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Figure 2 
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Figure 3 
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Figure 5: An example of pure-chirality nanotubes depicted in (n, m) graphene 
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Figure 6: Molecular structures of individual pure-chirality (n, m) nauotubes 
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Figure 7: Molecular structures of individual pure-chirality (n, m) nanotubes 
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Figure 8: Molecular structures of individual pure-chirality (n, m) nauotubes 
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Figure 9: Molecular structures of individual pure-chirality (n, m) nanotubes 
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Figure 10: Molecular structures of individual pure-chirality (u, m) uanotubes 
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Figure 11: Example of mixed chirality nanotubes - a box of screws 
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Figure 12 
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Figure 13 
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Figure 15: Fluorescence signature of (A) mixed-chirality; and (B) pure-chirality 

uanotube samples 
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Figure 16: Dispersion surfactants for dissolving nanotubes 
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PURE-CHIRALITY CARBON NANOTUBES AND 
METHODS 

[0001] This application claims priority under 35 U.S.C. § 
119 to US. Provisional Application No. 60/628,204 entitled 
PURE-CHIRALITY CARBON NANOTUBES AND 
METHODS and ?led on Nov. 17, 2004, the entire content of 
Which is hereby incorporated by reference. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] This invention relates to pure-chirality carbon 
nanotubes (PC-SWNT) in industrially relevant quantities, as 
Well as their production and use in solutions and/or disper 
sions. Additionally, this invention relates to a neW compo 
sition of carbon nanotubes consisting essentially of pure 
chirality carbon nanotubes of substantially one chirality. 
Also, this invention relates to per?uorocarbon surfactants 
that can be used for dissolving and dispersing nanotubes in 
per?uorocarbon solvents. 

[0004] 2. Description of the Related Art 

[0005] Fullerene nanotubes originated With studies of 
fullerenes (C60), also knoWn as “buckyballs.” Tubular rela 
tives of the buckyballs are so-called single-Walled nanotubes 
(hereinafter “SWNT” or “nanotubes” generally), Which can 
be formed in tubular or cylindrical form. Nanotubes, gen 
erally, can conduct electricity better than copper and can be 
100 times stronger than steel at 1/6 the Weight. 

[0006] As conventional nanotubes are made in batch pro 
cesses, nanotubes are conventionally formed as nanotube 
batches consisting of mixtures of different chiralities or 
different lattice orientations. For example, a milligram siZed 
nanotube batch can include many different chirality nano 
tubes therein. The properties of each nanotube in the batch 
can have a different chirality than the other nanotubes in the 
batch, Wherein the electrical conductivity and optical prop 
erties, as Well as other properties of each nanotube Would be 
based upon the particular chirality of the individual nano 
tube. 

[0007] Typically, a bulk nanotube batch product contains 
a ratio of about tWo-thirds semi-conductive chirality nano 
tubes to about one-third metallically conductive (i.e., highly 
conductive) chirality nanotubes. HoWever, as the electrical 
and mechanical properties of each nanotube depends 
directly on the chirality of each tube, the speci?c character 
iZation of the chirality of each nanotube, as Well as the 
separation and/or production of batches or bulk product 
nanotubes With predetermined chiralities are desired. 

[0008] For nanotubes, as illustrated FIGS. 1 and 2, the 
chirality can be de?ned by the nomenclature “(n,m),” 
Wherein “n” relates generally to the siZe of the nanotube, 
While “m” relates generally to the inclination of tWist, also 
knoWn as helicity. As illustrated in FIG. 1a schematic 
structure for a graphene sheet is shoWn, Wherein nanotubes 
can be made by folding the sheet along lattice vectors. For 
example, in FIG. 1a lattice vectors are shoWn corresponding 
(from right to left in FIG. 1a) to an armchair (8,8) (see FIG. 
1b), a ZigZag (8,8) (see FIG. 10) and a chiral (10,-2) (see 
FIG. 1d) lattice vector. As shoWn in FIGS. 1b-1d, the 
nanotubes corresponding to the different lattice vectors have 
different helicities based upon their lattice vectors. Another 
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exemplary graphene sheet is illustrated in FIG. 2, Wherein 
the lattice vector is (6,3) and is rolled along the “tube axis” 
to form a (6,3) nanotube. 

