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(57) ABSTRACT 

Multi-component particles comprising inorganic nanopar 
ticles distributed in an organic matrix and processes for 
making and using same. A ?owing aerosol is generated that 
includes droplets of a precursor medium dispersed in a gas 
phase. The precursor medium contains a liquid vehicle and 
at least one precursor. At least a portion of the liquid vehicle 
is removed from the droplets of precursor medium under 
conditions effective to convert the precursor to the nanopar 
ticles or the matrix and form the multi-component particles. 
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MULTI-COMPONENT PARTICLES COMPRISING 
INORGANIC NANOPARTICLES DISTRIBUTED IN 
AN ORGANIC MATRIX AND PROCESSES FOR 

MAKING AND USING SAME 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application claims the bene?t of Provisional 
Patent Application Ser. No. 60/599,847, ?led on Aug. 7, 
2004, the entirety of Which is incorporated herein by refer 
ence. 

FIELD OF THE INVENTION 

[0002] The present invention relates to inorganic nanopar 
ticles. More particularly, the invention relates to multi 
component particles comprising inorganic nanoparticles dis 
tributed in an organic matrix, and to processes for making 
and using such multi-component particles. 

BACKGROUND OF THE INVENTION 

[0003] Nanopar‘ticles, and processes for making nanopar 
ticles, have been the subject of recent interest and research 
because of the advantages provided by nanoparticles over 
larger siZed particulate materials. One advantage of nano 
particles is they have a greater surface area and surface 
energy, Which is useful in a variety of applications, including 
catalysis, electrocatalysis, absorbance, chemical separations 
and bio-separation applications. Nanopar‘ticles are also use 
ful in the formulation of inks, pastes and tapes that are used 
in depositing thin or thick ?lms, such as optically transparent 
conductors for use in displays, magnetic coatings for storage 
media and printed circuitry for electronic applications. Inks 
and pastes With nanoparticles have improved rheology char 
acteristics (e.g., ?oWability), Which alloW thinner layers to 
be applied and alloW deposition of features With smaller 
dimensions. Lighting applications also bene?t from the 
properties of nanoparticles; for example, semiconductor 
nanoparticles, in addition to other uses, are useful because of 
their “quantum dot effect,” Which alloWs the luminescent 
color of a semiconductor nanoparticulate to be tailored 
according to the siZe of the nanoparticulate. In addition to 
the examples above, nanoparticles are being used, or con 
sidered for use, in many other applications including phar 
maceutical formulations, drug delivery applications, medi 
cal diagnostic aids, abrasives, pigments, phosphors for 
lighting, displays, security applications, dental glasses, poly 
meric ?llers, thermal interface materials and cosmetics. 

[0004] As a result of the large number of applications for 
nanoparticles, a variety of processes have been developed 
for making and processing nanoparticles. One common 
problem faced by these processes is the tendency of the 
nanoparticles to agglomerate because of their high surface 
area and surface energy. Once the nanoparticles have 
agglomerated, often they do not provide the same advan 
tages achieved When the individual nanoparticles are in a 
dispersed state. Consequently, the tendency of nanoparticles 
to agglomerate makes the forming, processing, handling, 
transporting and use of nanoparticles di?icult. Further, it is 
extremely dif?cult to separate or redisperse agglomerated 
nanoparticles. 
[0005] A Wide variety of synthetic methods exist for 
producing nanoparticles. Another common problem is to 
produce unagglomerated nanoparticles at such scales as to 
meet commercial needs. 
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[0006] Thus, there is a need for additional processes for 
forming, processing, handling, transporting, dispersing and 
using nanoparticles and neW nanoparticulate products that 
alleviate some or all of these problems. 

SUMMARY OF THE INVENTION 

[0007] The present invention is directed to multi-compo 
nent particles comprising inorganic nanoparticles distributed 
in an organic matrix and to processes for making and using 
same. In one embodiment, the invention is to a plurality of 
multi-component particles, each particle comprising a plu 
rality of inorganic nanoparticles distributed in an organic 
matrix, Wherein the plurality of multi-component particles 
has a d50 particle diameter, based on volume, of greater than 
about 0.1 pm and less than about 150 um. The multi 
component particles preferably are substantially spherical. 

[0008] The inorganic nanoparticles optionally comprise 
one or more of silver, copper, nickel, platinum, palladium, 
rhodium, ruthenium, cobalt, gold, iridium, or a metal oxide 
thereof, and the organic matrix optionally comprises one or 
more of a polycyclic polymer, an organic polymer (e.g., 
polyvinylpyrrolidone (PVP)), an organic salt, an organic 
compound, or a bioactive compound. An additive may also 
be distributed Within or form a portion of the organic matrix, 
the additive comprising, for example, one or more of a 
surfactant, a reducing agent, a ?uxing agent, an adhesion 
promoter or a hardening agent. 

[0009] Desirably, the nanoparticles may be dispersable in 
a liquid medium to form dispersed nanoparticles having 
from about 1 to about 10 monolayers disposed thereon, 
Wherein the monolayers are formed from the organic matrix. 
In one aspect, the dispersion has a surface tension greater 
than 5 dynes/cm and a viscosity greater than about 1 
centipoise. In one aspect, the dispersion is ink jettable. 

[0010] In another embodiment, the invention is to an 
individual multi-component particle, comprising a plurality 
of inorganic nanoparticles distributed in an organic matrix, 
Wherein the multi-component particle has a particle siZe 
(e.g., diameter) of greater than about 0.1 um and less than 
about 100 pm. 

[0011] In another embodiment, the invention is to a pro 
cess for making multi-component particles comprising inor 
ganic nanoparticles distributed in an organic matrix, the 
process comprising the steps of: (a) generating an aerosol 
comprising droplets, Wherein the droplets comprise a liquid 
vehicle, an inorganic nanoparticle precursor and an organic 
matrix precursor; and (b) removing at least a portion of the 
liquid vehicle from the droplets under conditions effective to 
convert at least a portion of the organic matrix precursor to 
the organic matrix and to convert at least a portion of the 
inorganic nanoparticle precursor to the inorganic nanopar 
ticles distributed in the organic matrix. In this aspect, step 
(b) optionally comprises heating the droplets to a maximum 
temperature of from about 50° C. to about 8000 C. for a 
period of time of at least 1 second. 

[0012] Optionally, the process further comprises the step 
of: (c) contacting the multi-component particles With a 
liquid medium to release the nanoparticles from the matrix 
and form a colloidal solution. Additionally, the process 
optionally further comprises the step of: (d) surface-modi 
fying the inorganic nanoparticles With a surface-modifying 
agent during or after step (c). 
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[0013] In another embodiment, the invention is to a pro 
cess for making multi-component particles comprising inor 
ganic nanoparticles dispersed in an organic matrix, the 
process comprising the steps of: (a) generating an aerosol 
comprising droplets dispersed in a gas phase, Wherein the 
droplets comprise a liquid vehicle, the inorganic nanopar 
ticles and an organic matrix precursor; and (b) removing at 
least a portion of the liquid vehicle from the droplets under 
conditions effective to convert at least a portion of the 
organic matrix precursor to the organic matrix and to dis 
perse the nanoparticles Within the matrix. 

[0014] In another embodiment, the invention is to a pro 
cess for making multi-component particles comprising inor 
ganic nanoparticles dispersed in an organic matrix, the 
process comprising the steps of: (a) generating an aerosol 
comprising droplets dispersed in a gas phase, Wherein the 
droplets comprise a liquid vehicle, an inorganic nanoparticle 
precursor and an organic matrix precursor; (b) removing at 
least a portion of the liquid vehicle from the droplets; (c) 
converting the organic matrix precursor to the organic 
matrix; and (d) converting the inorganic nanoparticle pre 
cursor to the inorganic nanoparticles distributed Within the 
matrix. Steps (b), (c) and (d) optionally occur simulta 
neously. In various aspects, step (b) occurs, at least in part, 
before steps (c) and (d); step (c) occurs, at least in part, 
before step (d); and/or step (d) occurs, at least in part, before 
step (c). 

[0015] In another embodiment, the invention is to a pro 
cess for forming a dispersion, the process comprising the 
steps of: (a) providing a plurality of multi-component par 
ticles, each multi-component particle comprising a plurality 
of inorganic nanoparticles distributed in an organic matrix, 
Wherein the plurality of multi-component particles has a d50 
particle siZe (e.g., diameter), by volume, of greater than 
about 0.1 pm and less than about 150 um; and (b) contacting 
the plurality of multi-component particles With a liquid 
medium under conditions effective to disperse the inorganic 
nanoparticles from the matrix and form the dispersion, 
Which preferably is ink jettable. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] The present invention Will be better understood in 
vieW of the folloWing non-limiting ?gures, Wherein: 

[0017] FIG. 1 generally illustrates features of a multi 
component particle manufacturable using the process of the 
present invention; 

[0018] FIG. 2 shoWs one embodiment of a porous multi 
component particle manufacturable using the process of the 
present invention; 

[0019] FIG. 3 shoWs one embodiment of a multi-compo 
nent particle including tWo matrix materials that is manu 
facturable using the process of the present invention; 

[0020] FIG. 4 shoWs one embodiment of a multi-compo 
nent particle including tWo matrix materials that is manu 
facturable using the process of the present invention; 

[0021] FIG. 5 shoWs one embodiment of a multi-compo 
nent particle With an interconnected netWork of nanopar 
ticles that is manufacturable using the process of the present 
invention; 
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[0022] FIG. 6 shoWs one embodiment of a multi-compo 
nent particle With tWo nanoparticles that is manufacturable 
using the process of the present invention; and 

[0023] FIG. 7 shoWs one embodiment of a multi-compo 
nent particle With tWo nanoparticles that is manufacturable 
using the process of the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

I. INTRODUCTION 

[0024] The present invention is directed to multi-compo 
nent particles, each particle comprising a plurality of inor 
ganic nanoparticles, e.g., metallic, metal oxide or main 
group nanoparticles, distributed in an organic matrix. The 
multi-component particles preferably are “micropar‘ticles,” 
de?ned herein particles having a siZe smaller than about 500 
um, e.g., in the range of from about 1 pm to about 500 pm. 
In contrast, the term “nanoparticles” is de?ned herein to 
mean particles having a siZe smaller than about 500 nm, e. g., 
in the range of from about 1 nm to about 500 nm. The 
invention is also directed to processes for making and using 
the multi-component particles. 

