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SYNTHESIS OF METAL AND METAL OXIDE 
NANOPARTICLE-EMBEDDED SILOXANE 

COMPOSITES 

CROSS-REFERENCE TO RELATED PATENT 
APPLICATIONS 

This application claims priority to: provisional U.S. Patent 
Application Ser. No. 61/086,980, filed on Aug. 7, 2008, 
entitled "Synthesis Of Metal And Metal Alloy Nanoparticle
Embedded Siloxane Composites," which provisional patent 
application is commonly assigned to the assignee of the 
present invention and is hereby incorporated herein by refer
ence in its entirety for all purposes. 

This application discloses subject matter related to the 
subject matter ofU .S. patent application Ser. No. 12/53 8, 010, 
filed concurrent herewith, in the name ofP. M. Ajayan eta!., 
entitled "Metal And Metal Oxide Nanoparticle-Embedded 
Composites," which application is commonly assigned to the 
assignee of the present invention and hereby incorporated 
herein by reference in its entirety. 

GOVERNMENT INTEREST 

The present invention was made with United States Gov
ernment support under Grant No. CMS-0609077 awarded by 
the National Science Foundation (which funding of this sup
port was received through the University of Dayton Research 
Grant No. RSC08007). The United States Government has 
certain rights in the invention. 

BACKGROUND 

1. Field of the Invention 
This invention relates generally to a method for synthesiz

ing metal and metal oxide nanoparticle-embedded compos
ites and compositions of same. 

2. Background of the Invention 

2 
brane reactors for selective hydrogenation of conjugated 
dienes. [H. R. Gao eta!., J. Membr. Sci. 1995, 106, 213]. 

Polydimethylsiloxane (PDMS) elastomer is one such poly
mer that has been utilized when synthesizing nanocompos-

5 ites. PD MS has many useful properties, such as high flexibil
ity, ease of molding, low cost, non-toxic nature and chemical 
inertness. [J. N. Lee eta!., Anal. Chern. 2003, 75, 6544 ("Lee 
et a!.")]. PD MS has been used extensively in applications that 
include micro fluidic channels, lubricants, defoaming agents, 

10 gas separation membranes and catheters. [F. Abbasi et a!., 
Polymer International 2001, 50, 1279]. In spite of its wide 
use, it has some inherent drawbacks, such as mechanical 
weakness and intolerance to organic solvents. [Lee eta!.]. 
Metal nanoparticle containing film can show enhanced 

15 mechanical properties as well as imparts multifunctionality 
like catalysis and gas separation capability. Therefore, 
attempts have been made to synthesize metal nanoparticles 
embedded PDMS films. Gao and co-workers have reported 
chi to san assisted gold nanoparticle deposition on PDMS sur-

20 faces. [B. Wang eta!., Biomacromolecules 2006, 7, 1203]. 
Chen and co-workers synthesized gold nanoparticle-PDMS 
composite films by immersing cured PDMS films in gold 
chloride solution. These films were used for enzyme immo
bilization and as a chemical reactor. However, their synthesis 

25 method involves multiple steps and the nanoparticle concen
tration is localized to the surface only. [Q. Zhang eta!., Lab on 
a Chip 2008, 8, 352 ("Zhang")]. 

Consequently, there is a need for an improved process for 
synthesizing metal and metal oxide nanoparticle-embedded 

30 composites. The term "metal" refers collectively to a pure 
metal (i.e., one type of metal, such as silver, gold, etc.) and a 
metal alloy (i.e., mixtures of two or more metals, such as 
PdFe, PdNi, etc., or mixtures of one or more metals with 
certain nonmetallic elements, such as carbon steel). Coordi-

35 nately, the term "metal oxide" refers collectively to an oxide 
of a pure metal (i.e., an oxide of one type of metal, such as iron 
oxide) and an oxide of an alloy of metals (i.e., an oxide of two 
or more metals, such as iron-copper oxide). 

Nanocomposites of inorganic materials in polymer matri- 40 

ces have attracted a great deal of attention because of their 
wide applications as biosensors, optical devices, microme
chanical devices and advanced catalytic membranes. [M. T. 
Sulak, eta!. Biosensors & Bioelectronics 2006, 21, 1719; S. 
Dire et a!., Journal of Materials Chemistry 1992, 2, 239; H. 45 

Chen eta!., Advanced Materials 2006, 18, 2876; H. Chen et 
a!., Advanced Materials 2006, 18, 2876]. For the synthesis of 
nanocomposites, different approaches have been developed, 
such as the incorporation of pre-made nanoparticles into a 
polymer matrix with the use of a common blending solvent or 50 

by reduction of metal salt dispersed in polymeric matrix using 

SUMMARY OF THE INVENTION 

This invention relates to methods for synthesizing metal 
and metal oxide nanoparticle-embedded composites and 
compositions regarding same. 

In general, in one aspect, the invention features a method of 
synthesizing a nanoparticle-embedded polymer composite. 
The method includes combining a polymerizable material, a 
polymerizing agent, and a metal salt to form a mixture. The 
method further includes forming the nanoparticle-embedded 
polymer composite by polymerizing the polymerizable mate
rial to form a polymer, and by reducing the metal salt to form 
nanoparticles embedded within the polymer. an external reducing agent. [J. H. Park et a!., Chemistry of 

Materials 2004, 16, 688]. Nanoparticles can also be embed
ded in polymers using physical and chemical vapor deposi
tion, ion-implantation and sol-gel synthesis routes. [K. S. 55 

Giesfeldt eta!., Applied Spectroscopy 2003, 57, 1346; E. W. 
Kreutz et a!., Nuclear Instruments & Methods in Physics 
Research Section B-Beam Interactions with Materials and 
Atoms 1995, 105, 245; I. Yoshinaga eta!., Journal of Sol-Gel 
Science and Technology 2005, 35, 21]. Using these 60 

approaches, various metal nanoparticle-polymer composites 
have been synthesized including gold-poly(9,9-dioctylfluo
rene) for light emitting diodes and iron-poly(methyl
methacrylate) for electromagnetic applications. [ J. L. Wilson 
eta!., J. Appl. Phys. 2004, 95, 1439]. Gao eta!. have used 65 

palladium-containing hollow polymeric fibers of cellulose 
acetate, polysulfone, and polyacrylonitrile as catalytic mem-

Implementations of the invention can include one or more 
of the following features: 

The polymerizing agent can polymerize the polymerizable 
material to form the polymer and reduces the metal salt to 
form the nanoparticles. 

The method can further include agitating the mixture such 
that there is a bulk dispersion of nanoparticles in the nano
particle-embedded polymer composite. This agitation can be 
utilized to uniformly distribute the polymerizable material, 
the polymerizing agent, and the metal salt in the mixture. 

The polymerizable material can include polydimethylsi
loxane, polystyrene, poly(methyl methacrylate), polyvinyl 
acetate, or polyethylene, or can include a monomer or an 
oligomer that polymerizes to form one of these specified 
polymers. 
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The polymerizable material can include a polymer that 
exhibits high-temperature stability that is capable of being 
cured by a free radical mechanism, or can include a monomer 
and an oligomer that are capable of being polymerized by a 
free radical mechanism to form polymers exhibiting high 
temperature stability. 

The polymerizable material can include a siloxane. The 
siloxane can be polydimethyl siloxane. 

