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NANOCRYSTAL/SOL-GEL NANOCOMPOSITES
STATEMENT REGARDING FEDERAL RIGHTS

[0001] This invention was made with government support
under Contract No. W-7405-ENG-36 awarded by the U.S.
Department of Energy. The government has certain rights 1n
the 1nvention.

FIELD OF THE INVENTION

[0002] The present invention relates to nanocrystal/sol-gel
composites and to processes of forming such nanocrystal/
sol-gel composites. Additionally, the present invention
relates to alcohol-soluble colloidal nanocrystals.

BACKGROUND OF THE INVENTION

[0003] Semiconductor nanocrystals (NCs), often referred
to as nanocrystal quantum dots (NQDs), are of interest for
their size-tunable optical and electronic properties. Interme-
diate between the discrete nature of molecular clusters and
the collective behavior of the bulk, NQDs are unique build-
ing blocks for the bottom-up assembly of complex func-
tional structures. NQDs can be conveniently synthesized
using colloidal chemical routes such as the solution-based

organometallic synthesis approaches for the preparation of
CdSe NQDs described by Murray et al., J. Am. Chem. Soc.,

115, 8706 (1993) or by Peng et al., J. Am. Chem. Soc., 123,
183 (2001), such references incorporated herein by refer-
ence. Generally, these procedures involve an organometallic
approach. Typically these chemical routes yield highly crys-
talline, monodisperse samples of NQDs. Because of their
small dimensions (sub-10 nm) and chemical flexibility,
colloidal NQDs can be viewed as tunable “artificial” atoms
and as such can be manipulated into larger assemblies
engineered for specific applications.

[0004] A significant challenge for obtaining stable optical
properties and realizing optical applications of quantum dots
1s to 1ncorporate the NQDs 1nto a suitable transparent host
matrix. Farly attempts mmvolved the direct growth of the
nanoparticles within glassy matrices; however, the resulting,
materials were plagued by poorly controlled surface passi-
vation, low filling factors and large size dispersities.

[0005] More recently, researchers have sought to decouple
the synthesis of the nanoparticles from the fabrication of the
composites. Selvan et al.,, Adv. Mater. v. 13, pp. 985-988
(2001) describe octylamine-passivated semiconductor quan-
tum dots transferred 1nto butanol prior to sol-gel processing,
with resultant volume fractions or loadings of only up to
about 0.1 percent. Sundar et al., Adv. Mater., v. 14, pp.
739-742 (2002), describe incorporation of NCs wherein the
surface-passivating ligands are replaced with tris(hydroxy-
Ipropyl) phosphine to stabilize the NCs 1n polar solvents
such as ethanol and provide hydroxyl groups which can be
reacted into a titanmia sol-gel matrix. Volume fractions or
loadings as high as 10 to 12 percent were reported.

[0006] Despite the gradual progress, problems have
remained. After long and careful research, new approaches
have now been developed for the preparation of colloidal
nanocrystal-containing composites.

[0007] It is an object of the present invention to provide
new processes lor preparing solid composites including
colloidal nanocrystals and to provide the solid composites
from such processes.
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[0008] It is another object of the present invention to form
solid composites with high volume loadings of the colloidal
nanocrystals.

[0009] Still another object of the present invention is solid
composites including colloidal nanocrystals where the solid
composites are characterized by high refractive indices.

[0010] Still another object of the present invention is the
preparation of alcohol-soluble colloidal nanocrystals includ-
ing alcohol or carboxylic acid terminated groups thereon.

SUMMARY OF THE INVENTION

[0011] In accordance with the purposes of the present
invention, as embodied and broadly described herein, the
present invention provides a process for preparing a solid
composite including colloidal nanocrystals dispersed within
a sol-gel host, the process including forming an admixture of
colloidal nanocrystals, a lower alcohol, a non-polar co-
solvent and a sol-gel precursor material, and, forming the
solid composite from the admixture. The present invention
further provides a solid composite formed by the above
process. In one embodiment, the lower alcohol 1s ethanol
and the non-polar co-solvent 1s tetrahydrofuran.

