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(57) ABSTRACT 

The present invention includes a method for preparing a 
nanoparticle ?lled nanocomposite material, the method 
including the steps of providing a plurality of nanoparticles. 
attaching a ?rst layer of organic ligand to the nanoparticle via 
a phosphate or phosphonate linkage, covalently attaching a 
second layer of matrix compatible polymer to said ?rst layer 
of organic ligand to produce modi?ed nanoparticles, provid 
ing a polymer matrix and dispersing the modi?ed nanopar 
ticles in the polymer matrix, Wherein the dispersement of the 
modi?ed nanoparticles into the polymer matrix results in a 
nanocomposite material, and Wherein the modi?ed nanopar 
ticles are modi?ed such that the ?rst layer is proximal to the 
nanoparticle and the second layer is distal to the nanoparticle. 
Also Within the scope of the invention are modi?ed nanopar 
ticles, alternative nanocomposite materials and methods of 
making the same. 

29 Claims, 3 Drawing Sheets 
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NANOFILLED POLYMERIC 
NANOCOMPOSITES WITH TUNABLE INDEX 

OF REFRACTION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a US. National Phase ?ling under 35 
USC §371 of International Application PCT/US2011/ 
022743, ?led Jan. 27, 2011, and published as WO 2011/ 
094425 onAug. 4, 2011. PCT/US2011/022743 claimed ben 
e?t of priority under 35 U.S.C. §119 to United States 
Provisional Application No. 61/336,833, ?led Jan. 27, 2010. 
The entire contents of each of the prior applications are herein 
incorporated by reference in their entireties. 

GOVERNMENT RIGHTS STATEMENT 

The US. Government has a paid-up license in this inven 
tion and the right in limited circumstances to require the 
patent oWner to license others on reasonable terms as pro 
vided for by the terms of Grant No. EEC-0812056 aWarded by 
the National Science Foundation (NSF). The US. Govem 
ment has certain rights in the invention. 

BACKGROUND OF THE INVENTION 

1. Technical Field 
The present invention generally relates to nanoparticles, 

and more particularly to nanoparticle-?lled nanocomposites. 
2. Background Information 
Nanoparticles are gaining considerable interest for a Wide 

variety of applications in the electronic, chemical, optical and 
mechanical industries due to their unique physical and chemi 
cal properties. Nanoparticles can be made of a variety of 
materials and are typically de?ned as particles having a diam 
eter of 1 -100 nanometers. Recently, the modi?cation of nano 
particles in order to change their physical and chemical prop 
erties has become an area of signi?cant research. 
One Way to modify nanoparticles is through reversible 

addition-fragmentation chain transfer (RAFT) polymeriza 
tion. RAFT polymerization is a recently developed controlled 
rapid polymeriZation (CRP) technique that is used to prepare 
polymer materials With predetermined molecular Weights, 
narroW polydispersities, and advanced architectures. RAFT 
has been used to surface modify nanoparticles With a bound 
polymer in order to minimiZe steric croWding betWeen nano 
particles and impart superior dispersion characteristics to 
modi?ed particles. 

Click chemistry is a chemical technique Whereby chemical 
compounds (often polymers) are generated by joining small 
repeated units together, usually by a dipolar cycloaddition. 
Click chemistry has been used for surface modi?cation of 
nanoparticles With high density polymer brushes. 

Optics is one of many disciplines Where nanoparticles have 
been applied. Speci?cally, investigators have tried to use 
nanoparticles to improve upon certain optical characteristics 
of nanocomposite materials. HoWever, previous technolo 
gies, such as nanoparticle modi?cation through the use of 
surfactants, Were limited in their ability to create high refrac 
tive index, high transmission nanocomposites. Several prob 
lems plague these technologies including problems With 
agglomeration, increased scattering, and increased optical 
loss. 

SUMMARY OF THE INVENTION 

In one aspect, the invention includes a method for prepar 
ing a nanoparticle ?lled nanocomposite material, the method 
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2 
including the steps of providing a plurality of nanoparticles. 
attaching a ?rst layer of organic ligand to the nanoparticle via 
a phosphate or phosphonate linkage, covalently attaching a 
second layer of matrix compatible polymer to said ?rst layer 
of organic ligand to produce modi?ed nanoparticles, provid 
ing a polymer matrix and dispersing the modi?ed nanopar 
ticles in the polymer matrix, Wherein the dispersement of the 
modi?ed nanoparticles into the polymer matrix results in a 
nanocomposite material, and Wherein the modi?ed nanopar 
ticles are modi?ed such that the ?rst layer is proximal to the 
nanoparticle and the second layer is distal to the nanoparticle. 

In a second aspect, the invention includes a modi?ed nano 
particle, including a nanoparticle, an organic ligand layer 
attached to the nanoparticle via a phosphate or phosphonate 
linkage, and a polymer covalently attached to said organic 
ligand layer; Wherein said polymer layer has a molecular 
Weight of greater than 1000, and Wherein at least one of said 
organic ligand layer and said polymer layer comprises repeat 
ing units having an aZide, acetylene or triaZole side chain. 

In a third aspect, the invention includes a method for pre 
paring a nanoparticle ?lled nanocomposite material, the 
method including the steps of providing an organic ligand, 
covalently attaching a matrix compatible polymer to the 
organic ligand to form a surface ligand, providing a plurality 
of nanoparticles, attaching the surface ligand via a phosphate 
or phosphonate linkage to the nanoparticles to produce modi 
?ed nanoparticles, providing a polymer matrix, and dispers 
ing the modi?ed nanoparticles in the polymer matrix, Wherein 
the dispersement of the modi?ed nanoparticles into the poly 
mer matrix results in a nanocomposite material. 

These, and other objects, features and advantages of this 
invention Will become apparent from the folloWing detailed 
description of the various aspects of the invention taken in 
conjunction With the accompanying examples. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shoWs a graph illustrating the effect of varying 
loading fractions of PGMA-modi?ed titanium dioxide nano 
particles on the refractive index of a nanocomposite material. 

FIG. 2 depicts a graph shoWing the transparency of a nano 
composite material according to the present invention con 
taining a 60% loading fraction of PGMA-modi?ed titanium 
dioxide nanoparticles in an epoxy matrix. 

FIG. 3 presents a graph shoWing the transparency of a 
nanocomposite material according to the present invention 
containing a 20% loading fraction of PGMA-modi?ed tita 
nium dioxide nanoparticles in an epoxy matrix. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention provides for modi?ed nanoparticles, 
nanocomposites, and methods of making modi?ed nanopar 
ticles and nanocomposites. The folloWing description is 
intended to provide examples of the invention and to explain 
hoW various aspects of the invention relate to each other. 
HoWever, it is important to note that the scope of the invention 
is fully set out in the claims and this description should not be 
read as limiting those claims. 