4 
the polymerizable agent can reduce the metal to form bare, 
noble metal nanoparticles embedded within the polymer. 

The metal salt includes silver. 
The majority of the nanoparticles formed can range in size 

between about 5 urn and about 20 nm. 

The polymerizing of the polymerizable material to form a 
polymer can include a peroxide-initiated polymerization, a 10 

platinum-catalyzed addition polymerization, or a tin-cata
lyzed condensation polymerization. 

In general, in another aspect, the invention features a nano
particle-embedded polymer composite. The nanoparticle
embedded polymer composite is synthesized by a method 
that includes combining a polymerizable material, a polymer
izing agent, and a metal salt to form a mixture. The method 
further includes forming the nanoparticle-embedded polymer 
composite by polymerizing the polymerizable material to 
form a polymer, and by reducing the metal salt to form nano
particles embedded within the polymer. 

The polymerizing agent can include being capable of ini
tiating a peroxide-initiated polymerization, a platinum-cata
lyzed addition polymerization, or a tin-catalyzed condensa- 15 

tion polymerization. 
Implementations of the invention can include one or more 

of the features listed above. 
The metal salt can include silver, gold, palladium, plati

num, copper, cobalt, nickel, or iron. 
The metal salt can include silver. 
The metal salt can include being prepared by mixing a 

metal precursor and a solvent. The metal precursor can be 
silver benzoate, chloroauric acid, chloroplatinic acid, palla
dium acetylacetonate, cobalt acetylacetonate, nickel acety
lacetonate, iron carbonyl, nickel carbonyl, or cobalt carbonyl. 
The metal precursor can include silver benzoate. The metal 
precursor can include a transition metal. The metal precursor 
can include at least two transition metals. The metal salt can 
further include being prepared by mixing a second metal 
precursor with the metal precursor and the solvent. The sol
vent can include a non-polar solvent. The molar concentra
tion of the metal precursor in the solvent can be in the range 
between about 1x10-5 and about 5x10-2

. 

The polymerizable material and the polymerizing agent 
can be combined in a weight ratio at most about 10: 1. The 
polymerizable material and the polymerizing agent can be 
combined in a weight ratio in the range between about 2:1 and 
about 10:1. The molar concentration of the metal precursor in 
the solvent can be in the range between about 1x10-5 and 
about 5x10-2

, and the ratio of(A) thepolymerizable material 
and the polymerizing agent and (B) the metal precursor and 
solvent can be in the range between about 2 grams/ml and 
about 4 grams/mi. 

The weight ratio of the polymerizable material and the 
polymerizing agent can be about 10: 1. 

The method can further include degassing the mixture. 
The polymerization can be performed at a temperature in 

the range between about room temperature and about 100° C. 
The polymerization can be performed at about room tem

perature. 
The polymer can be heated after the polymerization step. 

This heating can decompose the metal salt to form metal 
nanoparticles. This heating can be performed at a temperature 
in the range between about 150° C. and about 300° C. 

This heating can be performed at a temperature in the range 
between about 200° C. and about 250° C. 

The nanoparticles formed by the method can include pure 
metal nanoparticles. 

The nanoparticles formed by the method can include metal 
alloy nanoparticles. 

In general, in another aspect, the invention features a nano
particle-embedded polymer composite that includes a poly
mer and nanoparticles. The nanoparticles are uncapped, are 

20 metal nanoparticles or metal oxide nanoparticles, and are 
bulk distributed within the polymer. 

Implementations of the invention can include one or more 
of the features listed above, as well as the following features: 

The polymer can include polydimethylsiloxane, polysty-
25 rene, poly(methyl methacrylate), polyvinyl acetate, polyeth

ylene and crosslinked polymers of these polymers. 
The polymer can be cured polydimethylsiloxane. 
The nanoparticles can include silver nanoparticles, gold 

nanoparticles, palladium nanoparticles, platinum nanopar-
30 ticles, copper nanoparticles, cobalt nanoparticles, nickel 

nanoparticles, or iron nanoparticles. 
The nanoparticles can include silver nanoparticles. 
The nanoparticles can include PdFe nanoparticles, PdNi 

nanoparticles, PdCo nanoparticles, PtFe nanoparticles, PtNi 
35 nanoparticles, PtCo nanoparticles, NiCo nanoparticles, CuNi 

nanoparticles, CuNi nanoparticles, CuPd nanoparticles, CuPt 
nanoparticles, NiFe nanoparticles, or FeCo nanoparticles. 

The nanoparticles can include silver oxide nanoparticles, 
palladium oxide nanoparticles, platinum oxide nanoparticles, 

40 copper oxide nanoparticles, cobalt oxide nanoparticles, 
nickel oxide nanoparticles, or iron oxide nanoparticles. 

The nanoparticles can include PdFe oxide nanoparticles, 
PdNi oxide nanoparticles, PdCo oxide nanoparticles, PtFe 
oxide nanoparticles, PtNi oxide nanoparticles, PtCo oxide 

45 nanoparticles, NiCo oxide nanoparticles, CuNi oxide nano
particles, CuNi oxide nanoparticles, CuPd oxide nanopar
ticles, CuPt oxide nanoparticles, NiFe oxide nanoparticles, or 
FeCo oxide nanoparticles. 

The polymer can include siloxane, and the nanoparticles 
50 can include silver nanoparticles, gold nanoparticles, or palla

dium nanoparticles. The siloxane can be cured polydimeth
ylsiloxane 

55 

The nanoparticles can be uniformly distributed within the 
nanoparticle-embedded polymer composite. 

The nanoparticle-embedded polymer composite can 
exhibit antibacterial properties. 

A majority of the nanoparticles in the nanoparticle-embed
ded polymer can be in the size between about 5 nm and about 
20nm. 

The nanoparticles formed by the method can include pure 60 

metal oxide nanoparticles. 
The Young's modulus for the nanoparticle-embedded com

posite can be at least about three times higher than the poly
mer without the nanoparticles embedded therein. The nanoparticles formed by the method can include metal 

oxide alloy nanoparticles. 
The polymerizable material can include polydimethylsi

loxane, the metal salt can include silver, gold, or palladium, 65 

the polymerizing agent can polymerize the polymerizable 
material to form the polymer at about room temperature, and 

In general, in another aspect, the invention features a 
method that includes selecting a nanoparticle-embedded 
polymer composite synthesized by a process that includes 
combining a polymerizable material, a polymerizing agent, 
and a metal salt to form a mixture. The synthesizing process 
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further includes forming the nanoparticle-embedded polymer 
composite by polymerizing the polymerizable material to 
form a polymer, and by reducing the metal salt to form nano
particles embedded within the polymer. The method further 
includes utilizing the nanoparticle-embedded polymer com- 5 

posite in one of the following applications and/or uses: pneu
matic actuators, microfluidic channels, biomedical devices 
and applications, gas and vapor phase separators, catalysts, 
separators of organics from water, micro-fluidic based reac
tors, damping materials, antibacterial glue and lubricants, 10 

antibacterial coating agents, hydrogen storage materials, 
other lubricants, conditioners, gloss enhancers, sealing 
agents, and antifoaming agents. 

