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METHOD FOR MAKING METALLIC NANOSTRUCTURES

FIEILD

This invention relates to methods for making metal lic
nanostructures using chromonic materials and, in another
aspect, to articles comprising a chromonic matrix and metal

nanostructures.

BACKGROUND

In recent years, there has been increasing research
ef £ort to develop metal structures ima the nanoscale range
(that is, in the 0.1 to 100 nm range) for a variety of
technological applications such as, £or example, electronic
and optical devices, labeling of biol ogical material,
magnetic recording media, and quantum computing.

Numerous approaches have been developed for
synmthesizing/fabricating metal nanostructures such as, for
example, metal nanowires, nanorods, mnanotubes, and
naroribbong. Current approaches incl.ude, for example,
faloricating metal nanowires by the el ectroless deposition of
mettal into the pores of nanoporous membranes by a metal
amplification process (see, for example, Barbic et al., J.
Appl. Phys., 91, 9341 (2002)) and fabricating metal
narnowires/nanotubes by a vapor-liquid-solid (VLS) process in
which involves the dissolution of gaseous reactants in
nanosized liquid droplets of the metal solvent, followed by
nucleation and growth of single crystalline wires (see, for
example, Ding et al., J. Phys. Chem. B 108, 12280 (2004)).
A challenge that remains, however, is controlling the size
and shape of metallic nanostructures, as well as their

orientation and distribution, particularly on a large scale.
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SUMMARY

In view of the foregoing, it has been recognized that
there is a. need for a method for making mnanostructures that
provides control over the size and shape of metallic
nanostructures, as well as their orienta tion and
distribution, over a relatively large area.

Brief ly, in one aspect, the present invention provides
a method of making metallic nanostructures. The method
comprises mixing (a) an aqueous composit ion comprising a
chromonic material with (b) a metal salt in solution or a
suspensionn of metal particles.

As used herein, “chromonic material s” (or “chromonic
compounds” ) refers to large, multi-ring molecules typically
characteri zed by the presence of a hydrophobic core
surrounded by various hydrophilic groups (see, for example,
Attwood, T .K., and Lydon, J.E., Molec. Crystals Liqg.
Crystals, 108, 349 (1984)). The hydrophobic core can
contain aromatic and/or non-aromatic rings. When in
solution, these chromonic materials tend to aggregate intto a
nematic ordering characterized by a long -range order.

The present invention also provides a method of making
metallic rnmanostructures comprising (a) applying an aqueouls
composition comprising a chromonic mater-ial to the surface
of a substrate; and (b) placing the coated surface in
contact with a solution comprising a metal salt.

The methods of the invention enable the fabrication of
metallic manostructures with relatively uniform size and
shape. The methods further enable relatively uniform
distribution and long-range orientation or order of metallic
nanostructures over a relatively large area.

Thus, the methods of the invention meet the need in the
art for am improved method for making metallic

nanostructures.
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In amother aspect, the present inventtion provides
articles comprising a chromonic matrix and metal
nanostructures. As used herein, “chromonic matrix” refears
to chromomic materials that are aggregated into a nematic

ordering.

DESCRIPTION OF DRAWINGS

Figuxe 1 is a transmission electron micrograph showZing
a top view of a coating comprising silver nanowires.

Figuxe 2 is a transmission electron micrograph showZing
an edge view of a coating comprising silver nanowires.

Figure 3 is a transmission electron micrograph showiing
gold nanoparticles.

Figuxre 4 is an optical micrograph showing silver

nanowires .

DETAILED DESCRIPTION

Any chromonic material can be useful in the methods of
the invention. Compoundss that form chromonic phases are
known in the art, and include, for example, xanthoses (for
example, azo dyes and cyanine dyes) and perylenes (see, for
example, XKawasaki et al., Langmuilr 16, 5409 (2000), or
Lydon, J. , Colloid and Imterface Science, 8, 480 (2004)) .
Represent ative examples of useful chromonic materials
include dAi- and mono-palladium organyls, sulfamoyl-
substitut ed copper phthalocyanines, and
hexaarylt xryphenylene.