[0012] The present invention still further provides a pro-
cess for preparing a solid composite including colloidal
nanocrystals dispersed within a sol-gel host matrix, the
process including reacting colloidal nanocrystals passivated
with hydrophobic ligands with a multi-functional compound
of the formula X, -(Z)-Y, where X 1s an amino group, a
thiol group, a phosphonic acid group, a phosphine oxide
group, a nitrile group, a thiocyanate group, or a carboxylic
acid group, X 1s an integer and 1s one or more, 7 1s a
hydrocarbon group, such as an alkyl group, an aryl group or
an alkylaryl group, a polyether group, an ethylene oxide
group, a propylene oxide group or a mixture thereof, n 1s
from 1 to 20, Y 1s a hydroxyl group, a carboxylic acid group,
a sulfonic acid group, a phosphonic acid group, or an
alkoxysilane group, and y 1s an integer and 1s one or more,
within a solvent to form a homogeneous colloidal nanoc-
rystal solution including colloidal nanocrystals with at least
a portion of hydroxyl-terminated groups, carboxylic acid-
terminated groups, sulfonic acid-terminated groups, phos-
phonic acid-terminated groups, or alkoxysilane-terminated
groups thereon; admixing the homogeneous colloidal nanoc-
rystal solution and a sol-gel precursor material; and, forming
the solid composite from the admixture. In one embodiment,
the multi-functional molecule 1s an amino-hydroxyl com-
pound such as 4-aminobutanol or 6-aminohexanol.

[0013] The present invention still further provides a solid
composite that 1s the reaction product of colloidal nanoc-
rystals including at least a portion of hydroxyl-terminated
groups, carboxylic acid-terminated groups, sulfonic acid-
terminated groups, phosphonic acid-terminated groups or
alkoxysilane-terminated groups thereon and a sol-gel pre-
cursor material.

[0014] The present invention still further provides alco-
hol-soluble colloidal nanocrystals including the reaction
product of colloidal nanocrystals and a multi-functional
compound of the formula X _-(Z,)-Y, where X 1s an amino
group, a thiol group, a phosphonic acid group, a phosphine
oxide group, a nitrile group, a thiocyanate group, or a
carboxylic acid group, X 1s an 1nteger and 1s one or more, 7
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1s a hydrocarbon group, such as an alkyl group, an aryl group
or an alkylaryl group, a polyether group, an ethylene oxide
group, a propylene oxide group or a mixture thereof, n 1s
from 1 to 20, Y 1s a hydroxyl group, a carboxylic acid group,
a sulfonic acid group, a phosphonic acid group, or an
alkoxysilane group, and y 1s an integer and 1s one or more.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1 shows a schematic illustration of a pathway
by which colloidal nanocrystals can become i1ncorporated
into a sol-gel matrix.

10016] FIG. 2 shows a digital representation of a photo-
micrograph ol a CdSe/sol-gel solid composite formed within
a microcapillary tube. Micro-ring lasing by the colloidal
CdSe nanocrystals within the microcapillary cavity was
observed as the very bright spot in the center of the tube,
which was under optical excitation at 400 nm . The CdSe
colloidal nanocrystals were approximately 5 nm in diameter
and emitted 1n the red.

DETAILED DESCRIPTION

[0017] The present invention 1s concerned with solid com-
posites including colloidal nanocrystals within a sol-gel host
or matrix and with processes of forming such solid com-
posites. The present mmvention 1s further concerned with
alcohol soluble colloidal nanocrystals useful 1n the forma-
tion of sol-gel based solid composites.

[0018] As used herein, the term “nanocrystal” refers to
particles less than about 150 Angstroms in the largest axis,
and preferably from about 10 to about 150 Angstroms. Also,
within a particularly selected colloidal nanocrystal, the col-
loidal nanocrystals are substantially monodisperse, 1.e., the
particles have substantially 1dentical size and shape.

