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Abstract: Purification of single-walled carbon nanotubes by capillary electrophoresis (CE) is demonstrated.
Real-time Raman spectroscopy of the separation process and single-wavelength UV/vis detection show
the ability of CE to provide high-resolution separations of nanotube fractions with baseline separation.
AFM images of collected fractions demonstrate that separations are based on tube length. The separation
method is suggested to be based on alignment of the nanotubes along the separation field.

Introduction Flocculation using aqueous surfactants has also been investi-
gated'!12Use of oxidation and acid washing, coupled with (to
varying degrees) centrifugation, resuspension in surfactant
solution, and cross-flow filtration steps, has provided material
of relatively high purity’2-14 For all these methods, however,
the final material is a mixture of tubes of differing lengths that
still contains potential contamination with non-nanotube mate-
rial. Polymer suspensioHs'® and chromatographic purifica-
tion'”18have proven useful at removing non-nanotube material.
Field-flow fractionation on purified, shortened nanotuSesd
size-exclusion chromatography on raw nanotubes suspended in
SDSY2thave demonstrated some success at producing fractions
separated by length. Each fraction, however, is a distribution
of nanotubes of varying length, and fractions eluted at long times
may contain non-nanotube material.

The physical and chemical properties of carbon nanotubes
are of great interest for potential applications in high-strength/
lightweight materials and nanoscale electrorisgnsorg,and
hydrogen storagé,> among other areas. Pursuit of these appli-
cations is hampered by a lack of means to produce bulk quan-
tities of pure materials. Much progress has been made in
production methods, including DC-afdaser ablatior, and
catalytic gas-phase growfhiThese methods typically produce
50%—95% vyields of nanotubes, with the mass balance consisting
of amorphous carbon, graphitic material, and fullerenes. The
nanotubes produced may vary in length, diameter, and structure.
Many of their interesting properties are dependent on these
structural parameters, and structure-based purification will be
an important tool for advancing nanotube science.
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Figure 1. (a) SEM image of single-walled carbon nanotubes (raw mat) used for the separations study. The sample consists of tubes of varying lengths
intermixed with carbonaceous impurities. (b) AFM image of single-walled carbon nanotubes used for the separations study (dispersed in DMF).

Electrophoretic methods have shown potential for purification not have the same significance as in a MEKC application. MEKC relies
of nanotubes. Bulk electrophoresis has been used for alignmenon partitioning of a neutral solute into the micelfeThe SWNTSs are
of nanotubes and is capable of separating nanotubes fromt©0 large to reside in the intramicellar region. Instead, the hydro-
particulate impuritie$2 We demonstrate here the use of capillary pthb'C SfDS tails o e’_(pe‘?t:d to Sp‘?c'f'c‘;'“; 'g_t:raCt Wl'th thel nano-
electrophoresis (CE) as an alternative method for separating!U2€ surface, providing it with a negative chafg@he resultant elec-
carbon nanotubes by size. CE separations are based on chargér-OSta“C repulsion between tubes stabilizes them against van der Waals
) attraction. Investigations into the phase behavior of the SDS/SWNT/

