18 July 2005 1 METHOD FOR BULK SEPARATI ON OF SI NGLE- WALLED TUBULAR
FULLERENES BASED ON CHI RALI TY BACKGROUND OF THE | NVENTI ON FIELg THE
I NVENTION 5 This invention directs itself to a nmethod for bl #uly 9 ation
of. single- walled tubular fullerenes based on chirality. Mre in
particular, the present invention is directed to a nethod for bulk
separation of single-walled tubular ful{erenes utilizing a tenplate for
adsorbing single-walled tubular fullerenes of a predetermned chirality.
Still further, the present invention is directed to a 10 nethod of bul k
separation which takes advantage of a phenonenon wherein tubul ar
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
tubular fullerene. 18 July 2005 2 PRI OR ART Tubul ar fullerenes and, in
particul ar, carbon nanotubes are of great interest because of their unique
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el ectronic circuitr anfcal devl ces. as been
TUBULAR FULLERE B NC LIT
ACKGROUND OF INVE N
FIELD OF THE INVENTION
5 This invention directs itself to a method for bulk separation of single-
walled tubular fullerenes based on chirality. More in particular, the present
invention is directed to a method for bulk separation of single-walled tubular
fullerenes utilizing a template for adsorbing single-walled tubular fullerenes of a
predetermined chirality. Still further, the present invention is directed to a
10 method of bulk separation which takes adv::intage of a phenomenon wherein

tubular fullerenes seif-orient on a similar, but planar lattice structure in an angular

orientation which varies as a function of the chirality of the tubular fullerene.




5 discovered that the electrical properties of a carbon nanotube vary as a
function of its chirality, the angle at which the graphitic lattice
spirals about the tubular contour of the nanotube. Electrit&dulp28Berties
of. carbon nanot ubes can vary between netallic, highly conductive .
structures and those which are sem conducting. One of the major hurdles to
comercial utilization of these 10 uniqug structures has been the problem
of synthesizing the structures in a desired chirality. Currently, the

synt hesi s of carbon nanotubes produces a m xture of <chiralities.

Separ ati ng nanotubes of a desired chirality fromall those produced has
required a very tedious and inefficient nmechanical separation process
utilizing a nanoprobe (e.g., an atom c force mcroscope). Thus, even for 15
| aboratory use, separation of a desired chirality fromall those which are
produced is a painstakingly slow process. One recent approach which

permts the selective preservation q:me ABEM conducting types of
nanot ubes i n bundles, or "ropes," of alrgned single- walled carbon

nanot ubes has bd&abubiefoliatenes anld,lin gapfitilar, carbon hivedtubes Lethf ar ippaestof
nanot ubes of randamchiralities are deposited on a silicon wafer that is
t hen cover BeFayse of Hgir Bnigue glectricalandmechianical propediss focusmirct i ons i n
order to formfi.el d-effeagé devi ces., Sybsequently, .a_ voltage_is applied

over the nSHBHESENEN3pescals elReHENIARIrGHETY fagipeshanical kleviaesallt hes begses, but
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of its chirality, the angle at which the graphitic lattice spirals about the tubular
contour of the nanotube. Electrical 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 these
unique structures has been the problem of synthesizing the structures in a desired
chirality. Currently, the synthesis of carbor; nanotubes produces a mixture of
chiralities. Separating nanotubes of a desired chirality from all those produced
h‘as required a very tedious and inefficient mechanical separation process
utilizing a nanoprobe (e.g., an atomic force microscope). Thus, even for
laboratory use, separation of a desired chirality 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. In that method,
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



18 July 2005 3 are available and still affixed as ropes to the contacts,
where they may be utilized to produce active devices. However, the nethod
provi des no neans of physically segregating or sorting t helhe¥ived®es into
separate assenblies or containers. Nor does it provide a neans for
accurnul ati ng the highly conductive nanotubes. Mire 5 inportantly, this
approach does not apply at all to the prpblemof sorting the nanotubes
according to their chiral structure. Wereas in the invention of the

subj ect Patent Application a method is provided where either

sem conducting or highly conductive nanotubes can be physically sorted or
separated in bulk quantities fromthe typical m xture of 10 nanotube types
synt hesi zed by current nethods, which thus provides advantages over the
prior art methods. Still further, the nmethod of the invention of the

subj ect Patent Application is far sinpler to inplenent than prior art

met hods. : ized
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crystalline substrate having a plurality of ) :
segregating or sorting the nanotubes into separate assemblies or containers. Nor
does it provide a means for accumulating 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, the method of the invention of the