Implementations of the invention can include one or more 
15 

of the features listed above, as well as the following features: 

6 
FIG. 9B is a UV-Visible spectrum of the gold nanoparticle

embedded PDMS film shown in FIG. 9A; 
FIGS. 9C-9D are low and high magnification TEM images 

of gold nanoparticles extracted from the gold nanoparticle
embedded PDMS film shown in FIG. 9A; 

FIGS. 9E-9F are optical images using a high resolution and 
high contrast condenser (Cyto Viva) to determine the particle 
distribution of the gold nanoparticle-embedded PDMS film 
shown in FIG. 9A; 

FIGS. lOA-lOB show a platinum nanoparticle-embedded 
PDMS film synthesized utilizing an embodiment of the 
present invention and further show low and high magnifica
tion TEM images of this platinum nanoparticle-embedded 
PDMS film; 

FIG. llA is a photograph of a palladium nanoparticle
embedded PDMS film synthesized utilizing an embodiment 
of the present invention. 

The nanoparticles include silver nanoparticles, the nano
particle-embedded polymer composite can exhibit an anti
bacterial property, and the application/use utilizes this anti
bacterial property. 

FIG. llB is a TEM images of palladium nanoparticles 
20 extracted from the palladium nanoparticle-embedded PDMS 

film shown in FIG. llA; The foregoing has outlined rather broadly the features and 
technical advantages of the invention in order that the detailed 
description of the invention that follows may be better under
stood. Additional features and advantages of the invention 
will be described hereinafter that form the subject of the 25 

claims of the invention. It should be appreciated by those 
skilled in the art that the conception and the specific embodi
ments disclosed may be readily utilized as a basis for modi
fying or designing other structures for carrying out the same 
purposes of the invention. It should also be realized by those 30 

skilled in the art that such equivalent constructions do not 
depart from the spirit and scope of the invention as set forth in 
the appended claims. 

FIGS. 12A and 12C are photographs of an iron oxide 
nanoparticle-embedded PDMS film synthesized utilizing an 
embodiment of the present invention; 

FIGS. 12B and 12D are photographs of a nickel oxide 
nanoparticle-embedded PDMS film synthesized utilizing an 
embodiment of the present invention; 

FIGS. 13A-13B are TEM images of iron oxide nanopar
ticles extracted from the iron oxide nanoparticle-embedded 
PDMS film shown in FIG. 12C; 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 14A-14B are high and low magnification TEM 
images of nickel oxide particles extracted from the nickel 
oxide nanoparticle-embedded PDMS film shown in FIG. 

35 
12D; 

FIG. 15A illustrates stress-strain curves for the silver nano
particle-embedded PDMS film shown in FIG. 3 and a pure 
PDMS film; and 

For a detailed description of the preferred embodiments of 
the invention, reference will now be made to the accompany
ing drawings in which: 

FIG. 1 illustrates a free radical platinum-catalyzed poly
merization process utilized in an embodiment of the present 
invention. 

FIG. 15B illustrates dynamic frequency sweep plot curves 
40 for the silver nanoparticle-embedded PDMS film shown in 

FIG. 3 and a pure PDMS film. 

FIG. 2 illustrates the general process steps that can be 
utilized in an embodiment of the present invention. 

FIG. 3 shows a silver nanoparticle-embedded PDMS film 45 

synthesized utilizing an embodiment of the present invention 
and a pure PDMS film. 

FIG. 4 is a UV-Visible spectrum of the silver nanoparticle
embedded PDMS film shown in FIG. 3; 

FIGS. SA-SB are low and high magnification TEM images 50 

of silver nanoparticles extracted from the silver nanoparticle
embedded PDMS film shown in FIG. 3; 

NOTATION AND NOMENCLATURE 

Certain terms are used throughout the following descrip
tion and claims to refer to particular system components. This 
document does not intend to distinguish between components 
that differ in name but not function. 

In the following discussion and in the claims, the terms 
"including" and "comprising" are used in an open-ended 
fashion, and thus should be interpreted to mean "including, 
but not limited to ... "Also, the term "couple" or "couples" 
is intended to mean either an indirect or direct connection. FIG. 6 illustrates the particle size distribution measure

ments of the silver nanoparticle-embedded PDMS film 
shown in FIG. 3; 

FIGS. 7 A-7B show theAg3d and Si2p core level spectrum, 
respectively, recorded of the silver nanoparticle-embedded 
PDMS film shown in FIG. 3; 

Thus, if a first device couples to a second device, that con-
55 nection may be through a direct connection, or through an 

indirect connection via other devices and connections. 

FIG. SA shows vials containing (1) a silver benzoate solu
tion with curing agent, (2) pure curing agent, and (3) silver 60 

benzoate with pure elastomer; 
FIG. SB is the FTIR spectra of (1) the silver benzoate 

solution with curing agent, and (2) the pure curing agent in the 
vials of FIG. SA; 

FIG. 9A shows a gold nanoparticle-embedded PDMS film 65 

synthesized utilizing an embodiment of the present invention 
and a pure PDMS film; 

DETAILED DESCRIPTION 

The present invention is a method and apparatus that syn
thesizes metal/metal oxide nanoparticle-embedded in com
posites, such as PDMS composites. 

While the making and/or using of various embodiments of 
the present invention are discussed below, it should be appre
ciated that the present invention provides many applicable 
inventive concepts that may be embodied in a variety of 
specific contexts. The specific embodiments discussed herein 
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are merely illustrative of specific ways to make and/or use the 
invention and are not intended to delimit the scope of the 
invention. 

The present invention circumvents the need of using pre
formed nanoparticles and gives a bulk dispersion of nanopar
ticles without requiring any external reducing or stabilizing 
agent. The process involves adding a metal salt to a mixture of 
(a) a polymerizable material (i.e., a monomer, a oligomer, 
and/or a polymer, such as a siloxane elastomer) and (b) a 
polymerizing agent (such as curing agent/hardener). The 
polymerizing agent is operable to perform a dual role of 
reducing the metal salt to form noble metal/metal oxide nano
particles and to polymerize the polymerizable material (the 
monomer, oligomer, and/or polymer) to form the polymer 
matrix (including curing the elastomer). The term "polymer
izing" includes curing/hardening of the polymerizable mate
rial, such as due to cross-linking 

This synthesis method leads to a good dispersion of nano
particles in the polymer matrix. Nanoparticles act as filler and 
enhance the mechanical properties of the polymer matrix. In 
some embodiments, it has been found that the Young's modu
Ius of the nanoparticle containing film is three times higher 
than that of the pure polymer film. Silver containing films 
show antimicrobial activity making it an ideal candidate for 
biomedical applications that include implants and urethral 
catheters. The platinum and gold nanoparticles embedded 
films can be used for optical and catalytic applications. 

With respect to the polymerizable material (monomer, oli
gomer, and/or polymer), these are polymerized/cured using a 
free radical mechanism. The polymerizing agent is operable 
for such free radical mechanism to occur so that the polymer
izable material is polymerized. In one embodiment, the poly
merizable material utilized is PDMS. Other polymerizable 
materials include, but are not limited to, polystyrene, poly 
(methyl methacrylate) (PMMA), polyvinyl acetate (PYA), 
polyethylene, and other polymers that exhibit high-tempera
ture stability (e.g., stability 250° C. or higher), that are 
capable of being polymerized (including cured and/or hard
ened) by a free radical mechanism. Other polymerizable 
materials include monomers and oligomers that polymerize 
to form the polymers identified above. 

