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These "cages" may be different forms, such as spheres ("buckyballs"), or tubes
7o ('"nanotubes"). See Robert F. Curl and Richard E. Smalley, Fullerenes, Scientific
American, October 1991,

2.1. CARBON NANOTUBES

Carbon nanotubes can exist as closed concentric multi-layered shells or

o5 multi-walled nanotubes (MWNTs) or as a single-walled nanotubes (SWNTs). However, the
preferred carbon nanotube for industrial application is a single-wall carbon nanotube.
Carbon nanotubes, and in particular single-wall carbon nanotubes, because
of their wide-range of electrical properties are used for making electrical connectors in
micro devices such as integrated circuits or in semiconductor chips used in computers
30 because of their electrical conductivity and small size. Carbon nanotubes are also used as
antennas at optical frequencies, and as probes for scanning probe microscopy such as are
used in scanning tunneling microscopes (STM) and atomic force microscopes (AFM).
In addition, because of their mechanical strength, carbon nanotubes are also
used as strengthening agents in any composite material in conjunction with carbon black in
35 tires for motor vehicles or in conjunction with graphite fibers in airplane wings and shafts

for golf clubs and fishing rods.
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Jectron microscope (HRTEM) images of SWNTs indicate that the single-walled tubes are

more pliable than their multi-walled counterparts.
Single-walled carbon nanotubes form the basis of materials with exceptional
mechanical and electrochemical properties, including polymer reinforcement and molecular
25 electronics. Despite their intrinsic rigidity and high anisotropy, the current available
macroscopic forms of SWNTs are isotropic and rather fragile. Vigolo et al., Macroscopic
Fibers and Ribbons of Oriented Carbon Nanotubes, Science, 290, 17, 1331.
Previous work on carbon nanotubes (both single-walled and multi-walled),
has been carried out on intractable forms of this material. Yakobson et al., Fullerene
30 Nanotubes: C, yg0000 and Beyond, American Scientist, 1997, 85, 324-337. This form of the

material is not amenable to many of the processing steps that are necessary if the

single-walled carbon nanotubes (SWNTSs) are to reach their full potential, particularly in
applications that require these materials in the form of polymers, copolymers, composites,

ceramics and moldable forms.
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car bon naﬁg?chﬁglg napge Ofgtg‘ﬁﬁ?rg%P?/nol%iqerrgglg%%l?)letseégI ids, in that they are not
sol ubl e in any |i quiwhégnpresent formsfithie SWATEsaw be Yietdrogbnaukly dispersadiinpul at e.
I n order to_.make fiber, filmor coati from a L d erial I t her
di'ssol ved ‘GO B adbdheser (s figReEinsdideR Taes BV e i api
wei ght F Hetveeennizd SWINAT's themstdedsraaddimptiyghytioall amd withownke formuti@cofohtmicahd
mass transfer (»Fundanentals of . Fibre Formationy, A. Ziabjckj, John WIley
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suspended prapeatidsiof thedS WINTisl@s enlikelycto e rredized swaaeiidgsadpiohset.o 20 form a
fiber, filmor coating. Solubilization of single-wall ar.bon nanpt ubes
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concentrations of srT%sBﬁ)nlded maéer ial. | degl ly, the carpon n notdubes shoul d
be preferential |y noRoWi3Ep asipsleavalled cyhpy n 5 1ag peen achieved by
various techniques including the addition of surfactants or functionalization of the end caps
and side-walls of the nanotubes. However, each of these methods has inherent deficiencies,
such as low concentration of nanotubes or modification of the intrinsic carbon nanotube’s
25 properties. Concentrations of less than 1% by weight of carbon nanotubes have been
achieved, for example, single-walled nanotubes have been functionalized with large organic
molecules making them soluble in highly polar solvents (tri-chloromethane) at
concentrations of .5% wt/wt (Hirsch et al, J. Am. Chem. Soc.124,760(2002). Although
lesser concentrations may be used for incorporation into some composite systems, most
30 applications and systems preferentially require higher concentrations of suspended material.
Ideally, the carbon nanotubes should be preferentially monodispersed (i.e., highly separated)
in suspension for the develop of many of the projected applications.
There is a report of nanotubes suspended in a surfactant mixture, where the
surfactant was sodium dodecylsulfate (SDS) (see B. Vigolo, et al., Science 290,1331
35 (2000)). SDS which has a CMC of about 8mM, or ten times greater than cetyl trimethyl
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met hod of suspending the carbon nanotubes, conprising conbining a
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cal

The invention provides suspended carbon nanotube compositions comprising
a surfactant capable of suspending carbon nanotubes, a liquid, and carbon nanotubes,
wherein the liquid, the surfactant and the carbon nanotubes are present in a ratio suitable for
the suspension of the carbon nanotubes.

25 The invention also provides a method of suspending the carbon nanotubes,
comprising combining a surfactant capable of suspending carbon nanotubes, a liquid and an
amount of carbon nanotubes, wherein the liquid, the surfactant and the carbon nanotubes are
present in a ratio suitable for suspending the carbon nanotubes.

The invention also provides suspended carbon nanotube compositions

30 comprising a surfactant capable of suspending carbon nanotubes, a liquid and carbon
nanotubes, wherein the liquid and the surfactant and the carbon nanotubes are present in a
ratio suitable for the suspension of the carbon nanotubes to a concentration of 3.0 g/L or
higher of carbon nanotubes.

The invention provides for the use of the suspended carbon nanotubes in

35 generating products with improved strength, weight, strength to weight ratio, electrical and



30 conprising a surfactant capabl e of suspendi ng carbon nanotubes, a |iquid
and carbon nanotubes, wherein the liquid and the surfactant and the carbon
nanot ubeswaros/opivesent in a ratio suitable for the suspengcaruso$/otise carbon
nanot ubes to a concentration of 3.0 g/L or higher of carbon nanotubes. The
i nvention provides for the use of the suspended carbon nanotubes in 35
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DESCRI PTI I NVENTION 4.1. DEFINITIONS 10 As used herein and unl ess
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20 tension between two liquids or a liquid and a solid. Examples of surfactants include, but are

not limited to, amphoteric surfactants, anionic surfactants, cationic surfactants, or nonionic
surfactants.
As used herein and unless otherwise indicated, the term “counter ion” refers
to an ion with a charge opposite to that of another ion included in the ionic makeup of a
25 solution. Examples of negative counter ions include, but are not limited to, fluoride,
bromide, chloride, iodide, sulfate, sulfite, nitrate and nitrite. Examples of positive counter
ions include, but are not limited to, sodium, calcium, potassium, magnesium, or lithium and
also include transition metals of Groups 3-13.
As used herein and unless otherwise indicated, the term “amphoteric
30 surfactant(s)” refers to surfactants having both a positive and a negative charge or having
both basic or acidic characteristics. Examples of amphoteric surfactants include, but are not
limited to, lauramidopropyl dimethyl betaine, cocoamidopropyl dimethyl betaine, lauryl
dimethyl betaine, tallow dihydroxyethyl betaine, cocoimidazoline dicarboxylate, and

cocoamidopropyl hydroxysultaine.
35



As used herein and unl ess otherw se indicated, the term "anphoteric 30
surfactant(s)" refers to surfactants having both a positive and a negative
char ge orwbasioa®41 bot h basic or acidic characteristics. BErpamaisesonso
anphoteric surfactants include, but are not |imted to, |auram dopropyl
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the formula: 5 (CHZ)nCOZR b(CHZ)nCOZR’ S03- M+ wherein Rand R is

i ndepenglently an al kyl group, M is[@(@bsCRmetal, and n and mare

i ndependently integers fromO to 20;SCH:R$I@MR nat e nonoesters of the
formula: 10 (CH2) nCOZR  ( CH2) nCO2- ﬁ],?, M+ wherein R an al kyl group, Mt
is a Goup 1 netal, and n and in are |ndependently integers 15 fromO to
20; napht hal ene suI fonate fornal dehyde condensates of the forrmula: @ CH2-Q
\/ M+ 03S v8iseilvVR and Rehie irefeperidientl s armaligylogrpupl Mretsad Grompd metak andhegénsartr om 1
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unl ess Wt herwi se indicated, the term"cationic surfactant” refers to
surfactants having a positive net char§t2hn€8Ronic surfactants as used
herein (CH2)mCO,x-M+

SO3-M+

wherein R an alkyl group, M+ is a Group 1 metal, and n and m are independently integers

15 from 0 to 20; naphthalene sulfonate formaldehyde condensates of the formula:

20 \ | / \ | /
M+-03S SO3-M+

wherein M+ is a Group 1 metal, and n is integers from 1 to about 5000; and

PN
\©803-M+
NS

wherein R an alkyl group and M+ is a Group 1 metal.

benzenesulfonates of the formula:
25

2]

30 As used herein and unless otherwise indicated, the term “cationic surfactant
refers to surfactants having a positive net charge. Cationic surfactants as used herein

include, but are not limited to, alkyl dimethy benzyl ammonium compounds of formula:

CHy
R—N—Benzyl Z-
EH,

35



i nclude, but are not limted to, alkyl dinmethy benzyl amoni um conpounds of
formula: CH 3 35 RN+ Benzyl Z- CH3 6 WO 03/060941 PCT/US03/ 01159 wherein
R is an awkybB/ogmweup and Z- is a counter ion; alkyl trinethrgr/aesonsum
conmpounds of forrmula: CH3 5 R-NCH3 Z- CH3 wherein Ris an al kyl group
and Z- is a counter ion; dialkyl dinethyl amoni um conpounds of fornul a:

on: ana OV s ABEIT ERNRaR fr AR e My PR Hhnfopiled b

R wher ei nolRformuizn al kyl group and Z- is a count er ion. As used herein and
unl ess otherw se indicated, the term"nonionic 25 surfactant” refers to
surfactants having no net charge: Nonioni cqsurfactants as used herein

i nclude, but are not limted to, sorElH;gan flatty acid esters of the formula:
HO , 30 HO' " 6-0 O- R 35(7 M\DM}%G 941 _PCT/ US03/ 01159 wherein Ris
an al kyl group; pol yoxyet hyl ene |sor bbh%n nol aur at e; pol yoxyet hyl ene

wherein R is an alkyl group and Z- is a counter ion; dialkyl dimethyl ammonium

compounds of formula:
10

R
|+
R—N—CHj Z-

CH3

15 wherein R is an alkyl group and Z- is a counter ion; and trialkyl methyl ammonium

compounds of formula:

+
20 R—N—CHj Z-

wherein R is an alkyl group and Z- is a counter ion.
As used herein and unless otherwise indicated, the term “nonionic
25 surfactant” refers to surfactants having no net charge. Nonionic surfactants as used herein

include, but are not limited to, sorbitan fatty acid esters of the formula:

OH

HO, Cg
HO” N\ 0

30

e

R
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sorbitan nonost earate; pol yoxyethyl ene sorbitan nonool eate; pol yethyl ene
glycol fatty acid ester of the formula: 5 O R Jt,o (CH20)nH wherein Ris
an al kyl womape@ad n is an integer fromO to 20; al kanol @&cirdse3/ofise he
formula: 10 OO R uNRAN H OH 15 wherein R is an al kyl group; dinethyl

am ne oxi des of the formul a: t RNR |  (CH2)nR 20 wherein Ris an

@)
R n( o0 Koo R o AL B Aot Sortitan ARSI BONLEI BRI, | O T
i ndependersbibytan micegetearafer polydxyethykae spibitsp hmneoleateestlgatisylerfe glyol fastyragida: 0

11 HO | 3 lerein R and R are independently al kyl groups;
phosphateern‘)aﬁcg%(?%1 efor%uo' the formula: 0 11 HOI OR OH 35 8

5
0
A CHONH
wherein R is an alkyl group and n is an integer from 0 to 20; alkanol amides of the formula:
O
. X I
R™ON AL O

H
OH

15 wherein R is an alkyl group; dimethyl amine oxides of the formula:

0O
§

R—N—R
(CH2)nR

20 wherein R is an alkyl group and n is an integer from 0 to 20; amine ethoxylates of formula:
R
I

/N\
n(H2G) (CH2)m
OH 'OH

25 wherein R is an alkyl group and n and m are independently integers from 0 to 20; phosphate

diesters of the formula:

o

p
HO” I SOR
OR’

30

wherein R and R’ are independently alkyl groups; phosphate monoesters of the formula:

o

35



WD 03/ 060941 PCT/ US03/ 01159 wherein Ris an alkyl group. As used herein
and unl ess otherwi se indicated, the term"al kyl amoni um surfactant”
refers tovaosoapeund of formula: 5 R R2-N R4 Z- R3 wher ecm/tRp3/0R29 R3,
and R4 are independently an al kyl group and Z- is a counter ion. 10
Exanpl es of preferred al kyl amoni um surfactants include, but are not

limted t%heréiﬁh%%?%@%@bum surfactants, such as for exanple cetyl

trimethyl ‘ammoni um cetyl trinethyl amonium chloride, cetyl
trimethyl amoni um xsorsedbgreanahdomiess otheiwiet mylicatednthe nérum’allgd ashenoniegm used

her ei n andS tERS %r@% -31’?1 énih i G la:t he ternms "al kyl" and "al kyl 15
R e REpad e,

gr oup” i nclude™ Saltrace oval en I near, branched, and cyclic

hydr ocarbon radicals. An al kyl group can include one or nore double or
triple ponds. It is understood tihat cwglic [al kyl groups conprise at |east
three carbon atons. As used here€in aﬂ_igple s otherwise indicated, the term
"l ower al kyl" neans branched or| | I Aear &l k Izhaving froml to 6, nore
preferably from1 to 4 carbon atlons. 28 Exafmpl es include, but are not
limted to, nethyl, ethyl, propyt, isopropyf, isobutyl, and tertiary

butyl. As used herein and unless otherw se indicated, the term"aryl"

i ncl udes a organj c,radi.cal _derived from an.aromati.c, hydrocarbon by
renoval ofwrl}?ﬁeén E&lcr}%zogéﬁfldgﬁéﬁe lggepeBﬁeenﬁVIangﬁ(yrll%%upﬁ?fi%‘Q%a 2SN herein and
unl ess 6t Mxampks of préifereddexdkyl tahvendréurmstidaced ity int lude,dng agemot dimifed saybst i t ut ed
with one qr. Ijinear, branc or clic al kyl groups.. Aral kyl i eties can
e " at  achimebgEameiRShdEtne R fuk ehee syfHBRnRRr R BhEIIES Ao
used her eicstyhtiiinatinyl @asnatiarchiosee) dedil camettlyl dn@ohiamirotnidd, endestyll tiimetiyt oup”
and "heteroc clilﬁﬁéoi(g&é ude aromatic and non-aromati c heterocyclic groups

cont ai ni ngd™ ‘more heteroatons each selected fromO, S and N.
Non-aronati c het er ogyalsed hgeimupd unfess ottlervgsoinpieatedytha geron|"ylkgl" ahd fakyin

t hei i t b tic het. | i . . ,, het el I
o oups) Etibn s Htuaed Myl e Hanotedr g S5us bierSiapd iR o
groups i pidyugeupent ircfuds @de b m@resdoabrR tapld bohdy 18 ksaindeltodd bisdtichaliced wi t h

one or nor X0 noieties,.  An exa e of a 4 nenbered heterocyclic group is
azeti di ny|aﬁyy§grpp%epmpmag§a§g&epg$rh@} AR exanpl e of a 5 nmenber ed

het erocyclic group iAs dsbd B&einydnd uales fictvigdipliRaell, the term “lower alkyl” means
branched or linear alkyl having from 1 to 6, more preferably from 1 to 4 carbon atoms.

20 Examples include, but are not limited to, methyl, ethyl, propyl, isopropyl, isobutyl, and
tertiary butyl.

As used herein and unless otherwise indicated, the term "aryl" includes an
organic radical derived from an aromatic hydrocarbon by removal of one hydrogen, such as
phenyl or naphthyl.

25 As used herein and unless otherwise indicated, the term “aralkyl” means an
aryl substituted with one or linear, branched, or cyclic alkyl groups. Aralkyl moieties can be
attached to other moieties through their aryl or alkyl components.