[0025] The processes for making the multi-component 
particles according to one aspect of the present invention are 
highly desirable in that they provide the ability to form 
inorganic nanoparticles having highly desirable characteris 
tics. Speci?cally, the present invention provides a highly 
?exible route for synthesizing inorganic nanoparticles, as 
compared to standard Wet chemical synthesis processes. 
This ?exibility is derived from the ability of the present 
processes to include various components, e.g., surfactants, 
various polymers, and/or one or more additives, Within the 
organic matrix. The presence of these components in the 
organic matrix provides the ability to synthesiZe inorganic 
nanoparticles having unique characteristics and properties 
(e.g., solubility in a variety of solvents, air or moisture 
stability, dispersion stability, etc.), independent of the actual 
synthesis conditions of the nanoparticles. In contrast, during 
conventional Wet chemical synthesis processes, one is 
highly limited in the choice of surfactants, polymers and/or 
additives that may be implemented in the synthesis process 
due to the fact that the use of these compositions in Wet 
chemical synthesis processes Will usually be involved in 
controlling the nanoparticle groWth to a much greater extent 
than in the processes of the present invention. 

II. COMPOSITION OF THE 
MULTI-COMPONENT PARTICLES 

A. OvervieW 

[0026] In one embodiment, the present invention is 
directed to a multi-component particle, comprising a plural 
ity of inorganic nanoparticles distributed in an organic 
matrix, Wherein the multi-component particle has a particle 
siZe (e.g., diameter) of greater than about 0.1 um and less 
than about 100 um, e.g., greater than about 0.5 um and less 
than about 25 um, based on electron microscopy. 

[0027] In a similar embodiment, the invention is to a 
plurality of multi-component particles, each particle com 
prising a plurality of inorganic nanoparticles distributed in 
an organic matrix. In this embodiment, the plurality of 
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multi-component particles has a number average particle 
diameter of greater than about 0.1 um and less than about 
100 um, e.g., greater than about 0.5 pm and less than about 
25 um, based on electron microscopy. The plurality of 
multi-component particles has a d50 particle diameter, based 
on volume, greater than about 0.1 um and less than 150 um, 
e.g., greater than about 0.5 um and less than 50 um or greater 
than about 0.7 pm and less than about 25 um, as determined 
by light scattering techniques. 

[0028] That is, the present invention, in one embodiment, 
is directed to one or more multi-component particles. As 
used herein, the term “multi-component particle” means a 
particle comprising at least tWo distinct material components 
or phases. Speci?cally, the multi-component particles com 
prise the inorganic nanopar‘ticles that include at least a ?rst 
material phase and the organic matrix that includes at least 
a second material phase that is different than the ?rst 
material phase. Such particles may be formed, for example, 
by any of the processes of the present invention, discussed 
beloW. It is also contemplated, hoWever, that these particles 
may be formed by other heretofore undiscovered processes. 

[0029] FIG. 1 generally illustrates one non-limiting 
example of a multi-component particle according to the 
present invention. Speci?cally, FIG. 1 shoWs a multi-com 
ponent particle 108 generally comprising distributed inor 
ganic nanoparticles 110 and organic matrix 112, With the 
distributed nanoparticles 110 maintained in a distributed 
state Within the particle 108 by matrix 112. The matrix 112 
therefore functions to keep the nanoparticles 110, at least 
partially and preferably completely, separated to inhibit or 
prevent agglomeration or coalescense of the nanoparticles 
110 after ?nal formation of the nanoparticles 110. 

[0030] In the multi-component particles 108 of FIG. 1, the 
matrix 112 and the distributed nanoparticles 110 are of 
different compositions, although they may have one or more 
components in common. Also, although the nanoparticles 
110 and the matrix 112 are each shoWn including only a 
single material phase, the invention is not so limited. The 
particles may include one or more of the folloWing features: 
nanoparticles each comprised of one or more different 
material phases; one or more different compositions of 
nanoparticles; and matrix comprising one or more different 
material phases. Moreover, it is not necessary that the matrix 
or the nanoparticles be comprised of only a single material 
phase, or that any material phase of the matrix be a con 
tinuous phase. For example, the matrix may be made of 
many different material phases that together provide a 
structure for maintaining the nanoparticles in a distributed 
state. Likewise, for example, multi-component particles 
made according to the invention may include nanoparticles 
of only a single type or may include tWo or more different 
nanoparticles (e.g., nanoparticles of different compositions). 
Also, for example, the composition of a nanoparticle may 
comprise only a single material phase or may comprise tWo 
or more distinct material phases. More speci?c examples of 
some possible matrix and nanopar‘ticulate features are pro 
vided beloW. 

[0031] With reference to FIG. 1, the composition of the 
matrix 112 may be designed to be Wholly or partially 
permanent for use in a ?nal application. Alternatively, the 
composition of the matrix 112 may be designed to function 
as a storage, handling or processing aid, Which is Wholly or 
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partially removable prior to ?nal use of the nanoparticles. 
The matrix may also serve some function, for example in 
aiding the redispersion of the nanoparticles in a liquid. 

B. Composition and Properties of the Matrix 

[0032] As noted previously, the multi-component particles 
of the present invention include inorganic nanoparticles 
distributed in an organic matrix. As used herein, the term 
“organic matrix” means a composition comprising one or 
more organic compounds capable of supporting the nano 
particles thereWithin. By “organic compound” it is meant a 
compound that comprises carbon other than elemental car 
bon. In one embodiment, the organic matrix comprises one 
or more organic compounds in an amount greater than about 
50 Weight percent, e.g., greater than about 60 Weight per 
cent, greater than about 70 Weight percent, greater than 
about 80 Weight percent or greater than about 90 Weight 
percent, based on the total Weight of the matrix. It is 
contemplated that the organic matrix, as a Whole, may also 
include one or more inorganic components (e.g., additives) 
in addition to the one or more organic compounds. In one 
non-limiting example, the organic matrix, as de?ned herein, 
may comprise PVP (polyvinylpyrrolidone, an organic poly 
mer) in an amount less than 50 Weight percent, and an 
organo-metallic additive such as silver tri?uoroacetate in an 
amount less than 50 Weight percent. Optionally, the organic 
matrix comprises one or more of a polycyclic polymer, an 
organic polymer, an organic salt, an organic compound, a 
bioactive compound, or PVP. 

[0033] The glass transition temperature as Well as the 
melting point of the organic matrix can greatly affect the 
formation of the nanoparticles Within the matrix. Essentially, 
the properties of the matrix may effect the groWth rate, siZe 
morphology and the distribution of the nanoparticles Within 
the matrix. In one aspect of the invention, the organic matrix 
has a glass transition temperature of at least about 30° C., 
e.g., from about 30° C. to about 600° C., from about 30° C. 
to about 400° C., from about 40° C. to about 250° C., or from 
about 100° C. to about 200° C. The organic matrix also 
preferably has a melting point of greater than about 30° C., 
e.g., from about 30° C. to about 600° C., from about 100° C. 
to about 350° C., or from about 150° C. to about 300° C. 

[0034] As indicated above, the organic matrix comprises 
an organic compound or a combination of tWo or more 
organic compounds that function to maintain the nanopar 
ticles at least partially and preferably completely separated 
in a distributed state Within the multi-component particles. 
Examples of some general types of organic materials that 
may also be included in the matrix (or may form the matrix) 
include organic salts, polymers, organic compounds, orga 
nometallic compounds, surfactants, and biological organic 
material (such as amino acids, proteins, lipids, DNA, 
enZymes, etc.). 

[0035] In one particular implementation of the invention, 
the matrix comprises one or more than one organic salt 
material. Matrix organic salt materials are preferred, for 
example, for many applications When it is desired to have a 
matrix that is partially or Wholly removable, because the 
organic salt material of the matrix can be selected to be 
dissolvable in a liquid medium that is not detrimental to the 
nanoparticles. For Water soluble organic salts, a convenient 
choice for the liquid medium is Water or an aqueous solu 
tion, Which may be neutral, basic or acidic depending upon 
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the speci?c application and the speci?c matrix organic salt 
material to be dissolved. The matrix salt material may 
comprise a minor amount of an inorganic salt optionally in 
addition to an organic salt. 

[0036] In one particular implementation of the invention, 
the matrix comprises one or more than one polymer. It may 
be desirable to include a polymer material in the matrix for 
a variety of reasons. For example, a polymer may be selected 
for easy dissolution in a liquid medium to release (disperse) 
the nanoparticles for further processing or use. A polymer 
material that is soluble in an organic liquid may be selected 
When it is desired to disperse the nanoparticles in the organic 
liquid during subsequent processing or use. A polymer 
material that is soluble in Water may also be selected When 
it is desired to disperse the nanoparticles in Water during 
subsequent processing or use, as described in more detail 
beloW. 

