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Abstract: We report an improved chromatographic purification of soluble single-walled carbon nanotubes
(s-SWNTSs) using gel permeation chromatography. Three fractions are separated by gel permeation chroma-
tography, and the first fraction contains 74% of the s-SWNTSs as detected by atomic force microscopy and UV
and near-infrared spectroscopy.

Introduction Table 1. Comparison of the Styragel HMW?7 Column and PLgel
MIXED-A Column

Since the discovery of carbon nanotubes in the early 1990s,

. . . tyragel HMW7 PLgel MIXED-A
research has focused on their extraordinary mechanical, thermal— swrag — g —
and electronic properties. The purification of this material still Stationary phase pboéfz%’;z”rig'%"”y' pog’:rtéfr?: I’(jel\slil:"l]yl
presents a signi_ficant challenge. There are many reports on the ., mn dimens (mm) 308 7.8 300x 7.5
purification of. smgle-v.valle.d carbon.nano.tubes (SWNTs), and  effective MW range 500 000(1 x 10f)  2000-(4 x 107)
most of them involve filtration, centrifugation, or chromatogra- particle size gm) 20 15-20
phy?2-8 Recently, we have reported the purification of soluble- flow rates (mL/min) 1.0 0.5
SWNTSs (s-SWNTSs) by high-performance liquid chromatogra- :Z’:gtr'](t’ignltic:]g‘min) Z'SWNTS SS'SWNTS
phy (HP,LC) with a Styragel HMW,Y collumnz ,WhI,Ch ylelded fraction 2 compn nanoparticulates andhanoparticulates
two fractions; the yield of s-SWNTs in this purification is about amorphous carbon  with trace amount
50%? In this paper, we report an improved purification of with trace amount ~ of s-SWNTs
s-SWNTs by HPLC with a PLgel MIXED-A column. In addi- o _ of s-SWNTs
tion, we provide the first information on the electronic properties frre;gtri‘gggtggrengg'”) 12 2morph0us carbon
of our purlflgd s-SWNTSs. o retention time (min) 19

A comparison of the characteristics of the Styragel HMW7
and PLgel MIXED-A columns is shown in Table 1. Three .
fractions are obtained with the new column in which the first 026
fraction contains the s-SWNTs that are recovered with improved 94
purity and yield as compared with our previously published oo
work.® are

0164

Results and Discussion 2]

The chromatogram of the s-SWNTs in tetrahydrofuran (THF) o0e! T,
(Figure 1) shows the elution of three bands. The first band eluted [

(1) lijima, S. Nature (Londor) 1991, 354, 56—58. 333 ?
Phglzs) DALigzléegg?, (ihs_.;ll\fgster, J.; Krstic, V.; Burghard, M.; RothAgpl. 200 400 600 800 1000 1;.'0?1‘ 1400 1600 1800 2000 2200 2400

(3) Holzinger, M.; Hirsch, A.; Bernier, P.; Duesberg, G. S.; Burghard,  £igyre 1. Chromatogram obtained by use of a PDA (with wavelength

M'(ﬁ‘)pfilu P‘]h?/??'iﬁ%?agoéégggfﬁi Hafner, J. H.; Bradley, R. K. Boul detection at 350 nm) on a THF solution of s-SWNTs (Waters 600-996

P.J.; Lu, A.; Iverson, T.; Shelimov, K.; Huffman, C. B.; Rodriguez-Macias, Cchromatograph fitted with a PLgel MIXED-A column).

F.; Shon, Y.-S,; Lee, T. R.; Colbert, D. T.; Smalley, R.$tiencel998 . . ) .

280, 1253-1255. _ _ _ with a retention time of about 8 min, and the second band
(S) Rinzler, A. G.; Liu, J.; Dai, H.; Nilolaev, P.; Huffman, C. B,  followed immediately. The third band appeared around 19 min.

