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transpar ent conduct of BANSEARENInCONDULHRRS MARE FBOMAHBSAME Rel at ed
Art Transparent conductors are optically clear and
electrically conductive filnms. They are in w despread use in areas of
di spl ay, toQROISREFERENCEQMPREBATEDADPLICATIONS types of e-paper,

el ectrostatic shielding, heating qr anti-reflective coatings f(eﬁr- g.,
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Dependi ng on the end use, transparent conductors can be created with
predet erm ned performance paraneters including, for exanple, sheet
resi stance, gapikGROURGD t ransparency, and haze. These perfornance
paranmeters are generally directly related to the norphol ogi es and
nonodi spersity of the conductive nanostructures. Currently

avai |l abl e sinéhetfg.eﬁet hods for preparing netal nanostructures

typically p ange of nanostructure norphol ogi es and not all

of them are desirabl eThif§idQosutd B r&lated tPpuRiFREk dn'bf tnkial Ahdostr@etireOht Bw-
and enrich metal nanostructures of certain 25 desirabl e norphol ogi es.
WO 2011/106 6baze marypas2odmdndtes MadsRomrthgsMARY Provi ded are a met hod
of isolating and purifying netal nanowires froma crude and a conpl ex
reaction mxture that includes relatively high aspect ratio

nanost r uct upesriptionef the Relardmest ruct ures of | ow aspect rati o shapes,

and conductive filnms 5 nade of the purified nanostructures. .
Transparent conductors are optically clear and electrically conductive films.

They are in widespread use in areas of display, touch-panel, photovoltaic (PV), various
types of e-paper, electrostatic shielding, heating or anti-reflective coatings (e.g., windows),
15 etc. Various technologies have produced transparent conductors based on one or more
conductive media such as conductive nanostructures. Generally, the conductive
nanostructures form a conductive network through long range interconnectivity.
Depending on the end use, transparent conductors can be created with
predetermined performance parameters including, for example, sheet resistance, optical
20 transparency, and haze. These performance parameters are generally directly related to
the morphologies and monodispersity of the conductive nanostructures.
Currently available synthetic methods for preparing metal nanostructures
typically produce a range of nanostructure morphologies and not all of them are desirable.
Thus, there is a need in the art to isolate and enrich metal nanostructures of certain

25 desirable morphologies.



One enbodi ment provides a process of isolating netal nanowires, the
process conprises: (a)providing a crude m xture of nanostructures

that incl Wﬁnﬂﬁﬁg@?”“m ures having an aspect ratio of P&%S{“l{’ﬁrgﬁland

nanost ructures ng an aspect 10 ratio of no nore than

crude m.xture being suspended in a polyol solvent; providing a first
di luted crude m xture by conbining water with the crude m xture;

(c) provi di ngrREEShINIERYKet one m xture by conbining the diluted crude
m xture with a ketone; 15(d)providing a precipitate conprising

nanost ruct ures havi ndrevidekisee methad obissletinganst puriig maBnAOWirSs from a

super nat ant ri_sin t | . rtio he n StI res
havi ng as pe%rﬁ(?er diaocgrr%%e?(nr%acﬁgﬁ %am’?wggha&B}C?lbdg%{flﬁa&sﬁlﬁ%E%g’eas%érég%:aﬁgi tate
i ncl udi ng akaneswudEireed weink airicsudired SowasHictato Kepey) andiontitdtiie fiad

(e)renmoving fromthe precipitate the supernatant conprising the at 20
| east a pormaderpfdhe pusidied appostvietesir es havi ng aspect ratios of no nore

than 10. In further Lfi G |.; d q rth
conprise (Ore- suspengjl?%cgéh{bﬁgm%rgpe@?%%I%D%%S%%?&%n ngi?g?tgi?%{l %%E%Sbg{ede a
second di | yirecksceomsieises:xt ure; and (g)repeating steps (c)-(f). 25In
vari ous enbodi ments, the nanpstructures having aspect Lati f 10 or
more are silver nanoW®r esProvidings srudpmpshEs af PRRRRtEICtsdhal dRpAEs| s
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10 ratio of no more than 10, the crude mixture being suspended in a polyol solvent;

(b)  providing a first diluted crude mixture by combining water with the
crude mixture; '

(¢)  providing a combined ketone mixture by combining the diluted
crude mixture with a ketone;

15 (d) providing a precipitate comprising nanostructures having an aspect
ratio of 10 or more, and a supernatant comprising at least a portion of the nanostructures
having aspect ratios of no more than 10, providing the precipitate including allowing
sedimentation of the combined ketone mixture; and

(e) removing from the precipitate the supernatant comprising the at

20 least a portion of the nanostructures having aspect ratios of no more than 10.

| In further specific embodiments, the process may further comprise
® re-suspending the precipitate of (d) in water to provide a second
diluted crude mixture; and
(g) repeating steps (¢)-(f).

25 In various embodiments, the nanostructures having aspect ratio of 10 or

more are silver nanowires.
In various embodiments, the ketone is acetone.
A further embodiment provides an ink composition comprising:
a plurality of nanostructures having aspect ratios of 10 or more;

30 a liquid carrier; wherein the nanostructures having aspect ratios of 10 or

more are purified by:



30a liquid carrier; wherein the nanostnictures having aspect ratios
of 10 or nore are purified by: WD 2011/ 066010PCT/ US2010/ 046541

() provi dighgh@i6dshide M xture of nanostructures that inghydeRiionsess
nanostructures having an aspect ratio of 10 or nore and

nanostructures having an aspect ratio of no nore than 10, the crude
m xture bei ng suspended in a polyol solvent; 5(b)providing a first

diluted crude mxture by gnbi plovidingallidewhixtird SEnagbsiaiernbds Xhad irludes
(c) providing a conbined ketone m xture t%)iaconbl ning the diluted
(

crude mixture witBROHFURREes having an aspect ratio of 1§ pr moesAndinapesiiugipise havingere
conprising nanors]a%ﬁéé{: 1ta't15 &P n@glgfgpg?nga A gh% gr@%ﬁ:ﬁ%ﬁug %egﬁf%lggenagd 1 ﬂgi) ot

and a supernatant” conprisin ion nanostructures
havi ng aspect rabjvest; of no nore than 10, providing the precipitate

i ncl udi ng al l owi ng sedi nentation of the conbined ketone m xture; and

(e) remo¥ing fromthe prelpi tRiewdinga fustsiuied cade miygshySomyining water

| east a portion gf #bH uctures having aspect ratios of no nore
than 10. 15¢( 1)re-5l}sp§rrlllg?%§§%rh’e precipitate of (d) in water to

provi de a second dil uted )udeprovidingrepmbindd kefprcepedire by cahbipmg the
(c)-(f). Yet. anot her. enbodi ment provides a conductive film

conprising: a péiﬂa‘iﬁéﬁt\?e%wiﬁl%lfﬂ%ep| urality of silver nanow res
that has a resistance of g |egslidm Qp?&j&ﬂa&@oﬁﬂiisiﬁ?ﬂar{b@trﬁ@ﬁr@s hdVak an

1500 nanostructures having an aspect ratio of |ess than 10 per
m | |i meter squamspeatrretio of 14 drenareradd eisupesnatant nomprisizg 4t lgastragrortion of the

enbodi nent, such a conductive film has haze of no nore than 0. 5%

A Turther enbodPRRTSAISS FHIEL SPeedidsel YLmpin PP e ey Bepierahce
of at 25 | east &RMMHIRWingeRAintAtalBS 6f thb esmBIAY RARRShiktied; ah@s havi ng
an aspect ratio of less than 10 per mllineter square area of the

conductive film In a furteher rempadg frentthe pigeinitaie gherstparnatans comprising s

a haze of no MOHS a ﬂ:%& a portion of the nanostructures having aspect ratios of no more than 10.

