WD 03/060941 12 JULY 2006 COMPCSI TI ONS OF SUSPENDED CARBON NANOTUBES,
METHODS OF MAKI NG THE SAME, AND USES THEREOF 5 10 15 20 25 30 35 RELATED
APPLI CATI ONS Thi s application clains benefit of United States provi si onal
applicati ber 60/348, 275, filed on January 15,

her eby |H@§rﬁ@$§F§d by reference herein inits entlrety YNQPQELD OF THE
| NVENTI ON This invention relates to novel conpositions of suspended,
stabl e, non- aggregating carbon nanot ubes, nethods of naking such

conposi tions of QW?O@WIGRS@FSU@WHEQSC N*P@ANWPUB“E {he

conposi tions. ZMEMP%KTEQ T%ég@ % gygﬁs Tﬁ%ﬁ@g"f t he
exi stence of 3 t ouched

off an intense wave of research and devel opnent ainmed at nmaxim zing the
potential of thRELATHD ARPRICATION® term "fullerene” is often used to

designate a famly car .on. nol.ecul.es ol 1.0
latticé structure. PTiclon A ReED }é\{]ﬁ’?lgﬁ%esﬁ?tef Blfog’ésmgéc?ﬂglégau%her es
(" buckybalnhsibys 60848 g’mce,a’ﬂéd feNRuMRES, Po0BethifloRekteby.in &rat@i mafegdined
E. Snmall e¥J Ful l erenes, Scientific American, Cctober 19 . CARBON
NANOTUBES "B S S fHsEHbes can exi st as cl osed concentric rrul ti-layered
shells or nulti-walled nanotubes (MANTs) or. as a single-walled nanotubes
(SWNTs). However, the preferred carbon nanotube for industrial
applicatidn is Wnotube Car bon nanot ubes, and in
part i cyhar singl e- waihs GILAGR BANALHDES BECAURS.S &qsuggadredwgme "Ange. of
el ect r ifal properties are used for Ing electrica ectors’in mcro
devi ces sapiregaiinigrmaspmatapdtubts, ousthals of makigewick oeriposibencdl pspansied cirhon
conput ers S conductivity and small size.

Car bon nano{b es’ g}cg&gﬁg%lcﬁstﬁ%&gﬁsgd&ﬂ &nnas at optical frequencies, and
as probes for scanning probe mcroscopy such as are used in scanning
tunnel i ngzm Cr @sgc@ §'1(M gt £N m croscopes (AFM. In

addi ti on, “beca %Mth car bon nanotubes are al so
used agsstrengtheni ﬁ@eagﬁﬁtaﬁzohlmfa‘twemstamsifm&hmmmi af carborcznpedict i on

wi th carb Qﬂllgrle%(e:sk 1nQ990 touched off an intense wave of research and development aimed at

maximizing f[he potential of this "new" material. The term "fullerene" is often used to
designate a family of carbon molecules which have a cage-like hollow lattice structure.
These "cages" may be different forms, such as spheres ("buckyballs™), or tubes

5 ('nanotubes”). See Robert F. Curl and Richard E. Smalley, Fullerenes, Scientific
American, Qctober 1991,

2.1, CARBONNANOTUBES
Carbon nanotubes can exist as closed concentric multi-layered shells or
25 multi-walled nanotubes (MWNTs) or as a single-walled nanotubes (SWINTs). 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 circunits or in semiconductor chips used in computers
30 because of their electrical conductivity and small si‘;ze. 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 atornic force microscopes (AFM).
| In addition, because of their mechanical strength, carbon nanotubes are also
used as strengthening agents in any composxte 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.



tires for notor vehicles or in conjunction with graphite fibers in

ai rpl ane wings and shafts for golf clubs and fishing rods. | WO
03/060941 5 10 12 JULY 2006 Carbon nanotubes nmay al so be used in

conbi nat iwo oaidshomol dabl e pol ymers that can be fornga ypyoy 208ges.
sheets or filnms to make el ectrically conductive shapes, sheets or filns
and are al so useful as supports for catalysts used in industrial and

chem cal processes such as hydrogenation, reforn ng.and.cracki
catalyets. Thus. o i geneiEr RS ORE 6 vseh G CHPb BT B4 R potymers
conveni entth@ashlby fomikdPitadtaped, sigasafr AL BOMakaBRELHRERY cHRitlctvshapes,
extrenely useful _ Both MANTs an s haye been produced and the

, SWNT h .
speci fic” CAFAEPE PliBt and HESEO MatlH 151UBP P Op SR ADE G A Ehtre@disial and chemical
vapor - t r apsRikkes s@R¢ hé BiBogea8Bon, f&brBH2MRH rackB@laBllystdl ThusDef el Sritir
Car bon Nanot ubes, Science: 263, 1744- 47,_ 1994, However, it is believed
that si*ngbEashranggiotanmisatinandeuesienoragily manippdablefasm ofeartym fagpiubes
nanot ube base L@l . 2. SINGLE WALLED CARBON NANOTUBES Si nce
their di scove??e??l&%gﬁ,@g?}ﬁ | e-wal I ed nanotubes of carbon have been 15
ext ensi vel y investi gaebdIWaeks mrdss ¥ ¥ Tsanase beengprodusdiand dlee secHid depretyed
and Carbo - ' ( _
scanni ng- E&Eﬁ? %@%ﬁﬁlﬁ%ﬁ@%@ggéﬁh%§$kf%§}?°r¥a%§s%§ %%EF%?%% (rsgﬁ’f gi f %‘zr’%l ( %hr? u et
studi es, sinHetcwah|(@dbovaNoterbba, SCISWHTE63, Iidd-€l7s hgivh Howewons istelisfeda

seanl e i nder o aphitic sheet. capped by hem.spheric nd
composad T SHiatt uBlrd ARAPRAeGsR DR APRG s P RIRErBRbe SR 65
(18), 2284n#4di984). See also 20 Sattler, Carbon 33(7), 915 (1995). Curves
observed in high-resolution transm ssion electron mcroscope (HRTEM

i mges of SWNTs indicate that the single-walled tubes are nore pliable
than their nul t3.2.wal $1GEEORNBETED A RBONNaN@TUBEcar bon nanot ubes form
the basis of material.s w,th exceptlio mechani cal and el ectyochem cal
properties, includi ﬁ’%ﬂ AGindisce Pkt Rl SHE SR 1 Be 0SS OF S5bOn have been

el ectr abi egtenfRsRiiheestibged. Sadt Dietsiituk kOi/diskinad gf MithendiSATCHBYx the
current avail ahl e macroscopic rims_of SWNTs are i sotropic and rgt her

f
fragile. Yegel eétAC&ﬂP!?!q\;%réfsoélc‘%é}-cBaqﬁﬂBErsgaw-mnBB%m&w%&%ﬁ B

Car bon Nappidteesd eRetdl @iradféh stidies, $33%-will VA RBRDEP (1S WR TG WER shown to
nanot ubes (both single-walled and nmulti-wall ed) has been carried out on

i Nt r act abFRRSEYOhe seAmicss evlipdeieeliagraphitik shesbernsed Ry hempspheraeal sedsepmposed

Nanot ubes bfﬁtﬁ%gﬁgﬁd%@ﬁa 8Y.ORL GBI %gjlﬁ' 9084839982 8eB8160

. J, Pl ETlehSEs pje?
This formo material Is not anenable to many of the processing

steps tRaBatiics Gardesdafh), 915 AAR). Siwgiseborrypdin WghbeselwondrasedssiBWNTs)
are to regeb b Aglitrofdpe (ARTHN RlagePSF $WRHIARHNK ate Mhat 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 propeﬁies, 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, yp000 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 (SWNTs) are to reach their full potential, particularly in
applications that require these materials in the form of pelymers, copolymers, composites,

ceramics and moldsble forms.
35 '



applications that require these materials in the formof polyners,

copol yners, conposites, ceramcs and noldable forns. 35 2 WD 03/060941
12 JULY 2006 Currently, the carbon nanotube raw material is produced in
bul k as aWlla30pgp41 sol id. As they formin the gas phase yifiey

nanot ubes condense into a solid and naturally aggregate wth one anot her
to forns ropes of nanotubes. These ropes further agglonerate to form

| arger random tangl eéurrem]' %%@lq}oﬁqlagé{wg ol 9 lkg%“tgyoﬁ {;’@EC%B Iﬁlbuﬁ(adm%
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‘e

| evel . Cardb&HOoRKM8HUIPakthe gatopsraopeafscBliisgl. singl e-wal | ed car bon
nanot ubes are CoMPlghgk yres @A B SO Soan b HehdbolMRUsI9TpBRkd in

soluble in any liquid and as a result are very difficul
mani pul at &/2nphs Bedier intostiarses thefintsegctions Ipq’ﬁve@n BeaWhY stang rihemsdiajagd

mac et alo bt aetybenen, AUpentadphl ) hAY ho S sRORERN P ARl
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in vi scosmoydaﬁdmmdlw furthee mapipRiatidafeifiteatkeroical ¢ ghyeicE timadventageons
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‘nanotubes are y suspen se or conprable -
concentrati ons to ZI)arb@Tmnnatﬁhelaemd nﬁwrbﬁp@rﬁaaﬁa,tsmglta-vedladmathoz:atamtnb@fare

si ngl e-val lDﬁlgl Qg%ﬁ&c&%z}%ﬂﬁﬁn 1{%@ @bﬁ%?e%g%ﬁy 1HREd QHPad e{}eﬁﬂi L f1ees

including t Ion surifac unctl on i on 0
caps afd vsnckhfﬁmlltlte neenipufege. nh‘n@rﬁeﬂtfesnahdmmﬁerﬁlneanmamngtﬂme soid meidsiahas
i nherent d

trat b
modi fi cati® o 1559ﬁ Flf‘ﬂslpﬁ%(?ga 85 r(%gﬁ%%dgat i %%gtd?%ﬁgfw %%1g?1 of the
Concentr atnamfrsalm‘ddseslﬁe dhato Ilﬁﬁtbtyonmn ghtosfy and mbass traasfet thesdmﬁ&mmbeén
hi d, { | g, b f. | i zed
Mt | ar BB SRR oA AP fa R RERSU (ST A HEGR g dhapaber ©
sol vent S @hzﬁotubésla@ar Bt hale)susiendedinCGEduidibi thes @fco&%rﬂ%lé%m(ekﬂtréﬁ@l@ et

al , m. Che gf 124, 760(2002) Al t hough | esser concentrations may
be use f 69T A EBFH B OF 637118t 0 some conposite systens, nost 30

applications and SySbﬁfﬁﬁh?ﬁh@ﬁQ)IfQﬁgleahélkdrc@ﬂi@hﬁﬁnbmgﬁehaméﬁ@EJEJE@édlt@wnS of
suspended nateri anot ubes shoul d

car b
pr ef er ent VATPYS b‘é‘?@é@lg E}ie ditiop; ﬁ‘l“ SRS ueaslon%hﬁa%%%ths Fhcaps
t he} devel @Rd Sfde iy o@thetﬂlﬁoﬁ'b@i;.eﬁéﬁgveﬁlp&bh 6AiHe8ethods 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 preferentiail}y 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 sodivm dodecylsulfate (SDS) (see B. Vigolo, et al., Science 290,1331

35 (2000)). SDS which has a CMCEof about 8mM, or ten times greater than cetyl trimethyl



