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their analogous bulk materials. In particular, the physical and chemical properties
of nanomaterials cotrelate strongly with their size, shape and morphology. As a
result, material scientists have focused their efforts on developing simple and
15 effective methods for fabricating nanomaterials with controllable morphology
(including shapes and sizes), hence tailoring their properties.

A solution-based synthesis (also referred to as the “polyol’
synthesis) is reasonably effective in large-scale production of metal
nanostructures. See, e.g., Sun, Y. et al., (2002) Science, 298, 2176; Sun, Y. et

20 al., (2002) Nano Lett. 2, 165; Sun, Y. et al., (2002) Adv. Mater. 14, 833; Kim, F. et
al., (2004) Angew. Chem. Int. Ed. 116, 3759; and U.S. Published Application
2005/0056118. The poly synthesis involves the reduction of a precursor (e.g.,a
metal salt) of the metal nanostructure by a polyol (e.g., ethylene glycol) in the
presence of poly(vinyl pyrrolidone) (‘PVP”). Typically, the reduction is carried out

25 at a temperature of no more than 200°C. The polyol typically serves dual
functions as a solvent and a reducing agent. Typically, the morphologies

(including the shapes and sizes) of the nanostructures formed are influenced by
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and sizes in an effective and reproduci bl e fashion. BRI EF SUMVARY
Descri bed dfehiridesodhertidiaisprotessotreated single pastal tryaeRigA cabes and

tetrahedrons. See, e.g., Wiley, B. et al., (2004) Nano Lelt. 4(9), 1733-1739.
Using a seed material (e.g., platinum or siiver nanoparticles) in the “polyol’

15 process generated uniform silver nanowires of high aspect ratio (about 1000).
Sun, Y. et al. (2002) Chem. Mater. 14, 4736-4745. However, the problem of
producing mixed nanostructures (e.g., the silver nanowires were accompanied by
the formation of silver nanoparticles) persists in the existing methods. Additional

separation steps are therefore necessary to obtain monodispersed

20 nanostructures.
There remains a need in the art to fabricate nanostructures with

controllable shapes and sizes in an effective and reproducible fashion.

BRIEF SUMMARY
Described herein are methods of controlling metal nanowire

25 morphologies by adjusting the reaction conditions of a polyol synthesis. In
particular, by purging the reaction with an inert gas, batch-to-batch consistency

can be achieved.
One embodiment provides a method of preparing metal nanowires,

which comprises:
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enbodi nments, providing the plurality. of t al . .

10 In some embodiments, the met o% comprises heating the first
reaction mixture to a predetermined reaction temperature prior to (b).

In certain embodiments, purging the first reaction mixture includes
purging the reaction vessel and forming a blanket of inert gas above a top surface
of the first reaction mixture. In other embodiments, purging the first reaction

15 mixture includes sparging the first reaction mixture (i.e., directly injecting the inert
gas into the first reaction mixture.)

In various embodiments, providing the pluraiity of metal
nanostructures includes reducing the metal salt while purging the second reaction
mixture.

20 In certain embodiments, the polyol solvent is ethylene glycol, 1,2-
propylene glycol, 1,3-propylene glycol, or glycerol, the capping reagent is
poly(vinylpyrrolidone), the ionic additive provides a chloride ion (e.g.,

tetraalkylammonium chloride).

In a preferred embodiment, the metal salt is a silver salt and the

25 metal nanowires are silver nanowires. In other embodiments, the plurality of
metal nanostructures produced by the claimed method includes at least 80% of
metal nanowires.

In various embodiments, adj'usting the purging time resuits in
different morphologies of the metal nanostructures, and/or a different vield of the

30 metal nanowires.

A further embodiment provides a method comprising:
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polyol synthesis are otherwise carried out in substantially the same conditions.
15 In certain embodiments, providing the second plurality of metal
nanowires having the target mean length, the target mean diameter, or the target
yield includes selecting the second purging period by running one or more test
polyol syntheses in the second polyol solvent; providing a mean length, a mean
width or a yield for respective resulting metal nanowires of each test polyol
20 synthesis; and identifying the second purging period as corresponding to the test
polyol synthesis that produces metal nanowires having the target mean length,
target mean width or the target yield.
In certain specific embodiments, the first polyol synthesis is of a

smaller reaction scale than that of the second polyol synthesis.

25 BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS
In the drawings, identical reference numbers identify similar

elements or acts. The sizes and relative positions of elements in the drawings are

not necessarily drawn to scale. For example, the shapes of various elements and
angles are not drawn to scale, and some of these elements are arbitrarily

30 enlarged and positioned to improve drawing legibility. Further, the particular
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used as the reducing solvent.
Figure 8 shows an embodiment in which 1,3-propylene glycol was
used as the reducing solvent.
20 Figure 9A shows the batch-to-batch variations in mean widths of
silver nanowires formed by polyol syntheses and the effect of nitrogen purging.
Figure 9B shows the batch-to-batch variations in mean length of
silver nanowires formed by polyol syntheses and the effect of nitrogen purging.
Figure 9C shows the batch-to-batch variations in yields of silver
25 nanowires formed by polyol syntheses and the effect of nitrogen purging.
Figure 9D shows a plurality of nanostructures produced by a polyol
synthesis without nitrogen purging.
Figure 10A shows the effects of lot-to-lot variations of propylene

glycol on the reaction time of otherwise identical polyo! syntheses.
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DETAILED DESCRIPTION OF THE INVENTION
Provided herein are methods of controlling nanostructure

15 morphologies when produced in a polyol synthesis. In particular, various
embodiments provide methods of producing nanowires at high yields with batch-

to-batch consistency.

Nanostructure Morphologies
Provided herein is a method for isolating and purifying

20 nanostructures of certain morphologies from a mixture of nanostructures of
various morphologies. In particular, substantially all of the purified metal
nanostructures have aspect ratios of 10 or more.

As used herein, “conductive nanostructures” or “nanostructures”
generally refer to electrically conductive nano-sized structures, at least one

25 dimension of which is less than 500nm, more preferably, less than 250 nm,

100 nm, 50 nm, or 25 nm. Typically, the nanostructures are made of a metallic
material, such as an elemental metal (e.g., transition metals) or a metal compound
(e.g., metal oxide). The metallic material can also be a bimetallic material ora

metal alloy, which comprises two or more types of metal. Suitable metals include,
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The nanostructures can be solid or holtow. Solid nanostructures
include, for example, nanoparticles, nanorods and nanowires. “Nanowires”
typically refers to long, thin nanostructures having aspect ratios of greater than 10,
15 preferably greater than 50, and more preferably greater than 100. Typically, the
nanowires are more than 500 nm, more than 1 pm, or more than 10 um long.
“Nanorods” are typically short and wide anisotropic nanostructures that have
aspect ratios of no more than 10.
Hollow nanostructures include, for example, nanotubes. Typically,
20 the nanotube has an aspect ratio (Iéngth:diameter) of greater than 10, preferably
greater than 50, and more preferably greater than 100. Typically, the nanotubes
are more than 500 nm, more than 1 pm, or more than 10 pm in length.
Nanostructures of higher aspect ratio (e.g., nanowires) are
particularly favored over nanostructures of lower aspect ratio (no more than 10)
25  pecause the longer the nanostructures, the fewer needed to achieve a target
conductivity. Fewer nanostructures in a conductive film also leads to higher
optical transparency and lower haze, both parameters finding a broad range of
applications in display technology. Moreover, the width of nanowires also directly
affects film conductivity, namely, at a given loading level of metal, the thinner the

30 nanowires, the less conductive is the resulting film.
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| ess cgﬁdu I Y6 6 Adding Chloride lons
2011/ 031483PCTT O onducti ve networ ks of

nanowi res are opti caligyres ant@aceematicatliibstratetbifewwtiodfiri se a very
smal | fraction of the fil ILn rticular. s t Wt

nanowi r es ORNOSIBICIUERS '"t%éQBB?E%&qV?'Pé{ﬂ@%%Pe%% néﬁggllél?agﬁ] Ei:cliql?‘rglj?:)g
(haze) of e, s8R |"=e!'oi:ﬂ|9e<?1 E@éléﬁférnﬁlfmétamiumts(wy 4 polyel sobeat feg.nativldnees

absorb and scatter 5 light. To forma transparent con 'uﬁtﬁ%misq?gwi ch
nanost r uct glyesl) froa solation phass 19.cImegnasalkthe metghgtoms Puially IHNSYE

duce the am f t Ctrheeéi 0 th

L hat oRohaRaeiate Seadb Mo 4 hhokfolsHRIGAUR pradaetness ot ot

ef fecti vel {éaﬁﬁéﬂfaié gég@ t?ﬁcgwdiamb}efs iamttietra?ge Oita‘_r-ésrmCSOWft ese
tribute to haze. use erein, "low aspect,ratio s"