[0037] As another example, a polymer may be selected as 
a permanent matrix material for use in some application. 
When used as a permanent matrix, the polymer of the matrix 
may simply provide a structure to retain the nanoparticulate 
in a desired distribution Without interfering With proper 
functioning of the nanoparticles in the application. Alterna 
tively, the polymer may itself also provide some function for 
the application. The polymer may, for example, have a 
function that is different than that of the nanoparticles, have 
a function that compliments that of the nanoparticles, or 
have a function that is the same as that of the nanoparticles. 
Examples of some speci?c combinations of materials for the 
nanoparticles and polymer materials for the matrix materials 
and their applications are described in more detail beloW. As 
yet another example, the polymer may be selected for its 
surface modifying properties to bene?cially surface modify 
the nanoparticles in a Way that is useful in some subsequent 
processing or use of the nanoparticles. The invention is not 
limited to use of any particular polymers in the matrix. Some 
non-limiting examples of organic polymers that may be used 
in the matrix include: ?uorinated polymers, thermal curable 
polymers, UV curable polymers, appended polymers, light 
emitting polymers, semiconducting polymers, electrically 
conductive polymers (e.g. polythiophenes, poly (ethylene 
dioxy thiophene), hydrophobic polymers (siloxanes, sili 
cones, silanes, polyacrylonitrile, polymethylmethacrylate, 
polyethyleneterephthalate), hydrophilic polymers (poly 
thiophenes, sulfonated polymers, polymers With ionic func 
tional groups), polyaniline & modi?ed versions, poly pyr 
roles & modi?ed versions, poly pyridines & modi?ed 
versions, polycarbonates, polyesters, polyvinylpyrrolidone 
(PVP), polyethylene, epoxies, polytetra?uoroethylene, 
Na?ong, Kevlarg and Te?on®). The polymers included in 
the matrix may have any structure, some non-limiting 
examples of polymeric structures include: dendrimers, long 
single chain polymers, co-polymers (random or block, e.g. 
A-B, A-B-A, A-B-C, etc.) branched polymers and grafted 
polymers. 

[0038] As mentioned above, some or all of matrix in the 
multi-component particles may be designed to be permanent 
for some applications of the nanoparticles. In one example 
of an application using a permanent matrix, particles may be 
made for use as a thermally conductive barrier layer, such as 
for use in computers. The nanoparticles could be of a metal 
With high thermal conductivity, such as silver or copper. The 
matrix could be of an electrically insulating material, such as 
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an electrically insulating polymer. The combination of elec 
trically insulative polymer matrix and thermally conductive 
metal nanoparticles is useful for making thermal interface 
layers, such as may be used underneath computer chips, 
permitting rapid dissipation of heat Without signi?cant risk 
of an electrical short through the thermally conductive 
metal. Another example is use of a matrix as a protective 
barrier to protect nanoparticles from degradation. A protec 
tive organic matrix may be useful for protecting nanopar 
ticles comprising inorganic pigments and/or light emitting 
materials such as phosphors from the ambient environment 
(e.g., moisture or oxidation). Other non-limiting examples of 
multi-component particles that may include a permanent 
matrix material are shoWn in Table 1, along With exemplary 
applications for use of those particles. 

TABLE 1 

EXEMPLARY PARTICLES WITH PERMANENT 
MATRIX MATERIAL 

NANOPARTICLE MATRIX MATERIAL APPLICATION 

Photoluminescent Light emitting polymer Organic light 
phosphor Polymer emitting diode 

(OLED) displays, 
lighting applications 

Electroluminescent Light emitting polymer Electroluminescent 
(EL) phosphor Polymer (EL) displays/lamps 
Red, Green, Blue Polymer Lighting 
(RGB) phosphors all 
in one layer 
Cathodoluminescent Light emitting polymer Field emission 
(CL) phosphor 
Color Pigment 
Hard materials such 
as oxides or nitrides 

Hard materials such 
as oxides or nitrides 

Semiconductor 
Semiconductor 
Semiconducting metal 
oxides 
UV absorbing 
High dielectric 
High dielectric 

Conductor 

Absorbent 
Light absorber 

High dielectric 

Semiconductor, n 
tYP‘Z P WP‘? 

Semiconductor, n 
tYP‘Z P WP‘? 
Silicon 
electrochromic 

Thermochromic 

Thermochromic 
Photo chromic 

Ion conductor 
Lithium containing 
Metals, electrical 
conductor 

Polymer 
Polymer 
Polymer 

Surfactants 

Polymer 
Polymer 
Polymer 

Polymer 
Polymer 
LoW melting point 
material, insulating 
polymer 
Non-conductor 

Polymer 
Light emitter 

Polymer dielectric 

Polymer 
semiconductor, 11 type, 
P WP‘? 
Insulating polymer 

Polymer 
Polymer 

Polymer 

Inorganic material 
Polymer 

Polymer 
Polymer 
Polymer, silicone 

display (FED) 
Colored coatings 
Anti-scratch, anti 
abrasion, dental 
glass 
Anti-scratch, anti 
abrasion, dental 
glass 
Solar cell 
Solar cell 
Resistors 

UV protection 
Cap acitor 
Cap acitor 

Electromagnetic 
shielding 
Protective barrier 
Production of 
monochromatic light 
Dielectric layer in 
polymer transistor 
Semiconductor in 
polymer transistor 

Transistor 

Transistor 
Electrochromic 
display 
Display, visual 
output device 
Display 
Display, visual 
output device 
Battery 
Lithium ion battery 
Thermal interface 
material 
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TABLE l-continued 

EXEMPLARY PARTICLES WITH PERMANENT 
MATRIX MATERIAL 

NANOPARTICLE MATRIX MATERIAL APPLICATION 

Refractive index 
matching polymer 

Refractive index Reflective coating 

UV absorber Biologically inactive Cosmetics 
materials, polymers, 

Sorbent Porous organic Absorbents 
polymer (dissolving aWay 

partially), chemical 
separations, bio 
separations 

LoW k oxides Porous organic LoW k material 
polymer 

Anti-fouling Porous organic Anti-fouling (marine) 
polymer 

Catalytically active Porous organic Self cleaning 
polymer surfaces, membrane 

electrode assemblies 
Dissolvable material Polymer Time release 
Magnetic material Organic Magnetic 

applications 
Pigments Polymer Pigments Color 

[0039] The organic matrix optionally comprises one or 
more silicon containing polymers and/or compounds, such 
as polysilanes, polysiloxanes, polysilicones, polysilsequiox 
anes, polysilazanes, polycarbosilanes, siloxanes, silanes or 
silicones. 

[0040] The organic matrix may include one or more sur 
factant compounds, such as anionic surfactants, cationic 
surfactants, or nonionic surfactants. Examples of anionic 
surfactants include alkyl sulfates, alkyl sulfonates, alkyl 
benzene sulfates, alkyl benzene sulfonates, fatty acids, sul 
fosuccinates, and phosphates. Examples of cationic surfac 
tants include quantemary ammonium salts and alkylated 
pyridinium salts. Examples of nonionic surfactants include 
alkyl primary, secondary, and tertiary amines, alkanola 
mides, ethoxylated fatty alcohols, alkyl phenol polyethoxy 
lates, fatty acid esters, glycerol esters, glycol esters, poly 
ethers, alkyl polygycosides, and amineoxides. In addition, 
ZWitterionic surfactants (surface active additives With a 
cationic and anionic functional group on the same molecule) 
may be included Within the matrix. Examples include 
betaines, such as alkyl ammonium carboxylates (e.g., 
[(CH3)3N+4CH(R)COOi] or sulfonates (sulfo-betaines) 
such as [RiN+(CH3)2(CH2)3SO3_]). Examples include: 
n-dodecyl-N-benzyl-N-methylglycine [CIZHZSN’TCHZi 
C6H5)(CH3)CH2COO_], N-allyl N-benzyl N-methyltau 
rines [CDH2D+lN+(CH2C6H5)(CH3)CH2CH2SO3_], Amido 
Betaine C (Zohar Dallia)4Coconut amido alkyl beatine, 
Amphosol CB3 (Stepan Europe) alkyl amido propyl betaine, 
Amphoteen 24 (Akzo Nobel) C l 2-C l 4 alkyldimethylbetaine, 
Betadet SHR (Kao Corporation, S.A.), Cocoamidopropyl 
hydroxysultaine, and Dehyton MC (Cogis IB) sodium coco 
amplioacetate. A more complete list of surfactants that may 
be used as part of the organic matrix (including ionic, 
nonionic polymeric and those With a variety of functional 
groups) may be found in McCutcheons Emulsi?ers and 
Detergents Vol. I, Int. Ed, 2002, The Manufacturing Con 
fectioner Publishing Co. (ISBN 944254-84-5). 
[0041] The organic matrix optionally comprises one or 
more bioactive compounds such as amino acids, peptides, 
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polypeptides, proteins, enzymes, carbohydrates, nucleic 
acids, polynucleotides, lipids, phosolipids, steroids, vita 
mins, hormones or glucose phosphates. 

