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Background of the invention

The present invention relates to a composite system comprising a polymer
matrix and nanoparticles, to a process for preparing said system and to uses
of said system. In particular, the composite system of the present invention
comprises a polymer matrix that includes a uniform and random dispersion of
polymer or/and inorganic nanoparticles, the nanoparticles are of the core-
shell type and have a polymer or/and inorganic core and at least one shell
that preferably is a polymer.

Description of the prior art

Nanoparticles or colloidal particles (for simplicity, all of them are referred to
here as nanoparticles) can be used as fillers, generally functional fillers, in
polymer matrices to produce polymer matrix/nanoparticle composites
(PMNCs) with particular properties.

Examples of application of PMNCs are e.g.:

- WO 2009/156348 and WO 2009/156347 that disclose a light diffuser
obtained from a transparent polymer matrix that includes a dispersion of
inorganic nanoparticles; very stringent requirements for the polymer matrix
and the dispersed nanoparticles are set.

- US 7,033,524, that relates to composites obtained from annealed core-shell
nanoparticles that optionally are void to incorporate further materials; in
particular polypyrrole particles are provided with a shell and annealed to
provide a conductive film.

The PMNCs have potential applications in various fields such as in optics,
optoelectronics, magneto-optics, mechanical enhancement, etc. For most of
these applications, the major and critical requirement is that the nanoparticles
have to be uniformly and randomly distributed within the polymer matrix. This
has been shown in literature to be extremely difficult to perform, not only in

large commercial scale productions but also in lab-scale experiments,
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because nanoparticles always tend to aggregate during their integration into
polymer matrices.

Summary of the invention

It is an aim of the present invention to solve the above problems and to
provide a method for preparing a nanocomposite system in which a polymer
matrix has a uniform distribution of nanoparticles.

With the wording “uniform distribution” it is meant that nanoparticles are
homogeneously distributed within a polymer matrix, i.e. with an average
density which is virtually constant across the system, wherein said average
density is measured over volumes larger than 0.1 mm?®, namely over volumes
of 1 mm>.

It is a further aim of the invention to have a random distribution of the
nanoparticles; with the wording "random distribution" it is meant that there is
no aggregation of nanoparticles, or minimal aggregation of nanoparticles,
wherein by aggregation it is meant the formation of clusters of packed
nanoparticles which can be much smaller than the 0.1 mm® of above, as for
example the case of clusters of hundreds, or tens, or even few nanoparticles
only.

Aggregation is an important problem, in particular in optical applications of
nanoparticles in PMNCs. In fact, independently from the capability of the
observer of visually resolving the size of the cluster, the optical interference
effect arising due to the contact of several nanoparticles dramatically
modifies the scattering properties of the final composite material, the cluster
behaving as a new particle whose size is substantially larger than the primary
nanoparticle size. Notably said modifications might be relevant even in the
presence of very few clusters since the efficacy of the scattering increases
dramatically with the increase of the said cluster size (for example it
increases with the 6™ power of the size in the Rayleigh regime).

As a consequence one of the aims of the present invention is to avoid the
formation of clusters wherein several nanoparticles are in contact one

another. More precisely the scope is to guarantee the existence of a
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minimum distance between the surfaces of any two neighbouring
nanoparticles, this distance being at least 0.2, preferably 0.5, most preferably
0.7 times the nanoparticle size. In the case of nanoparticles having core and
shell structure, the size of the nanoparticle is measured as the size, i.e. the
dimension, of the core. According to the present invention, in the claimed
system the nanoparticles are spaced by a distance that is at least 10 nm,
preferably 30nm, more preferably 50nm: this result could not be achieved by
means of the prior art methods and systems.

A further aim of the invention is also to guarantee that, in the event of the
formation of a region in the composite system wherein the nanoparticles are
positioned as close as possible one another, the distance between
neighbouring nanoparticles is not only larger than a minimum value,
preferably the cited 10 nm, but varies randomly within a distribution above
said minimum, for example between 0.2 and 0.7 times the nanoparticle size.
In fact said randomness in the nanoparticle distance might quench the
coherence among scattering contributions from different nanoparticles and
thus further contribute in hindering the appearance of optical interference
effects. In other terms, one of the aims of the invention is to guarantee both a
minimum distance between the nanoparticles surface and, the fact that in the
presence of a cluster the actual distance between neighbouring nanoparticles
follows a random distribution above said minimum value.

With the wording “uniform and random distribution” it is meant a combination
of the above definitions, whereby nanoparticles are distributed within a
polymer matrix in a statistically disordered manner, without agglomeration
among them and without any correlation in their respective position.

It is a further aim of the invention to provide a polymer matrix/nanoparticle
composite material that is suitable to be used for the production of a light
diffuser that can chromatically separate white visible light into at least two
chromatic components: one in which the blue component is dominant and
one in which the blue component is low. The diffuser of the present invention
should be able to perform the same function of the diffuser disclosed in the
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above mentioned application WO 2009/156348.

Description of preferred exemplary embodiments

These aims are reached by the present invention, that provides a composite
system according to claim 1.