10" ncl udessedsprosaedis erowiatoe splbionpBass T elpul AR 207

and/or s hO%iqﬁ-.grpg%n ?Q'%)B@th ‘fﬂnaﬁtjar%gﬁl‘laggeg&ﬁéi)scrirﬁmétér@mladimatons.eIry

smal | aspe OITe 0 t hese | ow aspect ratiog
nanost r uct dsKiFasiesonme ssedygraw inter anjsotrapli panastruciyres 24, which result from a

25 preferential growth along a lateral dimension. As shown in Figure 1C, the
isotropic nanostructures 20 and anisotropic nanostructures 24 continue to grow
into larger structures while maintaining their basic morphologies. Nanoparticles
30 and nanowires 34 are obtained. It is noted that during the growth process,

smaller particles are less stable and typically spontaneously dissolve and




conductive filmdue to their bright appearance on dark field
m crographs. The bright objects may, thus, significantly increase the

haze of t%og‘ﬁgfaﬁg% ve film 15 Standard Polvo! Synt he%f’f@?‘&““”
y ' )

Modi fication ng Chloride |ons Fi gures
schematically illustrate the formati on of nanostructures in a
standard pol yol synthesis. At an initial stage (Figure 1A, nmet al
salt is redofiibute fo the grasmthaaf tmﬁetameraxa@mﬁ%eaays%pﬁag-yg'rs-sPdrt\Pélﬂﬁda E’%f.ea?,

et hyl ene gl yegol.) i L AHA phase 10. In general, the nmetal atons
initiall y%ﬁ?ﬁtéﬁaﬁ?‘?'wg daﬁétaﬁ@%'l ate seeds 14 through a honbgeneous
nucl eation process. AlflhQsgh reactiorcedrafitionsendss as e csrdtipn limeeandi anet er s
in the range of 1-5 nm Sone of these seeds_?ﬁ)rg%eed to.gr%\/ igathe
sol ution pemeeratweicands adiusiesiebias s farmation eEthegangpires, the standakd o,

a grow h bRLRE N itds iRl datiSlabRMP BB Figure 2
cont raé] , tpg@h&&é%géééﬁaa[gg%})fﬁnytugggﬁﬁg@fb%%lk%aﬁoégglgﬁct urgls 24, g\f/\u,hi ch
resul t frmamimagdotthereattion prgdmis bf alstangasd pelyelmabcasismsing e As
shown in Figure 1C, the isotropic nanostructures 20 and .aln' %ropic
nanost r uctiffaa agAhe BracurReE: A\S HPWR: 6%86‘31"8\”58? aEE’P&E'PB?’BE*’%%F e

mai nt ai ni Lﬁgeéer?\ I r basi c norphol ogi es. Nanoparticles 30 and nanow res
34 are obtained. It is noted that during the growth process, snaller
particles are | ess Fhakbdditiondf aypitallé ignic pdditive s fefradutyimmaniyiy

WO 2011/ 031483PCT/ US2010/ 046643 .cont r.i but . 0

| ar ger1®archlasidel whighprvide a chio .e_Igﬁ'l:}f’?E%gg(g‘%a{egﬁy%%&&{vﬁéﬁl_\lng.to
2005/ 005631 8ease the yield and rbidiiBisityasithé assutingdidnonites s This rasdifié:
reaction tinme and tenperature can be adjusted to bias ttgg’bciornatl.on

of the narpol syrshedishis dasaribed in ojesisfail INARPHEARISTCY-PYUNE GerReRding
uniformn Lres. i.n satisfactqr ' P ! i is In@iporERAehedéint he
reaction ﬁg\é\h@feé‘t gppgcaépﬁr{\z‘oaﬁglﬁégﬁlo,%}CQC@E%gﬁ‘n'g SIVer nitrate
as the preggysedfirety’s shown, both nanowi res and nanoparticles are
present. The addition of a suitable ionic additiv e.g. :
t et r ablf yl ammoni um £ useAdEreiB) P‘Qﬁﬂis@ﬁ ﬁ%%r\#ﬂé' ne rﬁ‘ﬁ SQ%B%uqdo'ﬁavt'%g fhe
above reaction m xt ' L@ Rfgéd ouitétich. aTkk counterion
nonodi sper%qsfqveg}cﬁ#r%eedr @%%érﬁ%‘wﬁ%hgg\? res. Th%J s nodified poly .
synt hesi s rh%( Besiorheid o orgemice Bhenaplaryi metappaltsdasiude, \emaﬁmaam
co-pending U S. Patent pl.icati | L £, PN
i s i ncor pavilerritrater GigNQa), silver %9?3%?2'@43%@%23@%%4?@0%%% )
salt” refeg ! ddilavétisride (PRIvls)j petinun khlogee (Rigiizl
ion and a @%é@@ﬁ%&ﬁ%ﬁ%e ﬂz'(?l,lal!l]t erion. The counterion
20 and the like. Typically, the metal salt is soluble in the reducing solvent (e.g.
ethylene glycol) and dissociates into oppositely charged metal ion and counterion.
Typically, the solubility of the metal salt in the reducing solvent is at least
0.001 g/ml, at least 0.05 g/ml, or at least 0.1 g/ml.
Reduction of the metal salt in the above reaction mixture produces
25 corresponding elemental metal. The elemental metal crystallizes or grows into a
one-dimensional nanostructure (i.e. nanowires). Suitable metal nanowires
therefore include, without limitation, silver, gold, copper, nickel, palladium,
platinum, and gold-plated silver nanowires.
“Capping agent” refers to a chemical agent that preferentially
30 interacts and adheres to a lateral surface of a growth nanowire such that the

capping agent confines the lateral surface from growing and encourages a cross-



may be inorganic or organic. Exenplary metal salts include, wthout
limtation: silver nitrate (AgNG3), silver acetate ((CH3C00)2Ag),

si lver. pe J(AgC104), gold perchlorate (Au(Cl04 adi.um
chloride (Rﬁ?%ﬁyﬁ%ﬁpl atinum chloride (Pt02), 20 and the}ﬁlggi.%%&ﬁ‘%

Typically, the netal salt is soluble in the reducing solvent (e. g

et hyl I I dd t to t el

e con: Dot buacalthg narura s SplER Siurhs <EBeRAr Bl el
reduci ng %%Ievrﬁqmengénéﬁgrb&ﬂ%& tRe QPdhyiflg Fanodlre 582 TheGriifing/isnowse 38!

|l east 0.1 ucti1on of the net salt in the
above reaqmolmemmetlatemlpudalwaz aﬁa tlepcnoesgectitimsyriace @8ntldie ¢APPHIY. The

| t al t al tall
T e R B Sl i S ST B iy e
| ncl udeg ‘@ré%oégﬁtlhh T Hatd 98, Tﬁé 'Ia\’téfal sGPAch 36 RRRES pasyiviied thkatHeadl um

pl ati num -an l'ated silver nanow res. ppi ng
agent" r efoposs- sem’uan (sha‘ac@ as lm@\aﬂabbﬁat fugthes @Wﬁﬁﬂi'ﬁzaﬂlqwtoﬁoij‘r'ﬁ%’ﬁh&ct s

d adh | ; s
Cappi g ageRPIEnERAERITS S e a0 aleRlRghe SRR ifnattr pbitling e

encour age Xﬁ ofd&RS; p %&Wé{h&ﬁaﬂﬁﬁfﬁéw&ym thereafur f ace
of the nanowire to cr allize. ure 3 schemnticall %Iust&ittelf a

one- di nensi onal grovRéIBduﬂInngQJﬁ'b § taamslarselivept i

6 I th =t d
Cur actd sdhe e B g7 Bl @Bﬂgséﬁe@?éﬁﬁ ek ﬁa’d'f'%f?é’?%ﬁ‘%'r
36 nore stdopjagt Junchems as adedrcing é@Emh@trénsfbmﬁaesmtaloaltkuﬂS ace 38.
The lateral surface 36 is thus passiv t?u e th cros? ﬁ ﬁ,lié gn
surface 3goresaoudingplesnandal melpt hIéSIP'f@Iﬁy QIIPI‘%%‘ISIB Vet 1B PSHE R F he
nanow 1. EXUN ki |GARRL Sy aaNrbaed. Ui bote ioming | on,

pol y(vi nyl one pol yacrylic, and any of  the
copol yner sdhetentudsRethmitiimitaton,atiols, paiyaes,olyae!is opsIEHressNeEs!: i n

