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>110°C toluene FIG. 3 
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COMPOSITION AND ASSOCIATED METHOD 

BACKGROUND 

[0001] 1. Technical Field 
[0002] The invention includes embodiments that relate to a 
composition. The invention includes embodiments that relate 
to method of making and using the composition. 
[0003] 2. Discussion of RelatedArt 
[0004] Nano-scale metal particles (nanoparticles) may 
have properties different from those of bulk metal or atomic 
species. Differences in properties may be due in part because 
of the large surface area of the metal nanoparticles, electronic 
structure differences, higher percentage of surface atoms, or 
differences in melting, freeZing and diffusion behavior of 
metal nanoparticles. Nanoparticles and compositions With 
nanoparticles may ?nd applications in diverse ?elds, for 
example, in microelectronics, optical, electrical, and mag 
netic devices, sensors, electrochemistry, catalytic applica 
tions. 
[0005] Metal nanoparticles may be used in one of the afore 
mentioned applications alone or With polymer matrices. A 
method of forming the nanoparticles may include reducing a 
metal salt (metal precursor), for example, a silver carboxylate 
using a suitable reducing agent. Carboxylate and other similar 
salts of metals may necessitate heating the metal salt to tem 
peratures greater than 200 degrees Celsius. High tempera 
tures and violent nature of the reduction reaction may not be 
amenable in applications Where loW processing temperatures 
may be required. For example, such high reduction tempera 
tures may not be suitable for polymer matrices that may cure, 
melt, or degrade at these temperatures. Nanoparticles may 
also shoW propensity toWards associate formation, Which in 
certain applications may necessitate incorporation of addi 
tional materials, for example, surfactants to facilitate disper 
sion of the metal nanoparticles, for example, in a polymer 
matrix. 
[0006] Metal particles dispersed in a suitable polymer 
matrix may ?nd applications as conductive adhesives. Con 
ductive adhesives may be used as lead-free solders, thermal 
interface materials, and the like in electronic packaging appli 
cations. Conductive (electrical or thermal) properties of the 
adhesives may be limited in part because of interface resis 
tance betWeen particles. Higher particle concentrations may 
be required to achieve the desired conductive properties, 
Which may affect the adhesive processability and also adhe 
sion. 
[0007] It may be desirable to have a metal precursor With 
properties that differs from those properties of currently 
available metal precursors. It may be desirable to have a metal 
nanoparticle With properties that differ from those properties 
of currently available metal nanoparticles. It may be desirable 
to have conductive adhesives With properties that differ from 
those properties of currently available conductive adhesives. 
It may be desirable to have a metal nanoparticle produced by 
a method that differs from those methods currently available. 
It may be desirable to have a conductive adhesive produced by 
a method that differs from those methods currently available. 

BRIEF DESCRIPTION 

[0008] In one embodiment, a composition is provided. The 
composition includes a metal precursor. The metal precursor 
includes an inorganic ligand and a metal cation. The inorganic 
ligand includes a carbamate group. 
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[0009] In one embodiment, a method is provided. The 
method includes heating a metal precursor to a reaction tem 
perature and forming a decomposition product. The metal 
precursor includes a carbamate and a metal cation. The 
decomposition product includes a metal nanoparticle. 
[0010] In one embodiment, a composition is provided. The 
composition includes a metal precursor. The metal precursor 
includes a carbamate-containing inorganic ligand and a metal 
cation. The metal precursor is responsive to a stimulus to form 
a metal nanoparticle. 

BRIEF DESCRIPTION OF DRAWING FIGURES 

[0011] FIG. 1 is a reaction scheme comprising an embodi 
ment of the invention for the synthesis of a metal precursor. 
[0012] FIG. 2 is an illustration of a decomposition reaction 
of a metal precursor. 
[0013] FIG. 3 is an illustration of metallurgical-bonding of 
a metal nanoparticle. 
[0014] FIG. 4 is an illustration of a decomposition reaction 
and metallurgical-bonding of a metal precursor. 
[0015] FIG. 5 is an illustration of metallurgical-bonding of 
metal nanoparticles With micron-siZed particles in a polymer 
matrix. 
[0016] FIG. 6 is an image ofa ball grid array patterned on a 
Kapton substrate using the metal precursor. 
[0017] FIG. 7 is an image of laser patterns formed using the 
metal precursor. 
[0018] FIG. 8 is a bar chart of electrical resistivity for 
compositions according to embodiments of the invention. 
[0019] FIG. 9 is an image of a ?lm formed using a metal 
precursor, a polymer matrix, and a solvent 
[0020] FIG. 10 is an image ofa ?lm formed using a metal 
precursor, a polymer matrix, and an inorganic diluent. 

DETAILED DESCRIPTION 

[0021] In the folloWing speci?cation and the claims Which 
folloW, reference Will be made to a number of terms have the 
folloWing meanings. The singular forms “a”, “an” and “the” 
include plural referents unless the context clearly dictates 
otherWise. Approximating language, as used herein through 
out the speci?cation and claims, may be applied to modify 
any quantitative representation that could permissibly vary 
Without resulting in a change in the basic function to Which it 
is related. Accordingly, a value modi?ed by a term such as 
“about” is not limited to the precise value speci?ed. In some 
instances, the approximating language may correspond to the 
precision of an instrument for measuring the value. Similarly, 
“free” may be used in combination With a term, and may 
include an insubstantial number, or trace amounts, While still 
being considered free of the modi?ed term. For example, free 
of solvent or solvent-free, and like terms and phrases, may 
refer to an instance in Which a signi?cant portion, some, or all 
of the solvent has been removed from a solvated material. 

[0022] As used herein, the terms “may” and “may be” 
indicate a possibility of an occurrence Within a set of circum 
stances; a possession of a speci?ed property, characteristic or 
function; and/or qualify another verb by expressing one or 
more of an ability, capability, or possibility associated With 
the quali?ed verb. Accordingly, usage of “may” and “may be” 
indicates that a modi?ed term is apparently appropriate, 
capable, or suitable for an indicated capacity, function, or 
usage, While taking into account that in some circumstances 
the modi?ed term may sometimes not be appropriate, 
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capable, or suitable. For example, in some circumstances an 
event or capacity can be expected, While in other circum 
stances the event or capacity cannot occurithis distinction is 
captured by the terms “may” and “may be”. 
[0023] A composition according to an embodiment of the 
invention includes a decomposition product of a metal pre 
cursor. A metal precursor refers to a metal-containing com 
pound capable of converting to an elemental metal When 
exposed to a stimulus. Elemental metal refers to a substan 
tially pure metal or alloy having an oxidation state of Zero. A 
metal precursor may include a ligand and one or more metal. 
Suitable metal may include one or more metals, metal oxides, 
or mixed metal oxides. In one embodiment, the metal may 
include one or more silver (Ag), copper (Cu), or Zinc (Zn). In 
one embodiment, the metal may include one or more mag 
netic metals. In one embodiment, the metal oxide may 
include one or more of silver (Ag), copper (Cu), or Zinc (Zn). 
In one embodiment, the metal consists only of silver. 
[0024] A suitable ligand may include a molecule or an ion 
having at least one atom having a lone pair of electrons that 
may bond to a metal atom or ion. A ligand may also include 
unsaturated molecules or ions that may bind to a metal atom 
or ion. Unsaturated molecules or ions may include at least one 
carbon-carbon double bond formed by the side-by-side over 
lap of p-atomic orbitals on adjacent atoms. In one embodi 
ment, the ligand includes at least one carbamate group. A 
carbamate group may bind to metal atom or an ion through an 
oxygen anion in the carbamate group. 
[0025] The ligand may have one or both of an organic 
backbone or an inorganic backbone. An organic backbone for 
the ligand may have only carbon-carbon linkages (for 
example, ole?ns) or carbon-heteroatom-carbon linkages (for 
example, ethers, esters and the like) in the main chain. An 
inorganic backbone for a ligand may include main chain 
linkages other than that of carbon-carbon linkages or carbon 
heteroatom-carbon linkages, for example, silicon-silicon 
linkages in silanes, silicon-oxygen-silicon linkages in silox 
anes, phosphorous-nitrogen-phosphorous linkages in phosp 
haZenes, and the like. 
[0026] In one embodiment, a ligand may include a structure 
of formula (I): 