The system comprises a polymer matrix that includes nanoparticles; the
polymer material used for preparing the matrix is a material that per se is
transparent and does not absorb light, i.e. the polymer matrix without
nanoparticles is transparent and does not absorb light. The nanoparticles are
core-shell nanoparticles, the core of the nanoparticles is made of a material
that is different from the polymer matrix and has a refractive index that is
different from the refractive index of the matrix to provide a scattering of at
least a portion of the light transmitted through said system or a product
containing said system. Preferably, the core is made of one or more
materials that do not absorb light. However, in certain embodiments the
possibility of using cores made of materials which absorb light is admitted. In
a preferred embodiment, the core material is selected from a polymer,
optionally cross-linked, an inorganic material, preferably metal oxides such
as TiOgz, SiO2, ZnO, ZrO,, Fex0s, Al2Os3, SboSnOs, BiOs, CeO, or a
combination of thereof.

At least part of the shell of the nanoparticles is obtained from the same
material, e.g. a monomer or a polymer, as that used for preparing said
polymer matrix or obtained from a monomer or polymer compatible with said
matrix. The polymer of the shell might be cross linked.

The polymer matrix/nanoparticle composite system above disclosed
preferably provides a Rayleigh scattering or a Rayleigh-like scattering of at
least a portion of the transmitted light.

In the present application a “composite system” is used to define (and
protect) both the final PMNC product and the separate starting materials, the
polymer for the matrix and the nanoparticles to be dispersed therein.

With the wording “compatible” it is meant a monomer or a polymer that is
completely dispersible or soluble in the matrix before the matrix is
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polymerized. Preferably, the shell or at least part of it, is made of a polymer
of the same type of the matrix, e.g. PMMA (poly-methylmethacrylate) for both
the shell and the matrix; this will enable an excellent dissolution of the shell
and dispersion of the nanoparticles in the matrix before polymerizing and
optionally cross-linking the matrix.

The polymer material used for preparing the matrix is not absorbing and
transparent, i.e. the final matrix, without nanoparticles, is made of a material
in which the transmission of light is essentially regular and which has a high
transmittance in the visible region of the spectrum. The same preferably
applies to the material used for the shell, too.

The matrix can have any shape and can be made of any material that can be
used for the purpose and that has the above mentioned properties of being
transparent and not light absorbing. Exemplary embodiments of a matrix are
a panel, e.g. in PMMA or other polymer, a film and a paint, namely the layer
that remains on the substrate after the paint has been applied and the
solvent has evaporated.

The dimensions of the nanoparticles are small enough to provide a Rayleigh
scattering of the type discussed and disclosed e.g. in WO 2009/156348,;
exemplary average dimensions of the core of the nanoparticles are in the
range of 10 to 240 nanometers.

The composite system is said to be a Rayleigh-like diffuser if said system or
at least a portion of it produces a haze, as defined in the ASTM Designation
E284-09a, which is at least 1.5 times larger, preferentially 2 times, more
preferentially 3 times, for an impinging light in the spectral interval 400-450
nm than in the interval 600-650 nm, said property being verified for at least
one direction of the impinging light beam with respect to the composite
system, and wherein by a portion of composite system it is meant, for
example, a thin slice if the system is shaped as a bulk solid material or a thin
layer if the system is for example a liquid coating or paint.

In fact in the case of thick samples, for example a large tin of paint, multiple
scattering can hinder the property of preferentially scattering the short
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wavelength component of the impinging light with respect to the longer one.
Notably the Rayleigh like scattering property appears when a sufficiently thin
layer of material is used, where multiple scattering does not occur.

In the present description, unless differently and specifically defined, the
meaning of terms and words is to be referred to ASTM E284 — 09a and to the
following standards (as long as they are not in contrast with ASTM E2884-
09a): ASTM D1746 — 09; ASTM D 1003 — 07; ISO 13468-2:1999(E);

The core of the nanoparticle can be a linear polymer, or a cross-linked
polymer or an inorganic material. In an exemplary embodiment the core is
made of a cross-linked polymer; in any case, as mentioned, the core material
has a refractive index that is different from the refractive index of the polymer
of the matrix, said matrix being made of transparent materials that do not
absorb light

The nanoparticle of the invention preferably has at least one shell
substantially surrounding the core and made of a material (usually a polymer)
that is suitable to act as a "sacrificial shell" and to provide a dispersion of the
nanoparticle in the material of the matrix. To this purpose, the shell might be
a linear (i.e. not cross-linked) polymer.

In a preferred embodiment, the nanoparticle has a first shell that is cross-
linked and at least a second shell, externally to the first shell, that is not
cross-linked. The second shell is usually obtained in a second step of
production of the nanoparticle. At least said second shell is obtained from the
same monomer or polymer that is used for preparing said polymer matrix, or
from a monomer or polymer compatible with polymer that is used for
preparing the polymer matrix , so as to enhance random and uniform
dispersion of the nanoparticles in the the matrix before matrix polymerization
and/or crosslinking.