In one aspect, the invention includes a method for prepar 
ing a nanoparticle ?lled nanocomposite material, the method 
including the steps of providing a plurality of nanoparticles, 
attaching a ?rst layer of organic ligand to the nanoparticle via 
a phosphate or phosphonate linkage, covalently attaching a 
second layer of matrix compatible polymer to said ?rst layer 
of organic ligand to produce modi?ed nanoparticles, provid 
ing a polymer matrix and dispersing the modi?ed nanopar 
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ticles in the polymer matrix, wherein the dispersement of the 
modi?ed nanoparticles into the polymer matrix results in a 
nanocomposite material, and Wherein the modi?ed nanopar 
ticles are modi?ed such that the ?rst layer is proximal to the 
nanoparticle and the second layer is distal to the nanoparticle. 

Suitable nanoparticles may be made from any desired 
material. By Way of example, nanoparticles suitable foruse in 
the invention may be made from any of the following, includ 
ing, but not limited to, inorganic particles, for example, metal 
oxides, such as, for example, titanium dioxide, barium titan 
ate, Zirconium dioxide, silica, aluminum oxide, indium tin 
oxide. For the purposes of this disclosure, the term “nanopar 
ticle” is used in a broad sense, though for illustrative purposes 
only, some typical attributes of nanoparticles suitable for use 
in this invention are a particle siZe of betWeen 1-50 nanom 
eters and, With regards to particle shape, an aspect ratio of 
betWeen 1 and 10. 

Attachment of the organic ligand to the nanoparticle can be 
achieved in any reaction such that a bond betWeen the nano 
particle and the organic ligand results, for example, a covalent 
bond. Several non-limiting examples of acceptable attach 
ment/functionaliZation reactions are found in examples 1-5 
beloW. Materials suitable for use in the practice of the inven 
tion include, but are not limited to: 1) ligands containing 
either a phosphate or phosphonate group and at least one of an 
aZide, an alkyne, and a triaZole, and 2) polymeriZation initia 
tors such as dithioester or trithiocarbonate groups or atom 

transfer radical polymeriZation (ATRP) initiators. Aspects of 
the invention can have varying graft densities of organic 
ligands and/or matrix compatible polymers attached to the 
nanoparticles. Graft densities Within the scope of aspects of 
the invention include, but are not limited to, 0.01 to 1.0 
chains/nm2 as measured by ultravioletvisible-absorption 
spectroscopy. Attachment of the organic ligand to the nano 
particles may be accomplished in multiple Ways, including, 
for example, via “grafting from” or “grafting to” reactions. 
BeloW is a schematic of the grafting from and grafting to 
reactions: 

grafting-to 

precise control 
shell 

A variety of polymeriZation reactions are contemplated as 
Within the scope of the present invention, including reversible 
addition-fragmentation chain transfer (RAFT) polymeriZa 
tion. RAFT reactions are performed under mild conditions, 
typically do not require a catalyst, and are applicable to a Wide 
range of materials. Although several approaches employing 
RAFT techniques are Within the scope of the invention, an 
example of one particular RAFT reaction is surface-initiated 
RAFT. Surface-initiated RAFT is particularly attractive due 
to its ability to provide precise control over the structure of the 
grafted polymer chains and provide signi?cant control over 
the graft density as Well. The matrix compatible polymer can 
be attached to the organic ligand via any suitable chemical 
reaction such that the organic ligand is covalently bonded to 
the matrix compatible polymer. 
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4 
Click reactions are one suitable class of reactions that may 

be used to attach matrix compatible polymers to the organic 
ligand. While any form of click chemistry is Within the scope 
of the invention, an example is the use of aZide-alkyne click 
chemistry, With a more speci?c example being the copper 
catalyZed variant of the Huisgen dipolar cycloaddition reac 
tion. There are tWo major methods for producing functional 
iZed polymers using click chemistry and both methods are 
included in the scope of the invention Without limiting the 
invention to those tWo methods. The ?rst major method 
includes use of a RAFT agent containing an aZide or alkyne 
moiety to mediate the groWth of various ligands. The result 
ing ligands contain terminal alkynyl or aZido functionalities, 
Which are then used in click reactions With functional aZides 
or alkynes, respectively. This method can also be used to 
synthesiZe block copolymers by cojoining aZide and alkyne 
end-functionaliZed polymer pairs, or to synthesiZe other 
structures such as the organic ligand/polymer linking present 
in the examples found elseWhere in this disclosure. The sec 
ond method employs an organic ligand With pendant alkynyl 
or aZido groups synthesiZed via RAFT. These ligands are then 
side-functionaliZed via click-reactions. 
The term “compatible” as used herein means that the 

matrix compatible polymer is chemically similar enough to 
the polymer matrix that the dispersion of the nanoparticle 
meets at least one of the folloWing criteria: a) the largest 
agglomerates of modi?ed nanoparticles in the polymer 
matrix after dispersion and mixing are 500 nm in diameter 
and at least 50% of the agglomerates have a diameter less than 
250 nanometers, b) the largest agglomerates of modi?ed 
nanoparticles in the polymer matrix after dispersion and mix 
ing are 100 nanometers in diameter and no more than 50% of 
the agglomerates are 100 nanometers in diameter, or c) at 
least 50% of the modi?ed nanoparticles are individually dis 
persed in the polymer matrix after dispersion and mixing. 

In particular embodiments of the invention, the matrix 
compatible polymer and the polymeric matrix Will have iden 
tical chemical functionalities, for example, When they are 

grafting-from 
+ 

precise control 
core + 

each of the same chemical class. Non-limiting examples of 
such chemical classes that are Within the scope of the inven 
tion include, but are not limited to an epoxide/ ether, an ester, 
an aliphatic hydrocarbon, a silicone, an aromatic hydrocar 
bon, a phenol/resole, an amide, an isocyanate/urethane, and a 
nitrile. More speci?c examples include, but are not limited to, 
poly (glycidyl methacrylate), poly (methyl methacrylate), 
polystyrene, and polydimethylsiloxane. 
The term “chemical functionality” is interchangeable With 