O L ety i il BF b B g, g gz ¢
moral . Ty BT B 1y B g e o ea)  Lonnent. . -
conpri SI ng at | east “lonis dugitiveX refergrto @ralt addifiys cERsSINg R ?@M’I%‘
| anion. The cation and anion are associated by ionic interaction and dissociate in
polar solvents such as water, alcohol, diols and polyols (including ethylene glycol,
20 1,2-propylene glycol, 1,3-propylene glycol, glycerin, glycerol, and glucose). The
cation can be organic or inorganic. The anions are typically inorganic. Exemplary
anions include halides (CI', Br, I, F), phosphate (POY), sulfate (S04%), hydrogen
sulfate (HSOy), aryl and alkyl sulfonates (RSO37), and the like. The ionic additive
may further include its corrésponding acids, i.e., the cation'is a proton.
25 In certain embodiments, the ionic additive is a quaternary
-ammonium chloride. As used herein, “quaternary ammonium chloride” refers to
ammonium chloride (NH4*CI) in which all four hydrogens have been replaced by
an organic group. Thus, the quaternary ammonium chloride can be typically
represented by formula NR,*CI, wherein each R is the same or different and

30 independently an alkyl, alkenyl, alkynyl, aryl, or aralkyl.
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solvents include, without limtation, diols, polyols, glycols, or
m xtures thereof. 15 Modre specifically, the reducing solvent can be,

for examplg, Al hgne gl ycol, 1,2- propylene glycol, ré’r/%ﬁ%/éﬁs&%

gl ycol, glycerin, glycerol, and gl ucose. onic additive"
refers to a salt additive conprising a cation and an anion. The

cation and anion are associ ated by ionic mt@e&gé{ on,and, di ssocj at e
in polar solvents su%'hya@f%tt@mo%"@@%?atufﬂt YYREATBEN phHGture o

(i ncl udi ng, a0} ?%ﬂp@oy&f?‘mnsz% th%hﬁﬁ@@ b%ﬂﬁ afd Xﬁ&ﬁgedﬁn%nﬁépé’]dh@é}%r

glycol, glycerrn, and ucose e cation can be organic
or inor gamranchﬁdenamemiowee amybletﬁesrb ty alkylogroups of 1 &2 salbematemsons

| ude halid h f
hydr ogen et ptlens) ekt grbuad BELRRITSHh piwh P ST fe
' ' ke Tsﬂe dndnisutA ditthy ‘ﬁkémExéMgfeﬁ%'f alk ?Féﬂédﬁs bt |§ng@*mn@lua@ oat;rl ds,

e catron"1s a proton certfarn enbodi nents, the ionic

addl tive |(§8)adquyslt(@qd),aiqde&wrfﬁm)umtyl}{p@g)l ard thadikgs yﬁhma@awl residue
o ey B oes oA S caltiiiiS phReB HAeAR R 1Sl rialig that '

whi ch all an organic gro

Thus, the Méro?eé%oﬂmbmﬁgam dBus dor danplei‘balyl”ys meantkent ed
by forrrula NR: Cr, wherein each is the sanme or, djfferent alnd 30

i ndependem¢lyd%1n-b&h‘ty{Wec"@!tk|el$9bu%ﬂﬂ’d/¥19ll't¥| arapy! ingludgs Braropy! angp

2011/ Of 483PCT/ S2010/ 046643 "Alkyl" refers to nonoval ent
satura arbon structure of between 1 and 20 carbons, in which
the carbons are a”&ﬁf\%@ specified btheraisk| theaalkyd cat baoptiensllysuwaiitutacower

al kyl refers to al ky ups of Ito 5 carbo Exanpl es of | ower
al kyl grOlmthﬁhélogéé(ﬁe@hﬁporBtﬂf}?xy:ﬁpﬁﬁlan%t@%ﬁg%py butyl, s- 5

and t-butyl and the.. » Sroeabon ef bmr@erbah@eng
i nclude octyl (Ca), @fl %gﬁ&%gnﬂ{og?}éﬂ , ce?ylru(C16) and t he

li ke. WhemnareGdrzbn e&:ﬁ'nsiwdh lahlsastiore dgehie bbﬁd nExpmplesingudie yvithous

named, all geonetr oners h n

Cont erih atlediatpn AhoR; ioRan Buteng poenyls ooy byBRleaf beltationy,
sec- butyl,J4SRB k! u%i&i:stspahﬁma otHéW)iéhé' thicreaityd des be-optiomally sabetitubed

i sopropyl . ' ess specifi ed otherw se, the al kyl can be

opt i onal | ywittudsalogend, ﬂl {Oh or)halkeye gmire, asithe te.or 1), al koxy,
am ne, and the Ii ke"@kmyr' refers é?]aih% ?A@(Snth %ﬁél%oh%trﬂct”%‘gf’@étﬂ%nZ

hydr ocar bon structur robon atons wth at | east

one doubl eqbrkpfﬁjcalﬁisﬁ%r% witA @t tedet omé tripteibord Examplas inotides witbAYL |
progeny!, butenyl, pentenyl, hexenyl, ut ?g] ¥ " %ﬁyk)a}wyy 4’m
the |iRe. liortasion: %tbmylfpr@@y@\tlh@iwsﬂeoeftﬂy Yicg nal
substitute I aI kox am ne, or the
SRSt Aotivhih, 218592 ety Bind th 1RE. 1) - Y, |
“Alkoxy” refers to a radical of the formula -O-alkyl. Examples include
methoxy, ethoxy, propoxy, isopropoxy, and the like. Lower-alkoxy refers to

groups containing one to five carbons.
25 “Aryl” refers to optionally substituted phenyl or naphthyl. Exemplary

substituents for aryl include one or more of halogen, hydroxy, alkoxy, amino,

mercapto, or the like.
“Aralkyl” refers to an alkyl residue substituted with at least an aryl

group. The aralkyl can be typically represented by the formula aryl-alkyl-.
30 Exemplary aralkyls include, without limitation, phenylmethyl (i.e., benzyl), or

phenylethyl group.
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"Al kynyl" refers to a nonoval ent hydrocarbon structure of between 2
and 20 carbon atons with at |east one triple bond. Exanples include,

w t hout 2Qv65 L tation: ethynyl, propynyl, butynyl, pen I
met hyl pr opyny@foﬁgéﬁ’et hyl 1- but ynyl , 4-propyl-2-pentynyl wgﬁgmt“ﬂ@%%ﬁ?iei

"Al koxy" refers to a radical of the formula -0-al kyl. Exanples
i ncl ude net hoxy, ethoxy, propoxy, isopropoxy, and the |ike.
Lover - al koxy r ef er s Exgmplasy jpoicadditvesi therefie indude, wathedt lispitation:

25" Aryl " ' . '
Erenp! ar y EUSEIDRRbh R M CHIEERAindhlurg BRBIEY (TBAC)
hydroxy, addtgtiimethyianomoniamcciidritie (QTAG)eCEOsgalkyl dimethyl benzy! Ar al kyl ™

refers to an al kyl residue substituted with at |east _an ar r
The aral kﬁm@QﬁltﬁéCW?WQ}eWGPfWr@%?@@@"rﬁ‘?%fﬂfh{%@ef(g?-nﬁﬁ%agraé%%gﬁﬁgﬁje.’
30 ExenQI afiy. ar al kyls include, without limtation, phenylnethyl (Le.,
benzyl), or~phenyl ethyl group. WO 2011/031483PCT/ US2010/ 046643
Exenpl ary ioni ¢ addiQuaieaatyteanmboium ions (NRg) avé pbrmenentiyichangied gations

tet t hyl ni hl ori de . : \
S AR e T ISRl o
ﬁ@?%geg’ﬂﬁgn@gﬂ{@ﬁg hscdirig hERAY MotédvRe inbpareresnysatihy with e

(Le, Aliqua Quat ernary ammoni um i ons

i( EfR|4+) ar Ceicagpmtggnmm [eyfgc RiiPrdl dscopshenenshdue {pthearggnia nmwieliss present.
uence ' ' |
Feduct T sol vent . adhaapiAnERIAIORTPhs oLeFHoRfoRnk Yelichy in e

with the caRRideh MRSBEMARNDS il haMawires Sn hennbyified pplydusrotesst Hore
organic noleties present. 10The quaternary ammoni um i ons éj',f,f er from

i nor gani c specifioaly, the pleseRcesiiayaienant ABIMAANYRMASAC HNiGR dtage
i s L L T
pr dorm nardrimes 9/l afcl g Y afd sty igh tarsdspersiyduce
monodi tpersity. 15Ffﬁ%hgﬂﬁé&e‘%E\?@ngﬁgg&%}/n%ﬁ%ﬁi}é?&%%@%s yging
format | Ongla'l‘i%i.lgg:hloride-based ionic additives, including HCI, ZnCh, MgCl,, and TBAC,
respectively. All the reactions were carried out by initially mixing 0.1M AgNOs3,
0.15M PVP and 0.001M of the chlorides at room temperature (25°C to 40°C). The
‘reaction mixture was then heated to about 160°C. Typically, nanostructures
20 (nanowires and/or nanoparticles) were formed rapidly after a brief induction period
(10-30 minutes). The products were collected after about 30 minutes.
Figures 4A-4C show that silver nanowires were formed
accompanied by varying degrees of other nanostructures (e.g., nanoparticles).
Figure 4D, by comparison, shows uniform silver nanowires of between 3 and 100
25 um long with little or no nanoparticle formation. The yield of the silver nanowires
is therefore particularly optimized using TBAC as the additive, with high overall
yield and high monodispersity.
The anion {i.e., chioride) in the ionic additive also plays an important
role in controlling the nanowire formation. 1t is found that ionic additives based on

30 other halides (e.g., bromide), do not have the same effect as the chloride-based
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various chloride-based ionic additives, including HClI, zZnd 2, MCl2,
and TBAC, respectivel y. All the reactions were carried out by
|n|t|aIIy 1M Ag NO3, 0.15M PVP and 0. 001M of J.des
at room tenpera ugse3 (25C to 40C). The reaction m xtur EE’?JEQ{})#G?%JGQE
heated to about 160C. Typically, nanostructures 20 (nanow res and/ or
nanoparticles) were formed rapidly after a brief induction period
(10- 30 ni rioniesidditivae Fpr exarople, uaing celyl rieatidammosiuna brapidg in thenplaes .