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




5 openings oriented to energetically favor adsorption of a respective
plurality of single-walled fullerenes having a tubul ar contﬁyr agg f
selected chirality; b. exposing the tenplate to a suspensio Yily 200

si.ngl e-wal | ed tubular fullerenes of randomchiralities for adsorption of
single-walled 10 tubular fullerenes of the selected chiralities into the
openings of the tenplate; c. renoving the tenplate fromthe suspension;
and, d. renoving the adsorbed single-walled tubular fullerenes of the
selected chirality fromthe tenplate. 15 In order to formthe tenplate, a
crystalline substrate is provided which has a predetermned |attice
structure. Then, a plurality of single-walled tubular fullerenes of the
selected chirality are deposited on the substrate. The deposited
single-wall ed tubular fullerenes have a lattice structure that is disposed
in aligned relationship with the predetern1ned | attice structure of the
crystalline substrate. 20 N 190 AL R nepcrystalline substrate
surroundi ng each of the sing STenes are coated with a
conposi ti on haviangiethodr foabalk @é amiéxyof §1ﬁglet-hrﬁlléﬂ!§l§lﬂhi’ fulkeréndsiasad ont han
for the single-walled tubular fullerenes of the selected chirality. ,
Last |y, t hehisility) s-peavided. {Theubethodunthudes de sthps oftad been deposited on

t he substrate are renoved, |eaving the conposition coating the
a. forming a template on a crystalline substrate having a plurality of

5 openings oriented to energetically favor adsorption of a respective
plurality of single-walled fullerenes having a tubular contour and a
selected chirality;

b. exposing the template to a suspension of single-walled tubular
fullerenes of random chiralities for adsorption of single-walled

10 tubular fullerenes of the selected chiralities into the openings of the

template; '

C. removing the template from the suspension; and,

d. removing the adsorbed single-walled tubular fullerenes of the
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 tubuliar 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




18 July 2005 5 substrate undi sturbed with el ongated openi ngs that define a
tenpl ate for the subsequent adsorption, onto the substrate within th

openi ngs, of tubular fullerenes having the same chirality HsJyln gp0% ¢ the
tubular fullerenes utilized to formthe tenplate. 5 From anot her aspect, a-
met hod for bul k separation of single-walled tubular 10 15 20 full erenes
based on chirality is provided, which hod includes the steps of: a.
providing a crystalline substrate having a predeternmned lattice
structure; b depositing a plurality of single-walled tubular fullerenes of
a selected chirality on the substrate, the deposited single-walled
tubular fullerenes having a lattice structure thereof in aligned
relationship with the predetermned lattice structure of the crystalline
substrate; c. depositing a | ayer of nolecules on the crystalline substrate
surroundi ng each of the single-walled tubular fullerenes of the

substrate undisturbed with elongated openings that define a template for the
subsequent adsorption, onto the substrate within the openings, of tubular

fullerenes having the same chirality as that of the tubular fullerenes utilized to

form the template.

5 From another aspect, a method for bulk separation of single-walled tubular
fullerenes based on chirality is provided, which method includes the steps of:
a, providing a crystalline substrate having a predetermined lattice
structure;
b depositing a plurality of single-walled tubular fullerenes of a
10 selected chirality on the substfate, the deposited single-walled

tubular fullerenes having a lattice structure thereof in aligned
relationship with the predetermined lattice structure of the
crystalline substrate;
c. depositing a layer of molecules on the crystalline substrate
15 surrounding each of the single-walled tubular fullerenes of the
selected chirality, the molecules being of a composition having a
greater affinity for the substrate than for the single-walled tubuiar

fullerenes of the selected chirality;

d. removing the single-walled tubular fullerenes from the crystalline
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 fullerenies of the selected chirality;




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 t Ul 2997 | er enes
fromthe crystalline substrate to forma tenplate w thout disturbing the

| ayer of nolecules; e. exposing the tenplate to a suspension of
single-walled tubular fullerenes of rangomchiralities for adsorption

t hereon of single- walled tubular fullerenes of the selected chirality; 18
July 2005 6 5 f. renoving the tenplate fromthe suspension; g. exposing the
tenplate to a solvent solution for renoving the adsorbed single-walled
tubul ar fullerenes therefrom and, h. recovering the single-walled tubular
full erenes of the selected chirality fromthe solvent solution. 18 July
2005 BRI EF DESCRI PTION OF THE DRAWNGS FIG 1A is a diagramillustrating
the derivation of the chiral angle;

f. removing the template from the suspension;

g. exposing the template to a solvent solution for removing the
adsorbed single-walled tubular fullerenes therefrom; and,

h. recovering the single-walled tubular fullerenes of the selected

chirality from the solvent solution.




