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(57) ABSTRACT 

Disclosed are high Weight fraction carbon nanotube disper 
sions including an aqueous medium, carbon nanotubes, and 
at least one surfactant, the surfactant having an aromatic 

group, an alkyl group having from about 4 to about 30 
carbon atoms, and a charged head group. Also disclosed are 
ultrasonication processes capable of providing stable dis 
persions of carbon nanotubes having reduced breakage of 
the carbon nanotubes. The preparation of nematic nanotube 
gels from the carbon nanotube dispersions are also dis 
closed. A variety of uses and applications of the carbon 
nanotube dispersions and nematic nanotube gels are pro 
vided. 
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Figure 1 
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Figure 6 
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Figure 8 
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CARBON NANOTUBES: HIGH SOLIDS 
DISPERSIONS AND NEMATIC GELS THEREOF 

GOVERNMENT RIGHTS 

[0001] The Work leading to the disclosed invention Was 
funded in Whole or in part With Federal funds from the 
National Science Foundation. The Government may have 
certain rights in the invention under NSF contract 
DMR0079909. 

FIELD OF THE INVENTION 

[0002] The present invention is related to the ?eld of 
carbon nanotubes. The present invention is also related to 
dispersions containing carbon nanotubes. In addition, the 
present invention is related to the ?eld of materials and 
devices that contain carbon nanotubes. 

BACKGROUND OF THE INVENTION 

[0003] Carbon nanotubes are tiny fullerene-related struc 
tures of graphene cylinders having nanoscale diameters from 
about 0.7 to about 50 nanometers (“nm”) and microscopic 
lengths from about 0.1 to about 20 microns (“um”). Carbon 
nanotubes are readily synthesiZed catalytically from hot 
carbon vapor or by thermal decomposition of a carbon 
containing gas or liquid. Different synthetic methods yield 
nanotubes With one or several nested cylinders and different 
degrees of perfection. Various morphologies, tube shape, 
atomic conformations, and chemical compositions lead to a 
variety of uses. Chemical reactions inside or on the tube 
surface can be exploited for energy storage and drug deliv 
ery. The mechanical, electronic and thermal properties of 
carbon nanotubes enable a broad spectrum of applications 
including inter alia molecular electronics, nucleic acid and 
proteomic sequencing, high-strength composites, solar heat 
generation, energy storage and heat transfer. 

[0004] The synthesis, characteriZation and useful applica 
tions of carbon nanotubes has been a fertile area of research 
for over tWelve years, beginning With the discovery of 
multi-Wall carbon nanotubes in 1991 by S. Iijima, as 
reported in Helical Microtubules of Graphitic Carbon, 
Nature 354, 56 (1991). Shortly thereafter, several groups 
reported on the electrically conductive properties of carbon 
nanotubes in Are Fullerene Tubules Metallic?, J. W. Mint 
mire et al., Phys. Rev. Lett. 68, 631 (1992), in New One 
Dimensional ConductorsiGraphitic Microtubules, N. 
Hamada et al., Phys. Rev. Lett. 68, 1579 (1992), and in 
Electronic Structure ofGraphene Tubules Based on C60, R. 
Saito et al., Phys. Rev. B 46, 1804 (1992). In 1993, Ovemey 
et al. reported in the mechanical properties of carbon nano 
tubes in Structural Rigidity and Low Frequency Vibrational 
Modes ofLong Carbon Tubules, Phys. D 27, 93 (1993). In 
the same year, S. Iijima et al. reported their synthesis of 
single-Wall nanotubes in Single-Shell Carbon Nanotubes of 
1-nm Diameter, Nature, 363, 603 (1993), and Bethune et al. 
reported on the synthesis of single Wall carbon nanotubes in 
Cobalt-Catalysed Growth ofCarbon Nanotubes with Single 
Atomic-Layer Walls, Nature, 363, 605 (1993). 

[0005] Reports of the use of carbon nanotubes in a variety 
of applications became more frequent as their preparation 
became more routine. For example, RinZler et al. reported 
the use of nanotubes as ?eld emitters in Unraveling Nano 
tubes: Field Emission from an Atomic Wire, Science 269, 
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1550 (1995). In 1996, ropes of single-Wall nanotubes Were 
reported in Crystalline Ropes ofMetallic Carbon Nanotubes 
by A. Thess et al., Science 273, 483 (1996). 

[0006] The quantum conductance of carbon nanotubes 
Was reported in 1997 by Tans et al. in Individual Single- Wall 
Carbon Nanotubes as Quantum Wires, Nature, 386, 474 
(1997). That same year, hydrogen storage in nanotubes Was 
reported by Dillon et al. in Storage of Hydrogen in Single 
Walled Carbon Nanotubes, Nature, 386, 377 (1997). The 
chemical vapor deposition (CVD) synthesis of aligned nano 
tube ?lms Was reported in Synthesis of Large Arrays of 
Well-Aligned Carbon Nanotubes on Glass, Z F Ren et al., 
Science, 282, 1105 (1998), and the synthesis of “nanotube 
peapods” Was reported by Smith et al. in Encapsulated C60 
in Carbon Nanotubes, Nature 396, 323 (1998). 

[0007] One of the more interesting properties of carbon 
nanotubes is their unusually high thermal conductivity, 
Which can be useful for preparing materials for managing 
heat in a variety of useful systems and devices. For example, 
S. Berber et al. reported in 2000 Unusually High Thermal 
Conductivity of Carbon Nanotubes, Phys. Rev. Lett. 84, 
4613 (2000). Another interesting property is their unusually 
high strength of macroscopically aligned nanotubes, as 
reported in Macroscopic Fibers and Ribbons of Oriented 
Carbon Nanotubes, B. Vigolo et al., Science 290, 1331 
(2000). 
[0008] In 2001, the integration of carbon nanotubes for 
logic circuits Was reported in Engineering Carbon Nano 
tubes and Nanotube Circuits Using Electrical Breakdown, P. 
C. Collins et al., Science 292, 706 (2001). The intrinsic 
superconductivity of carbon nanotubes Was also reported 
that year by M. Kociak et al., Phys. Rev. Lett. 86, 2416 
(2001). 
[0009] Recently in Molecular Design of Strong Single 
wall Carbon Nanotube/Polyelectrolyte Multilayer Compos 
ites, Nature Materials, 1(3):190-194 (2002), Mamedov et al. 
described the preparation of a layered polymer/ carbon nano 
tube composite made by attaching chemical groups to the 
nanotubes that form bonds With the polymer When the 
material is heated, or treated chemically. 

