loss of the polyester-based polyurethane
films[Ref. 105]

1 wt % nano-SiO; had better abrasion resistance than pure polyurethane. However,
the abrasion resistance decreased with an increasing content of nano-SiO, until the
content reached 10 wt %, as reported by Zhou et al.'®.

Abrasion resistance: Theweight loss of the polyurethane filmswith different
nano-silica content at different abrasion cycleisshownin Fig. 10. The weight loss
gradually decreases as nano-silica content increases, indicating that nano-silicacan
improve the abrasion resistance of the coating film. Figs. 11 and 12 manifest the
effect of the types of silica and micro-silica content on the weight loss of film,
respectively. It was seen from Fig. 11 that the abrasion resistance of thefilmscontai-
ning different types of silicaare nearly the same except for thefumed silica. Fig. 12
shows that the weight loss does not change if only a small amount of micro-silica
(e.g. 1 wt. %) is added, but the abrasion resistance increases as micro-silica content
increases.
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Fig. 11. Weight loss of the polyurethane films containing different types of silica[Ref. 106]
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Fig. 12. Weight loss of the polyurethane films containing different micro-silica content
[Ref. 106]
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Silicon element in composition of the surface and interface: The composition
of the surface and interface of polyurethane films containing 5 wt. % nano-silicaor
microsilicawere determined by X PS by shuxue'®. Theresults are listed in Table-3.
Thereis no silicon element detected at the surfaces and interfaces of the films, no
matter nano-silica or micro-silica particles are contained in the films, suggesting
that silica are not like organic silanizing compounds in which silicon segments
prefer to orient at the surface, silicalike to immigrate into the bulk. The interfaces
contain N element while the surfaces have no N element, indicating that urethane
segments intend to orientate at interfaces while acrylic segments like to cover the
surface since the former have higher free surface energy than the latter'®. The N
content at the interface of the film containing nano-silicaislower than that of micro-
silica. Thisis possibly because nano-silica have considerably greater specific area
than micro-silica and the -OH groups on the surfaces of nano-silica can react with
-NCO groups from HDI, resulting in more -NCO groups absorbed on the surfaces
of nano-silica, which like to hide into the bulk.

TABLE-3
COMPOSITION OF THE SURFACE AND INTERFACE OF POLYURETHANE
COATS CONTAINING NANO- OR MICRO-SILICA (at. %)

Surface Interface
Element — - — — - —
Nano-silica Micro-silica Nano-silica Micro-silica
C 69.1 70.9 56.3 46.1
(@] 30.9 29.1 40.1 38.7
N 0 0 3.6 15.2
S 0 0 0 0

I nter penetrating polymer networ ks: Nanoparticlesare particularly active due
to their high specific surface areaand activation energy™®’. Nanoparticles are stabi-
lized in combination with other materials reducing their effective surface area. In
addition, the bulk effect of nanoparticles can give physical, thermal, mechanical,
electric, magnetic, optical and phase transition properties to composites. Since
nanoparticles are smaller than the wavelength of visible light, their composites
may be transparent while the same matrix with larger, normal particles may not. Inter-
penetrating polymer networks (IPNs) allow mutual enhancement of the properties
of two (or more) combined polymers and have been used in many fields Several
authors have studied the effect of nanofillers generated in situ in silicone elasto-
mers'®*° and single-phase polyurethane, but few studies have been devoted to IPN
nanocomposites. Nanosize silicon dioxide (65-80 nm) was added to polyurethane/
epoxy resin (EP) IPNs7 to improve mechanical properties by Hongwen et al.**.
The properties and structure of the nanocomposites were studied by dynamic
mechanical spectra, scanning electron microscopy (SEM), wide-angle X-ray diffra-
ction (WAXD) and small-angle X-ray scattering (SAXS). Fig. 13a and b show
scanning electron photo micrographs. From Fig. 13a it is observed that the black