FIG IB is a perspective view of a tubular fullerene illustrating the
chirality thereof; 5 FIG 2 is a schematic illustration of g tubular
fullerene self-orienting on a crystalline substrate latti cBIYY 03 is a
di-agrammati c representation of the bul k separation process of the present
invention; FIG 3B is a schematic illustration of the nmethod of formng a
tenplate of 10 the present invention, FG 4 is a schematic illustration
of an el ectrodeposition apparatus useful in the nethod of the present
invention; and, FIG 5 is a schematic illustration of the structure of an
end functionalized single-walled tubular fullerene useful in the practice
of the present invention. 15 18 July 2005 8 DETAI LED DESCRI PTI ON OF THE
PREFERRED EMBODI MENT I n order to continue the present trend in

m niaturization of electronics, 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- \A@Rﬁ};%ﬁl}ﬁ&%&?jﬂggm arly carbon
nanot ubes, as both interconnecti ng conductors and as active

FIG. 1A is a diagram illustrating the derivation of the chiral angle;

FIG. 1B is a perspective view of a tubular fullerene illustrating the
chirality thereof; |
5 FIG. 2 is a schematic illustration of a tubular fullerene self-orienting on a
crystalline substrate lattice;
FIG. 3A is a diagrammatic representation of the bulk separation process of
the present invention;
FIG. 3B is a schematic illustration of the method of forming a template of
10 the present invention;
FIG. 4 is a schematic illustration of ;m electrodeposition apparatus useful
in the method of the present invention; and,

FIG. 5 is a schematic illustration of the structure of an end functionalized

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




devices in nolecular scale circuits. These nol ecul ar structures are of

I nterest because of their unique electrical properties which nma %%f
metallic, and highly conductive, or sem conducti ng. v%ethég3ﬁﬂ¥é ar

full erene exhibits netallic or sem conducting 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 wll be
further described in follow ng paragraphsS. However, present mnethods of
tubul ar fullerene synthesis produce a mxture of chiralities, typically in
a ratio of two-thirds having a sem conducting characteristic and one-third
having a netallic characteristic. 15 In order to better understand the
concept of chirality, reference is now nmade to,FIG 1A In FIG IA the
planar lattice 10 is shown wherein an arbitrary atom 12 defines the origin
for the chiral vector 20 that extends fromatom 12 to another atom 14 on

the lattice whi pYetl -
were rolled to M,H# la]?lgtsuu : BODIMENT ati on of
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the unit vectors are

i s well knewl bemecbssasy to cJﬂi‘B!ﬁJct Rofiphtértifiufts lonl £ARNECAr §cafe. VES tRAL
equation: (1) R=na, + mat Therefore, the axis 22 of the nanotube is defined

as a line pmd)thcttema; mlenhngdnadsb;{rchﬁnlhd: ys@06PSingle-walled tubular fullerenes,

5 particularly carbon nanotubes, as both interconnecting conductors and as active

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 a, 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:

(1) R=na, + ma,

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




9 fromthe chiral vector 20. The vector description for the nanotube
defined by vector 20 is a (6,4) nanotube. Wiere n does not, e ag |n, the
axis of the lattice 24, a line projected through correspoﬂﬁjﬁp ?%ﬂs 18 of
the lattice, does not coincide with the axis of the nanotube 22, such .
deviating by the chiral angle X(n.m. 5 1In FIG IB, the tubular fullerene
100 represents the resulting structure bt ai ned when the lattice 10 is
roll ed, as previously described. The single-walled carbon nanotube has a

| ongi tudinal axis 22 with a lattice axis 24 which deviates fromthe

| ongi tudi nal axis of the nanotube by the chiral angle, as previously
described. 10 To further understand the principles upon which the nethod of
bul k separation of single-walled tubular fullerenes is based, reference is
now nade 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 @ i : UG bei ng
formed by Tonanosand) SebrRl. The et dkBonbE Tobhic sty AR e

lattice stveuirBCeis d (E4) ndidtabe.! Whete @dodRafot dGualms Hehtis dff the faeicy ed
orientation wherein the hexagonal |attices of the tubular fullerene and

t he subst 24t e limeeprojected throagh gordspdiiding atoms b8 of thelattie] doesnet di sposed
in registry with gone another. Therefore, as the tubular fullerene 100 is
formed by cRincide vt thewaxisof thernanotubes22, sueh deviatingoby the chiral @ngley, o

f ulsll erene 100 i 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 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