[0019] The colloidal nanocrystals are generally members
of a crystalline population having a narrow size distribution.
The shape of the colloidal nanocrystals can be a sphere, a
rod, a disk and the like. In one embodiment, the colloidal
nanocrystals include a core of a binary semiconductor
matenal, e¢.g., a core of the formula MX, where M can be
cadmium, zinc, mercury, aluminum, lead, tin, gallium,
indium, thallium, magnesium, calcium, strontium, barium,
copper, and mixtures or alloys thereof and X 1s sulfur,
selentum, tellurtum, nitrogen, phosphorus, arsenic, anti-
mony, and mixtures or alloys thereof. In another embodi-
ment, the colloidal nanocrystals include a core of a ternary
semiconductor material, e.g., a core of the formula M, M, X,
where M, and M, can be cadmium, zinc, mercury, alumi-
num, lead, tin, gallium, mdium, thalllum, magnestum, cal-
cium, strontium, barium, copper, and mixtures or alloys
thereot and X 1s sulfur, selenium, tellurtum, nitrogen, phos-
phorus, arsenic, antimony, and mixtures or alloys thereot. In
another embodiment, the colloidal nanocrystals include a
core ol a quaternary semiconductor material, e.g., a core of
the formula M;M,M. X, where M,, M, and M; can be
cadmium, zinc, mercury, aluminum, lead, tin, gallium,
indium, thallium, magnesium, calcium, strontium, barium,
copper, and mixtures or alloys thereof and X 1s sulfur,
selentum, tellurtum, nitrogen, phosphorus, arsenic, anti-
mony, and mixtures or alloys thereof. In other embodiments,
the colloidal nanocrystals include a core of a quaternary
semiconductor material, e.g., a core of a formula such as

MleXZ: MlMZXlXZ: M1M2M3X1X2: M1X1X2X3:

May 24, 2007

M, M, X, X, X, or M\M,M. X, X,X,, where M,, M, and M,
can be cadmium, zinc, mercury, aluminum, lead, tin, gal-
lium, mdium, thallium, magnesium, calcium, strontium,
barium, copper, and mixtures or alloys thereof and X,, X,
and X, can be sulfur, selenium, tellurium, nitrogen, phos-
phorus, arsenic, antimony, and mixtures or alloys thereot. In
one embodiment, the colloidal nanocrystals are of silicon or
germanium. In some instances, oxides such as zinc oxide
(Zn0O) and the like may be used as well. Examples include
cadmium sulfide (CdS), cadmium selenide (CdSe), cad-
mium telluride (CdTe), zinc sulfide (ZnS), zinc selenide
(ZnSe), zinc tellunide (ZnTe), mercury sulfide (HgS), mer-
cury selenide (HgSe), mercury telluride (HgTe), aluminum
nitride (AIN), aluminum sulfide (AlS), aluminum phosphide
(AIP), aluminum arsenide (AlAs), aluminum antimomde
(AlSb), lead sulfide (PbS), lead selenide (PbSe), lead tellu-
ride (PbTe), gallium arsemide (GaAs), gallium nitride (GalN),
gallium phosphide (GaP), galllum antimonide (GaSbh),
indium arsenide (InAs), indium nitride (InN), indium phos-
phide (InP), mndium antimonide (InSb), thalllum arsenide
(T1As), thalllum nitride (TIN), thalllum phosphide (T1P),
thalllum antimonide (T1Sb), zinc cadmium selenide
(ZnCdSe), mndium gallium mitride (InGalN), indium gallium
arsenide (InGaAs), indium gallium phosphide (InGaP), alu-
minum imndium nitride (AllnlN), indium aluminum phosphide
(InAlP), mmdium aluminum arsenide (InAlAs), aluminum
gallium arsenide (AlGaAs), aluminum galllum phosphide
(AlGaP), aluminum indium gallium arsenide (AllnGaAs),
aluminum mdium gallium nitride (AllnGaN) and the like,
mixtures ol such materials, or any other semiconductor or
similar materials. In another embodiment, the colloidal
nanocrystals include a core of a metallic material such as
gold (Au), silver (Ag), cobalt (Co), iron (Fe), nickel (N1),
copper (Cu), manganese (Mn), alloys thereof and alloy
combinations.

