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STABLE OXIDE ENCAPSULATED METAL CLUSTERS AND NANOPARTICLES

Technical field of invention

The present invention relates to stable, non-agglomerated ultra- small metal/alloy clusters
encapsulated in silica with the metal/alloy cluster size of less than 5 nm. The metal clusters have
unique optical properties and show utilization in bio-imaging applications. The invention further
relates to a simple, cost effective process for the preparation of metal/alloy clusters encapsulated

in silica which is thermally stable and without agglomeration.
Background and prior art:

Ultra small metal clusters of sizes ranging from sub nanometer to ~ 2 nm are unique in the
manifestation of their optical, magnetic and electronic properties: when compared to
nanoparticles of bigger sizes. Improved methods of synthesis, purification and characterization

of such metal clusters are the subject matter of various research projects and publications.

* However, currently widespread exploitation of these materials is traught with limitations due to

the éifﬁculty in manipulation of cluster colloidal solutions with their inherent instability,
chemical reactivity and tendency for agglomeration. Hence, more stable water dispersible
clusters and the ability to modify and functionalize them are highly desirable for their potential

use in various applications.

Coating with inert oxides like silica has been developed in the recent past as a means to enhance

“surface interactions, biocompatibility and stability in case of biggér faceted nanoparticles.

Various classical methods like Stober method, use of silane coupling agents and recently,

v microemulsion methods are employed to achieve core shell architectures of type Au@SiO2 in

such cases.

A review article titled ‘ZQuantum sized, thiolate-protécted gold nanoclusters” by Rongchao Jin et.-
al in Nanoscale, 2010, 2, 343-362 summarizes various advances made in the synthesis of

achieving ultra- small gold nanoparticles. The review article focuses primarily on a special type
1
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of ultra-small gold nanoparticles (<2 nm core diameter) protected by thiolate ligands. The review
article further disclose the use of strong ligands such as thiols to stabilize the clusters with a
thiol:Au ratio of 3:1. It further states the functionalization of nano clusters with ligands to

prevent aggregation/agglomeration.

A review article ‘Recent Progress on Silica Coating of Nanoparticles and Related Nanomaterials’
by Andre’s Guerrero-Martinez et.al in Adv. Mater. 2010, 22, 1182 1195 review the processes
for silica coating of colloidal nanoparticles. Various wet chemical approaches are discussed for
the synthesis of both spherical and anisometric nanoparticles and nanocomposites, using
polymers and surfactants as the ‘‘shape-inducing’’ agent. The article further disclose the se of
CTAB for preparation of periodic, mesoporous organosilica hollow spheres with tunable wall
thickness and states that surface modification with stabilizers greatly assists the transfer of
ﬁanoparticles from water into various solvents (sueh as ethanol); where silica coating can be

achieved through controlled hydrolysis and condensation of TEOS.

However, the processes described in the art has not been successfully transferred to
encapsulating gold clusters in silica. This may be due to inherent problems of stability of clusters
under coating conditions usually employed. Hence the prospect of synthesizing stable clusters
under reaction conditions and encapsulatlng them in a sufficiently space separated manner has

been an area unaddressed in the art.

In utilizing noble metal nanoparticles (NPs)' for catalysis, the most adverse effect occurs via loss
of activity due to agglorﬁeration and subsequent variations in surface properties. Moreover, :
presence of surface functionalization restricts the widespread use of such materials in catalysis
under harsh conditions. To exploit the excellent properties of nanoparticles for a wide range of
reaction conditions, it is imperative to protect them from agglomeration at the same time keeping
the surface properties intact and surface sites accessible to reactant molecules. This is to an
extent achieved in supported catalysts but the propensity of noble metals for sintering as well as
leaching of active metal sites plague these systems also. However, recently nanoparticles.
encapsulated in porous oxides have attracted attention for their potential to address these issues.