[0009] For nanotubes of type (n,m), the conductivity of the 
nanotube can be determined by the equation: 

As a result, if I is Zero or any positive integer the nanotubes 
have metallically conductive or highly electrically conduc 
tive properties. On the other hand, if I is not Zero or any 
positive integer (i.e., all other nanotubes), then the nano 
tubes have semi-conductive electrically conductive proper 
ties. 

[0010] As illustrated in FIG. 3, the electronic properties of 
a metallic nanotube vs. a semiconducting nanotube is 
shoWn, Wherein the density of states, as Well as the differ 
ential conductance are clearly different for the different 
types of nanotubes. As such, it is expected that based upon 
the electronic properties of a nanotube, certain density of 
states and differential conductance can be realiZed. 

[0011] Nanotube electrical conductivity, as With any mate 
rial, is a function of the “fundamental gap,”“gap” or “Egap.” 
The “gap” is de?ned as the difference betWeen the HOMO 
(Highest Occupied Molecular Orbital), Which is the highest 
energy orbital With one or tWo electrons, and the LUMO 
(LoWest Unoccupied Molecular Orbital), Which is the loW 
est-energy orbital With no electrons). For nanotubes, the siZe 
of the gap is determined by small variations of the diameter 
and bonding angle. For example, semi-conductive chirality 
(hereinafter “semi-conductive”) nanotubes can have a gap 
on the order of 0.5 eV. On the other hand, highly electrically 
conductive chirality (hereinafter “metallic”) nanotubes can 
have a gap on the order of 0.0 eV. The gap can be modeled 
by the function: 

Where yO is the C-C tight bonding overlap energy (2.7-0.1 
eV), acc is the nearest neighbor C-C distance (0.142 nm), 
and d is the diameter. This shoWs that the gap for a nanotube 
can range from around 0.4 eV-0.7 eV for semi-conductive 
nanotubes, Which generally corresponds to gap values 
obtained from one-dimensional dispersement relations. 

[0012] In general, based upon the results mentioned 
above, While not Wishing to be bound by theory, the con 
ductivity is believed to be a function of the Wrapping angle 
and circumference (n,m). Therefore, since the conductivity 
can be predetermined based upon the chirality of a nanotube, 
the isolation of macroscopic quantities of a single (n,m) type 
or pure-chirality nanotubes can be useful for providing 
predetermined properties on an extremely small scale. 

[0013] Challenges to pure-chirality nanotube production 
include: (1) large scale production, and (2) processing 
issues, such as puri?cation and identi?cation of batch mixed 
chirality nanotubes into single chirality, or pure chirality 
nanotubes. 

SUMMARY OF THE INVENTION 

[0014] A neW composition of matter, single-Walled carbon 
nanotubes of speci?c helical forms on bulk scale and a 
method for their identi?cation based on their spectral and 
other properties is provided herein. The “pure composition 
of matter” is a single type of chirally oriented (n,m) or 
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“pure-chirality” nanotube, wherein n=1 to 100 and m=1 to 
100 and n and m are the same for each (n,m) nanotube in the 
“pure composition of matter” or “pure-chirality” nanotubes. 

[0015] Also provided is a bulk product comprising at least 
10,000 nanotubes, Wherein the nanotubes comprise at least 
50% nanotubes of one (n,m) chirality. Also provided is a 
bulk product comprising at least 1 milligram of at least 50% 
pure-chirality nanotubes, Wherein the at least 1 milligram of 
nanotubes includes more than 10,000 nanotubes. 

[0016] Also provided is a method of reducing aggregation 
of pure-chirality single-Walled carbon nanotubes (SWNTs) 
during storage, comprising: mixing pure-chirality SWNTs 
With an inert per?uorocarbon-hydrocarbon hybrid surfactant 
additive. 

