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The “extra-situ” and “in situ” sol-gel routes to the synthesis of silica/epoxy nanocomposites are discussed. Based
on the reported results, the “in situ” strategy is expected to be applicable to produce nanocomposites of different
compositions for both filler than matrix nature and with dispersed phases more complex than the one already

obtained till today with this simple and eco-friendly strategy.
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| 1. Introduction

The development of organic/inorganic hybrid materials received very great attention for their widespread
applications in the fields of catalysis, biomaterials, electrochemistry, energy storage devices, etc. The dispersed
phase may have a size so small as a few nanometers. In particular silica/epoxy system was recently actively
studied. In fact, silica is one of the most studied fillers added to improve electrical insulation, anticorrosion and

mechanical (elastic modulus, hardness, impact re-sistance, and fracture toughness) properties of epoxies.

The sol-gel chemistry proves to be a valuable route for the synthesis of hybrid materials, particularly highly
engineered silica nanoparticles and silica/epoxy nanocomposites with enhanced properties with respect to neat

epoxy matrix EIA The topic was recently revised by the researchers &,

| 2. The Extra situ Sol-Gel Route

Well assessed sol-gel procedures allow to prepare monodisperse silica hanoparticles of easily tunable size in the
range from few nm to 1um Bl The mild synthesis conditions allow also to produ ce, with the help of surfactant
molecules, mesoporous nanoparticles possessing high specific surface as high as 1000 m?/g BIRIILALLL2] 5i50 in
the form of wrinkled particles 131, The nanoparticles surface may be easily modified 2415 through the use of silane
coupling agent (see Scheme 1) in order to well disperse them in the polymeric matrix or even tailor the interface as
a function of the applications. Moreover, they may be the core of highly sophisticated and complex nanoparticles
specifically designed for the application of interest. There are a lot of strategies well described in the literature

many of them exploiting the basic sol-gel reaction scheme [2€l. A list, of course not exhaustive, of nanocomposites
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obtained by dispersion of these nanoparticles in epoxy (extra situ procedure) has been given in the above
reminded review [EIL718I[19][20][21]

0 H OH

Scheme 1. Functionalization through coupling agent. APTES anchors to the silica surface thanks to condensation
reaction with silicatic surface silanols. The reaction of amino group with oxirane of epoxy allows, finally, a strong

covalent bond matrix/silcatic surface to be set up.

| 3. The “in situ” Sol-Gel Route

A particular focus was put on the synthesis of nanocomposites with “in situ” generation of silica nanoparticles
exploiting the mildness of sol-gel synthesis conditions allowing to prepare the nanoparticles in the presence also of
monomers or polymers. The “extra situ” route, in fact, allows to obtain interesting complex functional nanomaterials
at the expense of the use of large quantities of solvents, which often are very harmful. Moreover, the synthesis
requires several successive processing steps for the nanoparticles synthesis, their functionalization, and multiple
washing and solvent removal operations. “In situ” processes may be designed in which the involved solvent is
significantly reduced while the time and money consuming steps of the “extra situ” method are overcome. Many
authors appropriately speak, in this case, of “Solvent-free One-Pot” processes. The “in situ” methodology may be
brought back to four processes [22] differing for the order of addition of the reagents (epoxy resin, curing agent, the
inorganic precursor, usually a metal alkoxide including TEOS, water, alcohol and a coupling agent) in one only pot,

so as illustrated in Scheme 2.
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(a) One-step procedure
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Scheme 2. Scheme of (a) one-step procedure, (b) simultaneous, (c) sequential, and (d) chronological two-step

procedure. The difference is in the order of addition of reagents 22,

Different coupling agent exposing amino (APTMS and APTES), glycidoxy (GPTMS) or isocyanato (IPTS) functional
groups were largely used [ Improvements of thermal stability, mechanical properties, glass transition
temperature, storage modulus, barrier properties and better high voltage insulation with respect to the neat epoxy

ones were reported 5,

More recently relevant modifications to the procedures were applied. The first one is relative to the use of ionic
liquids, in conjunction or alternative to silane coupling agent (23124123 |v's worth reminding that they have been
already used in the literature as template in the synthesis of mesoporous nanoparticles. The researchers obtained
rubbery nanocomposites possessing till 6 times higher modulus and tensile strength as well as more than 10 times
higher energy to break than unmodified silica/epoxy. The beneficial effects of the nanosized silica obtained through
the “in situ” route on the fire behaviour were described in several papers [281271[281129][30] \/ery recently it was proved
that, even at content as low as 2%, the “in situ” nanosilica strongly improved the fire behavior [28. It was also
demonstrated that it was possible to easily introduce flame retardants in order to reach a UL 94-VO rating
corresponding to self-extinguishing fire behaviour 2728 The “in situ” nanosilica played a synergistic role with
traditional phosphorous-based flame retardants allowing to reach the result with very low P contents. Also, humic
acid, a known biomass, could be introduced as flame retardant assuring, in formulations with other traditional ones,
UL94-VO rating, as a good example of waste-to-wealth transformation 1. On one hand this opens the application
perspective. In fact, very often the satisfaction of severe fire safety regulations is a “sine qua non” prerequisite for
the use. On the other hand, this proves that the “in situ” strategies may go beyond the traditional reagents batch

compositions comprising strictly polymeric and nanosilica precursors.

4. Insights into The ‘In Situ’ Nanocomposite Structure and
Formation Through HRTEM and SAXS

Finally, very recently the use of HRTEM and combined small and wide-angle X-ray scattering (WAXS-SAXS) by
means of a multirange Ganesha 300 XL+ device over an unprecedented g range (0.02—25 nm™1) proved that the
‘in situ’ nanosilica has a surprising ordered structure [32-33] according also to reported NMR results that do not
agree with the gel structure expected for the Stober particles. In fact, it was proven that, at least in the course of
the “chronological two step” procedure, multisheet silica nanoparticles form. A mechanism, borrowed from the
classical theory of crystallization of inorganic glasses, has been proposed 2223 that allows to give an explanation
also to other NMR, FTIR, DMA results collected on the same system. A new interpretation of the origin of the bi-
continuous phases structure reported by many authors was given 2. It's worth pointing out that the mechanism
foresees the possibility to synthesize nanocomposites of different both matrix and filler nature and defines the
characteristics of the precursor 24, The synthesis of a nanocomposite containing Mg(OH), nanocrystals seems to
support these expectations [34]. The “in situ” strategy appears, therefore, to be a very promising synthesis strategy

to produce in an easy and eco-friendly manner nanocomposites (not only epoxy/silica) of outstanding applications.
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| 5. Conclusions

In conclusion, the extra situ strategy allows us to produce very complex nanoparticles to disperse into polymeric

matrices. The in situ one is, instead, a very promising synthesis strategy that allows us to produce nanocomposites

in an easier and eco-friendly manner (not only epoxy/silica systems) for outstanding applications. The proposed

mechanism of nanoparticles formation could also help to design synthesis strategies of nanocomposites with in

situ-generated nanoparticles more complex than the ones obtained, until today, with this strategy.
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