“functional group” and Would be readily understood by the 
person of skill in the art. The term is used in its normal sense, 
as de?ned in the Dictionary of Science and Technology (Aca 
demic Press 1992): “In a carbon-hydrogen molecule [a func 
tional group is] an atom or group of atoms replacing a hydro 
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gen atom; [it may also be] a reactive group having speci?c 
properties, such as a double bond.” In the context used herein 
to describe the relationship betWeen the matrix compatible 
polymer and the polymeric matrix, for example, the matrix 
may arise from polymeriZation of an epoxide, and the matrix 
compatible polymer Will then possess the epoxide function 
ality in its side chain. In similar fashion, the resin/matrix may 
be a polyester, and the matrix compatible polymer Will pos 
sess the carboxylic ester functionality in its side chain; or the 
resin/matrix may be a polyole?n, and the matrix compatible 
polymer Will possess hydrocarbon functionality in its side 
chain. 
Any suitable polymeric matrix can be used according to the 

invention, as desired. Non-limiting examples include: poly 
esters, vinyl esters, epoxies, phenols, polyimides, polya 
mides, polyethylene, polypropylene, polyether ether ketone, 
poly (methyl methacrylate), polystyrene, a silicone, or other 
thermoplastic, thermoset, or another application-appropriate 
polymer. 
A variety of methods of dispersing the modi?ed nanopar 

ticles in the polymer matrix are Within the scope of the inven 
tion. Non-limiting examples include 1) dissolving the matrix 
polymer and modi?ed nanoparticles in a solvent and precipi 
tating them from that solvent or casting the solution and 
evaporating the solvent; 2) mixing the modi?ed nanoparticles 
in a melt (thermoplastic) and then alloWing the mixture to 
cool and harden; 3) mixing the modi?ed nanoparticles in an 
oligomer and then chemically crosslinking them (for 
example, in an epoxy); and 4) dispersing the modi?ed nano 
particles in the polymer matrix While the matrix is still a 
monomer and then polymerizing the monomer to form a 
thermoplastic or a cross-linked polymer. 

In a second aspect, the invention includes a modi?ed nano 
particle, including a nanoparticle, an organic ligand layer 
attached to the nanoparticle via a phosphate or phosphonate 
linkage, and a polymer covalently attached to said organic 
ligand layer; Wherein said polymer layer has a molecular 
Weight of greater than 1000, and Wherein at least one of said 
organic ligand layer and said polymer layer has an aZide, 
acetylene or triaZole side chain. The polymer may be a 
homopolymer. 

Modi?ed nanoparticles suitable for use in this aspect of the 
invention include all of the modi?ed nanoparticles discussed 
elseWhere in this disclosure or other suitable application 
speci?c nanoparticles. The nanoparticles may be inorganic 
nanoparticles, for example, titanium dioxide, barium titanate, 
Zirconium dioxide, silica, aluminum oxide, or indium tin 
oxide. 

Suitable organic ligands include, but are not limited to, l) 
ligands containing either a phosphate or phosphonate group 
and at least one of an aZide, an alkyne, and a triaZole, and 2) 
polymeriZation initiators such as dithioester or trithiocarbon 
ate groups or atom transfer radical polymeriZation (ATRP) 
initiators. Additional examples are found in the Examples 
section described elseWhere in this disclosure. 

Suitable polymers according to this aspect of the invention 
include, but are not limited to, poly (glycidyl methacrylate), 
poly (methyl methacrylate), polystyrene, and polydimethyl 
siloxane. Additional appropriate polymers are described as 
matrix compatible polymers elseWhere in this disclosure. 

Modi?ed nanoparticles according to this aspect of the 
invention may be used in a variety of applications, including 
the nanocomposite materials in the present description. In 
such applications, the amount of modi?ed nanoparticle 
present in a given embodiment of the invention, relative to the 
amount of polymeric matrix present, can vary as desired in an 
application-speci?c manner. A non-limiting example of 
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6 
amounts of modi?ed nanoparticle typically present in various 
embodiments of the invention is a range Where the modi?ed 
nanoparticle loading fraction is betWeen about 10 percent and 
about 80 percent. 

In a third aspect, the invention includes a method for pre 
paring a nanoparticle ?lled nanocomposite material, the 
method including the steps of providing an organic ligand, 
covalently attaching a matrix compatible polymer to the 
organic ligand to form a surface ligand, providing a plurality 
of nanoparticles, attaching the surface ligand via a phosphate 
or phosphonate linkage to the nanoparticles to produce modi 
?ed nanoparticles, providing a polymer matrix, and dispers 
ing the modi?ed nanoparticles in the polymer matrix, Wherein 
the dispersement of the modi?ed nanoparticles into the poly 
mer matrix results in a nanocomposite material. 

Appropriate nanoparticles suitable for practice according 
to this aspect of the invention include all of the nanoparticles 
described in this disclosure as Well as any other application 
appropriate nanoparticle. Appropriate polymeric matrices 
also include those described elseWhere in this disclosure, for 
example, an epoxide/ ether, an ester, an aliphatic hydrocarbon, 
a silicone, an aromatic hydrocarbon, a phenol/resole, an 
amide, an isocyanate/urethane, and a nitrile. More speci?c 
examples include, but are not limited to, poly (glycidyl meth 
acrylate), poly (methyl methacrylate), polystyrene, and poly 
dimethylsiloxane or another application-appropriate poly 
meric matrix. 
As described for other aspects of the invention, suitable 

organic ligands include, but are not limited to l) ligands 
containing either a phosphate or phosphonate group and at 
least one of an aZide, an alkyne, and a triaZole, and 2) poly 
merization initiators such as dithioester or trithiocarbonate 
groups or atom transfer radical polymerization (ATRP) ini 
tiators. Suitable matrix compatible polymers suitable for use 
in this aspect of the invention include, but are not limited to, 
poly (glycidyl methacrylate), poly (methyl methacrylate), 
polystyrene, and polydimethylsiloxane. Acceptable organic 
ligands and polymeric matrices are also described in other 
aspects of the invention found elseWhere in this disclosure. 
This aspect of the invention is also practicable With the RAFT 
and Click methodologies and the entirety of the discussion 
surrounding their use found elseWhere in this disclosure. 
Additionally, acceptable methods of dispersing the modi?ed 
nanoparticles in the polymer matrix are as described else 
Where in this disclosure. 

According to various aspects of the present invention, the 
use of different loading fractions of modi?ed nanoparticles to 
affect one or more properties of the nanocomposite is con 
templated. As an example, loading fractions of betWeen about 
10% to about 80% by Weight of modi?ed nanoparticles in a 
nanocomposite material may be used to affect the refractive 
index of the material. Speci?cally, in certain embodiments, 
increasing the loading fraction of modi?ed nanoparticles may 
result in a progressively higher refractive index than the poly 
mer matrix material alone Would have, as indicated in FIG. 1. 
FIG. 1 shoWs the effect of different loading fractions of TiO2 
nanoparticles, modi?ed With a PGMA polymer, on the refrac 
tive index of a PGMA matrix. The modi?ed nanoparticles 
Were made according to Example 3 beloW. 

