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sol uti on-based synthesis (also referred to as the "polyol"™ synthesis)
IS reaso |ve i n |arge-scal e production of netal
nanostru%%@ﬁ@b Sun, Y. et al., (2002) Science, 298, 2176;
Sun, Y. et 20 al. ,Th%%)zcéﬁiﬁﬂslp@hted 13, médthdds Sumepafingemetd] nan¢ReR)

Adv. Mater. 14, 833; Kim F. et at, 42004 An ew. Chem ih (5 116,
3759; andh @.selutiopiiased synthgpisiwile o rgwosﬂm)w ighand wREhe 3*:’1‘? hesi s
I nvol ves the reduction of a precursor (e.g., a netal salt) of the
metal naf8%% ucture by a polyol (e.g., et hyI ene glycol) in the
presence of poly(vinyl pyrrolidone) ("PVP"). Typically, the reduction
IS carrled out 25 at a tenperature of no nore than 200C. The polyol
typi cHl | Pes iplia he Relaled Aths as a sol vent and a reduci ng agent.

Typi cal |y, the mor Rl% b&ictimbiealsyd: A Hﬂnélﬁﬁteﬁﬁﬁpeén aifter siariesly bbmt he
nanostructures for nre are influenced
their analogous bulk materials. In partlcular the physical and chemical properties
of hanomaterials correlate 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 controltable morphology
(including shapes and sizes), hence taiioring 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. Inf. 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 nanosiructures formed are influenced by
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of PVP and the netal salt, concentrations of PVP and the netal salt,
reaction tinme, and reaction tenperature. According to _this nethg
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1733-1739. 10The poﬁ@coglhgx%gﬁﬁgﬁ (fanéen nodified in efforts to form

nanost r ucmorpiologies,inéluding sieapesbesy, dasdwiees, nAdepyaEids and mulliFMy a

eryatab s Finsd parctse B feariovaliet: SlondVebE cniof Hiile' e poly
al., ( Zooéinthéflg id @bt a ndikle oﬁﬁé’f%sﬂrﬁ@t%resl@sﬁge&l Sﬁafbsﬁatpmdtmbd (&he. ,

-plati numo ver nanoparticles) in the "polyol" process,
gener at ed protiléransrcanpeendasinopearaeprotueibigity %f§ 9E0q9§§sl‘%|1'F'&l§dl5‘PlV1000)

Slrjcr)]bl Zm g1t° @%@d@%‘oﬂﬁ? ﬂ@gﬁtsﬁﬁﬁ{am&%&? 3‘?‘?’ C%%é&ueﬁg\ﬁzﬁfévsyr&ﬁ%ﬁ%w res
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in the existing nethods. Addi t i onal separ at j opn, st 3 are therefore
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Using a seed material (e.g., platinum or silver nanoparticles) in the “polyol”

15 process generated uniform silver nanowires of high aspect ratio (about 1000).
Sun, Y. et al. (2002) Chem. Mater. 14, 4738-4745. 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 o 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:



25 norphol ogi es by adjusting the reaction conditions of a polyol
synthesis. In particular, by purging the reaction with an inert gas,
bat ch-to-batch consi stency can be achi eved. One enbodi rrentszé)lr ovi des a

met hod of VRPBPAPHAY netal nanowi res, which conprises: FQRgyS2010/046643
2011/ 031483PCT/ US2010/ 046643 (a) providing a first
reaction mxture by conbining a polyol solvent, a cappi ng reagent,
and an ionic additi{g i nprevidimca fishreaedormixture by combining g pdlyelur gi ng

the first reaction mxture with an_ inert gas.for a.purging tine;
5(c) af ter spbpnt, s epPiNT i5ageRle R AN [HE ARUVGING (RASIHRVESHHi ni ng t he
I rst reaction m xtgre Wtk : ihy hett
: t
plurality of metal wgnogé@@?uﬁggﬁxﬁﬁg%ﬂgﬁgré ﬁgﬁﬁggﬂzﬁh gsl% fbr a\/\herei n
t he pl ur alputgingfimept al nanostructures conprise netal nanowires at a

first yield. 10In s ' ts,. th d Al i
first reaction nixt\We f%%%%@@?%%&ﬁ g‘*‘&“ﬁ%ﬁ"@%@ﬁ?‘%ﬁ%’“p |t2re
to (D).  the first reaction hilxtGRS With B RETACEHIFBAAS, purging the first

reaction mxture includes purging the reaction vessel and forpming a
bl anket of inert gafl)abawevidingappkitalihelimetal parostiuckires By Frdusing the

mxture. In‘?e’tg\)ltsha tf wﬁgpe(?lq %hrtraeﬂ]at.l%.’Iityo&rrﬁétgpné%gtﬂzt’u?és 6derﬁ'ﬁﬁ§e%etal nanowires
at a first yield.

10 In some embodiments, the method 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. [n 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 plurality 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.,

etraalkylammanium 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 results in
different morphologies of the metal nanostructures, and/or a different yield 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 yleld for respective resulting metal nanowires of each test polyol
20 synthesis; and identifying the second purging period as corresponding fo the fest
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 isofa

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 fo 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



10 purging period, and wherein the second pol yol solvent is
chemcally identical to the first polyol solvent and is provided from
a second manufacturer |ot, wherein the first purging period differs
from t he WeaBHA3YSH gi ng peri od. I n vari oudaHFEHI RS
the first polyol synthesis and the second polyol synthesis are
otherwise carried out in substantially the sane conditions. 15In
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embodi ments i n whi digwrard shesvs 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 polyol syntheses.



chloride additives are used in nodified poly syntheses.

Fi gures 5A-5F show a progression of the nanowire formation at
different reaction tines. Figure 6 shows the reaction
product s YO 28H/08HBbdi ment in whi ch no 15 ionic additi FETUS2HPELERT |
Figure 7 shows an enbodi nent in which 1, 2-propyl ene glycol was used
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pur gi ng. 5!4@%%%898 shows the batch-to-batch variations in nean | ength
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nanostr ucély&ﬂsfotproduced by a pol yol synthesis w thout nitrogen
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Fi gure 10@"!9"(‘6’@5[3%@ @??'E@f‘g" o a%gg&p&qqy&qnq@qo;@ ons of propyl ene
gl ycol on the nean fi@ngi4A05howdahB s’ itk %@Qn Yr eparginy orethe
i denti cal polyol syFIr[1 eses. Figure 10C shows g?ﬁe e fgctspof ni trogen
pur gi g tineen dengtinef sivennanowires produced by a polyol synthesis.

Figure 12B shows the effects of nitrogen purging or spaiging on the

mean width of silver nanowires produced by a polyol synthesis.

DETAILED DESCRIPTION OF THE INVENTION
Provided herein are methods of controlling nanostructure
15 morphologies when produced in a polyo! synthesis. in particular, various
embodiments provide methods of producing nanowires at high yields with batch-

to-batch consistency.