[0010] As used herein, the term “carbon nanotube” refers 
to a variety of holloW, partially ?lled and ?lled forms of 
rod-shaped and toroidal-shaped hexagonal graphite layers. 
Examples of holloW carbon nanotubes include single-Wall 
carbon nanotubes, multi-Wall carbon nanotubes, carbon 
nanotoroids, branched carbon nanotubes, armchair carbon 
nanotubes, ZigZag carbon nanotubes, as Well as chiral carbon 
nanotubes. Filled carbon nanotubes include carbon nano 
tubes containing various other atomic, molecular, or atomic 
and molecular species Within its interior. Examples include 
nanorods, Which are nanotubes ?lled With other materials, 
like oxides, carbides, or nitrides. Examples of ?lled carbon 
nanotubes include carbon nano?bers having carbon Within 
its interior. Carbon nanotubes that have holloW interiors 
have also be opened and ?lled With non-carbon materials 
using Wet chemistry techniques to provided ?lled carbon 
nanotubes. 

[0011] A single-Walled carbon nanotube (SWNT) can be 
imagined as a rolled-up rectangular strip of hexagonal 
graphite monolayers. The short side of the rectangle 
becomes the tube diameter and therefore is “quantized” by 
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the requirement that the rolled-up tube must have a continu 
ous lattice structure. The rectangle is typically oriented With 
respect to the ?at hexagonal lattice to alloW a ?nite number 
of roll-up choices. TWo of these correspond to high sym 
metry SWNTs; in “Zigzag” nanotubes, some of the C4C 
bonds lie parallel to the tube axis, While in “armchair” 
nanotubes, some bonds are perpendicular to the axis. Chiral 
nanotubes have a left- or right-handed screW axis, like DNA. 
Carbon nanotubes can also be nested together, one inside 
another to form so-called “nanocables”. Carbon nanotubes 
can also have one end Wider than the other to form so-called 
“nanocones”. Carbon nanotubes in Which the ends attach to 
each other to form a torus shape are commonly referred to 
as carbon “nanotoroids”. 

[0012] The alloWed electron Wave functions of SWNTs 
are different than those of an in?nite tWo-dimensional sys 
tem of hexagonal graphite monolayers. In contrast the 
structure of a hexagonal graphite monolayer, the rolling 
operation imposes periodic boundary conditions for propa 
gation around the circumference. This gives rise to a differ 
ent electronic band structure for different symmetries of 
carbon nanotubes. As a consequence, SWNTs can be either 
metallic or insulating, With bandgaps in the latter typically 
ranging from a feW milli-electron volts to about one electron 
volt. 

[0013] Carbon nanotubes can also be used bundled 
together or isolated. Nanotube bundles of many SWNTs 
With similar diameters are able to self-organize (order, i.e., 
“crystalliZe”) during groWth into a triangular lattice. Nano 
tubes may be isolated on surfaces, isolated in dilute ?uid 
dispersions, and isolated in composite materials and devices. 
Bulk materials containing porous mats of nanotubes can be 
prepared from entangled bundles of carbon nanotubes. 

[0014] SWNT bundles are carbon-based materials into 
Which heteroatoms or molecules can be inserted and 
removed. It is knoWn that the proper choice of heteroatoms 
or molecules (alkali metals, halogen or acid molecules) can 
transform an insulating polymeric host into a doped semi 
conductor or even a metal, an example being sodium-doped 
polyacetylene. In a similar fashion, insulating molecular 
fullerene solids become superconducting upon addition of 
three alkali ions per molecule. LikeWise, reversible insertion 
in graphite and SWNT bundles can be exploited for energy 
storage applications such as rechargeable batteries (e.g., 
Li-doped SWNT bundles) and “hydrogen containers” for 
use in hydrogen-burning vehicles. 

[0015] In vieW of the many fascinating novel electronic, 
thermal and mechanical properties of carbon nanotubes, 
many applications that Will take advantage of these proper 
ties Will require large-scale manipulations of stable solutions 
of carbon nanotubes having high Weight fractions of indi 
vidual carbon nanotubes. For example, dispersions of indi 
vidual carbon nanotubes Will enable the use of a variety of 
solution-phase puri?cation and separation methodologies. 
Accordingly, the preparation of high nanotube Weight frac 
tion solutions Will facilitate a variety of processing steps 
performed on, and With, carbon nanotubes. Such processing 
steps include inter alia chemical derivatiZation, controlled 
deposition, micro?uidic processes, fabrication of nanotube 
based ?bers, preparation of coatings and composite materi 
als, as Well as the fabrication of a variety of electronic, 
optical, micromechanical and micro?uidic devices. Further 
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more, high volume fraction nanotube solubiliZation Will 
bring nanotube science into better contact With fundamental 
research on interactions and self-assembly in complex ?u 
ids. Unfortunately, as a result of the substantial van der Walls 
attractive forces betWeen them, nanotubes readily aggregate 
and are dif?cult to keep individually dispersed in solution. 

