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(57) ABSTRACT

The present invention 1s directed to the creation of macro-
scopic materials and objects comprising aligned nanotube
secgments. The invention entails aligning single-wall carbon
nanotube (SWNT) segments that are suspended in a fluid
medium and then removing the aligned segments from
suspension 1n a way that macroscopic, ordered assemblies of
SWNT are formed. The invention i1s further directed to
controlling the natural proclivity of nanotube segments to
self assemble into ordered structures by modifying the
environment of the nanotubes and the history of that envi-
ronment prior to and during the process. The materials and
objects are “macroscopic” 1n that they are large enough to be
seen without the aid of a microscope or of the dimensions of
such objects. These macroscopic, ordered SWNT materials
and objects have the remarkable physical, electrical, and
chemical properties that SWN'T exhibit on the microscopic
scale because they are comprised of nanotubes, each of
which 1s aligned 1n the same direction and in contact with its
nearest neighbors. An ordered assembly of closest SWNT
also serves as a template for growth of more and larger
ordered assemblies. An ordered assembly further serves as a
foundation for post processing treatments that modify the
assembly 1nternally to specifically enhance selected material
properties such as shear strength, tensile strength, compres-
sive strength, toughness, electrical conductivity, and thermal
conductivity.
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MACROSCOPIC ORDERED ASSEMBLY OF
CARBON NANOTUBES

[0001] This invention was made with Government support
under Grant No. NCC9-77 and Grant No. N00014-99-1-
0246 awarded by the National Aecronautical and Space
Administration and Office of Naval Research, respectively.
The Government may have certain rights in the invention.

BACKGROUND OF THE INVENTION

10002] Fullerenes are closed-cage molecules composed
entirely of sp-hybridized carbons, arranged in hexagons
and pentagons. Fullerenes (e.g., C60) were first identified as
closed spheroidal cages produced by condensation from
vaporized carbon.

[0003] Fullerene tubes are produced in carbon deposits on
the cathode 1n carbon arc methods of producing spheroidal
fullerenes from vaporized carbon. Ebbesen et al. (Ebbesen
1), “Large-Scale Synthesis Of Carbon Nanotubes,”Nature,
Vol. 358, p. 220 (Jul. 16, 1992) and Ebbesen et al., (Ebbesen
[1), “Carbon Nanotubes,”’Annual Review of Materials Sci-
ence, Vol. 24, p. 235 (1994). Such tubes are referred to
herein as carbon nanotubes. Many of the carbon nanotubes
made by these processes were multi-wall nanotubes, 1.€., the
carbon nanotubes resembled concentric cylinders. Carbon
nanotubes having up to seven walls have been described 1n
the prior art. Ebbesen II; Iijima et al., “Helical Microtubules

Of Graphitic Carbon,”Nature, Vol. 354, p. 56 (Nov. 7, 1991).

[0004] In defining carbon nanotubes, it is helpful to use a
recognized system of nomenclature. In this application, the
carbon nanotube nomenclature described by M. S. Dressel-
haus, G. Dresselhaus, and P. C. Eklund, Science of
Fullerenes and Carbon Nanotubes, Chap. 19, especially pp.
756-760, (1996), published by Academic Press, 525 B
Street, Suite 1900, San Diego, Calif. 92101-4495 or 6277
Sea Harbor Drive, Orlando, Fla. 32877 (ISBN 0-12-221820-
5), which is hereby incorporated by reference, will be used.
The single wall tubular fullerenes are distinguished from
each other by double index (n,m) where n and m are integers
that describe how to cut a single strip of hexagonal “chicken-
wire” graphite so that its edges join seamlessly when it 1s
wrapped onto the surface of a cylinder. When the two 1ndices
are the same, m=n, the resultant tube 1s said to be of the
“arm-chair” (or n,n) type, since when the tube is cut per-
pendicular to the tube axis, only the sides of the hexagons
are exposed and their pattern around the periphery of the
tube edge resembles the arm and seat of an arm chair
repeated n times. Arm-chair tubes are a preferred form of
single-wall carbon nanotubes since they are metallic, and
have extremely high electrical conductivity. In addition, all
single-wall nanotubes have extremely high thermal conduc-
fivity and tensile strength.

[0005] Single-wall carbon nanotubes (SWNT) have been
made 1n a DC arc discharge apparatus of the type used 1n
fullerene production by simultaneously evaporating carbon
and a small percentage of Group VIII transition metal from
the anode of the arc discharge apparatus. See Iijima et al.,
“Single-Shell Carbon Nanotubes of 1 nm Diameter,”Nature,
Vol. 363, p. 603 (1993); Bethune et al., “Cobalt Catalyzed
Growth of Carbon Nanotubes with Single Atomic Layer
Walls,”Nature, Vol. 63, p. 605 (1993); Ajayan et al.,
“Growth Morphologies During Cobalt Catalyzed Single-

Shell Carbon Nanotube Synthesis,”Chem. Phys. Lett., Vol.

Aug. 4, 2005

215, p. 509 (1993);, Zhou et al., “Single-Walled Carbon
Nanotubes Growing Radially From YC, Particles,”Appl.
Phys. Lett., Vol. 65, p. 1593 (1994); Seraphin et al., “Single-
Walled Tubes and Encapsulation of Nanocrystals Into Car-
bon Clusters,”FElectrochem. Soc., Vol. 142, p. 290 (1995);
Saito et al., “Carbon Nanocapsules Encaging Metals and
Carbides,”J. Phys. Chem. Solids, Vol. 54, p. 1849 (1993);
Saito et al., “Extrusion of Single-Wall Carbon Nanotubes
Via Formation of Small Particles Condensed Near an Evapo-
ration Source,”Chem. Phys. Lett., Vol. 236, p. 419 (1995). It
1s also known that the use of mixtures of such transition
metals can significantly enhance the yield of single-wall
carbon nanotubes 1n the arc discharge apparatus. See Lam-

bert et al., “Improving Conditions Toward Isolating Single-
Shell Carbon Nanotubes,”Chem. Phys. Lert., Vol. 226, p. 364
(1994).

[0006] While this arc discharge process can produce
single-wall nanotubes, the yield of nanotubes 1s low and the
tubes exhibit significant variations in structure and size
between 1ndividual tubes 1in the mixture. Individual carbon
nanotubes are difficult to separate from the other reaction
products and purify.

[0007] An improved method of producing single-wall
nanotubes 1s described 1n U.S. patent application Ser. No.
08/6877,665, entitled “Ropes of Single-Walled Carbon Nano-
tubes” 1ncorporated herein by reference in its entirety. This
method uses, inter alia, laser vaporization of a graphite
substrate doped with transition metal atoms, preferably
nickel, cobalt, or a mixture thereof, to produce single-wall
carbon nanotubes 1n yields of at least 50% of the condensed
carbon. The single-wall nanotubes produced by this method
tend to be formed in clusters, termed “ropes,” of 10 to 1000
single-wall carbon nanotubes in parallel alignment, held
together by van der Waals forces 1n a closely packed
triangular lattice. Nanotubes produced by this method vary
in structure, although one structure tends to predominate.

[0008] PCT/US/98/04513 entitled “Carbon Fibers Formed

From Single-Wall Carbon Nanotubes” and which 1s incor-
porated by reference, 1n 1ts entirety, discloses, inter alia,
methods for producing single-wall carbon nanotubes, nano-
tube ropes, nanotube fibers, and nanotube devices. A method
for making single-wall carbon nanotubes 1s disclosed, 1n
which a laser beam vaporizes material from a target com-
prising, consisting essentially of, or consisting of a mixture
of carbon and one or more Group VI or Group VIII transition
metals. The vapor from the target forms carbon nanotubes
that are predominantly single-wall carbon nanotubes, and of
those, the (10, 10) tube 1s predominant. The method also
produces significant amounts of single-wall carbon nano-
tubes that are arranged as ropes, 1.€., the single-wall carbon
nanotubes run parallel to each other. The laser vaporization
method provides several advantages over the arc discharge
method of making carbon nanotubes: laser vaporization
allows much greater control over the conditions favoring,
orowth of single-wall carbon nanotubes and the laser vapor-
1zation method produces single-wall carbon nanotubes 1n
higher yield and of better quality. The laser vaporization
method may also be used to produce longer carbon nano-
tubes and longer ropes.

[0009] PCT US99/25702 entitled “Gas-phase process for
production of single-wall carbon nanotubes from high pres-
sure CO” and which 1s incorporated by reference, in its
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entirety, discloses, iter alia, methods for producing single-
wall carbon nanotubes, nanotube ropes, nanotube fibers, and
nanotube devices. A method for making single-wall carbon
nanotubes 1s therein disclosed, which invention comprises
the process of supplying high pressure (e.g., 30 atmo-
spheres) CO that has been preheated (e.g., to about 1000° C.)
and a catalyst precursor gas (e.g., Fe(CO)s) in CO that is
kept below the catalyst precursor decomposition tempera-
ture to a mixing zone. In this mixing zone, the catalyst
precursor is rapidly heated to a temperature that results in (1)
precursor decomposition, (2) formation of active catalyst
metal atom clusters of the appropriate size, and (3) favorable
crowth of SWN'Ts on the catalyst clusters. Preferably a
catalyst cluster nucleation agency i1s employed to enable
rapid reaction of the catalyst precursor gas to form many
small, active catalyst particles instead of a few large, 1nac-
five ones. Such nucleation agencies can include auxiliary
metal precursors that cluster more rapidly than the primary
catalyst, or through provision of additional energy inputs
(e.g., from a pulsed or CW laser) directed precisely at the
region where cluster formation 1s desired. Under these
conditions SWNTs nucleate and grow according to the
Boudouard reaction. The SWNTs thus formed may be
recovered directly or passed through a growth and annealing
zone maintained at an elevated temperature (e.g., 1000° C.)
in which tubes may confinue to grow and coalesce 1nto
ropes.

[0010] Carbon nanotubes, ropes of carbon nanotubes, and
in particular, single-wall carbon nanotubes and ropes
thereot, are useful for making electrical connectors 1n micro
devices such as integrated circuits or 1n semiconductor chips
used 1 computers because of the electrical conductivity and
small size of the carbon nanotube. The carbon nanotubes are
uscful as antennas at optical frequencies, and as probes for
scanning probe microscopy such as are used in scanning
tunneling microscopes (STM) and atomic force microscopes
(AFM). They are useful as electron field-emitters and as
clectrode materials, particularly 1in fuel cells andelectro-
chemical applications such as Lithium 1on batteries. Carbon
nanotubes may be used 1n place of or 1n conjunction with
carbon black in tires for motor vehicles. The carbon nano-
tubes are also useful as supports for catalysts used in
industrial and chemical processes such as hydrogenation,
reforming and cracking catalysts. They are useful as ele-
ments of composite materials providing novel mechanical,
electrical and thermal conductivity properties to those mate-
rials.

[0011] Ropes of single-wall carbon nanotubes are metal-
lic, 1.e., they will conduct electrical charges with a relatively
low resistance. Ropes are useful 1n any application where an
electrical conductor 1s needed, for example as an additive 1n

clectrically conductive paints or 1n polymer coatings or as
the probing tip of an STM.

SUMMARY OF THE INVENTION

[0012] The present invention is directed to macroscopic
materials and objects of aligned nanotubes and to the
creation of such materials. The mvention entails aligning
single-wall carbon nanotube (SWNT) segments that are
suspended 1n a fluid medium and then removing the aligned
segments from suspension In a way that macroscopic,
ordered assemblies of SWNT are formed.