15 ® re-suspending the precipitate of (d) in water to provide a
second diluted crude mixture; and
(g)  repeating steps (c)-(f).
Yet another embodiment provides a conductive film comprising: a
conductive network of a plurality of silver nanowires that has a resistance of at least 200
20 ohm/sq; and no more than 1500 nanostructures having an aspect ratio of less than 10 per
millimeter square area of the conductive film.
In a further embodiment, such a conductive film has a haze of no more than
0.5%.
A further embodiment provides a conductive film that has a resistance of at
25 least 600 ohm/sq; and no more than 500 nanostructures having an aspect ratio of less than
10 per millimeter square area of the conductive film.
In a further embodiment, such a conductive film has a haze of no more than

0.25%.



0.25% WD 2011/ 066010PCT/ US2010/ 046541 BRI EF DESCRI PTI ON OF THE

SEVERAL VI EWs OF THE DRAW NGS Figure 1 shows a process of
puri fyi ngwr@%ozﬂ/ Dapow res by acetone wash(es) in accor gdapge O\N}/{)Jg;ﬁn
enbodi ment” o I's discl osure. Figure 2 dem)ns%ra es

nanostructure counts in a unit area of a transparent 5 conductor in
whi ch nanostructures with aspect ratios less than 10 are visually

i dentified BRIERDESCRIPTIOR OF THR SBFRRRAIPVIIONS OF THE DIWWINGON
Provided herein is a method for isolating and purifying

nanost ructures of cefigirhl shomsiearengsseal PuEBARGMatRkRanpwires by acetone wash(es)
nanost r uct } L . 0 particular,

subst anti aﬁﬁ?é%ﬁang‘?ﬂtﬁgﬁ%‘ﬂ?‘?ﬁﬁg@%ﬁgﬁ% ls‘!r%gsr?%es'truct ures have aspect
rati os of 10 or nor eFigure 2 demonstrateifanuSRGHMEERINt, in 2 QAiDeied bf ¥ Bansparent
nanostructures” or "nanostructures” generally refer_to electricall
conduct i ¥e RMSIYIY Bhichmaresiruptaws With pResimtionlessahame ST Hswly ighntfied s
| ess t han SaQﬁ'EBJhtecﬂDre preferably, less than 250nm 100nm 50nm or
25nm Typically, e 15 nanostructures are made of a netallic
material, such as an elenental netal (e.g., transition netals) or a

netal co i T lic material can al so be
a bi net awmﬁswﬁlﬁgﬁ?@mﬁbﬁ] conprises two or nore
types of netal. SuitpR)gieABERIrSis b MekttdSor i@é&&tlir%r a‘ﬁd@ﬁfify‘idéﬂab@ﬂruﬁ&res of

silver, gold, copper, nickel, gold-plated silver, platinum an
pal | adi um c2@diheonzdmiesdonua sexto@nf banosfrudwys sthapeusonombangies.yln The

hol f. [ t defined | ' Jfi
Fashi onitby PRietia® siEparnaly 31 otie Bircd o Sl b SolnboLvEfo o
t he di anet gfor@f the nanostructure. For instance, certain

nanostructures are isotropically shaped (i.e., aspect ratio = 1).
Typi cal isotropic naf8ysadiherain, Seonidnelivgdenorameipees oic narostrigtunss’egcagrally

embodi ment %eferi#t%%e_%f’j‘n?:%ﬁe}g Eo%%%&[v%%a%—gz%ssn%?éu%gt dt ?&'sfo?llg :d}clné?i{gg)ﬂﬁ)g g\ﬁ%chqs '

aspect ratio anli Ssotroprc nanostr ucture

| ongi t udi nadss &hS0ade,NPork hEcftrablg) 1bss thancdBPhml YOOafi, SO op2inm. Typically, the
nanostructures i nclude nanow res, nanorods, and nanot LibeS, as defi nped

her ei n.15 nanostructures arepasie oh a sstallicomaterial, fsh apen depsnial gpeta] £¢.g o tfnsition
Solid nano t ' r , g , S
and nanow P Sika ERel BobAIRd 0% pPERLE, TRERRPIRCARLER callA0T008
nanost r uct birasalliawiargiabspanttalr Aoy oghic campatetwot dramord ypepofenaalalSujtable
greater than 50, and. WO 2011/ 066010PCT/ US2010/ 046541 re preferably
greater thaft %@Flu%&uﬁ%ﬂz g ,]]"?Wél RS 8 ’@Pgernﬂfléelﬁgr?gﬁplgﬁgﬁ “Tnore

than | p. m pkiniR8d bhgREPUM | ong. " Nanorods" are typically short and
w de ani stroplic nanostructures that have aspect ratios of no nore

t han 1@0 Hol | ow nano%he nanpsirusturésireh belef arfyshapsxaigpdrastryn aihstiagsplology of a
Typically, the 5 nanotube has an.aspect..raf} % ngt h: di.anet ey ) . of
greater th&H e&@?“%&\é‘%%‘?ﬁﬁ’? eéqu’ﬁilg‘r ?IWBHﬁg%f,agB &h’gsragp%c} é%q%r‘év ch 15 the
greater thafioldtthe 1&%11 6rlie dihiGie AR AHRSSRIRe. R Enstdhad) cafQAM nor e
than Ip,m or nore than [Otmin |ength. . o )
nanostructures are isotropically shaped (i.e., aspect ratio = 1). Typical isotropic
nanostructures include nanoparticles. In preferred embodiments, the nanostructures are
25 é.nisotropically shaped (i.e., aspect ratio # 1). The anisotropic nanostructure typically has
a longitudinal axis along its length. Exemplary anisotropic nanostructures include
nanowires, nanorods, and nanotubes, as defined herein. |
The nanostructures can be solid or hollow. Solid nanostructures include,

for example, nanoparticles, nanorods and nanowires. “Nanowires” typically refers to long,

30 thin nanostructures having aspect ratios of greater than 10, preferably greater than 50, and



