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- BACKGROUND OF THE INVENTION
15 Field of the Invention

The present invention relates electrically conductive coatings. More
particularly, the invention relates to transparent electrically conductive

~ coatings comprising carbon nanotubes.
Description of the Related Art

| _' 20 Electrically conductive transparent films are known in the art. In general,
such films are generally formed on an electrical insulating substrate by
either a dry or a wet process. In the dry process, PVD (including
sputtering, ion plating and vacuum. deposition) or CVD is used to form a
conductive transparent film of a metal oxide type, e.g., tin-indium mixed

25 oxide (ITO), antimony-tin mixed oxide (ATQ), fluorine-doped tin oxide
(FTO), aluminum-doped zinc oxide (FZO). In the wet process, a

- conductive coating composition is formed using an electrically conductive




,such filns are generally fornmed on an electrical insulating substrate by

either a dry or a wet process. In the dry process, PVD.gi i
sputtering, ion plating and vacuum deposition) or C,\/Dzlgsg%ﬁ!se&é{g)e?%oqsorm a

conducti psparent filmof a nmetal oxide type, e.g,  tin-indiumm xed
25 OXi de%%, antimony-tin nixed oxide (ATO), fl uoritfd/G8E¥A%in oxi de
-(FTO, alum numdoped zinc oxide (FZO. In the wet process, a conductive
coating conposition is formed using an electrically conductive 23 Septenber
2005 WD 02/076724 PCT/ US02/ 09140 2 powder, e.g., one of the
above-described m xed oxides and a binder. The dry process produces a film
havi ng both B8WHeT: F&naw50k tes 2bave-dgseribed aiad oxides tivfalh@n)hVeffhei t requires
a conplicateg t [ yst and has popr oductivity.
Anot her pr obl gﬁnp gge%hgl%gpge%gg}@clelé‘?ﬁg;gnidﬁﬁ%olgiﬁﬁngpad?‘ﬁ}'i grﬁftg‘)% apply to a
conti nuous orotrugtivits t HewevesUithreqaked ROLQBPIARARIAC appardths %vﬁlgoav wi ndows.
The wet process req)éusi res a relatively sinple apparatus, has high

product i vi t yY2HE system epd thgs pepT pradyclvitendinethst prablemiaf theldey r at e. The

el ectrigal | y,RBAUE tHaY 6t P g%, rocess . is a very fine 10
powder havi ng an averaage1 p%rgmélrtyé rI#?%%g%Hﬁg&rPe é)?%ilﬁ‘at?.séatﬁrﬁugl? | ess so as
not to interéseplotegraphic filmspeshemcyindbwshe resulting film To obtain a
transparent coating film the conductive powder has an average primry
particle di er of half aor |ess 016 m of .the shortest wave of visible
light so asa’g@% Ve A0AESh OHNres @ I("F ﬁY&yaﬁWH]% YoATaS: | 1359 Mt t eri ng of
the 15 vi siprotudtiviy} and ieed9\6|PRIERT a ebndirtolib 85 b kinéag@NIpRS | ve organic
pol ymers and pl ast‘?dgs has bgen gﬁgoi ng since the I;%te ‘irgf%O' s.éThese
efforts haveelgstaralby condvgtive powdemisest imithe vees quioaess polaywey sfisuich as

pOl yangl i ne, powder having an average primary particle diameter of 0.5 pm or less so
as not to interfere with transparency of the resulting film. To obtain a
transparent coating film, the conductive powder has an average primary
particle diameter of half or less (0.2 um) of the shortest wave of visible
light so as not to absorb visible light, and to controlling scattering of the
15 visible light.

The development of intrinsically conductive organic polymess and plastics
has been ongoing since the late 1970'%. These efforts have yielded
| conductive materials based on polymers such as polyanaline,
polythiophene, polypyrrole, and po!yécetylene. (See "Electrical
20 Conductivity in Conjugated Polymers." Conductive Polymers and Plastics
in Industrial Applications", Arthur E. Epstein; "Conductive Polymers."
Ease of Processing Spearheads Commercial Success. Report from
Technical Insights. Frost & Sullivan; and "From Conductive Polymers to

Organic Metals." Chemical Innovation, Bernhard Wessling. |

25 A significant discoirery was that of carbon nanotubes, which are
essentially single graphite layers wrapped into tubes, either single walled
nanotubes (SWNTs) or double walled (DWNTs) or multi walled
(MWNTSs) wrapped in several concentric layers. (B. I. Yakobson and R.




pol yt hi ophene, polypyrrole, and pol yacetyl ene. (See "Electrical 20
Conductivity in Conjugated Polyners." Conductive Poly nd. Pl ics in
I ndustrial Applications”, Arthur E. Epstein; "Conduct F@gﬁﬁ%ﬁ%ﬁ@% Ease
of Pr ocegﬁ%:&%,]@gﬁar heads Commerci al Success. Report from Techni cal
| nsi ghts.” Fros Sul l'i van; and "From Conductive Pol yR&T&S0Y91 gani ¢
Metals.” Chem cal Innovation, Bernhard Wessling. 25 A significant discovery
was t hat of carbon nanotubes, which3jre essentially single graphite |ayers
wrapped into tubes, either single walled nanotubes (SWNTs) or double
wal | ed (DV\NT1|§‘) or multi walled ( ). wrapped in several concentric

(B. ¥

MANTs
| ayers. Spallgps o Rullasener Nangtubes;t Eixivepo0 2005 Bagowd’, 048z@aan

PCT/ US02/ 091 - g . r LG 000, 000. and Beyond",
Amer i can Sc‘?ﬂng%tlisg‘tl'sgﬁ@# 9%‘5!“ §/tF1 X’t’gﬁs?‘%B@@f%‘gﬁﬁﬁoﬁ‘gﬁ‘yom}‘q?‘?%t wi del y
reported in 19099@EhillBrB4ll, i“ThRmigh th¢ Nanombér, ey Shiannt Ubeuly 1998, Scientist, 6
July 1996, . -31.)  carbon nanotubes are now readily synthesized in gram
5 quantitiedi ﬁglg’ﬂg Faiben aRasofubes ape 5w readilywsynthesizedd ik graml so bei ng

of fered compmRhdi&lih | I.NS] L.ect I ca.

conductivity and hlag}ée %ggrﬁidéggali!%\égg%gﬁ%ﬂ’\%aﬁagetéelg? g?lgig .ege.d Pat ent No.
5,853,877, tdwnmkrsiellps (he tobesvitvivehgdosl intrivsicpeleaties doyidudthfigrfidce in its

~entirety, relates to the use of chemcally-nodified 10 rmrultiwalled
nanot ubes (-E’Aﬂxﬁ%enﬂ‘f’g‘tié‘b%&qﬁﬂﬁméﬁﬂa@wﬁs disclosed in U S. Patent No.

5,853,877 are optically transparent when fornmed as a very thin layer. As

the thi ckneds.SofPatche Nd. |5)853 875 QRS @scldRu! 8RcH RahcBRRMePbym the filns
| ose their optical properties. U S. Patent No. 5,853,877 also'relates to

films that APiETEe nid i enfiralyd relteswite hibat udsi wdechemidally-fiodifiedi ncl ude
bi ndejg W t i drVaiidd M-SHIEHAWRE). The coating and films disclosed in U.S.
' | Patent No. 5,853,877 are optically transparent when formed as a very thin
layer. As the thickness of the films increases to greater than about 5 jm,
the films lose their optical properties.

U.S. Patent No. 5,853,877 also relates to films that are formed with and

15 without binders. The films include binders with a very high nanotube
concentration and are extremely thin in order to maintain the optical
properties. For example, the patent discloses a film with 40% wt MWNT
loading to get good ESD conductivities.

U.S. Patent No. 5,908,585, the disclosure of which is incorporated by
20 reference in its entirety, relates the use of two conductive additives, both

MWNT and an electrically conductive metal oxide powder.
SUMMARY OF THE INVENTION

Therefore, a need has arisen for an electrically conductive film comprising
| nanotubes with a particular diameter that overcome those drawbacks of the
25 related art.




concentration and are extrenely thin in order to- namintain the optical
properties. For exanple, the patent discloses a filmw 40%, W

| oading to get good ESD conductivities. U S. Patent No.zgg,eﬁﬁg%b%%?m

di scl osure of which is incorporated by 20 reference in its entirety,

rel ates the use of two conductive additives, both MMWTI and an electrically
conductive metal oxi de powder. SUMVARY4OF THE | NVENTI ON Therefore, a need
has arisen for an electrically conductive filmconprising nanotubes with a
particul ar di t olnt=H h ated art.
23 Sept enber %&%d%&r&a‘ggg%glnce é\ﬁ&{?f‘o?atﬂfzf}ﬁg%ﬁégpg&e{é cl)fp{(ﬁgd({(ﬁéenti on, :
there is provimtiebda foretommhficurenesfufacédrben ohaotalhe-bortaidaizot ilkg- cont ai ni ng
film conprising: .a step of forming a first filmby applying a fluid
containing afCPRHENSCAFB P fanpingfelrshfimbysaplEns atfgﬂd couteiBs of a
substrate; gy i o) ) a d filmwhich
is made of aﬁ i nsﬂlgglibgirel %ér?]}o}‘ﬁ%gfﬁn?lsg S?’llﬁ?\%ﬂegr esflﬁgé;gapg % F’@%gr%%ave a light
transm t t ancerahowhg Heasivafsndricstep sfifdradiep 4 esdoatidigewhichliessdé han about
1010 ohns/squ Ln accordance with a second aspect of the invention,

" there is pr ovgég”@ ADSUPH OR Hien dirsth EUmo eherein ngpld  lmsc bave isilpt a first
fil t ai ni : i | 3.5
and ' second TReyRGRALO0AIINIE0 ARY b 3o RIRLEE oflest W AAR 10 "

l'i ght transnﬂ@‘toa)hm/sqﬁamt | east 60% and a surface resistance of |ess than

about 1010 ohms/square. In accordance with a third aspect of the

invention, there is, provi.ded a i spersi.on of nanotubes comprising a
plurality of ?%qu%aﬁgp & seqppe faspect of the ﬁlvent?on, tllljeresis pro%ed a J

carbon nanotube-containing film comprising: a first film containing

carbon nanotubes having a diameter of less than 3.5 nm; and a second
~ film disposed on the first film wherein said films have a light
transmittance of at least 60% and a surface resistance of less than about

10" ohms/square.

In accordance with a third aspect of the invention, there is provided a
dispersion of nanotubes comprising a plurality of carbon nanotubes with
“an outer diameter of less than 3.5 nm, wherein when applied to a surface
as a film of carbon nanotubes, said film is electrically conductive and

allows for a light transmittance of at least 60% through said film.

Other objects, features and advantages of the embodiments of present
invention will become apparent from the following detailed description.
It should be understood, however, that the detailed description and the
specific examples, while indicating preferred embodiments of the
invention, are given by way of illustration only, since various changes and

modifications



~an outer dianeter of less than 3.5 nm wherein when applied to a surface.
‘as- a filmof carbon nanotubes, said filmis electricall opdyct | and
allows for a |ight transmttance of at |east 60%¢t hrou&ﬁ S%QE’H%FF?%TS Qt her
“obj ects,a{ié&t res and advant ages of the enbodi nents of present invention
wi Il bect é?gf?&‘l‘ ent fromthe follow ng detail ed descrPptVe#9144 t shoul d be
~under st ood, however, that the detail ed description and the specific

exanpl es, while indicating preferreds enbodi nents of the invention, are
given by way of illustration only, since various changes and nodifications
23 Septenber 2005 WO 0 210 76 7 2 4 PCT/US02/09140 5 within the spirit and
scope of theWithitdhe spifit and scapecdithe mypatiemwill bedomys gppasduit td @mbsé n t he art
fromthis defa e I pthon I DESCRI PTI ON OF THE DRAW NGS The
acconpanyi ngg%?%ﬁgﬁg%%\%ﬁ%c Isadreéa%ﬁ(?gf"ﬂm%g?ed in and constitute a 5 part
of the specification, illustrate a presently preferred enbodi nent of the
~invention, @BRIEF@ESCRIPTION ORTHEDRAWKNGS' i ption given above and the
detail ed description of the preferred enbodl nent given bel ow, serve to

expl ain the fprinciples .of éﬁ[qz?e' I nventjon. .Thus, fgr, a nore conpl ete

- under st andi n’gheo?ccf’ ABYBE w'i“ﬁ?/’e'ﬁgllchﬁ,re {HOTRASRIEE 18 28A FORINUKt higes t her eof ,

10. reBerenqﬁd&tﬂ@wpdﬁmﬁb@,inb;ﬁraft@hbﬁa%ﬁtggﬁ%?&féd%%m dn connection
rch: Fig. 1 plot o

~with the acconpanyi ng draw ngs in wh s a conductivity
verses t hi ckpeggionoadsegethasavitnthe geaembddsaniption given abuvedndei of t he

present inveptipn; Flg.. 2 icts.a plot, of. the affect of high humdity on
an ESD coat idr%m%@edrescrﬁyogngfz%ee?fage&mge %‘H{l@f"’mt ghyen g’@ifﬁ’lﬁoqeﬁbe 1% one
enbodi ment  adxplate the §eimbiplesi BF @R iiffention. Thus, for a more complete

understanding of the present invention, the objects and advantages thereof,

10 reference is now made to the following descriptions taken in connection

with the accompanying drawings in which:

Fig. 1 is a plot of conductivity verses thickness for SWNT coatings

according to one embodiment of the present invention;

Fig. 2 depicts a plot of the affect of high humidity on an ESD coating over
15 an extended period of time according to one embodiment of the present

invention;

Fig. 3 depicts a plot of surface resistivity versus temperature data for Si-
DETA-50-Ti with 0.30% SWNT cast on to a glass slide according to one

embodiment of the present invention;

20 Fig. 4 depicts a plot of surface resistivity versus temperature data for Si-
DETA-50-Ti with 0.20% SWNT cast on to a glass slide according to one

embodiment of the present invention;

Fig. 5 depicts a plot of surface resistivity versus test voltage data for Si-
DETA-50-Ti with 0.3% SWNT cast on to a glass slide according to one

25 embodiment of the present invention; and




Fig.. 3 depicts a plot of surface resistivity versus tenperature data for
Si - DETA-50-Ti with 0.30% SWNT cast on to a glass slid cordin one
enbodi ment of the present invention; 20 Fig. 4 depi ctsgga%P%fnq’gfgg(iﬁf ace
‘resi stivi“f(yoz){) ﬁr,,?‘ys tenperature data for Si- DETA-50-Ti with 0.20% SWNT cast
on to a glass sride according to one enbodinent of tHEGHEYEA | hventi on;
Fig. 5 depicts a plot of surface resistivity versus test voltage data for
Si- DETA-50-Ti with 0.3% SWNT cast an to a glass slide according to one 25
enbodi ment of the present invention; and 23 Septenber 2005 WO 02/ 076724 6

PCT/ US02/ 09140 Fg .6 depicts the percent nanotubes cast on gl ass slides
| abel ed wi t hi'i8r OsfieRicts the msEesnt apratulesagasham glyss slidnselabetbddvitent of the

present i nvgRkiag ' pi €éj g . sed to inpart

el ectrical pr oper‘ltsbl g?atg%rc;lipﬁﬁr%c%@il .\‘grﬁd%pfe'%‘%’g&?n?é\ﬁl?&?stﬂgt?(gﬁeﬁ how each of
the three fiihmentiomsi stivity (@00V) varied with tenperature from-78 to

© +300C. Fig. 9 depicts resistivity in Chns/Sq. for 1 ml|l POLYIMDE-1 film as

voltage is rgduged.. 10 .Fig. 10 i.ets tensile properfies for POLYI M DE- 1,
POLYI M DE. 2. Fign 4 depigadvantiess of gmﬁuwdttﬂdwaﬁsi?ﬁﬁlmtaemPW@s t011 depicts
CTE Dasa on @Yl M DE-1, POLYIMDE-2, and TPO 1m | filns with and w t hout

0.1% SWATs. Fig. 12 depicts a POLYIMDE-1 coating with 0.3% SWNTs @1.5 m

15 t hi ck, slﬂ',,de ii tilted off the ;l)laper/ avenent by piece of mca, and is
o ig. 8 depicts results showing how each of the three films resistivity

(@500V) varied with temperature from -78 to +300°C.

Fig. 9 depicts resistivity in Ohms/Sq. for 1 mil POLYIMIDE-1 film as

voltage is reduced,

10 | Fig. 10 depicts tensile properties for POLYIMIDE-1, POLYIMIDE-2, and

TPO resins with and without nanotubes.

' Fig. 11 depicts CTE Data on POLYIMIDE-1, POLYIMIDE-2, and TPO
1mil films with and without 0.1% SWnTs.

Fig. 12 depicts a POLYIMIDE-1 coating with 0.3% SWNTs @ 1.5 um

15 - thck, slide is tilted off the paper/pavement by piece of mica, and is
illuminated by sunlight. Stats: 96%T, 0.6% Haze, resistivity 3x10°
Ohms/sq.