In an exemplary embodiment of the polymer matrix/nanoparticle composite
(PMNC) according to the present invention, the core is made of cross-linked
polystyrene, the first, cross-linked, shell is made of polymethyl methacrylate
(PMMA) and the second shell, as well as the matrix, are made of polymethyl
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methacrylate (PMMA).

The dimensions of the shell, either with a single or multiple layers, are
dependent on the minimum distance required between the external surfaces
of two adjacent cores in the final composite material. For example, if the
required minimum surface-to-surface distance for the core is /, the first shell
thickness is /2. As a matter of fact, embodiments are possible where the
shell is thinner than what required by the minimum distance between
nanoparticles. But nevertheless said shell works to statistically keep
nanoparticles apart and prevent aggregation, e.g. for the case of fairly dilute
PMNCs.

Suitable materials for the core nanoparticles are polycarbonate, polyester
resins, polystyrene, poly(styrene-acrylonitrile), polytetrafluoroethylene,
modified polytetrafluoroethylene resins, polyvinylchloride,
polyvinylidenefluoride and inorganic materials. Preferred inorganic materials
are selected from metal oxides such as TiOg, SiO2, ZnO, ZrO2, Fe203, Al2Os,
Sb,Sn0Os, BiOs, CeOy, or a combination of thereof. A preferred metal oxide
is TiOo.

Suitable materials for the shell and matrix are resins having excellent optical
transparency selected from thermoplastic, thermosetting and photocurable
resins. Suitable resins are in particular acrylic resins (e.g. PMMA), epoxy
resins, polyester resins such as polyethylene or polybutylene terephtalates
and polycaprolactone; polystyrene resins (e.g. Polystyrene); PTFE and
similar fluorinated resins and fluorene resins; polyamide resins (e.g. nylon);
polyimide resin; polycarbonate; polysulfone; polyphenylene ethers;
polyvinylalcohol resins; vinyl acetate resins; polyether sulfone; amorphous
polyolefins; polyarilate; liquid crystal polymers.

In a certain embodiment, the composite system is made as a rigid and self-
sustaining panel, ie. a panel which substantially does not bend when
suspended horizontally from any two sides. For example, a said composite
system might be shaped as a parallelepiped featuring a thickness in the rage
0.5 - 5% of its length, wherein thickness and length are here defined as the
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smallest and largest side of the panel, respectively. A typical length of said
rigid panel is in the range 0.5 - 3 m. A preferred molecular weight for the
linear polymer of the matrix is in the range of 450.000 to 2.000.000 g/mol.

In a further embodiment, the composite system is made as a foil, here
defined as a rigid but not self-sustaining panel, i.e., a panel which, in analogy
with the rigid panel, is not flexible (i.e. it breaks when it is bended along
short-curvature angles, e.g. when it is bended by 180°) but which does not
keep its shape when suspended horizontally. For examples, foil composite
systems might have thickness smaller than 0.005 times the length. In
analogy with the rigid panel case, foils might feature a matrix made of a
polymer of high molecular weight.

According to still another embodiment of the invention, the composite system
is made as flexible film, here defined as non-rigid sheet, i.e. a sheet which
does not break when it is bended along short-curvature angles, e.g. when it
is bended by 180°. For example, a flexible-flm composite-system might
have thickness in the range from 10 micron to 1mm, preferentially from 50
micron to 0.5 mm. In addition, it might comprise a plastifier and/or a
polymeric shock absorber and/or a co-polymer made from a plurality of
different monomers tailored in order to achieve the desired flexibility.

In a preferred embodiment, the composite system is configured as a sky-sun
diffuser i.e. a diffuser capable of separating an impinging white light into a
bluish diffused and a yellowish transmitted component, as the sky does with
the white impinging sunlight. More generally, said composite system might
contain a number of nanoparticles per unit area which suffices to guarantee
that at least a few % (e.g. 5%) of an impinging white light is scattered by the
system in Rayleigh-like regime. For example, the composite system might be
shaped as a rigid panel, or a foil or a flexible film and, independently from the
thickness, it might feature a nanoparticle areal density, namely the number N
of nanoparticles per square meter, i.e. the number of nanoparticles within a
volume element delimited by a portion of the panel, foil or film surface having

an area of 1 m2, wherein N satisfies the condition N=Ng, e.g.
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2NminSN<13Nin, preferably N is in the range 3Nmin to 10Nmin, Mmost preferably

N=~6N,,;; and wherein:

2
m*+2

29
N :UIO

> N P

wherein v is a dimensional constant equal to 1 meter®, Nmin is expressed as a
number/meter?, the effective diameter D, which is given by the nanoparticle
diameter times the matrix refractive index, is expressed in meters and
wherein m is equal to the ratio of the refractive index of the nanoparticle core
to the refractive index of the matrix material.