Nanostructure Morphologies
Provided herein is a methaod for isofating 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 hm. Typically, the nanostructures are made of a metallic
material, such as an elemental metal (e.g., fransition metals) or a metal compound
(e.g., metal oxide). The metallic material can also be a bimetallic materiat or a

metal alloy, which comprises two or more types of metal. Suitable metals include,
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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 pym, or more than 10 ym 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 nanctube 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 ym in length.
Nanostructures of higher aspect ratio (e.g., nanowires) are
particularly favored over nanostructures of lower aspect ratio (no more than 10)
25  because 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. Méreover, 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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copper, nickel, gold-plated silver, platinum and palladium
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nanostructures in a standard polyol synthesis. Atan initial stage {Figure 1A), a
metal sait is reduced to elemental metal atoms by a polyol solvent (e.g., ethylene
glycol) in a solution phase 10. In general, the metal atoms initially form small

20 particulate seeds 14 through a homogeneous nucleation process. These
particulate seeds typically have diameters in the range of 1-5 nm. Some of these
seeds proceed to grow in the solufion phase 10 into isotropic nanostructures 20,
which resuit from a growth that progresses indiscriminately in all dimensions. In

contrast, some seeds grow into anisotropic nanostructures 24, which result from a

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

smaller particles are less stable and typically spontaneously dissolve and



Conductive networks of nanowires are optically transparent because
nanow res conprise a very small fraction of the film In particular,
the length and width of nanowreswill affect the optical transparency
and |i ghtW&8i2PH{8148% (haze) of the resulting transpar erRCHERMICHEHS
filnms because nanow res absorb and scatter 5 light. To forma
transparent conductor in which nanostructures forma conductive

net work, dgntrifiie Eﬁtr@%?rbﬁvﬂbbﬁhb%rg@ﬂ gickebe Seepeigt, 0B, Pabiishied Ratentes
that have | ower aspect ratio. than that of nanow res because the | ow

aspect r appicatioroblor 20902818y not effectively contribute to
ductivity, d tyhel ' d -
herein. 1 ow apectiaigRERATEoRMORERIc AE plcftiviine 8d (S0,

herein, "l ow aspec

MR < i gl o it yibo e
(<10) . 5 Scralyabipregass dails; asadyeaimiGraRanoMTes R I ﬁa?*%%
seen as "pri AR Sncli | M8ndd iRetdBéing BINeght
appear anc'gahgﬁlégggfﬂﬁﬁgck&cﬁgogggféﬁ% é?ﬁrérjdg!ri {ﬁé’%ﬁ%bj gct S Irr%y, t hus,
si gni fi caiitrhte detbepascursdre Amshovad, otienamovdiestandenaridpariicks Aeandar d

Pol vo! Synthesis and Modification by Adding Chloride Ions
Fi gures 1e3€Mschematically illustrate the formation of

nanostructures in ahstapdentbRedombleihichpgitve (4. astramityiammarniuge
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proceed to grow in the sol ution ghase 10 I nt otro

nanost r uct.S, Eatert Ansficator Na. 1 1766.557. 4 APRICEHAR s PoRPawled herein

i ndi scrin ntat'el. in all dinensions. In contrast, sone seeds grow into
ani sot r opNdSEMNER r uct ures 24, which result froma 25 preferenti al
growt hgal ong a | at exalisedi o, tmetalsalt refers o Feiral gompoupd gaving a
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ar t 1 of esgoldaeroniante (A(GORoH EHu et FASIRL B e @ecE)
2005/ 9856%&:%11(; like. Typically, tAb RStHOREITie 8olublerin dlon chichicingssaiverh (. t he
oact (60 e ond to%ﬁfr;{%t noales Mo ppBrS ehcesact Befd igrying S e
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uni form ngnaw [ es. i n,sat. I | ' LSt @At keagpe of the
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as the proQs i, oitessb0\05 o/hNidr abdeastdrleymand nanoparticles are

resent. The addition of a suitable ionic additive.(e.
F et r abut y| anmoni um Reduction of the metaef sal(t)ﬂl fhe a%ove reactlgﬁ rfixture 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-



10 chloride), which provide a chloride ion to the above reaction
m xture, was found to increase the yield and nonodi spersity of the

resultin This nodified poly synthesis is ' '
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" Reduci ngp§igt ¥&0énts 'sBER &S viskerRaleohall divisl arehpolyols wincludingrathylenegtysel; ¢ |
20 1,2-propylene glyco!, 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, B, I', F), phosphate (PO4™), sulfate (SO4%), hydrogen
suifate (HSOy), aryl and alkyl sulfonates (RS03), 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 {o
ammonium chloride (NH;*CP") in which all four hydrogens have been replaced by
an organic group. Thus, the quatemary ammonium chloride can be typically

represented by formula NR4*CI, wherein each R is the same or different and

30 independently an alkyl, alkenyl, alkynyl, aryl, or aralkyl.
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10 the ionic additive and the cappi ng agent are soluble. In addition,
t he reduci ng sol vent functions as a reducing agent to transformthe

net al sal\ggrz&é%?%ﬁszporrespondi ng elenental netal. Typi fi@g}s@gz‘{%?“”

reduci ng I's a chem cal reagent conprising at

hydr oxyl groups. Exanples of the reducing solvents include, wthout
limtation, diols, polyols, glycols, or mxtures thereof. 15 Myre
specifically, the rabytirefgrasioimenavalent sahirated hygsosamioa stiichiie ofe

0750 b oA cBbAE i LAl L e o

gl ycerol, ers to a salt

addi ti ve mapBRédmAaner. Cladweraliantbian terillghgrolipe of dtte 6radyoh stomsn ar e
associ ated by ionic interaction_and dissociate i

. I n polar solvents such
as wat er , Exaroplgsiof lowesiadyhareups ineide methwl, L%hyid”@?)ﬂy'ﬁ%WQPﬂl bulyl s-20
1, 2-prppyl e 43" ' i I nd
o] ucosg) .é%b@gﬁ;@nmgé'ﬁgbg& %%Le%?g ag{yY g@cl)JP agambﬁﬁétrﬂxeaugéniiﬁgﬁg@;céﬂ
ty|)oi calhl y(o'ﬁ,nQfe@?r(trm)3 w]lc @), aeb'ybﬁti)ssj, Eng lﬂmaliléealehfeis a( @ikyl sgsidue |
F'), phosphate (PO43), su e (SHA2), rogen syl f.ate (HS y
and al kylhaving 8 $Reelc presbiey OF vaﬁféowé_rﬁ , alf gomafiiodsay .thﬂ%?%\?{
further | hbiorchidr R 4re SBARMINMANES, fof cRamplbMBUBRiS ABant o 8
pr ot on. n"certaln enmbodi ments, the ionic additive is a quaternary
anmoni uminblude indrutylAseasbetl, Frobutyhand trbutylmrepy) inclidesinapropyl a1d de”
refers tq amoni um chloride (NH4t1l) in which all four hydrogens have
been 1@plI'BYRIAPYY an organic group. Thus, the quaternary anmonium

chloride can be typjrfadd shechiBH DHRHVRS, e AIRylTahdbedptionallywdubisttutedeach
Ris the sane or different and 30 i ndependentl)l{j an al kyl, al kenyl,

al kynyl , witlyl hategear(gl ByICl or \oalkoxy /one.sxmdtiheli&®0101046643
"Alkyi " ref \ !
o 1TherS 60 TRRRNG flllrs 8 HMBHAICH MY BRAAMARA SHLEHAE B Botdieen 2

between 1 and 20 c carbons are arranged in either
a |inear gq b0 aaebadtsmsnith at lsastonabyblebendr Exampleskpeiude.ovpwouds 1

to 5 carbon atons. Exanples of |ower al kyl, grou Lhel ude

anpl es o ) ; y
(c10), do%dcﬁeh%%l%n, cZ%p%Flﬂ%%%gﬁm%nat%k*]i k_g. elnuar¥( al k;l
resi due hgivh adatogepdF| Br, Clioul)pekkory, amingoorshe dkeamed, al | geonetric

i somers having that nunber of carbons ar '
exanpl e, "butyl" i SAERA‘QWt refeysitpa m%ow?ﬁ{@&%tcgé@h %E'?%u,ré ?fsjg%ﬂé&? 2and
t-butyl; propykaibdfl MRS withit st oA Hipld bbAGPEraybles include, without