[0042] The organic matrix may comprise loW or high 
molecular Weight organic compounds, e.g., having a 
molecular Weight ranging from about 50 to about 1,000,000, 
e.g., from about 100 to about 100,000 or from about 500 to 
about 10,000. Non-limiting examples of loW molecular 
Weight organic compounds that may be used in the present 
invention as matrix material include fatty acids, in particular, 
fatty acids having at least about 8 carbon atoms. LoW 
molecular Weight compounds may ultimately be removed 
from the nanoparticles by sublimation or by being dissolved 
aWay. In addition, they may be ideal for surface passivation 
and redispersing the nanoparticles. Non-limiting examples 
of oligomers/polymers for use as the matrix material in the 
process of the present invention include homo- and copoly 
mers (including polymers such as, e.g., random copolymers, 
block copolymers and graft copolymers) Which comprise 
units of at least one monomer Which comprises one or more 
oxygen atoms and/or one or more nitrogen atoms. A non 

limiting class of preferred polymers for use in the present 
invention includes polymers that comprise at least one 
monomer unit having at least tWo atoms that are selected 
from oxygen and nitrogen. Corresponding monomer units 
may, for example, comprise at least one hydroxyl group, 
carbonyl group, ether linkage and/or amino group and/or 
one or more structural elements of the formulae: 4COOi, 

%OCi,ADiCOADi, %OiO%Oi, ADiCi 
Oi, iCONRi, iNRiCOADi, iNRliCOi 
NRZi, iCOiNR%Oi, iSOZiNRi and iSOZi 
0*, wherein R, R1 and R2 independently represent 
hydrogen and an organic radical (e.g., an aliphatic or aro 
matic, unsubstituted or substituted radical comprising from 
about 1 to about 20 carbon atoms). 

[0043] Non-limiting examples of corresponding polymers 
include polymers comprising one or more units derived from 
the following groups of monomers: 

[0044] (a) carboxylic acids of from about 3 to about 8 
carbon atoms and salts thereof. This group of monomers 
includes, for example, acrylic acid, methacrylic acid, dim 
ethylacrylic acid, ethacrylic acid, maleic acid, citraconic 
acid, methylenemalonic acid, allylacetic acid, vinylacetic 
acid, crotonic acid, fumaric acid, mesaconic acid and ita 
conic acid. The monomers of group (a) can be used either in 
the form of the free carboxylic acids or in partially or 
completely neutralized form. For the neutralization alkali 
metal bases, alkaline earth metal bases, ammonia or amines, 
e.g., sodium hydroxide, potassium hydroxide, sodium car 
bonate, potassium carbonate, sodium bicarbonate, magne 
sium oxide, calcium hydroxide, calcium oxide, ammonia, 
triethylamine, methanolamine, diethanolamine, triethanola 
mine, morpholine, diethylenetriamine or tetraethylenepen 
tamine may, for example, be used; 

[0045] (b) the esters, amides, anhydrides and nitriles of the 
carboxylic acids stated under (a) such as, e.g., methyl 
acrylate, ethyl acrylate, methyl methacrylate, ethyl meth 
acrylate, n-butyl acrylate, hydroxyethyl acrylate, 2- or 3-hy 
droxypropyl acrylate, 2- or 4-hydroxybutyl acrylate, 
hydroxyethyl methacrylate, 2- or 3-hydroxypropyl meth 
acrylate, hydroxyisobutyl acrylate, hydroxyisobutyl meth 
acrylate, monomethyl maleate, dimethyl maleate, monoet 
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hyl maleate, diethyl maleate, maleic anhydride, 2-ethylhexyl 
acrylate, 2-ethylhexyl methacrylate, acrylamide, methacry 
lamide, N,N-dimethylacrylamide, N-tert-butylacrylamide, 
acrylonitrile, methacrylonitrile, 2-dimethylaminoethyl acry 
late, 2-dimethylaminoethyl methacrylate, 2-diethylaminoet 
hyl acrylate, 2-diethylaminoethyl methacrylate and the salts 
of the last-mentioned monomers With carboxylic acids or 
mineral acids and the quatemiZed products; 

[0046] (c) acrylamidoglycolic acid, vinylsulfonic acid, 
allylsulfonic acid, methallylsulfonic acid, styrenesulfonic 
acid, 3-sulfopropyl acrylate, 3-sulfopropyl methacrylate and 
acrylamidomethylpropanesulfonic acid and monomers con 
taining phosphonic acid groups, such as, e.g., vinyl phos 
phate, allyl phosphate and acrylamidomethylpropanephos 
phonic acid; and esters, amides and anhydrides of these 
acids; 

[0047] (d) N-vinyllactams such as, e.g., N-vinylpyrroli 
done, N-vinyl-2-piperidone and N-vinylcaprolactam; and 

[0048] (e) vinyl acetal, vinyl butyral, vinyl alcohol and 
ethers and esters thereof (such as, e.g., vinyl acetate, vinyl 
propionate and methylvinylether), allyl alcohol and ethers 
and esters thereof, N-vinylimidaZole, N-vinyl-2-methylimi 
daZoline, and the hydroxystyrenes. 

[0049] Corresponding polymers may also contain addi 
tional monomer units, for example, units derived from 
monomers Without functional group, halogenated mono 
mers, aromatic monomers, etc. Non-limiting examples of 
such monomers include ole?ns such as, e.g., ethylene, 
propylene, the butenes, pentenes, hexenes, octenes, decenes 
and dodecenes, styrene, vinyl chloride, vinylidene chloride, 
tetra?uoroethylene, etc. Further, the polymers for use as 
matrix material in the processes and compositions of the 
present invention are not limited to addition polymers, but 
also comprise other types of polymers, for example, con 
densation polymers such as, e.g., polyesters, polyamides, 
polyurethanes and polyethers, as Well as polysaccharides 
such as, e.g., starch, cellulose and derivatives thereof, etc. 
Other non-limiting examples of polymers Which are suitable 
for use as matrix material in the present invention are 
disclosed in, e.g., U.S. patent application Publication 2004/ 
0182533 Al, the entire disclosure Whereof is expressly 
incorporated by reference herein. 

[0050] Other preferred polymers that may be used accord 
ing to the invention include Water soluble polymers, such as 
poly(propylenoxide) amines, polyamines, polyalcohols, 
polyoxides, polyethers, polyacrylamides and polyacrylates. 

[0051] Preferred polymers for use as matrix material in the 
present invention include those Which comprise units 
derived from one or more N-vinylcarboxamides of formula 

(I) 
CHZICHiNR34COiR4 (I) 

Wherein R3 and R4 independently represent hydrogen, 
optionally substituted alkyl (including cycloalkyl) and 
optionally substituted aryl (including alkaryl and aralkyl) or 
heteroaryl (e.g., C6_2O aryl such as phenyl, benZyl, tolyl and 
phenethyl, and C4_2O heteroaryl such as pyrrolyl, furyl, 
thienyl and pyridinyl). R3 and R4 may, e.g., independently 
represent hydrogen or Cl_l2 alkyl, particularly C1_6 alkyl 
such as methyl and ethyl. R3 and R4 together may also form 
a straight or branched chain containing from about 2 to about 
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8, preferably from about 3 to about 6, particularly preferably 
from about 3 to about 5 carbon atoms, Which chain links the 
N atom and the C atom to Which R3 and R4 are bound to form 
a ring Which preferably has about 4 to about 8 ring members. 
Optionally, one or more carbon atoms may be replaced by 
heteroatoms such as, e.g., oxygen, nitrogen or sulfur. Also 
optionally, the ring may contain a carbon-carbon double 
bond. 

[0052] Non-limiting speci?c examples of R3 and R4 are 
methyl, ethyl, isopropyl, n-propyl, n-butyl, isobutyl, sec 
butyl, tert-butyl, n-hexyl, n-heptyl, 2-ethylhexyl, n-octyl, 
n-decyl, n-undecyl, n-dodecyl, n-tetradecyl, n-hexadecyl, 
n-octadecyl and n-eicosyl. Non-limiting speci?c examples 
of R3 and R4 Which together form a chain are l,2-ethylene, 
l,2-propylene, 1,3-propylene, 2-methyl-l,3-propylene, 
2-ethyl-l,3-propylene, l,4-butylene, 1,5-pentylene, 2-me 
thyl-l,5-pentylene, 1,6-hexylene and 3-oxa-l,5-pentylene. 
[0053] Non-limiting speci?c examples of N-vinylcarboxa 
mides of formula (I) are N-vinylformamide, N-vinylaceta 
mide, N-vinylpropionamide, N-vinylbutyramide, N-vinyl 
isobutyramide, N-vinyl-2-ethylhexanamide, 
N-vinyldecanamide, N-vinyldodecanamide, N-vinylsteara 
mide, N-methyl-N-vinylformamide, N-methyl-N-vinylac 
etamide, N-methyl-N-vinylpropionamide, N-methyl-N-vi 
nylbutyramide, N-methyl-N-vinylisobutyramide, N-methyl 
N-vinyl-2-ethylhexanamide, N-methyl-N-vinyldecanamide, 
N-methyl-N-vinyldodecanamide, N-methyl-N-vinylsteara 
mide, N-ethyl-N-vinylformamide, N-ethyl-N-vinylaceta 
mide, N-ethyl-N-vinylpropionamide, N-ethyl-N-vinylbu 
tyramide, N-ethyl-N-vinylisobutyramide, N-ethyl-N-vinyl 
2-ethylhexanamide, N-ethyl-N-vinyldecanamide, N-ethyl 
N-vinyldodecanamide, N-ethyl-N-vinylstearamide, 
N-isopropyl-N-vinylformamide, N-isopropyl-N-vinylaceta 
mide, N-isopropyl-N-vinylpropionamide, N-isopropyl-N 
vinylbutyramide, N-isopropyl-N-vinylisobutyramide, 
N-isopropyl-N-vinyl-2-ethylhexanamide, N-isopropyl-N 
vinyldecanamide, N-isopropyl-N-vinyldodecanamide, 
N-isopropyl-N-vinylstearamide, N-n-butyl-N-vinylforma 
mide, N-n-butyl-N-vinylacetamide, N-n-butyl-N-vinylpro 
pionamide, N-n-butyl-N-vinylbutyramide, N-n-butyl-N-vi 
nylisobutyramide, N-n-butyl-N-vinyl-2-ethylhexanamide, 
N-n-butyl-N-vinyldecanamide, N-n-butyl-N-vinyldode 
canamide, N-n-butyl-N-vinylstearamide, N-vinylpyrroli 
done, N-vinyl-2-piperidone and N-vinylcaprolactam. 
[0054] Particularly preferred polymers for use in the 
present invention include polymers that comprise monomer 
units of one or more unsubstituted or substituted N-vinyl 
lactams, preferably those having from about 4 to about 8 
ring members such as, e.g., N-vinylcaprolactam, N-vinyl-2 
piperidone and N-vinylpyrrolidone. These polymers include 
homo- and copolymers. In the case of copolymers (includ 
ing, for example, random, block and graft copolymers), the 
N-vinyllactam (e.g., N-vinylpyrrolidone) units are prefer 
ably present in an amount of at least about 10 mole-%, e.g., 
at least about 30 mole-%, at least about 50 mole-%, at least 
about 70 mole-%, at least about 80 mole-%, or at least about 
90 mole-%. By Way of non-limiting example, the co 
monomers may comprise one or more of those mentioned in 
the preceding paragraphs, including monomers Without 
functional group (e.g., ethylene, propylene, styrene, etc.), 
halogenated monomers, etc. 

