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WO 2005/035089 PCT/13S2004/024380 DIRECTED FLOW METHOD
AND SYSTEM FOR BULK SEPARATION OF SINGLE-WALLED

WO RIBLARR FULLERENES BASED ON HELICITY BACKGRO&UNID /024380

THE INVENTION FIELD OF THE INVENTION 5 This invention directs
itself to a method and system for bulk separation of single-walled tubular
fullerenes based on their helicities. More in particular, the present
invention is dlrected to a method and system of bulk separation which

Var'5¥%ﬁgumgnmm@wm FUEQERLHNHS"HA%EBMNUH&ICITY

the present mventlon |s dlrected to a system for carrying out a method for

bulk separation of sBAeXalEd iy l! P H AN BN FAQ@Yected in a
flow across a crystalllne @Hy < 61\611 predetermined
angle with respect to the , utilizing it to

adsorbgingleaiieshtabelas fiuderenes afedind RIRD éﬁﬂﬁﬂ' 'ﬁa@t‘lk‘% aration of
thereon. 1 WO 2005/035089 PCT/IUS2004/024330 PRIOR ART Tubu

swgmmmddcummfummwmmnmum bcémt@:zsaﬁm@rempamcuiar, the
e S el e el g ReChaeR BIORLE Bruseiny v
REEY advantage of a phenomenon wherein tubular fullerenes self-orient on a
similar, but planar lattice structure in an angular orientation which varies as a
function of the helicity of the tubular fullerene. Still further, the present
invention is directed to a system for 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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wo 2?3§fﬂ:3é§"§8irals about the tubular contour of the nanotube. EIE&HHE:

5 discovered that the mechanical and electrical properties of a carbon

nanotube vary as a function of its helicity, the angle at which the graphitic
ﬁunwussu

properties of carbon nanotubes can vary between metallic, highly
conductive structures and those which are semiconducting. One of the
major hurdles to commercial utilization of 10 these unique structures has
been the problem of synthesizing the structures in a desired helicity.
Currently, the synthesis of carb@® DGRORER produces a mixture of
helicities, although techniques exist to synthesize nanotubes in a desire

d
ranJabafl dicfmBterscSaparainpariaulab b ardeane Renaty Ry et nterest

h dyced. h ired i ineffici cal
becaUpRAIF S DO AT DA AAGEPRRIE Al 5O S e T et o2
congﬂ'%lr%ﬁ?g RS RYEAfOh labioraliory b, srRamilenll@ tasired has been

elicity

C om all those which are produced is a painstakingly slow process.
disconertecanttapproachatict pedvisciricabproper sl atieorbon hanotube

semiconducting types of nanotubes in bundles, or . 'ropes,; qf aligned ..
varsing UG @A BoRSHE Bl s AR BRI R e spirals

P.G. Calli "Engi ' 0 ¢h
SRR A S N e S
nand@¥es e dhat apethaty sonpenah! ienhighbs aéndudtiversitotiusesrend those

deposited on a silicon wafer that is then, cover%\g by a dense arrag/ of

whishuete seraincntigaREcIARE AloRS MBIRE PRI AIFh 9 (REBsIakuHgation of
thes%%yilqjgg 2 0% 388 as been the problem of synthesizing the structures in a

desired helicity. Currently, the synthesis of carbon nanotubes produces a mixture
of helicities, although techniques exist to synthesize nanotubes in a desired range
of diameters. Separating nanotubes of a desired helicity from all those produced
has required a very tedious and inefficient mechanical separation process
uti!izing 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.. “Engineering 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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WO 48M1638ucting type unscathed. Thus, the surviving semicon

field-effect devices. Subsequently, a voltage is applied over the nanotube

ropes blowing out and destroying the metallic tubes, but leaving the
C&ﬂgﬁ%umuso

nanotubes are available and still affixed as ropes to the contacts, where
they may be utilized to produce active 5 devices. However, the method
provides no means of physically segregating or sorting the nanotubes into
separate assemblies or containers. Nor does it provide a means for
ﬁez‘g%}gn%f%%é%&fsgn% {ive hanakesapiniedwpertartiyartbiabe ropes
pply at all to the problem of sorting the nanotubes, .
b1 GGSRITiNG imtheirshelidalsthectmetallic Ariehebrédeny BEbIRAABHI RTINS

H. etal., "Self-orientation of Short Single-Walled Carbon, Nano, .
v prepostisboh GHaBIES ADIEEFERSoNEHS TG BraRr e A0y & pilable and
2001, discloses an.experi | ipg gaIbeR narpidire active
S“@é}é}&@pﬂ%&(’gﬁ%tgﬁgh@%ﬁ%ﬁﬁﬁ%ﬁﬁ%ﬁ%ite su bstrate.@gluste,rs

4e9f Danofybes Wwereounet io dpeotddesnsiyaeane gdiptisivnt rsigiegring or
axes at specific angles with respect to the hexagonal axes o

he . .
Sostihgtthten OBIADIBREEPIAR AEOHE VTR el docs it provide
nanotubes usin econaar iStics: S 1 ’
o PR A AR e L T S B Rupes Rl gortantly
zhgfggé%’&aﬁh%@r@o%%w@smmﬁm@mmafedmgﬁic elanoabies

rties using an ion-exchange chromatography, as discussed in
acZbedig Mretheir BisaAssuetDispersion and Separation of Carbon

Nam}\ur?oet?{erl\!%g%rﬁt '\p/lut {égltslo'?‘lquagx%aeg?ﬁ!nﬁ gﬂp"@@"ﬁﬂrientation of Short

Single-Walled Carbon Nanotubes Deposited on Graphite,” Applied Physics

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. 1 -5 Another method separates metallic and semiconductive

carbon nanotubes from each other using alternating current dielectrophoresis, as
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6 April 2003. pgs. | - 5. Another method separates metallic and
semiconductine carbon nanotubes from each other using alternatin

WO 28 electrophoresis, as 3 WO 2005/935089 PCT/1JS206%/fo285824380

discussed in Krupke R. et al., "Separation of Metallic from Semiconducting
Single-Walled Carbon Nanombes," Science, Vol. 301, pgs. 344 - 347,
2003. Whereas the invention of the subject Patent Application utilizes a
direct interaction of the helical surface of the desired nanotubes

disctg%e%%i?i%!z\éﬁes'i% I IS AWAY. 2 tbis prafdedinnessnsepiitrriatting

Rits Can be "physically sorted or separated in bulk quantities

SindTenwihedyrieabmixianh iarostiernvesV eynitdsiped. Badurdht, 2003
“methods. The method described herein provides advantages g\ézegr the,.
orioN actast o TOTE AT o0 S S7RB AT B UL 2 edirect