Nanostructures of higher aspect ratio (e.g., nanowires) may be
favored over nanostructures of |ower aspect ratio (no nore than 10)
because f%fmi’/{mﬁﬂe | onger the 10 nanostructures may Beries) 36/54%941t0
achieve a target conductivity. Fewer nanostructures in a conductive
filmmay also | ead to higher optical transparency and | ower haze,
bot h paraneters finding a broad range of applications in display

technol Ogymoﬁvd;sreféeaﬂﬁgreﬁ& thRati 160. CBjpically, dhe Mab@iredNae Oty Hal S00RM, mdre
sol uti on-based synthesis (also referred to as the ' ﬁolyol process)

is 15 reastrabhy, ef mertthansl Oum Joag.g@Nanezads” e enically shorbind e pnistropic
nanostruct ures 2) Science, 298, 2176;
Sun, Y. et M4os ‘mc?'grg%'i‘?f s 50 rf‘%sé’%i%‘re g“%%’Y et al., (2002) Adv.
Mater, 14, 833; Ki mHdr_llovﬁﬁanalstructl(raﬂﬁéllhd&lﬁg&wamﬂbemnoﬂubés Thgicallyl Ghe
3759; and U.S. Published Applicatign 2005/0056118. The pol yol cess
i nvol ved t mnothghes aaspest ratiolcagthidiameters opgreater that 1), pederplly grea fiban
nmetal nano t
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| east two he presence of

pol y(vi nyl mow thexd 1 gha)@)mdré EPMH'II)um'Iiymngml |y, the polyol serves the
dual functions of the reducing fjﬁ@t as well as the soi ené.
Exenpl ary pol on s i NApgEuctyet 0 CRARPCFL TR (6 -BNOVETSSY g BE favored over
1, 2-propyl ﬁ NG of 1dwar a%&wdn%fa@o Sb¥Bin 1@@&&&&/&%@6&}1@%@&@1&& y
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~additive (BarfimetelsSiidRRHBHRTERRY dEpsiaBésde dRplay @lchrddedyy | ammoni um
brom de) to the above reaction m xture was found to increase the
yield and nonodi spersity of the resulti ng nanow res. This synthesis
is describ n. NOr. 207 010/ 046541 detail in
appl i cant SS‘L’% un}l\ou nO%M%%%Q gt ent Application No.
11/ 766, 552, whi ch apRkblaadn-bazed §yritlft§1@r(¢1m’1&feeldd essethe“pofyalt proesss) is ety
~ Al though the pol yol process may be optim zed to produce edomrS
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synt hesi s. et al (2004) Nano Lett. 4(9), 1733-
10173920 comprising at leAst teio hydioxElRronns é¢.8 , cthylenegliecd), inrthe g‘iﬁgqﬂé@,pf

conductor i sty [eS f.or tiv y
be desir abpgy%yﬁ @@Pﬁé%@n B a‘Waﬁ% Pyov%tﬂ‘r'egzheo aY\anFthonstofﬁE
nanow res {%ﬁﬁﬁﬂé SodnPSs Wall 4s8he §0enh Ok xeMpl ¢ bbly6ls inobwudt tiitlatk ot timited to,
conduct|V|ty, dgt heir presence may contribute to haze. As used

her ei n, I@Mlas@elacolr h2propyBnaglyeel Faarenyiese ghyeok awhgluserelant s,
i ncl udes for exanpl Gt Lr or
short (e.g., nanoggrﬁ?’}?fa@ Ssér?ﬁa(gn S apte? %ggfg%?’%’?o\éﬁ%{‘é&%ﬁ’g’ﬁg@g{e

aspect 2I5at 1rfflué1’fc:b9by SafRtety mélhhm@i‘elitfveaﬁlohﬂmloﬁBﬁE ahd thatnietal salt,
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MERE
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obj ect s m“’ﬁ#’%ﬂﬁgn of :!1 g.magle Gaé LCYdlljiv%(iE E??e%raﬂ&?laﬂl%%lﬂ chibgaeds

conducti ve
tetrabutylammonium bromide) to the above reaction mixture was found to increase the

yield and monodispersity of the resulting nanowires. This synthesis is described in more



| sol ati ng nanowires fromthe | ow aspect ratio nanostructures in a
m xture of crude products has proved to be difficult or inefficient.

ani ch al | NERURANE Tooct Tuctur es o preci pitate ahi PRI TR

phase including the polyol and PVP forns the supernatant. However, it
is common 25 that the | ow aspect ratio nanostructures co-precipitate
Wi th the napemi ih&pplRafs DRLAIRINEAES YOS Si PhtentlAbpHeRdh AL 11/766,552,
addi tion, the co-precipitated nanow res and the | ow aspect ratio
nanost r uct uwvkish appdicationds ingprpprated| hereirpints entireluspended in a liquid

phase, inpeding any effort of further rificati.-on. V, in
pol yol solvents are 2\%{*\9?%%‘@88"1(@.1’5"%6“3‘%%%%%‘Twlg‘ﬁi&? %{gd’dg?eoqer ?%oc 155351
sedi ment at i RRCWIES BS@alfRY cHRApRL ¢a1fEasY ofiRheRIcRifts aryfoal Bchadrude
amount of nanostructures can precipitate, WO

2011/ 06691 0rPEtpusEYRes.0E@mFample, besides metal nEmgires metab podirpbyes of various
provi des a posi -svnt hesl 1 fiecatli L .
nanow r es frﬁ%r%ﬂ%llg%l F%é‘%?llrdz%ﬁé%%&%q% flﬁérhé) eg’t(:}l qf‘%’?%é’%";"?’k%%‘g drglggtr[l%lvl\? tp tlsys
as wel | as ti@inell patioles inidycildsrase baviob@ired p@hé probleias cahpduedad tiyhamor 10
(e.g., nanoparticles and nanorods). ] n particular, the gu ification
process i ntreRadecikilitypd therprogsse Hs UKLy eausesd byfrage REnoyny 0{ Gonjpminants in
acetone), whl ' . BEODLC PR et L RUEH NP ILAM()21135-
all of the\mn‘%?%S&ﬁgﬁgé{%g%%ﬁa}%gg Eéé\;?ﬁdsvgs écteraa??og‘gof Iessm{(h)gn 10.
The et bind 18d9r esses the difficulties comonly faced in nanow re

purification by allow for.rapid formati on of a precipitation

domi nated by nanowvvi :xég?s"%ségci/g‘?rgm’stﬁg‘ﬁ@‘h%fr?}ﬁp?ffmt"ﬂ’é‘?%g‘ﬁ6‘%”%"3}’

preci pi t at i QRodQknfed FoREL citdlitive hatop) it BAFbSRIRAIE WoeediRE ittahidaut dfon
of the nanostructures of |ow aspect ratio 10 (e.g., no nore than 10)

in the supewmnastrartures btheethepaaioitsab¢opuse: thelageonastot eBpgivelyegntribute to
(a) providin rude mi.xture of nanastsuctu t i ud .
nanost r uct lfgg@ucﬁ&&, ﬁad 1r é)éeﬁs%cte I?aa/ﬁogttr%)%lféf% B%z?) rég?lrgedal%gélﬂ, 5w aspect ratio

nanost r yct ypRsstiatdddodtoRaRpathtsahdledesS fonéxafiples nirvattuchites thixerer ude

m-xture being suspended in a polyol solvent; 15(b)providing a fi rﬁt

diluted cr udativelxwideandipr shontiie.8i, Banopartislesiiiapprofh eandhgyea fﬁlg%tvg]?'éfna

(c) providin Qnbi e j fot21 eTHAY! I it

crude m xt L?Is% cgﬁaﬁﬂ@i(ﬂés %%’gyﬁ?omlé% %‘gag%g)q pr od\i/]’ib%}?lrc\%ﬁ% Ig%yleﬂéi sgig% a:31St e

conpr i si ng “BagiasbjedBr i £condaativedilamuespibeit b2ghtmppdacancé ol derbieldor e,

and a supernatant conprising.at |east a,goflti qn.of th@l anos ructures

havi ng asperierogeaphsTlsrbright oRisets maw AhuposisPeRRY FEFast 65?7&:‘1 Gate

includi 59 al | QiMivgnRgdi mentation of the combined ketone m xture; and

(e) renoving fromthe precipitate the supernatant conprising the at
Isolating nanowires from the low aspect ratio nanostructures in a mixture of

crude products has proved to be difficult or inefficient. In particular, a typical isolation
method involves sedimentation, which allows for the nanostructures to precipitate while a
liquid phase including the polyol and PVP forms the supernatant. However, it is common
25  that the low aspect ratio nanostructures co-precipitate with the nanowires and become
nearly impossible to separate. In addition, the co-precipitated nanowires and the low
aspect ratio nanostructures are often difficult to be re-suspended in a liquid phase,
impeding any effort of further purification. Moreover, certain polyol solvents are so
viscous (e.g., glycerol) that a protracted sedimentation process may be necessary before