[0055] If the vinyllactam (e.g., vinylpyrrolidone) mono 
mers (or at least a part thereof) carry one or more substitu 
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ents on the heterocyclic ring, non-limiting examples of such 
substituents include alkyl groups (for example, alkyl groups 
having from 1 to about 12 carbon atoms, e.g., from 1 to 
about 6 carbon atoms such as, e.g., methyl, ethyl, propyl and 
butyl), alkoxy groups (for example, alkoxy groups having 
from 1 to about 12 carbon atoms, e.g., from 1 to about 6 
carbon atoms such as, e.g., methoxy, ethoxy, propoxy and 
butoxy), halogen atoms (e.g., F, Cl and Br), hydroxy, car 
boxy and amino groups (e.g., dialkylamino groups such as 
dimethylamino and diethylamino) and any combinations of 
these substituents. 

[0056] Non-limiting speci?c examples of vinyllactam 
polymers for use in the present invention include homo- and 
copolymers of vinylpyrrolidone Which are commercially 
available from, e.g., International Specialty Products 
<WWW.ispcorp.com>. In particular, these polymers include: 

[0057] (a) vinylpyrrolidone homopolymers such as, e.g., 
grades K-15 and K-30 With K-value ranges of from 13-19 
and 26-35, respectively, corresponding to average molecular 
Weights (determined by GPC/MALLS) of about 10,000 and 
about 67,000; 

[0058] (b) alkylated polyvinylpyrrolidones such as, e.g., 
those commercially available under the trade mark 
GANEX® Which are vinylpyrrolidone-alpha-ole?n copoly 
mers that contain most of the alpha-ole?n (e.g., about 80% 
and more) grafted onto the pyrrolidone ring, mainly in the 
3-position thereof; the alpha-ole?ns may comprise those 
having from about 4 to about 30 carbon atoms; the alpha 
ole?n content of these copolymers may, for example, be 
from about 10% to about 80% by Weight; 

[0059] (c) vinylpyrrolidone-vinylacetate copolymers such 
as, e.g., random copolymers produced by a free-radical 
polymeriZation of the monomers in a molar ratio of from 
about 70/30 to about 30/70 and having Weight average 
molecular Weights of from about 14,000 to about 58,000; 

[0060] (d) vinylpyrrolidone-dimethylaminoethyl 
methacrylate copolymers; 

[0061] (e) vinylpyrrolidone-methacrylamidopropyl trim 
ethylammonium chloride copolymers such as, e.g., those 
commercially available under the trade mark GAFQUAT®; 

[0062] vinylpyrrolidone-vinylcaprolactam-dimethylami 
noethylmethacrylate terpolymers such as, e.g., those com 
mercially available under the trade mark GAFFIX®; 

[0063] (g) vinylpyrrolidone-styrene copolymers such as, 
e.g., those commercially available under the trade mark 
POLECTRON®; a speci?c example thereof is a graft emul 
sion copolymer of about 70% vinylpyrrolidone and about 
30% styrene polymerized in the presence of an anionic 
surfactant; and 

[0064] (h) vinylpyrrolidone-acrylic acid copolymers such 
as, e.g., those commercially available under the trade mark 
ACRYLIDONE® Which are produced in the molecular 
Weight range of from about 80,000 to about 250,000. 

[0065] In a preferred embodiment of the present invention, 
the matrix material implemented in the multi-component 
particles is Wholly removable, or partially removable to a 
su?icient extent, to release the nanoparticles for further 
processing or for use. In one variation of this example, the 
matrix may comprise only material(s) designed to be 
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removed at the same time. In another variation of this 
example, the matrix may include a material that is selec 
tively removable relative to another material to provide 
enhanced access to the nanoparticles for intermediate pro 
cessing prior to removal of other matrix material(s) to e?fect 
release of the nanoparticles. As another example, all or part 
of the matrix may be designed for permanent use. In one 
variation of this other example, the matrix is originally 
formed during the formation of the particles and may be 
designed to permanently maintain the nanoparticles in a 
?xed dispersion for some ?nal application. In another varia 
tion of this other example, a portion of the matrix may be 
selectively removable relative to another portion of the 
matrix designed to be permanent, providing enhanced access 
to the nanoparticles for purposes of intermediate processing 
prior to ?nal use or for purposes of a ?nal use. 

[0066] An important aspect of the present invention is that 
the process alloWs for control of the ratio of distributed 
nanoparticulats relative to the matrix material in the ?nal 
multi-component particle. This is important (along With 
other processing parameters) for the determination of the 
properties of the ?nal multi-component particles. For 
example, in one embodiment, a minimal amount of matrix 
material is used to prevent the connecting or contacting 
betWeen adjacent nanoparticlulates. The prevention of the 
nanoparticle from agglomerating may be important for ?nal 
applications Wherein the nanoparticles Will be released (dis 
persed) from the matrix to form a dispersion of nanopar 
ticles. In general, the smaller the siZe of the nanoparticles, 
the larger the surface area of the nanoparticles, and the more 
matrix material that is desired for complete coverage of the 
nanoparticles. 

[0067] Depending on the matrix material used, one can 
make some simple assumptions regarding the thickness of a 
monolayer of matrix material that covers the surface of the 
nanoparticles. In addition, one may also assume that a 
minimum of one monolayer of an adsorptive substance 
around a metal core is needed to alloW for complete dis 
connection of the nanoparticles. As used herein, the term 
“monolayer” means a tWo-dimensional ?lm, one molecule 
(or monomer unit of a polymer) thick, situated at the surface 
of a nanoparticle. In a preferred embodiment, the nanopar 
ticles are dispersable in a liquid medium to form dispersed 
nanoparticles having from about 1 to about 10 monolayers 
(e.g., from about 2 to about 8 or from about 3 to about 6 
monolayers) disposed thereon, Wherein the monolayers are 
formed from the organic matrix. Preferably, the monolay 
er(s) comprise at least one component (e.g., the major 
component) of the organic matrix. 

[0068] For example, for silver nanoparticles distributed in 
a PVP matrix, usually not more than about 10 monolayers 
(and often not more than about 5 monolayers or even not 
more than about 2 monolayers) of adsorptive substance are 
desired to alloW for subsequent dispersion and stabiliZation 
of the metal nanoparticles in solution. With this simple 
model one may estimate the amount of adsorptive substance 
that is needed to disperse metal nanoparticles of any siZe. 
For example, for PVP as the matrix material, one may 
assume that the thickness of a monolayer thereof is about 1 
nm. Using the densities of silver (10.5 g/cm3) and PVP (1.0 
g/cm3) one skilled in the art can calculate the Weight percent 
of PVP relative to the Weight percent silver for any diameter 
of silver particle at any number of monolayers of PVP 
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coating the silver particle. Based on this model, for a PVP 
coated spherical silver core having a diameter of 20 nm, the 
minimum amount of PVP needed to disperse a dry particle 
is about 19% by Weight. Preferably, not more than 10 
monolayers or 41% by Weight of PVP Will be used. More 
preferably the PVP forms from about 2 to about 8 mono 
layers on the nanoparticle core. Most preferably, about 4 to 
about 8 monolayers or about 14.8% to about 32.5% by 
Weight of PVP Will be formed. For a 50 nm PVP-coated 
sphere-shaped silver nanoparticle core, a minimum of about 
1.3% by Weight of PVP Will be needed to cover the nano 
particle completely With a monolayer. No more than about 
14.8% by Weight or 10 monolayers Will usually be needed. 
Most preferably, about 5.3 to about 11.5% by Weight of PVP 
is used (for about 4 to about 8 monolayers). 

