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METHODS OF PREPARING METAL 
QUANTUM CLUSTERS IN MOLECULAR 

CONFINEMENT 

CLAIM OF PRIORITY 

This application is a U.S. national stage filing under 35 
U.S.C. S371 of International Application No. PCT/IB2011/ 
003105, filed Dec. 22, 2011 and entitled “Methods Of Pre 
paring Metal Quantum Clusters. In Molecular Confinement.” 
and also claims the benefit of the Indian Application No. 
3692/CHF/2011, filed Oct. 28, 2011, the disclosure of which 
is incorporated by reference. 

BACKGROUND 

Metal quantum clusters (MOCs) have fascinating size 
dependent properties including discrete electronic energy 
levels and molecule-like optical transitions in their absorp 
tion and emission spectra. As such, MQCs can be used for 
single molecule optics, nanophotonics, bioscience, catalysis, 
and other similar applications. The practical use of MQCs in 
Such applications will require the large-scale synthesis of 
monodisperse MQCs. 

Conventional methods for the synthesis of MQCs are based 
on Solution-phase routes. Typically, MQCs of various sizes 
are made together in a synthetic procedure. In order to get 
monodispersed MQCs with well-defined molecular formu 
lae, size-separation using elaborate chromatographic tech 
niques is required. 

SUMMARY 

This disclosure is not limited to the particular systems, 
devices and methods described, as these may vary. The ter 
minology used in the description is for the purpose of describ 
ing the particular versions or embodiments only, and is not 
intended to limit the scope. 

Methods of growing metal quantum clusters within a 
porous gel matrix are described herein. These methods allow 
for the large-scale synthesis of monodispersed metal quan 
tum clusters using a single-step approach, which may 
improve the availability and utility of metal quantum clusters. 
By growing metal quantum clusters within a porous gel 
matrix, monodisperse uniform nanoparticles may be pro 
duced more easily and/or in better yields than in free-solution 
approaches. It is believed that the growth of the metal quan 
tum clusters is encouraged within but limited by the size of 
the pores of the gel matrix. Because individual cluster growth 
is determined by pore size a monodisperse and uniform popu 
lation is readily made. 

In an embodiment, a method of synthesizing metal quan 
tum clusters includes growing the metal quantum clusters in 
a porous gel matrix. This embodiment includes formation of 
a porous gel matrix that encapsulates a metal quantum cluster 
precursor compound and the introduction of a reducing agent 
to form the metal quantum clusters. 

In an embodiment, a method of synthesizing metal quan 
tum clusters includes forming a porous gel matrix from the 
mixture comprising a metal-containing compound, a capping 
agent, and a gel-forming Solution and adding a reducing agent 
to form the metal quantum clusters. 

In an embodiment, a kit for synthesizing metal quantum 
clusters includes a metal-containing compound, a capping 
agent, a gel-forming Solution, a reducing agent, and instruc 
tions for use. 
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2 
In an embodiment, a gel matrix includes a porous gel 

encapsulating a metal quantum cluster precursor compound. 
In an embodiment, a gel matrix includes a porous gel 

encapsulating metal quantum clusters of the formula Ags 
(glutathione).s. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a flowchart that illustrates an exemplary method 
for synthesizing metal quantum clusters, in accordance with 
an embodiment. 

DETAILED DESCRIPTION 

Methods of growing metal quantum clusters within a 
porous gel matrix are described herein. These methods allow 
for the large-scale synthesis of monodispersed metal quan 
tum clusters using a single-step approach, which may 
improve the availability and utility of metal quantum clusters. 

In an embodiment, metal quantum clusters are grown 
within a porous gel matrix. Despite variations in nomencla 
ture concerning Small-sized particles based on size regimes, 
properties, and makeup, the term metal quantum clusters is 
not intended to be limiting, but instead refer to particular 
products of the general methods described herein. 
The average diameter of metal quantum clusters may be 

less than about 5um, or about 100 nm to about 0.5 nm, or 
about 10 nm to about 1 nm. Specific examples of average 
diameters include about 5um, about 400 nm, about 300 nm, 
about 200 nm, about 100 nm, about 50 nm, about 40 nm, 
about 30 nm, about 20 nm, about 10 nm, about 1 nm, about 0.5 
nm, and ranges between any two of these values. The standard 
deviation of the diameter of the metal quantum clusters may 
be less than or equal to about 15% of the average diameter, 
less than or equal to about 10% of the average diameter, less 
than or equal to about 5% of the average diameter, or the metal 
quantum clusters may be monodisperse. 