Even though coating of nanoparticles with oxides, especially silica is a well advanced field of
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research, frequently used to stabilise the nanoparticles, such a material will not be conducive for
catalytic processes. The main drawback is a complete encapsulation of the nanoparticles (NPs)
by dense oxide layers denying reactant molecules access to the active surface sites. Thus a

simple method using the silica encapsulated clusters as precursors are explored.

Objective of the invention

\

The main object of the invention to provide a stable, non-agglomerated ultra small metal/alloy
clusters encapsulated in the inert oxide such as silica. The ultra -small metal/alloy clusters of the
invention is stabilized in water, has less than 100atoms and the cluster size less than Snm. The
ultra -small metal/alloy clusters of the invention can be used as catalyst, display unique optical

properties and show utilization in bio-imaging applications.

The other object of the invention is to provide a facile process for the synthesis of non-

agglomerated ultra small metal/alloy clusters encapsulated in the inert oxide such as silica.
Summary of the invention

Accordingly, the present invention provides 'Stablé, non- agglomerafed ultra-small metél/alloy
clusters having less than 100 atoms encapsulated in.silica wherein th\e non- agglomerated
metal/alloy cluster has size less than 5 nm useful as catalyst. ’ »

In an embodiment of the present invention the ultra -small clustefs are encapsulated iﬁ mono
disperse silica particles ot 20-30nm diameter.

In another embodiment of the present invention ultra- small metal/alloy clusters is selected from
gold, silver, platinum, palladium eitﬁer alone or in combination thereof.

[n another embodiment of the present invention the ultra -small metal/alloy cluster is stabilized
in water medium.

In another embodiment of the present invention ultra-small Au clusters with less than 100 atoms

of Au and size less than Snm encapsulated in silica.
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In another embodiment of the preserit invention a process for synthesis of stable, non-
agglomerated ultra- small clusters of metals/alloy encapsulated in moho-disperse silica particles
comprising; |
a) obtaining metal/alloy-thiolate clusters of less than 2 nm by modified Brust
method using 3:1 ratio of metal/alloy:thiol in 1:1 mixture of methanol and
water, using thiolate ligand N, N, N - Tripropyl (11 - mercaptoundecyl)
ammonium Chloride and | '
b) encapsulating witﬁ silica by one step hydrolysis using tetraethyl orthosilicate
(TEOS) in ethanol-water mixture- to obtain monodisperse silica spheres
eﬁcapsulating the metal/alloy-thiolate clusters of less than 2 nm.
In another embodiment of the present invéntion the nano clusters are encapsulated in
mono disperse silica particles of 20-30nm diameter.
In another embodiment of the present invention further cbmprising calcining the
monodisperse silica particles encapsulating the metal/alloy-thiolate clusters under a flow
of air at 350°C, to obtain stable metal clusters with nanoparticle size of ~5nm.
In another embodiment of the present invéntion mono-disperse silica particles are a
" - composite. |
In another embodiment of the present invention The stable, non-agglomerated ultra-
- small clusters of metals/alloy encapsulated in mono-disperse silica particles of claims 6,
wherein said stable, non-agglomerated ultra- small clusters of metals/alloy encapsulated
in mono-disperse silica particles display unique optical properties and show utilization in

bio-imaging applications.
Brief Description of the drawings:

Fig. 1. HRTEM image of the cluster solution
Fig. 2 a- UV ,2 b- Flourescence emission spectra.
'v Fig. 3 - Au clusters encapsulated inside silica spheres
Fig. 4a-UV, 4b-tlouresence emission spectra after silica coating indicatihg that the optical
properties are intact. .

Fig. 5. Fluorescence imaging of pristine as well as silica coated clusters
4
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Fig. 6. TEM of the calcined cluster with ?orous silica coating

Fig. 7. TEM of Pd@SiO2 after calcinations at (a) 350 °Cv (b) 500 °C and (c) 750 °C.