10020] Additionally, the core of any semiconductor mate-
rial or of any metallic material can have an overcoating on
the surface of the core. The overcoating can also be a
semiconductor material, such an overcoating having a com-
position different than the composition of the core. The
overcoating on the surface of the colloidal nanocrystals can
include materials selected from among Group II-VI com-
pounds, Group 1I-V compounds, Group II1I-VI compounds,
Group III-V compounds, Group 1V-VI compounds, Group
I-11I-VI compounds, Group II-IV-V compounds, and Group
II-IV-VI compounds. Examples include cadmium sulfide

(CdS), cadmium selemide (CdSe), cadmium tellunide
(CdTe), zinc sulfide (ZnS), zinc selenide (ZnSe), zinc tel-
luride (ZnTe), mercury sulfide (HgS), mercury selenide
(HgSe), mercury telluride (Hg'le), aluminum nitride (AIN),
aluminum phosphide (AIP), aluminum arsenide (AlAs),
aluminum antimonide (AlSb), gallium arsemde (GaAs),
gallium nitride (GaN), gallium phosphide (GaP), gallium
antimonide (GaSb), indium arsenide (InAs), indium nitride
(InN), mndium phosphide (InP), indium antimonide (InSb),
thalllum arsenide (T1As), thalllum nitride (TIN), thalllum
phosphide (TIP), thallium antimonmide (T1Sb), lead sulfide
(PbS), lead selemide (PbSe), lead telluride (PbTe), zinc
cadmium selemde (ZnCdSe), mdium gallium nitride
(InGaN), indium gallium arsenide (InGaAs), indium gallium
phosphide (InGaP), aluminum indium nitride (AllnlN),
indium aluminum phosphide (InAlP), indium aluminum
arsenide (InAlAs), aluminum gallium arsenide (AlGaAs),
aluminum gallium phosphide (AlGaP), aluminum indium
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gallium arsenide (AllnGaAs), aluminum indium gallium
nitride (AllnGalN) and the like, mixtures of such matenals,
or any other semiconductor or similar materials. The over-
coating upon the core material can include a single shell or
can 1nclude multiple shells for selective tuning of the
properties. The multiple shells can be of differing matenials.

[10021] In a first process of the present invention, colloidal
nanocrystals are mixed with a lower alcohol, a non-polar
solvent and a sol-gel precursor material, and the resultant
solution can be used to form a solid composite. For example,
the solution can be deposited onto a suitable substrate to
yield homogeneous, solid composites from the solution of
colloidal nanocrystals and sol-gel precursor. By homoge-
neous, 1t 1s meant that the colloidal nanocrystals are uni-
formly dispersed in the resultant product. In some 1nstances,
non-uniform dispersal of the colloidal nanocrystals 1s
acceptable. In some embodiments of the invention, the solid
composites can be transparent or optically clear. This {first
process of the present invention 1s a simple straight-forward
process for preparing such solid composites.

10022] The lower alcohol used in this process is generally
an alcohol containing from one to four carbon atoms, 1.€., a
C, to C, alcohol. Among the suitable alcohols are included
methanol, ethanol, n-propanol, 1sopropanol, n-butanol, sec-
butanol and t-butanol.

10023] The non-polar solvent is used in the process to
solubilize the colloidal nanocrystals and should be misible
with the lower alcohol. The non-polar solvent 1s generally
chosen from among tetrahydrofuran, toluene, xylene and the
like. Tetrahydrotfuran 1s a preferred non-polar solvent 1n this
process.

[10024] Sol-gel processes generally refer to the preparation
ol a ceramic material by preparation of a sol, gelation of the
sol and removal of the solvent. Sol-gel processes are advan-
tageous because they are relatively low-cost procedures and
are capable of coating long lengths or imrregularly shaped
substrates. In forming the sol-gel based solution used 1n the
processes of the present invention, suitable sol-gel precursor
materials are mixed with the other components.