Materials for making metal quantum clusters are well 
known to a person having ordinary skill in the art, and the 
examples described herein are not intended to be limiting. 
The metal quantum clusters may comprise Mg., Zn, Fe, Cu, 
Sn, Ti, Ag, Au, Cd, Se, Si, Pt, S, Ni or combinations thereof. 
For example, the metal quantum clusters may be of the for 
mula Ag2s (glutathione)s. 

FIG. 1 is a flow diagram describing a method for synthe 
sizing metal quantum clusters within a porous gel matrix 
according to an embodiment. As shown in FIG. 1, a metal 
containing compound and a capping agent may be combined 
105 to form a metal quantum cluster precursor compound. 
The metal-containing compound used to make the metal 

quantum clusters may be a metal thioate, an organometallic 
compound, a metal oxide, an inorganic salt, a coordination 
compound, or a combination thereof. In an embodiment, the 
metal-containing compound used to make the metal quantum 
clusters may contain Mg., Zn, Fe, Cu, Sn, Ti, Ag, Au, Cd, Se, 
Si, Pt, S, Ni or a combination thereof. For example, the 
metal-containing compound used to make the metal quantum 
clusters may be AgNO. 
The Surface of the metal quantum clusters may comprise at 

least one layer of capping agents. The capping agent may be 
used to control the growth, improve the solubility, provide 
chemical functionality, or otherwise alter the properties the 
metal quantum clusters. Materials used as capping agents are 
well-known to a person having ordinary skill in the art, and 
the examples described herein are not intended to be limiting. 
Despite variations in nomenclature regarding Surface-func 
tionalization of metals based on chemical makeup and prop 
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erties, the term capping agent is not intended to be limiting, 
but instead refers to particular products of the general meth 
ods described herein. The capping agent can comprise an 
aromatic group, a conjugated pi System, a pi bond, a nitrogen 
atom, an oxygenatom, a Sulphuratom, a phosphorus atom, an 
aromatic thiol or an aliphatic thiol. In an embodiment, the 
capping agent may be an organosulfur compound. For 
example, the capping agent may be a thiol. As a specific 
example, the capping agent may be glutathione thiolate. 
The metal quantum cluster precursor compound is the 

starting material used in the formation of the metal quantum 
clusters. The metal quantum clusterprecursor compound may 
be a metal-containing compound, or the metal quantum clus 
ter precursor compound may be formed by mixing a metal 
containing compound with a capping agent. The metal quan 
tum cluster precursor compound may optionally be Sonicated 
110. Aggregates may sometimes be present in the metal quan 
tum cluster precursor compound. Any unwanted aggregates 
may be dispersed by Sonicating 110 the metal quantum clus 
terprecursor compound. 
A mixture may be formed 115 by combining a gel-forming 

Solution, a polymerization agent, and a metal quantum cluster 
precursor compound. The gel-forming solution is a liquid 
comprising the materials used to form a porous gel matrix. In 
an embodiment, the gel-forming solution may be a polymer 
or a polymerizable material. For example, the polymerizable 
material may be acrylamide, bisacrylamide, piperazine dia 
crylamide, diallyltartardiamide, dihydroxyethylene-bis 
acrylamide, bis-acrylylcystamine or mixtures thereof. Typi 
cal mixtures of the polymerizable material may comprise 
acrylamide and at least one cross-linker selected from 
bisacrylamide, piperazine di-acrylamide, diallyltartardia 
mide, dihydroxyethylene-bis-acrylamide, and bis-acrylyl 
cystamine. In some examples, the polymerizable material 
may be a mixture of acrylamide and the cross-linker bisacry 
lamide. 
A gel-forming solution may use a change in temperature, 

additional reagents, or both a change in temperature and 
additional reagents to form a porous gel matrix. The addi 
tional reagents may be polymerization agents such as cata 
lysts and polymerization initiators and combinations thereof. 
For example, polymerization agents may be N.N.N',N'-tet 
ramethyl-ethane-1,2-diamine (TMED), ammonium persul 
fate, riboflavin-5'-phosphate, or mixtures thereof. 
The mixture of the gel-forming Solution, a polymerization 