Wherein “n” is l or 2, X+ is a metal cation, and R1 includes an 
aliphatic radical, a cycloaliphatic radical, an aromatic radical, 
or a silicon-containing group. Aliphatic radical, aromatic 
radical and cycloaliphatic radical may be de?ned as folloWs: 
[0027] An aliphatic radical is an organic radical having at 
least one carbon atom, a valence of at least one and may be a 
linear or branched bonded array of atoms. Aliphatic radicals 
may include heteroatoms such as nitrogen, sulfur, silicon, 
selenium and oxygen or may be composed exclusively of 
carbon and hydrogen. Aliphatic radical may include a Wide 
range of functional groups such as alkyl groups, alkenyl 
groups, alkynyl groups, halo alkyl groups, conjugated dienyl 
groups, alcohol groups, ether groups, aldehyde groups, 
ketone groups, carboxylic acid groups, acyl groups (for 
example, carboxylic acid derivatives such as esters and 
amides), amine groups, nitro groups and the like. For 
example, the 4-methylpent-l-yl radical is a C6 aliphatic radi 
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cal comprising a methyl group, the methyl group being a 
functional group, Which is an alkyl group. Similarly, the 4-ni 
trobut-l -yl group is a C4 aliphatic radical comprising a nitro 
group, the nitro group being a functional group. An aliphatic 
radical may be a haloalkyl group that includes one or more 

halogen atoms, Which may be the same or different. Halogen 
atoms include, for example; ?uorine, chlorine, bromine, and 
iodine. Aliphatic radicals having one or more halogen atoms 
include the alkyl halides: tri?uoromethyl, bromodi?uorom 
ethyl, chlorodi?uoromethyl, hexa?uoroisopropylidene, chlo 
romethyl, di?uorovinylidene, trichloromethyl, bromodichlo 
romethyl, bromoethyl, 2-bromotrimethylene (e. g., 
4CH2CHBrCH2i), and the like. Further examples of ali 
phatic radicals include allyl, aminocarbonyl (iCONHz), 
carbonyl, dicyanoisopropylidene 4CH2C(CN)2CH2i), 
methyl (iCH3), methylene (4CH2i), ethyl, ethylene, 
formyl (4CHO), hexyl, hexamethylene, hydroxymethyl 
(iCHZOH), mercaptomethyl (iCHzSH), methylthio 
(iSCH3), methylthiomethyl (4CH2SCH3), methoxy, meth 
oxycarbonyl (CH3OCOi), nitromethyl (iCHZNOZ), thio 
carbonyl, trimethylsilyl ((CH3)3Sii), t-butyldimethylsilyl, 
trimethoxysilylpropyl ((CH3O)3SiCH2CH2CH2i), vinyl, 
vinylidene, and the like. By Way of further example, a “C1 
C30 aliphatic radical” contains at least one but no more than 
30 carbon atoms. A methyl group (CH3i) is an example of a 
Cl aliphatic radical. A decyl group (CH3(CH2)9i) is an 
example of a C10 aliphatic radical. 
[0028] An aromatic radical is a bonded array of atoms 
having a valence of at least one and having at least one 
aromatic group. This bonded array may include heteroatoms 
such as nitrogen, sulfur, selenium, silicon and oxygen, or may 
be composed exclusively of carbon and hydrogen. Suitable 
aromatic radicals may include phenyl, pyridyl, furanyl, thie 
nyl, naphthyl, phenylene, and biphenyl radicals. The aromatic 
group may be a cyclic structure having 4n+2 “delocaliZed” 
electrons Where “n” is an integer equal to l or greater, as 
illustrated by phenyl groups (n:l), thienyl groups (n:l), 
furanyl groups (n:l), naphthyl groups (n:2), aZulenyl groups 
(n:2), anthracenyl groups (n:3) and the like. The aromatic 
radical also may include non-aromatic components. For 
example, a benZyl group may be an aromatic radical, Which 
includes a phenyl ring (the aromatic group) and a methylene 
group (the non-aromatic component). Similarly a tetrahy 
dronaphthyl radical is an aromatic radical comprising an aro 
matic group (C6H3) fused to a non-aromatic component 
i(CH2)4i. An aromatic radical may include one or more 
functional groups, such as alkyl groups, alkenyl groups, alky 
nyl groups, haloalkyl groups, haloaromatic groups, conju 
gated dienyl groups, alcohol groups, ether groups, aldehyde 
groups, ketone groups, carboxylic acid groups, acyl groups 
(for example carboxylic acid derivatives such as esters and 
amides), amine groups, nitro groups, and the like. For 
example, the 4-methylphenyl radical is a C7 aromatic radical 
comprising a methyl group, the methyl group being a func 
tional group, Which is an alkyl group. Similarly, the 2-nitro 
phenyl group is a C6 aromatic radical comprising a nitro 
group, the nitro group being a functional group. Aromatic 
radicals include halogenated aromatic radicals such as trif 
luoromethylphenyl, hexa?uoroisopropylidenebis (4-phen-l - 
yloxy) (4OPhC(CF3)2PhOi), chloromethylphenyl, 3-trif 
luorovinyl-2 -thienyl, 3 -trichloromethyl phen- l -yl 
(3 -CCl3Phi), 4-(3 -bromoprop- l -yl)phen- l -yl 
(BrCH2CH2CH2Phi), and the like. Further examples of aro 
matic radicals include 4-allyloxyphen-l-oxy, 4-aminophen 
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1-yl (HZNPhi), 3 -aminocarbonylphen-1-yl (N HZCOPhi), 
4-benZoylphen-1-yl, dicyanoisopropylidenebis(4-phen-1 
yloxy) (iOPhC(CN)2PhOi), 3-methylphen-1-yl, methyl 
ene bis(phen-4-yloxy) (4OPhCH2PhOi), 2-ethylphen-1 
yl, phenylethenyl, 3-formyl-2-thienyl, 2-hexyl-5-furanyl; 
hexamethylene-1 ,6-bis(phen-4-yloxy) (4OPh(CH2) 
6PhOi), 4-hydroxymethyl phen-1-yl (4-HOCH2Phi), 
4-mercaptomethyl phen-1-yl (4-HSCH2Phi), 4-methylthio 
phen-1 -yl (4-CH3 SPhi), 3-methoxy phen-1 -yl, 2-methoxy 
carbonyl phen-1-yloxy (e.g., methyl salicyl), 2-nitromethyl 
phen-1-yl (iPhCHZNOZ), 3-trimethylsilylphen-1-yl, 4-t 
butyldimethylsilylphenl-l -yl, 4-vinylphen-1-yl, 
vinylidenebis(phenyl), and the like. The term “a C3 -C30 aro 
matic radical” includes aromatic radicals containing at least 
three but no more than 30 carbon atoms. The aromatic radical 
1-imidaZolyl (C3H2N2i) represents a C3 aromatic radical. 
The benZyl radical (C7H7i) represents a C7 aromatic radical. 
[0029] A cycloaliphatic radical is a bonded array of atoms 
including a radical having a valence of one or more, and the 
bonded array including at least one portion that is cyclic but is 
not aromatic. A cycloaliphatic radical may include one or 
more non-cyclic components. For example, a cyclohexylm 
ethyl group (C6H1lCH2i) is a cycloaliphatic radical, Which 
includes a cyclohexyl ring (the array of atoms, Which is cyclic 
but Which is not aromatic) and a methylene group (the non 
cyclic component). The cycloaliphatic radical may include 
hctcroatoms such as nitrogen, sulfur, sclcnium, silicon and 
oxygen, or may be composed exclusively of carbon and 
hydrogen. A cycloaliphatic radical may include one or more 
functional groups, such as alkyl groups, alkenyl groups, alky 
nyl groups, halo alkyl groups, conjugated dienyl groups, alco 
hol groups, ether groups, aldehyde groups, ketone groups, 
carboxylic acid groups, acyl groups (for example carboxylic 
acid derivatives such as esters and amides), amine groups, 
nitro groups and the like. For example, the 4-methylcyclo 
pent-1-yl radical is a C6 cycloaliphatic radical comprising a 
methyl group, the methyl group being a functional group, 
Which is an alkyl group. Similarly, the 2-nitrocyclobut-1-yl 
radical is a C4 cycloaliphatic radical comprising a nitro group, 
the nitro group being a functional group. A cycloaliphatic 
radical may include one or more halogen atoms, Which may 
be the same or different. Halogen atoms include, for example, 
?uorine, chlorine, bromine, and iodine. Cycloaliphatic radi 
cals having one or more halogen atoms include 2-tri?uorom 
ethylcyclohex-1 -yl, 4-bromodi?uoromethylcyclooct-1-yl, 
2-chlorodi?uoromethylcyclohex-1-yl, hexa?uoroisopropy 
lidene 2,2-bis(cyclohex-4-yl) (4C6HlOC(CF3)2C6H1O), 
2-chloromethylcyclohex-1 -yl; 3 -di?uoromethylenecyclo 
hex-1 -yl; 4-trichloromethylcyclohex- 1 -yloxy, 4-bromod 
ichloromethylcyclohex-1 -ylthio, 2-bromoethylcyclopent-1 - 
yl, 2-bromopropylcyclohex-1 -yloxy (e. g. 
CH3CHBrCH2C6HlOi), and the like. Further examples of 
cycloaliphatic radicals include 4-allyloxycyclohex-1-yl, 
4-aminocyclohex-1-yl (H2C6H 1O), 4-aminocarbonylcyclo 
pent-1-yl (NH2COC5H8i), 4-acetyloxycyclohex-1-yl, 2,2 
dicyanoisopropylidenebis(cyclohex-4-yloxy) (iOC6H1OC 
(CN)2C6H1OOi), 3-methylcyclohex-1-yl, methylenebis 
(cyclohex-4-yloxy) (4OC6H 1OCH2C6H 100*), 
1 -ethylcyclobut- 1 -yl, cyclopropylethenyl, 3-for'myl-2-ter 
ahydrofuranyl, 2-hexyl-5-tetrahydrofuranyl; hexamethyl 
ene-1 ,6-bis(cyclohex-4-yloxy)(4OC6H1O(CH2) 
6C6H 1 O0*); 4-hydroxymethylcyclohex-1 -yl 
(4-HOCH2C6H 10*), 4-mercaptomethylcyclohex-1-yl 
(4-HSCH2C6H1Oi), 4-methylthiocyclohex-1-yl 
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(4-CH3SC6H 10*), 4-methoxycyclohex-1-yl, 2-methoxycar 
bonylcyclohex-1-yloxy (2-CH3OCOC6H1OOi), 4-nitrom 
ethylcyclohex-1-yl (N O2CH2C6H 10*), 3-trimethylsilylcy 
clohex-1-yl, 2-t-butyldimethylsilylcyclopent-1-yl, 
4-trimethoxysilylethylcyclohex- 1 -yl (e. g. (CH3 0) 
3SiCH2CH2C6H 1 of), 4-vinylcyclohexen-1-yl, 
vinylidenebis(cyclohexyl), and the like. The term “a C3 -C30 
cycloaliphatic radical” includes cycloaliphatic radicals con 
taining at least three but no more than 10 carbon atoms. The 
cycloaliphatic radical 2-tetrahydrofuranyl (C4H7Oi) repre 
sents a C4 cycloaliphatic radical. The cyclohexylmethyl radi 
cal (C6H1lCH2i) represents a C7 cycloaliphatic radical. 
[0030] In one embodiment, Rl may be an aliphatic radical 
having one or more carbon atoms. In one embodiment, Rl 
may be an aliphatic radical having carbon atoms in a range of 
from 1 to about 10, from about 10 to about 20, from about 20 
to about 50, or from about 50 to about 100. In one embodi 
ment, Rl may be selected from the group consisting of a 
methyl radical, an ethyl radical, a propyl radical, a butyl 
radical, a pentyl radical, a hexyl radical, a heptyl radical, an 
octyl radical, a nonyl radical, and a decyl radical. In one 
embodiment, Rl consists essentially of an aliphatic radical 
having 7 or more carbon atoms. 