30 any appreciative amount of nanostructures can precipitate.



| east a portion of the nanostructures having aspect ratios of no nore
than 10. 25Preferably, the process further conprises:
re-suspeng\;&gni/&% Rr ecipitate of (d) in water to provi g@T/%sﬁ)?&&@gn

di l uted crude mx?ure; and (g)repeating steps (c)-(f). )

As used herein, "crude mxture," includes nanowires and any |evel of

| ow 30 aspect ratio nanostructures, if such | ow aspect ratio
nanostructures are torikg, dngRRbesinRht FrefHESbost-HnaRSit Bhih QABPALIBA ki
the crude mxture is a reaction mxture inmediately WO

2011/ 0660NPGETlatssaiad haresees fibwl 4 wwderrgadtine miytntettbatiinclusies metahhanowires as

i bef i fication tak | ] h nbodi ment.s,
the crude s by metaAoehta hrdite afbeESator o b o BLeE RO PEH ST
| east one kgdnerIs)Vas partidnldr, Mel guriBiGatfot ipkdtess iRt dubésashie oAoRoMaR cgaes by a

process is applicable to any nanostructures having relatively hi %g
ani sot r opy, ketener{e.gs acafpnehaifich selectively e prograwivehaemavessabréantiplbsall eibe

process 1S RLel SLb8theh ol oy Slo-0ANRN IS Uihh3hi lmod gy RaL AL

sol vent can be, Tor exanple,  etthyl'ene gl'ycol, "1, 2-propyl ene glrycol ,

1, 3- propy! edi€ficgltics odbmmanlg fgeyl tenidowird parikekion dy alowing fe rapid for@ationof a
boi li ng point, sinple ketone that, has no nore than 8 carhons total.
Exenpl ary KEeeipEdion deminated by nenoyigss kaey 1e-frspeagiop 9f ths aanqyyies PraqipitALion jor

ethyl ket OnﬁFﬁ ; ifictic %ﬁfs%&a\%r@d}&ﬁb\ﬁi&r&ft}g r{aﬁgsu%‘éth&?t%f Jod e?sg@ét%lﬁ y

The anmount o one used in the wash cycle may vary. I's typlca
in exced8 ofe gt me nsars frandOnig todupenatafte. g., water) in the crude

m xture by 1, 2, 3, 34 5 or.6 tinmes by weight. Figure 1 is a flow
chart illustrating atI¥rsRGHIrRNY REPrecrehco Mt ess 100 for puri fyi ng
silver nanowres. Si I(y)er PRI £Sudd Riknkit bf AlnbMnRWRdshES ifdEledY

m xi ng 15 appropriate reagents (e.g., a silver salt, PVP and

gl ycerol ) imnestruetmissihaning bh espectr@) of e nmwaé ansknanodtmiciueesdpviog ai gspect

heated to 110C and al | 0 react. for. about 1 our.s | ock, 104).
e s eace At e e it Dt st Bl ineriinepde 1P 4 wBlybLEoRfeltie

m xturey9f predom naglgl Y PR\VAIMY £ErsdRAiMtcatixiite BOINThiNg Mater with the
wher eupon water is added to forma diluted crude m xture (bl ock 106).

Ther eaf t er ,crgd¢anigtitie product is added into an 20 excessive anount of
acetone (e.g., twce, Qr . . t ¥3q .
nanow r es, acconpani ‘gc b;BIg)%{:erg[aal %‘%@g‘le%?“@%‘n all}{%ﬁg%men, P%gﬁup}le(% ate

out (bl ock chifd)mixtiiewibp&etoas,ant conpri ses water, glycerol and
acetone, which are m scible and forma honbgeneous Ii&ui d phase that

appears to pronote tk® reBO¥INgARPERItaLF CQUpEisHIgMAPHTHEHTeS hpviRgan prgect
super naygnt.,.: T i 1 CH ck
110y TS wic AR AL SR P AN ot 1caf 4 RA VRS nicfird
112) and t Heviap egeci ktiostfmatmeste than bD.qriedib@@he ddpitagnideladipg aHlewing

repeated ( eéﬂ?' , faor 10 ti rm@é Thus, .each acetone wash cycle creates
a redi st ri FEEMSREEeR ?‘fgfh HEITR ed_alf?éonﬁé‘ﬂf‘%‘m’ fAdtes in the precipitate and
supernatant, respect (el YyenddRing! frdnfie Bfé%?itﬁﬂettﬁé SipEARthAY dddnprising the at
progressively nore and nore nanowi res and the | ow aspect ratio
nanost r uct Ueasta partiorpefithe pawitvwityreslmyinggishicerativg®f no more than 10.
2011/ 06?50 10PCT/ USZOlPée?e%gbﬁ)l},]the process further comprises:

® re-suspending the precipitate of (d) in water to provide a second

diluted crude mixture; and

(2) repeating steps (c)-(f).

As used herein, “crude mixture,” includes nanowires and any level of low
30 aspect ratio nanostructures, if such low aspect ratio nanostructures are to be removed or

reduced. In certain embodiments, the crude mixture is a reaction mixture immediately



Conductive Filns As di scussed herein, "conductive filns"
or "transparent conductors” are thin filnms forned by a network of

i nt erconn L ostructures. The el ectrical conduct i,ui é] b
conduct i vg’&? ?ﬁ%oékgﬂof ten neasured by "filmresistivi tywjtr)}rl]gwg /%%IES
resi stance,” which is represented by "ohnisquare,” or "ohnsq," or
"WD." The filmresistance is a function of at |east the surface

I oadi ng dengdiigifg the synthdd® JTWERR harfwifed BEMBEL dny SuAREHAOh ERSs ]ﬂ%e. YR bther
square area), the size/shapes of the nanostructures, and the -

intrinsic ekmbodinents, the opde mjxterk mayéncladeosnewisestha hevneen purdlindby ahdeast
used herein, thin film.s.considere onductive if it has a sheet
resi stance B?g]ﬁ%oq?i%bTmpﬁﬂH%E%‘gh\?@mg}eéferabl y, 10 the sheet

resi stance i s no hi ghglhdupathelidcesMPapslicABIL td Uy nakoHUBAAS hadihg Ailivi).

