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arbon nanotubes (CNTs) are the

subject of research in many scien-

tific areas, including biological sens-
ing, diagnosis, and cell ablation,'* poly-
mer property enhancement through
reinforcement and improved
conductivity,>® and nanoscale
electronics.”'° Carbon nanotubes occur as
both single-walled (SWNTs) and multi-
walled (MWNTs). One of the most signifi-
cant limitations that prevents their use in
wide scale applications is the difficulty in
dispersing CNTs to form stable solutions,
free of aggregates or bundles. Strong van
der Waals forces (0.5 eV/nm for SWNTs'")
cause CNTs to bundle; dissolution is increas-
ingly difficult for long (>50 pm)
pristine'?~'> CNTs. In some applications,
CNTs must retain their individual optical sig-
natures in solution.>'® In other applica-
tions, the CNT solution is only a processing
step for making macroscopic materials, and
the solvent is removed at the end of the
process. For example, in the manufacturing
of fibers and films, the goal is to retain CNT
electronic and mechanical properties in the
final product; ideally, such a final product
would consist of a solid, ordered material
made solely of CNTs. Of course, long CNTs
can also be converted into fibers and films
by solid-state processing; however, the final
morphology (density and alignment) is not
optimal, hindering the ultimate property of
the macroscopic material. In contrast,
liquid-phase processing combines optimal
morphology with scalability.'” =22

SWNTs have been dispersed using vari-

ous techniques, through the use of either
solvents,?3?* wrapping agents
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ABSTRACT We report that chlorosulfonic acid is a true solvent for a wide range of carbon nanotubes (CNTs),
including single-walled (SWNTs), double-walled (DWNTs), multiwalled carbon nanotubes (MWNTs), and CNTs
hundreds of micrometers long. The CNTs dissolve as individuals at low concentrations, as determined by cryo-

TEM (cryogenic transmission electron microscopy), and form liquid-crystalline phases at high concentrations. The

mechanism of dissolution is electrostatic stabilization through reversible protonation of the CNT side walls, as

previously established for SWNTs. CNTs with highly defective side walls do not protonate sufficiently and, hence,

do not dissolve. The dissolution and liquid-crystallinity of ultralong CNTs are critical advances in the liquid-phase

processing of macroscopic CNT-based materials, such as fibers and films.

KEYWORDS: carbon nanotubes - solubility - liquid crystals - long nanotubes -
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(surfactants,®2¢ polymers,?”” or DNA%528), or
doping with alkali metals;?® side wall func-
tionalization broadens the range of concen-
trations and solvents available 332 How-
ever, all of these methods have failed to
achieve significant concentrations in
liquid.3*3* MWNTs are difficult to disperse
in solvents unless they are oxidized,33°
functionalized,® 3° wrapped,*~*? or dis-
persed with a cosolvent.**~* Unlike SWNTs,
oxidized MWNTSs have been dispersed at
high concentrations to produce liquid-
crystalline solutions.3 The concentrations
achieved are high enough to produce
films* and fibers,*” ~*° but the products con-
tain additives or functional groups that
must be removed. This may be accom-
plished in part by complicating the pro-
cess, such as with controlled heating or a se-
ries of washes; moreover, the removal of
additives or functional groups creates voids
in the assembled material.

Superacids (e.g., fuming sulfuric and
chlorosulfonic acids) dissolve HiPco SWNTs
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at high concentrations (>10 wt %).2"%°~>2 |n the stron-
gest of these, chlorosulfonic acid, SWNTs spontaneously
disperse within minutes (movie M1 in Davis et al.?")
and uniformly dissolve within an hour of stir-bar mix-
ing.>* Raman spectroscopy?' and fluorescence®® show
that SWNTs maintain their integrity after being dis-
solved in acid, and that no oxidation occurs—unlike in
mixtures of sulfuric and nitric acid.>** Superacids dis-
solve SWNTSs by reversibly protonating the surface of
the SWNT with a delocalized positive charge; this
charge induces a repulsive force between nanotubes
and promotes dispersion by counteracting van der
Waals attraction.>? The fractional positive charge per
carbon is measured by the change in the Raman shift
of the G-peak;*? Eklund et al. found a Raman shift of 320
cm™ per hole per carbon.”® The maximum isotropic
concentration of HiPco SWNTSs correlates with greater
Raman shifts in G-peak; a minimal shift of 16 cm™" in
typical HiPco batches is needed to solubilize SWNTs
enough to form liquid crystals.?! From these high-
concentration liquid-crystalline solutions (>10 wt %?'),
SWNTs can easily be processed into fibers and films.>!

