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synthesis (also referred to as the "polyol"™ synthesis) is reasonably
effect I ve al e production of metal nanostructures. See,
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reduction gﬁ]a precursor (e.g., a netal salt) of the netal
nanost r uct@’e by a polyol (e. g , ethylene glycol) in the presence of
pol y(vinyl pyrrolidone) ("PVP"). Typically, the reduction is carried

out 25'1 at at eﬁer at ur E ?f ng nore than 200C. The polyol typically
ser ves! udleser ent and a reducing agent. Typically,
the norphol ogi es (i Nghb‘-@lzﬁﬁ n‘ne‘ﬂ@nél?Q&%lﬂih%téilﬂgﬁdarpdlﬁéMarkedly from
nanostructures formed 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 controliable morphology
(including shapes and sizes), hence tailoring their properties.

A solution-based synthesis (also referred to as the “polyo!”
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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tetrahedrons. See, e.g., Wiley, B. et al., (2004) Nano Lett. 4(9), 1733-1739.
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, 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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at a first yield.

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. In other embodiments, purging the first reaction
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.

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
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 resulits in
different morphologies of the metal nanostructures, and/or a different yield of the
metal nanowires.

A further embodiment provides a method comprising:
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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
siiver nanowires formed by polyol syntheses and the effect of nitrogen purging.
Figure 8C 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 metaliic
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 or a

metal alloy, which comprises two or more types of metal. Suitable metals include,
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typically refers to long, thin nanostructures having aspect ratios of greater than 10,

156 preferably greater than 50, and more preferably greater than 100. Typically, the
nanowires are more than 500 nm, more than 1 ym, 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 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 because the longer the nanostructures, the fewer needed to achieve a farget
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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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
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 the conductive film 15 Standard Pol yol Synthesi s and 4
Modi fi cat Wz%y‘r’ﬂﬁifi ng Chloride |ons Fi guF‘éE’Ui%&l%“”
schematically illustrate the formati on of nanostructures in a

standard pol yol synthesis. At an initial stage (Figure 1A), a netal

salt is regntebdtetto thd groavthalf telajer padiclesySee, gog.yd1S. Rulblished Pategt |

et hyl ene %Ipy(_:ol) in a sol tig?n phase 10. In general, the nmetal atons

initially BliGAtioRLN9- 2@@5@5@ ?cﬁrl ate seeds 14 through a honogeneous

nucl eation process AR Bacdd etritons SAES a6 RAlction tidecrd! aret er s
nm

In the range of 1- ome of these seeds proceed to grow in the
sol ution praserafife icah bei sisteptebina tuwsiormation ekthemanawires the stangard om

h th I ndi i m |y .in.all..di i ek
ont radt . POBRLPIORRTIES TPIoREES AATRD: Papseret AserstalB uges:, Fife 2,
resul t f rg%r?in?arglé fhe readtion prédiits bf akrindard paysliprocetisisingl siwer As

shown in Figure™1C, the isotropic nanostructures 20 and ani sotropic
nanost r ucniirats a2 dhe preciurace 48 Sgﬂww bothmanawijes agd NapeRATHSeHATS e

mai nt ai ni ngqthgi r basi c norphol ogi es. Nanoparticles 30 and nanow res
34 are obPHSEH. 1t is noted that during the growth process, smaller

particles are | ess phabhgitiondr & pitai iohic additivnizoy s tejrablitytashvenidad
WO 2011/ 031483PCT/ US20101046643 contribute to the. rowtth of tEe to
| ar geri(parchlogitiey whisieprovidg a chiprge jongp ﬂ@%é@qﬁaﬁe@ﬁtﬂ%& WreaYRg fouas

2005/ 0056118 \ : ' I dnbRAtes S TRIB racdifide
reaction f'?%asfntgetyé%eap gtrﬁértd%%@ecggﬂﬁ%ﬁﬁggmp g.labibas ?he formation
of the napowidyathesidie dusariskal it rhorealstail inppplieants’fearownacbanst errpeeding
uni formnanowires in satisfactory yields. Figure.?2 . ' .t he
reaction ph8ddetest 6PP'&;3§'ParNPar13”é§i%5§|= w&c&@ﬁc%&wa?@%&ggﬁ%ﬁﬁé{l e
as the pr - shown, both nanow res and nanoparticles are
present. ‘G‘F'Egé %ﬁ{'ﬁe{’ﬁzn of a suitable ionic additive

e.g., .
t et r abtg yl ammoni um A8 uskd heraie,) ‘meftliselt’ wiersita e ﬂfué'ﬁf %‘?'%B%“"ldd?'?vl"lg fhe
above reactiogn m xture .found to in &k unterion
monodi spesittiyelyichamed '@\é%?{qwdﬁ%%%tfv%y &%ﬁg%&"ﬁ%ﬁtﬁlc@d po ?/O
© synt hesi s j bR of BrgERice Eheindplaryi Metapgalisiaciuds, withootwirodationd
co- pendi ng'h%{ gsﬁ@g?ent ° ;%?iﬂcat I on Nor.y 11/ 766, 5(5:53, whi CI'H aP%@bu )on
i s i ncor pasilaerenitraer @gNQap silver agetate dGH GG, SIVHATEHOE 4
salt” refer oq b rRictaa (hBlcIBRR FANGuilM dHtid (PACH), platinum chioride (PtCL).
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/m, 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-



positively charged netal ion and a negatively charged counterion. The
counterion may be inorganic or organic. Exenplary nmetal salts

i ncl ude, w3 AQUbskdsm tation: silver nitrate (AGNDB), Spi¥RE3GRLALE
((CH3C00) 2A9), silver perchlorate (AgCL04), gold perchlorate

(Au(C104)3), pall adl um chl ori de (PdClZ) pl ati num chloride (PtCl2),

20,and (he Ly ke, Tl ol et el it ol 9 kol el s o
char ged ”%E@ldu‘n Hs@ﬁ%l Lfﬁ'@%ﬂ{ il th@@roﬂ_ M@'n‘éﬁbdvh‘e 36hahe rbl\binblrtahowireTSBe

netal salt ng solvent 1S at least 0.001 g/, at |east
0.05 g/ m mamdmthewetat@uda@emandz#w@psme@tfomwaﬁ@t b T8 %@PPHIG: he

above reactio xture orr Th

oF oment a1 eTHRS InyabS Y6 e yfatd 75 BRS sREngY HIETh Boog Wit tne ThE
nanost rgic i ddefion BAYE 88SThe &te.taabdmmais tn@npmm\m:ed il ther e

i nclude, wwthout Irmtation, silver, | adi um

opper
pI atinum ceoss-sgufidn shdaesi38i is mlah@,{gw‘,urtggr crystalllzatlon to produé)eg

"Ca t t
| oRP o0 AR EElbies o tné PEPAIAG aqBftRtude W RAERARAR, Boliviad
that the %HBIIJ&]E@Q%I%@M]@@%IWHbMNMy eﬂhéa:opolfyrr@ns thecsdfng and

- 2011/ 031483PCT/ US201 46
of t Ereag:ﬁos\n ‘e to d%%tca]g wweent"ﬁegﬁ;séo 3 rolarannertavyo He oebet
di L
one- ' %gi},%,& %@@% %ﬁ’é fhie Eap n%"\étﬁé%t BRNINIBIS. FPadditiéh, IR6 vddiGing

nanowi ace 37 and the cross-section
surface 3&olvEREfMeoNgs agenicikPagert ¢o transfomn tite metal sak & Eﬁ sur f ace