[0013] The materials and objects are “macroscopic” in that
they are large enough to be secen without the aid of a
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microscope, or have the physical dimensions of such
objects. These macroscopic, ordered SWN'T materials and
objects have the remarkable physical, electrical, and chemi-
cal properties that SWN'T exhibit on the microscopic scale
because they are comprised of nanotubes, each of which 1s
aligned 1n the same direction and 1n contact or close prox-
imity with its nearest neighbors. An ordered assembly of
SWNT also serves as a template for growth of more and
larger ordered assemblies. This invention shows the first
realized means of creating macroscopic objects of aligned
SWNT. These materials and objects are highly anisotropic:
cach of their physical properties such as electrical conduc-
fivity, thermal conductivity, tensile strength, compressive
strength, resistance to fracture, etc. are dependent on the
direction 1n which each of these properties 1s measured with
respect to the direction of orientation of the SWNT 1n the
object. The thermal conductivity, for instance, parallel to the
direction of the SWNT 1in the object will be substantially
different from the thermal conductivity i1n the direction
perpendicular to the SWNT. In the following, any reference
to physical properties 1s understood to refer to quantities that
are anisotropic and appropriately described 1n the direction-
dependent representations known to those skilled 1n the art.

[0014] According to one embodiment of the present inven-
tion, a single strand comprising millions of SWNT 1s dis-
closed. According to another embodiment of the present
invention, a new material made of aligned single-wall car-
bon nanotubes is realized. This material 1s a thin (approx. 1.5
um thick) membrane having about 10'* individual nano-
tubes per cm” oriented in the same direction, and lying in the
plane of the membrane. This “in-plane membrane” repre-
sents a new material, and 1s the first example of a macro-
scopic ordered assembly of carbon nanotubes.

[0015] According to another embodiment of the present
invention, a method for alignment 1s disclosed. Electric
fields, magnetic fields, and shear flow fields are known to
apply forces to SWNT, and can be used to achieve alignment
of SWNT segments suspended in liquids. One method
involves applying the magnetic field to a suspension of
SWNT segments, which are typically 200-1000 nanometers
long. The 1nteraction of the magnetic field with the SWNT
segments causes a high degree of alignment of the individual
segments 1n a direction parallel to the magnetic field. Once
the segments are aligned, assembly of larger objects 1is
achieved by enabling these aligned SWNT to come out of
suspension and aggregate while they remain aligned by the
magnetic field.

[0016] As the nanotube segments are removed from sus-
pension, they adhere to one another in arrays wherein the
tube segments lie essentially parallel to one another and each
tube segment 1s 1n contact with its nearest neighbors. This
proclivity of nanotube segments for self-assembly into small
ordered structures has been known for several years. These
small structures are often called “ropes”, and typically have
cross sections comprising between 10 and 1000 individual
tubes. Ropes form naturally 1n all known production meth-
ods for SWNT and they appear m the solid residues from
filtration or centrifugation of suspensions of SWNT seg-
ments 1n liquids.

[0017] This “roping” of SWNT happens in collisions and
subsequent 1nteraction of individual SWNT with one
another, 1n interactions between individual SWN'T and ropes
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that have already formed, or in 1nteractions between ropes.
“Roping” occurs because SWNT are exceedingly stifl mol-
ecules. The bare walls of SWNT have a strong van der Waals
attraction for one another, and the tubes aggregate very
casily. SWNT suspended in a liquid are mobile, and will
move In a way consistent with well-known principles of
physics. When two such stiff objects with attractive forces
between their sides encounter one another, 1f they are free to
rotate, they will re-orient to the most energetically-favored
arrangement, which 1s to lie together 1n such a way that there
1s a maximal contact surface arca between the two entities.
As long as the forces between the sides of the stiff objects
are attractive, the condition of maximal surface contact 1s the
condition of mimimum energy for the system. Likewise, an
individual tube segment ageregating with a “rope” will align
with the long axis of the rope, and lie so that 1t contacts two
other tubes 1n the rope. When rope segments aggregate, they
will rearrange themselves mto a single rope of larger cross
section, 1n a way that the energy of the structure so formed
1s minimized.

[0018] A further novel property of SWNT is that their

surfaces are relatively smooth on an atomic scale, and there
1s little resistance to a motion 1 which one tube “slides” in
a direction parallel to its nearest neighbor. Thus as the rope
forms, 1ts constituent nanotube segments will further rear-
range their displacements parallel to the axis of the forming
rope 1n a way that minimizes energy. As indicated above,
this minimization of energy occurs when the contact arca
between adjacent tubes 1s maximized, thus minimizing the
exposed tube surface area. This principle dictates that as the
rope forms, mdividual SWNT segments pack tightly, with
the end of each segment 1n close proximity to the end of its
nearest neighbor that lies along essentially the same axis. If
the 1ndividual nanotube segments remain sufficiently
mobile, as small ropes aggregate to form larger ropes, a
similar repacking to minimize energy will take place, ensur-
ing that the larger ropes are closely-packed with a minimum
of voids 1nside.

[0019] Obviously, since “roping” depends on physical
interactions of distinct SWNT or ropes, the rate of the
“roping” process depends on the local concentration of
nanotube material. If the local concentration of nanotube
material 1s increased, roping proceeds more rapidly. The
progress of the roping process, and the ultimate product can
be controlled by modifyimng the environment of the nano-
tubes and the history of that environment prior to and during
the roping process. An important aspect of this mnvention 1s
to provide means of said modifications to exploit and control
the “roping” behavior of SWNT to produce novel materials
and objects comprising SWNT.

[0020] SWNT are highly anisotropic, and have remarkable

physical properties. Likewise, a material that comprises
highly-oriented SWNT, all arranged in the same direction
will have remarkable properties. This mnvention presents the
first realization of such material, means for producing such
material and objects made from 1t, and several applications
of this new composition of matter.

[0021] This invention first comprises the modification of
the roping process by chemical means, wherein the diameter
of the ropes formed 1s 1increased well beyond that known 1n
the art. The larger ropes themselves form novel materials
and objects.
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[10022] If individual mobile tubes or rope segments are
aligned by some means (electric, magnetic, shear, etc.), prior
to or during the “roping” process they will form aligned
ropes, which will then interact to form larger ropes. One
aspect of this mvention 1s to effect an alignment of the
individual tube segments or small “ropes” that enables their
self-assembly on a larger scale that forms manipulable,
macroscopic structures and materials. The invention also
comprises the materials of highly-aligned SWNT segments
and ropes of SWNT segments exemplified by the product of
the demonstrated process, and 1t also includes electrical,
chemical, mechanical, and biological applications of mac-
roscopic ordered nanotube materials and objects.

[0023] The invention also comprises post-processing of
said macroscopic ordered nanotube materials and objects 1n
ways that are enabled by their ordered arrangement. This
post-processing enhances the properties of said materials
and objects by, for instance, by modifying their mechanical
properties, electrical conductivity, thermal conductivity, and
interaction with electromagnetic radiation. Such post-pro-
cessing includes methods and techniques of joining the ends
or sides of the nanotube segments that make up the macro-
scopic ordered material or object.

[10024] The ordered composition itself enables such post
processing by maintaining the relative positions of interact-
ing tube segments during the time required for interactions
that comprise the post-process. The ordered assembly
clearly holds the sides of individual nanotubes in contact
with the sides of 1ts nearest neighbors. Less obvious 1s that
the efficient packing of nanotube segments as they ageregate
during the formation process for the macroscopic ordered
material or object also causes the ends of adjacent, co-linear
nanotube segments to touch or be 1n very close proximity to
onc another. The ordered arrangement of the nanotube
segments 1n the said material or object holds the adjacent
nanotube segment ends 1n close proximity, enabling a post-
processing step.

[0025] A simple example of such post processing is to
introduce an agent or combination of agents that induce
cross-linking between the sides of the tubes as they lie
parallel to one another. Such agents include chemical ones
that intercalate the ordered material and bond chemically to
adjacent tubes, and a combination of radiation (photons,
X-rays, gamma rays, and/or energetic 1ons, electrons or
neutrons) and heat wherein the radiation causes dislocations
in the regular tube sidewalls, and the heat enables rearrange-
ments of the tube sidewalls 1n which bonds form between the
wall of one tube segment and the wall of an adjacent tube
segment. Said cross linking would materially alter the prop-
erties of the material or object by changing its shear strength,
tensile strength, toughness, electrical conductivity and ther-
mal conductivity.

[0026] Another example of such post-processing com-
prises application of heat, annecaling of a macroscopic
ordered nanotube material or object in such a way that the
ends of essentially-collinearly-arranged and abutting nano-
tube segments rearrange their chemical bonding so that the
segments become substantially joined by covalent bonds.
This “welding together” of individual nanotube segments at
or near their ends within a macroscopic ordered material or
object will alter and 1improve one or more components of the
mechanical properties, electrical properties and thermal
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properties of the that material. For instance, the tensile
strength, electrical conductivity and thermal conductivity of
the material 1n the direction parallel to the tube axes are all
increased by the “welding together” of SWNT segments 1n
the macroscopic ordered nanotube material. The ordered
materials produced by this invention have a number of
uselul forms. They are presented as solid objects, films, and
fibers. The unique “roping” behavior of SWNT and the
control of that behavior disclosed herein also enable them to
form sparse networks that are mechanically and electrically
continuous. These networks, by themselves, or as elements
of composite materials, enable creation of conductive poly-
mers and films for management of electron flow 1n and
around otherwise-electrically-insulating materials and struc-
tures.

[0027] It is a technical advantage of the present invention
that a method for chemical manipulation of single-wall
carbon nanotubes that enables production of large ropes and
a macroscopic ordered assembly of carbon nanotubes i1s
disclosed.

[0028] It is technical advantage of the present invention
that a method for magnetic manipulation of single-wall
carbon nanotubes and ropes 1s disclosed.

[10029] It 1s a technical advantage of the present invention
that methods for producing a macroscopic ordered assembly
of carbon nanotubes are disclosed. It 1s a technical advantage
of the present 1nvention that methods for post processing a
macroscopic ordered assembly of carbon nanotubes that
modily the properties of said assembly and are fundamen-
tally enabled by the assembly’s structure are disclosed.

[0030] The foregoing objectives, the compositions of mat-
ter produced by them and other objectives apparent to those
skilled 1n the art, are achieved according to the present
invention as described and claimed herein.

[0031] The ordered assemblies also are important in their
service as a substrate for initiation of growth of more and
larger ordered assemblies of nanotubes. Here, the ordered
assembly 1s cut 1n a direction perpendicular to that of the
tube axes. The exposed surface i1s then cleaned and made
uniform using electrochemical polishing or other means
known to those skilled in the art of surface science. A
transition metal catalyst 1s placed on or near the open tube
ends. The catalyst 1s either 1n the form of metal deposited by
a known means or pre-formed metal clusters with attached
chemical moieties that enable of the clusters to communicate
with and join with the open tube ends. This assembly is then
exposed to a growth environment. One such environment 1s
30 atmospheres of CO at a temperature of approximately
1000° C. The catalyst metal becomes mobile at elevated
temperatures and forms small clusters on the open tube ends,
and the individual tubes begin growing 1n an ordered array
of the same tube type, diameter, and spacing as the original
substrate array. This process enables assembly of fibers,
cables, and structural materials that will be more than an
order of magnitude stronger than any others that can now be
produced. The materials may be used to produce structural
sections such as I-beams, composite structures, electrodes,
structural and/or active parts of batteries, armor and other
protective materials, thermal management structures or
devices, and structures or devices that reflect, absorb or
modify electromagnetic radiation impinging upon them.

[0032] The methods of the present invention are funda-
mentally enabling 1n both the assembly of “seed arrays™ for
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further nanotube growth, particularly for growth of addi-
fional macroscopic, ordered nanotube materials and struc-
tures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0033] FIGS. 1(a)-(c) are a schematic illustration of the
physical principles that cause both metallic (n,n) and non-
metallic SWNT segments suspended in a liquid to align in
a strong magnetic field according to one embodiment of the
present 1nvention.

10034] FIG. 2 is an apparatus for determining the align-
ment of SWNT segments suspended 1 a liquid placed 1n a
magnetic field according to one embodiment of the present
invention.

[0035] FIG. 3 is an electron micrograph of a portion of a
macroscopic ordered assembly of carbon nanotubes accord-
ing to one embodiment of the present invention.

[0036] FIGS. 4(a)-(f) are TEM micrographs of Field-

aligned SWNT assembled into three-dimensional structures
in which the tubes are aligned substantially parallel to each
other according to several embodiments of the present
invention.