. to separate nanqtubes of.a particul icit i ati

inte GG Rb MBI T RO b Bem e s e s

waylNE uRise Ryjrsi0palioaton iadberbla e fruydifiorsdliviibls end be
Specific in its sorting ability, while being simpler to implement than prior art

physietoderS Ut aiRTbEkeENTicNTADbe ipiahiaR e of

directed flow method fqr.bulk separation of single- walled.tubular .
QR BREES HELBIIEH Pl B I B OPRe roOF I (A gegpherei

provsit(?éjssa%’antages over the prior art methods. The method of the present
invention provides a means to separate nanotubes of a particular helicity, not just
the separation of semiconductive from metallic nanotubes. The method of the
invention of the subject Patent Application is therefore much more flexible and
specific in its sorting ability, while being simpler to implement than prior art

methods.
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- 5 providing a plurality of single-walled tubular fullerenes; providing a
substrate having a lattice structure; flowing said plurality of single-walled
tubular fullerenes on the substrate at a predetermined angle with respect
to an axis of the lattice structure of the substrate, wherein single-walled
tubular fullerenes of a predetermined helicity are to attracted and held to
the substrate; and, removing said single-walled tubular fullerenes held to
the substrate. In one aspect, there is provided a method for bulk
separation of single- walled tubular fullerenes based on helicity,
comprising the stepSIGMIxGXRIROCH d LB RIENHIHON single-walled
tubular fullerenes, s being of a multiplicity of different helicities; providing a

subSRARSEIPRINISH & Siseicr laverrih adiow Brksermintiearbiving -

waShg MQM&&'&%@%@%%WBH[%i%”E X SR 08,2 ?ﬁg{ﬁlggt f)llfa%a%irqciude

substrate at an angle with respect to of said lattice Structure’o
thesstighsulfstrate, selected to attract and hold single-walled 20 tubular
fullerenes_of a predetermined helicity to said substrate; and, removing

saidRMRt sl apfasdeaxatiod febudlar Sebleteags:s therefrom. In

ano : imen fQr, S lon of single- walled
tubt%ﬁ;J ﬁﬁ%?gge%%gggf %ﬂ%ﬁg&c%%ggﬁo%%%&gﬁt at includes a container of
a flultbbaaringidiphheaiatied silhdamfullednds) thesikglerwalie dhivibulatrate

fullerenes each having a Jongitudinal axis. A dis%ensin‘g assembly may be
at a predetermined angle with respect to an axis of the lattice structure of the

substrate, wherein single-walled tubular fullerenes of a predetermined helicity are
attracted and held to the substrate; and,
removing said single-walled tubular fullerenes held to the substrate.

In one aspect, there is provided a method for bulk separation of single-

walled tubular fullerenes based on helicity, comprising the steps of:

providing in a fluid a plurality of single~-walled tubular fullerenes
being of a multiplicity of different helicities; |

providing a substrate having a lattice structure;
directing a flow of said fluid containing said plurality of single-walled tubular
fullerenes across a surface of said substrate at an angle with respect to an axis of
said lattice structure of said substrate, selected tofattract and hold single-walled
tubular fullerenes of a predetermined helicity to said substrate; and,

removing said single-walled tubular fullerenes held to said substrate
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5 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 may be 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 10 outlet of the dispensing
assembly, wherein single-walled tubular fullerenes of a predetermined
helicity flowing over the substrate are attracted and held thereto. Further,
theae(ﬂrainageiamﬂ’nﬁy ctilsboéﬁﬂeaxﬂj aceyitttierduktraigamayibe inchgded

sl TR, B e e S e RO S ik cormer of
4 fﬁ}iﬁt%@bfﬂ{gbé%g‘ig%ﬁ%rh%lﬁ'&giﬁﬂwl%g tyhular fullerenes hasgdon

helicity, comprising: a container of a fluid béaring single-walled tubular
fulfotlenenescledonimt 8drmglmgdhmhﬂgdstuhlﬂa‘sﬁaﬂmesshmhbgmay be

longitudinal axis; a dis ensn sembly havin ne outlet for
&‘%&%ﬁz‘agé%ﬁﬁ?{ﬂ I (gaﬁids %fg\%%?f ﬁjgré‘n‘?@éeln a
waﬂ'éa%il%ﬁm%a{eé%ﬁi Qﬂ?eagke&ﬁ@ﬂmadcw%q COMMHUSAHRNN D on

said container and spaced 5a from said outlet; a substrate having a lattice
wistrictwentmuoea. sﬂﬁmeimubﬁmt@dmﬂmgeépﬁmm&atdmlﬁm bapotiétd,

of said d| ensi for receiving said djrected flow of said fluid
theyfalfi UG oo R eglaf axis disposed in 2

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 may be included
for carrying off any of the fluid containing single-walled tubular fullerenes not

held on the substrate.

In another aspect, there is provided a system for bulk separation of single-
walled tubular fullerenes based on helicity, comprising:
a container of a fluid bearing single-walled tubular fullerenes, each
of said single-walled tubular fullerenes having a longitudinal axis;
a dispensing assembly having at least one outlet for discharging
said fluid bearing said single-walled tubular fullerenes in a directed flow and at

least one inlet coupled in fluid communication with said container and spaced

5a
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S lattice structure of said substrate having a selected axis disposed in an
angular relationship with respect to said directed flow of said fluid bearing
said single- walled tubular fullerenes from said at least one outlet of said
dispensing assembly, said axis being at an angle selected to attract and
hold single-walled tubular fullerenes of a predetermined helicity to said
surface of said substrate as 10 said fluid bearing said single-walled
fullerenes flows thereover; and, a drainage assembly disposed adjacent to
said substrate for carrying off any of said fluid bearing single-walled
froussat fulterenes not held on said substrate. 15 20 5b WO 2005/035089
PCT/US2004/024380 BRIEF DESCRIPTION OF THE DRAWINGS FIG. |
A 1s a diagrags Hldslating e AermeUan LR IRICAL AR BUGbILIEfin

perspective view of a tubular fullerene illustrating the helicity” thereof;
FIG, 2.is.a %] matic illustration of.a tubular fullerene self-orienting.on a .
res g e e L S RS D L dodats i oo
. end functionalized single-walled tubular fullerene useful in the practice of
dirgeiedy Seahahyadibrid braringssaidraipg usaiad gubelenfalietees. said
nanotube-graphene interaction
lattice structure of said substrate having a selected axis disposed in an angular
relationship with respect to said directed flow of said fluid bearing said single-
walled tubular fullerenes from said at least one outlet of said dispensing
assembly, said axis being at an angle selected to attract and hold single-walled
tubular fullerenes of a predetermined helicity to said surface of said substrate as
said fluid bearing said single-walled fullerenes flows thereover; 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.

