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To Whom It May Concern:

Be it known that we, Scott C, Warren, Francis J. DiSalvo and Ulrich B.
Wiesner, all, residents of Ithaca, New York have invented certain new and useful
composttions and methods in:

SOL-GEL PRECURSORS AND PRODUCTS THEREOF

of which the following is a specification:
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Priority Claim
{0001} This application claims priority to U.S. Prov. App. Serial No.
60/825,037 filed on September 8, 2006, the disclosure of which is hereby
incorporated by reference in its entirety.

Statement of Government Rights

{0002 This invention was made with Government support under
contract number DE-FG02-03ER46072, awarded by the Departrment of Energy
(*DOE™), and contract number DMR-00799992, awarded by the National Science
Foundation {“NSF”). Scott Warren acknowledges support from the Environmental
Protection Agency ("EPA”) Science to Achieve Results (“STAR™) fellowship
program from 2004-2007. The Government has certain rights in this invention.

Field of the Invention

[6003] The present invention relates to sol-gel precursors and more

particularly to sol-gel precursors comprising varying degrees of functionalization.
Background

{0004] Sol-gel chemistry provides a low temperature route for
preparing metal and certain non-metal oxides that are the prevalent materials used in
nanoscience and nanotechnology, as well as in biological systems. C. J. Brinker et al.,
Sol-gel science: the physics and chemistry of sol-gel processing, Academic Press,
Boston, 1990. For example, low reactivity, high temperature stability,
biocompatibility, tuneable architecture, and ease of synthesis have made silica (Si02)
a prevalent material for end applications, such as catalysis, photonics, and responsive
materials. W. Stober, et al., J. of Colloid and Interface Science 1968, 26, 62. Metal
and non-metal oxides such as silica are relatively inert, however, and other types of

functionalities must be combined with the silica for use of these hybrids in
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applications such as catalysis and sensing.

[0005] Since the advent of sol-gel chemistry, a primary goal has been
to miroduce functionality to these relatively inert substrates. To that end, numerous
methods to combine substrates with metals, as well as organometallic, organic, and
biological molecules have been developed. These functional particles can be added
before, during, or after the sol-to-gel transition. However, if the functional species is
added before the sol-to-gel transition, it must be compatible with the sol-gel process.
Common routes involve the simultancous hydrolysis and condensation of a
multifunctional single-source precursor or several compatible precursors. K. W,
Terry et al., J. of the Am. Chem. Soc, 1997, 119, 9745; P. T. Tanev et al., Nature
1994, 368, 321. Achieving similar rates of hydrolysis and condensation is difficult,
however, and these routes have not been generalized. Adding the functional species
during the sol-to-gel transition can achieve high loadings, but this method limits the
architectures to monoliths. C. A. Morris et al., Science 1999, 284, 622. Moreover,
although almost any type of species can be added after the sol-to-gel transition via
surface functionalization, the loading of the functional species is limited and the
process can impede access to mucro or mesopores.

[0006] Using single-source precursors—that s, adding functionality
before the sol-to-gel transition—is, in principle, the easiest way to incorporate
functionality while maintaining access to numerous architectures. The simplest
method involves adding water and possibly a solvent to the precursor and allowing
the sol-gel process to take its course. Numerous precursors, especially those with
lanthanides bound via a linker to a silicon alkoxide, have been developed for
fluorescence studies C. Sanchez et al., Adv. Materials 2003, 15, 1969. Synthesizing

these single source precursors require complex, multistep syntheses, however. P.
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Lenaerts, et al., Chemistry of Materials 2005, 17, 5194.

[0007] Moreover, while a given route may enable incorporation of a
particular metal, the method may not be applicable or extendable to many other
metals, or materials. Furthermore, existing methods have been unsuccessful in
incorporating biological molecules such as amino acids, peptides and proteins, while
claiming success in covalently binding only such biological compounds as
saccharides to metal oxides (Brennan et al, Ultrasensitive ATP Detection Using
Firefly Luciferase Entrapped in Sugar Modified Sol-gel-Denived Silica, JACS, 2004).
Existing methods also prevent the simultaneous incorporation of metals and
bioorganic molecules. Accordingly, there is a need for a single source, generalizable
method to allow the direct incorporation of metals and other materials in the sol-gel

process at higher loading levels, a need that the invention disclosed herein satisfies.
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Summary of the Invention

[0008] The present invention relates to an improved precursor useful
i sol-gel synthesis reactions. In one embodiment, the precursor comprises a €ross-
linkable molecule including a first metal My, wherein the first metal is directly bonded
to carbon and the cross-linkable molecule is further conjugated to a functional group
comprising a carboxylate group and a side chain R, wherein at least one of the oxygen
atoms in the carboxylate group is ligated to a H-atom or a second metal M, and
w.herein the second metal M; may be selected from any metal on the periodic table.
This type of universal affinity for the second metal M makes the precursor useful in a
varicty of end applications. In the remainder of this text the precursor is therefore
also referred to as the “universal ligand” precursor, or alternately the “universal metal
ligand complex.” Generally, the universal hgand precursor is an all-encompassing
term that can refer to sol-gel precursors in which the carboxylate group is ligated to
either a H-atom or a second metal M,, whereas the universal metal ligand complex
specifically refers to sol-gel precursors in which the carboxylate group is ligated to a
second metal M, In another embodiment, the precursor comprises a cross-linkable
melecule including a first metal My, wherein the first metal is directly bonded to
carbon and the cross-linkable molecule is further conjugated to at least one of an
organic, bioorganic or organometallic functional group, each of which comprises a
carboxylate group and a side chain R wherein at least one of the oxygen atoms in the
carboxylate group is ligated to hydrogen or a second metal M,. Preferably, the
functional group is a hydroxy acid, amino acid, peptide or protein functional group.

[0009] In one embodiment, a method comprises the steps of providing
a cross-linkable molecule comprising a first metal M, reacting the cross-linkable

molecule with a compound comprising a carboxylate group to functionalize the cross-
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linkable molecule and subjecting the functionalized cross-linkable molecule to
hydrolysis and condensation reactions. In this embodiment, the carboxylate group is
ligated to a H-atom such that the universal ligand precursor has a carboxylic acid
group. In another embodiment, a metal acetate comprising a second metal M; may be
reacted with the universal ligand precursor of the above embodiment prior to the
hydrolysis and condensation reactions such that carboxylate group is ligated to M,
[0010}] Through these precursors, many functionalized nanostructures,
including, but not fimited to functionalized monolithic structures, hybrid thin films,
spin-coated thin films, mesostructures, multiple metal mesostructured gradient films,
metal percolation networks, Stéber-type nanoparticles (Stéber-type C-dots), block
copolymer-nanoparticle hybrids, can be produced with functionalizations not
previously available. The precursors of the invention also allow for the production of
a novel nanostructure, a multiple metal gradient mesostructure (“MMGM”), not
previously reported. In one embodiment, a mesostructured gradient film comprises a
cross-linked matrix comprising a first molecule, wherein the cross-linked matrix
further comprises a repeating pattern of at least one of a plurality of pores and a
second molecule distinct from the first molecule. The typical size of the pores and
second molecule is between 1.0 nm and 500.0 nm, more particularly, between 5.0 and
200.0 nanometers. The second molecule may include, but is not limited to, a distinct
surfactant or surfactant aggregation, or a distinct polymer or polymer aggregation.
The film also comprises a first metal within the film and a second metal within the
film different from the first metal wherein there is a decreasing concentration of the
first meial M; and a corresponding increasing concentration of the second metal M,
across a tength of the film. The second metal may be present in an amount between

about 5.0% and 90.0% by weight of the precursor, preferably between about 20% and
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80%, and more preferably between about 35% and 55%.

[0011] In another embodiment, a method for producing a
mesostructured gradient film comprises providing a first cross-linkable precursor
functionalized with a first metal M, and a second cross-linkable precursor
functionalized with a second metal Ms, providing at least one solution comprising at
least one of a block co-polymer and a surfactant, separately subjecting each of the
first and second cross-linkable precursors to hydrolysis and condensation reactions to
recover first and second partially cross-linkable sols, separately combining each of the
first and second partially cross-linkable sols with the at least one solution comprising
at least one of the block co-polymer and surfactant, thereby recovering first and
second modified hybrid sols after the separately combining step, and allowing the first
and second modifted hybrid sols to diffuse into each other, thereby recovering a
gradient film in which the first and second modified hybrid sols are cross-linked. A
modified hybrid sol simply comprises a partially cross-linkable sol in combination
with a block co-polymer and/or a surfactant. Optionally, the recovered film may be
calcined to yield a plurality of nanoparticles, at least one of which comprises at least
one of a metal ailoy or intermetallic compound of the first and second metals. In
addition, the modified sols can be homogenous solutions. The term “metal,” as used
in connection with the gradient films, includes metals and semi-metals listed on the
periodic table.