[0025] Sol-gel processes can be carried out as described
by Brinker et al, “Sol-Gel Science, The Physics and Chem-
1stry of Sol-Gel Processing”, Academic Press, 1990. Among
suitable sol-gel precursor materials are included metal
alkoxide compounds, metal halide compounds, metal
hydroxide compounds, combinations thereof and the like
where the metal 1s a cation from the group of silicon,
fitanium, zirconium, and aluminum. Other metal cations
such as vanadium, iron, chromium, tin, tantalum and cerium
may be used as well. Sol solutions can be spin-cast, dip-
coated, or sprayed onto substrates in air. Sol solutions can
also be cast 1into desired shapes by filling molds or cavities
as well. Among the suitable metal alkoxide compounds can
be included titanium tetrabutoxide (titamum(IV) butoxide),
titanium tetracthoxide, titanium tetraisopropoxide, zirco-
nium tetraisopropoxide, tetracthoxysilane (TEOS). Among
suitable halide compounds can be included titanium tetra-
chloride, silicon tetrachloride, aluminum trichloride and the

like.

10026] The sol-gel based solutions generated in this first
process of the present invention are highly processable.
They can be used to form solid composites 1n the shape of
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planar films and can be used to mold solid composites of
various other shapes and configurations. In this first process
of the present invention, volume fractions or loadings of the
colloidal nanocrystals have been prepared as high as about
13 percent by volume and may be as high as up to about 30
percent by volume. Further, the first process of the present
invention has allowed preparation of solid composites with

a refractive mdex of 1.9, such refractive index values being
tunable.

[0027] A second process of the present invention relies
upon ligand-exchange of surface capping agents on semi-
conductor colloidal nanocrystals with a multi-functional
compound of the tormula X -(Z )-Y, where X can be an
amino (—NH,) group, a thiol (—SH) group, a phosphonic
acid (—PO,H,) group, a phosphine oxide (—PO) group, a
nitrile group (—CN), a thiocyanate group (—SCN), or a
carboxylic acid group (—COOQOH), x 1s an integer and 1s one
or more, 7 can be a hydrocarbon group, such as an alkyl
group, an aryl group or an alkylaryl group, a polyether
group, an ethylene oxide group, a propylene oxide group or
a mixture thereotf, n can generally be from 1 to 20, Y can be
a hydroxyl (—OH) group, a carboxylic acid (——COOH)
group, a sulfonic acid (—SO;H) group, a phosphonic acid
group (—PO,H,) group, or a alkoxysilane group
(—S1(0X)) and y 1s an mteger and 1s one or more.

[0028] The alkyl group can be linear or branched. With x
and y being an imteger of one or more, the multi-functional
compound can include, e.g., more than a single amino group,
more than a single thiol group, more than a single phospho-
nic acid group, more than a single phosphine oxide group,
more than a single nitrile group, more than a single thiocy-
anate group, more than a single alkoxysilane group or
combinations thereof, as X, 1n combination with one or
more of the groups represented by Y, . Combinations of the
enumerated groups represented by X may also be combined
with combinations of the enumerated groups represented by
Y. For example, the multi-functional compound can include
the combination of functionalities such as amino-hydroxyl,
thiol-hydroxyl, phosphonic acid-hydroxyl, phosphine oxide-
hydroxyl, amino-carboxylic acid, thiol-carboxylic acid,
phosphonic acid-carboxylic acid, phosphine oxide-carboxy-
lic acid, amino-sulfonic acid, thiol-sulfonic acid, phosphonic
acid-sulfonic acid, phosphine oxide-sulfonic acid, amino-
phosphonic acid, thiol-phosphonic acid, and phosphine
oxide-phosphonic acid. Exemplary matenals include 2-ami-
noethanol,  2-amino-1-propanol,  3-amino-1-propanol,
2-amino-1-butanol, 3-amino-1-butanol, 4-amino-1-butanol,
3-amino-2-butanol, 2-amino-1-phenyl-1-butanol, 6-amino-
1-hexanol, p-aminobenzenesulifonic acid, 3-aminobutyric
acid, 4-aminobutyric acid, 4-amino-2-hydroxybutyric acid,
1,3-diamino-2-propanol, 3-mercaptopropionic acid,
4-phosphonobutyric acid, 3-aminopropyltriethoxysilane,
(3-mercaptopropyl)trimethoxysilane, 3-(dimethoxymethyl-
s1lyl)-1-propanethiol, 3-mercapto-1-propanol, 4-mercapto-
1-butanol, 6-mercapto-1-hexanol, 3-hydroxypropionitrile,
6-hydroxyhexanoic acid, 4-hydroxybutylphosphonic acid,
tris(hydroxypropyl)phosphine oxide, bis(dibutyl)(hydrox-
ypropyl)phosphine oxide and the like.