[0016] Some progress has been made toWards solubiliZa 
tion of carbon nanotubes in organic and aqueous media. 
Dissolution in organic solvents has been reported With bare 
SWNT fragments (e.g., 100 to 300 nm length) by Bahr et al., 
Chem. Commun., 2, 193, (2001) and by Ausman et al., J. 
Phys. Chem. B 104, 8911 (2000). LikeWise, the dissolution 
of chemically-modi?ed SWNTs has been reported by Chen 
et al., Science, 282, 95 (1998) and by Chen et al., J. Am. 
Chem. Soc. 123, 3838 (2001). Dissolution in Water, impor 
tant because of potential biomedical applications and bio 
physical schemes, has also been reported by Liu et al., 
Science 280, 1253 (1998), BandoW et al., J. Phys. Chem. B 
101. 8839 (1997), Duesberg et al., Chem. Commun. 3, 453 
(1998), Shelimov et al., Chem. Phys. Lett. 282, 429 (1998), 
and Bandyopadhyaya et al., Nano Letters 2, 25-28 (2002). 
Dissolution of carbon nanotubes by polymer Wrapping has 
been reported by O’Connell et al., Chem. Phys. Lett. 342, 
265 (2001) and by Star et al., AgneW, Chem. Int. ed. 41, 
2508 (2002). 
[0017] Dissolution by chemical modi?cation of the carbon 
nanotubes has been reported by Sano et al., Langmuir, 17, 
5125 (2001), Nakashina et al., Chem. Lett. P. 638 (2002), 
and by Pompeo et al., Nanoletters 2, 369 (2002). Generally, 
the chemically modi?ed carbon nanotubes are less desirable 
because their band structures can differ from the unmodi?ed 
nanotubes. As Well, chemically modi?ed carbon nanotubes 
tend to be shorter than unmodi?ed nanotubes. Indeed, car 
bon ?bers having lengths greater than about 500 nm are 
desirable for introducing anisotropic properties in composite 
materials, as reported by Halpin et al. in Polymer Eng. Sci. 
16, 344 (1976). Unfortunately, tube breakage typically 
accompanies preparation of dispersions of carbon nanotubes 
longer than about 500 nm. Thus, there remains the problem 
of providing carbon nanotube dispersions that do not require 
chemical modi?cation and Which provide high volume frac 
tions of long carbon nanotubes With minimal breakage. 

[0018] Applications for carbon nanotubes generally fall 
into tWo categories: those requiring isolated carbon nano 
tubes and those requiring ensembles of carbon nanotubes. In 
applications using ensembles of carbon nanotubes, espe 
cially for composite materials, a high degree of nanotube 
alignment is desired. Aligning carbon nanotubes has been 
dif?cult, hoWever. With feW exceptions (Jin et al., Appl. 
Phys. Lett. 73, 1197 (1998) and Hadjiev et al., Appl. Phys. 
Lett. 78, 3193 (2001)), the vast majority of solution- and 
solid-phase mixtures are isotropic, as reported by Schadler 
et al., Appl. Phys. Lett. 73, 3842 (1998), BoWer et al., Appl. 
Phys. Lett. 74, 3317 (1999), Sandler et al., Polymer 40, 5967 
(1999), AndreWs et al., Appl. Phys. Lett. 75, 1329 (1999), 
and Qian et al., Appl. Phys. Lett. 76, 2868 (2000). Accord 
ingly, stable nematic-like phases of carbon nanotubes, espe 
cially of the SWNT variety, have been elusive. Thus, there 
also remains the problem of providing oriented ensembles of 
carbon nanotubes. 

SUMMARY OF THE INVENTION 

[0019] The present inventors have discovered that a par 
ticular class of surfactants is capable of providing stable 
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dispersions of high concentrations of carbon nanotubes in 
aqueous media Without requiring the aforesaid techniques of 
chemical modi?cation or polymer Wrapping. In a ?rst aspect 
of the present invention, there are provided dispersions 
including an aqueous medium, carbon nanotubes, and at 
least one surfactant, the surfactant having an aromatic group, 
an alkyl group having from about 4 to about 30 carbon 
atoms, and a charged head group. 

[0020] The present inventors have also discovered that a 
particular class of surfactants When used With an ultrasoni 
cation process is capable of providing stable dispersions of 
carbon nanotubes having reduced breakage of the carbon 
nanotubes. Thus, in a second aspect of the present invention, 
there are provided methods of preparing dispersions of 
carbon nanotubes, in Which the methods include mixing an 
aqueous medium, carbon nanotubes, and surfactant in a 
loW-poWer, high-frequency bath sonicator. In this aspect of 
the invention, the surfactant includes an alkyl group having 
from about 4 to about 30 carbon atoms, an aromatic group, 
and a charged head group. 

[0021] Within additional aspects of the invention there are 
provided compositions of carbon nanotubes that can be used 
in a variety of applications. In this aspect of the invention, 
there are provided compositions including carbon nanotubes 
and surfactant, Wherein the surfactant has an alkyl group 
having from about 4 to about 30 carbon atoms, an aromatic 
group, and a charged head group. 

[0022] In another aspect of the invention, there are pro 
vided composite materials containing carbon nanotubes. In 
this aspect of the invention, the composite materials have a 
solid matrix and carbon nanotubes and surfactant dispersed 
Within the solid matrix, the surfactant having an alkyl group 
having from about 4 to about 30 carbon atoms, an aromatic 
group, and a head group. 

[0023] In a related aspect of the invention, there are 
provided methods of preparing composite materials using 
the carbon nanotube dispersions provided herein. In this 
aspect of the present invention, there methods include dis 
persing carbon nanotubes and surfactant in a hardenable 
matrix precursor, and hardening the precursor. In these 
methods, the surfactant includes an alkyl group having from 
about 4 to about 30 carbon atoms, an aromatic group, and a 
head group. 

[0024] In another aspect of the invention, there are pro 
vided assemblies of carbon nanotubes. In this aspect of the 
invention, the assemblies include a substrate, and carbon 
nanotubes and surfactant adjacent to the substrate. In this 
aspect of the invention, the surfactant has an alkyl group 
having from about 4 to about 30 carbon atoms, an aromatic 
group, and a charged head group. 

[0025] In another aspect of the invention, there are pro 
vided methods of assembling carbon nanotubes on a sub 
strate. In this aspect of the invention, the methods of 
assembling carbon nanotubes include contacting dispersions 
including an aqueous medium, carbon nanotubes and sur 
factant to a substrate. In this aspect of the invention, the 
surfactant includes an alkyl group having from about 4 to 
about 30 carbon atoms, an aromatic group, and a charged 
head group. These methods can be used, for example, in 
providing solid media for use in detecting chemical and 
biological substances. Thus, in a related aspect of the present 
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invention, there are provided solid media having a substrate 
for receiving chemical compounds, biological materials, or 
both biological materials and chemical compounds for use in 
detecting chemical and biological substances. In this aspect 
of the invention the substrate includes carbon nanotubes and 
surfactant adsorbed thereon, the surfactant comprising an 
alkyl group having from about 4 to about 30 carbon atoms, 
an aromatic group, and a charged head group. 