[0012] Use of the precursor in the sol-gel pathway can be employed to
produce a variety of functionalized nanostructures including, but not limited to,
functionalized monolithic structures (or monoliths), spin-coated thin films, hybrid thin
films, mesostructures, multiple metal mesostructured gradient films, Sttber-type

nanoparticles (Stdber-type C-dots), block copolymer-nanoparticle hybrids, metal
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percolation networks and multiple metal gradient mesostructure (“MMGMs™). Such
sfructures have uses that include, but are not limited to, the preparation of catalysts
gnd catalyst supports, fluorescent imaging and detection, combinatorial screening
materials for catalysis, preparation of bioactive/biocompatible surfaces which may be

used in therapeutic settings, as well as for uses in prosthetics and implants



WO 2008/031108 PCT/US2007/078069

Brief Description of the Drawings

[0013] Figure 1(a) and {b) depict embodiments of the sol-gel precursor
in which the metal M, is S1, the cross-hnkable molecule 18 ICPTS, and the first
functional group is an amino acid. Figure 1(b) shows the sol-gel precursor ligated to a
metal M>.

[0014) Figure 2 is a TEM of Stdber-type C-dots prepared in
accordance with another embodiment of the present invention. The precursor
complex can be used for introducing high loadings of metals into silica-based
nanoparticles comprising fluorescent dyes, common referred to as C-dots. Here, a
europium-isocleucine-based precursor was incorporated into the core of ~180 nm C-
dots.

[0015] Figure 3 is a transmission electron microscopy micrograph of a
thin film prepared in accordance with one embodiment of the present invention,
representing a cylindrical morphology. Upon exposure of one surface of the film to
water, bismuth oxide nanoparticles form on the tops of the cylinders, as illustrated in
the inset.

{0016] Figure 4 illustrates nitrogen adsorption/desorption
measurements to reveal that mesoporous materials can be made from the precursors of
the present invention. Here, a copper-isoleucine-based metal precursor complex was
mixed with a poly(isoprene-block-ethylene oxide) block copolymer (PI-b-PEQ) and
silica and alumina precursors, glymo and aluminum-sec-butoxide. This copper-rich
film retains nm pores after calcination.

[6017] Figure 5(a) illustrates a hybrid film made from the hydrolysis
and condensation of a ytirium-isoleucine-based metal precursor complex. Figure 5(b)

iflustrates a hybrid film made from the hydrolysis and condensation of a copper-
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isolencine-based universal ligand and metal complex. Figure 5(c) illustrates a block
copolymer-hybrid film made from poly(isoprene-block-ethylene oxide) (i’I—b~PEO)
and a bismuth-isoleucine-based universal ligand and metal complex.

[0018] Figure 6 illustrates multiple metal gradient mesostructures. Fig
6(a) illustrates individual hybrid films of poly(isoprene-block-ethylene oxide) (PI-b-
PEQ) with a copper-lactic-acid and cobalt-2-hydroxyethyl-3-methylbutyric acid-based
hybrids. Figure 6(b) illustrates a multiple metal gradient mesostructure, made by
pouring the copper and cobalt solutions into the same dish and allowing diffusion to
make a gradient and mix the two components.

[0019} Figure 7 illustrates a cobalt-universal ligand complex. L-
1soleucine-ICPTS was used as the ligand for cobalt.

[0020] Figure 8 illustrates a mesostructured film made from the iron-
universal ligand complex combined with a biock co-polymer, PI-b-PEO. Upon
calcination, the resulting silicate is rich in magnetic iron oxide (y-FeO3).

[0021] Figure 91is a "H NMR showing the purity of a zinc-universal
ligand molecule. All peaks appear in the expected locations and ratios, showing that
the synthesis was accomplished in very high yield, in this case nearly 100% yield.

[0022] Figure 10 is a TEM image of a Pd-silica composite synthesized
by casting a film of a palladium-Universal Ligand complex without incorporating a
second metal precursor.

[0023] Figure 11 is a TEM image of a Pd-silica composite synthesized
by casting a film of a palladium-Universal Ligand complex in the presence of a

second palladium complex, paltadium (I} 2-(2-methoxy)ethoxyacetate.
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Detailed Description

[0024) A single source precursor comprises a cross-linkable molecule
mcluding a first metal M;, wherein the first metal is directly bonded to carbon and the
cross-linkable molecule is further conjugated to a first funcﬁonal group capable of
being conjugated to the first metal M, and a second functional group comprising a
carboxylic acid or a carboxylate group and a side chain R, wherein at least one of the
oxygen atoms in the carboxylic acid group is ligated to hydrogen, or at least one of
the oxygen atoms in the carboxylate group is ligated to a second metal M>.  As used
herein, the term “single source precursor”’ means a cross-linkable molecule or
compound that has been functionalized prior to mitiation of a cross-linking reaction or
being subjected to the hydrolysis and condensation reactions of the sol-gel synthesis
pathway. The first metal in the M; position includes every metal on the periodic
table, preferably the metals Ti, Al, Ga, Zn, Cd, Sn, Zr, Pb, and the semi-metals B, Si,
Ge, As and Te. The second metal in the M, position includes every metal on the
periodic table, preferably the metals Ag, Bi, Co, Cr, Cu, Er, Eu, Gd, In, Mg, Mn, Mo,
Pb, Pd, Pt, Rh, Sr, Y, and Zn and the semimetals B, Si, Ge, As, Sb, Te, and Po. In
addition, a virtually limitless range of other functional groups may be incorporated as
part of the precursor including, but not limited to, organic groups, bioorganic groups,
as well as organo-metallic groups. The organic groups include, but are not limited to,
carboxylic acids, hydroxy acids (both synthetic and naturally occurring), azide acids,
isocyanate acids, wsothiocyanate acids, thiol acids, maleimide acids, aldehyde acids,
and polyesters. The bioorganic groups include, but are not limited to, amino acids,
hydroxy acids, peptides, peptide fragments, and proteins. Amino acids include, but
are not limited to, chiral amino acids, racemic mixtures of amino acids, alpha, beta,

gamma, and higher amino acids, and naturally occurring and synthetic amino acids..

11
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Hydroxy acids include, but are not limited to, glycolic acid, lactic acid, L.-mandelic
acid, and synthetic hydroxy acids, such as 2-hydroxy-3-methylbutyric acid or 2,2-
dimethyl-3-hydroxybutyric acid. To that end, the precursor, in one embodiment can
be considered universal, which means that any metal functionality and most
semimetal functionalities can be incorporated as part of the molecule and that any of
the aforementioned functional groups, including amino acid or peptide based
motlecules in the above-mentioned classes, can be directly incorporated as part of the
precursor.

[0025] Embodiments of the sol-gel precurser are shown in Figures 1{a)
and (b). In this specific embodiment, the metal M, is Si, the cross-linkable molecule 1s
ICPTS, and the first functional group is an amino acid. The carboxylate group n
Figure 1(a) is bound to a H-atom. Figure 1(b) shows the sol-gel precursor hgated to a
metal M;.

[0026] The constituents of the sol-gel precursor may, of course, vary.
Suitable first metals M; include all metals on the periodic table, preferably the metals
Ti, Al, Ga, Zn, Cd, Sn, Zr, Pb, and the semi-metals Bi, Si, Ge, As and Te. The
molecule comprising a carboxylic acid, side chain R, and a functional group capable
of coupling to the molecule containing M; may be any one of the following: an amino
acid, a peptide, a hydroxy acid or a polyester-or, more generaily, a molecule
containing a carboxylic acid and a second functional group including but not limited
to an amine, alcohol, azide, isocyanate, isothiocyanate, thiol, maleimide, and alkyne.
The R group can be chosen independently of the first two functional groups. For
instance, in glycine, R=H while in iscleucine, R=sec-butyl. M, may comprise any
metal or most semimetals listed on the periodic table, preferably the metals Ag, Co,

Cr, Cu, Er, Eu, Gd, In, Mg, Mn, Mo, Pb, Pd, Pt, Rh, St, Y, and Zn, and the semi-

12
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metals Bi1, S1, Ge, As, Sb and Te.