éngle © 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




20 angul arly displaced with respect to a |ongitudinal axis 36 of t he
substrate lattice 38. The angular orientation of the tubul % ene
axis 22 relative to the substrate lattice axis 36 is an an @% é ichis
equal to the chiral angle X. The angle (c) is also referred to as the

"l ocking angle", as it is the angle where the nanotube establishes an
equilibriumorientation with a very shar@ energy 18 July 2005 10 m ni num
that | eads to atomi c scale | ocking of t nanot ube. That energy profile
repeats every 60, reflecting the lattice symretry of the crystalline
substrate. Therefore, when tubular fullerenes are deposited on a
crystalline substrate lattice wth substantially the sane lattice
structure, as when carbon nanotubes are 5 deposited on a graphite
substrate, nanotubes of different chiralities will be self- organized at

di fferent and stable angul ar orientations. I's this phenonenon t hat
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el ectrostatic an der S |nterac |ons own I n the art,

t he nanot Ubieereforeswhen tiitsulscfidleaénes 8 depositddoor ﬁrczasrstﬂqﬁmlsﬁbadrat%hﬁiticer

open-end tubular fullerenes by sonication in a 3:1 mxture of concentrated
sul furic awigh nubstannauy the (aﬂﬁ%aammb strictire, as pdeni cacbon nanotibeCard i gr ade.
Thes thus ‘%{egggﬁ etf on fa“g'rLSﬁf?e” s?ul?str%?g, na?lzatubes 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 known 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 fuilerenes on a

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

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




nore mani pul able and better suited for use in nolecular electronics, and

for being 15 functionalized to inprove the solubility thereof, as wll be
di scussed in followi ng paragraphs. A schematic representaITQMMb?OQ%e
procedure for bul k separation of tubular fullerenes based on chirality is -
shown in FIG 3A The first step 80 in the procedure is the formation of a
tenplate for fullerenes of a selected chigality . A 20 nethod of tenplate
formation will be described in foll ow ng paragraphs. In the next step 82,
the tubul ar fullerenes having the selected chirality are deposited on the
tenpl ate. One met hod which has been used to deposit the fullerenes on a
crystalline substrate, and in particular, carbon nanotubes on a graphite
substrate, 1is an electrodeposition process, as-shown in FIG 4. 18 July
2005 11 In the el ectrodeposition process, the substrate 30, or tenplate 40,
forms the positive electrode of the system An Oring 60 forns the side

walI's of a confgieslet@bd@oRiidEPrdcess, the Shibitkhie'BO! of MIANES f8Hfs
Di sposed on the opposing side of the Oring 60 is the negative el ectrode

50, which the posiivatleptrbdé of thedsysterns AmOssiag Hlefolrms the pideewalloof se 70 is
coupl ed between the el ectrodes 30 or 40 and 50. The tubular fullerenes 100
form a st atAHainsr for aauspegsiosuld of mbpdarsfublarenssil@OwiRisposadeon thei vi dual

"pipes”as Sgpnl?os?né] gx%%tcif\ﬁe]e -?‘1;1%%0 113_%38 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 dep?siting nanotubes on the template.
Where electrode deposition is utilized 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 orgaric 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



when the DC power supply is connected between the el ectrodes, the tubul ar
fullerenes are el ectrodeposited on the substrate. This apparatus_is useful
for both 10 form ng the tenplate and subsequently depositin es on
the tenplate. Wiere el ectrode deposition is utilized to deposit the tubul ar.
fullerenes on the tenplate 40 in step 82, the tenplate 40 preferentially
receives tubular fullerenes of a predeasrnined chirality, a chirality

whi ch was selected in the formation of*the tenplate, as will be described
in follow ng paragraphs. 15 Subsequent to the preferential deposition of
tubul ar fullerenes of the selected chirality, the tenplate is renoved from
Its exposure to the colloidal aqueous suspension of tubular fullerenes and
the deposited fullerenes are renoved from the tenplate in step 84. Wile
any nethod of renmpoval which is not detrinmental to the structure of the
fullerenes or the tenplate may be utilized, the sinplest 20 nmethod is the
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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