36 t ly th t d the 5
The |t e SPIGRPAIED SETienRiRia DA Al SIS Fevat i E el

surface 3 badd, | Badm esbﬁthprredmmﬂgthe
nanow re. q@%@@?@‘?*"@h&éﬁﬁyigwmﬁ%@|‘ﬂ'{a ude, !?-Il\ﬁ t hqut . Bnta I on,

pol y(vi nyIsopfﬁlntmhctdldaew;thcpﬂlhy‘a’taydﬂa iQle, P%Yﬂ@ﬁ@i!fcﬂ'ﬁ Or MieH 't he

| th d | t4 2-
Wit o The Werecapediieely. To¢ b Graol el 5o o alftReP o glns e 1,20 o
sol uble. 14, ﬁ\ﬂg %@Eol t‘l@plb??léﬁe Rtycsh iyestin fglyetrolpasd gtucase educi ng

agent to trans

salt to its correspondin n
metal . Typically, t Henlceﬁtdﬁidivﬁéf@‘@ﬂsﬁ@r@tsﬂ“sadg'tﬁ’ﬁ 1! e%ﬁ%ﬁ‘ 5 an

t t & at
Col vent s TaumaEte pdatbart P e ERiRTed by AR Prer o i Epesie "

m xtures tﬁtﬂé@&vsrﬁ@sw@s Wamw é!cdaill@aolstdmd podle (iniudiag @gwler@eﬂimé

ol yol 206 aeromions geplof & binagTeBlER! oes? oifiltol, dnd'gRES). IRE

cation can be organic or inorganic. The anions are typically inorganic. Exemplary
anions include halides (CI, Br, I', F), phosphate (PO4®), sulfate (S04%), hydrogen
sulfate (HSOy), aryl and alkyl suifonates (RS05), 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 (NHs"CP') 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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"lonic additive" refers to a salt additive conprising a cation and an
anion. The cation and anion are associated by ionic interaction and

di ssoci at sol vents such as water, alcohol,
pol yol s (ﬁ%@ud@r@g et hyl ene glycol, 20 1,2-propylene g ycoffmgﬂ46643

1, 3-propyl ene glycol, glycerin, glycerol and glucose). The cation

can be organic or inorganic. The anions are t ally inorganic
Exenpl ary ani ons i n@l[gﬁerq{%[p,tggg)r\o@]engqsatuqateqx_ﬁyjdc é@'bﬁ F%u(qjé%)

sulfate (% éﬁ%% ti'%ﬂkjg@)eéh]lz&l{l oiﬁ\?hﬁ:ﬁ@@t—?&arb%é’ laré‘é'r‘i’arﬁéﬂyh e1°th13|Jc DR & or

(RS03-), Ive may fturt Include its
corres pondhrmgsl*mll ranner. e.owet bkylqefers o akylagrpups oinl to2% carbop @cms.

nbodi h d hl.orid
Csed her elEXaMRigsPUPHEF GRM AR IACLEP ST b ST BFPYL PRI &
chlori dg. %N%%&fl@ﬁﬁg%kﬁh%dw b9\t aRyriroaeNSt IbAY drRRR incRb@eed by

an organl C group e quat ernary anmoni um chl ori de can be

typically (C@pdesﬂrﬁ@&m dgdebyir(@ud)acetﬂétﬁls),, ahthedika. ¥hen &0 akykmsidygne
of ar al kyavinggs SeRilGR TR sEprisod ToPuiibearodstithc e und e

refers tomﬁwﬁeﬁ%oﬁéb% eém%b%mm@wmm ubetybis mamaen 1 and
20 carbons, 1 n which the carbons are arranged in either a |inear or

branched iciude n-butyhesecahutyll isplitut and oulyik propyt ipalydesn-prerRy! 8ndar hon
at ons. ar%ues of | ower al kyl groups include nethyl, ethyl, propyl,
| sopro s- 5 and t-butyl and the I|ike. Exarrpl es of al kyl

groups of Ionger chanrssispetifie otherwise  68)alkylleary be ppid)ally sublstityted
(012) cetyl Cr%g and the |ike. When an al g% esi due having a
speci fic matbehaleger &F B S| pul) ke, agine. foditee 'F% i somers havi ng

that number of carb %E%:@{I erefé?@ic?m&fo%gleni chﬁocér%n @tfﬁﬁm'eeof béiwbéh p

Is meant to include n- sec-butyl, 1so propyl
i ncl udes EnArXIPydrbam dtohis wﬁlmpt lepgl one double bond. Emalaglgs

%ﬁ heg\ﬂl%re Iln)t1tg%gq? :@l}%?nﬁggﬁoagnngl}m ﬂeoe%/qt l?%eeryFHut‘Q'dfeﬂxngﬁﬂaﬁ%%' (F,
refers to a%dfma‘ﬂgél' BRfes¥% ?é&ﬁé’d eﬂu@nﬁ‘séumbtaneﬂ e4n beopberalip sabatitated

carbon atons w't east one doubl e bond. Exanpl es include, w thout
15 1i m t amittna habbgenyF, BpChpehyalkopuaeige, or talilkeay| | hexenyl

el e e e,
1), al koxXyandat SfthoR atdrie with i€ leastbe/ tiple' boref. eExartplesinciudey witbout

hydr ocarbon structure of between 2 and 20 car bo at with gt | t
one tr2Ql dinitatian: ethwm) rrepYme kidenylaanbeid: cFm:yny Aetylpropynyl, d-mefhijR

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. 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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20 limtation: ethynyl, propynyl, butynyl, pentynyl, hexynyl,
met hyl propynyl, 4-nethyl 1-butynyl, 4-propyl-2-pentynyl, and the |iKke.

" Al koxy" ShSohi%;a radical of the formul a -0-al kyl .
i ncl ude mEtNOXY, ethoxy, propoxy, isopropoxy, and the Féf’m”%‘”“”

Loyver-al koxy refers to groups containing one to five car bons
25" Aryl" refers to optionally substituted phem( or _napht h
Exenpl ary subst it ueFXeMp&rY e aqdiiyasdbersfrse Hrcluds:, @"*BPUHHW

hydr oxy, I
refers toqgﬁ&gﬂrﬁg@ﬁg?@ﬁ{e&sﬂrﬁuﬁdﬁ tut%)h?et %f\yl?m moniym 3'%'029%*534%
':I;Be Ei(ra ﬁ::) rfrce;wmibfy{amcm}mnécmﬁwaﬁEMFCbﬁg aieylfdimetiybabemayl - al kyl -
yl s include, wthout |im enyl I -
benzyl ), @mraﬁewm hlerde, greiny trioghranmoryivg h@@lﬁ%ﬁ% 8&1%%55 éan& %ﬁe
Exenpl r( gnic additives therefore include, wthout limtation:
yl'a

tetrameth mmnl um chloride (TMAC), tetrabutyl ammoni um chl ori de
(TBAC), cetyl tri rref}myalemarmﬂmmomhhoiohsl@l(%ﬁ]‘ AR perGgrensy aharged cations

0 ) e ST TGO, ol AT U SR
ions (NRAqp g r%dﬂé‘ﬁmg%g bésfdéﬁhs&ﬁe@% I msedvaatthéwaﬁec@rﬁp'atmeewmthe

I nfl uenced by the their environnment. They are soluble in the
reduci ng mppmutageas (el PNBRNskbitsetapolyvaerebdis to threygalie moistiesnresent.