[0027] The precursor exhbits various advantageous properties. In one
embodiment, the precursor comprises a relatively high degree of organic material, on
the order of between about 10% and about 100% and more particularly between about
40% and about 90%. The degree of organic material is determined by a comparison
of the atomic masses of the organic components (C,H, N, O, S, efc.) and the atomic
masses of the inorganic components (M;, My). As discussed herein, with appropriate
solvent selection, precursors comprising high degrees of organic material undergo
cross-linking more rapidly during sol-gel synthesis. In another embodiment, the
molecule comprising a carboxylic acid, a second functional group, and R group also
comprises a chiral portion, designated by an asterisk “*” in the images above. The
dotted lines bonding the second metal M; to the oxygen atom represent coordinate
covalent bonds.

[0028] The solubility, melting point and viscosity of the precursor are
adjustable. A parameter highly relevant to these properties is the size of the side
chain R in the functional group. In the absence of a side chain (such as in glycine,
where R=H), each oxygen of the carboxylic acid group bridges several atoms of Mo,
rather than binding solely to a single atom M,. When a sterically hindering side chain
is added, bridging is minimized and solubility is enhanced. Sterically hindering side
chains include, but are not restricted to, alkyl side-chains, preferably alkyl side chains
comprising a benzyl, methyl, ethyl, butyl or t-butyl derivative. The size and location
of the side chain also mfinences the melting point. The larger and more flexible the
chain, the lower the melting point. For example, typical maximum solubilities of
these single source precursors in a solvent such as tetrahydrofuran (“THF”) or

dimethyl sulfoxide (“DMSO”) can be tuned from 0.1 g of precursor to 1.0 g of solvent

13
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up to being soluble in any ratio (miscible) in these solvents. Melting points can be
controlled within a broad range depending on the side chain R. For R=CHj3, melting
points are above 100° C, while for R=C4Hy, melting pomts are below room
temperatore. In another embodiment, the side chain R, can comprise functional
groups including, but not limited to, a therapeutic agent, a peptide, a polymer, an
alcohol, an amine, a nanoparticle and a fluorescent dye.

[0029] Precursor Generation: The precursor may be synthesized in

various ways. In one embodiment, a cross-linkable molecule comprising a first metal
M; bonded directly to carbon is combined with a molecule comprising a carboxylic
group, in the presence of a solvent. The reaction product may be used as the single-
source precursor. Optionally, a second step, comprising the addition of a compound
comprising a second metal M; to the reaction product follows. The metal based
compound typically comprises this second metal M, and one or more anionic ligands,
with each hgand comprising a single negative charge or, if the ligand is multidentate,
each ligating component of the single ligand comprising a single negative charge
associated with it. For example, a metal with a single bidentate ligand would have
two ligating components, each with a single negative charge formally associated with
it. Depending on the needs of the user, M; and M, may be the same or different. The
product obfained after the second step may also be employed as the single-source
precursor. An embodiment of this synthesis of the sol-gel precursor is described by
reaction pathway (a) disclosed herein. In another embodiment, the compound
comprising the second metal M; is first combined with a molecule containing a
carboxylic group in the presence of a solvent. To the reaction product of this first
step, a cross-linkable molecule comiprising a first metal M; bonded directly to carbon

is added to form the single-source sol-gel precursor. An embodiment of this synthesis

14
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of the sol-gel precursor is described by reaction pathway (b) disclosed herein.

[0030] Beyond variation of the metal M; (that is, any metal on the
periodic table and most semimetals} and the molecule containing the carboxylic acid
(e.g., amino acid, peptide, and so on) mentioned herein, the cross-linkable molecule
containing M, and the compound comprising M; can be varied as well. The cross-
linkable molecule may be any metal or semimetal alkoxide that is also bonded to a
carbon which is, in turn, bonded to a functional group that can undergo a cross-linking
reaction with the molecule containing the carboxylic acid. Suitable examples include,
but are not limited to 3-isocyanatopropyltriethoxysilane (“ICPTS”), 3-mercaptopropyl
triethoxysilane (“MPTS™), isothiocyanatopropyltriethyoxysilane (“ITCPTS”) and 3-
aminopropyltriethoxsilane (*APTS™). Other suitable examples include derivatives of
the above-mentioned molecules in which varying numbers of methylene (CHy) units
link the silane with the cross-linking functional group. For example, the two groups
may be linked by methyl, ethyl, propyl, butyl, pentyl, hexyl, and higher alkyl or
phenyl segments. The alkyl or mixed alkyl-phenyl groups may be linear or branched
and may also contfain ether functional groups. The metal or semimetal based
compound contaimng M, may have ligands including but not limited to acetates,
alkoxides, nitrates, or halides,

[0031] As stated herein, the functional molecule may be an amino
acid, peptide, hydroxy acid, polyester, azide acid, isccyanate acid, isothiocyanate
acid, thiol acid, maleimide acid, or aldehyde acid. As further stated herein, examples
of amino acids include chiral amino acids, racemic mixtures of amino acids, alpha,
beta, gamma, and higher amino acids, and naturally occurring and synthetic amino
acids; hydroxy acids inchude glycolic acid, D-lactic acid, E-tactic acid, D-mandelic

acid, L-mandelic acid, 2-hydroxy-3-methylbutyric acid or 2,2-dimethyl-3-

15
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hydroxybutyric acid and naturally occurring and synthetic hydroxy acids. Peptides
are another example of the broad classes of molecules that can be incorporated into
these single source precursors. For example, DiProtin A, a peptide sequence (I1-Pro-
Ile) that inhibits entry of HIV into cellé may also be incorporated. The R group
allows further functionalization of the precursor. For example, R may be a
therapeutic agent, another peptide or polymer, an alcohol, an amine, a fluorescent dye
and even a nanoparticle.

10032] The reactants are combined to form precursor products that are
homogeneous, clear Hquids or solids, which can be tmmediately used as single-source
precursors for sol-gel reactions. The precursors are generated in high vield, typically
between 50% and 100%, more particularly between about 60% and about 99%, and
even more particularly between about 80% and 98%. For instance, in Figure 9, a 'H
NMR showing the purity of a zinc-universal ligand molecule, all peaks appear in the
expected locations and ratios showing that the synthesis was accomplished in very
high yield, in this case nearly 100% yield.

[0033] The relative proportions of each reactant are generally as
follows. The metal alkoxide is provided in an amount between about 0.100 mol and
about 0.150 mol. The metal complex comprising the second metal M; and anionic
ligands of unit negative charge, such as metal acetate, is present in an amount between
about 0.100/n mol and about 0.150/n mol, where “n” is the oxidation state of the
metal. The amounts described above are intended only to suggest typical ratios that
have been employed, as these reactions have and can be altered to larger and smaller
scale reactions, as needed. Two exemplary reaction pathways are shown below.

[0034] Reaction pathway (a) illustrates functionalization of ICPTS

(comprising a first semi-metal Si) through complete or partial dissolution of an amino
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acid, peptide or hydroxy acid in the presence of the solvent N,N-dimethylformamide
(“DMF”) to yield one embodiment of the precursor of the present invention, followed
by incorporation of a second metal M, through addition of a metal acetate to yield

another embodiment of the precursor.

ICPTS Amine acid or peptide Umiversal Ligand
g HN O g @
S —~ ! \ Co
BTN + 7 Se M BTTNTTNR 0
Yo “so K ©OH o :
Metzl acetate Metal-Universal Ligand complex Acetic acid
NM“‘ M ./\\/\ e (8]
-f S NTTTNH O +
(8] n @] O H >'___.‘-'!f/ :M!'Hr ‘4
o — R o) OH
n
[0035] In the first step of the reaction depicted m (a), a side reaction

that may occur is the free carboxylic acid of the “Universal Ligand™ precursor
undergoing a substitution reaction for an ethoxide ligand on the silicon, generating
ethanol (this is in equilibrium with the ICPTS to form a urethane linkage). However,
NMR shows that the extent to which this occurs is small {<22%). Because of this side
reaction, if equimolar amounts of amino acid and ICPTS were added, the excess
amino acid can be removed by filtration. When peptides were used instead of amino
acids, side reactions were not observed by NMR. It also bears noting that less soluble
amino acids, such as alpha amino acids, often rely on heating at temperatures as high
as 80° C to complete the reaction in a few hours. Reaction with more soluble amino
acids (beta and higher) proceed readily at room temperature.