100', end-functionalized with am de groups, as illustrated schematically in

FIG 5, are disclosed in Hanon, et al., "D ssolution of S

Car bon Nanot ubes," Advanced Materials, Vol. 11, No. 10, 199 J@%g&%$OV|de

enhanced 5 solubility without inpairing deposition of the tubular

fullerene on the tenplate 40. Simlar end functionalization is described

in US. Patent #6,187,823. Side functigmalization of the tubular

full erenes also may provide the desired enhanced solubility thereof,

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

full erenes. 10 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 nay 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
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application, such as in the manufacture of nanoscale active electronic

devi ces, dnventintuistaotglpherokéthylenBasxide condersatet ml&hﬁdeﬁﬁe tidtdermarhé shown

t he nethoarfor formng the tenplate 40. Initially, ﬁ&éstalllne Substrate
Phaéom '

30 is pro Q@é@dﬂr ywhesinglarwalled tubslan fulletanes of dhe espondi ng
to the tubul a t ce of .erenes 1 e separated. Wen
carbon nafib G g}HFE’éIW REe Ph? galibuﬁbz‘f@p‘gfeéi a&ﬂandﬁchgus t he

tegpl ate, tééﬁ‘ﬁuﬁ.‘ié’ 5t ech%cﬁf”’se%arﬁon ut?hfin ek ld%vfcleg%g%g 3?61%1 force ' ent ed
microscope. Since this method of separﬁtion 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, each time doubling the template capacity
to adsorb tubular fullerenes of the selected r;hirality.

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,




pyrolitic graphite substrate. The graphite substrate has a crystall ographic
orientation defined by a plane having MIler indices of (1 ﬁ%

Single-walled tubular fullerenes of a selected chirality a J%M?O¢%to an
aqueous suspension by the 18 July 2005 13 addition of a surfactant. One
surfactant useful in the practice of the instant invention is octyl phenol
et hyl ene oxi de condensate sold under thg trade nane Triton X-100 by Union
Car bi de. The single-walled tubular full fenes of the selected chirality
are obtained initially utilizing the standard and tedi ous 5 techni que of
mechani cal separation utilizing such devices as an atom c force

m croscope. Since this nmethod of separation is so tedious, only a smal
nunber may be obtained to produce a first tenplate. Then, the fullerenes
used to nmake that tenplate can be conbined with full erenes separated using
that tenplate to produce a second tenpl ate capabl e of separating double

h nmb f.full 10 h b d h
Li e douol G0 ang GAREe. 264 befan suticBineh Sult 8 SRANEH iy 8BRS Tof Cne

sel ect ed ol by wefllaiihitd MARUSIfIGRE HR B bENEoBERM Sa it LERRNR! T

full erene are eposi e crystall

suspensi orsubbtratel witEbitafféi®in hé%héfgléﬂe%ﬁ‘vhh& e o?ﬁﬂ&ilﬂif ﬁﬂlérbhé’sséfr ated in
FIG 4. Subsequently, the vva er and 15 surfac ant are washed fromthe
subst r at e predetgrmiticdahitalisy forca particutarairisntatéth em the substrate, and are not
5 soluble in the organic solvent that is subsequently used to remove the tubular
fullerenes 100.

In order to form the template 40, the tubular fullerenes 100 are removed

Iq

from the surface without disturbing the adenine adsorbate surrounding the
fullerenes 100. As previously discussed, the tubular fuilerenes are dissolved in

10 an ether, or other organic solvent, leaving t!}e elongated openings 32 which
expose portions of the substrate into which other tubular fullerenes may be
adsorbed, tubular fullerenes whose chirality provides the preferential orientation
that matches the particular orientation of the openings 32 of crystalline substrate
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



exanpl e. 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 adE%#%%29@5applied
to the surface of the substrate after it has been heated to approximtely .
80 Centigrade. A nonolayer 20 34 of the base will self-assenble

spont aneously on the surface of the subsgtgate surrounding the tubul ar

full erenes 100 al ready adsorbed thereon. Next, the water is evaporated
fromthe surface, |leaving the tubular fullerenes 100 surrounded by the
adeni ne adsorbate tenplate material 34, that also covers the renaining
surface of substrate 30. In addition to adeni ne, other nucleotide bases,
such as uracil, 18 July 2005 14 thym ne and guanine, and simlar structures
such as xanthine, may also be wutilized, as well as other conpositions that
can be deposited on the crystalline substrate without affecting the

energeti ¢ AMAUNIIEMBEdiENLS ?‘F]eé'&gﬁ lti)le\'ilﬁPSé aﬁgﬂ%iatgﬂ Wﬁ“&?@g@ﬁ%ﬁﬁﬁbﬁ%ﬁig for

a particul ar orientation on ubstrate, are not eint

or gani ¢ sopthenthanhbsé diseiiedubove!iay b€ dedoptedapnRhbicddpabin@froni tHe er enes
100. In order to formthe tenplate 40, the tubular fullerenes 100 are .

removed fspirit ohscoperdfahe imverttinnt. Bors¢xanhplagedquisalene metkodsteps omyebe
surrounding the fullerenes 100. As previously discussed, the tubular
ful | er enesSubstituded fon these 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.