10037] FIG. 51s a schematic of an apparatus for producing
a membrane of aligned SWN'T according to one embodi-
ment of the present mnvention.

[0038] FKIG. 6 is a schematic of another apparatus for
producing a membrane of aligned SWNT according to one
embodiment of the present invention.

[0039] FIG. 7 is a schematic of another apparatus for
producing a membrane of aligned SWNT in which no bias
1s applied to the electrodes, according to one embodiment of
the present invention.

10040] FIG. 8 is a schematic of another apparatus for
producing a membrane of aligned SWN'T according to one
embodiment of the present invention.

10041] FIG.9is aschematic of an apparatus for producing
aligned SWN'T bundles according to one embodiment of the
present 1mvention.

10042] FIG. 10 1s a schematic of another apparatus for
producing aligned SWN'T bundles according to one embodi-
ment of the present mnvention.

[0043] FIGS. 11(a) and (b) are depictions of the material

formed according to one embodiment of the present 1nven-
tion.

[0044] FIGS. 12(a)-(d) 1s a schematic of an apparatus used

in an experiment for producing aligned SWNT according to
one embodiment of the present invention.

10045] FIG. 13 is a depiction of the filter element of the
apparatus of FIGS. 12(a)-(d).

[0046] FIGS. 14(a) and (b) are drawings of the material
formed by the apparatus of FIGS. 12(a)-(d).

[10047] FIG. 15 is a scanning electron micrograph showing
large (0.1 mm) ropes formed by processing SWNT in oleum
according to one embodiment of the present invention.

10048] FIG. 16 is a photograph of a fiber comprising
nanotubes aligned by shear forces in spinning and drawing.



US 2005/0169830 Al

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

10049] Carbon has, from its very essence, not only the
propensity to self-assemble from a high temperature vapor
to form perfect spheroidal closed cages (of which Cg, is
prototypical), but also (with the aid of a transition metal
catalyst) to assemble into single-wall cylindrical tubes
which may be sealed at both ends with a semi-fullerene
dome or may be open at one or both ends. These tubes are
true fullerene molecules.

[0050] This invention involves alignment of SWNT by
some means and assembly of these aligned nanotubes mto a
macroscopic ordered assembly comprising SWNT. SWNTs
have been found to orient lengthwise 1n response to chemi-
cal forces between bare or derivatized tube walls, electric
fields, magnetic fields, and shear flow fields. This invention
includes creation of macroscopic ordered nanotube materi-
als and objects, wherein the necessary alignment of SWNT
1s provided by each of these types of forces. A preferred
embodiment 1ncludes use of magnetic fields for alignment,
and 1s described here 1n detail.

[0051] Referring to FIG. 1(a), a paramagnetic SWNT that
1s oriented lengthwise 1n the direction of a magnetic field 1s
stable. In FIG. 1(b), a diamagnetic SWN'T that has its length
perpendicular to the magnetic field 1s unstable, and, 1if free
to move will also orient itself to be parallel to the field. A
ograph of the susceptibility of paramagnetic and diamagnetic
SWNTs versus the angle of the SWNT relative to the
magnetic field 1s provided in FIG. 1(c). Metallic [(n,m)
where 2n+m=3q, where q is an integer] tubes are paramag-
netic, and their paramagnetic susceptibility 1s maximum
when the magnetic field 1s aligned parallel to the tube axis.
Thus metallic tubes will align with a magnetic field. SWN'Ts
that are not metallic are semiconducting, and these semi-
conducting tubes are diamagnetic. The diamagnetic tubes
have their most negative diamagnetic susceptibility when
the tube 1s oriented perpendicular to the ambient magnetic
field, indicating that the minimum-energy alignment of the
diamagnetic tubes 1n a magnetic field 1s also parallel to the
field axis. While nanotubes are highly electrically polariz-
able and can be oriented by electric fields, orientation by
magnetic fields 1s particularly useful because, unlike electric
fields, magnetic fields are not screened by mobile charges,
and therefore penetrate most materials relatively easily. See
J. P. Lu, “Novel Magnetic Properties of Carbon Nanotube-
s”Phys. Rev. Let. 74, 1123 (1995); H. Ajiki and T. Ando
“Magnetic Properties of Carbon Nanotubes™/. Phys. Soc.
Jpn. 62, 2470 (1993), both of which are incorporated by
reference 1n their entireties.

[0052] The alignment energy of the SWNT 1n the mag-
netic field (AU) is the difference in energy between a
conflguration 1n which a SWN'T segment 1s aligned parallel
to the magnetic field B and the configuration in which 1t 1s
aligned perpendicular to B. In order for an individual SWNT
scgoment to have a substantial average alignment with
respect to the direction of B, AU must be greater than the
thermal energy kT, (where T 1s the absolute temperature and
k is the Boltzmann constant) associated with the SWNT
segment’s rotation i1n directions perpendicular to the mag-
netic field. AU increases with the total mass of the tube, the
susceptibility of the tube, and the value of the magnetic field.
At a given temperature, with a low magnetic field strength,
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or short SWNT, 1ts thermal motion will determine the tube
secgment’s motion and there will be less SWN'T alignment.
If there 1s a large magnetic field, or long SWN'T ropes, there
will be good SWNT alignment. Typically, for alignment
energies (AU) of less than 5 KT, there will not be significant
SWNT alignment. Even at an energy (AU) of 50 KT, how-
ever, there will still be about a £15° difference in average
SWNT alignment from the direction of the magnetic field.
Likewise, an aggregation of nanotubes with their axes
parallel, such as a short “rope” of nanotubes (“Crystalline

Ropes of Metallic Carbon Nanotubes,” A. Thess, R. Lee, P.
Nikolaev, H. J. Dai, P. Petit, J. Robert, C. H. Xu, Y. H. Lee,
S. G. Kim, A. G. Rinzier, D. T. Colbert, G. E. Scuseria, D.
Tomanek, J. E. Fischer and R. E. Smalley, Science, 273, 483
(1996)) is also subject to orientation by a magnetic or
clectric field. In the case where the sample contains sus-

pended ropes, however, the magnetic field 1s particularly
clfective, because the alignment energy, AU, increases with
the total mass of the linear object being aligned by the field.

[0053] Magnetic fields are typically developed by a per-
manent magnet, an electromagnet, a superconducting elec-
fromagnet or generally, electrical current flowing in a con-
ductive structure. The requisite strength of the magnetic field
to achieve alignment of individual nanotubes or nanotube
rope segments depends on factors, including, inter alia, the
length and characteristics of the SWNT or rope segment. As
discussed above, AU depends on the mass, and alignment of
short SWN'Ts requires stronger magnetic fields than align-
ment of longer tubes or ropes of SWN's. For example, for
a (10,10) SWNT 300 nm in length, a 15.3 T magnetic field
must be used to achieve a AU of 5 kT and cause alignment.

For a SWNT rope 10 nm in diameter (about 50 SWNT) and
3 um 1n length, however, a 0.68 T ficld must be used.

[0054] Once individual suspended and mobile SWN'T are
aligned 1n a magnetic field, the aligned SWNT will, at
sufficiently higch SWNT concentrations, group together in
bundles, forming aligned ropes of SWNT, and ropes will
oroup together to form aligned ropes of larger diameter.
SWNT or rope alignment 1n a suspension may be detected
using an apparatus such as that shown in FIG. 2. Referring
to FIG. 2, apparatus 200 includes laser 202, half-wave plate
204, right angle prisms 206, 208, 212, and 214, cuvette 210,
magnet 216, photodiode 218, and meter 220. Cuvette 210
contains SWNT segments suspended in the solvent dimeth-
ylformamaide.

[0055] Magnet 216 generates a magnetic field to which the
SWNT in cuvette 210 are subjected. Magnet 216 may be a
permanent magnet, an electromagnet, or a superconducting
clectromagnet. In one embodiment, the intensity of the
magnetic field produced by magnet 216 may be variable.

[0056] 'To determine the alignment of the SWNT segments
and ropes, laser 202 (such as a HeNe laser) produces a
polarized light beam, which passes through half-wave plate
204. Rotation of the half-wave plate about an axis parallel to
the laser beam rotates the orientation of the polarization
vector of the beam emerging from the half-wave plate. Thus
by choosing the orientation of the half-wave plate, one
specifles the orientation of the beam’s polarization with
respect to the magnetic field 220 The after reflection, the
laser beam travels through the suspension in cuvette 210,
and 1s reflected to photodiode 218, where the amount of laser
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light reaching photodiode 218 i1s measured as a function of
the light polarization direction with respect to that of the
magnetic field.

[0057] The light signal reaching photodiode 218 is a
maximum when the laser light polarization 1s perpendicular
to the magnetic field, and 1s a mimimum when the light
polarization 1s parallel to the magnetic field. This variation
of laser light transmission with 1ts polarization 1s clearly
more pronounced at larger magnetic fields. The linear struc-
ture of the mdividual SWNT segments and ropes ensures
that their scattering of polarized light 1s a function of the
angle between their axes and the polarization vector of the
incident light. The observed variation of the sample’s trans-
mission as a function of polarization direction and magnetic
field both indicate that the SWNT are becoming highly

aligned 1n strong magnetic fields.

[0058] If the SWNT and ropes remain suspended, they

will return to random orientations once the magnetic field 1s
removed. Several processes and apparatuses are disclosed,
that enable the SWNT and ropes to self-assemble into

macroscopic ordered structures.

0059] 1. Processes

0060] a. Process SWNT with Oleum and Extrusion of
Aligned Fibers.

[0061] Prolonged exposure of small diameter SWNT
ropes (diameters<5 nm) to hot fuming sulfuric acid (oleum)
at elevated temperatures has been shown to produce super-
ropes with approximately 10,000 tubes 1n cross-section.
Examination of the optical spectral (ultraviolet, visible and
Raman) of the roped SWNTs removed from the sulfuric acid
indicates that the roping occurs without permanent alteration
the chemical state of the nanotubes. Previously-observed
ropes of SWNT material typically have 100-1000 tubes in
ropes, and suspensions of such nanotubes readily make
papers that can easily be peeled off a filter. (“Large-scale
purification of single-wall carbon nanotubes: process, prod-
uct and characterization,” A. G. Rinzler, J. Liu, H. Dai, P.
Nikolaev, C. B. Huffman, F. J. Rodriguez-Macias, P. J. Boul,
A. H. Lu, D. Heymann, D. T. Colbert, R. S. Lee, J. E.
Fischer, A. M. Rao, P. C. Eklund, R. E. Smalley, Applied
Physics A, 67, 29 (1998)).

[0062] When oleum-treated SWNT material 1s removed
removed from suspension, filtered and dried, very large
ropes of 0.1 mm diameter are observed. Sulfuric acid
intercalation of the ropes, and protonation of the side-walls
of the SWNT segments and ropes occurs via their interaction
with the intercalated sulfuric acid. The mtercalant physically
separates SWNT segments in suspension and protonation of
the sidewalls mitigates the attractive van der Waals force
between walls of neighboring SWN'T and ropes. Both effects
increase the mobility of individual SWNT segments, and
small ropes and the constituent SWNT segments 1n ropes.
During the “roping” process, this increased mobility enables
the formation of ordered “super-ropes” of SWNT which are
themselves a fraction of a micronr in dimension as shown 1n

FI1G. 15.

[0063] To produce the filter cake (buckypaper) shown in
FIG. 15, four hundred milligrams of as produced SWNT
from the high-pressure CO process (“Gas-phase Catalytic
Growth of Single-Walled Carbon Nanotubes from Carbon
Monoxide,” P. Nikolaev, M. J. Bronikowski, R. K. Bradley,
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F. Rohmund, D. T. Colbert, K. A. Smith, and R. E. Smalley,
Chemical Physics Letters, 313, 91 (1999).) were added to a
250 ml round bottomed flask equipped with a condenser and
magnetic stirrer. Fuming sulfuric acid (125 ml, 27-33% free
SO;) was added to the flask and stirred. After mixing was
complete, the paste was thick and difficult to stir at room
temperature. The paste was subsequently heated to 90° C.
and stirred for 48 hours. The cooled contents of the flask
were added dropwise to ether (500 ml) cooled in an ice bath
with vigorous stirring. This was allowed to sit for 15 minutes
and then filtered through a PTFE (0.5 micron) filter paper.
The SWNTs where again suspended 1n acetonitrile/ether
(50:50, 250 ml), sonicated for 15 min and recovered by
filtration. The fuming sulfuric acid processed SWNT mate-
rial easily forms a defined filtrate paper shown i FIG. 135,
which 1s quite robust. Other acids that are known to inter-
calate graphite will also facilitate the formation of super-
ropes.