[0036] In the second step, upon addition of the metal or semimetal
acetate comprising the metal or semi-metal M;, the reaction is subjected to conditions

of high vacuom (typically between 0.05 and 1.0 mbar) and heated to as high as 100
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°C, depending on how labile the acetate is. This allows rapid removal of the acetic
acid and DMF, and pushes the equilibrium from the side products back to the
precursor (as drawn in pathway (a})), and thus affords the product, the metal-or-
semimetal-precursor complex. The quantity of metal or semimetal acetate is based on
the amount of amino acid, hydroxy acid, or peptide rather than on the amount of
ICPTS 1n order to allow complete ligand exchange.

[0037] Reaction pathway (b) illustrates a second route to generate the
single-source precursor, relying on the combination of a metal or semimetal acetate
and a hydroxy acid or polyester in the presence of the same solvent DMF, followed by

addition of the metal alkoxide ICPTS.

Metal acetate . Hydroxy acid Metal hydroxy acetate Acetic acid
~ o) HO © DME HO  ©O. O
(...{/ ) Y + \= /< — :. \,y _-:M'“ + \;,
. 07 n R QH R o OH
n
ICPTS Metal-Universal Ligand complex
\——O\ Ea NN \—O a
T - Eiadn
/‘\o’s"\0 N*CQ /\O,Sa‘;\/\ N"O O

[0038] This route typically avoids the side reactions discussed above.
The first reaction forms a metal or semimetal hydroxy acetate in quantitative yield,
and subsequent reaction with ICPTS also proceeds nearly quantitatively to generate a
urethane linkage between the isocynanate of ICPTS and the alcohol of the metal or
semimetal hydroxy acetate. No side products could be detected by NMR, and these
products were also homogeneous, clear liquids or solids. Thus, the precursor is
functionalized prior to sol-gel treatment.

[0039] Sol-Gel Pathway: Once the functionalized precursor has been

generated, a sol-gel synthesis pathway, in some instances, comprising a single step,
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may be initiated. A cross-linking reaction that fixes the addition of water, a solvent,
an acid or base to the precursor, whereby the precursor is subjected to hydrolysis and
condensation, begins the process. The reaction typically proceeds relatively quickly,
on average between 20.0 minmutes and 100.0 minuies, more particularly between 30.0
and 45.0 minutes. When solvent is employed to initiate cross-linking, excess solvent
may thereafter be removed through evaporation. An optional heating step may also
be employed. Typically, the temperature employed is between about 20 °C and about
200 °C, preferably between about 50 °C and about 150 °C.

[0040] These single-source precursors can also be combined with other
sol-gel precursors to produce materials with a broader composition window. For
example, by adding varying amounts of a tetracthylorthosilicate (*"FEOS™) sol-gel
precursor to the universal ligand-metal complex, the Si:M ratio can be tuned for
specific applications. This is not limited solely to TEOS; this has also been applied to
other sol-gel precursors including, but not limited to, 3-
glycidyloxypropyltricthoxysilane {glymo) with aluminum sec-butoxide.

[0041] Use of the precursor in the sol-gel pathway can be employed to
produce a variety of functionalized nanostructures including, but not limited to,
functionalized monolithic structures (or monoliths), spin-coated thin films, hybrid thin
films, mesostructures, multiple metal mesostroctured gradient films, Stdber-type
nanoparticles (Stéber-type C-dots), block copolymer-nanoparticle hybrids , metal
percolation networks and multiple metal gradient mesostructure (“MMGMs™). The
MMGMs are novel structures which are synthesized as such becaunse the various
metal universal ligand precursors used have similar rates of hydrolysis and
condensation, which allows them to be blended in novel ways. In particular, addition

of water to the single-source precursor of the invention via the hydrolysis step allows
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bulk monolithic materials to grow, whereas spin coating of these materials creates
thin films. In general, thin films are those structures that are less than abont 1000.0
mm in thickness, whereas monoliths are those structures that are greater than about
1000.0 nm. The addition of the precursors to a block copolymer or surfactant allows
mesostructure hybrnids to be produced. Subsequent calcination of these hybrids yields
porous metal- or-semimetal-rich compounds with well-defined pore sizes.
Calcination can proceed at temperatures ranging between about room temperature and
1100 °C, preferably befween about 50 °C and 800 °C. Diffusion of two precursors
comprising different first and second metals into one another produces monolithic
films containing a gradient in metal concentration of the two metals. When block
copolymers are incorporated to these gradient fiims, calcination produces multiple
metal gradient mesostructures. Calcination of these materials produces metal-or
semimetal-rich particles with layers containing metal, metal oxide, metal silicide,
semimetal, or semimetal oxide nanoparticles. Incorporation of an amino acid,
hydroxyl acid or peptide allows multiple biological functionalities, while
incorporation of chiral versions of the foregoing materials allows optical properties to
be built into the materials, such as the ability to rotate light.

[0042] Addition of the precursors to Stober-type nanoparticles
produces well-defined particles in which the universal ligand, specifically the metal-
universal ligand complex, has been incorporated. Stober-type nanoparticles are
generally silica nanoparticles prepared by the known Stober procedure (J. Colloid and
Interface Sci., 26 62-69 (1968))}. Using the Stober method besides homogeneous
particles core-shell silica nanoparticles can be synthesized in which the core may have
a different composition than the shell. For example, in this way one can prepare

fluorescent core-shell silica nanoparticles in which the core comprises one or multiple
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organic dyes covalently attached to the silica network and 1s encapsulated by a pure
silica shell. These particles are also known as C dots. If the shell contains a second
organic dye that is able to detect the presence of an analyte, than the particles are
referred to as C dot sensors and may be used to menitor, e.g., physiological
parameters like pH, metal status or redox, status through ratiometric sensing. The
metal-Universal Ligand can be added to the Stober particle during the initial stage of
growth (in which case the metal-Universal Ligand complex is incorporated into the
core of the final particle) or during the final stage of growth (in which case the metal-
Universal Ligand complex is incorporated into a shell of the final particle). Figure 2
depicts a TEM of Stober-type C-dots in which a europium-isoleucine-based precursor
was incorporated into the core of ~180 nm C-dots. The universal ligand of the
mvention can be used in the synthesis or modification of any StSber-type particles.
Such Siéber-type particles include, but are not limited to, nanoparticles that comprise
a metal-oxide-based core, a polymeric core, a fluorescent material core, a core
comprising a magnetic or superparagmagnetic component, or those with a plurality of
pores. The Stéber-type particles include those with multifunctional architectures, for
example, a core which can optionally contain a functionality such as a magnetic or
fluorescent component, a shell which can be made to have a range of useful
thicknesses and surface properties, such as a smooth monolithic surface or a highly
porous surface, and which surface can be further physically or chemically modified
with any additional functional groups and/or ligands. Thus, for example, the Stéber-
type particles may have a core comprising one or more photoluminescent dyes or a
core of superparagmagnetic material, such as nano-sized iron oxide or other magnetic
alloys or oxides. The particles may be further functionalized with any suitable

functional group and/or ligand that may be positioned on particle surfaces for various
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purposes such as a smooth monolithic surface or a highly porous surface. The
functional groups and/or ligands may be therapeutic in nature, for example, with
antibodies or therapeutic agents to identify and treat disease states or conditions, or
may be ligands for particle stabilization against aggregation or to prevent other
moieties from sticking on the particle surface like proteins. The ligands may comprise
at least one of a polymer and an cligomer sclecied from the group consisting of a cell
component, a biopolymer, a synthetic polymer, an antigen, an antibody, a receptor, a
hapten, an enzyme, a hormone, a chemical compound, a pathogen, a toxi, and
combinations thercof.