10 an ether, or other organic solvent, |eaving the el ongated openi ngs 32
whi ch expose portions of the substrate i nto which ot her tuE%L$ %;%Ilerenes
may be adsorbed, tubular fullerenes whose chirality prOV|d

preferenti al orientation that matches the particular orientation of the
openings 32 of crystalline substrate 30. Once the tenplate 40 has been
formed, it can be continuously reused t@el5 adsorb further tubular

full erenes 100 having the sane chirality as the full erenes 100 which wer e
originally used to formthe tenplate. The crystalline substrate 30 nay be
formed by a substrate of highly oriented pyrolitic graphite, or a graphite
substituted with boron and nitrogen, or a substrate forned of boron
nitride. The corresponding tubular fullerenes nmay be 20 forned by carbon
nanot ubes, carbon nanotubes substituted with boron and nitrogen, or boron
nitride nanotubes. O her substrate and fullerene materials may be used

that exhibit the same sel f- WVIEEAT ISSBEINGSCL AIMED IShose speci fi cel |y

listed herein. A though this invention has been described in conjunction
apprcctated thal: var oSt PR SRl Y AE Mot hBRar chliches oy
may be resorted to without departing fromthe spirit or scope of the
i nvent i on.bdsed oaxchipality, campnisingthe steepsof: st eps may be
a. forming a template on a crystailine substrate having a
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 seleeted chirality within
“ said openings of said template;
c. removing said template from said suspension; and,

d. 'rcmoving said adsorbed single-walled tubular

fullerenes of said selected chirality from said template.

15




substituted for those specifically shown and described, different solvents,

5 surfactants or tenplate coating conpositions can be used jn 25
those described herein, certain processes nmay be used mde@eﬂ-ﬁ’é e%/

ot her processes, and in certain cases, particular sequences of nethod
steps may be reversed or interposed, aII wi t hout departing fromthe spirit
or scope of the invention as defined ing4he appended Cains. 18 July 2005
16 10 WHAT IS BEING CLAIMED 1S: 1 A nethod for bul k separation of
single-wall ed tubular fullerenes based on chirality, conprising the steps
of: a. formng a tenplate on a crystalline substrate having a 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 tenplate to a suspension of single-
wal | ed tubular fullerenes of randomchiralities for adsorption of

singl e-val | ed tobul aThbihimba w8 estec Ll RovRsteidialstépotidrhiing asai d

openi ngs of said tenplate;

template includes the steps of:

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

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.




c. renoving said tenplate fromsaid suspension; and, d. renoving said
adsorbed single-walled tubular fullerenes of said selected chirality from
said tenplate. 15 18 July 2005 17 10 15 2. The nethod as r etd {82999 T ai m
1, wherein said step of formng a tenplate includes the steps of: a.
providing said crystalline substrate having a predetermned lattice
structure; b. depositing a plurality of gigngle-walled tubular fullerenes
of said selected chirality on said substrate, said deposited single-walled
tubul ar fullerenes having a lattice structure thereof in aligned
relationship with said predetermined lattice structure of said crystalline
substrate; c. coating areas of said crystalline substrate surrounding each
of said single-walled tubular fullerenes with a-conposition having a
greater affinity for said crystalline substrate than for said

3. The method as recited in Claim 2, wherein said step of providing a

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

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
5. 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.



single-wal |l ed tubular fullerenes of said selected chirality; and, d.
renmovi ng said single-walled tubular fullerenes from said %ﬁgftrg w t hout
di sturbing said conposition of step c. 18 July 2005 18 3. as
recited in Claim2, wherein said step of providing a crystalline substrate-
i ncludes the step of providing a substrate formed of graphite. 4. The

met hod as recited in Claim2, wherein sal® step of coating includes the
step of depositing a nonol ayer of nolecules of a nucleotide base on said
substrate surrounding said deposited plurality of single-walled tubular

full erenes of said selected chirality. 10 5. The nmethod as recited in Caim
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 nethod as recited in Claimb5, wherein said step
of depositing a _plurality of single-walled carbon nanotubes includes the
step of functiondl i zihae mathed as vegiteddnZlaim®, mhentintsaid stepiafpr ove
solubility thereof. 18 July 2005

functionalizing said single-walled carbon nanotubes includes the step of end

functionalizing said single-walled carbon nanotubes.