Rodriguez-Macias, F. J.; Boul, P. J.; Lu, A. H.; Heymann, D.; Colbert, D. . . . .
T.; Lee, R. S.; Fischer, J. E.; Rao, A. M.; Eklund, P. C.; Smalley, R. E. The agtomm_: force microscopy (AFM) image Of_th‘? star_tl_ng
Appl. Phys. A1998 67, 29-37. material (Figure 2a) shows s-SWNTSs together with impurities.
(6) Dillon, A. C.; Gennet, T.; Jones, K. M.; Alleman, J. L.; Parilla, P.  Fraction 1 (Figure 2b) contains s-SWNTs of high purity.
A.; Heben, M. JAdv. Mater. 1999 11, 1354-1358.

(7) Duesberg, G. S.; Blau, W.; Byrne, H. J.; Muster, J.; Burghard, M.; (9) Niyogi, S.; Hu, H.; Hamon, M. A.; Bhowmik, P.; Zhao, B.;
Roth, S.Synth. Met1999 103 2484-2485. Rozenzhak, S. M.; Chen, J.; ltkis, M. E.; Meier, M. S.; Haddon, RJ.C.
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Figure 2. (a) s-SWNT starting material, (b) fraction 1, (c) fraction 2, and (d) fraction 3 imaged by AFM (Digital Instruments nanoscope IlIA,
using tapping mode) on the fractions separated by a PLgel MIXED-A column.

Fraction 2 (Figure 2c) shows large globular impurities that are  The IR spectrum of s-SWNT-CONH(CGH/CHjs starting
tentatively assigned to functionalized nanoparticulates, while material is shown in Figure 4a. The absorptions at 2922 and
the impurities in fraction 3 (Figure 2d) seem to consist of 2850 cnt! are due to the long chain(C—H) stretch. In the
functionalized amorphous carbon. near-infrared (NIR) spectrum of fraction 1 (Figure 4b), two
The UV-visible spectra (Figure 3) for all three fractions have absorptions centered at 5400 (0.67 eV) and 10 000'qh.3
also been obtained from the photodiode array detector (PDA) €V) have been assigned to the transitions between the first and
attached to the Waters 600-996 chromatograph. The spectrunihe second pairs of singularities in the DOS of the semiconduct-
of fraction 1 shows a broad peak between 600 and 800 nm,ing SWNTSs that are about 1.4 nm in diameter (Figure'44).
which is characteristic of the transition between the first pair From Beer's Law the yield of s-SWNTs is estimated to be 74%
of singularities in the density of states (DOS) of the metallic by comparison of the NIR spectra of the starting material and
SWNTs with a diameter of about 1.4 nm-{.7 eV). Other fraction 1. This recovery of s-SWNTSs is higher than the yield
features at 550 (2.2 eV) and 490 nm (2.5 eV), which are of 50% that we reported in our previous wdrklhe mid-
glt?scee:\?(;zI?nIg\/t\ilﬁTps[;ﬁ‘];g?gum of fraction 1, are usually 19&%8}?%”21—24\/\/ Huang, J.-L.; Kim, P.; Lieber, C. Mature(Londor)

(12) Boul, P. J.; Liu, J.; Mickelson, E. T.; Huffman, C. B.; Ericson, L.
(10) Wildoer, J. W. G.; Venema, L. C.; Rinzler, A. G.; Smalley, R. E.; M.; Chiang, I. W.; Smith, K. A,; Colbert, D. T.; Hauge, R. H.; Margrave,
Dekker, C.Nature (London) 1998 391, 59-61. J. L.; Smalley, R. EChem. Phys. Lettl999 310, 367—372.
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Figure 3. UV-visible absorption spectrum obtained from PDA
detector of the eluting fractions, where 1, 2, and 3 refer to the fraction 0.000
numbers in Figure 1 (separated by a PLgel MIXED-A column). The 10000 5000
peak between 700 and 800 nm is unique to fraction 1. b Wavenumbers {cm-1)
IR of fraction 2 (Figure 4c) shows absorbance at 3356, 2922, 95
and 2850 cm?, which is the characteristigN—H) andv(C—
H) stretch from octadecylamine. 90
Liquid state Raman spectra of the starting material and all 3356
fractions that are separated by the Styragel HMW?7 and PLgel 85
MIXED-A columns are shown in Figure 5a,b. Fraction 1 from g
both columns shows the Raman radial & 170 cntl) and 80
tangential modescaf, = 1589 cntl), at frequencies that are 850
similar to those of the SWNT raw soot and shortened SWNTs 75 922
reported previously314 The second fraction that is separated
in both columns shows trace amounts of s-SWNTs. Fraction 3 70
from the PLgel MIXED-A column does not contain s-SWNTSs. 3000
Fractions 2 and 3 from the PLgel MIXED-A column do not € Wavenumbers (om-1)