It is also contemplated as Within the scope of the present 
invention that nanoparticles may be modi?ed differently in 
order to tailor the effect of a particular loading fraction on the 
refractive index of the nanocomposite material, alloWing for 
a desired modi?cation of the refractive index of the nanocom 
posite material relative to the polymeric matrix material 
alone. For example, depending upon the speci?c modi?cation 
to a particular nanoparticle, a 60% loading fraction may result 



US 8,518,473 B2 
7 

in a nanocomposite according to aspects of the present inven 
tion having a higher refractive index or a loWer refractive 
index than the polymer matrix material alone. 

Tuning of the refractive index by varying the nanoparticles 
and modi?cations thereof, and/ or by varying the loading frac 
tion of the modi?ed nanoparticles, is one example of hoW the 
present invention may be used to create desirable nanocom 
posite materials. Potential applications of tuning of the refrac 
tive index of a material include: light emitting diode (LED) 
packaging, light emitter (collector) management, manufac 
ture of ophthalmic lenses, ?lters, optical adhesives, sensors, 
highly re?ective and antire?ective coatings, optical 
Waveguide materials, volume holographic recording materi 
als, and non-linear optical materials, among others. 

Another application of aspects of the current invention is to 
create materials With a tunable, high degree of transparency. 
Use of appropriate modi?ed nanoparticles and controlled 
loading of those particles may result in materials With a very 
high degree of transparency. One example is found in the use 
of modi?ed titanium dioxide nanoparticles, created accord 
ing to Example 3 beloW. Use of a 60% loading fraction of 
these modi?ed nanoparticles results in a nanocomposite 
material With a 90% or higher transparency over the Whole 
visible light range as shoWn in FIG. 2. As another example, 
use of a 20% loading fraction of the epoxy-modi?ed nano 
particles results in a nanocomposite material With a transpar 
ency of 70% or greater over the Whole visible light range as 
shoWn in FIG. 3. In this aspect of the invention, the transpar 
ency of a nanocomposite material may be tuned by adding 
speci?c modi?ed nanoparticles, by tailoring the loading frac 
tion of modi?ed nanoparticles, or both. 

EXAMPLES 

Explained herein are embodiments of the invention 
describing fabrication of transparent nanoparticle-?lled 
nanocomposites With tunable optical properties, such as 
refractive index and color conversion. The invention may, 
hoWever, be embodied in many different forms and should not 
be construed as being limited to the exemplary embodiments 
set forth herein; rather, these embodiments are provided so 
that this disclosure Will be thorough and complete, and Will 
convey the concept of the invention to those skilled in the art. 

Example 1 

In this example, a phosphonate coupling and click chem 
istry Was used to graft poly(glycidyl methacrylate) (PGMA) 
chains onto Zirconium dioxide (ZrO2) nanoparticles to pre 
pare transparent, high refractive index polymer nanocompos 
ites. 

The nanoparticle Was modi?ed With a phosphonate ligand 
Which has a phosphonic acid head group binding strongly 
onto the surface of particles and an end group alloWs the 5 
grafting of polymer chains via a click reaction. A schematic 
chemistry is shoWn beloW: 
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Synthesis of 3-bromopropyl phosphonic acid 

Me3SiBr 

A 100 mL round-bottom ?ask Was purged With argon. To 
the dry ?ask Was added methane chloride (15 mL), diethyl 
(3-bromopropyl)phosphonate (2 mL, 9.9 mmol) and stirred 
With a magnetic stir bar. Trimethylsilyl bromide (6 mL, 45 
mmol) Was added into the ?ask via syringe. The argon gas Was 
stopped and the mixture Was stirred at room temperature for 
24 h. HCl aqueous solution (5%, 10 mL) Was added and 
stirred for 1 hour. The solution Was extracted With CH2Cl2 (10 
mL), dried With sodium sulfate overnight, and ?ltered. After 
the removal of the solvent by a rotoevaporator and under 
vacuum overnight, a yelloW solid (1.75 g) Was obtained. 
Synthesis of ZrO2 Nanoparticles 

Zr(OPr)4 (1 mmol), oleic acid (5 mmol) and octadecane (6 
mL) Was stirred With a stir bar and heated to 3100 C. in a 50 
mL round-bottom ?ask. Oleylamine (4 mmol) Was injected 
via a syringe into the ?ask and the reaction proceeded for 
another hour. After cooling to room temperature, the particles 
Were collected by precipitating in ethanol and centrifugation. 
The obtained particles Were dispersed in chloroform. 
FunctionaliZation of ZrO2 Nanoparticles With Phosphonic 
Acid 

Phosphonic acid Was attached onto particle surface by 
re?uxing the synthesiZed phosphonate With ZrO2 particles 
With a 1:1 Weight ratio in toluene at 900 C. overnight. The 
excess amount of ligand Was removed by precipitating treated 
particles in methanol. 
AZide Modi?cation of ZrO2 Nanoparticles 

The phosphonic acid functionaliZed particles (1 g) Were 
mixed With an excess amount, of sodium aZide (2 g) in DMF 
(40 mL) and stirred at room temperature for 24 h. After 
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Washing With Water and centrifugation, the obtained particles 
Were dispersed into tetrahydrofuran (THF) and ready for 
grafting polymers. 
Synthesis of alkyne-terminated poly(glycidyl methacrylate) 
(PGMA) 
Alkyne terminated poly(glycidyl methacrylate) (PGMA) 

Was synthesized by reversible addition-fragmentation chain 
transferpolymeriZation (RAFT). A solution of glycidyl meth 
acrylate (20 ml), THF (40 ml), prop-2-ynyl 4-cyano-4-(phe 
nyl carbonothioylthio)pentanoate (100 mg), and aZobisisobu 
tyronitrile (AIBN) (5 mg) Was prepared in a dried Schlenk 
tube. The mixture Was degassed by three freeZe-pump-thaW 
cycles, back?lled With nitrogen, and then placed in an oil bath 
at 60° C. overnight. The polymerization solution Was 
quenched in ice Water and precipitated in hexane. The poly 
mer Was recovered by centrifugation and dried under vacuum 

(M520 Kg/mol, PDl:1.15). 
Grafting Polymers onto ZrO2 Nanoparticles 

Phosphonic acid-aZide ligand functionaliZed ZrO2 par 
ticles (1 equiv of iN3) Were mixed With alkyne-terminated 
PGMA polymer (2 equiv), and N,N,N',N",N"-pentameth 
yldiethylenetriamine (PMDETA) (0.5 equiv) Was dissolved 
in Tl-IF. The solution Was degassed by bubbling nitrogen for 
5 minutes and transferred to a ?ask containing CuBr (0.5 
equiv) under a nitrogen atmosphere. The ?ask Was transferred 
into an oil bath at 50° C. for 12 h. After the reaction, the 
solution Was precipitated into methanol. The grafted particles 
Were recovered by centrifugation and redispersed in chloro 
form. 