Fi gures 4A-4C at sil.ver r conpani ed by
varyi ng dé?jrc@g’ipr tb%ﬁ@"%%ﬁhpogﬁg%é@&c(%%nﬁ'ﬁ Oﬁggar icles). Figure
4D, by conparison, gshahednifliehiendbskred thatthuicorserfations veibe 3 and
100 25 pm | ong vmth little or no nanoparticle formation, The %I d of
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The ani 83 loni c i'tive al so plays an
| nport ant rhi&hﬁ‘e iistyprRally ml thé Rangeef abmub0ior i fodd. 2l mene preferiablyf G QBk! to

hot have. tihiefarancplianl visll otanoias JLatiten theghicentation SFPVPIE
2011/ 03143%9%%%@&%%%@9 nﬂ'ﬂd G]M%:Bﬂe\ﬁefel;émy @B 0.168.ng cetyl

trimet hyl ni‘um br om ace of cetyl trimethyl anmoni um
chl ori de produces o yanmls(qmbctdlmba's the concentration gfthe,gdateenany f ur t her

vt ur 80 hearamaniien SR RRe romion e ROl e R g it 683 ! O
Nanostr uctpif BIthhE%hEeM zfﬂoﬂfis 58 thaanM ®, a\biwpnéetpahtml Typmﬂailyhe

reaction mxture’is ty |ca he range of about 01M t
more pref ethalndalatnié mﬁrﬂrtratloobetw;eeﬁcﬂne auat@mammrﬂnréura CB\“’"FIS@GW“F%@QW

addi ti on, d g, of PVP 0 e range of 0.01M
to 0.2M rﬁﬂ]ésﬁ fedji\éﬂ‘? e d8 pde%ﬁtgk’npét] n Qlasr/él’ gbul%emodl ments, the
concentration of therhauaécﬁromém éfht@’@ﬂﬁmuamstﬂewlekle aind ienrmh phthet i on
m xture is in the range of O. 001Mto

concent5 atmetal hanowigas formed.0 Tymeally, Hlﬁ)métaé F%lgrpg‘(lgr ab&ﬁé 'Glr%?‘é% Iy, are

the motal TEBe T 8 pelyBl bR BB A Ol O B e o
1% The retéﬁfpb@étuteelﬁmbaﬂelaeeacﬁdmamuﬁs frhe fwstéeameemelt?@néleﬁnéhethe
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heated to a second temperature. The second temperature is typically maintained
20 in a range of about 50°C to about 200°C, more typically, at about 150°C to 160°C.
At temperatures higher than 170°C, shorter nanowires were formed as compared
to the nanowires formed at lower temperatures.
The yield and length of the metal nanowires produced by the
modified polyol process are further controlled by the reaction time. Figures 5A-5F
25 illustrate a progression of the nanowire formation visualized at x100DF. Samples
were taken from the reaction mixture at the reaction times indicated. Each sample
was cooled in an ice bath to halt the growth of the nanostructures. Figure 5A
shows that within an initial induction period (about 7 minutes), minute particles 40
(e.g., seeds) were formed. As shown in Figures 5B-5D, in the next 3 minutes,
30 nanowires 44 rapidly took shape. At 15 minutes into the reaction, longer

nanowires 48 populated the reaction mixture (Figure 5E}. Thereafter, an
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m xed in a polyol solvent (e.g., ethylene glycol or propylene glycol)
at a first tenperature to provide a reaction m xture. The first

t enper at u ADofigss N the range of about 20C to 40C. T i
mxture is zorouglﬁl y mixed before it is heated to a Sg§%@559&/649&3

t enper a]Eurg. Theoéecond tenperature is typically maintained 20 in a
range of about 50C to about 200C, nore typicall at, about, 150C to
160C. At tadgitieng Graisutasyieided mfﬁmawlr%@%e%ﬁ&%w FRACHRR WaSt or med

as conpare e 0, I r ;
The vi o d bRl RS B0Goes ABR R no A narBIREE St Rimed even it
pol yol prp?m@deeéwmhme_cont rolled by the reaction tinme. Figures
5A-5F 25 illustrate a praogression of the nanowire formati

visual i zed at x100DFig¥s hows, FeMpaRLVe PPYAI $17 qsé%fthg‘rl&ﬁg'?ﬁ eRle at
the feast'wn%c;ugﬁ i%{l&"{aﬁgi‘ii\?é’.-AE%ﬁ&mﬁ,aémbgt N RafAtawb@ Bmége bath

to halt the _ € nanostructures. F gure SA shows that within
an initial inducti ofheatioms ¢fabient Magiatan ifygnceithemorphelegies e5theo

.., d . ' ' - '
I it s, SR GG XTI | - oPUske sharLleans Busiar nalakihf sREby e
react | on, ARy GYLIISHIBLIRLRISABRY slderreagionaates! Figures 115 gur e

5E). Thereafter, ar 2011/°031483PCT/ US2010/ 046643 addi tional 5
ni nut es i Eodesdponsting teaxamnples 8(@nddl respsrlivelmhovetigrreswtsgfdhe

conpleted within 3 I nut es, . reb 0 ' r med
cven wilBn Hoaiten geol aitbris T aaroR gt VRS BN Gyl

pol yol synthesis in ethylene glycol 5 without any ionic additive. As
shown, al nost no nanowi res were fornmed. The choice of sol vent may

i' Z?pirgfl W[phol ogi es of the nanowires. For exanple,

gi ycol \%i l e glgy%:/er giheg%%\?\gz%séﬁvg%&%tggg%?\?ﬁ Hﬁg'?aeig& E?lgg!raégsn g{;lggg are

E ﬁgr rlgs %gﬁtpggt%ﬁgrmg&ﬁrﬁ:ﬂr? (ia',airr.lelgfbmgh\betl'yproshmstm@y besults of
1, 3- pr opy| eptnigey tyPprodue pgﬁ?@,mip@nt éma’nomﬁr%g,pg !sr%gﬁ bgl giﬁ%icm%opulation

15 of nanostructures other than nanowires is produced. For example, besides metal
nanowires, metal nanostructures of various morphologies, including nancparticles,
nanocubes, nanorods, nanopyramids and multi-ply twinned particles, may also
have been obtained. This problem is compounded by poor reproducibility of the
process, which results in batch-to-batch variations of nanowire morphologies.

20 This is due, at least in part, to a poor contro! of the reaction kinetics in the
presence of air. For example, in the modified polyol synthesis, the reaction is
manually monitored by sampling the reaction mixture and characterizing the
nanowire morphologies. The reaction is typically quenched if the nanowire
morphologies satisfy certain target criteria with respect to the length and width.

25 However, the visual characterizations of the nanowire morphologies rely on the
subjective evaluations of the operator of the reaction, which leads to poor
reproducibility in nanowire morphologies and yields from batch to baich. For
example, if the reaction is quenched too soon, the target morphology would not .
have been achieved. If, on the other hand, the reaction is quenched too late, a

30 range of bright objects would form. Once formed, these bright objects are very
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20 (c)  aiter (b), providing a second reaction mixture by combining

the first reaction mixture with a metal salt; and

(d)  providing a plurality of metal nanostructures by reducing the
metal salt, wherein the plurality of metal nanostructures comprise metal nanowires
at a first yield.

25 In a preferred embodiment, the inert gas is nitrogen. It should be
understood that where nitrogen purging is described, other inert gas or noble gas
such as argon can also be used.

As used herein, “purging” refers to displacing one type of reaction
atmosphere with another. In particular, in a polyol synthesis described herein

30 which involves reducing a metal salt in a polyol solvent, purging refers to

displacing the air that is present in a reaction vessel with an inert gas prior to the
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More specifically, one enbodi nent provides a nethod of [
: 1 © 8 preparing 15
metal nanow res conpri si ng: (a) providing a f!orst )
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descri bed drfigi ph&R, ety. ctheireaationesixtueeluEypigally, spargingseantbe earsep oLy ol
solvent, purging refers to dis ' the . air that is present in a

| acin
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i T PR i LA et
b820°C.