[0031] In one embodiment X” may include a silver cation 
(Ag+). In another embodiment, X” consists essentially of 
silver cation (Ag’'), and is free of any other metal. 

[0032] In one embodiment, Rl may include silicon-silicon 
linkages such as in silanes. Silanes may also be referred to as 
organosilanes, Where organosilanes include silicon-silicon 
linkages and one or more silicon atoms is substituted With an 
organic group. In one embodiment Rl may include silicon 
nitrogen-silicon linkages such as in silaZanes. SilaZanes 
include the organosilaZanes that have silicon-nitrogen-silicon 
linkages and one or more silicon atoms are substituted With an 

organic group. R1 may include silicon-oxygen-silicon link 
ages, such as in siloxanes. Siloxanes include the organosilox 
anes that have silicon-oxygen-silicon linkages and one or 
more of the silicon atoms are substituted With an organic 
group. Suitable siloxanes may include linear siloxanes, cyclic 
siloxanes, branched siloxanes, partially crosslinked silox 
anes, or silsesquioxanes. 

[0033] In one embodiment, Rl includes a structure of for 
mula (II): 

MaDbTcQdR2 (11) 

wherein the subscripts “a”, “b”, “c”, and “d” are indepen 
dently Zero or a positive integer, and the sum of integers a , 
“b”, “c”, and “d” is greater than or equal to 1, and M has the 
formula: 

R3R4R5SiO1/2, (111) 

D has the formula: 

R6R7SiO2/2> (W) 

T has the formula: 

R8SiO3/2> (V) 

and Q has the formula: 

$iO4/2, (VI) 

and R2 is a divalent radical having formula 
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wherein R3 to R10 are independently an aliphatic radical, a 
radical, or an aromatic radical; R1 1 is a hydrogen atom or an 
aliphatic radical; R12 is a divalent aliphatic radical, and “Z” is 
0 or 1. 

[0034] In one embodiment, Rl includes a linear organosi 
loxane having a structure of formula (VIII): 

MDbR2 (VIII) 

“b”, M, D and R2 are as de?ned hereinabove. The value of “b” 
may determine the molecular Weight of the metal precursor 
and the physical properties of the metal precursor. In one 
embodiment, “b” may be 0. In one embodiment, “b” may be 
in a range of from 1 to about 10, from about 10 to about 50, or 
from about 50 to about 100. In one embodiment, “b” may be 
in a range of greater than about 10. In one embodiment, R2 
consists essentially of a linear polydimethysiloxane. 
[0035] Suitability of a ligand for the metal precursor may 
be determined by one or more of physical properties of the 
metal precursor (for example stability of the ligand at room 
temperature), stimulus required to decompose the metal pre 
cursor (for example temperature), amount of metal in the 
metal precursor, compatibility of the metal precursor With 
additional materials (for example polymers, oligomers, and 
the like), or end use application of the decomposition product. 
[0036] In one embodiment, the metal precursor may be 
stable to light at room temperature. In one embodiment, the 
metal precursor may be stable to moisture at room tempera 
ture. Stability, as used herein in the speci?cation and claims, 
refers to the ratio of molecular Weight of the metal precursor 
before exposure to light or moisture and after exposure to 
light or moisture. 

[0037] The amount of metal precursor in the composition 
may vary depend on one or more of: the end-use, relative 
amount of metal in the entire metal precursor, amount of 
metal required in the ?nal composition, and other factors. In 
one embodiment, the composition may include a metal pre 
cursor present in an amount that is less than about 0.1 Weight 
percent. In one embodiment, the composition may include a 
metal precursor present in an amount in a range of from about 
0.1 Weight percent to 1 Weight percent, from 1 Weight percent 
to about 2 Weight percent, from about 2 Weight percent to 
about 5 Weight percent, from about 5 Weight percent to about 
10 Weight percent of the composition. In one embodiment, 
the composition may include a metal precursor present in an 
amount in a range of from about 10 Weight percent to about 20 
Weight percent, from about 20 Weight percent to about 30 
Weight percent, from about 30 Weight percent to about 40 
Weight percent, or from about 40 Weight percent to about 50 
Weight percent of the composition. In one embodiment, the 
composition may include a metal precursor present in an 
amount that is greater than about 50 Weight percent. 
[0038] In one embodiment, the metal precursor may 
decompose When exposed to a ?rst stimulus that is either 
electromagnetic radiation or thermal energy. Electromag 
netic radiation may include ultraviolet, visible, electron 
beam, or microWave radiation. Electromagnetic radiation 
may include a coherent beam, for example, in a laser. Thermal 
energy may include infra-red or the application of heat to the 
metal precursor resulting in an increase in temperature of the 
composition. In one embodiment, the metal precursor may 
decompose by heating the metal precursor to a temperature in 
a range of from about room temperature (RT) to about 40 
degrees Celsius, from about 40 degrees Celsius to about 60 
degrees Celsius, from about 60 degrees Celsius to about 80 
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degrees Celsius, from about 80 degrees Celsius to about 100 
degrees Celsius, from about 100 degrees Celsius to about 120 
degrees Celsius, or from about 120 degrees Celsius to about 
150 degrees Celsius. In one embodiment, the metal precursor 
may decompose by heating the metal precursor to a tempera 
ture in a range of from about 150 degrees Celsius to about 175 
degrees Celsius to, from about 175 degrees Celsius to about 
200 degrees Celsius, from about 200 degrees Celsius to about 
225 degrees Celsius, or from about 225 degrees Celsius to 
about 250 degrees Celsius. In one embodiment, the metal 
precursor may decompose only at a temperature that is less 
than about 120 degrees Celsius. 
[0039] In one embodiment, tWo or more metal precursors 
may be used in the composition to form metal alloys and/or 
metal compounds. To form alloys, the tWo (or more) metal 
precursors may have similar decomposition temperatures to 
avoid the formation of one of the metal species before the 
other species. In one embodiment, the decomposition tem 
peratures of the different metal precursors may by Within 
about 50 degrees Celsius, Within about 25 degrees Celsius, 
Within about 10 degrees Celsius, or Within about 5 degrees 
Celsius of each other. 
[0040] In one embodiment, the ?rst stimulus may include 
contact With a reducing agent. A reducing agent is a com 
pound capable of reducing the metal cation in the metal 
precursor to its elemental form. In one embodiment, the 
reducing agent may be selected from the group consisting of 
alcohols, aldehydes, amines, amides, alanes, boranes, boro 
hydrides, aluminohydrides, onium salts, and organosilanes. 
In one embodiment, the reducing agent consists only of one or 
more of onium salt, alcohol, amine, amide, borane, borohy 
dride, or organosilane. In one embodiment, the reducing 
agent consists only of an onium salt. In one embodiment, the 
reducing agent consists only of an iodonium salt. In one 
embodiment, the ?rst stimulus may include application of 
thermal energy and contact With a reducing agent. 
[0041] The amount of reducing agent in the composition 
may depend on the reaction conditions and on the selected 
metal precursor. In one embodiment, the reducing agent may 
be present in an amount equal to or greater than the minimum 
stoichiometric amount necessary to convert all of the metal in 
the metal precursor to its elemental form at the desired con 
version conditions. In one embodiment, an amount of pri 
mary reducing agent in the composition may be in excess 
relative to the amount of metal precursor to be converted to 
elemental form. 