[0017] Also provided is a method for groWing pure 
chirality single-Walled carbon nanotubes (PC-SWNTs) com 
prising: cutting bulk sample/product of PC-SWNT into 
suitable lengths to provide PC-SWNT seeds for nanotube 
groWth; adding a metal catalyst to one or both ends of the 
PC-SWNT seeds; exposing the PC-SWNT seeds and the 
metal catalyst to a carbon feedstock at a predetermined 
pressure and a predetermined temperature; and groWing 
PC-SWNTs to form bulk quantities of PC-SWNTs With 
substantially the same chirality as the PC-SWNT seeds. 

[0018] Also provided are components for transistors, opti 
cal devices, coded-security tagging materials, and/or medi 
cal devices and/or applications comprising single-Walled 
carbon nanotubes, Wherein the single-Walled carbon nano 
tubes comprise at least 50% nanotubes With the same (n,m) 
chirality. 
[0019] As discussed herein, methods for identifying, char 
acteriZing and/or forming nanotubes, for example separating 
and distinguishing betWeen (4,5) SWNTs from (9,10) 
SWNTs, as Well as selecting semi-conductive or metallic 
SWNTs are provided herein, including one or more of the 
folloWing: 
[0020] 1. Generating SWNTs using catalytic chemical 
vapor deposition (CVD) by using a carbon source, Wherein 
a pure-chirality nanotube can be used as a seed for self 
groWth; 
[0021] 2. Using near IR ?uorescence to decode the ?n 
gerprint of helical nanotubes in order to determine chiralities 
of a sample, and to establish the purity of a sample of a 
single type of (n,m) SWNT; 

[0022] 3. Using hybrid per?uorocarbon-hydrocarbon sur 
factants and using organic-?uorous phase liquid-liquid sepa 
rations, such as counter-current chromatography; and 

[0023] 4. Using isolated single (n,m) type SWNT to 
prepare solutions and/or dispersions for production pur 
poses. 

BRIEF DESCRIPTION OF THE DRAWING 
FIGURES 

[0024] FIGS. la-ld illustrate lattice vectors and their 
corresponding nanotube types, Wherein FIG. 1a illustrates 
lattice vectors corresponding (from right to left) graphene 
sheets folded along the lattice vectors along an armchair 
(8,8) lattice vector (see FIG. 1b), a ZigZag (8,8) lattice vector 
(see FIG. 10) and a chiral (10,—2) lattice vector (see FIG. 
1d). 
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[0025] FIG. 2 illustrates an exemplary (n,m) carbon nano 
tube formed by Wrapping a graphene sheet With a de?ned 
chirality angle. 
[0026] FIG. 3 illustrates electronic properties of a metallic 
nanotube vs. a semiconducting nanotube. 

[0027] FIG. 4 illustrates an exemplary graphene sheet 
shoWing (n,m) chirality numbering for exemplary nano 
tubes. 

[0028] FIG. 5 illustrates an exemplary graphene sheet 
shoWing pure-chirality (n,m) nanotubes. 

[0029] FIGS. 6-10 illustrate exemplary molecular struc 
tures of pure-chirality (n,m) nanotubes. 

[0030] FIG. 11 illustrates screWs representing mixed 
chirality nanotubes. 

[0031] FIG. 12 illustrates a (n,m) chirality map for exem 
plary HiPCO nanotubes. 

[0032] FIG. 13 illustrates a (n,m) chirality map for exem 
plary CoMoCAT nanotubes. 

[0033] FIG. 14 illustrates exemplary nanotube groWth 
from seeded nanotubes With the same chirality. 

[0034] FIG. 15 illustrates exemplary ?uorescence signa 
tures of: (A) exemplary mixed chirality nanotubes; and (B) 
exemplary pure-chirality nanotubes. 

[0035] FIG. 16 illustrates exemplary dispersion surfac 
tants for dissolving nanotubes in solvents or solutions. 

DETAILED DESCRIPTION 

[0036] Pure-chirality single-Walled nanotubes (PC 
SWNT) can be uniquely suited to many high-end applica 
tions, such as molecular electronics and computing, optical 
devices (photonic crystals and solar cell materials), electro 
magnetic interference (EMI) shielding, transistors, such as 
?eld effect transistors, coded-security tagging materials, 
medical devices and/or applications, etc. 