[0064] Facilitating the movement of SWN'Ts and ropes in
a hot oleum creates highly aligned SWNT fibers and mem-
branes. For instance, the growth of large ropes in the
presence ol aligning forces such as occur 1n high magnetic

fields leads to better alignment of SWNT within fibers and
membranes that are formed in the presence of the field.

[0065] When high concentrations of SWNT in oleum
(pastes) are extruded through an orifice into water, the oleum
dissolves rapidly in the water, leaving well-formed fibers of
SWNT material. Shear forces in the extrusion process orient
the SWNT, and orientation of the SWNT relative to the fiber
axis 1s observed through analysis by polarized Raman spec-
troscopy. The fibers after extrusion into water are shown 1in

FIG. 16.
0066] b. Apply Magnetic Field, Add MgCl,

0067] According to another embodiment of the present
invention, a process for assembling SWNT segments (of
about 100-1000 nm in length) into arrays in which all tubes
are substantially aligned 1s disclosed. These arrays may take
the form of a thin membrane of substantially aligned SWNT
oriented perpendicular to the plane of the membrane, or may
take the form of a membrane of parallel SWNT segments
having their axes lying in the plane of the membrane.

[0068] The properties of both bare and chemically-deriva-
tized SWNT permit them to be highly aligned 1n a magnetic
field. (This derivitization may be through covalent bonding
of atoms or molecules to the sides and/or ends of the
nanotubes or may be non-covalent, such as 1s provided by
the interaction polymers with the side-walls of the SWNT.)
This large degree of alignment greatly stmplifies the process
of assembly of both thin membranes of substantially parallel
tubes oriented perpendicular to the plane of the membrane,
and greatly facilitates the formation of fibers of parallel
tubes.

[0069] The process, according to one embodiment of the
present invention, includes the following. First, a suspension
of SWNT i1n a suspending agent is provided. DMF (dim-
ethylformamide) 1s an example of a suitable suspending
agent, in which the nanotubes suspend as colloidal particles
with a known electrical charge per umt length. In one
embodiment, about 20-30 mg/l of SWNT 1s 1n solution.

[0070] Another suitable suspending agent is a water-Tri-
ton X solution. Suspension of the SWNT 1s accomplished by
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addition of SWNT material to the solution and sonicating the
mixture until a stable suspension i1s achieved. The suspen-
sion of SWNT may then placed 1n a magnetic field, where
the SWN'Ts substantially align, as discussed above.

[0071] The magnetic field may range in intensity from
about 0.5 T to over 30 T. In one embodiment, the magnetic
field has a magnitude of about 25 T.

[0072] Adding an ionic salt alters the stability of a colloi-
dal suspension. In one embodiment, MgCl, 1s added to the
suspension to add ions (Mg** and CI7), which reduce the
ability of the solution to suspend the SWNT. The MgCl, may
be provided gradually to the suspension to enable the orderly
“roping” of the SWNT segments as they “salt out” of
suspension. This process of coagulation by electrolyte addi-
fion to a colloidal suspension 1s well known to those skilled
in the art of colloids. Once out of solution, the SWNT
precipitate to the bottom of the container, where they may
then be collected.

[0073] The aligned SWNT may also form bundles of
aligned SWNTs, also known as “ropes”. As SWNTs are
added to the bundles, the bundles will become heavier, and

descend to the bottom of the container.

[0074] In another embodiment, electrodes are provided to
alter the ability of the suspending agent to suspend the
aligned SWNT. As above, the SWNT may be aligned 1n a
magnetic field, and then electrical current 1s passed through
the suspension (from electrodes immersed in the suspen-
sion), reducing the ability of the suspending agent to sus-
pend the tubes. As the aligned tube segments come out of
suspension, they remain aligned by the magnetic field and
assemble 1nto ordered structures.

0075] c. Filter Method

0076] According to another embodiment of the present
invention, an ordered assembly of nanotubes aligned 1in
suspension may be produced by filtering a suspension of
SWNT while 1t remains in a magnetic field. SWNT are
suspended in an appropriate solution (such as Triton-X and
water). The SWNT may then be forced to flow through a
magnetic field, where they substantially align, as discussed
above. The SWNT, suspended 1n a moving solution, con-
finue to move 1n the direction of solution flow, as they
continue to flow under the mfluence of the magnetic field.
The SWNT are then be “caught” on a screen element, which
1s also 1 the magnetic field, such as a syringe {filter, which
has pores that are sized such that the aligned SWN'T cannot
pass through. As the solution continues to flow, additional
aligned SWNT continue to “build” on the screen element,
forming a material of aligned SWNT.

[0077] The material of aligned SWNT is further processed
by rinsing with a suitable solvent (such as isopropyl alcohol)
and then dried. The membrane of aligned SWNT may then
be removed from the screen element. The rinsing and drying
process removes the suspending agent and allows the SWNT
to come 1nto intimate contact with one another, establishing
strong van der Walls contact between parallel tubes. Further
ordering and establishing of van der Waals contact between
parallel tubes 1s achieved by annealing the membrane 1n an
inert atmosphere at temperatures between 200° C. and 1300°
C., most preferably temperatures between 900° C. and 1200°
C. Membranes that are over one micron thick and one square
centimeter 1n area, composed almost exclusively of SWNT
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segments aligned 1n the same direction, have been produced
by this method. An example of a membrane produced by
such a process 1s provided 1 FIG. 3.

[0078] In one embodiment, the membrane may be turned
on 1ts side so that the ends of the SWNT segments are
exposed. In another embodiment, the membrane may be
kept on 1its side with the tubes oriented 1n the plane of the
surface upon which they were formed. The membrane may
then be folded over one or more times with the folds creases
in a direction perpendicular to the tube alignment direction,
forming a thicker membrane. The individual membrane or
the multiple-layer membrane serve as templates for further
growth of macroscopic ordered assemblies of SWNT 1n a
process where the membrane 1s cut 1 a direction perpen-
dicular to the SWN'T segments axes, processed to provide a
regular surface of open tube ends (e.g., by electropolishing)
and deposition of transition metal catalyst atoms or particles
on or near the open tube ends. Further processing of this cut
ribbon with catalyst enables formation of active catalyst
particles on the open tube ends and exposure to an appro-
priate carbon containing feed stock (e.g., CO) at an appro-
priate temperature and pressure (ca 800-1200° C. at pres-
sures of 1 to 100 atmospheres) re-starts the growth of the
exposed tube ends. In this way a larger, macroscopic,
ordered assembly of SWNT 1s grown. Each individual tube
in the grown assembly will have the same diameter and tube
type as the tube from which 1t began, but unlike those 1n the
template, the tubes 1n the grown assembly will be continu-
ous, 1nstead of being short segments.

0079] d. Three Dimensional SWNT Formation on Gold

0080] In one embodiment, magnetically-aligned, deriva-
tized SWNT are assembled on a gold substrate. In one
embodiment, SWN'T segments are derivatized at their ends
with alkane thiols so that the sulfur-containing group of the
thiol 1s at the end of the alkane chain opposite to the end at
which it 1s attached to the SWN'T. The sulfur atom readily
attaches to a gold substrate, anchoring the tube there. This
derivatization process and the ability of the so-derivatized
tubes to attach to a gold substrate are known (see “Fullerene
Pipes,” J. Liu, A. Rinzler, H. Dai, J. Hafner, R. Bradley, A.
Lu, K. Shelimov, C. Huffman, F. Rodriguez-Macias, P. Boul,
T. Iverson, D. T. Colbert, R. E. Smalley, Science, 280, 1253
(1998)). The invention here is to align derivatized tubes, and
to form ordered assemblies through the action of tubes
together with the derivatizing agents.

[0081] In one embodiment, SWNT end-derivatized with
alkane thiols form a monolayer on the surface of a gold
substrate. This self-assembled monolayer forms 1n a mag-
netic field containing a suspension of thiol-derivatized
SWNT and a gold substrate lying with its face perpendicular
to the magnetic field. The dertvatized SWNT are aligned by
the magnetic field so that the tube axes are perpendicular to
the gold surface, and their diffusion in the suspension
ultimately brings the thiol derivative into contact with the
oold, whereupon there 1s a probability that the tube segment
will become anchored to the gold by chemical interaction of
the thiol and gold surface. Over time, a “bed of nails”
membrane consisting of a self-assembled monolayer of
SWNT segments essentially perpendicular to and attached at
one end to the gold surface 1s formed. The magnetic field 1s
a critical factor in maintaining the alignment of the SWNT
secgoments during the membrane formation. The aligned
membrane 1s removed from the field after it 1s formed.
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[0082] In other embodiments, the SWNT are suspended in
DMEF, water and a surfactant such as Triton-X. Suspension
of the SWNT 1n water 1s also enabled by non-covalent
derivatization of the SWNT with such moieties as L-D
peptide chains or polymers like polystyrene that wrap
around the circumference of the tubes. Such non-covalent
derivatizations essentially do not disturb the electronic or
magnetic characteristics of the SWNT 1n any way, and allow
them to be easily oriented by Magnetic fields. These “super
surfactants” do, however, reduce the attractive forces
between SWNT side walls and allow much more concen-
trated suspensions of SWNT than other surfactants, and
thusly facilitate assembly of ordered assemblies of SWNT.
This facilitation 1s in part due reduction of the forces
between the tube walls, and 1n part due to forces between
said “super surfactants” residing on one tube and those
residing on another.

[0083]

|0084] Ficld-aligned SWNT may be assembled into a
three-dimensional structure in which the tubes are aligned
substantially parallel to each other. FIGS. 4(a)-(f) are TEM
micrographs of such structures according to several embodi-
ments of the present invention. FIG. 4(f) shows a 20 micron
thick aligned structure on top of a 50 micron-diameter gold
wire (for scale, the wire is about as thick as a human hair).

A cross-section of this structure contains about 10® aligned
SWNT.

[0085] In one embodiment, the three-dimensional struc-

ture may be a fiber containing parallel SWNT. An example
of such a structure is shown in FIG. 4(¢) and FIG. 16.

e. Formation of Three-Dimensional Structures

[0086] The formation of the three-dimensional structure
may be further enabled by chemical treatment of the tubes.
The chemical treatment may include known chemical treat-
ments, such as sidewall derivatization or end derivatization,
which 1s known to those skilled m the art of nanotube
chemistry. (cf. “Fluorination of Smglc Wall Carbon Nano-

tubes,” E. T. Mickelson, C. B. Huffman, A. G. Rinzler, R. E.
Smalley and R. H. Hague, Chem. Phys. Lett., 296, 188
(1998); “Reversible Sidewall Functionalization of Bucky-
tubes,” P. Boul, J. Liu, E. Mickelson, C. Huffman, L.
Ericson, I. Chiang, K. Smith, D. T. Colbert, R. Hague, J.
Margrave, R. E. Smalley, Chem. Phys. Lett. Chemical Phys-
ics Letters, 310, 367 (1999).) The inventions here include
that chemical treatment of the tubes enables their self-
assembly 1nto macroscopic ordered structures under the
influence of chemical forces alone, that chemical treatment
enables use of higher concentrations of SWNT 1n suspen-
sions that facilitate alignment of SWN'T 1n magnetic fields
and viscous flow fields enabling the formation of macro-
scopic three-dimensional structures of aligned nanotubes.