5b
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10 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

WO 2488%dr practicing the present invention; FIG. 7. is a enlafgE§ Pamta2+380

view of the system shown in FIG. 6; L5 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 allgned f|UId flow of nanotubes in the present
invention; FIG,_10 i atial.sGhe ' 7 aw}qmaltemate
construction 64 T the present invention;
FIGE g(al bR Q Q%ﬁ iﬁﬂﬂh\é@x\a @neam«gvmme@ﬂ@nduneudal bngle,
FIG. and, FIG. 12 is a schematlc view of the construction of Fig
illUSREENG B anmapetve mew:@fdumtm&arx&ﬁwguﬂﬁﬁafél@m helicity
2005/035089 PCT/US2004/024380 DETAILED DESCRIPTION OF THE
thereREFERRED EMBODIMENTS  In order to continue the present trend in
m'”i‘?{ér zafion ff RER oRsiatilib e mecaBamyY fRISaRSEURT CoFBHtRTg on a
circuits on a molecular-scale. To that end, there has been much research
subdithe ugeief.single-walled tubular fullerenes, 5 particularly carbon

nanotubes, as both interconnecting co ctors and as active . .
FIG. 3 is a schematic 1iiustrat1%n o? tﬁe structure of an end functionalized

single-walled tubular fullerene useful in the practice of the present invention;

FIG. 4 is a graph illustrating the calculated nanotube-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 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
FI1G. 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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devices in molecular-scale circuits. These molecular structures are of
interest because of their unique electrical properties which may be

WO MHBINRY%8Nnd highly conductive, or semiconducting. Whethe S i/ 024380
fullerene exhibits metallic or semiconducting properties is related to the
helicity of the tubular structure. 10 Present methods of tubular fullerene
synthesis produce a mixture of helicities, typically in a ratio of two-thirds
having a semlconductlng characterlstlc and one thlrd havmg a metallic

willh fs%frft%%eﬁﬁﬁxﬂé%@mwefemI&pﬁﬁrﬁstanemmamrmmaws, i

toas't al angle" or "chirality”, and the two terminologies are
wihbivaterissatian nemtmgbeEnapiiaeuis snicmal miggle. To that

enfci”emﬂ;r'é?égﬁé%%.%%ﬁ'ﬁ bR e T IR Wl i Terenes.
f&f i BiusEiMAdSIMPiReEs SHfsoRe solndatierdaRDas active
av0| nfus

ion, the terms "helical angle” and "helicity" have been

deadepied rfslusel besealeTarbatter fifmg@ﬂ{@a;dﬂtéﬁwﬂnw of interest
I BT EAE g v
R e T G AN i r
setgeatadidnis o platias ttigdated to the helicity of the tubular structure.
Present methods of tubular fullerene synthesis produce a mixture of helicities,
typically in a ratio of two-thirds having a semiconducting characteristic and one-
third having a metallic characteristic.

Helicity is the degree of “twist” or sp;ral” in the lattice structure of a
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 strucrure 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.

|A. In FIG. 1A, the planar lattice 10 is shown wherein an arbitrary atorn 12

defines the origin for the helical vector 20 that extends from atom 12 to another
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were rolled to form a nanotube. The helical vector 20 is the summation of
n times a first unit vector a, and m times a second unit vector a2, where .

WO 26/¢5it8Vectors are defined from the hexagonal geometry oP§HUS#HIBEVHSE0

is well known 5 in the art. Thus. n and in are integers in the vector
equation: (1) R=na, + mat. Therefore, the axis 22 of the nanotube is
defined as a line projecting orthogonally from the helical vector 20. In the
specific instance of FIG. IA, the vector description for the nanotube

defined by vector 20 is,a (6,4) nanotube. Where n,10 does not. .
atgre A SB e e ShIh iﬁ@bﬁ JE4RY er&‘&n‘@&?%%%‘o et h%%%]ms“fé lattice
2 the lattice, foes nat caingide wHE gas axis/ettbe 20a9QlbeuRRaEIRh of n

evfé)tlng by the helical angle X(n;n,). In FIG. | B. the tubular fullerene 100
(i ARy @SARYs et restiting, stnd:torénutsaisedondenntie estireal OvidiesRdlE unit

as previously described. The single-walled 15 carhon nanotube has a
ACH AT e S 3O B A S B IER U 0 s s 1o well known
. lonpgituding] axis.o t li eviously
! rggc%ézrfl o%u%téé??ﬂgg{giggﬁgéiﬁg%%s@ g%?r%ﬁﬁ?ﬁﬁe method of .

bulk p)oarammr@fl singlg:walled tubular fullerenes is based, reference is

now made to 20 FIG. 2. In FIG. 2. a tubular fullerene 100 is disposed{_(ég a ol
Theystalinelor RighIY DAEHeNamoinbes BeeiingasALNE PIAIERINEBitRE0naLY

A A A e
4db&SATeR IRtieRsSHAKStDS @R ined by vector 20 is 2 (6,4) nanotube. Where n
does not equal m, the axis of the lattice 24, a line projected through
corresponding atoms 18 of the lattice, does not coincide with the axis of the
nanotube 22, such deviating by the helical angle ¥, n)

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. [n 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

rubular fullerene has an energetically favored orientation wherein the hexagonal
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tubular fullerene has an energetically favored orientation wherein the