[0026] The present inventors have also discovered that the 
dispersed carbon nanotubes of the present invention can also 
be used to prepare nematic nanotube gels. In this aspect of 
the invention, the methods of preparing nematic nanotube 
gels include: 

[0027] providing a dispersion of carbon nanotubes, sol 
vent, gel precursor, and surfactant, the surfactant including 
an alkyl group having from about 4 to about 30 carbon 
atoms, an aromatic group, and a charged head group; 

[0028] gelling at least a portion of the gel precursor to 
form a gel; and 

[0029] subjecting the dispersion, the gel, or both the 
dispersion and the gel to an orienting ?eld, the orienting ?eld 
giving rise to a nematic orientation of said carbon nanotubes. 

[0030] The present inventors have also discovered com 
positions containing carbon nanotubes and gel precursors. In 
this aspect of the invention, the composition includes carbon 
nanotubes, gel precursor, and surfactant, the surfactant hav 
ing an alkyl group having from about 4 to about 30 carbon 
atoms, an aromatic group, and a charged head group. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0031] The invention may be understood by reference to 
the folloWing description taken in conjunction With the 
accompanying draWings, in Which: 

[0032] FIG. 1 shoWs vials containing aqueous dispersions 
of SWNTs at 5 mg/ml after tWo Weeks of incubation at room 
temperature With various surfactants. (A) SDS-HiPCO; (B) 
TXlOO-HiPCO; (C) NaDDBS-HiPCO. Carbon nanotube 
dispersions prepared With NaDDBS surfactant (C) are 
homogeneous Whereas dispersions prepared With SDS (A) 
and TXlOO (B) coagulate, forming a mass of aggregated 
nanotubes at the bottom of the vial. 

[0033] FIG. 2 shoWs a tapping mode AFM image of 
TXlOO stabiliZed laser-oven produced single-Walled carbon 
nanotubes on a silicon surface. A dispersion of the carbon 
nanotubes Was prepared at a concentration of 0.1 mg/ml by 
bath sonicator. 

[0034] FIG. 3 shoWs the length and diameter distribution 
of HiPCO carbon nanotubes in various attempted disper 
sions. Data obtained from AFM images like the one in FIG. 
2, after dispersion by bath sonicator and stabiliZed using 
three different surfactants. For original dispersion concen 
trations greater than 0.1 mg/ml, the dispersions Were rapidly 
diluted to 0.1 mg/ml, and then spread over a silicon Wafer for 
nanotube length distribution measurements using AFM. The 
contributions of nanotubes having lengths less than 50 nm 
are not re?ected in these nanotube length distributions 
because of the limitation of the lateral resolution of these 
measurements. (a) The number fraction of single nanotubes 
in a NaDDBS-HiPCO dispersion prepared at 0.1 mg/ml Was 
about 7415 percent. (b) The number fraction of single 



US 2006/0099135 A1 

nanotubes in a NaDDBS-HiPCO dispersion prepared at 20 
mg/ml Was about 6315 percent. (c) The number fraction of 
single nanotubes in a NaDDBS-HiPCO dispersion prepared 
at 10 mg/ml Was about 6115 percent. (d) Repeat of (c) after 
sitting for one month (about 5515 percent, based on number, 
single nanotubes). (e) The number fraction of single nano 
tubes in a SDS-HiPCO dispersion prepared at 0.1 mg/ml Was 
1612 percent. (1) The number fraction of single nanotubes 
in a TritonX-lOO-HiPCO dispersion prepared at 0.1 mg/ml 
Was 3613 percent. 

[0035] FIG. 4 shoWs a schematic representation of hoW 
surfactant may adsorb onto the exterior surface of a tube. It 
is speculated that the alkyl chain groups of a surfactant 
molecule adsorb ?at along the length of the tube rather than 
bend around the circumference. NaDDBS and TX100 dis 
perse the nanotubes better than SDS because of their aro 
matic groups. NaDDBS also disperses carbon nanotubes 
better than TX100 because of its chargeable head group and 
slightly longer alkyl chain. 
[0036] FIG. 5 shoWs the length and diameter distribution 
of 0.1 mg/ml laser-oven single-Walled nanotube dispersions 
using NaDDBS as the surfactant and produced by tip and 
bath sonicators. (a) The loW-poWer bath sonication method 
provided a high yield (9015 percent) of single (individual) 
carbon nanotubes; many individual carbon nanotubes had 
lengths longer than 400 nm post sonication, Lmean Was about 
5161286 nm. (b) The tip-sonication technique gave signi? 
cantly loWer yield (5015 percent) and fragmented more 
nanotubes than in (a); Only a feW nanotubes having lengths 
larger than 400 nm Were observed, and the mean length, 
Lmean, Was about 2671126 nm. 

[0037] FIG. 6 shoWs a schematic of a NIPA gel structure 
(homogeneous) after NIPA monomer is polymeriZed in the 
presence of a gel initiator and cross-linker at 296 K. 

[0038] FIG. 7 shoWs capillary nanotubes containing 
SWNT-NIPA gels before and after subjecting the gels to an 
orienting pressure ?eld, Which causes the gels to shrink. 
Capillary nanotubes containing initial nanotube concentra 
tions of (a) 0.78 mg/ml and (b) 0.23 mg/ml appeared dark 
because the carbon nanotubes absorb light. A NIPA gel 
containing NaDDBS surfactant and no carbon nanotubes (c) 
Was prepared to study the effects of the presence of the 
carbon nanotubes on the gel’s shrinking. Here, the NIPA gel 
appears to shrink almost the same ratio Whether or not the 
carbon nanotubes are present. 

