*e3euG BBCLEFEGSLGTGVa@ METHOD FOR BULK SEPARATI ON OF SI NGLE- WALLED
TUBULAR FULLERENES BASED ON CHI RALI TY BACKGROUND COF THE | NVENTI ON FI ELD OF
THE I NVENTION 5 This invention directs itself to a nmethod for bul k
separation of single walled tubular fullerenes based on chirality. Mre in
particular, the present invention is difected to a nethod for bul k
separation of single-walled tubular fulTerenes utilizing a tenplate for
adsorbing single-walled tubular fullerenes of a predetermned chirality.
Still further, the present invention is directed to a 1 o nethod of bul k
separation which takes advantage of a phenonenon wherein tubular fullerenes
self-orient on a simlar, but planar lattice structure in an angul ar
orientation which varies as a function of the chirality of the tubul ar

full erene. 2 PRI OR ART Tubul ar fullerenes and, in particular, carbon

nanot ubes are OhETERSDIIRORISHT IOSEMIICATIONOF SHIGAEWARF Ty cal  and
nmechani cal prop = ; : ni c
circuitry and mecharipgji ARVFOES ERENESSBASED DNICKHIRAL #Hyt hat the

el ectrical properti'€és of a carbon nanotube vary as a tunction of its

chirality, the angle at BACQKGRIGUNTROH THE INVENTEIGNI ral s about the

tubul ar contour of the nanotube. Electrical properties of carbon nanotubes

can vary between netallic, HIEBEWND OROTHICINVENTIONt ures and t hose which are
sem conducting. One of the major hurdles tqQ commercial utiljzatjon of these
1@ uni que st r Ut iREHRa diseats ttaall o spnethrdfoshulkseprsatian ehdngleruct ures in

desired i i ) ly,,th 1t hes, f b b d
o et R bbb SNBSS0, PRk Prtuces
all thos ?n@érﬁ%ciﬁcéiﬁé%?qcf o Heﬁ%@f&%ﬂ%%@ﬁérﬁﬂ?in %Niddigudlféfoefﬁ‘oufﬁ?c hani cal
separation process utillZing a nanoprobé {e.g., an aom¢c force

M Cr 0SCORgllerend§tiliSNG tfe\?\r,f'iﬁléé forRAEbMY sis f-wafledtabuian fifller@nélest 4 ed

chirality fromall those ch are produted™i s a painstakingly slow
process. pfxietéranasd chpplisacsuiMfughen eiepissehithiavestiesis digegredsenvati on of
t he sem conducting types of nanotubes in bundles, or "ropes," of aligned
diongl ewamethod af boik sepacttidnewhicistabes ad deontogs of aphdnoyendyvivdwrein | n t hat
met hod, 2 0 ropes of nanotubes of randonichiraljties are deposited on a
silicon fHudar ﬁﬂml&feness se HeRriemast & Simyars babplasaplattice SFuGBLf Kean aRgIAr and
gate connectians in porder to form.field-eff.ect devjces. ,Su uently, a
Tol tage PECaBRT aeHorten e adibfine OF BichiEiin ot dhe A uRtRAETDY ho The
nmetal lic tubes, but |eaving the sem conducting type unscat hed. Thus, the
survi ving sem conducti ng nanot ubes 3 are available and still affixed as

ropes to the contacts, where they may be utilized to produce active
devi ces. However, the nethod provides no neans of physically segregating or

sorting thqmmmﬂ mmmnto separate assenblies or containers. Nor does it
Y, '

provi de a umul ati ng the highly conductive nanotubes. Mre 5
i nportantl Nl S approach does not apply at all to the problem of sorting
t he nanot ubes dﬁ@%?ding to their chiral structure.

L
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“Whereas in the invention of the subject Patent Application a nethod is

" provided where either sem conducting or highly conductive nanotubes can be
.physically sorted or separated in bulk quantities fromthe typical mxture:
of to nanotube types synthesized by current methods, which thus provides
advant ages over the prior art nethods. gtill further, the nethod of the

i nvention of the subject Patent Application is far sinpler to inplenent
than prior art nethods. 4 SUVMARY OF THE | NVENTI ON A net hod for bul k
separation of single-walled tubular fullerenes based on chirality, is
provi ded. The nethod includes the steps of: a. formng a tenplate on a
crystalline substrate having a plurality of 5 .0penings oriented to
energetically favor adsorption of a respective plurality of single-walled
full erenes having a tubular contour and a selected chirality; b. exposing

the tenplate to a suspension of si I Iged tubular fullerenes of random
chiralities for adsorption of singfe- 10 tubular fullerenes of the

sel ected chirafibhlgs fﬂllﬁr@né%d?@ﬁ'fbiagtgﬁllﬁf, chfont BRI are -of 'op8MMihfegedthe
and. .

tenpl ate fromthe suspension; renmovi ng the adsorbed “si ngl e-wal | ed

tubul ar fodcheseotheaf udibee skcadtd dndhhectanioal fproperties forewqel iat €. 15 1 n order
to formthe tenplate, a crystalline substrate is provided which has a

pr edet er rdoneductang naeosseleuddectrenicthenn)tra apumeghanycabidesicagl & hasihega t ubul ar
full erenes of the selected chjrality are deposited on the substrate. The
debosite lwgr@?m theceleeiEieRLPransriies @b SabRRANotEhe Y 5% ROCHPE ¢ hat | s

of e o i hE Bl B aR s e draota B GEE ShERBGonTile EByBLI T e
Substrat eSSl A0SR0, Hedneashagkeiunld atnby bulatnbubheugnes are

coated wt osi tion having € cr al line

substr at gehgeh Frﬁfalﬁ@,%i@hﬁgé&d’&fé'tilve@tﬁl@ﬁﬂl&@ﬁn(ﬂ dseronies ¢ the sel ected
chirality. Lastly, the Single-walled tubular fullerenes that had been

deposi t edemicdrtacttips Ot &f theanajomhuedies teayinngrtiaé udtiomosn bf dreseoati ng the
5 substrate undisturbed with el ongated openings that define a tenplate for
tlife subsgqmstwslrmepﬂm@hg:emﬂteopmol%km@tfwndteelmg Hienstrusgurgs dniardpsired

tubular fullerenes haying the same chirality as that. of the tubul.ar
full er en@g”ﬁlﬂ'i)’l- ié@@lexﬁ ’ftgF SYRIESIafRaghn HSXCF‘PB% BrRSUGES aJBISENE ofy et hod