[0069] In most implementations of the invention, the 
multi-component particles Will comprise a volume percent 
age of matrix in a range having an upper limit selected from 
the group consisting of 99 volume percent, 95 volume 
percent and 90 volume percent and having a loWer limit 
selected from the group consisting of 1 volume percent, 20 
volume percent, 60 volume percent, 70 volume percent and 
75 volume percent. One particularly preferred implementa 
tion is for the matrix to comprise at least 70 volume percent 
and more preferably at least 75 volume percent of the 
multi-component particles, but also preferably With no 
greater than 95 volume percent and even more preferably no 
greater than 90 volume percent of matrix. In this discussion 
concerning volume percent, the pore volume in the multi 
component particles are ignored, so that the volumes of the 
matrix and nanoparticles are included in determining the 
total volume of the multi-component particles used to deter 
mine the volume percentages of the nanoparticles and the 
matrix. On this basis, the sum of the volume fractions of the 
nanoparticles and the matrix add up to 100. It should be 
appreciated, hoWever, that in some instances the multi 
component particles resulting from the particle forming may 
contain signi?cant porosity. 
C. Composition and Properties of the Nanoparticles 

[0070] As indicated above, the multi-component particles 
of the present invention include inorganic nanoparticles 
distributed in an organic matrix. As used herein, the term 
“inorganic nanoparticle” means a nanoparticle comprising at 
least one inorganic element, Which optionally is a part of a 
larger chemical compound. In one embodiment the “inor 
ganic nanoparticle” excludes carbon. It is contemplated, 
hoWever, that the inorganic nanoparticle may include one or 
more organic components in addition to the inorganic ele 
ment. For example, an inorganic nanoparticle may include 
one or more organometallic compounds or even one or more 

organometallic compounds in a mixture With one or more 
organic compounds. 
[0071] In various embodiments, the siZe of the nanopar 
ticles may vary Widely. Optionally, the nanoparticles have a 
number average particle diameter of from about 1 nm to 
about 500 nm, e.g., from about 10 nm to about 150 nm or 
from about 30 nm to about 100 nm, based on electron 
microscopy. The nanoparticles have a d50 particle diameter, 
based on volume, greater than about 1 nm and less than 600 
nm, e.g., greater than about 40 nm and less than 200 nm, as 
determined by light scattering techniques. 
[0072] The distance betWeen adjacent nanoparticles in the 
multi-component particle may vary Widely depending on the 
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desired end use for the multi-component particles. In one 
embodiment, the average distance betWeen adjacent inor 
ganic nanoparticles is less than the number average particle 
diameter of the inorganic nanoparticles, e.g., less than half 
the number average particle diameter based on electron 
microscopy. In terms of absolute numbers, the average 
distance betWeen adjacent nanopar‘tricles in the multi-com 
ponent particles optionally is less than about 150 nm, e.g., 
less than about 100 nm, less than about 50 nm, less than 
about 10 nm, less than about 5 nm or less than about 1 nm. 
In terms of higher range limitations, the average distance 
betWeen adjacent inorganic nanoparticles optionally is 
greater than the number average particle diameter of the 
inorganic nanoparticles (e.g., greater than tWice the number 
average particle diameter). In terms of absolute numbers, the 
average distance betWeen adjacent nanoparticles in the 
multi-component particles optionally is greater than about 1 
nm, e.g., greater than about 5 nm, greater than about 10 nm, 
greater than about 50 nm, greater than about 100 nm or 
greater than about 150 nm. 

[0073] In one embodiment, the nanoparticles may touch or 
even neck or sinter together. In one aspect of this embodi 
ment, on average, at least about 10 percent, at least about 25 
percent, at least about 50 percent, at least about 75 percent, 
at least about 90 percent or at least about 99 percent of the 
nanoparticles are touching at least one adjacent nanoparticle. 
In other aspects, optionally in combination With any of the 
above-disclosed loWer range limitations, less than about 99, 
less than about 90, less than about 75, less than about 50, less 
than about 25, less than about 10, less than about 5, less than 
about 1, or less than about 0.1 percent of the nanoparticles 
are touching at least one adjacent nanoparticle. 

[0074] The nanoparticles also may have a variety of 
particle siZe distributions. In one embodiment, the nanopar 
ticles have a monomodal particle siZe distribution, meaning 
the particle siZe distribution has a generally Gaussian or log 
normal form. Alternatively, the nanoparticles have a multi 
modal particle siZe distribution, meaning there are several 
modes of particle formation and groWth, having tWo or more 
distributions of particle populations. For example, the par 
ticle siZe distribution optionally is bimodal, trimodal, etc. 
Depending on the desired application, a multi-modal particle 
siZe distribution may be desired over a monomodal distri 
bution. For example, in layer formation the combination of 
different siZes Will be more ef?cient at ?lling voids betWeen 
particles and thus increase packing density. 

[0075] If the nanoparticles have a monomodal particle siZe 
distribution, the Gaussian form may have a short, narroW 
distribution or a broad distribution. The sharpness or broad 
ness of a particle siZe distribution may be determined by 
determining the difference betWeen tWo different dx values 
(e.g., d30, d40, or d50 values, based on volume) for a given 
population of nanoparticles. In general, the smaller the 
difference betWeen the tWo dx values, the sharper the 
distribution. Conversely, the greater the difference betWeen 
the tWo dx values, the broader the distribution. In one aspect 
of the invention, the nanoparticles have a d40 particle siZe 
(e.g., particle diameter) and a d60 particle siZe (e.g., particle 
diameter) and the difference betWeen the d60 particles siZe 
and the d40 particle siZe is from about 1 nm to about 400 nm, 
e.g., from about 2 to about 200 nm, from about 5 to about 
50 nm, or from about 5 to about 10 nm. A narroW siZe 
distribution is useful When properties are affected by siZe, 
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and a single type of property is desired. For example, a 
narrow particle siZe distribution may be desired When the 
nanoparticles are to be used as seeds for nanoWire growth. 
Conversely, a broad particle siZe distribution may be desired 
for coatings or for dense ?lm formation. The speci?cally 
desied particle siZe distribution of the nanoparticles may be 
controlled by selectively varying certain spray processing 
parameters, e.g., temperature, ?oW rate, nanoparticle pre 
cursor concentration, etc. 

[0076] In one aspect, the nanoparticles of the present 
invention are spheroidal, meaning that they are generally of 
spherical shape, even if not perfectly spherical. Optionally, 
a majority of the nanoparticles have a morphology that is 
spherical, holloW, rod, ?ake, platelet, cubed or trigonal. 

[0077] In a preferred embodiment, the inorganic nanopar 
ticles in the multi-component particles comprise one or more 
metals, metal oxides, main group elements, metal mixtures 
or alloy materials or mixtures or combinations of these 
materials. Examples of inorganic materials for possible 
inclusion in nanoparticles include metallic materials, 
(including single metals, alloys and intermetallic com 
pounds), ceramics, main group elements, such as Si, Ge and 
mixed main group materials or mixed metal/main group 
materials, such as CdSe, GaAs, and InP. Some examples of 
metallic materials for inclusion in nanoparticles include one 
or more of elemental silver, platinum, Zinc, palladium, 
ruthenium, gold, copper, rhodium, tin, molybdenum, cobalt, 
iron, nickel, metal alloys including one or more of the 
foregoing and metal elements, and inter-metallic compounds 
including one or more of the foregoing metal elements. In a 
preferred embodiment, the inorganic nanoparticles comprise 
one or more of silver, copper, nickel, platinum, palladium, 
rhodium, ruthenium, cobalt, gold, iridium or a metal oxide 
thereof. 

[0078] Some examples of ceramic materials for optional 
inclusion in the nanoparticles include one or more of oxides, 
sul?des, carbides, nitrides, borides, tellurides, selenides, 
phosphides, oxycarbides, oxynitrides, titanates, Zirconates, 
stannates, silicates, aluminates, tantalates, tungstates, 
glasses, doped and mixed metal oxides. For example SiC, 
and BN are ceramics With high heat transfer coe?icients and 
can be used in heat transfer ?uids. Speci?c examples of 
some preferred oxides include silica, alumina, titania, mag 
nesia, indium oxide, indium tin oxide and ceria. Moreover, 
the composition of the nanoparticles may be designed for 
any desired application. For example, alloy nanoparticles 
could include materials for hydrogen storage, such as LaNi, 
FeTi, Mg2Ni, ZrV2; materials for magnetic applications, 
such as, CoFe, CoFe2, FeNi, FePt, FePd, CoPt, CoPd, 
SmCo5, Sm2COl7, Nd/B/Fe. For example, the nanoparticles 
could be core shell particles, such as, metals coating metals 
(Ag/Cu, Ag/Ni), metals coating metal oxides (Ag/Fe3O4), 
metal oxides coating metals (SiO2/Ag), metal oxides coating 
metal oxides (SiO2/RuO2), semiconductors coating semi 
conductors (ZnS/CdSe) or combinations of all these mate 
rials. 

[0079] In another implementation, the nanoparticles com 
prise very small particles (less than 100 nm) having a high 
re?ective index, such as TiO2, BaTiO2 and ZnO. These 
particles are incorporated in a polymer matrix and Will 
increase the bulk refractive index of the polymer and there 
fore the use of the composite material for optical applica 
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tions. Another application for these composite materials is in 
personal care products (sunscreens, etc.), Where these mate 
rials Will absorb UV radiation. 

[0080] For example, the nanoparticles could include mate 
rials such as a semiconductor, a phosphor, an electrical 
conductor, a transparent electrical conductor, a thermochro 
mic, an electrochromic, a magnetic material, a thermal 
conductor, an electrical insulator, a thermal insulator, a 
polishing compound, a catalyst, a pigment, or a drug or other 
pharmaceutical material. 