Pref erred chromonic materials include those represemted

by one of the following general structures:
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(I)

(IT)

each R? is independently selected from the group

consist ing of electron donating groups, el ectron withdrawing

groups, and electron neutral groups,

R3

and

is selected from the group consisting of substituted

and unsubstituted heteroaromatic rings and substituted and

unsubst ituted heterocyclic rings, the
the triazine group through a nitrogen
of R®.

As depicted above, tthe chromonic

but it can exist in altexrmnative forms

rings being linked to

atom within the ring

compound is neutral ,

such as a zZwitterion

or proton tautomer (for example, where a hydrogen atom is

dissociated from one of the carboxyl groups and is

associated with one of the nitrogen atoms in the triazine

ring) .

for example, a carboxylate salt.

The chromonic compound can also be a salt such as,

The general structuxres above show orientations in which

the carboxyl group is paza with respect to the amino linkage

to the triazine backbone of the compound ( formula I)

and in

which the carboxy group is meta with respect to the amino

linkage to the triazine kackbone

(formula II).

The carboxy
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group can also be a combination of para arad meta
orientations (not shown) . Preferably, the orientation is
para.

Preferably, each R® is hydrogen or a substituted or
unsubst.ituted alkyl group. More preferably, R? is
indepernndently selected £ xom the group consisting of
hydrogen, unsubstituted alkyl groups, alkyl groups
substituted with a hydroxy or halide functional group, and
alkyl groups comprising an ether, ester, or sulfonyl. Most
preferably, R? is hydrogen.

R® can be, but is not limited to, het ercaromatic rings
derived from pyridine, pyridazine, pyrimidine, pyrazine,
imidazole, oxazole, isoxazole thiazole, oxadiazole,
thiadiazole, pyrazole, triazole, triazine, gquinoline, and
isoquimnoline. Preferably, R® comprises a hetercaromatic rding
derived from pyridine or imidazole. A sulostituent for the
heteroaromatic ring R’ can be selected from, but is not
limited to, the group consisting of substituted and
unsubstituted alkyl, carboxy, amino, alkoxy, thio, cyano,
amide, sulfonyl, hydroxy, halide, perfluoxoalkyl, aryl,
ether, and ester. Preferably, the substituent for R? is
selected from the group consisting of alkyl, sulfonyl,
carboxys, halide, perfluoroalkyl, aryl, ether, and alkyl
substituted with hydroxy, sulfonyl, carboxy, halide,
perfluoroalkyl, aryl, or ether. When R? is a substituted
pyridine, the substituenit is preferably located at the 4-
position. When R} is a substituted imida=ole, the
substituent is preferably located at the 3-position.

Representative examples of R’ include 4-
(dimethylamino)pyridinium-1-yl, 3-methylimidazolium-1-yl, 4-
(pyrrolidin-1-yl)pyridinium-1-yl, 4-isopropylpyridinium-1-
vl, 4- [(2-hydroxyethyl)methylamino] pyridinium-1-yl, 4-(3-
hydroxvypropyl)pyridinium-1-yl, 4-methylpyxridinium-1-yl,

- 5 -
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gquinol inium-1-yl, 4-tert-butylpyridinium-1-yl, and
4-(2-sulfoethyl)pyridinium-1-yl, shown below.

~ ( > \N/\/OH

R® can also be represented by the following general

structture:

wheredn R* is hydrogen or a substituted or unsubstituted
alkyl group. More preferably, R* is selected from the group
consisting of hydrogen, unsubstituted alkyl groups, and

alkyl groups substituted with a hydroxy, ether, ester,
sulforate, or halide fumctional group. Most preferably R* is

selected from the group consisting of propyl sulfonic acid,

methy 1, and oleyl.
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R?® can also be selected from heterocyclic rings such as,
for example, morpholine, pyrrolidine, piperidine, and
piperxazine.

A preferred chromonic compound for use in the methods

of the invention can be represented by one of the following

structures:
H H
No _N_ _N
IO RPRDN
N_ __N
HOOC \f7 coO
N+
"
N
N
<N (ITT)
H H
No _N_ _N
©/ \(\ \©\
N. N
HOOC \f? COOH
NDOX
"
\\
N

wherein X is a counterion. Preferably, X is selected £from
the group consisting of HSO,, Cl°, CHzCOO , and CF3;COO .