In another, different, embodiment, the composite system is made as a paint,
i.e. as a dispersion of resins and additives in a solvent, e.g. in an organic or
aqueous solvent. In the typical case, the paint composite system features a
nanoparticle concentration (i.e. a number of nanoparticles per unit volume)
such to guarantee that the condition N=N,,, €.9. 2N,inSN<13N,in, preferably
INminSN<10N i, most preferentially N~6N,;,, is fulfilled for a paint layer that
after drying has a thickness in the range 1 - 50 microns. Typical embedding
matrix for said systems are polymers such as PET, PVC, EVA and similar, for
the case of films, and polymers such as acrylics, vinylics, polyurethane and
similar for the case of paints.

In some embodiments, and particularly when the system is shaped as a
panel, a foil or a film, showing a surface of size much larger than the system
thickness, the request for the system of exhibiting a visually uniform Rayleigh
like scattering across the surface translates in having an average areal
density N, measured over areas larger than of 0.25 mm? which is
substantially constant across the surface. Notably this feature does not
necessarily require the nanoparticles volume density to be constant across
the sample since any fluctuation or variation of the nanoparticles volume
density in the direction perpendicular to the surface is not perceived, since
the observer only perceives the integrated effect.

In a further embodiment, the composite system is made as a complex-shape
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elongated object, i.e. an object whose shape differs from the parallelepiped
and is such that the smallest circumscribed ellipsoid has a flattening f > 0.5,
where f = (a-b)/a, wherein a is the semi-major axis and b is the semi-minor
axis; said elongation is suitable in order to allow different portions of the
same object to scatter light with different colours, as the sky does during
sunset or sunrise, etc.

In a different embodiment the sandwiched sky-sun diffuser might comprise
two glass external layers and an central layer shaped as a film comprising a
dispersion of nanoparticles in an polymer matrix in order to obtain a new
glass panel or window which behaves both as a safety glass for what
concerns the mechanical properties and as a Rayleigh like diffuser for what
concerns the optical properties. In addition, said sandwiched sky-sun diffuser
might also comprise two layers of adhesive materials which might optically
and/or mechanically match the composite system internal layer with the
external layers, i.e. prevent multiple reflections and provide the elasticity
required to compensate for different thermal expansion of internal and
external layers. Suitable adhesive materials are EVA (ethylene vinyl acetate)
and PVB (Polyvinyl butyral).

A different object of the present invention is a painted sky-sun diffuser, i.e. a
structure comprising a transparent panel, e.g. glass, polycarbonate, or similar
material, coated by the composite-system paint as above discussed.

Both the sandwiched and the painted sky-sun diffuser provide an important
advantage with respect, e.g., to the bare composite-system panel or foil,
given by the superior fire retardant properties, which are substantially defined
by the characteristics of the external substrate instead of the composite
system itself.

A still further object of the invention is a process for preparing polymer
matrix/nanoparticle composite (PMNC), according to claim 11.

Preferably the core of the nanoparticles is made of a polymer (e.g. polymer
B) that can also be cross-linked; a preferred preparation process for the core

nanoparticle is through emulsion polymerization in an aqueous solvent.
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In general, initially the type of nanoparticles and the type of polymer matrix
are selected; then the first step in the process is to prepare the core-shell
nanoparticles, where the core and shell are the chosen nanoparticle and
polymer matrix, respectively. Each core-shell nanoparticle contains only one
core, and the thickness of the shell depends on the minimum requirement of
the interparticle distance in the PMNC. As mentioned for example, if the
required minimum surface-to-surface distance for the core is [, the shell
thickness is //2 (i.e. 0.5 ).

Any of the known different techniques to make the shell for the core
nanoparticle, such as physical coating or adsorption can be used. A preferred
preparation process for the core nanoparticle is through emulsion
polymerization in an aqueous solvent. Emulsion polymerization is preferred
also because it is possible to use the same reactor first to prepare the core
nanoparticles and then to provide them with a shell (in one or two layers).

In general, the starting nanoparticles could be a cross linked polymer, e.g.
polystyrene or other polymers, previously obtained in a known way by
emulsion polymerization with the required dimensions.

To prepare a shell with two layers, the feeding time for the first shell layer is
in general from 2 to 10 hours; the amount of cross linker for the first shell is
1% to 10% by weight (w/w). The feeding time for the second shell is from 2 to
10 hours, the second shell preferably being without cross linker to dissolve in
the matrix material, monomer and/or polymer.

Any conventional initiators for free-radical emulsion polymerization can be
applied here. The amount of the initiator for the first shell is 0.1% to 0.5% of
the total monomer, and part of the initiator is injected at the beginning and
the remaining part is fed continuously together with the monomer. The
amount of the initiator for the second shell is 0.1% to 0.5% of the total
monomer, and part of the initiator is injected at the beginning and the
remaining part is fed continuously together with the monomer.