As used herein and unless otherwise indicated, the terms "heterocyclic
group" and "heterocycle" include aromatic and non-aromatic heterocyclic groups containing

30 one or more heteroatoms each selected from O, S and N. Non-aromatic heterocyclic groups
include groups having only 3 atoms in their ring system, but aromatic heterocyclic groups
(i.e., heteroaryl groups) must have at least 5 atoms in their ring system. Heterocyclic groups
include benzo-fused ring systems and ring systems substituted with one or more oxo
moieties. An example of a 4 membered heterocyclic group is azetidinyl (derived from

35 azetidine). An example of a 5 membered heterocyclic group is thiazolyl, and an example of



9 WO 03/060941 PCT/US03/01159 a 10 nenbered heterocyclic group is

qui nol i nyl . Exanpl es of non-aromatic heterocyclic groups include, but are
not |i m two Boeoopyrrolidinyl, tetrahydropyranyl, tetrahydrothisenyiiso

t et rahydropyranyl, tetrahydrothiopyranyl, piperidino, norpholino,

t hi onor phol i no, thioxanyl, piperazinyl, azetidinyl, oxetanyl, thietanyl,

honopi peri AR Y
B otk e A
i ndol i nyl ,gr@ipspyal b} piylira 0 »te y i nyl,
di t hi anyl, q_llthIO| gcpﬁil pl ﬂ y t& yh i I furany?/,
pyrazol i dlt?]t ydf Fe'tra Y 1 %%aag %lp(?n lnlrzs %sz%lz!il ?éylé)fang.yo%.ng] hexanyl ,
3- azabi cy(thlofcmy], m@drmnylngdendfﬁlﬁ oretahyt) thletmplyl ﬂnomoplmylﬂmyhrodelzamyb tliiep;anghl
e VAt e SR TR B B G RAT R SRR, H g
pyri mi di nyhdolingy 2Bzpyrymyl, 4H4pamnylymoxmbfl,823-tdwxolmgt, pazaabyl, cfmhlayllyl th| enyI ,
| soqu not il ha kbR S o Rol SR p Rbietm BBy
ci nnol i nylimidandidinyly B-azatickeld[By|10]héxaniyil B-azmntyclthﬂ loghepzanyy; I3H-imdolytlaz i nyI ,
fur azanyl ERgBYE ok suBliffod dan TFisE P e s entric g ey e Brobis
begzoxglz)f!ntydl?deq‘;bumenbﬂt livgited ?ﬁpyﬁmi?ﬂj rg;{ﬂhy#pyﬂd]}nhhhadgolmsnyﬂldazfobﬂqumd i :idingy:c,
and substituted. deri ives e : & foregoi n S i3S (glr ved from
the conpod¥tEoR b@%zm%g? Bl %lheéléf %E(g 1[&‘@%'89' WREFEYsuch
at t achmentisdtisiapdgls pyatelyl, foiholimg] iasgnoliayl ﬁmmﬂylﬂlﬁdmmdaidiydnb@ybmummn_ be
e ol es Depraais SRS bt fuddtindl Lo D RP e larind b AR, o | C
het gr ocyclneazmga 1u@ﬁdolpe|p&1nrdu@mq)utiﬁyl§36£ad®dzb@ﬂ \éﬂl&elazdﬂgll ¢m$d1y1 the term )
"substi as us co or chenica t hat
at | easﬁ5u ﬁ’éZWG? g(rjl?eﬁ%cg}i‘hoBﬁ Lg (T:}Bf‘r%gﬂugen&?x??ﬁ 'Od’érfaz ‘i“g‘afl%ﬂar aced
ol ude, Bt oy 6 0L |LTLEq, Lo 18 06D, AL AT (6. o ch m@b‘n@@rﬁ?ﬁne
and i odi nd “V?a.,il the ?fé%l?oung‘f‘ Qﬁé%nged‘ﬂ%ﬁ%&la&aé‘? N émtf hed WE‘FWPC}‘ et hyl ,
butyl, t erattacmwnyis,poaﬂalecmk pistahyd, higrdipciedivid frobpy@loss cz@ladelqgml-u glaci ds;
esters, des, bl anes, nitriles _ thioethers, stannanes, and primary,

secondary A@ched P?Wlao’rﬁlr{ satkdéheél) -NH2, - NH( CH3), - N( CH3) 2, and cyclic

am nes)20 Pref erred S%Qiéeﬁih@l’@ﬁlfﬂn@@hleﬁpbtﬁéﬂvﬂ& AdRaeh] @E it "hhtéﬁtra@wkneans?»o
met hoxy, am ne, ol, apd car boxyl ic acid. As used herein and unl ess

ot her wi seapﬁm‘%aéllc ter?‘ﬁ’éeterm aqueous liquid" refers to a mixture of
water and a second n®tREd BéreM iRt @inlesd BB eSESOMdicaRH Stht &rml ‘SuSHHREE! & uéed

to describe a compound or chemical moiety means that at least one hydrogen atom of that
compound or chemical moiety is replaced with a second chemical moiety. Examples of

25 second chemical moieties include, but are not limited to: halogen atoms (e.g., chlorine,
bromine, and iodine); C,-C, linear, branched, or cyclic alkyl (e.g., methyl, ethyl, butyl, fert-
butyl, and cyclobutyl); hydroxyl; thiols; carboxylic acids; esters, amides, silanes, nitriles,
thioethers, stannanes, and primary, secondary, and tertiary amines (e.g., -NH,, -NH(CH,),
-N(CH,),, and cyclic amines). Preferred second chemical moieties are chlorine, hydroxyl,

30 methoxy, amine, thiol, and carboxylic acid.

As used herein and unless otherwise indicated, the term “aqueous liquid”
refers to a mixture of water and a second material wherein the second material is completely
ionized. Examples of aqueous liquids include, but are not limited to, sodium fluoride,
sodium chloride, sodium bromide, sodium iodide, calcium fluoride, calcium chloride,

35 calcium iodide, calcium bromide, sodium sulfate, sodium sulfite, magnesium fluoride,

10



i oni zed. Exanpl es of aqueous |iquids include, but are not limted to,

sodi um fluoride, sodiumchloride, sodium brom de, sodiumi odide, calcium
fl uori de,woaBmoéoem chl ori de, 35 cal cium i odi de, cal ci um br egcirasps/easd um

sul fate, sodiumsulfite, nmagnesiumfluoride, 10 WD 03/060941

PCT/ US03/ 01159 magnesi um chl ori de, magnesi um brom de, nmagnesi um i odi de,
agueous anuoni f i.d e . Lum br ol i

hi or i de.. s chiifas Raen BAHERR QTR B A SRR AT RIS,
i ndi cat ed,aqtidveis aemmniwn §eomhide] dqgedws antnesimchlordecowpnuecis aounemiimi ng an
aryl or aIi a/-hegroup that are liquids at roomtenperature or can be brought
to liquid Tormby heating or cooling. Oganic liquid also includes |iquid
or gani ¢ conpounds wiAshusedberpovnd untessl pthsoviveindwhtedsthe ltérguiaiganioliqudses.
Exanpl of organic lLigui.d include, r, iem her
(e.g., e%i é?%%{}oé?lﬁlg?ungg ¢ %@?’é’gﬁ/ r%Vﬁériaarlllﬁy?%;oélsﬁ@%;}ge::lé({l%@gn&?g?%??mﬁég%g}nees or
pent anes) ,or aarchebrioaghtytal tiquid b by heatinglor coalmgnddrigeni¢ diquid, alsblntlotesdiym)d

benzene, xyl enes) or _an ohol . As .used herei,n and unl ess.ot herw

Cnar car ea e cmind] v B er 88 ¢ HR5% SR0E DA oS nEOAEROP c
branched, oaguticlyqiid mchyddy ot pteartce dinkitedntacardtion ée. 2f diethyl ether ontbtaaliRdtafliran),
wherein R isdan %I k¥l géo{aﬁ's An a%gg{jol %%th @rdéjrﬂg aQne ﬁr nore geoubl e or
triple bor"i’d@'. TQAOPR R AP S0 R y%f)fc ay'esKs 125&'%’? SHUFEREL three
car bon 1 aoteene] berzemsplyleres)for ah alehindls i ncl ude, but are not linited to,

met hanol , et hanol, propangpl .. 1sopropanol,. but.anol,,..sec-hbutanol,,
tert-butanol, pent a%ﬁl‘gecgﬁ?féﬁ'ea)@ﬁ%iqs %Qe%l%edmﬂg?%flhthgﬁe rﬁtlcé)glgf or?%ésrt\%i se

i ndi cat ed,any bftutaexdmoriovalegelivear, lbrajichet, ahd cycdio hgdpagaed Hydraaibensist the qui ds
and al so i.ncl ydes.gconcent rat ed i.ds and, bases. As. used herein the.term
bundl o+ e RO RESTEIR K ah AR e B RSO GALECTI6 °BF BEF AT diplpT

al i gned altgplg bandsomis untasgbd Uit ogdlicatdodiol dondprise at leag thieetarbbeamgt) . A
nanot u ndl e c ct. as,an . ndependen olute. A c¢cross-sectional view of
e 3 dipes 67 lsftis BRuiE, pl Rt als oAt el S8R RN o, vhor o1 n
each of th&@prapanéll Btafictpdeebatins], tdrebetans spehesiol,andhexdnev of an i ndi vi dual

nanot ube: 25 The term"” r(ffl)e"' as .us
At e

d herei.n,. ynl ess. ot herw se i.ndi caj ed,
refers to an arrang¥ie SW[ﬁnfié‘lnffés %‘geﬁ‘*é%f-'slflg%ﬁabtbﬁ%q“é’s l%qrg?{ﬁﬁﬁﬂﬂ e¥ t hat
are al i gnedccimsieddyl aalitous 1i3Qidsanaklselindlwdes astventrited acids andbaedread to tail
configuration, or sqme c(ﬁgbi nation t“gelré(ﬁo,f. A rope can furfher 1corr;g)r' se one
or nore individual At the feomr Bunle Jtefarhtogpvopr mors ipdidugl digpotples -

i |1 ust r28t gabsagliawy aNhirt aldhgtah®ninhat®ngi@mifs akis (e ndbesthefr iamaot ubes or

nanotube bundle can act as an independent solute. A cross-sectional view of a

representative bundle comprising three nanotubes is shown below, wherein each of the

circles represents the cross sectional view of an individual nanotube:

” &S

The term “rope” as used herein, unless otherwise indicated, refers to an
arrangement comprising at least two bundles of nanotubes that are aligned substantially
30 parallel to each other, or in a head to tail configuration, or some combination thereof. A
rope can further comprise one or more individual nanotubes. A representation of a
nanotube rope is illustrated below, wherein the lines represent bundles of nanotubes or

individual nanotubes:

11



i ndi vi dual nanotubes: 35 11 WD 03/060941 PCT/US03/01159 As used herein and
unl ess otherwi se indicated, the term"flocculant” refers to a random

arr angenmewo oebetowo or nore individual nanotubes, nanot ubePoaruh®elisnhanot ube
ropes, or sone conbination thereof. A flocculant can result from

el ectrostatically or thernodynam cally induced interactions between

%”d' es of nanotubes, &eﬁ%Bfe%?%tlﬁﬁ%s%th%ﬁwée thdid P CHJeQE!r%} “%oc%ﬂﬁ}i‘f‘ ek
erein each of the wavy-| divi a nanot ube
bundl e or aamn@mmtmhgeﬂmpéof twowdrmbore nnmmuQUaanbessnarmd)erwnéiem nanctubg| ess
ot herw se r'o ngl &a gogide' cognm'si‘natlorrl%erg&s 93?Qgccglla%f"%%Oﬂasulrﬁgrg;telll&?r stﬁ{lceafllgro? to

conposition not ubes and
a surfact ahenmdgwntaliyundudadqmuempudms tepeainfiuodlesto boanvirties., Atrhpresansyiencyéd

carbon & anoftl Qccu antgi howxggelx Y)vﬁgr% Ze%glg ot1 % v&av? q%ﬁ%gan % a.%oltngwlc{uaﬁlﬁ%loE bt here

is a dlscrepa ween a cte ure nare
structureammhmnﬁebmmﬂedrsnmumﬂwnepcs to be accorded nore melght I n
addition, if the stereochem stry of a structure or a portion of a structure
is not indicated wth, for exanple, hgld or dashed lines, the structure or
portion of the structure is to be in as enconpassi ng al
stereoisoners of it. 20 Al patent I fin the specification are hereby
incorporated by reference in their entikety. In the case of

i nconsiKtencies, the present disclosure, including definitions and

termnology, will prevail. 4.2 DETA LED DESCRI PTI

EVBODI VENDS 25 Tho A Bet hereig s O FBU G B oA ole Gy Gurte grboanron
suspended,nagbtabdse refefsitg hbmpdsls@emmﬂmsmg rs'm'g@gwelgat arrrgulclewhttﬂ carboat ubes,
also referre

her ei d t
concent r at'B Ege%laﬁgégslggkf“?t?‘%tspgﬁ%en 7 %gecgﬁno E‘&‘ﬁﬁleﬁ‘t&r E’Sg“pﬁ%e& ubes
are singl &a#@hlneﬁbtﬁwsmmhﬂghljmlsﬂemdsuspended inaliquid w t h surfactant

Panot ubks. " The | nverk T8HRs ISR YRHSE Si At AR fp L CE o,
non- aggr egat b gme gianhaanaétulethe depirrdsirictansis tebeladsdried afiors welpht. In
compost 1 QRSion, ¥l sereoctBRlstS or 2 Sncture 6 s poftion ot sttucfire is TP indScated"S"
with, for example, bold or dashed lines, the structure or portion of the structure is to be
interpreted as encompassing all stereoisomers of it.
20 All patents cited in the specification are hereby incorporated by reference in
their entirety. In the case of inconsistencies, the present disclosure, including definitions

and terminology, will prevail.

4.2. DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

25 The present invention provides novel compositions of suspended, stable,

highly-dispersed, non-aggregating carbon nanotubes, also referred to herein as suspended
carbon nanotubes to high concentrations. In specific embodiments, the suspended carbon
nanotubes are single-walled carbon nanotubes suspended in a liquid with surfactant present
in a ratio suitable for the suspension of the single-walled carbon nanotubes. The invention
30 also provides methods for making the stable, non-aggregating carbon nanotubes
compositions, and uses of such compositions in various applications, such as industrial
applications.
In a specific embodiment, the invention is directed to compositions of single-
walled carbon nanotubes, wherein the nanotubes are suspended in a liquid that is, for

35 example, an aqueous liquid, an organic liquid, or an inorganic liquid, with a surfactant that

12



In a specific enbodiment, the invention is directed to conpositions of
single- walled carbon nanotubes, wherein the nanotubes are suspended in a
i quid t moomseosior 35 exanpl e, an aqueous |iquid, an orgaarwshd/eusy, or an
inorganic liquid, with a surfactant that 12 WD 03/060941 PCT/ US03/01159

is preferably, a cationic surfactant or an anionic surfactant in a ratio

sui tabl e 1igh i, SHARGAR A Al DS Al Gl SRl By SR RD ARRIHRES. Al oo

enconpassed ventl i Ng susp car bon
nanot ubes saSpemanoyDﬁgletsmg]lrewaHQd@sbomwtmotubcs)rrpri ses conbi ni ng a surfact ant

capabl e 5 of suspeng0g, arhoRRIUAL RSN 1D il HRE BRLEALEalshlited and

t he carbon nanot ubes un ons and in a a 10°S
formation oafboa ADCtubEpoat ega{mgrtgnps‘aalbetsewhwbpenwnm cogfbinihg a canfintant napebleubes.

In a specife sﬁ%)er%gg oHFBRH narl '&qu' WA ag)grop%a%' 1fq8%adér{d‘°tﬁé ‘c?éirb&?n&}%tnﬁb%gﬁn&’{

prepari ng RIS S|ng carbonnanotubes a ng temperatures,
whi ch 10 cconthtmﬂemdanmtramn mgtahlesfur ﬂua(fd)mmtlonaﬁalnbmaggregmmgestablaguspensmn

si ngl e- wal I cmrobonnn ot ubes w th an appropriate liquid and the carbon
nanot ubes u 3#5’? fs and in a ratio suitable for the formation of a
non- aggr egat i ng, stablaepmlﬁqoﬁnhocbmantt thehevmﬂoinmlmaﬁn&tctddetemaﬂmiseﬁfn t he
singl e-wal | ed . rbon(r llle H({ ﬁ g“le?e n UId hat |si for
exanpl e, ﬁepﬁﬁlﬂ%&ﬁs?e’il ?u”%% ARG “g‘"‘é RS a\n]o Kok 3@% RGN (‘:NIT ?hqw d, and

t he sur lf()ambmphsa:sacopfoaﬁmg ablhry"actamt cdmbizadfisospiending singtet walledovartam ranbmbec
surfactant an ther e ntion .enco sse ds of
ol gt he Wil By iiResBReL g RS CTRGh natelfoch JMEG B REF DRSS THRES o
such uses fonthk datenatibubf a ameaggngdtung; dtetde tupen:kmmfrth@barbm nmarphies, i vdserand

pol ymers; for.nmatio f fibers coat i processi ng of

ol bcul o 5 TEaTTe? ST Barniies acp S 4 PR e oo rRRBRE o0 and
drug del i \aquaous Yighins) omtic Apid, 6edn bR afeliguri and &S. sutfa&arit is fIehdribdy, T ONS
COVPRI §I.NG CARBON. NANOTUBES . The i ?vgﬁi on provi des conpositions of

suspen Sd CRUMHE RUTRTHOE OELENIGIE syifac stabl e, non-aggregating carbon

nanot ubes. In the fclhliyatanetrheloémlb&tﬁmﬁmsﬂﬁﬁﬁi\&ﬁtlﬁﬁbm;ﬁ&eemwbefusihglﬁxe

nanot ube bundl pes or flocculapts ar dIS ersed i nto i ndi.vi dua

nanot ube rbeu pRBr S R HEbOT naot g A I L G R Dy
nanot ubes a@d ndtdingied tb,diseeal intcCplagtivoand pellyhﬁzrs 'fdiﬁlaﬁbhs pefibes filashadn

nanot ubes are hi. I i nount.s .of smal |

dis d a ri se ni |
ot ube. BaHesL RS hastes i & o B fra eationsrlot Mo S Ratiom of

any of mh%n@aﬂigtdﬁﬁeerg@pﬁé‘ms Iaaﬂggshdaﬁaﬁﬁb@xbw@dl es or nanotube fl occul ants.
30 The suspended carbon nanotube conposition conprises a liquid, a

surfactant and
4.2.1. COMPOSITIONS COMPRISING CARBON NANOTUBES

The invention provides compositions of suspended carbon nanotubes, which

are stable, non-aggregating carbon nanotubes. In the formation of the suspended carbon