Typically, the sheet resistance of a conductive network formed by
net al narfoshigh@niseteepyi suchmps.twithoptlimiéations nahpwire a1 19ROy thePosesss D,

from 100 S2/0.to ,750.12/111..from 50 5- Celr 0
C/0to 500PEH Y fsrrsél%erl‘t?ﬁi‘ﬁ?ﬁp‘t“%?cig?)‘" 1@%’,101’%0?%%19%’6&%}’%&% SQ%QE\AE,
from 10 12/ ah?rl@négly@lpl,2-@Eo;fy[eﬁéfgﬁzccﬁ21,9-p&®yleﬁhe eevl, A Rydeed) |y, the
conductive filmcan be characterized by "light transm ssion” as well

as "haze." Transmi ssi B ketameisprefsrablye loarbodinggant simplg keteps thathasppght
transmtted._t i LNCi s b f

L Er o of oPoR P8 cALBRILHE i RUARBtnd byt R il o acotone,
250nm t 0 080@iethyl ¢thyMa@tone (SIEEN) ek 3psmtamond. he pdferied ketoaa mcetonorlThef t he
conductive filmis, at Ieas'gghth% at %east 60% . at | (Tlast 70% | east
20 80% at PRAE ofkejpneysed uthe wagogyc g VAP o i5 TSRS ST RITRS | ve
filmis cong y RAKGART inlh thb@RE bl 1 2030 555 bP tilne ight.
| east 85% ala?g%{@% Sé)?\‘ye?i;\%%; of Pinéhetérg%fusi on? 1t refers tlo ?E\iwelg
percent age of the qudrigireyl ind flbwghart Bleptzatiag ed efmbodimenicofisnehy adraeess 1 Gt
and scattered duyring.transmssion (i.e.,.transm $sion, haze). Unlike
light transf r?&f‘{?’r‘f} WFHW“P%’“?%%@%P%O%?M? Wlail?' S¥’ﬂges¥§§|})ﬁrrﬁmflg:gg. ,
the conduct iygofriatdBeagddBAE gl, 8 sibick 84, VP26 Bhlct:Rl) ir & reOisiAbbcRNM) S
typicall'y caused by surface roughness and enbedded Fartlcles or

conposi ti onkhertaftenrthepsacsioniiskeated to hE Rl ahoweditoveact By ababb hpyrs dleck

he h f : d i % .
Lhan 85 oty 40t ARG ten SRIRL DALY oG PR bl B ©

By i sol ati ngreBaiwielyatanbwies dcovhpimRdHy cofaintnafBIohdrenpoh wWaks is ddded ®
possible 30 to minimze or elimnate the bright objects in

t )
conduct i ve farmrp dilyredeanderaixait (blagkd 06). Thersatter the spde BFQ%?&‘%",“P‘]%G pntg an

parti cul,ar [ i

D011/ el ofh TR EhREYERYG e CYLRRE S fortkGhiehendty WeighPuid HO
i mport ant t garoivilics, atdvenpaniet &y acértdim kvelaf castpmitate; precipitata na(blok 1 M) es
bel ow a certain threshold | evel, i c& can be ch rgct er ] z.n]céj bet he
counts of sBNSUREHBERLGRRINESESIVAlFT, By seral agd agetanes WhichapedniseiRle and forma
embodi ment j i} - i§iGStRDh ANER cOhtaRinakts
st 200, ofoidastEshs faGRMEHb Spbdly T} BRALOOAS BULABIBHY

nanost r uct uinesthp supemakdni. MEfecacenIphase Gupanaint) isshepclingarded (htocki I1H). The

a specific enbodi nent, the conductjve fil a haze of no e than
0. 55 St HEPSBB R TrovpaceLinu Ry b rrenges Haaien

resi stance pgciatioBeAd! a0 20 Wepéhtand 670 GorM'tBndsh ani 0dch awtore RRGA cycle
rati o nanostructures per mllineter 10 square area of the conductive
film In a epseidiedisarbvton obnmnowiresand sorterinates i the prenipitats apdsweurianb

0, .
more than Or'egpSeéEively, until the precipitate contains progressively more and more nanowires and the

low aspect ratio nanostructures are progressively negligible.



The nunber or counts of the | ow aspect ratio nanostructures can be
ascert ai ned by vi sual i zing a conductive fil munder magnification

(e.q. xl k field node. The fewer | ow aspect
nanostruct ures /%ﬁ-@ hi gher conductivity can be expect ed@i@g%mom«wl
gi ven | oadi ng denS| ty. To prepare such a conductive film

a liquid dispersion of the purified nanow res can be deposited on a

substrate, §&gldeMedrilkys a drying or curi ng process. The | iqui d
di spersion Ts also referred to as an "ink conp05|t|on or "ink

fornul ati on " The i nlAsohsepssed herem, foppiustive {ilmeop i irzgrggarqltpbmduaﬂors asali

nanow r es ui carr r 0. The ink co i.tio

pr epar ed ba fgmgggyraéﬁ v%odhggwfe'r%np%cﬁmgpar%tgu@gf%ﬁ 5§fc%ctures
(e.g., nanownaﬁ'&bmy\wthe Rohduchive RIS ¥HO mbdrarddd3cHing re@gﬂsl Yor O§heehre
final conductive filmformed on the substrate. The liq carrier can

be any sbhi tigkibtenasy gdncltlsmpri:sqntp@ém‘@n@/muamiord‘ph@ésn @ﬁf@fﬂi nEheuihg,

f | e t Th
0 corome. cssHBNEls o g BRSNS ondhe e SifgRle
ket one, andconBgctive Knowifee pel L@lﬁhqhar@ae@)dths Qiz¢ehdpes aﬂ’thd‘)ﬁanoﬁtﬁrcuﬁe(saﬁﬁﬂ the

met hanol , et hanol , isopr opanol et hyl ene gl ycol, diethylene gl%(;ol .
tri et hyl eneingingieslectrisplaonesire! fieynappsirugitts congitpinge As used herein,a m is

i nk_conposi Jo'rlgﬁeljg?}fondu& \qu it hglscal 448 r%%f% ndé of I ﬁ RIS ot Bt g;&&%ﬁ'l‘fy

or reduce aggregation Or corrosion o € nanos ructures
facilitabe théeheermesikhhdedadio mgheﬁ‘@hanflof e In2,006 YT LoesQAn, drhéo /0.
substrate. These agents are typi_cal non- vol Etl I eggnd i ncl ude

sur f act ant sTyPigaliy.d8¢ theetresistancs of a consuptie nshvark ferpied By metal geposirctyresds.
VIO 2011/ 0660 k@%@k@?ﬂ%ﬁl 1@%@@90 1000 /1, from 1000/ERLtBD @z/gmﬁfaﬂf STBAIS to

the ink conposition in es surfactants, which serve to reduce
aggr egat i or200fQATh droma s ot 30062/, ey LRI E) Q¥R rfdne $0 &¥1 to 200

suitable s cl uox o uch as ZONYL(r)
sur f act ant lsﬁ;[?rft& Eﬁ?%ﬁiﬁﬁﬁ@(@ ﬁ%ﬁ“quﬁt%ﬁg/ﬁ ZONYL(r) FSA,
ZONYL(r )5 FSH (DuPont ophiedllyC ek Sondliclive fled & be ehiddkdteriR @y NEMr ZAMniidibn”
St. Paul, MN). O her exenpl ary surfactants include non-ionic

sur f act ant sisiyeetled “baze 3| kphymrissien reéemoxlgﬂ peresntagppbineingident dightrteansmiited

i ncl ude, a 1 :
x114, x45) %éfﬁgh %ﬁgu‘p‘h%ﬁ%ln?"é%ﬁ‘g %}ﬁ ¥°s"31tf: S"“ﬁ&%E@‘r&%l&%@é&&
Chem cal C@V@%I%MgthMeﬁ%@ﬂdbouM%nnﬁér&Dbﬁh BXRFPusENbRIIMentqhelight

surfactants include acetyl enic-based surfactants such as DYNO( 10

(604, 607) tansmispep aiibe sonduetiverftm ie af 1gast $ive, at loast QOpt, ghigast Pk, %d%ﬁst
n-dodecyd fedoDUpflRg5dleq 1dd S, L2 gﬁ]pm% ml Cﬁxdu‘:ﬁ\% fiKs 8&&1&@?&& ion

i ncl ude$” one’ 8r nor e visc03|t lers, serve as a bi nder
t hat i nmobi‘“tragsparenhtyef tha hghtttraus:hmmels 1scan leastSGts tHeat é. anEndaemmlf tightafiffusion.

