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Nano-sized materials (or nanomaterials) can differ markedly from

their analogous bulk materials. In particular, the physical and chemical properties
of nanomaterials 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 controllable morphology
(including shapes and sizes), hence tailoring their properties.

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

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

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

(including the shapes and sizes) of the nanostructures formed are influenced by
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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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reaction .15.n.1'xfture|nc!ue rging the first reaction mxture (i.e.,
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propyl ene ) propylene”g or glycerol, the capping reagent is
pol y(vi nylgpwrfired yiélane) , the ionic additive provides a chloride ion (e.g.,
tetraal kyl ammoni um chloride). In a preferred enmbodi nent, th tal salt i
a silvir salt and t i some embodiments, the method comprises heating ?hgﬁrst S

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

In certain embodiments, purging the first reaction mixture includes

purging the reaction vessel and forming a blanket of inert gas above a top surface

of the first reaction mixture. In other embodiments, purging the first reaction

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

In various embodiments, providing the 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.,

tetraalkylammonium chloride).
In a preferred embodiment, the metal salt is a silver salt and the

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

In various embodiments, adjusting the purging time resuits 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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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



30 enl arged and positioned to inprove drawing legibility. Further, the
particular WO 2011/ 031483PCT/ US2010/ 046643 shapes of the el enents as drawn
are not iwoendéw14s8 convey any infornation regarding thecaatsoab/osdsape of
the particular elements, and have been selected solely for ease of
recognition in the draw ngs. Figures 1A-1C illustrate
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Figures 5A-5F show a progression of the nanowire formation at
different reaction times. .
Figure 6 shows the reaction products of an embodiment in which no
15 ionic additive is present.
Figure 7 shows an embodiment in which 1,2-propylene glycol was
used as the reducing solvent.
Figure 8 shows an embodiment in which 1,3-propylene glycol was
used as the reducing solvent.
20 Figure 9A shows the batch-to-batch variations in mean widths of
silver nanowires formed by polyol syntheses and the effect of nitrogen purging.
Figure 9B shows the batch-to-batch variations in mean length of
silver nanowires formed by polyol syntheses and the effect of nitrogen purging.
Figure 9C shows the batch-to-batch variations in yields of silver
25 nanowires formed by polyol syntheses and the effect of nitrogen purging.
Figure 9D shows a plurality of nanostructures produced by a polyol
synthesis without nitrogen purging.
Figure 10A shows the effects of lot-to-lot variations of propylene

glycol on the reaction time of otherwise identical polyol syntheses.



25 nanowi res forned by polyol syntheses and the effect of nitrogen purging.
Figure 9D shows a plurality of nanostructures produced by a polyol

synt hesi swaizohian3t48ai t r ogen pur gi ng. Fi gur e PCOAISSH10M66he
effects of lot-to-lot variations of propylene glycol on the reaction tine
of otherw se identical polyol syntheses. WD 2011/031483PCT/ US2010/ 046643
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Figure 12B shows the effects of nitrogen purging or sparging 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 polyol synthesis. In particular, various

embodiments provide methods of producing nanowires at high yields with batch-

to-batch consistency.

Nanostructure Morphologies
Provided herein is a method for isolating and purifying

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

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

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

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

metal alloy, which comprises two or more types of metal. Suitable metals include,
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have aspect ratios of no nore
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more than njanBWwe@faré%@etthan 500 rpm) inore thagt hum, 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 (length: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. 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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obj ects" in a cgonductive filmd 0 s Welchy i ng8iiekorf i el d
ni cr ogr apf€NORH 'Cfﬁsﬂ" Bﬁf‘ow@@jsgcqr@ﬂ&%\{f, aﬁﬁg{é‘,’e@%ﬁ“ £ aﬁfﬁ}éﬁﬁg%age the haze
of the co ' ' {RRsRsSrURalnes Im&y bé Besh asdbdghtatijéétsainian by
Addi ng Ch%g;b??iﬂéé({eolfr?g} é@’péérﬁ FE gures 1%1C schepmati cal | ¥‘§i IlLustrate

the f or matconductivenfiimdue tatheirdsright agpeatansaran gaikyfisld Bycrogepns. A€ an
initial stage (Figure 1A), a netal salt is r Rk st al at ons
by a pol ydriggbpbiskts 'P@.Ygt?h,usew?'ﬁmtﬂgﬂ@ﬁ\@\rk%%ﬁs)e tﬁ%ﬁﬁgo‘{@??gﬁ pq%attlgtg 10. In
general, the netal atons initially formsmall 20 particul ate seeds 14

t hrough a honobgeneous nucl eation process. These particul ate seeds typically
have djmnestandaidPélpel Swuithesisfant-Modifica d N$Hroceed to grow

logi

in the solution phase 10 into _isotropjc,nanostruct ur ich result
froma growh thgt griggiessd G Mi%'%ﬁ‘#@ﬁ?ﬁ tﬁegf)ﬁﬁ%@e%@ons. I'n
contrast, sone,segds_ qr | ' L& N t; 688 (RidureviAga resul t
from a 25 TGRLEEITTa TR PO By e e e O hown 1 i gur o
1C, the i SAL{ABER idRIVEEE 46 ElsmentaDmatal atorns dyrapolyolsalventiad: iBylepg
continue to grow into larger structures while mfu E%T?.I m't?ﬁql tgr%rpmm c
mor phol ogiggcolNera palutios p88s80 Vani i : I's not ed

It pg d0arln geasEAl thedmetal glams, Kiitigly 1o
that during the grow Cess tq ioff > e and
Lyl catdy Eabvianers, P4 EEReh a e s s TSR R SR S 04

particulate seeds typically have diameters in the range of 1-5 nm. Some of these

seeds proceed to grow in the solution 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
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



contribute to the growh of the larger particles. See, e.g., U 'S. Published
Pat ent Application No. 2005/0056118, Al t hough reaction

condi t i orsO0t3as3t he reaction tine and tenperature camrChaSadjpmsdossl t o
bias the formati on of the nanowi res, the standard 5 polyol process fails to
produce uniformnanowires in satisfactory yields. Figure 2 is an inmage of

he pr oo SBBuAte Sicafbwil ol RIERGS; PELERS, Seh B, e usientEidiald B € 02

addi tion ,Qép"%aﬁﬁ,i,mblz@ogmqj%ﬁggi tive (e.g., tetrabutylannnmoni um 10
chloride), which provide a chloride ion to the above reaction m xture, was

found to increase tAlthotighl réaatioh nonditiorpeuch ay the reastiop disig @nthg nanowi res.