Macromolecules maximum isotropic concentration
varies inversely with length; this relationship is well-
established for polymers, as predicted by Flory and oth-
ers,”” and was recently extended to SWNTs.>® For the
same reasons, no solvents have been previously re-
ported for long nanotubes (>50 wm). For pristine HiPco
SWNTSs (~1 wm), only superacids have been proven as
solvents; SWNTSs are weakly attractive in sulfuric acid
and non-interacting or repulsive in chlorosulfonic
aCid.ZLSS

Here we show that chlorosulfonic acid dissolves a
broad class of CNTs without damaging them. We mea-
sure the maximum isotropic concentration and liquid
crystallinity in various CNT samples. We show that the
dissolution, or solubility, of CNTs is related to the degree
of carbon sp?-hybridization on the CNT side walls, and
that defect-free CNTs dissolve irrespective of length and

type.

RESULTS AND DISCUSSION

Dissolution of Long SWNTs. We investigated the maxi-
mum isotropic concentration in sulfuric and chlorosul-
fonic acid of a wide variety of SWNTs produced by dif-
ferent methods: CoMoCat SWNTs, arc-discharge SWNTs,
vertically aligned carpet-grown SWNTs, and CVD-grown
SWNTs (Sunnano, CA). CoMoCat and arc-discharge
SWNTs are similar in length to HiPco (0.5—2 m),
whereas Sunnano (~10 wm) and carpet SWNTs
(10—100 pm) are longer, which makes dispersion more
challenging.

In sulfuric acid, the maximum isotropic concentra-
tion for typical SWNT samples falls between 40 and
300 ppm, while ultralong SWNT samples showed no dis-
persion, only slight swelling. Minimal isotropic disper-
sion for long SWNTSs is consistent with the previously es-
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TABLE 1. Maximum Isotropic Concentration (MIC) of
SWNTs in Chlorosulfonic Acid

CNT type starting concn (ppm) MIC (ppm)
HiPco SWNT 5000 4100
CoMoCat SWNT 5000 4200
arc-discharge SWNT 5000 2600
Sunnano SWNT 5000 450
Rice carpet SWNT 507 >50

“Due to limited material availability, a sample was prepared at 50 ppm, centri-
fuged, and the concentration of SWNT remaining in solution was measured.

tablished weak attractive forces between the SWNTs in
sulfuric acid.”® Such attractive forces applied over the
full length of the long SWNTs coupled with far lower
mobilities prevent the formation of any liquid-
crystalline phase.

Upon addition of chlorosulfonic acid, each SWNT
sample spontaneously turned homogeneously dark
within minutes, where mixtures containing longer
nanotubes become homogeneous more slowly. Ra-
man measurements (Table S1 in the Supporting Infor-
mation) show that all SWNT samples are protonated at
levels similar to those of HiPco SWNTs, indicating that
the mechanism of dissolution is indeed electrostatic re-
pulsion due to protonation, quantified by the acid-
induced change in the Raman G-peak. All SWNTs re-
cover their Raman signatures when removed from
chlorosulfonic acid; therefore, the SWNTs are not dam-
aged by the acid (Figure S2 in the Supporting Informa-
tion).

Table 1 reports the maximum isotropic concentra-
tion in the various SWNT samples, as measured by sepa-
rating the denser liquid-crystalline phase (and any in-
soluble material) from the isotropic phase through
centrifugation.®® The concentration of the isotropic
phase (supernatant) is measured by UV—vis—NIR ab-
sorption. CoMoCat and HiPco SWNTs have nearly iden-
tical maximum isotropic concentrations. Arc-discharge
nanotubes have a slightly lower maximum isotropic
concentration; this small difference is due to slightly
longer SWNTs and a greater amount of impuirities. For
rigid rods in solution, the transition concentration from
isotropic to biphasic is inversely proportional to aspect
ratio (L/D).%° Indeed, in samples of Sunnano SWNTs
(higher aspect ratio), the concentration of the isotropic
phase is 1 order of magnitude lower than in samples of
shorter SWNTSs (HiPco, CoMoCat, and arc-discharge).
Carpet-grown SWNTs (L = 100 pwm, D =~ 3.2 nm) in chlo-
rosulfonic acid approximate an ideal, nearly monodis-
perse system in an athermal solvent,?' for which
Onsager® predicts that the isotropic phase should be
stable up to a concentration of C* = 3.34D/L ~ 100
ppm. In fact, 50 ppm solutions of carpet-grown SWNTs
are completely soluble and yield an isotropic phase;
thus, the maximum isotropic concentration is expected
to be greater than 50 ppm.
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dispersed as individuals. The vitrified chlorosulfonic acid has a higher electron density than the SWNTs. The concentrations are
100 and 300 ppm by mass, respectively.