The core-shell nanoparticles thus obtained are separated from the aqueous
medium in which they have been prepared, e.g. by drying.
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Any suitable process for treatment of the nanoparticles obtained after the
emulsion is finished and the core-shell nanoparticles are ready may be used
to prepare the polymer matrix/nanoparticles system. If a film is required,
direct drying and melting is used, otherwise the nanoparticles are coagulated
and dried. The dry nanoparticles can be dispersed in the material e.g. a
monomer and/or a polymer, that will form the bulk of the final matrix, and
subsequently polymerized in a known way. Alternatively, the obtained
nanoparticles can be dispersed in a matrix containing polymers, an example
of this embodiment of the invention is a paint or an ink that comprises a
plurality of nanoparticles. In a composite system that is represented by a
paint or ink comprising the invention nanoparticles, the matrix is formed by
the resins, additives and solvents normally present in such products, to which
the invention nanoparticles have been added. The resulting product is a
"preliminary system", i.e. the paint or ink usually does not provide the
required scattering when it is in a tin or similar container, but the scattering
effect will be provided as soon as a layer of paint or ink has been applied to a
transparent substrate.

In general the concentration of nanoparticles in the final product is in the
range of 0.001% to 20% by weight, according to the requirement of the final
composite product and according to the nature of the nanoparticles; in
general, the required amount of nanoparticles having a core at least in part
inorganic is much less than the amount required for polymer-core
nanoparticles.

In a preferred embodiment, the core of the invention's core-shell nanoparticle
comprises either a single inorganic nanoparticle or a cluster of inorganic
nanoparticles or a cluster of inorganic nanoparticles and a polymer,
depending on the size of said inorganic nanoparticles. In the case of the core
composed of a cluster of inorganic nanoparticles and a polymer, preferably,
the polymer is cross-linked to form an "integral" core together with the
inorganic nanoparticles, and the overall dimensions of the core are within the

above mentioned ones.
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In a preferred embodiment the inorganic nanoparticles are metal oxides as
above mentioned, e.g. and preferably TiO2. The TiO2 component, which has
a high refractive index, contributes for efficient light scattering, the polymer
portion of the core coats the inorganic particles and provides a first shell of
cross-linked polymer around the TiO, particles. In this embodiment, the
polymer used for the core extends outside the core to provide a first shell that
is cross-linked.

Preferably, an outer shell of a linear polymer helps to increase the
compatibility and re-dispersibility of the composites with an organic solvent.
Core-shell nanoparticles as above discussed with reference to the process
and to the PMNC system, are therefore an object of the present invention; in
particular core-shell nanoparticles having a cross-linked core, a first, internal,
shell that is cross-linked and a second external shell that is a linear polymer,
i.e. a not cross linked polymer, external to the cross-linked shell layer.

A preferred embodiment of the invention is the polymer matrix/nanoparticle
composite (PMNC) system in which the material of the core of the
nanoparticles has a refractive index that is different from the refractive index
of the material of the matrix and wherein the dimensions of the core of the
nanoparticles are small enough to provide a Rayleigh like scattering e.g. a
scattering like the one described in patent application WO 2009/156348 i.e. a
scattering process which preferentially diffuses the short-wavelength
component of the impinging light with respect to the long one. Exemplary
average dimensions of the core of the nanoparticles are in the range of 10 to
240 nanometers, preferentially 30 to 150 nanometers, more preferentially 50
to 100 nanometers.

These PMNCs were surprisingly found to provide excellent light diffusers,
capable of chromatic separation as per above mentioned applications.

The present invention provides several advantages over the prior art.

By providing a shell of the selected polymer it is possible to greatly facilitate
the uniform and random dispersion of the core nanoparticles in the matrix.

By providing a compatible cross linked shell it is possible to maintain the
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cores separated by the correct distance also in the final matrix; this is
ensured especially by having a first layer of cross-linked polymer with the
required thickness, e.g. I/2 if the final distance between two adjacent cores
must be /. The additional second layer of non cross-linked polymer, identical
to the polymer used for the matrix, will act as a carrier for the core and cross-
linked first shell; in a case where the matrix is initially liquid, the “sacrificial
shell” dissolves in the monomer of the matrix to thus “transport” the
nanoparticles into it and ensure an excellent distribution of the nanoparticles
in the final PMNC product.

The invention will now be further disclosed with reference to the following
examples and explanations.

Example 1 — Preparation of PTFE-core nanoparticles.

Polymerization was carried out in a glass reactor equipped with a reflux
condenser, magnetic stirrer (200-300 rpm), nitrogen inlet, and a water jacket
for temperature control. The formulation is given in Table 1. In particular, the
initial reactor charge was purged with nitrogen to remove dissolved oxygen
while heated, followed by addition of a part of the initiator solution. The
monomer mixture and the remaining initiator solution were then fed to the
reactor over a prescribed period of time (e.g., 3.5 hours) by a pump,
respectively.

The reactor temperature was kept at 8012 °C during the polymerization. At
the end of the monomer feeding, the reaction system was maintained at 85
°C for 1 hour to complete the monomer conversion. Then, the system was
cooled down to 40 °C, and its pH was adjusted to 7. The final latex was
filtered with a filter of 25 micron openings to remove any possible coagulum
formed during the polymerization.