20 limitation; ethynyl, propynyl, butynyl, pentynyl, hexynyl, methylpropynyl, 4-methyl-

1-butynyl, 4-propyl-2-pentynyl, and the like.
“Alkoxy” refers to a radical of the formula -O-alkyl. Examples include

methoxy, ethoxy, propoxy, isopropoxy, and the like. Iower-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 aralkyt can be typically represented by the formula aryl-alkyl-.
30 Exemplary aralkyls include, without limitation, phenyimethyl (i.e., benzyl), or

phenylethy! group.
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Unl ess specified otherwi se, the al kyl can be optionally substituted
with a halogen (F, Br, d or 1), alkoxy, amne, and the |iKke.

"Al kenyr f a nonoval ent hydrocarbon structure
and 20 ca‘&ﬁ&ﬁf@?gg% with at | east one doubl e bond. Exéﬁ%)”'%ga]]“ﬁ%#ude
wi thout 15 limtation: ethenyl, propenyl, butenyl, pentenyl, hexenyl,

but adi enyl, pentadi enyl, and the |ike. UnI ess specified ot herW| se,
the al kyl can be opixesplatyiosiolsdtitives thereipreringuge) wighavt [mitain: o or

), al kox ar the
e ocar SeagenPlori phiy Al b EBind dud IR B oo,
one tripl @et?lc’(ﬂﬁ}eﬁﬁ?@rﬁﬁioﬂﬁlm BiFlbHEE (CTACH BALCZ Gilkyl mﬁaﬁyl benzgt hynyl ,
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- et hy| lammopiyh chierigeppethybirisehiamppniuarehlenide ¢ ﬁ'ké\ltquat%B@) and the
Alkoxg refers to a radical of the fornmula -0-al kyl. Exanpl es
I ncl ud r#g‘tehoxy, et hoxy, propoxy, isopropoxy, and the |iKke.
Lower - al koxy referQﬁﬁeﬂh@ummﬂlmidﬂsr@mfjarepefmmem@rrdmamd cations

25" Aryl" refers to optiagnally substltute herv aP
Exenpl ar ythgtitypicetlyam BOtﬂBﬂUG&‘P?ﬂ biy tke pHof el &virepme "g %r&eqpluble
hydroxy, .alkox $ucﬁ-[8r£kﬁv%l-ﬁeé§ f%rrelgh ﬁ&?er they are compaﬂb[e@ftﬁ'thé’r

refers. to an a esl due substitute st an aryl group.
The aral kadppa@agm-utt(ggl P gnd ép copaipmers) Idyeﬁdnthef @rganicanqaws priegont. .

30 Ex | | k | ud h ,
G EhE R R AR e
Exenpl ary, f"éﬁ?é &n ﬂf@‘foﬁ'héﬁtﬁ} {3\2%5/?? Rarfoviifz! iHde motifiea wolyol pidcass.oNore

t et ramet hylanmnoni um ¢ , tetrabutyl anmoni um chl ori de
(TBAC), caiepiflcaﬂy,rtm pydsanceof amuawmﬂrv @ @iws)based lanig agAkys

((j :_gEt hx: | qﬂb epgyn ages ?a:r"?%dﬁhnyﬁqrﬁlgr@?gotrl?g%té%mﬁ &f r%?nto)ﬂrﬁtgq% td ?g?d}lc%r i de

anmoni Umﬁéﬁ%%vll(e'g'ﬂ‘}félaﬁxfeﬁy ﬁi@hW@@hHm@WgB@hmﬁmmﬂma‘ﬂm typically
are not influenced by the pH of their environnent. e sol ubI e

in thésreduci ng solRigies 4&#'@15?‘@%@8%@?@#%”9%#@3‘0@ or ﬂ
compati bl G bl AR 16hig 84S, ifbiudiSy O KL mecamm due
respectively. All the reactions were carried out by initially mixing 0.1M AgNO3,
0.15M PVP and 0.001M of the chlorides at room temperature (25°C to 46°C). The
lreaction 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 pm long with little or no nanoparticle formation. The yield of the silver nanowires
is therefore parficularly optimized using TBAC as the additive, with high overall
yield and high monodispersity.
The anion {i.e., chloride) in the ionic additive also plays an important
role in controlling the nanowire formation. It 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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10The quaternary ammoniumions differ frominorganic cations in their
effects on the formation of silver nanowires in the nodified polyol

process. r ¢l fically, the presence of a quatern
anmoni um%@szg](ﬁ'ﬁ%ﬁ c addi tive encourages a predom nanﬁ%’%?lg‘gfsr%pl C
growt h of nanostructures to produce nanowires in relatively high

yield and rel atively high nonodi spersity. 15Fi gures 4A-4D show i mages
of sil verioniraoditive. fRormexampie usigraptyl dimelhylaotrhenilimdrbaddednitio place
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reaction mxture was t eated to about 160C. Typically
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nanowi r espy

nanowi T eSmRAR i By 3 1RIAGE efabLt GBI RgORA T péfeciti 0.05M o

40, b
o Tor m <0 nw??mm@wa oseéégé?ess InRoKoD, D8 ENPPIRIONE BUR Bt 1 6
t heref or etyBQF‘hY Ehﬁ‘ﬁ&ﬁgwn%é pr;l u5| ﬁhﬂ@@&ﬁb@ hdJ bg'gldtpﬁq f/%mr \(/amst IhS
. ?IL 92 ove(r: ﬁ: lorlyld gl)d Iﬁlvtdﬂbusgbmbﬁmﬁg!é)wehecwr}centratlon of the quatermy ani on
: in the ionic
| gdcfﬂomamm@lum@hm%m the rﬁéﬁﬁmﬁwrgllg h\ @e?%% ff@g@ﬁﬁ%%b?"“ rote
addi tives i
same effec?z%%gg yhe c‘%r%treﬁgétldg% 1%%3%@8% %%% Ii?iéol I%?gggt{%ﬂ?gi Gde
It ﬁQ' gl gggih?:créfatlféfﬁolmmbeME!mthg quateyhary mmreemiymegiieriseandihemmetal i n
cetyl tr anmon
nanopar t | €168 kis about 0.1 bto 6]%’ mf”%@lrse?‘?f@é& ff‘%‘?"ﬁ@e& gqée\s;egn!tﬁat t he