Wotuﬁﬁ“ﬂg%?ﬁ 8 WO 2005/035089 PCT/US2004/024380 Iatticespgtrypgzm 1024380

erene and the substrate are mutually aligned. That is, they are
said to be disposed in registry with one another. Therefore, as the tubular
fullerene 100 is formed by a lattice with a helical twist, the axis 22 of the
tubular fullerene 100 is angularly displaced with respect to a longitudinal
axis 36 5 of the substrate lattice 38. The angular orientation of the tubular

fallerens eus AbURIRRLR e SUbSYatRAtincars Bfissiyenigimed. That is,

which is equal to the helical angle X. The angle 0 is also referred to as

they lackinglanghe” disgoke thinaigistwHeidhahanothise cEhaménes af the
D LA L BFIRE DA RGBT b GA Bt 22 o the
%YPE(?%L%%EQQ%@% '%%-ﬂ?‘ﬂﬂ%ﬁé@dh@i%@ﬁm 8rhishbitudinal axis 36

orien strate. In ad n to'these "lowest order” locking angles at )
whits thé daticsianidad JubElmmensnistratecosiitidecdithetetsHoréetierene axis 22

possible periodicity, a small set of additional "higher order" locking, angles, .
Cola et RATHR S IR PO AT AR SIUIEGR fEthaLg e helical
higher-order ali ' ithadpngs %(g# Therefehe angle
& qﬁ %bﬁ?ﬂtﬁgﬁgﬁg& g&%ﬁﬁ%&%ﬁbstrmeﬁgttic \?\)it??sr € s
subsiariakiy theudanseriditich atrustys) Bsriwheomenbaonawotiy eseayes harp
deposited on a graphite substrate, nanotubes of different helicities wijll beThat

selirgryanniaeaR déisadara Babe RGIRR oIl RS HRE

Snergy DetwRen caIbeR\NAN AP AN G YRIAIARR symmetry of the crystalline
or highly oriented substrate. In addition to these “lowest order” locking angles at
which the lattices of the tube and substrate coincide with the shortest possible
periodicity, a small set of additional “higher order” locking angles can occur in
which the lattice of the tube and the substrate possess a higher-order alignment
which repeats with a longer period. Therefore, when tubular fullerenes are
deposited on a substrate lattice with substantiaily the same lattice structure, 2s
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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20 highly oriented carbon substrate at the preferred orientations recently
has been calculated and found to be five to ten times greater than

WO 2pp80f50%ly suspected. That result provides the basis for theRStAR 52004/024380

separation method and apparatus of the instant invention. Raw fullerene
nanotubes usually are produced in the form of long, tangled 9 WO
2005/035089 PCTRJS2004/024380 ropes of many nanombes, which are
held in close contact by strong van der Waals interactions. As is well

known in the art, t
ol B O A R AR e\ SERAIRIEH AN LI DI e
WibUiRGhedasentriad suifliigandiniiria et (R8%anothbe/Bipes can be

respectively) at 40 Centigrade. The thus produced "fullerene pipes" are

sepmaahanipelable fraromdividusbsinieieapsnctadubelactolriengady

for being. functionalized t thergof, I.
SRS toI I aPAgh ARG e SR o e meiAr Rndogiragnd
7098 0SERAGH ALY ETER él%z'ﬂglm%%fwaieﬁﬁﬂ%he Rlpes are

long-cHain amlnes Tubular fullerenes 100', end- functional ized wit ]
mammmgrputmiasmmbnamwmhfaum[m mmcalzmeldmmm:d iand for being

CoRATEU - ARcARE VRS RIACLEEA G Sl i A aggn following

p 5? fullerenes provide enhanced solublllty without impairing 15
tion of the tubular fullerene on the substrate 30. Similar end

The solubility of the tubular fullerenes may be enhanced by
functionalizing the tubular fullerenes with long-chain amines. Tubular fullerenes
100, end-functionalized with amide groups, as illustrated schematically in FIG.
3, are disclosed in Hamon, et al., “Dissolution of Single-Walled 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 8, the
locking angle previously described. The angle « is an offset angle taken with

respect to the angle ©. Considering three representative nanotube helicities [a
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wo %ﬁ'l'é?ﬁ’rio:’ff% the self- orienting deposition character of the fulle?gnres a

functional ization is described in U.S. Patent #6,187,823. Side

functionalization of the tubular fullerenes, as is known in the art v¥itho t
s 2{»803 124380

may be used to provide the desired enhanced solubility of the fullerenes.
20 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

T e i VLSS Y B ) Bt Be e TEAF R in Fig, 4
t@rgﬁ‘?ﬂfﬁ‘gﬁ%gé‘ﬁﬁ he beligitieina iA QHMO IAAHQ3EA8Ey by sharp minima 50,

T/US2004/024380 (10.0) nanotube, a (5.5) nanotube, and an (8,2) .
5GnGRbE), ihestatpwndreFigen atom &f thmpanayrprbmiadpisragion at the

heir bindi by.sh inima 50, _50'. 50" |
G T nal B R D R hgre VR e 8 BTE et as
i r'm (1 a@gﬁiegﬁﬂﬁfﬁyﬂ@@z'c@ﬁa{aa BOINEvE feme Seiitssiraied byinima

2,52', 52" (a = 60 being representative of minima also found

A3 Touada; P20, d80%3000°Taisd S883)ind bisrapeating BaHerryaiigsts the

SATREY SAIEH SEHS LA IO bk NGHS AR by harele the
1 r at y e y
ipima 54 10.The bingy e Bl h
I T PR e 8 S gy e
AMnely flat, but displays a

The binding energy level 56, 56, 56 for the range of angles between the
minima 50 and 52. 30" and 527, 50” and 52” is not entirely flat, but displays a
number of smail and iﬁrge 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 smail 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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number of small and large magnitude increases. Some of those binding
energ%{ Jncreases come from accidental commensurationsctgﬂgquf&hmujm
Ritic surfaces, as shown by the local minima 54, 54". Other sharp
local minima occur at angles 15 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
ful

fully commensurate orientations. The calcylati tili . .
ThiPRERBSEENS B ik ase g Aoel RIS orientations.
IGRHORCR OV Vb & QB PRV IRV thetulBBak FidlTerenes are
Be%ﬂé@é&ﬂ%ﬂ%‘cﬁhﬁ‘% ?ggln%?g}é;%rnificant bin%ling energy exists bet\i/een t?\l:n .

orikattieboftiihe sidrstrattharck ihe fahic swisubteavisisrshesnaibads depcarecd

oriented at the "locking angle" with respect to the substrate lattice, and
henpie QU BE SR SRBIG AT ) A SGBBRES bRt ST B P Lo on

s USRI el e s
maiBelae fititrnestake adiemestwitf thefouteo anepditisdef energybmiateIm

axis in the method described herein, may be at.an angle which takes . .
assadiainthyatbranAEIgH i ﬁmm%ﬁ‘gﬁ%oé?cwd&ﬁ%ﬁ%ﬁﬁﬁ%ﬁ?&rﬁfﬁﬁ%‘m for
o S s e e
il Assidpinkcormpeenstmtin enaghmedisusfisuetessationdparations based
on the helical angle of the nanotubes.