Cryogenic transmission electron microscopy (cryo- samples. Cryo-TEM images show clearly that carpet-
TEM) is the best technique for determining the morphol-  grown and Sunnano SWNTs are dissolved as individuals
ogy of dilute phases of CNT-laden fluids;'®?'?>6'62 more-  in chlorosulfonic acid (Figure 1a,b, respectively). The im-
over, it is the only reliable technique available for acid ages show no evidence of bundling or entanglement.

Figure 2. Bright-field light microscopy images of different types of SWNTs in chlorosulfonic acid: (a) HiPco (dispersed at 8 wt
%), (b) CoMoCat (dispersed at 6 wt %), (c) arc-discharge (dispersed at 6 wt %), and (d) Sunnano (dispersed at 6 wt %). All im-
ages are viewed under cross-polarized light at 10 X; since the polarized light is crossed at 0°, the liquid-crystalline domains ori-
ented at =45° are highlighted. All scale bars are 200 pm.
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Figure 3. Color bright-field light microscopy images of concen-
trated carpet-grown SWNTs in chlorosulfonic acid. At this con-
centration, almost all SWNTs are dispersed, and the sample is in
the biphasic region. Image (a) is viewed under nonpolarized
light, while images (b) and (c) are viewed with cross-polarized
light positioned at 0 and 45°, respectively, revealing highly bi-
refringent liquid-crystalline domains. The LC domain circled (in
b and ¢) is highlighted when the cross-polars are aligned at 0°
(b), and dark when the cross-polars are aligned 45° (c). All scale
bars correspond to 200 pm.

At high concentrations, HiPco (short) SWNTs form
liquid crystals.! However, it has been long assumed
that long SWNTs could never form a liquid-crystalline
(LC) phase due to both difficulty in dispersion and en-
tanglement and jamming during organization (similar
to the occurrence of an isotropic gel phase in high mo-
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lecular weight rod-like polymers).5® Figures 2 and 3
show that, at high concentration, all of the SWNT
samples, including ultralong SWNTs, display LC birefrin-
gence under cross-polarized light. Images in Figure 2
were acquired with the analyzer oriented at 0° and po-
larizer at 90°, hereafter referred to as cross-polarized
light; thus, the brightest domains have an orientation
at =45°, whereas domains oriented parallel to the po-
larizer or analyzer appear dark. When the analyzer and
polarizer are rotated by 45° (remaining fully crossed), LC
domains oriented at +45° turn dark, while previously
dark domains turn bright. In both analyzer and polar-
izer configurations, isotropic dispersions, bubbles, and
undispersed particles also appear dark (also see Figures
S$3—56 in the Supporting Information). The LC do-
mains from carpet-grown SWNTS (Figure 3) are larger
than those made with any of the other SWNTs (Figure
2). The carpet-grown SWNTSs form larger LC domains be-
cause of a combination of their pre-existing order and
their greater lengths. Due to limited material availabil-
ity, the ultralong SWNTs were mixed at a concentration
in the biphasic chimney; thus, isotropic regions are still
present in Figure 3a, which remain dark when viewed
under cross-polarized light (Figure 3b,c). As an example
of strong birefringence, a bright LC domain (circled in
Figure 3b) turns completely dark (circled in Figure 3c)
when the analyzer and polarizer are rotated by 45°.

Dissolution of MWNTSs. The solubility of MWNTSs in strong
acids had not been studied before. Here we tested
MWNTs with various diameters and number of walls:

(1) Rice carpet-grown DWNTs with small diameters
(~2—3 nm), two walls, few defects, and
intermediate lengths (50 = 10 pwm)

(2) Sunnano MWNTs, intermediate diameters (3—10
nm), few walls (<10), and intermediate lengths
(10—30 wm)

(3) Rice carpet-grown MWNTs with intermediate
diameters (5—15 nm), few walls (<10), few
defects, and ultralong lengths (500 pm)

All of these MWNTSs formed excellent dispersions in
chlorosulfonic acid. Raman spectroscopy shows that, like
SWNTs,>® MWNTSs are protonated in acid (Table S1 in the
Supporting Information) and are not damaged by the
acid (Figure S4). Cryo-TEM images indicate that the nano-
tubes are indeed dispersed as individuals (Figure 4).