[0081] In one particular implementation of the invention, 
the nanoparticles comprise phosphor materials. This 
embodiment may be desirable for applications in Which the 
nanoparticles are to be used as phosphors in a display 
application. Phosphors are substances that are capable of 
luminescence. The luminescence involves emission of radia 
tion in response to a stimulus or excitation. Preferred lumi 
nescence of phosphors for use With this implementation of 
the invention includes emission of visible light for use in 
display applications. Such phosphors may, for example, be 
cathodoluminescent, electroluminescent, photoluminescent 
or x-ray luminescent. Inorganic phosphor compositions typi 
cally include a host material and one or more dopants, also 
referred to as activator ions. Examples of host materials 
include yttrium oxides, yttrium oxysul?des, yttrium ?uo 
rides, gadolinium oxysul?des, sul?des (such as for example 
Zinc sul?de, calcium sul?de and strontium sul?de), silicates 
(such as for example Zinc silicate and yttrium silicate, 
thiogallates (such as for example strontium thiogallate and 
calcium thiogallate), gallates (such as for example Zinc 
gallate, calcium gallate and strontium gallate), aluminates 
(such as for example barium aluminate and barium magne 
sium aluminate (BAM)), thioaluminates (such as for 
example barium thioaluminate), nitrides and oxynitides 
(such as Ba2Si5N8 :Eu, CaxSiyNzzEu, SrxSiyNzzEu, 
CaAlSiN3zEu, LaEuSi2N3O2), and borates (such as for 
example yttrium-gadolinium borate). Table 2 lists some 
non-limiting examples of inorganic phosphor materials, 
including host material and exemplary activator ions, and 
the type of excitation for luminescence. 

TABLE 2 

EXEMPLARY INORGANIC PHOSPHOR 
COMPOSITIONS FOR NANOPARTICLES 

EXCITATION 
HOST MATERIAL ACTIVATOR ION(S) MECHANISM 

Y2O3 Eu, rare earths, Tb cathodoluminescent, 
Photoluminescent 

YZOZS Eu, Tb Cathodoluminescent 
ZnS Au, Al, Cu, Ag, Cl, cathodoluminescent, 

Mn Electroluminescent 

SrGa2S4 Eu, Ce cathodoluminescent, 
Electroluminescent 

Y3Al5O12 Tb, Cr cathodoluminescent, 
Photoluminescent 

Y3(Ga,Al)5O12 Tb, Cr cathodoluminescent, 
Photoluminescent 

Zn2SiO4 Mn cathodoluminescent, 
Photoluminescent 

Y2SiO5 Tb, Ce Cathodoluminescent 
BaS Eu, Ce Electroluminescent 
CaS Eu, Ce Electroluminescent 
SrS Eu, Ce Electroluminescent 
CaGa2S4 Eu, Ce Electroluminescent 
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TABLE 2-continued 

EXEMPLARY INORGANIC PHOSPHOR 
COMPOSITIONS FOR NANOPARTICLES 

EXCITATION 
HOST MATERIAL ACTIVATOR ION(S) MECHANISM 

ZnGa2O4 Mn, Cr Electroluminescent 
CaGa2O4 Eu, Ce Electroluminescent 
SrGa2O4 Eu, Ce Electroluminescent 
Ga2O3 Dy, Eu Electroluminescent 
Ca3Ga2O6 Eu, Ce Electroluminescent 
Zn2GeO4 Mn Electroluminescent 
Zn2(Ge,Si)O4 Mn Electroluminescent 
(Y,Gd)BO3 Eu, Tb Photoluminescent 
BaMgAlloOl7 Mn, Eu Photoluminescent 
BaAlXOy Mn Photoluminescent 
Gd2O2S Tb X-ray 
(Y,Gd)2SiO5 Tb, Ce X-ray 

[0082] In one particular implementation of the invention, 
the nanoparticles comprise luminescent lanthanide com 
plexes, such as lanthanide B-diketonates, acetophenone 
complexes and cryptates. 

[0083] In one particular implementation of the invention, 
the nanoparticles comprise catalyst compositions. Catalysts 
are substances that affect the rate of chemical reactions 
Without themselves being consumed or undergoing chemical 
change. Nanoparticulate catalysts have an advantage of very 
large speci?c surface area, providing a large amount of 
catalytic surface area per unit mass of catalyst material. 
Preferred catalysts for use in nanoparticles of the invention 
include inorganic catalytic material, Which may be either 
supported or unsupported. By a supported catalyst, it is 
meant that the catalytic material is supported by a support 
material, Which imparts structural integrity to the composi 
tion. The support material may or may not affect the catalytic 
performance of the composition. By unsupported catalyst, it 
is meant that the catalytic material itself imparts structural 
integrity to the composition. Unsupported catalysts are also 
referred to as being self-supporting. Catalyst compositions 
may include only one catalytic material or may include 
multiple different catalytic materials. Supported catalyst 
compositions may include only one type of support material 
or may include multiple different types of support materials. 
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In addition to catalytic material, and optionally support 
material, catalyst compositions may also optionally include 
one or more than one additive, such as one or more than one 

promoter. 

[0084] The catalysts may be of any composition. For 
example, the nanoparticles could include an electrocatalyst 
material, some non-limiting examples of Which include 
perovskite phase metal oxides (such as for example Lalr 
XSrXFeO_6CoO_4O3 or La1_XCaXCoO3); and oxygen de?cient 
CoiNiiO spinels of the form AB2O4 Where A is selected 
from divalent metals such as Mg, Ca, Sr, Ba, Fe, Ru, Co, Ni, 
Cu, Pd, Pt, Eu, Sm, Sn, Zn, Cd, Hg or combinations thereof 
and B is selected from trivalent metals such as Co, Mn, Re, 
Al, Ga, In, Fe, Ru, Os, Cr, Mo, W, Y, Sc, lanthanide metals 
and combinations thereof. Other examples include catalyst 
materials for Water-gas shift reactions, auto-thermal reform 
ing, steam reforming and hydrodesulfuriZation processes, 
some non-limiting speci?c compositional examples of 
Which are shoWn in Table 3. Table 3 lists both supported and 
unsupported (self-supporting) catalyst materials. In the com 
positions of Table 3, y-alumina (y-Al2O3), magnesia (MgO), 
silica (SiO2) and ceria (CeO2) function as support materials. 
In Table 3, the ?rst column identi?es the general catalyst 
formulation(s), the second column identi?es a catalytic 
application in Which a catalyst of that formulation might be 
used, the third column provides some examples of speci?c 
catalyst compositions, the fourth column summarizes exem 
plary reaction temperatures during use of the catalyst in the 
identi?ed catalytic application, and the ?fth column notes 
general variations in catalyst manufacture conditions, to 
effect changes in the properties of the resulting catalyst 
composition. 

[0085] In another particular embodiment of the invention, 
the nanoparticles comprise CaO. The CaO may be used to 
adsorb CO2 and be used to shift the equilibrium of methane 
gas steam reforming to produce hydrogen more ef?eciently. 

[0086] In another particular embodiment of the invention, 
the nanoparticles comprise Pt or Pt/Ru. The matrix in this 
case optionally comprises Na?on. The mutiphase particle of 
Pt or Pt/Ru as nanoparticles and Na?on as the organic matrix 
could be used, for example, as electrocatylists in fuel cell 
applications. 

TABLE 3 

EXEMPLARY CATALYST COMPOSITIONS FOR NANOPARTICLES 

Representative 
Catalytic 

Catalyst Catalytic Reaction Variations in 
Formulations Rxn Composition Temps. Catalyst Synthesis 

AuNi/y-alumina SR/HT A) 10 Wt. % Ni 650° C.*700° C. Time, temperature of 
AuNi/MgO WGSR 0.2 Wt. % Au synthesis to vary 
AuNi/SiO2 B) 15 Wt. % Ni, dispersion and alloy 

0.3 Wt. % Au stoichiometry 
Ru/y-alumina SR/HT 0.1413 Wt. % 650° C.*700° C. Time, temperature of 

WGSR Ru synthesis to vary 
dispersion 

Ni/CeO2/ ATR 5*l5 Wt. % Ni 650° C.*750° C. Time, temperature of 
y-alumina synthesis to vary 

dispersion 
NiRu/CeO2/ ATR A) 10 Wt. % Ni 650° C.*750° C. Time, temperature of 
y- alumina 0.3 Wt. % Ru synthesis to vary 
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TABLE 3-continued 

EXEMPLARY CATALYST COMPOSITIONS FOR NANOPARTICLES 

Representative 
Catalytic 

Catalyst Catalytic Reaction Variations in 
Formulations Rxn Composition Temps. Catalyst Synthesis 

(or other oxide B) 15 Wt. % Ni, dispersion and alloy 
ion conducting 0.5 Wt. % Ru stoichiometry 
support) 
Pt/CeO2/ LT 0.1413 Wt. % 200° C.*300° C. Time, temperature of 
y-alumina WGSR Pt synthesis to vary 

dispersion 
PtRu/CeO2/ LT 0.1413 Wt. % 200° C.*300° C. Time, temperature of 
y-alumina WGSR PtRu synthesis to vary 