Formula III depicts the compound in its zwitterionic
form. The pyridine mitrogen therefore carries a positiwe
charge and one of the carboxy functiomal groups carries a
negative charge (COO™).

The compound cari also exist in otther tautomeric foxms
suchh as where both carboxy functional groups carry a

negative charge and where positive charges are carried oy
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one of the nitrogens in the triazine groups and the nitrogen
on the pyridine group.

As described im U.8. Patent No. 5,948,487 (Sahouari et
al .) triazine derivatives with formula I can be prepared as
aqueous solutions. A typical synthetic route for the
triazine molecules shown in formula I above involves a two-
step process. Cyanuric chloride is treated with 4-
aminobenzoic acid to give 4-{[4-(4-carboxyanilino)-6-chloro-
1,3,5-triazin-2-yl] amino}benzoic acid. This intermedizmte is
treated with a substituted or unsubstituted nitrogen-
containing heterocycle. The nitrogem atom of the
heterocycle digplaces the chlorine atom on the triazine to
foxrm the corresponding chloride salt . The zwitterionic
dexivative, such as that shown in foxmula III above, is
prepared by dissolving the chloride salt in ammonium
hydroxide and passimng it down an anion exchange column to
replace the chloride with hydroxide, followed by solvemt
removal. Alternatiwve structures, such as that shown im
foxrmula II above, may be obtained by using 3-aminobenzoic
acid instead of 4-aminocbenzoic acid.

Chromonic matexials are capable of forming a chrormonic
phase or assembly when dissolved in an agqueous solutiom
(pxeferably, an alkaline aqueous solwution). Chromonic
phases or assemblies are well known dn the art (see, for
example, Handbook of Liquid Crystals , Volume 2B, Chapter
XVIII, Chromonics, John Lydon, pp. 981 - 1007, 1998) amd
consist of stacks of flat, multi-ring aromatic molecules.
The molecules consist of a hydrophobic core surrounded by
hydrophilic groups. The stacking cam take on a number of
moxrphologies, but is typically characterized by a tendency
to form columns created by a stack of layers. Ordered
stacks of molecules are formed that grow with increasimmg

conicentration.
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Preferably, the chromonic material is placed in aqueous
solut ion in the presence of one or moxe pH-adjusting
compounds and a surfactant. The addition of pH-adjust ing
compounds allows the chromonic material to become more
soluble in agqueous solution. Suitable pH-adjusting
compounds include any known base such as, for example,
ammornium hydroxide ox various amines. Surfactant can be
added to the agueous solution to promote wetting of the
solut ion onto the suxface of a substrate. Suitable
surfactants include donic and non-iondic surfactants
(pref erably, non-ionidic). Optional additives such as
viscogity modifiers (for example, polyethylene glycol)
and/or binders (for example, low molecular weight hydrolyzed
starches) can also be added.

Typically, the c<hromonic materials are dissolved in the
aqueous solution at & temperature less than about 40°C (more
typically, at room temperature). One skilled in the art
will recognize, howewver, that the geometry and size of the
resul ting metallic nanostructures can be controlled to some
extennt by varying the temperature.

The relative comcentrations of each of the components
in thie aqueous solution will vary with the desired
orienntation of the resulting nanostructures and theixr
intennded application . Generally, however, the chromonic
material will be added to the solutiom to achieve a
concentration in the range of about 4 to about 20
(preferably, about 4 to about 8) percent by weight of the
solut ion.

The aqueous composition comprisimg a chromonic material
can be mixed with a suspension of metal particles.
Typically, the concemtration of metal particles in the
resul ting mixture will be in the range of about 1 to about

35 percent by weight of the total sol ids.
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Preferred metal particles include noble metal
particles. More preferred metal particles include silwer
particles, gold particles, platinum particles, and mixtures
and all.oys thereof. Non-noble metal particles such as, for
example, particles comprising iron can also be used.

Preferably, the metal particles are surface modified,
for example, with alkyl thiols, alkyl glycol thiols, adlkyl
amines, or glycol amimnes.

The resulting mixture can be applied to the surface of
a substrate. Suitable substrates include any solid materials
that will accept the application of the mixture (for
example, glass or polymeric films).