In other embodiments, after purging for the initial purging time, the
purging continues after the metal salt is added and lasts the entire duration of the
reaction.

15 In various embodiments, the polyol solvent is ethylene glycol, 1,2-
propylene giycol, 1,3-propylene glycol, or glycerol. The capping reagent is
poly(vinylpyrrolidone) and the ionic additive is a tetraalkylammonium chloride.

In any of the described embodiments, the metal salt is preferably a
silver salt and the metal nanowires are silver nanowires.

20 In various embodiments, the yield of the metal nanowires is at least
80%, more preferably, at least 85%, at least 90% or at least 95%. As used herein,
“vield” refers to the amount of the metal nanowires relative to metal added to the
reaction mixture in the form of metal salt.

Figures 9A-9C show the effects of the nitrogen purging in the

25 nanowire morphologies in a number of different reaction batches (80 tofal). Figure
gA shows the mean nanowire widths in 40 reaction batches (1-40) without
nitrogen purge as well as those in 40 reaction batches (41-80) with nitrogen
purge. The upper control limit (UCL) and the lower contro! limit (LCL) are defined
as plus and minus three standard deviations from the average width, respectively.

30 As shown, in the absence of the nitrogen purge, the nanowire widths varied in a
larger degree (larger difference between the UCL and LCL) than the variations in
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5 As used herein, "sparging" refers to a type of purging that directs
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shown, ence o nit'rog urge, the nanowire w dths
vari ed | n a larger Tigs, des (emogsiratad fiatreepalyolisyntheels purgedgith andnarty)

than the variations in
15 gas, e.g., nitragen and argon, prior to the reduction reaction, lead to much more
reproducible nanowire morphologies, higher yields of nanowires, and fewer
nanostructures with low aspect ratios.

It is further discovered that, even when the inert gas purges for a
fixed period of time at a fixed flow rate, the resulting nanowire morphologies could

20 * be highly dependent on the particular manufacturer lot of the polyol solvent (e.g.,
1,2-propylene glycol, or PG). Figure 10A shows that in two separate reactors, the
total reaction times for reaching the desired nanowire morphologies vary from lot
to lot of PG (A-D). Some ots of PG wouid result in shorter reaction times and
shorter and thinner nanowires, while other lots of PG would produce longer

25 nanowires with longer reaction times. See also Figure 10B.

Figure 10C shows that for a fixed lot of PG, different nitrogen
purging times prior to the addition of the metal salt and subsequent start of the
reaction result in different nanowire lengths. In particular, as the purging time
increases, shorter but more uniform nanowire lengths were obtained. Thus, in

30 some embodiments, adjusting the length of purging time resuilts in different
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that inciudes purging with an inert gas for a first purging period, and wherein the
20 first polyol solvent is provided from a first manufacturer lot;

()  providing a second piurality of metal nanowires having the
target mean length, the target mean diameter, or the target yield, wherein the
second plurality of metal nanowires are prepared in a second polyol solvent by a
second polyol synthesis that includes purging with an inert gas for a second

25 purging period, and wherein the second polyol solvent is chemically identical to
the first polyal solvent and is provided from a second manufacturer lot, wherein
the first purging period differs from the second purging periocd.

In various embodiments, the first polyol synthesis and the second
polyol synthesis are otherwise carried out in substantially the same conditions.

30 Typically, a target morphology of the metal nanowires can be pre-

selected in order to satisfy certain specifications of the transparent conductors
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t he et al res. For example, co-owned and co-pending U. S
Application No. 11/871,053 provides a detailed analysis of the

correl sél o] t ween. nanow re nor phol ogy and sheet resistance in
nanow re- bﬁ‘lﬁmg ent conductors, which application is
i ncor porat ed her ei n typrephRrs & namostructdre neiwérk dayer, a liquid dispersion of the

nanostructures can be deposited on a substrate, followed by a drying or curing

process. The liquid dispersion is also referred to as an “ink composition” or “ink

formulation.” The ink compossition typically comprises a plurality of nanostructures
25 and a liquid carrier.

Because anisotropic nanostructures of high aspect ratio (e.g.,
greater than 10} promote the formation of an efficient conductive network, it is
desirable that the nanostructures of the ink composition uniformly have aspect
ratios of greater than 10 (e.g., nanowires). However, in certain embodiments, a

30 felatively small amount of nanostructures with aspect ratios of 10 or less
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majority of . .

inhibitors, and the like.
in certain embodiments, the ink composition includes surfactants,

20 which serve to reduce aggregation of the nanostructures. Representative
examples of suitable surfactants include fluorosurfactants such as ZONYL®
surfactants, including ZONYL®FSN, ZONYL® FSO, ZONYL®FSA, ZONYL® FSH
(DuPont Chemicals, Wilmington, DE), and NOVEC™ (3M, St. Paul, MN). Other
exemplary surfactants include non-ionic surfactants based on alkylphenol

25 ethoxylates. Preferred surfactants include, for example, octylphenol ethoxylates
such as TRITON™ (x100, x114, x45), and nonylphenol ethoxylates such as
TERGITOL™ (Dow Chemical Company, Midland MI). Further exemplary non-
ionic surfactants include acetylenic-based surfactants such as DYNOL® (604, 607)
(Air Products and Chemicals, Inc., Allentown, PA) and n-dodecyl B-D-maltoside.

30 In certain embodiments, the ink composition includes one or more

viscosity modifiers, which serve as a binder that immobilizes the nanostructures

20



5 the nanostructures in the ink conposition and the conductive film
based on the same, may or may not be acconpani ed by a m nor anount of

nanopartl%(5:?019‘,53 Jher nanostructures having aspect ra{?bﬂﬁsﬁflon}ngsﬂr
| ess. e liquid carrier can be any suitabl e organic

i norgani ¢ solvent or solvents, including, for exanple, water, a

ket one, an al cohol, or a mixture thereof. 10 The ket one- based sol vent
can be, fom asuhgrate. Eaamleé of guitatye étSﬁwtyM'é@@ﬁ@rs inglude hléd"Pi‘WOPWhe

?ngrgkangﬁgﬂgﬁﬁwgﬁé( elfhy ?%6 ene yco?ﬁmt 0'&‘%'& ene gI ycol ,

propyl ene @ry®g/ mem?ﬂcéllmmsbl, ed hjfd’rexy eihybwlptmsetl on may further
i ncl ude one or nore agents that 15 prevent or red uc&ﬁgﬁq& egati.on or
corrosi on of the naHbE?'ﬁ'ﬁB'ﬁD?@?Od‘H}ﬁ!‘ﬁ%r‘h“? Fatioqfthg su YI$SoRYon

of the Qfﬂﬁé&lﬁé'rclglbrr&?ra?‘} fnqﬁ? ?ﬁb}téf%%ut g@ﬁ??ﬂtﬁﬂ%’ﬁ 17 ftibp sl |y

non-vol a e and sur VI Scosity no di'fiers, corrosion
i nhi bi t or sjiscosily h‘rmhﬂerk@thel metaknaowiresib poferailysin thﬁmngﬂ@f@bﬁpb@’fm on

| ud fact ant h t f th
nanost r uciahouk 0. AR et SHhR sl tarobiiee Sae STACHR B, <"
i nclude fl riaslion
zino Ftle G PPFdepe SE SR D (T R LR e

W | ni ngt orink BEnpositich m@quiﬁw depending pn thexgubstiakrand therrpethog of

f | ud f. I
ot hoxyl O cpripRataedl et i AStonty tigs o2 Splo AT G octeey

et hoxyl at eshop ¢ an@s1gbRIPTONTmM (X100, x114, x45), and nonyl phenol
et hoxyl ates such as TERG TOLTm ( Dow Chem cal Conpany, Mdland M).
Furt her exenplary nonionic surfactants include acetyl enic-based

surfactants_s cpv DYNO_(r) (604, 607) (Air Products and Chem cal s,
Al | Mﬁ—%ﬁ)—g

I nc., nd n-dodecyl [3-D-nmaltoside. 30In certain
enbodi ments, the inly gantestiUI@netivack lagesisdornert foltowisgthe ibsdeppsition

o oo b S st B8 5558 e o
Exanpl i@u n%g{r[,?taﬁgmﬁp&kg?&h an| pPisSs hé}%s@ﬂ@tdﬂd@lmawmﬂbmw

met hyl ose ose, xant han pol Y
al cohol , Ccastbibmedrmdhmerwirieutw@mpnaadomdrﬂs@n@m IU erg E aneh