agent, and a metal quantum cluster precursor compound may 
polymerize and allow formation 120 of the porous gel matrix 
encapsulating the metal quantum cluster precursor com 
pound. In an embodiment, porous gel matrix matrices are 
composed of molecular cages which may be used to control 
mass transfer of reagents and nucleate the preferred metal 
quantum clusters. Metal quantum clusters grown using this 
method, may be at least partially encapsulated by the porous 
gel matrix. 
The materials and methods for making porous gel matrix 

matrices are well-known to a person having ordinary skill in 
the art, and the examples described herein are not intended to 
be limiting. The porous gel matrix may comprise a sol-gel or 
a polymer. In an embodiment, the porous gel matrix may 
comprise agarose or cross-linked polyacrylamide. For 
example, the porous gel matrix may comprise a polyacryla 
mide cross-linked with bisacrylamide, agarose gel, cellulose 
gel, or a starch gel. 

Methods that vary the pore size of the porous gel matrix 
may alter the diameter of the metal quantum clusters grown 
within the porous gel matrix. In some embodiments, increas 
ing the cross-linker concentration in the gel-forming Solution 
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4 
may induce a systematic increase in the pore size of the 
porous gel matrix and may facilitate the growth of larger 
metal quantum clusters within the matrix. The following table 
is exemplary only, it is not meant to limit the invention in any 
way. 

Resultant Resultant 
Exemplary Gel pore size cluster size 
formulation (average) (average) Resultant cluster 

53% Acrylamide 2-30 m about 10 nm to nanoparticles 
monomer; about 1 nm 
14.5% bisacrylamide 
crosslinker 
51%. Acrylamide 2-10 m <1 mm >80% 
monomer; Ag2s (glutathione)is 
7.8% bisacrylamide 
crosslinker 
(Example 1) 

Using the methods described herein, a porous gel matrix 
made using a gel-forming Solution can be made to have 
desired pore sizes, resulting in a desired quantum cluster of a 
desired size, wherein the resultant quantum clusters are Sub 
stantially all the desired quantum cluster and Substantially 
free of polydisperse plasmonic nanoparticles. Preferably the 
content of the desired metal quantum clusters is greater than 
about 80%, greater than about 90%, greater than about 95%, 
greater than about 97%, greater than about 99%, greater than 
about 99.5%, or greater than about 99.9% of all the metal 
quantum clusters formed. For example, a porous gel matrix 
comprising 51% acrylamide monomer and 7.8% bisacryla 
mide crosslinker yields a matrix comprising metal quantum 
clusters that are substantially all Ags (glutathione)s metal 
quantum clusters. Preferably the content of Ags (glutathione) 
is metal quantum clusters is greater than about 80%, greater 
than about 90%, greater than about 95%, greater than about 
97%, greater than about 99%, greater than about 99.5%, or 
greater than about 99.9% of all the metal quantum clusters 
formed. 

Monodispersity of a metal quantum cluster sample may be 
confirmed by UV-Vis spectroscopy, polyacrylamide gel elec 
trophoresis and electrospray ionisation mass spectrometry. A 
sample of monodisperse metal quantum clusters may show 
strong quantum size effects such as multiple molecule-like 
transitions in the optical absorption spectrum, whereas metal 
nanoparticles may show a dominant plasmon resonance band. 
In an embodiment, the UV-Vis spectrum of an aqueous solu 
tion of Ags (glutathione)s metal quantum clusters shows 
prominent features at about 350, 480, and 650 nm indicating 
that the clusters obtained were monodispersed. Further con 
firmation of monodispersity in a metal quantum cluster 
sample can be had via gel electrophoresis, where elution of a 
single band may indicate that only one type of cluster is 
present. In an embodiment, a sample of Ags (glutathione) 
metal quantum clusters produced a single band when Sub 
jected to polyacrylamide gel electrophoresis. Finally, a mass 
spectrum of monodisperse metal quantum clusters may be 
substantially free of all features not corresponding to the 
ionized metal quantum cluster and its multiply charged ions 
that originate from ligand deprotonation. In an embodiment, 
the electrospray ionization mass spectrum of Ags (glu 
tathione) stakenin negative ion mode showed only the parent 
peak of Ags (glutathione) at m/z 1641.1 and peaks 
from a series of multiply charge ions originating from depro 
tonation of the 18 glutathione ligands. 

In an embodiment, the porous gel matrix may encapsulate 
the metal quantum cluster precursor compound. The metal 
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quantum cluster precursor compound may be introduced to 
the porous gel matrix by adding the metal quantum cluster 
precursor compound to the gel-forming solution, by adding 
the metal quantum cluster precursor compound to the porous 
gel matrix, or by forming the metal quantum clusterprecursor 
compound within the porous gel matrix. 

