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Df RECTED FLOW METHOD AND SYSTEM FOR BULK SEPARATI ON OF
SI NGLE- WALLED TUBULAR FULLERENES BASED ON HELICI TY

WEBAOKERO0RND OF THE | NVENTI ON FI ELD OF THE | NVENIT/OB2004/024380

This invention directs itself to a nmethod and system
for bul k separation of single-walled tubular

full erenes based on their helicities. Mre in
particular, the present invention is directed to a
nmet hod and system of buI k separatl on whi ch takes

L Ay oA >
in ﬁﬁ%?' WAELE@T@'B@DAwFULD@REmsaBA@sEDr@N HELICITY
of t ITy O ubul ar er ene.

further, the pr GBAGIKGRWND)@H’EH@] PEATION? system

for carrying out a nethod for bul k separation of

si ngl e-wal | ed t ubul HELD Of EHESINWENBIQNdi rect ed in

a flow across a crystalline or highly orlentgQr )
subst rEhie 1@Yeralq@@mt%rtﬁ¢lﬁ teaanethed andisysteapfer bulk separation of

gz&%asﬁgfq@wghgmaé@ag BRsed ot P biliditiss. Bfore in particular, the
| . .

Bt ShBRER i S EletolA e fbY 4d ySiére Bk s@barption pvhich

pel's tadv%fagg g@w Wwhéleln tumé&eﬁm'e ers'seﬁ* o0&t on a

ani ca Or use I n construc

@ﬁﬁﬂ&c %hegﬁﬂnaﬂertﬂaé Streétufd!in aﬂaagmafrsﬁeﬂ@h@alwﬁ@w@e&s asa
I't has beén discovered that the hechani cal and

Ehection @ﬁdheﬂfedxpﬁztdf&he aibidarcillepenen a8l divehem the present
function of its helicity, the angle at which the

gnagmitioniis directeiddo asgyistean $or carrying out a method for bulk separation of
single-walled tubular fullerenes that are directed in a flow across a crystalline or
highly oriented substrate at a predetermined angle with respect to the lattice
structure of the substrate, utilizing it to adsorb single-walled tubular fullerenes of

a predetermined helicity thereon.
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about the tubul ar contour of the nanotube. Electrical
properties of carbon nanotubes can vary between

woredoabssogg hi ghly conductive structures and t hpSBUSH0€R4380

are sem conducting. One of the major hurdles to

commercial utilization of these unique structures has

been the probl em of synthesizing the structures in a
desired helicity. Currently, the synthesis of carbon

nanot ubes produces a m xture of helicities, although

t echni ques exi st to synt IRRIQR ARfot ubes in a desired

range of dianmeters. Separating nanotubes of a desired .

hel i ivbyl4rrfatterdnes ahdsm partidulasdcarhen negotubes ate obgreat interest
tedi ous and inefficient nmechanjcal separatiop process
betausezifithein unaqusptleetsicabard meghanica PFB*#%SeH)f use in

cg‘ﬁ&%i’ééép&é@sg Fielscliprie GirPwi SHOLBCHRER JRACE. K HAS been
' ' Wsfe] - : ,

cBiopreaanar et g Al <P el ROBERRS of A bl Ahombe
h ' | i . . .

R L R T e A

car bon

¥ tHeBMrfediitse. ( Electriéallproperties oficarbon
“B@E}QF‘QZ@W%&@?EBE Naeﬁgét ubes Andecl\lanotljubg Crcuits

nifotiBestas Vmg@l@dthEﬁ atietallic, highly eonductiid stragarespgsl. those
706 - 709, 2001. In that nethod, ropes of nanotubes,

: C J of .
wiiiciglore seaticondusingar@nelef e magordirglesi toicoppmaggialrutilization of
that is then covered by dens arre%yof sour.ce,, drai

thesd ugiqus ssosveres iNanbee tha prOblem ol syRticsiziug thefuctures in a
S GRS R GG iy maBoERAB A i
okEieb G PR SRR bl Besred rane
oPURIALse Sdrating nanotubes of a desired helicity from all those produced
has required a very tedious and inefficient mechanical separation process
utilizing a nanoprobe (e.g., an atomic force microscope). Thus, even for
laboratory use, separation of a desired helicity from all those which are produced
is a painstakingly slow process.

One recent approach which permits the selective preservation of the
semiconducting types of nanotubes in bundles, or “ropes,” of aligned single-
walled carbon nanotubes has been demonstrated by IBM Corp (P.G. Collins et
al., “Engincering Carbon Nanotubes And Nanotube Circuits Using Electrical
Breakdown.” Science. Vol. 292. pgs. 706 - 709, 2001. In that method, ropes of
nanotubes of random helicities are deposited on a silicon wafer that is then

covered by a dense array of source, drain and gate connections in order to form
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still affixed as ropes to the contacts, where they nmay
be utilized to produce active devices. However, the

woredosossopy ovi des no nmeans of physical ly segregedT/082004/024380

sorting the nanotubes into separate assenblies or
contai ners. Nor does it provide a neans for
accunul ati ng the highly conductive nanotubes. Mre

i mportantly, this approach does not apply at all to
the problem of sorting the nanotubes according to

1ol S ¥ iegsplt ithenanatube ropes
t@& ertf&ﬁ_dbg?le%| fS’[lHﬁésqél(e?tlyP@ bh@%e gispliedoonar e rop

nagl -orientation of Short Single-

BIélvi e o Geaibfe denyon g bes mberihis itntexs, but Baaig the, semiconducting
Applied Physics Letters, Vol. 78, No., 10, 5 March i
1296 iinsditsed. 0 hes, dhe supayingseminbeductngnanaiubes arggvailable and

car bon nanot ubes were dropped onto a highly.orjente .
spyiraffixed as gopghiot the sopiacia meiereithey Bay t5 uttlizst (RS duce active

e i
335 e PO e 5B, S GPAR ADE BB rovic

aﬁgﬁ&c or r&cé%ﬂn%th@ﬁ&e@fighl&\&mﬂa%@ﬁ% ﬂﬁﬁofi%lfrl])eg.ie E\%gliregimpr?rtantly,

reporte use to assi st

t@% gggw&% deRaoiBpply Al & theprobRan efisontirpetherminecubes

on their electronic properties using an
atesvdene e lsdlicatrstrogiuaphy, as di scussed in Zheng M

Car bz othentagbatpblieations Yomast HarbaladReitericntatige of Short
e Sl oo A
Letters, Vol. 78, No. 10, 5 March 2001, discloses an experiment where
semiconducting carbon nanotubes were dropped onto a highly oriented pyrolytic
graphite substrate. Clusters of nanotubes were found to spontaneously aggregate

with their tube axes at specific angles with respect to the hexagonal axes of the

substrate.
Other more recent developments in the art sort carbon nanotubes using

secondary characteristics that are a consequence of helicity. One reported
method uses DNA to assist in dispersion of carbon nanotubes that are
subsequently separated based on their electronic properties using an ion-exchange
chromatography, as discussed in Zheng M et al., “DNA-Assisted Dispersion and

Separation of Carbon Nanotubes,” Nature Materials Advance Online Publication,

6 April 2003. pgs. | - 5. Another method separates metallic and semiconductive

carbon nanotubes from each other using alternating current dielectrophoresis, as
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car bon nanotubes from each other using alternating

current dielectrophoresis, asdiscussed in Knpke R et
w@bkoos/o3sbepar ati on of Metallic from Sem conductP@mus2004/024380

Si ngl e-\Val | ed Carbon Nanotubes,"” Science. Vol. 301,

pgs. 344 - 347, 2003. Wereas the invention of the

subj ect Patent Application utilizes a direct

interaction of the helical surface of the desired

nanot ubes thenselves. In this way, a nethod is

L OV ngnet u ioHPELCMelt 41116 gtdrfii Sengig oadurct
dlgﬂ?é?@ﬁf%ﬂg%fﬁégpgf’ ??Eg?cg{ ed i%]/feltt)ul k quantities frgﬁr%
SihBR-WRikRt 2Bk N tabes)aSetonse, Vohed01s pgs it z347,63003.

current nmethods. The nethod described herein provides

advawlrees thy énvdntionof the sabjectrBatent| Applicatinnutidigesa direct

the present invention provides, a neans to separate .
inteamctiorbesthefhedicphsurfang efrthadlesired panoibes themselyes. In this

v s gror SR EvoRfe PR AR
oSpRel ] bl AR LA M of
v R BAF g S05 5 B mEAGRT MARDG B e
pr?(gid%% Q8L £1ABd GhrHERHRE aftibgiotise THeAnethod o hkipredont

od includes the steps of: .
inPERIG g ideshl theahd toyseparstenaheotubrslofad particilar helicity, not just

fullerenes; providing a substrate having a lattice
( g9
the separanioepf sémidondustvel fionumstallip nanotibegi Lheamedied of the
tubul ar full erenes on th?, substraﬁe@at a predet eﬁm ﬁfd d
ineemion of thie subsé atens Anplicafign ds thegetore muchumore Hexihigan
of the substrate,. wherein single-walledt .
spRGificandneorng abpitbande beme et bt flan prior art

methods.