25 nanotubes, the nanotube bundles, ropes or flocculants are dispersed into individual nanotube
or small nanotube bundles (i.e., bundles comprising about 5 nanotubes or less). In specific
embodiments, the suspended carbon nanotubes are highly dispersed and comprise only
minimal amounts of small nanotube bundles. The compositions are stable against the
reformation of any of the nanotube ropes, larger nanotube bundles or nanotube flocculants.

30 The suspended carbon nanotube composition comprises a liquid, a surfactant and
preferentially monodispersed carbon nanotubes. The composition can also comprise an
amount of dispersed small nanotube bundles (i.e., bundles comprising two to four nanotubes
). Without being limited by theory it is believed that in the presence of the liquid and the
surfactant, the interactions between the carbon nanotubes comprising the nanotube bundles,

35 ropes or flocculants are significantly reduced, which results in the stable, non-aggregating
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preferentially nonodi spersed carbon nanot ubes. The conposition can al so
conprise an anount of dispersed snmall nanotube bundles (i.e., bundles
conpri si nyotmmetvel f our nanotubes ). Wthout being |imte@chysohensy it is
believed that in the presence of the liquid and the surfactant, the

i nteractions between the carbon nanotubes conprising the nanotube bundl es,

ctabl o, - nonseBeE i el BeCh Rk PRIk LR G SR o bon
nanot ubes suffacthes q@pzebi@nf suspanding @rhonThagotwbemp aiad 2 ligwd in o pperiosteonssuitgble ferct ant
capabl e Ofthéfbsf{?ﬁ%%ﬂgf rsﬁ%nﬁ&?&%ﬁ&%hoﬁlﬂg aliquidin a proportion

sui tabl e for ormJ atron e suspended carbon nanotubes. In
di fferent enbodi mentls différentleirpoiduindnss, g lapyicbio ws aljiepuis diquisl amhlcolid) an an 5

or gani s | 'o‘}geln?'c lilla, a’ﬁ%%%aﬁ& glgh@“bldson&)e mBirE é%@g%%%“‘[‘ﬁe%ﬁ&c%ﬁtl%ﬁ‘ g"BQi ce of

liquid m Such envi ronfren cerns,
safety co nn@twmd tyrfdétors subleas st jeevit@uheapy) conzttisosaféty condeenss asdjertlied

nanot Ubes-pfrlgr@ct egfpég?&(])r{ ﬁ)?ttﬂeogﬁpeﬁll’d%(?g%n%gﬁ%#c Dthe aﬁ»ﬁ 1941}6%01 cﬂn?c}s%uél?a ’

a sol vent uene yforam rroli done
and ot her sulphorin atid (ogeaod savetit harKevdd), Itd>luareenm6(§mestﬂj1feran1ikley1 may, 10

however %%ylggr&r&%%e Sﬁ‘é?o%@{ k%%&ﬁtté! one S r B 119%1@%%?1%&6: & Y be

toxic and/or f cl nogeni an environ
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Alisto commermal?y available surfactants is also available on the internet (see
http://www.bio-rad.com/AIGSoftware/pdfs/3235C1.pdf). In yet other embodiments, the

25 surfactant is a long chain alkyl amine containing, e.g., 6-25 carbon atoms.

The carbon nanotubes are single-walled nanotubes, multi-walled carbon
nanotubes, or some combination thereof. In preferred embodiments, the carbon nanotubes
are single-walled carbon nanotubes. The carbon nanotubes can be in the form of nanotube
bundles, flocculants, or ropes when they are not in the presence of the liquid and the

30 surfactant.

The individual carbon nanotubes comprising the nanotube bundles, ropes
and/or flocculants can be single-walled carbon nanotubes, multi-walled carbon nanotubes or
some combination thereof. The individual carbon nanotubes can have diameters of about
0.7 nanometer (nm) (e.g., for a single-walled (5,5) carbon nanotube), about 1.4 nm (e.g., for

35 asingle-walled (10,10) carbon nanotube), about 3 nm, about 5 nm, about 10 nm, about 30
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are single-walled carbon nanotubes. The carbon nanotubes can be in the form
of nanotube bundles, flocculants, or ropes when they are not in the
presence wb mloeoski qui d and the 30 surfactant. The indivi dealr/usas/baso
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singl e-wal | ed carbon nanotubes, nulti-walled carbon nanotubes or sone

Thi nat | h SIS . . h ¢
about 0, 1 BSblam EhEdf S00hil B 1ARE RRRAPLUBEEN FERICYE QLA o ©
nanot ube) ,lergtin fromlabouniA i . tg about d migB Ny usi)naiost fvadn, @boyt 10nilinetsa (oo,

t ube), - 14 / 941
nanot ube) gt ol AR ho . o RS iy S, BPBHRECy A ENREA AR
car bon narib¢ sibatesteambaramrgetuba repognd tahd4dte srthafodtsitge-malledcabaurandtubiecr on

: o] WL ), ' . bout
5o o oty Oy i @neteof e g B S rfiShupro R thedfpdiiot LitiiEhe plan®o
smal | est outthary aressesectiomat dipmetee tbrifornudateng the sispefdedSprbonmghatubeal | ed car bon
nanot ube %o&%@&ﬁ%no- 7 nmin dianmeter), the present invention provides

p

met hods o &xXplort i ng nanotubes wth any cross-sectional dianmeter for
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bet ween the carb 1anotubes in th nanot ube bundl es, ropes and/ or
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magneti c quantum dots, .e.g., nanomagnets, suc S. , e , an
o nano caRREAE st B dhrd i Qs e S eng s, 208,
CdSe, InP, InGaAs, CuCl, and InAs quantum dots, silicon nanocrystals and nanopyramids,
silver nanoparticles; or magnetic quantum dots, e.g., nanomagnets, such as CoCu, FeCu,
NiFe/Ag, and CoAg nanomagnets. The nanoscale materials can comprise one or more
25 materials, or combinations of materials, such as transition metals, including iron, gold,
silver, zinc, cadmium, platinum, palladium, cobalt, mercury, nickel or yttrium; alkali or
alkaline earth metals, including sodium, potassium, calcium or cesium; Group III elements,
including, aluminum, gallium or indium; Group IV elements, including, silicon, germanium,
tin or lead; Group V elements, including, phosphorous, arsenic, antimony, or bismuth; or
30 Group VI elements, including, sulfur, selenium or tellurium. The nanoscale materials can
comprise any of the listed materials and in any given combination. Examples of I[I-V
compounds include GaAs or AlGaAs. The nanoscale material can also be a fullerene, or a
dielectric, polymeric, or semiconducting nanoparticle. In a related embodiment, the

suspended carbon nanotubes further comprise one or more nanoscale materials.
35
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m xture. An ar’rgunt of about
suspended carbon nanot e composmons

In another embodiment, the liquid is present in an amount from about 99.99
25 % to about 90.00 % by volume; the surfactant is present in an amount from about 0.01 % to
about 10.00 % by volume; and the carbon nanotubes are present in an amount of from about
0.001g to about 50.0 g.
The choice of type of liquid or surfactant and their proportion in the
composition can also affect the stability of the suspended carbon nanotubes. The
30 composition can be optimized for chemical stability, temperature stability, and/or stability
over time (i.e., the suspended carbon nanotubes do not reform nanotube ropes, flocculants
or larger nanotube bundles). In a preferred embodiment, the composition is optimized for
stability over desired periods of time, e.g., one hour, two hours, two days, a week, two

weeks, two months, or even longer, without significant settling of the suspended nanotubes.
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20 trimethyl ammonium bromide (CTAB).