8 
to form the metal salt. Thus, the metal salt may contain one or 
more metals. When more than one metal is utilized (i.e., a 
combination of two or more of silver, gold, palladium, plati
num, copper, cobalt, nickel, iron, etc.), the resulting nanopar
ticles formed generally will be an alloy of such metals. For 
instance, the nanoparticles ofPdFe, PdNi, PdCo, PtFe, PtNi, 
PtCo, NiCo, CuNi, CuNi, CuPd, CuPt, NiFe, and FeCo can be 
formed using the present invention. In some instances, the 
metal is oxidized; for instance, nanoparticles of iron oxide 

10 can be formed using the present invention. 
The polymerizing agent is selected such that it is operable 

to perform the dual role of reducing the metal salt to form the 
noble metal/metal oxide nanoparticles and to polymerize the 
polymerizable material. The advantages of this is that it 

15 avoids the use of external reducing or stabilizing agents. 
Moreover, because this allows in-situ formation of the nano
particles, there is no need to coat the nanoparticles to prevent 
particle agglomeration. Rather than having to provide such a 
coating (such as by using a stabilizer), the nanoparticles are 

20 "bare" or "uncapped" within the composite. Also, this pro
cess allows the nanoparticles to be uniformly distributed 
throughout the composite, which is difficult to do with pre
formed nanoparticles. 

Referring to the figures, FIG. 1 illustrates the free radical 
25 platinum-catalyzed addition curing process utilized in a 

PDMS elastomer kit (Sylgard 184 DOW Corning). PDMS is 
cured by an organometallic free radical based crosslinking 
reaction. It is commercially available as a two-part system 
consisting of the monomer and a curing agent. The two com-

30 ponents are mixed together in the recommended proportions. 
PDMS monomer is vinyl terminated and contains -0-Si 

(CH3 ) 2 - as the repeating unit while the curing agent is a 
methyl terminated monomer containing -O-SiH(CH3)

repeating units. On mixing the two, free radicals are formed in 
35 the curing agent and crosslinking takes place via the reaction 

between the monomer's vinyl groups and the free radicals 
generated at the crosslinker's silicon hydride groups to form 
Si-CH. 

FIG. 2 illustrates the general process steps that can be 
40 utilized in the present invention. As shown in FIG. 2, a first 

solution 201 is formed that includes the metal salt. 
As for the polymerization process, a variety of such pro

cesses can be used, including peroxide-initiated polymeriza
tion (e.g., for polymers with vinyl groups), platinum-cata
lyzed addition polymerization (e.g., for polymers with vinyl 45 

groups and crosslinking agents with Si-H groups), and tin
catalyzed condensation polymerization (for compositions 
including dihydroxypolydimethylsiloxanes and silicic acid 
esters). 

For instance, the first solution 201 can be a solution of 
metal precursor (such as silver benzoate) in a solvent (such as 
hexane). The molar concentration of the metal precursor in 
the solvent can be in the range between about 1x1o-s and 
about 5x10-2

. A second solution 202 is also formed that 
includes the (a) polymerizable material and (b) a polymeriz
ing agent. For instance, the second solution 202 can include 
PDMS mixed thoroughly with the appropriate amount of 
polymerizing agent (at a polymerizable material to polymer
izing agent weight ratio of about 10: 1 or less, more optionally 

PDMS is an advantageous material to use due to its ease of 50 

fabrication, optical transparency, thermal stability, chemical 
inertness, non-toxicity, and its relatively low cost. The disad
vantages of using PDMS, including that it is mechanically 
weak, highly hydrophobic, and swells in organic medium, are 
significantly tempered by the inclusion of the metal/metal 55 

oxide nanoparticles formed in situ in the material during the 

in the range of about 2:1 and about 10:1 ). First solution 201 is 
then mixed thoroughly with second solution 202 to form the 
mixture of the (a) the polymerizable material, (b) the poly
merizing agent, and (c) the metal salt. In embodiments, the 
mixture is thoroughly mixed such that the metal salt of the 

present invention. 
With respect to the metal salt, this can be formed by intro

ducing a metal precursor in a solvent. The metal in the metal 
precursor can be, for example, silver, gold, palladium, plati
num, copper, cobalt, nickel, iron, etc. For instance, a metal 
precursor (e.g., silver benzoate, chloro auric acid, chloropla
tinic acid, palladium acetylacetonate, cobalt acetylacetonate, 
nickel acetylacetonate, iron carbonyl, nickel carbonyl, cobalt 
carbonyl, and other metal benzoates, acetylacetonates, and 
carbonyls, etc.) can be solublized in a nonpolar solvent to 
form the metal salt. One or more metal precursors can be used 

first solution 201 is uniformly distributed throughout the sec
ond solution 202. (The term "uniformly distributed" means 
that the concentration is generally the same throughout.) In 

60 alternative embodiments, the components of this mixture can 
be mixed in a different order. 

The resulting mixture of solutions 201 and 202 can then be 
cast, such as cast mixture 203 on glass slide 204, as illustrated 
in FIG. 2. The cast mixture 203 then polymerizes to form the 

65 polymer material 205 having the formed metal/metal oxide 
nanoparticles within the polymer matrix of the polymer mate
rial 205. In some embodiments, the polymerization of the 
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polymerizable material and the formation of the nanopar
ticles from the metal salt occurs simultaneously. In other 
embodiments, the polymerization occurs completely or sub
stantially, and, thereafter, the nanoparticles are substantially 
formed. 

The amount of polymerizing agent controls the chemical 
kinetics as to how fast (or slow) the polymerizable material 
polymerizes and the nanoparticles form. The rates for these 
two reactions can be changed, for example, by increasing/ 
decreasing the concentration of the polymerizing agent in the 
mixture. These rates can also be changed by increasing or 
decreasing the temperature underwhich these reactions are 
taking place. 

10 
PDMS film 301 showed a broad absorbance centered at 
approximately 415 nm. The surface plasmon band is broader 
and shifted to a higher wavelength compared to silver nano
particles dispersed in a solvent. This is consistent with past 

5 reports. [See, e.g., B. K. Kuila, eta!., Chemistry of Materials 
2007, 19, 5443]. 

FIGS. SA-SB are low and high magnification TEM (trans
mission electron microscopy) images of a drop casted film of 
nanoparticles extracted from the Ag-PDMS film 301 (i.e., 

10 these are TEM images of silver nanoparticles extracted from 
Ag-PDMS film 301). These TEM images are not a thin sec
tion TEM images oftheAg-PDMS film. (Similarly, the other 
TEM images in the figures are not thin section TEM images of 

In some embodiments, the polymerization and the forma
tion of nanoparticles occurs at temperatures in the range of 15 

about room temperature and about 100° C., such as about 
room temperature or about 80° C. In some embodiments, the 
polymerization takes place within such a temperature range, 
and then, after such polymerization is complete or substan
tially complete, the temperature is raised to a range of about 20 

150° C. and about 300° C. (more optionally in a range of 
about 200° C. and about 250° C.) to form the metal nanopar
ticles. 

the relevant polymer film). 
These TEM images indicate that the silver nano-particles 

are well defined, discrete, and poly dispersed. The inset 501 of 
FIG. SA shows the electron diffraction pattern obtained from 
the nanoparticles. As revealed by this electron diffraction 
pattern, the silver nanoparticles are crystalline and have a fcc 
structure. 