with the capping ag PVP_and i
or gani £ i et es pri@%ﬂi"?te??ﬁrﬁ@%% E‘F‘Héﬁ?ﬁﬁ%ﬁoﬁﬁ'ﬁn@é’%ﬂ@%&i Prf]é iy Pl m
| nor gani ¢ fakisQsiSthiefolmdtion dffsflﬁé?rtrfar@mrbbm ﬁ'l@rmvdlfl@mpolyolqarbm More
nanowi res in the nodified pol process. More specifical : ii t he

presence obeafigaliys Srenarege L e P fi¥eages a
om nan
nanow 1 oo o BsE AAPIRERAY bsronaBRh o hip S cnes WeRuce

][rg P(r)rglt S perr@nbw"eéﬁﬁegnuvew m@h 4laécsmdr\felatv@@shl9m rrsiﬂod'epersamwi re
I OoNs usi ng vari ou d
Hol, ZHO 2, I\/QC%Z F‘%’B&g %:%W?\él@‘??sg%él‘if S "%‘?‘Eﬂlﬁ’t"'? ?‘f8ﬁ§ V\@P
carried O:VEHBMS hﬁlbh&é"bhéfed‘]dﬁicn&dcﬁhvw rﬁﬁmﬁvg I-‘i)CllQNCPVmQW afld TBHNG, of
he

the chlorides at” roomtenperature (25Ct
respectively. All the reactions were carried out by |n|t|ally mixing 0.1M AgNOs,

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 nanopanicles) 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 particularly 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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reaction m xture was then heated to about 160C. Typically,
nanostructures 20 (nanow res and/or nanoparticles) were forned

rapidly a ri.ef i nduction period (10-30 m nutes) ts
were col | g%(?éud%g@#%r about 30 mnutes. Figures 4A-4C sﬁ%%_vlgsﬁ'g@&g# ver

nanow res were fornmed acconpani ed by varyi ng degrees of other
nanostructures (e.g., nanoparticles). Figure 4D, by conparison, shows
uni f or m siibnieaddiéinewF pesxarhplseusing nety! dimethdampenpim bearaidgin thel plage e
or no nanoparticle rmation. . Vi | anowires is

t heref ore Q?Eyi' ﬁmgﬁﬁgwmqwmfgﬁ?ﬁéipﬁ@r—‘%ﬁ\gﬁ"ﬁ?ﬁg‘éﬁ{?' itive, with

hi gh overall yield amnashieah fominadbeeridithat the concentrations of th&he ani on
(Le., chloride) in the ionic additive also plays an inportant le in

'
cont rol | i egnstigentsripitie wactiemeaiiivie. have g eerfayy iapadh 2h the fareationy Pﬁ'\?es

of ot s TEREC(HURR AR he oty 2 BB, LiPeh M IR IETB IR o
addi tive. rhiRfur€xetypically imsthe gargs ofl akiolit 0t Mytocoridnmone prederabity 0.65MHe
pl ace of cetyl trinethylanmonium chl oride cﬁ@é)nd,gces

| . ,
nanopar t i @184, for an optimial yie|d ofiignopaes. 1,74 I_P)%E?Q(}%(ﬁ‘}lrtaﬂ%'? of R¥P is
concent ra%@@@'vﬁh t@{gar@grb?fo'.dm% 2 éﬁcg@ rgr@@%umro.oamwo.qsmve a

certain i rmation o anostructures and their
yi el ds. For exanpl e)n vdmpusematodiments| thetdoacentsationaf the quateeans

typi [ ] in th f about .0.01M to. Q. . 0O5M
L 2P0 e rasemanicapenaie i Be BSanton S lsdh T8l o B H 0.6 1
concentr at#r@%rﬁ@xﬁyg c%ﬁ(i‘%ﬁlt\f/l%ti?ﬁﬁé sk thde 1veGRoRf plecpitMidrn Typiddllynor e

pref erably, n various enbodi nents, the concentration
of the quihersiatiye molaamatisbatweehthe tartemnary ammasisn chloride and tee metal,

t he range of .0. 00 0. Pr ef , 9 Jation is |ess
than 0. 1M '%9@?‘35‘%%ctP&i%t"%‘i‘%rﬁ.p’%ﬁ%ﬁlﬂ@??%ﬁ ?02 ative nolar ratio
bet ween the quat er nghy rasetRAItempeRitarel infuennds theeyiekds ainddength obthabout

0.1%to 10% nore preferably, about 0.5%to 1% The reaction, ..

t enper ¥ ureetahnanewigssormed.y Napigallyathe Mg ?ﬂtrd%VFt"r?é'dl"Ee jQnic; pdditive are
nanowi res formed, Typi el t e glvENeat PivisE
addi tive dP'&e '"3'(3(?0&%‘ g\&lé%ﬁl{t}&gb‘g%@%ﬁ% g?gé-)lgo-r’ rg@hyl e%g gl ycol_ or
propyl ene tghipepdtireto profide atreaetimmenixture e The fipstdemperature o tbedn the

m xture. The first tenperatu n be.in the ra f :
40C. The rigage obAbONLAOLEE0 PG S ndhe GeARtion mixtige B‘er\ﬁﬁpg‘gf’@’qﬁ'gg% égﬁé% R,
a second t t ditémberatiyeii€ §lpicallyaiaittainedd
20 in a ra@g@lg&%?&%%gﬁ nUS% tgﬁgggéuﬁ{%%%&éﬁ rmrg rtypi éafylp;/ gtmab {

150C t 20 16A@ raAe béabeutf0ICds abbgtR00°Chenora lpdsaliyaiabep %Wr@g’ C.
were formed s CoRakGighe thald 176 UhbRS: ARs Werk tfled as compared

t enper at uriidemperatures igher
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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The yield and length of the nmetal nanow res produced by the nodified
pol yol process are further controlled by the reaction tine. Figures

5A- 5F 25 6 I a progression of the nanowire for '

vi sual i zegv Ifdﬁ ﬁ@%%F Sanpl es were taken fromthe reagﬁgt{ﬁgmwnt%“é at
the reaction tines indicated. Each sanple was cooled in an ice bath
to halt the d%rowth of the nanostructures. Figure 5A shows that within

?n initialad tuwtlﬁmnp@slwﬁidq%wm nanquﬂﬁ(&gure gFhutlee fractionwas 40
e.g., see
b ot e - SRR TG HindisPyReBeY Rolhdy RS fert Porfnd eER yith

reaction, ﬂ;;@m@@dm@gmwnrtm 48 popul at ed the reaction m xture (F| gure

5E) . Thereafter an WD 2011/ 031483PCT/ .US2010/ 046643 .ad i 0 ';‘i
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cven v oh WSS Andiprf: Bifice, A ShGR, difoSRICHARIANL ierohied. 0L

Eﬁl yol slynt heS| s i n Taelghoiseeigbiveat méywistohnﬂuermeyhe owirghclogles piibe As
own, al nbst no nanow res re formed. Th hoj

sol vent reANOVTES; GUAEley - -ROPYIRBE Slyicaklegds t%f@swanﬁmﬁw@éﬁ@ﬁﬁ

exanpl e, H&%ﬂ el RWeR

et hyl ene éﬁhycol ee%gc(?ycego Is}cgt?t%\%}sﬁ'b‘gs%wer :%éat%??\g?t{ergag%@%rﬁﬁgs