concentrations of t'ﬂ'f”el‘"e ABESH feHfirstutdinfiiéndesané yisiisand lengthtudtiee a
certain inmpact on t formati on of the 5 nanostru%mﬁlr es _an '

yieldss gnuie’:]aamﬁgpwrmes fdimedetTgSiog&y e metalaanoBYP; oif Teloar aoplive are
s AL M liar AL T
or ef or abl y,"%(;ero gM@%ﬂgpm%yhﬁJﬂéa@héwmmwehéi‘h’ea‘iTg’eten‘fpeﬁatona\mal‘bb@"ﬂhﬁ nor e
range of about 20°C to 40°C. The reaction mixture Is thoroughly mixed before it is
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 SA
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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In various enbodi nents, the concentration of the quaternary 10
ammoni um chloride in the reaction mxture is in the range of 0.001M
to 0.5 M_Pr % , the concentration is less than Q,

precipit \’“P&ﬁ{f“ﬁ?g cally, the relative nolar ratio bet \é%?tz‘%ﬁ@y&“d
guat ernary anmoni um chl oride and the netal salt is about 0A%to 10%

nore preferably, about 0.5%to 1% The reaction tenperature
i nfl uencesaddlﬂenall&hﬂmtamueldedgnweoﬁmweﬁﬂzigé@aﬁﬂn mﬁ@f@mwmd

1 el L oo i R N b 8 b
terrperaturﬁ)ht)ﬁbég,@ébﬁ@»,ﬁméeact|on m xture. The first terrperature can
be in the range of about 20C to 40C. The reaction m xtur
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o abodt - IRl afiohE AR S G RoGRnbllyEy hERGRrREdS 00T Pos

hi gher than 170C, S‘H%bl@ém@@ﬂﬁlﬂérﬂfﬁnaﬁalmfrﬂmmHt@mmpbarogmstaftlndﬂe
nanowi res formed at | ower tenperatures.

| engt h of naReWiRes. afF orRyemAIe,c5 2 RWRNE K] ﬂ??éisrieéﬁﬁiﬁfé&?f]&&fl %‘?cﬂmﬂﬂbc ess
are furth C |

| Fust r ar D SgERe gBo Nl YGAREHANE SO reBblt o Fipines T2,
x100DF. Sgetieponding to ExemplesBrand@, respedtively) ahowdinaar%ults pEtheeact i on
times indicated. Each s ng_l e s cool ed y’? C\I%"‘:l ﬁ; bat pﬁ&t t he

gr owt H0of mqﬁéfla@anﬂi\eqlﬁuem &dn 1er-pfePEeRs abfeg fpwmn%gx initial

I nduction period (about 7 mnutes), mnute particles 40 (e.g., seeds)
were formed. As shown in Figures 5B-50, in the next 3 m'nutes, 30
nanow r es NitdogemPutiye t ook shape. At 15 minutes into the reaction,

Thercaf for. an w0 B SoRdeeREsgokb Rt iR polcherucies are.

yi el ded mpg éﬁﬂ&iﬂ’oﬂﬁﬁ tﬁé:bﬂéébﬁcéﬁfalr Thﬂhcﬁmﬁﬁﬁﬁotmpmms-may@eed wi thin

30 m nutes, whereby no nore nanowi res were for g? tonged
reacti on Dptmlzemtgpr@it@egﬁ@@@n@aat}m%mwlr%a r@l ﬁgg g&qo.ﬁa Ion
ﬁ;%lm $r2c|)qtrgf:m5%shgfﬁter Hih ﬁé?i%hﬁre@@bfdd\ﬁ@ed.%oﬁ&@fﬁble?déﬁh@s rAetal

nanowires, metal nanostructures of various morphologies, including nanoparticles,
nanocubes, hanorods, 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 control 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 batch. 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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The choi ce of solvent may al so i nfluence the norphol ogi es of the
nanow res. For exanple, 1,2-propylene glycol |leads to faster nanow re

grow h t t e glycol while glycerol shows slo 1T |
rat es. F%ﬁ?g’éﬁﬁ*‘ y(correspondi ng to Exanples 8 and ﬁ%@g@@@%& y)
show the results of the 10 nodified polyol synthesis in 1,2-propylene

glycol and 1, 3-propyl ene glycol. N trogen Purge ) ~ The
above- desdifiiduitdo sepandde fromrttie madowiresiobdgsiretl ragrnholegies dueeprivarily to

oot | m zedSimjalinineBass oS fisdisc el iera Briot i EER rgRbicRly
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the react neideree ef fosminglomaspgriigtip panestrugtyres.-Hg aefﬁﬁﬁ‘gﬁ e Yig Phe
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mor phol odio@sas I5% ineonis @sess typically quenched if the nanowire

nor phol ogi es satisfy certain target criteria withr ect to the
| engt A%and wi dt h. %W@?Qme'}tﬁg‘ﬁﬁ%me@?%fg&?%t@% HOWE ¢t he
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an i ncr eaggvért Q@éppih? rédgent, a1l arcioniduadditive ifial reactioniessel t has been

found that such manual reaction ontro], is.less , .
purging the first reac![on mixture with an inert gas for a

purging time;
20 (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.
25 In & 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. [n 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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the plurality of me ahmaSiHERY! BorRBRIGISG, MEhRihGRReher es at a
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80°C to 120°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 polyo! solvent is ethylene glycol, 1,2-
propylene glycol, 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 (n various embodiments, the yield of the metal nanowires is at least
80%, more preferably, at least 55%, at least 90% or at least 95%. As used herein,
“ield” 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 tfotal). Figure
0A 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 control 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 ina
larger degrée (larger difference between the UCL and LCL) than the variations in
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As used herein, "purging” refers to displacing one type of reaction
at nosphere with another. In particular, in a polyol synthesis

descri bquﬂﬁgﬁh)gmﬁg whi ch i nvol ves redum ng a netal Szijctrlds%lﬁ/upﬁ%wm

sol vent g refers to displacing the air that is present
reaction vessel with an inert gas prior to the W)

20111031483PCT/ US20101046643 reduction reaction. For_exa

ni trogen thangnayirenydtes r@btﬂ"@@ with gitiegen RErgee RiMigRY. \Fé&%fsmg[%ﬂzp%% ng

a bl anket
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re enggfl: gﬁwv%mx?uglpgémga@aom@m gsrmmpeoemra theses iperegitiop hatehds wiout

used herein, par t
pur g ![ ng trisegen pweedl¥Ry Sieaificaptly, FIQHTQ 95'9 $h*§ﬂﬁ {ha{)ﬁé;éelg%gfgthép? hgf
reacti,on
tha i né; r tnrggé&l%g in Mgﬁ?é&a%?atgﬁ%mﬁitﬁﬂit&@gn BergeAiALRY a?é’hut?&faﬁ’t%?' i ng
enmbodi nemfigherpindasitt muph lggsngyiatidreasreompdrekuotiese mcbm)rea@t;@n hatgheag
the first reaction m xturﬁ A(ﬁ a predeternined reaction 10
t enper at WYidOUTDIogEN IPPrgg He*Wenperature i's about 70C to 140C, or

preferably 80C to A20Gohia ri},fohelfl ArPodisABIE $he SdlicetioPuf gartstrhoturédhe
initial purging tine, ?1 3 continues after the metrglg salt is