Fig. 8. The Linear calibration plot between the absorbance at 650 nm and concentration of
H202. |

Fig 9. The Linear calibration plot between the absorbance at 650 nm and concentration of

glucose.

Detailed description of invention:

The invention will now be described in detail in connection with certain preferred and optional
embodiments, so that various aspects thereof may be more fully understood and appreciated and

briefly described as follows.

The present invention relates to stable ultra-small metal/alloy clusters, stabilized in water
medium, encapsulated in silica where metal/alloy cluster has less than 100 atoms of metal/alloy

and cluster size of less than 5 nm.

-The composite comprises a hydrophobic ligand, the metal/alloy cluster, SiO2. The ultra- small

metal/alloy clusters have less than 100 atoms of the metal/ alloy with size of <5Snm and is stable
up to 5505C. ‘The novel hydrophobic ligand, in an embodiment, is selected from N,N,N-
Tripropyl(11-mercaptoundecyl)ammonium chloride and is prepared by a procéss known in the
art. The novel thiolate ligaﬁd enables for cluster stabilization in aqueous medium and also for

making the clusters more amenable to silicate precursor assembly and condensation.

In another embodiment, the present invention provides a facile synthesis of water dispersible
ultra- small clusters of metals/alloys and their successful encapsulation in mono-disperse silica

particles of 20-30 nm diameter.

Encapsulation in porous silica allow diffusion of reactant molecules so that agglomeration and
deactivation can be prevented, at the same time keeping the catalytically activity of the clusters

intact.
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In an embodiment, encapsulation with silica of metals/alloys —thiolate ligahd nano- clusters
involves a simple one step hydrolysis comprising mixing the metal/alloy-thiolate nano-cluster,
with water and ethanol mixture in presence of a base followed by addition of tetraethyl
orthosilicate'(TEOS) and stirring the mixture at room temperature for two days; wherein the
thiolate ligand used is N, N, N - Tripropyl (11 — mercaptoundecyl) ammonium Chloride to

obtain nano clusters of less than 5nm.

The metal/alloy- thiolate clusters is obtained by modified Brust method using 3:1 ratio of
metal/alloy:thiol in 1:1 mixture of methanol and water, using novel thiolate ligand N, N, N —

Tripropyl (11 — mercaptoundecyl) ammonium Chloride.

The process for synthesis of stable, non-agglomerated ultra- small clusters of metals/alloy‘;

encapsulated in mono-disperse silica particles is as follows:

1. obtaining Au thiolate clusters by modified Brust method using 3:1 ratio of Au:thiol in 1:1
mixture of methanol and water, using thiolate ligand N, N, N - Tripfopyl a1 -

meréaptound_ecyl) ammonium Chloride;

2: encapsulating with silica by simple one step hydrolysis using tetraethyl orthosilicate (TEOS)

in ethanol-water mixture to obtain monodisperse silica spheres encapsulating the metal clusters;

3. calcining the above monodisperse silica spheres encapsulating the metal clusters under a flow

of air at.350°C, to obtain stable metal clusters with nanoparticle size of ~5nm.

According tb Step 1 of the process, to the metal precursor solution dissolved in a polar aprotic
solvent is added N, N, N — Tripropyl (11 — mercaptoundecyl) ammonium Chloride in methanol
and the mixture is stirred for 30 min. Fﬁrther, NaBH4 solution (1.57 M) in lower alcohol is
added and stirring is continued for 45 minutes more. All the steps of reaction are carried out at
0°C. Water is added to gold nanoparticles solution. The solvent is removed by rotavapour. Gold

nanocluster in water solution is further purified by dialysis.

The resulting yellow solﬁtion of metal or its alloy-thiolate clusters thus obtained by a modified

Brust method are characterised by HRTEM and IR, UV-vis and fluorescence spectroscopy.