[0039] FIG. 8 shoWs birefringence images of a carbon 
nanotube gel With initial nanotube concentration of 0.78 
mg/ml, observed at different angles after sitting for four 
days. Inages Were taken With a ?xed microscope bulb 
intensity and video gain and offset. Maximum birefringence 
Was found When the samples Was oriented 45 degrees With 
respect to the input polariZer pass axis. Liquid crystal like 
defects Were observed near the edges of the nanotube gel, 
Which are clearly visible When the gel Was in vertical (0 
degree) or horizontal (90 degrees) orientations. Greater 
nanotube alignment is observed near the gel edges. Evi 
dently the director tends to align near the Walls, perhaps as 
a result of boundary effects imposed by the Walls. The 
central dark regions appear to be disordered in this ?gure; 
but When rotated on an axis coincident With the short edge 
of the sample by about 30 degrees, the central dark regions 
became bright, indicating that the central dark regions Were 
at least partially ordered (not shoWn). 
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[0040] FIG. 9 shoWs a summary of the effects of time and 
nanotube concentration on the alignment of nanotubes in 
NIPA gels. The bulb intensity and video gain offset Were 
kept ?xed. All of the samples Were isotropic before shrink 
ing. Birefringence Was observed after the samples Were 
shrunk upon subjecting them to an orienting pressure ?eld. 

[0041] FIG. 10 shoWs capillary nanotubes With SWNTs 
NIPA gel placed inside a vacuum jar, from Which Water 
sloWly migrates out of the gel upon application of a pressure 
?eld using a vacuum pump. 

[0042] FIG. 11 shoWs images of carbon nanotubes inside 
NIPA gels that Were isotropic before Water extrusion at 0.46 
mg/ml (a). As Water Was extruded from the gel, the carbon 
nanotubes began aligning along the How direction of Water 
and the gel became birefringent (b). At high enough initial 
concentration of nanotubes (0.46 mg/ml) in gel and after 
signi?cant extrusion of Water, some of the aligned nanotubes 
formed small ropes With the gel (c). The image (c) is a 
bright-?eld image at a higher magni?cation compared to (a) 
and (b). 

[0043] FIG. 12 shoWs carbon nanotubes that Were aligned 
inside a NIPA gel using a nine Tesla magnetic ?eld. Also 
observed are nanotube needles arising from the end-to-end 
chaining of multiple nanotubes. 

DETAILED DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

[0044] Terms 

[0045] As used herein, the terms “nanotube” and “carbon 
nanotube” are used interchangeably. 

[0046] As used herein, the term “highly effective nanotube 
surfactant” refers to the class of surfactants, as exempli?ed 
by NaDDBS, Which contains an aromatic group, an alkyl 
group having from about 4 to about 30 carbon atoms, and a 
charged head group. Unless indicated otherWise, use of the 
term “surfactant” herein refers to “highly effective nanotube 
surfactant”. 

[0047] As used herein, the terms “single carbon nano 
tubes” and “individual carbon nanotubes” are synonyms that 
refer to freely dispersed carbon nanotubes in a dispersion 
that are not physically or chemically adsorbed, adhered, 
?occulated or aggregated to one or more other carbon 
nanotubes in the dispersion. 

[0048] The instant invention is based in part on an unex 
pected ?nding that particular surfactants having an aromatic 
group, an alkyl group, and a charged head group (the 
so-called “highly effective nanotube surfactants”), are 
capable of readily dispersing carbon nanotubes in aqueous 
media to provide colloidal carbon nanotubes. Also surpris 
ing is the discovery, as detailed herein, that a particular class 
of surfactants When used With an ultrasonication process is 
capable of providing stable dispersions of carbon nanotubes 
having reduced breakage of the carbon nanotubes. Another 
surprising discovery detailed herein is the ability to readily 
prepare composite materials and aligned nematic nanotube 
gels that contain dispersed carbon nanotubes. These novel 
features of the invention are advantageously used in various 
methods, devices, compositions and materials, as described 
further herein. 
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[0049] Generally, a colloidal particle stabilized by charged 
surfactants Will have a so-called “double layer” Where 
counter ions (of opposite charge to the net charge on the 
particle) Will be in excess surrounding each dispersed par 
ticle in the continuous (typically aqueous) phase. The degree 
to Which the counter ions are in excess Will decrease With 
increasing distance from the dispersed particle. The thick 
ness of this double layer Will be determined by the rate at 
Which the net charge decreases With distance from the 
particle Which is dependent on, inter alia, the ionic strength 
of the colloid. The colloid Will be stable as long as the ionic 
repulsion betWeen these double layers keeps the dispersed 
particles a suf?cient distance apart for short range attractive 
forces (such as van der Waals forces) to be insigni?cant. If 
the double layer is too thin the dispersed particles can 
approach suf?ciently closely for these attractive forces to 
predominate. Thus altering the ionic strength of the colloid 
Will effect the thickness of the double layer and hence the 
stability of the colloid. When the ionic strength is raised to 
a particular amount the double layer is so thin there is 
effectively no ionic repulsion betWeen particles and the 
forces betWeen the particles are purely attractive Which leads 
to the formation of a large solid mass. Hence adding a 
suitable ionic salt to a colloid (often called “salting out”) 
Will, at a certain concentration, suddenly produce an irre 
versible, catastrophic collapse of the dispersed particles into 
a distinct gelatinous clot or mass. Accordingly, the ionic 
strength of the aqueous media of the dispersions of the 
present invention are maintained at a level that maintains 
ionic repulsion betWeen the carbon nanotube particles. 