The mixture can e applied by any useful means that
provides for the ordexed arrangement of the chromonic
materials such as, foxr example, by coating technigues such
as wirewound coating xod or extrusion die methods.
Preferably, shear orientation or magnettic orientation iis
applied to the mixture either during ox after application.
The application of shear or magnetic force to the mixtwure
can help promote aligmment of the chromonic materials such
that, upon drying, an oriented structure or matrix is
obtained.

Dxrying of the coated layer can be achieved using any
means suitable for drvying aqueous coatings. Useful drying
methodss will not damage the coating or significantly disrupt
the orientation of the coated layer imparted during coating
or application.

After drying, the chromonic material can be removed
such that only metalldic nanostructures remain on the
substrate. The chromonic material can be removed using any
means such as, for example by heating to decomposition (for

example, by heating to higher than abouat 300°C).
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Altermatively, if the substrate is glass , the chromonic
material can be removed with a basic solwution.

Alternatively, the aqueous composit ion comprising a
chromonic material can e mixed with a metal salt in
solution. Preferred metal salts include noble metal sal.ts.
More preferred metal salts include silvex salts (for
example, silver nitrate, silver acetate, and the like), gold
salts (for example, gold sodium thiomalate, gold chloride,
and the 1like), platinum salts (for examp le, platinum
nitrate, platinum chloride, and the like ), and mixtures
thereof. Most preferred metal salts inc lude, silver
nitrate, silver acetate, gold sodium thiomalate, gold
chloride, and mixtures thereof.

Generally, the metal salt will be present in the
resulting mixture at a concentration of less than about 50
percemnt by weight of the mixture.

The resulting mixture can be applied to the surface of
a substrate (preferably, with the application of shear
orientation or magnetic orientation durimng after the
application) as descrilbed above.

The metal salt can be reduced via reduction methodss
known in the art either before or after applying the mixture
to the surface of a subbstrate. For example, the reducti.on
can be accomplished by using a reducing agent (for example,
tris (dimethylamino)borane, sodium borohy dride, potassium
borohydride, or ammonium borohydride), e lectron beam (e—
beam) processing, or ul traviolet (UV) 1light.

After the metal salt is reduced, the coated layer can
be dried and the chromonic material can ke removed such that
only metallic nanostructures remain on the substrate as
described above.

The aqueous composition comprising a chromonic material

can also be applied to the surface of a substrate

- 11 -
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(pref erably, with the application of shear orientation ox
magne tic orientation during after the application) before
mixing with a metal salt in solution. After the aqueous
composition comprising a chromonic mater-ial is applied t o
the surface of a substxrate, it can be placed in contact with
(for example, immersed in) a solution comprising a metal
salt. Preferred metal salts are the same as those preferxrred
above . The metal salt can then be reduced, and the
chromonic material can optionally be removed as described
above .

The methods described can be used to make
nanos tructures such as, for example, namnowires and regul ar
array' s of nanostructures (that is, arrays in which
relat ively uniformly sized and shaped nanostructures (for
examp le, spherical nanoparticles) are substantially evenly
spaced). The methods ©f the invention can facilitate the
fabri cation of nanostructures over large areas, which can be
advantageous, for example, for applications such as electro-

magne tic interference (EMI) filters.

EXAMPLES

Objects and advantages of this invemtion are further
illus trated by the following examples, but the particular
materials and amounts thereof recited in these examples, as
well as other conditiornis and details, should not be const rued
to unduly limit this invention.

Unless otherwise rmoted, all reagents and compounds were
or can be obtained from Aldrich Chemical Co., Milwaukee, WI.

As used herein, “purified water” refers to water
avail able under the trade designation “OMNISOLVE” from EMD
Chemi cals, Inc., Gibbstown, NJ; “APG 325" refers to a 70
weight percent agueous solution of an alkyl polyglucoside, a

surfactant available fxom Cognis Corp. USA, Cincinnati, OH;

- 12 -
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and “ICB 3003” refers to a starch obtadined from A.E. Staley

Manufacturing Co., Decatur, IL.