10

15

20

attracted and held to the substrate; and, renoving
said single-walled tubular fullerenes held to the

wGepsosase. From anot her aspect, a system for bai/ks2004/024380

separation of single-walled tubular fullerenes based
on helicity is provided that includes a container of a
fluid bearing single-walled tubular fullerenes, the
single-wal |l ed tubul ar fullerenes each having a

| ongi tudi nal axis. A dispensing assenbly is included

t hat has at leaﬁﬁﬁg@@bﬁY%FfMEwwm the fluid
beari ng singl e- r TulTerenes and at | east
one i Bl GreGOdPloRdmiethdd RirdydRRBpaTatieh iofBingleiwalted tubular
cont ai ner. SO, a substrate having a lattice
Rlllee&iddrmsed opreviciteglis progidedt tTheemethadcinghudesfthe steps of:
substrate having a sel ected axis disposed in a
prede?mvrircﬂimgch plomlitrrofrsinglerwalded wbmlarfutleesnes: to the
flow fromthe at |east ane (iutl et of the dispensing
assenptoyidinger sibstratenanga A STNGRUP f ul | er enes of

a predeterm ned hel.icity. flow ver

are aflowig é@igem‘élrall]‘&’ thg‘r?&l%'t“@rh%gﬂ}‘ﬁwg% ?&A&gﬁgé hgté@e substrate
assemaly di.s e ' . - f the
SERRIRr SRR TP 4SO et s

3 ) el S Rfees dFladpredefehined helicity are
%‘l?ggjf‘feat e.etﬁﬂé?ﬂ%ésv?:%‘ép@r%“ OF THE DRAWNGS FIG i's a
ﬂ't@g{ea@nhl Hel§ t6 e ibstiage; dadj vati on of the helical

angle; FIG B is a perspective view of a tubul ar

ful'| efepmeving saistsinglemgalled titailarcfullerertesrhedd o thegubstrate.

a schematic illustration of a tubular fullerene bul
sel f - Broneanothgr aspest, a system for bulk separation o single-walled tubular
fullerenes based on helicity is provided that includes a container of a fluid
bearing single-walled tubular fullerenes, the single-walled tubular fullerenes each
having a longitudinal axis. A dispensing assembly is included that has at least
one outlet for discharging the fluid bearing single-walled tubular fullerenes and at
least one inlet coupled in fluid communication with the container. Also, a
substrate having a lattice structure is provided, the lattice structure of the
substrate having a selected axis disposed in a predetermined angular relationship
with respect to the flow from the at least one outlet of the dispensing assembly,
wherein single-walled tubular fullerenes of a predetermined helicity flowing over
the substrate are attracted and held thereto. Further, a drainage assembly
disposed adjacent to the substrate is included for carrying off

any of the fluid containing single-walled tubular fullerenes not held on the

substrate.
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substrate lattice; FIG 3 is a schematic illustration
of the structure of an end functionalized single-

wowdobessosaubul ar ful l erene useful in the practiper/o$200d1e24380

present invention; FIG 4 is a graph illustrating the
cal cul ated nanot ube-graphene interaction energy as a
function of angle; FIG 5. is a block diagram
illustrating the method of the present invention;, FIG
6. is a schematic illustration of a systemfor

practicing t e pEGSERCRIPYION OF THECDRAWINGS

enl ar ged par ySTEem snown 1 n G 6;

FI G pig I R Pdtabidh iBefienmid teldekivationtofahe htlieal angle;
alternate constrtiction for aligned fluid flow of

nanotrpes B 8 at frespictiveriewrofentubatar fillereng iflustzating the helicity
partial schematic illustration of another alternate
tieeesftruction for aligned fluid flow of nanotubes in

the present invention; FIG is,a aliti sche
adhlle

ic ..
i | | uFiGaiina sohematic i wssrationielia, FW%%O‘F‘S‘WH% ona

aligned fluid fl ow of nanotubes in the present
subpiate |a8HEeFI G is a cross-sectional view taken al ong

L1 F361 3905 bRl Brpi e BB g fnctoatze

LU i SfckIbf tHeShrabentdnveéntion;
sipile BalIBl B U RHETRIS P (e hRoroe bf CSBREFERRIIIEQ .
EVBOR{ tYENT$a lgbapsH HRfstrafing @hé calealdtédnamctubeigraplesnt interaction
m niaturization of electronics, it

energy as a function of angle;
FIG. S. is a block diagram illustrating the method of the present invention;

FIG. 6. is a schematic illustration of a system for practicing the present
invention;
FIG. 7. is a enlarged partial view of the system shown in FIG. 6;

FIG. 8. is a partial schematic illustration of an alternate construction for

aligned fluid flow of nanotubes in the present invention;

FIG. 9 is a partial schematic illustration of another alternate construction

for aligned fluid flow of nanotubes in the present invention;

FIG. 10 is a partial schematic illustration of a further alternate construction
for aligned fluid flow of nanotubes in the present invention;

FIG. 11 is a cross-sectional view taken along the section line 11—11 of

FIG. 10; and,
FIG. 12 is a schematic view of the construction of Fig. 10 illustrating the

movement of the conduit relative to the substrate.
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will be necessary to construct conputer circuits on a
nol ecul ar-scale. To that end, there has been nuch

WO eme@sob i n the use of single-walled tubul ar PCT/US2004/024380

ful l erenes, particularly carbon nanorubes, as both

i nterconnecting conductors and as active devices in
nol ecul ar-scale circuits. These nol ecul ar structures
are of interest because of their unique electrical
properties which may be netallic, and highly

Conﬁﬁégig%l %§§WIP?@&DW@HE‘W&EF@R@D@M%DIMENTS
f ul 7ﬁﬂﬁﬂKﬁTTﬁr_____——_"

pro pqptdrﬁér ﬂlgscd’n?ﬂn% ?Re Eﬂes@hﬁtrbﬁcﬂ i€ hiiMiaedrizdion ofbeleetronics, it
structure. Present nethods of tubular fullerene

WiYlnBeesdeSsdry a8 ¢onsteudticompeenéirtts on aimsleculppiscalel ylo that
inaratio of two-thirds having a sem conducting

enliahees has bedrmanhl research indthaiseraf sangletwalfed-tubular fullerenes,

characteristic. Helicity is the degree of "t

pastiiulaily carbonanofgheseas be sreenpgcting cangug st Iégﬁ és active
deiicen e melsRH bR EREN S L7 MRty of fterest
e By oot A I, iy
cBRARRES gg§eraopc‘3nidﬁ9t,iﬁg.n‘\%t§%tﬁéf HOfuBhfr Fhllérehe eRhibits metallic or

wever er fields, such

i inBipd isheldted vo iphhelidity ofthertabular structure.
nggckam :”gg?gg aélégﬁg?ﬂ y to the Iefthatr?,dedness or

Présght niveiistcofeabulal fuilerene synthgsismrpduce amixturgof ixelsities,
In order to avoid any confusion, the terns "helical.

typiciley irmadatitef two-thirds hewing desenaigepdegiingsharagtenstic and one-
herein. To better illustrate the concept of helicity,

thied baeinges metalgchargeteristigy g
Helicity is the degree of “twist” or “spiral” in the lattice structure ofa

nanotube, and is described by an angle (helical angle), as will be further
described hereinafter. This characteristic is also referred to as the “chiral angle”
or “chirality”, and the two terminologies are equivalent in their meanings as
applied to the structure of tubular fullerenes. However, in other fields, such as
molecular biology, the term “chiral” refers specifically and only to the left-
handedness or right-handedness of mirror image molecular structures. In order to
avoid any confusion, the terms “helical angle” and “helicity” have been adopted
for use herein.