[10029] The result of the ligand-exchange of surface cap-
ping agents on semiconductor colloidal nanocrystals with
the multi-functional compound 1s the formation of a colloi-
dal nanocrystal solution including colloidal nanocrystals
having at least a portion of hydroxyl-terminated, carboxylic
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acid-terminated groups, sulfonic acid-terminated groups,
siloxy-terminated groups, or phosphonic acid-terminated
groups thereon. This solution 1s generally homogeneous.

[0030] Subsequently, upon addition of a sol-gel precursor
material, the colloidal nanocrystals can actually become part
of a sol-gel matrix during a sol-gel polymerization reaction.
For example, the solution can be deposited onto a suitable
substrate to yield homogeneous, solid composites from the
solution of colloidal nanocrystals and sol-gel precursor. By
homogeneous, it 1s meant that the colloidal nanocrystals are
uniformly dispersed in the resultant product. In some
embodiments of the invention, the solid composites can be
transparent or optically clear. Films can be prepared simply
by spin-casting such a sol solution onto a suitable substrate.

10031] The sol-gel based solutions generated in this sec-
ond process of the present invention are highly processable.
They can be used to form solid composites 1n the shape of
planar films and can be used to mold solid composites of
various other shapes and configurations. This second pro-
cess can yield solid composites with very high volume
loadings of colloidal nanocrystals (up to 20% for CdSe
colloidal nanocrystals, nearly twice any previously reported
values) and tunable refractive indices (up to 2.1).

[0032] In another aspect of the present invention, the
resultant product of the ligand-exchange of surface capping
agents on semiconductor colloidal nanocrystals with the
multifunctional compounds yields an intermediate product
ol alcohol-soluble colloidal nanocrystals. Alcohol solubility
1s needed for compositions that are to be reacted with sol-gel
precursors where water soluble compositions would not be
cilicient. Accordingly, such alcohol-soluble colloidal nanoc-
rystals can be subsequently incorporated into a sol-gel
matrix 1 forming a solid composite. Such alcohol-soluble
colloidal nanocrystals are stable and have been successtully
stored for months until subsequent use. The alcohol-soluble
colloidal nanocrystals can be stored in an alcohol such as
cthanol or may be stored as dry particles.

[0033] For the processes of the present invention, the
colloidal nanocrystals can include all types of nanocrystals
capped with hydrophobic ligands, including, e.g., semicon-
ductor NQDs such as cadmium sulfide (CdS), cadmium
selenide (CdSe), cadmium tellunde (Cdle), zinc sulfide
(ZnS), zinc selenide (ZnSe), zinc telluride (Zn'le), mercury
sulfide (HgS), mercury selenide (HgSe), mercury telluride
(HegTe), aluminum nitride (AIN), aluminum phosphide
(AIP), aluminum arsenide (AlAs), aluminum antimonide
(AlSb), gallium arsenide (GaAs), gallium nitride (GaN),
gallium phosphide (GaP), galllum antimonide (GaSb),
indium arsenide (InAs), indium nitride (InN), indium phos-
phide (InP), indium antimonide (InSb), thalllum arsenide
(T, As), thalllum nitride (TIN), thallium phosphide (T1P),
thallium antimonide ('T1Sb), lead sulfide (PbS), lead selenide
(PbSe), lead telluride (PbTe), silicon (S1), germanium (Ge)
and mixtures of such materials. The colloidal nanocrystals
can also be metal nanoparticles such as gold (Au), silver
(Ag), cobalt (Co), ron (Fe), nickel (Ni1), copper (Cu),
manganese (Mn), alloys thereof and alloy combinations
thereol.