This nodified poly synthesis i escrihed i.n nmo detail in,appli ts'

co- owned taRPEEHUFR ﬁﬂ'%/ R§ 519'?‘@."3153‘? gfﬂs thﬁgprina%tmnp?]frtﬁg_na{\fy\érgg: g%f%%&?@h

appl i cat 'acfcﬂydlfprwé:&r @ﬂé%ﬁ%cﬂﬁ:@%rﬁohﬂ Adndwirdlsiin @blisfadff yiehRsl higuss 2,
netal™s efers 1o a heutral conpound having a positively charged netal

ion and gsR@daidgecdithe hesactizm produtisrof enstaitiardguolyelerocessnuging 8ilaior gani ¢ or

organic. Exenplary netal salts include, wthout |im tatirg.n' silver nitrate

(AgNCB) , nitrateeas thecprecursor CASCHOWL PN BaNQWIes, apd ARBPRAEICIER #%04) , gol d

perchl orate é u(C104) 3), palladiumchloride (PdCl12), platinumchloride

(PtC12), I§SERY the 1i ke. Typically, the netal salt is soluble in the

reduci ng sol vent (eTe agéiivh@ie dlitablk) ibnaratidiiives @cg.atetabivtylamopdent el y
charged netal ion and counterion. Typically, the solubili tb% of fthed tal
salt 10 tdrdonde)vinia revidena chlorige idrtasthepalinye rgagtion BYixtER, a0y 35 m, or

at least 0.1 g/nj. . .- R ti al ' he
above realPff errﬂ“ﬁ?tyi?rlg aﬁpéﬂﬁﬁ%@sﬁs%gfﬁpﬂggvﬁé Ae*@rvr\;ej{%tgalerr%b{gldif%%e

el ement al o 0 Ghtrelsis HedskABEd ff midre detalink applicarts orownedmali coapardingict ur e
(i.e. nan r SS. uirtable netal nanowi res therefore include, gvht hout

i nitatiop,S Spateat Applidationdémpkif76656R ewhichaippieation isgnearpaiated SREFIN

gol d-pl ated silver nanow res. "Capping agent" refers to a

cheni cal Wgtnentirgit preferentially 30 interacts and adheres to a lateral
surfage of a growt NADYRAWIeFeiR THeld It BRr6 4pR MiltRE eoinpoand inacingléne

| at er surface fronm grow ng ahd encourages a Cross- .
positively charged metal ion and a negatively charged counterion. The counterion
may be inorganic or organic. Exemplary metal salts include, without limitation:
silver nitrate (AgNQ3), silver acetate ((CH3COO),Ag), silver perchlorate (AgClOy),
gold perchlorate (Au(ClO4)3), palladium chloride (PdCly), platinum chloride (PtCly),

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-



WO 2011/ 031483PCT/ US2010/ 046643 section surface of the nanowire to
crystallize. Figure 3 schematically illustrates a one-dimensional growh of
t he gr owwo 20emBn88e 36. The growi ng nanowi re 36 i ncl udesTiuseolvasenal
surface 37 and the cross-section surface 38. The capping agent 39 interacts
with the lateral surface 36 nore strongly than it does with the 5

0103, S B R ho BB LG A BB shnt BBl onh |

'S~ aval rther crystallization to

produce t fe-BRRENdi6Ral JrsAPbEHRedroiig ramwirg36gdhe drowingieanawireh36

. . . - - " t
limtation, poly(vinyl pyrroli don%) pol yaryl am de gpoI I‘riaal i c,. and any of
t he copol inoldesithe lateral suFtace 3V @ gbems*%m@@@@éﬁf@%%&‘?ioent in

which the netagl salt, 10 the ipnic addit] '
sol ub e. niﬁiégﬁe ?Eefa,cts:fwj@da e Bt R Srbidy BER I BelI R o
the reducing _ssol \}entSﬁlﬁs ea ghmgg%r@eagen?%ﬁ%lp?ﬁ?ﬁzﬁg?téflgﬂ[{e tlﬁ\?\gl ﬁ%lrg%yl

gir glugs. E?mlglsestiiorﬂ sulﬁace 88 s avajlabie fasfughencerysiaizatipn fppIoducsitb@t i on
, polyols, glycols, oy mxtures thereof, 15 |l :
eruc: nglé’éﬂ\%fﬁ- Examples ‘P@F‘eé?gﬁﬁlge?ge& Hnﬁ?‘é%ee Vw%ﬁmﬁ%ﬁéﬁ’f%@%‘;méntehe
gl ycol, - i ard verha
I oni ¢ ad@?r{ @{P(eg% :)’S‘?g}(ésﬂy_kégﬂge’sgt%lygggwte}r@egr%%ﬁsc{%?glygh%g? Iisfr? o<f5ind an
anion. The cation afRedutimyselventissiers it @golay sobvent in whishdoe msiabsait
di ssoci ate in polar solvents such as water, alcohol  diols an ols
(: ncl d@i ntheeibhig adelitive gabihe @PMU@aﬁﬁﬁwpér?é“a@?yé%Pgd'ﬂ?gt%Fcfﬁgvgﬁ ygI ycol
ghycer! n, g éctewl f and g!rﬁgﬁ §é:a 'gng?cl@éri'émmq% R4 @RMbGtsOr | nor gani c. ’
'llz'eaﬂlon§ yFe B?';%ﬁ??/l 20! enplary anions include halides (Cr,r,
? , phosp é‘ﬁr@srﬁd?ﬁh%élqp%ﬂtéﬁhéta(l.Sq?ﬁﬂcall)hytﬁéWiﬂglBﬁl&em isnewemigall  and
al kyl sultonat'es (RS03"), and the [lke. The ionic additive further
Ie %Iogfirem :’l Eesagemrtt hce_sml_rsdig*@c:aa?ptdw,o hydeoxyl QF@JRSatE%ﬁWS@Sé’tfH?%E"m.&%I n certain
( S, e ionic itive.s g quat F v IR i |
iher \%n n, h" é@&?@ﬁiﬁ?l}‘gﬁn’(’@ﬁ?mwfﬂt@ﬂ’ 5'8?5’3’85@?% q{% armeIrtl'tlmhtsJ&rnLFlr g%\lﬂi)érrlggfe ?SNR:Jig?)
10 WhBN_ fdre SBUEIABXEY, A6E Re P sOIReRt erpbaTorickamele, ethydenicglycolud.2-Thus
e qudternary anmoni Um_ chloride can be typically represented by formnul a
NR4+cr, wWags@iieneglyboR1i3ptdpylesenglycol, giyeern crlycaiakiagd d¥hSEendent Iy an
al kyl, al kenyl, a kyny[, aryl, of aralKk ‘. . . .
‘lonic addltxllve" refers 18'a'Shlt additive comprising a cation and an
anion. The cation and anion are associated by ionic interaction and dissociate in
polar solvents such as water, alcohol, diols and polyols (including ethylene glycol,
20 1,2-propylene glycol, 1,3-propylene glycol, glycerin, glycerol, and glucose). The
cation can be organic or inorganic. The anions are typically inorganic. Exemplary
anions include halides (CI', Br,, I, F), phosphate (PO4%), sulfate (SO4>), hydrogen
sulfate (HSO."), aryl and alkyl sulfonates (RSO5), and the like. The ionic additive
may further include its corresponding 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 (NH;"CI) in which all four hydrogens have been replaced by
an organic group. Thus, the quaternary ammonium chloride can be typically

represented by formula NR,'CI', wherein each R is the same or different and

30 independently an alkyl, alkenyl, alkynyl, aryl, or aralkyl.