6
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Acéording to step 2 and 3 of the present invention, the metal/alloy nano cluster solution is mixed
with a water —ethanol | mixture. Sodium hydroxide solution is added to the mixture followed by
addition of tetraethyl orthosilicate (98 wt% Aldrich). The mixttire is stirred at room temperature
for two days. Silica encapsulated metal/alloy nanocluster is separated from the reaction medium
by centrifuging at 14000 rpm and dispersed into ethanol. Silica-encapsulated metal/alloy cluster

solution is dried at 100°C and calcined at 250°C under air at a ramp rate of 1° min".

The polar aprotic solvent is selected from acetonitrile, ethyl acetate, acetone, THF etc. The

metals are selected from gold, silver, platinum, palladium either alone or a combination thereof.

The process of the invention leads to metal/alloy clusters with optical properties being retained

intact after silica coating.

In a preferred embodiment, the present invention relates to stable, non —agglomerated ultra-small
gold clusters, stabilized in water medium, encapsulated in silica where the non- agglomerated
form of the gold cluster is less than 5 nm and to the process of preparation by a method described

herein above.

Accordingly, the Au- thiolate clusters is .obtéined by a modified Brust method by using 3:1 ratio
of Au:thiol in a 1:1 mixture of methanol and water. The resulting yellow solution is characterized
by HRTEM and IR, UV-vis and fluorescence spectroscopy. HRTEM showed fine particles of a

narrow distribution with an average size of 1.2 nm (Fig. 1). -

This cluster solution is encapsulated with silica using a simple hydrolysis method (modified

Stober method) in ethanol-water mixture. HRTEM analysis showed the presence of
monodisperse 20-30 nm silica spheres encapsulating the clusters within each. The clusters appear

to be intact and separated in space within the silica sphere and not agglomerated (Fig.2)

 SEM-EDAX analysis showed (Figv.3) the presence of Au in silica evidencing encapsulation. An

EDAX analj}sis with depth profiling using Focused ion beam milling showed that there is a slight

increase in concentration after etching. UV-Vis spectrum of the coated clusters did not show any

,change trom the naked clusters. Fluorescence emission also was found to be intact after silica

7
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coating Fig. 4a-UV and Fig 4b-flouresence emission spectra after silica coating indicating that

the optical properties are intact.

Fluorescence images (Fig. 5) of both clusters and encapsulated clusters show their utility in

bioimaging applications.

Since the number of clusters in one silica sphere is controlled, these Au@SiO2 materials can be

used to synthesize size controlled cluster nanoparticles.

In another embodiment of the invention, controlled calcination under a flow of air at 350°C, the

‘particle size of the metal is almost uniform at ~ Sam. Surprisingly, the silica coating became

poroﬁs as shown by TEM (Fig.6).

In yet another embodiment, the present invention relates to Ag, Pd and Pt clusters encapsulated

in silica and to the process of preparation thereof.

» Further controlled calcinations led to clusters encapsulated in porous silica. Thermal stability of

the encapsulated clusters is found to be exceptionally good even at 750 °C in case of Pd.

In another embodiment, a mixture of clusters like Au and Pd are used for encapsulation with

silica and later calcination led to the formation of Au-Pd alloy nanoparticles.

The invention providesb'stable, non-agglomertaed ultra-small metal clusters, stabilized in water

medium, encapsulated in silica where the non- agglomerated form of the metal/alloy cluster is

less than 5 nm.

In another aspect, the present invention disclose facile synthesis of water dispersible ultra- small
clusters of metals and their successful encapsulation in mono-disperse silica particles of 20-30

nm diameter.

Encapsulation in porous silica allow diffusion of reactant molecules so that agglomeration and
deactivation can be prevented, at the same time keeping the catalytically activity of the clusters

intact.
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In an aspect, the invention uses a novel thiolate ligand for cluster stabilization in aqueous
medium and for making the clusters more amenable to silicate precursor assembly and
condensation usihg hydrophobic ligand'N, N, N — Tripropyl (11 — mercaptoundecyl) ammonium

Chloride.