Example 1

Preparation of Silver Nanoparticles in a Chromonics Assembly

A mixture of purdified water (4.0g), ethylene diamine
(0.09g), the chromonic compound of Formula III (1.09),
glucose (0.3g), and APG 325 (0.01g) was magnetically sti rred
in a flask for approximately 15 minutes. A separate mixture
of purified water (4.0g), poly(acrylic acid) (0.16g of a 25
weight percent aqueous solution of 90, 000 molecular weight
poly (acrylic acid)), ammonium hydroxide (0.42g of a 30
weight percent aqueous solution), and silver nitrate (0. 03g)
was tnagnetically stirxed for approximately 15 minutes. The
two mixtures were comined in a flask Yy stirring them
together for 15 minutes to provide a mixture for coating.
This mixture was coated onto a glass microscope slide using
a #3 wound wire coatimg rod. The coating was then exposed
to tris(dimethylamino ) borane vapor by placing the coated
glass slide in a sealed glass jar for 2 minutes. After the
slide was removed from the jar, the coating was allowed to

dry in air at room temperature for at least 5 minutes.

Example 2

Preparation of Silver Nanoparticles in a Chromonics Assembly

A mixture of purified water (4.0g), the chromonic
compound of Formula ITII (1.0g), APG 325 (0.1g of a 10 weight
percent aqueous solution), and ammonium hydroxide (0.3g of a
30 weight percent agqueous solution) was magnetically stirred
in a flask for approximately 15 minutes. A separate mixture
of purified water (4. 0g), ammonium hydxoxide (1.0g of a 30
weight percent aqueous solution), and silver oxide (0.2g)

was magnetically stirwxed in a flask fox approximately 15

- 13 -
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minutes. The two mixtures were combined in a flask by
stirring them togethex for 15 minutes to provide a mixture
for coating. This mixture was coated onto a glass
microscope slide using a #3 wound wire coating rod. The
coating was then exposed to tris(dimethylamino)borane vapor
by placing the coated glass slide in a sealed glass jar for
2 minutes. After the slide was removed from the jar, the
coating was allowed to dry in air at room temperature for at

least 5 minutes.

Examp le 3

Preparation of Silver Nanowires in a Chromonics Assembly”

A mixture of purified water (8.0g), ammonium hydrox-ide
(1.3g of a 30 weight percent agqueous solution), the
chromonic compound of Formula III (1.0g), APG 325 (0.01g),
and silver benzoate (0.2g) was magnetically stirred for
approximately 20 minutes in a flask. ™This mixture was
coated onto a glass microscope slide using a #5 wound wire
coating rod. The coating was then exposed to
tris ( dimethylamino) boxrane vapor by placing the coated gl ass
slide in a sealed glass jar for 2 minutes. After the sl ide
was removed from the jar, the coating was allowed to dry in
air at room temperature for at least 5 minutes. The coating
was then examined by transmission electron microscopy using
a Model H9000 electron microscope (available from Hitachi
High Technologies Amexica, Inc., Pleasanton, CA) operating
at 300 kV. Transmission electron micrographs of the sil ver
nanowires are shown in Figures 1 and 2. Figure 1 is a top
view of the coating (showing the lengths of the nanowires)
in which the silver nanowires are the dark features. Fi.gure
2 is an edge view of the coating (showing the ends of thie
nanowires) in which the silver nanowires are the dark

features.
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Example 4

Preparation of Silver Nanowires in a Chromonics Assembl y

A mixture of purified water (8.0g), lithium hydroxide
(0.08g), the chromoriic compound of Formula III (1.0g), APG
325 (0.3g of a 10 weight percent agueous solution), M200
hydrolyzed starch (0.03g, available £rom Grain Processing
Corp -, Muscatine, IA), silver nitrate (0.21g), and ammonium
hydroxide (0.075g of a 30 weight percent aqueous soluti on)
was magnetically stirred for approximately 30 minutes in a
flask. This mixture was coated onto a glass microscope
slide using a #3 wound wire coating rod, after which a 10
weight percent solution of potassium borohydride in ethanol
was carefully applied via pipette to the surface of the
coating. After approximately 5 minutes, the glass slide was
rinsed with ethanol and was allowed to dry in air at room

temperature.