DETAILED DESCRIPTION OF THE INVENTION

- The preferred embodiments of the present invention and its advantages are
20 understood by referring to the Figs. of the drawings, wherein like
numerals being used for like and corresponding parts of the varions

drawings.

The instant invention relates to particular electrically conductive films
comprising nanotubes and methods of forming the same. The instant films

25 comprising nanotubés demonstrate advantageous light transmissions over




Jdllumnated by sunlight. Stats: 96%, 0.6% Haze, resistivity 3x108

'Chns/ sq. - DETAI LED DESCRI PTI ON OF THE | NVENTI ON The pref2 g‘%g‘ nb rrents of
the present invention and its advantages are 20 unders y ‘T e errlng to
the Fi IS w dd) t_,pﬁ drawi ngs, wherein |ike nunerals bei ngP used for |ike and
cor r espondi ng Parts of the various drawings. The i nst2HUS'H®PMR i on rel ates
.to particular electrically conductive filnms conprising nanotubes and

met hods of formng the same. The instant filns 25 conprisi ng nanot ubes
“denonstrate advant ageous |ight transm ssions over 23 Septenber 2005 WO

02/ 076724 PCJ/ US02/ 09140 7 those mat%dgal s. conpri si ng nanot ubul es di scl osed
her et of ore. A5G MACTAS, FREWIFER POt ey discloperd heredforee| ilasthéh nanot ubes

with a parti ghastion iR Riseihe Wehfioh TfES oﬁ%ﬁ&h&b{%@ﬂ\éag%ﬂgﬁﬁ over those
films disclosed in the prior art. I'n relation ove, it has
sur pri si ngl ydibmeter mmmwsuqammmmh&nmemovwmQHTMS disalméd®in of | ess than

3.5 nmare pﬁrtlcuw?rly good candidates to inpart conductivity and
tr'ansparencf Ly | oadi ng doses. These nanotubes can exhibit electrical

conductivity as high as copper, thermal conductivity as high as di anond,

strength 10Qntrekation g5 dtabovd, Mtis StRisinly ﬁ&n%ﬁn& {4l Rardofbe¥s/i@ht . and hi gh
"strain to failure. However, heretofore, there has been no report of such

" nanot ubes | rAnaften Gametes of | §ps doanddrStrmy élff%a.miﬂclﬂﬂlén gped esndiddtésio Nanot ubcs

S or essel narar EaduEBRK? ot OB ShendRABY "B 150 1o Rk e b rper 1 8l
Col | ege Pr esmnothbe‘stloan EkHibit L8Q8icad rcoﬁ‘ducﬁ@it&'as ‘Wit as copper, thermal
conductivity as high as diamond, strength 100 times greater than steel at
10 one sixth the weight, and higﬁ strain to failure. However, heretofore, there
has been no report of such nanotubes in an electrically conductive and

transparent film.

. Nanotubes are known and have a conventional meaning. (R. Saito, G.

Dresselhaus, M. S. Dresselhaus, “Physical Properties of Carbon

15 Nanotubes," Imperial College Press, London UK. 1998, or A. Zett] "Non-
| Carbon Nanotubes" Advanced Materials, 8, p. 443 (1996)).

In a preferred embodiment, nanotubes of this invention comprises straight

and bent multi-walled nanotubes (MWNTs), straight and bent double-

walled nanotubes (DWNTs) and straight and bent single-walled nanotubes

720 (SWNTs), and various compositions of these nanotube forms and commeon
- by-products contained in nanotube preparations such as described in U.S.

Patent No. 6,333,016 and WO 01/92381, which are incorporated herein by

reference in their entirety.

The nanotubes of the instant invention have an outer diameter of less than
125 3.5 nm. In another preferred embodiment, nanotubes of the instant
- invention have an outer diameter of less than 3.25 nm. In another

preferred embodiment, nanotubes of the instant invention have an outer




" Carbon Nanot ubes" Advanced Materials, 8, p. 443.(1996)). In a preferred
“enbodi nent, nanotubes of this invention conprises strai and

multi-wall ed nanot ubes (MANTs), straight and bent doublzgtgm%gagﬁnotubes
(DWNTs) and straight and bent single-walled nanotubes 20 (SWNTs), and

vari ous C6hB34# ons of these nanotube forms and cormdi™ AEduct s

‘contai ned in nanot ube preparations such as described in U S. Patent No.

6, 333,016 and WD 01192381, which aregincorporated herein by reference in
their entirety. The nanotubes of the instant invention have an outer
dianeter of |ess than 25 3.5 nm In another preferred enbodi nent,

nanot ubes of digmeter pft lepy thamy 39 pev  Haamother quefsrred)i eaphadéments ﬂilﬂess than 3.25

I n anot h 0 f, £t he inst i nvention
E;nve an out e&gnfgﬁ §§ %;eenqg]dom U%Q@PB@@E@%}QE&I}(}%%&E&B di amet er of
| ess than 3. ﬁtefamdramrmﬂaném,rmprrahmubwh@mobmnamétaeofmmb@es have an

out er di aneter _of about 0.5 to about 2.5 nm In another referred
enbodi nent . torRboRA S nEL ln anether prefemedembodiment thestangpibgs havesan t o about 2. 0

nm In anot GiterP B Jregf%ggrgrdb?g&abmelsna t%ean&ﬁ P&geécputef

di arreter out 0.5 to a | N""ano her Enbodi ment ,
t he nanot ubesnlbmihaemtnttmﬂ@nudbreamvean ofiten dinntetd. d?dbeuﬁbsttb abéut0 nm The
aspect ratio bet ween. 10 apd. 2000. é referred enbodi ment, the
nanot ubes co]rrgr%}/ns 3B T30 M3y be heysRD 1 agia @\NT- cont ai ni ng naterial .
SWNTs can be forned by a nunber of 10 techni ques, such as | aser abl ation of

a carbon targei prefieRasRtidifen, t&%h&ﬁ@émprﬁe%%gé Waﬂ&i URpgh are between
two graphite el ectrodes For exanple 424,054 to Bet hune

et al. descrhasedSWNHF-gertgimingmaterial. SWNTSs can be formecf by a number of

10 techniques, such as laser ablation of a carbon target, decomposing a

hydrocarbon, and setting up an arc between two graphite electrodes. For

example, U.S. Pat. No. 5,424,054 to Bethune et al. describes a process for
producing single-walled carbon nanotubes by contacting carbon vapor

- with cobalt catalyst. The carbon vapor is produced by electric arc heating

15 of solid carbon, which can be amorphous carbon, graphite, activated or
decolorizing carbon or mixtures thereof. Other techniques of carbon

heating are discussed, for instance laser heating, electron beam heating

and RF induction heating. Smalley (Guo, T., Nikoleev, P., Thess, A.,
Colbert, D. T., and Smally, R. E., Chem. Phys. Lett. 243: 1-12 (1995))

20 describes a method of producing single-walled carbon nanotubes wherein
| graphite rods and a transition metal are simultaneously vaporized by a

| high-temperature laser. Smalley (Thess, A., Lee, R., Nikolaev, P., Dai, H.,

 Petit, P., Robert, J., Xu, C, Lee, Y. H., Kim, S. G., Rinzler, A. G.,
Colbert, D. T., Scuseria, G. E., Tonarek, D., Fischer, J. E., and Smalley, R.

25 E., Science, 273: 483-487 (1996)) also describes a process for production
of single-walled carbon nanotubes in which a graphite rod containing a

small amount of transition metal is laser vaporized in an oven at about

~ 1200°C. Single-wall nanotubes were reported to be produced in yields of

more than 70%. U.S. Patent No. 6,221,330, which is incorporated herein




‘_prodUCi ng singl e-wal |l ed carbon nanotubes by contacting carbon vapor wth

cobalt catalyst. The carbon vapor is produced by el ectryi rc.heating 15 of
solid carbon, which can be anorphous carbon, graphite, 5%@?&7‘5@’8@?

“decol ori le&lg()a,%pon or mxtures thereof Qther techniques of carbon heating
are disclased *for instance |aser heating, electron b&HPEMg and RF
induction heating. Snalley (Guo, T., N koleev, P., Thess, A, Colbert, D.
T., and Smally, R E., Chem Phys. 1%tt. 243: 1-12 (1995)) 20 describes a
met hod of producing single-walled carbon nanotubes wherein graphite rods

and a transition netal are sinultaneously vaporized by a high-tenperature
| aser. Snal |‘té3§/reg€r’ﬁ5‘ées‘,n 1§ entyrely, dﬁglPS?%ifR ags/of produgigg single-wallest j ¢ | p. |
Robert, J., ofthorlC nanbffbes Ywhidh dfhidlbysS: Ri r, | bert, D.
T., Scuseria, G E ,n Toﬁ%r ‘eNK, D., ﬂg?}échgea%mj_ CEl.qJ,Oﬁanfﬁé%éPr)g’(? eif/n,%oR. 25 E.,
Sci ence, 273unsup®riedatal®@86)) al so descri bes a process for production of

singl e-wal | ed carbon nanotubes in which a graphite rod containing a snall
t .about 1200C.

anount of tr@@m’ [ | -is laser vaporized in.an oven

Si ngl e-wal | nan(;[tsu%gggﬁ/}eﬁ%’ﬂb% r@&’@@' BESTHEHE i S FPR‘FFQ?&%IJC& nore than
- 70% USS. Pallentfomition, 321SWBE 1opésChin i el B68HROBAL Gith Nlo®isN a3 Sept enber
2005 WO 02/076724 PCT/ US02/ 09140 9 by reference in its entirety, discloses
met hods of ROBEURIVHY teitegYasy ligh, evhilecigrding in et lobe sndiresitsénpl oys gaseous

carbon feed ]gﬁ d catal ysts. SWNTs are very flexible and
naturally a °?’gg‘3‘ ?%ncygﬁgn@%%é%'of tubes. The formation of SWNT ropes in
the coating or filmallows the conductivity to be very high, while |oading
is very | ow Thenastantsfilmspiovide exgelbaht eoahipiaitgney tandpdrenvyhazew The instant
s provi g, £ ! Slbu Rl UR L bl b A, S e e
10 present in the film at about 0.001 to about 1% based on weight.
Preferably, the nanotubes are present in said film at about 0.01 to about

0.1%, which results in a good transparency and low haze.

- The instant films are useful in a variety of applications for transparent
conductive coatings such as ESD protection, EMI/RFI shiclding, low

15 observability, polymer electronics (e.g., transparent conductor lajrers for
OLED d;jsp]ays, EL lamps, plastic chips, etc.). The surface resistance of

the instant films can easily be adjusted to adapt the films to these
applications that have different target ranges for electrical conductivity.

For example, it is generally accepted that the resistance target range for

20 ESD protection is 10°-10'® ohms/square. 1t is also generally accepted that
| - aresistance for conductive coatings for EMI/RFI shielding should be <10*
ohms/square. It is also generally accepted that low observability coatings

for transparencies is typically <10’ ohms/square, preferably <10?
ohms/square. ~ For polymer electronics, and inherently conductive

25 polymers (ICPs), the resistivity values typically are <10* ohms/square.

Accordingly, in a preferred embodiment, the film has a surface resistance

in the range of less than about 10'® ohms/square. Preferably, the film has




| oadi ng of nanotubes. In a preferred enbodi nent, the nanotubes are 10
present in the filmat about 0.001 to about 1% based og geil%htb. 200
Preferably, the nanotubes are present in said filmat &aBoGP=86124% about

0. 1% whi r |ts in a good transparency and | ow haze. The instant filns
are usef W&qzﬁ?‘%ﬁ{/ari ety of applications for transparerRCTEOHEIES: i ve
.coatings such as ESD protection, EM/RFI shielding, |ow 15 observability,
pol yner electronics (e.g., transparéat conductor |layers for .OLED

di spl ays, EL | anps, plastic chips, etc.). The surface resistance of the
instant filns cap easily be adjusted to t;gldapt thg fid s to these

appl i cati ons®t acﬁa\'Félsénf’? ePerthe t Bpget of Abgus brile| edmsisapreconduct i vity.

Por SXanpl &, pleferkisty SRESHA ot 0L eiddie if i DL SEARGE panget range for

20 ESD protection i's 106-1010 ohns/ square. SO generally accepted
that a resiehmsigpare Rrefvatdycthe fimdmata sugfacé essistvict Rirkhestahgd 8f ng shoul d be

<104 ohns/sguare. It is glso generall ccepted that | ow observability

coatings fofst AffsAEnd e SQ‘?E‘C%F&@ES%&@S%% Surfgeeef er abl y <102

ohns/ Sguare-reﬁ%né@ih)&ﬂ?fan%}e%?‘lés@ﬂiaﬁsaboﬁt”sz'dﬂ%%%gﬁxlgﬁ )i S%ﬂi;{, & 25 pol yners
u

(ICPs), the resistivity values typically are <1 e. Accordingly,

in a pref er rén kasoniicfaentesistanee fri therings of aboutf 19Fe10’ ehinstsgaare. i n the range
of less than about 1010 ohns/square. Preferably, the filmhas 23 Septenber

2005 V0 021051240 PTHSAPHAN 0,00 B SHELASS deshst SRl he range of

about 100-10 ns/'squar e. erably, Pea 1P ce resistance

i n the rangeohmis-ahaoiabdt 1101Déhmekbis / FeriaslameResitanad! ate at Befiddd m has a
surface resi_s':@nce in the range of | ess than about 103 ohns/square.

Preferably, PHSRIDARGS7a0d A3 EBMDB 2% st ance in the range of |ess than

about 102 ohns/square. Preferably, the filmhas a surface resistance in
the rapge ofTrbasthntlfings ddHoRBAR SAUALR transparency and low haze. For

example, the instant film has a total transmittance of at least about 60%
and a haze value of visible light of about 2.0% or less. In a preferred

embodiment, the instant films have a haze value of 0.5% or less.

In apreferred embodiment, the film has a total light transmittance of about

15 80% or more. In another preferred embodiment, the film has a total light
transmittance of about 85% or more. In another preferred embodiment,
the film has a total light transmittance of about 90% or more. In another
preferred embodiment, the film has a total light transmittance of about
95% or more. In another preferred embodiment, has a haze value less than

20 1%. In another preferred embodiment, film has a haze value less than
0.5%.

‘Total light transmittance refers to the percéntage of energy in the

electromagnetic spectrum with wavelengths less than 1x102 cm that

passes through the films, thus necessarily including wavelengths of visible
- 25 light.

The instant films range from moderately thick to 1.Very thin. - For example,

the films can have a thickness between about 0.5 nm to about 1000




'The instant filns al so have vol ume resistances in the range of about 10-2
‘ohnms-cmto about 1010 ohns-cm The vol unme resi stances 2:@ asF%efAjz@d I n
ASTM D4496- 87 and ASTM D257-99. 10 The instant filns dénoRBFFREeERcel | ent
transpar %vnc%z and | ow haze. For exanple, the instant filmhas a total
transmit tante Y at | east about 60% and a haze val ue ¥TUSFPBIL | i ght of
cabout 2.0%or less. In a preferred enbodinment, the instant filnms have a
haze val ue of 0.5%or less. In a prdflerred enbodi nent, the filmhas a total
light transmttance of about 15 80% or nore. In another preferred

enbodi nent, the filmhas a total |ight transpittance of about 85% or nore.
I'n anot her pPEFTERT edNerfbeficHed embadiaent; thg BHms panohaye 2 ithisknessansmi tt ance
of about 90Y% r r r ol t I.ym has a
Cotal 11 gnt reaeandbonl BGIOSHbouP 08 ERtoRr B Mdhst Feell e r od
enbodi ment, émbodimieat dhe dilmehdses shithmss Betwidkn dboun0@sher abiouese6 r ed

enbodi ment, filmhas a haze val ue |es éjhan 0.5% Total |ight

transni tt ancBIFeSer I RqRRE Preferisd; splodimeahcthgyfilm hagea t@l"&qﬁﬁ omagneti c
spectrum w t ferhame! e 1Q-. t hat ugh the
films, l5t hus Ebecessaﬁalqilhﬁ%l ﬁ’ziaﬁg&n\/vas\?gl g’r}éﬁoﬁg opﬁvfg%ﬁ%fﬁfg%?ght . The

i nstant fi | nembedigent, thenfilmdesat Higkiteks bétweon \aboyt 01050 dbout @g@npl e, the

films can have a thi.ckness between abput. 0.5 nm o agbout 1000 23 Septenber

2005 V0. 02/ OFSTOF pdt DSUBF O Eifgrod: Eeimtshs B il Jraii thiekRsibod ment ,

the filnms cagerhede aboubi LENES Sabdaft YOF mfhGd Oilgoﬁnc;tﬁera?‘i’é%rré@oo m crons.
| ckness

In another preferred enbodinent, the filmhas at et ween about
0. 05 to abourmBgiiment dhefidm has arthickagss hetweanr gwbue rid do bott 20the fil m has a

t hi ck%ss

microns. In another preferred embodiment, the film has a thickness
between about 1.0 to about 100 microns. In another preferred
embodiment, the film has a thickness between about 1.0 to about 50

microns,

) In another preferred embodiment, the film further comprises a polymeric

15 material. The polymeric material may be selected from a wide range of
natural or synthetic polymeric resins. The particular polymer may be

chosen in accordance with the strength, structure, or design needs of a

desired application. In a preferred embodiment, the polymeric material
comprises a material selected from the group consisting of thermoplastics,

20 thermosetting polymers, elastomers and combinations thercof. In another
preferred embodiment, the polymeric material comprises a material

. selected from the group consisting of polyethylene, polypropylene,

| polyvinyl chloride, styrenic, polyurethane, polyimide, polycarbonate,
polyethylene terephthalate, cellulose, gelatin, chitin, polypeptides,

25 polysaccharides, polynucleotides and mixtures thereof. In another
preferred embodiment, the polymeric material comprises a material

selected from the group consisting of ceramic hybrid polymers, phosphine

- oxides and chalcogenides.