[0050] Without Wishing to be bound by a particular theory 
or mechanism of operation, the present inventors postulate 
that the superior dispersing capability of the highly effective 
nanotube surfactants can be explained in terms of graphite 
surfactant interactions, alkyl chain length, head group siZe 
and charge that pertain particularly to those surfactant mol 
ecules that lie along the exterior carbon nanotube surface, 
parallel to the nanotube central axis. It is suspected that 
Weaker surfactants like SDS (having a dispersing capability 
of less than about 0.1 mg/ml) have a Weaker interaction With 
the carbon nanotube surface compared to highly effective 
nanotube surfactants because they lack an aromatic group. 
The aromatic group is believed to permit alike stacking of 
the aromatic groups onto the graphene surface of the carbon 
nanotubes, Which signi?cantly increases the binding and 
surface coverage of the surfactant molecules. The alkyl 
group of the class of highly effective nanotube surfactant is 
suspected to lie ?at along the exterior surface of the carbon 
nanotubes, especially for carbon nanotubes having small 
diameters on order of the siZe of the alkyl groups. Thus, it 
is energetically favorable for the alkyl groups (e.g., alkyl 
chains) to lie ?at along the length of the carbon nanotubes 
rather than bend around its perimeter (e. g., circumference). 
The greater the surface contacts the alkyl group has With the 
carbon nanotube, the greater the favorable interaction the 
surfactant has for the nanotube. Finally, the charged head 
group of highly effective nanotube surfactants permits elec 
trostatic repulsion that leads to charge stabiliZation of the 
nanotubes via screened Coulomb interactions Which, in 
analogy With colloidal particle stabiliZation, maybe signi? 
cant for solubiliZation (i.e., dispersion) in aqueous media. 

[0051] The dispersions of the present invention include an 
aqueous medium and carbon nanotubes dispersed With at 
least one highly effective nanotube surfactant in the aqueous 
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medium. Suitable surfactants have an aromatic group, an 
alkyl group, and a charged head group. While it is envi 
sioned the aromatic group, the alkyl group, and the charged 
head group can be linked together in any chemically pos 
sible combination to provide a suitable surfactant, typically 
the aromatic group is disposed betWeen the alkyl group and 
the head group. 

[0052] As the suitable alkyl groups contain carbon atoms, 
the skilled person Will realiZe that a corresponding number 
of hydrogen atoms Will also be bonded to the carbon atoms. 
The alkyl group can contain alkyl branches and rings, and 
Will preferably include at least one linear alkyl chain. The 
number of carbon atoms in the alkyl group Will typically be 
from about 4 to about 30, more typically from about 6 to 
about 20 carbon atoms, even more typically from about 8 to 
about 16 carbon atoms, and most typically from about 10 to 
about 14 carbon atoms. 

[0053] Slight chemical variations to the alkyl group, espe 
cially Where the number of carbon atoms is greater than 
about 12, are also envisioned as Within the scope of the 
present invention. For example, the alkyl group may contain 
one or several chemical groups or unsaturated covalent 
bonds. Examples of such a chemical variation include addi 
tional atoms besides carbon and hydrogen that are bonded to 
the alkyl group (e.g., nitrogen, oxygen, or sulfur) and one or 
more unsaturation sites bonded to the alkyl groups (e.g., 
alkene and alkyne groups). The addition of such chemical 
variations can typically be such that the adsorption of the 
alkyl group to the carbon nanotube is not so grossly affected 
so that adsorption is otherWise prevented. 

[0054] While any type of aromatic group is envisioned to 
be suitable for the highly efficient nanotube surfactants used 
in the present invention, suitable aromatic groups Will typi 
cally be capable of J's-like stacking onto the surface of the 
carbon nanotubes. J's-like stacking refers to the overlap of at 
(pi) bonds of the aromatic group of the surfactant With the 
at bonds of the carbon nanotubes, Which provides electron 
delocaliZation. Such hydrophobic interactions typically pro 
duces an energy minimum that favors non-covalent adsorb 
tion of the surfactant on the nanotube surface. The highly 
effective nanotube surfactants are typically capable of non 
covalently adhering to said carbon nanotubes. Many aro 
matic rings knoWn in the chemical arts are suitable for use 
in the surfactants. Typical aromatic groups Will have a 
carbocyclic aromatic ring, a heterocyclic aromatic ring, or 
any combination thereof include tWo or more covalently 
linked together. Typically, carbocyclic aromatic rings 
include benZenes, naphthalene, biphenylene, biphenyl, and 
anthracene, as Well as their Cl-Cl0 alkyl and alkene analogs 
knoWn in the art, such as toluene, xylene, and vinyl benZene. 
A preferred carbocyclic ring is benZene. Suitable heterocy 
clic aromatic rings are typically carbocyclic rings having 
one or more carbon atoms substituted With an atom other 

than carbon. Typical atom substitutes in heterocyclic aro 
matic rings include oxygen, sulfur, and nitrogen. The con 
ditions of aromaticity can be met by many nitrogen-, oxy 
gen-, and sulfur-containing ring groups. Heterocyclic 
aromatic ring groups have chemical properties similar to 
those of benZene and its derivatives. Examples of suitable 
heterocyclic aromatic ring groups include pyridine, purine, 
pyrimidine, pyraZine, pyridaZine, pyrrole, imidaZole, 1,3,4 
triaZole, tetraZole, furan, indole, oxaZole, isoxaZole, 
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thiophene, thiaZole, 1,2,3-thiadiaZole, 1,2,4-thiadiaZole, 1,3, 
5-triZene, quinoline, isoquinolene, acridine, and any com 
bination thereof. 

[0055] While any type of charged head group is envi 
sioned to be suitable for the highly ef?cient nanotube 
surfactants used in the present invention, suitable charged 
groups Will typically be capable of carrying a positive or 
negative charge in aqueous media. Suitable charged head 
groups also capable of being electrostatically shielded from 
each other in aqueous media to affect dispersion. Accord 
ingly, suitable charged head groups include any cationic, 
anionic, or amphoteric group that is knoWn to be useful in 
preparing surfactants and dispersants for use in preparing 
aqueous particles dispersions. Examples of suitable anionic 
groups include sulfate groups and carboxylic, sulfonic, 
phosphoric and phosphonic acid groups Which may be 
present as free acid or as Water-soluble ammonium or alkali 
metal salts. Typically, the alkali metal salt Will have a 
counterion selected from the Group IA elements, such as 
sodium, and potassium salts, eg sodium carboxylates and 
sulfonates, or any combination thereof. 