B TR iy oS GRS R R B s pdh Y

ratio of t | dr¥ndBshduchte h@nédﬁﬂjc{méahsnl@émumbesoﬁthepref erabl y
in the ran(gga %‘?ﬁ{aé?%grut 5 to-about 0.000625; and the ratijo ie nmet al

nanowi r es nandshacties reaches theasealationaibreshold, thethind 5\9‘9’@!’8 W se0

modi 1160 ceapehanient e EiiBARH SO RTnE QERFRPRDIAR TRy BE
components of the ink composition, including, for example, one or more
surfactants and viscosity modifiers, may form part of the conductive film. Thus,
unless specified otherwise, as used herein, “conductive film” refers to a
nanostructure network layer formed of networking and percolative nanostructures

25 combined with any of the non-volatile components of the ink composition, and

may include, for example, one or more of the following: viscosity modifier,
surfactant, and corrosion inhibitor. In certain embodiments, a conductive film may
refer to a composite film structure that includes said nanostructure network layer

and additional layers such as an overcoat or barrier layer.
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10 application used. The preferred viscosity range for the ink
conposition is between about 1 and 100 cP. Conductive Fil s

A nanostrl{f(%ﬂﬁ? 031643 work layer is forned follow ng the bgi‘mgﬁ)%(%&ison
[

and after qU|d carrier is at least partially dri
evaporated. The 15 nanostructure network |ayer thus conprises

nanostructures that are randomy distributed and interconnect with
one another. The naWﬁ'McﬂTQH@ngﬂittbﬁ)ﬂﬁmséWFUf@?f tt%fet"ﬁ(é@“ﬁ’ﬁ%ucft@'ﬁ% of
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tructure that ing| 3d, truct
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' Gorts | rassatoreme higher ihas ThsPIIos SOVE 4400 SEL T GRESE: neen
the sizesis hagr?f i sﬁ&{t r@&&gﬁ{:ée gﬁé F @OQ nklforR Yorhieeieoy watal ng

density at YPIg rcoI ion e electrical conductivi t)e %f
t he condusahnuardadras iissincthé eangesacs tnoetl1Q Q/Blto 1000/ Sios 19 L]
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el ectrical  property o he nanostructure constituents.
herei 20 a thin fil nOpticallynieckonddctiverftiicaanke ¢haragterized @"Sé)ﬁg

resi stance of no. hi,gher 8 Qehgelsr

r esi st anc&aNSMISSIRY’ ﬁé’Yeitq‘f’aﬂa%%40/r ns@fsg%g g%ré"&o %gg)eglo gor 100 0/ 0.
Typi cal 'y jndidint §§setrarspsited treegird riedemn d b iiveidere fighir tefers tareliranyolet
metal nanostructlres is in the ranges of from 10 %6 t8]%)0 WO, from

100 CVO t ¢UVSor dsiole ghd iewiog VRS e bgween akqup s
VEl, f 100 VO
Vo 50 bf o vapsus PrahBairghe e [iiEnsBiich Sng BBnickivd irh et 184St 2054,

t1ca he conductive film
can beyxhat Relsee0%cH: lyst T0%hat ibasiBOks, st least 8&% atlepst:3D% rerat least

Transnission refers to the percent f an_in
L anami ¢t 8% b gon VRIS CATBIeI Qianeppieghi T afight Flfsmission is o
ul tra-vi Oll%&@%. ﬁ{azé’lssérplnﬁei b8 tHﬁMhi’é& at \eRE e e perbaitugeof thieout
250 nmto nnn. Thn various enpodi nents, the light transm ssion of
t he condugjuawtityfof light separatee fretn hedgcident light and sca ered during
transmission (i.e., transmission haze). Unlike light transmission, which is largely a
30 property of the medium (e.g., the conductive film), haze is often a production

concern and is typically caused by surface roughness and embedded particles or
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25 at least 60% at |least 70% at |east 80% at |east 85% at | east
90% or at Ieast 95% The conductive filmis considered "transparent”

if the Ilg,ﬂ]t, §45 ssion is at least 85% Haze is an be?/%ongﬂo“Ithht

di f fusion ers to the percentage of the quantity o
separ at ed fromthe incident |ight and scattered during transm ssion

(La, transm ssion haze). Unlike |ight transm ssion, which is |ar gel y
a 30 prop&ompasitionathetewoaneities in themprdivmn da vetious embegimenis; the kaze

Foughnose I EhBsEN hHLABE s b R0 76 3 s tkaT L 38800 Foa5
conposi ti ehah 5% behogetreithare$%.n the nedium I n various enbodi nents,
the haze of the transparent conductor i'S No nore t"&)@’l"&?(}/ no _nore

than 8% no nore t haResyercgat, MithRIMEthonEA cegpsign in forps @, or
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e pondiHE ipeelaychca bidkeetv@irimon bR ySr, Srthe TR, o of whi

11/ ﬁ04 823xt@emw discusised in crapeedlogél SoBatent Applisatior MeshEH/BE1.E8T ¢her s
o y( oft a5 421 CBrarihge by s B RrRRE ol iR FomyTers st &€

vel I knowne ly&cWﬁés Q:}’ﬁoxy,l mwtdtﬁw.esmdliwuheé lsﬂicbﬁés @oly(silidoeaaylés), and
pol yst yrene/’/PMVA b , lacquer (e.g

acet at e/ nisprae @wltab&@mtmw%m%lal%@rerwell lms:rvm i the BEnpgluding, without
pol'ypyr r ol fitatic ISsilSléé’;’li‘c{sghp@gﬁﬁr{&lbmbie%% faudtifgaighates. all of

whi ch may using materia as coll oi daI or
fumed sil la@état@ﬁmémﬂosélwaxlaﬂ@dtesm) pblythiop herieadeglymymoles:, not

5 o okimbn oGS S BT o et
acrylic r ,}%.l?.gveg%i 3 §cc§|'%@%opﬁln¥t§i éfl‘@ef‘%xérﬁplé@@f @me&ﬁé\ms

ponV|nyI yVvi ny | oride, polyvinylidene chloride,
pol yet hyl mmudeatﬂmybmﬂmt\hnntpu tacpalyester; ppiyevw@ng teiephihraiaig (Pslk yr al |

t al sf I
Dol yur et hacBisedrEs ruubions B fiaate’ pofpRihl maRleB Faman.

f bl ig/.\& TAC hyvir lcaholp
ga‘goglr ?rlent%l sﬁﬂﬁééﬁ’b‘g‘gyﬁaﬁ@aﬁgﬁ) rytsher ?It??ﬁsett?tgt(ed )gpozySv dyﬁz opus
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EXAVPLES Eéé‘c'\)/f?;mers polyvinyl butyral, metal ion-crosslinked ethylene-methacrylic acid

copolymers, polyurethane, cellophane, polyolefins, or the like; particularly

preferable are AC, PET, PC, PMMA, or TAC.
The various embodiments described herein are further illustrated by

25 the following non-limiting examples.
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MODI FI ED POLYOL PROCESS - M CROSCALE In a 10 m vial, 0.5 m solution
oflA?!\ICB Iq{r,] E{{Eyl ene gl ycol (0.1M 5 was conbined with 0.5 m
sol ution et hyl en I | (0.15 |

o s{Dodeset hyl ene glycol ( M and 0.5 ml
t et rabut yl'ammoni um chl oride in ethylene glycol (0.001 ejle‘{t%irog@%%‘s
tenperature (25C). The vial was dipped into an oil bath (190C) for

20-30 m nutes for the reaction to coppl .. Gey and iridescent
reaction products were obtained. \ﬂ%ﬁ-@iﬁ&é on under a m croscope
(x100DF) indicated uniform 10 nanowi res were formned. The

reaction products were allowed to settle to the bottom of the vial
and the ethylene glycol was renovedEXAMBLEeacti on products were
dried, and the reaction roduct%were then re-suspended in 5 ni

?Iezl oni zid6vvat er 3 The suspUAFIER RRk¥O PROGESST gt glass frit

i ne, 4- ont . Th I ni | '

Eou![ ﬂ not f Pm er t hﬁé?ﬁ’gw 'Enﬁ\éi;ﬁ ;[Oreftn ;“%&Pégf}jg’gé}&égg‘l g@v'&ﬁgﬁwcafe@-1% e
urt her gan t | 0 pratal

Subst an alry Somiiechth O SHil SRR U i AfifeRE gfol (Ooforl) g 05

si | ver nangoliufiersoftetrabutelnimchiamnvoride inethydancogly®s (0.80hMy) ab@oEnd an
average length of 9

i . ) [
descri bed m@’ﬁt%gfﬁpsh-I?U‘-E’)p]@ﬂ)!”aﬁSmpﬁpé'nmnlﬂhmaghif@ﬁkﬁyiog?g ::Igg a
hi gh per ceghages B tlﬁ#éé%fioﬁ‘ﬁi_”'&:‘ﬂ’nﬁI?%Excgég:\@dﬁriaeé%ﬁf@d&wmo@ué@m&bVE

25As a conparison, the reaction o 1 was carried gut wthout
t he t et r abobtpinednfisuatizaiironncis savigrascepe (HODN) jirdicatedupiere 6, only

nanoparti cl es i
p 15 nanom/?ersewgr%t O}rﬂg l. WD 2011/ 031483PCT/ US2010/ 046643

The reaction products were allowed to settle to the bottom of the vial
and the ethylene glycol was removed. The reaction products were dried, and the
reaction products were then re-suspended in 5 ml deionized water. The
suspension was filtered through a glass frit (Fine, 4-6 pm, Kontes). The retentate

15 {(containing nanowires which could not filter through the frit) were dried and

weighed.
Further analysis of the reaction products indicated that they were

substantially nanowires, with no or very few nanoparticles.
The silver nanowires produced had a mean diameter of 75 + 8 nm,

20 and an average length of 9.7 +2.6 um.
The microscale reaction described herein was highly reproducible

which consistently yielded a high percentage of silver nanowires.