The size of nanoparticles was determined using the trans
mission electron microscope (JEOL 1230) operated at 120 
KV. Particle size distribution measurement (as shown in FIG. 
6) revealed that the size of the particles were in the range of 

Synthesis of Silver Nanoparticle-Embedded Polymer 
Composites 

In one embodiment of the present invention, silver nano
particle-embedded polymer composites are synthesized. 
PDMS elastomer kits (Sylgard 184, DOW Coming) and sil
ver benzoate (Sigma Aldrich) were utilized. The kit contained 
the elastomer (PDMS) and the polymerization (curing) agent, 
which is composed of dimethyl, methylhydrogen siloxane, 
dimethyl siloxane, dimethylvinylated and trimethylated 
silica, tetramethyl-tetravinyl cyclotetrasiloxane, and ethyl 
benzene. 8 grams ofPDMS were mixed thoroughly with the 
curing agent in a weight ratio of 10:1 and then degassed under 
vacuum to remove the entrapped air bubbles. 3 ml of 2x1 o-2 

M solution of silver benzoate in hexane was added to the 
siloxane elastomer and curing agent mixture. This resultant 
mixture was sonicated for 15 minutes to obtain a homoge
neous mixture. The color changed from transparent to brown 
due to formation of nanoparticles in the mixture. This poly
mer mixture was then casted on glass slides and cured under 
vacuum at room temperature. In an alternative embodiment, 
the mixture was casted on glass slides and cured at 80° C. in 
mr. 

The silver nanoparticle-embedded PDMS can be used to 
take advantage of known properties of silver (such as for its 
antimicrobial activity and in polymers for olefin gas separa
tion). [T.Yamaguchietal.,J.Membr. Sci.1996, 117, 151]. 

FIG. 3 shows the silver nanoparticle-embedded PDMS 
(Ag-PDMS) film 301 formed by this process. FIG. 3 further 
shows a pure PDMS film 302 formed by this process in the 
absence of utilizing silver benzoate (i.e., a PDMS film with
out any embedded nanoparticles ). 

The brown characteristic color of the Ag-PDMS film 301 
indicated the formation of silver nanoparticles. The existence 
of the silver nanoparticles in the Ag-PDMS film 301 was 
confirmed by UV-Vis spectroscopy. FIG. 4 is the UV-Visible 
spectrum of silver nanoparticle-embedded PDMS (Ag
PDMS) film 301 (Ag-PDMS), including a comparison with 
pure PDMS film 302. UV-Vis spectroscopy measurements of 
the films were performed on a spectrophotometer (Shimadzu 
UV-3600) operated at a resolution of 1 nm. Curve 401 reflects 
the UV-Vis spectra of Ag-PDMS film 301, and curve 402 
reflects the UV-Vis spectra of pure PDMS film 302. Ag-

25 about 5 and about 20 nm. Optical imaging (CytoViva) was 
done to determine the particle distribution of the nanopar
ticles in the matrix. 

X-ray photoelectron spectroscopy (XPS) was performed 
on a fractured surface of Ag-PD MS film 3 01 to investigate the 

30 chemical interactions of the nanoparticles within the PDMS 
matrix (which confirmed the reduction of the metal in the 
process). The general scan spectra oftheAg-PDMS film 301 
at room temperature showed the presence ofC1s, Si2p, 01s 
and Ag3d core levels with no evidence of impurities. The 

35 spectra were background corrected using the Shirley algo
rithm [D. A. Shirley, Physical Review B 1972, 5, 4709] prior 
to curve deconvulation. The binding energy of 284.5 eV for 
adventitious carbon (C1s) was used as the internal standard. 

FIG. 7A shows the Ag3d core level spectrum recorded 
40 from theAg-PDMS film. The spectrum could be resolved into 

one spin-orbit pairs with the two chemically shifted compo
nents, 3d5/2 and 3d3/2 binding energies (BEs) centered at 
368.24 eV and 374.25 eV, respectively, that correspond to the 
electron emission fromAg(O) state. [A. Kumar eta!., Journal 

45 of Colloid and Interface Science 2003, 264, 396]. The Si2p 
spectrum recorded from the Ag-PDMS film nanoparticles 
showed a single chemically distinct peak centered at 102.5 e V 
(FIG. 7B) which is consistent with the reported value in 
literature. [A. Dane eta!., Journal of Physical Chemistry B 

50 2006, 110, 1137]. The absence of any shift in Si2p binding 
energy inAg-PDMS, as compared to PDMS, indicated there 
was no strong chemical interaction between the nanoparticles 
and the polymer matrix. 

To confirm the mechanism of formation of nanoparticles 
55 further, control experiments were performed wherein silver 

benzoate solution was separately mixed with the pure elas
tomer and the curing agent. As shown in FIG. SA, the silver 
benzoate solution with curing agent (solution 801) turned 
yellowish-brown while the solution with silver benzoate and 

60 pure elastomer (solution 803) showed no color transforma
tion. (The pure curing agent is shown in solution 802). Simi
larly, gold and platinum salts were also reduced by curing 
agent but did now show any reduction with pure elastomer. 
These control experiments revealed that the curing agent was 

65 responsible for the reduction of metal salt. 
FTIR spectra of pure curing agent (CA, i.e., solution 802) 

and curing agent after formation of nanoparticles (brown 
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colored, CA+AgB, i.e., solution 801) were compared. As 
shown in curves 804 and 805 in FIG. 8B (for CA+AgB 
(solution 801) and CA (solution 802), respectively), the peak 
at 1586 cm- 1 is from carboxylic group present in silver ben
zoate, which is not present in the pure curing agent (solution 5 

802). The absorbance peak at 2162 cm- 1 in both spectra 
corresponds to the Si-H stretching vibration. [W. F. Madd
ams, Spectroc. Acta Pt. A -Malec. Biomolec. Spectr. 1994, 50, 
1967]. The comparison between spectra-curves 806 and 
807 for CA+AgB (solution 801) and CA (solution 802), 10 

respectively-indicated that the peak intensity of Si-H 
group was reduced after formation of silver nanoparticles. 
This confirmed the Si-H group in the curing agent was 
taking part in the reaction and was responsible for the reduc
tion of metal ions. The Si-H bonds were oxidized to 15 

Si-0-Si bonds and reduced the metal ions to metal as has 
been observed in the literature. [Zhang]. 

12 
PDMS and the curing agent, this mixture was casted on glass 
slides and cured under vacuum at room temperature to yield a 
platinum-nanoparticle-embedded PDMS film. 

The inset of FIG. lOA is a photograph of platinum nano
particle-embedded PDMS (Pt-PDMS) film 1001. The PT
PDMS film 1001 is brown, which is a characteristic color of 
platinum nanoparticles. 

FIGS. lOA-lOB are low and high magnification TEM 
images ofPt-PDMS film 1001. The nanoparticles are irregu
lar and polydispersed in nature with an average particle size 
of 50 nm. The diffraction of platinum nanoparticles (inset 
1002 in FIG. lOB) indicated their fcc crystalline nature. 