Referring back to FIG. 1, a reducing agent may be added 
125 to the porous gel matrix encapsulating the metal quantum 
cluster precursor. The reducing agent may be used to form 
metal quantum clusters within the porous gel matrix through 
the reduction of the metal quantum cluster precursor com 
pound. Materials used as reducing agents are well-known to a 
person having ordinary skill in the art, and the examples 
described herein are not intended to be limiting. The reducing 
agent may be an inorganic salt. In some embodiments, the 
reducing agent may be NaBH LiAlH, nascent hydrogen, 
borane-tetrahydrofuran complex, or sodiumcyanoborohy 
dride. 
The reducing agent may be introduced to the porous gel 

matrix by adding the reducing agent to the gel-forming solu 
tion, by passive permeation of the reducing agent into the 
porous gel matrix, or by using an applied current to carry the 
reducing agent through the porous gel matrix. 

In an embodiment, formation of the preferred metal quan 
tum clusters can include lowering the reaction temperature 
between the reducing agent and the metal quantum cluster 
precursor compound. For example, the reducing agent and the 
porous gel matrix encapsulating the metal quantum cluster 
precursor compound may be cooled below room temperature 
prior to introducing the reducing agent to the porous gel 
matrix. In some embodiments, they are cooled to about 20°C. 
or below, about 15° C. or below, about 10° C. or below, about 
5°C. or below, or to about 0°C. or to a range between any two 
of these values. In particular, the reducing agent and the 
porous gel matrix encapsulating the metal quantum cluster 
precursor compound may be cooled to about 0°C. prior to 
introducing the reducing agent to the porous gel matrix. 

Following formation of the metal quantum clusters, the 
reaction may be stopped by removing excess reducing agent 
from the porous gel matrix. Solvent extraction may be used to 
remove excess reducing agent. The extraction solvent may be 
an alcohol. Such as ethanol or methanol. 

Further use of the metal quantum clusters may include 
separation or isolation of the metal quantum clusters from the 
porous gel matrix. Pulverizing the porous gel matrix may 
improve the isolation of the metal quantum clusters from the 
porous gel matrix. 

In some embodiments, solvent extraction may be used to 
extract metal quantum clusters from the porous gel matrix. 
The extraction solvent may be aqueous. For example, the 
extraction solvent may be water, water and about 20% metha 
nol, water and about 20% tetrahydrofuran, or water and about 
20% dimethylformamide. Centrifugation may be used to 
separate insoluble gel fragments from a solution containing 
metal quantum clusters. Purification of dissolved metal quan 
tum clusters may beachieved by precipitating the metal quan 
tum clusters. In an embodiment, addition of a solvent may be 
used to precipitate the metal quantum clusters from an aque 
ous solution. The precipitation solvent may be an alcohol 
Such as ethanol or methanol, or it may be an organic solvent 
Such as acetone or acetonitrile. 

In other embodiments, the porous gel matrix may be dis 
solved with a suitable solvent. The metal quantum clusters 
may dissolve with the porous gel matrix, or may remain 
insoluble. In embodiments where the metal quantum clusters 
are not dissolved along with the porous gel matrix, centrifu 
gation may be used to separate the insoluble metal quantum 
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6 
clusters from the solution. In embodiments where the metal 
quantum clusters are dissolved along with the porous gel 
matrix, selective precipitation may be used to isolate the 
metal quantum clusters. 

Removal of solvent may be used to acquire a dry powder of 
metal quantum clusters. Solvent may be removed by applying 
a vacuum, raising the temperature, decanting, or any combi 
nation thereof. For example, solvent may be removed by 
applying a vacuumatelevated temperature. The isolated yield 
of metal quantum clusters may be about 30% to about 100%, 
about 50% to about 80%, about 66%, or about 63%, based on 
the weight of the metal-containing compound. Specific 
examples of yield include about 30%, about 40%, about 50%, 
about 60%, about 70%, about 80%, about 90%, about 95%, 
about 99%, and ranges between any two of these values. In an 
ideal example, the yield is about 100% or is 100%. 
A phase-transfer reagent may be used to alter the Solubility 