Turning now to FIG. 5, there is shown a block diagram illustrating the
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
fubular 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-{00 by Union C arbide, 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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such reasons as making the removal of the adsorbed nanotubes easier, or
_as a first_filtering step in a process that utilizes a plurality of ( [
Woégé%‘é%i 18Rs based 10 on the helical angle of the nanotubes. U‘Er%?r%’ﬁgwﬂso
to FIG. 5, there is shown a block diagram illustrating the 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 nano tubes in particular. In block 210, a plurality of nanotubes are

15 ined fluid. T T . form
s E R b R A R o Aoy
iSO dissalition s aeskE N alibrsayspendatingulithdland noOrganic

nanotubes may be dissolved in a sglvent, the combination of
FumnizinbEsavion lafulthrhap D repreesntddAgnbheisS0gad \apld 124, No. 5,

suspended nanotuhes. The single-walled 20 tubylar fullerenes,may he .
o S e B HURLIIED TR S EIOH T L GG, 28 Gescribed
inYr f@%ﬂﬁi@%\c& 3% Sogitm engervhoriempediosty ol eihBiRRge-Walled

oxide condensate, sold under the trade name Triton X-100 by Union
C £zBepidea aceubegE dretive AN 6br 288, iAGdiing s mgmsions of 2arbbhus

nanotubes. The tubular _tullerenes that are dissgoiléed to form a solution .

prapayask MIMARERZBAPBAISIRN S PISPERSTHIHEEHCT OF AN organic
204 %%ﬁé\?%iéﬂ?&féﬁ{%%em&;HIB%%M%?%MP&@@%OL or

_PCT US%
501% Ctionalize , as previously discussed. or side functionalized, as

ctidassribecimphrorFakirsnetabeiQigamin yrbastispatization af arons

Nanotubes," J. Am. Chem. Soc., Vol. 124, No, 5, .
composition and blown across the substrate to thereby form the fluid flow. From

the step of combining the nanotubes with a fluid, the method proceeds to step 220
wherein the nanotubes are aligned in a fluid flow. 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 simuitaneously 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 ata
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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2002. Alternately, tubular fullerenes may be enveloped in micelles, as
described 5 in M. O'Connell et at., "Band Gap Fluorescence from

WO 2MFUIR Single-walled Carbon Nanotubes,” Science, Vol oA S84 f+38¢

2002, pgs. 593 -596. Thus prepared, nanotubes may be dissolved or
suspended in water or an organic solvent, such as ether,
dichioromethane, trichloromethane, acetone, methanol, or ethanol, as
examples. The nanotubes also may be suspended in a gaseous 10

iti d bl i
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flow will have a flow speed, density and viscosit tgg}i‘eld algw | .
anRleyneobisldstibée derareinedyethAheprgdasmmnss gegdpddhe lattice axis is

followi hs, th . ber.of 15 di
sl FMAD T RAE A T IR b oBren hgd rom the

nafIRA AR ! e namsilbRsI @ slipaianihidiitoesolet tholbeiented
direction of fluid flow. Those methods can be used individually or )
suBamhinbdrite heasddsdoethprefenafttinbodshrprionaicaessibenhasng the

230, a substrate having a Jattice corresponding to,the lattice of the
paraeibRIBE 6 Bt IS AR TR NS SR B R Pt peen

disposed regi : j the-fl ' i b
o o S et ed eeent may be

reb@vieg ahriciosrnd tattine dishetlidénis irsee Wiegramptarioitay triepregess 0
xRk B e Rl b6 Gegreddrehionty. The collecied oHTient lso may

be recycled to collect nanotubes of another helicity. Subsequent to collection of
the effluent in step 240, the nanotubes that have been adsorbed are removed from
the substrate in step 230. |

The nanotubes that have been adsorbed to the substrate can be removed by
a nu?nber 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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WO 2005/035089 PCT/1iS2004/024380 such as, but not limited to, boron
nitride, may also be used. While the form of the commensurations would

WO BB Lomplex than that for graphite, the locking angles WollidStiHia+3s0

determinable. The predetermined angle of the lattice axis is selected
based on the particular helicity of the nanotubes to be separated from the
5 nanotube-containing fluid. The flow of aligned nanotubes over the
oriented substrate lattice provides for a preferential adsorption of

mpanobes havind e pRieHipARlEb e Ans. L sniaipipaiihe

ave not been a ed to the substrate is collected in

fSiERRAG ARt lipt R effbienimayherpojind: ssipgivaged Bendissolution
ashed line in the diagram, to repeat the praocess to 10 extract fgglt-{_géa ddition of
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. nanotubes that have been adsorbed are

prfc?éggé’ef!‘f{e%éB&éHQﬁfﬁiﬁ;mm@l@&ﬁ&yme nrohttiesitydtwge ng€hof the
ads

orbed to the substrate can be removed by 15 a number, of different b
substinels Fashestaftepuitismga Aaroaliebnuikaaeg2adispied #arlle! to the

suspension thereof, the nanotubes ma n e .
DGR SETESEI R T AL DT AT e AR B el on, o
fdY ﬂé‘ﬁﬁ?&@@& IninsiaRseaiE sobihiive 19 ossliderdarendaridrside
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nanotubes can then be removed from the substrate with dissolution of the coating.