The MWNTSs dispersed in chlorosulfonic acid form
LC phases at high concentrations. Light microscopy im-
ages of DWNTs (Figure 5a) showed no undispersed ma-
terial and highly birefringent LC domains (also see Fig-
ure S8 in the Supporting Information). Carpet-grown,
few-walled MWNTs (Figure 5b) showed a mixture of un-
dispersed material and liquid-crystalline regions (also
see Figure S9). The undispersed material does not af-
fect LC formation because the MWNTs have pre-existing
alignment; thus, they need little rearrangement to form
LC domains. Intriguingly, few-walled Sunnano MWNTs
showed no liquid crystallinity, even when the superna-
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Figure 4. Cryo-TEM images of carpet-grown MWNTSs dispersed in chlorosulfonic acid at 50 ppm by mass reveal MWNTs dis-

persed as individuals.

tant (free of insoluble material) was concentrated. TEM
images of the supernatant revealed a high concentra-
tion of soluble highly curved, CNTs that do not display
liquid crystallinity (Figure S10).

Table 2 shows the maximum isotropic concentra-
tion of MWNTSs in chlorosulfonic acid; samples were
measured by the same technique used for SWNTs.>
The Rice carpet-grown MWNTs have a lower maximum
isotropic concentration of 66 ppm because they are 500
pwm in length and should transform from the isotropic
to biphasic region at lower concentrations.

1

: e 7 ¥ ida A KRS
Figure 5. Bright-field, color light microscopy images of concentrated (a) carpet-grown DWNTs and (b) carpet-grown MWNTSs in

Effects of Defect Density. In CNTSs, side wall protonation
is highly dependent on the inherent ability of the struc-
ture to share electrons.>%* Therefore, any changes that
disrupt the electrical properties of the CNTSs, such as de-
fects, will affect the ability of the CNT to be protonated.
The disorder peak (D-peak) in Raman spectroscopy mea-
sures any defects that break the symmetry and perfection
of the sp?-hybridized m-cloud, such as functionalization,
kinks, Stone-Wales defects, and sp-hybridization.5

To verify this hypothesis, three carpets were grown
at different lengths and different degrees of disorder.

chlorosulfonic acid. At this concentration, mostly all DWNTs are dispersed and the sample is in the biphasic region. Images (a)
and (b) are viewed with cross-polarized light positioned at 45 and 0°, respectively, revealing highly birefringent liquid-
crystalline domains. Both images are at 10X, and the scale bars are 200 pm.
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TABLE 2. Maximum Isotropic Concentration (MIC) of
MWNTs in Chlorosulfonic Acid

starting
concn MIC
CNT type (ppm) (ppm)
Sunnano MWNT (D = 3—10 nm, L = 10—30 m) 6000 4900
Rice carpet MWNT (0 = 5—15nm, L = 500 pm) 1607 66

“Due to limited material availability, a sample was prepared at 160 ppm, centri-
fuged, and the concentration of MWNT remaining in solution was measured.

Two carpets were grown at 750 °C for 15 and 30 min
to produce low-defect SWNTs of 60 and 100 pm, re-
spectively. A third carpet was grown at 550 °C for 30
min to produce a highly defective CNT sample (SWNT
and few-walled MWNT) of 16 pwm. Figure 6 shows the
Raman spectra of the three samples; the highly defec-
tive SWNTs have a D/G (defect/pristine) ratio of 1 (Fig-
ure 6b), whereas the low-defect SWNTs have a D/G ra-
tio of 0.2 (Figure 6a,c). Upon addition of chlorosulfonic
acid, the low-defect SWNTs spontaneously dissolved,
while the high-defect CNTs expanded and slightly exfo-
liated but did not dissolve. Figure 6 shows that, after
24 h of centrifugation, the low-defect SWNTs remained
in solution irrespective of length, whereas the high-
defect CNTs precipitated out of solution. We conclude

that the solubilty of CNTs in chlorosulfonic acid varies
inversely with defect density.