[0042] In one embodiment, a decomposition product of the 
metal precursor may include a metal nanoparticle. Nanopar 
ticle as used herein, may refer to a single nanoparticle, a 
plurality of nanoparticles, or a plurality of nanoparticles asso 
ciated With each other. Associated refers to a metal nanopar 
ticle in contact With at least one other metal nanoparticle. In 
one embodiment, associated refers to a metal nanoparticle in 
contact With more than one other particle. 

[0043] A decomposition product of the metal precursor 
may also include a decomposition product of the ligand. In 
one embodiment, a decomposition product of the metal pre 
cursor may include carbon dioxide and an amine. An amine 
may have a structure of formula RINHZ, wherein R1 is as 
de?ned hereinabove in formula (I). In one embodiment, a 
composition may include a metal nanoparticle, an amine 
having formula RINHZ, and carbon dioxide. In one embodi 
ment, metal precursors may include ligands that eliminate 
cleanly upon decomposition and escape completely from the 
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composition. These metal precursors may not be susceptible 
to carbon contamination or contamination by anionic species 
(such as nitrates). In one embodiment, carbon dioxide may be 
released from the composition during or after the decompo 
sition reaction and the composition may be free of carbon 
dioxide. 

[0044] An amine may be dispersed in the composition, may 
be present in association With a metal nanoparticle, or may be 
released from the composition as vapor depending on the 
volatility of the anine. In one embodiment, the composition 
may include an amine present in an amount that is less than 1 
Weight percent. In one embodiment, the composition may 
include an amine present in an amount in a range of from 1 
Weight percent to about 5 Weight percent, from about 5 Weight 
percent to about 10 Weight percent, from about 10 Weight 
percent to about 25, or from about 25 Weight percent to about 
50 Weight percent. In one embodiment, the composition may 
include an amine present in an amount in a range that is 
greater than about 50 Weight percent. In one embodiment, the 
amine produced may be volatile and may be released from the 
composition during or after the decomposition reaction, and 
the composition may be free of amine. 
[0045] In one embodiment, the decomposition reaction 
may not go to completion, and the composition may include 
unreacted metal precursor in addition to the decomposition 
product. In one embodiment, the composition may include 
unreacted metal precursor and metal nanoparticle. In one 
embodiment, the composition may include unreacted metal 
precursor, metal nanoparticle, and an amine. In one embodi 
ment, the composition may include unreacted metal precur 
sor, metal nanoparticle, an amine, and carbon dioxide. 
[0046] In one embodiment, all the metal in the metal pre 
cursor may not be converted to elemental metal (in the metal 
nanoparticle). In one embodiment, greater than about 90 
Weight percent of the metal in the metal precursor may be 
converted to elemental metal. In one embodiment, a Weight 
percent of the metal in the metal precursor that may be con 
verted to elemental metal may be in a range of from about 25 
percent to about 40 Weight percent, from about 40 Weight 
percent to about 60 Weight percent, from about 60 Weight 
percent to about 75 Weight percent, or from about 75 Weight 
percent to about 90 Weight percent. In one embodiment, less 
than about 25 Weight percent of the metal in the metal pre 
cursor may be converted to elemental metal. 

[0047] As described herein earlier, a nanoparticle may refer 
to a single particle or may include a plurality of particles 
(referred to as agglomerates), and the particles having an 
average particle siZe on the nano scale. The nanoparticles may 
be characterized by one or more of average particle siZe, 
particle siZe distribution, average particle surface area, par 
ticle shape(s), or particle cross-sectional geometry. A nano 
particle may have a largest dimension (for example, a diam 
eter or length) in the range of from 1 nanometer to 1000 
nanometers. In one embodiment, an average particle siZe of 
the nanoparticle may be less than 1 nanometer. In one 
embodiment, an average particle siZe of the nanoparticle may 
be in a range of from 1 nanometer to about 10 nanometers, 
from about 10 nanometers to about 25 nanometers, from 
about 25 nanometers to about 50 nanometers, from about 50 
nanometers to about 75 nanometers, or from about 75 nanom 
eters to about 100 nanometers. In one embodiment, an aver 
age particle siZe of the nanoparticle may be in a range of from 
about 100 nanometers to about 200 nanometers, from about 
200 nanometers to about 300 nanometers, from about 300 
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nanometers to about 400 nanometers, or from about 400 
nanometers to about 500 nanometers. 

[0048] A plurality of particles may have a distribution of 
particle siZes that may be characterized by both a number 
average siZe and a Weight-average particle siZe. The number 
average particle siZe may be represented by SN:Z(sl-ni)Znl-, 
Where nl- is the number of particles having a particle siZe si. 
The Weight average particle siZe may be represented by S WIZ 
(sinl-2)Z(sini). When all particles have the same siZe, SN and 
SWmay be equal. In one embodiment, there may be a distri 
bution of siZes, and S Nmay be different from SW. The ratio of 
the Weight average to the number average may be de?ned as 
the polydispersity index (S PD’). In one embodiment, S PD, 
may be equal to about 1. In one embodiment, S PD, may be in 
a range of from 1 to about 1.2, from about 1.2 to about 1.4, 
from about 1.4 to about 1.6, or from about 1.6 to about 2.0. In 
one embodiment, S PD, may be in a range that is greater than 
about 2.0. 

[0049] In one embodiment, the metal nanoparticle may 
include a plurality of particles having a particle siZe distribu 
tion that is a normal distribution, unimodal distribution, a 
bimodal distribution, or a multi-modal distribution. Certain 
particle siZe distributions may be useful to provide certain 
bene?ts, and other ranges of particle siZe distributions may be 
useful to provide other bene?ts (for instance, electrical con 
ductivity may require a different particle siZe range than the 
other properties). A normal distribution may refer to a distri 
bution of particle siZes With SPD, equal to 1. A unimodal 
distribution may refer to a distribution of particle siZes having 
the same particle siZe. In another embodiment, nanoparticle 
particles having tWo distinct siZe ranges (a bimodal distribu 
tion) may be included in the composition: the ?rst range from 
1 nanometer to about 10 nanometers, and the second range 
from about 20 nanometers to about 50 nanometers, for 
example. 
[0050] A nanoparticle may have a variety of shapes and 
cross-sectional geometries that may depend, in part, upon the 
process used to produce the particles. In one embodiment, a 
nanoparticle may have a shape that is a sphere, a rod, a tube, 
a ?ake, a ?ber, a plate, a Wire, a cube, or a Whisker. A nano 
particle may include particles having tWo or more of the 
aforementioned shapes. In one embodiment, a cross-sectional 
geometry of the particle may be one or more of circular, 
ellipsoidal, triangular, rectangular, or polygonal. In one 
embodiment, a nanoparticle may consist only of non-spheri 
cal particles. For example, such particles may have the form 
of ellipsoids, Which may have all three principal axes of 
differing lengths, or may be oblate or prelate ellipsoids of 
revolution. Non-spherical nanoparticles may alternatively be 
laminar in form, Wherein laminar refers to particles in Which 
the maximum dimension along one axis is substantially less 
than the maximum dimension along each of the other tWo 
axes. Such laminar nanoparticles may have a shape similar to 
the tabular silver halide. Non-spherical nanoparticles may 
also have the shape of frusta of pyramids or cones, or of 
elongated rods. In one embodiment, the nanoparticles may be 
irregular in shape. In one embodiment, the nanoparticle may 
consist only of spherical particles. 
[0051] A nanoparticle may have a high surface-to-volume 
ratio. A nanoparticle may be crystalline or amorphous. In one 
embodiment, a single type (siZe, shape, and the like) of nano 
particle may be used, or mixtures of different types of nano 
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particles may be used. If a mixture of nanoparticles is used 
they may be homogeneously or non-homogeneously distrib 
uted in the composition. 
[0052] In one embodiment, the nanoparticles may include 
one or more active terminations sites on the surfaces (such as 

hydroxyl groups). In one embodiment, the nanoparticles may 
be essentially free of active termination sites (such as 
hydroxyl groups) on the surface. In one embodiment, the 
nanoparticles may include amine groups on the surface that 
may passivate the surface of the nanoparticle and reduce any 
association of particles. In one embodiment, a surface of the 
nanoparticle may be passivated by amines in-situ, that is, the 
amines produced in the decomposition reaction may passi 
vate a surface of the metal nanoparticle. 