properties of the metal quantum clusters. Water soluble metal 
quantum clusters may be transferred to an organic solvent by 
dissolving the metal quantum clusters in an aqueous solvent 
and adding a phase-transfer reagent dissolved in an organic 
Solvent. The mixture of metal quantum clusters and phase 
transfer reagent may be heated, stirred, or heated and stirred. 
Suitable phase-transfer reagents include but are not limited to 
quaternary ammonium cations, such as benzyltrimethylam 
monium chloride or tetraoctylammonium bromide, and phos 
phonium salts, such as tetraphenylphosphonium chloride. 
The phase-transfer reagent may be tetraoctylammonium bro 
mide. The organic solvent may be immiscible with water. For 
example, Suitable solvents include organic solvents, such as 
toluene, dichloromethane, carbontetrachloride, hexane, 
cyclohexane, pentane, and diethyl ether. 
The aqueous and organic solvents may be separated. Etha 

nol, for example, may be added to the organic layer to pre 
cipitate the phase-transferred metal quantum clusters. The 
precipitated phase-transferred metal quantum clusters may be 
washed, isolated, dried, or any combination thereof. The pre 
cipitated phase-transferred metal quantum clusters may be 
redispersible in an organic solvent. The phase-transferred 
metal quantum clusters may be more stable when compared 
to the metal quantum clusters in an aqueous solution. 

In an embodiment, a kit for making metal quantum clusters 
may be provided. The kit may comprise: a metal-containing 
compound, a capping agent, a gel-forming Solution, a reduc 
ing agent, and instructions for preparing the metal quantum 
clusters. In an embodiment, the kit may include four contain 
ers, wherein: the metal-containing compound is in the first 
container, the capping agent is in the second container, the 
gel-forming solution is in the third container, and the reducing 
agent is in the fourth container. 
The metal-containing compound provided in the kit may 

be a metal thiolate, an organometallic compound, a metal 
oxide, an inorganic salt, a coordination compound, or a com 
bination thereof. In an embodiment, the metal-containing 
compound provided in the kit may contain Mg., Zn, Fe, Cu, 
Sn, Ti, Ag, Au, Cd, Se, Si, Pt, S, Nior a combination thereof. 
For example, the metal-containing compound provided in the 
kit may be AgNO. 
The capping agent provided in the kit can comprise an 

aromatic group, a conjugated pi System, a pi bond, a nitrogen 
atom, an oxygenatom, a Sulphur atom or a phosphorus atom. 
In an embodiment, the capping agent provided in the kit may 
be an organosulfur compound. For example, the capping 
agent provided in the kit may be a thiol. In particular, the 
capping agent provided in the kit may be glutathione thiolate. 
The gel-forming Solution provided in the kit is a liquid 

comprising the materials used to form a porous gel matrix. In 
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an embodiment, the gel-forming Solution provided in the kit 
may be a polymer or a polymerizable material. For example, 
the polymerizable material provided in the kit may be acry 
lamide, bisacrylamide, piperazine di-acrylamide, diallyltar 
tardiamide, dihydroxyethylene-bis-acrylamide, bis-acrylyl- 5 
cystamine or mixtures thereof. In particular, the 
polymerizable material provided in the kit may be a mixture 
acrylamide and bisacrylamide. 
The gel-forming solution provided in the kit may use a 

change in temperature, additional reagents, or both a change 10 
in temperature and additional reagents to form a porous gel 
matrix. The additional reagents may be polymerization 
agents such as catalysts and polymerization initiators and 
may be included in the kit. In an embodiment two additional 
containers with the polymerization agents N.N.N',N'-tetram- 15 
ethyl-ethane-1,2-diamine (TMED) and ammonium persul 
fate are provided in the kit. As will be appreciated by those 
skilled in the art, the polymerization agents should be sepa 
rate from the polymerizable material until polymerization is 
desired. 2O 
The reducing agent provided in the kit may be an inorganic 

salt. For example, the reducing agent may be NaBH. 
The solubility of the metal quantum clusters made using 

the kit can optionally be changed from organic to aqueous or 
from aqueous to organic. In an embodiment, the kit will 25 
provide an additional container with a phase-transfer agent. 
The phase-transfer reagent may be tetraoctylammonium bro 
mide. 

Embodiments illustrating the method and materials used 
may be further understood by reference to the following 30 
non-limiting examples. 