Example 2 

In this example, a phosphonate coupling and click chem 
istry Was used to graft polystyrene chains onto BaTiO3 nano 
particles. 

The nanoparticle Was modi?ed With a phosphonate ligand 
Which has a head group binding robustly onto the surface of 
particles and an end group that alloWs the grafting of polymer 
chains via a click reaction. A schematic chemistry is shoWn 
below: 

0 I \ O 
o\ H 5 N N n \ 

§ / 
/ P N 

O 0 

Synthesis of dodec-1 1-ynyl-phosphonic diethyl ester 

A 100 mL round-bottom dry ?ask Was purged With Argon 
gas.Anhydrous DMF (20 mL) and 1,10-dibromdecane (7.5 g, 
25 mmol) Were mixed and stirred With a stir bar. Sodium 
acetylide (7.4 g, 18% Wt in xylene) Was added sloWly. The 
mixture Was stirred at 70° C. overnight. The reaction Was 
quenched With DI Water (40 ml). The solution Was extracted 
With CH2Cl2 (3x50 mL), re-extracted With DI Water (2x50 
mL), dried With sodium sulfate overnight, and ?ltered. After 
the removal of the solvent by rotoevaporation, 12-bromo 

20 

30 

35 

40 

45 

50 

55 

60 

65 

10 
dodec-1-yne (6.5 g) Was obtained. The resultant product Was 
added to triethyl phosphate (10.9 ml, 62.5 mmol) and stirred 
for 24 h at 150° C. After cooling to room temperature, the 
excess amount of triethyl phosphate Was removed under 
vacuum. A light yelloW liquid Was obtained (1 g, 20%). 

Synthesis of aZide-terminated polystyrene 
Polystyrene Was prepared by ATRP ([Sty]/[MBP]/[CuBr]/ 

[PMDETA]:100: 1 :1 :1, 40 vol % toluene, 80° C.). Oxygen 
Was removed by three freeZe-pump-thaW cycles folloWed by 
back?lling With nitrogen. The polymeriZation Was stopped by 
cooling and exposing the reaction mixture to air. The mixture 
Was diluted With THF and passed through a neutral alumina 
column to remove the catalyst, and the polymer Was isolated 
by precipitation into methanol. The bromo-terminated poly 
mer (1 equiv) Was reacted With NaN3 (1.1 equiv) at room 
temperature in DMF (0.05 M-Br) to yield aZido-terminated 
polystyrene. 
Synthesis of BaTiO3 Nanoparticles 
Barium acetate (2.5 mmol) Was dissolved in 7.5 mL DI 

Water and mixed With NaOH solution (7 mL, 5 mol/L). 
Ti(OBu)4 (1 mL) Was dissolved in n-butanol (10 mL) and 
oleic acid (10 mL) Was added and stirred With a magnetic stir 
bar for 5 minutes. The solution Was transferred into a pressure 
vessel (50 mL, Parr) at 200° C. for 24 h. After decanting the 
supematurant layer, the particles Were collected by precipi 
tating in ethanol and centrifugation. The obtained particles 
Were dispersed into chloroform. 

FunctionaliZation of BaTiO3 Nanoparticles With Phospho 
nate Ligand 

Phosphonate ligand Was attached onto the nanoparticle 
surface via sonication of the synthesiZed ligand With BaTiO3 
particles With a 1 :1 Weight ratio in chloroform for 30 min. The 
excess amount of ligand Was removed by precipitating treated 
particles in ethanol. The functionaliZed particles Were dis 
persed into THF ready for grafting polymer chains. 
Grafting Polystyrene to BaTiO3 Nanoparticles 

Phosphonate functionaliZed BaTiO3 particles (0.1 g) Were 
mixed With aZide-terminated polystyrene (0.1 g, 40 Kg/mol), 
and N,N,N',N",N"-pentamethyldiethylenetriamine (PM 
DETA) (10 uL) Was dissolved in THF. The solution Was 
degassed by bubbling nitrogen for 5 minutes and transferred 
to a ?ask containing CuBr (5 mg) under a nitrogen atmo 
sphere. The ?ask Was transferred into an oil bath at 50° C. for 
12 h. After the reaction, the solution Was precipitated into 
methanol. The grafted particles Were recovered by centrifu 
gation and redispersed in chloroform. 

Example 3 

In this example, phosphate coupling combined With click 
chemistry Was used to graft polymers on titanium dioxide 
(TiO2) nanoparticles to prepare transparent, high refractive 
index polymer nanocomposites. The grafted poly (glycidyl 
methacrylate) (PGMA) polymer chains Were prepared by 
reversible addition-fragmentation chain transfer polymeriZa 
tion (RAFT). 

High refractive index TiO2 nanoparticles Were modi?ed by 
a phosphate ligand featured by having a phosphate monoester 
head group, Which can bind to the surface of TiO2 nanopar 
ticles and having an aZide end group alloWing for subsequent 
attachment of polymer chains via click chemistry. An 
example chemistry is shoWn in the schematic beloW: 
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CuBr/PMDET/MTHF/SOO C. 

Synthesis of TiO2 Nanoparticles 
Oleic acid (10 mL), oleylamine (10 mL), cyclohexane (20 

mL) and Ti (OBu)4 (2 mL) Were mixed at room temperature by 
magnetic stirring for 5 minutes. The solution Was then trans 
ferred into a pressure vessel (50 mL, Parr) at 2000 C. for 24 
hours. After decanting the supernaturant layer, the particles 
Were collected by precipitating in. ethanol and centrifugation. 
The obtained particles Were dispersed into toluene. 
Synthesis of alkyne-terminated poly(glycidyl methacrylate) 
(PGMA) 
Alkyne terminated poly(glycidyl methacrylate) (PGMA) 

Was synthesiZed by reversible addition-fragmentation chain 
transferpolymeriZation (RAFT). A solution of glycidyl meth 
acrylate (20 mL), THF (40 mL), prop-2-ynyl 4-cyano-4-(phe 
nyl carbonothioylthio)pentanoate (100 mg), and AIBN (5 
mg) Was prepared in a dried Schlenk tube. The mixture Was 
degassed by three freeZe-pump-thaW cycles, back?lled With 
nitrogen, and then placed in an oil bath at 60° C. for 22 h. The 
polymeriZation solution Was quenched in ice Water and pre 
cipitated in hexane. The polymer Was recovered by centrifu 
gation and dried under vacuum (Mn:40 000 g/mol, 
PDIIl . 15). 