[0037] As used herein, pure-chirality nanotubes include 
nanotubes With the same (n,m) chirality as primarily or 
substantially all of the other nanotubes in a bulk product of 
nanotubes or a plurality of at least 10,000 nanotubes. For 
example, in bulk products, nanotubes With at least 50%, 
90%, or 98% of nanotubes With the same (n,m) chirality as 
the (n,m) chirality of the remainder of the bulk, as Well as 
nanotubes Which are substantially all one, single (n,m) 
chirality, are pure-chirality nanotubes and can be used to 
provide the high-end applications listed above. In addition, 
individual PC-SWNT molecules can be used as seeds to 
induce groWth of additional PC-SWNT materials of the 
same chirality. 

[0038] Methods for identifying, separating and/or charac 
teriZing different helical forms of single-Walled carbon 
nanotubes (SWNTs) on a bulk scale are described herein. 
The methods can provide for identifying, separating, char 
acteriZing and/or forming of the different helical forms 
based on their spectral and other properties. 

[0039] As identi?cation of different helical forms of car 
bon nanotubes can be achieved, a pure composition of 
matter for a number of carbon nanotubes of type (n,m), 
Wherein the helical Wrapping angle is determined and the 
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molecules can be made in substantially pure form. The pure 
(n,m) chirality nanotubes can preferentially have n=l to 20 
and m=l to 20. It is noted, as mentioned above, that n relates 
generally to the size of the tube, while In relates generally to 
the inclination of tWist. Larger diameter tubes can also be 
prepared, puri?ed, and identi?ed With n from 1 to 100 or m 
from 1 to 100. 

[0040] An exemplary graphene sheet shoWing (n,m) num 
bering for SWNTs is illustrated in FIG. 4. It is noted that 
arrnchairs are shoWn (n,m, Wherein n=m) along the loWer 
left diagonal, While the zigzags (n,0) are shoWn With along 
the top horizontal and the chiral are the (n,m) numbers 
betWeen the armchair and zigzag numbers. 

[0041] An example of Pure-chirality SWNTs is illustrated 
in FIG. 5, Wherein the pure-chirality SWNTs are numbered 
With (n,m) numbers. A feW of the molecular structures of the 
pure-chirality SWNTs of FIG. 5 are further illustrated in 
FIGS. 6-10, Wherein these representative examples alloWs 
for those skilled in the art to understand that the composition 
of matter of pure-chirality SWNTs refers to helical tWist 
rather than length. 

[0042] SWNT can be tubes Wrapped from graphite sheets 
and can be named (n,m), Wherein a chiral vector is de?ned 
by n and m. The term in common use is chirality Which 
refers to the angle of Wrapping. This does not mean left or 
right handedness in the usual sense of chirality but Would be 
better termed helicity that refers to the pitch or the helix 
angle of Wrapping normal “as-produced” carbon nanotubes. 

[0043] As illustrated in FIG. 2, for example, the tube 
Wrapped from the sheet therein Would have a chiral vector 
C With (6,3) for (n,m). Additionally, it is noted that When 
tubes are formed, a mixture of different sizes and helical 
angles, much like a jar of different sizes of screWs, as 
illustrated in FIG. 11. 

[0044] In an exemplary embodiment, a bulk sample of 
HiPCO nanotubes, Which contain a mixture of at least 26 
different chiralities, can be puri?ed to greater than 50% of a 
single pure-chirality. This bulk sample of HiPCO nanotubes 
can be puri?ed to give bulk quantities of single pure 
chirality nanotube bulk products. Exemplary pure-chirality 
nanotube bulk product compositions include those (n,m) 
chiralities illustrated in FIG. 12. These pure-chirality nano 
tube bulk product compositions can each have a unique 
chemical “molecular graphs” (i.e., formulae are chemical 
structures as shoWn in FIGS. 6-10). 