There is a report of nanotubes suspended in a surfactant m xture, where
the surfactant was sodi um dodecyl sulfate (SDS) (see D. Vigolo, et al.,
Sci ence 290, 1331 35 (2000)). SDS which has a CMC of about 8mM or ten
times grewbessdan cetyl trimethyl 5 10 15 20 25 30 3 mq&l\;ﬁ&@@wl 12
JULY 2006 ammoni um brom de CTAB. The maxi num sol ubility o

reported to be about 3g/L for the SDS/ water system Additi onaIIy in

many applications Xj.c s do not nd, t elves to str

b oveon nd BN RGBT A5k TP g BT SRR b e eoncciadi o DS ARt Ry
nol ecul es fuotht I§OIAanet B!hﬁn may increase their solubility, it also alters
their electronic and ical properties and the attach ieties
cannot be easily rerf%‘ilfggo ”’c’ﬁ@’ﬁ) ?&ﬁﬁ?t{?ﬁéstoélrces(’?% Rk eIE%AT?‘ﬁ’F%BIYfSHBst
syst em ( sUgdusBsal rdeaisiig Aid dHnasiite coxt oe%(x@ﬂuald@ulwhilen:mmqfally RBaching

nanot u%es) Vel | - di sper sed non-.aggr egwf concent rat ed,

I
suspended TRssiesdp thepangibes atingaase ?92‘%‘?136’51‘@{5% lisar dier §lachanis Ane
are neces %ﬁécﬁaﬂx@al%?'éiﬁe?ﬁé& dnd&he bitdBELRoictib € EAIBL BIERS! gr@llntobe&'gxtibe tRg

bel i eved to be inpossible, the present invention teaches such

procedur e nramtubwear@nr@pmogat@% e é hestseledi(rrhos agmamion phastieton e a i form
speci fical | ? wal | ed nanot ubes. The present invention teaches the
use of sur tants 8'produce hi ghly concentrated conpositions of
suspended car bon nagtiiidepersed. roorapgragaiang, bghlpéorpestiated, uspended fomms % .
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suspended car uses
The i nventtwhnolpgmm aﬁhom@t lwgsbebévedpo bel unpcmglblha gllm presert onvenbng taatheatsidns

of "carbon _n an nded__in The inve t| \

suspended PCEF gﬁrﬁqﬁﬂgotu rs&c’é"n%nc()issiu egﬁ nogﬁ%}aogn%otu BSSUIIK% g%et% dﬁ?ﬁgégﬁﬁ e
of suspe ndvalﬂgd catdbaes N dhe pudsest, maeﬂhoqueadhesamd usao baunfactantd olyesduce Wiphhei n
thellqwd rfactant a rhb nnan t.ub are sent.in.a

ot o cui caneBtrs coPRASERER uERaEr Rt EEPRE TG ShPs bRt whu ey,
al so prlévudrets%}a met hod of suspendi ng the carbon nanotubes, conpri sing
conbining a surfactant capable of suspendi ng carbon nanotubes, a liquid

and an anount of -carbon nanotubes, wherein the liquid, the surfactant
and the carbonSRRIBIARES are :

The invention is directed, 1 part, to stable compositions of suspended carbon
nanotubes, methods of making them, and uses thereof. The invention provides methods of

20 producing high and low concentrations of carbon nanotubes suspended in a liquid.

The invention provides suspendéd carbon nanotube compositions comprising
a surfactant capable of suspending carbon nanotubes, a hquid, 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, wjh’erein the liquid, tpe surfactant and the carbon nanotubes are
present in a ratio suitable for su:spending the carbojn nanotubes.

The invention also provides suspeﬁded carbon nanotube compositions

30 comprising a surfactant capable fof suspending carbon nanotubes, a liquid and carbon
nanotubes, wherein the liquid and the surfactant and the carbon nanotubes arg 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 usegof the suspended carbon nanotubes in

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



present in a ratio suitable for suspending the carbon nanotubes. The

i nvention al so provi des suspended carbon nanot ube conpositions
conprising a surfactant capabl e of suspendi ng carbon nanotubes, a liquid
and carbon nanotubes, wherein the liquid and the surfactant and the
carbon namotsbeminre present in a ratio suitable fogqt L3X'966 si on of
t he carbon nanotubes to a concentration of 3.0 g/L or I gher "of carbon
nanot ubes. The invention provides for the use of the suspended carbon
nanot ubes i n ener.at.i ng.product.s. Wi th inprov strength,. weight, .
Ctrength (el SHeafbi B RIPLUE Rl et TR S P e St Ry Wpson fow,
t her mal veembttid dctiyity sadlbiatoigeval sgylebilonsg, Thedpaaitivandse,profidbefil fndustrial

properties, sel.ectjive i.on flow,. catalytic activity and bi ol ogic

ool oat | SHEESHRES HouHe R spegaorraesh bR pthabe i B i Sl Boms. of
mat eri al s fGQBPSHInHeNd neRitoiesNayathpd) @su SdidiveBSsyshtls, At mbledilaOiréiry
fibers,S films, synthetic nenbranes, coatings; drug delivery systens, and
nol ecul®ar BIPEUFHYy conmponents. 5 4. DESCRI PTI ON OF THE | NVENTI ON 4. 1
DEFI NI TIONS 10 As used herein and unl ess otherwi se indicated the term
"liquid" refers to a state of matter internediate between that of solids
or crystaltine RESSRIRFEINQF PR ANVIENTIQINCh a substance has the
capacity to flow under extrenely snmall shear stresses and conforns to
the shape of the confining vessel, but is relatively inconpressible,

| acks the capa‘bl-tyD.EE&ﬁHﬁlﬁ&vithout limit, and can possess a free
surfacaq As used hergl fueh et Phil diiesslobithle ihdicdt0d theQePedibllt st & 211 Y
roomtenperature |iquids Ut al so 1 acl udes gases tha ave’been
condensed state ¢f meatiatsniganepdizte beigeen tha of scdBi2 or etysta)limr substhincks anAgesdaave

been war - i.r_Liaui t h I h in.and
unl ess o'?ﬁglrl (\:/{1; géﬁqgﬁag F%léésggé ? ?Pzabt%% r?omﬁ 8‘5 gxpg%cetxgrﬁﬁzc?yr Serff?%ur ééh%g gstreggeg oa\%g bl e
conpound thaforme thibe shifreofshe fadieitgnssadrbuis telaivieisinconpreedbleck.ckshthe

interfacial_ 2 nsi on . het n..two, | iquid # Liaui nd sol |, d.
vl oo oS Bl PR MR (oLl Slre cefhd B NS RRR bt em
sur f actlantEquidiisomit ¢o beilifnited ambidy roat itomparatare faidamitalsodncinded gasesthat
sur fact ants. used herei,n a unl,ess, gt h i se.indicated,, the term
oouns e Paie SRRt B Rt R B PR SRS iR B ke Bt e,
i on i ncl udetheirmiquikstaterie.g., phdmilp of a 25 sol ution. Exanpl es of negative
counter ions include, but,are nat limted to, fluorid brom de,,,
chortde. odi o, i BFan8ER HlunesTotrERy i it i fem BRRLREL refers o
* positive aeullb®f conippngd itHalc _taaﬁ]iges thelburdiace ltmto_d éflrﬁqém, bPredgosh tldéﬁnt@r@e}cﬁil u ][n
" pot assi magnesi um. or. | i{hi um an al so. |i u transi ti on.net 0
B onps 20 SerSTORb s tHE tiguils Pt d ToiCad e QB PTe ! CREGiant ATy G iyt are

" anphot er 6t 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 solutien. Examples of negative counter ions include, but are not limited to, fluoride,
bromide, chloride, icdide, 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 C!iroups 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 characteristicfs. Examples of amphoteric surfactants include, but are not
limited to, lanramidopropyl dirnejthyl betaine, cocoamidopropyl dimethyl betaine, lauryl
dimethyl betaine, tallow dihydro;icyethyl betaine, cpcoimidazoline dicarboxylate, and
cocoamidopropy! hydroxysultain:c. J

35



30 surfactant(s)" refers to surfactants having both a positive and a
negative charge or having both basic or acidic characteristics. Exanples
of anphoteric surfactants include, but are not limted to,

| aur am dopiopyicoginet hyl betai ne, cocoani dopropyl di nBtjyl yepasne.

| auryl di nmet hyl bet ai ne, tallow di hydroxyethyl betaine, cocoi mdazoline
di carboxyl ate, and | cocoam dopropyl hydroxysul tai ne. 35 WO 03/ 060941
5 10 (CH2)" CO2R K( D Re; od M- is a
Goup | netal, and ng;%é ma?lghlng? gﬂéth%ﬁfglx{r?éegt%%@%é%f rglrélr%nH]% to 20;
napht hal enszrmtaﬁldn)étrefefsnhomarfdehmdéamogdengau@saeotharge Aoicrmd surfazGnihas used

S03- M+ 30 L 006 i.se i ndicated,
the term" k<'§1é:%|a(51n| %luy :?Pfggpgﬁﬁf@)%sg? Qe%urgflgasur%k%g%ﬁl F g a negative
net charge. Anionic surfactants as used herein include, but are not
limtedcto, sulfosuccinate diesters (EhenfCélzRul a: F ( CH2) nCO2R

(CH2) KCO2R  SO03- M+ wherein R and R Tzl:(chaprm.ﬁmently an al kyl group, M+
is a Goup 1 netal, and n and mare %Qn_gﬁpendently integers fromO to 20;
sul f osucci nate nonoesters of the forAufa: \\- | J SO03-M+ -i n wherein M
is aGoup 1 netal; and nis integers from1 to about 5000; and

benzenesul §aneireR 04 Rt 'i‘semfié}fdiﬁﬁéﬂ ly A/Mhﬁkﬁ' ghokp, A+ & K@ko PH{éta?%d'\ﬁ*addSm%re
Goup | netal. As used herein and unless otherw se indicated, the term
"cationi c SdeFeRdenth mtegers from O to 20; sulfosuccinate monoesters of the formula:

10
(CH2)aCO2R

|  F=(CH2)mCO-M+
SO5-M+

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

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

20 Ny \I/ \I/

M+-035 | SO5-M+ |

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

R 7 '
T~

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

benzenesulfonates of the formula:
25

30 As used herein and unless otherwise indicated, the term “cationic surfactant”
refers to surfactanis having a positive net charge. Cationic surfactants as used herein
include, but are not limited to, ,a}lky} dimethy benzy! ammeonium compounds of formula:

|

g CHj

oy | + ;

| RﬂrI\J-Benz;yi Z-

| CHa ,
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refers to surfactants having a positive net charge. Cationic surfactants
as used herein include, but are not limted to, alkyl dinethy benzyl
anmoni um conpounds of fornula: | CH3 1+ R-N-Benzyl CH3 Z 6 WO 03/060941

12 JULY R»@0B/asaenein Ris an al kyl group and Z- is alggtmgyrzmw al kyl
trimethyl ammoni um conpounds of fornula: 5 CH3 R-N-CH3 Z wherein R
is an al kyl group and Z- is a counter ion; d| al kyl di nmet hyI anmoni um

ana 2 S B TP blin Srt 3R Pt Re i) ARG ol aBnbuR g he

formul a: ¢f0oc26uld0 Z wherein Ris an alkyl group and Z- is a counter ion.
As .used herein and unl ess otherw se indicated, the term "nonionic
surfactant” refers to surfactants having net charge. Nonionic
surfactants as used herein include, Ch t afe not limted to, sorbitan
fattyf90|d esters of the formul a: MEMOS 06@941 12 JULY 2006 wherein R
i's an-al kyl group; polyoxyethyl ene so fan mdnhol 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-

CHy

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 1s an alkyl group and Z- is a counter ion.
As used herein and unless otherwise indicated, the term “nomonic .
2

Lh

surfactant” refers to surfactants having no net charge. Nonionic surfactants as used herein

inciude, but are pot limited to, sorbitan fatty acid esters of the formula:

30



sorbitan nonost earate; pol yoxyethyl ene sorbitan nonool eate; pol yethyl ene
glycol fatty acid ester of the formula: 5 ,-(CH2OnH wherein Ris an
al kyl group and n is an integer fromO to 20; al kanol am des of the

formul a: widdoads®@ H 15 wherein R is an al kyl group; 19iJTEL¥YW20@ ne
oxides of the formula: O t RNNR i (CH2)nR 20 wherein R is an al kyl
group and n is an integer fromO to 20; am ne ethoxylates of formula: R

n(H2C) ~ N (CH2).m. OH 10OH 25 wherein i s an,al kyl oup.and n and, mare
dopendetero T iyt SV EaHdore Sy e 3R HoaRlalt s Py SR B i o
0 HO PlsofRt£aRnodsktasingte.eidlydR yamhgleRe saibétan nobepeldenbblyethlylenke clycolfasty acid
phosphat e nonaesters of the formula: O HO PIOR OH 35 WO 03/060941 12
JuLY 200665\9%8?3?‘#%@?] ‘an al kyl group. As used herein and unl ess

ot herwi se indicated, the term"al kyl ammonium surfactant” refers to a
corrpougnd of formula: 5 Rt