In an embodirhent, the present invention provides' encapsulation with silica of metals/alloys —
thiolate. ligand ﬂano- clusters involving a simple one step hydrolysis, comprising rﬁixing the
metal/alloy-thiolate nano-cluster, with water and ethanol mixture in presence of a base followed
by addition of tetraethyl orthosilicate (TEOS) and stirring the mixture at room temperature for
two days; wherein the thiolate ligand used is N, N, N ~ Tripropyl (11 — mercaptoundecyl)

ammonium Chloride to obtain nano clusters of less than Snm,

The metal cluster —composite thus obtained using SiO2 is porous, thermally stable and devoid of

agglomeration.

The metal/alloy- thiolate clusters is obtained by modified Brust method using 3:1 ratio of
metal/alloy:thiol in 1:1 mixture of methanol and water, using novel thiolate ligand N, N, N —

Tripropyl (11 — mercaptoundecyl) ammonium Chloride.

The clusters as well as encapsﬁlated systems have unique optical properties and exhibits

utilization in bioimaging applications.

The invention is described with reference to preferred embodiments and examples. These
examples are indicative of the invention, and should not be construed to narrow down the scope

of the invention.

Examples

Example 1: Synthesis of thiol ligand

Synthesis of N,NV,N-Tripropyl(1 I-mercaptoundecyl)ammonium Chloride ‘

I'1-bromo-1-undecene (5.4 g, 21 mmol) was added to a tripropylamine solution in ethanol (10.2

g, 58 mmol) and stirred for two days under reflux condition at 80 ° C. The solvent was reduced in

9
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vacuo resulting in the brpmide salt (S). It was purified by washing (3 times) with hexane (100
m!) under sonication (yield: 93%). 1H NMR (CDCl;, 400 MHz): 5.73-5.83 (m, 1 H, CH=CH,),
4.86-4.96 (m, 2 H, CH=CH,), 3.31-3.37 (m, 6 H, CH;CHZCH2N+), 297-3.03 (m, 2 H, -
CH,CH,N"), 1.96-2.03 (g, 7 Hz, 2 H, CH,-CH=CH,), 1.62-1.91 (m, 6 H, CH;CH,CH;N"), 1.19-
1.43 (m, 12 H, CH,), 1.03 (t, 7 Hz, 9 H, CH;CH,CH,N").

To a solution of (S) (19.0 mmdltyiii 131 mixture of toluene:ethanol Azobisisobutyronitrile
(AIBN) (10.0 mmol) and thioacetic acid (80 mmol) were added. The reaction was stirred under
reflux for 4 h. The solvents were reduced in vacuo resulting in thioester (G). It was purified by

washing (3 times) with a 9:1 mixture of hexane : ethylacetate (100 ml) under sonication.

G was stirred with concentrated hydrochloric acid (2 ml) in methanol (40 ml) under reflux for 12
h. The solvent was then reduced in vacua resﬁlﬁng in thiol F. It was purified by washing (3
times) with a 9:1 mixture of hexane : ethylactate (100 ml) under sonication (yield 75 %). |H
NMR (CDCl;, 400 MHz): 3.34-3.39 (m, 6 H, CH,CH,N"), 2.90-3.01 (m, 2 H, --CH,CH,N"),
2.51-255 (q, 2 H, HS-CH;-), 1.58-1.91 (m, 6 H, CH;CH,CH,N"), 1.20-1.39 (m, 16 H, -CH>),
1.07 (t, 7 Hz, 9 H, CH;CH,CH,N"), .089-1.03 (m, 2 H, --CHZCHoN) IR : 3391, 3141, 2972,
2924, 2857 2632, 2064, 1624, 1467, 1400, 966, 845, 757 560 cm™