Pt:Ru = 50:50 dispersion and alloy 
stoichiometry 

NiMo/y-alumina HDS 15.0 Wt. % 400° C. Time, temperature of 
MoO3 synthesis to vary 
3.0 Wt. % NiO dispersion and alloy 

stoichiometry 
NiMo high HDS 85.0 Wt. % 400° C. Time, temperature of 
surface area self- MoO3 synthesis to vary 
supporting oxide 15 Wt. % NiO PSD, porosity, 

surface area 

ZnO high HDS/ 100% ZnO 400° C. Time, temperature of 
surface area self- Sul?lr synthesis to vary 
supporting oxide removal PSD, porosity, 

surface area 

NiMo/ZnO HDS/ 3 Wt. % MoO3, 400° C. Time, temperature of 
Sul?lr 0.6 Wt. NiO synthesis to vary 
removal 96.4 Wt. % PSD, porosity, 

ZnO surface area 

WGSR = Water gas shift reaction 

ATR = auto-thermal reforming 
SR = steam reforming 

LT = loW temperature 

HT = high temperature 
HDS = hydrodesulfuriZation 

[0087] In one implementation of the invention, the nano 
particles comprise pigments. The pigments may be used in TABLE 4-continued 
a variety of industries including but not limited to displays 
(AMLCD), ink jet applications, electrophoretic applications, EXEMPLARY PIGMENTS FOR NANOPARTICLES 

household cleaner/brighteners, printing documents, etc. MATERIAL FORMULA COLOR 
Table 4 lists some non-limiting examples of inorganic pig- I 

. . . Strontium Chromate SrCrO4 YelloW 
ment materials and the color imparted by the materlal. The Nickd Titanate Nmo3 Yellow 
development of pigments With particle sizes (e.g,. diam- Chrome Titanate CrTiO3 YelloW 
eters) beloW 50 nm Would be desirable in order to produce Cadmium Sul?de Cds Yellow 
images that have photo quality (high gloss), because the Chr°m° oxldeI C503 Green 

. . . Cobalt Chromite CoCr2O4 Green 
partlcle 512% are smaller than the Wavelength of hght. In Cerium sul?d? C65 R?d 
addition, particles of this size Will form more stable disper- cobalt Aluminum COAI2O4 Blue 
sions. oXid? 

Rutile TiO2 White 
Zinc Oxide ZnO White 

TABLE 4 Lead Carbonate PbCO3 White 
Zinc Sul?de ZnS White 

EXEMPLARY PIGMENTS FOR NANOPARTICLES Antimony Trioxid? $3203 Whit6 
Cobalt Stannate CoSnO3 Blue 

MATERIAL FORMULA COLOR Fmocyanid? F6<CN>6 Blue 
I I Carbon (in C Black 

Iron Oxide (Hematite) Fe2O3 Red combination With 0116 
Lead Molybdate PbMoO4 Red or mom inorganic 
Cobalt Arsenate Co3(AsO4)2 Violet pigm?nts) 
Iron Oxide (Magnetite) Fe3O4 Black 
Iron-Chromium Oxide (Fe,Cr)2O3 BroWn 
Zinc Ferrite ZnFe2O4 Tan 

Imn °XyhIydr°¥1d° F°OOH Y°H°W [0088] In one particular implementation of the present 
Lead Antimoniate Pb3(SbO4)2 YelloW . t. th 11. 1 . b. t. f 
L?ad Chromat? PbCIO4 Yellow lnven 1on, e ~nanopa 1c es comprise a com ina 1on o 
Zinc Chromate ZnCrO4 YelloW pigment materlals. For example, the nanopartlcles may 

comprise a combination of tWo or more of the inorganic 



US 2006/0083694 A1 

pigments listed in Table 4 in order to create a color that 
cannot be created With a single inorganic pigment. As 
another example, the nanoparticles may contain an inorganic 
pigment, such as those listed in Table 4, combined With an 
organic pigment. A layer of organic pigment on an inorganic 
pigment may also aid dispersion of the pigment nanopar 
ticles into a polymer, organic liquid or other organic 
medium. 

[0089] In one particular implementation of the invention, 
the nanoparticles comprise semiconductor materials. Semi 
conductor materials in nanoparticulate form have a variety 
of uses including applications in solar cells and phosphors 
for diagnostic applications. Some examples of types of 
semiconductor materials include doped and undoped: IV 
semiconductors, II-IV semiconductors, II-VI semiconduc 
tors, III-V semiconductors and rare earth oxides. Speci?c 
non-limiting examples of semiconductor materials that may 
be used in the nanoparticles include silcon alloys, germa 
nium alloys, PbS, PbO, HgS, ZnS, CdSe, CdTe, CdSzMn, 
InP, InN, Ge, Si, CeO2, Cs2O, Eu2S3, Eu2O3, ZnO, GaP, and 
GaN. 

[0090] In one particular implementation of the invention, 
the nanoparticles comprise inorganic compounds, inorganic 
coordination complexes, organometallic complexes or a 
combination thereof. For example, inorganic pharmaceuti 
cals or bioactive metal complexes maybe incorporated as the 
nanoparticles. Examples include cisplatin, carboplatin, 
DWA-2l 14R (2-aminomethylpyrrolidine(l,l -cyclobutane 
dicarboxylato)Pt(II), or JM-22l (cis, trans, cis 
[Pt(NH3)(C6Hl1NH2)(OC(O)C3H7)2Cl2]). The matrix for 
these types of materials may be selected for its ability to 
readily dissolve in the body, preferably in a controlled 
manner, so as to release the inorganic active ingredient (as 
nanoparticles) in a time-controlled manner. 

[0091] In one particular implementation of the invention, 
the nanoparticles comprise magnetic materials. Magnetic 
materials in the nanoparticals have a variety of uses includ 
ing applications in magnetic memory devices, magnetic 
inks, and magnetic ?uids. Speci?c non-limiting examples 
include Fe2O3, Fe3O4, C0203, C0304, Ni, and Co. 

[0092] In one particular implementation of the invention, 
the nanoparticles comprise super conductor materials, such 
as Y2Ba2Cu3O7, La2BaXCuO4, Bi2Sr2Ca2Cu3OlO, 
Ti2Ba2Ca2Cu3O1O and MgB2. 

[0093] In one particular implementation of the invention, 
the nanoparticles comprise materials that have non-linear 
optical properties, such as LiNbO4. 

[0094] In one particular implementation of the invention, 
the nanoparticles comprise lasing materials, such as 
NdzYAG, MgzZnO. 

[0095] In one particular implementation of the invention, 
the nanoparticles comprise materials that have negative 
coef?cients of expantion, such as YbGaGe, TaOZF, ZrW2O8, 
ZrMO2O8 and ZrV2O7. 

[0096] In one particular implementation of the invention, 
the nanoparticles comprise a transparent electrical conduct 
ing material. Transparent electrical conductors are useful in 
a variety of applications, such as for example in manufac 
turing displays and in photovoltaic cells. Table 5 lists some 
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non-limiting examples of transparent conducting metal 
oxides that may be included in the nanoparticles. 

TABLE 5 

EXEMPLARY TRANSPARENT ELECTRICAL CONDUCTORS 
FOR NANOPARTICLES 

MATERIAL FORMULA 

Zinc Oxide ZnO 
Indium Oxide In2O3 
Tin Oxide SnO2 
Indium-Tin Oxide (ITO) 
Antimony-Tin Oxide (ATO) 
Cadmium-Oxide CdO 
Indium-Zinc Oxide In2Zn2O5 

[0097] It should be understood that the materials listed 
above are non-limiting examples of materials that may be 
included in the nanoparticles, either as a sole material phase 
or as one of multiple material phases in the nanoparticles. In 
other embodiments, the nanoparticles may contain materials 
other than those previously noted that may be useful in a 
desired application of the nanoparticles. For example, in 
chemical mechanical polishing applications the nanopar 
ticles may contain one or more hard materials such as metal 

oxides (e.g. silica, alumina, Zirconia and ceria) carbides and 
nitrides. For absorbent applications, the nanoparticles may 
contain compounds such as Zinc oxide, magnesium oxide, 
barium oxide, calcium oxide, copper oxide, silver oxide, 
barium carbonate, nickel oxide, iron oxide, Zirconium oxide, 
manganese oxide and lithium oxide. Other non-limiting 
examples of applications for materials included in the nano 
particles include: anti-abrasive, electrochromic, thermo 
chromic, electrically conductive, electrically resistive, 
dielectric, moisture absorbent, cosmetic, pharmaceutical and 
magnetic. 

[0098] In most implementations of the invention, the 
multi-component particles Will comprise a volume percent 
age of nanoparticles Within a range having in any combi 
nation a loWer limit selected from the group consisting of 1 
volume percent, 5 volume percent and 10 volume percent 
and an upper limit selected from the group consisting of 99 
volume percent, 80 volume percent, 50 volume percent, 30 
volume percent and 25 volume percent. One particularly 
preferred implementation is for the nanoparticles to com 
prise up to 30 volume percent and more preferably up to 25 
volume percent of the multi-component particles, but pref 
erably also With at least 5, at least 10, at least 50, at least 60 
or at least 75 volume percent nanoparticles. These loWer 
volume fractions tend to favor formation of Well distributed 
and more completely separated nanoparticulate domains in 
the multi-component particles. As the volume percentage of 
nanoparticles increases, the separation of the nanoparticulate 
domains tends to be less complete. For example, With 
greater than about 50 volume percent of nanoparticles in the 
multi-component particles, an interconnected netWork of the 
nanoparticles may often be favored, such as is described 
beloW With respect to FIG. 5. 

[0099] D. Properties of the Multi-Component Particles 

[0100] As indicated above, the multi-component particles 
may have a variety of different particle siZes. In one embodi 
ment, the plurality of multi-component particles has a num 


































