Synthesis of 2-hydroxyethyl 2-bromo-2-methylpropanoate 

OH Br 
HO/\/ + 

Br 

Br 
0 HO/\/ 

0 

To a 250 mL round-bottom dry ?ask Was added anhydrous 
ethylene glycol (55 mL, 1 mol). The ?ask Was put into an ice 
bath and stirred With a magnetic stir bar. And then 2-bro 
moisobutyl bromide (5 mL, 40 mmol) Was added dropWise 
into the ?ask. The solution Was stirred for 3 hours and 
quenched With 25 mL DI Water. The solution Was extracted 
With CH2Cl2 (3x25 mL), dried With sodium sulfate overnight, 
and ?ltered. After the removal of the solvent by a rotoevapo 
rator, 2-hydroxyethyl 2-bromo-2-methylpropanoate Was 
obtained as a colorless liquid (yield: 8.2 g, 82.5%). 
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Synthesis of 2-(2-aZido-2-methylpropanoyloxy)ethyl dihy 
drogen phosphate 

Br 
0 

HO/\/ + NaN3 

O HO/\/ 

To a 250 mL round-bottom dry ?ask Was added anhydrous 
DMF (60 mL), 2-hydroxyethyl 2-bromo-2-methylpro 
panoate (8.2 g, 38.8 mmol) and NaN3 (2.7 g, 41.55 mmol). 
The solution Was stirred With a magnetic bar for 24 hours at 
ambient temperature and quenched With DI Water (80 mL). 
The solution Was extracted With CH2Cl2 (3x50 mL), re-ex 
tracted With DI Water (2x50 mL), dried With sodium sulfate 
overnight, and ?ltered. After the removal of the solvent by a 
rotoevaporator, a clear, colorless liquid (5.33 g, 88.8%) Was 
obtained. 
Synthesis of 2-(phosphonooxy)ethyl 2-aZido-2-methylpro 
panoate 

0 N3 
HO/\/ 

O 

O 

Pool3 
THF ' 

2-hydroxyethyl 2-aZido-2-methylpropanoate (2 g, 11.54 
mmol) Was dissolved in anhydrous THF (40 mL) in a 250 ml 
round-bottom ?ask. Anhydrous triethylamine (1.8 mL, 12.7 
mmol) Was added into the ?ask and mixture Was cooled to 0° 
C. With an ice bath. The solution Was stirred With magnetic 
stir bar. POCl3 (1.2 mL, 12.7 mmol) Was added dropWise into 
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the mixture. The reaction Went for 5 hours and Was quenched 
by adding DI Water (40 mL). The solution Was extracted With 
CH2Cl2 (3x35 mL), dried With sodium sulfate overnight, and 
?ltered. After the removal of the solvent by a rotoevaporator 
and under vacuum overnight, a viscous, amber colored liquid 
(1.75 g, 60%) Was obtained. 
FunctionaliZation of TiO2 Nanoparticles With Phosphate 
Ligand 

Phosphonic acid-aZide ligand Was attached onto particle 
surface via sonication of the synthesized ligand With titania 
particles With a 1 :1 Weight ratio in chloroform for 30 min. The 
excessive amount of ligand Was removed by precipitating 
treated particles in ethanol. The functionaliZed particles Were 
dispersed into THF ready for grafting polymer chains. 
Grafting PGMA to TiO2 Nanoparticles 

Phosphoric acid-aZide ligand functionaliZed TiO2 particles 
(1 equiv of iN3) Were mixed With PGMA-alkyne polymer (2 
equiv), and N,N,N',N",N"-pentamethyldiethylenetriamine 
(PMDETA) (0.5 equiv) Was dissolved in THF. The solution 
Was degassed by bubbling nitrogen for 5 minutes and trans 
ferred to a ?ask containing CuBr (0.5 equiv) under a nitrogen 
atmosphere. The ?ask Was transferred into an oil bath at 50° 
C. for 24 h. After the reaction, the solution Was precipitated 
into methanol. The grafted particles Were recovered by cen 
trifugation and redispersed in chloroform. 

Example 4 

In this example, a phosphate coupling combined With click 
chemistry Was used to graft poly(dimethyl siloxane) (PDMS) 
chains on barium titanate (BaTiO3) nanoparticles to prepare 
transparent, high refractive index polymer nanocomposites. 
The PDMS grafted BaTiO3 nanoparticles can be processed 
into transparent, high refractive index polymer composites, 
and they can also Well-dispersed into silicone matrix. 

High refractive index BaTiO3 nanoparticles Were modi?ed 
by a phosphate ligand featured by having a phosphoric acid 
head group, Which can bind to the surface of BaTiO3 nano 
particles and having an aZide end group alloWing for subse 
quent attachment of polymer chains via click chemistry. An 
example chemistry is shoWn in the schematic beloW: 

Synthesis of BaTiO3 Nanoparticles 
Barium acetate (2.5 mmol) Was dissolved in 7.5 mL DI 

Water and mixed With NaOH solution (7 mL, 5 mol/L). 
Ti(OBu)4 (1 mL) Was dissolved in n-butanol (10 mL) and 
oleic acid (10 mL) Was added and stirred With magnetic stir 
bar for 5 minutes. The solution Was transferred into a pressure 
vessel (50 mL, Parr) at 200° C. for 24 h. After decanting the 
supematurant layer, the particles Were collected by precipi 
tating in ethanol and centrifugation. The obtained particles 
Were dispersed into chloroform. 
Synthesis of alkyne-terminated poly(dimethyl siloxane) 
(PDMS) 
A solution of 4-pentynoic acid (196 mg, 2 mmol), mono 

carbinol functionaliZed poly (dimethyl siloxane) (PDMS 
from GELEST, MW:10 Kg/mol, 2 g, 2 mmol) and 4-dim 
ethylaminopyridine (DMAP) (73 mg, 0.6 mmol) in 50 mL of 
methylene chloride Was cooled to 00 C. in a 250 mL round 
bottom ?ask. Dicyclohexylcarbodiimide (DCC) (412 mg, 2 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

14 
mmol) Was dissolved in 20 mL methylene chloride and added 
sloWly to the solution. The resulting mixture Was Warmed to 
room temperature and stirred overnight. The precipitate Was 
removed by ?ltration. The solution Was Washed tWice With 
methanol and dried under vacuum overnight. Alkyane-termi 
nated PDMS Was obtained as a colorless liquid (1.6 g, 80%). 
Synthesis of 1 1-aZidoundecan-1-ol 

HOMBr + NaN3 —> HOMM 

To a 250 mL round-bottom dry ?ask Was added anhydrous 
DMF (60 mL), 11 bromo-l-undecanol (10 g, 39.8 mmol) and 
NaN3 (2.85 g, 43.8 mmol). The solution Was stirred With a 
magnetic bar for 24 hours at ambient temperature and 
quenched With DI Water (60 mL). The solution Was extracted 
With CH2Cl2 (3x40 mL), re-extracted With DI Water (2x50 
mL), dried With sodium sulfate overnight, and ?ltered. After 
the removal of the solvent by a rotoevaporator, a clear, color 
less liquid (9.1 g, 93.4%) Was obtained. 
Synthesis of 1 1-aZidoundecyl dihydrogen phosphate 