To better illustrate the concept of helicity, reference is now made to FIG.
IA. In FIG. 1A, the planar lattice 10 is shown wherein an arbitrary atom 12

defines the origin for the helical vector 20 that extends from atom 12 to another
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A In FIG IA the planar lattice is shown wherein an
arbitrary atomdefines the origin for the helical

WO emb085080 t hat extends from atom 12 t o anot hepei/un2084024380

on the lattice which would coincide with the atomif
the planar lattice were rolled to forma nanotube. The
helical vector 20 is the sunmmation of n tines a first
unit vector a, and mtinmes a second unit vector a ,
where the unit vectors are defined fromthe hexagonal

%ﬁ(ﬁﬂEMCYn FHC? el \%itchcﬁoulﬂscdlﬁcﬂﬂ@»{'nl'f Rtohi 12 hﬁ‘th%rﬁlanar lattice

mare i1ntegers In the vector equat 1 on:

?féf}@'ro edB foriDehehembe. (e Kelical Rectof 20h§tlmasmtmdaaon$fn

[ ne as a line projecting orthogonally fromthe
ighdscatirstemitorectsr. a, landtineimeea isé¢and wit ancter @f, whete the unit
| A, the vector descrl ption for the nanotube defined H
vectoos az0ddfined framahe henagonsl geomatey of thedattics; avipuyell known
, the axis of the lattice 24, &llln?quoégjected t hrough
¢ thesarpod B anG AL ALSFINEGRLTS i coi nci de
W th th)e axj s of t he nanot ube 22, such devi ating by
the hél) caR3Ky'eMd2-. In FIG 1B. the tubul ar

&E‘F‘éﬁ?ﬁ ?k}&%&glsg% tﬁg?{ﬁ:ar;igﬁ{ﬁg is S‘I’érilngh g asﬂr{é‘e@ﬁox%cgin)g orthogonally
?r%nglttéol?d& af Vecisl 29! In¥hd L5ckifia TAREnCROFLBe] Anthevector

axis 22 with attice axis 24 which

t : rﬁ‘f 1R for ofe Afvothbadefined bglvestor2(ofs & (64 marmitube Where n
e ne

lical angle, as previously described. To further
dotssorapual thehpakisafithe dattipe 24yailine prajectast thsough
g;x;:spso?lﬁg;;y@g&elog QSI la?fgzvg\g ldlt:»g;JI nE)tu goullnglrdefthil ‘the axis oifsthe
nanotube 22, such deviating by the helical angle ¥, m)

In FIG. 1B, the tubular fullerene 100 represents the resulting structure
obtained when the lattice 10 is rolled, as previously described. The single-walled
carbon nanotube has a longitudinal axis 22 with a lattice axis 24 which deviates
from the longitudinal axis of the nanotube by the helical angle, as previously
described.

To further illustrate the principles upon which the method of bulk
separation of single-walled tubular fullerenes is based, reference is now made to
FIG. 2. In FIG. 2. a tubular fullerene 100 is disposed on a crystalline or highly
oriented substrate 30. In this case, a carbon nanotube is illustrated as being
disposed on a graphite substrate, the structures of each being formed by
hexagonal lattices. Where the two structures have the same lattice structure, the

tubular fillerene has an energetically favored orientation wherein the hexagonal
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FIG 2. In FIG 2. a tubular fullerene 100 is di sposed
on a crystalline or highly oriented substrate 30. In

W0 boos/ogmse, a carbon nanotube is illustrated aBChEs1994/024380

di sposed on a graphite substrate, the structures of
each being forned by hexagonal lattices. Wiere the two
structures have the sane lattice structure, the

tubul ar fullerene has an energetically favored
orientation wherein the hexagonallattices of the

gﬁ?{é%géf Ehﬁqég{bﬁlfaz?ﬁ{lﬁxgletﬁ% th ng%@itg éi?% ﬁldfﬁilll‘)ah%i%ned. That is,

are sai I sposed

REN i Be Aligpayedtifgegisilyewith@ne anethérh THerbforeras the
[k 2t saidttd be Uieperealin 6y a’lattice wth a helical

trbstar filliezene il 60 22fornadey b danticawithuh heliealetwion thesaxis 22 of the
angul arly displaced with respect to a | ongi tudi nal . .
aubslaB fulterend 08 ibangulady (displaces wgh respeci toallengitudinal axis 36

106 théreubsipts fadice $5i TREGNEMY CTETAOH Ok g BoRAN R Bene axis 22
oS Bk Rl T i PR B PARTS BgBAER g et

wh t t t i is]-i i " .

SRBl R AR aGE ARST Bt i heange

\ARES tﬁé)né;&qtﬁgé‘ EahbEstdsGn aghgggugg ?x;ié}ﬁaﬂéﬁ‘ ittPg vefgharp

ener gy pr repeats ever ecting the

Eﬁ%r?ly‘&ﬂirﬁﬁmﬂﬁffﬂa‘t 1eddsttbenelecalar!dealeclookingi efithe manberiee dThat
su rate. In addition to these "l owest order" | ockin

anetiggsprafileMepebtstdvery 60%,irefsctuig theelattine&symmeuyuﬁ'tthatcgystalline
coincide with the shortest possible periodicity, a

snhighly erienfedsudstratendn addlgm: to Heger fowestiarder dagkiag angles at
SRt sl ST i s Lo GRS possive
PR Bk i REERBELE REC S Do Bt tpocer
SRSt ARt AldeYortHE it End B duftfstratd possEésea hitther-order alignment
which repeats with a longer period. Therefore, when tubular fullerenes are
deposited on a substrate lattice with substantially the same lattice structure, as
when carbon nanotubes are deposited on a graphite substrate, nanotubes of
different helicities will be self-organized at different and stable angular
orientations. The binding energy between carbon nanotubes and a crystalline or
highly oriented carbon substrate at the preferred orientations recently has been
calculated and found to be five to ten times greater than previously suspected.
That result provides the basis for the bulk separation method and apparatus of the
instant invention.

Raw fullerene nanotubes usually are produced in the form of long, tangled
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when car bon nanotubes are deposited on a graphite
substrate, nanotubes of different helicities will be

wa edosrssgani zed at different and stabl e angul aPCT/US2004/024380

orientations. The binding energy between carbon

nanot ubes and a crystalline or highly oriented carbon
substrate at the preferred orientations recently has
been cal cul ated and found to be five to ten tines
greater than previously suspected. That result

gégé@ SEsiahhRaRGebss fWwhichie beldisepss abhat besirodg aad der
p

aratus of the instant invention. Raw full erene

WR4lE Wesaciomal |As ianeelpkndwadd the atthehef mmotafe tapeg can be
tangl edropes of many nanotubes. which are held in
sbparatedanidaatt tbyosn nndiyiduah sherter/apgnsend tundar fullesenssady
is well known in the art, the nanotube rqpes. can. b
sepigatiordn arddl sukture of @Pﬁ?‘?rﬁéﬁt@g gukprig ﬁeﬁmﬁnmﬁs oand

B Resheneh el 57 7 Pl o SRl ges ar
RGNl s S8R T i e, anc o i

fﬁﬂc&fo afi9§d %bsgnéﬂavmeh@gamn@ t6ido?NiCwill BEdidcussdEin®llowing
unctl I ze o I np I

ona rove t solubility thereof, as

Eﬁﬁ‘% hmsdi scussed in fol | owing paragraphs. The
0 E)I Ity of the tubular fullerenes may be enhanced

by fumhtisehdiligi sfyhetebulabdilierefied naydreemhanced by
| ong-chain am nes. Tubular fullerenes 100,
fncttionabizingrthe twtudanfid lerengsawith dongrehaiasaminess fhubuéar fullerenes

I IRRIGE N NN WO, T
gﬁ%’%%@?? '%{Iiizgnhgn; et\éq!,"‘Diss'gquti&rQ of g?r?g%e-ﬂﬁgd Carbon
Nanotubes,” Advanced Materials, Vol. 11, No. 10, 1999. Such end-
functionalized tubular fullerenes provide enhanced solubility without impairing
deposition of the tubular fullerene on the substrate 30. Similar end
functionalization is described in U.S. Patent #6,187,823. Side functionalization
of the tubular fullerenes, as is known in the art, without disturbing the self-
orienting deposition character of the fullerenes also may be used to provide the
desired enhanced solubility of the fullerenes.