[0087] Another embodiment of a three-dimensional struc-
ture comprises a membrane of substantially paralle]l SWNT
oriented perpendicular to the plane of the membrane, which
1s used as a template as described above for growth of a
larger three-dimensional structure.

|0088] Another embodiment of a three dimensional struc-
ture obtained through the action of derivatization agents 1s
one 1n which the ends of SWNT are be selectively deriva-
tized with different derivatizations on the side and only one
end, or with different compounds on opposite ends. If the
end-derivatization 1s hydrophobic and the side and other-end
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derivatizations are hydrophilic, such tubes will form a
self-assembled monolayer (like a Langmuir-Blodgett film)
at a water surface. Thus derivatization affects the interaction
of SWNT with solvents 1n ways that enable formation of
three-dimensional ordered objects and structures, particu-
larly at the interfaces of liquid media. When the SWNT can
be concentrated at the interface between different llqulds 1n
this way, electric fields are partlcularly cifective 1n effecting
therr alignment; because, 1n conductive solutions, strong
clectric fields generally exist only at interfaces between
different constituents or between the solution and an elec-
trode.

[0089] Crystallization by evaporation of solvent may be
used to ortent SWNT on highly-ordered pyrolytic graphaite
(HOPG). This has been shown experimentally, where the
alienment of SWNT on the HOPG surface was consistent
with the surface structure. Similarly, macroscopic ordered
structures of SWNT segments are formed by crystallization
of SWNT from suspensions by evaporation of the suspend-
Ing agent.

[0090] Manipulation of colloidal suspensions and solu-
tions of large molecules or particles by electric fields in the
liquid 1s the basis of several electrophoretic techniques. The
iventive step 1s to use the electric field manipulation 1n a
magnetic field or 1n the absence of a magnetic field to create
macroscopic objects of oriented SWNT. Here the electric
field 1s used to gently move the SWNT segments closer to
one another in a particular region of the apparatus to effect
their assembly.

0091] f. Suspension of SWNT in a Solid

0092] According to one embodiment of the present inven-
fion, the SWNT may be suspended in a solid through
polymer/sol-gel manipulation. First, the SWNT are sus-
pended 1n a polymer/sol-gel material in 1ts liquid state, and
are then aligned 1n a magnetic field; or if the polymer/solgel
material 1s sufficiently viscous, the alignment 1s obtained by
the traditional methods of spinning and drawing a fiber from
the polymer gel material, wherein shear forces occurring as
the fiber 1s formed and elongated serve to align the SWNT
and ropes 1n the direction of fiber drawing. The material
surrounding the SWNT 1s then converted to a solid, “trap-
ping” the aligned SWNT 1n the matrix. The subsequent
matrix 1s macroscopic, ordered material comprising SWNT,
which 1s 1tself useful. This distinct composition of matter,
which 1s an imtermediate step toward an ordered macro-
scopic object of SWNT 1s useful 1n 1tself as a fiber, as a
composite material with novel mechanical, electronic and
thermal properties. This ordered SWNT-matrix composite 1s
subject to further post-processing (either by heating or
chemical means) to remove the matrix material, resulting in
further SWNT “roping” thus producing a macroscopic,
ordered SWNT material comprising only nanotubes. Like-
wise, the post-processing can convert the matrix to another
form that 1s useful as a composite with oriented nanotubes
incorporatcd The solid material may be used as a composite
in a manner known to one of ordinary skill in the art. For
example, the material may be layered with the SWN'TT offset
by 90° to increase the strength and toughness of the resulting
composite.

[0093] Likewise the matrix used can be a metal, such as
aluminum, which admits alignment of the SWNT by the
methods described above. Magnetic alignment 1s achieved



US 2005/0169830 Al

only when the metal 1s molten but alignment by viscous
forces can be obtained after the metal has solidified as well.
The metal forms a composite material with aligned SWNT
incorporated that has desirable properties such as improved
toughness, increased strain-to failure, and modified thermal
and electrical conduction properties compared to those of
the pure metal. Removal of the metal matrix by means
known to those skilled in the art, such as acid etching,
heating, etc. will result 1n production of an ordered SWNT
material.

0094] g¢. Heat Annealing of SWNT Assemblies

0095] In another embodiment, further processing of the
ordered structures and “ropes” joins the ends of essentially-
collinearly-arranged and abutting segments of SWN'T. In the
process of heating or annealing the aligned SWN'T contain-
ing mixture to approximately 300° C., the volatiles in the
mixture will evaporate. The single wall nanotubes are
mobile 1n the solution environment, and as they are gener-
ally of different helicity or chirality, there 1s low resistance
to tubes sliding lengthwise. As described elsewhere, the
tubes tend to settle 1n a minimum energy state, parallel to a
magnetic field. Single wall nanotubes caused to come out of
suspension while thus aligned, adhering to one another, form
into ropes, wherein many of the ends of imndividual single
wall nanotubes that are end to end adjacent will likely touch
or nearly touch. Further processing combines such segments
into a single tube within the ordered assembly by exposing
the ropes to a temperature of between 300° C. and 1500° C.,
and most preferably between 900° C. and 1300° C. The
adjacent hemispherical fullerene end caps rearrange their
chemical bonding so that segments are substantially joined
by covalent bonds, “welding together” or contiguously
forming a single tube from two adjacent tubes. Packed
aligned single wall nanotubes can be “welded” or joined 1n
spite of differing chirality and diameter. Indications of the
cffectiveness of the process can be verified by studying
changes 1n electrical conductivity along the magnetic axis,
and change 1n along axis elastic and tensile strength behav-
10T.

[0096] In alternate embodiments other treatments of the
end adjacent single wall nanotubes similarly join the two
secgments 1mnto a single longer tube. The invention thus
extends to heat treatment, treatment with energetic particle
radiation, electron beam bombardment, and heat treatment
in the presence of H..

0097] 2. Apparatuses
0098]

0099] Referring to FIG. 5, an apparatus for producing a
membrane of aligned SWNT 1s provided. Apparatus 500
includes source of suspended SWNT 504 and source of
solvent 506. The SWNT and/or ropes of SWNT are sus-
pended 1n a suitable suspending agent, such as DMF. Solvent
506 1s a water-Triton-X solution. High-pressure gas source
502 (about 2-3 atm.) is provided to force SWNT and solvent
to mix 1n inlet S08, and to enter tank 510.

[0100] In another embodiment, a vacuum is used instead
of a high-pressure gas source 1n order to cause the suspended

SWNT and/or ropes of SWNT to move toward outlet 518.

[0101] The suspended SWNT at 10-50 milligrams per liter

in a suspending agent such as Triton-X and water flow at a
rate of from about 100 milliliters/hour to about 1 milliliters/
hour.

a. Filter Apparatus
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[0102] As the suspended SWNT are forced toward outlet
518, they pass through magnetic field 512. Various sources
for magnetic field 512 are provided. In one embodiment, a
superconducting electromagnetic 1s used. In another
embodiment, an electromagnet 1s used. In another embodi-
ment, a permanent magnet 1s used. Other suitable magnetic
field sources may be used.

[0103] The magnetic field produced by the magnetic
source 1s preferably be at least 0.5 T. In one embodiment, the
magnetic field has field strength of 25 T. In another embodi-
ment, the strength and/or orientation of magnetic field 512
may vary with time.

[0104] Inone embodiment, an electric field 1s be provided.
The electric field 1s provided 1n addition to, or instead of, the
magnetic field. The electric field 1s provided by any suitable
electric field source. In a variant of this embodiment, the
clectric field assists the SWNT 1n moving toward filter 514.

[0105] Magnetic field 512 may be applied perpendicular
to, or parallel to, the flow of the SWNT. In FIG. §, magnetic

field 512 1s applied perpendicular to the flow of the SWNT.
Other suitable application angles may also be used.

[0106] As discussed above, magnetic field 512 causes the
SWNT to align. The SWNT continue to flow to screening
clement 514. Screening element 516 1s a filter. In one
embodiment, screening clement 514 1s a syringe filter.
Screening element 514 may be supported by support 516,
which 1s a glass frit, or a similar material.

[0107] The aligned SWNT are not able to pass through
screening clement 514 because of their length. The SWNT
thus form a material of aligned SWNT on the surface of
screening clement 514. The solvent, no longer containing

SWNT, continues to flow to outlet 518.

[0108] Depending on the size and orientation of the
SWNT, tlow rate of the SWN'T solution, and the pore size of
screening clement 514, a number of SWNT may neverthe-
less pass through filter screening element, support 516, and
flow to exat 518.

[0109] The SWNT may continue to accumulate on screen-
ing element 514, forming a thicker material. In one embodi-
ment, the membrane may reach a thickness of about 10
microns or greater. As the aligned SWNT accumulate, the
flow rate through screening element 514 may decrease
significantly.

[0110] b. Filter Apparatus with Migration

[0111] According to another embodiment of the present
invention, an apparatus for producing a membrane of
aligned SWNT 1s provided. Referring to FIG. 6, apparatus
600 1includes tank 602, which 1s a beaker or a simailar
container, having electrodes 604 and 606. In one embodi-
ment, electrode 604 1s the negative electrode, and electrode
606 1s the positive electrode.

[0112] Tank 602 contains a suspension of SWNT. Accord-
ing to one embodiment, the SWNT are suspended 1n a

water-Triton-X solution. Other suitable solutions may be
used.

[0113] Magnetic field 608 is applied to the suspension of
SWNT in tank 602. Magnetic ficld 608 1s produced by a
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suitable magnetic field source, such as a permanent magnet,
an clectromagnet, a superconducting electromagnet, or the

like.

[0114] Magnetic field 608 produced by the magnetic

source preferably has a field strength of at least 2 T. In one
embodiment, the strength and/or orientation of magnetic
field 608 may vary with time. For example, the magnetic

field may start from about 2 T to about 5 T, and then 1ncrease
to about 15 T.

[0115] In one embodiment, an electric field 1s provided.
The electric field may be provided 1n addition to, or instead
of, the magnetic field. The electric field 1s provided by any
suitable electric field source.

[0116] Magnetic field 608 may be applied perpendicular
to, or parallel to, the flow of the SWNT. In F1G. 6, magnetic

field 608 1s applied perpendicular to the flow of the SWNT.
Other suitable application angles may also be used.

[0117] Tank 602 also includes filter 610. An ionic salt,
such as Mg*~, is introduced to tank 602 through inlet 612 to
flocculate the suspended SWNT.

[0118] Once the electrodes are biased following the appli-
cation of a voltage differential, the Mg** ions migrate to
negative electrode 604. The SWNT migrate to positive
clectrode 606 side of tank 602. As the SWNT migrate to
positive electrode 606, they align 1n magnetic field 608, as
discussed above. The SWNT then interact with filter 610,
which 1s supported by an object, such as a glass frit. The
aligned SWNT are not able to pass through filter 610, and
form a membrane of aligned SWNT on the surface of filter

610.

[0119] Depending on the size and orientation of the
SWNT, as well as the flow rate of the SWNT solution, and
the pore size of filter 610, a number of SWNT may never-
theless pass through filter 610 and any supporting structure,
and flow to positive electrode 606.

[0120] The SWNT may continue to accumulate on filter
610, forming a thicker material. In one embodiment, the
material reaches a thickness of about 10 microns.

[0121] In one embodiment, the filter 1s flushed with iso-
propyl alcohol to remove excess surfactant remaining on the
filter. The filter and material are then dried.

[0122] Once the desired thickness is reached, the material
may be removed from the filter, and turned on its edge 1n the
“bed of nails” configuration.

[0123]

c¢. No Bias to Electrodes

[0124] According to an alternate embodiment of the
present 1nvention, no bias 1s applied to the electrodes.
Referring to FIG. 7, tank 700, which may be a beaker, 1s
provided with two electrodes 702 and 704. In one embodi-
ment, electrode 702 1s the negative electrode, and electrode
704 1s the positive electrode. Electrode 704 1s made of an
ion-producing material, such as magnesium.

[0125] Tank 702 may be filled with SWNT that are sus-
pended 1n a suitable suspending agent, such as DMF. As a
magnetic field 1s applied, the SWNT align, and form bundles
of aligned SWN'T. Mg 1ons are released from electrode 704,
and assist the SWNT bundles 1n separating from their
solution.
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[0126] The SWNT may then descend to the bottom of tank
700, where they are later collected.