12" provi GBI SFhieen B i B beRof bl EOROBGR Rl 1 1 e
ol ural 1t P e ot e St BB R 28" v iy o

the subsfiBsidg o iéh 89@;&.9@&@&&&%&& adciadespdy. Trid, evenesr having a
| attice structfure thereof Thn aligned relationship with the predeterm ned

battice mbonabry esqfsepdration wétaaddsired chirality froen alt thokepehichi avg paodegedr  of
nol ecul es on the crystalline substrate 15 surroundi ng each of the
si ngl e- wsld painstakingly skaw pesagsss of the
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. In that method,
20 ropes of nanotubes of random chiralities are deposited on a silicon wafer that is
then covered by a dense array of source, drain and gate connections in order to
form field-effect devices. Subsequently, a voltage is applied over the nanotube

ropes blowing out and destroying the metallic tubes, but leaving the

semiconducting type unscathed. Thus, the surviving semiconducting nanotubes



.selected chirality, the nol ecul es being of a conposition having a greater
affinity for the substrate than for the single-walled tubular fullerenes of
the selected chirality; d. renoving the single-walled tubular fullerenes
fromthe crystalline 2 o substrate to forma tenplate w thout disturbing
the | ayer of nolecules; e. exposing thegtenplate to a suspension of
single-wall ed tubular fullerenes of randomchiralities for adsorption

t hereon of single walled tubular fullerenes of the selected chirality; 6
f. renmoving the tenplate fromthe suspension; g. exposing the tenplate to a
sol vent solution for renoving the adsorbed single-walled tubular fullerenes
therefrom and, h. recovering the single-walled tubular fullerenes of the
selected 5 chirality fromthe sol vent sol ution. 7 BRI EF DESCRI PTI ON OF
THE DRAWNGS FIG |Ais a diagramillustrating the derivation of the chiral
angl e; Flfz 2+ BiiABe AnBREIPEFLEN 9 thBY Q)ftr}]]@ &HP&&Q[\YE&E 'tﬁ%ﬁﬂﬁy‘ 1#& wiefiidd | N

the chirality thereof; is a schematic I'llustration-of a tubul ar

ful I er eneogebdudy ikivel iR, Hewesérkhd netisadbpiovades natidags of bhixicaly i s a
di agrammatic representation of the bul k separation process of the present

i nvent i osggfElg@ingBrissrtinsthearmtotebdsl intcsseparitemssfmbles omedmdinefs. f Nom ng a
tenpl ate of 10 the present invention; FIG 4 is a schematic illustration of
an el ect 1deg&payoviden BiseRs sonacousailating the highly conductive nanotubes. More

5 importantly, this approach does not apply at all to the problem of sorting the
nanotubes according to their chiral structure.

Whereas in the invention of the subject Patent Application a method is
provided where either semiconducting or highly conductive nanotubes can be
physically sorted or separated in bulk quantities from the typical mixture of

10 nanotube types synthesized by current methods, which thus provides advantages
over the prior art methods. Still further, thc;. method of the invention of the

subject Patent Application is far simpler to implement than prior art methods.



“in the method of the present invention; and, FIG 5 is a schematic
illustration of the structure of an end functionalized single-walled
-tubul ar fullerene useful in the practice of the present invention. 15 8 .
DETAI LED DESCRI PTI ON OF THE PREFERRED EMBCDI MENT I n order to continue the
present trend in mniaturization of elegctronics, it wll be necessary to
construct conputer circuits on a nolecular scale. To that end, there has
been nuch research in the use of single-walled tubular fullerenes, 5
particul arly carbon nanotubes, as both interconnecting conductors and as
active devices in nolecular scale circuits. These nol ecul ar structures are
of interest because of their unique electrical properties which may be
metallic, and highly conductive, or sem conducting. Wether a tubul ar

full erene exhibits netallic or sem conducting properties is related to the

chirality of the tubular i S..an angl e t hat
represents the tw st or spi ure, as will be further

described in 0l oNba90PAIRAELAR S on ﬁé*wﬂﬂﬁmlﬁyg%eﬁfbagé@%ar

full erene synthesi's produce a'm xture of°chira S iIcally'ina ratio

of two-t RhirdRty)ay pRY/ide®eThe PMAHEE iNduddathagt@id &tic and one-third having a
nmetallic chardcteristic. 15 In order to better understand the concept of

chirality, referendermingwwrmplde dwalkktallife subsirhi® having bipduralianef | attice
10 is shown wherein an arbitrary atom 12 defines the origin for the chiral

v8ctor 20 that ext@pdsingsareatahiolenargetiendbyhfavoandsorptonoftarespeativiece whi ch
woul d coincide with the atom 12 if the lpI anar |l attice were rolled to forma
nanot ube. The chi r&llur\ﬂg‘&f of single-wajlgd follereggshayingr? @PURNGORRITANG 3 st uni t

vector a, and mtirrel; %ﬁs%con unit vector a2, where the unit vectors are
defined fromthe heX&GtiTNG et ry of the lattice, as is well known in the

t. Thus, d | QN =na, t
Ther efore, tng axi S8 nE TETRAls e Bttt allcbuli St i ng

orthogonally 9 ffgmerehes 5P§aﬁ1ﬂbn¥@lﬁ¥:ﬁftie%%rIH@OI’;S%E@T siegen dllddon for the
nanot ube defined by vector 20 is a (6,4) nanotube. \Were n does not equal

b0 the axis of theunltaflar idle?ehesafltheselpcedadtiimditichimoghe openegpa@idhaig at ons
18 of the lattice, does not coincide with the axis of the nanotube 22, such
devi ating by the ckimplateangle x(n.mM~ 5 In FIG 1 B, the tubular fullerene