Synthesis of Other Pure Metal/Metal Oxide 
Nanoparticle-Embedded Composites 

In embodiments of the present invention, other metal and 
metal oxide nanoparticle-embedded polymer composites Synthesis of Gold Nanoparticle-Embedded Polymer 

Composites 20 were synthesized. Other metals (such as palladium, cobalt, 
and nickel) and metal oxides (such as iron oxide) were syn
thesized by in-situ thermal decomposition using a process 
similar to those discussed above for synthesizing silver, gold, 

In another embodiment of the present invention, goldnano
particle-embedded polymer composites were synthesized. 
The process as described above for synthesizing silver nano
particle-embedded PDMS was performed with gold chloride 25 

being utilized in lieu of the silver benzoate. The gold chloride 
was dissolved using an appropriate amount of solvent (1 o-4 

M chloroauric acid solution in methanol). 4 ml of this solution 
were added to 8 grams PDMS dissolved in methylene chlo
ride. After mixture with the PDMS and the curing agent, this 
mixture was casted on glass slides and cured under vacuum at 
room temperature to yield a gold-nanoparticle-embedded 
PDMS film. 

FIG. 9A is the photograph of pure PDMS film 302 and the 
gold nanoparticle-embedded PDMS (Au-PDMS) film 901. 
Au-PDMS film 901 is ruby red, which is a characteristic color 

and platinum nanoparticle-embedded films. 
In embodiments of the present invention, 3 ml of2x1 o-2 M 

solution of metal precursor (such as, for example, palladium 
acetylacetonate, cobalt acetylacetonate, nickel acetylaceto
nate etc.) in hexane was mixed to 9 gm of PDMS elastomer 
and 1 gm curing agent. The resultant solution was sonicated to 

30 yield a uniform solution and cured at 80° C. After curing, the 
PDMS matrix was examined and the degree ofnanoparticle 
formation was not present to the same extent as was present 
during the synthesis of the silver, gold, and platinum nano
particle-embedded films. Subsequently, the PDMS matrix 

35 was further heated for half an hour in argon atmosphere at 
about 250 C. On heating, the metal precursor present in the 
PDMS matrix decomposed and formed nanoparticles that 
were uniformly distributed in the matrix. 

of gold nanoparticles. FIG. 9B is the UV-Visible spectra of 
Au-PDMS film 901 and pure PDMS film 302 (curves 902 and 
402, respectively). As noted above, pure PDMS film 302 did 
not show any absorbance in the visible region. Au-PD MS film 
901 had an absorbance centered at approximately 530 nm. 
This absorbance was due to the surface plasmon excitation of 
gold nanoparticles [Zhang] and confirmed the nanoparticle 
formation. FIGS. 9C-9D are low and high magnification 
TEM images of gold nanoparticles extracted fromAu-PDMS 
film 901, which show that the gold nanoparticles are uniform 
and discrete. The diffraction pattern (illustrated in inset 903) 
revealed that they are crystalline in nature. Optical images 
(FIGS. 9E-9F) were taken at different regions of the film 
using a high resolution and high contrast condenser (Cy- 50 

to Viva) to determine the particle distribution of the nanopar
ticles in the matrix. FIGS. 9E-9F show that the gold nanopar
ticles were uniformly distributed over a large area with out 
any phase separation. 

FIG. 11A is a photograph of a palladium nanoparticle-
40 embedded PDMS (Pd-PDMS) film synthesized as described 

above. Pd-PDMS film 1101 is the film after curing but before 
the further heating step. Pd-PDMS film 1102 is the same film 
after further heating at 250° C., which showed a noticeable 
change in the color from light yellow to blackish brown. 

45 Blackish brown is a characteristic color of palladium nano
particles. FIG. 11B is a TEM image of palladium nanopar
ticles extracted from Pd-PDMS film 1102. 

FIGS. 12A and 12C are photographs of an iron oxide 
nanoparticle-embedded PDMS (iron oxide-PDMS) film syn
thesized as described above. Iron oxide-PDMS film 1201 in 
FIG. 12A is the film after curing but before the further heating 
step. Iron oxide-PDMS film 1202 in FIG.l2C is the same film 
after further heating at 250° C., which shows a noticeable 
change in the color from dark orange to blackish brown. 

Synthesis of Platinum Nanoparticle-Embedded 
Polymer Composites 

In another embodiment of the present invention, platinum 
nanoparticle-embedded polymer composites were synthe
sized. The process as described above for synthesizing silver 
nanoparticle-embedded PDMS was performed with chloro
platinic acid being utilized in lieu of the silver benzoate. The 
chloroplatinic acid was dissolved using an appropriate 
amount of solvent (2x 1 o-s M chloroplatinic acid solution in 
methanol). 4 ml of this solution were added to 8 grams PDMS 
dissolved in methylene chloride. After mixture with the 

55 Blackish brown is a characteristic color of iron oxide nano
particles. 

FIGS. 12B and 12D are photographs of a nickel oxide 
nanoparticle-embedded PDMS (Nickel oxide-PDMS) film 
synthesized as described above. Nickel oxide-PDMS film 

60 1203 in FIG. 12B is the film after curing but before the further 
heating step. Nickel oxide-PDMS film 1204 in FIG. 12D is 
the same film after further heating at 250° C., which shows a 
noticeable change in the color from dark green to blackish 
brown. Blackish brown is a characteristic color of nickel 

65 oxide nanoparticles. 
FIGS. 13A-13B are TEM images of iron oxide nanopar

ticles extracted from iron oxide-PDMS film 1202. 
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FIGS. 14A-14B are high and low magnification TEM 
images of nickel oxide nanoparticles extracted from nickel 
oxide-PDMS 1204. 

14 
to improve load transfer within the nanocomposite network, 
resulting in a higher Young's modulus (approximately three 
times higher or more). 

Differences in the energy dampening properties were also 
Synthesis of Metal/Metal Oxide-Alloy 
Nanoparticle-Embedded Composites 

In embodiments of the present invention, metal/metal 
oxide-alloy nanoparticle-embedded polymer composites 
were synthesized. Metal alloy nanoparticles (such as PdFe, 
PdNi, PdCo, PtFe, PtNi, PtCo, NiCo, CuNi, CuNi, CuPd, 
CuPt, NiFe, FeCo) and metal oxide alloy nanoparticles (such 
as the oxides thereof) can be (and in some cases were) syn
thesized by a similar approach as described above for silver, 
gold, platinum, and other pure metal/metal oxide nanopar
ticle-embedded films. 1.5 ml of 2x1 o-2 M solution of each 
metal precursor (e.g., palladium acetylacetonate, cobalt 
acetylacetonate, nickel acetylacetonate iron carbonyl, nickel 
carbonyl, and cobalt carbonyl, etc.) soluble in nonpolar sol
vent (such as hexane) were mixed to 9 gm ofPDMS elastomer 
and 1 gm curing agent. The resultant solution was sonicated to 
yield a uniform solution and cured at 80° C. After curing, the 
PDMS matrix was further heated for half an hour in argon 
atmosphere at 250° C. On heating, the metal salts decom
posed and formed alloy nanoparticles that were uniformly 
distributed in PDMS matrix. 

5 evaluated by measuring storage and loss moduli at room 
temperature as a function of frequency (1-15 Hz) under an 
oscillatory load. The phase shift, tan delta indicated the damp
ing effectiveness of a material. The dynamic frequency sweep 
plot (FIG. 15B) for the tangent delta values demonstrated that 

10 there was no significant difference between the damping 
capabilities of Ag-PDMS films and pure PDMS films), as 
shown in curves 1503 and 1504, respectively. Like any char
acteristic viscoelastic material, the storage modulus 
increased with frequency, as shown in inset 1505 ofFIG. 15B 

15 (showing the curves 1506 and 1507 for Ag-PDMS films and 
pure PDMS films, respectively). The restraining effect of the 
inorganic component, such as silver, on the chain mobility of 
the PDMS depended on the extent of chain confinement 
caused by silver nanoparticles at the interface. Owing to very 

20 high specific surface area of extremely small silver particles, 
a good interface was formed between the particles and PDMS 
that increased the storage modulus reasonably. The friction 
between relatively less mobile PDMS chains at the interface 
also increased leading to an increase in the loss modulus also. 