EXAMPLE 2
WITHOUT IONIC ADDITIVE

25 As a comparison, the reaction of Example 1 was carried out without
the tetrabutylammonium chloride additive. As shown in Figure 6, only

nanoparticles were obtained.

24



EXAMPLE 3 MODI FI ED POLYOL PROCESS - LARGE- SCALE In a
1000 mM flask, 4.171 g PVP ( MAE50, 000, 37.6 nnnol), 70 ny

t et rabut ymmg%chl oride (0.25 nmml), and 4.254 g Ag sdofoo4dEm! )

were 5 mxed in m et hylene glycol. The reaction m Xxture was

stirred at roomtenperature (25C) for 15 minutes before the flask was
heated with a heating nantle set to 200C. The internal tenperature of
the reaction mxture was control | eBXaAMRIDEt 150C. Wthin 30 m nutes,

%{‘Fvéfaﬁéiq;&ég‘géi”%ﬁet oG e S RSGERE: LARGESERE, SUohan®' O
i aneter o

were no precipitat gmcﬁ‘ ?ﬁ(g%g}@ﬂg%ﬁ%g‘ra%ﬁ é@%@”‘@%@@oagég "%ﬁé}h?gje@g) .
The | ar ge@@%ﬁﬁmmc%ﬁa& @29 ntAb iahdfmsh'ggigc&éx @Bratnividre.

EXANPLE 4 > / | VE RESULT - "STANDARD POLYOL SS 15For
conpar i omiped os0smi sihyleae giobwi hereastier mixtye was piirediatyeesy di ng to

the nmethod describ U Publ i sh | ' :

2005/ 0056 1ABPERHE ?%J ifen f%m@?e%ﬁﬂﬁ’%ﬁﬁtﬁ%h 8"%%&@3@ il a%@ﬁ%%t ed
at 160C.  3n4HileQfet (ODEBEO! THE Piferhal teinbistive @ltye mac(ion AitMe wasl 3 n

of PVP solution in ethylene glycol (0.13M were sinmultaneously added

to the prehotiokad altabpukhed°sn Hithinol0 mimges, dha-rgastonMixturedutned INPA o
and mai nt & 00 & liad S0t BLnctidH GiGer naHlifiifess Thielsiferiatiiliies wer e

OW res and nanoparticles, shown in Fi 8ure

2. EXMPLIB&dMeRINadERmReh Yam SBOGHSS: 7 HREE SCAdags langth 6096 i
flask, 49.98 _? PVP ( MM50, 000, 450 mml%, 0.84 .
um. There were no precipitate or nanopa icles forme% (see, e.g., Figure 4D).

The large-scale reaction described herein was highly reproducible.

EXAMPLE 4
COMPARATIVE RESULT — STANDARD POLYOL PROCESS

15 For comparison purposes, silver nanowires were also prepared
according to the method described in U.S. Published Patent Application No.
2005/0056118. More specifically, 5 ml ethylene glycol was preheated at 160°C.
3 mi of AgNOs solution in ethylene glycol (0.085M) and 3 ml of PVP solution in
ethylene glycol (0.13M) were simultaneously added to the preheated ethylene

20 glycol. The reaction mixture was heated and maintained at 160°C for 40 minutes.

The resulting products were observed as a mixture of nanowires and

nanoparticles, shown in Figure 2.

EXAMPLE 5
MODIFIED PoLYOL PROCESS — LARGE-SCALE

25 In a 5000 ml flask, 49.98 g PVP (MW=50,000, 450 mmol), 0.84 g
tetrabutylammonium chloride (3 mmol), and 51.02 g AgNO; (300 mmol) were
mixed in 3000 ml ethylene glycol. The PVP was thoroughly dispersed in about 1/3

of the ethylene glycol with a high shear mixer before being added into the reaction

25



t et rabut yl ammoni um chl oride (3 nmmol), and 51.02 g AgNG3 (300 mmol )
were mxed in 3000 mM ethylene glycol. The PVP was thoroughly

di spersed 31/ 3 of the ethylene glycol with a hj . xer
bef ore bel‘ﬁg a(fgﬂdslnto the reaction WD 2011/ 031483PC#’?E@§%%8§48%643
flask. The reaction m xture was stirred at roomtenperature (25C) for
15 mnutes before the flask was heated with a heatin é’ f

200G The ToRker R reaaRpanKliR BosSUTRE A W60 1EOIPRTRKRIRS Tator I8 ThHleRed
at about %%903 o tiY ﬁ%ﬁl&”‘wﬁ@h%ﬂé&lt\»ﬁﬁlaﬁ@ﬁlr{gerﬁﬁﬁtl&ébt%ébw@ TH& Mesbnt o a

grey and iridescent suspension of ver nanow res. The silver
nanowi r es temperatee didite ractiemmitaresyas caftralied &t about3 4076 éMthlraBO

| th of 14. f ticl f
The. ?gfge%} it e teadinn Tt BE 1Bas o ey a6 iR uspl o 8 T°
EXANPL% W&Wn’éw&g s PPh Gy é?%gﬁﬁes pké&ﬁ%@d FEH’%ER@&MBEmeter of 82. 6 + In
a 100 ask PVP ( MAE50, O 76 mmol ),

t et r abut yI22n?rmml and ahlaverag@ leuutn@f ﬁm ) § 8 1aia. dhew \gemg‘mwpsﬂﬁiem )
Were m xed in 50 m ethylene glycol. The reaction mxture was stirred
room-t ture (25C) for 15 mnutes before the flask was heated

|n an oven set to 19hSRrgaistaieeadtiondestibedMérsinwas highlyseptodeacible.
reaction mxture turned rnto a grey and iridescent suspension of

silver nanowi res. The silver nanow res produced had a nean di aneter
of 62 18 nm and an average | engt PﬁQ‘Mﬁ'?E(azo pm The reaction
products were predom nantly | ong, n nanow res. EXAMPLE 7
20MODI fg ED POLYOL PROQESBIECIP 013-0PREBTESNE LOWERDEMBERATENE

In a 1000 M flask, 4.17 g PVP (MAE50, 000, 37.6 mml), 72 ny

tetrabutyl ammoni um ghd @00 €6 ik, Z4DGHIR (mvxeksa 025, 8.78gNiE8I)( 267 mmiol )

were mxed in 500 m 1, 2- Erop yl ene gl ycol S re%@) % m xt re was

stirred atetrahwitylammsaium ghlorids 85 mynol.sang Qr& PPN e V"&gek was

heated with a. hegti @g{ obﬁ{rperature

of ther e&%'f"ia’%ﬁ %’? b‘{] tr@?e@%‘lboﬁt ‘rfo% {éeg:tl g%tgg{ﬁ?%%%ﬁéw rh in

m nutes, t&apedati(@5eChifst U5 mumuieslbelfo'reltm ﬂaasgw@s twaaded in @m@v,eé“rﬁet to

suspensi on of silver nanow res, cti 0

pr edond MaOPG witheshstireag. Wihing I"P/e §1*E f‘ﬁﬂf’% 6%6? gﬂ%%&fﬁo a grey and
iridescent suspension of silver nanowires. The silver nanowires produced had a
mean diameter of 62 + 18 nm, and an average length of 43 + 20 um. The reaction

products were predominantly long, thin nanowires.