We note that the use of centrifugation to measure
the maximum isotropic concentration of CNTs in chlo-
rosulfonic acid needs to be studied further. We tested
Mitsui MWNTSs, which have large diameters (50—100
nm), many walls (>15), and few defects. The MWNTs vi-
sually dispersed when mixed with a stir bar (Figure S7
in the Supporting Information), and Raman analysis
shows that they are protonated (Table S1) with a shift
in G-peak of 22 cm™', similar to other high-quality CNTs
protonated by chlorosulfonic acid. The G-peak shift
and the uniform, spontaneous dispersion suggests that
they are protonated enough to be electrostatically
stable in solution. However, when centrifuged at 5000
rpm (~300g) for 8 h, they settle. Of course, strong
enough centrifugation can precipitate molecules out
of solution even if there is only a minimal difference be-
tween the density of the solvent and the molecule.®*~ 58
For example, ultracentrifugation has been applied to
separate individual SWNTs by diameter®® and
length.”°~72 In the case of CNTs in acid, an estimation
of the relative density of the CNTs with acid is compli-
cated because the acid can fill (fully or partially) the
CNTs, and this mechanism is still poorly documented

b) c)
b) c)
1.00 1.00
0.75 0.75 0.75
0.50 0.50 0.50
0.25 0.25 0.25
0.00 0.00 0.00
500 1000 1500 2000 2500 500 1000 1500 2000 2500 500 1000 1500 2000 2500
Raman Shift (cm™) Raman Shift (cm™") Raman Shift (cm™)

Figure 6. Solubility of carpet-grown CNTs shows strong dependence on nanotube defect density and weak dependence on
nanotube length. Images (a) and (c) have minimal defects, and although they differ in length (60 and 100 um), they are both
soluble. However, image (b), grown with large amounts of defects (16 jum), is insoluble (slight discoloration). A measure of their
defect density is shown by the intensity of the D-peak (1350 cm™") normalized to the G-peak (1590 cm™’) in the Raman plots be-
low each image; sp3-hybridized carbons scale with the height of the D-peak.
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and understood.?*373 The size of MWNTSs does not af-
fect the solubility but the stability when centrifuged
(see Supporting Information).

CONCLUSIONS
Dispersions of CNTs at high concentrations has

been an extremely difficult task until now; we have
shown that chlorosulfonic acid is the ultimate CNT
solvent, and it has been recently extended to graph-
ite.”* CNTs produced by various techniques dissolve
at concentrations above 0.25 wt %. Cryo-TEM dem-
onstrates clearly that the CNTs are dispersed as indi-
viduals. At high concentrations, all low-defect rod-

METHODS

Materials. Carbon nanotubes were produced by several manu-
facturers. Single-walled nanotubes (SWNTs) utilized in this study
were CoMoCat SWNTs (produced by SWeNT, SG65 freeze-dried
powder, lot # 000-0025), HiPco SWNTs (produced at Rice Univer-
sity, batch 188.3, diameters = 0.7 to 1.4 nm,’® lengths = 100
nm to 3 pm’’), carpet-grown SWNTs (produced at Rice Univer-
sity, diameters = 0.8 to 4 nm'#), arc-discharge SWNTs (produced
by Carbon Solutions, Inc.,, p2-SWNTs, batch # 02-304), and CVD
grown Sunnano SWNTs (produced by Sun Innovations, Inc., lot #
SN2102). Multiwalled nanotubes (MWNTSs) were obtained from
Mitsui & Co, Ltd. (lot # 05072001k28), Rice University (carpet-
grown MWNT, diameters = 5 to 15 nm), and Sun Innovations,
Inc. (CVD growth, Sunnano MWNT). Carpets of SWNTs were
made at Rice University by depositing catalyst through e-beam
evaporation of a 0.5/10 nm Fe/Al,Os film on SiO, and using
acetylene as the carbon source in a water-assisted CVD tech-
nique with three different procedures: grown at 750 °C for 15
min (60 pwm), grown at 750 °C for 30 min (100 m), and grown
at 550 °C for 15 min (16 wm).'*’® Carpets of primarily DWNTs
were prepared using a similar method, except with growth at
675 °C. Unlike lower growth temperatures that lead to highly de-
fective material with many walls, this condition gives relatively
pristine CNTs that have mostly two walls.”® Carpets of MWNTSs
made at Rice University were prepared by a similar method to
the SWNT carpets: 1—3/5—20 nm Fe/Al,O; film was evaporated
onto SiO, wafer and then heated at 750—800 °C. MWNTs were
grown to a height of 500 um on average using ethylene as the
carbon source in a water-assisted CVD technique.” All carpet
lengths were measured by SEM.

ACS-certified chlorosulfonic acid (density = 1753 kg/m?)
was used as received from Sigma Aldrich. All chemicals, unless
otherwise noted, were purchased from Sigma Aldrich (St. Louis,
MO) and were used without further purification.