EXAMPLES 

Example 1 35 

Preparation of Metal Quantum Clusters in a Porous 
Gel 

The metal quantum cluster precursor compound was 40 
formed by dissolving AgNO (47 mg, 276 mM) and glu 
tathione (GSH) (150 mg. 489 mM) in a 1 mL solution of 
NaOH (60 mg, 1.5 mM, triply distilled water) at room tem 
perature. The solution was vigorously stirred and Sonicated to 
make a uniform solution of Ag(I)thiolate. 45 
The gel-forming solution was formed by mixing acryla 

mide(T)/bisacrylamide(C) (51% T, 7.8% C) and 20 uL of 
0.1% ammonium persulfate in a 250 mL beaker. 0.7 mL of the 
metal quantum cluster precursor Solution was added and 
stirred. With the addition of 10 uL N.N.N',N'-tetramethyl- 50 
ethane-1,2-diamine (TMED), polymerization leading to the 
porous gel matrix occurred. The gel was cooled to 0°C. 

Formation of the metal quantum clusters was initiated by 
adding ice cold, aq. NaBH (0.5 M, 10 mL) on top of the 
porous gel matrix encapsulating metal quantum cluster pre- 55 
cursor. The color of the gel changed from light yellow to dark 
brown within half an hour indicating the formation of gel 
encapsulated metal quantum clusters. 

Example 2 60 

Isolation of Metal Quantum Clusters from a Porous 
Gel Matrix 

The porous gel matrix was pulverized, and the metal quan- 65 
tum clusters were extracted into water. This aqueous Solution 
of metal quantum clusters was centrifuged at 15,000 rpm to 

8 
remove traces of the porous gel matrix. Excess ethanol was 
added to precipitate the metal quantum clusters. Removal of 
solvent under reduced pressure led to a dry powder of metal 
quantum clusters. 

Example 3 

Phase Transfer of Metal Quantum Clusters 

An aqueous solution of metal quantum clusters (5 mg/mL) 
was mixed with 5 mM tetraoctylammonium bromide (TO 
ABr) in toluene and stirred vigorously for 2 minutes. Metal 
quantum clusters underwent immediate and complete phase 
transfer from the aqueous to the toluene layer. The phase 
transfer was monitored visually by color changes in the aque 
ous and toluene layers. The colorless toluene layer turned 
reddish brown and the aqueous layer, which was originally 
reddish brown, turned colorless after stirring. Ethanol was 
added to the toluene layer to precipitate the phase transferred 
metal quantum clusters. The precipitate was washed two 
times with ethanol, centrifuged and dried. This powder was 
redispersible in toluene. 

Example 4 

Determining Product Monodispersity and 
Composition 

The UV-Vis spectrum of an aqueous solution of the product 
from Example 2 shows prominent features at 330, 478, and 
640 nm, and is devoid of a plasmon resonance band. These 
multiple molecule-like transitions in the optical absorption 
spectrum are indicative of a sample containing monodisperse 
metal quantum clusters. 

Polyacrylamide gel electrophoresis gels were made with a 
1 mm thick spacer where the total contents of the acrylamide 
monomers were 28% (bis(acrylamide:acrylamide)=7:93) 
and 3% (bis(acrylamide:acrylamide)=6:94) for the separa 
tion and condensation gels, respectively. The eluting buffer 
consisted of 192 mM glycine and 25 mM tris(hydroxymethy 
lamine). The crude mixture of metal quantum clusters, as a 
reddish brown powder, obtained in the reaction from example 
2 was dissolved in 5% (v/v) glycerol-water solution (1.0 mL) 
at a concentration of 60 mg/mL. The sample solution (1.0 
mL) was loaded onto a 1 mm gel and eluted for 4 h at a 
constant voltage of 150 V to achieve separation. The metal 
quantum clusters appeared as a single band in the gel, further 
indicating that the sample was contained monodisperse metal 
quantum clusters. 

Electrospray ionization mass spectrometry was performed 
on the product from example 3 in methylene chloride. The 
spectrum taken in negative ion mode showed only the parent 
peak of Ags (glutathione)is at m/z 1641.1 and peaks 
from a series of multiply charge ions originating from depro 
tonation of the 18 glutathione ligands. The absence of other 
features and the mass correlation to the desired metal quan 
tum clusters confirms that the synthesized product is Agas 
(glutathione)s metal quantum clusters. 

Example 5 

Preparation of Nanoparticles 

Silver nitrate (AgNO, 47 mg, 276 mM) and glutathione 
(GSH) (150 mg,489 mM) will be dissolved in a 1 mL solution 
of NaOH (60 mg, 1.5 mM, triply distilled water) at room 
temperature. The solution will be vigorously stirred and soni 
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cated to make a uniform solution of Ag(I)thiolate. Formation 
of the nanoparticles will be initiated by adding ice cold, aq. 
NaBH (0.5M, 10 mL) to the solution of Ag(I)thiolate. Poly 
disperse plasmonic nanoparticles will be isolated by centrifu 
gation, removal of Supernatant, dispersion of the resulting 
pellet in water, and a second centrifugation and removal of 
Supernatant step. 