10034] Each of the present processes can provide resultant
films that are optically transparent and hard. The colloidal
nanocrystals are contained within a stable environment and
the narrow size dispersity of the colloidal nanocrystals
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within these materials 1s preserved. Of the present processes,
the particular process employed can depend upon the ulti-
mate application of interest. That 1s, for applications requir-
ing high volume loadings or high refractive indices, the
second process can be preferred, and for applications requir-
ing simplicity or convenience, the first process can be
preferred.

[0035] The solid composites prepared in the processes of
the present invention show improved photostability for the
colloidal nanocrystals within the solid composite. This
enhanced stability 1s in comparison to similar colloidal
nanocrystals not incorporated mto such solid matrices or
hosts. The solid composites may be useful as phosphor
materials for use 1n, e.g., light emitting diodes and solid state
lighting structures. Additionally, the solid composites dem-
onstrate strong nonlinear optical and optical gain properties
and may be used as active waveguides for nonlinear optical
switching and optical amplification. The processability of
the sol-gel solutions and the photostability of the resultant
solid composites allow for their use as the active medium 1n
optical devices including optical memory devices. These
types of solid composites can have application as the active
medium 1n dynamic holography devices used in optical
communications and optical information processing. For
example, all-optical switching and optical image correlation
may be facilitated by solid composites of the present inven-
tion. Also, the solid composites can be the active media in
solid state lasers.

[0036] The present invention i1s more particularly
described in the following examples which are intended as
illustrative only, since numerous modifications and varia-
tions will be apparent to those skilled 1n the art.

[10037] CdSe and (CdSe)ZnS core-shell colloidal nanoc-
rystals were synthesized as previously described by Murray
et al., J. Am. Chem. Soc., v. 113, 8706 (1993), by Dabbousi
et al., J. Phys. Chem. B, v. 101, 9463 (1997), and by Qu et
al., J. Am. Chem. Soc., v. 124, 2049 (2002).

EXAMPLE 1

[0038] The colloidal nanocrystals were first 1solated from
their growth environment by several rounds of precipitation,
which volved solubilizing the colloidal nanocrystals in
hexane or chloroform and then precipitating the colloidal
nanocrystals from these solvents with acetone or methanol.
The colloidal nanocrystals were taken into an inert atmo-
sphere dry box. For 17 milligrams (mg) of CdSe colloidal
nanocrystals, 0.15 mulliliter (mL) of tetrahydrofuran and
0.075 mL of ethanol were added along with 15 mg of
titantum(IV) butoxide. The solution was stirred with heating
between 40° C. and 65° C. for from 3 to 6 hours, filtered, and
then spin-coated onto a substrate, such as a microscopic
slide. Under these conditions, CdSe volume loadings as high
as 13% have been achieved with a film refractive index of
1.9. To adjust these values, the relative amounts of colloidal
nanocrystals, solvents and titanium(IV) butoxide can be
varied. This procedure 1s applicable to colloidal nanocrystals
of a variety of shapes (spheres, rods, or other geometries)
and compositions (Group II-VI compounds, Group II-V
compounds, Group III-VI compounds, Group III-V com-
pounds, Group IV-VI compounds, and the like).