4.2.2. METHODS OF MAKING SUSPENDED CARBON NANOTUBES

The invention also provides methods of preparing suspended carbon

nanotubes. The method comprises combining a surfactant capable of suspending carbon
25 nanotubes, with a liquid, and the carbon nanotube bundles, ropes or flocculants under
conditions (e.g., at varying temperatures) and in a ratio suitable for the formation of a non-
aggregating, stable suspension of the carbon nanotubes.
In different embodiments, the carbon nanotubes are single-walled or multi-
walled carbon nanotubes. In a specific embodiment, the carbon nanotubes are single-walled
30 carbon nanotubes. In other embodiments, the single walled carbon nanotubes are in the
form of bundles, flocculants, or ropes.
In an alternate embodiment, the invention is directed to methods of preparing
suspended single-walled carbon nanotubes at varying temperatures, which comprises
combining a liquid with a surfactant capable of suspending single-walled carbon nanotubes

35 and the carbon nanotubes under conditions and in a ratio suitable for the formation of a non-
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20 trinmethyl amoni um brom de (CTAB). 4.2.2. METHODS OF MAKI NG SUSPENDED
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various systems as a dry mass or in a carrier liquid (e.g. deionized water present after

synthesis or purification of the nanotubes). In a specific embodiment, the nanotube carrier

liquid also serves as the liquid in which the nanotubes are suspended when the optimal

25 proportion surfactant is added in a suitable ratio.
The choice of procedure and preparation conditions for combining the liquid,

surfactant and nanotubes will depend on such choices as desired proportions and types of

liquid, surfactant and nanotubes, cost, environmental concerns, safety concerns, the purity

of the carbon nanotube bundles, ropes or flocculants, the projected application for the

30 suspended nanotubes, desired temperature for the surfactant or the liquid (e.g., if the system

is liquid at other the room temperature), different concentrations, viscosity differences

between the liquid and the surfactant, the CMC of the surfactant, and/or liquid crystalline

phase transition range. The steps of heating or cooling can be performed a single time or

multiple times and for varying temperatures during the preparation of a suspended nanotube
35
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on a substyhadtecdul help mitigate the high costs of the material in the near term. Additionally,

single-walled carbon nanotubes could also reinforce coatings for endurance and protection

against corrosion. There are any number of different applications of the present invention
25 of suspended carbon nanotubes.

In a first embodiment, the suspended carbon nanotube compositions are used
as an industrial agent for processing fibers, films, coatings, inks or textiles. Carbon
nanotubes, because of their diminutive dimensions having a structure related to the structure
of C,, exist, have the potential to be used in similar ways to carbon fibers. In particular, the

30 structure of carbon nanotubes makes their aspect ratio (length/diameter, L/D) comparable to
that of long fibers. In a typical embodiment, the aspect ratio of carbon nanotubes is less
than 10,000. Thus, the aspect ratio of carbon nanotubes is generally much greater than that
of conventional short fibers, such as short glass fibers and short carbon fibers. In addition,
the nanotubes can potentially be lighter than conventional carbon fibers, while being

35 stronger and stiffer than the best conventional carbon fibers. These materials are over 100
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nol ecul ar circuits, the presence of organic noieties is a great hindrance.
Therefore, a further step in using the suspended carbon nanotubes coul d be
t o renovewDle/osuerf act ant nol ecul es during the fl ow proce®sTiusat/oliays t hem
on the substrate, or after the nanotubes are on the surface. For
application in plastics, of interest to the autonotive industry, nanotubes
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ibers T 1 ms. coat {A8Thg ABETE: Medf i dbASF in debpRopdlelRsRarertRipee
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to about ?r(x) t gt g?&iiorl\l/.b [l“ﬁg \ﬁﬁ{he} %Ya blend deviates from such an ideal orientation, the less
the resistance to strain of the blend in that direction. In this regard the invention also
25 encompasses a use sufficient to improve mechanical properties by controlling the
orientation of the nanotubes.

In another embodiment, the suspended carbon nanotube compositions are
used in any part of the process and or design of fabricating fuel cell components. Fuel cells
include but are not limited to solid oxide fuel cells and polymer electrolyte membrane

30 (PEM) fuels cells (also known as proton exchange membrane fuels cells). This embodiment
includes but is not limited to using suspended carbon nanotubes in the production of PEM
type fuels whether the end product is the form of a component or additive in the membrane.
Purposes may include but are not limited to inhibiting fouling and cracking of the
membrane. This also includes but is not limited to using suspended carbon nanotubes

35 resulting in an additive in the fuel cell membrane to increase storage of the fuel and increase
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can be used as highly efficient, fracture m cronechani snms, which would
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Single-walled nanotubes come in two forms, metallic or semi-conducting. This makes the
materials ideal for a variety of different electronic applications such as building molecular
circuits, switches, and reinforcements in conducting films, insulating films and semi-

25 conducting films. The suspended carbon nanotubes can be used for forming transistors
through, e.g., self-assembly and/or flow fabrication of suspended carbon nanotubes onto a
surface. In a specific embodiment, the suspended carbon nanotubes and/or the surface are
functionalized for greater control of self-assembly. The suspended carbon nanotubes can
also be used in producing memory storage devices, e.g., if a nanomagnet or nanoparticle

30 dopant (as described above) is also present. The self-assembly of suspended carbon
nanotubes can also be exploited for creating field emission displays, e.g., by providing
nanotubes to act as field emitters.

In another embodiment, the suspended carbon nanotube compositions are
used to produce membrane structures. A membrane structure is defined as any structure

35 having pores in either a geometrically organized or random structure. Purpose of the
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10 lithiumion batteries and lithiumbatteries. In this enbodi nent the
carbon nanot ubes are used for purposes including, but not limted to,
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applicati @ foEXAMPIERS c skins, shunts, coatings and valves. In an

anot her enbodi nent, the suspended carbon nanotube conpositions are wused in
the production of sensors and actuators. Exanples of sensors include, but

are not205 |i m tE@nie 531- sg m@@mﬁlﬁ)am@uws senor devi ces. Exanpl es of

e
addi tional , nonllmtln |ct| t he suspend
g1v 8unt pur?P ed carbon nanotubes 31 delstllfe% water which

appeared as black undispersed clumps, was dried in a vacuum oven. The surfactant used
was cetyltrimethylammonium bromide (CTAB). In aqueous solutions the critical micelle
concentration (CMC) for CTAB is 0.9mM. For temperatures above the Krafft point and

25 concentrations less than the CMC the surfactant exists on the average as unassociated
molecules in the solution (J.L.Moilliet and B.Collie, Surface Activity (D.Van Nostrand Co.,
NY 1951), see also G.J.T.Tiddy, Physics Reports 57, 2(1980)). Below the Krafft point
(about 22 celsius for CTAB) most of the surfactant crystallized out of the suspension and
settled to the bottom of the container. Above the Krafft point and above the CMC, the

30 CTARB first formed spherical micelles which then evolved to rod-like micelles with
increasing concentration of CTAB.

The dried nanotube clumps were added to stock solutions of CTAB/water of

varying wt% CTAB in selected amounts and sonicated. Almost immediately the black
nanotube clumps fell apart and formed an opaque solution with the CTAB/water stock

35 solution. When viewed under a microscope in thin section, the opaque solution appeared as
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surfaces). The curvature of the nanotube modified this picture to some extent since the

CTAB length was a little less than twice the radius of the single-walled nanotube (14 A or

1.4nm). A proposed mechanism is that the nanotubes are decorated by half blobs of

surfactant which act as bumpers, increasing the average distance between the NT and

25 reducing the Van-der-Waals attraction below the thermal energy.

Example 5.3 - Preparation of Suspended Carbon Nanotubes

Single-walled carbon nanotubes, purified by standard methods, were
weighed in the amount of 0.1453g. Boiled deionized water (DI water) measured in the
30 amount of 10.005g was mixed with the SWNTS. An amount of 0.1994g of CTAB was
added to this mixture. The mixture was sonicated in a sonicating bath for 2 minutes, then
allowed to rest overnight at 25°C. The mixture was then sonicated for an hour. The
concentration was measured by taking a known aliquot of the suspension and drying itin a
pre-weighed petri in a vacuum oven. After drying is complete the mass of the perti dish

35 plus the aliquot of suspension is measured. The concentration of CTAB is known and the
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Exanple 5.2 - Stability of Suspended Carbon Nanot ubes Under long term
storage of the suspended carbon nanotubes of Exanple 5.1 for a period of a
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gas-phase method for large-scale production of single-walled carbon nanotubes) to yield a
suspension with concentration 3.8g/L of SWNTs in water with CTAB.