100 represents the resultipg structure qgbtai ned when fhe lattice 10 is
rol led, as prévi ougqfvoﬂégég? %ﬁpgﬁgoﬁ &Glsélsﬁﬁf!lﬂ”é@f ft"t&j;bon nanot ube has a
ong Ul 1S SR e AR A SRS AR
descri bed. selected chirality from the template.
15 In order to form the template, a crystalline substrate is provided which has
a predetermined lattice structure. Then, a plurality of single-walled tubular
fullerenes of the selected chirality are deposited on the substrate. The deposited
single-walled tubular fullerenes have a lattice structure that is disposed in aligned
relationship with the predetermined lattice structure of the crystalline substrate.
20 Next, exposed areas of the crystalline substrate surrounding each of the single-
walled tubular fullerenes are coated with a composition having a greater affinity
for the crystalline substrate than for the single-walled tubular fullerenes of the
selected chirality. Lastly, the single-walled tubular fullerenes that had been

deposited on the substrate are removed, leaving the composition coating the



1o To further understand the principles upon which the nmethod of bul k
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 substrate 30. In this case, a carbon nanotube is illustrated as
bei ng di sposed on a graphite substrateg the structures of each being formed
by hexagonal l|attices. Were the 15 two structures have the sane lattice
structure, the tubular fullerene has an energetically favored orientation
wherein the hexagonal lattices of the tubular fullerene and the substrate
are nmutually aligned. That is, they are said to be disposed in registry
with one another. Therefore, as the tubular fullerene 100 is fornmed by a
lattice with a chiral twist, the axis 22 of the tubular fullerene 100 is 2
o angul arly displaced with respect to a |longitudinal axis 36 of the

subst rat gubatii 6RaRRpINS, ARG (R AL BAr BLARDS Lbgtof Wl ef ene axi s

22 relative to the su rate lattice ‘axi I'S an ang i s equal
to the chibhudMaddoXptidil e Hhesibstateldin Heeopdfing oAAsubiar | ocki ng
angle'', as it is the angle where the nanotube establishes an equilibrium
ori ent at fullerahdshhavingthe sdrae phirnbryoss thaf 6f thenubuhartfhHérenesdsilized as oni ¢
scal e |1 ocking of the nanotube. That energy profile repeats every 60,

refl ectifogm templatee symmetry of the crystalline substrate. Therefore,

when tubul ar full erenes are deposjted on crystalline substrate lattice
WPt h subst ant Fwwnpmersﬂaﬁﬁcn amtbgg £@rrbﬁé@@ﬁﬁ?ra@@nv@feﬁmg:larwaue%mlﬂbes are

5d [ hi bstrat tub f.di.ff t chiraliti

it 1o SRRl TaTF SR ey Fep B Tae VIO ABIINGR RIS Rl ofns. 1t i s
t hi h th [ ' : ' t hod of
L s, Phenorengn | hahouRg IEl bRt ehatine DuldeaeaRial IgfoLiod of
formof |ong, tangieectpres of many nanotubes, which are held in close

contact by strong electrostatic 1o van der Waals interactions. As is well
known in the lart, ddposidamohpheraliopossingle-hallsdpabeitefulbsrdnesdf 40 form

i ndi vi dual shorter open-end tubular fullerenes by sonication in a 3:1

18 xture of concentsedeasad shirhlityi en ghedsubistrates the deposiedXingld- waled

respectively) at 40 ntjigrade. The thus . produced "full erene pipes" are
more mani pul abl e aN@ubEfuBeresigs havngs: latides striGarecdiereat 18jadgnedni cs, and

f bei 15 f ' | i zed ' h. | ubi | i h f, ill b

i scussed i n 1ol | dSHpaEy e Drodemied Tt SO BT of tne

procedure for bul iﬂ:fﬁ&ﬁﬂf@%lfﬂ@%ﬁfe't ubul ar fullerenes based on chirality is
efirst's

shown in FIG 3A ep '80 in the procedure is the formation of a

tenplate for dull edegReRinf a Byeebeaiciecab balthd ¥rysfhifin® siBéthad of tenplate
formation wll be déscribed i'n foll owi ng paragraphs. In the next step 82,

itshe tubul ar ful | ersaresinking agcht dfethsalirgie-edaltdd bbidrfullerendspdshd ed on the
tenpl ate. One et hod which has been used to deposit the fullerenes on a
crystal | i ne subst rsglestedaeliralitypthet molgcales beang of asampaspéen baviagdgr aphi t e
substrate, is an el ectrogeposition ocess, as shown in FIG_ 4 11 In the
el ect rodeposi ti on SFYEES ,lmi}htorstgﬁﬁﬁséfaée Hipn [or the sipede-ovalled WBHIE ¢ he

Cont ai ner for a stUREREFAT 16 Hes6RSMIFIBEI Mor enes 100, bi sposed on 1 he
?58??;{‘?;' dg. of tB%oPidd i FpleSwAMS R fefdres T EheBrystlling 1S
20 substrate to form a template without disturbing the layer of
molecules;
e. exposing the template to a suspension of single-walled tubular
fullerenes of random chiralities for adsorption thereon of single-

walled tubular fullerenes of the selected chirality;