Zegul( E:or (r) ]e(s:tprraspm'gilng)to@eaclinmles 8@ndri respectivgipcshionethg resifis.of the
and 1, 30pr®p ﬁgégo%ﬁiﬂtﬁeﬁ ‘E’,gé)ﬁo nt hes|y§01 ahalr % pPJp(}%\ﬂeed]‘fco‘F' yeol

above-described standard and nDdlfled ponoI synt heses are both
carried out in the presence of air. Although both processes nay be
opti m zed Mitrogendiuwee pr edoni nant|ly nanowires, a small but significant

popul ation 15 of naﬁﬁﬁt#ﬂ)&%"H’egérll%m%n({lé}a%nﬁﬁm é@éolgél #h%ﬂé@@re For

exanpl e, besides ne W Tes nanostructu vari ous

nor phol ogi sth caffdduslit hgthegresende ofladrs Altmugh bbéspronessssdavay be
nanopyram ds and multi-ply tw nned particles

olr:)t) ai ned. omiingized BbPT@ﬁ'PF% P@S’ﬁ’ﬂﬁ@ﬁmwd’%ﬁwﬂ@& ?@EHBHL%QWF‘I"‘FE)PBW}% fiRR

ﬁor gﬁiﬁg gY\@J n%rﬁfgﬁﬁ%hte% dtﬂeﬁﬂ&ﬁ Rah gés’ét fé{brgé!%gdre?t 'F;Ug%gﬁﬁtglﬁbg%tﬁ%f metglf

t he react i gandwirest metallruanbﬁwctures of various morphologies, including nanoparticles,
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 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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presence of air. For exanple, in the nodified polyol synthesis, the
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first reaction mxture by combining a polyol solvent, a capping
reageni® dnetahRanWIes GRS in a reacti on vessel ;

(a)  providing a first reaction mixture by combining a polyol
solvent, a capping reagent, and an ionic additive in a reaction vessel;
(b) purging the first reaction 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 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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(b) purging the first reaction mxture with an inert gas for a
purging time; 20(c)after (b), providing a second reaction m Xxture by
conbi ni .ngMM'ugn A5 reaction mxture wwth a netal salt; ]alﬂg2
(d)providing a 'plurality of netal nanostructures by re%%m ném{”ﬁg“s
metal salt, wherein the plurality of nmetal nanostructures conprise
metal nanowires at a first yield. 25In a preferred enbodi nent, the
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a pol yol sobaskimentsunifragn PuigdIEmMay CaMeHFe EPHg! e%?srt rcteaﬁipnirgix&;re.
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011108 4RSS R R A e g B e er o into
ni trogen puUiquidghasey eapnheirsactipnmjkiuge.t Mgpicallyc spagingesanedie eattied gk ng

a bl anket of inert gas above a,top surface of a first reactio
. H n
mi xture cé’&ﬂ?‘-ﬁb?l'mﬂgth%l inert ggg infp the &@Bﬁ?ﬂ mt"g't"et he nmetal salt. In other

embodi ment's, ni trogRsdHE BhibBdINRSNtS, QIFRK k& Burgil, teniettod fhithet
spar gi ng"”

reacftion m xture. 5 As used hereiln, refers to t
pur gi ng t kampilisee beatingiheifirgtrreaction mixtuse 40 ﬂipﬁ%ﬂﬁefﬁl‘i&%‘é{%&%@n ?/p;a hgf

reaction m xt . Typi I ' | i
ot L T Yol fon BAARRE SR 7671 Ao Bl v
enbodi mentggec Rk 9H°¢.0 purging, the method further conprises heating
the first reaction mxture to a predetern ned rtei]ac.t

tenperature. Typi calfl gther ebedimesisaefieePYeing ol e?'ﬂ@?{]@“'lrgiﬁ‘@&m%rthe

ref er abl . .
P >f)uzlg'ang:g tcgntllnzuoe%\' 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 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 In 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,
"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 pitrogen purging in the

25 nanowire morphologies in a number of different reaction batches (80 total). 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 degree (larger difference between the UCL and LCL) than the variations in
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I'n other enbodinents, after purging for the initial purging time, the
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reaction bat [ r fi
9C shows ERX u&ﬁ%%’\%g%h aﬂ agggpﬂalﬂy hitfh ledeltf hazedl gni ficantly, Figure
Thus, it is demonstrated that a polyol synthesis purged with an inert
15 gas, e.g., nitrogen 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 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 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 obfained. Thus, in

30 some embodiments, adjusting the length of purging time results in different

17



5 nanowires in the reaction batches with nitrogen purge (41-80) are
substantially higher and with nuch |l ess variation as conpared to

those in »0if iQ}Json bat ches wi thout nitrogen purge (E,C /Bgzu 0ges3.
As a conparison, Frgure 9D shows the collection of nanostructures

a prior art polyol synthesis that was not purged with an inert gas
I nstead, the 10 reduction reaction takes place in the gsresence of
air. As swphologiegief thsbinetal sapesducturss.c i ether enbediments. @diugting the

| at | | | d
hi - nanonHrdiSs BEBTESyOb e are R vl e Mol aRBRREs ¥ T eaul £ P
conductive filnms w F@u@W@ﬁ@WﬂiaﬁbHMsﬂn@thel ]mrg:hgmfndwseresﬂitam it is
denpnstrated that pol y synthesis purged with a akéla
e.g., nitdiffpsentaize @iﬁ@'@ﬁtloﬂﬁr?fdheﬂén@\ﬂlée PERRIICYRS 1 Eh?ﬂf%‘”ar gnogr

h
now oo HERUAHECfiMe R Haler 1R fitiBton LARR mAY 66 Harfulated
]lct IZ fur&dslgéh|]§V§e@mnWQéhmbrpdm}kP1emtm kengthi ofeabouty®@ ppir ges for a
i xed period of tinme at a fixe w rate,
nor phoIOogl es coul d f@%@“ﬁF@ﬁWQﬂ’@g@?fﬁé’ﬁ?v'%\S ?Hﬂée?%%#? %‘ﬁwg&%‘g%g for
manuf act uyel ?C&-B)X(Iaﬁ rBS:h‘YI% ravP hattald 6f te nahowird 6PRESIS by @idjuetihg

or PG . Figure In two separate reactors, the total
reaction uherperglnytlmeaohihagnemgastébenebu recloing @reelmia@tms thgimractary

fromlot to lot of PG (A-D ats, of t
roact i Bh thaasnaee Satalrdicn dor i taco-RRDG ERENE TS b i Rigy .0
Po ol 0 Rl SBRERE (9295 Fe) Ay piesilya hfaih 80@ee of eations becauss. itsSee

al so Figure ure 10C shows that for a fixed |ot

of PG di fafnmtﬂflhslgmﬂcao@eﬂutp@lgjls | the gther saw graterdals.n HOMEYPE ABR Y t he
metal salt gg@gfﬁ%ﬁg be 3 L?r%f«;? esgﬂ'%]%oflﬁf"&)t joPParidtiohs Lwhith fidyfigs ent

nanowire | € purging time increases,
shorter buimmh duaeégwmmmm&héﬂm;t@mwgmgdhnﬂal ned. Thus, in 30

sone enbodlrrents Mstlngtheleg%gg R‘Rﬂlngtlrre results in
differtmt WO 2011/ a speetfivalishedneiies £9 Tﬁml ogi es of the netal
nanostructures. gahher Pﬁ% Q‘ﬁﬁﬁfblurélﬁ BBt nkhewires Bavigg hitanget

e

results |nad|ffer rreta nanow r es. .
Figure 11 fdsavvengtata tacgem sidangliatetepLorgi taggetiyiald, avhaseindhe figsg plugality of

di ff t di stri but f th
par t1 cul armeheancitA1S reRBg iR T Pore COrER At Agba ol Yihests,
distri but g, .Pémgggpg@rﬁmgmm ?é@%r diretqirging peeiod aand whergist the

mor phol ogi abou
20 first polyol solvent is provided from a first manufacturer lot;