2% ggl ?rg (ri]ttl Wﬁ‘% 2rtrp?llmgsymteesia rtlmt.was ngt purgedrwiican Biert g3, nstgad Jne
O g s BolE S EhAEL iy FhBAGB WL Vil BrgRiisee
Eﬁ: g( :" nxb@)y Whitt a@rmom Wit rdlativiely laddispevieratiss, aré aeqaaitwremm um
among long and thin nanowires (70). These bright objects would likely result in
conductive films with an unacceptably high level of haze.
Thus, it is demonstrated that a polyol synthesis purged with an inert
15 gas, e.g., hitrogen 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
iotal reaction times for reaching the desired nanowire morphologies vary from lot
to lot of PG (A-D). Some lots of PG would result in shorter reaction times and
shorter and thinner nanowires, while other lots of PG would produce longer
25 nanowires with longer reaction fimes. 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 results in different
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In any of the described enbodi nents, the netal salt is preferably a
silver salt and the nmetal nanowires are silver nanowires. 20In

vari ous 1t.s, the yield of the netal nanow res
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level of haze. (a)  providing a first plurality of metal nanowires having a target
mean length, a target mean diameter, or a target yield, wherein the first plurality of
metal nanowires are prepared in a first polyo! solvent by a first polyol synthesis
that includes purging with an inert gas for a first purging period, and wherein the
20 first polyol solvent is provided from a first manufacturer lot;
(b)  providing a second plurality of metal hanowires 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 polyol solvent and is provided from a second manufacturer lot, wherein
the first purging period differs from the second purging period.
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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Thus, it is denonstrated that a polyol synthesis purged with an inert
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20 Ink Compositions
- To prepare a nanostructure network layer, 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 composition 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 relatively small amount of nanostructures with aspect ratios of 10 or less
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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 alkylpheno!

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 exé’mplary 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
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of a diameter of the conductive nanostructure. As the number of the

nanostructures reaches the percolation threshold, the thin film is electrically

20 conductive and is referred to as a “conductive film.” Other non-volatile
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, “eonductive 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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15 prevent or reduce aggregation or corrosion of the nanostructures,
and/or facilitate the inmobilization of the nanostructures on the
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Further gxfRhAldesBRfaiN detsilthbaréaaticall acwolias aapindanektibashipl
surfactants such as DYNOL(r) (604, 607) (Air Products ?qrjagl}r}cgggge}?sft?la?

Inc., Al betwerntherigeséishapas @bthecnanostruciias ad e sugers

enbodi ments, the.in sition includes one or nore viscosity
modi fi er ,99\%08(%‘“8@%\%8@@83 bi nder that inmobilizes the

nanostructures WOTRE blebirbi BATIUTHVIGREDE Gdtdutdive il issaftert maasured
Exanpl es of suitable viscosity nodifjers, include oxypr,opyl

et E§10cebyﬁﬁlaws(atimqr ‘saaatyesiviance | Bokh iy gﬁ—&fﬁ%@ﬂ%ﬂhv oRYSHerg for
al conol . 4RO HhfRLisER W 8 RhotiBA S BYHasuie Quiite RRling demeity.| n

particul a 'ment's, atio e surfactant to the viscosity
5 nodi fi efe sizelshapes abihg rianostectursgandihedbbinsicadeatical peererty ddihe  he

[ f th ' ' Jod] fi he. | -nanow ' I
[ the v AAReSBIOtaBaeBeDlen S Tr0Bises i 1 rsifered PAAEVR, ¥

nanowi r e {i3Ghadbf hs highef B1aabiof /M.t Preferablyethefshalebut 560
t o about ﬁg&%ﬁ%}%re;{;ﬂiégs of con&z?gnts of the jnk corrposié&&glarray be
b

modi f1%d resigiancs isgnamhigheethend Qlth 3009 @4 HRPASbPr 1 tication
d. Th d vi it . ' i bicn |

botween BN b5 shdeedptanks RAXPnYREE otk Ok BRABPEY Wty | S

Nanost r UGlUpSrRLRNK il BeaNges bicfromed Of] towl 609 /8, frork 1@8SYET o TP

evapor at Gl oen 36 CHEH GO, EMAOREIE Fogs B otafih Pl o 250
NANOSt I uGhif SRk BEO/RT f SANERT! Hol! 1R AIPY 50 of by T OVMNIda 0K

one anot uct ure’ networ ayer often takes the form of
a thizgpfilmthat tgpiicaly, thehaondactive filkmearsbe ohaeiepred by “lighdt of a

nanost { URIFEISHERAREe) Fo THEPcof BT IR Sb g e PCEmBke PIF, | o
el ectri cql Li¥ent light transmitted through a medium. The incident light refers to ultra-violet
(UV) or visible light having a wavelength between about 250 nm to 800 nm. In
various embodiments, the light transmission of the conductive film is.at least 50%,
25 at least 60%, at least 70%, at least 80%, at least 85%, at least 90%, or at least
95%. The conductive film is considered “transparent” if the light transmission is at
least 85%. Haze is an index of light diffusion. It refers to the percentage of the
guantity of light separated from the incident light and scattered during
transmission {i.e., fransmission 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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20 conductive and is referred to as a "conductive film" O her
non-vol atil e conponents of the ink conposition, including, for

exanpl e, \19.8(3 of% {gg%e surfactants and viscosity nodifi eﬂéﬂuﬁ?ﬁfﬂftﬁ%{sm
part of t con ive film Thus, unless specified otherw se,

used herein, "conductive filnt refers to a nanostructure netvvork
layer for rred of networking and percol ati ve nanostructures 25 conbi ned
wi t h any eimpositionah hetsreganelliesdnfonmadibingf Imwouaemﬁmtﬂtbﬁ haggd

e TS kSRR BT 0 B 108, SRR AR

enbodi mengan 586 CRblepahifom mey refer to a corrp05| te film
structure that includes said nanostructure network | ayer and

addi tional |ayers siherovescosh willepcwiiiouda Q%frqs!c@r'nh@&t%rr alsojgsms a

2011 03453 B e e g g

per col at i panieiRydaret any flyctudtion theviesh whigh camarees turing arrmnabmxernam
nanow res, the electrical ,percolation threshold or the %
LA, an

density iGondifiparefa S‘V@éﬂﬁ‘f'% e pyerepa one PhECHARA
Co- pendl ngAfebcnNEla roteofl T BlooRR i dkftRke L SO Bre.
which is i ncorporat

reference in Its entirety, describes
in detai Ieﬁém;\télyedrsemsmi in caspemeliﬂg us. cﬂamn’clﬁcpallqatloell‘éna dn&goBangeen

th [/ sha th t f
tonsi 1 ZeZﬂ%@r@gé%?Eaﬁaﬁega S8 rpcoaRnai e sitbeRS o BRR Renas o
t he Condgﬁ}wéﬁ%l gb% B{J]IEV81%tﬁ§?1%§“;5@9611’b@:13§)’3|h&dnle§1 yicﬂ)%(tsmbnb-\abfyﬂc) and