suitabl e VIS sity nodifiers_incl ude drox ro el
( HPMD) /10 tE%quEﬁ“%EO the GupL ﬁ%ﬁwﬁﬁrfm "&Fe%ﬁfﬂ“ fléiﬁraﬁ Xy
met hyl Cel ! Uzltf% »dudifl i S?I{ Qﬁ&é} (EE h%énsﬁl?ésioﬂlhgﬁﬁ UhkPRdH: bdinfsion, which is

enbodi rrents e rat uffactant to the viscosity nodifier is
preferably largel'y laepromrtg of te nzidoun (30, th@cmnldwtvecﬁlml ‘hazenie oftert 4 prodiictiohe

Vi Scosi nodi fier,to th nanpw res, i s the range
of aboué5y cpRCeLh G s 8’95@ ?%'Seci)l?y aperopghness; “%Fg(%d%ﬁﬂﬁl Tor i g
the range @hmpsifithaPnckeroSnetiidgin' BOMRAIAM. An ViXickis eAMOdikdegts] thE h@ef the

transparent conductor is no more than 10%, no more than 8%, no more than 5%, no more

than 1.5% or no more than 1%.
By isolating nanowires from low aspect ratio nanostructures, it is possible
30 to minimize or eliminate the bright objects in the conductive film formed thereof. Thus, in

certain embodiments, for a particular set of performance parameters, such as relative low



the metal nanowires to the surfactant is preferably in the range of
about 560 to about 5. The ratios of conponents of the ink conposition
may be rmq\i,(;'&oqgm g]ﬁbendi ng on the substrate and the net 98?/U§£010/046541
application used. The preferred viscosity range for the’in )
conposition is between about 1 and 100 cP. In any one of the above
enbodi nents, the 25 nmetal nanowires may preferably be silver

Nanowi res. resistance and low h&R, & WisipbAMR (¢ RRit AR MMbeNBEEBE ioM aspét fatiohi ch
nanow res are deposited. The substrate can be ri gid or flexible.

Pr ef er abl y, neppgrusiyses helgvea pestagy theeslgld leyel, which cammpe chiaractsrized hygghe counts of
transm ssi on of bal s, | east 80%in the visible region
(400 nm - 7%188H%OQE@%%%%Q@H&U%P%% substrates include gl ass,

pol ycar bonat es, acr ylThas, onaegibédifestGroviéesd.a coiduedyéd fikwthar has apedstaalct yf at
gl ass such as al kali-free gl ass (e.Sq. ,. borosilicate), low alkali WO
2011/ 0669 10rest2Qiolm/s0.Gué 89 mog; haw 1509]aw ashest 1alip BRROSERTYpsReS Milkimetar ¢

can be usedy,, I ?;.retﬁ%? ﬁ‘iquohélchl@‘ﬁﬁn.i thd é&%&? %}é?t%jlﬁﬂﬁﬁ%% g&ld}:ﬁéﬁgfﬁfnrﬁas %1

panel di spl systens, 1 ncluding Liqu 5play
Exanpl es ofhak¢ efkndonereghdndd. 5%t es i ncl ude, but are not limted to:

pol yesters (e.g., polyethyl ene terephthal ate, (PET), polyester
napht hal ate, and pol f%&?‘lﬁb?fé‘?@}@e'ﬁ P&ml%laéf"i‘%t“(ee}.ﬂ&! ‘?‘a'i l%laﬁéé‘fS}Stance of at

branched, g t@d&éﬂrﬁ/scg%dvrm Rde! ’SOQ(P(%\?/Xép@é‘clrﬁic(I?angstrucﬂﬂés\ﬁéf Ailimeter

chl oride, polyvinylidene chloride, polyvinyl acetals, polystyrene,

pol yacr ¥0 atsgsare ared of the chndueliye flel. | Inlacperifistmbodiasdsthé eongluctivedilindiapg e

triacetate, cel)lul ose acet ), pol ysul phones such as

pol yet h_ersdﬁ_aﬁ*h mﬁ&ltm%%e/g silicones, and other conventional

polynmeric films. The TihkuGBEFREShilntOsT tRAIBwWIBPALRES nhRftr@étulch6an be

substrate accordi ng to, for 10 exanple, the nethods described in
B

co- pendi ng askestained by Nisuglizing acconietiviiblm vades pggifipation (e.g., x100) in dagkifigld
coating is a Lcal technique for depositi a.unifor il n
Bt 0 Byl SR RS Rt P g Byt i Bt

substrate. 'n

thin filss fofa yiath RASing déskknesses can be forned. It is understood
that the viscosity, the shear behavior of the suspending fluid, as
wel | as the interact TOmirpetsielomcandactivgibm ¢ Bauid dispersipp afthe pyrafieds

di stributi i ti V] i I F
exarpl et RanRes b 8E SRORALn dbuiile, (IfouRERY Wik iy GFRARL bRKess The
a gl ass sulfgjuidadispessionsis appe ederedd td @Har? RO conpposition” 60 isle foomdlationf tihe ink

accel eration of 1000 rpnis. The thin f i(hm can be %ui.t her subjected to
certain poSPUPPEEPHRRAIE!Y SORATE hRjUBHR] HJ2BrIEGENF 811996 C8BEbnds and
140C 1 050 90 seconds. TRE GRS oéifi&%aﬂ%@tpré#a{eﬁ bSded Wh lateMted 8 AtenBRi AT
be further enployed to adjust the final filmspecifications.
the total nanostructures (e.g., nanowires), which is an index of the loading density of the
final conductive film formed on the substrate.
The liquid carrier can be any suitable organic or inorganic solvent or
solvents, including, for example, water, a ketone, an alcohol, or a mixture thereof. The
25 ketone-based solvent can be, for example, acetone, methylethyl ketone, and the like. The
alcohol-based solvent can be, for example, methanol, ethanol, isopropanol, ethylene
glycol, diethylene glycol, triethylene glycol, propylene glycol, and the like.
The ink composition may further include one or more agents that prevent or
reduce aggregation or corrosion of the nanostructures, and/or facilitate the immobilization

30 of the nanostructures on the substrate. These agents are typically non-volatile and include

surfactants, viscosity modifiers, corrosion inhibitors, and the like.
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As understood by one skilled in the art, other deposition techniques
can be enployed, e.g., sedinentation flow nmetered by a narrow

channel , q&§ﬂﬁb&%$ujlom/on an incline, slit coating, gpaYAks1GRRLLNT.
m crogravure coating, bead coating, dip coating, slot die coatl ng,
and the like. Printing techniques can also be used to directly print
an ink 25 conposition onto a substrate with or without a pattern. For

exanpl e, inkjet, flexxppeekdm Erﬂﬁodiﬁ&ﬁs,&ﬁéiﬁﬁ@or%sﬂidnﬁﬁblm siacRAR] AHRE.
WO 2011/ 066010PCT/ US2010/ 046541 EXAMPLES EXAMPLE 1 PURI FI CATI ON BY