10



WO 2011/ 031483PCT/ US2010/ 046643 "Alkyl" refers to nonoval ent
saturated hydrocarbon structure of between 1 and 20 carbons, in which the
carbons awearwveamged in either a linear or branched nmanmemr/USkawencoas kyl
refers to alkyl groups of 1 to 5 carbon atoms. Exanples of |ower alkyl
groups include nethyl, ethyl, propyl, isopropyl, butyl, s- 5 and t-butyl

and the |ike. Exanpl 0 I I | i tyl

decyl (Cl10), dodecyI'Lﬁ%&_l%f?']slététr?/%%@tgaé%%f%ﬁyﬁp%eﬂ%wégﬁcgﬁs(Eﬁ ﬁyly (0

resi due hgaiwe@n 5A€ Q0f dafbonEThE Whidh thardebens areamanyedinl eitheo @Elinear or sorer s
havi ng that nunber of carbons are contenpl ated; thus, for exanple, "butyl"

E lmegnt branched ;mmn;arbwe,r aliert rafatsyto, alky @isauRs ofhip  cAIRGN atopipy |
i ncl udes pn-pro 10, i . Tl i
Lhe a1 ky1 ExBmPRS ofiPVenaky (S BUBR Gt melhyretovh el isoRopl, bif e ) o©

al koxygs aghfepuffdnt e lik&eExamples of alkyl grélifespibingérdivins ineliewetghal ent
hydr ocar bon strﬁgture of bet vveerF]) 2 and yZ caﬁon g?om; vlm tEQawa I eag"g one

St ey Gt o ot e il sl i
?Eec:;; i ed @ylngmgqgjfictrﬁg%éqark% Ca(%%ﬂn%é Qﬂﬂﬁ?‘ﬂy@jﬁ??’ﬁ%@&'ﬂfﬂ%@ﬁ"%ﬁiﬂéaqﬂafgzen
ronoval ertVRDa SLedtbER bre BBBRpIAed, Ml Kok eyar B I o foe wi th a
o, e it o st et
4-propd1-sopeWnyl, and the |ike. , " Al kbxy" refers to a vt

radical of the Tor mya. 0 alouy oS Sfc MGh KA HERERGIMY SUBNedPr 0Py,

| sopropoxy, and the to groups containing one to

five carbgff.a RElogeN(E, BECR0F 1), alkory] anid, mnduhstike.ut ed phenyl or naphthyl .
Exenpl ary substituents for aryl include one or nore of hal ogen, . hydrgxy
al kont, ami no, ner cAkenylorefelsdold m@_novalenthydrocarboms(;qqu{re%?@{e@lyée@ an

al kyl resid substituted with at |eas :
Yol oo B0 S il R ogbnloHESh PR B ESHBiesTEERkiHbuean be
15 limitation: ethenyl, propenyl, butenyl, pentenyl, hexenyl, butadienyl, pentadienyl,
and the like. Unless specified otherwise, the alkyl can be optionally substituted

with a halogen (F, Br, Cl or 1), alkoxy, amine, or the like.
“Alkyny!” refers to a monovalent hydrocarbon structure of between 2

and 20 carbon atoms with at least one triple bond. Examples 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. 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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30 Exenplary aral kyls include, without |imtation, phenylnethyl (i.e.,
benzyl), or phenylethyl group. WO 2011/031483PCT/US2010/046643

Exenpl ar ywooniisadi ti ves therefore include, wthout |i RCTAIS2E0/046643

t et ramet hyl ammoni um chl oride (TMAC), tetrabutyl ammoni um chloride (TBAC)
cetyl trimethylamoni um chloride (CTAC), C8-C18 al kyl di met hyl benzyl ’

amrmoni um chl ori de, tr] ' ' . . i

and the 5l ke. e Eﬁ%awaﬂféﬁhﬁ%@ﬁﬁ%ﬁhﬁ%ﬁ V?'Wai'i&'mﬁ?*e'&ﬁiﬁ ot y
charged cgtigpisthyRaimbiiRhtehibdd@(BVIACY, fefbbugmanshopiun lealdpideqTBAG)
environnment. They are soluble in the reducing solvent, as defined herein.
Mor eover , cetyblyimetbylaomeniuni ehloside (€ FACY LBoCrualkyedimethyl §enzyh/p and it s

copoly d to th I c,_noj et i . . '
one. 4111 O Gruotien rae B gl iy RoRBin SEPridedCe o AT e A BT
silvergnapgwires in the nodified polyol process. Mre specifically, the

presence 0 ‘a quat ernary anmoni um based ionic additive encourages a
predoni nant | y ani soQuagernagyramirtonidm iarso@NR 4} ace permangntlydhaegedtheatidnses i n

relatively high yield d latively hi [ [ [ -
show | ngg_é?_t b?pugayuiy%{e nehmiienced by e Pt F AgvianTant ThekrieRbiitleed
ionic a . ' . : [

the +eact IHETRAubRGSIeng dsdefiredificteint Hifdreovefitndipale compaARE L o )

and 0. 001phgding Agenhieny. @&P aind itoeopbigmess)dus to th2ktganic4ndptieT heesepéct i on
m xture was then heated to about 160C. Typically, nanostructures 20 .
(ngno?@res and/ or nih@Mﬂt&rﬁaWsﬁ}mmn&mdﬁﬁﬁe@!ﬁﬁ'é PR OLgANG C%F'%‘rsi'ﬁghe"

30 i nut eghiects n the Tortmatie o ik nahuRes Bl bTmdRtcy pElofERREse Mereh ot

f or med acggﬁé@@] dtHRYpreaENEAET 8 SubRRAay arfioplumdaged onit additivee. g.
nanoparti cles). @i gur% 4D, by cgﬁpari slgn, shows uni form silver nago(/m' res of

S_ete }Nge nf Steﬁmiur_ﬂalgés 2afrpdomiantiyianisdtiopic grayth eb naanstpiateies te Pred¥Re i on. The
[ o] e sjlver nanowires i.s, th ) ' | i m i
T O e e Gl K% o B BT AR, L 222, ot o
The aggon (i.e., Chlr[q]drésehA'-sz%st'i%ge_sweihﬁérwgn@m@f@fmyﬁomusin@ortant

role i'n controlling e nanowmre formation. It is found that ionic
addi t i vesyhreesicisioridé-basbe ioriahiditives dngudingrid@, ZaClz, MoGlotanthiBALChe sane
effect as the chloride-based . N -
respectively. All the reactions were carried out by initially 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, hanostructures

20 (nanowires and/or nanoparticles) were formed rapidly after a brief induction period

(10-30 minutes). The products were collected after about 30 minutes.

Figures 4A-4C show that silver nanowires were formed
accompanied by varying degrees of other nanostructures (e.g., nanoparticles).
Figure 4D, by comparison, shows uniform silver nanowires of between 3 and 100

25 um long with little or no nanoparticle formation. The yield of the silver nanowires
is therefore particularly optimized using TBAC as the additive, with high overall
yield and high monodispersity.