[0045] It is noted that these molecular graphs of pure 
chirality (n,m) angles of pure-chirality nanotube bulk prod 
uct compositions are similar to polymeric monomers, 
Wherein the actual nanotubes can be much longer but are 
composed of repeating units of these tWisted pure-chirality 
(n,m) graphene sheets. It is further noted that the properties 
of the pure-chirality nanotube bulk product compositions are 
believed to be directly related to the pure-chirality (n,m) 
Wrapping angles. 

[0046] While SWNTs are discussed herein, it is noted that 
double Walled or multi-Walled tubes can also be subjected to 
the same methods of identifying, separating, characterizing 
and/ or forming different helical forms. For example, SWNTs 
of different chiralities can be nested, i.e., a (5,5) SWNT can 
be nested Within a (10,10) SWNT to form a double or nested 
tube. 
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[0047] Additionally, a chiral surface of knoWn chirality 
such as crystals of tartaric acid, peptides or amino acids, 
sugars, etc. can be used to catalyze the formation of one 
helical form of nanotube. HoWever, it is possible to use 
chiral surfaces crystals of tartaric acid, peptides or amino 
acids, sugars, etc to chromatographically separate one heli 
cal form of nanotube. 

[0048] An improved chiral nanotube method can include 
creating a selective chiral surface in bulk by lithographic 
techniques. For example, this method could be done by 
imaging lines on an oriented graphite surface. 

[0049] Other methods are reported for the puri?cation, 
solubilization, and formation of pure-chirality single Walled 
nanotubes (SWNT). These methods include the use of 
antibodies and phage display to create af?nity puri?cation 
methods for pure-chirality SWNT, the use of hybrid per 
?uorocarbon-hydrocarbon block copolymers, and the use of 
organic-?uorous phase liquid-liquid separations, such as 
counter-current chromatography. 

[0050] l. Generating SWNTs using catalytic chemical 
vapor deposition (CVD) by using alcohol or other carbon 
source, Wherein a pure-chirality nanotube can be used as a 
seed for self groWth. 

[0051] SWNTs can be generated by catalytic chemical 
vapor deposition (CVD) by using alcohol as the carbon 
source. For example, high-purity SWNTs can be generated 
at relatively loW CVD temperatures from metal catalytic 
particles supported on zeolite or directly dispersed on ?at 
substrates, such as mesoporous silica, quartz and silicon. In 
exemplary embodiments, a zeolite support can be provided 
for bulk generation of SWNTs, Wherein direct groWth of 
SWNTs on zeolites as a ?lm on a substrate can be used for 

optical or semi-conductor applications. For example, loW 
temperature CVD preparation can be used to synthesize 
SWNTs near armchair nanotubes. It is believed that the near 
armchair nanotubes can be produced from loW-temperature 
CVD because of the stability of nanotube cap structure for 
thin nanotubes. Additionally, the groWth process of SWNTs 
simulated by molecular dynamics method also appears to 
suggest this chirality-selective generation of SWNTs. 

[0052] Additionally, ethanol can be used as the alcohol 
carbon source. By using ethanol for the catalytic CVD, a 
CVD apparatus can be used to form a vertically aligned 
SWNTs mat With a couple of microns groWn on quartz 
substrates by employing the activation of catalytic metals. 

[0053] Approaches to forming SWNTs include 
CoMoCATTM, a method developed by SouthWest Nano 
Technologies, Inc. (SWeNTTM) of Norman, Okla. and High 
Pressure CO Conversion (HiPCO). HoWever, the SWNTs 
formed by CoMoCAT and HiPCO provide mixed chirality 
SWNTs rather than PC-SWNTs. By using these 
CoMoCATTM and HiPCO for synthesizing SWNTs, com 
parisons of the resolved spectral intensities, and thus an 
example of the selectivity of different SWNT synthesis 
processes can be compared. Comparing the tWo approaches, 
the % of (n,m) chirality compounds are shoWn in Table 1, 
wherein the (n,m) map of HiPCO SWNTs is shoWn in FIG. 
12 (the darkened chiralities being present in the sample) and 
the (n,m) map of CoMoCAT SWNTs is shoWn in FIG. 13 
(the thicknesses of the cell being proportional to the 
observed intensity for that structure). 