[0127] In one embodiment, an electric field is provided to
assist the SWNT bundles in migrating to the bottom of tank
700.

0128 d. Suspended SWNT

0129] According to another embodiment of the present
invention, SWN'T are exposed to a magnetic field to align,
and then fall to the bottom of a container. Referring to FI1G.
8, tank 800, which may be a beaker, 1s provided with a
solution of suspended SWNT. In one embodiment, SWNT
802 are suspended 1n a suitable solution, such as DMF or a
water-Triton-X solution.

[0130] Magnetic field 804 is applied to tank 800, causing
SWNT 1002 to align. In one embodiment, magnetic field
804 has a field strength from about 0.5 T to about 30 T. In

one embodiment, magnetic field 804 has a field strength of
25 T.

0131] As SWNTs 802 align, they interact, forming
bundles of aligned SWNT. As more SWNT are added to the
bundle, the SWNT bundles become heavier, and sink to the

bottom of tank 800. The SWNT bundles may then be
removed from tank 800.

[0132] In one embodiment, an electric field is provided to
assist the SWNT bundles 1n sinking to the bottom of tank
800. Because the SWN'T bundles have a net charge residing
on their outer layer, an electric field applied with an appro-
priate orientation will cause the SWNT bundles to migrate
to the bottom of tank 800 faster than by gravity alone.

[0133]

¢. Multiple Compartment Apparatus I

10134] Referring to FIG. 9, an apparatus for producing
aligned SWN'T bundles according to one embodiment of the
present invention 1s provided. Device 900 contains three
compartments: first compartment 902, second compartment
904, and third compartment 906. First and second compart-
ments 902 and 906 are filled with a MgCl, solution, while
second compartment 904 contains a solution of suspended
SWNT, such as DMF or a water-Triton-X solution.

[0135] The compartments are separated by a support, such
as glass frit 903.

[0136] Electrodes 908 and 910 are provided in first and

second compartments 902 and 906, respectively. Magnetic
field 912 1s applied to the device.

[0137] As a potential is applied, making electrode 908 the
negative electrode and electrode 910 the positive electrode,
Mg** ions migrate from compartment 906 toward electrode
902, and C1™ 1ons migrate from compartment 902 to elec-

trode 910.

[0138] Magnetic field 912 causes the SWNT to align, and
the SWNT form bundles of aligned SWNT. The Mg** and
Cl™ 10ns cause the SWN'T bundles to fall out of solution, and
form a mat of SWNT bundles on the bottom of first

compartment 902.

[0139] An electric field (not shown) may be provided to
assist the SWNT bundles in migrating to the bottom of
compartment 904, as described above.
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0140] f. Multiple Compartment Apparatus II

0141] According to another embodiment of the present
invention, another multiple compartment device 1s provided.
Referring to FIG. 10, device 1002 contains first compart-
ment 1006, second compartment 1008, and third compart-
ment 1010. The compartments may be separated by support
1004, which may be a glass irit.

[0142] First compartment 1006 and third compartment
1010 may contain electrodes 1012 and 1014. In one embodi-
ment, electrode 1012 1s the negative electrode, where elec-
trode 1014 1s the positive electrode.

[0143] First compartment 1006 and third compartment
1012 may be provided with a MgCl, solution, while second
compartment 1008 contains a solution of suspended SWNT,
such as DMF or a water-Triton-X solution.

10144] In this embodiment, as the SWNT align, the form
bundles of aligned SWN'Is. When a potential 1s provided to
electrodes 1012 and 1014, the Mg** ions travel from third
compartment 1010 to second compartment 1008, while the
Cl™ 1ons travel from first compartment 1006 to second
compartment 1008. The SWN'T bundles then separate from
suspension, and fall on glass frit 1004 on the bottom of
second compartment 1008.

0145] 3. Utility

0146] Applications for macroscopic ordered assemblies
of carbon nanotubes include high strength fiber and cable,
clectrical transmission lines, structural materials, 1mpact-
resistant materials, armor, structural laminates having layers
with different tube orientations, pressure vessel exteriors and
reinforcement, thermal management materials (e.g., heat-
transporting materials), heat-resistant materials, airframes
and airframe components for aircraft and missiles, vehicle
bodies, ship hulls, chemically inert materials, electrochemi-
cal electrodes, battery electrodes, catalyst supports, biologi-
cally-inert materials, sensors, and transducer (e.g., electri-
cal-to-mechanical) elements. The ordered assemblies are
useful by themselves, but also are useful as elements of
composite materials, where they add strength, toughness,
clectrical conductivity, thermal conductivity, and novel elec-
fromagnetic properties.

[0147] Magnetic alignment of suspensions of SWNT in a
suitable material that will solidify to a transparent form can
be used as materials of that serve as optical polarizers.
Applications include optical instrumentation and sunglasses.

[0148] Alignment of SWNT by chemical means forms
extensive network structures that are flexible, but electri-
cally and mechanically continuous. An example of such a
network appears 1n F1G. 16, but when the network forms in
a supporting matrix, such as a polymer, 1t 1s much more
sparse, to the point of being diaphanous.

[0149] The material may be used as an optical limiter. The
protection of eyes and sensors from damage due to sources
of intense light, such as laser radiation, 1s a problem of
current 1nterest in both commercial and military environ-
ments. Nonlinear optical materials (materials whose optical
properties, such as the index of refraction or absorption
coellicient, are dependent on the intensity of the incident
light) have been used in passive optical devices designed to
reduce or limit the fraction of light transmitted through the
device as the incident intensity 1s increased. The SWNT
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membranes of he present invention could be used to prevent
the passage of harmiul laser radiation. This could be used in
satety goggles, binoculars, other optical devices, and in
protective coverings for electro-optical sensors.

[0150] Light reflected from the in-plane membranes fab-
ricated by the filtration technique 1s strongly polarized. This
property of in-plane membranes enables use of in-plane
material as a polarizer.

[0151] The material of the present invention may have a
unique structure. Referring to FIG. 11, according to one
embodiment of the present invention, the material of the
present invention comprises multiple ropes that may have
different lengths that are substantially aligned. Because of
their different lengths, however, the ropes do not necessarily
share common starting and ending points. Instead the ropes
in the material resemble bricks 1n a wall.

[0152] The material of the present invention is particularly
useful as a support for intercalating agents, which them-
selves have a subsidiary function. For example, the material
of the present mvention 1s well suited as the anode of a
lithium-10n battery as it 1s an excellent conductor of elec-
fricity and heat, and presents an enormous surface area on
which lithium 1ons will reside after they intercalate the
ordered structure by moving between and/or into the SWNT.

[0153] The material of the present invention may be cut,
and placed on 1ts end. The ropes may extend from the
material at different lengths. This may be used as an array
from which SWNTs are grown.

EXAMPLES

[0154] In order to facilitate a more complete understand-
ing of the invention, a number of Examples are provided
below. However, the scope of the mvention 1s not limited to
specific embodiments disclosed 1n the Examples, which are
for purposes of illustration only.

0155] 1. Filter Apparatus

0156] Referring to FIG. 12(a), materials of substantially
aligned SWNT were formed with the following device.
Container 1202 contained isopropyl alcohol (IPA). Con-
tainer 1204 contained a 0.05% solution of Triton X. Con-
tainer 1206 contained a solution of purified, well-sonicated
SWNT 1n 0.05% Triton X. A 20 PSI air source was provided,
keeping the contents of containers 1202, 1204, and 1206
under pressure. Two valves 1210 and 1214 controlled the

flow of fluids from containers 1202, 1204, and 1206.

[0157] Referring to FIG. 12(b), the SWNT solution
flowed through a 25 T magnetic ficld generated by a
high-current coil. In the magnetic field, two Millipore
Millex-GN syringe filters 1216, having 25 mm diameter
nylon membrane with 0.2 mm pores, were connected 1n
parallel. Filters 1216 primed with 0.05% Triton-X 1n ultra-
pure water (“solvent™), then suspended in a 27 T, 50 mm
bore electromagnet.

[0158] After the desired amount of suspension had passed
through (metered by continuously weighing the filtrate with
scale 1218), the flow was switched to pure solvent from
container 1204 (FIG. 12(c)). This was then gradually
changed to 1sopropyl alcohol (IPA) from container 1202 by
means of a mixing chamber 1212, mitially full of solvent, of
volume ~15 mL (FIG. 12(d)). IPA was allowed to flow for
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at least 15 minutes to remove residual surfactant. When the
rinses with solvent and IPA were omitted, the nanotubes
remained 1n a concentrated liquid suspension at the filter
surtace but did not consolidate. This suggests that removal
of the surfactant 1s necessary for the nanotubes to form ropes
and coalesce into buckypapers or buckyribbons.

[0159] Filter 1216 was removed from the magnetic field,
and dried. A picture of filter 1216 1s provided 1in FIG. 13.

[0160] The device and process produced a new material
that 1s the first truly macroscopic ordered assembly of

carbon nanotubes. An example of this material 1s shown 1n
FIGS. 14(a) and (b). Its ribbon-like appearance and one-

directional cleavage verifies that 1ts constituent SWNT seg-
ments are highly aligned.

0161] 2. Aligning SWNT

0162] According to one embodiment of the present inven-
tion, a method for manufacturing a material of aligned
SWNT i1ncludes suspending SWNT segments in a water-
Triton-X (surfactant) solution. This solution is slowly
pumped through a filter assembly (standard syringe filter)
that 1s mounted 1n the bore of a 27 T magnet. The magnetic
field direction 1s in the plane of the filter membrane. The
surfactant solution containing about 20 mg/l SWNT seg-
ments 1s pumped through the filter assembly at a rate varying
from one to 0.01 cc/minute for a period of approximately
one hour. After that time the filter assembly 1s flushed with
isopropyl alcohol for a few minutes to remove excess
surfactant remaining on the nanotube “filter cake” lying on
top of the filter membrane. The filter membrane and cake are
dried and the cake 1s peeled from the membrane. Scanning
clectron microscopy of the filter cake reveals a highly-
aligned structure of SWNT.

10163] 3. SWNT in Gelatin

[0164] SWNT were suspended in a solution of Triton X

(50 mg/l) in a container, such as a test tube. 5 to 15 g of
Gelatin, such as that manufactured by Knox, was added to
the solution. 10 ml of water at 65° C. was also added. The
solution was placed 1n the presence of a magnet for about 30
minutes.

[0165] The result has anisotropy. The SWNT aligned and
formed a solid matrix of SWNT oriented in the same
direction.

[0166] 4. SWNTs on Au Wire

10167] Induced flocculation of a solution of SWNT or by

clectrodeposition may be used to form three-dimensional
objects. According to one embodiment of the present inven-
tion, two gold wires having a thickness of about 50 um were
cleaned and then supported parallel to one another, separated
by a distance of approximately 1 ¢m. 1n a suspension of
SWNT segments and DMF. An electric potential of about 1
to about 5 Volts was applied between the gold wires. The
resulting electric field caused SWNT to migrate to one of the

wires. When about 2.5 V was applied, the aligned structures
shown in FIGS. 4(a)(f) were produced.

0168] 5. Formation of Substrate

0169 Field-aligned suspended or solvated SWNT seg-

ments may be made to condense on a fiber material that
serves as a substrate for initiation of further growth. This
fiber material may include, inter alia, carbon fiber or metal
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wire oriented parallel to the field-alignment direction. In one
experiment according to one embodiment of the present
invention, the material gold covered with an amine-termi-
nated self-assembled monolayer was used as the substrate.

[0170] The substrate may be treated with an appropriate
chemical treatment. This allows a macroscopic fiber that 1s
predominantly SWNT segments oriented parallel to one
another to be formed. In this process, the fiber substrate may
be mftroduced and continuously translated through the
SWNT containing liquid within a field, with the aligned
SWNT begin condensing on the substrate. The condensation
process continues, enabling a continuous production process
for a predominantly SWNT fiber. According to one embodi-
ment of the present mnvention, a small electric field near the
substrate and growing fiber to facilitate motion of SWNT
segments to the fiber may be used.