The anion (i.e., chloride) in the ionic additive also plays an important
role in controlling the nanowire formation. 1t is found that ionic additives based on

30 other halides (e.g., bromide), do not have the same effect as the chloride-based
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WO 2011/ 031483PCT/ US2010/ 046643 ionic additive. For exanple, using cetyl
trimet hyl ammoni um brom de in the place of cetyl trinmethylamoni um chl oride
produces wolzyiwmigmspar ticl es. It has been furChars2absesoned t hat -
the concentrations of the constituents in the reaction mxture have a
certain inpact on the formation of the 5 nanostructures and their yields.

ange of " SBIRACTTAM PLSRRrORE! oG SSRareaMriaih BromBieRehd pldbel IF
yield of Gtgcfféigﬁ_tg%ﬂt\;}@rgﬁ%i&m%loﬁJ&p@@neégbhgtﬂmp@HidPéé? is typically in

t he range 0 0.2M nore preferably O5Mto 0.15M 1In vario
_ _ , : us
enbodi nents, the colhestbeanifortherf ohdesved that thexcgnaenteationaiofithechl ori de in

the reaction mxture is in the ran f 0.001M t .

colncte_nt r aW’fﬁ'tli'@“tﬁ dsthe reggtion Wtf'f?g E@\(’}F 8 Geral 'B?é%g Pgﬁ% f?%?e%g)lrn? tx?htehe

rel ati ye ' t ; YR ' i ’
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t enper at UpfixtuRf isugpiealty intthe yargelsf about! OHMto & 2Mhmots prefieeabin 8rtbM tes

fornmed. Typically, the netal salt, PVP, and the ionic additiv re. mxed in

?eﬁgg ?/glt @dIMtl',efﬁt ao@_pgr.n,al wiek), pbpanayvitase| InAddifias, jhe AenegniEsion °§P§Q§ 19 rst
uye. pravi de a r. i ) wat ' '

the r angehpicaly e GReR SrERENIR I3, Hicfe plelErdy B o8B B P, xed

before it is heated|f@arusesabedirfnes thé ¢oaceftrationesfdhe quatessamyt ure i s

typically maintained 20 in a range of about 50C to about 200C, e
t ypi c4Dl yammtordbmuthldridecint the Yeactionamixteigpe imthe enggi Qff00 1M 46 OiéiTB{B, shorter

. f .
Femper at uPtferably, the concenteBrysdess ol 0 S AGRT oledifRiaft TuBkRly. o
produced fy g enblal PatiPRetRlennB Cftibferibl AmhidImAIUIIdd Areiitisymbts

reaction tine. Figures 25 1l lustrate "a progressi on of the nanow re
f or mat i ongxit fUAboUtEH %ttoxI09eDRoreSargitrablymabeut QkEmtd 1%m t he reacti on

m xture at the reactjon tinmes indicated., Each I ' '

gﬁt Ihmt oi hftl t the grEhPHe%t'%mpﬁ:ﬁ%@‘f‘?eHﬂﬁSg%S. ﬁ%@ﬁﬁé\%i léﬁgh]v\g&tthgt a\r/]vi It(rzlien
al_ i | hnAl ) ibhiel i

cede) SwemetiaRaIEE, TSRkl tnditaPadl, R R o ™ S0

nanowi r es pfided ﬁ:pé?b}»yol solkent@ns, ethylche gtycaltoe propytlene plycobateifiesl, | onger
nanow res 48 popul ated the reaction m xture ?_Fi ?ure 5E). Thereafter, an
temperature to provide a reaction mixture. The first temperature can’be In {he '

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 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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WO 2011/ 031483PCT/ US2010/ 046643 additional 5 m nutes yiel ded nore nanow res
(Figure 5F). The reaction was conpleted within 30 m nutes, whereby no nore
nanow r eswaensa/Bossaed even with prol onged reaction ti nePCEFiUsarie/oseshows a
conparati ve polyol synthesis in ethylene glycol 5 without any ionic
additive. As shown, alnost no nanow res were forned. The choi ce

of sol vent ) N | [ i h i For
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gl ycol whichpiéted Sifhin SDOMRUESO Whierdinand hite nahewireEivasre dsrmiedeven with
(corresponding to Exanples 8 and 9, respectively) show the results of the

10 nodi fi poolppygdreasfionisre.s in 1, 2- propyl ene gl ycol and 1, 3- propyl ene
| . Nit P Th b - i bed.
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t han nanowires is pibeuwteite dfosoherdmuayealsbdsfiiubreerthe anorphalogiases theet al

nanostructures_of various r phol ogi es, i ncludin anoparticl es nocubes,
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mor phol ogi(@srespbniitigsto Bxatples® ahd@stespacipaaty), show thepesulte oftheol of t he
reaction Kinetics in the presence of air. For exanple, in th dified

pol yol10sy modiied polynksynshesis i 1i2spiorieae 9)yer) @infﬂoﬁ@rwvlgmﬁpﬁﬁ t he
reaction m xture and characterizing the nanow re norphol ogi es. The reaction
is typically quenched if the nanow re norphol ogies satisfy certain target

criteria ‘N.iffta%]é@$’9$ to the length and width. 25 However, the visual
atrons o

characteri t he nanow re norphologies rely on the subjective
eval uations of the dperabave-dgsarihed stanstard andunedified patys! §¥ﬁtE% s are

LEP" 99 ks i AR A4 SroSB008 8 88 5Bl b5 ke e Lo pat .
o ot R RE RS o hapty nafaukoctshantut pekantopuision
t hese 1§ | @Wihaabskgdtared etheethan nanowires is produced. For example, besides metal
nanowires, metal nanostructures 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 qguenched too late, a

30 range of bright objects would form. Once formed, these bright objects are very
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WO 2011/ 031483PCT/ US2010/ 046643 difficult to separate fromthe nanow res of
desired norphol ogies due primarily to simlarities in mass. As di scussed
herein, tweselsight objects, which are typically nanosPCudiSariof4ees h | ow
aspect ratios, may cause an increase in haze in the final conductive film
5Thus, it has been found that such manual reaction control is |ess
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a et hod hanostostturels| withylovaaspect catins; prayl capisesan inceassl ipdiazeynthedinal by
pur gi ng tgce) re%.ctl?n vessel with an inert gas prior to the netal salt
reduct i onCORINGVESIMGI y, such an inert gas purge reduces or elininates the
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specifically, one enbodi nent pro es a nethod of preparing 15 netal

nanowi r eseffective iniitsgattempt to reach the fasgetpramomdiengoephalogyt white cadusingrthet ur e

by conbi ning a polyol solvent, a capping reagent, . and an, ionic additi [
a react i ooidense|of forming low aSpeCf('B‘}'gp Pﬁﬁag'ﬁ’é;'ffl\? §tre§®5&ﬁ?léﬂ?@1oglt ulr\éew: tn h
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reaction XT 1 y cominin ction mxture wth a netal salt;
and (d) pr @ g5 25%inésmeldabgs.of nmetal nanostructures by reducing the netal
salt, wherein the plurality of metal nanostructures conprise netal
nanowilfes at a fir s©ngembodipsant psovides amethod iRioeRMEHing RIIOWIFRrt gas is

nitrogen. n%c:trpﬁcr)]lggfe% irt1) % polyol synthesis by purging the reaction vessel with an inert gas
prior to the metal salt reduction. Surprisingly, such an inert gas purge reduces or
eliminates the batch-to-batch variation of the nanowire morphologies and yields.
More specifically, one embodiment provides a method of preparing

15 metal nanowires comprising:

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

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

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

20 In various embodiments, the yield of the metal nanowires is at least
80%, more preferably, at least 85%, at least 90% or at least 95%. As used herein,
“yield” 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 total). Figure
9A 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 in a

larger degree (larger difference between the UCL and LCL) than the variations in
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15 gas, e.g., mtrogen 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 obtained. Thus, in

30 some embodiments, adjusting the length of purging time results in different
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inert gas purging tinme. 15More specificall] t he, ne ' .
mean length, a target mean diameter, or a target yield, GhORth FRRSE SRality 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
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 nanowires can be pre-

selected in order to satisfy certain specifications of the transparent conductors
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reaction scales can be initially run for the second polyol solvent of the second lot,

in which the only variables are purging times, and the nanowires produced can be

analyzed. The purging time that is associated with nanowires of the target

morphologies can be used in running a large scale reaction.