Example 2: Synthesis of thiol stabilized Gold nanocluster

8.5 ml HAIuC14'solution (10 mmol) in acetonitrile was mixed with 20 ml of acetonitrile. 0.593 g
ot thiol in 2 ml of methanol was added to this mixture. The mixture was stirred for 30 min. 100
ul NaBH; solution (1.57 M) in methanol was added and stirring was continued for 45 minutes
more. All the steps of reaction were carried out at O°C.V3O ml water was added with gold
nanoparticles solution. Acetonitrile was' removed by rotavapour. Gold nanocluster in water.
solution’ was purified by dialysis. UV-visible spectra for gold nanocluster has showed

characteristic exponential decay curve. Ratio of thiol to gold (S/Au) was taken 18.

Example 3: Synthesis of silica encapsulated gold nanocluster
' 10
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The gold cluster solution was encapsulated with silica using a simple hydrolysis method

(modified stober method) in ethanol-water mixture. SO0 ul Gold nanocluster solution was mixed

with water (2 ml) —ethanol (8 ml) mixture. 30 pl sodium hydroxide solution (0.1 M) was added
to the mixture. 0.05 mmol tetraethyl orthosilicate (98 wt% Aldrich) was added and the mixture
was stirred at room temperature two days. Silica encapsulated gold nanocluster was separated

from the reaction medium by centrifuging at 14000 rpm and dispersed into ethanol.

Example 4: Synthesis of porous silica encapsulated Au cluster
Silica-encapsulated gold cluster solution was dried at 100 ° C and calcined at 250 ° C under air at

- .-l
a ramp rate of 1° min™.

Example 5: Synthesis of Ag cluster

38.5 ml AgNO; solution (2.2 mM) in water was mixed with 0.148 g ot thiol and further 450 ul
NaBH, solution (1.57 M) in methanol was added immediately. Stirring was continued for 60
minutes more. All the steps of reaction were carried out at ice-cooled conditions. Aqueoué
solution of silver nanocluster was purified by dialysis using cellulose membrane (Aldrich, pore

size 12 kDa).

Example 6: Synthesis of Pt cluster

32.2 ml H,PtClg solution (3.15 mM) in water was mixed with 0.148 g of thiol. The mixture was
stirred for 30 min. 450 ul NaBHy solution (1.57 M) in methanol was added fo this mixture and
stirring was continued for 60 minutes more. All the steps of reaction were carried out at ice-
cooled conditions. Aqueous solution of platinium nanocluster was purified by dialysis using
cellulose membrane (Aldrich, pore size 12 kDa).

Example 7: Synthesis of Pd cluster

32.8 ml K,PdCl, solution (2.56 mM) in water was mixed with 0.148 g of thiol. The mixture was

st_irred tor 30 min. 450 ul NaBH, solution (1.57 M) in methanol was added to this mixture and
‘ 11
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stirring was continued for 60 minutes more. All the steps of reaction were carried out at ice-

cooled conditions. Aqueous solution of palladium nanocluster was purified by dialysis using

cellulose membrane (Aldrich, pore size 12 kDa).

Example 8: Synthesis of silica-enéapsulated Ag nanocluster

The silver cluster solution was encapsuléted with silica using a simple Hydrolysis- method
(modified stober method) in ethanol-water mixture. 500 ul silver nanocluster solution was mixed
with Water (2 ml) —ethanol (8 ml) mixture. 45 pl sodiumhydroxide solution (0.1 M) was added to
the mixture. 0.07 mmol tetraethyl orthosilicate (98 wt% Aldrich) was added and the mixture wasv
stirred at room temperature for two days. Silica encapsulated silver nanocluster was separated

trom the reaction medium by centrifuging at 14000 rpm and dispersed into ethdnol.