[0053] In one embodiment, the nanoparticle may be sub 
jected to a further chemical treatment after the decomposition 
of the metal precursor. Chemical treatment may include 
removing polar groups, for example hydroxyl groups, from 
one or more surfaces of the particles to reduce aggregate 
and/ or agglomerate formation. Chemical treatment may also 
include functionaliZing one or more surfaces of the nanopar 
ticles With functional groups that may improve the compat 
ibility betWeen the nanoparticles and additional materials (for 
example, a polymer), reduce aggregate and/or agglomerate 
formation, prevent oxidation of metal nanoparticles, or 
enhance ?oW properties of the metal nanoparticles in melt or 
in solution. In one embodiment, the functional groups may be 
further reactive and may serve as a platform for the attach 
ment of other chemical species With desirable biological or 
chemical properties. Suitable functionaliZing agents used to 
functionaliZe a surface of the metal nanoparticle may include 
one or more of small organic molecules, polymers, organo 
metallic compounds, or surfactants. Suitable reactive func 
tional groups may include one or more of hydroxyl, thiol, 
amine, halogen, cyano, sulfhydryl, carboxyl, carbonyl, car 
bohydrate, vicinal diol, thioether, 2-aminoalcohol, 2-ami 
nothiols, guanidie, imidaZole, beta-diketonante or phenol. 
Suitable passivating functional groups may include one or 
more of silanes, titanates, or Zirconates. 
[0054] In one embodiment, the metal nanoparticle may be 
stable toWards aggregate formation. An aggregate may 
include more than one nanoparticle in physical contact With 
one another. Aggregate should not be confused With agglom 
erates that are themselves nanoparticles comprising a plural 
ity of nano-scale particles. In some embodiments, the nano 
particles may not be strongly agglomerated and/or 
aggregated such that the particles may be relatively easily 
dispersed into a matrix material. 

[0055] In one embodiment, the metal nanoparticle may 
include a plurality of particles associated With each other. 
Associated metal nanoparticles may include aggregates or 
agglomerates of metal particles. In one embodiment, the 
metal nanoparticles may be associated each other through 
formation of bonds or through physical contacts. Association 
of particles through particle-particle contact may result in an 
interface betWeen the particle-particle surfaces, Which may 
affect the properties of the composition. Binding of metal 
metal nanoparticles may reduce the interfacial surface area. 

[0056] In one embodiment, tWo or more metal nanopar 
ticles may bond to each other by one or more of hydrogen 
bonding, covalent bonding, ionic bonding, or metallurgical 
bonding. Hydrogen bonding, covalent bonding, or ionic 
bonding may be effected by functionaliZing surfaces of tWo or 
more metal nanoparticles With suitable functional groups as 
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described hereinabove. Metallurgical-bonding may be 
effected by sintering or fusing the metal nanoparticles by 
application of thermal energy. Metallurgical-bonding, as 
used herein, may refer to surface diffusion, and/or lattice 
diffusion, and/or vapor diffusion of metal from one metal 
particle to another metal particle, Which may result in neck 
formation betWeen tWo or more metal particles. Neck forma 
tion resulting in metallurgical-bonding may provide a con 
tinuous conductive connection betWeen tWo or more metal 
particles. The diffusion of metal by the aforementioned 
mechanisms may occur from the surface, and/or grain bound 
ary, and/or bulk of one metal particle to the surface, and/or 
grain boundary, and/ or bulk of another metal particle. Various 
mechanisms for metallurgical-bonding of the metal particles 
may be realized. In one example, metallurgical-bonding may 
occur due to surface diffusion of metal from the surface of one 
metal particle to the surface/bulk of another metal particle. In 
another example, metallurgical-bonding may occur due to 
surface diffusion of metal from the surface of a metal particle 
into its bulk, folloWed by bulk diffusion to the surface and 
neck formation With another particle. 

[0057] In one embodiment, tWo or more metal nanopar 
ticles may be metallurgically bonded by heating to a tempera 
ture in a range of from about 120 degrees Celsius to about 140 
degrees Celsius, from about 140 degrees Celsius to about 160 
degrees Celsius, from about 160 degrees Celsius to about 180 
degrees Celsius, or from about 180 degrees Celsius to about 
200 degrees Celsius. In one embodiment, tWo or more metal 
nanoparticles may be metallurgically bonded by heating to a 
temperature in a range of from about 200 degrees Celsius to 
about 250 degrees Celsius. In one embodiment, tWo or more 
metal nanoparticles may be metallurgically bonded by heat 
ing to a temperature loWer than a melting temperature of pure 
metal. 

[0058] In one embodiment, during decomposition of the 
metal precursor and prior to metallurgical-bonding, the metal 
nanoparticle is subjected to a temperature pro?le having a 
maximum temperature in a range of less than about 200 
degrees Celsius. In one embodiment, during decomposition 
of the metal precursor and prior to metallurgical-bonding, the 
metal nanoparticle is subjected to a temperature pro?le hav 
ing a maximum temperature in a range of less than about 150 
degrees Celsius. In one embodiment, during decomposition 
of the metal precursor and prior to metallurgical-bonding, the 
metal nanoparticle is subjected to a temperature pro?le hav 
ing a maximum temperature in a range of less than about 120 
degrees Celsius. In one embodiment, during decomposition 
of the metal precursor and prior to metallurgical-bonding, the 
metal nanoparticle is subjected to a temperature pro?le hav 
ing a maximum temperature in a range of less than about 100 
degrees Celsius. The temperature pro?le to Which a metal 
nanoparticle is subjected to may affect the thermal history of 
the metal nanoparticle. Thermal history may refer to a ther 
mal memory of the metal nanoparticle. 

[0059] In one embodiment, the composition may include a 
secondary metal particle. A secondary metal particle as used 
herein may refer may refer to a single metal particle, a plu 
rality of metal particles, or a plurality of metal particles asso 
ciated With each other. In one embodiment, the secondary 
metal particle may include a plurality of particles. The plu 
rality of particles may be characterized by one or more of 
average particle siZe, particle siZe distribution, average par 
ticle surface area, particle shape, or particle cross-sectional 
geometry. 
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[0060] In one embodiment, the secondary metal particle 
may have an average particle size in the micrometer range or 
greater than micrometer range, that is, in range of greater than 
1 micrometer (or 1000 nanometers). In one embodiment, the 
secondary metal particle may have an average particle size in 
a range of from 1 micrometer to about 2 micrometers, from 
about 2 micrometers to about 4 micrometer, from about 4 
micrometers to about 6 micrometers, from about 6 microme 
ter to about 10 micrometers, from about 10 micrometers to 
about 25 micrometers, or from about 25 micrometers to about 
50 micrometers. In one embodiment, an average particle size 
of the metal particle may be in a range of from about 50 
micrometers to about 100 micrometers, from about 100 
micrometers to about 200 micrometer, from about 200 
micrometer to about 400 micrometers, from about 400 
micrometer to about 600 micrometers, from about 600 
micrometers to about 800 micrometers, or from about 800 
micrometers to about 1000 micrometers. In one embodiment, 
an average particle size of the metal particle may be greater 
than about 1000 micrometers. 

[0061] A secondary metal particle may include copper, sil 
ver, platinum, palladium, gold, tin, indium, aluminum, or a 
combination of tWo or more thereof. In one embodiment, the 
secondary particles and the metal nanoparticle may have sub 
stantially the same metallurgy. In one embodiment, the nano 
particle may include a ?rst metal and the secondary particle 
may include a second metal different than the ?rst metal. 