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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typically non-volatile and include surfactants, viscosity modifiers, corrosion
inhibitors, and the like.
In certain embodiments, the ink composition includes surfactants,

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

25 ethoxylates. Preferred surfactants include, for example, octylphenol ethoxylates
such as TRITON™ (x100, x114, x45), and nonylphenol ethoxylates such as
TERGITOL™ (Dow Chemical Company, Midland Ml). Further exemplary non-
ionic surfactants include acetylenic-based surfactants such as DYNOL® (604, 607)
(Air Products and Chemicals, Inc., Allentown, PA) and n-dodecyl 3-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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cl udes r
tmobi 1 2 BETRRbNTEY Be e Bt bods o o Bik AIDEIIEMDoREAGest thea!

subst r at ejnkRENpdgtorvmay e ﬁi@bﬁneﬂi dapesiding omthd subsirataahddiee hyeathost phr opy|
met hyl cel | ul ose (HPMC), neth cel | ul ose, xant h pol yvi n cohol
c%r) bg)ﬂ@ ntaphucatloaluaenosﬂ}erar rf@d:lvléﬁ‘ys'téft'ﬁiﬁge(f‘éﬂ GI'%@@O”\F’HS 8Pt'$/ bﬁ&’i
enbodi nen I the surfactant to the visscosity 5 nodifier i
pref erabl ?Bf’ﬂt Bda@qug‘gpof about 80 to about 0.01; the rgtlo of the e
viscosity nodifier to the netal nanowires is preferably in the range of
about 5 to fabout_ 0.000625; and the ratio of the metal nanowires to the
sur f act anConsdluptivedf Bilrabl y i n the range of about 560 to about 5. The ratios

of conponents of the ink osi t j 4.

substrate and the ngt 5%"1“%& b’f’?r(':( Sfé@géétﬁﬂ ﬂfgoﬁgﬁ*r"gge@?%@g@i ty

lr:filnﬁg for ahBGte? khe RYTAE Tatridts o Idast Mﬁl@ll?@ﬂé@ ole&éﬂorla@éﬂ cPhe Conduct i ve
15 nanostructure network layer thus comprises nanostructures that are randomly

distributed and interconnect with one another. The nanostructure network layer
often takes the form of a thin film that typically has a thickness comparable to that
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, “conductive film” refers to a
nanostructure network layer formed of networking and percolative nanostructures

25 combined with any of the non-volatile components of the ink composition, and
may include, for example, one or more of the following: viscosity modifier,
surfactant, and corrosion inhibitor. In certain embodiments, a conductive film may
refer to a composite film structure that includes said nanostructure network layer

and additional layers such as an overcoat or barrier layer.
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A nanostructure network layer is formed follow ng the ink deposition and
after the liquid carrier is at |least partially dried or evaporated. The 15
nanost r ucwonre1si48dr k | ayer thus conpri ses nanostruct ur @sTiUsat10a643 andom y
di stributed and interconnect with one another. The nanostructure network

| ayer often takes the formof a thin filmthat typically has a thickness

bl hat _of . a di ' h
nunber of “the nanodoPisli B8 ip Saetae ARGSRURLE, e RTINS b ErRES
filmi Sa%h@ﬁbéaééﬂtd lhicl@i_glvé%?étﬂéﬂi\)éec&ﬂﬁdtiﬁitf.elfgf afidotropie hadosactdrest i ve

film" er non-volatil e conponents of the ink conposition, including, for
exanpl e, saok asmamomdresy teeleatrical perdolationdbiesholeber thedeadinggensiby ik part of

th duct i fil Thuys, ified her w in,
*Canduct inwerae paleett BeBGE Bh e MRS GOl LR oF s B
o el o T S o O e or

exanpl e, epfifetpr desvridesfin dbtilfthe ltedraticaly as ewedliasyempiical, ¢elatienstiipict ant, and
corrosion inhibitor. In certain enbodi nents, a 3ondu&ti Vﬁqafgi I m%n\%xj/vr qf er to

a conposibetween thessizes/shpes Abthe naNosiustues anddhe strfacs [padingd Fayer
and addi tj onal | r as an overcoat or barrier layer. WO

2011/ 0313@%9&9@}%‘1%‘[%%3 Typically, the | onger the
nanostruct ures, therHeestEtridanesridustivity efthercondeetiesfilnisaafteremeaperiedol at i ve

conductivity. For anisotropic nanostructures, such as nanow res, the
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enpirical, relati hip between the sizes/shapes of the nanostructures and
the surf apmostradiung cdnstitiegtsatAs usedkerein, & thimfilhiscansidered sandye T cal

conductivity of the conductiye filmis ofte 0 ikl m

resi sti viit has gishesheasistapcs Qg%ﬂEQherWﬁ'b 6i QI [ﬂggfrgéei%?&dt ySho eltrﬂ square (or
"WD'), . The £ resi,Si ' “feypety 4 deeiCIt be1s0ii/ace | oadi ng
densi 1?/ r?ﬁ'é*%ﬁ?e‘?i‘ﬁ?ﬂg@&@#“bﬁh@ %%s%’%%%?gg,'d and the intrinsic

el ect ri catydiaRpette/sidettrbsistante of aunndueticonetwark éomied by mafdld herein, a

ectri &stbetrBsistanteat aund _
hi gher t mancsbBouEes rendheransss ot remdigei s YDBREEEn BT A8 o

104 521E, 3, 000 , : 5500 081 b0 NE136260
r esi stanc%/[jfg%mc%g%gt]\b%%né\ﬁbfrrgﬁ‘f%@pﬁaﬁég%ggt%@’most ructures is in the

ranges of ofifi ok BV 1@ Z00060/52rém 10 QHTIHBG00RMTE or fFem DOED, toftbR{ 50 WO to
200 WO, from 100 WD to 500 WO, from 100 WO to %5@(% WO,, frgm“l VEl to 200
WO, fpom 10 Q EI t cOptcallyotheogordustive filsn gap bechasadielized Bl al 1y, the

conductive filmcap be character, NN A Beted Mg wel |l as
"haze." T‘t’%\'?fs!'ﬂls@?inoﬁsr"\ééi(;?%q}a&et hiFagg%%sr{bgggeﬁ{an :Bne(??%l'g%? e?jght el
transmtted i U8R a medident The atdidertflight refersutbtultaa-vi t
(W) or vﬁgidtﬁﬁfeﬁ@?g?ﬁ“ﬁ%ﬂgﬂrguggfe%ngth bet Weeln ablgut 250 8mto 800 nm

I n vari oug\endogsiblenlight Hakingla glavelengticbetwsiepraksiut 2R8 ¥R HRIEEO NI M Imis at
| east 50% 25 at |east 60% at t 70% at, | %erdlc| 8 at
| east Sosvarmusembagsterssohe tabt EaniEsion St RBRRuNE s o Relst S0k, 2
eas astrioon ! . : ik