In another example a suspension was made using 0.1977g of CTAB,
10.0196g of boiled DI water and 0.0777g of purified SWNTs (from HiPco) to yield a final

25 concentration of SWNTs in water with CTAB of 7.8g/L.

In yet another experiment a suspension was made using 0.1994g of CTAB in
10.005g of boiled DI water and 0.1453g of purified SWNTs (from HiPco). The measured
concentration of dispersed tubes in this suspension was found to be 12g/L SWNTs in water
with surfactant.

30 The SWNTSs used in the preparation of these suspensions were derived from
the HiPco process, purchased from CNI, Inc. (Houston, TX). All of the suspensions were
sonicated for about an hour to achieve dispersion. AFM of these suspensions were
performed on samples spin coated onto a mica substrate and revealed the presence of

individual tubes and small bundles of tubes (3-5 tubes) coated with surfactant. The
35
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It is preferable that the concentration of surfactant be at |least 10 - 100
tinmes 5 above the CMC for CTAB (CMC CATB = 0.9 X 10-3Mor 0.328g/L) for it
to be ef fwotidwerdat suspendi ng nanotubes. It is al so prefecahisesohsd the
tenperature remain above 22C, as it is the Kraft point for CTAB, which is
defined as the tenperature bel ow which the mcelles of the surfactant are
not sol ubl g 4 | Laui ok : ri -
ol ar ty. angr st ndd T SRR RRHE g AAEhA R ), WhiE et
m xed wi t HlgeollgBoyofthetubes.f onate and the AFMof a thin filmof this
m xture showed nanot ubes i nbedded in the polyner as single tubes and small
bundl es of bundles of tubes. A small bundle is one having a dianmeter no
greater tHan MISCEhLANEQUSdure is optimzed for CTAB. O her surfactants
and polyner surfact r i ifferen .
concentsrlati ons to dtaj}(eﬁ eger\%églg%érgpg #gelrn é‘?\@ggsatéfg{%eg{lﬁgg%@feﬁgé:nﬁatﬁart he
choi ce of dnticpty andafiod al perpdsdsfte tersess eafent xeif eadividiabivabpubilicefinmg patent or
crystalli Ny it r o EX 4 - i ration of
Suspended P L AT RN This g ARG R Biokaiea She ELRICERE
0. 19759 ofrefeletBe inlifs OB6gy dr all3Mrmses.ed dei oni zed water and 0. 0378g of
purified SWNT (from,the H Pco process: .a _ga h net h f.or rge-scal e
P oduction of si ngl e TesiicaRpS AT arifiongEr mE ARG FurTR 100 s 8hns 888 T
concent Yatwithou8d&gttingdtorbWhiEpirit andwstope, agivtiil bERpRrentrio st blatledkathphe. a
suspensi on_,was de usi.ng 0..197. f CTAB, .. 10.0196g .of boiled DI ter and
0. 0777g ofHEaprTeemBTHTEnE P SHER Brsi 6 ofra gy A R aramgle i SahiBar | on
of SWNTs iinvanabeis taibe hinGEABndf by/th8 ¢gérins off theyappemtedtcheims abopgmwithethe fill scope
suspensi on \was. e.using 0.1994q of C in 10.005g of boiled D water
and 0. 14%5‘1‘8%’5% Fit‘f‘fvhﬁﬂéwel‘aalﬁ%r%ﬁ?'&ﬁego). The neasured concentration of
di spersed tubes in this suspension was found to be 12g/L SWNTs in water
with surfactant. 30 The SWNTs used in the preparation of these suspensions
were derived from the H Pco process, purchased from CN, Inc. (Houston,
TX). Al of the suspensions were sonicated for about an hour to achieve
di spersion. AFM of these suspensions were perfornmed on sanples spin coated
onto a mca substrate and reveal ed the presence of individual tubes and
smal | bundl es of tubes (3-5 tubes) coated with surfactant. The 35 24 WO
03/060941 PCT/ US03/01159 surfactant was renoved fromthe suspension with
the additional of nethanol, which caused
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flocculation of the tubes. 6. M SCELLANEQUS 5 All references cited herein
are incorporated herein by reference in their entirety and for all

pur poses wo osloe9sane extent as if each individual publicatcongsopetient or
pat ent application was specifically and individually indicated to be
incorporated by reference in its entirety for all purposes. Many

nodi fi cati\%Is ladeC¥MH&ns of the present invention can be made 10

wi t hout deparAfl ng'Tromits 'spirit and scope, as will be apparent to those
skilled in the art. The specific enbodi ments descri bed herein are offered
by way of exanple on nd.the jnvention is to be limted only by the
ternms of the gglp')endé(%]&nf1 ?Sqn%éna(foénr#grﬁ\lllﬁgfh the full scope of equivalents to
whi ch such cl ai ns aredignd;i tl ed. 15 20 25 30 35 25 WO 03/060941

PCT/ USO3/ 01159 WHAT | | NED,L S- 1. A. conposi ti RLi sing: a liquid;
5 a surfaciant capati e Ebdlarhy i R ABloE I *carbon

nanot ubes; wher ei n tcasbohingnotdbest he surfactant and the carbon nanotubes are

present in a ratio suitable.fo he suspensi.on of the rbon nanot ubes. 10
D he. composi t 1 on_ aThecrin s id RS ERERRIBE oRbo TS 86 ALRRRE MY

si ngl e- walrhtéalsuitablerfot the sugdehgdn ofithbcarbnanaiamiles. 3. The conposition of
claim2, wherein the carbon nanotubes are single-walled carbon nanotubes.
15 4. The conposition of claiml, wherein the liquid is an aqueous |iquid,
an al cldhol , ar2. or gdthe@ohipgsitidn ofclainn by vgleaneia the cuubeh wanoaubes atesingld-welabf .

5. The corgrp%sdléjw%ﬂegzarglogh%o%ﬁbe\é\ber ein the liquid is a condensed gas. 20

3. The composition of claim 2, wherein the carbon nanotubes are single-walled

carbon nanotubes.

15
4. The composition of claim 1, wherein the liquid is an aqueous liquid, an
alcohol, an organic liquid, an inorganic liquid or a mixture thereof.
5. The composition of claim 4, wherein the liquid is a condensed gas.
20
6. The composition of claim 4, wherein the aqueous liquid is aqueous sodium

fluoride, aqueous sodium chloride, aqueous sodium bromide, aqueous sodium iodide,
aqueous calcium fluoride, aqueous calcium chloride, aqueous calcium iodide, aqueous
calcium bromide, aqueous sodium sulfate, aqueous sodium sulfite, aqueous magnesium
25 fluoride, aqueous magnesium chloride, aqueous magnesium bromide, aqueous magnesium
iodide, aqueous ammonium fluoride, aqueous ammonium bromide, aqueous ammonium

chloride or aqueous ammonium i1odide.

7. The composition of claim 4, wherein the organic liquid is an alcohol, an

30 ether, a hydrocarbon, a cyclic hydrocarbon or a cyclic aromatic.

8. The composition of claim 7, wherein the alcohol is a saturated monovalent

linear, branched, or cyclic hydroxylated hydrocarbon.
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6. The conposition of claim4, wherein the aqueous |liquid is aqueous sodi um
fluoride, aqueous sodium chloride, aqueous sodi um brom de, aqueous sodi um

i odi de, vwQuewmemw4ral ci um fluoride, aqueous cal ci um chl ori eeT/Egiienss

cal cium i odi de, aqueous cal cium brom de, aqueous sodi um sul fate, aqueous
sodium sul fite, aqueous magnesi um 25 fluori de, aqueous magnesi um chl ori de,
aqueous magnesigim br Al digy 304G 8451 TRANGALUM ml OFbAS is ARHEAUS AN um
fluori de, aqueous anmoni UmoBY o de, aqueous anmmonium  chloride or ‘agueous
ammoni um i pdpabel, 15oproflasols butpndi sdcdmtanbl, dérebntanol, péngarwil rorthikeansd.gani ¢ | i qui d
is an al cohol, an 30 ether, a hydrocarbon, a cyclic hydrocarbon or a
cyclic aromatic. 8. The conposition of claim?7, wherein the alcohol is a
sat ur at ed nonovil entTheldompasitiobofolained, whereimyth¢ inorgendr logyd stanchchlyairadeae.bon.
35 26 W 03/060941 PCT/US03/01159 9. The conposition of claim8, wherein
t he al cohol is nethanol, ethanol, propanol, isopropanol, butanol,

sec- but anol , t erlt - buflerompopiting aficlaim oy whaxarthé surfdtanTisencadiogh @sindngum of
claim 4, V!ﬁ?fa?tiaﬁ the inorganic liquid is an acid or a base. 5 11. The
conposition of claim1, wherein the surfactant is an al kyl anmoni um
surfactant. 12. The conposition of claim1l1l, wherein the al kyl ammoni um
surfactant is of, 10nthe forrmul a. R -N. R4 Z- 15 wherein ch.of /R,
%o o, and Ra s i niEQSREGHEPY Shsiam g dn e AR 2 taRL R GeffRER i r,

13. ThelGahpfginulaon of claim 12, wherein the ammoni um surfactant is a

tri met hyl ammoni um surfactant. 20 14. The conposition of claim 13, wherein
the trinmethyl anmoni um surfactantpis cetyl 4rinmethyl amronium fluoride,
cetyl trimethyl ammoniumchloride, cefyl trimethyl anmoni um bronide or
cetyl trimethyl amonium i odide. ZRZ%&iH;he composition of claim1, wherein
the surfactant is a cationic surfact ar;i;t3 or

15

wherein each of R}, R,, R;, and R, is independently an alkyl group and Z- is a counter ion.