@]
R)‘]\O/(CHZO)nH

wherein R is an alkyl group and n is an integer from 0 to 20; alkanol amides of the formula:

10 ji\ 0
R N/_\/OH )‘J\N/\/OH
M

R

OH

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

?
R-—I}I—-R
(CHz)R

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

R
l

AN
n(HEC') (CHZ)m
on lon
25 wherein R is an alkyl group and n and m are independently integers from 0 to 20; phosphate .

diesters of the formula:

O

{1
Ho’$;QR

30 ;

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

O

p
HO’I:OR

O

35



R2- Ra R3 Z_ wherein Rl, R2, R3, and R4 are independently an al kyl group
and Z- is a counter ion. 10 Exanples of preferred al kyl ammoni um

- surfactants include, but are not limted to, trinethylanmonium

sur f act an¥¥) 03§06eH¥1as for exanple cetyl trinethyl amygi LN 2006 de,

cetyl trimethyl ammonium chloride, cetyl trimethyl ammoni um brom de, and
cetyl trinmethyl amoniumiodide. As used herein and unl ess ot herw se

i ndi cat ed, t Al » and "al kyl 15 group"” include saturated
nonoval ent [“%}ﬁ‘é“affﬁ raz}l lt%%ﬁp' and cyclic hydrocarbon radicals. ‘An al kyl
group can include on#s 0$edrm:m'ndmhblhlesscu*the:rwiiquiedib@mdstheltctmi Salkyldemsdnood
that cycli |l _groups. co east three carbon atons. As used
herei n an ﬁ%?lj lét)s/rglt%ﬁs R ”ﬁa‘h %ﬁ at he term "l ower al kyl" neans
branched or |inear al kyl having froml to 6, nore preferably from1 to 4
carbon atons. 20 Exanples include, butg are not limted to, nethyl, ethyl,
propyl, isopropyl, isobutyl, and F%rtla y butyl. As used herein and

unl ess ot herw se i ndi cat ed, the ter éﬁ" i nét udes an organic radical
derived froman aronatic hydroca bon 53'3 renoval of one hydrogen, such as
phenyl or napht hyl. 25 As used herein and umi ess ot herw se indicated, the
term"aral kyl”™ means an aryl substituted with one or linear, branched,
or cyclic al kyl groups. Aralkyl noieties can be attached to other

noi eti es t‘P’i}i*E‘é‘Eiﬁth:tRmR@s AR, e lraienmde&f@ﬁmﬁléiﬁwouwn@@eeﬁ Hequsies 1gthd

unl ess D8 N 36 df&ﬁ’érﬁﬁ&?gl H}&‘maﬁws ﬂa@{a@{s%aaﬁae But Qfe%@ﬂmﬁ&e to,
“heterocycl e” i ncl aro t|c and non-aromatic Heterocyclic groups
cont ai ni ngrnrBGkremeniumnefanentss teh emforeaemplaiesd tethethyb ampongima flornde,
Non- ar omat

thei 1 i ng Dheroan gL G P RO ool sy P Tholefy
groups) mesemerive igdidkeast 5 atonms in their ring system Heterocyclic
groups include benz bt

with one or nore oxo‘QS lflslélaglgfeyls%Aﬁxgﬁ%@r@&gfﬁdlg%eé%rﬁ;%%a %@?eraéhclycﬁw
group i® azetp dhelyde (aﬂaaﬁed@mbﬁowahwﬂ’ﬁleaz@tamtbcda)andAMclwlwdmcelﬂwn radiBals. An

031 060941 12" 5O0LY 30 ¥ Beisl sk BGMLbrurB i “H R Be oo vt

Exanpl es adkyhgrouas ommpﬁsr: A1é¢ast thoaeceiton agpmosips i ncl ude, but are not

LM Lo o, Pl Sty Al LURRY AL IMAL AR Ao e

t hi onor phdnlrimhed ot mnaaxalhyll havmg)feasrazlltmﬁl mose ptefedtatly ffonoX @b dreyibon tatunet anyl

(i avennyemples iSERE B armot RO bt morS R e e BRRD by gt

i ndol i nyl terﬂk#yMﬂnyl 4H pyranyl, di oxanyl, 1, 3-dioxol any], pyrazolinyl,

dithianyl, 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 - Asused 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” includééaromatic 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 (denved from

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



di t hi ol anyl, di hydropyranyl, dihydrothienyl, dihydrofuranyl,
pyrazolidinyl, imdazolinyl, imdazolidinyl, 3-azabicyclo[3.1.0]hexanyl,
3-azabi cycl o[ 4. 1. 0] heptanyl, 3Hindolyl, quinolizinyl, and substituted
derivatiwgotdigk®qf . Exanples of aromatic heterocyclig Q'UEYSZ(it%i ncl ude,
but are not Iimted to, pyridinyl, nmethylpyridine anal goues, 1 m dazolyl,
pyrimdinyl, pyrazolyl, trlazoly] pyrazinyl, tetrazolyl, furyl,

thi enyl, |soxazolyl thlazolyl oxazonI |soth|azolyl pyrronI

qui nol i nyla, 10 seghenes hetsydcyclishgrony is q@@;ﬁmy&n Breropps of hesmamimatisdetsirenyclic

b f

ben ot Ut g ShaReL by obrERROLNL OB e OB RU iy

oxadi azol Wtfa}wdm@draazbItqntahydrut’faammg/dy pi;&rbbmmmlﬁmphqlarw Ithlobmmfmﬂihb,ophenyl

b t hi | I

AR T R T T T e

fC or 1(_'atg:goﬁnhg ggampwl dAszepiist, ltMefbpﬁrﬁ}ﬂm 1hg- @ﬁﬁm@hﬂﬂﬁqdmﬁl B@yﬁbbwﬁ, 3ol
-attache ere s ossi

i nstance, &P&tg%@??\‘)’gu‘yﬁ rpmnﬁftjjrdiod‘lméylcgﬁ ngxcﬂﬁﬁlﬁ izci}iny?(dl\tlg’e?wlac hed)

or pyrrol ﬂahwﬂar(yf;dllisidfr@}ﬁlﬂﬁﬁr) dxﬂﬁreﬁmﬂeaxm’af@;ﬂnwgﬂmﬁbﬁ@aypidﬂﬂr‘amﬁ@z

an aromati ¢ _heterocycgl e. used

i ndi cat ed, uﬂ rm " heteroar [
herein and™ F%‘é‘gnﬂt %@le%lq[gdl Q‘JQ@’@H)’I ?"r?éa‘?lé)’ﬂf?["‘sh%@ﬁpiaﬁy]eéﬁ 15‘§°1M%ed to
descri be auﬁfanefaypqn@guwstiﬁﬁecp@énmwwréa?anﬁmhbﬁk oPEroh?ﬁ&the%?Sc)JEMQ%&QEé‘

atom of that cofpound or chem cal noiety is replaced wth a sécon

chemi cdl insitedey butesrappl lsited to2 pyi@anaredivimiidane snsissuradmidreryleynmidings e
ot 17 ¢ ol 06 Bk AGAN ALANT. et o ):

Yop 11 it AR DA (e alrlkﬁ{**j‘ﬂlé?l A T
t ert- but ;ﬂﬁthlmlcpmcdbhﬁwp mﬁyuo@xmlm hndalgl, bgsammd@bbd la@@mmld@gtee,r s,
am des, silL §'§‘m” R
secondar yl,b o ey t |&Eaﬂrj %}ﬁ’;’m‘ﬂ‘ﬁe&’%. 1H86}ﬁ1y Nﬁ#ﬂ[&%&?ﬁ_}&?{lgmﬂ% %%laf Y }ei d
cyclic amtrmg)yl iryipdayk, Qttndewdmﬂlrmh]e akahizoidi Biadsazolylefurtdanyl ne.
hydr oxyk, ¢, ﬁﬂlﬁ gm DOXX. in
and unl ess “Sther v alﬁgﬁé%en Bﬁl’é%lwtb%léz%ﬂg?%?l g!.jueousldkciq?,1 gﬁgﬂzolﬁg Lh'r%ﬁ%{ %ﬁ%{ﬁ
m xt ur e ohamihgidinyidfeorsedonyd amdtsebatlalted\ﬂanmtwe$ ﬁer®éc dind fomg@ng gtoups, as
conpl et el . I f u Lguids.incl t
T ed S RS u AE Ry bt B Ry BB Pt RE o e
i odi de, cattachorent isyorsditle, Foalnsianne,alproup dheived Frozabgrrolen dan de gerroLByEi um
brom de, dj,u | fate um.s ite, magnesium fluoride, 10 WO
03/ 060941 '5’“3{]3@ %gﬂg?% gﬁ)orl de, magnesi um brom de, nagnesi um
i odi de20aqueous anmagiuged hidreiordndamlespothenvise Ariieted,) theani"teroaglientisns
ammoni um chl ori de, and ueous ammoni um iodide. 5 10 15

an aromatic heterocyc

As used herein and unless otherwise indicated, the term “substituted” as used
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, terz-
butyl, and cyclobutyl); hydroxyl; thiols; carboxylic acids; esters, amides, silanes, nitriles,
thioethers, stannanes, and primaxli'y, 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 liguids include, but are not limited to, sedium fluonde,
sodium chloride, sodium bromide, sodium iodide, calcium fluoride, calcium chloride,

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

10



20 25 30 35 As used herein and unless other-w se indicated, the term
"organic liquid" refers to conpounds containing an aryl O al kyl group
that are liquids at roomtenperature or can be brought to liquid form by

beating osygenbdong. Organic liquid also includes |iquxdyArgawee

conpounds with the power to dissolve solids, |iquids, or gases. Exanples
of an organic liquid include, but are not Iimtedto an ether (e.g.,
di et hyl ether or tet ra,hydrofuran) a_hydrocar bon , hexanes, or

pent anes) , TASRSFYT EhIRPHE. geagBeHM baoeﬂgf%ﬂ@“a?se%w@d% @qaeous agp o fluoride,

benzene, xyhRBESIMMonRh BlodABlaqudisUsBioighhbrRRat U RRSuPLLRRIMRE
i ndi cated, . the term"al cohol " refers to any saturated nonoval ent |inear,

br anched, Méﬁecycllc hydr oxyl ated hydrocarbons of the fornula R OH,
wherein Ris an al kyl Eé&l&relﬁﬁnﬁhﬁ%@% ERNs 1'?19 c‘alfk%é%%ﬂﬁ “Bﬁﬁﬁcciﬁ%iﬁ"e or

triple honds. It is un ersto at cyC|ca rise at |eas
three car braferatommpdErdnpimssingl aal arpholasol goup dha,t ameuhqmde atmop] nempmwrc 0,

net hanol I b

Tort - but ang SR ko Rk PRAN ol POPRERFISE ol Rreanid HGuRb RN Hletdes auid
i ndi cat ed, oﬁghmctcempnﬂndswlgame(pomeqm di%sal s sohds:dlquakseﬂg.ﬁys a@xeopdslof gui ds
and al so |nclud S C entrated aci.ds. and ba erein.the ter
Thunal o 1 BrealE e ROTEE i FE DR iAo pe a RG] sUFL A b irofhan,
al i gned al ohgdracaboaney. |}£U$tgnftsudlpﬁﬁﬂané©},l Scyclic Bydroadrdog 4 helic atengich}.g., A
nanotubz bundl e can act .as n in F@p@ﬁdent solute. A cross-sectional view

p

of a r@%ﬁ?a@qn%@ebﬁﬂweé otpt g three nanotubes is shown bel ow,

wher ei n each of the Agutgl melﬁ%ﬂdﬂﬂﬁ&ﬁé §théﬁﬁseclhﬂﬁ:§teﬁeﬁﬂélt@rﬂ@*‘al&cbiﬁw aferatv
i ndi vi dual nanot ube: The term™" ed. h unI ess ot herw g‘l
ﬁ’b‘f le&§1eof

i ndi cat ed, 2PefeBpaed 81°§Hval%lfi*trha{’1‘i§‘é Fyif 3" ’EOXD’ hydreraghnng

nanot ubes fdiﬁhlaﬂ’{@@w%ﬁ I-@iét&%taw lgﬁduby APakdHol 8hn Irféhﬁ@%e%’fr A®iTe dQblE Br @
head to tai| configurati onbi nati on_ t her eof rope can

further coipi§ %@déﬂglﬁ)lln@?ﬁfrt@f’q ﬁ‘é? Qbfcélﬁélcoh%llrF@mPé]é§ at 1§a$‘féb‘f€é§éﬁ’95tait% of a
nanot ubes r epanhies bfdlé&b[ﬁh@f@d@%@% ﬁ@hﬁfrﬁﬂeﬂ td, REethAlMR Seth 8P &% %54 nopundl es
of nanotubes or individ nanot ubes: WO 03/ 060941 12 JULY 2006 5 10
15 20 25 3@opropanol, butanol, sec-butanol tert~butanol pentanol and hexanol.
As used herein and unless otherwise indicated, the term “inorganic liquid” is
encompassed by aqueous liquids and also includes concentrated acids and bases.
‘As used herein the term “bundle” refers to two or more individual nanotubes
20 substantially aligned along a common longitudinal axis {i.e., along their length)., A
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:

25 &

_ The term “rope” as used herein, unless otherwise indicated, refers to an
arrangement comprising at Jeast two bundles of nanotubes that are aligned substaniially
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 ofa
nanotube rope is illustrated below, wherein the lines represent bundles of nanotubes or

individual nanotubes:




As used herein and unless otherw se indicated, the term"fl occul ant”
refers to a random arrangenent of two or nore individual nanotubes,
nanot ube bundl es, nanotube ropes, or sone conbination thereof. A

floccul ant can result from el ectrostaticall y or ther | I

i nduced iWPHPAEYFbns bet ween bundl es of nanot ubes. 1?@@5@2@6. )c/)n of a
fl occul ant is shown bel ow, wherein each of the wavy-lines can be an

i ndi vi dual nanotube, a nanotube bundl e or a nanotube rope: As used

herein and unl ess ot RendIRrdiNdhe aklesh othdeidedhica t%@&nas'ﬂgﬁﬂ “GHcBRA refers to
nanot ubes” refers to conpositions congrl sing sing le-wal [ ed or

mul ti - wal 1%@NEUR BERNSSHERD P DS oTIRaredn M}dﬂlabwmubﬁﬁ Saaptubepugdics.qunetube n
speci fic ephadi S SsReRded RQLURES

di sper sed. BP Iﬂﬁﬂf colgﬁemﬁ%t t&%atp Afﬂ%@ie%gc:a@ ahgl scrgéegﬁr?%fg@w&’ér

depi cted ghemmodymasmicaliydindueratmtegioriens bmﬁersbmm&@wfelanoh@edemrcpmlentatlon of
structuwe jg ), i.f

st er eocheni s?ctfﬁlagﬁsgﬁ&?ﬁ g@tg ure h@re‘ﬁ?%&ﬂ if Iﬂemva\%gﬁhésstcggc?teuagle]w%dua{ nanotube,
i ndi cat ed ammbﬂmbebumdiemaarphmtuﬂmﬂo@eor dashed | ines, the structure or
portion of the structure is to be interpreted as enconpassing all
stereoi soners of it. Al patents cited. jin.the specification are hereby .

i ncorporated by reference in thei rgg@@,'\,{/};e{fﬁ\z&ml n the case of

i nconsi stencies, the present discl osur | udi ng definitions and
term nol ogy, will prevail. 4.2. DETAI | PTI ON OF THE PREFERRED
EVMBODI NENTS The present invention provides novel conpositions of

suspended, stable, hjghly-dispersed, ngn-aggregating carban nanotubes
also referred to herd ‘ff‘%?‘”ﬁ% Hihenless Oberw iR I%‘gﬁ’t‘fﬁﬁg)é%tqr’é‘ ‘IsPeptended carbon

concent r atpyaAitEbest RefEREE Icsmgoﬁﬂmdémsﬁag difGeSkIRe @ele;ﬂﬂﬁavma caftRfot ubes
are single-wal]ed carbon nanotubes susp ended in a liquid with surfactant

present  iNefubesiang asuripGBRiPreERt i%hcw@ pEhIeBiiCemRass §’P“ﬁgtlhé5weﬂ%li

carbon nanaidR@gnotdh@ dENRAl @fper@tlaso provi des nethods for making the
st abl e,, .non- aggregatlng car bon ‘nanot ubes_  conpositions, and uses of such

conpositi ons in var iloheulids nated thahi theseiste &sCTEpRIGY bEMenARsPIGed StBIsEre 35
In a Spec'aﬁﬁﬁn@ﬂ@%ﬂ}emt’stﬁl&%ré %ic@é@i dclirE BGHAR 200 eRABRRE Wehe R

singl e- walled caibon nanot ubes rein the nanotubes are suspended in a
liquid t haddifign, if e stesseehpmistrya aciuesteoT 4 pRItian oha sEweurd i6 npi wdicdtedor an

I norganic wllthwrgx aﬁ%fehbtﬁd HGhach %Es WAl Aure 011901'11%11 2? st ure 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 aratio 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 Cbmpositions in various applications, such as industrial
applicaﬁoﬁs.
In a specific embod:ment the 1nvent10n is directed to compositions of single-
walled carbon nanotubes, wherem the nanotubes are suspended in a liquid that is, for

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

12



35 WD 03/060941 12 JULY 2006 is preferably, a cationic surfactant or an
anionic surfactant in a ratio suitable for the suspension of the

singl e-wal | ed carbon nanotubes. Al so enconpassed by this invention are
nmet hods ofyPsHRASHNY suspended carbon nanot ubes at vpy tRJREr at ur es,
whi ch conprises conbining a surfactant capable of suspending carbon
nanot ubes with an appropriate |liquid and the carbon nanot ubes under
conditions and_in a ratiq suitable for the formation of a

non- aggr eglémrﬁ@rabbt ARBOE SYEHEANG AT 2 iniphis SEHRY e IRadetusttablg ot ghe
specific eg[jgg fthggﬁopewgﬁhl%dn%a%@gesdl rected to nethods of
preparing su pended si ngFe-wa car bon nanot ubes at varying

t enperat ures, whi ch Adenpremesssebhipins myertiguat aeathods of ppepsiieg shspended
suspendi ng, d
the car borcRe e SiotHlc S F AL R PRl Bicn BhlrBR ARRARG M ar ke ale
formati én @ﬁsuap@ﬂamgrrb:gatmng;beswahlaa appusapsam qumd):indtthe cedoh aanotabsturides,

wherein the,sin wal | ed car sus |iquid
that 1s, 10RadsRa R a0 GRedR bon PO firte e OF F pRiREER R tne e shfphlion

i norganic d)ﬂtﬂbllcﬁirboﬂﬁldndthlﬁsssurfact ant is pr ef er abl y, a cationic
surfactant or an anionic s et anot her embodj nent h

i nventi'on enconpasses’ #iéfth ’c?se“ﬁ?r(’%ifg?q{ %F%%vengag He recé?datﬁlnéetho‘gs of

non- aggr e g 41eh LA PN SNSLUPARd oﬁmmmiaa@m@és Q%Hﬂh@%ﬂ@ﬂﬁﬁﬂé@%h]@yt are
not ml(ﬁed to, dispersal pl astics and rs; forpatjon of

fi ber s, 'fi CFC}%P%HC0@5’&‘#‘?gr?g%’f%aFﬁR%GapﬁP]S@éé’é‘ipﬁ@aﬁﬁ sl caweled caberepinopupes
appl i cati opgnhhan ﬁ%ﬁ@ﬂelwqhﬂran@&m @eyb@ft h%tubeélﬁﬁdél*déﬁdi@ﬁ%hé Yed §ﬁé%%ﬁﬁab]e
and’ appllcatlonsfor textiles. 4. COMPCSI TI ONS COVPRI SI NG

NANOTUBES fPhihs feiaafiqronf W@%@%a&%ﬁ@ﬁ JUSRRNSHIT %ﬁ%@%@@nw% Wherem
nanot ubes th):“/@in%lik—wﬁlrl@d SHaR noRBBs AL EIALENG LRHRPThAANE UGS p1d Ant he
formation of tHe suspended carbon nanotubes, theé nanotube bundiés, ropes
or fl occul aMeausliaid sreganialiqHe.er| aﬁdmﬁigéﬂlélh%@nélﬁd@é sutfﬁctglhtds preferAblyube
bundl eSIi('caﬁomcl%uf}%t@ﬁt&%Hﬁﬁfoﬁic%ri%&%{ﬁt 5 nanotubes or less). In specific
enbodi ments, the suspended carbon nanot ubes are highly dispersed and
conprise only nini yeawmhﬁr@r@pdmt,l the drepuee clngrdiasses nRieods of using the
conposi ti Qs'ﬂ efi‘{d@d %E&rgé Gof: §£n gb%rborn% bABEL 0@:{21% 1@&/1"5% LE& ;nanes Lﬂ@?
ropes, Iarg narot 8 nanot u Iocc ant's. e suspende

car bon nareot bdimidehos dtsmmaleninwdas@esara! mqlmm, foamgtip:t af:ﬁbm*s fnu and

preferenti d

Conpr 1 6. Sae0d PR L A A e e eGP I R BLEE
conpr i s?ﬁhgmﬂ\dnug delhveny systemst algbapplipatiofstioektileei ng i mited by theory it
is believed that in the presence of the liquid and the surfactant, the
interacti ons between the carbon nanotubes conprising the nanotube
bundl es, ropesd.pi. fC@MBOSﬂFH)HSeC@Bﬁ?RISIN@U@BB@MANOWB@S results
in the stable,

non-agol mgentlon%rowdes 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 nanctube 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 betwefen the carbon naﬁombes comprising the nanotube bundles,

35 ropes or flocculants are signiﬁcantl'y reduced, which results in the stable, non-aggregating