0 

11-aZido-undecan-1-ol (4.56 g, 20 mmol) Was dissolved in 
anhydrous Tl-IF (60 mL) in a 250 ml round-bottom ?ask. 
Anhydrous triethylamine (3.1 1 mL, 22 mmol) Was added into 
the ?ask and mixture Was cooled to 0° C. With an ice bath. The 
solution Was stirred With a magnetic stir bar. POCl3 (2.07 mL, 
22 mmol) Was added dropWise into the mixture. The reaction 
Went for 5 hours and Was quenched by adding DI Water (40 
mL). The solution Was extracted With CH2Cl2 (3x30 mL), 
dried With sodium sulfate overnight, and ?ltered. After the 
removal of the solvent by a rotoevaporator and under vacuum 
overnight, a viscous, amber colored liquid (3.8 g, 75%) Was 
obtained. 
FunctionaliZation of BaTiO3 Nanoparticles With Phosphate 
Ligand 

Phosphoric acid-aZide ligand Was attached onto particle 
surface via sonication of the synthesiZed ligand With BaTiO3 
particles With a 1 :1 Weight ratio in chloroform for 30 min. The 
excess amount of ligand Was removed by precipitating treated 
particles in ethanol. The functionaliZed particles Were dis 
persed into THF ready for grafting polymer chains. 
Grafting PDMS to BaTiO3 Nanoparticles 

Phosphoric acid-aZide ligand functionaliZed BaTiO3 par 
ticles (1 equiv of iN3) Were mixed With PDMS-alkyne poly 
mer (2 equiv), and N,N,N',N",N"-pentamethyldiethylenetri 
amine (PMDETA) (0.5 equiv) Was dissolved in THF. The 
solution Was degassed by bubbling nitrogen for 5 minutes and 
transferred to a ?ask containing CuBr (0.5 equiv) under a 
nitrogen atmosphere. The ?ask Was transferred into an oil 
bath at 50° C. for 12 h. After the reaction, the solution Was 
precipitated into methanol. The grafted particles Were recov 
ered by centrifugation and redispersed in chloroform. 

Example 5 

In this example, reversible addition-fragmentation chain 
transfer (RAFT) polymeriZation Was used to graft polymers 
on TiO2 nanoparticles. 2-methyl-propionic acid 2-phosphoric 
acid-ethyl ester dithiobenZoate Was used as the RAFT reac 
tion agent. 
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The nanoparticles Were modi?ed With a phosphorate 
RAFT ligand, in Which the phosphoric acid group robustly 
anchors onto TiO2 particles and RAFT agent functional group 
initiates the polymerization of poly(methyl metharylate) 
(PMMA). The grafted PMMA polymer chains have a grafting 
density of 0.7 chain/nm2 and molecular Weight of 40 Kg/mol. 
An example chemistry is shoWn in the schematic beloW: 

(i s 

O O o/V 

Synthesis of TiO2 Nanoparticles 
Oleic acid (10 mL), oleylamine (10 mL), cyclohexane (20 

mL) and Ti (OBu)4 (2 mL) Were mixed at room temperature by 
magnetic stirring for 5 min. Then the solution Was transferred 
into a pressure vessel (50 mL, Parr) at 2000 C. for 24 h. After 
decanting the supernaturant layer, the particles Were collected 
by precipitating in ethanol and centrifugation. The obtained 
particles Were dispersed into chloroform. 
Synthesis of 2-methyl-propionic acid 2-hydroxy-ethyl ester 
dithiobenzoate 

Cu(0), CuBr 
PMDETA 
—> 

800 c., 6 h 

0 

S 

Dithiobenzoyl disulphide (92.75 mg, 0.3 mmol), CuBr 
(23.4 mg, 0.163 mmol) and Cu(0) (51.9 mg, 0.81 mmol) Were 
added to a round bottom schlenk ?ask equipped With a mag 
netic stirrer. It Was purged With N2 for 20 min. In a separate 
schlenk ?ask, 2-bromo-2-methyl-propionic acid 2-hydroxy 
ethyl ester (127.5 mg, 0.61 mmol), PMDETA (56.6 mg, 0.33 
mmol) and anhydrous toluene (4 ml) Was subjected to four 
cycles of freeze-pump-thaW. Using a syringe back?lled With 
N2, the liquid contents Were transferred to the other ?ask 
being purged. The mixture Was then heated at 820 C. for 6 h. 
The mixture Was then passed through a neutral alumina col 
umn to obtain the product in a 98% yield. 
Synthesis of 2-methyl-propionic acid 2-phosphoric acid 
ethyl ester dithiobenzoate (phosphate-RAFT) 

Br 
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-continued 

0 

I}! 
o/ |\OH 

OH 

2-methyl-propionic acid 2-hydroxy-ethyl ester dithioben 
zoate (0.466 g, 1.64 mmol) Was dissolved in anhydrous THF 
(10 ml) in a 2-neck round bottom ?ask that Was purged With 
N2 for 10 min. The ?ask Was equipped With a magnetic stirrer 
and rubber septa. Anhydrous triethylamine (0.183 g, 1.81 
mmol) Was added, and the mixture Was cooled to 00 C. With an 
ice bath. POCl3 (0.278 g, 1.81 mmol) Was added sloWly, 
dropWise to the solution. The reaction Was alloWed to Warm 
up to room temperature and stirred for 3 h. The reaction Was 
quenched With H20 (10 ml) and the pH checked to be less 
than 2. It Was extracted With CHCl3 (3x10 ml), the combined 
organic extracts ?ltered over MgSO4 and the solvent removed 
via rotary evaporation. The liquid Was then dried under 
vacuum to give the product (0.354 g, 58%) as dark red oil. 
Functionalization of TiO2 Nanoparticles With Pho sphate-Raft 
Phosphate-RAFT ligand Was attached onto particle surface 

via sonication of the synthesized ligand With titania particles 
With a 1:1 Weight ratio in chloroform for 30 min. The excess 
amount of phosphate Was removed by precipitating treated 
particles in ethanol. The functionalized particles Were dis 
persed into THF. 
Graft Polymerization of PMMA from Phosphate-Raft 
Anchored TiO2 Nanoparticles 

Phosphate-RAFT modi?ed TiO2 (0.075 g), methyl meth 
acrylate (MMA) (0.9 g, 9 mmol), THF (1 ml) andAlBN (0.28 
mg, 0.0017 mmol) Were added to a schlenk tube equipped 
With a stirrer. The tube Was subj ected to three cycles of freeze 
pump-thaW and Was stirred for 4 h at 62.50 C. The polymer 
ization Was stopped by quenching the ?ask in ice Water and 
the mixture precipitated in hexane to remove traces of mono 
mer and solvent. The particles Were centrifuged at 5000 rpm 
for 5 min and redispersed With THF. 