_"’md Slze-dependent. mobility Pf solutlon phas_e sp_eC|es undgr thQNater system show that, for the relative concentration of SDS and
influence of an applied electric field. The rapid, high-resolution swnNTs at which we are working, a stable single-phase dispersion of
separations available with CE have the potential to separate ananotubes resultg.
nanotube sample into discrete fractions of uniformly sized tubes. CE with absorbance detection at 360 nm was performed on a
commercial instrument, using a 7z inside diameterl m long fused
silica capillary with detection window located at 75 cm from the sample
The carbon nanotubes used in this study are single-walled nanotubesntake. The capillary was conditioned for 2 min using 0.2 M NaOH,
(SWNTSs) prepared using the modified electric-arc methéd. SEM followed by flushing with deionized water and buffer solution. The
image of the resultant raw nanotube mat, obtained with an Hitachi S900 run buffer was 50 mM trizma base in 0.5% SDS solution. The sample
field-emission SEM, is shown in Figure la. The raw nanotubes are was pressure-loaded at 100 mbar for 30 s before applying the separation
purified using nitric acid oxidation, followed by the centrifugation, voltage of+15 kV. The positive potential is applied to the capillary
resuspension, and cross-flow filtration steps described in refs 12 andinput (anode) and retards the flow of negatively charged species with
19. Atomic force microscopy (AFM) images (such as shown in Figure respect to the net electro-osmotic flow toward the capillary output
1b) of this initially purified material were taken from nanotubes (cathode).
suspended in DMF and subsequently deposited and dried on the CE with Raman detection was performed with a lab-built CE
substrate. AFM images were obtained with a Digital Instruments nano- apparatus. CE parameters were the same as for the absorbance detection
scope. All AFM samples were prepared on mica substrates. Imaging experiments, with Raman detection at 25 cm from the intake end of a
was performed in tapping mode. 1 m capillary. Sample introduction was done by pulling sample into
Samples used for the CE separations studies are 0.83 mg/mL ofthe capillary with a syringe for 2 s. An initial syringe void volume of
SWNTs suspended through ultrasonication with a horn sonicator in an 1 mL was increased to 3 mL for ¢h2 s uptake time. The resultant
aqueous solution of 0.5% sodium dodecyl sulfate (SDS). This is slightly uptake pressure was approximately 500 mbar. Spectra were collected
above the critical micelle concentration (cmc) for SDS (0.24%) and continuously in real time through a confocal Raman microscope during
has been shown to efficiently suspend carbon nanotubes while the course of the separation; 5 mW of 514.5 nm light was line-focused
minimizing their aggregatiot:?* SDS has been shown previously to  (approximately 1um wide by 50um long) into the center of the
provide the basis for separation of other carbon materials (fullerenes) capillary (along its axis) using a 20(NA 0.4) microscope objective.
in micellar electrokinetic chromatography (MEKE&).For SWNT Scattered light was collected into a Kaiser Optical HoloSpec /1.8
separations, however, the use of a micellar medium such as SDS doesmaging spectrograph. A 50m entrance slit resulted in 4 cthspectral
resolution. Detection was with a front-illuminated Princeton Instruments

Experimental Section
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Figure 2. Capillary electropherogram of single-walled carbon nanotubes b 2800 ¢
using absorbance detection at 360 nm. Run takeril&tkV in 0.5% SDS/ 2 a
50 mM trizma base buffer. £ 1800 1 b
g
E
. . <
Results and Discussion g 800 -
AFM analysis of the SWNTs demonstrates that the sample ®

used for CE separations is a mixture of tubes ranging in length 2005 2 6
primarily from around 75 nm to Zm (Figure 1b). Some non- T .

bei ities are also present. Results from a typical CE me (minutes)
nanotu _e Imp!m P : . yp_ Figure 3. Capillary electropherograms of single-walled carbon nanotubes
separation using absorbance detection are shown in Figure 2ysing Raman detection. Run takeniat5 kV in 0.5% SDS/50 mM trizma
Fractions begin to appear around 8 min into the run. From run- base buffer. (a) Electropherogram showing total intensity (background
to-run, we consistently observe an initial strong sharp peak on fluorescence plus Raman scattering) collected at 560.37 nm. (b) Electro-

. pherogram showing scattered Raman intensity at 159%.cm

top of a broad background followed by a series of sharp peaks.
These peaks are typically only-2 s in width. Note also the 5000

8 10

baseline separation of closely occurring peaks. Elution times

are also observed to compare well with what can be obtained 2> 4000 1

from CE separations on other types of analytes. Depending on » 3000

analyte and separation parameters, typical elution times can 5 2000

range from as short as 1 min to 20 Ve believe the sharp E o 5x

peaks in the electropherogram are due to nanotube fractions. 1000 1 s

Because of the potential presence of other material (such as 0 :

fullerenes and graphite), however, unambiguous identification

of these peaks requires Raman detection. 150 630 1150 1650
A Raman/CE run showing total detected intensity at 560.37 Rarman Shift (cm'1)

nm (corresponding to the strong nanotube Raman band at 1591 ¢ an individual sinale-walled carb .
cm2) is shown in Figure 38 We observe a similar pattern to f’ig’;'ig:' Raman spectrum of an individual single-walled carbon nanotube