[0043] Methods for producing the foregoing end products through use
of the precursor in the sol-gel pathway is described below in the Examples. As shown
it Figure 4, the pores of these functionalized products remain accessible and
interconnected. The reason for this is that post-synthesis functionalization of these
materials, which often blocks the pores in sol-gel materials, is unnecessary here
(though it may be carried out depending on the circumstances). These materials have
mesopores of variable diameter; the pore diameter of these end products is typically
between 3.0 mm and 150.00 mm and more particularly, between 10.0 nm and 80.0
nm. In addition, these materials have numerous microspores, which are typically less
than 3.0 in diameter.

[0044] Metal or semimetal loadings in the sol-gel materials derived
from the metal-universal ligand complex can range between 5% to about 90%,
preferably between about 20% to about 80%, more preferably between about 35% to
about 55%. Thus, sol-gel materials derived from the metal-universal ligand complex
have exceptionally high metal or semimetal loadings. For example, in the instance

where a heavy metal with a valance of 1 is used, such as cestum or thailiom, the
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cesium loading in the as-made final matenals will be as high as about 55.0 wt%; m
“those instances, when clusters of metals or semimetals are used, the upper loading of
the metal can be as high as 90%. In contrast, when a metal such as Lithium is used
(in a non-clustered form), the Jithium loading in the as-made final materials will be as

low as 5%.

[0045] A unique composition enabled by the precursors is a multiple .
metal gradient mesostructure (“MMGM”). These MMGM’s are made by mixing
partially hydrolyzed and condensed solutions of precursor-metal or precursors
semimetal complexes before the precursors have fully cross-linked. This provides a
route to generate hybrid materials with metal or semimetal compositions that vary
across the film. For example, pouring partially hydrolyzed and condensed copper and
cobalt-based precursor complexes into the same container allow the solutions to
diffuse into one another. This generates a decreasing concentration in copper and an
increasing concentration in cobalt as one moves across a generated film from left to
right (shown in Figures 6(a) and (b)). This can be applied to several (not just iwo)
metal precursors, generating composition spread with numerous elements.
Subsequent calcination of these materials can produce metal or metal oxide
nanoparticles with compositions and phases reflecting the local composition in the
gradient.

[0046) The end-product of the sol-gel synthesis pathway may be used
in a vartety of applications. They may be used as catalyst supports or combinatorial
screening materials for catalysis (e.g., MMGM’s could allow a combinatorial spread
of nanoparticles to be synthesized on a metal oxide matrix, such as silica). When the
end-product comprises peptides, it may be employed as a prosthetic or implant.

[0047] Another unique functionalized structure enabled by the
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precursors is a bicontinuous percolation network comprising metal and silica (510;),
or alternately metal oxide and silica. This class of materials 1s prepared in several
steps. In the first step, a film is cast of a partially hydrolyzed and condensed solution
of metal-Universal Ligand complex (where M, is the semi-metal Si, and M3 is the
metal of choice for the bicontinuous percolation network) with a second metal
precursor, where the metal in this second metal precursor can be the same metal or a
different metal from the metal M; in the metal-Universal Ligand complex. The
sécond metal precursor may be one of highly soluble organometallic complexes such
as carboxylates, nitrates, halides, sulfates, chlorates, phosphates, alkenes, dienes,
phosphines, sulfides, thiols, and amines, preferably carboxylates, and more preferably
the carboxylates 2-ethylhexanoate, 2-methoxyacetate, 2-(2-methoxy)ethoxyacetate, 2-
(2-{methoxy} ethoxy)ethoxyacetate or 2-{2-[2-
methoxylethoxy}ethoxy)ethoxyacetate. After heating the film at 50.0 °C, the film is
largely cross-linked and the second metal precursor is distributed homogenously
throughout the fitm. In the second step, the film is heated in air to a temperature
between 350.0 °C and 700.0 °C. This decomposes the film into a composite
consisting of silica and metal (if the metal is platinum, gold, or silver) or silica and
metal oxide (if the metal is any metal besides platinum, gold, or silver). In this latter
case, a third step is taken. The silica-metal oxide composite is then heated under the
flow of a reducing gas, such as a hydrogen-forming gas, or carbon monoxide. The
composite is typically heated at a temperature between about room temperature and
about 1100.0 °C, preferably between about 50.0 °C and 800.0 °C. This third step
reduces the metat oxide to a metal, producing a silica-metal composite. In this way, a
metal-silica percolation network is produced in which both the metal and the silica

form continuous networks thronghout the material. The material is electrically
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conductive. In a final step, the metal-silica composite can be etched with a solution
that dissolves the silica, such as an aqueous solution of sodium hydroxide ora
solution of hydrofluoric acid. This removes the silica, leaving behind a percolation
network of metal and a percolation network of pores. The material is highly porous
and electrically conductive.

[0048] A Palladium-Silica composite on the way towards a percolation
network is depicted by the TEM image in Figure 10. This material was synthesized
by casting a film of a palladium-universal ligand complex without incorperating a
second metal precursor. The film was calcined in air, followed by heating under
forming gas. The dark grey dots in the TEM represent the palladium which is
dispersed in the light grey matrix, silica. Yet another palladium-silica composite even
closer to the percolation network is depicted by the TEM image in Figure 11. This
material was synthesized by casting a film of a palladium-universal ligand complex in
the presence of a second palladium complex, palladium (IT) 2-(2-
methoxy)ethoxyacetate, where the palladium precursors were mixed in a 1:1 molar
ratio. The TEM image shows a material where both the palladium and silica are very
close to the percolation threshold.

[0049] In another embodiment, the precursors of the invention may be
used to produce metal nanoparticle containing hybrid thin films or hybrid
nanoparticles suitable for use in optical enhancements, in particular, those thin
mesoporous films or Stober-type silica nanoparticles contaming dense assemblies of
metal nanoparticles. Such structures may easily be prepared by synthesis routes
employing the universal ligands of the invention disclosed herein. For example, it is
known that molecules in the vicinity of metal nanoparticles like silver or gold exhibit

what is referred to as “surface enhanced Raman scattering” {“SERS™). Similarly, it is
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also known that in the vicinity of metal nanoparticles, optical absorption and emission
spectra of fluorescent molecules are greatly enhanced. It is currently believed that
these enhancements are caused by surface plasmon resonances, i.e., are due to local
electromagnetic field enhancements provided by the nanoparticles. Thin mesoporous
films or Stéber-type silica nanoparticles prepared with the use of the universal ligands
of the mvention can serve as substrates for the deposition of organic molecules

exhibiting such optical enhancements.

[0050] As mentioned herein, Stéber-type particles (also known as C-
dots) can be further modified by the metal-universal ligand complex. C-dots are
generally core-shell nanoparticles prepared by the known Stober procedure (J. Colloid
and Interface Sci., 26 62-69 (1968)). Moreover, the universal ligand of the invention

can be used to modify any core-shell particle.

[0051] In one such case, the surface of pre-formed particles can be
modified by reaction of the metal-umversal ligand complex or universal ligand
complex onto the Stéber particles’ surface. This allows further modification of the
particles’ properties. In one such instance, the metal-universal ligand complex allows
a biologically relevant species, such as a peptide, amino acid, or hydroxy acid to be
covalently bound to the C-dots’ surface. This imparts biological properties to the C-
dots, allowing the C-dots to interface and interact with other amino acids, hydroxy
acids, peptides, proteins, and more generally, components of biological systems.

[0052] Additionally, it is known that presence of peptides can modify
the catalytic behavior of metals. A unique composition enabled by the metal-
Universal Ligand complex is the adsorption of the ligand onto a c-dot surface wherein
the peptide can modify the catalytic properties of the metal M; that 1s bound to the
peptides. Anchoring the metal-universal Ligand complex onto the surface of a C-dot
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allows a unique composition to be created in which the modified C-dot has combined
properties of fluorescence, sensing, biological interfacing, and catalysis.

[0053] A further embodiment of such combined fluorescence, sensing,
biological interfacing, and catalysis properties can be achieved by the direct
incorporation of the metal-Universal Ligand complex into the C-dot. As described in
Example 2(f) in the “examples” section herein, the metal-universal ligand complex
can be incorporated directly into the core of a C-dot. Additionally, the metal-
universal ligand complex can be incorporated into the shell of a C-dot. Or the metal-
universal higand complex can be incorporated into both the shell and the core of a C-
dot. In yet another embodiment, different metal-universal ligand complexes can be
incorporated into the core and the shell of a C-dot. If the C-dot is also mesoporous,
then much of the metal-Universal Ligand that has been mcorporated into the c-dot
will be accessible via the mesopores. In such an embodiment, the metal-universal
ligand complex will be available for fluorescence, sensing, biological interfacing, and
catalysis.