"5 between about 0.05 to about 500 microns. In another preferred

enbodi nent, the filmhas a thickness between about 0.03 tso about Oi)go
mcrons. In another preferred embodi nent, the film has?a FRPPRHAY" bet ween
~about 1'9\7“)/ zbout 300 microns. In another preferred enbodinent, the film
has a t h"GkHEY? et ween about 1.0 to about 200 10 ni crESHESYY 4ot her
preferred enbodi nent, the filmhas a thickness between about 1.0 to about
100 mcrons. In another preferred ¢epbodinent, the filmhas a thickness

bet ween about 1.0 to about 50 mcrons. In another preferred enbodi nent,
the fil mfurtherpgorrpr_i ses a polyneric 15 material. The polyneric materi al

may be sel ediilias of gus dnventen mayy gasihyaformed apd apphindhia » cubiafareri ¢ resins.
The parti cul @ BOL WHBEroltRYotdinofbESAbud fh AEFAIIRRH 8 Wdilhd! Bar! T NI,

structure, esi gn ne esired application. Th a preferred
ermbodi nent , dtixes, pdyatectiols. nithe solabnt maybeisrdved batnetnal proetseed ed from the
group consistgﬁg of therquLastics, 20 thernosetting pol yners, el astoners

and conbi natSiehas i drasg. hepting apredured preasugs footorethe desiediliim ok pol yneri ¢
o ! ! LT !
mat er i ﬁy| COMhbHBSs. STHE KEhi Alay ﬁee{xﬁ?feﬂq)yi ShE g@@g&%@s&? Gededd 19 O

-pol yet ne, polypropylene, “pol nyl tyreni c, pol yuret hane,
pol yi mi de, pptaycpaibtingt dip ceuingetshinl ecaingt dimifehtdmingf &isscedakingose, gel atin,
chitin, pol y&g‘g{ri des, 25 gol sacchar,i des,. tpoI ynycl eqti des and m xtures
thereof. In FIEPALING, SHTETTY RINUAG, HY KR REDRG, Pag DrpHBE. Qherd¥ReS al conpri ses

a material orokRghedr fdiIQMatifle group consisting of ceramic hybrid polyners,
phosphi ne oxides and chal cogeni des. 23 Septenber 2005 WD 02/ 076724

PCT/ US02/ 09140, 12 Filnms of this invention may be easily forned and applied
t 0 a subst r & dispersion is a composition comprising preferably, but not limited to, a

10 uniform or non-uniform distribution of two or more heterogeneous
materials. Those materials may or may not chemically interact with each
other or other components of the dispersion or be totally or partially inert
to components of the dispersion. Heterogeneity may be reflected in the

" chemical composition, or in the form or size of the materials of the

15 dispersion.

The instant films may be in a number and variety of different forms
including, but not limited to, a solid film, a partial film, a foam, a gel, a
semi-solid, a powder, or a fluid. Films may exist as one or more layers of

‘materials of any thickness and three-dimensional size.

- 20 The substrate is not critical and can be any conductive or non-conductive
material, for example, metals, organic polymers, inorganic polymers,

glasses, crystals, etc. The substrate for example, maybe, transparent,
semi-transparent, or opaque. For example, the substrate may be a woven

carbon or glass fabric to form a prepreg (resin coated fabric) wherein the

25 instant conductive films enhance visnal quality inspection of the prepreg.

' Alternatively, the substrate may be an electronic enclosure with a
conductive film to render the surface conductive without significantly

changing the appearance of the enclosure.




"such as a dispersion of nanotubes alone in solvents such as acetone, water,
“ethers, and al cohols. The solvent may be renoved by noaggltgrgcgﬁﬁﬁf such
as air drying, heating or reduced pressure to form the-d8&P &Iy of
-nanotubes. The filnms nmay be applied by other known processes such as spray
pai nti ngWMR8™#Hat i ng, spin coating, knife coating, kiPSTUSHAOIMg, gravure
-coating, screen printing, ink jet printing, pad printing, other types of
printing or roll coating. A dispergison is a conposition conprising
preferably, but not [imted to, a 10 uniformor non-uniformdistribution
of two or nore heterogeneous materials. Those materials may or may not

chemi cal | y The arsisyt filins sompeiping slanetubesy inga heaper ampuntanixed ofitht e di sper si on

or be total tia [ t - C onents of t.he disper.sion.
Het er ogenei k’%iyﬁr?;e)r/% eﬂrceHSeXt%g{hleﬁlz%(ﬁe Rtgﬁlgﬁféa B BSiP[afa(S'ﬁ&“%r in the form
or- size of vheatizatiestd Mh§ befreduifed td DpiiReimagis fofhelesieéd fitpodel | M5 may be in

a nunber and variety of different fornms  including, but not limted to, a
Csolid fil mARpPieRFiatearoeassing cantrollier aghigdng adesisethprraiopf wpnotubsswder, or a
fluid.g Fil ng. ' S ers.:Qf terials.of any thickness
and tr‘ljr ee- glan rrtg?séfpgeﬁg?é g@zgﬂg@%mﬁﬁgﬁg%ﬂl}s‘ﬁé agfczm?qrgdnuo gc(r’?lﬁe'i%?nagnd can be any
conducti ve mixiagnambndoesiing metiodologl, ihcludidgabil aot MRiakd, to9r gani ¢

pol ymers, inorganic, pol yrrers,r@gl_asses, crystals, etc. The substrate for

exanpl e, na§PWentonal, sexrusn, tridye r SHEWELnPressr lspianing, Fr exanpl e, the
-substrate ”Hﬁéghla\%ﬂr m%#&chﬁgg&?%ggigﬁiﬁ&ﬁgé 1 tfonl &F rIa%ﬁYbﬁsaﬁioeDr eg (resin

coated fabric erein the con ve f1lns en ce visual
qual ity insppelyimen of the prepreg. Alternatively, the substrate may be an
el ectronic enclosure with a conductive filmto render the surface

(Z:gng E L\ég e")af;;ctzg%gottubséis %]aiyfl;ecgirsllgérged s%%gtgg%lﬁﬂr ﬁ@rﬁo@&%&&ﬁ? H%gug%u% he encl osure.
the polymeric material but can also be present in gradient fashion,
increasing or decreasing in amount (e.g. concentration) from the external
surface toward the middle of the material or from one surface to another,
‘etc. Alternatively, the nanotubes can be dispersed as an external skin or

15 internal layer thus forming interlaminate structures.

In a preferred embodiment, the instant nanotube films can themselves be
over-coated with a polymeric material. In this way, the invention
contemplates, in a preferred embodiment, novel laminates or multi-layered
structures comprising films of nanotubes over coated with another coating

20 of an inorganic or organic polymeric material. These laminates can be
- easily formed based on the foregoing procedures and are highly effective

| for distributing or transporting electrical charge. The layers, for example,

may be conductive, such as tin-indium mixed oxide (ITO), antimony-tin

- mixed oxide (ATOQ), fluorine-doped tin oxide (FTO), aluminum-doped

25 zinc oxide (FZO) layer, or provide UV absorbance, such as a zinc oxide
(Zn0Q) layer, or a doped oxide layer, or a hard coat such as a si]icbn coat.

In this way, each layer may provide a separate characteristic.




' WD 02/ 076724 PCT/US02/ 09140 13 The instant filnms conpri sing nanotubes in a
“proper anmount mxed with a polynmer can be easily synt I zed st a
few routine paranetric variation tests may be requi re2§§8pt8ﬁPPﬁ09§Damunts
-for a desired %ur pose. Appropriate processing control for achieving a

desi red ¥GR PG nanotubes with respect to the plastiBETHS0%E48 can be

. -achi eved using conventional m xing and processi ng net hodol ogy, including

but not limted to, conventi-onal exjrusion, multi-dye extrusion, press

| am nation, etc. nethods or other techni ques applicable to incorporation
~of nanotubes into mer. 10 The nanotubes may be di spersed

substanti al | 4 prad gmvggm D@lmem,dh'gmdtl layeresl mo;mm h@vmalrfmlaltm;; but can al so

be present |n eq?r ien feas ah creasi qngaecre i n anount (e.qg.
concent r at i ofY°F PHAT e&‘{“éﬂlwgg sﬂ??Bé%P e qﬁ dI e of the materi al

or fromone surface to another, etc. Alternatively, the nanotubes can be
di spersed aslnam peeféreech@nbsdinienrthe Manotnbey el orishyel by eiposiny teng

i nterl am nat structures In a preferred enbodi ment, _the instant nanotube
films can t HEMSHO\AShaFENg ooEstehing 1 FIOREHDNE SEHI i il @‘enﬁgerqslﬂg In this

way, the '“Vc%% tﬁiﬁn?lcaﬂxtlﬁgprj tr@c%sm ﬁet‘%&él@é%?d ogi ovel

| am nates or ti- truct es conprrsing |Ims o not ubes over
coated with pm@ashag refort torthye 26e off foree fonaduenileor or shn’aga'xrtbcthqoﬁlny,rreri c
-material. These | am nates can be easily forned based on tqr}_e f or egoi ng

a

procedures dREFIME & SPYING BiFaranhy BoricBiatigns AIPHARE g 610 tHalporti ng
el ectrical GhparBes fofm éa@ﬂ%ﬂér géegfer %ﬂr{mt%cme@a/f %@gﬁ@g‘&&ﬁg@ such as

tin-indiummxed oxide (I TO, antinony-t m xed oxi
f 1 uori ne- dodetntlated @itheicby fheMselved mnmrminnﬂumdrtﬁbo]ammicau&tdéalé FzZO) | ayer,

or pr ?5' de Wﬂgll%esd) rn%?lgt%%és Sal’rlg hdlgcsus?e t%g g)g(almp?e in U.S. Patent No.
" 6,265,466, which is incorporated herein by reference in its entirety. Such
disentanglement etc. can be achieved by extrusion techniques, application

of pressure more or less parallel to a surface of the composite, or

~ application and differential force to different surfaces thereof, e.g., by

15 shearing treatment by pulling of an extruded plaque at a variable but
controlled rate to control the amount of shear and elongation applied to the

extruded plaque. It is believed that this orientation results in superior

properties of the film, e.g., enhanced electromagnetic (EM) shielding.

Oriented refers to the axial direction of the nanotubes. The tubes can
20 either be randomly oriented, orthoganoly oriented (nanofube arrays), or

preferably, the nanotubes are oriented in the plane of the film.

In a preferred embodiment, the invention contemplates a plurality of
differentially-oriented nanotube film layers wherein each layer can be

oriented and adjusted, thus forming filters or polarizers.

25 In a preferred embodiment, the invention also provides dispersions
comprising nanotubes. Preferably, the nanotubes have an outer diameter

less than 3.5 nm. . The instant dispersions are suitable for forming films as




“(ZnO layer, or a doped oxide layer, or a hard coat such as a silicon coat.
In this way, each |layer may provide a separate characteri,stic ept enber

2005 WD 0 210 76 724 PCT/US02/09140 14 In a preferredsiﬁSGQPH@%ﬁp t he

mul ti-layered structures have alternating |ayers of nanotube-containing

“and non-%@H%@ﬂH@‘containing | ayers. In a preferred enP&EAUFHO140t he

‘nanot ubes are oriented by exposing the filnms to a shearing, stretching, or
el ongating step or the like, e.g., ysing 5 conventional polyner processing
met hodol ogy. Such shearing-type' processing refers to the use of force to
induce flow or shear into the film forcing a spacing, alignnment,

reori ent at i odescrbeseheging| iAngortingly.othet instanh slispersians ey optastlyot her great er

t han t hat i eyed for b imply f | ated.ei ther. by th |
- ndmxt ur TP CRBPOGR PO PaffBal g BfoPbed 1S, e atnt o0t ccussed.
for exanpl e difpéesiSns May optiodfly fuhe? @onhPife adBb&ilt siéh i e plaitRizked herein by

reference in its entirety. Such disentanglenent etc. can be achieved by
extrusi on t ewhisringe sgenipdillecatreipfprciog pgads precossing oid, |seabilizgaral lel to a
force to

surfacg of t, ‘0§10559€f,4g§r1°§°8%i‘?gr ggéaiﬁf)'bi;@@ﬁ'g,%ﬁ%gg?’%ﬁd{g S%%?,Li%ﬁc{ol%‘lﬁlgpul ling of an

di fferént surtaces

extruded pl afpet, atUVA absbrbeid hgenld Wr a chorperadjstiflg bgé. t 0 control the amount of
shear and el ongation applied to the extruded plaque. It is believed that

this orientaftjon results in superior roperties Qf, the film e.g.,
enhanced el SPEFHogh of ithe PERjtianmay é'i"ﬁ‘g“:f %‘?@ﬁ?é&gﬁt‘é’fl r@ndEcHYte axi al
di recti on of oblific NARSHME e Sinorkific! MBRARAS caflbi ?ﬁ&ﬁr?lbﬁﬁ%tﬁ%goﬁ y oriented,

ort hoganoly oriented (nanotube arrays), or preferably nanot ubes are
ori ented i n sukk nuteniads. oThe henductiva organia matefials mexy @mippeie particlest he i nventi on

cont egl at es. a, plural Ly of o80T 620 kol do20bES RARGLURE || m I avers

diameter of greater than about 3.5 nm, and combinations and mixtures

thereof. Conductive inorganic materials may comprise particles of
aluminum, antimony, beryllium, cadmium, chromium, cobalt, copper,

~ doped metal oxides, iron, gold, lead, manganese, magnesium, mercury,

15 metal oxides, nickel, platinum, silver, steel, titanium, zinc, or
combinations or mixtures thereof. Preferred conductive materials include
tin-indium mixed oxide, antimony-tin mixed oxide, fluorine-doped tin

oxide, aluminum-doped zinc oxide and combinations and mixtures

thereof. Preferred dispersion may also contain fluids, gelatins, ionic

20 compounds, semiconductors, solids, surfactants, and combinations and

mixtures thereof.

The present invention, thus generally described, will be understood more
readily by reference to the following ekamples, which are provided by
way of illustration and are not intended to be limiting of the present

25 invention.