Example 5

Preparation of Gold Nanoparticles in a Chromonics Assembly

A mixture of purified water (9.0g), ammonium hydroxide
(0.25g of a 30 weight percent agueous solution), APG 325 (3
drops of a 10 weightt percent aqueous solution) and the
chromonic compound o©of Formula III (1. 0g) was magnetical 1y
stirred in a flask £or approximately 15 minutes. To thiis
mixture there was added gold sodium thiomalate (0.1g). The
mixture was stirred for an additional 15 minutes and was
then coated onto a glass microscope slide using a #5 wound
wire coating rod. The coating was tthen exposed to
tris (dimethylamino)loorane vapor by placing the coated glass
slide in a sealed glass jar for 2 mirautes. After the slide
was Temoved from the jar, the coating was allowed to dry in

air at room temperature for at least 5 minutes. The coating

- 15 -
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was dissolved by immexsing and then agitating the coated
glass slide in purified water. A small sample of the
resultant suspension o©f gold nanoparticles was analyzed by
dynamic light scattering using a Model ZEN3600 particle size
analy=zer (available fxom Malvern Instruments, Southborowugh,
MA) and was found to have a mean particle size of
approximately 5 nanometers. The small sample was further
analy=ed by transmission electron microscopy using a Model
H9000 electron microscope (available fxrom Hitachi High
Technologies America, Inc., Pleasanton, CA) operating at 300
kV, which showed gold nanoparticles (as dark features) that
were ssubstantially spherical. The transmission electrom

micrograph is shown im Figure 3.

Example 6

Prepaxration of Silver Nanowires

A mixture of purified water (9.0 g), ammonium hydroxide
(0.25 g of a 30 weight percent aqueous solution), APG 3 25
(0.01 g), ICB 3003 (0.3 g), and the chromonic compound of
Formula III (1.0 g) was magnetically s tirred for
approximately 15 minutes. The mixture was coated onto a
glass microscope slide using a #3 wound wire coating rod.
The coating was allowed to dry for approximately 30 minutes
in aixr at room temperature and then the coated glass sl ide
was immersed in a 40 weight percent agqueous solution of
silvexr perchlorate fox approximately 2 minutes. The coated
glass slide was then xinsed with ethanol and was then
immersed in a 3 weight percent solution of potassium
borohydride in ethanol for approximately 1 minute. The
coated glass slide was then rinsed sequentially with ethanol
and 10 weight percent aqueous ammonium hydroxide solution.
Rinsimng with the aqueous ammonium hydroxide solution removed

the chromonics assembly. The glass sl ide was then allowed

- 16 -
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to dry in air at room temperature for approximately 5
minutes, after which time it was examimned by optical
microscopy using a Model DM4000 M microscope (availabl e from
Leica Microsystems, Inc., Bannockburn, IL) at 1000 power.
An optical micrograph of the silver namnowires is shown. in
Figure 4. In Figure 4, the silver nanowires are visilble as
the ldight features.

Various modifications and alterat ions to this inv-ention
will oecome apparent to those skilled in the art without
departing from the scope and spirit of this invention. It
should be understood that this invention is not intended to
be unduly limited by the illustrative embodiments and
examples set forth herein and that such examples and
embodiments are presented by way of example only with the
scope of the invention intended to be limited only by the

claims set forth herein as follows.
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We claim:

1. A method of making metall ic nanostructures
comprising mixing (a) an aqueous composition comprising a
chromonic material with (b) a metal salt in solutiom or a

suspension of metal particles.

2. The method of claim 1 wherein said chromomic
material is selected from the group consisting of compounds

represented by one of the following general structuzxes:
2

R
2 H H 2
R N. _N_ _N R
R
N_ _N
HOOC R? Y =2 COOH
R? R®
R2
H H
HOOC NYN\ N COOH
~N 2
R2 R2 R
R? \RC

wherein

each R? is independently selected from the group
consisting of electtron donating groups, electron wi thdrawing
groups, and electron neutral groups, and

R?® is selected from the group consisting of sulstituted
and unsubstituted heterocaromatic rings and substituted and
unsubstituted hetexocyclic rings, said rings being linked to
the triazine group through a nitrogen atom within the ring
of R?,

and zwitterioms, proton tautomers, and salts thereof.
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3. The method of claim 2 wherein each said R? is
independently sel ected the group consisting of hydrogen,
unsubstituted alkyl groups, alkyl groups substituted with a
hydroxyor halide functional group, and alkyl groups

comprising an ethier, ester, or sulfonyl.