{0054] When fluorescent species (dyes, molecules, nanoparticles, efc.)
are near metal surfaces, Surface Enhanced Raman Scattering (SERS) or enhanced
absorption and emission can occur. In this process, the electric field from the metal
surface greatly enhances the Raman scattering or absorption/emission. Using the
above-described techniques, the metal-universal ligand can be incorporated into C-
dots or exclusively onto their surfaces, or both. In any circumstance, the resulting
composition can be subjected to a mild heat treatment (calcination) or exposure to
ultraviolet light which can decompose the metal complex into metal nanoparticles
while retaining the fluorescence activity from, for example, a dye that is incorporated

into the C-dots. Conversely, microporous or mesoporous silica nanoparticles with
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metal nanoparticles obtained as described above can first be synthesized and a
fluorescent dye can subsequently be immobilized onto the particle surface or into an
additional thin silica shell on top of the primary particle. Such techniques may
employ any metal or semi-metal in the periodic table that can be incorporated into the
metal-universal ligand complex, preferably precious metals including, but not limited
to, silver, gold and platinum. For instance, in one embodiment, silver that is
incorporated into c-dots can be converted into silver nanoparticles either by a mild
heat treatment (<80 °C} or by exposure of the material to ultraviolet light (365 nm for
1 day). This produces a high density of silver metal nanoparticles within the C-dots,
resulting in a greatly enhanced SERS or absorption/emission of a fluorescent dye.
This same technique may also be employed with gold or any other metal or semimetal
that can be incorporated into the metal-Universal ligand complex.
EXAMPLES

[0055] The present invention is Hllustrated, but in no way limited by
the following examples. Examples 1(a)-(c) illustrate synthesis of two embodiments of
the precursor of the present invention. Examples 2(1a)-2(f), illustrate use of the
precursor in the sol-gel pathway. Example 3 depicts in tabular form some successful
combinations of amino acids and metals, and shows that the universal ligand of the
invention can be synthesized using a range of both amino acids and metals. Example
4 describes synthesis conditions used for the ligand exchange of acetate for the
nntversal ligand or hydroxy acetate.

[0056] For all the experimental conditions described herein, all
chemicals were used as received, except as noted below. 3-
isocyanatopropyltriethoxysilane (“ICPTS”) (Sigma Aldrich, 95%) was distilled under

high vacuum prior to use, discarding the first and last fractions. Metal acetates that
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were sold as hydrates were evacuated several hours at high vacuum to dry the
compound. Anhydrous DMF (99.8%) was purchased from Sigma Aldrich and Alfa
Aesar. Carboxylic acids were purchased from Sigma Aldrich or Alfa Aesar and were
of the highest purity available (typically 99%). DiProtin A was purchased from
BaChem. Metal acetates were purchased from a variety of sources, including Sigma
Aldrich, Alfa Aesar, DFG Goldsmith, and Gelest. THF was distilled first from
sodiim and then from n-butyl lithium/diphenylethylene.

(00571 In general, Standard Schlenk line techniques were used for the
synthesis of the universal igand. All components of the universal ligand were
synthesized and handled under nitrogen, except for the first step of the protocol for
hydroxy acids and polyesters, which may be performed in air.

[0058] Example 1{a) — Amino acid —based precursor synthesis: Ina

typical synthesis, 0.05 mol of L-isoleucine (6.56 g) and 0.05 mol of 3-
isocyanatopropyltriethoxsilane (“ICPTS™) (12.37 g) was combined with 700 mL of
anhydrous DMF in a 1-L flask. The reaction was stirred in an oil bath at 80°C for 12
hours under nitrogen. Afier cooling to room temperature, unreacted L-isolencine was
removed by pouring the reaction contents through dry Whatman filter paper.
‘Typically, 23 % of the L-isoleucine had not reacted. At this point, the precursor could
be isolated by distilling the DMF at reduced pressure to afford a clear, slightly viscous
liquid. However, for most syntheses, the metal acetate was directly added to the
precurser-DMF-solution. An amount of metal acetate {[0.05 (1-0.23)]/n mol, wherein
“n” is the oxidation state of the metal) was added to permit comi:lete exchange of the
acetate for the precursor. The solution was again heated, gradually increasing the
temperature to 80-100 °C while applying dynamic vacuum pressure to distill off acetic

acid and subsequently DMF,
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[0059] The products were clear, viscous liquids or glassy solids that
had the same color of the starting metal acetate. The products readily dissolved ina
wide range of solvents, although some reacted with chloroform and all underwent
alcoholysis or hydrolysis. NMR was typically.performcd in anhydrous DMSO-dg.
NMR spectra were acquired on a Varian Inova at 400 MIlz ("H) and 100 MHz ("*C).
Assignment of peaks in the NMR spectra was assisted by ChemDraw Ultra.

[0060] Example 1 (b} — Hvdroxy acid-based Universal Ligand

synthesis: Metal acetate (e.g. Cu(ll) acetate ) in an amount of 0.05 mol was added to
0.10 mol of a hydroxy acid, e.g., 2-hydroxy-3-methyl-butanoic acid. 50mL of DMF
was added and vaceum was applied immediately to the solution, and the flask was
simultaneously immersed in an oil bath at 80 °C. The solution bubbled vigorously for
a few minutes as acetic acid was evolved, and, as the solution warmed, DMF was
distilled off. This afforded (.05 mol of a metal hydroxy acetate. To ensure the
product was anhydrous, vacuum pressure was applied to the powder for several hours.
Next, the metal hydroxy acetate was dissolved in 100 mL of anhydrous DMF and 0.10
mol of ICPTS was added. Stirring the solution at room temperature overnight and
vacuum distillation of the DMF afforded the title compound.

[0061] Example 1 (¢) — Peptide-based precursor synthesis: In a typical

synthesis, equimolar amounts of ICPTS and the peptide were combined. For
example, 0.15 mmol of ICPTS and 0.15 mmol of DiProtin-A (a peptide with a Leu-
Pro-Leu sequence) were combined in 35 mL of anhydrous DMF. Subsequent
addition of an amount of metal acetate {[0.15 (1-0.15)]/n mol, where “n” is the
oxidation state of the metal and assuming an 85% yield), was added, and subsequent
distillation of the acetic acid and DMF under high vacuum at 50 °C afforded the

viscous product.
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[0062] Example 2(a) — Monolith formation: Typically, 0.3 g of the

metal-precursor complex was dissolved in 2 g of anhydrous THF. After stirring for a
few minutes fo ensure complete dissolution, pH 9.0 H;O (10° M NaOH) was added to
initiate hydrolysis and condensation. To ensure complete hydrolysis, a 1:1 molar ratio
between alkoxide and water was mainiained. After stirring 10 minutes, the film was
then cast at 50 °C i an aluminum dish. The dish was covered by a hemispherical
glass cover to slow the evaporation of the volatile components. Heating for several
hours produced a solid, transparent film. The metal-carboxylic acid linkage in the
metal-precursor complex is air or water sensitive in some cases. For water sensitive
complexes, such as bismuth, the precursor was dissolved in anhydrous THF, and
subsequently stirred in the air for an hour prior to casting the film. Because THF is
hygroscopic, a small amount of water was delivered to the precursor and allowed the
sol-gel process to occur without hydrolyzing the bismuth. For air sensitive
complexes, the entire operation was preformed under nitrogen. Figure 3 depictsa
TEM micrograph of a bismuth-based thin film that shows a cylindrical morphology.
Upon exposure of one surface of the film to water, bismuth oxide nanoparticles form
on the tops of the cylinders.