‘oriented and adjusted, thus forming filters or polarizers. 25 In a
preferred enbodi nent, the invention also provides dispgéﬁiqpsb qg%grising
-~ nanot ubes. Preferably, the nanotubes have an outer di amt& s Yhan 3.5
nm . The_instant dispersions are suitable for formng filns as 23 Septenber
2005 W0 8 P8%%% PCT/ US02/ 09140 15 described herein. KIEHFUHY y, the
instant dispersions nay optionally further conprise a polyneric nateri al
as described herein. The instant digpersions may optionally further
conprise an agent such as a plasticizer, softening agent, filler,
rei nforcing agent rocessing aid, stabilizer, 5 antioxidant, dispersing
‘agent , bindeﬂgéﬂﬂkbg§h-linking agent, a coloring agent, a W absorbent
agent, or a charge adjusting agent. Dispersions of the invention nmay
mat er' al 5. or COMPARISDI BE Eﬂwﬂ‘éﬁa%ﬁﬁ@’éﬁgﬁ“@wﬁé%&f i ve
or gani ¢ nmat o @%ﬁag?hgo%‘%glg}%é*rfglﬁc esN}‘SL@ n@?fﬁrna Eﬂﬁ% € l1's, carbon
#u 7/ nanot ubes with an outer dianeter of greater than about
3.5 nm, and nbi nat,i ons d . mxtures  thereof., Conductiye inorganic
marert 81 o g GRS 15 AAPE I e R eated ok et bRy THaRR o
cadm um chrSmDETA (RBahdr, hybidPREin, tKi9PesHkNRisabechXefEited 8:08thep0! d, | ead,
manganese, magnesi um nercury, 15 nmetal oxides, nickel, platinum silver,
steel , titarficsin sysies, like cpexsiriand aretbare)oandrthenusast onteereglass or ef erred

conducti ve materisals,inclu tin=indi umtxed oxide. . antinony-tin mxed
oxi de, fl uopl?or%g(garoﬁlgg {ill%ﬁ' qgﬁ?‘d’éfhaeﬁ’%’mmﬁa‘éﬁ s?flﬁ’étegﬁ (ﬁéﬁﬁ%ed
conbi nat i onsthemdindek inirMea. atdedeaf o heREhReh SIDETA WBreMAYwad SO contain

fluids, gelatins, .ionic 20 conpounds, sem conductors, solids, surfactants,
and cd®bi natsosiated fgr another 4 minutes. The thickness of the cast films is 0.5 mils

bl ack, fulle

thick.
Table 1
Hyperion Bucky
MWnT USA
MWnT*
>1.0E+11 >1.0B+11
>1.0E+11 g >1.0E+11
>1.0E+11 >1.0E+11
>1.0E+11 >1.0E+11
>1.0E+11 >1.0E+11
>1.0E+11 >1.0E+11
8 >1.0B+11 B >16E+11
B >10E+11 I >1.0E+11

15 As discussed above, U.S. Patent No. 5,908,585 discloses a film having
two conductive additives. In this table they did not create a film with high
enough conductivity to qualify as an ESD films (<10E10 Ohms/sq). Only
when they add a substantial (>20%) loading of conductive metal oxide




"m xtures thereof. The present invention, thus generally described, will be
“understood nore readily by reference to the foll ow ng anpl es ich are
- provided by way of illustration and are not intended ?gés%n{g‘inﬁ%%o}@ﬁg of the
-present _25 invention. 23 Septenber 2005 WO 02/ 076724 PCT/ US02109140 16
EXAVPLESYOIHA'SON OF ELECTRI CAL PROPERTI ES FOR MANT PGS 4n and

“Car bol ex) AND SWNT (CNI (|l aser ablated and H PCO) 5 The nanotubes in
Table | "were sonicated for eight mfutes into Titanium SI-DETA (ceramer
hybrid resin, this work has been repeated for other resin systens |like

epoxy and urethane). and then cast onto a glass or polycarbonate slide. A
‘set of I—Iyper‘fo&ﬁ?]m/\hf’f’" cliom pt shaaned- Al glaizep are tonaded o Haguseof PA and added

to the Ti tarﬂdﬂﬂhﬁgfs'DETA were it was 10 sonicated for another 4 mnutes. The
t hi ckness of the cast films is 0.5 mls thick. Table 1 15 As di scussed
above, U.S. Patent No. 5,908,585 discloses a filmhaving two conductive
addi tives. |QPTH AL BROPEREIES) TRANSMESSION; COEORANR HAZE FOR enough

conauet 1 ymiRgB Bl o, 1y o R S S Bl o L

2005 W 02/ GCJ@XTINGCT/ US02/ 09140

Table 2 Haze Test Resuits for Si-DETA-50-Ti coatings on glass at 18
um thickness

Sample Name Number Thickness  Haze % Total Luminous Diffuse
inches Transmittance(%) Trans %
" 'Blank 1 0.044 0.1 92.0 0.1
2 . 0.044 0.1 92.0 0.1
3 0.044 0.1 92.0 0.1
0.1% SWNT 1 0.044 32 85.2 38
2 0.044 3 85.0 35
3 0.044 3 85.2 3.5
0.2% SWNT 1 0.044 38 81.9 4.6
2 0.044 43 813 53
3 0.044 3.7 819 4.5
0.3% SWNT - 1 0.044 57 ' 76.8 7.4
2 0.044 5.5 71.3 7.1

3 0.044 3.6 76.9 73




"17 does the filns function as clainmed. Al clains are founded on this use
“of both fillers. OPTICAL PROPERTI ES, TRANSM SSI ON, ND FOR -
THREE COATI NGS. 0.1% 0.2% AND 0.3% SWNT | N CERANER%"%@ 2 Haze
-Test - Results for Si-DETA-50-Ti coatings on glass at 18 umthickness anple
NanmeNunb &Y% AbssHaze %@otal Lumi nousDiffuse i nches A% ¥hce( % Tr ans
% Bl.ank10. 0440. 192. 00.1 2 -0.0440.192.00.1 30.0440.192.00.1 0. 1%
SVWAT10. 0443. 285. 23. 8 20. 044385. 03. 5180. 044385.23.5 0.2%
SWNT10. 0443. 881. 94. 6 20. 0444.381.35.3 30.0443.781.94.5 0. 3%

- SWNT10. 0445. 776. 87.4 20.0445.577.37.1 30.0445.676.97.3 23 Septenber 2005 WO
02/ 076724 BLANK 0.1 % SWNI' 0.2 % SWNT 0.3 % SWNT

Color Scale XYZ 1 2 3 AVE

BLANK c2 X 90.18 90.19 90.18 90.18
Y 91.99 92.00 91.99 91.99

z 108.52 108.53 10852 | 108.52

F22 X 16.18 16.18 16.18 16.18

Y 26.98 26.99 26.99 26.99

z 124.83 124.84 124.83 | 124.83
A2 X 101.05 101.06 10105 | 101.05

v 91.99 92.00 92.00 92.00

z 32.67 32.67 32.67 32.67

0.1 % SWNT c2 X 83.31 © 83.13 83.23 $3.22
Y 85.23 85.04 85.15 85.14

z 97.89 97.75 97.76 97.80

F22 X 15.01 14.97 14.99 14.99

Y 25.18 25.12 25.16 25.15

z 115.77 115.50 11565 | 115.64

A2 X 93.87 93.65 93.78 9377

Y 85.38 85.18 85.30 85.29

| yA 29.57 29.52 29.53 29.54
0.2 % SWNT c2 X 80.21 79.55 80.17 79.98
' Y 81.93 81.25 81.89 81.69

Z 95.01 94.15 9496 | 94.71

F22 X " 14.43 14.30 14.42 14.38

Y 24.19 23.99 24.18 24.12

z 11126 | 110.32 11320 | 11093

A2 X 90.20 " 89.46 90.15 89.94

Y 82.04 81.37 8200 | 81.80

. Z 38.65 28.40 28.64 31.90
0.3 % SWNT c2 X 75.13 75.65 75.24 75.34
: Y 76.78 7732 76.90 77.00
z 88.29 88.96 88.42 88.56

F22 X 13.53 13.62 13.55 13.57

Y 22.74 22.88 22.77 22.80
YA 104.30 105.02 104.46 104.59

A2 X 84.63 85.20 84.74 84.86

Y 7694 7747 77.06 77.16

z 26.65 26.85 26.69 26.73




' PCT/ US02/ 09140 Col or Scale XYZ 18 |

"Y91. 9992. 0091. 9991. 99 Z108. 52108. 53108. 52108. 52 F2 2 X£§.81816 18

Y26.9826. 9926. 99. 26. 99 Z124. 83124. 84124. 83124.83 A 2 °p
Y91. 9992. 0092. 0092. 00 Z32. 6732. 6732. 6732. 67 C2
75%33 22 Y85.2385. 0485. 1585. 14 Z97. 8997. ASTASEYH0g0 F2 2

. 1825. 1225. 1625. 15 Z115. 77115. 50115. 65115. 64 A 2
. 3885. 1885.18085. 29 729. 5729. 5229. 5329. 54 C2

. 9381. 2581. 8981. 69 Z95. 0194. 1594. 9694. 71

X101. 05101, 06101, 05101. 05
X83. 3183.
X15. 0114. 9714. 9914. 99 Y25
X93. 8793. 6593. 7893. 77 Y85
X80. 2179. 5580. 1779. 98 Y81

10

15

tember

Rcferring to Fig. 1, a plot of conductivity verses thickness for SWNT

‘coatings is provided. Note that new HiPCO CNI nanotubes provide lower

resistance.

CONDUCTIVITY VERSES BUMIDITY FOR SWNT COATINGS

Referring to Table 3 and Fig. 2, humidity does not affect the electrical
conductivity of the SWNT/Si-DETA coating. Fig. 2 shows the affect of
high humidity over an extended period of time. The resistance was

unchanged over a month at saturated conditions.

Table 3

11/4/00 23 40 1.2E+5
11/6/00 23 6 1.38E+5
11/7/00 23 98 4.0E+5
11/8/00 23 98 3.8E+5
11/14/00 23 98 1.35E+5
11/17/00 23 98 1.52E+5
11/30/00 22 - 98 2.2E+5
12/7/00 21 98 2.8E+35

. Referring to Fig. 3, surface resistivity data for Si-DETA-50-Ti with 0.3%

SWNT cast on to a glass slide is shown. The test period was over eight
days with long soak times at each temperature. Very little hysteresis was
observed, from starting values, when the sample was removed from the
apparatus and returned to room temperature several times during the test.
Note that the sample turned dark brown and cracked once the temperature

exceeded 300 °C. It is also interesting to note that even though the sample

2 3 AVE C2 X90.1890. 1990. 1890. 18
%51816. 18




"F2 2 X14.4314.3014.4214.38 Y24.1923.9924.1824.12 7111.26110. 32111. 20110. 93
"A 2 X90.2089. 4690. 1589. 94 Y82. 0481. 3782. 0081. 80 Z38. 65%% 4028, 64, 90 C2
X75.1375. 6575. 2475. 34 Y76.7877.3276.9077. 00 Z88.2988.9 genispbe
X13.5313.6213.5513. 57 Y22.7422.8822. 7722. 80 Z104. 30105. 02104. 46104. 59 A 2
X84. 6385WBAT7A84. 86 Y76.9477. 4777. 0677. 16 Z26. 6526. FSTASEYPE073 23

~Sept enber 2005 WD 021076724 PCT/ US02/ 09140 19 Referring to Fig. 1, a plot
of conductivity verses thickness fopgSWNT coatings is provided. Note that

new H PCO CNI nanot ubes provide | ower resistance. CONDUCTI VI TY VERSES

HUM DI TY FOR SWNT COATINGS Referring to Table 3 and Fig. 2, humdity does
not affect tleeked éé&tiqyeélaftettnsﬂn@uﬁ stilt hawsf neanly BIGENGi eDETViGCeat i ng. Fi g, 2

Fesi ot ance VBT TENIR o OUR e TR uins curar KB Irsieg 10 Tanie 3
of SWNT (0.2%) cast form the same batch of ceromer resin, see Fig. 4.
The dependence on test voltage is also depicted. The ASTM test voltage
5 is 500V, preferred. Actual static charge is much higher, up to 20,000V,
Apparently, the ceromer ESD coating has reduced resistivity with
increasing voltage. The peak at 50 to 100 °C may be due to moisture. The
present inventors have noted reduced magnitude during second cycle of
testing the same specimen. The voltage dependence is shown in detail in

10 Fig. 5.

Based on the foregoing, it is projected that the surface resistivity of the
nanotubes will remain constant after exposure to temperatures exceeding
800 °C, and at temperatures exceeding 1000 °C. Thus, the coating
provides substantially the same ESD protection even after high

15 temperature exposure.

Kig. 6 shows the percent nanotubes cast on glass slides labeled with

resistance measurements.

ESD COATINGS

Electrical conductivity to a resin system without adversely affecting the
20 other physical properties is demonstrated. This data presented in this
section was obtained using three polyimides; POLYIMIDE-1 (CP-1 from
SRS), POLYIMIDE-2 (CP-2 from SRS), and TPO (triphenyl phosphine
oxide polymer from Triton Systems, Inc.). Similar results to those
presented below, have been collected on other resins and are expected
- 25 from most other polymer resins useful for film forming and coatings

applications.




"Reférring to Fig. 3, surface resistivity data for Si-DETA-50-Ti with 0 3%
"SWNT cast on to a glass slide is shown. The test perio oye

days with long soak tinmes at each tenperature. Very |.§§‘§PW?§F&?®£ S was
15 observed, fromstarting val ues, when the sanple was renoved fromthe
appar at uWVapP7$@¢ urned to roomtenperature several ti nREI/GRIRADIIE t he test.
‘Note that the sanple turned dark brown and cracked once the tenperature
exceeded 300 C. It is also interestiyjg to note that even though the sanple
23 Septenber 2005 WD 02/076724 PCT/ U502/ 09140 20 | ooked destroyed after
testing it still have nearly the sanme resistivity as prior to testing.

This test waSumepoee/deswsi ng a sanple with |ower loading of SWNT (0.2%
cast formthe same batch of ceromer resin, see Fig. 4. The dependence on

test vol tagem&ﬁ&gﬁ%gg‘fgng tﬁdl?]as-rﬁgedb‘%-{%ﬂa%eds vol tage yﬁfﬁbgr Eﬂl V p{ ﬁ]:aer red.

Actual stati€ C 'S nuc

ceroner ESD sdx&mel}g aﬁasuﬂgeémtbﬂﬁﬁzhlsbmﬁefﬁbsw Data ippsseRRal HQﬂMQ' tage. The
peak at 50 to 100 C nay be due tQ noisture. The present inventors have

not ed reducetfchol rﬂeﬂlﬁ’é}ﬁﬂﬁ ithieg RRlyigHdess WQIeYMIDE-és tHOigYIMH)Eéne speci nen.

The volst age gdepppge d on the
foregoisng It 1s prgﬁc@ﬁﬁwq{ﬁe%&s té%é@l B% ﬁolé? %?(ﬁ nanot ubes
Wil | remain cthasteaint anfltaee eﬁpﬁmtallfreni mohteditharpdlymeﬁr@&ﬁ;e@éﬁﬂqor 800 C, and
at tenperatugres_exceedi ng 1000 C.. Thus, the coating provides substantially
the same ES 1(5?9%1'@6‘%3 ‘@?Bﬂgsaﬁﬂpé‘f"atl‘ﬁ"éh 15 tenperature exposure. Fig. 6
shows the percent nanotubes cast on glass slides |abeled wwth resistance

measur enent sguded2filPiebipézRtion of SWNTs into ESD films and coatings are listed

here with a brief summary of some of the results obtained:

10 Electrical resistivity; concentration, and thickness of nanotube
filled films. Resistivity easily adjusted from 10% to 10" at any
thickness greater than 1 micron. Resistivity through bulk or surface
of films demonstrated with very high optical clarity and low haze.

| Thermal effect on conductivity.  Resistivity insensitive to
15 temperature and humidity from at least -78 to +300°C.. Resistivity
lowers with increasing voltage.  Resistivity insensitive to

temperature cycling and soak.

Optical transparency of SWNT filled friatrix for window and lens

applications. Transmission loss of only 1i)-15% for 25 micron

20 - thick films with bulk conductivity. Transmission loss of only 1-5%
for thinner 2-10 micron conductive films. Haze values typically

<1%. Mechanical property changes to the resin and final films due

to presence of nanotubes. Tensile, modulus, and elongation to

break unaffected by addition of nanotubes. Coefficient of thermal

25 expansion unaffected by addition of nanotubes. No other
| qualitative differences between films with or without nanotubes

observed.




"Electrical conductivity to a resin systemw thout adversely affecting the
*20 ot her physical properties is denonstrated. This data %rese ted in this
section was obtained using three polyin des; POLYI M DE#3SE k SRS) ,
-POLYIMDE-2 (CP-2 from SRS), and TPO (triphenyl phosphine oxide polymner
from Tri W8W028Y&ens, Inc.). Similar results to those BSTABAHPEN bel ow, have
-been collected on other resins and are expected 25 from nost other pol yner
resins useful for filmform-ng and gpati ngs applications. 23 Septenber
2005 * WD 02/ 076724 PCT/ US02/ 09140 21 Summary of Results El ectrical
conductivity has been inparted to a resin systemw thout adversely
af fecting ot her pBhugesseing ofr s¢sin tands filmet unaficeted Ny dinkrpetation efect i on

denonstrate thre [ m - POLY. -l POYIMDE-2. . and TPO Simlar
results to those?%l?ée}lsl%ér?t eggﬁsg?%% %’%"ggbégsﬁo%ol e%%lgéde%}rlnva?%'&hteor resins and

are expected fronmfilled rediher CagingRiryings icifing)SHlm| pAig, 4rd Mnblor mi ng and
coatings applications. Successful incorporation of SWNIs into ESD fil nms and
coatings are | ssudacehanpsagnes, identicalef In; spepeal ycases ob higtonanateber esul t s

obt ai ned: 10 El e?#afdiix@onkﬁiﬁ%@ﬁt%Ho}‘éasg?s”cr%%&lvr tion, and thickness of

nanotube filled y easily adjusted from 102 to 1012 at any
t hi ckness greater than 1 mcron. Resistivity through bulk or surface of
~films denonstrat Frmulatio ef yheh SYAND promopenedualyi thyoughout ¢w mmaix. Ther nal

effect on conductl vity. Resistivity insensitftiye t 5 tenperature and
hunmidity from at tf_reﬁg_"%@“_?ﬂf’ﬂeéooéa.rg%@??s i g‘i 1393I %ﬂ@_é‘r%’a‘(fﬁ ¥#% ncreasi ng
vol tage. Resisti Vhif¥mi RERARl ichfrabRrist @TPPIREWR ¥ i PhARY Soak.
scalable using continuous homogenizers and mixers. Some
10 inclusions due in part to impunties in nanotubes still present a

challenge.