13



WO 03/060941 12 JULY 2006 5 10 15 20 25 30 35 suspended carbon nanot ubes
of the present invention. The conpositions conprise a surfactant capable
of suspendi ng carbon nanotubes, and a liquid in a proportion suitable for
the fornmulation of the suspended carbon nanotubes. In different

enbodi nent'® ° :ﬁ %&*iquid is an aqueous liquid, an alc UL¥ 208pgani ¢
liquid, an inorganic |liquid, or some mxture thereof. The choi ce of
liquid may be notivated by factors such as cost, environnental concerns,
safety conmpmiedaaﬂ;bnmaﬁditebespff@hepﬁeeﬁtarmhncxat Tbﬂcdmposﬁﬂ’mqsmsrmded

nanot ubes li.cations, S sulphurlc acid
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envi r onseny,abiy lec;ﬁ!deﬂx‘ﬂﬁbréé?;'xé/@cﬁl}:d' & sBERARASE (hAedIRE chaRedr aabiehly be

l'iquid can be chosen. This can also be the case if the intende
appl i cat i omoitgatedbyfactgs susihais sgsteenvispseainl epncsore sty vooedms yodenthc The

liquid Choﬁ%uﬁffeﬁraghﬁ&tﬁH %@'sﬂ%eﬁﬁ'@d nAH3Bel R%%ﬁ?ﬁcﬁio%? 1?% §§u%htaQe

choi ce of s act ant use int osition. |men S,
t he sur f actudpituriceacyl (@gt,msmselvsmfoa&eam} telnerennandimettdyfofaratdgm- a non

f f.
oG spechri by R AU, Radlf IPPIAN o Bhat Y SRULDANL MORENRESC! -
sur f ?CE) | (P]thovlfavear]m\hée: probiduodioreatfety, stheags or Bla{mahtas ﬁ}seyana,}o‘mm&)p;m aldfor

e noni oni ¢ sur f act.an
avai L able nonhonts, BOLXEhid one ABEOL S UCh sctant  DXATR) 28 OLed civen
sl_er i _ets I( al kgdideyn bepdio)sat h@hxs@h@.ﬁ)lh@ﬁsl)hmeéufﬁlse fﬁk@nﬁ&éaﬁﬁhc‘ﬁﬁoﬂﬁme 4.he
ergito al.cqhol s av

e of alk b abl om Uni
G bl e, DhieEios! StisTn Srsqme e mica] Sroiegtnabe LN ch Ot fhe TimbaiBatte new
Jersey), ﬁt@bdﬂl anlembes ) hﬂ"Sct£ %Szﬂimc%aleﬂﬁztdtm UFé\dbli@lhh@&ﬁﬁlﬂosﬁl(bﬂ st of
commerc aval | a anl.s 1 s SO .aval l.able.on t er net see
o T b o sriRpea oSt B B 3R e 5Pk Siffactsibh o Hont
enbodi nentsyirfatiat, asuh i@t anfactant,anl Bithotdtri shrfat i or&ﬁlﬁ&&:oﬁm‘lﬁa’:ﬂdﬁltﬁlﬁmf In

e.g., 6-25 carhon ataqns. The c rbon nano&u]bes are single-
nanot ubes,? FPEFHEIC-SHA Bﬂerﬁaﬁhﬁé‘r‘f 3Gt &t RbREY! BhmehE faRht th?ér eof In

preferred @Rt ERMS sulffQaas be&nﬁ@mmbefmaa&%oﬁjoam Sriyahilese gadon

nanot ubes. The car bon nanot ubes can be i'n t he f orm of "'nanotube _ bundl es,

f1 occul ants§rfagiant dgepieef comaierainly pwilapls nopioniy REQrueeepnisprclpieilitd and
the surd agiBAIY series (alkylaryl polyether alcohols) such as TX-114 or TX-100, the Tergitol series

of alkyl-PEQ alcohols (both availab le from Union Carbide, Danbury, Connecticut), the
Igepal senies (Rhoida, Cranbury, New Jersey), and Pluronic series (BASF, Wyandotte,
Michigan). A list of commercially 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, ﬂoccu]ants, 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 sing]ejwalled 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., fora s;ingi&wallcd {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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The individual carbon nanotubes conprising the nanotube bundles, ropes
and/ or flocculants can be single-walled carbon nanotubes, multi-wall ed
car bon nanot ubes or sonme comnbi nation thereof. The individual carbon
nanot ubeswomes/dtava di aneters of about 0.7 nanoneter KZU“UIQ?ZQOG for a
single-walled (5,5) carbon nanotube), about 1.4 nm(e.g., for

singl e-wal | ed 10 10) carbon nanot ube), about 3 nn1 about 5 nm about 10
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bundl es, %189%’ Avar 6Pt %BF% Pts0 fUPEHEF S c OHpPIRES G ETBHS Hiifoscal e
mat er i al s. fldasutinf, fo repet cag tirosldinmetess thuhee paefareaailey withera mdrravsdipmesent
wi thin the cagbon zl?]eotubgl cav Itﬁ, Efv.vit in tthe interstitial spaces

& CRat

bet ween t HESTERFEYH NaRB1ARLEYS Wide Ptindl es, ropes and/ or

- floccul Bhts. Exanpl el @ipeﬂﬁmmﬂﬁném,tﬁeioahﬁorh € tHederbdautanofiibes 6@hprising
limted to nanog& iC ‘Fﬂ% 1 I ver and. ot her netal ]
nanopar t i dPEAEHC! %ﬁﬁ@iﬁ% RIS 511 aats “]E“ﬁé’OPPé’{’aszO“eq‘H&H?rGﬁFH‘&Cé e
(QD), i nclhigtengls ClHH R et Sdiméaf, the@dﬁ@sealeﬁﬁateﬂlﬂ%\ﬁ&ser@*@thm gt aloAs
guant um dot s ilicon nanacrystals d nano%&r amds, . silv

nanopart i aaagm%smwagwew ﬁtea%ﬁhagfpéce%b eeﬂq’éﬁ&ﬁ’&’@ﬁé‘@@““é%ﬁ hs cocu,

FeCu, nanotube bundles, ropes and/or flocculants. Examples of nanoscale materials include, but

20 are not limited to, nanoparticles, such as gold, silver and other metal nanoparticle or
compaosite nanoparticles of the metals; quantum dots (QD), including CdSe-ZnS, CdS, ZnS,
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 matenals, or combinations of materials, such as transition metals, including iron, gold,
silver, zine, cadmium, platinum, palladium, cobalt, mercury, nickel or yttnum,; alkali or
alkaline earth metals, including sodium, potassium, calcium or cesium; Group I elements,
including, aluminum, gallum 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 II-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.

as
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Ni Fe/ Ag, and CoAg nanomagnets. The nanoscal e materials can conprise one
or nore materials, or conbinations of materials, such as transition
nmetals, including iron, gold, silver, zinc, cadm um platinum

pal | adi umyoosiabd«y nercury, nickel or yttrium al kal 12Q0UL3 k@6 ne earth
-metals, including sodium potassium calciumor cesium Goup |1

el enments, including, alumnum galliumor indium Goup IV elenents,

including, silicon, ge m n or lead; Gaou nts i ncl udl ng,
phosphorous, ar seni cﬂl éﬁﬁﬁe%?ﬂ}bo%?"eﬁ i O fompostt c)%ef\‘}ilu1 ISaEPEn

i ncl udi ng pr&pl:ln‘h'dﬁ fropehieflt 0Pt At 69, 991% by helufa) asC ik Sufraten( @lp&s@ﬂ@n a-
conprise any of the listed materials and in any given conbination.
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?ﬁnot ube ngpﬁfthté @E@&tz@ﬂt %Hﬂﬁ(h'qh&n&rﬁstamlhtép}iﬁs@]tﬁ:@lhtﬁdn r:mga][ |1Q1?tm:§[3d‘tnﬁﬁ{ ]

€ suspen nan upbe ra eratur.e ur ctan or e
| qui d- (o g0t of HERG s Sh S SaPE Ribothire ohiare GomLAper dies By
di ffer et p@@mﬁaﬁrahe PiRSent mﬂleﬁﬁ&$ iowlmtéﬁeaﬁgﬁ@nsbﬂku?i Adédearboidndnased

t he surfactant critical mcelle concentration
sur f act antof aawa/la*ftq’/moalwrﬁ%i S i agﬁ%fsge P &b qut ‘f"%iﬁcj’é h‘g?"ﬁé i mum

sol ubi | i t y,r@enfiaDeiiReRotidetdondRRADAE Aispoit AR Qlaa SO Es Mtﬁu' d, and
surfactant type and roportion. Theg&)esent i nvention_ provid

concent r atPBfftgHO ﬁ@ﬁﬁe’iﬂ”&aﬁb@ﬁw AEoBMES &'bf abaBb (s Ly 9&01‘%708/ Ly o5 duegher.
about 1.1 wt% aboutj,3.d geeeﬁc@ma@@ﬁﬁm@ 1Pe M‘%u{?i% prRE @R an Iﬁ%unt%f%%‘ﬁbout 80

i nventign provides conpositions suspended carbon nanotubes wt
concent?at’h shabat 9ét§oﬁtbyafgh@e aKobe sTIBgnt is prssant 1r5argareour§bzflftomgbcmt 20 %

about 12 ghk ;08uth D98y volume of the liquid/surfactant mixture. An amount of from about 0.01 g
to about 50 g of carbon nanotubes is present with the liquid and the surfactant in the
suspended carbon nanotube compositions.

In another embodiment, the liquid is present in an amount from about 99.99
25 9 to about 90.00 % by volume; the surfactant is present in an amount from about 0.01 % to
about 10.00 % by volurne; and the carbon nanotubes are present in an amount cf from about
0.001gto about 50.0 g. - '
The choice of typ% of liquid or surfactant and their proportion in the
composition can also affect the sfabi]ity of the suspended carbon nandtubes. 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.
35 :
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In a specific enbodinent, the liquid is present in an anmount of from
about 80 %to about 96.8 % by volune and the surfactant is present in an
anount of from about 20 % to about 3.2 % by vol une of the

1i qui d/ suyHaghans; m xture. An anount of from about 0.491lygr y9pggout 50 ¢
of carbon nanotubes is present with the liquid and the surfact ant in the
suspended carbon nanotube conpositions. In another embodinent, the liquid
is present in an am)unt from about 99.99 % to about 90.00 %by vol une;
the surfact B§careoiseblinmithe compPsHiIREn PF AR AHbIR Te00\TT a0y en digrstion 20tG0

- % by vol uRgsmmedd LR nGRRLBRMReNanot ubes are present in an anmount of from
about 0. Oofg to about 50.0 g. The choice of type of liquid or surfactant
and their proportion in the conposition can also affect the stability of
the susperdgd;GRLIME A&RRLURESs The conposition can be optim zed for
chem cal ST‘a‘g'lﬁry_reﬁpng‘UT e stability, and/or stability over tine
(i. 5t he suspended hcrarab@ manaﬂmuhels odaoanSltlem)ofﬂnqmah ebdi b factame or the
flocculan s e referr mhodi t he
composi ¢ 1 S EbigaRl B sl ARGIHE BB IPHETY solibodalbRbE Bk BReSEp i R e
e.g., oneht;mdrandtﬂmsdnfnmast axte\mesdmms a ratiovastabld v thevsekeasidnved thosdrhsy  or
even | onger t hout significant settling of the suspended nanotubes. 16
VO 03/ 060819t 1\ﬁgl’fs"JULY 2006 In the case of settling, the conpositions can
be agitated to recowxemfefelﬁ\eﬁmdms@@sr@ﬂt@@c@ﬁpweon suspandedmeasan

nanot uhes. Var| ns in,t oSitj 10 15 20.25.30 3 There are
many vgﬁ apyeohs g c%heaé. QOSHEHEPTHE‘P i%l“‘gr?a 13eRerHE ightd; PHFOTRHgembiInation

formul at i emeref, hh@n@@éfﬁ'@@iﬂﬂeﬁ@sth@fcoﬁﬁﬁﬁﬁﬂﬁl@ﬂhé}ﬁﬁb%ﬁ@i&@é $06as, by, eafé
corrp05|t|o t he an t he surfactant are present in_a rati

sui tabl e FRfan ﬂeolzﬂl)sgﬁwgr ecﬂmteﬁe & HIBHEtOR BRI TSGR P FOBITREPBA
enbodi rrengrgmg)sfcﬂgg wegrposi tion, the liquid conprises an aqueous |iquid,
a liquid al cohol an or ani c |IQUId an inorganic liquid, or some
conbi nation t her eof? difisres sEbadkimesatsrrlihe comPRS RN BIfREHNBIOMPIEHGS 88 i s

m sci blis esHeD, AsaticRidan ad@h8leric, alhrddhi@bGoReln) or%ﬁ%%oﬁiﬁﬁ%’oﬁ%&@ﬁn%he
invention may require a conbination of inmscible
specific embodiment, the surfactant comprises an alkyl ammomum surfactant more

particularly, a cety! tnmethyl ammonium surfactant such as cetyl trimethyl ammonium

fluoride, cetyl trimethyl ammonium chloride, cetyl timethyl ammonium bromide, or cetyl

tnmethyl ammonium iodide. In a preferred embodiment, the composition comprises cetyl
20 trimethy] ammonium bromide (CTAB).