0171] 6. Separation of SWNT

0172] Techniques that separate the different types of
SWNT by their different response to magnetic fields may
also be used. Some types of tubes are predicted to be
diamagnetic, while some paramagnetic. If a solution of
suspension of mixed-type SWNT 1s mtroduced mnto a mag-
netic field with a gradient, tubes of different types will
migrate 1n different directions with respect to the field
oradient, effecting a separation by tube type. This affords a
means of selecting the types of tubes that one can use 1n
“sced arrays,” allowing the growth of macroscopic arrays of
a single type of tube.

[0173] In one embodiment, end-derivatized SWNT may
be field-aligned and allowed to diffuse to, and chemically
attach to, a substrate that 1s oriented perpendicular to the
field-alignment direction. This process may result 1n a
membrane (or felt) of contiguous, parallel SWNT segments
aligned 1n a direction that 1s substantially perpendicular to

the substrate surface. This configuration 1s often referred to

as the “bed of nails” configuration, disclosed in PCT/US98/
04513.

|0174] The membranes or arrays of substantially-aligned
SWNT may be used as field emitters of electrons. Electric or
magnetic fields may be used to create an array of substan-
tially-aligned SWNT to function as a field-emitter of elec-
trons. Field emission from SWNT and ropes of SWNT 1is
known (cf. “Unraveling nanotubes: field emission from an
atomic wire,” A. G. Rinzler, J. H. Hatner, P. Nikolaev, L.
Lou, S. G. Kim, D. Tomanek, P. Nordlander, D. T. Colbert
and R. E. Smalley, Science, 269, 1550 (1995)), but the
invention here 1s use of magnetic field alignment produces
highly-oriented structures that are of the type that are
particularly effective 1n field-emission applications such as
clectron sources, cathode ray tube cathodes, and flat panel
display cathodes.

[0175] The three-dimensional articles that are assembled
by a technique that involves field alignment of SWNT,
according to the present invention, may serve as the active
element (tip) of a probe microscope, including, but not
limited to Atomic Force Microscopes, Scanning-Tunneling
Microscopes, Chemical Force Microscopes, Magnetic Force
Microscopes, or any combination thereof.

0176] 7. Chemical Manipulation and Fiber Formation.

0177] According to one embodiment of the present inven-
tion. SWNT from the high-pressure CO process (“Gas-phase



US 2005/0169830 Al

Catalytic Growth of Single-Walled Carbon Nanotubes from
Carbon Monoxide,” P. Nikolaev, M. J. Bronikowski, R. K.
Bradley, F. Rohmund, D. T. Colbert, K. A. Smith, and R. E.
Smalley, Chemical Physics Letters, 313, 91 (1999).) were
treated by heating to 90° C. in oleum forming a thick paste.
After further processing to remove the oleum and dry the
SWNT material, a network of large ropes, each of which
comprised highly-aligned nanotubes was observed, as
shown 1n the electron micrograph of FIG. 15.

[0178] When the SWNT and oleum pastes was extruded
through an orifice 1nto water, the oleum dissolves rapidly in
the water, leaving the formed the fibers shown in FIG. 16.
These fibers comprise oriented SWNT, as 1s verified by
analysis of the fiber by polarized Raman spectroscopy.

10179] While the invention has been described in connec-
tion with preferred embodiments, 1t will be understood by
those skilled in the art that other variations and modifica-
tions of the preferred embodiments described above may be
made without departing from the scope of the mvention.
Other embodiments will be apparent to those skilled 1 the
art from a consideration of the specification or practice of the
invention disclosed herein. It 1s intended that the specifica-
tion 1s considered as exemplary only, with the true scope and
spirit of the invention being indicated by the following
claims.

1-63. (canceled)

64. A method for forming a macroscopic assembly of
substantially aligned single-wall carbon nanotubes, com-
prising:

(a) suspending a plurality of single-wall carbon nanotubes
in a suspending medium to form a suspension;

(b) subjecting the single-wall carbon nanotubes to an

aligning field, whereby the single-wall carbon nano-
tubes align with the field;

(c) aggregating the aligned single-wall carbon nanotubes
while said single-wall carbon nanotubes are subject to
the aligning field; and

(d) separating the single-wall carbon nanotubes from the

suspending medium.

65. The method of claim 64 wheremn the suspending
medium 1s oleum.

66. The method of claim 64 wherein the suspending
medium 1s selected from the group consisting of dimethyl-
formamide, surfactant and water, sol-gel, and molten metal.

67. The method of claim 64 wherein the suspending
medium 1s water and the single-wall carbon nanotubes are
bound to chemical compositions which result 1n the suspen-
sion of the single-wall carbon nanotubes 1n said water.

68. The method of claim 67 wherein the chemical com-
positions are selected from the group consisting of polymers
and peptides.

69. The method of claim 68 wherein the polymer 1is
polystyrene.

70. The method of claim 64 wherein the aligning field 1s
selected from the group consisting of a magnetic field, an
clectric field, a shear flow field, and combinations thereof.

71. The method of claim 64 wherein the aligning field
comprises a magnetic field.

72. The method of claim 64 wherein said single-wall
carbon nanotubes are selected from the group consisting of
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derivatized single-wall carbon nanotubes, underivatized
single-wall carbon nanotubes, and combinations thereof.

73. The method of claim 64 wherein the single-wall
carbon nanotubes are aggregated by a method selected from
the group consisting of (a) filtering the suspension whereby
the substantially aligned single-wall carbon nanotubes
remain on the filter, (b) adding salt to the suspension, (c)
applying an electric field to the suspension; (d) allowing the
single-wall carbon nanotubes to settle from the suspension;
(e) evaporating the suspending medium; and (f) combina-
tions thereof.

74. The method of claim 73 wherein the salt 1s magnesium
chloride.

75. The method of claim 64 wherein the macroscopic
assembly 1s 1n a form selected from the group consisting of
ropes, fibers, cables, membranes, arrays, buckypapers, and
buckyribbons.

76. The method of claim 75 wherein said membranes are
at least about 1 micron thick.

77. The method of claim 75 wherein said membranes are
about 10 microns thick.

78. The method of claim 75 wherein said membranes are
at least about 10 microns thick.

79. The method of claim 75 wheremn the single-wall
carbon nanotubes 1n said membrane are parallel to the plane
of the membrane.

80. The method of claim 75 wherein the single-wall
carbon nanotubes 1n said membrane are perpendicular to the
plane of the membrane.

81. A method for forming a macroscopic assembly of
substantially aligned single-wall carbon nanotubes, com-
prising:

(a) suspending a plurality of single-wall carbon nanotubes
in a suspending medium to form a suspension;

(b) subjecting the single-wall carbon nanotubes to a
magnetic field, whereby the single-wall carbon nano-
tubes become aligned with the magnetic field;

(c) aggregating the single-wall carbon nanotubes; and

(d) separating the single-wall carbon nanotubes from the
suspending medium.

82. The method of claim 81 wherein said magnetic field
1s selected from the group consisting of an alternating
current magnetic field and a direct current magnetic field.

83. The method of claim 81 wherein said magnetic field
1s generated by a source selected from the group consisting
of a permanent magnet, an electromagnet, a superconducting
clectromagnet, and an electrical current flowing 1n a con-
ductive structure.

84. The method of claim 81 wherein the magnetic field
has a strength of at least about 0.5 Tesla.

85. The method of claim 81 wherein said single-wall
carbon nanotubes are selected from the group consisting of
derivatized single-wall carbon nanotubes, underivatized
single-wall carbon nanotubes, and combinations thereof.

86. The method of claim 81 wherein the suspending
medium 1s selected from the group consisting of oleum,
dimethylformamide, surfactant and water, and sol-gel.

87. The method of claim 81 wherein the suspending
medium 1s water and the single-wall carbon nanotubes are
bound to chemical compositions which result 1n the suspen-
sion of the single-wall carbon nanotubes 1n said water.



US 2005/0169830 Al

88. The method of claim 87 wherein the chemical com-
positions are selected from the group consisting of polymers
and peptides.

89. The method of claim 88 wheremn the polymer 1s
polystyrene.

90. The method of claim 81 wherein the single-wall
carbon nanotubes are caused to come out of suspension by
a method selected from the group consisting of (a) filtering
the suspension whereby the substantially aligned single-wall
carbon nanotubes remain on the filter, (b) adding salt to the
suspension, (c¢) applying an electric field to the suspension;
(d) allowing the single-wall carbon nanotubes to settle from
the suspension; (¢) evaporating the suspending medium; and
(f) combinations thereof.

91. The method of claim 81 wherein said step of aggre-
cgating the single-wall carbon nanotubes occurs while the
single-wall carbon nanotubes are subject to the magnetic

field.

92. The method of claim 90 wherein the salt 1s magnesium
chloride.

93. The method of claim 81 wherein the macroscopic
assembly 1s 1n a form selected from the group consisting
ropes, fibers, cables, membranes, arrays, buckypapers, and
buckyribbons.

94. The method of claim 93 wherein said membranes are
at least about 1 micron thick.

95. The method of claim 93 wherein said membranes are
about 10 microns thick.

96. The method of claim 93 wherein said membranes are
at least about 10 microns thick.

97. The method of claim 93 wherein the single-wall
carbon nanotubes 1n said membrane are parallel to the plane
of the membrane.

98. The method of claim 93 wherein the single-wall
carbon nanotubes 1n said membrane are perpendicular to the
plane of the membrane.

99. A method for forming a macroscopic ordered assem-
bly of single-wall carbon nanotubes, comprising;:

(a) suspending a plurality of single-wall carbon nanotubes
in a suspending medium to form a suspension;

(b) subjecting the single-wall carbon nanotubes to a shear
flow field by extrusion, whereby the simngle-wall carbon
nanotubes become aligned; and

(¢) removing the suspending medium from the single-wall

carbon nanotubes.

100. The method of claim 99 wherein the macroscopic
ordered assembly 1s mm a form selected from the group
consisting ropes, fibers, cables, membranes, arrays, bucky-
papers, and buckyribbons.

101. The method of claim 100 wherein the ropes are about
0.1 #m 1 diameter.

102. The method of claim 100 wherein the ropes are at
least about 0.1 um 1n diameter.

103. The method of claim 100 wherein the membrane
comprises single-wall carbon nanotubes substantially paral-
lel to the plane of the membrane.

104. The method of claim 99 wherein the suspending
medium 1s oleum.

105. The method of claim 99 wherein the suspending
medium 1s removed by water.

106. The method of claim 99 wherein said single-wall
carbon nanotubes are selected from the group consisting of
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derivatized single-wall carbon nanotubes, underivatized
single-wall carbon nanotubes, and combinations thereof.

107. The method of claim 99 further comprising joining
macroscopic ordered assemblies of single-wall carbon nano-
tubes to make larger assemblies.

108. The method of claim 107 wherein the segments of
single-wall carbon nanotubes 1n the macroscopic ordered
assemblies are joined either at their ends, their sides or both.

109. The method of claim 107 wherein the joining method
1s selected from the group consisting of chemical cross-
linking, heating, energetic particle radiation, electron beam
bombardment, and combinations thereof.

110. The method of claim 109 wherein said chemical
cross-linking 1s achieved by intercalating a chemaical agent
into the macroscopic ordered assemblies.

111. The method of claim 110 wherein said chemical
agent 1s an acid.

112. The method of claim 110 wherein said chemical
agent 1s sulfuric acid.

113. The method of claim 109 wherein the temperature of
said heating is between about 300° C. and about 1500° C.

114. The method of claim 109 wherein the temperature of
said heating 1s between about 900° C. and about 1300° C.

115. The method of claim 109 wherein said heating occurs
in the presence of hydrogen.

116. The method of claim 99 wherein said extrusion
occurs 1n the presence of an aligning field.

117. A method for assembling single-wall carbon nano-
tubes on a substrate comprising:

(a) providing a plurality of single-wall carbon nanotubes
selected from the group consisting of a solution of the
single-wall carbon nanotubes and a suspension of the
single-wall carbon nanotubes;

(b) subjecting the single-wall carbon nanotubes to an
aligning field, whereby the single-wall carbon nano-
tubes align with the field;

(c) contacting said aligned single-wall carbon nanotubes
with a substrate; and

(d) forming a three-dimensional structure of substantially

aligned single-wall carbon nanotubes on the substrate.