Each of these key areas is presented in detail following a brief discussion

on experimental plan.

The films and coatings used for testing form two classes. The first class of

15 films are those made for comparative properties testing between
POLYIMIDE-1, POLYIMIDE-2, and TPO films with and without
nanotubes. In this matrix of films samples, all preparation conditions,
procedures, and materials where identical for the films made with or

without nanotubes. A uniform final film thickness of 25 microns was also

- 20 maintained. The loading concentration of SWNTs was determined from
preliminary test films created with nanotube filling weight percentage

“between 0.03 to 0.30%. From this test, the films were standardized to

0.1% to give films with resistivity between 10°-10° Ohms/sq. During the
concentration test films with resistivity from 50 Ohms/sq to over 107

25 -~ Ohms/Sq were able to be made. Lastly, the film thickness was selected to

: be 1 mil (25 um) since current application make use of this thickness and
based on observations that resistivity, at a set concentration of nanotubes,

" does not vary with thickness unless film is below 2 microns. This




"Optical transparency of SWNT filled matrix for wi ndow and | ens
"applications. Transm ssion | oss of only 10-15%for 25 ?3(:%0%0 %@fk films
with bul k conductivity. Transmission |oss of only 1-5%>fGPEHch 2-10

-m cron conductive filnms. Haze values typically <1% Mechanical property
- changes ¥ E6%2tsin and final filns due to presence RET/EMM#bes.

‘Tensil e, nodulus, and elongation to break unaffected by addition of
nanot ubes. Coefficient of thermal 2%3expansi on unaffected by addition of
nanotubes. No other qualitative differences between filnms with or w thout
nanot ubes observed. 23 Septenber 2005 WO 02/076724 PCT/ US02/ 09140 22
Processi ng ofespliggnseinef specimenm afas cesedditby test anabx atomepariog: 1hanot ubes.
Viscosity, S |-on tti equi val.ent .t unfilled resin.
Cast i ng,  dry ieeoR {eFRBRY ot Wiiior PimgSin” oy Rt syitpinitang 38 anc e
i dentical . | hazep&yimméchaaRels Pﬁfpeﬂi@rbf”&ﬂ@ﬂdlt}ﬂoddlﬁls’?}cﬁl&igaﬁ@ﬂ;eaﬂd ggosity
i ncrease is observed. Formulation of the SWNT honogeneousl y throughout the
matrix for teatheieny of tisantl epansion (ETE).e Theopreparatiep jnd rdsnlis bfve very

uni for g el ecf.t: [ | S11 Pr | ed in phase | is scalable
usi ng (rzgonti n%% S?rﬁoglg?#{zhzgréﬁ{é-irﬁ(cd&ﬁp?g‘r?@t.g&%oir}r%e&[ fcl usi ons due in part to
inmpurities in nanotubes still present a challenge. Each of these key areas
i s present edThe sdetndi tlagolof dilinsgaral boatixfgs dios destmigowereo prepagedr byrent al  pl an.
The filnms and coatings used for testjng form cl asses. The first class
of 15 fil nsva&'foélst"'i‘ﬁ?gﬁaﬂ‘i@r‘?%?t StPBﬁ‘ﬁia‘F"%l"P%a’bi E@é“r‘f’ﬁ’@g dewenstiAle bet ween

the wide variety of properties attainable using this nanotechmology

C

enhancement to these resins. For example, these samples include
10 measurement of resistivity as a function of the film thickness and
nanotube loading level. The methods used for preparation of these special

demonstrations are presented.
Preparation and test results for films in comparative matrix

The materials used were POLYIMIDE-1 and POLYIMIDE-2, and TPO.

15 Both POLYIMIDE-1 and POLYIMIDE-2 were cast at a final

concentration of 15% while TPO was cast at a final concentration of 20%

in NMP. To prepare the resins for casting, each resin was placed in a

three-neck round bottom flask with enough NMP to make more

concentrated 20% solution for POLYIMIDE-1 and POLYIMIDE-2 and a

20 25 % solution for TPO. This concentrate is later reduced by the addition

| of NMP and nanotubes. The resins were made in large batches, purged
with nitrogen and stirred at 30 RPM for 18 hours. Each batch of resin was

split in half and placed into two fresh flasks. Then two aliquots of NMP

were placed in small jars for cutting the concentration of resin to casting

25 viscosity,. SWNTs were weighed out and added to pure NMP., The

SWNTs and NMP were sonicated for 12 minutes. To one flask of resin

concentrate, an aliquot of pure NMP was added to the concentrate while

the other half of the resin solution an aliquot of NMP containing SWNTs




"POLYIMDE-1. POLYIMDE-2, and TPO filnms with and wi thout nanotubes. In
‘this matrix of filns sanples, all preparation conditions, rQcedur es, and
materials where identical for the filnms nmade with or \%?‘tsﬁB{‘)?F‘ci’ﬁé% Jbes. A
~uniformfinal filmthickness of 25 mcrons was al so 20 nai ntai ned. The

| oadi ng MhREER4ti on of SWNTs was deternmined from prIWYROHH40 test filns
-created with nanotube filling weight percentage between 0.03 to 0.30%
Fromthis test, the filnms were stangardized to 0.1 %to give filnms with
resistivity between 105-1 @ OChns/sq. During the concentration test filns
with resistivity from50 Chns/sq to over 1012 25 Chns/ Sq were able to be
made. Last | yWas added. | Bethflasks aere stzedsat| 3cRBM fos halfeanhayir filkered uny si nce

current appl|j ' t by i sscand_ . b d_on gobservations
Chat restoti bifblacEy IS P Gcfthe, PhiwblReS0SE B AR0RiA e 8T L ary it h
t hi ckness unt&siagf atteftios tdQirng, dniXiy AitbothdddtaiRIvGeRtATRAIZed@5 WO

02/ 076724 PCT/ US02/ 09140 23 resul ti n? set_of specinens was used in a test
matri x conpak¢spgeroasssing of thervirgin apd@il $p SWNY reginsthe soue: t enper at ures, 2)
optical transmttance and haze, 3) nechanical properties of tensile,

modul us;, el om@%axﬁplels e ]@st on®eH4 inch Eﬁ‘ﬁ:%(%flasg HahdR b PEBTIAed CTE) . The

preparation and results o testing the nein this matrix are presented
as |isted abwithsodthandwatenahdciheas sinedd ihipunswater ambaliawegbtofdoy. Thst i ng were

prepared by various ans _and .,represent spegial. coatjn and, filnms which
denonstrat e glﬁ?ﬁev‘(ﬁd’éargsgrﬁﬂ‘?wlg’f WFW@? i hF?lé’g?dé' uYRR theyj s

nanot echnol ogithaRSINAAEE BRNSankfles RREL cAs? TwBSinchdy wRItMIRhE o ddigpe Sanpl es
include 10 neasurenent of resistivity as a function of the fil'mthickness

and nanot ubknifeotedhake 4 Bined fthickiess ot noli§nal $wdksiess. PorcROLYIMUBDEof t hese
speci a1|0 denPra]lﬁft:l rﬁﬂ?iﬁﬂ%—% P rl&.%erg}l%%'sting thickness was used while TPO
required 10-mil casting to achieve 1 rnil; The cast samples were died at
130°C overnight and then at 130°C under vacuum for an hour. The thin
samples prepared for optical testing were not removed from the glass but
dried and heated like all the other coatings. The films were then floated
15 - off the glass by ﬁsing purified water, to reduce water spots. After drying,
the samples were tested for residual solvents using a TGA. The remaining
solvent was about 10, which was too high. The samples were then taped
on the glass panels using Kapton tape and heated to 130°C under vacuum
for 18 hours. Using the TGA again to check for solvent content it was
20 - found that the coatings were reduced to about 3-6% solvent. The samples
were placed back into the oven and heated to 160°C under vacuum for 18
hours. After this heating process the solvent levels were below 2% and

used for testing.

The following test results were obtained: 1) electrical resistivity at various

25  temperatures; 2) optical transmittance and haze; 3) mechanical properties
of tensile, modulus, elongation; and 4) coefficient of thermal expansion
(CTE).




“Preparation and test results for filnms in conparative matrix The materials
"used were POLYIMDE-1 and PCLYI M DE-2, and TPO 15 BO%H $O_YI Mﬁél and
POLYIMDE-2 were cast at a final concentration of 15% cast at
a final concentration of 20% in NWP. To prepare the resins for casting,
each resWO @367 aced in a three-neck round bottom f |PEIESKIAdMM0enough NVP
-to make nore concentrated 20% sol ution for POLYIMDE-1 and POLYI M DE-2 and
.a 20.25 %solution for TPO This ceggcentrate is |ater reduced by the
addltlon of NWMP and nanotubes. The resins were nmade in | arge batches,
purged wth nitrogen and stirred at 30 RPM for 18 hours. Each batch of
resin was sfesittivitn inabofnparadive| raereit asné gunationf afesinpéraasies volldgen two
al i quots of NI\Q:‘ re placed in small jars for cutting the concentration of
resin to castf ’6"%‘?% scosity. SWNTs were wei ghed out and added to pure
NMP. The SWNTs and NVP were sonicated for 12 mnutes. To one flask of
resin concepidk@t®ndan aliquot of pure NMP was added to the concentrate
while the other half of the resin solution an aliquot of NWMP containing
"SWNTs 23 Sept.enber 2005 WO 02/ 076724 PCT/ US02/ 09140 24 was added. Both
flasks were 59 fppathecondueyygnat theeyshoyta plghgturey 2 three-dumensimab aced in
jars fa@r cas r casting,
attent ?on toﬁéstf&lgl}qupn%@%aﬁ&n% ‘g%é& &ecp Sﬂée{ ltmrgt?ted"gsts%ng(g% i'zed to keep
processi ng dﬂudsheldvan@lm elmlac@erize% SYWNE  laegd ruhangae isatle. elcitival sanpl es were

cast onto f4 inch thi | Isth eaned V\nihsap and wat er
and then ri nCH8RGE- o Sée é’r t ‘?1(5 al?f‘sm@ e fgglomgration S\gs washed and

with net han%arﬁélé's and 'pﬁ'lttlcfer-ﬁepa‘iﬁélﬁ hnteéé@ﬁéhstﬂaﬁﬁuﬁ@?d“é‘ﬁﬁt sifibn %@n{ he sanpl es

were cast two inches W de using a casting feto m nal thickness
of 1 nmil firiadlateti dknass to RbeseP@Iriing BEcontinuous pathway through the
10 material. Nanotubes have a much lower percolation threshold than typical

fillers due to their high aspect ratio of >1000 and high conductivity. As
and example, the calculated percolation threshold for carbon black is 3-4%
- while for typical carbon nanotubes the threshold is below 0.04% or two
orders of magnitude lower. This threshold value is one of the lowest ever
15 calculated and confirmed. (See J. Sandler, M.S.P. Shaffer, T. Prasse, W.
Bauhofer, A.H. Windle and K. Schulte, " Development of a dispersion
process for catalytically grown carbon nanotubes in a epoxy matrix and
the resuiting electrical properties”, University of Cambridge, United
- Kingdom, and the Technical University Hémbu’rg-Hamburg, Germany).

20 - The high conductivity imparted when NT's are dispersed in a polymer at
low concentrations (0.05 to 2-wt. %) is not typically observed in a filled
material. This is one of the most attractive aspects to using NT to make
conductive materials. For a typical filled system, like polyaniline (PAN)
particles in a polymer matrix, a 6 to 8% volume fraction is required to:

25 . reach percolation threshold for conductivity. Even. when PAN is solution
blended the loading exceeds 2 wt.%. Another, more common example is
found in ESD plastics used in the electronics industry were polymers are

 filled with carbon black to a loading of 10 to 30-wt. %.




10 1 and POLYIMDE-2 a 12.5 m | casting thickness was used while TPO
‘required 10-m | casting to achieve I ml|. The cast sarrgl S were f’-j ed at
130C overnight and then at 130C under vacuum for an ho P SepismbeRs P> sanpl es
-~ prepared for optical testing were not renoved fromthe glass but dried and
heat ed | W&024(7¢724 he ot her coatings. The filns were t héCHUSOH9e# 15 of f t he
-gl ass by using purified water, to reduce water spots. After drying, the
~sanples were tested for residual sohgents using a TGA. The remaining
sol-vent was about 10, which was too high. The sanples were then taped on
t he gl ass panel s using Kapton tape and heated to 130C under vacuum for 18
hours. Usi ngThhbighGundyetivityt &t lowe céncentrationl isedite tootht entradrdinasity 20 f ound

- that the coaf.ipgs re.re 0 ut. 3-6% sol vent.. The.s |l es were

pl aced back lﬁggs?%gm&?gﬁw&ﬁggg?hl%@ ﬁ‘?iné'P“\’/‘%uE’rﬁaFgEﬁelB hours.

After this hgaitibdl RoRERESIty NES SAEVEIG! | AYE ha¥eb&nbehiddt apd used for
testing. The following test results were obtained: 1) electrical

resistivity daterpingdtoexhibit metallierbehavies; 2) optical transnittance and haze;
3) nechani cal properties of tensile, nodulus, elongation; and 4)

coeffigi ent g[cgﬁggf%ggsﬁﬁppwgkggml(s%} 23 Septenber 2005 WO 021076724
eS| St y

PCT/ US02/ 091 Vity In conparative matrix as a function of
tenperature, voltage, and humdity. Background: To inpart the conductive
pat h t hr oughbudemonstiatecthe thermal stabidicy dironphsi wids| rangeSofitetmperatures il | er
particles was re u%red. ‘i’hig s r ft?lrred to as gercol ation threshold and is
charact eri zed® &P nted Samples BpRieeds Hb“bﬂl&ctﬁ?‘ile frix oniQ;gdass slides Essential Iy,
the theory igi}agaptofNapdle BEe ANBEPvERNpRAEed in an environmental test

chamber with leads attached to silver-metal painted stripes on each of the

- 10 three types, POLYIMIDE-1, POLYIMIDE-2, and TPO. The results
- showing how each of the three films resistivity varied with temperature

from -78 to +300°C, are presented in Fig. 8.

'_ The results indicate that electrical resistivity in all three films is insensitive

to a wide range of temperatures. Thé relative value of resistivity between

15 the films is not important since it can be adjusted easily by changing the
concentration of the tubes. However, in general TPO has a high resistivity

at a given nanotube concentration in all the samples made in the phase L.

This data also indicates that imparting conductivity to polymer by addition

of SWNTs will produce a film with excellent thermal stability, at least as

- 20 good as the base resins. These films were cycled thrdugh this test several
| times without any notable change in resistivity. In addition, we left then to
soak for a period of 63 hours in air at 250°C to observe the long-term

stability as shown in Table 4 below:




"particles, and particle-to-particle interactions resulting in a transi tion
“from-  isolated domains to those form ng a continuous pg%&m&pﬁ) h the 10
material. Nanotubes have a nuch | ower percolation thre H pi cal
-fillers due to their high aspect ratio of >1000 and hi gh conductivity. As
and exanpPY@V2/47¢7a4 cal cul at ed percol ation threshol d for REYUsOHOMI0ack is 3- 4%
-whil e for typical carbon nanotubes the threshold is bel ow 0.04% or two
~orders of magnitude lower. This threshold value is one of the |owest ever
15 cal cul ated and confirned. (See J. Sandler, MS.P. Shaffer, T. Prasse, W
Bauhofer, A-H Wndle and K.. Schulte, " Devel opnment of a dispersion
process for catal yti calIIa]oleg40vm carbon nanotubes in a epoxy matrix and the
resulting electri caI roperti es" Unl ver si ty of Carrbrl dge, United Kingdom
and the Tech Yo il G e The hi gh
conductivity[l ,ﬂ r,""- 1. 1-.'- "‘“’“‘“‘”“' mer| at | ow
concentrati ohs d ina filled

I
material. Thrs—S £Hve—agspeets—+to—usi ng NT to make
ﬁt 19 cydtonf3Erfe obiyaniline (PAN)

otfre—

conductive n +m.Q| S i=Ja ALV
particles inta p(ﬁv‘?’\/rmr rmt‘llf”}';i a6l t o 6gtPol 1] f?SET'“ﬁon S required to, 25
reach percolation threshold for conductl vity. Even when PAN is sol ution

bl ended the | oadi ng exceeds 2 w.% Another, nore common exanple is found
in ESD pl astj I \ are filled
1, £5D. P 3SUAIED f Seds? i SRS Bl BTN HSEE T ARLS 20 (1

02/ 076524 Zﬁed?ﬁﬁﬁtgdSOZheélﬂaeﬁ@nﬂine ws glulaubiietl byi holtijngathel wet eolgpent ration is

due to the extraordipnaril gh aspect i on of SWNTs .and_t he high tube
conduct.v.tff’ﬂﬁﬁlf%@trecmfﬁngéiweemr&a#cr% §cemple ysipe omes Ja¥ual tubes has

been nmeasur @HIABUIDE-1 coated on glass with 0.1% SWNTs was tested from 1 Volt
- to 20 KV, with the calculated resistivity, normalized to Ohms/sq, plotted

o

in Fig. 9. This graph shows that the resistance of these films reduces with

10 increasing voltage. This is also observed at elevated temperatures. From
- a design stand point, this meant those films tested using low voltage

meters is adequate, since the resistance was only going to reduce is the

film is subject to higher voltage in the application. In fact these carbon

nanocomposite films may be developed for lightening protection.