Vol. 21, No. 5 (2009) Si/SilicaNano Materials in Polyurethane's Structure 3327

polyurethane phase constitutes the continuous phase and the white EP phase consti-
tutes adispersed phase of spheres. Theinterface of the two phasesisvery clear. From
Figure 13b it is observed that with adding nanosize silicon dioxide, which was
treated with a coupling agent, the interface of polyurethane and EP isfaint. Thisis
because the coupling agent combined with the matrix and with the nanosize silicon
dioxide. Comparing polyurethane/EP = 85/15 and polyurethane/EP/SIO, = 85/15/7,
it can also be seen that the phase morphology of EP dispersed in polyurethane was
changed by the 7 % (w/w) nanosize silicon dioxide. In this system, the average gold
particle size of silicon dioxide was 75 nm. The average particle size was gained by
SEM from stochastic samples. The system compatibility, which was formed by
nanosize silicon dioxide and matrix, was excellent. The silicon oxide dispersed in
the IPN homogeneously and aggregates did not appear. Thisis because the exclusion
interaction between the particles, which were treated by surface coupling agent,
was increased. Another reason is that the boundary layer of nanocomposites was
thicker than that of ordinary composites.

Fig. 13. SEM micrographsof (a) IPN (PU/EP = 85/15), (b) nanocomposite (PU/EP/SIO, =
85/15/7) [Ref. 111]
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Silsesguioxanemixture-modified high elongation polyurethane: Silsesquioxane-
based polyurethane (polyurethane/sil sesquioxane) hybrid polymerswere synthesi zed
by Tao et al."2 Their idea is that the polyurethane/silsesquioxane is cheap and
favourable for mass production, which show significant antithrombogenic qualities
aswell. They have synthesized a kind of novel mixture silsesguioxane only in one
step, which is consisted of three kinds of polyhedral oligomeric silsesquioxane
(POSS) compounds. A series of. Sdlf-assembled sil sesquioxane shows "idand" morpho-
logy on the polyurethane surface, which successfully reduces platel et adsorption.
According to results, the novel silsesquioxane/polyurethane may be a potential
blood-contacting biomaterial inthefuture. Fig. 14 showsFTIR of the sil sesquioxane
mixture comparing to octvinyl polyhedral oligomeric silsesquioxane (octvinyl
POSS). The bands at 1122 and 1043 cm™ in the mixture sil sesquioxane comparing
with peak at 1109 cm™ in the octvinyl POSS represent the stretching vibration two
models of Si-O-Si groups cages. The Si-O-Si gtretching vibration of H,C CH-S-O-Si
i$1122 cm* and the S—O-Si stretching vibration of HOCH,(HO)CHCH,OCH,CH,CH,-
Si-O-Si is 1043 cm* in the mixture silsesquioxane. The double bandsin the mixture
silsesquioxane cagesis similar to the double bands at 1413 cm in the vinyl POSS.
Moreover, the strong peaks at 3413 cm™* show —OH band really existsin the sil sesqui-
oxane mixture. The 2Si NMR spectrum also shows that the H.C CH-Si groups are
a 79 ppmand HOCH,(HO)CHCH,OCH,CH,CH-S isat 93.6 ppminthesisesquioxane
mixture comparing with peak at 79 ppm in the octvinyl POSS. These observations
further confirm that the silsesquioxane mixture is consists of three kinds of POSS.
Fig. 15 is ATR spectrum of polyurethane/silsesquioxane mixture. The stretching

C=C-Si
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Q . .
2 silsesquioxane
_‘é mixture
o
2
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1413
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I Py —
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Fig. 14. FTIR of the silsesquioxane mixture comparing to octvinyl poss [Ref. 112]
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Fig. 15. ATR spectraof the surface polyurethane 6 (wt % = 6 %) and polyurethane 4 (4 %)
compare to the sil sesquioxane mixture and polyurethane [Ref. 112]

vibrations of the N-H group occurring at 3326 cm™ and the carbonyl bands at 1706
cm* are indicative of the presence of urethane moieties. It is worth pointing out that
the disappearance of the band at 2275-2250 cm™ that is characteristic of isocyanate
indicates the completion of the reaction between the hydroxy and the polyurethane
prepolymers. The ATR of polyurethane/silsesquioxane (polyurethane 4) mixture
has strong HOCH,(—HO)CHCH,OCH,CH,CH,~Si—-O-Si band at 1043 cm™* rather
than H,C CH-SI—O-Si groups at 1122 cm™, which show that pendent-type POSS
with Si-O-Si vibration band at 1043 cm™ can self-assemble on the surface of the
polyurethane/sil sesquioxane.