4. The method of claim 2 wherein said R’ comprises a
heteroaromatic ring derived from the group consisting of
pyridine, pyrida=ine, pyrimidine, pyrazine, imidazole,
oxazole, isoxazole, thiazole, oxadiazole, thiadiazole,

pyrazole, triazole, triazine, quirioline, and isoquinoline.

5. The method of claim 4 wherein said R’ comprises a

heteroaromatic ring derived from pyridine or imida=ole.

6. The method of claim 5 wherein said R’ is selected
from the group consisting of pyridinium-1-yl, 4-
(dimethylamino) pyridinium-1-y1l, 3—methylimidazolium-1-yl, 4-
(pyrrolidin-1-yl) pyridinium-1-yl, 4-isopropylpyridinium-1-
vl, 4-[(2-hydroxyethyl)methylamino]pyridinium-1-yl, 4-(3-
hydroxypropyl)pyridinium-1-yl, 4-methylpyridinium-1-y1,
quinolinium-1-yl, 4-tert-butylpyridinium-1-yl, and
3-(2-sulfoethyl) pyridinium-1-yl.

7. The metthod of claim 2 wherein said chromonic

material is represented by the following general sttructure:

R? R?
R2 H N H R?
3
v
/
HOOC 2 2 COOH
2 R \g R 2

R R R

and zwitterions, proton tautomers, and salts thereof.
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8. The method of claim 7 wherein said chromonic

material is represented by one of the followdng structures:

N N_ N
X
o
HOOC \f CO00
N+
]
X
/N\
H H
N N N
IO PRt
N N
HOOC \f C OOH
ND X
]
N
/N\
wherein X~ is a counterion.
9. The method of claim 8 wherein said X is selected

from the group of counterions consisting of HSO, , Cl7,

CH,COO™, ard CF,C00 .

10. The method of claim 1 wherein said aqueous
composition comprising a chiromonic material is mixed with a

metal saltt in solution.

11. The method of claaim 10 further comprising reducing

said metal salt.
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12. The method of claim 11 fuxther comprising applying

the mixture to the surface of a substrate.

13. The method of claim 12 fuxther comprising applying
shear orientation or magnetic orientation during or after

application of said mixture.

14. The method of claim 12 fuxther comprising xremoving

said chromonic material.

15. The method of claim 10 wherein said metal salt is

a noble metal salt.

16. The method of claim 15 wherein said metal salt is
selected from the group consisting of silver salts, gold

salts, platinum saalts, and mixtures thereof.

17. The method of claim 16 wherein said metal salt is
selected from the group consisting of silver nitrate , silver
acetate, gold sodium thiomalate, gold chloride, and mixtures

and alloys thereof.

18. The method of claim 1 whezrein said aqueous
composition comprising a chromonic material is mixed with a

suspension of metal particles.

19. The method of claim 18 further comprising applying

the mixture to the surface a substrate.

20. The method of claim 19 further comprising applying
shear orientation or magnetic oriemtation during or after

application of said mixture.
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21. The method of claim 19 further comprising removing

said chromonic material.

22. The method of claim 18 wherein sadid metal

particles are surface modified metal particles.

23, The method of c¢laim 18 wherein said metal

particles are noble metal particles.

24 . The method of claim 23 wherein said metal
particles are selected from the group consisting of silver
particles , gold particles, platinum particles, and mixtures

thereof.

25, The method of claim 18 wherein said metal

particles comprise iron,

26. A method of making metallic nanos tructures
comprisirag (a) applying an agueous composit ion comprising a
chromonic material to the surface of a subs trate; and (b)
placing the coated surface in contact with a solution

comprisirng a metal salt.

27. The method of claim 26 further comprising applyincgy
shear orientation or magnetic orientation Auring or after
application of said aqueous composition comprising a

chromonic material.

28. The method of claim 26 further comprising reducing

sald metal salt.
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29. The method of claim 28 further comprising zremoving

said chromonic material.

30. An article comprising a chromonic matrix and metal

nanostructures.
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