15 To test thermal stability, samples of each of the six films in the test matrix
were scanned by TGA and DSC to evaluate how they behave with and
without nanotube present.. The percent weight loss at 350 °C and the glass
transition temperature was recorded. See the Tables 6 and 7 below for

results:




"determined to exhibit nmetallic behavior. 5 Electrical resistivity and
‘thermal stability. To denonstrate the thernal stabilit& hr%m% 2
range of tenperatures we nounted sanples from each fi Y &t
-onto glass slides wusing Kapton tape. These slides were placed in an
envi ronnBY ¥V7¢8&t  chanber with | eads attached to si |RGEUSHH pai nt ed
stripes on each of the 10 three types, POLYIM DE-1, POLYIM DE-2, and TPO.
The results showi ng how each of thegthree filnms resistivity varied with
tenperature from-78 to +300C, are presented in Fig. 8 The results
indicate that electrical resistivity in all three filnms is insensitive to
a wi de rangeTabletelfey Bata on POINIMEDE:, POLYIMIDE:2 nod RO Glmy bet ween 15
the fil ns i swithtandnwyithmanotwdience it can be adjusted easily by changing the

concentration of the tubes general TPO has a high resistivity
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o polyner by addltlon
ability, at |east as
rough this test

of SWNTs wi || produce
20 good as the base r
several tinmes wthou s #ty. In addition, we
‘left then to soak fo YIMIDE- bt 63 hourls in q|6r at |250C to observe the
| ong-term stability W/ SMGWn in Table 4 Bel ow. 23 Septenber 2005 WO

. 02/ 076724 Table 4 27 PWE@MLWEE& shi |' OX®BI8Bl s s{Hours at POLYlI M DE
POLYIM DE | TPO 250 (4 rOLYIMIDE-2

w/ SWnT 457
Virgin TPO 3.64
TPO w/ SWnT 4.65
5 Table 7 DSC Data on POLYIMIDE-1, POLYIMIDE-2, TPO Films

ff.)LYIM}DE'l - 2483 263
irgin

POLYIMIDE-1

w/ SWnT 249.7

POLYIMIDE-2

Vitsin 163.8 209
POLYIMIDE-2

w/ SWnT 162.4

TPO Virgin 172.4 N/A
TPO w/ SWnT 186.8

- The decrease in the TGA and T, of the films is a result of residual NMP
trapped in the film. The TPO resin did not give a clean or good DSC

curve until thermally cycled a couple times.




"0 63 3.0E+6 4.4E+6 5.4E+6 1 6.3E+6 6. 1E+6 | 7.8E+6 Al so of interest was the
relationship between test voltage and neasure 5 resistivity. Th
resistivity was cal cul ated by hol ding the test vol tagezé§ﬁgtf35’|1??r§%
recording the current across the sanple using ohns aw. POLYI M DE-1 coated
on gl ass%\’M‘PW"'@?"l% SWNTs was tested from1 Volt to 20PGNUSOUIEH t he

cal cul ated resistivity, normalized to Chns/sq, plotted in Fig. 9. This
graph shows that the resistance of these filnms reduces with 10 increasing
voltage. This is also observed at el evated tenperatures. From a design
stand point, this nmeant those filns tested using | ow voltage neters is
adequat e, sifwwenayef elsstrinadtestreswlés-onl y going to reduce is the filmis
subj ect to higher voltage in the application. In fact these carbon

nanoconposi t L | d : | L. ghteni tact i 15 To test
t her malrrpst ablﬂrlh‘ét y@g ;@n%?@gaioﬁégggﬁfgﬁl%eloggg tﬁ{’H %gqlﬁ%e%t ﬁée'r ;F'g?t mat rix
wer e scannedapplicaiohs amdl RBC bo cavidy udesipnbdwok heny Hekavel wlettticahd wi t hout

nanot ube present. ng percel:aé i ght loss at 350 C.and the gl ass
transition tIESHERCR FPeVes L08c q- Sising T e doagling, devel pell ow f or

results: 23 e 0 0, . le 6 TGA Dat a
on”pa Yom o Chceita BocQAIcR AR fiberdilva 3 Weaibeidlle, RibBRY 0 S Tbre
7 DSC Dat a cageid@l YIThé pEsdnceRdl tYie Mabbtube dbe©Onbi hamn the other thermal

properties of the films.
Optical transmittance and haze.

SWNTs are excellent additives to impart conductivity to polymeric

10 systems and consequently function well in an ESD role. However, for
application to optics and windows, the resulting films or coatings must

also be transparent. Samples of each film made for the comparative test

- matrix were tested using ASTM D1003 “Standard Test Method for Haze

and Luminous Transmittance of Transparent Plastics” This test method

15 covers the evaluation of specific light-transmitting and wide-angle-light-
scattering properties of planar sections of materials such as essentially
transparent plastic. A procedure is provided for the measurement of
luminous transmittance and haze. We also tested thinner films made from

the same resin batch. This data is presented in the Table 8 below. For

20 comparisen, the same films were tested for %T at fixed frequéncy of 500
| nm using a Beckman UV-Vis spectrometry on both glass, see Table 9 ,

and as free standing films, see Table 10,




' The ‘decrease in the TGA and T. of the films is a result of residual NW
"trapped in the film The TPO resin did not give a clean_or good DSC curve
until thermally cycled a couple tinmes. 23 Septenber 2063 SACOReH7HP24 29
-Summary of electrical test results. PCT/USQ2/ 09140 Fil ns have el ectrical
resi sti viQP2EH | ower than required for ESD appli catRG@ASH9dHcan be
‘easily designed for any level of electrical resistance above a 100

Ohns/ sg. using very |low | oading | evgh of nanotubes. Electrical properties
are insensitive to tenperature, humdity, ageing. The presence of the
nanot ube does not harmthe other thermal properties of the filnms. Optical
transmi t t ancEabla@ ASEM Bii3-08Bcopticab hazes lumihous and diffusei npart conductivity
to pol yneri ctraignifiance datafodt fdossvighand Witkiouhnhnatnbee Notée nll dheeESD 1 0l €.
However, f orfilmdrecahdoctivecindhe BSD eaggewi ndows, the resulting filnms or
coatings nmust also be transparent. Sanples of each filmnmade for the
conparatiye test™ matrix wefe tested[ Ugigs 7P izl PO o%fi ORER Lept Met hod

for Haze |and Lum nous Trangfihicknese

met hod 15{ ciample Idéstificadiomat] i Micwinss

W de- angl G=laetivarac i B R a O L lals
such as e = or the
measur ene [RESEEEOL D S i nner
filnms nmadp i 5 pB&8ent L tjhe Tabl e

-8 below.  Film20 conpari son, |the sane ' bre tepted for (99 at f|i xed
frequency| POIDOOMIDI2WNifIY & Begkman| UveMiod bpegtrpmegsy or baig gl ass, see

Table 9 ,]0.1% SWaT film
TPO Virgin film 30 >1.0x107 | 1.5 86.8 1.7
TPO With SWaT film 30 5.0x10° | 1.0 70.7 1.4
POLYIMIDE-1 Virgin 25 >1.0x10%{ 0.7 90.2 0.8
film
POLYIMIDE-1With 25 1.4x107 | 1.1 64.8 1.7

SWaT film

| . 88.5 NA
POLYIMIDE-1 Virgin 4 >1.0x10] 0.1 99.2 0.1

POLYIMIDE-1 With 8
0.1% SWnT 4 3.0x10 0.3
POLYIMIDE-1 Virgin 12 >1.0x10“ | 0.3 99.0 0.3
POLYIMIDE-1 With 12 19x10° | 04 85.0 0.4
0.1% SWaT

93.6 0.3

- POLYIMIDE-1 was cast onto glass substrates with and without SWNTs at
" 2 and 6 mils thick. An additional ultrathin sample was prepared using
POLYIMIDE-1 compounded with 0.3% SWNTs and cast at 0.5 mil thick.
These samples were tested on the UV-Vis spectrometer for percent
10 transmission at 500 nm, an industry standard for comparison. The glass
was subtracted out of each sample. Table 9 presents the optical and.
resistivity data for these samples cast on glass. The same tests were run

on POLYIMIDE-2 and TPO, with very similar results.




"and ‘as free standing filns, see Table 10. 23 Septenber 2005 WO 02/076724
PCT/ US02/ 09140 30 Table 8 ASTM D1003-00B, optical haze, | um nous_and
diffuse transnmttance data for filnms with and w t hout 23 sBteupes20®ot e al |
-thee filnms are conductive in the ESD range 5 POLYI M DE-1 was cast onto
gl ass suBRPAYL with and without SWNTs at 2 and 6 miBE/YRVRI0 An

-addi tional ultrathin sanple was prepared using POLYIMDE- 1 conpounded
with 0.3% SWNTs and cast at :0.5 ml3thick. These sanples were tested on
the UV-Vis spectronmeter for percent 10 transmi ssion at 500 nm an industry
standard for conparison. The glass was subtracted out of each sanple.
Tabl e 9 presents the opiable? P MBEEsk owiglags dat a for these sanpl es cast
on glass. The sane tests were run_on POLYIMDE-2 and TP th very
simlar results. SaAMcIDeCHpcT L N oy

gl ass PCT/ US02/ 09 i

[

POLYIMDE-1 with: TP T
- SWoT 8t 4 umm 77.3 3.0E+8
POLYIMIDE-1  with 0.1%
SWnT at 12 um 752 1.9E+7
Virgin POLYIMIDE-1 at 4 um 83.7 >10"
Virgin POLYIMIDE-1 at 12 um 89.2 >10"

Another set of samples were cast at the same thickness and removed from
5 the glass. The freestanding films were also analyzed using the UV-Vis at
500 nm. Table 10 represents the results of the freestanding films.

Table 10. Freestanding POLYIMIDE-1

POLYIMIDE-1 with 0.1%
SWnT at 4 um 7.3 3.0E+8,
POLYIMIDE-1 with 0.1% '
SWnT at 12 um 752 L9E+T
:;:gm POLYIMIDE-1 at 4 83.7 >101
Virgin POLYIMIDE-1 at 12 89.2 >10"
um
Summary of optical test results.
10 The optical testing of these ESD films in the test matrix demonstrates

.excellent transmission with low loss. Even more exciting are the results of
thin film and bi-layer experiments where optical properties were the focus
and result in near colorless (>95%T) films and coatings. With successful

demonstration of optically clear, low resistivity films, the next step was to-




“Virgin POLYIMDE-1 at 4 urn83.7>10 Virgin POLYIMDE-1 at 12 unB89.2> 1013
Anot her set of sanples were cast at the sane thickness and renoved from
the glass. The freestanding filns were al so analyzed ug?’ﬁ@pt@wéewﬂﬁ s at
500 nm Table 10 represents the results of the freestanding filns. Table

- 10. Free¥MHR@74d POLYI M DE-1 Summary of optical test rROFISOA91400. The
-optical testing of these ESD filns in the test matri x denonstrates
“excellent transmission with [ow |losgp Even nore exciting are the results of
thin filmand bi-layer. experinents where optical properties were the focus
and result in near colorless (>95%) filnms and coatings. Wth successful
denonst r at i eoniifm it ithesk |fitms lhawe thel amer asbeatter widcharficd] peopetrties asext st ep was
to 23 Septenper Zggnﬁ@\ﬁ\o 021076724 PCT/ US02/ 09140 32 confirmthat these
films have tH&*dY CHRIPBANQRSSa i cal properties as those not enhance
wi t h nanot ubes. Mechani cal properties of tensile, nodulus, elongation. The

use of theseMédhnmal prapértiea pPlensitd Woduhe RlbkgRiogood mechanical 5
properties. In this section, it is denonstrated that the presence of
-nanot ube to,Ii ti ¢ does not adversely affect the

npart the ESD characteri
mechani cal  [op%r P%éﬁe‘“‘&f El‘ﬁ%é%mBﬁl 9?@1"4‘?‘? Feauirs gped msshanigalcn type of

Filmwsth andsndfidsh 19 Wlis BShUPR d&&&%@&&m&@%ﬁftﬁéﬁr@ggnt%f@@ﬁmee strength,

tensil e nodulus, and elongation at break e results o ese tests are
in Tabl e 11 tamdpard GegiSIp lebaracteriftiqgdoesot @dedrbélyiaffiott the mdohaniedl expansi on

(CTE). SWNTs' ability to ippart. ESD _characteristi csﬁ{j S _not adversely
~affect the Pﬁquafé]ﬁ?seé’f’%ﬁmﬁ' g)%ﬁg?fs‘?"gne"t%fﬁ?e @%&W&é’é‘gof pol ymer
films. To  with out nanotube present was tested for tensile strength, tensile modulus,

and elongation at break. The results of these tests are in Table 11 and

- 10 graphed in Fig. 10.
Coefficient of thermal expansion (CTE).

. SWNTSs' ability to impart ESD characteristics does not adversely affect the
coefficient of thermal .expansion (CTE) properties of polymer films. To
that end, each type of film with and with out nanotube present was tested.

15 The CTE tests were conducted using Universal Testing Machine from
SRS. The testing was conducted on 6 samples of film: Virgin
POLYIMIDE-1, POLYIMIDE-1 with SWNT, Virgin POLYIMIDE-2,
POLYIMIDE-2 with SWNT, Virgin TPO, and TPO with SWNT.

Each sample was first mounted onto a strip of 5 mil Kapton since the
20 samples alone were slightly too short to be placed on the fixtures properly.
Once the sample was fixed to the machine, the strain gage clamps were
placed onto the film using a standard 4” gage length. The film was then
loaded with approximately 15 grams, which would provide a suitable -

stress to initiate elongation during heating but not penﬁanent deformation.

25 - The POLYIMIDE-1 and POLYIMIDE-2 samples behaved as expected
' throughout the temperature range. The TPO samples behaved irregularly




"that end, each type of filmwth and with out nanotube present was tested.
15 The CTE tests were conducted using Universal Testi n% Machi ne from SRS.
The testing was conducted on 6 sanples of film Virgin 3 PEPPMPEDEIOP,

- POLYIM DE-1 with SWNT, Virgin POLYIMDE-2, POLYIMDE-2 with SWNT, Virgin
TPO, andWAPBOH2h SWNT. Each sanple was first nounted BSIHUEOH4Y ip of 5 mil
-Kapt on since the 20 sanples alone were slightly too short to be placed on
the fixtures properly. Once the sanpie was fixed to the nachine, the strain
gage clanps were placed onto the filmusing a standard 4" gage |ength. The
filmwas then |oaded with approximtely 15 grams, which would provide a
suitabl e stp sempersdtaj the polyimidsn glitialy, dbe samplee appeatsdoiot shiimk per manent

def ormati on M DE-1.and POLYlI M DE- 2. .sanmpl es behaved as expect ed
O ouanout e e Mt S BN e AR GRS Loy T 5
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polyimde. Initially, the sanples appeared to shrink when heat was first

appl i ed t hefempwpwatt engentherfilm pomralized detepstinglyy e THQ meateddl. The

behavi or se i 4 e TP trlal 0 he  .r pward once
Cho 111 m notonet B difRerehChrofilE o e torkberishf sebue? o g RABINE"S' G £ e en
profile on idberedsedpmr sizelrférangrodong backl tacitd alrgihal deel eardhdrn si ze before

~.growi ng back to its oqriginal size. Another interesting behavior is that
the TPO nat é}tﬁréfﬂlwe‘ét‘%éul%s tahthg T B materal jseqrped tochangk sige ifilpitc (350F) for

any 1 endth ol s8R 17702(350%8 Br IRPIGIIRBK i OTh ORERITID shiaffe Whi | et he

"TPO wi th SWNTs grew wheh soakKed Si nce avli or was the sane
for both tr whles soakedvand 7d%T evhile nkeel TPOh&ith IBVNITe igrevp evhah Goalesdratr  nor

o R 455 kBt e B3 G el Sl ™ 1770

that neither operator ermor nor instrument error was at fault. All CTE

measurements fell within 10% of known values and are presented in Table

11 and in Fig. 11.