4.2.2, METHODS OF MAKING SUSPENDED CARBON NANOTUBES

3 The invention also provides methods of preparing suspended carbon

nanotubes. The method comprises combining a surfactant capable of suspending carbon
25 nanotubes, with 4 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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In different enbodi nents of the conposition, the surfactant conprises an
anionic, a cationic, an anphoteric, a nonionic surfactant, or sone
conbi nation thereof. In a specific enbodi ment, the surfactant conprises

an al kyl vagg®gkgdm surfactant, nore particularly, a ¢gtRiLsy 2008 hy!
ammoni um surfactant such as cetyl trinmethyl amonium fluoride, cetyl

trimethyl anmonium chloride, cetyl trinethyl amoni um brom de, or cetyl
trimethyl ammonjumiodide. In a Fref erred enbodi ment, the conposition
conpr i ses2BBESALNE; FRMSHIREnARABANGRatosragetupeT ABeferably, the sivg &doF
VAKI NG SUSRENDEE: SRAFRQ, NADETIBES 1R iBMENKf 0B 80uPE AN AR RLROTS of

‘preparing suspended carbon”nanotubes. The ) nprises conbining a
sur f act anprgeadblued,ofr ag orpreris hguidaitsiohe swdamianibeprefaaibly, acitiogid ayiaciat

t he car bo@rﬁ?ﬁ%h’i@%um&gﬁtes’ ropes or flocculants under conditions
(e.g., at varying tenperatures) and in a ratio suitable for the formation
of a nén- aggregati e condibbes sndepemsihahe sfspehdedcerbormamanies besredaned

di fferent enbodinents,. the,carbqon. nanot ubes are.sj ngl.e-wal | ed or | t]
Cal 1 oa carBlRe AER R in o K5 A R R D e SRR s
ar IeI sijngl ﬁil\pnaiel‘ eﬁfangrtbmrhgmmﬁmﬁl@ﬁereﬁtnemp?agurmmdl 'dmﬁaxﬁt&tithm siengl e
wal | ed carbon.nangt ubes are.i.n the or ndl.es, ocgul ants,. or..
Fonee § R DR AR ER R Sitr et of MLV ANl i el Mhese P hiian
of prepartange. SUsPeNeQBodinRelsethe@bingdsitian baNbgRphied @8 redim WaipbritGre, or it
terrperzbures whi ch COWB” ses _conbi ning.a Iéfgfgl d Wlé.h a surfactant, .
capabl &Y oMa¥ feparrssary e Praj 108 ColIthe B Reh I SPEfvet BBRdImERts. theeopmopbAn is

nanot Ub\e/\%pﬁégﬁlx%ﬂ af e S ORS oRBShuk DO BC kRhidrt SUPE AR 18wkRor bhe Jupk 0Bt | RRLEE: @
non 17 03/060941 12 JULY 2006 5 10 15 20 25 30 35 aggregating, stable

1

suspensi o0 d# of ighelrlpos! phscrminsiments.df way Beyecessty 49 Ay @-spaiceEdhe car bon

nanot ubesnafigrsts B%@HSS’ of Am@ duhit i JridtinkShe 51%3,(31%3@33&?@ Ao RBEEQYS for
liquid, an organic liquid, or an inorganic liquid, and the surfactant is

pr ef er abl 20U 3B 4G08AF.c2bSUY enEciate, 2lrut Ao aNPYRS OTdeRgeacE atxample When
condi tﬂ@”ﬁsiﬁ’g‘?ﬁi& éMiE@yﬁ-?ﬁreﬁ%ﬂf&ﬁ%@, iEALDeR n@éé%%’éfg%ﬁsé‘érﬁc%%adu%ﬂ Wl

be determ ne art the choice of l1quid and Surfactant. Diffegent
sur f act anfosieshan. per garet inslndingcaashmxy metlgritcetlalpas Henell e rgcessent ierfselrthe ur es

R, SO EOTP e e sl Shdbey anees sl s
- In some embodiments, the composition is prepared in a single step by
combining the liquid, surfactant and nanotube bundles, ropes or flocculants at the same
20 time. In other embodiments, the nanotube bundles, ropes or flocculants are introduced after
the surfactant and liquid have been combined. The nanotubes can be introduced into the
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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range. In sone enbodi nents, the conposition can be prepared at room
tenperature, or it nmay be necessary to heat or cool the mxture. In
speci fic enbodi nents, the conposition is prepared at tenperatures of
about 20Gvoo3abwut 30C, or lower, or at about 50C, oy2 3Py 2004 or

hi gher. In yet other enbodinments, it may be necessary to stir or sonicate
the mxture for a period of tinme durlng the preparing the suspended
carbon na e : r cond Q on m nut e,._.about
fWo M nut Q8&ngﬁfnnagi§nn %rsoreﬂ%gt%ﬁ ca% eperlso’rmeg g e(gmioaﬁ?ujgglte 3}}%@& e
sul f onat epnd fdr un@jn@&mgémeﬁsmwdmgubﬂepmpadanen bﬁh bor@lpmmgn. soni cati on.

For cases including carboxy nmethyl cellulose it nay be necessary to heat
the suspension, e.g., to an elevated tenperature of around 70C, while
stirring the m4gr JSES OFOFESBENGH eI RBAN N AC00NUsBEEON is prepared in
a si nglée step by ¢ |n|bﬁg t he I ui d, surfﬁcéﬁnt and nanot ube bun | es,
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may 1sperse m composites to give them static charge so they retain paint. A well

dispersed nanotube/composite would mean more charge per unit area using less material,

which could help mitigate the high costs of the material in the near term. Additionally,

single-walled carbon nanctubes 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 1n 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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4.2.3. USES OF SUSPENDED CARBON NANOTUBES The hi ghl y-di sper sed,

non- aggregati ng, highly concentrated, suspended forns of carbon

nanot ubes of the present invention find many applications in present day
t echnol ogive%3/0difdg; suspended car bon nanot ubes can be jngerRYrARRY or added
at any stage in the process or formation of the different host systens
or applications. The suspended carbon nanotubes can be incorporated with

the startin terials or ,added. at _an fornmati on of the
Lol § cat i GRS TGN LG SR 200 TIEY RARGL BBeS N ThE ShRES DR APt A o
bul k mat erde@be imRorgceaed wi@nhaststinkaserddis bhaideatenddtagdMithe fdrhRti 66 PO
nanot ubes of the conpositions are coated with surfactant nol ecul es,

whi ch enabies: fIKBMCOHINESsWEF 8Bteriles| j qui ds such as water, the sur f act ant
nol ecul es can be renpygshbd erﬂﬁ‘oﬂzﬁ@x‘i’f ﬁzfetcﬁfbohfh%n%%’s%ﬁ%é’sﬁk?&%édbﬁﬁaoﬁr e

processed into the different host systens. For exa car bon
nanot ube J@ayePrEUNEOsHIAStaEe wed ferdbie pahaneement @étrﬁnﬁh sewhight,glecronic and

substrate éﬁ s eﬁ%}fﬁ% ;éée ?{glﬁhﬁé'ﬂbé 1ot Mlt%dﬁ@ ¢ itEsn é?ﬂel@m%ﬁgﬂh%ng@f h'acgtag&é a

great hin Urther s Inusin e suspende ar bon
nanot ubes avddicttchec pmpcmmvﬁep&mélr@mrfthar dmetmh@mﬂye{se dwmmnttehtaoffdadwn
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i ndustry, cmﬁnmhwﬁxﬁsbesriaye bEctdisperoperies betven oisist @ cbmhgtoreammem stati c

charge;go t he ret ai nt ersed. n not u /co OSI e. woul
o an 180 st AR M ot e pger U8 BF RREGR Y P RRRE ARG il
mti Igat e Ftlbe%ﬂfdzgﬁvﬁgbshﬁadaﬁn%rhearﬁm ﬁzmoaibels ma\tzéﬁgrfememediaardm_ sn‘k(ﬂx@'tfli, beingkcltyd
s|ng e-wa ca nanqt ubes co o rei.nforce i.ngs ,for

oo anoe 25 Ry iSe beied SAGLS SrEs St B 0B peitu SO0L L Mieoves ey
di fferent cappd heedtds dinlpEffichat, Freteninidrometidntins, ohigUwpeiadee aapmbeBriile
nanot ubes...Jn a.first enpodinent,. the suspended carbon nanot ube

conposi t | YWD 3GoRcomUaniloW SG#8t ri al agent for processing fi bers,

films, 16oatings, i nk[an ingd @Xtgiveasse t@@rrmtloﬂamﬂiem eb@%&}ﬁﬁe@ﬁ:ldmb@blﬁce
dlmnutlve dlEgﬂSl? Vlngﬂ% bructure reIatedt e struct.ure of Cho
exi st, hatlds @iRcHbloE er3 B HairguisdhsrasedyssieV sty e f THOBBHNE IBEPS. | n

parti cul afrhastrétﬁxceﬁl{cttﬁéd%ﬁmﬂf stieAEtROM (1O ddb g B RKR S hiebgerRRP @ffodhadsl O
(1 ength/di anmeter, L/D) conparable to that of long. fibers. In a typical

embodi nentveak mnbss}pécbtlendaqtm@szaﬂn&:\ahqsanf%aﬁ@m%éberﬁss 3 edafivelnlaiv 10, 000.
Thus, t heccﬁx%@x‘i’t%ucfna&f'f&ePBn&Qﬁ%gr&oﬂé’éﬁ%Hﬁ?éf polyd kéo\oeme I?arﬂfo?rﬁixﬁéhY han

t hat Sf conventi onal short ers, such as s ass fi1 bers and ort
car bon?®i Heosieniation @ fhei f@rers alsm@dn@nséhméshml ﬁimf‘@ﬁt poibe plapds| ThRter

than convegl] B0 chd BBL S, bl Rek0is LT 9pgen Rty L han
Sy onar e Bon i

‘the best conv ers. ese materi a s are over 100 19 WO
03/ 060941 achZevedlwhenGilefitherbers in G dpéandtana prigttedivithibeinmnghudibaiaxes dlégrgd
nuch. The, c r: W _
I R e S O
filns, coﬁiencsgganqustrmm ctfélquvlbmsm that Chrmtlmmveﬂrbadgmmhq invbtlogeaitoon

nanot uQ?Seﬁc%mtpggs% 4SRE aﬁ%gieﬁ?{oqgﬂrove 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 15 the form of a component or additive in the membrane.
Purposes may include but are not limited to inhibiting fouling and cracking of the
mernbrane. 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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5 nanotube conpositions are used for the enhancenent of strength to

wei ght, electronic and thermal properties including, but not limted to
radi ati on shiel ding, enhanced capacitance and dielectric properties.
Dependi ng on their dianeter, helicity (i.e., arrangenent of carbon atons

in the waiicsos@bosule nanotube), and nunber of |ayers (ﬂt e%\%l%ed V.
mul ti-wall ed) carbon nanotubes have el ectronic properties bétween those
of conductors and 10 sem -conductors. They may thus be added to an

electrically, insulatin terial_to incre itscnductlv )
addi ti on, éFfﬁ%ﬁ?oﬁ‘aﬁﬁ'BtI%bge%{% gneean lﬁﬁlﬁ:‘a‘aﬁ% a1e nat ign H%e“dil thed
as having ﬂagﬁqirngmqmaﬁs;val ues of from about 1000 to about 5000 GPa.