ACETONE WAStdrvedo 5@lge aggregatioeefthe nanostrysturesn Representaive ekemplasofsytee
7.5g PVP, 55ng 5 TBA 50 Skl ver nitr de bott] e. - and
t he ni xture® .gta?]tég}cghiei%wogswﬁgén@gﬁ%%sﬁ@ﬂng WP%C%%{S?A‘L%@? m%m s.
Once the reanyiZONWLR FS0SZONY L0 A ¢ ONY BOESH $00RbH0 Thdhibdmewilmiigesh,
The crude diluted reaction m xture was added to 2kg of acetone,

produci n§ aDEpand NOVECYAIM, $ir Bavh MN» cOir etemplarnauriagiaats ingludgmoniioni¢ d

was separated.fr the sem i L pi - Ak

Fitrat on THPOAOR iR oG EnPaHE il Bod Yor RN O oty
si | ver nanoytylpifen6Déth@dylist such 4sITRITONSE (4100,a81€4,0d6), dndaciylpheind
resuspended in DIW Thus, the precipitate was then re-syspended.in
about 200g hoxyles speh %@%Tﬁﬁ{"éﬂ)qvﬁcé%’g‘jala@ﬁﬂﬁ‘ﬁé M‘ﬂl?é’ge&% Tkttt
precipitati o RRRNR! R0 SEMELAL shnBDTIOLP a
l'ight tan f?9‘84"?%‘%‘i‘%ﬁ?’g.ﬁﬁg{}%&%@%t@%ﬁéﬁ@ %'Ia'hal%gd pr eci pistsat e was

r esuspended6df GO7)AanProdags il Clebnticals; Bt allentosinn P4 4rivli mdadedyliPoldg
silver nanowi res, alnost 15 free of small nanoparticles, |arge
particles, patpsisle; ght triangular silver crystals, while the acetone

phases contai ned mai §}, YertRESELIIMNEIY, b iRREShSdsRon iADERE BRS orthdrB vidcosity

3,

smal | anount of silver nanow res. EX'AIVPLE.Z RANSPARENT CONDUCTORS
MADE OF PU%&iE&sNﬂh@\&dﬁ@sﬂb’fn@nMWlebmmnwuﬂW% o 2 |SHRSURES e

prepared by spin cqating, .on. | ass substra i Lt A
Compr 1 oi ng ERORA PRy s HefBie FeLcsrs L sraPe MR pRR (o)
wat er. @oMaEHEL RusARBanQunt, Halyemsl fAedhok; eaot wethyMetlelosd, sud hydroxy
simlarly prepared using silver nanowires that were simlarly

synt hesi zecetisl celptlogeor t he respective pol yol solvents used in each
synthesis and the post-synthesi:s 0 thel h t6 The viscosit
denonstrates that, fgﬂ’p ‘&‘fl%‘eeﬁn"s?ﬁ%’g“i% Sl’glgirév?uls&\}iﬂtl%/@fta 8 trar?svrﬁ?gssli}fon
and haze argodifBsis pRIGEbLY irl #ipFmge of about $letotaban Ky entratiorfdetisrosity
formed of the gurl ied silver, nanow res obtained {rom%geabgllnyo(.:&{o%s,or

sol vent, bevedifer t@ﬁhednﬂé]cﬂ?@@élir‘?ﬁ}ﬁﬁ@fer%w o #Eigee abolk _
nanost r ygt ur as. as. W6 1odS, bR thdREESs 11808 6f the kg BEO 1631 Qid R Fatio of

the metal nanowires to the surfactant is preferably in the range of about 560 to about 5.

The ratios of components of the ink composition may be modified depending on the

substrate and the method of application used. The preferred viscosity range for the ink

composition is between about 1 and 100 cP. In any one of the above embodiments, the
25 metal nanowires may preferably be silver nanowires.

The substrate can be any material onto which nanowires are deposited. The
substrate can be rigid or flexible. Preferably, the substrate is also optically clear, i.e., light
transmission of the material is at least 80% in the visible region (400 nm ~ 700 nm).

Examples of rigid substrates include glass, polycarbonates, actylics, and the

30 like. In particular, specialty glass such as alkali-free glass (e.g., borosilicate), low alkali

11



WO 2011/ 066010PCT/ US2010/ 046541 Table 1 No Acetone Wash Acet one

Wash Pol yol

sol vent Et hyl ene glycol dycerol % Transm ssion 88.1 90.1

% Haze 2. Mﬁ@% sistivity 25 24 EXAVPLE 3 COUNTS O -BRLfdiloses1
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glass, and zero-expansion glass-ceramic can be used. The specialty glass is particularly
suited for thin panel display systems, including Liquid Crystal Display (LCD).

Examples of flexible substrates include, but are not limited to: polyesters
(e.g., polyethylene terephthalate (PET), polyester naphthalate, and polycarbonate),
polyoleﬁns (e.g., linear, branched, and cyclic polyolefins), polyvinyls (e.g., polyvinyl
chloride, polyvinylidene chloride, polyvinyl acetals, polystyrene, polyacrylates, and the
like), cellulose ester bases (e.g., cellulose triacetate, cellulose acetate), polysulphones such
as polyethersulphone, polyimides, silicones, and other conventional polymeric films.

The ink composition can be deposited on the substrate according to, for
example, the methods described in co-pending U.S. Patent Application No. 11/504,822.

Spin coating is a typical technique for depositing a uniform film on a
substrate. By controlling the loading amount, spin speed, and time, thin films of various
thicknesses can be formed. It is understood that the viscosity, the shear behavior of the
suspending fluid, as well as the interactions between the nanowires, may affect the
distribution and interconnectivity of the nanowires deposited.

.' For example, the ink compositions described herein can be spin-coated on a
glass substrate at a speed of 400-2000 rpm for 60 seconds, with acceleration of 1000
rpm/s. The thin film can be further subjected to certain post-treatments, including baking
at 50°C for 90 seconds and 140°C for 90 seconds. Pressure treatment with or without heat
can be further employed to adjust the final film specifications.

As understood by one skilled in the art, other deposition techniques can be
employed, e.g., sedimentation flow metered by a narrow channel, die flow, flow on an
incline, slit coating, gravure coating, microgravure coating, bead coating, dip coating, slot
die coating, and the like. Printing techniques can also be used to directly print an ink
composition onto a substrate with or without a pattern. For example, inkjet, flexoprinting,

and screen printing can be employed.
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Conductive fil mwas prepared by spin coating as described in Exanple
t2). 5 TheI nunber of the | ow aspect rati o nanostructures was determ ned
y visual izl nductive filmformed of purified si L J. €S
under a m@%@é’%gﬂat approxi mately 100x magnificati onk'gﬁ/gsgﬁ&%\g%{%
field node. Pictures were taken of multiple frames and the | ow aspect
rati o nanostructures counted (Figure 2). The | ow aspect ratio
nanostructures 200 were typically br EXaAMPLEShorter or w der than the
silver nanowires. In 10 particular, the [ ow aspect rati o nanow res
had an aspect ratio of |less than 10. The counts of each frame were
averaged and converted to per unit Sgf P ea. Table 2
shows the counts of the | ow aspect rg{(ﬁyﬁanostructures in tw filns
of different |oading densitie®uriMracioNn®y AcsoomdVASH r especti ve

resi stances, transm ssion, and haze. In particular, the haze of film

2 is 50% of that of FT4 500k JIRHRMSEINGfcleadlgldseBitle Was ddfle@AISE PVR, bomer
nunber of |ow aspect rati o nanostructures.