While several aspects of the present invention have been 
described and depicted herein, alternative aspects may be 
effected by those skilled in the art to accomplish the same 
objectives. Accordingly, it is intended to cover all such alter 
native aspects as fall Within the true spirit and scope of the 
invention. 

The invention claimed is: 
1. A method for preparing a nanoparticle ?lled nanocom 

posite material, the method comprising 
a. providing a plurality of nanoparticles; 
b. attaching a ?rst layer of organic ligand to said nanopar 

ticle via a phosphate or phosphonate linkage; 
c. covalently attaching a second layer of matrix compatible 

polymer to said ?rst layer of organic ligand to produce 
modi?ed nanoparticles; 

d. providing a polymer matrix; 
e. dispersing said modi?ed nanoparticles in said polymer 

matrix, Wherein the dispersement of said modi?ed nano 
particles into said polymer matrix results in a nanocom 



US 8,518,473 B2 
17 

posite material, and wherein said modi?ed nanoparticles 
are modi?ed such that said ?rst layer is proximal to said 
nanoparticle and said second layer is distal to said nano 
particle. 

2. The method of claim 1, Wherein the nanoparticles are 
inorganic nanoparticles. 

3. The method of claim 2, Wherein the inorganic nanopar 
ticles are titanium dioxide nanoparticles, Zirconium dioxide 
nanoparticles, or barium titanate nanoparticles. 

4. The method of claim 1, Wherein the loading fraction of 
saidmodi?ed nanoparticles in saidnanocomposite material is 
betWeen about 10% and about 80% by Weight. 

5. The method of claim 1, Wherein the organic ligand 
contains either a phosphate or a phosphonate group and at 
least one of an aZide, an alkyne, and a triaZole. 

6. The method of claim 1, Wherein the second layer is 
selected from a group consisting of poly (glycidyl methy 
lacrylate), poly (methyl methacrylate), polystyrene, and 
polydimethylsiloxane. 

7. The method of claim 1, Wherein the polymer matrix is 
either a thermoplastic or a thermoset. 

8. The method of claim 7, Wherein the polymer matrix is 
selected from a group consisting of poly (methyl methacry 
late), polystyrene, an epoxy, and a silicone. 

9. The method of claim 1, Wherein the nanocomposite 
material has a higher refractive index than the polymer matrix 
alone. 

10. The method of claim 1, Wherein the nanocomposite 
material has a transparency of more than about 70% in the 
Whole visible light range. 

11. A modi?ed nanoparticle comprising 
a. a nanoparticle; 
b. an organic ligand layer attached to said nanoparticle via 

a phosphate or phosphonate linkage; and 
c. a polymer covalently attached to said organic ligand 

layer; Wherein said polymer layer has a molecular 
Weight of greater than 1000, and Wherein at least one of 
said organic ligand layer and said polymer layer has an 
aZide, acetylene or triaZole. 

12. The modi?ed nanoparticle of claim 11, Wherein the 
nanoparticles are inorganic nanoparticles. 

13. The modi?ed nanoparticles of claim 12, Wherein the 
inorganic nanoparticles are titanium dioxide nanoparticles, 
Zirconium dioxide nanoparticles, or barium titanate nanopar 
ticles. 

14. The nanoparticle of claim 11, Wherein the organic 
ligand contains either a phosphate or a phosphonate group 
and at least one of an aZide, an alkyne, and a triaZole. 

15. The method of claim 11, Wherein the polymer is 
selected from a group consisting of poly (glycidyl methy 
lacrylate), poly (methyl methacrylate), polystyrene, and 
polydimethylsiloxane. 

16. A method for preparing a nanoparticle ?lled nanocom 
posite material, the method comprising 

a. providing an organic ligand; 
b. covalently attaching a matrix compatible polymer to said 

organic ligand to form a surface ligand; 
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c. providing a plurality of nanoparticles; 
d. attaching said surface ligand via a phosphate or phos 

phonate linkage to said nanoparticles to produce modi 
?ed nanoparticles; 

e. providing a polymer matrix; 
f. dispersing said modi?ed nanoparticles in said polymer 

matrix, Wherein the dispersement of said modi?ed nano 
particles into said polymer matrix results in a nanocom 
posite material. 

17. The method of claim 16, Wherein the nanoparticles are 
inorganic nanoparticles. 

18. The method of claim 17, Wherein the inorganic nano 
particles are titanium dioxide nanoparticles, Zirconium diox 
ide nanoparticles, or barium titanate nanoparticles. 

19. The method of claim 16, Wherein the loading fraction of 
saidmodi?ed nanoparticles in said nanocomposite material is 
betWeen about 10% and about 80% by Weight. 

20. The method of claim 16, Wherein the organic ligand 
contains either a phosphate or a phosphonate group and at 
least one of an aZide, an alkyne, and a triaZole. 

21. The method of claim 16, Wherein the matrix compatible 
polymer is selected from a group consisting of poly (glycidyl 
methylacrylate), poly (methyl methacrylate), polystyrene, 
and polydimethylsiloxane. 

22. The method of claim 16, Wherein the polymer matrix is 
a thermoplastic or a thermoset. 

23. The method of claim 22, Wherein the polymer matrix is 
selected from a group consisting of poly (methyl methacry 
late), polystyrene, an epoxy, and a silicone. 

24. The method of claim 16, Wherein the nanocomposite 
material has a higher refractive index than the polymer matrix 
alone. 

25. The method of claim 16, Wherein the nanocomposite 
material has a transparency of more than about 70% in the 
Whole visible light range. 

26. A method for producing a composite material of pre 
determined refractive index comprising 

a. providing a polymer matrix, 
b. introducing into said matrix a modi?ed nanoparticle to 

form a composite material, Wherein the modi?ed nano 
particle includes a nanoparticle, an organic ligand layer 
attached to said nanoparticle via a phosphate or phos 
phonate linkage, and a polymer covalently attached to 
said organic ligand layer; 
Wherein said polymer layer has a molecular Weight of 

greater than 1000, and 
Wherein at least one of said organic ligand layer and said 

polymer layer has an aZide, acetylene or triaZole. 
27. The method of claim 26, Wherein a loading fraction of 

said modi?ed nanoparticles in said polymer matrix is 
betWeen about 10% and about 80% by Weight. 

28. The method of claim 26, Wherein the composite mate 
rial has a transparency of more than about 70% in the Whole 
visible light range. 

29. The method of claim 26, Wherein said polymer matrix 
is a thermoplastic or a thermoset. 

* * * * * 