Table 1 Typical recipe for emulsion polymerization of PTFE-MMA/BA particles

for sky-sun diffusers.
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Chemicals Weight (g) Note
Monomer feed MMA 50-100 The MMA/BA ratio
BA 0-50 depends on Tg
Initial reactor charge = H,O 125
NaHCO:s 0.3
Surfactant (K30) 0.5
PTFE latex 30 (pw=33%)
Initiator solution KPS 0.35
H,0 24
Total 275 (Ppwi=40%)

Example 2 — Preparation of polystyrene-core nanoparticles.

Cross linked polystyrene latex with nanoparticle size of 65 nm (diameter
measured by dynamic light scattering) was used for seeded emulsion
polymerization.

1650 g polystyrene latex, 800 g water, 6 g SDS (surfactant, sodium dodecyl
sulfate) and 1.6 g KPS, (potassium persulfate, initiator) were charged in the
reactor under mechanical stirring. Then 285 g of MMA mixed with 15 g of
cross linker (5% w/w of cross linker DTTA, di-trimethylolpropane-
tetraacrylate) was slowly added to the reactor within 3 hours at 80°C. The
system was kept at 80°C for another 2.5 hours to finish the first shell.

Then, 300 g MMA and 1.4 g KPS were added and fed at 80°C during two
hours; the mixture was heated for another 1 hour to finish the reaction and
was then cooled to room temperature. The average size of the nanoparticles
was found to be 90 nm, with narrow distribution, and the solid content was
about 28% by weight. After polymerization, the latex was mixed with an ion
exchange resin and stirred for 2 hours to remove the surfactant.

Example 3 — Preparation of inorganic cores for core-shell nanoparticles.
The following steps were carried out.

1. Synthesizing TiO, particles in organic solvent under relatively low
temperature.

In a typical process, precursor TiCls is dropwise added into ethanol. After the
heat production is released completely, the mixture is poured into pre-heated
benzyl alcohol. The system is maintained by stirring and heating for more
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than 8.5 hours. When the hydrolysis process finishes, TiO2 nanocrystallized
particles are thoroughly precipitated by adding ether, followed by
centrifugation and re-dispersion in ethanol.

2. Hydrophobic modification of TiO,.

TiO2 primary particles form nanoclusters in ethanol. To make them
compatible with organic solvents, silane coupling agent is added and
chemically attaches to the surface of the clusters. Excess silane is removed
by centrifuging. The treated nanoclusters are then used to prepare core-shell
nanoparticles.

3. Preparation of core-double-shell structure

The modified TiO, nanoclusters are well dispersed in a mixture of monomer
(e.g., methyl methacrylate or styrene) and cross linker (e.g., di-
trimethylolpropane tetraacrylate or divinylbenzene). The dispersion is
dropwise added, under stirring and Ny, to an aqueous solution of the steric
surfactant, forming a homogeneous mixture with the assistance of sonication
or mechanical separation. After nitrogen purging and mechanical stirring, an
aqueous solution of the initiator (potassium persulfate) is introduced into the
system and the first emulsion polymerization is carried out, while the Nz
bubbling and stirring are still maintained.

After the first layer has been polymerized and cross-linked, the second linear
shell is provided on the external surface of the nanoparticles. For this second
linear shell, a monomer is fed continuously at a low feeding rate, and
corresponding amount of initiator is added, without using a cross-linking
agent. After the second polymerization process is completed core-shell
nanoparticles of the invention are obtained from aqueous phase by freezing.
There are two main processes for post-treating the nanoparticles obtained
according to the invention: direct drying and melting for preparing a film, and
coagulation and drying for preparing a PMNC system by redispersion in a
monomer.

Technique A: Direct drying and melting

If the PMNCs are required in the form of films, the typical techniques for
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making films from polymer latexes can be used. In particular, the obtained
core-shell nanoparticles latex can be dried directly to eliminate water, and
then the temperature is increased to above the Tg (glass transition
temperature) of the polymer constituting the shell, leading to the formation of
the PMNCs in the form of films.

Technique B: Powder moulding

This technique includes two steps:

Step 1: Coaqulation of the core-shell particles

Coagulation or aggregation methods are used to separate the core-shell
nanoparticles from the disperse medium. A coagulation process leads the
core-shell nanoparticles to form clusters or aggregates with sizes from at
least a few tens of microns to hundreds of microns or even to millimetres,
thus easy to be separated from the disperse medium by any standard
techniques such as filtration, floatation, sedimentation, centrifugation, etc.
Due to the advantage of the core-shell structure, within the dried clusters or
aggregates or powders, the minimum distance among the nanoparticles is
maintained by the designed thickness of the shell. To ensure the uniform and
random distribution of the nanoparticles within the clusters, coagulation under
shear is preferred, since it forms compact clusters with randomly distributed
particles. In particular, three types of coagulation are preferred:

a) Coagulation of latexes in mechanically stirred tanks with addition of a
proper amount of electrolytes. The electrolytes can be chosen amongst any
salts or base or acid. The use of the electrolytes is required to partially or
completely eliminate the electrostatic repulsive interactions among the
particles so as to ease the coagulation.

b) Coagulation of latexes in intense shear flow without making use of
electrolytes. In this case, the energy generated by the intense shear flow
should be high enough, capable of forcing the particles to overcome the
interaction barrier, leading to aggregation. Typical processes that are able to
generate so high energies are, for example, forcing the latexes to pass
through a microchannel, as described in the open literature (Wu H, Zaccone
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A, Tsoutsoura A, Lattuada M, Morbidelli M. High shear-induced gelation of
charge-stabilized colloids in a microchannel without adding electrolytes.
Langmuir. 2009; 25:4715-23).

