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This report describes a preparative eletrophoretic method for the
purification of single-walled carbon nanotubes (SWNTs) derived
from arc-discharge soot. During the course of this investigation,
two new classes of nanomaterials were isolated from the crude soot.
One of these components is short, tubular carbon, and the other
component is a mixture of fluorescent nanoparticles derived from
the SWNTs.

Crude nanotube soot contains a variety of impurities that vary
by the method of synthesis. Compared with the soot from chemical
vapor deposition1,2 or laser ablation,3 arc-discharge SWNTs are very
impure.4,5 The unique existence of graphitic sheets in arc-discharged
soot makes the purification of this material particularly problematic
because the approach of purifying SWNTs through oxidative
processes6 is ineffective because of the greater oxidative stability
of graphitic sheets compared to nanotubes. Microfiltration also
becomes inapplicable because particles in the arc soot rapidly block
the pores of filtration membranes.7

There have been reports on the migration of SWNTs to
electrodes8,9 and the separation of SDS-coated nanotubes through
capillary electrophoresis,10 but currently no preparative electro-
phoretic methods for purifying SWNTs exist.11 We now report on
the separation of SWNTs from other species in arc soot with
preparative electrophoresis in agarose gel and glass bead matrixes.

To electrophoretically purify nanotubes, stable aqueous suspen-
sions of charged tubes must be made. Arc-discharged soot, either
produced in our lab12,13 or purchased from MER,14 was oxidized
with 3.3 N HNO3 and then extracted with basic water (NaOH, pH
8.4).15 Almost all SWNTs, as well as other soluble impurities, are
extracted into the suspension (30 wt % of soot), which we called
crude SWNTs suspension. It should be noted that these suspensions
are stable for months at 0.2 wt % without the need for surfactants
or sonication; such stable, surfactant-free suspension has been re-
cently discussed in the literature.16 The sediment that remains after
these water washes was analyzed by TEM and consists mainly of
graphitic sheets and larger carbonaceous aggregates (8 wt % of
soot).

For comparison, nanotube soot produced by two other methods
was also processed and analyzed. Laser soot gives more crude SW-
NTs suspension (40 wt % of soot) and also more sediment (18 wt
% of soot). HiPco soot gives much less crude SWNT suspension
(10 wt % of soot) and much larger amount of sediment (25 wt %
of soot). However, TEM verifies that the majority of the sediment
from both laser and HiPco soot is SWNTs, implying that these
tubes are more difficult to suspend than tubes produced by the arc-
discharge method.

Initially, traditional gel electrophoresis of the suspension was
done through a small 1% agarose gel slab.15 To our surprise, the

suspension separated into three classes of materials: long nanotubes
that did not penetrate the gel matrix, a slow moving dark band,
which was later determined to be short, irregular, tubular material,
and a fast moving band of highly fluorescent material (Figure 1,
well A). Ultimately, to obtain multi-milligram quantites of these
materials for analysis, agarose gel and glass bead electrophoresis
columns were used.15

The fluorescent material (Figure 1, well B) separated into a
number of components that fluoresced different colors under 365-
nm UV light (Figure 2A). The tubular material (Figure 1, well C)
was further fractionated into materials with different electrophoretic
mobilities (Figure 1, wells D and E), indicating that this fraction
was also a mixture.

The origin and nature of these two bands was then probed.
Purified tubes, free from fluorescent or tubule material, were sub-
jected to the same mild acid workup conditions used to purify the
crude soot; no fluorescent or tubular materials were formed. The
tubes were then subjected to harsh oxidative chopping conditions
using known procedures17 for cutting nanotubes (Figure 2D), and
the resulting material was run on the gel (Figure 1, well F). The
chopped tubes could now penetrate the gel, and a small amount of
fluorescent material was produced in the process. Interestingly, no
dark tubular material was produced during the chopping process.

Quantitatively, all of the fluorescent components make up only
10% of the mass of the SWNT suspension. These materials
fluoresced green-blue, yellow, and orange, in order of elution
(Figure 2A). The relative sizes of these materials were roughly
estimated by partitioning them with Centricon filtration devices and
were found to be 3000-10 000, 10 000-30 000, and 30 000-
50 000 nominal molecular weight limit (NMWL), respectively. The
quantum yield of the yellow fluorescent material was measured at
366 nm excitation and found to be 0.016. Each of the three
fluorescent bands was purified by dialysis to afford salt-free
material. Initial characterization of these fluorescent materials by
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Figure 1. Electrophoretic profile in 1% agarose gel under 365-nm UV
light. (A) crude SWNTs suspension. (B) Fluorescent carbon. (C) Short
tubular carbon. (D) and (E) Further separation of (C). (F) Cut SWNTs.
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1H NMR and ES-MS was inconclusive; FT-IR indicated the
presence of carboxyl functionality, and EDAX analysis showed that
the fluorescent materials contain no metal residue from the catalysts
used in the nanotube synthesis. Elemental analysis showed C,
53.93%; H, 2.56%; N, 1.20%; and O, 40.33%.

AFM was used to quantify the size of any nanoparticles found
in the orange subfraction of the fluorescent material.15 A typical
AFM topography image (Figure 3) clearly shows a uniform
distribution of similar features. The observed lateral feature
diamater, 18.0( 0.4 nm (95% confidence interval), is consistent
with the estimated probe tip radius of curvature. This observation
indicates that the orange subfraction contains nanoparticles with
maximal lateral dimensions less than 18 nm. From the feature height
distribution (Figure 3, right), the mean and median feature heights
are 1.02( 0.03 and 0.96 nm, respectively, with a standard deviation
of 0.30 nm. About 89% of the features have maximal heights
between 0.6 and 1.4 nm. These statistics show that the nanoparticles
have a narrow distribution of vertical sizes centered at about 1 nm.
This size range is the same as that expected for the diameter of

SWNTs, but is considerably greater than that expected for nontu-
bular, polyaromatic carbon fragments.

The tubular material made up 37 wt % of the mass of SWNT
suspension. FT-IR and EDAX showed that the material is carboxyl-
ated carbonaceous material containing no metals. TEM analysis of
this material shows short tubular structures with capped tips that
have a layer of material around the hollow center (Figure 2B).
Despite the structural differences, this material gives Raman spectra
similar to carbon nanohorns.15,18

Finally, the highly purified tubes, free from fluorescent and tubule
material, made up only 53% of the SWNT suspension.

We have demonstrated the purification of long and cut SWNTs
through preparative electrophoresis. We anticipate these methods
will be useful for the analysis and purification of other water-stable
nanoparticles, and the isolated fluorescent carbon and short tubular
carbon species promise to be interesting nanomaterials in their own
right.
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Figure 2. Picture of different fractions of fluorescent carbon under 365
nm (A) and TEM images of short tubule carbon (B), purified SWNTs (C),
and chopped SWNTs (D).

Figure 3. A typical AFM topography image (left) for the orange fluorescent
fraction (200-fold dilution of dialyzed aqueous solution) deposited onto mica.
Feature height distribution (right) for this sample based on data from three
images and 521 distinct features.
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