Example 9: Synthesis of silica-encapsulated Pt‘nanoc‘luster

The platinium cluster solution was vencapsulated with silica using a simple hydrolysis method
(rﬁoci/itied stober fnethod) in ethanol-water mixture. 10 ml platintum nanocluster solution was
mixed with water (40 ml) —ethanol (160 ml) mixture. 0.9 ml sodiumhydroxide solution (0.1 M)
was added to th.e mixture. 1.35 mmol tetraethyl orthosilicate (98 wt% Aldrich) was added and
the mixture was stirred at foom temperature for two days. Silica encapsulated platinium
nanocluster was separated from the reaction medium by centrifuging at 14000 rpm and dispersed

into ethanol.

Example 10: Synthesis of silica-encapsulated Pd nanocluster

The palladium cluster solution was encapsulated with silica using a simple hydrolysis method
(modified stober method) in ethanol-water mixture. 10 mi palladium nanocluster solution was
mixed with water (40 ml) —ethan(;i (160 ml) mixture. 0.9 ml sodiumhydroxide solution (0.1 M)
was added to the mixture. 1.35 mmol tetraethyl orthosilicate (98 wt% Aldrich) was added and
the mixture was stirred at room temperature for two days. Silica encapsulated palladium
nanocluster was separated from the reaction medium by centriﬁ.lging‘at 14000 rpm and dispersed

into ethanol.

12
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Example 11: Synthesis of porous silica encapsulated Ag cluster '

Silica-encapsulated silver cluster solution was dried at 100 °'C and calcined at 350 ° C under air

at a ramp rate of 1° min™",

Example 12: Synthesis of pofous silica encapsulated Pt cluster

Silica-encapsulated platinium cluster solution was dried at 100 ° C and calcined at 350 ° C under

air at a ramp rate of 1° min™!

"Example 13: Synthesis of porous silica encapsulated Pd cluster

Silica-encapsulated palladium cluster solution was dried at 100 ° C and calcined at 350 ° C under

air at a ramp rate of 1° min™.

“Example 14: Synthesis silica encapsulated Au-Pd alloy cluster

Gold and palfadium clusters were encapsulated with silica using a simple hydrolysis method
(moditied stober method) in ethanol-water mixture. 250 ul gold and 250 pl palladium
nanocluster solutions were mixed with water (2 ml) —ethanol (8 ml) mixture. 45 pl
sodiumhydroxide solution (0.1 M) was added to the mixture. 0.07 mmol tetraethyl orthosilicate
(98 wt% Aldfich) was added and the miXture was stirred at room temperature for two days.
Silica encapsulated Au-Pd nanocluster was separated from the reaction medium by centrifuging

at 14000 rpm and dispersed into ethanol.

Example 15: Synthesis of porous silica encapsulated Au-Pd alloy cluster

. Silica-encapsulated Au-Pd cluster solution was dried at 100 °C énd calcined at 350 ° C under air

at a ramp rate of 1° min™.

" Example 16: Catalytic activity of Porous Silica encapsulated Au.nanoparticle

H202 and Glucose detection using Au nano-reactors in porous silica

To show the peroxidase like activity of the Au nanoreactors, catalytic oxidation of the TMB

(3,3°,5,5’-Tetramethylbenzidine) was done in presence of H,Os. In a typical experiment 294 pL
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of 9.41 x 10 4 M TMB, 35 uL of stock catalyst solution, 350 pL with ditferent concentrationé
and 16 uL 160 mM phosphate buffer of pH 7.0 were added and incubated in a 40°C water bath
for 10 minutes. Then the resulﬁng solution was used for absorbance measurement at 650 nm
using Perkin-Elmer —\35 spectrophotometer. | |

In case of glucose detection 20 pL of 2.0 mg/mL Glucose Oxidase and 350 pL glucose with
different concentrations and 16 uL 160 mM phosphate buffer 7.0 were incubated at 40°C water
bath for S0 minutes. Then 315puL ot 9.41 x 104 M TMB, 35 pL of stock catalyst solution were
added into the above mentioned solution and further the mixed solution was ihcubated in 40°C
water bath for 10 minutes. Resultihg solution was used for absorption spectroscopy

measurement.