"sheet r is represented by ohnisquare ( ).
filmr es|$1m1c8uat®1aaﬁt}gtﬁremﬁtenialataré wall knowe iniherdih dnglising. gthout

density, sSizel shapes. of t intrinsic
el ectri ca['lm'%rl'BBe?{c?faB SAfeS #zﬂﬁ@%’? ltitgﬁééﬁc%% e'i%gﬂ‘tédmAs used
herein, aadew@/nﬁtrdd@uums@mmmqmésmpmmmopleenefs polybwsoles,sheet
resi stance of no higher than 108 0/0. Pre&g(ﬁ % t he sheet

r esi stangwlywethanai giereliuiess. sod arryates, sl 2y CHUBIS7 8, g
10012/ 0. A ﬁ@%lﬁﬁh‘lﬁenéi a6t F? EBI]JI@Q'O??@[‘]%@ siéa. aEQé’r’ﬂ?légtdfﬁﬂ)f@@IVw'hs

formed b nanostructures 1s 1n e ranges of from 1012/

100012/ 0,influee) kA @i h6t lirsitetbto: Meétenmo@@tl‘@lﬁ‘le tecephtioalate/(BET).r om
10012/0 to 500 0/0,

00.C2/ 250 f 012/ 0,
from 1018Ylate QP@)’bISV'%P?c’S‘?ﬁeE’(‘)@‘P%*? o"‘%‘ﬁt}‘b'r O%%g&fgé‘g ’*@Nﬁ‘ﬁ

duct | vinyl akohok |
o b dorylo LA BobEarEOAAR 1ER), B e A B ene 1T ght
t r ans20 t tpedyviry! chighide, wxﬂwmwndenrashiondea@oiyeihvlgh@, gtaylgpevinyl acetate

250" nm t oRolTHRTP. Rt Pl B KSR R R BRI RO

the cond érb';ﬁbly&eﬂianbe@@bf)ﬁﬁﬁé pwo@éﬁnbea;smem@%pa{tuculmast 70%
at | east % east east 90% or at |east 95% The
conduct i \mefarabielageé&aﬁFd'e(i’ 6d PMMAnehEAENt " if the Iight transnission

is at |east 85% g\)& etrf%a?n H%Qé}fbeﬁ'ﬁefréiﬁ'a?é‘fudﬁer iRERAtEd by

t he percentage of separ ate rom the incident
i ghtzancthéwtoﬁmgdoﬁlmmmr@ éxam;ﬁen SSI on (i.e., transnission haze).
Unlike light transm ssion, which is largely a 30 property of the
medium (e.g., the conductive fil m, haze is often a production
concern and is typically caused by surface roughness and enbedded
particles or WD 2011/031483PCT/ US20101046643
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conpositional heterogeneities in the nmedium In various enbodi nents,
the haze of the transparent conductor is no nore than 10% no nore

t han 8% r an 5% or no nore than 1% The over L r
wi t hout a‘ggggﬁ()ugf%ﬂ inhibitor, also forms a 5 physi calﬁgﬁﬁz?l\%’a{kﬁ
protect the nanowire |layer fromthe inpacts of tenperature and

hum dity, and any fluctuation thereof, which can occur during a
normal operative condition of a gi EXAMBMESe. The overcoat can be one
or nore of a hard coat, an anti-reflective |layer, a protective film
a barrier layer, and the like, all of which are extensively discussed

in co-pending U S. Patent Appl i cat EmM{lquﬂl/ 871, 787 and 10

11/ 504, 822. Exanples of suitable overcoats i ncI ude synt hetic pol yners
such as pol yacrylics, e pMRPIFIERHPQLHCLHRASESS — My E si | i cones,
poly(silico-acrylic), and so on. Suitable anti -gl are materi al s are
wel | known in the atta 10mdiviadi &g mhsolutiontof AigQsd edivieng glysel (& M)

| /P
Doet at 3 s sEntar Bl g ERlOF oBPyP K Hivisne glvcol (0.16M) and 0.5 mi
B e e At b g ey apatsoarl | of
fumed sil iterapeBiuaiReL)oTherdalavas dibped infan H&Bﬁﬁbﬂgatﬁ) tJQF gb %‘gt
| ted t
(A0 “pol SHniEEEiAEEpadR{E FERIE, EERR ettt (iction prédatewere
acrylic r ptdinedoligaalizagonuadéPAmicroetopst (xxne@iaF) indicatesit Latlf@rroTAC)

pol yvi nyl al cohol, 20_pol yvinyl chloride, polyvinylidene chloride,
pol yet I@ﬁ@OWE'PﬁWEQl@WFHyI acetate copol yners, polyvinyl butyral,

metal ion-crossli ”kf‘ﬂe ?éelb‘t‘bﬁ'ﬁ»?ommsfé/éuowe@%%eﬁmaItwérebﬁom of the vial
pol yur et hane, cel | ophane ol'yolefins, or the like; particularl

pref er abl endithe Afﬁyld?éTg!yct%ﬂ:waﬁMoved Thereaction products were drieg, gn§ the
vari ous enbodlnent escrl ed herein f t by 25
the foll Om@péaoﬁcmo Jﬁrﬁuggen&%@n 4t §8bnizbd WakdA SR

TR ér@tt
ggé&ggl_l%ggﬁc%émaéwt&é@ﬁ LS EYINELAES i\ Birke GDTREIEntato

CALE In a 10 vi al sol ut i.on of AgNCIé
et hyl eftfe chmaumr(gharwmswdncitgwﬂ N@HflimrttWOGg%“}ﬁ ripgverei Pigd @ dpvp i n
et hyl ene %@(@? (0.15M and 0.5 m solution of tetrabutyl anmoni um
chl ori de Iene gl ycol (0.001M at roomtenperature %25C) The
vial was di pped int puﬂﬁemdalm hft(\émlohmrotﬂ&t@mdmam%@ ey weie
reaction to corTFI ete. and iri desc% reacti on products were

bt s ned. substanrBeRaNISRD ROr YBBE YRANRIBEEE) i ndi cat ed uniform
10 nanow res were fQpaREler nanowires produced had a mean diameter of 75 + 8 nm,

20 and an average length of 9.7 + 2.6 pm.
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 8, only

nanoparticles were obtained.
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The reaction products were allowed to settle to the bottom of the
vial and the ethylene glycol was renoved. The reaction products were

dri ed,
r\gglapﬁmrf%tlon products were then re- suspendei;&ﬂIﬁ’szaogsi_{“43

dei oni zed e suspension was filtered through a g ass

(Fine, 4-6 pm Kontes). The retentate 15 (contai ni ng nanow res which
could not filter through the frit) were dried and wei ghed.