(b)  providing a second plurality 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 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 nahowires can be pre-

selected in order to satisfy certain specifications of the transparent conductors
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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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m nor anount. of nanpparticles or other nanostructures having aspect
ratios of inkgbifs, andsthe like. The liquid carrier can be any

sui tabl e organic or | SsHARBinboaPheHE) ithe Inksemsusition inclodesisurtactangs,
exanpl e, vater, a ket one, an alcohol, or a mxture ﬁé‘%&é’ﬁtative
20 which serve to reduce aggregation of the nanostructures. Rep
examples of suitable surfactants inciude 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 exe',"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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pol yvi nyl boxy net hyl cellulose, and hydroxy ethyl
cel lul ose. In parti quhdiostroblacs netaosk laybeisfamnied foflowing tee itiopo

about 0. QBN aferiag lpiararies BACERR PRI AP of PSS
AN ﬂq%g@%ﬁétﬁﬁeaﬁét%ok Iak@lethﬁé'&Sﬁ"npﬁfse@ﬁ%stl%ci%@mavbré}aﬂﬂﬁﬁﬂ&ﬁ;

and th e netal nanowres to the surfactant is preferably
in the rangeripiitedemdtinEérneckwituons anather.r Bine panestrushig HRRYATK Iyfert he

e e e 0165 0 ! 4 it 69t 0t
i Nk conmposisty AhnieterRF tNESShARAVE ndncsidichPE. AB-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, “conductive film” refers to a
nanostructure network [ayer formed of networking and percolative nanostructures
26 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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Conductive Filns A nanostructure network layer is formed
followi ng the ink deposition and after the liquid carrier is at |east

partial y%ieugggﬁg%evaporat ed. The 15 nanostructure nekéﬁggwgﬂ%{g&s

t hus conp nostructures that are randomy distri

i nterconnect with one another. The nanostructure network |ayer often
takes the formof a thin filmthat typically has a thickness

conpar abl e to that Tofpicallyj thedenger die narostuatives ithefawaiaanpsieiciyres As

th nmb f th t t hes ..t h . ] d,
the thin FeIfiReEadp BEopve REISPSt e BRAE e PapahEgl i BRnastERRge
" conduct i yfhfAd MAnovide the @BctvighldiartAaliohbrssholcdsorthe Idelingdensity is
conposition, including, for ex , one or nore surfactants anEIJ.S.

| e

vi scosi t yinuerselyi retaded tanipeflengih pgahe FRNpWEeS oRaRaNding and 6a-ovAes
unl ess_speci f|ed ot herw s e rei iy Ve gl S
Yo & nancoient fepEatgh i A1) 45 BrRES pbomF R ey Eteondinas]
nanost r uckmirety, d8scHaRiin detailithé trryetizhl, thevellars- erpidtal, elatomsbipent s of
the ink conposition, and may include, for exanple, one or .nore OI}’ tthe
f ol | owi ngbetwesnodre ﬁyeﬁf@baww,thg@aﬂa%tf%wr,esan@%?v@%ﬁedﬂaﬁ'ﬁﬂﬂﬁl‘?' @
In certai ?Qgﬂawfh% %gi:onducti ve filmmy refer to a conposite

re tha Tde

filmstru I'nc s said nanostructure network |ayer and
addi tional |ayers sThehelestrieal aonductivty of thebenndiuetive inde oftepgneasured

2011/ 031483PCT/ US2010/. 046643 ) . TYPI [ ] t |
nanost!Puck¥ ?f@@,re§iﬁﬁViW§®E?3?ﬁ§hE?§E§th r@@elﬁ%&%ﬁ@é@@ﬁ %@rﬁigg\[}%lte%r

percol at | “‘@Fﬁ’gn‘#ﬁé filry }ééﬁ?taﬁc% isAMURBHGPEN & ISR 85 SutRicereading dehsitys
nanow r es, el ectrical percolation threshold or the | oadin

density ithei sizedsisgies ofdhananostuictures, anddhe intdnsie gleckicabrioredy Bt the

Co- pendi ng and cp-owned. U. S, Pa t ,catl ; i
whi (F:) his gﬁl‘b%b‘&ﬁﬁ? éanﬁt&'@iﬁﬁ- 2\7 Hﬁéﬁg‘%ﬁﬁgé thﬁﬁfnlbﬁ@ed%ﬁsp é’féf% esgtr%{ebltfas
in detailj hE@ aldiRRl Risittahce GFnovigherahas PP OiTalPrefeedlsy itbashegt bet ween
t he si zes/ts apes of the nanostrpct ur es and tge q?qu@ ce @3@@19

densi tIf atesistangsds ool highertham85REN 3. 9R&YE] dQ 1 ¥o Vity of
t he conducti.ve, film,s . tabA 1A sl Y Or
"sheet rei-Y%'F%Hcib,e'S%eftg%élﬁgn?%gféejé@ﬁq%@V%ye%drﬁ Zﬂqrﬁr%?et@z@rﬂaﬂ %c"). The
filmresi ghrngRictiedid Mthé ranyesfof fbm LAY Ttthd 0801¥/BL &romp 400 Ag- to 750
density, the size/shapes of t nan ryct.ures, } | NSy

el ect riycaﬂlfﬁs fiper?y tpﬁ@%}{ﬁémg% Pzﬁctﬁ’r@?l 9@&[‘%‘“9@ %@e@%%

h in, i i j i ' ] 1ansheet0 Q/0O.
erein agt/[gl;, ﬂﬁ{ﬁ L@@;ﬁg@g%%mg@gw QI 6r fhad

resi stanc S svo. Preferably, the sheet 15

resi stagnce is no hi Qpticallyhthe coodudctive filrp capdeosharacterizssl kY G9Mor 100

WO, Typically, the sheet resistance of. a j d by
met al * nanBansuissaReEs el 35 PAgS gﬁaré%nlggloﬁ?g%rsi@téﬁ ks Oi?dg;gb
from 100 ; i diuin.2P8e (diderit tight réfeds & Gitraevi

07 0 1 oIS gt B B e B S vor 11 610 610 L0
500/ 0, or (tvpan visibledight havingAovavetamsth beiween ahest §5{ﬁaubtp?f{39 B4 MR can

be characterized U1igh . i SsiQn! Ve A 0%,
Tr anom esvaroysrBpbdmsri g IFHIH SN SindEohditiive 4 atloast ©
t Ir ansrgg t l@@heta(gflf/)@lﬂh aﬁle_ﬁ‘é‘ld?b(a}%l ellt_'[é?t Bﬁ%, ahé least 85Kt ar leasirQiJ;/b oor at least
ul tra-viol et or visible light havjng a wayelengt et out
250 nm t 0 98%0 Fgconduolise filsuis %@@r%h@gﬁp@rﬁet |'€§ﬁﬁga¥%%ﬁﬁ§%?@% %{f

bt 1 caos et Bgee. e isdinnar by RAtiROR! f RS OBEpeatertiage bi et
conduct i veuhhlitndf figistapatsee ftolit tharirsqidend tight arfd sdatteracydiaringr ansni ssi on
is at |least 85% Haze is an, i ndex OS

i ght . di.ffusi I f.
the per cefieageission (ie., diaaarissiPnhaze) g “ﬂ"ﬁlé‘% | 5@3‘5*’%3!% Micﬁ Iﬁ(rl:afrgéﬁta
i ght :ﬂ ﬁ%ﬁ%&f%ﬂe Hedidd (%Agé}@@érb&ﬁ&ﬂvé l#iﬁ)ahéieﬂﬂfdﬂeﬁ@ prodbetion) .