Tt g?olnigt%?g{%%ts%‘ggfm% 3t 1e8P80 /<>§35§/Pea§|98§°/o', at RAst 90X opbt lsaght

diffu e percentage of the quantity of |ight separated
from the b dEm cohdlivtiveitmis abhsiderddtransparentristhedighb trapsmission is at
transm ssion haze). Unlike Iight t ran_gn‘i_ssi n, V\/nitc is |lar Ofa[hgo
property least 88%mredazaris(@n hdexahdakigHHuiony & referito hEPecPL S Tns
production concer nd_ i ' : y. 4 uehgess and
erbedded BH??‘?QXI%EQ% L R atbU RO e incRIHE figh ar'?d‘%a%fe‘?e' @ .

transmission (i.e., transmission haze). Unlike light transmission, which is largely a

30 property of the medium (e.g., the conductive film), haze is often a production

concern and is typically caused by surface roughness and embedded particles or
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WO 2011/ 031483PCT/ US2010/ 046643 conposi ti onal heterogeneities in the

medi um | n various enbodi nents, the haze of the transparent conductor is no
nor e t harwoQ%1/0304880r e than 8% no nore than 5% or no ROTAISRM@M46698 The
overcoat, with or without a corrosion inhibitor, also forms a 5 physi cal
barrier to protect the nanowire | ayer fromthe | npacts of tenperature and

hum dity, and apy fluctuation the eof C I
oper at i vecaBhanpper ireisagnatrs debccatite T Bt SthatieBE Al e o -
hard coatf R8 t?eI?IsbaFéﬁt'c%ﬁHUé’t@r |2NE Moré tRaPY 8%, invembid thlan@%baiis iridrel ayer ,

and the |ike, al whi ch are extensively discussed in co- pendlng uU. S

Pat ent Apﬂhlanﬁtﬁ; omnmmrelhars’l% 767 and 10 11/504, 822. Exanpl es of suitable
overcoats include s nthetlc ners..such as pal yagr.y]ics 0X

pol yur et hanes, pol y5i¢ g¥geoa l"I" hehwihow 4 9‘(%‘%‘?%5@%{% ?IE??B%%aso on.

Sui t abk O&Wélc 'b%?r‘?err{Btp‘?é 3t fhePhdn m@%f’%m' t'ﬂetuth?aé‘fstof téﬁfb’ekéihf&and\“hom

limta oxanes po ystyrene/ end uer (e

acet at e/ nhiimtit| hod ang/fuetuatibkthiences iwbich pah mhuroqhhmysa nomlabfmﬂfabv@s 15
pol yur et hane, nitrocellul ose, and acrylates, all of whi cfjgadﬁaé(co rise a

i ght di feenditien ata eivem deviger hBe o¥eIcopbsan Be oangrRIdNQie ¢ ¥ of

rotectiv 0 t I
Fer epht harai-teER Fiya pRtbo ey s arfibt Bk andd RS, & of MRICKAEY B0,
met hacr y| @ttensigéfyliscirekllin eofpesiding lucs Mebmmlmatm)\lospdnmy?@hand
triacetate (TAC), polyvinyl alcohol, 20 polyvinyl chlori de pol yvi %/I i dene

chl orflde, 1 11509@2@ | Examples WBQI’&%NQMV?IC%%W{@WMW%N%‘? YMEE $45

but I t al | i.nke I t h

ol yur et HamaR . ssep SRS REVEITEn STEYes RGHERREINER S o 1y ¢
are AC, K P%unt%%ntﬂ IaTé‘ﬁaatenals are well known fﬁhﬁe\aatr iroisdinghoithonnt s
descri bed herein are her i1llustrated by 25thefo||ovmng non-limting

exanpl es. limi@icH) BloLaiets poiystyrsae/ PMIdAGsand Bxpquarts s )oMLE 1 MODI FI ED
O S oA o e LaTARED, ol 1
ethyl gge ghyGindde, TiMcditfbsg, anftacrylates, all of which may comprise a light
diffusing material such as colloidal or fumed silica. Examples of protective films
include, but are not limited to: polyester, polyethylene terephthalate (PET),
acrylate (AC), polybutylene terephthalate, polymethy! 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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sol ution of tetrabutyl anmoniumchloride in ethylene glycol (0.001M at room
tenperature (25C). The vial was dipped into an oil bath (190C) for 20-30
m nutes fwo20ti@3n4saction to conplete. Gey and iridescerCTrusagwioass4pr oduct s
were obtained. Visualization under a m croscope (x100DF) indicated uniform
10 nanowi res were formed. The reaction products were allowed to settle to

the bottom of the vial and the et hylEgquV"g! Egol was renoved. The reaction

products were dried, and the reacti ts were then re-suspended in 5
m deioni zed water. The suspension was filtered through a glass frit (Fine,
4-6 pm Kontes). The retentate 15 (containing nanow res which coul d not
filter through the frit) were dri edE¥AMRIEJhed. Further analysis of the

reaction products indica that_th u i nanowi res, with n
or very few nanoparticl eé\ﬁg'%'ﬁ%%ﬁél\yaIﬂr@ﬁ%ﬁgr_ﬁkg%gglcéé had a rreah °
d! ameter of 75 8 nm 20 and an average. | er} t f.o. 2.6.,.pm
mi croscal eI react i on lasd mh¥@l. ke @i"rﬁ*oaﬁ@nl‘ﬁ’ &ﬂw? lé‘p‘?%‘bﬂ?@?tﬂ'\éc%agﬁl)
consi sten ' ' fi S | 2
W TrioUP | AgRERR DR b SR BEPinzthEhe BROBC. P BN T o
carried ougblutichhstuétratheylagireniuty tiorioeinethyener dlgeol 4000t M)eat réemshown i n
Figure 6, only nanoparticles were obtained.
temperature (25°C). The vial was dipped into an oil bath (190°C) for 20-30
minutes for the reaction to complete. Grey and iridescent reaction products were
obtained. Visualization under a microscope (x100DF) indicated uniform

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 IONIC ADDITIVE

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

nanoparticles were obtained.
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WO 2011/ 031483PCT/ US2010/ 046643 EXAMPLE 3 MODI FI ED POLYOL PROCESS -