[0063] Example 2(b) — Mesostructured hybrid formation: The

synthesis was identical to the monolith formation, except that the hydrolyzed and
condensed sol was added to 0.1 g of poly(isoprene-block-ethylene oxide) (PI-b-PEQ)
in 2 g of anhydrous THF and stirred for 10 mimutes prior to casting the film. Virtually
any amino acid, hydroxy acid or peptide can be used for the synthesis of
mesostructures and mesostructured block copolymer hybrids. Preferably, the amino
acids, hydroxy actds and peptides used are those that are adequately protected, and

most those that comprise a sterically hindering and/or chiral R group. For example,
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one preferred amino acid is L-isoleucine, a chiral amino acid with a sec-butyl side
group. The metal-universal ligand complexes formed with this amino acid have
extremely high solubility, are easy to handle, produce optically transparent films, and
mix well with the Pb-b-PEO block copolymer disclosed herein. Figure 8 illustrates a
mesostructured film made from the iron-universal ligand complex combined with a
block co-polymer, PI-b-PEQ. Upon calcination, the resulting silicate is rich in
magnetic iron oxide (y-FeO3).

[0064] Exampte 2(c} — Multiple Metal Mesostructured Gradient Films:
Two separate solutions of PI-b-PEO with a specific metal were prepared
simultaneously. Each film was cast inttially into separate aluminum dishes and the
THF was partially evaporated. Once the viscosity had noticeably increased, the two
solutions were simultaneously poured info a single alominum dish to allow the
solutions to diffuse into each other. The films were heated at 50 °C for several hours
to produce sohd films.

[0065] Example 2 (d} — Mesoporous silicates: The synthesis was

identical to mesostructure formation above, except that tetraethylorthosilicate
(“TEOS”) was added to decrease the volume fraction of organic material. For
example, 0.15 g of TEOS and 0.2 g of metal-precursor complex were dissolvedin2 g
of anhydrous THF, which was hydrolyzed and cast as a film with PI-b-PEQ, as
described above. The film was calcined by heating it to 550 °C for 6 hours at a rate of
1 °C/min., with two 3-hour pauses at 250 °C and 350 °C.

[0066] Example 2(¢) — Hybrid thin films: The sol-gel solution was
prepared as described for the mesoporous silicates, The solution was then diluted
with THF by a factor ranging from 50 (multilayer films) to 450 {(monolayer films) and

spin-coated by dropping the sohution onto a silicon wafer and spin-coating the
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solution by ramping to 2000 rpm at 250 rpm/s. Figure 5(a) illustrates a hybrid film
made from the hydrolysis and condensation of a yttrium-isoleucine-based metal
precursor complex. Figure 5(b) iliustrates a hybrid film made from the hydrolysis and
condensation of a copper-isoleucine-based universal ligand and metal complex.
Figure 5(c) illustrates a block copolymer-hybrid film made from poly(isoprene-block-
ethylene oxide) (PI-b-PEO) and a bismuth-isoleucine-based universal ligand and
metal complex.

j0067] Example 2(f) — Stéber-type particle formation: A varying

amount of metal-universal higand complex (0-60 mg) was combined with 1.7 mL of
TEOS and 5.0 mL of ethanol. A second solution containing 20 mL of 2.0 M NH; in
ethanol, 5.85 mL of water, and 68 mL of ethanol was prepared. The first solution was
added to the second, and the solutions were stirred for 12 hours. After this time,
2.675 mL of TEOS was added to the reaction over 10 minutes. Stirring continued for
24 hours, after which the point the particles were isolated from the solvent. These
particles could be calcined by heating to 550 °C in air. Any amino acid, peptide,
hydroxy acids may be used in the generation of such particles, preferably a hydroxy
acid, and most preferably a small hydroxy acid, for example, lactic acid.

[0068] Example 3 - Some successful combinations of amino acids and

metals used to create the universal ligand.

Table 1.

Carboxylic acid Metals Comments

Ag (Agtfay), Bi, Exhibits high solubility. Product

Co, Cr, Cu, Er, Eu, is glassy or is extremely viscous.
L-(+)-isoleucine Gd, In, Mg, Mn, Used silver trifluoroacetate

Ni, Pb, P4, Pt instead of silver acetate as silver

{(Ptyacg), Sr, Y, Zn  source.

Dimeric metal acetates need less
sterically demanding ligands to
ensure complete ligand

Mo (Mogacs), Rh

y-amino butyric acid (Rhpacy)
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exchange.
DL-2-aminobutyric actd Cu, Gd
L-{+)-phenylalanine Zn
L-(+)-a-phenylglycine 7n
6-aminochexanoic acid Pb Exhibits low solubility.
L-valine Cu, Zn
DL-B-leucine Cu
DiprotinA (Ile-Pro-le) Gd
L-(+)-lactic acid Cu, Zn
2-hydroxy-3-methylbutyric
acid Co, Cu, Zn

(R)-2-hydroxybutyric acid  Zn
(S)-2-hydroxybutyric acid  Zn

2,2-dimethyl-3-
hydroxypropionic acid Mo (Mozac,), Zn

L-(+}-mandelic acid Cu, Zn

Product is Mojyac,Us, as
determined by NMR.

Figure 7, for example, shows a cobalt-universal ligand complex in which L-
isoleucine-ICPTS was used as the ligand for cobalt.

[0069] Example 4 - Ligand Exchange Reactions: ligand exchange of

acetate for the Universal Ligand or hydroxy acetate was conducted under dynamic
vacuum at varying temperatures. More labile acetates could be exchanged at lower
temperatures (e.g., at 20 °C), while less labile acetates required higher temperatures
(temperatures up to 150 °C), as described in Table 2. The distillate temperature was
typically ~40 °C lower than that of the o1l bath temperature. The following table lists
the oil bath temperature employed. For the higher temperatures, care was taken to
increase the distillation pressure (that is, closer to atmospheric pressure) to prevent the
premature distillation of the DMF prior to ligand exchange.

[0070] The ligand exchange and DMF distillation were performed
using a short path distillation head with vacuum tubing connecting the distillation

head to a vacuum/nitrogen port of a vacuum line. The acetic acid and DMF were
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typically collected in a flask cooled by liquid nitrogen to prevent the distillate from
entering mto the vacuum line.

[0071] The reaction progress could be gauged by the disappearance of
the metal acetate {(a solid), which typically had low solubility in DMF. Once the
reaction reached an appropriate temperature for ligand exchange, the reaction was
typically complete in a few minutes. After distillation, the Universal Ligand complex
was connected directly to the vacuum line until the pressure stabilized at 10-2 mbar to

complete the removal of all volatile components. This typically required a few hours.

Table 2
Oil Bath Temperatures Metal Acetate
20 °C

Pt
{ 50 °C Ag
70 °C Cu, Mo, Pd, Rh
90 °C Co, Er, Eu, Fe, Gd, Mn, Zn
110 °C Bi, Cr, Ni, Pb, Y
130 °C In, Mg
150 °C Sr
[0072] The foregoing description of certain embodiments of the

invention have been presented for purposes of illustration and description, and are not
intended to be exhaustive or to limit the iavention to the precise forms disclosed. The
descriptions were selected to best explain the principles of the invention and their
practical application to enable others skilled in the art to best utilize the invention in
various embodiments and various modifications as are suited to the particular use
contemplated. It is intended the scope of the invention not be limited by the

specification, but be defined by the claims set forth below.

35



WO 2008/031108 PCT/US2007/078069

What is claimed is:

1. A sol-gel precursor comprising a cross-linkable molecule mcluding a
first metal M, wherein the first metal is directly bonded to carbon and the cross-
linkable molecule is further conjugated to a first functional group capable of being
conjugated to the first metal M, and a second functional group comprising a
carboxylate group and a stde chain R, wherein at least one of the oxygen atoms in the
carboxylate group is ligated to hydrogen or a second metal M.

2. The sol-gel precursor of claim 1, wherein the first metal M; is any
metal on the periodic table.

3. The sol-gel precursor of claim 2, wherein the first metal M; is any
metal selected from the group consisting of Ti, Al, Ga, Zn, Cd, Sn, Zr and Pb.

4. The sol-gel precursor of claim 2, wherein the first metal M, is a semi-

metal selected from the group consisting of Bi, Si, Ge, and Sb..

5. The sol-gel precursor of claim 1, wherein the second metal M is any
metal on the periodic table.
6. The sol-gel precursor of claim 5, wheretn the second metal M; is any

metal selected from the group consisting of Ag, Co, Cr, Cu, Er, Eu, Gd, In, Mg, Mn,
Mo, Pb, Pd, Pt, Rh, Sr, Y, and Zn.