that seen in the absorbance data. Initial sharp bands appear

superimposed on a broad fluorescence background, followedy,e to the notch filter used with the Raman microscope.) The
by a series of trailing peaks. In the Raman detection case, they544s at 1591 and 1570 cincorrespond to in-plane deforma-
first bands observed appear a factor of 3 times earlier than tions, while the band at 1351 crhis assigned as a defect mode
observed for absorbance detection. This is consistent with aipat arises from breaking the translational symmetry of a
detection region that is 3 times closer to the intake end of the graphene sheet to form the cylindrical nanotéb&he weak
capillary for Raman detection. Run-to-run changes in the number 504 at 1738 et appears to be a combination mode arising
of observed fractions and their positions are observed. This iSfqm the 1570 and 169 cm modes. The spectrum is consistent

most likely due to the heterogeneous nature of the nanotube,i that expected for a mixture of semiconducting and metallic
suspension, which can result in sampling differences betweensingle-walled nanotub&swith a diameter of 1.32 nrif
runs. No Raman bands are associated with the broad fluores- The pure nanotube electropherogram (Figure 3b), even with

cence feature, nor are any observed fc_)r any other point in thea factor of 3 faster elution than used in the absorbance

glectrop;erogragn, Zxcep;;[ at the chatlfon okf) the sharpbbands.experiments’ still shows baseline separation of discrete nanotube
trong Raman banads, characteristic ot carbon nanotubes, arg., isns. The bands are typically the width of our integration

observed for all the sharp features in the electropherogram,time (1 s), with some of the stronger bands being up+@ 2

giving positive identification of these fractions as containing wide. The sharpness of these bands may be due to a number of
nanotubes. A sample Raman spectrum from an individual frac- '

tion is shown in Figure 4. Subtraction of the base intensity from (26) Although the electropherograms obtained with Raman detection are

the peak intensity at 1591 crhresults in an electropherogram presented for only one wavelength, we wish to emphasize that each point
that displ v th b tube fracti Fi 3b in the electropherogram actually represents a complete Raman spectrum
plays only the carbon nanotube fractions (Figure 3b). for that segment (fraction) of sample flowing through the capillary.
The spectrum in Figure 4 shows five Raman bands. The band(?7) Eag‘ /?:- M. RS'ChStefBbE-? Ba”do‘ﬁ' SR-? ‘,f/lhasev B,\-/i Eﬁi’”dv 'Z- Cs Wlllllams,
. . . ) . A.; Fang, S.; Subbaswamy, K. R.; Menon, M.; Thess, A.; Smalley, R.
at 169 cm? is the nanotube breathing or radial mode and is E.; Dresselhaus, G.; Dresselhaus, M S8iencel997, 275 187.
strongly dependent on the tube diaméfe(r'l’his band is typic- (28) Eklund, P. C.; Holden, J. M.; Jishi, R. £arbon1995 33, 959.

: . o i N X (29) Bandow, S.; Asaka, S.; Saito, Y.; Rao, A. M.; Grigorian, L.; Richter, E.;
ally higher in relative intensity, but is attenuated in our spectrum Eklund, P. CPhys. Re. Lett 1998 80, 3779.
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a 2500 Table 1. Range of Nanotube Lengths Observed in Composite
Fractions
2000
- composite no. length range («m) composite no. length range («m)
B 15007 1 0.2-1.2 3 2.0-4.0
£ 1000 2 0.5-2.5 4 1.8-10.0
500
0 and then depositing and drying the section contents onto an
150 650 1150 1650 AFM substrate. Each capillary section is comprised of a series
b 2500 of individual nanotube fractions occurring progressively later
2000 A in time. The first composite encompassed sample that included
Z 500 - the initial spikes and broad peak (see Figure 2). The second
g composite included the next two minutes of eluting fractions.
€ 1000 A X : i .
£ Subsequent composites were obtained at approximately 5-min
500 7 intervals. AFM images from the first two composites are shown
0 ‘ ‘ ‘ in Figure 6. The first composite is found to consist of nanotubes
150 650 1150 1650 ranging in length from 0.2 to 1,2m. Amorphous nonnanotube
c 3000 material was found only in the first composite. The second
2500 composite is found to consist of longer nanotubes-{@.5um
> 2000 4 in length) with no amorphous material being present. The larger
g 1500 - crystalline-like features found in these images are due to dried
£ 000 1 electrolyte and SDS.
500 - Previous results on gel-permeation chromatography of soluble
0 SWNTs show that Raman spectra of fractions containing only