[0056] Combinations of anionic groups are also possible. 
Surfactants having an anionic charged head group may 
further contain one or more cationic groups as long as it has 
an overall anionic charge. If the surfactant is to have 
predominantly a cationic charged head group, then the 
reverse is true. Examples of suitable cationic head groups 
include sulfonium groups, phosphonium groups, acid addi 
tion salts of primary, secondary and tertiary amines or amino 
groups and quaternary ammonium groups, for example 
Where the nitrogen has been quaterniZed With methyl chlo 
ride, dimethyl sulfate or benZyl chloride, typically acid 
addition salts of amines/amino groups and quaternary 
ammonium groups. 

[0057] The highly ef?cient nanotube surfactants are 
derived from synthetic and natural sources and preferably 
are Water-soluble or Water-dispersible. Many suitable sur 
factants are commercially available from various compa 
nies, such as The AkZo Nobel Company in The Netherlands 
(http://WWW.se.akZonobel.com/misc/ProductOvervieWSur 
factantsEurope.pdf). In a preferred embodiment, the surfac 
tant includes anionic surfactants like alkylaryl sulfates and 
alkylaryl ethersulfates, alkylaryl carboxylates, alkylaryl sul 
fonates, alkylaryl phosphates and alkylaryl etherphosphates. 
Typical anionic surfactants includes, sodium butylbenZene 
sulfonate, sodium hexylbenZene sulfonate, sodium octylben 
Zene sulfonate, sodium dodecylbenZene sulfonate, sodium 
hexadecylbenZene sulfonate, and preferably sodium dode 
cylbenZenesulfonate, and combinations thereof. Suitable 
surfactants preferably include an alkaline salt of a CD alkyl 
benZene sulfonate, Where n is betWeen about 8 and about 16. 

[0058] Examples of suitable surfactants having a cationic 
head group include cocobenZyldimethylammonium chlo 
ride, coco(fractionated)benZyldimethylammonium chloride, 
di(hydrogenated talloW)benZylmethylammonium chloride, 
and (hydrogenated talloW)benZyldimethylammonium chlo 
ride. Suitable cationic surfactants include those containing at 
least one quaternary ammonium compounds. Further suit 
able cationic surfactants include quaternary di- and polyam 
monium compounds. 

[0059] In certain embodiments of the present invention, 
the surfactant contains a plurality of alkyl groups that are 
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bonded to the aromatic group, an example being tWo alkyl 
chains attached. Typically, hoWever, the surfactant Will have 
a single alkyl chain. 

[0060] In other embodiments of the present invention, the 
surfactant may further contain one or more hydrophilic 
chains. The one or more hydrophilic chains may be disposed 
on the surfactant in any combination, for example a hydro 
philic chain may be connected to the charged head group, the 
aromatic group, or the alkyl group. A hydrophilic chain may 
also be disposed betWeen any tWo of the charged head group, 
the aromatic group, or the alkyl group, e.g., a hydrophilic 
chain could separate the charged head group from the 
aromatic group. In these embodiments, the hydrophilic 
chains could function as a spacer. Suitable hydrophilic 
chains include polymers of alkyloxide monomers, such as 
ethyleneoxide and propyleneoxide, Wherein the degree of 
polymerization is at least tWo. 

[0061] Any type of carbon nanotube can be dispersed 
using the methods and surfactants as described herein. 
Although not an exhaustive listing of all knoWn types of 
carbon nanotubes that can be used, a number of suitable 
carbon nanotubes that can be used in various embodiments 
of the present invention include the folloWing: single-Wall 
carbon nanotubes, multi-Wall carbon nanotubes, armchair 
carbon nanotubes, ZigZag carbon nanotubes, chiral carbon 
nanotubes, carbon nano?bers, carbon nanotoroids, branched 
nanotubes (e.g., as disclosed in US. Pat. No. 6,322,713, the 
details pertaining to the preparation branched nanotubes is 
incorporated by reference herein), carbon nanotube ”knees”, 
coiled carbon nanotubes (L. P. Biro et al., Mat. Sci. and Eng. 
C 19 (2002) 3-7), or any combination thereof Many types of 
carbon nanotubes are commercially available. Several pro 
cedures knoWn in the art are capable of synthesizing a 
variety of carbon nanotubes. For example, multi-Wall carbon 
nanotubes can be made by the arc method knoWn in the art 
and SNWTs can be made by the high-pressure carbon 
monoxide (“HiPCO”) method knoWn in the art and supplied 
commercially by Carbon Nanotechnologies, Inc. (Houston, 
Tex.). SNWTs can be synthesiZed by the laser-oven method 
and supplied commercially by Tubes@Rice (Rice Univer 
sity, Houston, Tex.). Carbon nanotoroids can be made by the 
HiPCO and laser-oven methods. Branched nanotubes can be 
made according to US. Pat. No. 6,322,713, the details 
pertaining to the preparation of branched nanotubes is 
incorporated by reference herein. Carbon nano?bers are 
commercially available from Electrovac GesembH, Kloste 
meuberg, Austria. Carbon nano?bers typically are hundreds 
of micrometers long having diameters from about 70 to 
about 500 nm, having greater than about 100 square meters 
per gram (m2/g) active chemical surface area Chemical 
vapor deposition (CVD) methods are also capable of syn 
thesiZing carbon nanotubes. 

[0062] While the carbon nanotubes that are useful in the 
present invention have mostly carbon atoms, it is envisioned 
that at least a portion of the carbon atoms may be substituted 
With any of a variety of non-carbon atoms. LikeWise, While 
chemical modi?cation of the carbon nanotubes is not typi 
cally required for practicing the present invention as 
described herein, nevertheless, the carbon nanotubes may be 
chemically modi?ed. In this regard, chemical modi?cations 
may include functionaliZation With any of a variety of 
chemical functional groups and molecules as knoWn and 
practiced in the nanotube art. 
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[0063] The highly effective nanotube surfactants enable 
the preparation of aqueous dispersions having very high 
concentrations of dispersed carbon nanotubes. Although any 
concentration of carbon nanotubes in the dispersion is 
possible, generally the nanotube concentration Will be less 
than about 500 mg/ml, more typically less than about 200 
mg/ml, even more typically less than about 100 mg/ml, even 
further typically less than about 50 mg/ml, and most typi 
cally less than about 25 mg/ml. Although very small con 
centrations of carbon nanotubes can be prepared according 
to the present invention, for example less than about 0.001 
mg/ml, the nanotube concentration is typically at least about 
0.001 mg/ml, more typically at least about 0.01 mg/ml, even 
more typically at least about 0.1 mg/ml, and even further 
typically at least about 0.5 mg/ml. Accordingly, the nanotube 
concentrations can be varied over a Wide range for a variety 
of applications. 