7. The sol-gel precursor of claim 1, wherein the second metal M, is a
semi-metal selected from the group consisting of Bi, Si, Ge, As, Sb and Te.

8. The sol-gel precursor of claim 1, wherein the functional group capable
of being conjugated to the first metal M;, and the second functional group comprising
a carboxylic group and a side chain R together form a conﬁpound selected from the
group consisting of organic compounds, bioorganic compounds and organometallic

compounds.
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9. The sol-gel precursor of claim 8, wherein the organic compound is
selected from the group comsisting of carboxylic acids, hydroxy acids, azide acids,

isocyanate acids, isothiocyanate acids, thiol acids, maleimide acids and aldehyde

acids.

10.  The sol-gel precursor of claim 8, wherein the organic compound 1s a
polyester.

11.  The sol-gel precursor of claim 8, wherein the biorganic compound is

selected from the group consisting of amino acids, peptides and peptide fragments.

12. The sol-gel precursor of claim 8, wherein the R group is a protecting
group.

13.  The sol-gel precursor of claim 8, wherein the R group is sterically
hindering.

14.  The sol-gel precursor of claim 8, wherein the R group has a chiral
portion.

15.  The sol-gel precursor of claim 8, wherein the R group comprises one
or more alkyl side-chains.

16.  The sol-gel precursor of claim 15, wherein the alkyl side-chain
comprises a benzyl, methyl, ethyl, butyl or t-butyl derivative.

17.  The sol-gel precursor of claim 8, wherein the R group comprises a
functional group.

18. The sol-gel precursor of claim 17, wherein the functional group is
selected from the group consisting of a therapeutic agent, a peptide, a polymer, an
alcohol, an amine, a nanoparticle and a fluorescent dye.

19.-  The sol-gel precursor of claim 1, wherein the amount of organic

material in said sol-gel precursor is between about 30% and 100% of the total mass of
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the sol-gel precursor.

20. The sol-gel precursor of claim 19, wherein the amount of organic
material in said sol-gel precursor is between about 40% and 90% of the total mass of
the sol-gel precursor.

21. A process of synthesizing the sol-gel precursor of claim 1, wherein a
cross-linkable molecule comprising a first metal M; bonded directly to carbon is
reacted with a functional molecule comprising a carboxylic group and a side chain R
in the presence of a solvent, such that the reaction product is the sol-gel precursor.

22. A process of synthesizing the sol-gel precursor of claim 1, comprising
the steps of (i) reacting a cross-linkable molecule comprising the first metal M,
bonded directly to carbon with a functional molecule comprising a carboxylic group
and a side chain R in the presence of a solvent; and (i) adding a metal-based
compound comprising the second metal M; and one or more anionic ligands each
bearing a negative charge such that the reaction product is the sol-gel precursor.

23. The process of claims 21 or 22, wherein the cross-linkable molecule
comprises a metal or semi-metal alkoxide bonded to a carbon, which is in turn bonded
to a functional group capable of undergoing a cross-linking reaction with the
carboxylic-group bearing molecule,

24, The process of claim 23, wherein the cross-linkable molecule is
selected from the group consisting of 3-1socyanotopropyltriethoxysilane, mercapto
propyl triethoxysilane, isothiocyanate propyl triethoxysilane and aminopropyl
triethoxysilane.

25.  The process of claim 22, wherein the anionic ligand in the compound
comprising the second metal M; is selected from the group consisting of acetates,

alkoxides, nitrates and halides.
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26.  The process of claims 21 or 22, wherein the functional molecule is a
bioorganic compound.

27.  The process of claim 26, wherein the bioorganic compound is selected
from the group consisting of amino acids, proteins and pepti.des.

28.  The process of claim 26, wherein the amino acids are sclected from the
group consisting of naturally occurring amino acids, synthetic amino acids, chiral
amino acids, racemic amino acids, alpha amino acids and beta amino acids.

29. A process of synthesizing the sol-gel precursor of claim 1, wherein a
compound comprising the second metal M; 1s reacted with a functional molecule
comprising a carboxylie group, and subsequently reacted with a cross-linkable
molecule comprising a first metal M, such that the reaction product is the sol-gel
precursor.

30.  The process of claim 29, wherein the compound comprising the second
metal M; is chosen from the group consisting of acetates, alkoxides, nitrates and
halides.

31. The process of claim 29, wherein the functional group is an organic
compound selected from the group consisting of carboxylic acids, hydroxy acids,
azide acids, 1socyanate acids, isothiocyanate acids, thiol acids, maleimide acids and
aldehyde acids.

32.  The process of claim 31, wherein the hydroxy acids are selected from
the group consisting of glycolic acid, lactic acid, L-mandelic acid,2-hydroxy-3-
methylbutyric acid and 2,2-dimethyl-3-hydroxybutyric acid.

33.  The process of claim 31, wherein the cross-linkable molecule
comprising the first metal M; comprises a metal or semi-metal alkoxide.

34. A process of synthesizing a functionalized nanostructure comprising
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the steps of (i) cross-linking a first sol-gel precursor of claim 1 in a medium
comprising water, a solvent, a base or an acid, such that the sol-gel precursor is
hydrolyzed and condensed, and (i1) optionally heating said cross-tinked sol-gel
Precursor.

| 35. The process of claim 34, further comprising the addition of a second
sol-gel precursor, wherein the second sol-gel precursor is distinct from the sol-gel
precursor of claim 1.

36.  The process of claim 34, wherein the functionalized nanostructure
synthesized by said process is a monolithic structure.

37.  The process of claim 36, wherein the monolithic structure synthesized
by said process is a monolithic film.

38.  The process of claim 34, further comprising the step of adding a
copolymer such that the functionalized nanostructure synthesized by said process 1s a
hybrid thin film comprising said copolymer.

39.  The process of claim 34, further comprising the step of adding a
copolymer such that the functionalized nanostructure synthesized by said process is a
mesostructure comprising said copolymer.

40,  The process of claim 34, wherein the functionalized nanostructure
synthesized by said process comprises pores.

41.  The process of claim 34, further comprising the steps of (1ii) cross-
linking a second sol-gel precursor of claim 1, wherein the second metal M, in the
second sol-gel precursor is the same or different from the second metal M; in the first
sol-gel precursor, and (iv) allowing said first and second sol-gel precursors to diffuse
prior to the completion of any cross-linking such that the functionalized nanostructure

comprises a gradient in metal concentrations of My from the first sol-gel precursor
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and M, from the second sol-gel precursor so as to synthesize a multiple metal gradient
mesostructure.

42.  The process of claim 34, wherein the functionalized nanostructure
synthesized by said process is a Stober-type nanoparticle.

43.  The process of claim 42, wherein the Stober-type nanoparticle
synthesized by said process comprises one functional group within its core and a.
second functional group on its surface.

44.  The process of claim 43, wherein the functional group within the core
of the Stober-type nanoparticle synthesized by said process is chosen from the group
consisting of metallic, magnetic and superparamagnetic materials.

45.  The process of claim 43, wherein the functional group on the shell of
the Stober-type nanoparticle synthesized by said process is a fluorescent dye.

46.  The process of claim 43, wherein the functional group within the core
of the Stober-type nanoparticle synthesized by said process is a fluorescent dye.

47.  The process of claim 34, further comprising the step of treating the
Stober-type nanoparticle synthesized by said process with one or more additional
precursors of claim .

48. A process of synthesizing a functionalized nanostructure comprising
(i) cross-linking a partially hydrolyzed and condensed first sol-gel precursor of claim
1 comprising silica and a first metal with a second sol-gel precursor comprising a
second metal in the presence of heat to form a network such that the second sol-gel
precursor is homogeneously distributed within said network; and (ii) decomposing
said network by additional heating such that the functionalized nanostructure
comprises a composite of silica and said second metal.

49.  The process of claim 48, wherein the first metal and second metal are
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identical.

50.  The process of claim 48, wherein the second metal is a precious metal
sclected from the group consisting of Pt, Auand Ag.

51.  The process of claim 50, further comprising the step of heating under
the flow of a reducing gas.

52. A functionalized nanostructure comprising an increasing concentration
of one metal across any gradient of the nanostructure, and a decreasing concentration
of a second metal across said gradient of the nanostructure.

53. The functionalized nanostructure of claim 52, wherein the

functionalized nanostructure is a multiple metal gradient mesostructure.
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