[0062] In one embodiment, a metal precursor may be dis 
posed on a surface of the secondary metal particle. The metal 
precursor may either physically disposed on the surface (for 
example, coated) or may be bonded to the surface (for 
example, through hydrogen bonding). During the decompo 
sition of the metal precursor, a metal nanoparticle may be 
formed and the metal nanoparticle may be associated With the 
secondary metal particle. As noted herein above, association 
may be through physical contact or through formation of 
bonds. In one embodiment, one or more metal nanoparticle 
may be bonded With one or more secondary metal particle by 
one or more of hydrogen bonding, covalent bonding, ionic 
bonding, or metallurgical bonding. 
[0063] In one embodiment, one or more metal nanoparticle 
may be bonded With one or more secondary metal particle 
only through metallurgically bonding. Metallurgical bonding 
of the metal nanoparticle and secondary metal particle may be 
realized by heating the composition to a temperature in a 
range of from about 120 degrees Celsius to about 140 degrees 
Celsius, from about 140 degrees Celsius to about 160 degrees 
Celsius, from about 160 degrees Celsius to about 180 degrees 
Celsius, from about 180 degrees Celsius to about 200 degrees 
Celsius, or from about 200 degrees Celsius to about 250 
degrees Celsius. Various metallurgically-bonding con?gura 
tions of the secondary particle and nanoparticles may be 
realized or implemented. For example, in certain embodi 
ments, several nanoparticles may be metallurgically-bonded 
to the same secondary particle. Further, a nanoparticle may 
metallurgically-bond tWo micron particles. In addition, a sec 
ondary particle may metallurgically bond to another second 
ary particle, and so on. In certain con?gurations, the metal 
lurgical bonding of micron particle to micron particle may be 
due, at least in part, to the presence of the nanoparticles. 
[0064] A composition may include additives. Suitable 
additives may be selected With reference to performance 
requirements for particular applications. For example, curing 
catalyst or initiator may be selected Where curing is required, 
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a binder or a matrix (for example a polymer) may be added 
Where certain mechanical properties are desired, a solvent 
may be added Where solution properties may be desired, and 
the like. 

[0065] In one embodiment, the composition may include a 
solvent. A suitable solvent may be aqueous or non-aqueous 
depending on the solubility of the metal precursor in the 
particular solvent. Suitable solvents may include aliphatic 
hydrocarbons, aromatic hydrocarbons, compounds With 
hydrogen-bond accepting ability, or solvents miscible With 
Water. Suitable aliphatic and aromatic hydrocarbon com 
pounds may include one or more of hexane, cyclohexane, and 
benzene, Which may be substituted With one or more alkyl 
groups containing from 1-4 carbon atoms. Suitable com 
pounds With hydrogen-bond accepting ability may include 
one or more of the folloWing functional groups: hydroxyl 
groups, amino groups, ether groups, carbonyl groups, car 
boxylic ester groups, carboxylic amide groups, ureido 
groups, sulfoxide groups, sulfonyl groups, thioether groups, 
and nitrile groups. Suitable solvents may include one or more 

alcohols, amines, ethers, ketones, aldehydes, esters, amides, 
ureas, urethanes, sulfoxides, sulfones, sulfonamides, sulfate 
esters, thioethers, phosphines, phosphite esters, or phosphate 
esters. Some other examples of suitable non-aqueous solvents 
include toluene, hexane, acetone, methyl ethyl ketone, 
acetophenone, cyclohexanone, 4-hydroxy-4-methyl-2-pen 
tanone, isopropanol, ethylene glycol, propylene glycol, dieth 
ylene glycol, benzyl alcohol, furfuryl alcohol, glycerol, 
cyclohexanol, pyridine, piperidine, morpholine, triethanola 
mine, triisopropanolamine, dibutylether, 2-methoxyethyl 
ether, 1,2-diethoxyethane, tetrahydrofuran, p-dioxane, ani 
sole, ethyl acetate, ethylene glycol diacetate, butyl acetate, 
gamma-butyrolactone, ethyl benzoate, N-methylpyrrolidi 
none, N,N-dimethylacetamide, 1,1,3,3-tetramethylurea, 
thiophene, tetrahydrothiophene, dimethylsulfoxide, dimeth 
ylsulfone, methanesulfonamide, diethyl sulfate, triethylphos 
phite, triethylphosphate, 2,2'-thiodiethanol, acetonitrile, or 
benzonitrile. 

[0066] In one embodiment, the composition may be free of 
a solvent. In one embodiment, the composition may include a 
solvent present in an amount that is in range of less than about 
5 Weight percent of the composition, in a range of less than 
about 2 Weight percent of the composition, in a range of less 
than 1 Weight percent of the composition, in a range of less 
than about 0.5 Weight percent of the composition, or in a 
range of less than about 0.1 Weight percent of the composi 
tion. 

[0067] In one embodiment, the composition may include a 
polymer precursor. A polymer precursor may include mono 
meric species, oligomeric species, mixtures of monomeric 
species, mixtures of oligomeric species, polymeric species, 
mixtures of polymeric species, partially-crosslinked species, 
mixtures of partially-crosslinked crosslinked species, or mix 
tures of tWo or more of the foregoing. 

[0068] A polymer precursor may include reactive groups 
capable of curing. A reactive group may participate in a 
chemical reaction When exposed to one or more of thermal 
energy, electromagnetic radiation, or chemical reagents. Cur 
ing may refer to a reaction resulting in polymerization, cross 
linking, or both polymerization and cross-linking of the poly 
mer precursor. Cured may refer to a polymer precursor 
Wherein more than about 50 percent of the reactive groups 
have reacted, or alternatively a percent conversion of the 
polymer precursor is in a range of greater than about 50 
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percent. Percent conversation may refer to a percentage of the 
total number of reacted groups to the total number of reactive 
groups. 
[0069] In one embodiment, the composition may include a 
polymer precursor and a metal precursor. Before, during, or 
after the decomposition of the metal precursor, the polymer 
precursor may cure to form a polymeric matrix. A polymeric 
matrix may include polymeric species, partially-crosslinked 
species, or crosslinked species. 
[0070] A polymer precursor may include functional groups 
that may form cured materials Via free radical polymeriza 
tion, atom transfer, radical polymerization, ring-opening 
polymerization, ring-opening metathesis polymerization, 
anionic polymerization, or cationic polymerization. Suitable 
functional groups may include one or more of alcohol, anhy 
dride, amine, carboxylic acid, acrylate, urethane, urea, 
melamine, phenol, isocyanate, cyanate ester, epoxy, and the 
like. 
[0071] The polymer precursor may include an organic or 
inorganic backbone depending on the performance require 
ments of the end-use application of the composition. A suit 
able organic material may include only carbon-carbon link 
ages (for example, ole?ns) or carbon-heteroatom-carbon 
linkages (for example, ethers, esters and the like) in the main 
chain. A suitable inorganic backbone for a polymer precursor 
may include main chain linkages other than that of carbon 
carbon linkages or carbon-heteroatom-carbon linkages, for 
example, silicon-silicon linkages in silanes, silicon-oxygen 
silicon linkages in siloxanes, phosphorous-nitrogen-phos 
phorous linkages in phosphazenes, and the like. 
[0072] The type of polymer precursor backbone may also 
affect the dispersion and compatibility properties of the metal 
precursor. In one embodiment, the polymer precursor may 
include an organic polymer and the metal precursor may 
include an organic ligand. The metal precursor may be com 
patible With the polymer precursor and may be easily dispers 
ible in the organic polymer. In one embodiment, the polymer 
precursor may include an inorganic polymer and the metal 
precursor may include an inorganic ligand. The metal precur 
sor may be compatible With the polymer precursor and may 
be easily dispersible in the inorganic polymer. 
[0073] The performance properties of the composition may 
also be affected by the crystallinity and thermal properties of 
the polymer precursor. A polymer precursor may include or 
may be capable of forming one or more of an amorphous 
polymer, a thermoplastic polymer, a crystalline polymer, a 
thermoset polymer, or combinations of tWo or more thereof. 