5 formed of stainless steel. DC power source 70 is coupled between the

el ectrodes 30 or 40 and 50. The tubular fullerenes 100 forma stable
-col | oi dal aqueous suspension 16 in which the individual "pipes"assunme a
negati ve charge. Thus, when the DC power supply is connected between the
el ectrodes, the tubular fullerenes are gl ectrodeposited on the substrate.
This apparatus is useful for both 10 form ng the tenplate and subsequently
deposi ti ng nanotubes on the tenplate. Were el ectrode deposition is
utilized to deposit the tubular fullerenes on the tenplate 40 in step 82,
the tenplate 40 preferentially receives tubular fullerenes of a
predetermned chirality, a chirality which was selected in the formation of
the tenplate, as will be described in follow ng paragraphs. 15 Subsequent
to the preferential deposition of tubular fullerenes of the selected

chirality, thete S f [ . to the coll oi dal

aqueous suspeﬁ;ioHqgﬁkﬁﬁ%ﬁFgfggﬁﬁﬁgﬁ%ﬁggkgﬁggﬁﬁgiﬁiposited full erenes are
removed from the tesploafi the téxtngpaz% a\ebwe@n@amtmtﬁae@le%v{rgm\éal whi ch i s
not detrimental to the structuré of the fullerenes or the témplate may be

utilized, the sinplzisbriedksinglehwdlled tubmdardiudleodnssitherefforh:handadsor bed
fullerenes in an organic solvent followed by the recovery therefrom One
organi ¢ sol vert usatcdvarmghgcinglenyalidietubmarfullerenes oftthesglepigd ot her

sol vents such as dichl gropet hane and trichl oronet hane al so may be used. The
sal ubility of the F&H@ 15¢ Wﬁ@r@%é@trﬁ@%tw'enhanced by 12
functionalizing the tubular fullerenes with | ong-chain am nes. Tubul ar

full erenes 100", end-functionalized with am de groups, as illustrated
schematically in FIG 5, are disclosed in Hanon, et al., "D ssolution of

Si ngl e-\Val | ed Carbon Nanotubes,"” Advanced Materials, Vol. 11, No. 10, 1999,
and provide enhanced 5 solubility w thout inpairing deposition of the
tubular fullerene on the tenplate 40. Simlar end functionalization is
described in U S. Patent #6,187,823. Side functionalization of the tubular
full erenes al so may provide the desired enhanced solubility thereof,

W t hout disturbing the self-orienting deposition character of the

full erenes. s 0 Subsequent to the dissolution of the tubular fullerenes,
the tenplate in step 86 is prepared for reuse. Any excess ether on the
tenplate is evaporated and the tenplate may be washed and dried prior to
being reused in step 82. The dissolved fullerenes are recovered in step 88,
by evaporation of the solvent, |eaving the tubular fullerenes of the
selected chirality for use to enlarge the 15 tenplate or in an intended
application, such as in the manufacture of nanoscal e active electronic

devi ces, or conductors therefor. Referring nowto FIG 3B, there is shown
the nethod for formng the tenplate 40. Initially) a crystalline substrate
30 is provided having the necessary planar |attice structure correspondi ng
to the tubular lattice of the fullerenes 100 to 2 0O be separated. Wen
carbon nanotubes are the fullerenes to be separated utilizing the tenplate,
the crystalline substrate is a freshly-cleaved highly oriented , pyrolitic
graphite substrate. The graphite substrate has a crystall ographic
orientation defined by a plane having MIller indices of (I I 1).

Singl e-wal | ed tubular fullerenes of a selected chirality are put into an
aqueous suspension by the 13 addition of a surfactant. One surfactant
useful in the practice of the instant invention is octyl phenol ethylene

oxi de condensate sold under the trade nane Triton X-100 by Uni on Car bi de.
The single-walled tubular fullerenes of the selected chirality are obtained
initially utilizing the standard and tedi ous 5 techni que of nechani cal
separation utilizing such devices as an atom c force mcroscope. Since this
met hod of separation is so tedious, only a small nunber nmay be obtained to
produce a first tenplate. Then, the fullerenes used to nake that tenplate
can be conmbined with fullerenes separated using that tenplate to produce a
second tenpl ate capabl e of separating double the nunber of fullerenes. 10
This iterative process can be repeated, each tinme doubling the tenplate
capacity to adsorb tubular fullerenes of the selected chirality. As

previ ously described, the single-walled tubular fullerenes 100 are
deposited on the crystalline substrate 30 fromthe suspension 16 utilizing
the el ectrodeposition apparatus illustrated in FIG 4. Subsequently, the
wat er and



15 surfactant are washed fromthe substrate using nethanol and a spin
coater, as an exanple. The adsorbed tubular fullerenes 100 will remain on
the surface of the substrate 30 in particular orientations defined by their
chirality. Next, a saturated aqueous solution of a nucleotide base adeni ne
is applied to the surface of the substrate after it has been heated to
approxi mately 80 Centigrade. A nonolayer 2 0 34 of the base wll self
assenbl e spontaneously on the surface of the substrate surrounding the
tubul ar fullerenes |00 already adsorbed thereon. Next, the water is
e~~aporated fromthe surface, |eaving the tubular fullerenes 100 surrounded
by the adeni ne adsorbate tenplate naterial 34, that al so covers the
remai ni ng surface of substrate 30. In addition to adeni ne, other nucl eotide

bases, such as uracil, 14 thym ne and guanine, and simlar structures
such as xant hi ne, rraysaéﬁﬁ:% Rhi‘”lzﬁ\l THeE D WI@@ conpositions that
can be deposited on tm%mrs%‘e—w@tm;—a%ecti ng the

energetic advmgﬁk%aB%ggibﬁ{ilﬁ@irhﬁﬁgﬁE}fésdéﬁvaqidi’xr&dt%%mamﬁﬁgrébi rality for
a particular orientation on the substtate, and are not 5 solUble in the

organi ¢ sol verfIG.nHAB is’@ﬁsnspeamveniek»yoﬂsawbulmr fidleperee ilhwtratihglthe ful | erenes
| 00. In order to formthe tenplate 40, the tubular fullerenes 100 are
renoved fchinaliththeseoff ace wi t hout di sturbing the adeni ne adsorbate
surrounding the fullerenes 100, As prevflously di,scussed, .t he tubul ar

f @ | erenes ar &l gsiglasshiematicslusraianeet a rbwWanaylesenpasalEosigNUBRON § eavi ng
the el on atszd“.ogen'bngs 32 whi ch expose portions of the substrate into which
ot her t ubTYSSH PG SHERMEHEIANGE be adsorbed, tubul ar ful | erenes whose