Unl i ke nsm ssi on, Ichis largely )
concern and is typically caused by surface roughness and embedded particles or
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30 property of the nedium (e.g., the conductive film, haze is often
a production concern and is typically caused by surface roughness and

enbedded or WD 2011/031483PCT/ US2010/ 046643 [t.ional
het erogengﬂi%delglblﬁ%%t he medium In various enbodi nents, P‘?ﬁgyﬁgdzﬂ}ed'k%

the transparent conductor is no nore than 10% no nore than 8% no
nore than 5% or no nore than 1% The overcoat, with or without a
cor r osi on Gompiositiopal, heterogeneities inthe madiemc dn varous embediments; the hazge

nanow e, | FHL LA oL RS B o mbRINER J004, PR NGl 80 o O Y

fluctuatlé) 4 'nor nal operative

condi ti on tigdn 8%g oV AD neteEiticsh 1%he overcoat can be one or nore of a
hard coat, an anti-reflective |ayer, Erotectlve film a tb9arr|er

layer, and the i keThﬁpVeré‘PaW'tBWré[‘ﬁ@oé 2 epspsian {nhihitop Alsterng a

CO- Pendy Nenlkical Htie o AABL! 2'aABNE Tayet oY the i O?t@%fi&n&ééﬁpggﬁaz

Exanpl €s U|ta s i 'ncl ude “synt mers suc
pol yacr yl ihumidign axy ang dugtuatidr thaesof, wbichmhmgasr dmrigla:mml operative

poly(silico-acrylic and s Suita nti-glare terials are

vel | knomonﬁm?n@f a.)gﬂven.%’eﬂcedﬁﬂlf ORI &?" S?rﬂ"@ d Q{Gr@fﬁw@ﬁ%@‘ an
ol ystyre R

pol ysty :&ﬁ OM}% |9{a‘i’é;fé)'m%’(giﬂle(ﬁﬁnga bariet b&yer and the like, all of which are

acetate/n yd resin), polythiophenes,
pol ypyrr oleezhans%lypchtt;uased htacmpemlmg bS] H’aﬂeotsépplmﬂomblpw Ht/8&1,76T pngf

toren B ASEBRARE Pt of BB SRS ilosr i S dakn 86

limted tg ficahes, pBilSilicoaadrylichtand
(AC), pol be@yI ene%ﬁ%ﬁ%ﬁ?féﬁ?é@%dﬁléﬁ%ﬁ? nmet ha?r lg’I]:?'sll':ce MO%

acrylic resiam, %ulap@ambgiateemmls @'@IWEW\'\B‘“ the aac@ﬁ%ﬂﬁwg( WA ut

I | .al.cphol . 20 hi d
Dol yet yl SAUSEER gy b pienef i Bng Nacdildr g, EERE P1 00! 3
metal | 0na@émhmk@m@éémﬁamymmpalytmophanés qmrmiwmss
pol yur et hane, cel |l ophane, polyolefin

pr ef ertbl @o[wgetb@“:e p@qoceﬂi@osgm agtyl gtggcall oP whlch méy goa}rrlérlls%uela %my
Uhe. 1ol | ol G e o b S B ST 4064
EXAMPLES ¢, Bul andanit filiitBd Reil palyeshROpBgS hylene ¢xeslihalate (PET),

acrylate (AC), polybutylene terephthalate, polymethyl methacrylate (PMMA),

acrylic resin, polycarbonate (PC), polystyrene, triacetate (TAC), polyvinyl alcohol,

20 polyvinyl chloride, polyvinylidene chloride, polyethylene, ethylene-vinyl acetate
copolymers, 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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Ina 10 M vial, 0.5 mM solution of AGQNGB in ethylene glycol (0.1M 5
was conbined with 0.5 m solution of PVP in ethylene glycol (0.15M

and 0.5 |.on of tetrabutylanmoniumchloride in col
(0.001M ngé?dégﬁlt?%nperat ure (25C). The vial was di ppega?l)rq%%qg%ﬂ%)%

bath (190C) for 20-30 mnutes for the reaction to conplete. G ey and
I ridescent reaction products were obtained. Visualization under a

i croscope (x100DF) i ndicated unif dEXMMELEShowi res were forned.

The reaction products were allowed to settle to the bottom of the
vial and the ethyl ene glycol was renoved. The reaction products were
dried, and the reaction products WHEXAMREE T e-suspended in 5

dei oni zed water. The suspension was filtered through a glass frit
(Fine, 4-6 pm Kontes). ‘M‘éD'F'EPgﬂ-ﬁ?‘epﬁgc%“{‘,so‘n[fnéﬁﬁﬂsgﬁl-%anovvi res which
could not filter through the frit) were dried and wei

] . ( ghed,
Further analysis of lnigelCwheinl, &b i selutier of Agh@aineethylrae gheal(OnkYk

subst anti al | i . Qr : ' .

silver ha%@%’( P§®B&\Mgdﬁ@e%\éﬂh®£b %W&aor?\%{p,a]ni @;Q@g%&i(gﬁnﬁ,an}%@m an

gver agg Leghtgﬁﬁprpéf tatré’l?]ptﬁlﬁﬁnwnium cgloridl;al in emléﬁeegh lycal K@QO&M?: at mn} ijo 3
escri bed herein was hi r epr odugi ich c N=1a) ed a

hi gh per celempesatyre &9°¢ rT%%H@ﬁ/P"PéQ.'pp@ﬁWLa@ 9l WQMEI)ENYZQIQ | TI VE

25As a co ' | | hdtliri fBfdalchsh produsistwisrat
Che t ot r ante Ry e edefAfid Gimelate G i iuoneidaofeh pHod s o
nanopart i coistainedr &/isuzliaatierundend iRidscopa {8500 isticated 0a6@AB EXAVPLE

3 -
10 nanowires were formed.

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 um, 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 ym.
The microscale reaction described herein was highly reproducible

which consistently yielded a high percentage of silver nanowires.

EXAMPLE 2
WITHOUT 1ONIC 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.
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MODI FI ED POLYOL PROCESS - LARGE- SCALE In a 1000 m flask
4 171 g PVP (MAE50, 000, 37.6 mmol ), 70 ng tetrabutyl amoni um chl ori ae

(0.25 mo (ﬁ& 254 g AgNG3 (25 nmol ) we ' '
02 3 ( ( re 5 m xed
et hyl ene ¢ ycoP. %e reaction mxture was stirred at rggrﬁg@r%me“rﬁg ure

(25C) for 15 minutes before the flask was heated with a heating
mantl e set to 200C. The internal tenperature of the reaction m xture
was controlled at about 150C. Wt hEXABIPLE Butes, the reaction mxture

X dint din ) . ;
igggeh?ggﬁ géfe{gagr og@«g&ﬁéﬁ?@:ﬁé5&%2—2%%%&% " and an
nanoparticles for el ?3@@9 "@%Sk ‘ﬁétﬂ@%ﬂ%’\’%@%bmﬁé E’Hﬁ‘?’b 0488t on
descri bed %AQWW %b%g@.@é%éb,%nﬁm gEAGNGFBATNDI) Wiere

RESULT - . / _ S 15For “conparison purposes, silver
nanow ries mired ireSGompethy Ened ot o repction mdureswas gtied atepEY i n