EXAMPLE 7
20 MODIFIED POLYOL PROCESS — 1,3-PROPYLENE GLYCOL SOLVENT

In a 1000 mi flask, 4.17 g PVP (MW=50,000, 37.6 mmol), 72 mg
tetrabutylammonium chloride (0.25 mmol), and 4.25 g AgNO3 (25 mmol) were
mixed in 500 mi 1,2-propylene glycol. The reaction mixture was stirred at room
temperature (25°C) for 15 minutes before the flask was heated with a heating

25 mantle set to 200°C. The internal temperature of the reaction mixture was
controlled at about 160°C. Within 30 minutes, the reaction mixture turned into a
grey and iridescent suspension of silver nanowires. The reaction products were

predominantly nanowires.
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EXAMPLE 8 MODI FI ED POLYOL PROCESS -1, 2- PROPYLENE GLYCOL SOLVENT
In a 1000 M flask, 0.417 g PVP (MA£50, 000, 3.76 mmol ), 7.2 ng

tetrabutyl Ripsichl oride (0.025 mmol), and 0.425 g
nmol ) were mxed 1n 50 m 1, 2-propyl ene glycol. The f‘gg@%ogﬁm%ms

m xture was stirred at roomtenperature (25C) for 15 minutes before
the flask was heated with a heating mantle set to 81C. Wthin 2 days,
the reaction mixture turned into ag@?@‘ﬂphﬁ@ i ri descent suspension of

2. shown i n i gur 90 £ Sk B ERECRE LPR Bo s rBRRalpevienon res

1, 3- PROPYLENE GLYCOL SQLVENT
PVP ( MA£50, 000, 3.7 ”ﬁr?@\ﬂlf:’,m]d‘!aé'f’ %W&%%Q@Y%B@ﬂ%ﬁ 3%63?2'518#)?5222 ?‘g. 25
mol ), andiefafdtylmabiian ehi&idg 1@l 025WaRR ) TaNe 0.428 PAGND; 12 8-nimoph ywerae

Por 15 B nmixed 1080anIc 2iOTIEnsOee) TaresPtion TGy BAS SHTER 8t KS0C
w thout stjrring. W ti . | ' : il
or ey and" | FrRelaus (2o kbt ndfitlps defefa Bt iadheati sl S RERg™ © 2

product s WekAtIPEEIABF1REN W hin ik e resctivhonixture trnead ArEXANMP

10 20Nl TROGEN PURGE AND SPARGE ' ) Fi gur es 1gd|Ang?]3 g{ZB =
further sh@dﬁ%@t§U$Rﬁﬁ§'%‘cﬁfr5§‘1’%ftr]3@ﬁ§"r6§t I@@ﬁe%ﬂ'toaim WS WE gi ng
nanowi re r ' U | re specifically, two

scal e reac@%@h@ﬂ%éggé&ré\%%gsgg&ﬁ ?gﬁagﬂ%\@'i n wﬁi ch eit he?/ PG wazmElI |
sparged or both PG and the PVP were sparged with nitrogen prior to
the addition 25 of the netal salt (E%Q*MB jtrate). The reaction
condi t 1Bns were ot herwi se identi cal [Jg[an were subjected to a full

ni trogen purge dunppgrERPRbi PROBEREESS-PROMYLEESHIYCONGODZENIW I €
nor phol ogi es were conparabl e to each other and conparable to the

Feaul ted wo 2011/ od1As R eSS A A B Frer ent
mor phol ogi etrabutyfanimosienpeiiohidec®. 25 meyoly, AedilAid AGNED (RS MEGIVeNEr ge.
mixed in 50 mi 1,3-propylene glycol. The reaction mixture was stirred at room
15 temperature (25°C) for 15 minutes before the flask was heated in an oven set to
100°C without stirring. Within 12 hours, the reaction mixture turned into a grey

and iridescent suspension of silver nanowires. The reaction products were

predominantly nanowires as shown in Figure 8.

EXAMPLE 10
20 NITROGEN PURGE AND SPARGE

Figures 12A and 12B further show the strong correlations between
purging or sparging nanowire reaction mixture with nitrogen. More specifically,
two small scale reactions (0.5L PG) were carried out in which either PG was
sparged or both PG and the PVP were sparged with nitrogen prior to the addition

25 of the metal salt (silver nitrate). The reaction conditions were otherwise identical
and both were subjected to a full nitrogen purge during the entire process. The
resulting nanowire morphologies were comparable to each other and comparable

to the scaled-up reaction (30L). All reactions with nitrogen purge/sparge resulted
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Al'l of the above U S. patents, U S. patent application publications,
U.S. patent applications, foreign patents, foreign patent

applicati 2@ 3eN- S patent publications referred t

speci fi caﬁﬂzn a’ﬁ /or listed in the Application Data Shg(e:!tr)%séldr]Jg&’“43

i ncorporated herein by reference, in their enti rety From
the foregoing it will be appreciated that, althou speci, f

embodi neninsd@matisally differant sierphR/egise Eamibess PE%*&I'C%% P&.SMH‘PS?'SMWH% es
of ill ustmltol Bp };@él ous nodifications may be nade wi t hout devi ating
fromthe spiFi HP%ind scope of the invention. Accordingly, the
invention is not |iAfbEihemboept). Sspéi?nﬂshU &mammlaaphﬂalpnwubhmons

2011/ 031483PCT/ USZOl / 04664 net ho al’l n rret al
nanowi r es UeBrRAtEEY applications, %relgn pNF?“iﬁ Ve R qﬁ@ ayppi'?ﬁ dt%%n
m xtur g by CorBlIRidAtioRs RAEYSd toﬁﬂ'tHi@'%bemﬁcét%FHﬁ@l%rr !i@%ﬁﬁtthe Aﬂﬁllc@ﬁon

ionic addp?lve I'n a reaction vesse Purglng t he
first reaData8heetyare icoiporated herm by oeferenee, in their gn gt i me;

(c) after (b), providin secon ction t he
(st renctt bn b st Eiog e Aragott G pbtefithi e, BnSRH SRR
provi di ngeampBHithétts fof'tnéfmvait@h AR GEh WebUiRRl Iyteinddupimosedel net al
salt, wherein the plurality of metal nanostructures conpris

|
nanowi r esillastratiar, vstioys eodificationsenae ba depdss wighaut deviating, romdne spm%

Cmporitt uARd SEpes o e pjeriah- AEERER, B Hip Rty Rl ARG Siboptas o

first reagid éﬁbéﬁdéﬂlﬂﬁmnd udes purging the reaction vessel and
form ng a bl anket of inert gas above a top surface of the first
reaction mxture. 4.The nmethod of claim1l wherein purging the first
reaction
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m xture includes sparging the first st reaction mxture. 5.The nethod
im;]cﬂjgl m We_rel n§ Erovi di Ing the plurality of netal nanostructures

. es bhi/psadshe metal salt while purging the sec
m xture. 6.The nethod of claim1l vvherelﬁ tﬁe gol yol soIP‘\?iejlrlljtgﬁ’?és?{(s4'6@4|a
ethyl ene glycol, 1,2-propylene glycol, 1,3-propylene glycol, or
gl ycerol. _ 7. The net hocbﬂh claim6 wherein the cappi ng
reagent is poly(vinylpyrrolidone). 8. The net hod of
claim7 wherein the ionic additive provides a chloride ion.
9. The nethod of claim@8 wherein the ionic additive is a
t et raal kyl ammoni um thl orAmfzthod of preparing metal nampwirgsevBrisRg.cl ai m 6

wherein the netal salt is a si I. d .t . ]

silver nanowires. (a)  providing alﬁrst%a%: ﬁ%a@%ﬁé%ln%% (gllsna[ ﬁe
plurality stveHPtaaéap%ﬁ@O@agélﬁt HA&8n udmé Hgifivelin 4 rastioB08ssel, et al
nanow r es The met hod of claim 1 wherein agd ustlng

the purging time ref)l t spurgingithe drsérraction pHyuEYVER apringrhga

nanost ruct ur es. 13. The nmethod of claim 1l wherei n
adj ust i ng PUFEPHMGi ng tine results in a different yield of the netal
nanow res. (c)  after (b), providing a second reaction mixture by combining

the first reaction mixture with a metal salt; and
(d)  providing a plurality of metal nanostructures by reducing the

metal salt, wherein the plurality of metal nanostructures comprise metal nanowires

at a first yield.

2. The method of claim 1, further comprising heating the first

reaction mixture to a reaction temperature prior to (b).

3. The method of claim 1 wherein purging the first reaction
mixture includes purging the reaction vessel and forming a blanket of inert gas

above a top surface of the first reaction mixture.

4. The method of claim 1 wherein purging the first reaction

mixture includes sparging the first reaction mixture.

5. The method of claim 1 wherein providing the plurality of metal

nanostructures includes reducing the metal salt while purging the second reaction

mixture.

6. The method of claim 1 wherein the polyol solvent is ethylene

glycol, 1,2-propylene glycol, 1,3-propylene glycol, or glycerol.
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7. The method of claim 6 wherein the capping reagent is

poly(vinylpyrrolidone).

8. The method of claim 7 wherein the ionic additive provides a

chloride ion.

9. The method of claim 8 wherein the ionic additive is a

tetraalkylammonium chloride.

10. The method of claim 6 wherein the metal salt is a silver salt

and the metal nanowires are silver nanowires.

14.  The method of claim 1 wherein the plurality of metal

nanostructures includes at least 80% of metal nanowires.

12.  The method of claim 1 wherein adjusting the purging time

results in different morphologies of the metal nanostructures.

13.  The method of claim 1 wherein adjusting the purging time

results in a different yield of the metal nanowires.
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