Further analysis of the reaction fXAMELE 3 ndicated that they were

bstanti al | :
i ?i{:n%ggﬁ 2%:82“0%5@&@%1%9 B0 PRk AR 50N 20 and an
descri bed herein walaah10&H|f91pré5r‘&aa?:9b‘f\éP&W\g%%¢®9§52 rﬁh%x)r gﬁ@f%ed a
hi gh per ﬁs{}ésﬁ*@aﬂ%m@.hm%hm?d@w Zﬁmdﬁxéwa’@sa YHENO,T25 AhSH wBR! TI VE

25As a corpari he reacti oh of Exa was carried out w thout
t he t e$r abixeylinBs00 milwinydéneglydal. érdiielreawt@n mgtwﬁm stirefiajie@me, only

nanoparticles were 148
3 NCDI FI HEMPOIAGIS (ARCCEGS 15 mas heloredhe fask tras Heaily Wﬁ%%wﬁx’*m
flask, 4. %éﬁ&@sﬁ\{g WE’Qh@%err%Tte@n ue oﬂﬂerfga(ttﬁinrmixwwmm um
chl ori de : (25 mol ) wer

controlled at about 150°C Wrthln 3 minutes, the reaction mlxture turned info a

grey and iridescent suspension of silver nanowires. The silver nanowires

10 produced had a mean diameter of 62 = 7 nm, and an average lengthof 8.5+ 1.9
pm. There were no precipitate or nanoparticles formed (see, e.g., Figure 4D).

The large-scale reaction described herein was highly reproducible.

EXAMPLE 4
COMPARATIVE RESULT — STANDARD POLYOL PROCESS

16 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 ml of AgNO; solution in ethylene glycol (0.085M) and 3 ml of PVP solution in
ethylene glycol (0.13M) were simulitaneously added to the preheated ethylene

20 glycol. The reaction mixture was heated and maintained at 160°C for 40 minutes.
The resulting products were obsetved 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), 0.84g
tetrabutylammonium chloride (3 mmol), and 51.02 ¢ AgNO; (300 mmol) were
mixed in 3000 ml ethylene glycol. The PVP was thoroughly dispersed in about 1/3
of the ethylene glyco! with a high shear mixer before being added into the reaction
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5 mxed in 500 mM ethylene glycol. The reaction mxture was stirred
at roomtenperature (25C) for 15 mnutes before the flask was heated
with a h i |l e set to 200C. The internal tenper ,
reactioney?ﬁb%{'lﬁlrogﬁ\g\élas controlled at about 150C. Wthin M%S[Hg{%%,ﬁet he
reaction mxture turned into a grey and iridescent suspension of
silver nanowires. The silver nanow res 10 produced hggoa)l me .

di anet er fsske Therepporumixtiuip wapstingd at sepryn ferppergiuge (45 5%1%%%
were no | | gl . el ThEl 4D) .
The | ar gl geisr bt Ras T RaRRAM) £ HERuNGaRe sBCR akr, THEARRLED
EXAMPLE ettt o e Resdtion niitiaNOARD cBMirdliad NROCHESSIICEFAVitkinrdfar i son

pur poses, silver nanow res were al so prepared accordjng to .the_nethod
9'%@&5\”6#1”

descri bedninyteg, the msgstion mbdursdired inoA Ceh 6881 P8. More

i i cal: . ot : f
aones o1 nahdiin MicKie il IRodi AR ntan kidthciePorb2 0 |

i n et hyl &3 ghny @ald aplaviiade leagth ofitdul + 8 pms | Theselwee feyv panropgricirsat ed
et hyl ene f20 %I#ycol . The reaction m xture was heated and nai ntai ned at
160C for "289¥%-nutes. The resulting products were observed as a

m xture of nanow rge%e%afé%ééﬁdﬁ @SscribB@NBraimwas Bighty RprddiR.E 5
MODI FI ED POLYOL PROCESS®- LARGE- SCALE 25In a 5000 m flask, 49.98 g

PVP ( MAE50, 000, 450.nmol ), 0.84 g tetrabutyl amoni um chloride (3
mmol ), and 51. 02 g AgNG3 (300 WM@BQE@ xed in 3000 m ethyl ene
gl ycol. The PVP was thoroughly di ed”i’'n about 1/3 of the ethyl ene

gl ycojgwi th a hi gh shrsiFen RerydercEsbel IRgvERItEBMPERATUREL he reacti on
WO 2011/ 031483PCT/ US2010/ 046643

In a 100 mi flask, 0.42 g PVP (MW=50,000, 3.76 mmol), 0.07 m!
tetrabutylammonium chloride (0.25 mmol), and 0.43 g AgNO3 (2.5 mmeol) were
mixed in 50 ml ethylene glycol. The reaction mixture was stirred at room
temperature (25°C) for 15 minutes before the flask was heated in an oven set to

15  80°C without stirring. Within 2 weeks, the reaction mixture turned info 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 ym. 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 mmof), and 4.25 g AgNOs (25 mmol) were
mixed in 500 ml 1,2-propylene glycol. The reaction mixture was stirred at room
temperature (25°C) for 156 minutes before the flask was heated with a heating

25 mantle sef 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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flask. The reaction mxture was stirred at roomtenperature (25C) for
15 mnutes before the flask was heated with a heating mantle set to

200C. Thwﬁg&}qh%ht enperature of the reaction m xt Ur 6485 &13}651{69:4 | ed
: e a

at about 14 in 30 mnutes, the reaction m xture turn I'nt
grey and iridescent suspension of 5 silver nanowi res. The silver
nanow res produced had a nean di aneter of 82.6 22.3 nm and an
average length of 14,1 8.1 pm THeX8MREES f ew nanoparticl es forned.

%22%;%22;8:&5& BB R RaRE e ol el Rt ! ©1 &
t gt ?abut yl amrl)glslljm ’grﬁ%&ch'\a{Fﬂ%ﬁ%?‘amo'?VPin&@ﬁmb% Aﬁ?\%@ ?? Mol )

were m Xeﬂet#a’fbug%rﬁ?noﬁﬁm ERIBRdE gcvm mnTch)e ah8 42508 AGNO-YRS mal)Siverer ed

at room tenper for 15 mnutes before the flask was h
in an 6vemn>mt int5® mB1 zemowlem@gwc@lt ihhei rﬁgcthrvwmfezvaﬁéélz@ gt E@Of%at -

reacti on &?!ﬁ?ﬂ‘?

silver @re ng?rntfmﬁyﬁ%ﬁ%@%q%ggglg%g a mea%lhgat"q
of 62 18myﬁt|e%aﬂtoam1°®/ewagmzmt theaadtion raacmmturﬁba lmtea:gnewand
products were predom nantly |ong, thin nanow res LE 7

20NMODI El Eilidpstertisuspengmsofisivenranovitese Theveast '°§c§£ s were In

Fet rabut yPEBn A o e BE SR Bl 71 ioL A Res (25 mrol)

\évtelr(ra mdxefl I n 50? m 1, 2-propyl ene glycol. The reaction m xture was
red at room errperature (250 | nutes before the flask was
heatedOwith a heating 25 nmantle se%)%w?b The internal tenperature

of Lhe reaction Mashitied Sl PRoRbs 24, BbRERRENE A6RBL SOLUBIM 30

m nutes, the reaction mxture turned into a grey and iridescent
or edom nant |y nanod e HERg P A0S A e T oo EXAVLE 8
MODI FI ED a@awtylmaeﬁﬁ& eHlpfddP TR iriEigD), GndCoE3 AKX T(2.5 mmol) were
mixed in 50 ml t,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 of 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 fo 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 resulied
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In a 1000 M flask, 0.417 g PVP (MA50,000, 3.76 mmol ), 7.2 ng
tetrabutyl ammni um chl ori de (0.025 mmol ), and 0.425 ¢ AgNCB (2 5
nmol ) Vere J(f:"?ﬂ in 50 m 1,2-propylene glycol. The g

m xture vvas s |rred at roomtenperature (25C) for 15 mnu es ore
the flask was heated with a heating mantle set to 81C. Wthin 2 days,
the reaction mxture turned into a grey and iridescent suspension of
si | ver namdvamaticallyWéfarenianepho E@égmthﬁéﬁ@f?ﬂmrﬁyrﬁifﬂm%ﬁ'%‘ﬂﬂbﬁpr es
as shown Hn Fh%@% 7. 10EXAMPLE 9 MODI FI ED POLYOL PROCESS -