LARGE- SCALE In a 1000 M flask, 4.171 g PVP (MA£50, 000, 37.6
nnnol ), ASormgiesi4sabut yl ammoni um chl oride (0.25 nmol ), aﬂm/mzmm@mgNCB
(25 mol) were 5 mixed in 500 m ethylene glycol. The reaction mxture was
stirred at roomtenperature (25C) for 15 minutes before the flask was
heated with a heating nantle set t%gﬁ'g@i; The internal tenperature of the
reaction m xture was controlled at LES%C. Wthin 30 mnutes, the

reaction nixture turned \i5he e B6iS6L PKbIESEABSGRIE-SEMEPENS| i
_ _ IS sion of silver
nanow res. The silver nanowres 10 produced had a rrgaflEpdi aneter of 62 7

nm and an average |'aea{‘gg(§b ?rﬁ_fl%_s?, 1:}7?'92@1%}_ 2541808, SPERRFRNPTOMHE Of

nanoparticl es forne i gu he I"arge-'sca t eact

descr i bedehap@iyarifipnilir Bhioride 0B YIE anB 454§ AgNOVEZFMRMAEWBESULT -
STANDARD POLYQOL PROCESS 15For (F:(orrpari soﬁ purboseg,mgsi | ver nan%’vai res were

le rS)Fi 2{2‘ ?pab@dl\:oiacﬁg)grw e@ytgzlmetgiyécofeffﬂ‘ﬁ@deam mbddrg wagstiregp@b[QQRed Pat ent

i on : d ..M i ]
oY eheat cdeRPeTalEs (3 1 16t TageBEs it e sk st W RGN na s
m of PVRnsRhLSLPR 300°€L Mhe ool hpdidtkaldr Nereackbmuhikanedes) y added to
t he preheated ethylene 20 glycol. The reaction m xture was heated and

mai Nt ai necbrittolt8GE about 4806 NWithin 30minutesyths regctienmisuze iwsned §i8& ved as

a mxture of nanow res and nanopart)cl es ' '
MODI FI ED @reyyand ipigiesgant susp: gfsjjver na’rmo\?v?r(e)a\év.n he i h&nGwir&AVPLE 5

10 produced had a mean diameter of 62 + 7 nm, and an average length of 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

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 glycol with a high shear mixer before being added into the reaction
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25In a 5000 mM flask, 49.98 g PVP (MA50, 000, 450 mmol ), 0.84 ¢

t et rabut yl anmoni um chloride (3 mmol ), and 51.02 g AgNOG3 (300 mmol ) were

m xed i n 8OQO1m31488hyl ene gl ycol. The PVP was t horoughl pCaitspendedb43 n about
1/3 of the ethylene glycol with a high shear m xer before being added into
t he reaction V\D 2011/ 031483PCT/ US2010/ 046643 fl ask. The reaction m xture

was stirrg kat CE'SH%%@E&S s(%ér%i O%gso%emdwéﬁﬁepﬁ "For“f@nfn‘uﬁ%% the

heat ed W|t ea ing man € I'ntérna erature 0

reaction b@fzstelﬂfe ik washealededitteh helating niallle. sefitd R00°CO Tmenmlbesal t he
reaction mxture turned into a grey and iridescent suspension of silver
nanowi resterrméature@éthaqmwmayxtyremé‘@nnaﬂe@laheawm - iVit B'In%)z 6 22.3

nm and ana th of 1 tlcles
formed.  Tine. 88 sedi@r ot inastiots Batehard FiedSh8nt fUsRREBAY i bl .
EXAVPLE %l%ngvﬁQs PPLEQivéiRtdfowtres #@Aﬁ?ed'ﬁwmmﬂlameter of 826+ In a
100 m flask, 0.42 PVP ( MAE50, 000, 3 76 0. 07 t et rabut yl amoni um
chl ori de 2232fn rand an axethg? le8gth ofgMOB HB 1 wnmn%rhereweee feweanoparides

et hyl ene %U%gcol The reaction mxture was stirred at roomtenperature (250
for 15 m 8d- before the flask was heated in an oven set to 15 80C wi t hout

Stirring. Wehin 2 feekage giel @aEhidrPHedintiedf orbif W8S hightPreprodaibiend

i ri descent suspension I'ver nanow res. The silver nanow res produced
had a nean dianeter of 62 18 nm and an average | ength of 43 20 pm The
reacti on products were predom nantl Io%gEcéhi n nanow res. EXAMPLE 7

20MODI FI ED POLYOL PROCESS - 1, 3- P YCOL SOLVENT In a

1000 ﬁrb flask, 4.17 gMg?éﬁz %WOLOIQWSZGLM gTEMB%RAFHJRIEet rabut yl ammoni um

chl or e|(0.25 Irrm)l) 5 nnmol) were mxed in 500 m

1, 2-

(250 Tor 15 minut o8 %EBlﬁmﬁEﬁ% G2 PR FRER oI BT Mindlf 7 BT e 1
20 T

set to %ﬁapugﬁouﬁ%oﬂ%@chﬁ@e@@%@n& §, dride0. BEICAGRO, T2 StrfdI)\Wasre

controlle 30 minutes, theé reaction mxture turned
into a grelxednid 50 ndletinderie glyspleTdiemeactiorns mixtare wasohred$t I99@ r eact i on
product s yfrrﬁ;?ergtruerg?%y(?)nfglr }115 r;r%rr}a’yeﬁsrbee?bre 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 mi flask, 4.17 g PVP (MW=50,000, 37.6 mmol), 72 mg
tetrabutylammonium chloride (0.25 mmol), and 4.25 g AgNO; (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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WO 2011/ 031483PCT/ US2010/ 046643 EXAMPLE 8 MODI FI ED POLYOL PROCESS -

1, 2- PROPYLENE GLYCOL SOLVENT In a 1000 M flask, 0.417 g PVP
( MAES0, 00WP 281178148801 ), 7.2 ng tetrabutyl anmoni um chl or iPd&/USC0102%66a310I ) |
and 0.425 g AgN®3 (2.5 nmmol) were 5 mxed in 50 m 1, 2-propyl ene glycol.
The reaction mxture was stirred at roomtenperature (25C) for 15 m nutes
before the flask was heated with aﬁgﬂm ntle set to 81C. Wthin 2
days, the reaction mxture turned into aﬁ% y and iridescent suspension of

silver nanow res. \iherESFELYBD PROBESS LS MpROPRIEOSIYEBN SOy vIRamowi r es as
shown in Figure 7. 10EXAMPLE 9 MODI FI ED'POLYOL PROCESS - 1, 3- PROPYLENE

GLYCOL SOLVENT 1 L mﬁ , 3.76
nnnol ), 0.07 nl tet F“a%JtOQPamﬁkuﬁqq‘ém%Fb’ﬁw%@%&%?ﬁ and Ogﬁg%gb AgNGC3
(2.5 mol Yetvagylaimesshium cHlorde (0.62% menyl),carel 0426@ AgNs (2 Saotriabnwedext ur e
was stirred at room 15 tenperature (25C) for. 15 m nutes _efor? the flask

was hedt etixed im5@ i, 2erorweneolrcol (ItLteastion mixyre wesstiFed AHBAMs |t he

reaction mxture t eqd, int . gre | i‘ﬂfs? ' ingi | ver
nanowi r es Egn?ﬂ%r%?lérggﬁsoﬁ) t??égﬁl'@%%?%fgg‘? {er{éom n;\ﬁ% 95%%93’\% gzl eggnéhown in
Figure 8. /aHiiRidt td 8120 Wit R)dRife AMdetiGhAfdre turned into a gieyqances  12A
and 12B further show the strong correl ati ons between purgi ng or sparging

nanowi r e ireEstenhsuspension ofisiliennanaygjeas. Noe eeaghiepipreeusts Werewo snal [ scal e

reactions (0,5L PG were carried out. inn which either PG was sparged or both
PG and thé’g@f{ﬂmmp VEBB?\Q{Eﬁs@FtSHOWint'Pgné%Wepﬁi or to the addition 25 of the