In the present disclosure, reference is made to the accom 
panying figure, which form a part hereof. The illustrative 
embodiments described in the detailed description, figure, 
and claims are not meant to be limiting. Other embodiments 
may be used, and other changes may be made, without depart 
ing from the spirit or scope of the Subject matter presented 
herein. It will be readily understood that the aspects of the 
present disclosure, as generally described herein, and illus 
trated in the figure, may be arranged. Substituted, combined, 
separated, and designed in a wide variety of different con 
figurations, all of which are explicitly contemplated herein. 
The present disclosure is not to be limited in terms of the 

particular embodiments described in this application, which 
are intended as illustrations of various aspects. Many modi 
fications and variations can be made without departing from 
its spirit and scope, as will be apparent to those skilled in the 
art. Functionally equivalent methods and apparatuses within 
the scope of the disclosure, in addition to those enumerated 
herein, will be apparent to those skilled in the art from the 
foregoing descriptions. Such modifications and variations are 
intended to fall within the scope of the appended claims. The 
present disclosure is to be limited only by the terms of the 
appended claims, along with the full scope of equivalents to 
which such claims are entitled. It is to be understood that this 
disclosure is not limited to particular methods, reagents, com 
pounds, compositions or biological systems, which can, of 
course, vary. It is also to be understood that the terminology 
used herein is for the purpose of describing particular 
embodiments only, and is not intended to be limiting. 

With respect to the use of substantially any plural and/or 
singular terms herein, those having skill in the art can trans 
late from the plural to the singular and/or from the singular to 
the plural as is appropriate to the context and/or application. 
The various singular/plural permutations may be expressly 
set forth herein for sake of clarity. 

It will be understood by those within the art that, in general, 
terms used herein, and especially in the appended claims 
(e.g., bodies of the appended claims) are generally intended 
as “open’ terms (e.g., the term “including should be inter 
preted as “including but not limited to the term “having 
should be interpreted as “having at least, the term “includes’ 
should be interpreted as “includes but is not limited to, etc.). 
It will be further understood by those within the art that if a 
specific number of an introduced claim recitation is intended, 
such an intent will be explicitly recited in the claim, and in the 
absence of Such recitation no such intent is present. For 
example, as an aid to understanding, the following appended 
claims may contain usage of the introductory phrases “at least 
one' and “one or more' to introduce claim recitations. How 
ever, the use of such phrases should not be construed to imply 
that the introduction of a claim recitation by the indefinite 
articles 'a' or “an limits any particular claim containing 
Such introduced claim recitation to embodiments containing 
only one Such recitation, even when the same claim includes 
the introductory phrases “one or more' or “at least one' and 
indefinite articles such as “a” or “an” (e.g., “a” and/or “an 
should be interpreted to mean “at least one or “one or 
more'); the same holds true for the use of definite articles 
used to introduce claim recitations. In addition, even if a 
specific number of an introduced claim recitation is explicitly 
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recited, those skilled in the art will recognize that such reci 
tation should be interpreted to mean at least the recited num 
ber (e.g., the bare recitation of “two recitations, without 
other modifiers, means at least two recitations, or two or more 
recitations). Furthermore, in those instances where a conven 
tion analogous to “at least one of A, B, and C, etc. is used, in 
general Such a construction is intended in the sense one hav 
ing skill in the art would understand the convention (e.g., “a 
system having at least one of A, B, and C would include but 
not be limited to systems that have A alone, B alone, C alone, 
A and B together, A and C together, B and C together, and/or 
A, B, and C together, etc.). It will be further understood by 
those within the art that virtually any disjunctive word and/or 
phrase presenting two or more alternative terms, whether in 
the description, claims, or figure, should be understood to 
contemplate the possibilities of including one of the terms, 
either of the terms, or both terms. For example, the phrase “A 
or B will be understood to include the possibilities of “A” or 
B Or A and B. 
In addition, where features or aspects of the disclosure are 

described in terms of Markush groups, those skilled in the art 
will recognize that the disclosure is also thereby described in 
terms of any individual member or subgroup of members of 
the Markush group. 
As will be understood by one skilled in the art, for any and 