"Table 11 The CTE values for each material

15 Material : CTE (rampup) CTE (ramp down)
POLYIMIDE-1 53.27 ppm/C 57.18 ppm/C
POLYIMIDE-1 with SWnT 56.87 ppm/C 55.58 ppm/C
POLYIMIDE2 63.38 ppr/C 64.45 ppm/C

" POLYIMIDE-2 with SWnT 56.00 ppm/C 56.43 ppm/C

20 TPO (trial1) 55.42 ppm/C 57.04

ppm/C :
TPO with SWnT (triall) 53.81 ppm/C 56.13
ppm/C o .
TPO (trial2) 50.70 ppm/C 57.60
25 ppm/C
- TPO with SWnT (trial2) 60.86 ppm/C 55.78
ppr/C -

Summary of CTE testing




11 and in Fig. 11. Table 11 The CTE values for each material 15Material CTE
’(rarrp up) CTE (ranp down) POLYIM DE- |53.27 ppni C 57.18 ppni C. PCLYI M DE- 1
“with SWATS6.87 ppnf C 55. 58 ppnf C POLYI M DE- 263. 38 ppm &3 §4PiEmbp1208
PCLYIMDE-2 with SWT56. 00 ppm C 56. 43 ppnm C 20TPO (trial 1) 55.42

ppm C57. W ®PM78E TPO with SWAT (triall) 53.81 ppm C56.PEIGSHHISCITPO

-(trial 2)50.70 ppnf C57. 60" 25ppm C TPO with SWAT (trial2) PP C 60.86

" ppm C55. 78 Summary of CTE testing 23 Septenber 2005 WO 02/ 076724 34

PCT/ US02/ 09140 As with the tensile properties, the CTE properties of these
films were -generally unchanged by the addition of nanotubes. This wll
permit the usewidf thbhsssileopMErtml ﬂlne@'EEepmpm:iesj oﬁ)thftsheﬁlmtdmteon of

opor Vo | G LA Uk S o ARG WS 2 1110 1
of these other polymers enhanced by the addition of nanotubes for coating
and multilayer applications were CTE matching is important for bonding

5. and temperature cycling.
Results obtained from exploratory films and coatings.

In this section are provided those results obtained from films and coating
made from the same three resins, however, in these samples film thickness
and nanotube concentration were not held fix. Samples were generated to
10 demonstrate the ease at which very high clarity, high conductivity coatings
and films can be produced using Nano ESD technology. In brief, the
following samples were prepared and presented in the subsequent

. subsections of the proposal:

High clarity 1-2 micron thick coatings on glass with high loading levels
15 of (0.2 and 0.3%) nanotubes. |

Bilayer films, where very thin, high nanotube loading level is layered on
~ standard thickness films.

Special polymer wrapped SWNT layered on 1 mil films.
High clarity ESD films

20 It is possible to obtain a highly absorbing film by increasing the nanotube
' concentration. A 1.5 % loading level of multiwalled nanotubes in polymer
matrix is black and dull in appearance. | In contrast, an 8-micron thick
polymer coating loaded with 0.2% SWNTs is still conductive yet nearly
colorless as depicted in Fig. 12. This coating was formed by casting a
25 solution of POLYIMIDE-1 with 0.3% SWNTs @ 1.5 um final thickness.




and ‘tenperature cycling. Results obtained fromexploratory filnms and
-coatings. In this section are provided those results obtained fromfilns
and coating nmade fromthe sane three resins, however, zﬁﬁePﬁﬁg’éf%(&?pl es
.filmthickness and nanotube concentration were not held fix. Sanples were
gener at eWa3/0124denonstrat e the ease at which very hi gicTaiseaot4p, - hi gh
-conductivity coatings and filnms can be produced using Nano ESD t echnol ogy.
In brief, the follow ng sanples wegg prepared and presented in the
subsequent subsections of the proposal: High clarity 1-2 micron thick
coatings on glass with high loading levels 15 of (0.2 and 0.3% nanotubes.
Bi | ayer fi | riis hasva@esistivityyoft HI° rQhrhs gdp withnioansbarehop86%d Witk dhzd 6f | ayer ed on
standard t hi cégess films. Special polyner wapped SWNT | ayered on 1 m|
films. High rity ESD films 20 It is possible to obtain a highly
absorbing fil mby increasing the nanotube concentration. A 1.5 % oadi ng
level of multiiyalekesiientneb HEmBRIABRN thaRT by X haniBlRGKg amk dul | i n
appearance. In contrast, an 8-micron thick polymer coating |oaded with

0. 2% SWNTs iconegnitiation ol caviating yéucknessr eycellent ooptisek amd dlspiricakd in Fi g.
12. This coating.was for . castin 25 solution.of POLYIMDE-1 with
-39 SO drbaigy B¢ SpfaineY iB3BC e Fut  RBE PoButn B o728

- PCT/ US02/ 09 lsathpBO wat tBsted dnr@si GWLVist ypeofrodOfer Gins0oneh. WTHR plagnspar ency
96%I with haze of 0.6% This excellent coating denonstrates that by

mani pul at i ngomplicates rthe Fesuisi gpcathe &8 layert #ite lasess antitedler@vet optical and

el ectrical coating to the glass and alters the reflective components contribution to the

transmission result. Nevertheless, this coating demonstrates the potential

10 for very high clarity ESD coatings.

Table 12 Transmission at S00nm for thin 0.3%
POLYIMIDE-1 ceating on glass

Ultrathin monolayer of

POLYIMIDE-I with 0.3% ' 83.8 3E+8
SWnT 0.5 mil cast

Blank piece of glass 88.8 >10"

To reduce optical absorbance in nanocomposite conductive films the

15 coating can be formed from a thin monolayer of high concentration
nanotubes. Several other techniques have alse been demonstrated to

- achieve the same high optical transparency while maintaining high
electrical conductivity in the film. Two of the most successful rely on the

same concept just shown, they are: 1) the use of bi-layers and 2) ultra thin

20 polymer wrapped nanotubes.

Bi-layer and Special ultra thin ESD Films.




"5 properties can be obtained in the same film For conparison, the sane
‘sanpl e was tested in our UV-Vis spectroneter at 500nm The gl ass
conplicates the results since the ESD | ayer acts as anzéﬁpp%@ble’é%@%e
coating to the glass and alters the reflective conponents contribution to
t he tramz@éﬂgﬁ result. Nevertheless, this coating RFEHF4Hes t he
-potential 10 for very high clarity ESD coatings. Table 12 Transm ssion at
-500nm for. thin 0.3% POLYIMDE-1 coging on glass To reduce optical

absor bance i n nanoconposite conductive filnms the 15 coating can be forned
froma thin nonol ayer of high concentration nanotubes. Several other

t echni ques Wanatusdl sextéysion df thenthin @bating methsh forviiigh hoptisalnelatitygh opt i cal

transparency while, mai ptaining high elegtrical conductivity in the film
Two of the ﬁ%@%ﬂ&@s@ﬂ‘@lah’&?ﬂ}’%%*%mmﬁe ceast the,hindhdin, they are:
1) the use P [ AatiRd Wi nanot ubes.
Bi - | ayer anSjygpeEgitZﬁ“e%?sts?i‘gﬁﬁ%nnyﬁééé%éf‘-%“hz‘i‘g838‘%%%%P“%‘%S@E 02/ 076724
PCT/ US02/ 09¥itgin3 Geshn.natTheakeseltingn filmonhad & roendinitive comfacagwithbimod f or hi gh
optic clarity .coatin is,tp forma bi-layer. free _standing film by cast
the thin 1 ﬁ‘i’n‘i{’&%&yﬁggsﬂﬁ'ﬁib‘& Sa ﬂﬁ‘gﬁtﬁ%éfm&b ifﬂﬁﬁﬁs% t he thi cker,
25 um | ayer deshonstiatdttie édibpt. ThE Ypécifitdtions Fof g% prRVIGiCH Ve surface
wi t hout 5 conductivity through the thickness. W nade 1p| |l ms fromthe TPO

resin to d&abladBrate the concept. The specifications for this filmare

provided in Table 13. Nanotube concentration was increased to al nost 50%

it oo of NhbitBe cbRdBratidf'vvas B A HIntBRE 50 A%k GnlEARDES Wi th 2
layer. This was done by modifying the nanotubes with a coating of

10 polyvinylpyrrolidone (PVP). This is also referred to as wrapping the
nanotubes with a helical layer of polymer. To accomplish this, SWNTs
were suspended in sodium dodecy sulfate and PVP. This solution was
‘thcn incubated at 50°C for 12 hours and then flecculated with IPA. The
‘solution is centrifuged and washed in water three times and then

15 suspended in water. The resulting nanotubes are water soluble and easily
sprayed or cast onto any surface. This solution was spray coated onto
virgin films to create a fine coating (<lum thick) that has ESD properties

and is very clear and colorless.

o The resulting coating can be coated with a thin binder while still
20 remaining conductive or coated with a thicker layer to make free standing
films. Using this technique, coatings with a resistivity down to 100 Ohms

- were generated.

Although only a few exemplary embodiments of the present invention
~ have been described in detail in this disclosure, those skilled in the art who

25 review this disclosure will readily appreciate that many modifications are |
possible in the exemplary embodiments (such as variations in sizes,
structures, shapes and proportions of the various clements, values of

parameters, or use of materials) without materially departing from the




“10 polyvinylpyrrolidone (PVP). This is also referred to as wapping the
‘nanot ubes with a helical |ayer of polynmer. To acconplish this, SWNIs were
suspended in sodi um dodecy sul fate and PVP. This sol ut 2 rvengaber HR

i ncubated at 50C for 12 hours and then flocculated with I PA. The solution
i s centr MUYAHZhd washed in water three tines and t heifTUs0ZM#Mended in
wat er. The resulting nanotubes are water soluble and easily sprayed or
~cast onto any surface. This solutionywas spray coated onto virgin filnms to
create a fine coating (<lumthick) that has ESD properties and is very
clear and colorless. The resulting coating can be coated with a thin binder
while still nowl teashings ggd @dvaniages\of the inveation. vwhedordinglyj elkench ayer to nake

free standi j i thi echnigye,..coatings with.a resistivity down
to 100 mns%\(/{éfrd ggg%nﬁél%r?% B _d@%?c% %%W&ﬂu%ﬁwthé" ?‘Eﬁcg&%%ﬁ’sw%%%di nments of
the present asdefinkd anthe Appendogenigescribed in detail in this disclosure,
those skilled in the art who 25 review this disclosure will readily

appreci ate that ny. modi fi calions are possible . in the exenplary

“embodi nent s @@ﬁ&ﬁ%ﬁ“\?&?@?»é@?ﬁﬁ%ﬂ%&sﬁ@e&?ﬁ angiymjssionsanay bpg)de imnd

propor ki ons gt §hGey abhQ I&g@ ar e use of

mat eri als) wthout r’ra?%r?%ﬁey efgitgrﬁ%i %‘S‘i ;%%ﬁg%rﬁgﬁzg?g@%t E?%'%I?édZOOS WO

02/ 076724 PCHihiSiPitd 1wih@t depasting cfamhi thgs spindl o viantiagsmsionf ag he

. invention. Accor d%f(ﬂltﬁ al | %f(ih nodi fications are intended to be included
within the SCEFESStMthe2RRs0det S18#S- as defined in the appended claims. O her

substitutions, nodifications, changes and om ssions nay be made in 5 the

desi gn, operAdditign cithnith RS fatdtedaha NASAEBAtIHE WlErdAERY Qict®dto
those skilled in the art. Therefore, the invention in its broader aspects is

10 ~not limited to the specific details., and representative devices, shown and
described herein. Accordingly, various modifications may be made

without departing from the spirit or scope of the general inventive concept

as defined by the appended claims and their equivalents.

All references cited herein, including all U.S. and foreign paténts and
15 patent applications, all priority documents, ail publications, and all
citations to government and other information sources, are specifically and
entirely hereby incorporated herein by reference. It is intended that the
specification and examples be considered exemplary only, with the true

scope and spirit of the invention indicated by the following claims.

20 As used herein and in the following claims, artic‘:leé such as “the”, “a” and

“an” can connote the singular or plural.




enbodi ments wi thout departing fromthe spirit of the invention as
expressed in the appended clains. Additional advantage featyre nd
modi fications will readily occur to those skilled in ?ﬁ@c@WF1e ﬁ%ﬁefore,
the invention in its broader aspects is 10 not limted to the specific
details, and representative devices, jghown and described herein.
Accordingly, various nodifications nay be made w thout departing fromthe
spirit or scope of the general inventive concept as defined: by the
appendedcrlims s and their equivalents. Al references cited herein,
including all U S and foreign patents and 15 patent applications, al
priority docunents, all publications, and all citations to governnent and

other info gﬁeﬁl} b | ntlrely.hereby

i ncor por%té _edragl0 ﬁ%@%‘%?’gﬁg%ﬁgﬁ sr!og'ﬁ%enct%g%g%l& @'ﬂa{aéor“ﬁ%@'speci fication
and exanpl es dstepcafifeintieg e first fibmbly apylyoglayfluidicdritaining at least catbawpe and spirit
of the i nveg\%“iaondi ndl' cattted }t’)& thg. followng clains. 20 As used herein and
in the FEPPORFHRCASVR 2 ML 2S0Ral%s "t he”, "a" and "an" can connote
the singul ar ehmoyhg Brlsolvés; dept enber 2005 38 Cains 1. A nethod for

manuf acture of a carbaon nanotube-containing filmconprising: a step of
formng a fi risterrofifesmne assepyd Hln whighys madeeit ax invulajoran the At filkar bon

nanot ub t : . i sol vent;
and o ot aAaf BTN BN < IGhEu M ptRERe Bl aheSt R ) £ EORUBA I S0 the
first filesnthanabouet 9 selingb/sqndms have a |ight transmittance of at | east 60%
~and a surface resistance of |ess than about 1010 ohns/square. 2. The

nmet hod of claim 1, wherein the step of form ng the second film conprises

appl yi n@.tTe mébed eftobiiman wheis the step b foiinig thdigkodd RntedniiiRenanot ubes are

exposed on a top.
P applying tﬁg insulator on the first film so that the carbon nanotubes are exposed on a top

surface of the second film.

3. The method of claim 1 or 2, wherein said carbon nanotubes provide a surface

resistance to said film in the range of about 10°°-10° ohms/square.

‘4. The method of any of claim 1 to 3, wherein said carbon nanotubes provide a surface

resistance to said film in the range of about 10°-10* ohms/square.

5. The method of any of claim 1 to 4, wherein said carbon nanotubes provide a surface

resistance to said film in the range of about 10'-10” ohms/square.

6. The method of any of claim 1 to 5, wherein the fluid is removed by a process selected
from the group consisting of drying, air drying, heating, reducing pressure, and mixtures

- and combinations thereof,

7. | The method of any of claim 1 to 6, wherein the carbon nanotubes are selected from the
group consisting of straight or bent single-walled carbon nanotubes, straight or bent
double-walled carbon nanotubes, straight or bent multi-walled carbon nanotubes and

mixtures and combinations thereof.




surface of the second film 3. The nethod of claim1l1l or 2, wherein said
carbon nanotubes provide a surface resistance to said, filmin t range of
‘about 10' 6-106 ohns/square. 4. The nethod of any of cI&%ﬁFﬁﬂwgmégﬁﬁherein
sai d carbon nanot ubes provide a surface resistance to said filmin the
range of about 100-104 ohns/square. 3 The nethod of any of claim1l to 4,
~wherein said carbon nanot ubes providé a surface resistance to said filmin
t he range of about 101-102 ohns/square. 6. The nmethod of any of claim1l to
- 5, wherein the fluid is renoved by a process selected fromthe group
consisting of drying, air dryi ng, heati ng, reducing pressure, and m xtures
and conb$-nks Badod ﬁg@ﬂé@f claim 110 d, Ykerpio dhegarkpmnapdtubgsdiape an ewers, wherein t he
carbon ngnokidp I ted fromthe group consisting of straight or
bent single- vvaﬁqg% fgaéllr '%ﬁ&hanotubes, straight or bent double-walled carbon
nanot ubes, straight or bent multi-walled carbon nanotubes and m xtures and
conbi nat } thereof. 2 e er, 2005 39 8. The nmet hod of .any of claim1l
Lo 7, "wir IRe e Raf & imGh IR 1 B8 Bouh e Pcerb aremretf f eas than 3. 5
nm 9. Thecd®idatedttont e @butdonbiblide 4G High hPERhRe hldBess AhbRAbalpeE Ubes are
formed by a  process selected fromthe group consisting of a high

t enper at 4pesinbweh & catalysinheating phensbon kielention bemagledtricaredodiiofien of heat i ng of
car bon Q&&Eﬁﬁﬂé&@gﬁb@ﬁﬁﬁoﬂﬁ%&ﬂh&eﬂ&d‘mﬁtﬁ REELEA A, cbRRflorddbaat | On.
vaporization of a graphite rod wth a transition netal, conversion of a

car bon ca@rhoaicehtaininggas phassdo toboamdnotubesat di ghitermperttubd gipresswpeavititaur e or
pressure. W a, catalys nd .m xt.ures and conbi nati ons thereof. 10. The
met hod oc}a% S?iatr)1 H’éatg{eﬁ]gli&fodna@?at{%ﬁb@f%i he fluid conprises an al cohol,
water, an acetone, an ether, a toluene, a polyner, or mxtures or

conbi natj o thereof 11. The nethod of any of claiml1l to 10, wherein the

i nsul at of: i e dratndeddny phfimhb togf, gthsrein B dluid somprises anraleqhep Maker s,

t her mos efctiohd aR MR Sluer, 2BHIGHRE, Sr nfrRLATbEcdiihdtiins thereof,

11. The method of any of claim 1 to 10, wherein the insulator is selected from the group
- consisting of thermoplastics, thermosetting polymers, elastomers, ceramic hybrid
polymers, metal oxides, phosphine oxides, chalcogenide, polyethylene, polypropylene,
polyvinyl chloride, styrenic, polyurethane, polyimide, polycarbonate, polyethylene
* terephthalate, cellulose, gelatin, chitin, polypeptides, polysaccharides, polynucleotides,
indium tin oxide, antimony tin oxide, a doped zinc oxide, zine oxide, and mixtures and

combinations thereof.