EXAMPLE 2

10039] (CdSe colloidal nanocrystals prepared in accor-
dance with Qu et al. were washed several times with acetone
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and methanol to remove all unbound ligand. This step often
causes a dramatic decrease 1n photoluminescence (PL) quan-
tum yields (QYs), often to less than a third of the original
value. To improve the QY's, the colloidal nanocrystals were
allowed to stir 1n octylamine overnight. The CdSe colloidal
nanocrystals were precipitated from solution with methanol,
the solvent was removed, and the colloidal nanocrystals
were taken 1nto the mert atmosphere dry box. For 75 mg of
CdSe colloidal nanocrystals, 0.1 mL of tetrahydrofuran, 0.6
mL of 1-propanol, and 45-50 mg of 6-amino-1-hexanol were
added. The solution was stirred for several minutes until the
mixture was homogeneous. At this point, 45 mg of tita-
nium(IV) butoxide was added, and the solution was allowed
to stir at 60° C. for from 4 to 6 hours. The colloidal
nanocrystals become incorporated into the titanmia sol 1n a
manner as depicted i FIG. 1. The solution was filtered, and
the films were prepared by spin-coating the sol onto a
microscope slide. The films were dried 1n air overnight or
alternatively could be drnied by heating on a hot plate
stabilized at 100° C. for 1 to 2 minutes.

[0040] This procedure gave rise to nanocomposites with a
refractive index of 2.1 and volume loadings of CdSe col-
loidal nanocrystals as high as 20%. These values can be
adjusted by changing the ratios of titanium(IV) butoxide and
6-amino-1-hexanol to colloidal nanocrystals. This procedure
1s applicable to colloidal nanocrystals of a variety of shapes
(spheres, rods, or other geometries) and compositions
(Group II-VI compounds, Group II-V compounds, Group
I1I-VI compounds, Group III-V compounds, Group IV-VI
compounds, and the like). In addition, while 6-amino-1-
hexanol was used, the procedure works with a variety of
ligand headgroups, (e.g., phosphines, thiols, phosphonic
acids and the like) and a variety of amphiphilic groups
including alcohols with the described functionalities as well
as carboxylic acids with the same. The procedure can be
used to make silica-based solid composites i addition to the
titania-based solid composites. Solvents other than 1-pro-
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panol can be used as well, e.g., other alcohols such as
ethanol, butanol, and the like.

[0041] Although the present invention has been described
with reference to specific details, 1t 1s not intended that such
details should be regarded as limitations upon the scope of
the 1nvention, except as and to the extent that they are
included in the accompanying claims.

1-18. (canceled)

19. A solid composite comprising the reaction product of
(1) colloidal nanocrystals including at least a portion of
alkoxysilane-terminated groups thereon and (1) a sol-gel
precursor material.

20. The solid composite of claim 19 wherein said colloi-
dal nanocrystals have a volume loading of up to about 30
percent by volume within said solid composite.

21. The solid composite of claim 19 wherein said solgel
precursor material 1s selected from the group consisting of
metal alkoxide compounds, metal halide compounds, and
metal hydroxide compounds where the metal 1s selected
from the group consisting of silicon, titanium, zirconium,
aluminum, vanadium, 1ron, tin, tantalum, cerium, and chro-
miuimn.

22. The solid composite of claim 19 wherein said colloi-
dal nanocrystals are selected from the group consisting of
M,x;, MM,X,, MiM,MsX,, M, X, X,, M,M,X X,
M MM X, X,, M,XX,X,, M, M,X, X, X, and
M, M, M, X, X,X,, where M,, M,, and M, are each selected
from the group consisting of Zn, Cd, Hg, Al Ga, In, T1, Pb,
Sn, Mg, Ca, Sr, Ba, mixtures and alloys thereof and X, X,
and X, are each selected from the group consisting of S, Se,
Te, As, Sb, N, P, mixtures and alloys thereof, S1, Ge, Au, Ag,
Co, Fe, N1, Cu, Mn and alloys of Au, Ag, Co, Fe, N1, Cu, Mn
or alloy combinations thereof.

23-26. (canceled)
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