all purposes, such as in terms of providing a written descrip 
tion, all ranges disclosed herein also encompass any and all 
possible Subranges and combinations of Subranges thereof. 
Any listed range can be easily recognized as Sufficiently 
describing and enabling the same range being broken down 
into at least equal halves, thirds, quarters, fifths, tenths, etc. As 
a non-limiting example, each range discussed herein can be 
readily broken down into a lower third, middle third and 
upper third, etc. As will also be understood by one skilled in 
the art all language such as “up to.” “at least, and the like 
include the number recited and refer to ranges which can be 
Subsequently broken down into Subranges as discussed 
above. Finally, as will be understood by one skilled in the art, 
a range includes each individual member. Thus, for example, 
a group having 1-3 Substituents refers to groups having 1, 2, 
or 3 Substituents. Similarly, a group having 1-5 substituents 
refers to groups having 1, 2, 3, 4, or 5 substituents, and so 
forth. 

What is claimed is: 
1. A method of making metal quantum clusters, the method 

comprising: 
mixing at least one metal quantum cluster precursor com 

pound with at least one polymerizable material to form a 
mixture; 

combining the mixture with at least one polymerization 
agent to form the porous gel matrix which encapsulates 
the metal quantum cluster precursor compound; and 

growing metal quantum clusters within a porous gel 
matrix, 

wherein the forming of the porous gel matrix and the growing 
of the metal quantum clusters is a single-step. 

2. The method of claim 1, wherein the at least one metal 
quantum cluster precursor compound is prepared by reacting 
a metal-containing compound with a capping agent to yield 
the metal quantum cluster precursor compound. 

3. The method of claim 2, wherein the mixing at least one 
metal-containing compound comprises mixing at least metal 
containing compound selected from the group consisting of 
metal thiolates, organometallic compounds, metal oxides, 
inorganic salts, coordination compounds, and combinations 
thereof. 
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4. The method of claim 2, wherein the mixing at least one 
metal-containing compound comprises mixing at least one 
metal containing compound selected from the group consist 
ing of: Mg., Zn, Fe, Cu, Sn, Ti, Ag, Au, Cd, Se, Si, Pt, S, Nior 
combinations thereof. 

5. The method of claim 2, wherein reacting the at least one 
metal containing compound with a capping, comprises react 
ing the metal containing compound an aromatic group, a 
conjugated pi System, a pi bond, a nitrogen atom, an oxygen 
atom, a Sulphur atom, a phosphorus atom, an aromatic thiol, 
an aliphatic thiol, or combinations thereof. 

6. The method of claim 2, wherein reacting the at least one 
metal containing compound with a capping agent, comprise 
reacting the metal containing compound with an organosulfur 
compound. 

7. The method of claim 2, wherein the reacting at least one 
metal containing compound with a capping agent yields a 
metal precursor that is a metal thiolate. 

8. The method of claim 1, wherein mixing the at least one 
metal quantum cluster precursor compound with at least one 
polmerizable material, comprises mixing the at least one 
metal quantum clusterprecursor compound with acrylamide, 
bisacrylamide, piperazine di-acrylamide, diallyltartardia 
mide, dihydroxyethylene-bis-acrylamide, bis-acrylylcysta 
mine or mixtures thereof. 
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9. The method of claim 1, further comprising mixing the 

porous gel matrix with a reducing agent to reduce the metal 
quantum cluster precursor compound to the metal quantum 
cluster. 

10. The method of claim 9, wherein mixing the porous gel 
matrix with a reducing agent, comprises mixing the porous 
gel matrix with an inorganic salt. 

11. The method of claim 1, wherein the average diameter of 
the metal quantum clusters is Smaller than about 5um. 

12. The method of claim 1, wherein the average diameter of 
the metal quantum clusters is about 100 nm to about 0.5 nm. 

13. The method of claim 1, wherein the diameter of the 
metal quantum clusters is monodisperse. 

14. The method of claim 1, further comprising isolating the 
metal quantum clusters from the porous gel matrix. 

15. The method of claim 14, further comprising purifying 
the metal quantum clusters. 

16. The method of claim 14, further comprising precipitat 
ing the metal quantum clusters by addition of a solvent after 
the isolating step. 

17. The method of claim 1, further comprising: 
dissolving the metal quantum clusters in water, and 
adding a phase-transfer reagent dissolved in an organic 

Solvent, whereby the metal quantum clusters are trans 
ferred to the organic phase. 

k k k k k 