L, OV Sy A AL I IS R 1

t enpl at e (O RAsndiaeBnh&4:med, it can be continuously reused to 15 adsorb
further tubular fullerenes 100 having the same chirality as the fullerenes
| 00 whi ch wer 16t 38 isal dchetineid illastaion dhehetraehoat of. fofiaéng o yarnaldte o€
substrate 30 may be forned by a substrate of highly oriented pyrolitic
gPaphi t etheopreseryriapéiti@n;substituted with boron and nitrogen, or a substrate
formed of boron nitride., The correspondj’'ng tubul ar fullerenes may_he 2 o
fornmed by car 584 ﬁaﬁatsgb@g,an@alrl%ﬁt@&ﬂﬂ%ﬁ%@#ﬁqsm@mar@wsw and
ni trogen H%r& boroaégj hri de ngnotu es, her substrate and full erene
mat er i al & HEyMHPOGLdhe REESEBE HIGIIOPh#Yane sel f-ori enting properties as
Lhose speci 1 gphl ¥ id hSERARRAE Bl fbirabloh RAUAR stiLeard BY GAthATuREToRARR

P ic

described in conjunction w Speci orns and enbodr ments thereof,
it will facrpRahaed absdat Raterdad Loufa] deldreaideosBthetgredent iaverdtase

di scussed %bove may be resorted to without departing fromthe spirit or
s6ope of the invention. For exanple, equivalent nethod steps may be
substituted for those specifically shown and described, different solvents,




‘5 surfactants or tenplate coating conpositions can be used in place of

t hose descri bed herein, certain processes may be used independently of

.ot her processes, and in certain cases, particular sequences of nethod steps
may be reversed or interposed, all without departing fromthe spirit or
scope of the invention as defined in the appended C ai ns. 16 WHAT IS
BEING CLAIMED IS: 1. A nethod for bul k Separation of single-walled tubular
full erenes based on chirality, conprising the steps of: a. formng a
tenplate on a crystalline substrate having a 5 plurality of openings
oriented to energetically favor adsorption of a respective plurality of
single-wall ed full erenes having a tubul ar cont,our and a selected chirality;
b. exposing said tenplate to a suspension of single walled tubular

full erenes of randomchiralities for adsorption of Z 0 single-walled

ubular full cpenes, ol 39 €CRLERREDEAAR SRR SONDBIERIQES of =ai¢

terrpl at e; C. I CITuUvT I'Ig AT U Lv[l'.ll aUuL e nmroar u JUJPCIIJT vTT,

From eard tonprnget (e firblen Hend BRI Rhran h SR BRI el Y
sai d st ey bd fESsRnAo! RIrALCCARBLUE bIeoN LHRBIRLlardcal OFb Hitd Sai ¢

crystal line substrat aving a predeterm ned0 attice structure; -

deposi ti rgndathireihas bean afuchi regdgchan tirdudeudidinglet whiled atrdaofulkpeskssel ect ed
chirality on said substrate, said deposited single-walled tubular

f B | er engmrhadiarly carbaat nameubes;, as botleintéreoanécting abridypesats ramidadsi amtivei p wi t h

said predetermned |lattice structure of said crystalline substrate;
devices in molecular scale circuits. These molecular structures are of interest

because of their unique electrical properties which may be metallic, and highly
conductive, or semiconducting. Whether a tubular fullerene exhibits metallic or
semiconducting properties is related to the chirality of the tubular structure.

10 Chirality is an angle that represents the twist or spiral of the lattice structure, as
will be further described in following paragraphs. However, present methods of
tubular fullerene synthesis produce a mixture of chiralities, typically in a ratio of
two-thirds having a semiconducting characteristic and one-third having a metallic
characteristic.

15 In order to better understand the concept of chirality, reference is now
made to FIG. 1A. In FIG. 1A, the planar lattice 10 is shown wherein an arbitrary
atom 12 defines the origin for the chiral vector 20 that extends from atom 12 to
another atom 14 on the lattice which would coincide with the atom 12 if the
planar lattice were rolled to form a nanotube. The chiral vector 20 is the

20 summation of n times a first unit vector g, and m times a second unit vector a,,
where the unit vectors are defined from the hexagonal geometry of the lattice, as
is well known in the art. Thus, n and m are integers of the vector equation:

(I)  R=ng, + ma,

Therefore, the axis 22 of the nanotube is defined as a line projecting orthogonally



10 c. coating areas of said crystalline substrate surrounding each of said
single-wall ed tubular fullerenes with a conposition having a greater
.affinity for said crystalline substrate than for said single-walled tubular
full erenes of said selected chirality; and, d. renoving said single-walled
tubul ar fullerenes froms5 said substrgte wi t hout di sturbing said
conposition of step c. 18 3. The nethod as recited in aim?, wherein
said step of providing a crystalline substrate includes the step of
providing a substrate forned of graphite. 5 4. The nethod as recited in
Claim2, wherein said step of coating includes the step of depositing a
nonol ayer of nol ecul es of a nucl eotide base on said substrate surrounding
sai d deposited plurality of single-walled tubular fullerenes of said
selected chirality. , 10 5. The nethod as recited in Claim2, wherein said
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t her eof . 19 7. The nmethod as recited 1n Caim6, wherein said step of