150 650 1150, 1650 amorphous nanoparticulates are dominated by a strong fluores-
Raman Shift (em ) cence backgrount:32 This background is absent in Raman

Figure 5. Raman spectra of labeled fractions from capillary electrophero- spectra of fractions containing only nanotubes. We observe a
gom Sh°¥"” o Figure 3: (a) 3.98 min fraction, (b) 5.62 min fraction, (¢) - gjmjlar background in Raman spectra taken during the time

-5 min fracion. frame that comprises the first composite (Figure 3a). Later

composites encompass time frames that do not show this
| fluorescence background, nor do these later composites contain
amorphous particulates. It is therefore likely that the amorphous
material found in composite 1 is responsible for the broad
fluorescence background (and broad absorbance sk
Figure 2) observed at early times.

The trend toward longer nanotubes continues in composites
collected at later times (see Table 1). Some degree of overlap
in length range between sequential composites is observed.

The significance of the overlap can be evaluated by measuring
the distribution of lengths present in each composite. Figure 7
shows the distribution of nanotube lengths observed for the first
four composites. Distributions were obtained through measure-

broadening and shoulders are commonly observed on the 1591fn.emS made on three or four A.FM Images for each composite.
1570 cnrt combination and for the 169 crtband in samples Itis foun.d that the I.ength range in which overlap occurs between
of mixed tubes. These features are not present in our spectracompOSIteS contains a relat|vgly Sma}” number'of. nanotubes
suggesting a high degree of uniformity in tube diameter within compared to the length range into which the majority of tubes

our sample. The arc method produces primarily nanotubes with't:' fﬁCh r(]:omr[;osmiat fallrs. TTt'?rSl:r?g?tsithr?t Ife:grt]htrat:\ges\{[(\jvrlap;]s
diameters of about 1.3 nfi;1 so it is not surprising to find etween composites resuttfro usion ofnanotubes betwee

that all fractions in the electropherograms consist of tubes of composites. Diffusion between composites is possible because

similar diameter. This suggests that the difference in mobility of the ttl'me it takes to section the capillary after stopping the
between fractions is due to differences in nanotube lengths. separation. .
. . . In the latest composites we observe lengths up tauiQ
Further evidence for length-based separation was obtained .
. . even though tubes longer thanun are not observed in our

from AFM images of collected fractions. We were unable to . S

R . . . raw nanotube sample. Bundling of individual tubes can result
collect individual nanotube fractions but instead obtained AFM . .

. . . in the existence of longer structures. Although large-scale

data from composite fractions collected at progressively later S
. . . . .~ _aggregation is prevented by the presence of SDS, small bundles
times during a separation. Composites were collected by turning

: L . are known to occur in these solutions. In addition to providing
off the separation voltage, followed by sectioning the capillary a pathway for producing longer tubes, bundling may also result

in short aggregates with effectively larger diameter than

factors, including reduced interaction with the capillary walls
due to the presence of surfactant, the purity of individua
nanotube fractions, the stability of the nanotubes, and the
presence of only a small amount of material in any given
fraction. This last point is supported by the observation that
the most intense bands also tend to be the widest ones.

Raman spectra of three individual fractions (highlighted in
Figure 3b) are compared in Figure 5. It is interesting to note
that Raman frequencies are identical for all fractions, indicating
that each fraction contains tubes of equivalent diameter.
Although the radial mode is most sensitive to tube diameter,
the 1591 cm?® mode will experience small shifts (on the order
of a few wavenumbers) as tube diameter chag&sus, band

(30) Bethune, D. S.; Kiang, C. H.; deVries, M. S.; Gorman, G.; Savoy, R;
Vazquez, J.; Beyers, RNature 1993 363 605.