Referring now to FIG. 4, a graph is shown which represents the results of
a calculation of the nanotube-graphene interaction energy as a function of angle
about an axis perpendicular to the substrate. The zero angle is the angle ©, the
locking angle previously described. The angle « is an offset angle taken with

respect to the angle ©. Considering three representative nanotube helicities [a

10
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tubul ar full erenes provide enhanced solubility w thout
i npai ring deposition of the tubular fullerene on the

woenhshsage 30. Simlar end functionalization i BCT/US2004/024380

described in U S. Patent #6,187,823. Side
functionalization of the tubular fullerenes, as is
known in the art, w thout disturbing the selforienting
deposition character of the fullerenes also nay be
used to provide the desired enhanced solubility of the

e 19 B, b B b5 i 4

“ﬁgf’ AL ARGI4RUTHAEYOI ERE GiHdE herph by dargininima SO,
56” folotalichetRep@ b 6F tHehfarlobiid-sigbstrade titeraction at the

preiu ou y descri be The angle is an offset angle
] V=L, I‘Iﬂﬁnﬁ@tlmmtﬁmdmggﬂner@ vilmegepeats at 60hintervals, as

r epresentative nanotube helicities [a 10(10, 0)

ridostraded byathe snisimaddo b b2 “doc= H9° Lglrxg) repgm@pm@qe ofi minima
aisa Faind a5 90T B Créd Gy ang S0RDY TS APPRALEE PARpID TEects the
sHRmaEY 5 e FUbaten it ity o 4hi3 “IARPR AR TR dle, the
ge,r)%énv qhueens&rog\%eaaégor?é h%mneci)%a 5‘ck1 giregzlg%?g{t%ﬁvbg the

n;n? @ also found at 120, 180, 240 and 300). This
repe ing pattern reflects the symmetry of the

subst reeebinlingaetttirsy devel 36} 565 56 "ofe ke mrrgerofdxxgctés Ipgtween the
angl e, the (8,2) nanotube shows a str ong "hi
oghérha S0amid 53 HMighd 52') 5@t and 63 " iy nohentitehy ?iat art displays a
number of small and large magnitude increases. Some of those binding energy
increases come from accidental commensurations known for graphitic surfaces,
as shown by the local minima 54, 54”. Other sharp local minima occur at angles
which are incommensurate in the axial direction, but are effectively
commensurate in the transverse direction due to the small diameter of the
fullerene tube. These transverse commensurations have energy minima of much
lower amplitude than the fully commensurate orientations. The calculation
method utilized to compute the results of FIG. 4 is known in the art and described
in a publication, A.N. Kolmogorov, V.H. Crespi, Phys. Rev. Lett., 85, 4727
(2000).

It is thus seen that significant binding energy exists between the lattice of

the substrate and the lattice of tubular fullerenes when such are oriented at the

“locking angle™ with respect to the substrate lattice, and the 60° offsets therefrom.
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The binding energy |level 56, 56', 56" for the range of
angl es between the mnim 50 and 52. 50' and 52', 50"

wWEDsH2089 s not entirely flat, but displays a permbsr000624380

smal | and | arge magni tude increases. Some of those

bi ndi ng energy i ncreases cone from acci dent al
comensur ati ons known for graphitic surfaces, as shown
by the local mnima 54, 54". OQther sharp | ocal mninm
occur at angles which are incomensurate in the axial

ﬂléﬁ%{;'@%&@r@ﬁbﬁ{ 'i%blﬁ E%g fl{t\é‘%lﬁ%él%i%qr gﬂ}reg%ﬁffggnélpﬁ{ RLjentations.
bbb 1 e il RE P RIRTRS: SEFIRIEMEAR 8 ditnes are
w{i{&?@g@ﬂfg&ggéé t%fthetahpsnéf thERAbSRAte Wi irPtheMEIRM described

npute the results of FIG 4 1s known in
l{lgl?ixﬂhia)ﬁb‘é* a8 shyleashich takéyddviapdidecst arﬁex&brgg minimum for an
ol mogorov, V.H. espi, Phvs. Rev. Lett. . , 4727 .
{c2kal dominenéuration eennedramensypatd onentationndnrsgme instances it
energy exists between the lattice of the substrate, and
by beatesirgbledd takdadeantage pbthedeweraaiplyuda eagrgy minimum

Sabepied with antcsidenl B eBgigFien OF SGOBRERS WIS ofiéitation for

11Thi bi ndi . ' I ially. al

Sél@hf'ﬁg%o@é A aine theYernival fidhe S35aBed FRRBRIIR dakief or as a fust
th . i 4| ;

s s BIOELSHpERA Ao pUELED ISR Glepargions ased

L{)Meqié@ﬁﬁfﬁ e%’f'itﬁe hﬁnétﬁﬁeﬂm hod descri bed herein, my

e at an andfe which takes advantage of an energy

M ni MEWPnifY néW toRIGI &) thdredo shewa urblbtlodiagram illustrating the
i nconmensurate orientation. In sonme instances it
directed flow method for bulk separation of single-walled tubular fullerenes

based on helicity. The tubular fullerenes are referred to as “nanotubes” and may
be carbon nanotubes in particular. In block 210, a plurality of nanotubes are
combined with a fluid. That combination may be achieved by forming a
suspension of nanotubes or dissolving the nanotubes in a solvent. As some
dissolution can occur to nanotubes suspended in a liquid and not all nanotubes
may be dissolved in a solvent, the combination of nanotubes with liquid may be
represented by both dissolved and suspended nanotubes. The single-walled
tubular fullerenes may be placed in an aqueous suspension by the addition of a
surfactant. Surfactants such as sodium dodecyl sulfate and octylphenol ethylene
oxide condensate, sold under the trade name Triton X-100 by Union Carbide, are
known in the art for use in forming suspensions of carbon nanotubes. The tubular

fullerenes that are dissolved to form a solution may be functionalized to enhance
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may be desirable to take advantage of the | ower
anpl i tude energy m ni num associ ated with an acci dent al

W@ QUEBE®EY at i on or i ncomrensurate ori entati on POI/US20041024380

reasons as . nmaking the renoval of the adsorbed

nanot ubes easier, or as a first filtering step in a
process that utilizes a plurality of successive
separations based on the helical angle of the

nanot ubes. Tur ni ng nowto FIG 5, there is shown a

PSP bR gD S B33 B TBR vty
d;sgggfe@fgfggga@g@%@m;kg{%gé gxsqnma PR L E EPRES Organic
Fﬂg {)ﬁ‘:gf‘z%noﬂ o‘féﬂ‘ ‘gefnotblﬁb@’ PC)&mZ@hen@ S Fol. 1249 No. 5,

es are CO I ne COfTbI nat i on

208Y. Eiedlvefy eabillr fidldrenes Mag lmnm@ldptdqh mivedlesimsdescribed
or dissolving the nanotubes in a solvent. As sone

it Vs SO1Cérirmeil ean., 6Band Gap Fhrovesdeace fnosp émdizcduat Sangle Walled
liquid and not al | nanot ubes be dissolved in
CadboreNanotubes & Sghencs: Nk 97, m&ma@@mgm 3@9@ s

be represented by ggth d‘ aol ved argfe sus‘p
prepaseciimasotuhes nanbe BLSARIVESPTsysRENAedr D) %‘Féﬁéénr?é%a‘ki@

I d ddi t
sGifracrches Ui rICiBROSCERER BEniahiiingbh ass s melhapol, or
I

e 1ﬁ§ g:ﬁ%g‘ rtlllgﬂa% ?{%A@@l}%élggnﬁy@@on?@egdeé%g Igﬁ@é’&fs

p@ﬁubﬁ ahtieolgM. afc%ssucﬁ@ suBstfzﬁé% figereby BeRe it Sudd flow. From
on nanot ubes. The tubular fullerenes that are

théi@bf/@&nbmlﬁg tie marsotibés withrefluldk thenethed proceeds twstep 220

enhance 12their solubility. The tubular fullerenes nmay
whereém¢he nmmttubesaire adigned sn pribuid flowwy The fluid flow will have a
flow speed, density and viscosity to yield a low Reynolds number, a value less
than thirty. As will be described in following paragraphs, there are a number of
different methods for achieving nanotube alignment with the fluid flow, that is,
orienting the longitudinal axis of the nanotubes in a direction that is parallel to
the direction of fluid flow. Those methods can be used individually or combined
to be used together simultaneously or in succession.