~ The Linear calibration plot between the absorbance at 650 nm and concentration of H202 is

shown in fig 8. The insert shows the dependence of the absorbance at 650 nm on the
concentration of H202 in the range 10 uM to I mM. |
The Linear calibration plot between the absorbance at 650 nm and concentration of glucose is
shown in fig 9. The insert shows the dependence of the .absorbance at 650 nm on the
concentration of glucose in the range 10 uM to 10 mM.
Example 17: Catalytic activity of Porous Silica enc>apsulated Pd nanoparticle:
Hydrogenation of trans-Stilbene. |
Trans-Stilbene (180 mg, 1 mmol) and the catalyst (10.3 mg, 0.2 mol % Pd) were mixed in THF
(9 ml). The mixture was stirred for 2 h at 25 o C under a H2 ballon. 1,2-diphenylethane was
formed with 100 % -conversion of trans-Stilbene. Product was determined by gas
chromatography.
Advantages of the invention:

1. Highly thermally stable nano clusters

2. The outer silica shell is porous )

3. The porosity enables the clusters to be excellent catalysts
4. Optical properties intact after silica encapélulation
5

The clusters are useful in biological applications

14



10

15

20

.25

WO 2012/140675 PCT/IN2012/000260

We claim

. Stable, non- agglomerated ultra-small metal/alloy clusters having less than 100

atoms encapsulated in silica wherein the non- agglomerated rhetal/alloy cluster
has size less than 5 nm useful as catalyst.

The stable, non- agglomerated ultra-smail metal/ailoy clusters according to claim
1, wherein the ultra -small clusters are encapsulated in mono disperse silica

particles of 20-30nm diameter. -

. The stable, non- agglomerated ultra-small metal/élloy clusters according to

claim 1, wherein ultra- small metal/alloy clusters is selected from gold, silver,

platinum, palladium either alone or in combination thereof.

. The stable, non- agglomerated ultra-small metal/alloy clusters according to

claim 1, wherein the ultra -small metal/alloy cluster is stabilized in water medium.

. The stable, non- agglomerated ultra-small metal/alloy clusters according to

claim 1, is ultra-small Au clusters with less than 100 atoms of Au and size less

than Snm encapsulated in silica.

. A process for synthesis of stable, non-agglomerated ultra- small clusters of

metals/alloy encapsulated in mono-disperse silica particles comprising;

a. obtaining metal/allo.y-thiolate clusters of less than 2 nm by modified
Brust method ﬁsing 3:1 ratio of metal/a‘lloyfthiol in 1:1 mixture of
methanol and water, using thiolate ligand N, N, N — Tripropyl (1 -
mercaptoundecyl) ammonium Chloride and

b. encapsulating with silica by one step hydrolysis using tetraethyl
orthosilicate (TEOS) in ethanol-wﬁter mixture td obtain monodisperse
silica spheres encapsulating the metal/alloy-thiolate clusters of less

than 2 nm.

7. The process for the encapsulation according to claim 6, wherein the nano clusters

are encapsulated in mono disperse silica particles of 20-30nm diameter.
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8.

10.

The process of claim 6 further comprising calcining the monodisperse silica
particles encapsulating the metal/alloy-thiolate clusters under a flow of air at
350°C, to obtain stable metal clusters with nanoparticle size of ~5nm.

The stable, non-agélomerated ultra- small clusters of metals/alloy encapsulated in
mono-disperse silica particles of claims 6, wherein said stable, non-agglomerated
ultra- small clusters of metals/alloy encapsulated in mono-disperse silica particles
are a composite. ,

The stable, non-agglomerated ultr.a- small clusters of metals/alloy encapsulated in
mono-disperse silica particles of claims 6, wherein said stable, non-agglomerated
ultra- small clusters of metals/alloy encapsulated in mono-disperse silica particles

display unique optical properties and show utilization in bio-imaging applications.
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