Further, if there are specific requirements for the nanoparticle concentrations
within the PMNCs, which cannot be satisfied only by the produced thickness
of the shell, then, particles of the same materials as the shell (i.e., the same
as the polymer matrix), but without the nanoparticle core, are produced using
the same emulsion polymerization technique. The obtained latex where the
particles do not contain the nanoparticle core will be mixed with the latex
where the particles contain the nanoparticle core, in proper ratios based on
the requirements in the nanoparticle concentration. The obtained latex
mixtures are then coagulated using the techniques described above, so as to
produce the dried powders.

c) Coagulation by freezing.

The latex of example 2 was stored in a freezer at -18°C. After defreezing the
latex, the mixture was centrifuged. The solid wet powder was recovered and
dried.

Step 2: Preparation of the composite.

The nanoparticle powder thus obtained is then used for preparing the
required matrix composite. After having obtained the dried powders where
the nanoparticles are distributed, with the required minimum distance among
the nanoparticles core being ensured by the presence of the shell, various
standard techniques can be used to easily produce the desired, different
forms of the PMNCs.

A preferred technique is bulk polymerization, in which the nanoparticles
powder is weighed and dissolved in the monomer of the matrix, before
crosslinking it. Re-dispersion is carried out so as to obtain a uniform
dispersion of the nanoparticles, that is ensured thanks to the presence of one
or, preferably, two layers of the shell; proper agitation and/or use of ultrasonic
energy may be advantageous.

For example, the powder obtained after freezing and drying the nanoparticles
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of example 2 was weighed and dissolved in MMA. The transparent
dispersion was sonicated for 2 hours to get the nanoparticles well dispersed
in MMA. A standard bulk polymerization technique was used to convert the
monomers into the polymer matrix, in which the nanoparticles are
homogeneously distributed, leading to the required PMNCs.

Other techniques may be used, such as injection moulding, reaction injection
moulding, compression moulding, transfer moulding, extrusion moulding,
rotomoulding, blow moulding, calendering, knife coating, etc. This possibility
of having a starting material that can undergo many different treatments is
one of the key advantages of the present invention.

In another embodiment, nanoparticles having a core with the required
refractive index, with or without a polymer, and a non cross-linkedshell, are
dispersed in a matrix and sonicated until they reach the required uniform

dispersion. The matrix is then polymerized and optionally cross-linked.
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CLAIMS

1.

A composite system (PMNC), comprising a polymer matrix that contains a
plurality of nanoparticles, wherein said polymer material used for
preparing a matrix is a material that per se is transparent and does not
absorb light, characterized in that said nanoparticles are core-shell
nanoparticles, wherein said core of the nanoparticles is made of a
material that is different from the polymer matrix and has a refractive
index that is different from the refractive index of the polymer of the matrix
to provide a scattering of at least a portion of the light transmitted through
said system or a product containing said system, and in that at least part
of the shell of the said nanoparticles is obtained from the same monomer
or polymer that is used for said polymer matrix, or is obtained from a
monomer or polymer compatible with said matrix.

A polymer matrix/nanoparticle composite system according to claim 1,
wherein said scattering of at least a portion of the transmitted light is a
Rayleigh and/or a Rayleigh-like scattering.

A polymer matrix/nanoparticle composite system according to claim 1 or
2, wherein the material of said core is selected from polymers and

inorganic compounds.

. A polymer matrix/nanoparticle composite system according to any claim 1

to 3, wherein said core is made of one or more materials that do not
absorb light.

A polymer matrix/nanoparticle composite system according to any
previous claim, wherein said core and/or said shell and/or said matrix is
cross-linked.

A polymer matrix/nanoparticle composite system according to claim 5,
comprising a first shell that is a cross-linked shell and at least a second
shell layer, externally to said first shell, at least said second shell being
obtained from the same monomer or polymer from which said polymer
matrix is obtained, or from a monomer or polymer compatible with it,

wherein said second shell is not cross-linked.
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7.

A polymer matrix/nanoparticle composite system according to any
previous claim, wherein said core is made of cross-linked polystyrene,
said matrix and said shell layers are made of polymethylmethacrylate
(PMMA).

A polymer matrix/nanoparticle composite system according to any claim 1
to 6, wherein said core is made of an inorganic material, preferably
selected from metal oxides, most preferably from TiO2, SiO2, ZnO, ZrOy,
Fe20s, Al,03, SbaSnOs, BixOs, CeOs.

A polymer matrix/nanoparticle composite system according to any claim 1
to 8, wherein the minimum distance between the cores of two

nanoparticles is at least 10 nm.