13. The composition of claim 12, wherein the ammonium surfactant is a

trimethylammonium surfactant.
20

14. The composition of claim 13, wherein the trimethylammonium surfactant is
cetyl trimethyl ammonium fluoride, cetyl trimethyl ammonium chloride, cetyl trimethyl

ammonium bromide or cetyl trimethyl ammonium iodide.

25 15.  The composition of claim 1, wherein the surfactant is a cationic surfactant or

anionic surfactant.
16.  The composition of claim 15, wherein the cationic surfactant is:
30 an alkyl dimethy benzyl ammonium compound of formula:

CH;

I+
R—fl\l—BenzyI Z-

CHs
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anionic surfactant. 16. The conposition of claim15, wherein the cationic
surfactant is: 30 an al kyl dinethy benzyl anmoni um conpound of formula:
CH3 R N-wBanpylo4Z- CH3 35 27 WO 03/060941 PCT/ US03/ 01159 pCRim0®INsR i s an
al kyl group and Z- is a counter ion; an alkyl trinmethyl anmoni um conpound
of formula: 5 CH3 | + RN-CH3 Z- CH3 wherein Ris an al kyl group and Z-

is a counter i.on. 10.a dial dj net hyl noni um conpound of formula: R
R- N- CH3 Z%r%w\%glrk&l%lo il‘%}s{(hgnisaq’lE 0§/1 tebi}?fjg and Z- is a counter ion; or
a trialkyl methyl amroni um conpound of formula: 20 R+ R-NCH3 Z- 25

wherein R _is.an. alkyl grou and Z- | Qunter ion. 17. The conposition of
cl aim 15, W&KYZFHH‘L{%%I %Iﬁfl@ St 3%?3&0%}1@:& 30 a sul fosuccinate diester
of the formula: (CH2)"COQ2R (CH2)nmCO2R  S03- M+
5 CH;
| +
R—II\I—CH3 Z-
CHjs

wherein R is an alkyl group and Z- is a counter ion;
10

a dialkyl dimethyl ammonium compound of formula:
15 CH3

wherein R is an alkyl group and Z- is a counter ion; or

a trialkyl methyl ammonium compound of formula:

20
R
I+
R—N—CHs Z-
R
25

wherein R is an alkyl group and Z- is a counter ion.

17.  The composition of claim 15, wherein the anionic surfactant is:
30

a sulfosuccinate diester of the formula:
(CH2)hCO2R
(CH2)mCO2R'

SO3-M+
35
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35 28 WO 03/060941 PCT/ US03/01159 wherein each of Rand R is

i ndependently an al kyl group, Mt is a Goup 1 netal, and each of n and in
i s i ndepewdanmbop4rn i nteger fromO to 20; a sul fosucci nat ecmarsogetisy of the
formula: 5 (CH2)"CO2R (CH2) nCO2- M+ S03- M+ wherein R an al kyl group, M
is a Goup 1 netal, and each of n and mis independently an 10 i nteger

fromO to 20; .napht n ul.f onat or h t

Formi e (aER o TR IE b IR e OT g, GO Bh Bl 4% aey
and n is iaofnepdmsisfindepeiddntly abantbgds @ 0 &an20; 20 benzenesul fonat es of the
formula: R SO3-M+ 25 wherein R an alkyl group and Mt is a Goup 1 netal.
18. A nethod of suspendi ng carbon nanot ubes conprising: conbining a
sur f act anta suifpsltbmaefmausgendthg faalbron nanot ubes, a liquid and an anount
of carbgn nanot ubes, wherein the liquid, the surfactant and the 30 carbon
nanotubes are present in a ratio suitabhg)te,rsuspending the carbon

nanot ubes. 19. The nethod of claim 1_52 Wg{&%gMghe carbon nanotubes are
single-walled or multi-walled carbgn Haﬁ utes. 35 29 WO 03/060941

PCT/ US03/ 01159 20. The method of cP&s™*19, wherein the carbon nanot ubes
are single-walled

wherein R an alkyl group, M+ is a Group 1 metal, and each of n and m is independently an
10 integer from O to 20;

naphthalene sulfonate formaldehyde condensates of the formula:

—CH,
15
\ , / \ | /
M+-o38I SO3-M+

wherein M+ is a Group 1 metal, and n is integers from 1 to about 5000; and

NN
Gso3-m+
NS

25 wherein R an alkyl group and M+ is a Group 1 metal.

20 benzenesulfonates of the formula:

18. A method of suspending carbon nanotubes comprising:
combining a surfactant capable of suspending carbon nanotubes, a liquid and
an amount of carbon nanotubes, wherein the liquid, the surfactant and the
30 carbon nanotubes are present in a ratio suitable for suspending the carbon

nanotubes.

19.  The method of claim 18, wherein the carbon nanotubes are single-walled or

multi-walled carbon nanotubes.
35
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carbon nanotubes. 21. The nethod of claim 18, wherein the carbon nanotubes
are in the formof 5 bundles, flocculants, or ropes before being conbined
wi t h t he woguioéhvand t he surfactant. 22. The nmet hod of cl @cmus8s/omberein

the liquid is present in an anmnount of from about 99.97 %to about 90.00 %
the surfactant is present in an amount of from about 0.01 %to about 10 %

10 about 50 g. Do, T8 e fhEaPURRET it ofTRIEh bl AT Rk vty © [0

per f or med catboa nah@npest at ure of fromabout 0 Cto about 175 T. 15 24. The
met hod of claim 23, wherein the tenperature is between 0C and 20C. 25. The
nmet hod of claim 18, wherein the suspended carbon nanotubes are fornmed at
room t enper at ur2d. 2@ h26uetidkofmeaiholB, sthecimihmcat®bonwhrotebes ardan thefdracdéfant i s

cetyl tginethyl ni.um_ bromide., 27 The etk of. claim,18 her
corr i st nduediihREPHE R oS Pl atla dfintE Bt haS nf g b lh oy o
claim 18, wherein the liquid and surfactant are combined prior to

Tauid: - a sur' 22 ant e ApABT Lo rag e AL e doblo” RERER b 32 Aigwr ¥ B on
nanot ubes ;abaded9ed 7iotth @bt @Qi00, %1 the swtirctanc tsgméseanioh anteenaumt bbfiomahottitb@ls ar e

pr esent t he, suspensi t he .car.bon ,na

i i 0,suitabl e f ) of b
a concelnolt %?‘? 6%?%5)#83/5’%}1@%@ C%Fbogégnﬂﬁuaﬁearr Bf<S Prbgl?‘l Aot of fiom a%%’b'l' 3% O
about 50 g.

23.  The method of claim 18, wherein said combining is performed at a

temperature of from about 0 °C to about 175 °C.
15 24.  The method of claim 23, wherein the temperature is between 0°C and 20°C.

25.  The method of claim 18, wherein the suspended carbon nanotubes are

formed at room temperature.

20 26.  The method of claim 18, wherein the surfactant is cetyl trimethyl ammonium

bromide.

27.  The method of claim 18, further comprising sonicating the suspended carbon
nanotubes.
25
28.  The method of claim 18, wherein the liquid and surfactant are combined

prior to contacting the carbon nanotubes.

29. A composition comprising:
30 a liquid;
a surfactant capable of suspending carbon nanotubes; and
carbon nanotubes;
wherein the liquid, the surfactant and the carbon nanotubes are present in a
ratio suitable for the suspension of the carbon nanotubes to a concentration of 3.0 g/L or

35 higher of carbon nanotubes.
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