netal salt (silver nitrate). The reaction conditions were otherw se
i dentical and both were subjected to a full nitrogen purge during the
entiregprocess. The resulting nanowEXAMRIERol ogi es were conparable to each

iSRS R TN
In a 100 ml flask, 0.42 g PVP (MW=50,000, 3.76 mmol), 0.07 ml
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 of the above U S. patents, U S

pat ent appbi2estados3publications, U S. patent applicati olrsT/USereiogés4pat ent s,
forei gn patent applications and non- 5 patent publications referred to in
this specification and/or listed in the Application Data Sheet, are

tor egoi ng Brerien ey floEhopieR oM iosk HyRbBRt by symthesis i 1B °0 ' (e

i nventi omitigyeh peR. descri bed herein for purposes of illustration, various
nodi fications nmay be nmade wi thout deviating fromthe spirit 10 and scope of
the invention. Accdlbbfitheyabovad).Snpatentst).Sspatent pppiicadignaublipationts,by t he

ded clai ms. . WO 2011/ 031483PCT/ US2010/ 046643 CLA . d of
o epar | nd) SepaIent anplicaibEsc e Aas. forsign patoht anpl B TGRS <

react i,pn ﬁ%ﬁilﬁ)li@é&im@ré@t@inﬁﬂIs}’éﬂecﬁ@a‘t’i@ﬁfandﬁ)r?i%ﬁ@i iRghe PR@EBstioRnd an

i oni ¢ addi I'na reaction vesse purging the first
react i on DatatSheetaretineorporetet hgeesinfoyrreferpoceyiingheir emtjrety. (c)

after (b), providing a second reacti, E m xt ur.e 83{ conmpi ni t he.first
reaction nixture wifrAMLNGPERICNY tt;W"g gapp-remate hat, gﬁh‘}“@?&%‘iﬁ%g a
plurali tyfngl;mﬂ&teﬂs ﬁg@%ﬁb\rfé‘rﬁtowﬁacﬂleblyeér?&é’é\drfbgdtdﬁeimbﬁbuﬁﬂsés otherein the

pluralit ractures conprise netal nanowires at a first
yield. 2jhkeratiohhesridis mbaifications malyter madewithoiub detiating frpm the $pirtt
reaction mxture to a reaction tenperature prior to {Pr)n g.The rretgod of
cl ai MQ vaner siopepefithe inyventions m%wyttwnventlon is not limited except as by

the appended claims.

28



m xture includes purging the reaction vessel and form ng a bl anket of inert
gas above a top surface of the first reaction mxture. 4.The nethod of
claiml1l wereiwn3pssgi ng the first reaction m xture incl edeaISspangiony t he
first reaction mxture. 5.The nethod of claim1 wherein providing the
plurality of nmetal nanostructures includes reducing the netal salt while

purgi ng the second reaction m xture. nmet hod of claim 1 wherein the
pol yol solvent is ethylene glycol, 17Z-propylene glycol, 1, 3-propylene
gl ycol, or glycerol. W) 2011/031483PCT/ US2010/ 046643 7. The

met hod of claim6 wherein the capping reagent is poly(vinylpyrrolidone).
8. The nethod of clhi m 7Awmthed of praparingi roetal ApeWECH FOMPHERa chi ori de

i on. 9, The nethod_of claim 8. rei . 1 opi ditive is a
t et r aal kyl amoni um @h1 orRTQuiding a first réactic i .Weg%%pﬁbdgogpgwgi m 6
wherein t tgl ' bhMein iAictadiiitile iR Fezicibn vassyl res are silver
nanow resg.}ﬁ\’ém’ Qcaﬁﬁ‘ntg He%g%r'\t?_rhe rrr‘elt hod of claim1l wherein the plurality of
metal nanostruct ur ef)i nopurdirg thie firstreactovimittureewith andnemigagdor a

12. The method of claim 1l wherein adjusting the purging tine results in
di f f er entPWOIEHBNBYi es of the netal nanostructures. 13. The

met hod of claim 1 wagr el fuadhyrbiiding s sBLsH RéhctibAikipelby Sotribiing! f fer ent

yield of the netal NOW T €s.
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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14. A method conpri sing: (a) providing a first plurality of
nmetal nanowi res having a target nean length, a target nean dianeter, or a
target yiwbDap1imisessdi n the first plurality of nmetal nanoRCras2@we4grepar ed
ina 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

| [ i ded, f ' . : )
o ovi i ng a second Bt ur al 18 RO e SRS WhFeir fe ctting recgent s, i

llength, thaybhandsfrrdlBeneyli aneter, or the target yield, wherein the second
plurality o¥ nmetal nanow res are prepared in a second polyol solvent by a
second pol yol synthesis that includes purging wwth an inert gas for a

second WD 2011/031483PCI/ US2010/ 046643 _pur gi n er| ., the

second pol yol sol vedt ig(&?lg}ﬁqégﬁip CI?HBXFW%%@"?W%I'RQ%%C{W p%\dla% ss%ol vent

and is prwbﬁggggﬁ om a second manufacturer |ot, wherein the first purging
ers

period di romthe second purging period. 15. The net hod
of claim 14 wherein the first polyol synthesis and the second pol yol

synthesis are otherw se carrie ut in substantjally.the,.sane conditions.
1%. The nethod of cPaim hemfégeﬁ?ﬁﬁ‘@msﬁawﬁﬁfeﬂh &! ﬁl?n%aed}ﬁ“%rmglq ty of rrefal

nanow res; tl]%\éi"p rﬁrtﬁ%nfﬁﬁ%ﬁbrﬂﬁan | ength, the target nean dianeter, or the
target vyi ENGHCT Udes select | ng the second purging period by running one or

nore test polyol syntheses in the second polyol solvent; providing a nean
|l ength, a mean width or a yield for respective resulh%g%unetal nanqmﬁres of

y .
each test polyol syh@hesihe mathod @éakim\a whekeinr thems 1HPRJVYetdbd as
correspondi ng to e test po LY 1S that produces netal nanow res
havi ng th@”‘?g?"ga}ett%é‘%‘qwé' t%‘,g%t"}é?bﬁe%’{bﬁﬁég%w dth or the target yield.
17. The method of claim 16 wherein the test polyol synthesis is of a

smal | er reaction scale than that of the second pol yol synthe iS.
18. The method of cllhi m Tbewethet of clamgowhereir He/plrality o lene gl ycol ,

The et honaaestiicies inciiret of foeh B LRt peiofidss " 19'
pol y(vi nyl pyrrolidone). 20. The nethod of claim 19 wherein the

ionic additive provides a chloride ion. _ o i ]
12.  The method of claim 1 wherein adjusting the purging time

results in different morphologies of the metal nanostructures.

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

results in a different yield of the metal nanowires.

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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21. The nmethod of claim20 wherein the ionic additive is a

tetraal kyl ammoni um chl ori de. 22. The nethod of claim18
wher ei n twe 2nett@i4ssalt is a silver salt and the netal na0TwiSe@s/0agee3 sil ver
nanow r es. 23. The nethod of claim 14 wherein target yield is

at | east 80%
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.

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 polybl synthesis that produces metal nanowires having

the target mean length, target mean width or the target 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.
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21.  The method of claim 20 wherein the ionic additive is a

tetraalkylammonium chloride.

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

and the metal nanowires are silver nanowires.

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