U S. Published Pat | ] '

speci fi calt?'i?Per_@tﬁ??g%of@ﬁght g]t"% 'tgj Q%@Eg&%%gg?%ﬁﬁat%@@p afieal in%f
AgNGBsol Uty el éég?é bybenerid westhaliemphireasfthS ratction nidBreswhsit i on in
et hyl ene glycol (0.13M were sinultaneously added to the preheated

et hyl ene 20ntjbliesat abphib1 6@ 4% t WhinROminute reasticRMibareiNeddnioy at

160C for 40 mnutes. T Lt :
m xture ofTHAAY r@é“%lﬂ%“%@%%b@ Q’%&'P%@%@%\ée ﬁﬁ'e%?g%@m%ﬁmE 5
MODI FlfP Brbd{fded HRdEEPRan didNrser SBY-E 72 naral &0 avenape férgifkof 86.1089¢

PVP ( MA:50, 000, 450 mmol ), 0,84 g tetrabutyl ' '
mol ), ancsuntr)1.Tbereg~ergmwregi96aﬂ$1ﬁgﬂnﬁgaé@a@gltﬁgiﬁg‘?ﬂsggo%%ﬁﬁ%f’gne

glycol. The PVP wastbOelQuaBhi FaaRfRtiind RERI wds Righly prodatibld.ene

glycol with a high shear¥m xer ore being added into the reaction

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 ml of AgNO; 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 glyco! with a high shear mixer before being added into the reaction
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WO 2011/ 031483PCT/ US2010/ 046643 fl ask. The reaction m xture was
stirred at roomtenperature (25C) for 15 mnutes before the flask was
heat ed w ,ng mantl e set to 200C. The internal , of
the reactio ﬁ)&}ﬂﬁﬁ%ﬁge was controlled at about 140C Wtﬂ{:ﬁﬂ%gﬂ'@é&?es,
the reaction mxture turned into a grey and iridescent suspension of
5 silver nanowi res. The silver nanow res produced had a nean _di aneter

of 82.6 diasle ke reantionmisiues wgs stised ehraem temperagre (36nC) fond panipeies

f ew nanopart| arge- scal [ cHy ein
was i ont PUE M TRM ES nedid i SR i B 200 i Bormal & 2,
TEMPERATUiRmperature of the réation Aidurel wad esritrolled 42 aigoRVRO{ CAWEDIDB0,

3.76 nmmol ), 0.07 m tetrabutyl ammoni um chl ori &e(&% 25 m% and 0. 43
g AgNC8 ( misuigfolhy reastioninixiie tyned infp agray ARA HidgsGRIEISUSRNSIGNEALt i on
m Xt ur t] t ' §e
the. 11 Sui ol TekRise; ThESicrIRRBARLY pRoduegRhalleimis Beiidrorzos
Wthin 2 @eksm, dhe an exetageremgthofiné. 1tiu8riqmni Thereawegedgwanamoparticles

i ri descent suspension of silver nanowi res. The silver nanow res

pr oduced feed- nean di ameter of 62 18 nm and an average |l ength of
43 20 pm The reac’gh@&%@%{é#@amhejea&m%m&am\w{s higg%@bﬂwucibte.
nanow res. EXAMPLE 7 20 | FI ED POLYOL PROCESS - 1, 3- LENE GLYCOL
SOLVENT In a 1000 mM flask, 4.179 PVP (MM50,000, 37.6

mml ), 72 nmg tetrabutyl anmoni um chwmég 25 mol ), and 4.25 g
AgNGB3 (25 nmmol) were mixed in 500 , 2-propyl ene glycol. The

reactigp mxture was goblHepdPdivol PROCESSPELMERTEMPRRTUREOr 15 mi nutes
before the flask was heated with a heating 25 mantle set to 200C. The

i nternal tenperaturg okob if 1bERDL4208 PUPINNE50RDOC 876 mMahbld0.67 nalbout
160C. Wthin 30 mnutes, the reaction m xture turned into a grey and

i ri descentetraispdamimaniwh chloride (0.28monph.cand GA3 orAGNPs &d PIORILWEEE wer e
pr edor narr]rtlil(gd i rraﬁlssflenevg}%rc%? 1‘?’{18 Ratagh THhikRe QA0 60488 4Broom

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 into 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 ml flask, 4.17 g PVP (MW=50,000, 37.6 mmol), 72 mg
tetrabutylammonium chloride (0.25 mmol), and 4.25 g Ag NO3 {25 mmol) were
mixed in 500 ml 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 (MAE50, 000, 3.76 mml ), 7.2 ny
tetrabuty ﬂbﬂ@sphl oride (0.025 mol), and 0.425 ¢ ﬁ.ﬁ %
nmmol ) were mxed'in 50 m 1,2-propylene glycol. The Teac 105040643

m xture was stirred at roomtenperature (25C) for 15 m nutes before
the flask was heated with a heating nmantle set to 81C. Wthin 2 days
the reaction mixture turned into a%@‘n"é\ﬂplaﬁ@ i ri descent suspension of

2. shown i n i gur MAFESERABTRRECTHS RreRcB B RRAp R onon e

(MR:50,000. 3. 76 bt . 10HOG T, L 1B QYT a0 o, i Benal 62580 ™
mol ), anQeﬁaﬂuﬁgawﬁ%\lﬁﬁm@[&rim!dzswﬁmgnémd.@a PAGD; 2.8 mimelpWerae

gl ycol. The reaCtion m xture was stirred at room 15 tenper at 2
for 15 &i nuixed &0 onld ,2-peoylensialyeed Fbareastivh nmixues was stired 6{’ {P?mg: >0

Wi thout stirring. W j ' ' : i

ar ey ‘anc itpmsg%gj%ﬂéﬂf@%ﬁPE@H@S&%&ﬁﬁﬁénéﬁ?@%‘ﬁ#ﬂ?%aﬁ‘%ﬁg* o8
product s WRERIPEEDE B1PRNIithim 2rays " i witul nerlli EyXadviP

10 20Nl TROGEN PURGE AND SPIAIIQGE v the r@&mh?mﬁtrugt@@j%Q%B fur{_Eer

TS ) ( ) F -
chow the. ek oo it aogniphr A GUEoLpiF IR o 1
i on ecidical ly t a
Feact ons Rscn st RaBoWaPey snP W SREGC et {her "B was. spar gec

g(r:ldib'?it gnPSSa(r)\]g Eﬂe PV'I[D }NereI tsp?r_g?ad with nitrogen prior to the
e netal sa Si ' te). The reaction
EXanPb5 e,

condi t1®8ns were ot herwi se identica were subjected to a full

ni trogen purge dunySg-ERPCEsi PRoBERCESS-PROPILENESGLYEDDBONANOW T €
nor phol ogi es were conparable to each other and conparable to the

scal ed-up reaction e i i :
et ed” Vo 2011 041 300 Hagk P DL Y-S0, 600975 AHIAR OGS
tetrabutylammonium chloride (0.25 mmol), and 0.43 g AgNO; (2.5 mmol) were

mixed in 50 ml 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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in dramatically different norphol ogies fromthose produced by
synthesis with no nitrogen purge. Al'l of the above U S
patents, %(?‘201?/3}1?@ application publications, U S. papeptcynages
applications, foreign patents, foreign patent applications and non- 5
patent publications referred to in this specification and/or listed
in the Application Data Sheet, are incorﬁor ated herein by reference,
in their endramatigally different morpholegiegfremeness prpdueed by syhthesipwith no
appreci at ed t hat t hough specific enbodi mrents of the invention have
been descpﬁrﬁgﬁgr‘?g@ﬁl'n for purposes of illustration, various

nmodi fi cations may bgl oeitie aboldous, sitantef Uy phtemirapplicatiph publichlions,d
scope of the invention. Accordi ngle/, the invention |s not limted
except asUby Ratentappiaiionsclosgigr patepls, for ?EPO??I%@@‘W@?@ #09 528543