[0064] In certain embodiments of the present invention, 
the carbon nanotube dispersions Will have a high number 
percentage of individual carbon nanotubes. In these embodi 
ments, the number percentage of single carbon nanotubes is 
typically at least about 50 number percent based on the total 
number of carbon nanotubes longer than 50 nm. This 
counting “cut-off’ of 50 nm is conveniently selected based 
upon analytical procedures for measuring the length distri 
bution of carbon nanotubes as described hereinbeloW, e.g., 
using atomic force microscopy (AFM) coupled With com 
puter software techniques for counting individual nanotubes. 
In other embodiments the number percentage of single 
single-Wall carbon nanotubes is typically at least about 75 
percent, and in other embodiments this percentage is at least 
about 90 percent. The present invention is not limited to the 
use of such a counting cutolf, as it Will be readily apparent 
to those skilled in the art in vieW of the present disclosure 
that other counting methodologies and analytical instrumen 
tation may be conveniently selected. 

[0065] In certain embodiments it is desirable that the mean 
length of a plurality of carbon nanotubes is typically at least 
about 120 nm. In embodiments Where longer carbon nano 
tubes are desired, the mean length of the carbon is at least 
about 300 nm, and even at least as high as about 500 nm. 
When single carbon nanotubes are desired, the number 
percentage of single carbon nanotubes greater than 50 nm in 
length in the dispersions Will typically be at least about 50 
percent. As used herein, the term “mean length” typically 
refers to the mean end-to-end distance along the axis of 
cylindrical-shaped carbon nanotubes. For carbon nanotor 
oids, the term “mean lengt ” refers to the mean of a the 
outside diameters of a plurality of toroids, i.e., the mean of 
the diameters of the outer circles. For branched carbon 
nanotubes, the term “mean length” refers to the mean of the 
longest distance from one branch end to another branch end. 
Other measures of length for various forms of nanotubes 
Will be apparent from their respective forms. 

[0066] While any type of carbon nanotube can be dis 
persed according to the methods as provided herein, in a 
preferred embodiment of the present invention the carbon 
nanotubes are single-Walled carbon nanotubes (abbreviated 
herein as “SWNT”). While the SWNTs are readily dispersed 
as aggregates of tWo or more SWNTs using the surfactants 
and methods described herein, it is typical that a portion of 
the SWNTs Will be dispersed as single SWNTs. When single 
SWNTs are present in the various inventions as described 
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herein, in certain embodiments it is desirable that the mean 
length of the collection of single SWNTs is typically at least 
about 120 nm. In embodiments Where longer single SWNTs 
are desired, the mean length of the single SWNTs can be at 
least about 300 nm, and even at least as high as about 500 
nm. When single SWNTs are desired, the number percentage 
of single SWNTs greater than 50 nm in length in the 
dispersions Will typically be at least about 50 percent. 

[0067] In certain embodiments of the present invention 
stable dispersions of carbon nanotubes typically include a 
surfactant to disperse and stabiliZe the nanotube particles. 
The amount of surfactant needed Will vary depending on the 
surfactant’s composition, the aqueous media, the chemical 
nature of the carbon nanotubes, and the total surface area of 
the carbon nanotubes that are to be dispersed. In various 
embodiments the present invention, the Weight ratio of 
carbon nanotubes to surfactant is typically in the range of 
from about 5:1 to about 1:10. More surfactant is typically 
needed to increase the stability of the dispersions. The term 
“stability” used herein refers to the ability of the dispersed 
nanotubes to remain dispersed in solution Without aggrega 
tion or ?occulation. A high degree of stability is typically 
evidenced by a dispersion With little or no ?occulation or 
aggregation developing upon standing for more than tWo 
Weeks in a sealed vessel at ambient conditions. High degrees 
of stability are commonly achieved according to the meth 
ods of the present invention When the Weight ratio of 
nanotubes to surfactant is in the range of about 1:5 to about 
1:10. High degrees of stability are important for use in 
products in Which liquid dispersions commonly stand for at 
least a Week prior to their use (e.g., electronic chemicals 
processing of liquid photoresists). LoWer degrees of stability 
can be achieved With loWer relative amounts of surfactant. 
For example, a Weight ratio of nanotubes to surfactant of 
about 3:1 can be used for keeping SWNTs dispersed for 
about a Week in Water. Thus, applications in Which carbon 
nanotube dispersions are used in less than a Weeks’ time 
after preparation require even less surfactant. Because 
excessive amounts of surfactant can deleteriously alter vari 
ous other properties in their applied use, it is typical to use 
just enough surfactant that permits dispersion and stability 
of the carbon nanotubes. Dispersions that are not stable (i.e., 
those in Which the nanotubes begin to ?occulate or aggre 
gate upon standing at ambient conditions) are typically 
evidenced by at least one of the folloWing: an increase in 
viscosity; an increase light scattering; formation of a liquid 
phase separation containing a nanotube-rich phase and a 
nanotube-poor phase; and formation of a solid clot or gel 
phase. 
[0068] In various embodiments of the present invention 
the carbon nanotubes can be stabiliZed using steric hin 
drance, charge stabiliZation, or both steric hindrance and 
charge stabiliZation to prevent the ?occulation and aggre 
gation of dispersed nanotubes. The carbon nanotubes are 
typically charge stabiliZed using one of the suitable surfac 
tants described herein. Without being bound by a particular 
theory, any of the suitable surfactants apparently disperse the 
carbon nanotubes through the operation of a portion of the 
alkyl group and aromatic group being adsorbed to the carbon 
nanotubes under the in?uence of dispersive forces, and by 
operation of the charged head group being situated in the 
aqueous solution to form a charge shield surrounding the 
carbon nanotube. Charge shielding of a plurality of nano 
tubes in the aqueous medium gives rise to a stable disper 
