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 crystailine substrate to a solvent solution.

10
9. 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 consistiﬁg of ether,

dichloromethane, and trichloromethane.

15



19 7. The method as recited in Caim®6, wherein said step of

functionalizing said single-walled carbon nanotubes include ER ﬁiﬁep of
end functionalizing said single-walled carbon nanot ubes. gl8 2 hod as

recited in Claim2, wherein said step of renoving said adsorbed
single-wall ed tubular fullerenes includes the step of exposing said coated
crystalline substrate to a solvent solutgen. 10 9. The nmethod as recited in
Claim 8, wherein said step of renoving said adsorbed single-walled tubular
full erenes in a solvent solution includes the step of providing an organic
sol vent selected fromthe group consisting of ether, dichloronethane, and
trichloronmethane. 15 18 July 2005 20 10. The nethod as recited in Caim 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. 11. The nethod as recited

in daim2, whel@jn JHetnsthed :frecignPi Cldith 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.




plurality of single-walled tubular fullerene ~ includes the step of

el ectrodepositing said single-walled tubular fullerenes. 1§Hi§. @@? nmet hod
as recited in Claim1, wherein said step of renoving said Y8

si'ngl e-wal | ed tubular fullerenes includes the steps of: exposing said
tenplate to a solvent solution for renoving 15 said adsorbed single-walled
tubul ar fullerenes therefrom and, reco@xing said single-walled tubular
full erenes of said selected chirality fromsaid solvent solution. 18 July
2005 21 13. The nethod as recited in Caim1, wherein said step of exposing
said tenplate includes the step of providing a suspension of plurality of
single- walled carbon nanotubes. 14. The nethod as recited in Caim1l3,
wherein said step of exposing said tenplate includes the step of

el ectrodepositing said single-walled carbon nanotubes on said tenplate. ,
10 15. The nethod as recited in CAaim1l, further conprising the step of
repeating stepslB. t hiTheghetltod aseteit¢dih CGlaihel, wheteimesidisteppofCenpdsiige a

said template includes the step of providing a suspension of plurality of single-

walled carbon nanotibes.

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




predeterm ned quantity of single-walled tubular fullerenes of said sel ected
chirality. 15 18 July 2005 22 10 15 16. A nethod for bulk SﬁgiraEbﬁg of
single-walled tubular fullerenes based on chirality, conpr 'H@ st eps
of.. a. providing a crystalline substrate having a predetermned lattice
structure; b. depositing a plurality of single-walled tubular fullerenes
of a selected chirality on said substratg, said deposited single-walled
tubul ar fullerenes having a lattice structure thereof in aligned
relationship with said predetermined lattice structure of said crystalline
substrate; c. depositing a | ayer of nolecules on said crystalline

substrate surroundi ng each of said single-walled tubular fullerenes of
said selected chirality; d. renoving said single-walled tubular fullerenes

from

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; |

10 c. depositing a layer of molecules on said crystalline
substrate surrounding each of said single-walled tubular fuilerenes
of said selected chirality;

d. removing said single-walled tubular fullerenes from
said crystalline substrate to form a template without substantially

15 disturbing said layer of molecules;

e. exposing said template to a suspension of single-

walled tubular fullerenes of random chiralities for adsorption




sai d sel ected
g. exposing said tenplate to a solvent sggution for
single-walled tubular fullerenes therefrom and, h. recovering said

single-wall ed tubular fullerenes of said selected chirality fromsaid
solvent solution. 10 18 July 2005 24 17. The nethod as recited in C aim16,
further conprising the step of

through h a sel ected nunber of tinmes to .

said crystalline substrate to forma tenplate w thout substantially
di sturbing said | ayer of nolecules; e. exposing said tenplate to a
suspensi on of single- walled tubular fullerenes of random cHi Y& #89%s for
adsorption 18 July 2005 23 thereon of single-walled tubular fullerenes of
chirality; f. renoving said tenplate fromsaid suspension
renovi ng sai d adsor bed

reusing said tenplate to repeat steps e

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

removing said adsorbed single-walled tubular fullerenes therefrom;
and,
h. recovering said single-walled tubular fullerenes of

said selected chirality from said solvent solution.



accunmul ate a predeterm ned quantity of single-walled tubular fullerenes of
said selected chirality. 18. The nethod as recited in Caim16, wherein
said step of providing a crystalline substrate includes tht3 duleg0&s

provi ding a substrate forned of highly oriented pyrolytic graphite. 10 19..
The nethod as recited in Caim16, wherein said step of depositing a |ayer
of nol ecul es includes the step of deposi%hng on said crystalline substrate

a conposition selected fromthe group cOfisi sting of adeni ne, guanine,
thym ne, 15 uracil or xanthine. 18 July 2005 25 20. The nethod as recited
in Claim1l6, wherein said step of exposing said tenplate to a sol vent
solution includes the step of providing an organic solvent selected from
the group consisting of ether, dichloronethane,,. and trichloromethane. 18
July 2005 26 10 21. A nethod for bulk separation of single-walled carbon
nanot ubes

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.