1, 3- PROPW SOLVENT In a 100 mM flask, 0.42 g

PVP (MA£50, 000, 3. Aﬂdﬂﬁéébov@ 0.3, phtehty, MBL@@IEHU’GWIICEHDWUMD&MS(O 25
N3 (2.5 nmmol ) were mxed inp | ene

nml ), and 0.43 @@? Bl% Fg l}:ff rgy
?I ycoI The. pa lqaflwﬂf‘ulf@'e{%'s(’%‘?ﬂtﬁféﬁﬁ'% p?*@ﬁh?ﬁ icag (25C)
oI5 R A bl RS o st ncats

W|tho lon mxture turned into a
grey and Ddth @heetire MWaﬂedmemémsbylre‘ierenmnwmemsntifﬁh}e reaction

roducts were predom nant nano as shp n, Fi 8. MPLE
10 20N TROGEN PURGENOENEsfggsng i HvifBe aPPTeclﬁ'i\{\%%bTé% e i‘hﬁp‘i%
further %ﬂ%c{nﬂ@nt@taf?ﬁ@m%eﬁf&tﬁéﬁe%b%n%wﬁsw ReYeSH 108 poFposBs by Ng

nanowi re reaction m xt nitrogen. Mre specifjicall y two_snal |
scal e r edltstration,(VariBus ﬁ@dlﬁmtlens:mambednm withowfieviatian fieet theshis

d bot h d d
he. St EgrpooBea tepvesm Asspriialy g Rantivd b b hARE e 6P

condi ti ofge ddd@amsse identical and both were subjected to a full
ni t rogen pu?ge during the entire process. The resulting nanow re

nor phol ogi es were conparable to each other and conparable to the

scal ed-up reaction (30L). Al reactions with nitrogen purge/ sparge
resulted WD 2011/031483PCT/ US2010/ 046643 in dramatically different
nor phol ogi es from those produced by synthesis with no nitrogen purge.
Al'l of the above U S. patents, U S. patent application publications,
U S. patent applications, foreign patents, foreign patent
applications and non-
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5 patent publications referred to in this specification and/or |isted
in the Application Data Sheet, are incorporated herein by reference,

intheir entirety. Fromthe foregoing it will be
appreci ated that, although specific enbodi ments of the invention have
been described herein for purposes of illustration, various

nodi fications may be nmade wi thout deviating fromthe spirit 10 and
scope of the invention. Accordingly, the invention is not limted
except as by the appended clains. CLAIMS 1.A nethod conpri sing:

(a) providing a first plurality of metal nanowi res having a target
mean | ength, a target nean di ametelGLAIMS target yield, wherein the
first plurality of metal nanowires are prepared in a first polyol
solvent by a first polyol synthesis that includes purging with an
inert gas for a firstA petidgorogidiogl, and wherein the first polyol
solvent is provided froma first manufacturer lot; and.

(b) providing a(8kcomicYitinga firstiplyralifeefaneizhRanpwiees having g targst masget
mean | h . j ForalQF : I &l in
Tho. seE0aM 5ithieE Mt GHaERE, & ERBLA a8 whofud B BRI o et

pol yol nawiesstarbyprapared ome fipstl podol syivehielsy & fikdi polyiohsynthesis hat ghalgdes
with an inert _gas_ for a second purgi ng period, and wherein the second

pol yol PWEINgswth ar ingrkaas tor @ﬁrﬁfc@ﬁgineaeﬂga, andwheraip thefingbpolyel| spayant is
and i IBCB%HCF@% Erfﬁé?rﬁa@%&ﬂp?{rmﬂn%am urer |ot, wherein the first
drf romt

pur gi Ng perio ers e second purging period. 2. The met hod
of claim1 wherégb) tipeovidingta sEmond ipluyplitylud snetalarahowiesevaonthpanget

synthesis are otherw se carrjed out in substanti abl .t r]%esane )
condi t'MEAR lengirae froRbEean danaeter. o ihe fpR! Yeigy I phein heSekopg plurality
pl ur al 4 yeaf B%@Feé“é%‘égﬁr@’bpﬁ%dhﬁ\é' Mohl ?IOE}%[ 88te Ef&gﬁ‘pol%le

target nean dianeter, e target vyi I ncl udes selecting the

s ec ondsymtinesisthap &l wkEstpurgiog withgaroime rtayasrior 8 seeand potgirg parjod, lmedes i n
t he second, pol yol sol vent; pravidng.a, nean.l h, .a . mean width or, .a
Vel o et Opseerad rhBel sebtg nebaricaunbnied ins ok PRRG e ane i
synt heshided b d@BEbAY hithutatureffAnd purging period as correspondi ng
to the test polyol synthesis that produces netal nanow res having the
t arget nean | engthereindhgdirstpeiegingvpetiod differhromathgesiecging pdrging period.

4. The nmethod of claim3 wherein the test polyol synthesis is of a
smal | er reaction scale than that of the second pol yol synthesis.

5. The nethod ofy cl aiTReIn¥MBHRIS Rlcime WREMH thetirveiilydl SyRin¥lseiiR the
gl ycol, 1,2-propylene glycol, 1, 3-propylene glycol, or glycerol.
second polyol synthesis are otherwise carried out in substantially the same conditions.

3. The method of claim 1 wherein providing the second plurality of
metal nanowires having the target mean [ength, 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 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.
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6. The nethod of claim5 wherein the capping reagent is
pol y(vi nyl pyrrolidone). 7. The nethod of claim6 wherein
the ionic additive provides a chloride ion. 8. The
met hod of claim7 wherein the ionic additive is a tetraal kyl anmoni um
chl ori de. 9. The nethod of claim5 wherein the neta
salt is a silver salt and the netal nanowires are silver nanow res.
10. The nmethod of claim 1l wherein target yield is at |east 80%

4., The method of claim 3 wherein the test polyol synthesis is of a

smaller reaction scale than that of the second polyol synthesis.

5. The method of claim 3 wherein the polyol solvent is ethylene glycol,

1,2-propylene glycol, 1,3-propylene glycol, or glycerol.

o. The method of claim 5 wherein the capping reagent is

poly{vinylpyrrolidone).

7. The method of claim 6 wherein the ionic additive provides a

chloride ion.

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

tetraalkylammonium chloride.

2] The method of claim 5 wherein the metal salt is a silver salt and the

metal nanowires are silver nanowires.

10.  The method of claim 1 wherein target vield is at least 80%.
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