Mor eover they can be used as hij.g %/1 efficient, fracture m cronechani smns,
whi ch woul d prevent Iﬁ@p@thﬁl‘rw@cr%mefl the eapaadehcaben RawIHbRPRMPRSHIGE 256 .
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orientation of the rlala@@tua%nbddnmamotﬂa%hsm‘@aﬂd:mm nafldi€bSEERRIRHRAS afy bon
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7 arelent

of fabric&dFthe FUBFY FE%,gaﬁtdaﬁ%ﬁlﬁgu ropiss 284 CPMPP e SYSTRmS, A ingpstn
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(PEM fuels.cells (al so known as cﬁroton exchange nenbrane fuels cel|l s)

This enbodHEHBIoUHSPHIEPE0q5ET s uge aprpdwﬁetaéaatﬁfaaluém@e QUSSR 2R3 o

nanot ubes chRpbHif RELIMS bAPE R FEMudL e afeuRt Brihatihelaith e RAlfg, eﬂaﬁeﬁnd s
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i ncl ude bbtolegieal eEppipdst dde nanotihe bRTRPIRYe fRAIPT Ay anthel starachavsgrphicatings in,
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i ncr ead® §pmlag§0@ﬁs mdegqqdéund@ﬁ@mmcr ease 20 5 10 15 20 25 30

There is extensive interest into nanoelectronics and molecular electronics.
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., seif-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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35 WD 03/060941 12 JULY 2006 ion transport and ion selectivity. lons can
i nclude, but are not limted to, hydrogen in the formH+, OF, and CH3+

I n anot her enbodi nent, the suspended carbon nanotube conpositions are
used in tyye mresess of fabricating storage devices, B JULYR®0ge storage
devi ces (supercapacitors) or electrochem cal and gas phase

hydr ogen- st orage. The carbon nanotubes have an aspect ratio of the order
of 1000, nmking themjdeal for h strength materials in the form of
fibers and"f8 n%mﬁwlﬁ gt ér&r%&en%@éebf%qglﬁéépelﬂwlagéora%}ﬁrheélatsmwhumtﬁ
anot her erdya@hgaint val¥de suspended carbon nanotube conpositions are used
in the process of fabricating batteries. Batteries can include but are
not limted to |itHR@manehebembedimest, sitdusparicd suban menetube compasiions are
erbodi mentyct e, (2 pRAMCANGF UBESs Bheaciined mgnﬁ%smsﬁsdrmcm&ena{t aetﬁmnot
limt dto I ncreasi ng energy storage capacilt recy
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mat erial s dsé’cﬁabmf’H’ﬁer@fd@élb&irﬁ(m@ﬁlcﬂﬁcHsQﬁﬁﬁémﬁ'la@QS/ Gz PHEPBA PBS h@&}ﬁurﬁ%&
as buil di ng rol ecul ar rcuits, switches, and reinforcenents in

conduct i ndiaF§ pfablegsn ma%r W@OW)WBA%&WIHCIFE%@%%W $,i M§BLOryTeStorage -
suspended L£aiboR %‘6}&9& Hl’%ﬁ%n@@?&zﬁ%e’ﬁ&egﬂd(gﬁéhé Mﬁﬁqatghéﬁ‘éf §1H%E§sorst BAgHE
e.g., self-assenb | ow fabrication of suspénded carbon nanot ubes
onto a sd%laée"m#sn]%“sﬁ@é% #ﬁ%s"éﬁ@@@jl ment, the suspended carbon nanot ubes
and/or the surface are functionalized for greater control of

sel f-assenbly. The suspended carbon nanotubes can also be used in

pr oduci ng Spremm devices, e.g., if a nanomagnet or nanoparticle
dopant (as described above) is also present. The self-assenbly of
suspended car bon nanotubes can also be epr0|ted for creating field

em ssi &Y di spl &xs o 36 a1 ¢ sto act as field
emtters. In another t r.b

conpositions are useglqug}n%{(l} dfé)tu?%ngr%%ﬁgggﬁ uné G '&15'%@'38 Lr;%gr Wh]ch
struct ur e appealef isdﬂ@bkamdzﬂpyrssdl chmtpsr‘eas dréadi Ingt \pmnum dvenelhh enrfzctant used

georret ri Caul/e!s%e i 'thy?aqn_r%(r)m{l%l dr%% € (d‘lc Aﬁl)r %n alc:])Hé uosssglu%ons ¥ critical micelle
~ concentration (CMC) for CTAB is 0.9mM. For temperatures above ttie 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 CTAB first formed spherical micelles which then evolved to rod-like micelles with
" increasing concentration of CTAB.
The drned nanotube clumps were added to stock solutions of CTAB/water of
varying wi% CTAB in selected amounts and sonicated. Almost immediately the black
nanotube clumps fell apart aﬁd 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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21 WD 03/060941 12 JULY 2006 5 10 15 nmenbrane include but are not linmited
to biological application for synthetic skins, shunts, coatings and

val ves. I n an anot her enbodi nent, the suspended carbon nanot ube
conposi t "8A43/840841 used in the productlon of sensors PFACYUPHGY S-
Exanpl es of sensors include, but are not |imted to, S|ngle nDIecuIe
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and al | -optica tches, lenses, probe asers nanoe ronec
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at t achi ng r.al Hneb el.echro on '
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medi a, ptfmt@TlAB aﬁ\@\ék:hdlrsg:teanurqu]aho]aﬂ&renﬂmtedhﬁhtiu&smlazmmﬂldtuM@’WxB _
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DNA sequeﬁefnﬁ Xﬁ ‘%e%r‘f%{ﬁln?eeaﬁa}aﬁ?ens%edlf’ﬂg%s are used), anplifiers for

tel ecomruni cati ons (apprOX| mately 7 nm PbSe and PbS quantum dots have a
tunabl e gap neg . for exanpl e, menory or
storage devi c&sSa AU yapotubesnetic RAV , .
magnetic field senscnrnaer m E@hﬂsﬁora @thﬁe bﬁ@esi,calrm ﬁazﬁ%ofﬁﬁﬁnp]eSl
swi t ches. 5 EXAHPEEE 20 25 30 35 |l e - Suspension of Carb

Nanot ubes foX &R&8A © egks soms ofithy sr@ﬁﬁ%%;ﬁ n@aﬁ@b%@gﬂ@d@% Sty w&p%ﬁlﬂv&yr
whi ch 1eppgaiade asm dﬁh@%n“%keﬂ%%i&ﬁ M%yghﬁ@%e%%%%f@g&&%m%”

The surfactant use was cetyltri rret é ammonl um brom de
aqueous s&Thf3VEmEe toRPCEREY leéhle lab pets|18-22C Gnic ke ﬁqtli:@)ma(cmradéwa@zmamcg

0. 9nM F%fsﬁapaﬁa]tp%%sﬁ&%y%oﬁﬁﬁe&éafptﬁoﬂ&?5825191@%3&9&@&%&%5&19&%0,4 &ss

than the CMC the surfactant exists on the avera as unassoci ate

nol ecul es dpmetiondlessrigtipnisee.de &, Mfe Yiodbt el #h dPBL.ArEns. K. Sogr Bemdk 40219, \92ﬂy

(D. Van No :
2(1980)). B 51 PGP The relainit (j)su)ﬁr‘fﬁ%ﬁ?arg%u?d ybud; ThEd “SEH%%%?“ ERRAES. Ol
sur f actanf>- 6@?@0@5@@&*@@@ agsd semplesuspensi on and settled to the bottom

of the container. %‘r’nerrfcitsgiglﬁrg 2 \Aﬁnpﬁw bed B 9Y1 nc%tlﬂge fac{glagtablgg

first formed spheric en evo 0fro e mce
W th i ncresmdiing sespaesent. r$tdion obsurZTmBts adsorbed to graph1te surfaces show canomc

surfactants are adsorbed as parallel straight stripes of half cylindrical micellar aggregates (S.
Manne et al., Science 270, 1480 (1995); see, e.g., A.J. Groszek, Proc. Roy. Soc. London

20 Ser., A314,473 (1970) for a detailed discussion of alkane chain adsorption onto graphite
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 Aor
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 aliguot of suspension is measured. The concentration of CTAB is known and the
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The dried nanotube clunps were added to stock sol utions of CTAB/ water of
varying wt % CTAB in sel ected anobunts and soni cated. Al nost imredi ately

t he bl ack nanotube clunps fell apart and fornmed an opaque solution with
t he CTAB/watoens®tipck sol ution. When vi ewed under a 17 U 2P06i n thin
section, the opaque solution appeared as 22 5 10 15 20 25 30 35 WD
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for CTAB. characterization of this solution indicated the dissol ved
nanot ube/ CYERSARIHRS TBSUTSHE 2804 hi n reasonabl e size linits. Exanple 5.2

- Stability of Suspep efc‘?:{bl?é)i?la!\{%@%hﬁ%ﬁf%a%}p@f sur2BGnt S’é £l“1§£s‘? 892001 E—fe.@e

suspended car bon nanot ubes for a period ew wee

| scﬁme of? It tﬁ@ogw@pé}MchongﬁdtBj%MCs@HBedO Bai 109 g QzVaZS?gﬂdsfgr blt@,/ be Elﬁfe:ttve at
of Cap PTSEErROER, B SIRRIAI G B Glhiy LM R AL pOR1

mat eri al hh@lKrdrpr@pipé)alCHnéc& winfh hsl cmﬁhed: huitip serpperatuspbeigy vedols tetreeles of
Anot her pqﬁs é han S Qlf aq atfion is depletion floccul ation
Bt S B g AR,

(see, R Soc. Lond. A 359, 921- 937
(2001)) The remai niTg s&ﬂiptlﬁslwme t:hmmmmd:d@aqﬂml cliréty\apt WV i @tspicl doated

Exanpl g ni L) ertain to these ear

surfact ant a%?a andg St“ﬁlesmf)twﬁbg“éedgg}tgé?(?g’nP"é‘?rﬁbqlLﬁoﬂ%tg aflﬁzh U of o

r err?l ni ng tﬁm&hﬁnﬁltﬂl@ m;Sturel Bl?ﬁvﬁnaﬁumbaﬁlﬁﬁﬁddecﬁd‘gmé bel;lmﬁdalalg sli'm@m tiBes and
surfaces sho [ urfactants arbed _as parallel strai

Str i pes ofRARSE P Epndle e far Uyt o5 btk Rhme g A G e ce
270, 1480 5nkf9Bhis ﬁ:ﬁ@durelsgommﬁzéd f@m@korﬁremx’ams a&@ﬁolyheﬂe}@mctasﬂ
A314, 473 (1970 EFrﬁ?r a detail ed discussion of alkane chaln %?orptl on

onto grapMPadeddis IEEES] lemRsEatlEs 92t CRTECTHFAUORE I Aot U ECOMSY FHTERNCER s

pi Ct ur €5t QSR tieorh eAd thel dheRe o8 quiE bAB theedigfentessofahbir UM@ ah%? ht;man

tw ce the radius of the single-walled nanotube (14 A or

- proposed FBERAHICHAFSIRIRAYON 3B hanot ubes are decorated by half bl obs of
surfactant which act as bunpers, increasing the average di stance between

the NT and reducing the Van-der-Wals attraction bel ow the thernal
energy. Example 5.4 - Various Concentration of Suspended Carbon Nanotubes

In one example a suspension was made using 0.1975g of CTAB, 10.086g of

20 boiled deionized water and 0.0378g of purified SWNT (from the HiPco process: a
gas-phase method for large-scale production of single-walled carbon nanotubes) 1o yield 2 -
suspension with concentration 3.8g/L of SWNTSs 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 SWNTSs (from HiPco). The measured
concentration of dispersed 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 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
2 _ ‘
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Exanple 5.3 - Preparation of Suspended Carbon Nanotubes Single-walled
carbon nanotubes, purified by standard nethods, were weighed in the
anount of 0.1453g. Boil ed deionized water (DI water) measured in the
amount ofw@@3088g1 was m xed with the SWNTS. An anourf2 JULY 29949 of CTAB
was added to this m xture. The m xture was sonicated in a sonicating
bath for 2 mnutes, then allowed to rest overnight at 25 C The m xture -
was then s ated. for any our The conce. trat sure takl
A known arcaag e of e Ro R BENhs R Er TGRS el P 3 FERGR G
in a vacudmcowlenoné\fiﬁ]emuhis.yl ng i s conpl ete the mass of the pert| dish =
plus the aliquot of suspension is neasured. The concentration of CTAB is
known and the 23 5 10 15 20 25 30 35 WD 03/060941 12 JULY 2006 nmass of
the petri g.s KIqI$CESD ANBOUSNI S one may cal cul ate the mass of the SWNTs
|l eft after drying. For tﬁe experjment described above the concen%rati on
of SWNFs in water widhre EYGP?%S‘N% iR RSB ated herepypy refprenpgm their

pr ef er abl i
pref e abg\?fém}t aﬁ&‘ﬂr%@@ﬁ%&éﬁb (tpéka%e e%Héth%ﬁﬁ%h%x%}éﬂu%lﬁ@%‘hg%igon E’l Bror

to be eff@@teiﬂmr&tcah@w@%mmga%m weagdually ipdicaied & e @rcerp&mtédmﬁat t he
terrperaturgfenrﬁgl id\t@&ﬂ‘f@fg%@r%ll;gﬁ?bstes's the Kraft point for CTAB, which

i s defined as e tenperature ow which the mcelles of the surfactant
are not sol ubl e in tM@nquéxfmatmm@néafﬁpme@smme plesgmadrventizgedabe opte cal

claritypa

m xed \>/Il\n0t h%g@ﬁ %{/re sulﬁ%ﬁ&ﬁgngg &@h}?@oﬁ%arﬂﬂﬁl %HEQF Q@r{%ﬁé@ﬁ
mxture s ﬂﬁmﬂemﬁm emhbfbmmtsbkddﬁﬁmmrdm ereprfeyaxbby way of ngalmpltwhbs andhthe
smal | bun I 5 undl n