In step 230, a substrate having a lattice corresponding to the lattice of the
nanotubes is provided and oriented such that the axis of the lattice is disposed at a
predetermined angle relative to the flow of fluid that is directed over the
substrate. For adsorbing carbon nanotubes, a material having a hexagonal lattice

structure is used. like that of a highly oriented pyrolytic graphite substrate. It

should be understood that other materials having a hexagonal lattice structure,
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di scussed, or side functionalized, as described in V.
Ceorgakilas et al., "Organic Functionalization of

w@200b08508an0t ubes, " J. Am Chem Soc Vol . 124, pdnusinn4/024380

2002. Alternately, tubular fullerenes nmay be envel oped
in mcelles, as described in M O Connell et al.

"Band Gap Fl uorescence from I ndividual Single-Wlled
Car bon Nanot ubes," Science. Vol. 297, 26 July 2002,
pgs. 593 -596. Thus prepared, nanotubes may be

550l B R ABRGRS o hHRIE gy 280 bR3RA! R (B orm of the

UsdiSa | 'or orret hane, |"or orret hane,

gogﬁ%}%ﬁguraﬁ%bg‘ aRld b m6ic\@plexaha MTHbEEraphite, the locking

es al so may be suspended in a gaseous

Wwohu@ail@aa deteatinatsleo sEhe predetcomineat angle oftike Htice axis is
dtmthe fluid flow. Fromthe step of conbining the

e besedion thespdrtioutar heticitynof itheinpnatubesito be sepaspted from the
220 wherein the nanotubes are aligned in a fluid flow
a}goonented

Mmetibascontairing Wiuid. Thedlaw of sheapd sanowbgs over
abatrateH G PrRSIRSITPT B OTCASERIA SSPHPUE: dfJuoes ey the
RanednPebeiny maR SR <BaPitEAEIHE naflbft R B4 VS Hf een
B8PS 0, T 1 i
r?%%pﬁ\&/{l,hﬁl}';&nﬂfcaftéd‘bﬁ thhé @4shed1RsEin Mk HsiErasn o bepess etk process to

'y or conbined to be used together
St Ripfiegusnyubesiof theselesteddrelicity. sSftepcalbgtedieffluent also may

substrate having a lattice correspondi %to t he )
Heatetiycledab colectmanotubrssofi anoghenhalisityartbsequentda collestion of
that the axis of the lattice is disposed,at,a

the ebfaantrin stap SA0y1the naneiibesiag hake DEFRAdTbRA areramayed fom
is directed ovezt t he

the substrate in step 250.

The nanotubes that have been adsorbed to the substrate can be removed by
a number of different methods. For instance, when the nanotubes have been
adsorbed from a suspension thereof, the nanotubes may then be subsequently
removed utilizing a solvent, in a process that may include functionalization of the
adsorbed nanotubes to increase their solubility. In addition to end and side
functionalization, the technique for increasing solubility by polymer wrapping
also may be utilized. When the nanotubes combined with the fluid are dissolved
in a solvent and flowed across the substrate, the nanotubes which have been
adsorbed out of that solution can be removed from the substrate by dissolving the
adsorbed nanotubes in a solvent in which they are relatively more soluble than

the fluid originally used to deposit them and effect the separation. Here again,
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substrate. For adsorbi ng carbon nanotubes, a nmaterial
havi ng a hexagonal lattice structure is used, |ike

wo bavs/osfosa hi ghly oriented pyrolytic graphite PCT/US2004/024380

substrate. It should be understood that other

mat eri al s having a hexagonal |attice structure. 13such
as, but not limted to, boron nitride, may al so be
used. Wiile the formof the commensurations woul d be
nore conpl ex than that for graphite, the | ocking

@ﬁ%@%&pﬁ{‘ggt@td&br&% SafRhBEs R e elipced egeside m ned

attice axis I's sel ected based on the

%?ﬁ&"cﬁbﬁﬁl'i?&"tioﬁh‘? khé iftictidnal2atioanet pdlgmer ovriappiepar Bhedissolution
romthe nanotube-containing fluid, The flow of ..
i@t Provess miyemchuderott bepenformed: i eombinaiion withithe addition of

provides for a preferential adsorption of nanot ubeﬁ hi
vy dronh beating, i edesteic firlds,aneghamaad vibratigneelig:.4p fnAgnee this

t he nanotubes that have not been. adsorbed t.0 . he )
mobess atle adscebrd aenbphalso dAY e merTically| ariped off” of the

£l Lecycl ed i pdicat
S5 O B D g
t ; act
A I SRR ke Tnision
@gﬁ%ffﬁﬁé aH&gﬁ?ﬁtgﬁg?t@)@k la§ ithhey/ sub%ﬁ*aliéiﬁtsﬁmgedt@d to angular

ection o fluent 1 n step 240, the nanotubes

dcoalerftfe SR Agsnitbes] batlethessubstrdtef ammartubeshean be eoated
In step 250. The nanot ubes that have been adsorbed tS\
Whk siigdds thainealkamestte aceemivate thy sglastinisyofshe progass.e e

nmet hods. For instance, when the nanotubes, have .bee )
ramtotutizs banben he sopuAd TEHN (RROMSATA Wath e IHHeE Ofdge coating.

e e RO fcheaPs S 3Ry o et
process is shown in FIG. 6. The system 200 includes a fluid flow system 120
which incorporates the necessary reservoirs for the nanotubes and solvent or
suspension fluids being used to transport the nanotubes to the surface of the
substrate. The fluid flow system 120 includes any required pumps or flow
control devices 124 required to provide the desired flow rate of the nanotube-
containing fluid across the substrate. A dispensing assembly 130 has at least one
outlet in proximity to the substrate 30. At least one inlet is coupled in fluid
communication with the container 122 of nanotube-containing fluid within
system 120. The dispensing assembly 130 is structured to provide alignment of
the nanotubes such that the longitudinal axes of the nanotubes is oriented in the

direction of the fluid flow through assembly 130.
One method of providing the alignment of the nanotubes is through the use
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adsor bed nanotubes to increase their solubility. In
addition to end and side functionalization, the

wo embnsmee for increasing solubility by pol ynmepCT/uS2004/024380

wr appi ng al so may be utilized. Wen the nanotubes
conmbined with the fluid are dissolved in a solvent and
fl owed across the substrate, the nanotubes whi ch have
been adsorbed out of that solution can be renpved from
the substrate by dissolving the adsorbed nanotubes in
af sohfirerhenmbasedatiignnesntafle mplamentthat mthododlﬂm@mg
than the fluid originally used to deposit them and
asseatly 136 iselydesaiconduitdse haying at lpastr@l%ﬂpwhanwl b4

t he adsor ed nanot LibeS can be en C )

dunm foeHooR 816 Paertnes o [¥Aaatibes e sopfinement
i d . i is
p'lfggm{%mahsﬁ%ewa{oﬁzﬁ%wb@géfagwegﬂﬂgwo%

nftécpﬂ?l{iﬁﬁk' g eﬁlh.?‘fﬁ@ 'hﬁﬁdgeipgﬁméf@xc&?ﬂ) S}g‘xre sion that is

ance t rocess
Hxaﬂtl:l@trﬁ oﬁ{e?xoto'@ﬁé ey shrdBmes Mro¥r thanrhe d@ziﬁlefb? off ilse
stra ‘washed off utilizing a flowof a liquid or

RardAgbeb ﬂ@Wirtglltmm‘thfdlgh o order tplraarimise theefficdéndyhef
substrate, or renoved thr ough the use of centrif
digpensomg assenftdy d80peondiit 132 ivprevidediwathumphirakity ofiparallel

%ﬁ%&iﬁﬂ@o&bj ol TR COHBTHAE Sa P visar S, 5 shown
SR BRI o o

RS RO R ML P Ui, Pk by e
LS 0 bl DACH G008 OERShb, PR o over e
shBGtrate 100. Those nanotubes whose helicities correspond to the orientation of
the lattice structure will be adsorbed to the substrate, while the others flow over
the substrate into the effluent collection system 150. A flow rate for the
nanotube-containing fluid within the approximate range of 10 -1000 mm/second
is provided at the outlet of each channel 134.

Shear based alignment occurs when the speed of fluid flow decreases as a
surface is progressively approached. This change in fluid velocity with respect to
position acts to align the tubes in the direction of flow and at an angle to the
substrate plane, as is well known in the art. The effect is independent of channel
width.