[0074] A suitable amorphous polymer may include less 
than that about 5 Weight percent of crystalline Weight frac 
tion. A suitable amorphous polymer may include less than 
that bout 2 Weight percent of crystalline Weight fraction. A 
suitable amorphous polymer may include less than that 1 
Weight percent of crystalline Weight fraction. A suitable 
amorphous polymer may include less than that about 0.5 
Weight percent of crystalline Weight fraction. A suitable 
amorphous polymer may include less than that about 0.1 
Weight percent of crystalline Weight fraction. A suitable crys 
talline polymer may include greater than that about 5 Weight 
percent of crystalline Weight fraction. A suitable crystalline 
polymer may include greater than that about 10 Weight per 
cent of crystalline Weight fraction. A suitable crystalline poly 
mer may include greater than that about 25 Weight percent of 
crystalline Weight fraction. A suitable crystalline polymer 
may include greater than that about 50 Weight percent of 
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crystalline Weight fraction. A suitable crystalline polymer 
may include greater than that about 75 Weight percent of 
crystalline Weight fraction. 
[0075] A thermoplastic polymer refers to a material With a 
macromolecular structure that may repeatedly soften When 
heated and harden When cooled. A thermo set polymer refers 
to a material Which may solidify When ?rst heated under 
pressure, and Which may not be remelted or remolded Without 
destroying its original characteristics. In one embodiment, 
the polymer precursor may include a thermoplastic polymer 
and a melting temperature of the thermoplastic polymer may 
be higher than a decomposition temperature of the metal 
precursor. In one embodiment, the polymer precursor may 
include a thermo set polymer and a curing temperature of the 
thermoset polymer may be the same as a decomposition tem 
perature of the metal precursor. Suitable thermo setting poly 
meric materials may include one or more epoxides, pheno 
lics, melamines, ureas, polyurethanes, polysiloxanes, or 
polymers including any suitable crosslinkable functional 
moieties. 

[0076] In one embodiment, a polymer precursor consists 
essentially of an inorganic polymer precursor. In one embodi 
ment, a polymer precursor consists essentially of silicon 
oxygen-silicon linkages, such as in siloxanes. Siloxanes may 
also be referred to as organosiloxanes, Where organosilox 
anes include silicon-oxygen-silicon linkages and one or more 
of the silicon atoms is substituted With an organic group. 
Suitable siloxanes may include linear siloxanes, cyclic silox 
anes, branched siloxanes, partially crosslinked siloxanes, or 
silsesquioxanes. In one embodiment, a siloxane polymer may 
also be copolymerized With other suitable polymers. Suitable 
examples of such polymers may include polyimides, poly 
etherimides, polyamideimides, polyether ether ketones, poly 
ether ketone ketones, polysulfones, polypropylene ethers, 
polysul?des, or combinations comprising at least one of the 
foregoing polymers. In one embodiment, the polymer precur 
sor includes elastomeric silicone. 

[0077] In one embodiment, the polymer precursor consists 
essentially of a curable material. A polymer precursor may 
cure in response to a second stimulus. A second stimulus may 
include thermal energy or electromagnetic radiation. In one 
embodiment, the ?rst stimulus (for reduction of metal precur 
sor) may be the same as the second stimulus (for curing of 
polymer precursor). For example, both decomposition reac 
tion of the metal precursor and the curing reaction of the 
polymer precursor may be initiated by heating the composi 
tion. In one embodiment, a curing temperature of the polymer 
precursor may be in the same range as the decomposition 
temperature of the metal precursor. In one embodiment, a 
curing temperature of the polymer precursor may be greater 
than the decomposition temperature of the metal precursor. In 
one embodiment, a curing temperature of the polymer pre 
cursor may be greater than the decomposition temperature of 
the metal precursor, and in the same range as that of metal 
lurgical bonding of the metal nanoparticle. 
[0078] In one embodiment, the curing temperature of the 
polymer precursor may be in a range of from about room 
temperature (RT) to about 40 degrees Celsius, from about 40 
degrees Celsius to about 60 degrees Celsius, from about 60 
degrees Celsius to about 80 degrees Celsius, from about 80 
degrees Celsius to about 100 degrees Celsius, from about 100 
degrees Celsius to about 120 degrees Celsius, or from about 
120 degrees Celsius to about 150 degrees Celsius. In one 
embodiment, the curing temperature of the polymer precur 
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sor may be in a range of from about 150 degrees Celsius to 
about 175 degrees Celsius, from about 175 degrees Celsius to 
about 200 degrees Celsius, from about 200 degrees Celsius to 
about 225 degrees Celsius, or from about 225 degrees Celsius 
to about 250 degrees Celsius. In one embodiment, the poly 
mer precursor may cure only at a temperature in a range of 
from about 150 degrees Celsius to about 200 degrees Celsius. 

[0079] In one embodiment, the polymer precursor consists 
essentially of a curable siloxane. A curable siloxane may 
include reactive functionalities such as epoxides, vinyl, vinyl 
ether, propenylether, epoxides carboxylic, ester, acrylic, 
alkoxy, or combinations comprising at least one of the fore 
going reactive functionalities. 
[0080] A curable polymer precursor composition may 
include a catalyst. The catalyst may catalyZe (accelerate) a 
curing reaction of the polymer precursor. The catalyst may 
catalyZe the curing reaction by a free radical mechanism, 
atom transfer mechanism, ring-opening mechanism, ring 
opening metathesis mechanism, anionic mechanism, or cat 
ionic mechanism. In one embodiment, a curing catalyst for 
the polymer precursor (curable polyorganosiloxane) may 
also function as a reducing agent for the metal precursor, and 
an additional reducing agent may not be required in the com 
position. A curing catalyst on activation may reduce a metal 
cation to its elemental form. 

[0081] In one embodiment, the polymer precursor consists 
essentially of a siloxane With one or more cationically curable 
functional groups. Suitable cationically curable functional 
iZed polyorganosiloxanes may include epoxy-functionaliZed 
polyorganosiloxanes, alkenyl ether functionaliZed polyorga 
nosiloxanes, or a mixture thereof. 

[0082] In one embodiment, a polyorganosiloxane may 
include one or more epoxy functional groups. An epoxy 
functionaliZed polyorganosiloxane may be cured by applica 
tion of thermal energy or electromagnetic radiation. Electro 
magnetic radiation may include one or more of visible light, 
ultra-violet radiation, or electron beam radiation. In one 
embodiment, an epoxy-functionaliZed polyorganosiloxane 
may be thermally curable. In one embodiment, an epoxy 
functionaliZed polyorganosiloxane may be curable by ultra 
violet radiation. 

[0083] Suitable epoxy-functionaliZed polyorganosiloxane 
may include: .beta.-(3,4-epoxycyclohexyl)ethyltrimethoxy 
silane, dialkylepoxysiloxy-chain-stopped polydialkyl-alky 
lepoxysiloxane copolymers, trialkylsiloxy-chain-stopped 
polydialkyl-alkylepoxysiloxane copolymers, or blends of 
epoxy functional siloxane copolymers With vinyl and/or pro 
penyl ethers. 
[0084] In one embodiment, an epoxy-functionaliZed poly 
organosiloxane may include epoxy groups at the chain ends. 
In one embodiment, an epoxy-functionaliZed polyorganosi 
loxane includes dialkylepoxy-chain-stopped polydialkyl 
alkylepoxysiloxane copolymers. In one embodiment, the pol 
ysiloxane units may include loWer alkyl substituents, such as 
methyl groups. The epoxy functionality may be obtained by a 
hydrosilylation reaction betWeen hydrogen atoms in a poly 
hydridoalkylsiloxane copolymer and vinyl groups on a vinyl 
functional-siloxane cross-linking ?uid and other organic 
molecules, Which contain both ethylenic unsaturation and 
epoxide functionality. Ethylenically unsaturated (allyl or 
vinyl functionaliZed) species may add (by a hydrosilylation 
reaction) to a polyhydridoalkylsiloxane to form a copolymer 
in the presence of a catalytic amount of precious metal. 
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[0085] A suitable vinyl-functional siloxane cross-linking 
?uid may include one or more of dimethylvinyl-chain 
stopped linear polydimethylsiloxane, dimethylvinyl chain 
stopped-polydimethyl-methylvinylsiloxane copolymer, tet 
ravinyltetramethyl cyclotetrasiloxane, or 
tetramethyldivinyldisiloxane. A suitable polyhydridoalkylsi 
loxane may include one or more of tetrahydrotetramethylcy 
clotetrasiloxane, dimethylhydrogen chain-stopped linear 
polydimethylsiloxane, dimethylhydrogen chain-stopped 
polydimethyl-methyl-hydrogen siloxane copolymer, or tet 
ramethyldihydrodisiloxane. A suitable vinyl-functional 
siloxane cross-linking ?uid may have a viscosity in a range of 
from 1 centipoise to about 100,000 centipoise at 25 degrees 
Celsius. A suitable polyhydridoalkylsiloxane may have a vis 
cosity in a range of from 1 centipoise to about 100,000 cen 
tipoise at 25 degrees Celsius. 
[0086] An ethylenically unsaturated (allyl or vinyl func 
tionaliZed) species With epoxy groups may include one or 
more of a cycloaliphatic epoxy compound. Suitable 
cycloaliphatic epoxy compounds may include one or more of 
4-vinylcyclohexeneoxide, allylgycidyl ether or glycidyl acry 
late, vinylnorbornene monoxide, or dicyclopentadiene mon 
oxide. A precious metal catalyst may include one or more of 
a platinum-metal complex, Which may includes complexes of 
ruthenium, rhodium, palladium, osmium, iridium, or plati 
num. 