A schematic illustration of a system 200 for practicing the bulk separation
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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adsorbed out of that solution can be removed from the substrate by
dissolving the adsorbed nanotubes in a solvent in which they are

WO 2HBARVER more soluble than the fluid originally used to dep&Sit tHEPA G380

effect the separation. Here again, 14 WO 2005/035089
PCT/US2004/024380 the solubility of the adsorbed nanotubes can be
enhanced by side ftmctionalization, end functional ization, or polymer
wrapping. The dissolution removal process may include or be performed

of iIFoeEmbationwitd thesasdeton 36 enpigyieathentirghetbabicpielsisg
mechanical vibration, etc., to enhance this 5 process. The adsorbed

asseanblyl S dre gy B actHhARAIRA RSt demsr ome Bopsghannel 134

. "washed off' utilizing a flow of a liquid or i llgl t
oG 8 Tkt ona sare MISAR RO ncmen
baSENHIfugAtan (Pcisaeal MEhadsaibadmanetbhesdas therauhstaiehisd is

subjected to.angular acceleration. As an alternative, both the substrate, .

imahuneatotdubel vag Beboansd 13havingh dame@ransvidihdimensiaen that 1s
. the selectivjty of the progess. The. nangtubes can then pbe remo from
i e G AP S EE LB B R A LR dH T R
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The system 200 includes aTluid flow system 120 which incorporates the

dispeasszanssendripits fortrelniin bilnspaodidetlevitb sl srspgnsioparallel
ChaRe ot THEPHSR NP By e PR EIGBLAR AR B By shown
in ﬁg&:}%ﬁﬁgg&f@%@%ﬁ%@??‘, RAIPE B P TR hiloM g R E B Rannel 134
have their longitudinal axes aligned with the flow direction, represented by the
arrow 105. The nanotubes 100 flow through the conduit 132 onto and/or over the
substrate 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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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

W"’&é’&’ﬁl@é"ﬁ?ﬂuid 20 communication with the container 122 ofn&hd’*>=00442438¢

tube-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

Bt‘Ff'llB%%iﬂHHRgE i tsheESc donMB200%/ 01088 lad @040 88Rotube is

of confinement-based alignment. To implement that method, dispensing
aasponalyd 30 inelfldeb pastinguib a8 2zhahin g enseastione thew oharend, B34

dimensioned to exposge a large percentage, of the nanptubes to.the .
BRGHBFR Bsed o BB AL P i i G e of the flow
lj n t i3,5 | ilizi i oin
WARLREIaing mAer e lite oot dtdneneng ina love
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order to maximize the efficiency of ditsé%ensin% assembly 130, condujt 132
ifpprevitRingiond i rads, S BABP LRSI Lo SRR W di g Re
nanotube-containi [y : -in.theen iew |
e A P and SISO A AR ARV B R
longiiuitinal @ allgnatkwiththbdtbiy dirdatidiedrépidispotedriy dbsenabignt 307,
105. The nanotubes 100 flow through the conduit 132 gnto and/or over the

shostrata FOO STHEstndahbruttishviwssanbdycmay subaiiysadaep dhpensing

?igisee%aot?/nl%. Such an extensional flow alignment method may be alternately

implemented in the conduit 132 of dispensing assembly by incorporating a
constriction section leading to each channel 134. Conduit 132’ is 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 .aiign 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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the lattice structure will be adsorbed to the substrate, while the others flow

over 15 the substrate into the effluent collection system 150, A flow rate_ -
BC LIS 20047024380

| WO 2443/ ?ﬁg'sﬁanotube-containing fluid within the approximate range

-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 20 position acts to align the tubes in the direction of flow and at

HAARYIA SN thE-sbsiTale P ang dasiie dvalidironsititdbseatttd bigediiattdsaxis of

independent of channel width. Establishing an extensional flow is another

thaligrimentandhec:fBneakenlnied flonsistemadiidhmnpppacsyie e 9 bhe
through triction. When 16 WO 20051035089 PCT/AJS2004/024380
R R RS I3 I SR e
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stream-most en e nanotube will be pulled in the direction of

sibeflowapyiderbighassdlpeityituilyToe aiprosiher anglof shieotadotalseparate
being in a lower 5 velocity fluid, falls behind to be directed upstream. The

niﬁb}i@bﬁé!?%é&@ﬁf&r@@%‘ﬁ@ﬁhg on the ends of the nanotube act to
subsigntially 2 lWéf I tidipal i, ;fgﬂ?d‘ﬂ'ﬁ%%gém 29,‘9’ has stopped,

direction? An examp an extensionarflow alignment method is
therahesiacein dlispanbine kesefrbly ARAtablbolMo ifoF [BSceimptd tembiohthe
assembly may substitute for dispensin?,
adsorbed nanotubes of the desired chirality. Alternately, the removal process can
be carried out on turntable 140 and effluent collection system 150 then being

utilized for collecting the nanotubes which had been adsorbed to the substrate,

- subsequent 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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10 assembly 130. Such an extensional flow alignment method may be
alternately implemented in the conduit 132 of dispensing as;gpﬂgzg‘}g 024380
: ond’u’[

) wo ﬁ%’&")/fﬁé?ﬁ ing a constriction section leading to each channel’l

.132™ is 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 15 the constriction section
1344, which-section leads to a narrow channel section 1346. The

e”n%‘r%ﬁ% 5 DRiRinRsagss Alpigmeriasghre prasihrovhtibadhered

narrow channel section 1346. Irrespective of which dispensing assembly
s psedethBesnpstingesd it dspasonor 4 nantdppendugsshbaaumpes of flow
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ternate w system 120 and dispensing assembly 130 may

él%ﬁl%ﬂi&ﬁ@hoﬁibﬁéﬁgmgﬂmﬁghlarly displaceable with respect to the
substrate, as indicated by directional arrow 107 in&der to orient 17 WO

2005/RsGsHEOMYSedTA0 B4 3BerIS AIRMIO AL AL ERAC SRR gUration for a
STl Sy S PRSI AR AR Ll RS AOR 8P Bonduit

e system may be recy e reservoir 122, or

piteratshaioanethel isystber2aal withdhibsubistrtetiselaabndlivgs drom the
lattice axis oriented at either the same predetermjned angle with the

resbstitel 22 hafitbe iAo B aEIETy 18Dt RSN AARILSIbeRaddlow as the

ns*:%gggattoer aligning the longitudinal axes of the nanotubes with the direction of

fluid flow, dispensing assembly 130" utilizes the phenomenon of liquid crystal
alignment to exert 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
reéu]ts 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 systermn 160,
or 2 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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nanotubes of a different helicity. Once the flow of nanotube-bearing fluid