Establishing an extensional flow is another alignment method. An

extensional flow is established by passing the flow through a constriction. When
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whi ch i ncorporates the necessary reservoirs for the
nanot ubes and sol vent or suspension fluids being used

WO o00503508port t he nanotubes to the surface of P&EUS2004/024380

substrate. The fluid flow system 120 i ncl udes any
required punps or flow control devices 124 required to
provide the desired flow rate of the

nanot ubecontai ning fluid across the substrate. A

di spensing assembly 130 has at |east one outlet in

pﬂﬁ’ ﬂb\w tltu;&ugh% SOMRETERIE tBO flod vél%@ﬁil iRtRasddl eI&'a'n?emotube is

COU commruni cation with the contal ner

Osfuspexﬁuttdlmerh@qmldlpasnﬁ fhtoughvhe bbﬂstﬁit&bﬂmhbﬁfbnérémi a

di spensi ng assenbly 130 is structured to provide
addvgnstreamm-ofiost kad naftheutanetshecwill batpuiled ih ¢hedirediiombf the flow
axes of the nanotubes is oriented in the direction of

thEtlTelj higher veJocith flyidih hﬁ@@ﬂ?ﬁlpglqml oﬁb:qhg r\agpﬁﬁ:@ , being in a lower
oGite 35{5 SuS b ARG e e diiciiit P iratin e R PORE Brtipgcted
Et‘é%‘%’@ B s RREE B %ﬁi@o%é%f%dﬁm%ﬁiéw the

0
AERRREFRSS BN ARRute B B OK ERARA, Din ekample of an
; ﬁ?xfs%i{a'l Wahgméﬁﬂn@kﬁmmw@wwdis@ehgmgedseahspy 130",
til1zing a channel 134 having a dianeter or W d
dhowmsihFIG A0 darsl 1 h whichrassgrabbf inay substime fdnoauspmmng
times larger than the dianeter of the nanotubes
fassembly 130er Sudir augktensionst flew alignmsntrmethodhmay be alternately

ef ficiency of dispensi ssenbly 130, conduit 132 is
rﬂ@ﬁeénllﬂ thexciduib] 37 9? éfspsawagwéserehbfnboéluscomqratmg a

fﬂﬂ%trl%ggrvl\glﬁ%ﬁ eading. > SR GRhE MA9chndbft 52785 formed with

at least one flow channel 134’ having a bore extending from an end of the conduit
1322 to a constriction section 1344. The nanotubes align in the flow direction in
the constriction section 1344, which section leads to a narrow channel section
1346. The nanotubes maintain a degree of alignment as they pass through the
narrow channel section 1346.

Irrespective of which dispensing assembly is used, the substrate 30 is
disposed on a turntable 140, as shown in FIG. 6, allowing the substrate to be
angularly displaced. as indicated by directional arrow 107, so that the substrate is
oriented with the lattice axis aligned at a predetermined angle with respect to the
flow direction 105. Alternately, the fluid flow system 120 and dispensing
assembly 130 may be mounted on a base that is angularly displaceable with

respect to the substrate, as indicated by directional arrow 107, in order to orient
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in the enlarged viewin FIG 7, nanotubes 100 fl ow ng
t hrough a channel 134 have their |ongitudi nal axes

w@boogneiswi th the flow direction, represented byT/Ubm®04/024380

arrow 105. The nanotubes 100 flow t hrough the condui't
132 onto and/or over the substrate 00. Those nanot ubes
whose helicities correspond to the orientation of the
|attice structure will be adsorbed to the substrate,
while the others flow over the substrate into the

ehtls ﬁ@?]o%ﬁlr@&t‘iéx?‘l‘%hﬁh%&@@ anglefWillréspeet t@othet lagtice axis of

nano e-containing fluid wthin the approxi mate range

Qfie 3Qbst&R80 THelegAa oM 6l ecpadby systemt 1 3(hmayhid recyoled to the
each channel 134. Shear based alignnment occurs when

traeersprel@20br hlteindtdly pto arethersystern 208, with theesubstrate thereof
progressively approached., Thif‘; change in fl ui .
\aivong 3 Jattice Axiseyignted abeigherithe samgaredetermin with the
tubes in the direction aof flow and an angl th
subSata 08 g ieen Usd PEeVIORFIY KRG A AnGihernglF seicelid to SEparate
effect is.in endent. channel w dth. Establishing
é’ﬁ‘“@@”gﬁgiférfgﬁ%fqrg&e’@&&hot her alignnment method. An

ext engi f i EQ%L' 'dpﬁﬁhi t d,
t hr ou%%&%éﬂg 8 ni%olgt%la gﬁ %e:la% %ll d fl or\'%ﬁ@ex?%?rogigfﬁh\%s stoppe
¢ROSIsGtd 90 mdy e tdkey freinQuiritiblentA(eRiE§ocdssing to remove the

nanot ube 1s suspended in the fluid passing through the )
a@ssrbed siahotubet béthedesiretchiralitpwisiternatelyythe remdyalgrocess can

the nanotube will be pulled in the direction of the )

be @ariad olteomn nghgrble/_énacamdwfﬂuamtonoltmgoo Sytenh 5@ thenopeing
biifeewd oroeliEcang b sanopbes Saivh bAd Dsgadsarbeg to e Substrate,
glixlgsee%tuggt to the previously collected effluent being purged therefrom.

The dispensing assembly 130’’, shown in FIGS. 10-12 represents an
alternate dispensing assembly structure. Each flow channel 134’ of conduit
132" is formed with a portion 1348 of the narrow channel section 1346 that is
open to the bottom surface 1324 of conduit 132'*'. By that arrangement, the
upper surface 32 of substrate 30 together with conduit 132’ defines a closed
contour passage. The aligned nanotubes of a helicity corresponding to the
substrate lattice orientation, that pass through the portion 1348 of the narrow
channel section 1346, are free to adhere to the exposed substrate that closes the
contour of the passage. The conduit is initially disposed at or near the distal edge
302 of substrate 30 and then displaced therefrom, as indicated by the directional
arrow 13, in correspondence with the fluid flow. By that arrangement, a fresh

portion of the substrate is continually exposed to the fluid flow until the proximal
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forces acting on the ends of the nanotube act to
substantially align the |ongitudinal axis of the

wma0vesd0e9 i n the flow direction. An exanpl e of p@mnUsS2004/024380

extensional flow alignnment nethod is enbodied in

di spensi ng assenbly 130", shown in FIGS. and , which
assenbly may substitute for dispensing assenbly 130.
Such an extensional flow alignnment nmethod nay be
alternately inplenmented in the conduit 132 of

o SR AR T OSSR lcgeRiahered

frﬁhHﬁFbeWthgaﬁisP@s’eﬁtinQﬁﬁ dér poreling) eﬂepéﬁdih%fbﬁl\/ﬂh@gnﬂnber of flow

bore extending froman end of the conduit 1322 to a
ehashéls B4 qromthetsubstrdis 0. ITishouldr understabidghat flowtghannels
flow direction in the constrictiaon section_1344, whi Cltj
d@ét cam bt eiaed ta dispense nanotebesorethesatbsirate @ regardiess of the

nanot ubes mmi nfain a degree of alignment as they pass
ahgoment M%E?@@W&ﬁgéﬁ section 1346. Irrespective

f whi di [ Ly.j d h ;
o eSS S HI6 R i i sl B hARR fora

| | .ow - . .
Preitk P sifin 3L ER e FSplRihe ety 3307 Hicludéa conduit
%9?8%}{58&@1 Wi h Rjufd ciistdl-ddid iy §1bAS GPSotutidn A69E fdém the
a predeterm ned angle With respect to the flow
fiseBedit 002 166theAldid ey eystent h20'f | Rattef thaw wesheareti2fow as the

and di spensing assenbly 130 may be nounted on a base
tivans ifer alignihg the/loigspiinad ases ofithennanetyplast with thedirection of
substrate, as jndicated lkB/ directional arrow 10; .in
Buitk flowe dispeasing msserably 13Q( utilizgs dhe phengrenon pf liquid crystal
desired angle wth respﬁct to the |attice ax%s ?f
alignment to €xert a torque on the nanotubes and consequently align the
nanotubes in the same direction. The nanotubes are dissolved or suspended in a
thermotropic liquid crystal composition, such as 4'-pentyl-4-cyanobiphenyl,
known by the designation 5CB, or a mixture of alkyl-and alkoxycyanobiphenyls,
known by the designation E7. It is known in the art that the nanotube alignment
results from orientational coupling to the nematic matrix, and that liquid crystal
alignment may be achieved by forming microgrooves in the conduit 132’, or
through the use of magnetic or electric fields provided by emission system 160,
or a combination thereof. The field(s) generated by emission system 160
function to align the liquid crystal molecules, which in turn effect the alignment
of the nanotubes.