f unct i onadinzidegvihithe akisgifechemiahethbeddX)ancindevitatingyi theldhitad ahfle gt .gp of
end functionalizing said single-walled carbon nanotubes. 5 8. The nethod as
r8cited in A HG, IBhdrecububaifullereap 160 reprasenisghe 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 chiral angle, as previously
described.
10 To further understand 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 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
15 two structures have the same lattice structure, the tubular fullerene has an
energetically favored orientation wherein the hexagonal lattices of the tubular
fullerene 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 chiral twist, the axis 22 of the tubular fullerene 100 is
20 angularly displaced with respect to a longitudinal axis 36 of the substrate lattice
38. The angular orientation of the tubular fullerene axis 22 relative to the
substrate lattice axis 36 is an angle @ which is equal to the chiral angle x. The

angle O is also referred to as the “locking angle”, as it is the angle where the

nanotube establishes an equilibrium orientation with a very sharp energy



sai d adsorbed single-walled tubular fullerenes includes the step of
exposi ng said coated crystalline substrate to a solvent solution. 10 9. The
method as recited in aim8, wherein said step of renpving said adsorbed .
single-wall ed tubular fullerenes in a solvent solution includes the step of
provi di ng an organi c sol vent sel ected fron1the group consi sting of ether,

di chl oronet hane, and tri chl or onet hane. 185 20 10. The method as recited in
Claim 2, wherein said step of coating includes the step of depositing on
said crystalline substrate a conposition selected fromthe group consisting
of adeni ne, guanine, thymne, uracil or xanthine. 5 11. The nethod as
recited in Caim2, wherein said step of depositing a plurality of
single-wall ed tubular fullerene~ includes the step of el ectrodepositing
said single-walled tubular fullerenes. to 12. The nethod as recited in
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5 deposited on a graphite substrate, nanotubes of different chiralities will be self-
organized at different and stable angular orientations. It is this phenomenon that
provides the basis for the bulk separation method of the instant invention.
Raw fullerene nanotubes usually are produced in the form of long, tangled
ropes of many nanotubes, which are held in close contact by strong electrostatic
10 van der Waals interactions. As is well knogvn in the art, the nanotube ropes can
be separated and cut to form individual shorter open-end tubular fullerenes by
sonication in a 3:1 mixture of concentrated sulfuric and nitric acids (98% and
70%, respectively) at 40° Centigrade. The thus produced “fullerene pipes” are
more manipulable and better suited for use in molecular electronics, and for being
15 functionalized to improve the solubility thereof, as will be discussed in following
paragraphs.
A schematic representation of the procedure for bulk separation of tubular
fullerenes based on chirality is shown in FIG. 3A. The first step 80 in the
procedure is the formation of a template for fullerenes of a selected chirality. A
20 method of template formation will be described in following paragraphs. In the
next step 82, the tubular fullerenes having the selected chirality are deposited on
the template. One method which has been used to deposit the fullerenes on a

crystalline substrate, and in particular, carbon nanotubes on a graphite substrate,

is an electrodeposition process, as shown in FIG. 4.



-wal | ed carbon nanotubes. 5 14. The nethod as recited in Caim13, wherein
said step of exposing said tenplate includes the step of el ectrodepositing
_said single-walled carbon nanotubes on said tenplate. to | ~. The nmethod as
recited in Claim1, further conprising the step of repeating steps b
through d a sel ected nunber of tines tf accunul ate a predeterm ned quantity
of single-walled tubular fullerenes of %aid selected chirality. 15 22 16.
A nmet hod for bul k separation of single-walled tubular full erenes based on
chirality, conprising the steps of: a. providing a crystalline substrate
having a predetermned lattice structure; 5 b. depositing a plurality of
single-walled tubular fullerenes of a selected chirality on said substrate,
sai d deposited single-walled tubular fullerenes having a lattice structure
thereof in aligned relationship with said predeternined Iattice structure
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chiralitbppodiag sedisef thiei O+ring 60 is the negative electrode 50, which is typically
5 formed of stainless steel. DC power source 70 is coupled between the electrodes
30 or 40 and 50. The tubular fullerenes 100 form a stable colloidal aqueous
suspension 16 in which the individual “pipes”assume a negative charge. Thus,
when the DC power supply is connected between the electrodes, the tubular
fullerenes are electrodeposited on the substrate. This apparatus is useful for both

10 forming the template and subsequently depositing nanotubes on the template.

Where electrode deposition is utilizc;d to deposit the tubular fullerenes on
the template 40 in step 82, the template 40 preferentially receives tubular
fullerenes of a predetermined chirality, a chirality which was selected in the
formation of the template, as will be described in following paragraphs.

15 Subsequent to the preferential deposition of tubular fullerenes of the selected
chirality, the template is removed from its exposure to the colloidal aqueous
suspension of tubular fullerenes and the deposited fullerenes are removed from
the template in step 84. While any method of removal which is not detrimental to
the structure of the fullerenes or the template may be utilized, the simplest

20 method is the dissolution of the adsorbed fullerenes in an organic solvent
followed by the recovery therefrom. One organic solvent useful in practicing the
invention is ether, but other solvents such as dichloromethane and
trichloromethane also may be used.

The solubility of the tubular fullerenes may be enhanced by



23 thereon of single-walled tubular fullerenes of said selected chirality;
f. renoving said tenplate from said suspension; g. exposing said tenplate
to a solvent solution for 5 renoving said adsorbed single-walled tubul ar
fullerenes therefrom and, h, recovering said single-walled tubular

full erenes of said selected chirality 1$on1said solvent solution. |10 24
17. The nmethod as recited in Caim16,~further conprising the step of
reusing said tenplate to repeat steps a through h a sel ected nunber of
times to accunmul ate a predeterm ned quantity of single-walled tubular

full erenes of said selected chirality. 5 18. The nmethod as recited in Caim
16, wherein said step of providing a crystalli.ne substrate includes the
step of providing a substrate fornmed of highly oriented pyrolytic graphite.
10 19. The nethod as recited in Claim 16, wherein said step of depositing a
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5, are disclosed in Hamon, et al., “Dissolution of Single-Walled Carbon
Nanotubes,” Advanced Materials, Vol. 11, No. 10, 1999, and provide enhanced

5 solubility without impairing deposition of the tubular fullerene on the template
40. Similar end functionalization is described in U.S. Patent #6,187,823. Side
functionalization of the tubular fullerenes also may provide the desired enhanced
solubility thereof, without disturbing the self-orienting deposition character of the
fullerenes.