WO ZH(%JJ'}:!" 1§$rv0|r 122 has stopped, the substrate 30 may be ta[kgﬂtf{ r(P} 024380
ab tube e

turntable 140 for processing to remove the adsorbed nano S0
desired chirality. Alternately, the removal process can 10 be carried out on
turntable 140 and effluent collection system 150 then being utilized for
collecting the nanotubes which had been adsorbed to the substrate,
subsequent to the previously collected effluent being purged therefrom.

bR slispensinadassenblysiBaenshevan éxhibiba <bicedirsrivarelectric or

- alternate dispensing assembly structure. Each flow channel 134" of
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section 1346 t is open to the hot urface 1324 of condujt 132". B
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of a helicity corresponding to the substrate lattice orientation, that pass

Ty the hortio arisd stesahef anoimbesciamn gy thesumduet 18"/, they

to adhere {o the e substrate that closes the conto, f th S,
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the proximal 18 WO 20Q5/035089 PCT/US200-t/024380, end portion of .
nm@&%{pﬁ%v@a&%@?ﬁwﬁ 8@&@%@§i9%@§aﬁ%?e§rectlona electric

susceptibility to the field(s) génerated by emission system 160.

Although this invention has been described in conjunction with specific
forms and embodiments thereof, it will be appreciated that various modifications
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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nanotubes being disposed in one or more lines, depending on the number
of flow channels 134', on the substrate 30. It should be understood that
flow channels 134' can be used to dispense nanotubes on the substrate
30 regardless of the 5 alignment method being employed. Referring now
to FIG. 8, there is shown an alternate configuration for a portion of system
200 wherein the dispensing assembly 130' includes a conduit 132'
through which a liquid crystal-nanotube slurry or solution flows from the
reservoir 122" of the fluid flow system 120 Rather than use sheared flow
as the 10 means for atigm SlohnitudihallMES)dfhe nanotubes with
the direction of fluid flow, dlspensmg assembly 130’ utilizes the

phenomenen of liguid&hsdaloabanmepatacxe s Bsiageean digubular
nanotubes and consequently align the nanotubes in the same direction.
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crystal composition, such as nobiphenyl, 15 known by the
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results from orientational coupling to the nematic matrix, and that Iqu|d
\/%ﬂfﬁyef&rhﬂhgiﬁﬂ&rogrooves in the

conduit 132', or through the use of magnetic or electric fields provided by

emission system 60y idingr astdstbmatianithe relattitha theld(sy generated

by emission system 160 function to align the liquid crystal molecules,

dirdHiRB D AR sesidiTR.aigumantiy e danaus S ARRIIErAIR A D ular

configuration for a portion of system 200 i$ deplcted in

fullerenes across a surface of said substrate at an angle with respect to an axis of
said lattice structure of said substrate, selected to atfract and hold single-walled
tubular fullerenes of a predetermined helicity to said substrate; and,

removing said single-walled tubular fullerenes held to said

substrate therefrom.
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FIG. 9, the nanotube-containing fluid within the reservoir 122 of system
120 may 19 WO 2005/035089 PCT/US2004/024380 be functionalized
with substituents that exhibit a greater directional electric or magnetic
susceptibility than do the unfunctionalized nanotubes themselves. The
susceptibility of the nanotubes must be larger than the ambient fluid and
therefore the susceptibility of unfunctionalized nanotubes may be
sufficient. 5 Thus, as the slurry or solution of nanotubes flow through the
conduit 132", they are exposed to the field(s) generated by emission
system 160 and are oriented thereby. Highly acidic functional groups
such as carboxyl groups and highly basic groups such as amino groups
mayZbe sulididutethod appadiaidndSiaim hanbtubie therocuod airetentga
dipole and thus provide the directional electric to susceptibility to the

flofield @&@8&&3&09}1@5%13'5%'@@531%&%@ 68a &thpuaibISHOVRNIRRAARS of
been described in conjunction with specific forms and embodiments

.t ereoi,iit vgil b? ?ﬁlgffciated th%t V. '%u modifications other than those

SINGISCUSSET SHVEM y hETEbrad to without departing from the spirit or
scope of the invention. For example, equivalent method steps may be 15
substituted for those specifically shown and described, different solvents,
surfactants or means for orienting nanotubes in a flow can be used in
placd.of thbbe thethrbed tenid, ioethimpilooebessimihy bemsdddirecting a
independently of other processes, and in certain cases particular

floveasReRIA BiethodistepsspLREIHE weeed: of pRieloR e Gaall Mty of

departing from the spirit or scope of the
single-walled tubular fullerenes in said fluid.

4. The method as recited in Claim 1, wherein the step of directing a
flow includes the step of aligning longitudinal 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 directing a

flow 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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20 invention as defined in the appended Claims. 20 WHAT IS BEING
CLAIMED IS: 1. A method for bulk separation of single-walled tubular
fullerenes based on helicity, comprising the steps of: providing in a fluid a
plurality of single-walled tubular 5 fullerenes being of a multiplicity of
different helicities; providing a substrate having a lattice structure;
directing a flow of said fluid containing said plurality of single-walled
tubular fullerenes across a surface of said substrate at an angle with
respect to an axis of said lattice structure of said substrate, selected to
attract and hold single-walled i0 tubular fullerenes of a predetermined
helicity to said substrate; and, removing said single-walled tubular
fullesenes falel ngedeid syibsiiaid ith€kefion, Phailei feestapihbdascting a
recited in Claim 1, wherein the step of directing a flow is preceded by the

ﬂo&%@cﬂﬁ@éﬁﬂ%’@%ﬁ%ﬁ {tineiafaaid H%QWsﬁid%Qtﬁ?aﬂ?@ingle-

tubular fullerenes’'in said fluid. 5 3. The method as recited in Claim 1,

herejn the of directing & _flow is eded. by. the step of suspending
waﬁ'ﬂg@s{{uiarg &‘?%ﬁli%% %Sa‘l‘glg]ugr §1i1['§c/%%0n HSR oq‘ s_é/lg] e

7. The method as recited m Claim 6, wherein the step of aligning
includes the step of forming a confinement-based alignment through at least one

outlet passage.