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 crystailine substrate a
composition selected from the group consisting of adenine, guanine, thymine,

15 uracil or xanthine.



based on chirality, conprising the steps of: a. formng a tenplate on a

hi ghly oriented pyrolytic graphite substrate having a pluralit @%
openings oriented to energetically favor adsorption of a rH%ﬂ@%?g
pl-urality of single- walled carbon nanotubes having a selected chirality;
b. exposing said tenplate to a suspension of single- walled carbon

nanot ubes of randomchiralities for ads@gsption of single-walled carbon
nanot ubes of said selected chirality within said openings of said
tenplate; c. renoving said tenplate from said suspension; and, d. renoving
sai d adsorbed single-walled carbon nanotubes of said selected chirality
fromsaid tenplate. 15 18 July 2005 27 22. The nethod as recited in C aim
21, wherein said step of formng a 10 15 tenplate includes the steps of: a.
provi ding said highly oriented pyrolytic graphite

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.




substrate; b. depositing a plurality of single-walled carbon nanotubes of

said selected chirality on said highly oriented pyrolytic ﬁiﬁﬂhkéﬁﬁ
substrate, said deposited single-walled carbon nanotubes hatf b attice
structure thereof in aligned relationship wth said predetermned |attice
structure of said highly oriented pyrolytic graphite substrate; c. coating
areas of - said highly oriented pyrolytic 2§raphite substrate surroundi ng
each of said single-walled carbon nanotubes with a conposition having a
greater affinity for said highly oriented pyrolytic graphite substrate
than for said single- walled carbon nanotubes of said selected chirality;
and, d. renoving said single-walled carbon nanotubes from said highly
oriented pyrolytic graphite substrate. 18 July 2005 28 23. A nethod for
bul k separation of single-walled tubular fullerenes based on chirality,

conprising the steps of: ;})lrovi ding a crystalline substrate having a lattice
structure; regiderifgnet pdlfaabuﬁqfsapamiofmg)fesmgllemallcdjbaﬂbm ramotubesnes on

e 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 singie-
walled carbon nanotubes of random chiralities for adsorption of
single-walled carbon nmotuﬁes of said selected chirality within

10 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.

15




substrate at a predetermined angle wth respect of an axis of said lattice
structure of said substrate, wherein single-walled tubular fullerenes of a
predeterm ned chirality are held to said substrate; and, reh%@@ﬁ&o i d
si-ngl e-wal | ed tubular fullerenes held to said substrate therefrom 24. The
method as recited in Caim23, wherein the step of registering includes
the step of depositing said plurality ofg+single-walled tubular fullerenes
wi th respective |ongitudinal axes thereof oriented at said predeterm ned
angle. 25. The nethod as recited in Caim23, wherein the step of renoving
said single walled tubular fullerenes is preceded by the step of coating
areas of said substrate surrounding said single-walled tubular fullerenes
with a conposition having a greater affinity for said substrate than said
single-walled tubular fullerenes of said predetermned chirality.

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;

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 lattic':e 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 é 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.




18 July 2005
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23. A method for bulk separation of singlé-walled tubular fullerenes

based on chirality, comprising the steps of:

providing a crystalline substrate having a lattice structure;

registering a plurality of single-walled tubular fullerenes on said
substrate at a predetermined angle with respect of an axis of said lattice
structure of said substrate, wherein single-walled tubular fullerenes of a
predetermined chirality are held to said subsfrate; and,

removing said single-walled tubular fullerenes held to said
substrate therefrom.

24. The method as recited in Claim 23, wherein the step of registering
includes the step of depositing said plurality of single-walled tubular fullerenes
with respective iongitudinal axes thereof oriented at said predetermined angle.

25. The method as recited in Claim 23, wherein the step of removing
said single walled fubular fullerenes is preceded by the step of coating areas of
said substrate surrounding said single-walled tubular fullerenes with a
composition having a greater affinity for said substrate than said single-walled

tubular fullerenes of said predetermined chirality.