G amet or 1800 8ai8 WHER R on B e nR st ARGt R R Do R scove
Q her sur bdeQWna]sntamjwbo:lh)smhi claimnd @reteatitl . may require di ffer ent
tenperatures and concentrations to due to viscosity differences between
them and the choice of liquid and the differences of their CMC and/or

| i quidl5crystalline phase transition range.- Exanple 5.4 - Various
Concentration of Suspended Carbon Nanotubes |In one exanple a suspension

was nmade using 0.1975g of CTAB, 10.086g of boiled deionized water and
0.0378g of purified SWNT (fromthe H Pco process: a
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gas- phase nethod for | arge-scal e production of single-walled carbon
nanotubes) to yield a suspension with concentration 3.8g/L of SWNTs in
water with CTAB. In another exanple a suspension was made using 0.1977g
of CTAB, 10.01 96g of boiled DI water and 0.0777g of 1pJUE.¥YeZO@WTs (from
H Pco) to yield a final concentration of SWNTs in water with CTAB of
7.8g/L. In yet another experinment a suspension was made using 0.1994g of
CTAB in 10.005g of boiled DI water and 0.1453g of purified S WNTs (from
H Pco). WATeRELAEMEDIScentrati on of di spersed tubes in this suspension
was found to be 12g/L SWNTs in water wth surfactant. The SWNTs used in
t he prepgratLg@oghoﬁﬁﬁﬁa%ﬁﬁgm%nsions were derived from the H Pco
process, purchased fromOCN, I'nc. (Houston, TX). Al of the suspensions
were sonicated for about an hour to achi eve dispersion. AFM of these
suspensi ons weliguigser f or med on sanpl es spin coated onto a mica substrate
and reveal ed the presence of individual tubes and snmall bundl es of tubes
(3-5 tubes) coat with,surfactant. The 24 WD 03/060941 12 JULY 2006
surfactant wad iy Fﬁ‘r?ar‘i’@ng eRPARIG Of B1SPeRding SRonaPtPERaNd of

met hanol , which caused flocculation of the tubes. 5 10 15 20 25 30 35 6.
M SCELLANEQUS. Abdn dagbgh&nces cited herein are incorporated herein by
reference in their entifety and for all purposes to the same extent as

i f each individual publication, patent or patent application was

speci fical | y ahateinrthé liguidatht yuifavttine ahdthetoarboa nanstobgsai@prdendyn a ksfer ence

inits entjret or all , purposes. Mny di fications and variations of
t he presé‘HTta["%r{g/"eth? susRensign qfdhegaghon ‘%P?tHg‘%t departing fromits spirit and

scope, as will be apparent to those skilled in the art. The specific

embodi mepts dese dnbtﬁg't &I Al k610 d the
invention is to %e ihf%e ‘%ﬂ@yﬁﬁgk%ﬁ%ﬂ?%gﬁ% ozm?qgggppeﬁggga%vg%ﬁg al ong
wi t h t hemfalil-ivaldeslopaebonoknetgbadsval ents to which such clains are entitled. 25

12 JULY 2006 WHAT IS CLAIMED | S:

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

carbon nanotubes.

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.

6. The composition of claim 4, wherein the organic liquid is an alcohol, an ether, a

hydrocarbon, a cyclic hydrocarbon or a cyclic aromatic.

7. The composition of claim 6, wherein the alcohol is a saturated monovalent linear,

branched, or cyclic hydroxylated hydrocarbon.

8. The composition of claim 7, wherein the alcohol is methanol, ethanol, propanol,

isopropanol, butanol, sec-butanol, tert-butanol, pentanol, or hexanol.

9. The composition of claim 4, wherein the inorganic liquid is an acid or a base.



1. A conposition conprising: a liquid; an al kyl amoni um surfactant
capabl e of suspendi ng 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 nanpi geHSY 206l he
conposition of claim1l1, wherein the carbon nanotubes are single-walled or
mul ti-wall ed carbon nanotubes. 3 The conposition of claim?2, wherein the
carbon nanotubes are single-walled carbon nanotubes. 4. The conposition
of clain, \ifter@npositienldfqlaich 1,swhameciadbhealkst hmepunoim amrfadtawhobf thean
organic %Iﬂﬂ id, an inorganic liquid or a mxture thereof. 5. The
conmposi t °GAY8f claim 4, wherein the liquid is a condensed gas. 6. The
conposition of claim4, whereip the organikc liquid is an al cohol, an
ether, a hydrocarbon, a cycli hydriliacarb n or a cyclic aromatic. 7. The
conposi tion of claim®6, whereiph ®je-ntlgphgl js a saturated nmonoval ent
| inear, branched, or cyclic hydroxy ated hy%rocar bon. 8. The conposition
of claim?7, wherein the al cohol is t hangl , et hanol, propanol,
i sopropanol , butanol, sec-butanol, tert-butanol, pentanol, or hexanol. 9.
The conposition of claim4, Wwhierein the i norc(tzjani c liquidis an acid or a
base. 26 12 JVperbGaeh ehRi e Reo#dods 15 iBdererdently jamalkyl @rupaand 418 2a) ky|
ammoni um skt agpt ant is of the formula: R R2-NtR4 R3 Z wherein each of
Rl1, R2, R3, and R4 is independently an al kyl group and Z- is a counter
ion. 11. The conposition of claim10 wherein the amonium surfactant is a
t ri met hyl amoieunsoapositiod aof . cldidy [Dhewlgoeipotiet iadtm@fiural aunfacisht Wwher ei n
the tringethyl ammoni um surfactant is cetyl trimethyl ammonium fluori de,
cetyl tr?rﬂ’i’i‘i% MEERHR SYHESHor i de, cetyl trimethyl  ammoni um broni de or
cetyl trimethyl ammoniumiodide. 13. The conposition of claim1, wherein
the surfagta J atl 0ALG: f : FOnEC o SHr t; . The
compost t1on of e ey o BPEink it PEaR Ok AR ABAR s cof
trimethyl ammonium fluoride, cetyl trimethyl ammonium chloride, cetyl trimethyl

ammonium bromide or cetyl trimethyl ammonium iodide.

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

anionic surfactant.
14, The composition of claim 1, wherein the cationic surfactant is:
an alkyl dimethy benzyl ammonium compound of formula:
CHj
f+
R“rl\l-—BenzyI Z-
CHg

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

an alkyl trimethy! ammonium compound of formula:
CH,

|+ :
R-—I?I—CH;; Z-
CH,

2%



an al kyl di nethy benzyl anmoni um conmpound of fornula: CH3 R-N 8enzyl CH3
Z wherein Ris an alkyl group and Z- is a counter ion; an alkyl trinethyl
anmoni um conmpound of forrmula: CH3 R-NCH3 CH3 Z 21 12 JULY 2006 wherein
Ris an alkyl group and Z- is a counter ion; a dialkyp J@imet¥pie anmoni um
conpound of forrmula: R+ R NCH3 Z L CH3 J wherein Ris an alkyl group
and Z. is a counter ion; or a trialkyl nethyl amoni um conpound of
formula: R+ RNCH3 R Z wherein Ris an alkyl group and Z is a counter
ion. 15. A nevhacn® isanafghgiong atdzbien coadtetighes conpri sing: conbi ning an
al kyl ammoni um surfactant capabl e of suspendi ng carbon nanotubes, a
liquid; and an apount of carbon nanotubes, wherein the surfactant, the
liquid, and t%@al(lfalrcﬂjﬁﬁthfhmmb@@W@C’@@fﬂ‘rﬁﬁ@éﬂulat a tenmperature of from
about OC to about 175C, and wherein the liquid, the surfactant and the
car bon nanotubes are present inja ra;tu o spitable for suspendi ng the
carbon nanotubes. 16. The netho c'}{ T/(ghm 5, ;wherein the carbon

nanot ubes are single-walled or i | cgr bon nanot ubes. zg

wherein R is an alkyl group and Z- is a counter ion; or
a trialkyl methyl ammonjBT compound of formula:
R

|
R—rl\f—c:Hg z-

R

wherein R is an alkyl group and Z- is a counter ion.
15. A method of suspending carbon nanotubes comprising:

combining an alkyl ammonium surfactant capable of suspending carbon

nanotubes,
a liquid;
and an amount of carbon nanotubes,

wherein the surfactant, the liquid, and the carbon nanotubes are combined at a

temperature of from about 0°C to about 175°C; and

wherein the liquid, the surfactant and the carbon nanotubes are present in a ratio

suitable for suspending the carbon nanotubes.

16.  The method of claim 15, wherein the carbon nanotubes are single-walled or multi-

walled carbon nanotubes. |

2%



12 JULY 2006 17. The nethod of claim 16, wherein the carbon nanotubes are
singl e-wal | ed carbon nanotubes. 18. The nethod of claim15, wherein the
carbon nanotubes are in the formof bundles, flocculants, or ropes
before being conbined with the liquid and the surfaci2gUuL¥200¢e net hod
of claim 15, wherein the liquid is present in an amount of from about
99.97 % to about 90.00 % by volunme of the liquid/surfactant m xture; the
surfactant is present in an anount of from about 0.01 %to about 10 % by
vol unme of7.t heThd metbdl b6 tlaina ¢ b ankerein XhelEfboramdhotubes aRrile-Ranal thigs ar e
present in an anount of from about 0.01 g to about 50 g. 20. The nethod
of cl ai a8tbGherein the tenperature i s between OC and 20C. 21. The

met hod of claim 15, wherein the suspended carbon nanotubes are forned at

room t enper at rrﬁ

soni cat rg% thicjai{eg‘ﬂe’stgédndI:r 4ggcar %greﬁ{a%lg% %Bé%&ﬁqg&fb@%ﬁé% ﬂ}%%’%ﬁ l)fl!nﬂllgal ‘m 15,
wher ei n floeulanguerdopasdefue being esrhibiasdkwitio theiliqed gaditley surfactagtont acti ng t he
carbon nanotubes. 24. A conposition conprising: a liquid; an alkyl
ammoni um sur f act ant capabl e, of suspendij ng car bon nanotubes and carbon

nanot ubetd: whBrengthedal ¢lpigy ] whepsin dg oy tlaﬁm%en @m@newwéﬁrowbe%bes
are presgnby b iPadadt bg.00 /ﬁ”b%%‘tﬁéé (8fr th% hﬁuﬁl".’sﬁﬁﬁ ire; E@ sSRLBRAR i

nanot ubes to a concentrati o hi g on nanot ubes. 21
present in an amount of from about 001 % to about 10 % by volume of the

liquid/surfactant mixture; and the carbon nanotubes are present in an amount of from

about 0.01 g to about 50 g.
20.  The method of claim 15, wherein the temperature is between (°C and 20°C,

21.  The method of claim 15, wherein the suspended carbon nanotubes are formed at

room temperature.

22.  The method of claim 15, further comprising sonicating the suspended carbon

nanotubes.

23.  The method of claim 15, wherein the liquid and surfactant are combined prior to

contacting the carbon nanotubes.

24. A composition comprising:
a liquid;
an alkyl ammonium 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 higher

of carbon nanotubes.
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