25 However, the ratio of the two moduli did not change signifi
cantly, thereby keeping tan delta same. 

Mechanical Properties 
30 

Swelling 

Poor chemical compatibility of PDMS (as well as other 
polymers) with organic solvents poses a major restriction on 
its application including PDMS-fabricated microfluidic 
channel when the studies are restricted to the use of non
wetting polar liquids. It was found that the behavior of the 

Improved mechanical properties of PDMS were previ
ously achieved by dispersing carbon nanotubes in the poly
mer. [L. Ci eta!., Nano Letters 2008, 8, 2762] Ci eta!. found 
that the longitudinal modulus and damping capability of car
bon nanotube reinforced PDMS matrices were improved by 
an order of magnitude over pure PDMS. Other materials such 
as CaC03 , Si02 have also been used as fillers in PDMS 
polymer. [T. Kaully eta!., Polym. Compos. 2008, 29, 396; R. 

35 metal/metal oxide synthesized nanoparticle-embedded films 
changed the behavior of these films in a range of organic 
solvents. 

Pre-weighed films (W,) were immersed in different sol
vents at room temperature to quantifY the organic solvent 

40 tolerance of Ag-PD MS films synthesized as described herein. 
H. Gee eta!., Polymer 2004, 45, 3885]. The effect of filler 
particle size, shape, and distribution, filler properties, filler
filler interactions, and filler-matrix interactions can have a 
significant role in the mechanical properties of the polymer. 
[See, e.g., D. Ciprari eta!., Macromolecules 2006,39, 6565]. 
The synthesis of metal/metal oxide nanoparticles embedded 45 
in the polymer film of the present invention likewise affected 
the mechanical properties of the polymer film. 

PDMS is a viscoelastic material. Dynamic mechanical 
testing was utilized to separately examine elastic and viscous 
components ofAg-PDMS films synthesized utilizing the pro- 50 

cess described herein (which films contained about 0.1 
weight % silver). As illustrated in FIG. 15A, stress-strain 
curves 1501 and 1502 was recorded for these films and for 
pure PDMS films, respectively. Dynamic mechanical ana
lyzerwas used in the tension mode at 1Hz frequency and0.01 55 

N preload. The quasi-static Young's modulus was calculated 
using the slope of the best-fit line to the linear part of the curve 
extending until20% strain. Overlay of the stress-strain curves 
showed that the Young's modulus for the Ag-PD MS films was 
1.64 MPa, which was approximately 3 times higher than 0.56 60 

MPa for the pure PDMS films. The average modulus was 
found to be 1.7±0.2 MPa for Ag-PDMS films and 0.5±0.1 
MPa for pure PDMS films. The values for PDMS were com
parable to those reported earlier. [N. Stafie eta!., Separation 
and Purification Technology 2005, 45, 220]. The increase in 65 

modulus for Ag-PDMS films indicated the silver nanopar
ticles formed a good interface with the polymer. This served 

The films were weighed at different time intervals (W 
0

) until 
no change in weight was seen. This allowed the films to reach 
equilibrium swelling. The degree of swelling (SD) was cal-
culated based on the difference between the two readings: 

(W0 -W;) 
SD(%)= ~ x100 

Comparison of the degree of swelling for Ag-PDMS and 
pure PDMS films is shown in the following table (TABLE 1 ). 

TABLE 1 

(Percentage degree of swelling) 

Solvent 

THF 
Toluene 
Methylene Chloride 
Acetone 
Water 

Ag-PDMS Film 

218 
195 
225 

16 
0 

Pure PDMS Film 

175 
132 
152 

17 
0 

Table 1 reveals that in organic medium, theAg-PDMS film 
swelled more as compared to the pure PDMS film. However, 
there was no significant difference in the swelling for polar 
solvents. It is believed that the lesser resistance of Ag-PDMS 
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to organic solvents may be due to a lower degree of cross
linking. [See N. Stafie et a!., Separation and Purification 
Technology 2005, 45, 220]. Some of the curing agent was 
consumed in the reduction of the silver salt and hence the 
available curing agent for cross-linking inAg-PDMS was less 
than in pure PDMS, which may result in the greater swelling. 

Uses and Applications 

Utilities of the metal/metal oxide nanoparticle-embedded 
polymer composites of the present invention include, but are 
not limited to the following: 

10 

Enhanced mechanical properties ofPD MS render the com
posites of the present invention useful for applications in 

15 
pneumatic actuators and microfluidic charmels. 

The combination of improved mechanical and antibacte
rial properties make the Ag-PDMS composites (and other 
Ag-polymer composites) of the present invention suitable for 
biomedical devices and applications, particularly implanta- 20 
tion materials, contact lenses, and cosmetics. 

Metal/metal oxide nanoparticle-embedded polymer com
posites membranes can be used for gas and vapor phase 
separation. 

16 
It was discovered that 80%E. coli and 52% B. subtiliswere 

inactivated upon 24 hours exposure to Ag-PD MS, as shown in 
the following table (TABLE 2). 

TABLE2 

(Antibacterial activity of AG-PDMS films 
toward E. coli and B. subtilis) 

E. coli E. coli 
(104 CFU/mL) (104 CFU/mL) 

Control Culture 3.1 ± 0.3 2.0 ± 0.13 
Pure PDMS film 3.0 ±0.3 2.0 ± 0.44 
Ag-PDMS film 0.66 ± 0.1 0.96 ± 0.12 

It is believed that the bacterial growth inhibition and inac
tivation may be attributed to very low concentrations of silver 
ions (9 ppb) released from theAg-PDMS films as measured 
by ICP. The exposure to silver ions caused several orders of 
magnitude reduction in bacterial populations. The amounts of 
inhibition and inactivation obtained in this study are compa-
rable to those previously reported for products containing 
silver nanoparticles. [0. Choi et a!., Water Res. 2008, 42, 
3066; S. K. Gogoi et a!., Langmuir 2006, 22, 9322]. The 

Metal/metal oxide nanoparticle-embedded polymer com
posites membranes can be used as a catalyst. For example, it 
can be used as a membrane reactor. 

25 incorporation of silver nanoparticles confers antibacterial 
properties to PD MS and extends the use ofPD MS in biomedi
cal applications. 

The metal/metal oxide nanoparticle-embedded polymer 
composites can be also be used as: a membrane for separation 
of organics from water; a micro-fluidic based reactor; a damp- 30 

ing material; an antibacterial glue or lubricant; an antibacte
rial coating agent; hydrogen storage materials; an other lubri
cant, a conditioner, a gloss enhancer, a sealing agent, and an 
antifoaming agent. 

35 
By way of example, the presence of silver nanoparticles 

makes the Ag-PD MS composites (and other Ag-nanoparticle
embedded polymer composites) attractive for biomedical 
applications [R. M. Slawsonetai.,Plasmid 1992,27, 72] and 
antibacterial coatings [A. Kumar et a!., Nature Materials 40 
2008,7, 236] due to its inherent antimicrobial properties. The 
antibacterial activity oftheAg-PDMS films was evaluated by 
incubating Bacillus subtilis and Escherichia coli bacterial 
strains with the films. 