(31) Chen, J.; Hamon, M. A.; Hu, H.; Chen, Y.; Rao, A. M.; Eklund, P. C.; (32) Zhao, B.; Hu, H.; Niyogi, S.; Itkis, M. E.; Hamon, M. A.; Bhowmik, P.;
Haddon, R. CSciencel998 282, 95. Meier, M. S.; Haddon, R. CJ. Am. Chem. So@001, 123 11673.
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Figure 7. Distribution of nanotube lengths observed in each composite as determined from AFM images: (a) composite 1 (data from four images), (b)
composite 2 (data from four images), (c) composite 3 (data from three images), (d) composite 4 (data from four images).

individual tubes. The existence of tubes as short-a3 2m in composite 3, instead may be due to bundling of short tubes (the
composite 4, although possibly present due to diffusion from resolution of our AFM images does not allow differentiation
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between bundled and individual tubes). Tube bundles of identical the capillary outlet (cathode) for all species due to electro-
length to individual tubes will be expected to elute later due to osmotic flow, however, the tubes will still ultimately flow
their larger diameter (see later discussion). toward the cathode, but it is expected that the shorter tubes will
The AFM results on composite fractions demonstrate a length- elute first.
based separation mechanism that leads to elution of short tubes Confirmation of this proposed mechanism will rely in part
first, followed by progressively longer tubes. We propose the on more detailed AFM analysis of individual SWNT fractions.
following mechanism for separation of nanotube fractions. SDS Isolation of individual fractions may be possible through elec-
is expected to provide a negative charge to the nanotubestrodeposition into wells that are micropatterned onto an AFM
through specific interaction over the surface of the tubes. We substrate. These collection wells could be generated through
find that nanotube fractions begin to appear shortly after elution microcontact printing techniques. Development of this capability
of a neutral marker (methanol) of the electro-osmotic flow, will also be of great interest for isolating tubes with known
confirming that the nanotubes carry a negative charge. The physical parameters for later use.
charge on the tubes will be proportional to their surface area.
CE separations are based on differences in electrophoretic
mobility between solutes: those having higher charge density In conclusion, we have demonstrated the first use of CE for
have proportionately greater mobility. In the case of comparing purification of carbon nanotubes. The high-resolution separations
elution times between individual tubes and tube bundles of the available with CE allow for separation of tubes into discrete
same length, the bundled tubes are expected to have a highefractions according to tube length. CE is also effective at
charge per unit length due to their greater diameter. The resultantremoving non-nanotube material. These results represent an
higher electrophoretic mobility for the bundles is expected to important improvement in size selectivity over that currently
translate to a later elution time than for an individual tube of available with size-exclusion chromatography or field-flow
identical length. For the case of nanotubes with uniform fractionation. Because total tube charge and charge density is
diameter, however, charge-density differences are not expectediltimately dependent on tube diameter, this approach is expected
to be significant and forces other than electrophoretic ones areto be effective at separating tubes based on diameter as well.
responsible for separations. Diameter-dependent mobility may hold some potential for
Under the influence of an electrostatic fiel)(the nanotubes  separations of chiral tubes from those with armchair or zigzag
will experience an induced dipole momemt). The resultant  configuration. Studies in support of this potential require a more
torque on the nanotubep,(X E) will align the tubes along  diverse mixture of tube diameters than used in this work and
E.33For perfectly aligned tubes of equal diameter, charge density will be the subject of future investigations. The strong charge
along E will be the same, independent of length. It has been density dependence for CE separations may also make possible
observed in bulk electrophoresis alignment experiméhts, purification dependent on shape, allowing for collection of
however, that shorter tubes display a larger deviation from kinked or spiral tubes. The potential this technique has for
perfect alignment than is observed for longer tubes. This isolating tubes of a specific desired property makes this an
behavior is predicted to occur as a result of opposition to attractive area for further study.
alignment caused by Brownian motion or thermal agita#fon.
Shorter tubes are predicted to have a greater deviation from Acknowledgment. Work at Los Alamos was supported by
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