Maximum Isotropic Concentration Measurements. When sufficient
quantities (20 mg) of the CNTs could be procured, a biphasic so-
lution was centrifuged at 5000 rpm (~300g) to separate the iso-
tropic phase in equilibrium with the nematic phase; both phases
are CNT solutions. The maximum isotropic concentration is the
concentration of the supernatant, determined by UV—vis—NIR
spectroscopy.”® When the starting material was insufficient to
produce a high-concentration biphasic solution, concentrations
were prepared at 160 and 50 mg/L and centrifuged for 12 h to
check whether CNTs remain in solution.

Raman Measurements. Concentrated solutions of SWNTSs in chlo-
rosulfonic acid (between 0.5 and 2 wt %) were prepared for mi-
croscopic examination by mixing with a stir bar in a glovebox
(dew point —50 °C) and then were hermetically sealed with alu-
minum tape between a dry microscope slide and a glass cover-
slip. Two different dry samples were prepared for Raman analy-
sis. The starting material was placed onto double-sided scotch
tape on a glass slide; for comparison, CNTs were quenched from
chlorosulfonic acid into ether and filtered to form a bucky pa-
per that was placed on a glass slide. The samples were exam-

www.acsnano.org

like CNT samples form liquid-crystalline domains,
some having undispersed material present. Highly
defective CNTs do not protonate sufficiently to dis-
solve in chlorosulfonic acid. Amazingly, both 100 um
SWNTs and 500 wom MWNTSs spontaneously dissolve
in chlorosulfonic acid and form liquid-crystalline do-
mains. Both strength and conductivity of CNT fibers
and films scale with the length of constituent
CNTs;'75 therefore, the discovery that CNTs with
high-quality side walls and near-millimeter length
dissolve in chlorosulfonic acid opens the route for
scalable fluid processing of CNT fibers and films with
commercially viable macroscopic properties.

ined by polarized Raman spectroscopy in the reflection geom-
etry employing a Renishaw micro-Raman spectrometer. Two
different lasers at excitation wavelengths of 514 nm (Ar" ion)
and 785 nm (diode) were used.

Cryo-Transmission Electron Microscopy. CNTs (HiPco SWNTSs, carpet-
grown SWNTs, Sunnano SWNTSs, and carpet-grown MWNTSs) were
dispersed in 97% reagent grade chlorosulfonic acid at low con-
centrations (50—300 ppm by mass). Dispersions were prepared
and mixed for a day in a dry glovebox. Two milliliters of solution
was transferred to a small vial and placed in the vitrification ap-
paratus along with a fiber glass filter paper and glass pipet. The
entire setup was placed in a glovebag and purged with ultrapure
nitrogen (99.9995%) for 30 min. A drop of the SWNT solution
was then placed on 200 copper mesh, lacey carbon grid (Ted
Pella). The fiber glass filter paper (unreactive with chlorosulfonic
acid) was then used to blot the sample, leaving a thin film of lig-
uid. The grid was then quickly vitrified in liquid nitrogen and
placed in a cryo-specimen holder for transfer to the TEM. The
samples were imaged in an FEI T12 G? transmission electron mi-
croscope operated at 120 kV, using a Gatan 626 cooling holder
operated at about —180 °C. Images were recorded by a Gatan
US1000 cooled CCD camera.

Light Microscopy. The concentrated samples that had been pre-
viously sealed for Raman characterization were subsequently ex-
amined by polarized light microscopy in a Zeiss Axioplan 2 po-
larized light microscope equipped with an oil immersion
objective (63X, 1.4 NA) and a rotatable sample holder mounted
between the polarizer and analyzer. To allow sufficient light
transmission, the sample was thinned by squeezing the cover-
slip and the slide.

Transmission Electron Microscopy. Room temperature TEM micros-
copy was performed on quenched samples mixed with styrene
and bath sonicated for 5 min to break up large bundles. Five mi-
croliters of the mixture was pipetted onto a 300 mesh, lacey car-
bon grid (Ted Pella), blotted on the back side with a filter pa-
per, and then placed in a vacuum oven at 60 °C overnight. The
samples were then imaged in a JEOL 2100F FEG-TEM operated at
200 kV.
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Supporting Information Available: Raman shifts in G-peak for

CNTs dispersed in chlorosulfonic acid, Raman spectroscopy of
SWNTSs upon acid removal, micrographs of different CNTs form-
ing a liquid-crystalline phase, images of dispersions of MWNTSs,
and sedimentation analysis. This material is available free of
charge via the Internet at http://pubs.acs.org.
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