10 Subsequent to the dissolution of the tubular fullerenes, the template in step
86 is prepared for reuse. Any excess ether on the template is evaporated and the
template may be washed and dried prior to being reused in step 82. The
dissolved fullerenes are recovered in step 88, by evaporation of the solvent,
leaving the tubular fullerenes of the selected chirality for use to enlarge the

15 template or in an intended application, such as in the manufacture of nanoscale
active electronic devices, or conductors therefor.

Referring now to FIG. 3B, there is shown the method for forming the
template 40. Initially, a crystalline substrate 30 is provided having the necessary
planar lattice structure corresponding to the tubular lattice of the fullerenes 100 to

20 be separated. When carbon nanotubes are the fullerenes to be separated utilizing
the template, the crystalline substrate is a freshly-cleaved highly oriented \
pyrolitic graphite substrate. The graphite substrate has a crystallographic
orientation defined by a plane having Miller indices of (111). Single-walled

tubular fullerenes of a selected chirality are put into an aqueous suspension by the



"said tenplate to a solvent solution includes the step of providing an
organi ¢ solvent selected fromthe group consisting of ether,

~di chl oronet hane, and trichl oromet hane. 5 26 21. A nethod for bulk
separation of single-walled carbon nanotubes based on chirality, conprising
the steps of: a. formng a tenplate o highly oriented pyrolytic graphite
substrate having a plurality of openings oriented to 5 energetically favor
adsorption of a respective plurality of single walled carbon nanotubes
having a selected chirality; b. exposing said tenplate to a suspension of
single wall ed carbon nanotubes of randomchiralities for adsorption of

singl e-wal | ed carbon nanotubes of said selected chirality within |0 said
openings of said tenplate; c. renoving said tenplate from said suspension;
and, d. renoving said adsorbed single-walled carbon nanotubes of said

sel ected i.rality fromsaid te . : : ] recited in
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deposi ted single-wall ed carbon

selected chirality are obtained initially utilizing the standard and tedious
5 technique of mechanical separation utilizing such devices as an atomic force

microscope. Since this method of separation is so tedious, only a small number
may be obtained to produce a first template. Then, the fullerenes used to make
that template can be combined with fullerenes separated using that template to
produce a second template capable of separating double the number of fullerenes.

10 This iterative process can be repeated, eachltime doubling the template capacity
to adsorb tubular fullerenes of the selected chirality.

As previously described, the single-walled tubular fullerenes 100 are
deposited on the crystalline substrate 30 from the suspension 16 utilizing the
electrodeposition apparatus illustrated in FIG. 4. Subsequently, the water and

15 surfactant are washed from the substrate using methanol and a spin coater, as an
example. The adsorbed tubular fullerenes 100 will remain on the surface of the
substrate 30 in particular orientations defined by their chirality. Next, a saturated
aqueous solution of a nucleotide base adenine is applied to the surface of the
substrate after it has been heated to approximately 80° Centigrade. A monolayer

20 34 of the base will self-assemble spontaneously on the surface of the substrate
surrounding the tubular fullerenes 100 already adsorbed thereon. Next, the water
is evaporated from the surface, leaving the tubular fullerenes 100 surrounded by
the adenine adsorbate template material 34, that also covers the remaining surface

of substrate 30. In addition to adenine, other nucleotide bases, such as uracil,



nanot ubes having a lattice structure thereof in aligned relationship with
said predetermned lattice structure of said highly oriented |0 pyrolytic
graphite substrate; c. coating areas of said highly oriented pyrolytic
graphite substrate surroundi ng each of said single-walled carbon nanot ubes
with a conposition having a greater afjsélnity for said highly oriented
pyrol ytic graphite substrate than for id single 15 wall ed carbon
nanot ubes of said selected chirality; and, d. renoving said single-walled
carbon nanotubes fromsaid highly oriented pyrolytic graphite substrate.
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30. Once the template 40 has been formed, it can be continuously reused to

15 adsorb further tubular fullerenes 100 having the same chirality as the fullerenes
100 which were originally used to form the template.

The crystalline substrate 30 may be formed by a substrate of highly

oriented pyrolitic graphite, or a graphite substituted with boron and nitrogen, or a
substrate formed of boron nitride. The corresponding tubular fullerenes may be

20 formed by carbon nanotubes, carbon nanotubes substituted with boron and
nitrogen, or boron nitride nanotubes. Other substrate and fullerene materials may
be used that exhibit the same self-orienting properties as those specifically listed
herein.

Although this invention has been described in conjunction with specific
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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,

5 surfactants or template coating compositions 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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WHAT IS BEING CLAIMED IS:
L. A method for bulk separation of single-walled tubular fullerenes
based on chirality, comprising the steps of:
a. forming a template on a crystalline substrate having a
5 plurality of openings oriented to energetically favor adsorption of a
respective plurality of single-walled fullerenes having a tubular
contour and a selected chirality;
b. exposing said template to a suspension of single-
walled tubular fullerenes of random chiralities for adsorption of
10 single-walled tubular fullerenes of said selected chirality within
said openings of said template;
c. removing said template from said suspension; and,
d. removing said adsorbed single-walled tubular

fullerenes of said selected chirality from said template.

15
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2. The method as recited in Claim 1, wherein said step of forming a
template includes the steps of:
a. providing said crystalline substrate having a
predetermined lattice structure;

5 b. depositing a plurality of single-walled tubular
fullerenes of said selected chirality on said substrate, said deposited
single-walled tubular fullerenes having a lattice structure thereof in
aligned relationship with said predetermined lattice structure of said
crystalline substrate;

10 c. coating areas of said crystalline substrate surrounding
each of said single-walled tubular fullerenes with a composition
having a greater affinity for said crystalline substrate than for said
single-walled tubular fullerenes of said selected chirality; and,

d. removing said single-walled tubular fullerenes from

15 said substrate without disturbing said composition of step c.
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3. The method as recited in Claim 2, wherein said step of providing a

crystalline substrate includes the step of providing a substrate formed of graphite.