10. A polymer matrix/nanoparticle composite system according to any claim

11.

1 to 9, wherein the number of nanoparticles within a volume element
delimited by a portion of the panel, foil or film surface having an area of 1
m?, is N, wherein NN, preferably 2N,,<N<13N,, more preferably N

is in the range 3Nmin t0 10Nmin, most preferably N~6N,,;, and wherein:

2
107 |m*+2
]\'fmin:U D6 '

m* -1

where v is a dimensional constant equal to 1 meter®, Nmin is expressed as
a number/meter®, the effective diameter D, which is given by the
nanoparticle diameter times the matrix refractive index, is expressed in
meters and wherein m is equal to the ratio of the refractive index of the
nanoparticle core to the refractive index of the matrix material.

A process for preparing a composite system that is a polymer
matrix/nanoparticle composite (PMNC) system, wherein a plurality of
nanoparticles is dispersed in a polymer matrix, wherein the polymer
material used for preparing a matrix is a material that per se is
transparent and does not absorb light, characterized in comprising the
following steps:

a) preparing a plurality of nanoparticles of a material (B);
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b) providing said nanoparticles with at least one shell obtained from a
monomer or polymer (A) to give a core-shell nanoparticle wherein
the material (B) of the core of the nanoparticle is different from the
monomer or polymer to be used for the matrix and has a refractive
index that is different from the refractive index of the polymer of the
matrix;

c) dispersing said core-shell nanoparticles into the monomer or
polymer from which said matrix will be obtained, said monomer or
polymer of the matrix being the same as or being compatible with
said monomer or polymer (A) of the shell, so as to obtain a
dispersion of the nanoparticles in the matrix before polymerization;

d) polymerizing the matrix, and

¢) optionally cross-linking the matrix

whereby said polymer matrix/nanoparticle composite system provides a
scattering of at least a portion of the light transmitted through said PMNC
system or through a product containing said system.

12.A process according to claim 11, wherein said polymer
matrix/nanoparticle composite system provides a Rayleigh or a Rayleigh-
type scattering of at least a portion of the light transmitted through said
system or through a product containing said system.

13.A process according to claim 11 or 12, wherein said matrix is a paint
comprising polymer resins and at least a solvent, and wherein said
scattering is provided by said polymer matrix/nanoparticle composite
system after said solvent has evaporated from a layer of paint.

14.A process according to any claim 11 to 13, comprising the step of cross-
linking said core and/or said shell of the nanoparticles.

15.A process according to claim 14, comprising the steps of preparing a
nanoparticle having a core comprising a polymer, optionally cross-linking
said polymer in said core, preparing a first shell comprising a polymer and

cross-linking said polymer of the first shell, providing said core-shell
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nanoparticle with an additional shell, said additional shell comprising a
polymer that is not cross-linked.

16. A process according to any claim 11 to 15 characterized in comprising
the steps of preparing a core of inorganic nanoparticles or a cluster of
inorganic nanoparticles.

17.A process according to any claim 11 to 16, comprising the steps of
preparing a core of a cluster of inorganic nanoparticles and a monomer,
polymerizing said monomer and preferably cross-linking it, to provide a
core comprising inorganic nanoparticles and a polymer, preferably a
cross-linked polymer.

18.A process according to any claim 11 to 17, wherein said core of the
nanoparticles is prepared by emulsion polymerization.

19.A process according to any claim 11 to 18, further comprising the steps of
preparing nanoparticles from the monomer or polymer that is used to
prepare said shell (A), wherein said nanoparticles do not comprise said
core material (B), and mixing said core-free nanoparticles with an amount
of nanoparticles having a core, whereby said core-free nanoparticles
provide a starting material for said matrix.

20. A process according to any previous claim, comprising the step of
sonicating or shearing a dispersion of nanoparticles in a matrix material.
21.Core-shell nanoparticles as obtainable from a process according to any

claim 11 to 20.

22.Core-shell nanoparticles as disclosed in any claim 1 to 10.

23.Core-shell nanoparticles according to claim 21 or 22, having a core, a
cross linked shell layer and a second shell layer, not cross linked, external
to the said cross-linked shell.

24.Core—shell nanoparticles according to any claim 21 to 23, wherein said
core consists of at least one inorganic nanoparticle.

25.Core—shell nanoparticles according to any claim 21 to 23, wherein said
core comprises inorganic nanoparticles and a polymer, preferably a
cross-linked polymer.
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26.Core-shell nanoparticles according to any claim 21 to 25, that are dry.
27.A light diffuser comprising a polymer matrix/nanoparticle composite
system according to any claim 1 to 10.
28.The use of core-shell nanoparticles for the production of PMNC systems,
5 wherein said nanoparticles have a core, a first shell layer that is a cross-
linked polymer, and at least a second shell layer, located externally to
said first layer, at least said second shell being made of the same polymer
that is used for said polymer matrix, or of a polymer compatible with it, the
polymer of said second layer being not cross linked.
10  29.The use according to claim 28, wherein the PMNC system is part of a

light diffuser.
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