Another alternate configuration for a portion of system 200 is depicted in

FIG. 9, the nanotube-containing fluid within the reservoir 122 of system 120 may
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the substrate. The effluent collected by system 150
may be recycled to the reservoir 122, or alternately,

WO oooansioker system 200, with the substrate thereDiS2004/024380

having a lattice axis oriented at either the sanme
predeterm ned angle with the substrate as had been

used previously, or at another angle selected to

separate nanotubes of a different heiicity. Once the

fl ow of nanot ube-bearing fluid fromreservoir 122 has
spORRRHonk ige S Wbl SuBbBrURAt Tt Bchibitkegreaterifaetidhabélectric or
140 for processing to renove the adsorbed nanot ubes of
tegaeaid sisdeptibiliay than ddthecunfanetignalized nanotutads themselves. The
process can be carried out on turntable 140 and _ |
efustepsitilityoldf dlee harotuhes must be largenthssi thg ambientBuids and

coll ecting the nanotubes whi ¢ch had .been agdsorbed to.. .
tth@resfgx@sthﬁépéqepé,@g@y Sifupetie lzﬁﬂé\?ﬁef}g?ef gy g@étlﬁ%c‘em'

B herbd &isslitor Ofnegits 895, BRABIIHE pguic 1327, they
S ST S TD g

f .B . | H H . hl

AR R SCRIBLOGIE 8988 S0 R 1ENP s il

YakRNEBUPHuck feamipe tgrl3 : f béubdtitatédsdn ajpposhe ends of a
ui g

together with cond . efines a closed contour _
mageaipe.to Piredade anelgctramdipobeand thus previdei thy directional electric

. corresgpndi ng taq e substrate lattice orientation,

shsaepphdlityttarthe @ﬁgc{](ﬁ)egwraﬁedrbnm@smn systetdi60ow
ubst M P eLuSh fas b dsctid iRsopatndicd Wiapecifi
gtg'ngsuzilﬁd ESbbBlhifs ltHer%ﬁan/?ﬁ b%tap?ﬁ'e&ﬁ% thi¥vdticisthodifications
other than those discussed above may be resorted to without departing from the
spirit or scope of the invention. For example, equivalent method steps may be
substituted for those specifically shown and described, different solvents,
surfactants or means for orienting nanotubes in a flow can be used in place of
those described herein, certain processes may be used independently of other
processes, and in certain cases particular sequences of method steps may be

reversed or interposed. all without departing from the spirit or scope of the

invention as defined in the appended Claims.
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302 of substrate 30 and then displaced therefrom as
i ndicated by the directional a tow 15. in

waerosespendence with the fluid flow By that PCT/US2004/024380

arrangement, a fresh portion of the substrate is
continually exposed to the fluid flow until the

proxi mal 18end portion of the substrate is reached.

That process results in the adhered nanot ubes bei ng

di sposed in one or nore |lines, depending on the nunber
of flow channels IgAA BireNsHbStARMEDSS: It shoul d
be under st ood that anner s can be used to

di spense nanotubes on the substrate 30 regardl ess, of
the alignmdnt ek REdhodifend eB?@@P“@%?&Pn‘@aﬁ?ﬂﬂmﬂar
FIG 8, there is showm an alternate configuration for

%lm%%%sgg,%l%@ggggg%ﬁh%ﬂléﬁ%@éﬁ pensi ng

asse i ncl udes conduit 1 t hrough which a
liquid crystal -nanotube slurry or solutign.flo f.r.om .
the reservoir 1Ppoviging ﬁé”l‘f‘@[}%ﬂ‘)fﬁ‘ﬁﬁl%V@ﬂS%tﬂ?\éﬁ? fulferenes;
Rat her than use sheared flow as the neans for aligning

the | ongi tudi nalprgX@igi sibardiahavinpeslati¢dstiieture;
direction of fluid flow, dispensing assenbly 130

utilizes the phenonmenon. of. liquid. crystal, al]gnaen 0
exert a torque gg?“flﬂg Sﬂ%&ﬁB‘(“E"L‘)@‘Q’ &W@Sh%%&eh’?ﬁﬁraﬁﬁl%ﬁenes on
t he nanotubes in the same direction. The nanotubes are

shiig sabytede af a predeadeinetdnngld Withnmespennits ahiagis of said lattice
crystal conpoSition, such as

4' - tyl-4- i ph L, Kk t degi {]
sipasSesat SN o Ry STRE Aeed PRyHRE B BRERar o
known by the designation E7. It is known in the art

predeterenetbielioityearalatiyacted anddmeld tesdid substratenamd,i onal
coupling to the nematic matrix, and that liquid

crystal removing said single-walled tubular fullerenes held to said

substrate therefrom.
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al i gnnent may be achi eved by form ng m crogrooves in
the conduit 132', or through the use of magnetic or

we@bmsnss089 fi el ds provided by em ssion system 1B01/US20048024380

conmbi nation thereof. The field(s) generated by
em ssion system O function to align the liquid crystal
nol ecul es, which in turn effect the alignnment of the
nanot ubes. Another alternate configuration for a
portion of system 200 is depicted in FIG 9, the
nanot ybe- cef.ai,pi | ddbfedid Odint DewhERsr Yid §tep ST Wwing is
system 120%%%@8 ZJfisuﬂrfilgft;‘ileonal lzed Wwith substi tgent S S
that exhibit a greater directional electric, or .. .
repeded byshe septafisissalyingatreass amestion of said Riymlityaf single-
nanot ubes thensel ves. The susceptibility of the

YRESI lerPfed W PA0id. han the anbient fluid and
tuﬁd@%gf or eagﬁ‘g esuscepti bility of unfunctionalized
nanot ubes may be sufficient. Thus, as the slurry or
solution of nanotubes flow through the conduit 132",
they are exposed to the field(s) generated by em ssion

syst e 160 TyRGnEMBdUsireditedlit QRiiaDY, wherein theastepliof flowing is
functional groups such as carboxyl groups and highly

basi ¢ groups such, as anj.no oups be.substi t .
precegpbby fh st ol suspeTing 2bisest & PRRIa SE SAi Blvalhy g singte-
di pol e and thus provide the directional electric

sMBeepibulat filllerémestine fleidd(s) generated by enission
system 160. Al though this invention has been descri bed

in conjunction with specific fornms and enbodi nents
thereof, it will be appreciated that various

nodi fi cati ons other than those di scussed above ma¥ be .
resorjed t Theimdthod adeecited ingClaimnd, twiserein the step of flowing

includes the step of aligning longitudinél axes of said plurality of single-walled

tubular fullerenes with a direction of flow thereof.

5. The method as recited in Claim 2, wherein the step of flowing
includes the step of aligning longitudinal axes of said plurality of single-walled

tubular fullerenes with a direction of flow thereof.
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spirit or scope of the invention. For exanple,
equi val ent nethod steps may be substituted for those

wGepwsiossogal | y shown and described, different spdwes1084/024380

surfactants or neans for orienting nanotubes in a flow
can be used in place of those described herein,

certain processes may be used i ndependently of other
processes, and in certain cases particul ar sequences
of nmethod steps nay be reversed or interposed, al

Wi t hout, depg#t.i | b0 i
"vent Pon aq rr el 2 reo BOMinE RAGRM Mo fffakflowine
IS BEING CLAIMED I'S: . A nethod for bulk separation of
sinctidesvhé btep afuthignang larigstudinal axes off said plerality tof single-walled
conprising the steps of: providing a plurality of

SAYBI i WA el tion BEFRROEARAAILID © (o o

plurality of single-walled tubular fullerenes on said
substrate at a predetermined angle with respect to an
axis of said lattice structure of said substrate,

whereif sin 3 St o
pr edet‘gr m ngggﬁﬁb%(?;tg@} are g?t‘?%?:r%lgi angeﬁ;eﬁhg stte(}) gg?l mng
substrate; and, renpving said single-walled tubular

fincludes thesstpp lod femniog; aicenfiramentebased adignaant shroughrag least one

nmethod as recited in Claim1l, wherein the step of
fd&}@t?gsgagepr eceded by the step of dissolving at |east
a portion-of said plurality of singlewalled

8. The method as recited in Claim 7, wherein said at least one outlet

passage has a diameter less than one thousand times greater than a diameter of

said single-walled tubular fullerenes.

9. The method as recited in Claim 6, wherein the step of aligning
includes the step of forming an extensional flow through at least one outlet

passage.
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tubular fullerenes in a fluid. 3. The nethod as
recited in Caiml, wherein the step of flowing is

w@emsmstesh by the step of suspending at | east aP@DUE20041024380

of said plurality of singlewalled tubular fullerenes
ina fluid. 4. The nethod as recited in Claima1,
wherein the step of flow ng includes the step of
al i gning longitudinal axes of said plurality of
single-wall ed tubular fullerenes with a direction of

flow there : [ {Q; [ "
wher ei ﬂ? t hgh%? ?petl&k?]g ﬁ%&‘l}%g l?icc::{agrgegé %éer&sntqgg Sg%l; of forming an
aligning |ongitudinal axes of said plurality of . )
sixtenstonaldlave inaluden the step pEfarming i eanstrietioneregiom within said
flow thereof. 226. The nethod as recited in Caim 3,

\q]ﬁ{e@bgssgll;@ step of flow ng includes the step of
al'gntng Fongi tudi nal axes of said plurality of

single-wall ed tubular fullerenes with a direction of
flow of said fluid. 7. The nmethod as recited in Claim
6, wherein the step of aligning includes the step of

forning a copd ReHRNs RRfed iR'C18IR0! whikélH 3he §ie8: dfeetming a
one outlet passage. 8. The nethod as recited in aim

7, wherein said at | east one qutl et passage has a .
abastEicHeN Fegionyngliden e 6p.of aﬂmnge‘guépg £Lpassage with an open
di aneter of said single-walled tubular fullerenes. 9.

bbofEfuRefpoRed baGaidsubsiratd & define Wotisedtonbouryasbage

al 1 gni'ng

12.  The method as recited in Claim 1, wherein the step of providing a
plurality of single-walled tubular fullerenes includes the step of functionalizing
said plurality of single-walled tubular fullerenes with molecular groups having

one of a high electric or magnetic susceptibility.