12. The method of any of claim 1 to 11, wherein the forming of the second film

comprises a method selected from the group consisting of spray painting, dip coating,

spin coating, knife coating, kiss coating, gravure coating, screen printing, ink jet printing,
- pad printing sputtering, ion planting, vacuum deposition, chemical vapor deposition, and

mixtures and combinations thereof,

13. The method of any of claim 1 to 12, further comprising treating the carbon nanotubes

to promote suspension of the carbon nanotubes in the fluid.




pol ymers, netal oxides, phosphi ne oxi des, chal cogeni de, polyethyl ene,

pol ypropyl ene, polyvinyl chloride, styrenic, polyurethane, polyimde,

pol ycar bonat e, pol yet hyl ene terephthal at e, ceIIulose,zééFﬁWF%?r%%ﬁtin,

pol ypepti des, pol ysacchari des, polynucleotides, indiumtin oxide, antinony
tin oxide, a doped zinc oxide, zinc gﬁide, and m xtures and conbinations
thereof. 12. The nethod of any of clarml1l to 11, wherein the formng of the
second film conprises a nethod selected fromthe group consisting of spray
pai nti ng14.0TR: H&A4A Hhny ofRlakin ¢ 96413, Trthef RbhBriiR@it e td GPbondahdtiges 9ravure
coating, screen printing, ink jet printing, pad printing sputtering, ion
pl ant i nglo PRBVRNHIYEHSSi t i on, chemi cal vapor deposition, and mixtures and
conbi nati ons thereof. 13. The nethod of any of claim1l to 12, further
conprising treating the carbon nanotubes to pronote suspension of the

. car bon nkhothevesthodof ang of klaiml 1 t@ B4, Seiptantieflu2OibthdOcohthins Bdastieizeiod of any

of claiml to 13, further ¢ rising treati.ng the carbon nanotubes to
erove | MpGPREAEG S SRS AE0T: SROGHO Al fEOTIGERIo SORSGTh t he
fluid fusbisgersiB®Ricat, Aikiep|adpéssSnkRE agéht, SQAGRIY 4ponti2g M absérbbiel | €r, a
reinforcing agent, a processing aid, a stabilizer, an anti-oxidant, a

di sper si #5ihgeharee adinsting agentprapigtisesior grmbigatigpsithereed. col ori ng agent, a W
absorbent agent, a charge adjusting agent, or m xtures or conbi nations

t hereof. 16. The nethod of any of claiml to 15, wherein the step of
form ng B6.fi rBtemhé¢thod cloay of plaim il e 1 5) cheribthedtep of fofmink £firsbim does

nanot ubeI-1 onﬁz%%nibn filmconprising: a first filmcontaining carbon

nanot ube® H& 6 ‘aneter of less than 3.5 nm and a second fil m di sposed
on the first filmwherein said filns have a light transmttance of at

| east 60% and surface resjstance of | ess than about 1010 ohns/square. 18.
The fil ni’ofA &R ?WWF”%‘RX?@P@}W%@W%‘M@E nanot ubes are exposed on a top

surface of 4 first film containing carbon nanotubes having a diameter of less than 3.5 nm;
and
a second film disposed on the first film wherein said films have a light

transmittance of at least 60% and a surface resistance of less than about 10' ohms/square.

18. The film of claim 17, wherein said carbon nanotubes are exposed on a top surface of

the second film.

19. The film of claim 17 or 18, wherein said carbon nanotubes of the first film penetrate

into the second film.,

20. The film of any of claim 17 to 19, wherein said carbon nanotubes have an outer

diameter of about 0.5 to about 3.5 nm.

21. The film of any of claim 17 to 20, wherein said carbon nanotubes have an outer

-diameter of about 0.5 to about 1.5 nm.

22, The film of any of claim 17 to 21, wherein the carbon nanotubes are selected from

the group consisting of straight or bent single-walled carbon nanotubes, straight or bent




the second film 19. The filmof claim17 or 18, wherein said carbon
nanot ubes of the first filmpenetrate into the second film 20. The film
of any of claim 17 to 19, wherein said carbon nanot ube$3 REVE™RET Her

di anmeter of about 0.5 to about 3.5 nm 21. The filmof any of claim17 to
20, wherein said carbon nanotubes haXi an outer dianeter of about 0.5 to
about 1.5 nm 22. The filmof any of Claim 17 to 21, wherein the carbon
nanot ubes are selected from the group consisting of straight or bent

si ngl e- nadubROwSIRIRAH oA ABASHIRE Sstraihi & KHRE mAfti-REMA AdorRb GG and 005 41

doubl e-wal | ed carbon _nanot ubes, straight or bent mnulti-walled carbon

nanot ube®i*iygs and sombinationilersobi nati ons t hereof 23. The film of any of
claim17 to 22, wherein said nanotubes are substantially single- walled
nanot ubes. 24. The filmof any of claim17 to 23, wherein said nanotubes

ar e preszhtThetfilabefiahy Of €l8iin 17 © 22hwhtreildénlibmactube aresubblantidly.singhe fi | m of
any of claiml1l7 to 24, wherein said nanotubes are present at about 0.05%
based onwg%iﬁ] Otug%;: The filmof any of claim 17 to 25, wherein the surface
.resistance is between about 10 ohms/square and about 1010 ohns/square. 27.
The filmof _any of claim, 17 to 26, wherein the surface resistance is

bet ween #bothe flmpf agy aEolaign bt © 23nwhersoseidrgnotubesase prgseat o abowt 0.6He fi | m of
any of i 4 ein the surface resistance is between about 106
ohns/sq&gégggﬁéagggﬁgnl £ohns/square. 29. The filmof any of claim1l7 to
28, wherein the surface resistance is between about 10.2 ohns/square and

22?3; n 1 N Oﬁ%@élsog:égjl} §f ?lglﬁbg-rlig§4z v;q ?nljfei%fsai%r}yangt]:lbccsla?é l:r!];eszl'e%t Etlt%bgl?t’o. /f rein the
‘based on weight.

26. The film of any of claim 17 to 25, wherein the surface resistance is between about

109 ohms/square and about 10'® ochms/square.

27. The film of any of claim 17 to 26, wherein the surface resistance is between about
10° ohms/square and about 10' ohms/square.

~ 28. The film of any of claim 17 to 27, wherein the surface resistance is between about

 10° ohms/square and about 10" ohms/square.

29. The film of any of claim 17 to 28, wherein the surface resistance is between about

10? ohms/square and about 10" ohms/square.

30. The film of any of claim 17 to 29, wherein the carbon nanotubes are aligned in their
- longitudinal direction without being entangled.

31. The film any of claim 17 to 30, wherein the carbon nanotubes are treated to remove

impurities.




| ongi tudi nal direction w thout being entangled. 31. The filmany of claim
17 to 30, wherein the carbon nanotubes are treated to renove inpurities.
23 Septenber 2005 42 32. The filmof any of claim17 t83§$PteWIl?§Trn£QOﬁ t he
second filmis conprised of a material selected fromthe group consisting
of polymers, thernoplastics, thermosgtting polyners, elastoners, ceramc
hybrid pol ynmers, and m xtures and conbi nations thereof. 33. The filmof any
of claim17 to 32, wherein the second filmis conprised of netal oxides,

phosphi ng2 oXhelRis oftdnslo BlgRN 1 76 3 12 Merfinthy 5@Snd Al KUERIpHAd SSmitBeseof . 34,

The filmof any of claim 17 to 33, wherein a thickness of the first filmis
1 tun or Sclgcgaddromthe gropp qonsigingrof palymers, theanaplastics, shezmossfing RAlymers.t hi ckness
of the sgeafdedk! deMnie hgbtid Dddm ; RE ﬁﬂ¥ f claim17 to 35,
wher ei n the&ﬁ?ghf trangﬁ?¥%anc%%$§ﬁ§%g?§? gﬁﬁg%ﬁh&%§. c@ filmof any of

claim17 to 36, wherein the light transmttance is 80% or higher. 38. The

film of YoiOf el alm 14 to erein the |i transm t ce.is 90% or
i gner. SR e by, g L Fhfihube fosoud it rsPBR R & Hetght

transm t ooeephcspiibdoxideshilgitdgenidd) and hexthiek Baddonibivatiohs Gleflom 17 to 39,
whi ch further contains a plasticizer, a softening agent, a filler, a
reinforcing agent, a processing aid, a stabilizer, an anti-oxidant, a

di spersi fif) AGSln ofanPbPE&in 10308 RerleinHhRn A0 8P the fiRst GRh G | figh %Qent » a W
absorbent agent, a charge adjusting agent, or ‘m xtures or combi nations
t hereof .lessl. The filmof any of claim 17 to 40, further conprising an
addi tional conductive material. 42. The filmof any of claim1l7 to 41,
wherein the additional conductive material is selected fromthe group
consi st i 35 Tife filrtcflanpsf claim 1 PlodApRhaeinaxhidResss 6wk saofd fille is Zurvept enber
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less.

36. The film of any of claim 17 to 35, wherein the light transmittance is 70% or higher.
37. The film of any of claim 17 to 36, wherein the light transmittance is 80% or higher.
38. The film of any of claim 17 to 37, wherein the light transmittance is 90% or higher,
39. The film of any of claim 17 to 38, wherein the light transmittance is 95% or higher.
40. The film of any of claim 17 to 39, which further contains a plasticizer, a softening

- agent, a filler, a reinforcing agent, a processing aid, a stabilizer, an anti-oxidant, a
dispersing agent, a binder, a cross-linking agent, a coloring agent, a UV absorbent agent,

a charge adjusting agent, or mixtures or combinations thereof.

41. The film of any of claim 17 to 40, further comprising an additional conductive

material.

42, The ﬁlm of any of claim 17 to 41, wherein the additional conductive material is

selected from the group consisting of metal oxides, phosphine oxides, chalcogenide,




indiumtin oxide, antinony tin oxide, a doped zinc oxide, zinc oxide, gold,
cupper, .platinum silver, manganese, magnesium titanium and m xtures and
combi nations thereof. 43. The filmof any of claim 172¢t&¢Rism gin the
filmhas a haze value of less than 2% 44. The filmof any of claim17 to
43, wherein the filmhas a haze valugyof less than 0.5% 45. The film of
any of claim1l7 to 44, wherein the filmhas a haze value of |ess than

0.1% 46. The filmof any of claim17 to 45, which conprises a plurality of
first fiindim o ofilie)adlihbiy Of osaE aMdpéd 2inBoxi@s, zRldRideddold, Audhetper si on of
nanot ubes conprising a plurality of carbon nanotubes w th an outer

di anet er Plginym suveryganganese mmagngHime fmige Andimiities and combigativate as a film
of car bofperegpnot ubes, said filmis electrically conductive and allows for a
light transmttance of at |east 60%through said film 48. The di spersion
of clai-m 47, wherein said nanotubes have an outer dianeter of about 0.5 to

3.5nm 4 i rskQn. o | &l m 47. wher ei n .sai d napotybes are

sel ect edL?}f' r@%efll%e&gﬁ b §{)8a%no{n7st|%s‘?i %ergpqg? ﬁ%? ]é\asvéﬁzg Halﬁ%lﬂtglﬁfgg@, ﬂ%

doubl e-wal | ed nanot ubes, nulti-walled nanotubes, and m xtures and

conbi nat | t her eof . .. The dispersion of any of claim47 to 49, wherein
t he nano)f‘ﬁgﬂ? fﬂ?’t’ﬁ@%@‘?gﬁﬁq Qﬁoyﬁ-”’ @ﬁ?f&'l“ég‘%/\ﬁ]ﬂ Wy ahare valpeet lessdhane nt enber 2005
44 51. Theydi spersion of any of claim47 to 50, further conprising a

polymeric material, wherein the polyneric material conprises a materi al
selected fromthe group consisting of thernoplastics, thernosetting

I ' : ' ' h f. 52.
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mat eri al{.1%.

46. The film of any of claim 17 to 45, which comprises a plurality of first films, a
plurality of second films, or both.

47. A dispersion of nanotubes comprising a plurality of carbon nanotubes with an outer
diameter of less than 3.5 nm, wherein when applied to a surface as a film of carbon

| nanotubes, said film is electrically conductive and allows for a light transmittance of at
least 60% through said film.

. 48. The dispersion of claim 47, wherein said nanotubes have an outer diameter of about
0.5 to 3.5 nm.

49. The dispersion of claim 47 or 48, wherein said nanotubes are selected from the group
consisting of single-walled nanotubes, double-walled nanotubes, multi-walled nanotubes,

- and mixtures and combinations thereof,

- 50. The dispersion of any of claim 47 to 49, wherein the nanotubes are substantially
single-walled nanotubes.




wherein the polyneric material conprises a material selected fromthe group
consisting of ceramc hybrid pol yners, phosphi ne oxides, chal cogeni des and
conbi nations thereof. 53. The dispersion of any of cl apieanempens®05¢ iy t her
conprising a plasticizer, softening agent, filler, reinforcing agent,
processing aid, stabilizer, antioxidggt, dispersing agent, binder, a
cross-linking agent, a coloring agent, a UV absorbent agent, or a charge

- adj usting agent. 54. The dispersion of any of claim47 to 53, further
conpri si By Tidspetdiotfofng dNEiGim MBS0, Alrfher dOMPTBATRY Cpoh&ld AMEral0l

conbi nations, or m xtures thereof. 55. The dispersion of any of claim47 to
54, wher ¥hereinthe piragds meteriglcgmprisespgnaenia selegipd fromdhegroup consisiing he gr oup
consi st : | i | es wth an
ut or i oo EHE Bl et RO, B5tamb cRLEREE PR HICS G 1 xt U es
t her eof . c@@@hindfiens thesaebér si on of any of claim47 to 55, wherein the
conductive inorganics nmaterials are selected fromthe group consisting of
al um num antinony, beryllium cadm um chrom um cobalt, copper, doped
met al  ox$52€Fhe dispersiongstiatly of &aith 4TRT] Afehers coMBERREIpemeridRiifeHay, et al

oxi des, njckel, platinum silver, steel, titanium zinc, and conbi nations
and m xt Wrgenthepolyperiomateny] compusrsadnaserial selggiod Bomthograymeonsistings  f ur t her
conpri Si §ftephni® Jor t b : 1Sk ng of
e e e e ST U ST TN
fluorine-doped tin oxide, alum numdoped zinc oxide, zinc oxide, doped

oxi de a | o) 1 reof 58. Th i.spersion of any of
claim 4993{ oﬁ%[ﬁ,ﬂp %ﬁsﬁnh&gr?mggpn%ﬁlg%%gbn u%rtcgrn?flswﬁ&ipzaés,mz eToieFlﬁg, ionic
conpoundagents fllerc eirdfoeingrpentspocasing sidy §tatsilizen] MtioRidattOdibpendidg £peft, O

m xtures .thereof. . . .
. Sbm(?er, a cross-linking agent, a coloring agent, a UV absorbent agent, or a charge

adjusting agent.

54. The dispersion of any of claim 47 to 53, further comprising conductive organic

materials, inorganic materials, or combinations or mixtures thereof.

55. The dispersion of any of claim 47 to 54, wherein the conductive organic materials are
selected from the group consisting of buckeyballs, carbon black, fullerenes, nanotubes
with an outer diameter of greater than about 3.5 nm, and combinations and mixtures

thereof.,

56. The dispersion of any of claim 47 to 55, wherein the conductive inorganics materials
- are selected from the group consisting of aluminum, antimony, beryllium, cadmium,
* chromium, cobalt, copper, doped metal oxides, iron, gold, lead, manganese, magnesium,
- mercury, metal oxides, nickel, platinum, silver, steel, titanium, zinc, and combinations

and mixtures thereof.

57. The dispersion of any of claim 47 to 56, further comprising a conductive material

selected from the group consisting of tin-indium mixed oxide, antimony-tin mixed oxide,
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fluorine-doped tin oxide, aluminum-doped zinc oxide, zinc oxide, doped oxide and

combinations and mixtures thereof,

58. The dispersion of any of claim 47 to 57, further comprising conductors, fluids,
gelatins, ionic compounds, semiconductors, solids, surfactants, or combinations or

mixtures thereof,