TheAg-PDMS films were carefully sterilized by autoclav- 45 

ing at 121 o C. for 30 minutes and then incubated overnight 
(16-18 hours) with microorganisms. Cultures exposed to pure 
PDMS films (i.e., without embedded Ag nanoparticles) were 
used as controls. Antimicrobial activity was tested on Bacil-
lus subtilis 168 (ATCC 31578; Gram positive) and Escheri- 50 

chia coli K12 (ATCC 25404; Gram negative) to evaluate 
antibacterial efficacy for different bacterial cell wall morpho
logical properties. The strains were grown on Luria-Bertani 
broth at 37° C. while shaking at 150 rpm, harvested during 
exponential growth, and re-suspended in minimal Davis 55 

media for the experiments. [S. Mahendra eta!., Environmen-
tal Science and Technology 2008,42, 9424]. Bacterial growth 
was monitored in the presence of the films. Growth of cells in 
suspensions was measured in terms of absorbance at 600 nm, 
and converted to colony forming units ( CFU /mL) using strain 60 

specific standard curves. Bacterial mortality was also deter
mined by viable plate counts after 24 hours growth. 

Both (Gram-positive) B. subtilis and (Gram-negative) E. 
coli bacteria experienced decreased growth in the presence of 
the Ag-PDMS film membranes. Viable plate counts were 65 

carried out to distinguish bactericidal from bacteriostatic 
effects. 

While embodiments of the invention have been shown and 
described, modifications thereof can be made by one skilled 
in the art without departing from the spirit and teachings of 
the invention. The embodiments described and the examples 
provided herein are exemplary only, and are not intended to 
be limiting. Many variations and modifications of the inven
tion disclosed herein are possible and are within the scope of 
the invention. Accordingly, the scope of protection is not 
limited by the description set out above, but is only limited by 
the claims which follow, that scope including all equivalents 
of the subject matter of the claims. 

The disclosures of all patents, patent applications, and 
publications cited herein are hereby incorporated herein by 
reference in their entirety, to the extent that they provide 
exemplary, procedural, or other details supplementary to 
those set forth herein. 

What is claimed is: 
1. A method of synthesizing a nanoparticle-embedded 

polymer composite, the method comprising: 
(a) mixing a metal precursor and a solvent to form a metal 

salt, 
wherein the molar concentration of the metal precursor 

in the solvent is in the range between 1x10-5 and 
about 5x10-2

, 

wherein the metal precursor is selected from the group 
consisting of silver benzoate, chloroauric acid, palla
dium acetylacetonate, cobalt acetylacetonate, nickel 
acetylacetonate, iron carbonyl, nickel carbonyl, and 
cobalt carbonyl, and 

wherein the formed metal salt comprises a metal 
selected from the group consisting of silver, gold, 
palladium, platinum, copper, cobalt, nickel, iron, and 
combinations thereof; 

(b) combining a polymerizable material, a polymerizing 
agent, and the metal salt to form a mixture, 
wherein the polymerizable material is selected from the 

group consisting of (i) polydimethylsiloxane, (ii) 
polystyrene, (iii) poly(methyl methacrylate), (iv) 
polyvinyl acetate, (v) polyethylene, (vi) monomers 
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and oligomers that polymerize to form the polymers 
of (i)-(v), and combinations thereof, and 

wherein the polymerizable material and the polymeriz
ing agent are combined in a weight ratio in the range 
between about 2:1 and about 10:1; and 

(c) forming the nanoparticle-embedded polymer compos
ite by 
(i) polymerizing the polymerizable material to form a 

polymer, wherein the polymerizing occurs at a tem
perature in the range between about room temperature 10 

and about 100° C., 
(ii) reducing the metal salt to form nanoparticles embed

ded within the polymer, 
wherein the polymerizing agent polymerizes the 

polymerizable material to form the polymer and 
reduces the metal salt to form the nanoparticles, 
and 

15 

18 
10. The method of claim 1, wherein the metal precursor 

comprises a transition metal. 
11. !he method of claim 1, wherein the metal precursor 

compnses at least two transition metals. 
12. The method of claim 1, wherein the metal salt is further 

prepared by mixing a second metal precursor with the metal 
precursor and the solvent. 

13. The method of claim 1, wherein the solvent is a non
polar solvent. 

14. The method of claim 1, wherein the ratio of (A) the 
polymerizable material and the polymerizing agent and (B) 
the metal precursor and solvent is in the range between about 
2 grams/ml and about 4 grams/mi. 

15. The method of claim 1, wherein the weight ratio of the 
polymerizable material and the polymerizing agent is about 
10:1. 

16. The method of claim 1, further comprising degassing 
the mixture. 

17. The method of claim 1, further performing the poly
merization step at about room temperature. 

(iii) heating the polymer after the polymerization step, 
wherein the heating is performed at a temperature in 

the range between about 150° C. andabout300° C., 
and 

20 18. The method of claim 1, wherein said heating step is 

wherein the heating decomposes the metal salt to 
form nanoparticles. 

2. The method of claim 1, further comprising agitating the 25 
mixture such that there is a bulk dispersion of nanoparticles in 
the nanoparticle-embedded polymer composite. 

3. The method of claim 2, wherein said step of agitation 
uniformly distributes the polymerizable material, the poly
merizing agent, and the metal salt in the mixture. 

4. The method of claim 1, wherein the polymerizable mate-
rial is a siloxane. 

5. The method of claim 4, wherein the siloxane is polydim
ethyl siloxane. 

30 

6. The method of claim 1, wherein the step of polymerizing 35 
the polymerizable material to form a polymer is selected from 
the .group consisting of peroxide-initiated polymerization, 
platmum-catalyzed addition polymerization, and tin-cata
lyzed condensation polymerization. 

7. The method of claim 1, wherein the polymerizing agent 40 
is capable of initiating a polymerization selected from the 
group consisting of peroxide-initiated polymerization, plati
num-catalyzed addition polymerization, and tin-catalyzed 
condensation polymerization. 

8. The method of claim 1, wherein the metal salt comprises 45 
silver. 

9. The method of claim 1, wherein the metal precursor 
comprises silver benzoate. 

performed at a temperature in the range between about 200° 
C. and about 250° C. 

19. The method of claim 1, wherein the nanoparticles com
prise pure metal nanoparticles. 

20. The method of claim 1, wherein the nanoparticles com
prise metal alloy nanoparticles. 

21. The method of claim 1, wherein the nanoparticles com
prise pure metal oxide nanoparticles. 

22. The method of claim 1, wherein the nanoparticles com
prise metal oxide alloy nanoparticles. 

23. The method of claim 1, wherein 
(i) the polymerizable material comprises polydimethylsi

loxane; 
(ii) the metal salt comprises a metal selected from the group 

consisting of silver, gold, and palladium; 
(iii) the polymerizing agent polymerizes the polymerizable 

material to form the polymer at about room temperature; 
and 

(iv) the polymerizable agent reduces the metal to form 
bare, noble metal nanoparticles embedded within the 
polymer. 

24. The method of claim 23, wherein the metal salt com
prises silver. 

25. The method of claim 1, wherein a majority of the 
nanoparticles range in size between about 5 nm and about 20 
nm. 

* * * * * 