VO
2011/ 066010PBH LSS 50v9»é65ds Thetottleovas cpreghand hiemixtpreRuas hepted in 4/ 110°C
(Chnt sq. ) 1c7:c9nvgaloon-|(->rv P NaBout 94 hg)l]_r%) Ogge tﬁe ?e%ct}bnl_l‘ﬁﬁ(‘ﬁlré 8@15 &ofkd 38JC, 500g

of DIW was added. The crude diluted reaction mixture was added to 2kg of acetone,

producing a semi-solid dark brown precipitate. The supernatant liquid was separated from
the semi-solid precipitate by decantation or by filtration through a medium porosity glass
10 frit. Unexpectedly, the silver nanowires contained in this precipitate could easily be re-
suspended in DIW. Thus, the precipitate was then re-suspended in about 200g DIW and
re-precipitated in 800g acetone. These precipitation/re-suspension steps were repeated
several times until a light tan fluffy precipitate was obtained. This precipitate was re-
suspended in DIW and was found to contain mainly thin and long silver nanowires, almost
15 free of small nanoparticles, large particles, and bright triangular silver crystals, while the
acetone phases contained mainly these unwanted particles, together with a small amount

of silver nanowires.

EXAMPLE 2

TRANSPARENT CONDUCTORS MADE OF PURIFIED NANOWIRES

20 Transparent conductive thin films were prepared by spin coating, on a glass
substrate, an ink composition comprising the pﬁriﬁed silver nanowires of Example 1 and
HPMC in water. Comparative samples of transparent conductors were also similarly
prepared using silver nanowires that were similarly synthesized except for the respective
polyol solvents used in each synthesis and the post-synthesis acetone wash. Table 1

25 demonstrates that, for a given sheet resistivity, the transmission and haze are considerably
improved in the transparent conductor formed of the purified silver nanowires obtained
from the glycerol solvent, because of a reduced number of low aspect ratio nanostructures

as well as the thinner diameters in the nanowires.
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Frame Low aspect

rati o Nanostructures Counts Low aspect ratio
Nanostructures Counts 1 11 2 2 9 4 3 8 6 4 9 358

WO 2011/066010 PCT/US2010/046541
Table 1
No Acetone Wash Acetone Wash
Polyol solvent Ethylene glycol Glycerol
% Transmission 88.1 90.1
% Haze 2.85 1.54
Resistivity 25 24
EXAMPLE 3

COUNTS OF BRIGHT OBJECTS IN TRANSPARENT CONDUCTIVE FiLM

Conductive film was prepared by spin coating as described in Example 2.
5 The number of the low aspect ratio nanostructures was determined by visualizing a
conductive film formed of purified silver nanowires under a microscope at approximately
100x magnification and in dark field mode. Pictures were taken of multiple frames and
the low aspect ratio nanostructures counted (Figure 2). The low aspect ratio
nanostructures 200 were typically brighter, shorter or wider than the silver nanowires. In
10 particular, the low aspebt ratio nanowires had an aspect ratio of less than 10. The counts

of each frame were averaged and converted to per unit surface area.

Table 2 shows the counts of the low aspect ratio nanostructures in two films
of different loading densities, which correspond to respective resistances, transmission,
and haze. In particular, the haze of film 2 is 50% of that of Film 1 because of, at least in

15 part, a fewer number of low aspect ratio nanostructures.

14
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10

58529 13 2 10 11 6 Average Nanostructure Counts Per

3.6 Low aspect ratio Nanostructures Counts per
WO 2011/066010 PCT/US2010/046541
Table 2
Film 1 Film 2
Resistivity (Ohm/sq.) 170 600
Transmission (T%) 92.6 93.1
Haze (%) 0.42 0.21
Low aspect ratio
Low aspect ratio Nanostructures
Frame Nanostructures Counts Counts
1 11 2
2 9 4
3 8 6
4 9 3
5 8 2
6 8 4
7 7 5
8 5 2
9 13 2
10 11 6
Average Nanostructure
Counts Per Frame 8.9 3.6
Low aspect ratio
Nanostructures Counts per
mm? 1070 433

All of the above U.S. patents, U.S. patent application publications, U.S.

patent applications, foreign patents, foreign patent applications and non-patent

publications referred to in this specification and/or listed in the Application Data Sheet,

are incorporated herein by reference, in their entirety.

From the foregoing it will be appreciated that, although specific

embodiments of the invention have been described herein for purposes of illustration,

various modifications may be made without deviating from the spirit and scope of the

invention. Accordingly, the invention is not limited except as by the appended claims.
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| TIM2 1070 433 Al'l of the above U S. patents, U S
patent application publications, U S. patent applications, foreign
patents, foreign patent applications and non-patent 5 publications
referred to in this specification and/or listed in the Application
Dat a Sheet, are incorporated herein by reference, in their entirety.
Fromthe foregoing it will be appreciated that, although specific
enbodi nents of the invention have Qﬁﬁgkﬂgscribed herein for purposes
of illustration, various nodificati y be made wi t hout deviating
fromthe spirit and scope of the 10 invention. Accordingly, the

i nvention hgoR@lctild Hink 88hnfrtGegpPt as by the appended clainms. CLAIMS
1. A conductive filmconprising: _a conductive network of a

pl ural it g condustivg aetwealn olvie deralitianf siuey renpwipsthahbas ofesigtanpegbat 8asp00
ohnfsg; ?ﬁgon HQ&» t han 1500 nanostructures having an aspect ratio
of |eSs n Pér mllimeter square area of the conductive film

2. The caodugt ithed 00 Maddstab@ied hhyingtearapert rdtn elecuhin Y@ pki fllimesr a
haze of no nore %@%han 0.5% _.3. The conductive filmof claim1

wher ei n PHEICHRYVAIDE GILHYRTHES a resistance of at |east 600 ohnisq;
and no nore than 500 nanostructures having an aspect ratio of |ess
than 10 per mllineter square area of the conductive film 4. The
conduct i veTh¢ Fendoftive B8 claie reivherciethe sradistive dilmhapathage af Razeoref
no mype Hhan &, 25% 5. The conductive filmof claim1 further
conprising a viscosity nodifier. 6. The conductive filmof claimb5
wherein the viscosity nodifier and the silver nanowires are in a ww

rati o of to Q.1. . The.conductive filmof claim1 wherein the
Viscosi t9 MrRitive Sl i sy shachiediipis et Rsgep o o
600 ohm/sq; and no more than 500 nanostructures having an aspect ratio of less than 10

per millimeter square area of the conductive film.

15
4. The conductive film of claim 3 wherein the conductive film has a haze of no more than
0.25%.
5. The conductive film of claim 1 further comprising a viscosity modifier.

20

6. The conductive film of claim 5 wherein the viscosity modifier and the silver nanowires

are in a w/w ratio of 10 to 0.1.

7. The conductive film of claim 1 wherein the viscosity modifier is hydroxypropyl

25  methylcellulose (HPMC).
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