118. The method of claam 117 wherein the single-wall
carbon nanotubes are selected from the group consisting of
derivatized single-wall carbon nanotubes, underivatized
single-wall carbon nanotubes, and combinations thereof.

119. The method of claim 118 wherein said derivatized
single-wall carbon nanotubes are selected from the group
consisting of end-derivatized single-wall carbon nanotubes,
side-derivatized single-wall carbon nanotubes, and combi-
nations thereof.

120. The method of claam 117 wherein the suspending
medium 1s selected from the group consisting of oleum,
dimethylformamide, surfactant and water, sol-gel, and mol-
ten metal.

121. The method of claim 117 wherein the aligning field
1s selected from the group consisting of a magnetic field, an
electric field, and combinations thereof.

122. The method of claim 117 wheremn the substrate
comprises a component selected from the group consisting
of a fiber, a metal, an ordered assembly of single-wall carbon
nanotubes, and highly oriented pyrolytic graphite.

123. The method of claim 122 wherein the metal substrate
1s gold.
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124. The method of claim 122 wherein the fiber substrate
1s selected from the group consisting of carbon fiber and
metal wire.

125. The method of claim 117 wherein the single-wall
carbon nanotubes are contacted with the substrate by a
method selected from the group consisting of chemical
bonding, non-covalent bonding, physical contacting, and
combinations thereof.

126. The method of claim 117 wherein the single-wall
carbon nanotubes are contacted with the substrate by a
method selected from the group consisting of moving the
substrate through the suspending medium, condensing said
plurality of single-wall carbon nanotubes on the substrate,
and combinations thereof.

127. The method of claim 117 wherein the single-wall
carbon nanotubes migrate to the substrate.

128. The method of claim 117 wherein an electric field 1s
applied to the plurality of single-wall carbon nanotubes.

129. The method of claim 117 wherein the single-wall
carbon nanotubes are substantially perpendicular to the
substrate.

130. The method of claim 117 wherein the single-wall
carbon nanotubes are substantially parallel to the substrate.

131. The method of claim 117 wherein the three-dimen-
sional structure of substantially aligned single-wall carbon
nanotubes on a substrate 1s 1n a form selected from the group
consisting ropes, fibers, cables, membranes, arrays, bucky-
papers, and buckyribbons.

132. A method for forming a composite of substantially

aligned single-wall carbon nanotubes and a solid matrix
material:

(a) providing a suspension of single-wall carbon nano-
tubes 1n a liquid;

(b) subjecting the single-wall carbon nanotubes to an
aligning field, whereby the single-wall carbon nano-
tubes align with the field; and

(c) converting the liquid to a solid matrix material thereby
forming a composite of substantially aligned single-
wall carbon nanotubes and solid matrix material.

133. The method of claim 132 wherein the liquid 1is

selected from the group consisting of polymer, sol-gel and
molten metal.

134. The method of claim 133 where said metal 1s
aluminum.

135. The method of claim 132 wherein the aligning field
1s selected from the group consisting of a magnetic field, an

electric field, a shear flow field, and combinations thereof.
136. The method of claim 132 wherein said single-wall
carbon nanotubes are selected from the group consisting of
derivatized single-wall carbon nanotubes, underivatized
single-wall carbon nanotubes, and combinations thereof.

137. The method of claim 132 wherein the liquid 1is
converted to a solid matrix material by cooling.

138. The method of claim 132 further comprising remov-
ing the solid matrix material from the composite.

139. The method of claim 138 wherein the method of
removal of the solid matrix material 1s selected from the
group consisting of heating, acid etching and combinations
thereof.

140. The method of claim 132 wherein the conversion of
the liquid to a solid matrix material 1s in the presence of the
aligning field.
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141. A method of forming a macroscopic three-dimen-
sional structure from field-aligned single-wall carbon nano-
tubes comprising;:

(a) suspending a plurality of single-wall carbon nanotubes
in a suspending medium to form a suspension;

(b) subjecting the single-wall carbon nanotubes to a field
that 1s selected from the group consisting of electric
fields, magnetic fields, and shear flow fields, whereby
the single-wall carbon nanotubes become aligned sub-
stantially parallel with the field; and

(c) modifying the suspension to cause the substantially
parallel single-wall carbon nanotubes to aggregate
while being subject to the aligning field.

142. The method of claim 141 wherein the three dimen-
sional structure of field aligned single-wall carbon nano-
tubes 1s 1n a form selected from the group consisting of
ropes, fibers, cables, membranes, arrays, buckypapers, and
buckyribbons.

143. The method of claim 141 wherein the membrane
comprises single-wall carbon nanotubes substantially paral-
lel to the plane of the membrane.

144. The method of claim 141 wherein the membrane
comprises single-wall carbon nanotubes substantially per-
pendicular to the plane of the membrane.

145. The method of claim 141 further comprising remov-
ing the suspending medium from the three-dimensional
structure of field-aligned single-wall carbon nanotubes.

146. The method of claim 141 wherein the single-wall
carbon nanotubes are selected from the group consisting of
derivatized single-wall carbon nanotubes, underivatized
single-wall carbon nanotubes, and combinations thereof.

147. The method of claim 141 wherein modification of the
suspension 1s done by a method selected from the group
consisting of (a) filtering the suspension whereby the sub-
stantially aligned single-wall carbon nanotubes remain on
the filter, (b) adding salt to the suspension, (¢) applying an
electric field to the suspension; (d) allowing the single-wall
carbon nanotubes to settle from the suspension; (€) evapo-
rating the suspending medium; and (f) combinations thereof.

148. A method of separating different types of single-wall
carbon nanotubes comprising the steps of:

(a) suspending the plurality of single-wall carbon nano-
tubes 1n a suspending medium to form a suspension;
and

(b) subjecting the single-wall carbon nanotubes to a
magnetic field sufficient to cause the single-wall carbon
nanotubes to migrate 1n different directions due to
oradients 1n the magnetic field whereby the different
types of single-wall carbon nanotubes are separated.

149. The method of claim 148 wherein the suspending
medium 1s selected from the group consisting of oleum,
dimethylformamide, surfactant and water, sol-gel, and mol-
ten metal.

150. The method of claim 148 wherein the different types
of single-wall carbon nanotubes are selected from the group
consisting of paramagnetic single-wall carbon nanotubes
and diamagnetic single-wall carbon nanotubes.

151. The method of claim 148 further comprising the step
of removing the single-wall nanotubes from the suspension
according to type.

152. A method for forming a nanotube membrane of
substantially aligned single-wall nanotubes, comprising;:
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(a) suspending single-wall carbon nanotubes segments in
a surfactant solution;

(b) pumping said solution through a filter assembly;
(c) applying a magnetic field near said filter assembly;
(d) flushing said filter assembly;

(e) drying said filter assembly; and

(f) separating a membrane of substantially aligned single-
wall carbon nanotubes from a surface of said filter
assembly.

153. The method of claim 152 wherein said magnetic field
1s generated by a magnetic field source selected from the
group consisting of permanent magnets, electromagnets,
superconducting electromagnets, and electrical currents
flowing 1n a conductive structure.

154. The method of claim 152 wherein said magnetic field
1s generated by a magnetic field source selected from the
group consisting of permanent magnets and electromagnets.

155. The membrane of claim 152 wherein said membrane
1s at least about 1 microns thick.

156. The method of claim 152 wherein said membrane 1s
about 10 microns thick.

157. The method of claim 152 wherein said membrane 1s
at least about 10 microns thick.

158. The method of claim 152 wherein said membrane 1s
Macroscopic.

159. A method for forming a macroscopic membrane of
substantially aligned single-wall nanotubes, comprising:

(a) suspending single-wall carbon nanotubes segments in
a suspending agent to form a suspension;

(b) flowing said suspension through a magnetic field
whereby the single-wall carbon nanotubes align with

the field;

(c) flowing the suspension through a filter whereby the
single-wall carbon nanotubes remain on the filter; and

(d) separating a membrane of substantially aligned single-
wall carbon nanotubes from a surface of said filter.
160. The method of claim 159 further comprising the

following steps prior to separating the membrane from the
filter:

(a) flushing the single-wall carbon nanotubes on said
filter; and

(b) drying the single-wall carbon nanotubes on said filter.

161. The method of claim 159 wherein said magnetic field
1s generated by a magnet selected from the group consisting
of a permanent magnet, an electromagnet, a superconducting
clectromagnet or an electrical current flowing in a conduc-
tive structure.

162. The method of claim 159 wherein said magnetic field
1s generated by a magnet selected from the group consisting
of a permanent magnet and an electromagnet.

163. The method of claim 159 wherein the thickness of
sald membrane 1s between about 1 and about 10 microns.

164. An apparatus for forming arrays of substantially
aligned single-wall carbon nanotubes, comprising:

(a) a source of suspended single-wall carbon nanotubes;

(b) an area for receiving said suspended single-wall
carbon nanotubes;
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(¢c) a source of a magnetic field for application to said
area; and

(d) a filter for receiving said single-wall carbon nano-
tubes.

165. The apparatus of claim 164 wherein said source of a
magnetic field 1s selected from the group consisting of
permanent magnets, electromagnets, superconducting elec-
tromagnets, and electrical currents flowing 1in a conductive
structure.

166. The apparatus of claim 164 wherein said source of a
magnetic field 1s selected from a group consisting of per-
manent magnets, electromagnets, and superconducting elec-
fromagnets.

167. The apparatus of claim 164 wherein said magnetic
field has a strength of at least about 0.5 Tesla.

168. The apparatus of claim 164 wherein said single-wall
carbon nanotubes are suspended 1n dimethylformamide.

169. The apparatus of claim 164 wherein said suspended
single-wall carbon nanotubes are forced through said area by
high-pressure gas.

170. The apparatus of claim 164 wherein said suspended
single-wall carbon nanotubes are pulled through said area by
a vacuum.

171. An apparatus for forming arrays of substantially
aligned single-wall carbon nanotubes, comprising:

(a) a tank;
(b) a positive electrode disposed in said tank;
(c) a negative electrode disposed 1n said tank;

(d) a filter disposed in said tank near said positive elec-
trode;

(¢) a plurality of single-wall carbon nanotubes suspended
in a suspending agent in said tank such that said filter
1s between said single-wall carbon nanotubes and said
positive electrode; and

(f) a source of a magnetic field for aligning said single-
wall carbon nanotubes; and

wheremn said single-wall carbon nanotubes migrate
toward said positive electrode 1n response to the appli-

cation of a voltage differential and are caught on said
filter.

172. An apparatus for forming macroscopic arrays of
substantially aligned single-wall carbon nanotubes, com-
Prising;:

(a) a reservoir of suspended single-wall carbon nanotubes;

(b) a chamber connected to said reservoir for receiving
said single-wall carbon nanotubes and subjected to a
magnetic field 1n which the suspended single-wall
carbon nanotubes align with said magnetic field; and

(c) a filter in said chamber for receiving said single-wall
carbon nanotubes.

173. The apparatus of claim 172 wherein said magnetic
field 1s generated by a magnet selected from a group
consisting of a permanent magnet, an electromagnet, a
superconducting electromagnet or an electrical current flow-
ing in a conductive structure.
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174. The apparatus of claim 172 wherein said magnetic
field 1s generated by a magnet selected from a group
consisting of a permanent magnet, an electromagnet, and a
superconducting electromagnet.

175. The apparatus of claim 172 wherein said magnetic
field has a strength of at least about 0.5 Tesla.

176. The apparatus of claim 172 wherein said single-wall
carbon nanotubes are suspended 1n dimethylformamide.
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177. The apparatus of claim 172 wherein said suspended
single-wall carbon nanotubes are forced through said cham-
ber by high-pressure gas.

178. The apparatus of claim 172 wherein said suspended
single-wall carbon nanotubes are pulled through said cham-
ber by a vacuum.
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