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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single-walled tubular fullerenes in said fluid. 10 4. The method as recited
in Claim 1, wherein the step of directing a flow includes the step of
aligning longitudinal 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 directing a 15 flow includes the step of
aligning longitudinal axes of said plurality of single- walled tubular
fullerenes with a direction of flow thereof. 22 6. The method as recited in
Claim 3, wherein the step of directing a flow includes the step of aligning
Iongl@rdinaTbﬁé@%h@éi&Sm@ﬁﬁﬁ@]@f‘gﬁg%9w‘éﬁ€é%§ﬁ@m&%mfﬁl
direction of flow of said fluid. s 7. The method as recited. in Claim 6, '
extadosial eveteplokiaighingteinatiflesthe: stepwftfortiingezion within said
confinement-based aligmnent through at least one outlet passage. 10 8.
outlfi§Fgkaed 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 15 includes the step of

formypg an-axIeARIARA floM dHRLINALIGRTPMBHIRTIRASRAUSE forming a

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

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

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 directing a
flow 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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23 10. The method as recited in Claim 9, wherein the step of forming an
extensional flow includes the step of forming a constriction region within
said outlet passage. 5 11. The method as recited in Claim 10, wherein the
step of forming a constriction region includes the step of forming said
outlet passage with an open bottom juxtaposed on said substrate to
define a closed contour passage. 12. The method as recited in Claim 1,
wherein the step of providing a 10 plurality of single-walled tubular
fullerenes includes the step of functionalizing said plurality of =
14 singkhovalrshad 96 Eeind renesaim nidheseinbrcteR %%@)frﬂjllaaéwwes the
high electric or magnetic susceptibility. 13. The method as recited in Claim
step 2fvitherdng thestepoilditedtitigeaudbaldeashcindesithed stepagkaligning
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. 24 14. The method as recited in Claim 5,
whetgin thg'stapahaligningdhettides then St pvaidesmingiéxtepsidhiatfiavg an
through at least one outlet passage. 15. The method as recited in Claim
ext%ﬁs?ﬁﬁ&lr ﬁ%%ﬂ&&%@&@@gﬂhﬁ&@%&%ﬁ%@e dashninten®
orming a constriction region within said “outlet passage. 16. The method

s recited in Claim 15, wherein the step of forming a
outiet passage.

16. The method as recited in Claim 15, wherein the step of forming a
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 directing a
flow 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 directing a
flow 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.

25



10

20

constriction region includes the step of forming said outlet passage with
an open 10 bottom juxtaposed on said substrate to define a closed
contour passage. 17. The method as recited in Claim 1, wherein the step
of directing a flow is preceded by the step of suspending said plurality of
single-walled tubular fullerenes in a liquid crystal material. 15 18. The
method as recited in Claim 1, wherein the step of directing a flow 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.

19.25 19 sysisystenbiak bemkrstparation e silrdwander fararsahared e

based on helicity, comprising: a container of.a fluid bearing single-walled
helieihuleethyiteéreges, each of said single-walled tubular fullerenes having a
longitudinal axis; a dispensing assembly having at least one outlet for
discharging said 4loichtogwning sdididibeiungaiiegaumliad fuberenadlacaes,
directed flow and at least one inlet coupled in fluid communication with
eachaifl aohtaighr antespabe b fiohesaidsobtien @ svbgitadenhbaing a lattice
structure and a surface positioned with respect to said at least one outlet
of said dispensing d&gemibhy toseeddiviny s@didaetcted dglfofvofisdidrging
fluid bearing said single-walled tubular fullerenes, said lattice structure of
sai$dAiGi S bbstiaiediavingla seldetadakis difpased in adiaogddiorelaitbaskipt one
with respect to said directed flow of said fluid bearing said single-walled
inldtbsiplulierane s dranusaddiain with said container and spaced from said outlet;

a substrate having a lattice structure and a surface positioned with
respect to said at least one outlet of said dispensing assembly for receiving said directed
flow of said fluid bearing said single-walled tubular fullerenes, said lattice structure of
said substrate having a selected axis disposed in an angular relationship with respect to
said directed flow of said fluid bearing said single-walled tubular fullerenes from said at
least one outlet of said dispensing assembly, said axis being at an angle selected to
atiract and hold single-walled tubular fullerenes of a predetermined helicity to said
surface of said substrate as said fluid bearing said single-walled fullerenes flows
thereover; 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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15

least one outlet of said dispensing assembly, said axis being at an angle
selected to attract and hold single-walled tubular ful.lerenes of a
predetermined helicity to said 15 surface of said substrate as said fluid
bearing said single-walled fullerenes flows thereover; 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.
20 26 20: The system as recited in Claim 19, wherein said dispensing
assembly includes means for aligning said longitudinal axes of said
singRfwallddetapsikmfaiersifed in Sdrimildbtathdisan 5a2d divpsrsistem as

recited in Claim 20, wherein said alignment means includes at least one -

| asuilsinassage dispasedhinigidmosiduoisatiodiniltseicofisdedsimie-walled

outlet of said dispensing assembly, said at least one outlet passage being

mbqﬂgp}ﬁﬂépe{%rﬂ&%%ﬁ%g@tmgd alignment therethrough. 10 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 is ofghglauid crystal material, said

aligrithent MBARYSHERBREFPHESNS foladBribinibcisaisaiiblomment means

tubular fullerenes with said liquid crystal material to suspend
includes at least one outlet passage disposed in fluid communication with said at

least one outlet of said dispensing assembly, said at least one outlet passage being

adapted to form a confinement-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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said single-walled tubular fullerenes therein, said suspension being flowed
over said substrate. 27 WO 2005/035089 PCT/US2004/024380 24. The -

- wo SYEYERY4E recited in Claim 19, wherein said at least one out|BCHUSARg4/024380

dispensing assembly is defined by an outlet passage with an open bottom
juxtaposed on said substrate. 5 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 leastone opilet:of aaid AisPERASINHASEAMPLO, W@m%waiwme outlet

exposing said fluid bearing single-walled tubular fullerenes to one of a
rén ae ic field.or an eIe |c fie édft é nsald I‘t%g tudinal axes, f to said bott
L R A SR AR BRI gRER bottom
in Claim 19, further comprising a turntable for displaceably supporting
jmmggtﬁm@ag@ substrate.

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 tumtable

for displaceably supporting said substrate.
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