Effect of nano-silica on the tensile strength of polyurethane: Figs. 16 and 17
show the effect of nano-silica on the tensile strength and elongation at break of the
polyurethane nanocomposites. As the nano-silica content increased up to 3 wt %,
both the tensile strength and el ongation at break were greatly increased and decreased
when the nano-silica content increased further. The enhanced tensile strength of
the nanocomposite films can be attributable to the strong interfacial interaction
between the polyurethane chains and the nano-silica particles. The elongation at
break of the nanocomposite films (= 2150 % with 1 wt % nano-silica) was significantly
increased as compared to that of pure polyurethane (= 630 %). Thisisainteresting
observation, compared to the polyester-based polyurethane-silicananocompositeswhere
the elongation at break was only dightly enhanced (e.g. the maximum elongation at
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nanocomposite films with various silica silica nanocomposite films with various
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break: = 220 % with 1 wt % nano-silica)'®. Such alarge enhancement in the elongation
may be dueto the effect of the dispersed nano-silica particleswhich can act aschain
extenders. The decreased tensile strength and el ongation at break of the nanocompo-
sites with high contents of the nano-silica (above 5 wt %) may be due to larger
aggregates of the nano-silica particles in the polyurethane matrix, as explained for
the crystallization behaviour of the poly(tetramethylene glycol)segments.

Conclusion

In the past decade, materia scientists showed great interest in organic-inorganic
nanocomposites since their application has dramatically improved material prop-
ertiesin engineering plastics, enhanced rubber, coatings and adhesives. The attractive
improvement includes heat resistance, radiation resistance, mechanical and el ectrical
properties, which are usually resulted from the synergistic effect between organic
and inorganic components. Effects of different nanoparticles on the properties of
polymersvary alot. Inorganic-organic nanocomposites can be prepared by directly
blending organic materials with inorganic nanoparticles or by a sol-gel process
with a metal alkoxide such as tetraethoxysilane (TEOS) for the silicon dioxide
(SIO,)-polymer system. The most commonly used inorganic nanoparticlesare SiO,,
TiO,, ZnO and CaCO:s. It has been well established that the introduction of SIO,
into a polymer matrix can effectively improve the polymer's properties such as
abrasion resistance, shock absorption, surface hardness, modulus and so on. How-
ever, it is difficult for nano-silica particles to be dispersed directly in the water
phase without a surface pretreatment such as graft modification by a organosilane
coupler. Even though they can be dispersed temporarily, the nano-silica particles
gather together in larger aggregates finally because of their high surface energy.

Two method was reported in this article to preparation of silicon dioxide/poly-
urethane. (a) The sol-gel process has been used for the deposition of inorganic
minerals in situ in an organic polymer matrix. Starting materials for the sol-gel
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process are metd akoxides, M(OR), and asmall amount of acid or base as catalyst.
Metal alkoxides are hydrolyzed and metal hydroxides, M(OH),, are formed. (b) by
Frontal polymerization (FP) whom isamode of converting amonomer into a polymer
via alocalized reaction zone that propagates through the monomer.
Asthesilicaparticles areintroduced, the T, values of polyurethane/nano-silica
composites clearly increase compared with pure polyurethane. The T4 values of
polyurethane/nano-silicacompositesfirst increase then decrease asthe particle size
increases. The maximum T4 values occur at silica particle sizes within the range of
28-66 nm, which is very consistent with the variation of hydroxyl values at the
surfaces of silicaparticles. It iswell stablished that increasing the nano-silica content
can increase the hardness of polyurethane film. The data shows that the hardness
first increased and then decreased as the nano-SiO. content increased further, no
matter how much the film thickness changed. The weight loss gradually decreases
as nano-silica content increases, indicating that nano-silica can improve the abrasion
resistance of the coating film. As the nano-silica content increased up to 3 wt %,
both the tensile strength and elongation at break were greatly increased and
decreased when the nano-silica content increased further. The enhanced tensile
strength of the nanocomposite films can be attributable to the strong interfacial
interaction between the polyurethane chains and the nano-silica particles.
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