5 4. The method as recited in Claim 2, wherein said step of coating
includes the step of depositing a monolayer of molecules of a nucleotide base on
said substrate surrounding said deposited plurality of single-walled tubular

fullerenes of said selected chirality.

10
3. The method as recited in Claim 2, wherein said step of depositing a
plurality of single-walled tubular fullerenes includes the step of depositing a
plurality of single-walled carbon nanotubes.
15

6. The method as recited in Claim 5, wherein said step of depositing a
plurality of single-walled carbon nanotubes includes the step of functionalizing

single-walled carbon nanotubes to improve solubility thereof.
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7. The method as recited in Claim 6, wherein said step of
functionalizing said single-walled carbon nanotubes includes the step of end

functionalizing said single-walled carbon nanotubes.

5
8. The method as recited in Claim 2, wherein said step of removing
said adsorbed single-walled tubular fullerenes includes the step of exposing said
coated crystalline substrate to a solvent solution.
10

0. The method as recited in Claim 8, wherein said step of removing
said adsorbed single-walled tubular fullerenes in a solvent solution includes the
step of providing an organic solvent selected from the group consisting of ether,
dichloromethane, and trichloromethane.

15
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10.  The method as recited in Claim 2, wherein said step of coating
includes the step of depositing on said crystalline substrate a composition

selected from the group consisting of adenine, guanine, thymine, uracil or

xanthine.

11.  The method as recited in Claim 2, wherein said step of depositing a

plurality of single-walled tubular fullerenes includes the step of electrodepositing
said single-walled tubular fullerenes.

10

12.  The method as recited in Claim 1, wherein said step of removing

said adsorbed single-walled tubular fullerenes includes the steps of:

exposing said template to a solvent solution for removing

15 said adsorbed single-walled tubular fullerenes therefrom; and,

recovering said single-walled tubular fullerenes of said

selected chirality from said solvent solution.
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13.  The method as recited in Claim 1, wherein said step of exposing
said template includes the step of providing a suspension of plurality of single-

walled carbon nanotubes.

5
14.  The method as recited in Claim 13, wherein said step of exposing
said template includes the step of electrodepositing said single-walled carbon
nanotubes on said template. ,
10

15.  The method as recited in Claim 1, further comprising the step of
repeating steps b through d a selected number of times to accumulate a
predetermined quantity of single-walled tubular fullerenes of said selected
chirality.

15
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16. A method for bulk separation of single-walled tubular fullerenes
based on chirality, comprising the steps of:

a. providing a crystalline substrate having a
predetermined lattice structure;

b. depositing a plurality of single-walled tubular
fullerenes of a selected chirality on said substrate, said deposited
single-walled tubular fullerenes having a lattice structure thereof in
aligned relationship with said predetermined lattice structure of said
crystalline substrate;

C. depositing a layer of molecules on said crystalline
substrate surrounding each of said single-walled tubular fullerenes
of said selected chirality;

d. removing said single-walled tubular fullerenes from
said crystalline substrate to form a template without substantially
disturbing said layer of molecules;

e. exposing said template to a suspension of single-

walled tubular fullerenes of random chiralities for adsorption
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thereon of single-walled tubular fullerenes of said selected

chirality;
f. removing said template from said suspension;
g. exposing said template to a solvent solution for
5 removing said adsorbed single-walled tubular fullerenes therefrom;
and,
h. recovering said single-walled tubular fullerenes of

said selected chirality from said solvent solution.

10
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17.  The method as recited in Claim 16, further comprising the step of
reusing said template to repeat steps e through h a selected number of times to

accumulate a predetermined quantity of single-walled tubular fullerenes of said

selected chirality.

5
18.  The method as recited in Claim 16, wherein said step of providing a
crystalline substrate includes the step of providing a substrate formed of highly
oriented pyrolytic graphite.
10

19.  The method as recited in Claim 16, wherein said step of depositing
a layer of molecules includes the step of depositing on said crystalline substrate a

composition selected from the group consisting of adenine, guanine, thymine,

15 uracil or xanthine.
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20.  The method as recited in Claim 16, wherein said step of exposing
said template to a solvent solution includes the step of providing an organic
solvent selected from the group consisting of ether, dichloromethane, and

trichloromethane.
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21. A method for bulk separation of single-walled carbon nanotubes
based on chirality, comprising the steps of:

a. forming a template on a highly oriented pyrolytic
graphite substrate having a plurality of openings oriented to
energetically favor adsorption of a respective plurality of single-
walled carbon nanotubes having a selected chirality;

b. exposing said template to a suspension of single-
walled carbon nanotubes of random chiralities for adsorption of
single-walled carbon nanotubes of said selected chirality within
said openings of said template;

c. removing said template from said suspension; and,

d. removing said adsorbed single-walled carbon

nanotubes of said selected chirality from said template.
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22, The method as recited in Claim 21, wherein said step of forming a

template includes the steps of:

a. providing said highly oriented pyrolytic graphite
substrate;
5 b. depositing a plurality of single-walled carbon

nanotubes of said selected chirality on said highly oriented

pyrolytic graphite substrate, said deposited single-walled carbon

nanotubes having a lattice structure thereof in aligned relationship

with said predetermined lattice structure of said highly oriented
10 pyrolytic graphite substrate;

C. coating areas of said highly oriented pyrolytic
graphite substrate surrounding each of said single-walled carbon
nanotubes with a composition having a greater affinity for said
highly oriented pyrolytic graphite substrate than for said single-

15 walled carbon nanotubes of said selected chirality; and,
d. removing said single-walled carbon nanotubes from

said highly oriented pyrolytic graphite substrate.