13.  The method as recited in Claim 12, wherein the step of flowing
includes the step of aligning longitudinal axes of said plurality of single-walled
tubular fullerenes with a direction of flow of said fluid using at least one electric

or magnetic field directed across said fluid flow.
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i ncludes the step of form ng an extensional flow
through at | east one outlet passage. 2310. The net hod

w@z006@8308€d in Claim9, wherein the step of for@i/0§20841024380

extensional flow includes the step of formng a
constriction region within said outlet passage. The
nmet hod as recited in Caim10, wherein the step of
form ng a constriction region includes the step of
form ng said outlet passage with an open bottom

j uxtapgsed e ﬁﬁtrfbcﬁa&b@fcnea%maﬁﬁsl OhepeifiltRE S ofahlgnmg

cont our passage. . The nethod as recited in aim
wherein the ste f provi di ng
Snclgnes the Steaiof MsanAE eRiAnIGTadsY Hirouaht fasst ane guiet passage.

functionalizing said plurality of single-walled

tubul ar fullerenes with nol ecul ar groups having one of

a high electric or magnetic susceptibility. 13 The

met hod _as r, C|te in Caim1l2 . wherein the st.

T ot g; nhssoehadasTegeb it GG Bomherkn St 46y of forming an
axes of said plurality of single- malled t ubul ar

EXtenSicRAEHoW fndhiledithe step@f fofmingavcohstsiatidn region within said
using at | east one electric or magnetic field directed

across said fluid flow 2414. The nethod as recited in
ePUPLRasSaGtherein the step of aligning includes the
step of form ng extensional flow through at |east one
outl et passage. 15. The nmethod as recited in Caim 14,
wherein said step of form ng an extensional flow

.ncl .Uggs O e $héR0Q s rRLTA S C1aT A PS, Whle R tHeBHE P BF forming a

w t hi n¥sai

constriction region includes the step of forming said outlet passage with an open

bottom juxtaposed on said substrate to define a closed contour passage.

17.  The method as recited in Claim 1, wherein the step of flowing is
preceded by the step of suspending said plurality of single-walled tubular

fullerenes in a liquid crystal material.

18.  The method as recited in Claim 1, wherein the step of flowing is
preceded by the step of providing an outlet passage with an open bottom

juxtaposed on said substrate to thereby form a closed contour passage.
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outl et passage. 16. The nethod as recited in Caim 15,
wherein the step of formng a constriction region

WO pmbwstesy t he step of forming said outl et passSBYBEUBZD024380

an open bottom j uxtaposed on said substrate to define
a cl osed contour passage. 17. The nethod as recited in
Caiml, wherein the step of flowing is preceded by
the step of suspending said plurality of single-walled
tubular fullerenes in a liquid crystal material. 18.
The nmgghod Asystem foebullo separation of singlewalledgubulas faHerenes
flowng is preceded by the step of providing an outl et
assage, W.t.h an open bottom j uxt aposed on said
g%@f&ép\é\i‘?‘&"tcﬁ’é’?‘&wngorm a cl osed contour passage.
25. A systemfor bulk separation of single-walled
t ubul ar” f ul | er emecontainedoba fhud bearing suglewallgdgtubylar
container of a fluid bearing single-walled tubular
f.ul | erenes,, saj j I if/iiRal axis;
fillorkaf Shig SRbHaPallfd Gipiter Sifchetivs ath by £
having at |east one outlet for discharging said
singl e-wal | ed t ahdispensing rsseathdy hawing at lgastane eutlet for
| east one inlet coupled in fluid comunication with
ai d container: 1a ' ih atfd least one inlet
3Rchafiaph Shiding Papie it WHICReS ih AT Bnd atLeas
having a sel ected axis disposed in a predetern ned
aogpledin fliidcommsunigatipn Wi €PntaNEai d f1 ow from
said at | east one outlet of said

a substrate having a lattice structure, said lattice structure of

said substrate having a selected axis disposed in a predetermined angular
relationship with respect to said flow from said at least one outlet of said
dispensing assembly, wherein single-walled tubular fullerenes of a predetermined
helicity flowing over said substrate are attracted and held thereto; and,

a drainage assembly disposed adjacent to said substrate for

carrying off any of said fluid bearing single-walled tubular fullerenes not held on

said substrate.
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di spensi ng assenbly, wherein single- walled tubular
fullerenes of a predeterm ned helicity flow ng over

we 2008/080kst rate are attracted and hel d t her et oPCEUS20048024380

dr ai nage assenbly di sposed adj acent to said substrate
for carrying off any of said fluid bearing
single-wall ed tubular fullerenes not held on said
substrate. 2 620. The systemas recited in Claim,
wherein sai d di spensing assenbly includes nmeans for
al i gnidfy saTke systemtasdieciaed ax€aior 1 8.avlersimghid-digpensing
tubular fullerenes in said flow 2 . The system as

SSRGS o R S0 A PAIBE BRI pg-vale

conmuni cation with said at | east one outlet of said
dutsyenfiltegenessiargaid flovai d at | east one outlet passage
bei ng adapted to forma confi nenent-based al i gnnent

t heret hrough. 22. The systemas recited in Claim,
wherein said at | east one outlet passage has a

di aneter | ess than one thousand tines greater, than a

di ame2dr ofThessystem agirecited ndglaimiR(), ayhergin said sglignment means
The systemas recited in Caim20, further conprising

ﬁrﬁﬁ&‘ésazitrlgést%e%dtieﬁ ghﬁagé ﬂ%ﬁse&% i@ com¥tusication with said at
a [ di ng neans

I gnnent nmeans 1 nc for conbining said
single-walled tubular fullerenes with said |iqui .
tnagtone owietof S@uc? Hlfpgussg@asegabha §awgqtje%§é|qn@d>qt@5 pessage being
full erenes therein, said suspension being flowed over

§&‘§ﬁe& w8 @onfinement-based alignment therethrough.

22.  The system as recited in Claim 21, wherein said at least one outlet
passage has a diameter less than one thousand times greater than a diameter of

said single-walled tubular fullerenes.

23.  The system as recited in Claim 20, further comprising a container
of a liquid crystal material, said alignment means including means for combining
said single-walled tubular fullerenes with said liquid crystal material to suspend
said single-walled tubular fullerenes therein, said suspension being flowed over

said substrate.
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2724. The systemas recited in Caim, wherein said at
| east one outlet of said dispensing assenbly is

waledosnssishby an outl et passage with an open bot POIUS2004/024380

j uxt aposed on said substrate. 25. The system as

recited in Claim20, wherein said alignnment neans

i ncl udes an em ssion systemin proximty to at |east

one outl et passage disposed in fluid comruni cation

with said at |east one outlet of said dispensing

assemydy, <SHiedsystem sis vecisgdsine@ladmptiwbersai eaxmamulecast one outlet
beari ng SI ngl e-wal [ ed tubular fullerenes to one of a

ngggﬁ Agggsgsgﬂﬂigy S%IS dﬁét%dﬁg gﬁ'cﬂltfe? ggﬁiagg \f{ﬂ‘l dn open bottom

full erenes W|th said flow 26. The systemas recited
ijux tapasedh drbsaid substeateconpri sing a turntable for
di spl aceably supporting said substrate. 2 8

25.  The system as recited in Claim 20, wherein said alignment means
includes an emission system in proximity to at least one outlet passage disposed
in fluid communication with said at least one outlet of said dispensing assembly,
said emission system exposing said fluid bearing single-walled tubular fullerenes
to one of a magnetic field or an electric field to align said longitudinal axes of

said single-walled tubular fullerenes with said flow.

26.  The system as recited in Claim 19, further comprising a turntable

for displaceably supporting said substrate.
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