CLAI M5.1. . Of- i Jed. i OIS} Y icati

(a) prévi @?‘{%{ Egﬂic(raé?'%r %Z%E’éld;% 'm%\?g @y cg |dﬁ?ﬁ§fegs'f6§|% y%?plg:gltlegnt,
a cappi nghagaghseét, amnidcamorated herittby referenne dn trezicentvetyvessel ;

(b) purging the first reaction mxtuyure with.an inert,.gas,for

purging time; From the f°'@t9?"§f'(‘€h1 b@oﬁ?”‘ﬁ‘?‘%‘i‘?ﬂdﬁﬁga' bstgefeact i on

m xture b¥m%88ﬂ1é]it§3f fHé‘%n\fvédft'r%E Ha®8 bbR MeSinted tordintibr SurpBidd ofsal t |
d) provi I ity of

and Ing a plura f metal nanostructures by
reduci ng Hibstratignavasals modificatiins maebe withpug fleyiating from the spirit

nanostructures co ise netal ,nanqwi reg at fir. j

met hod Oof 2p¢ ﬁF‘PREngPTg‘EI"E 'O'&'oﬁ'ﬁ??rEMQ& ' ﬁ?eea'f‘."%&"%“ﬁgt“? wrﬁbéjdr %)gcce ?g?\ by

m xture thefad bHQmieperature prior to (b). 3.The nmethod of claim
1 wherein purging the first reaction
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m xture includes purging the reaction vessel and formng a bl anket of
I nert gas above a top surface of the first reaction mxture. 4.The

nmet hod of ere
( eﬂ*ﬂ rstyyﬂ in purging the first reaction gké{“"%ﬁ”m% gdes

spargi ng t reaction m xture. 5. The nethod of

providing the plurality of netal nanostructures includes reducing the
nmetal salt while purging the second reaction mxture. 6.The method of
claim1 wherein the polyol solvent |C§—A§M$yl ene glycol, 1,2-propyl ene
glycol, 1, 3-propylene glycol, or glycerol. WO

2011/ 031483PCT/ US2010/ 046643 7. The method of claim®6

wher ei n the cappi ng1r eag&niethed pobrepasingy inejal nahowivesegomprisin
8. The nethod of claim7 wherein thg |%| c}a;ddlt ve porp >

cgldpr! de ion. (a)  providingmhfirshesaction grixt HT%@W%“@H@H@ 'ﬁa{'@e i oni c
addi tive ig,a 1 &l ORIV AGERNLHELA i bdéitive in a reaction vessel,

| (b)  purging the first reaction mixture with an inert gas for a
purging time; '
(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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10. The nethod of claim6 wherein the netal salt is a silver salt and

the netal nanow res are silver nanow res. 11. The net hod

of claim L’("th the pI urality of netal nanostructur i ? at

| east 80%%\’ ips 1 nanovvl res. 12. The net Eérglugﬁ'lﬂg 43?431 1
. wherein adjusti ng the purging time results in different norphol ogi es

of the nmetal nanostructures. 13. The nethod of claim1

wherein adj usting tRe pufle Methedef daigf wherain Hheieanpingieaosiidsd of

t he net al 14. A method conpri sing:
(a) provi @%%QmIP?EOIdOEFEIr ality of metal nanow res having a target

mean |l ength, a target nean dianmeter, or a target vyield, V\/nerein t he

first plurality of netal_nanow res are prepared in a rst
solvent by a first ol yolheeathrdeiclsi ?Whﬁfﬁ'" g'@s'oB'GraddHUe X%%a

inert gas cB%rld@ léﬁrst purgi ng period, and wherein the first poI yol
solvent is provided froma first manufacturer | ot; and
(b) providing a second plurality of nmetal nanow res having the target

I h, th h y j - i
the second pl ur Sl | 9%0r s meth el gri nerin LR S lony "

pol yol solgﬁgg[ cﬁlﬁﬁﬁ@ﬁmﬁgéym synt hesi s that includes purging
with an inert r a second WD 2011/031483PCT/ US2010/ 046643

pur gi ng peri od, and wherein the second pol yol solvent is chem call y

i dentical to the fir SO V,

manuf acturer | ot, whh relpﬂhéf/ ?94’ gtted%magg’rque"ﬁrl%o@g%q?%%%? }v%‘reng?l
second pWa@al[HePfﬁitbl%nowwes are silver nahdwirddle net hod of claim 14
wherein the first polyol synthesis and the second polyol synthesis

are otherwise carried out in substantially the sanme conditions.

h hod of j 0Vi dj I f
16. The nmethod o cLI mtt@e aﬁgﬁ&&éﬁq gﬁgﬁ]ﬁ%ﬁg%{yﬂom%a ity o

netal nanow res haV| nean the target nean

di amet er, o&iﬂ@ct&mtsgmludémtdeﬁﬂcﬂu%le{smetdl eanhdwiges.he second pur gi ng
period by running one or nore test polyol syntheses in the second
pol yol solvent; providing a nean |length, a nmean width or a yield for

respective resul ti ng, et @E Hﬂﬂﬁdﬂ 51e(§|a|ﬁ{1%réfb,ﬁ gg}uspﬁ@mpmgmghm S;

and identifying the second purging period as corresponding to the

t est pol yaobs@iginkifrent martphphowikscefdherpiedal naapstiwateeshay i ng the target
nmean |ength, target nean width or the target yield. 17.
The nmethod of claim 16 wherein the test polyol synthesis is of a

smal | er reaction scahe tipa ndiAdd of clhiie1 afeesid adpisting theypurbiagitime
18. The method of claim 16 wherein the polyol solvent is ethylene

gl ycol , 1,r@syltsipyd differegt yielsl of the sngialg)anowifesgl ycol , or gl ycerol .

14. A method comprising:

(@)  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 polyol solvent by a first polyol synthesis
that includes purging with an inert gas for a first purging period, and wherein the
first polyol solvent is provided from a first manufacturer lot; and

(b)  providing a second plurality 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
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19. The method of claim 18 wherein the capping reagent is

3ﬁly(V|n¥IpyrroI|dogg) 20. The nethod of claim 19
erein Itive provides a chloride ion.
2011 03143 AAEABTE) aeaad 1 The et hEGTEF LY 50

wherein the ionic additive is a tetraal kyl ammoni um chl ori de.
22. The nmethod of claim 18 wherein the netal salt is a sjlver

and the nmeRubingdxesarr ard wherein theesecaad splvebaolvers isrphemigalyogenlc
14 wherei nthg?ﬁsqebtoly\é'l Sbehtarlis p?cﬁﬁéeoafpo/ﬁm a second manufacturer lot,

aitodl m

wherein the first purging period differs from the second purging

period.

15.  The method of claim 14 wherein the first polyol synthesis and

the second polyol synthesis are otherwise carried out in substantially the same

conditions.

16.  The method of claim 14 wherein 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 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 farget yield.

17.  The method of claim 16 wherein the test polyol synthesis is of

a smaller reaction scale than that of the second polyol synthesis.

18. The method of claim 16 wherein the polyol solvent is ethylene

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

19.  The method of claim 18 wherein the capping reagent is

poly{vinylpyrrolidone).

20. The method of claim 19 wherein the ionic additive provides a

chloride ion.

31



WO 2911!031483 PCT/US2010/046643

21. The method of claim 20 wherein the ionic additive is a

tetraatkylammonium chloride.

22.  The method of claim 18 wherein the metal salt is a silver sait

and the metal nanowires are silver nanowires.

23. The method of claim 14 wherein target yield is at least 80%.
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