[0087] An addition or hydrosilylation reaction may be car 
ried out under controlled conditions to prevent complete cur 
ing of the siloxane materials. In one embodiment, a “pre 
crosslinking” reaction of the siloxane materials may be 
carried before the ?nal curing reaction. Pre-crosslinking may 
refer to the ability of the SiiH functional groups in a poly 
hydridoalkylsiloxane to react With the vinyl groups of a vinyl 
functionaliZed siloxane crosslinking ?uid. Pre-crosslinking 
may provide a composition Which may be cured to its ?nal 
cure state With the expenditure of much less energy than 
Would be needed for a composition that is not so pre 
crosslinked. Other siloxane compositions may require large 
expenditures of energy such as high oven temperatures, in 
order to cure the product to a ?nal condition. In one embodi 
ment, only small amounts of UV radiation may be necessary 
to cure the composition in its ?nal state or loWer heating 
temperatures may be required to cure the composition to its 
?nal state. 

[0088] A cationically curable polyorganosiloxane compo 
sition may include a cationic initiator. A suitable cationic 
initiator may include one or more of an onium salt, a LeWis 
acid, or an alkylation agent. Suitable LeWis acid catalyst may 
include copper boron acetoacetate, cobalt boron acetoacetate, 
or both include copper boron acetoacetate and cobalt boron 
acetoacetate. Suitable alkylation agents may include arylsul 
fonate esters, for example, methyl-p-toluene sulfonate or 
methyl tri?uoromethanesulfonate. Suitable onium salts may 
include one or more of an iodonium salt, an oxonium salt, a 

sulfonium salt, a sulfoxonium salt, a phosphonium salt, a 
metal boron acetoacetae, a tris(penta?uorophenyl) boron; or 
arylsulfonate ester. In one embodiment, a suitable cationic 
initiator may include bisaryliodonium salts, triarylsulpho 
nium salts, or tetraaryl phosphonium salts. A suitable 
bisaryliodonium salt may include one or more of bis(dode 
cylphenyl) iodonium hexa?uoroantimonate; (octyloxyphe 
nyl, phenyl) iodonium hexa?uoro antimonate; or bisaryliodo 
nium tetrakis(penta?uoro phenyl) borate. In one 
embodiment, the catalyst initiator may include an iodonium 
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salt. In one embodiment, an iodonium salt may also function 
as a reducing agent and may reduce a metal cation (for 
example, silver cation) to its elemental form. 
[0089] In one embodiment, the catalyst may include a free 
radical initiator that may catalyZe a curing reaction of the 
polyorganosiloxane. A suitable free-radical generating com 
pound may include one or more aromatic pinacols, benZoin 
alkyl ethers, organic peroxides, and combinations of tWo or 
more thereof. In one embodiment, the catalyst may include an 
onium salt along With a free radical generator. The free radical 
generating compound may facilitate decomposition of onium 
salt at a relatively loWer temperature. 
[0090] Other suitable cure catalysts may include one or 
more of amines, alkyl-substituted imidaZole, imidaZolium 
salts, phosphines, metal salts such as aluminum acetyl aceto 
nate (Al(acac)3), or salts of nitrogen-containing compounds 
With acidic compounds, and combinations thereof. The nitro 
gen-containing compounds may include, for example, amine 
compounds, di-aZa compounds, tri-aZa compounds, 
polyamine compounds and combinations thereof. The acidic 
compounds may include phenol, organo-substituted phenols, 
carboxylic acids, sulfonic acids and combinations thereof. A 
suitable catalyst may be a salt of nitrogen-containing com 
pounds. Salts of nitrogen-containing compounds may 
include, for example l,8-diaZabicyclo(5,4,0)-7-undecane. A 
suitable catalyst may include one or more of triphenyl phos 
phine (TPP), N-methylimidaZole (N MI), and dibutyl tin 
dilaurate (DiBSn). The catalyst may be present in an amount 
in a range of from about 10 parts per million (ppm) to about 10 
Weight percent of the total composition. 
[0091] Suitable curable epoxy-functionaliZed polyorga 
nosiloxanes may be commercially available from GE Sili 
cones under the trade names of UV9300, UV9315, UV9400, 
UV500A, UV9320, or UV9500. The polyorganosiloxanes 
may include dimethylepoxysilyloxy-stopped linear polydim 
ethyl-methylepoxysiloxane, Where the epoxy group is a 3,4 
epoxy-2-ethyl-cyclohexyl group. 
[0092] In one embodiment, the polymer precursor consists 
essentially of a siloxane curable by a hydrosilylation reaction. 
A polymer precursor may include a polysiloxane having an 
average of at least tWo silicon-bonded alkenyl groups per 
molecule and a hydridopolysiloxane having at least tWo sili 
con-bonded hydrogen atoms. 
[0093] An alkenyl functionaliZed polysiloxane may 
include structural units of formula: 

M'eD'jD'gT'hQ'i (1X) 

Wherein M' has formula: 

D' has the formula: 

D" has the formula 

R18R19sio2/2; (XII) 

[0095] T' has the formula 

R2°SiO3/2; and (XIII) 

Q' has the formula 

SiO4/2 (XIV) 

Wherein R13, R14, R16, R17, R18 and R20 are independently in 
each instance an aliphatic radical, a cycloaliphatic radical, or 
an aromatic radical, and R15 and R19 are independently at 
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each instance an alkenyl radical. The stoichiometric coef? 
cients “e” and “f” are non-Zero and positive While the sto 
ichiometric coef?cients “g”, “h” and “i” are Zero or positive 
subject to the requirement that “a”+“c” is greater than or 
equal to 2. The stoichiometric coef?cients “b” and “c” may be 
chosen such that the viscosity of the alkenyl bearing polysi 
loxane ranges from about 50 to about 200,000 centistokes at 
25 degrees Celsius, from about 100 to about 100,000 centis 
tokes at 25 degrees Celsius, from about 200 to about 50,000 
centistokes at degrees Celsius, and from about 275 to about 
30,000 centistokes at degrees Celsius. 
[0096] A hydridopolysiloxane may include structural units 
of formula 

MHjDiVIrDVITHmQHn (XV) 

Wherein M" has formula: 

R21R22R23SiO1/2; (XVI) 

D” has the formula: 

R24R25SiO2/2; (XVII) 
D” has the formula 

R26R27SiO2/2; (XVIII) 

T" has the formula 

R28SiO3/2; and (XIX) 

Q" has the formula 

SiO4/2 (XX) 

Wherein R21, R22, R24, R25 , R26 and R28 are independently in 
each instance an aliphatic radical, a cycloaliphatic radical, or 
an aromatic radical, and R15 and R19 are independently at 
each instance a hydrogen. The stoichiometric coe?icients “j” 
and “l” are non-Zero and positive While the stoichiometric 
coef?cients “k”, “m” and “n” are Zero or positive subject to 
the requirement that “j”+“ l ” is greater than or equal to 2. The 
stoichiometric coef?cients “j” and “1” may be chosen such 
that the viscosity of the hydrogen bearing hydridopolysilox 
ane ranges from 1 to about 200,000 centistokes at 25 degrees 
Celsius, from about 5 to about 10,000 centistokes at degrees 
Celsius, from about 10 to about 5000 centistokes at 25 
degrees Celsius, and from about 25 to about 500 centistokes 
at 25 degrees Celsius. 
[0097] Alkenyl groups bonded With silicon atoms may 
include vinyl groups, allyl groups, butenyl groups, pentenyl 
groups, hexenyl groups, or heptenyl groups. Alkene groups 
may be attached at backbone ends or as side chains to the 
backbone. Organic groups that may be bonded With the sili 
con atoms in addition to the alkenyl groups may include alkyl 
groups such as methyl groups, ethyl groups, propyl groups, 
butyl groups, pentyl groups, hexyl groups, or heptyl groups; 
aryl groups such as phenyl groups, tolyl groups, xylyl groups, 
or naphthyl groups; aralkyl groups such as benZyl groups or 
phenethyl groups; or halogenated groups such as chlorom 
ethyl groups, 3-chloropropyl groups, or 3,3,3-tri?uoropropyl 
groups. Molecular structure of the organopolysiloxane may 
be straight chain form, a straight chain form having some 
branches, a cyclic form, or a branched chain form. 
[0098] An alkenyl-substituted organopolysiloxane may 
include copolymers of dimethyl siloxane blocked With trim 
ethylsiloxy groups at both terminals of the molecular chain 
and of methyl vinyl siloxane; methyl vinyl polysiloxane 
blocked With trimethylsiloxy groups at both terminals of the 
molecular chain; copolymers of dimethyl siloxane blocked 






