show the absorptions at 5400 and 10 000 tin the NIR or Figure 4. (a) NIR spectrum of starting material in €Solution and

the 600-800 nm broad peaks in the UWisible spectra that (b) NIR spectra of the eluting fractions in THF solutions (1, 2, and 3
relate to SWNTs. The Raman SWNT resonances at 170 andrefer to fraction numbers 1, 2, and 3; quartz cell, light path 10 mm,
1589 cnrt are alsb absent from fractions 2 and 3. This indicates Nicolet Magna-IR 560 E.S.P. spectrometer). (c) NIR spectrum (on a
. . ) sapphire substrate, Nicolet Magna-IR 560 E.S.P. spectrometer) of
that fractions 2 and 3 do no_t contalr_1 SWNTs at the observable ¢action 2 (separated by a PLgel MIXED-A column).

level for these spectroscopic techniques. _

The availability of SWNTSs that are free of contaminants at Raman analyses. In contrast, fraction 1 shows extremely weak
the spectroscopic level allows us to study the intrinsic electronic luminescence with a quantum yield 2 orders of magnitude lower
properties of this material. We measured the emission spectrumthan fraction 2. According to AFM, NIR, and Raman analyses,
of chromatographically purified s-SWNT-CONH(GH;CHs this frac_tlon contains h|gh-pL_1r|ty s-SWNTs. It may be r!oted
obtained from the Styragel HMW?7 colurhim a THF solution that luminescence of our starting s-SWNT material is dominated
that had an absorbance of 0.09 at a wavelength of 300 nm. Theby the presence of fraction 2, which masks the weak emission
unrefined s-SWNT starting material shows strong broadband from pure s-SWNTs. Exclusion of this highly luminescent
photoluminescence centered at 580 nm when excited at 520 nnfraction provides an opportunity to study the intrinsic lumines-
(curve b, Figure 6); similar strong luminescence of solubilized Cent properties of SWNTs. Weak features between 650 and 750

polymer-bound SWNTs was recently reporiééraction 2also "M (1.9-1.65 eV) (curve a, Figure 6) may be associated with

shows strong ph0t0|uminescence (Curve c, Figure 6) with a the first emission band of metallic SWNTs. These results also
spectrum similar to that observed for the starting material. This €xplain the origin of the broadband luminescent background
fraction contains no s-SWNTs according to AFM, NIR, and observed in the Raman spectra of the starting material and
fraction 2 (Figure 5). The electron paramagnetic resonance

(13) Chen, J.; Hamon, M. A.; Hu, H.; Chen, Y.; Rao, A. M.; Eklund, P.  (EPR) resonance previously reported for solutions of s-SWWNTs
C.; Haddon, R. CSciencel998 282 95-98.

(14) Hamon, M. A.; Chen, J.; Hu, H.; Chen, Y.; Rao, A. M.; Eklund, P. (15) Riggs, J. E.; Guo, Z.; Carroll, D. L.; Sun, Y.-P.Am. Chem. Soc.
C.; Haddon, R. CAdv. Mater. 1999 11, 834-840. 200Q 122, 5879-5880.
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Figure 6. Emission spectra of s-SWNTs (in THF solution, separated

Fraction 1 by a Styragel HMW?7 colummwhere a, b, and c refer to fraction 1,
the starting material, and fraction 2.
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were covalently functionalized with octadecylamine to give s-SWNTs
with a length of about 300 nm (s-SWNT-CONH(QHCHjz)314

Chromatography. The s-SWNT samples were dissolved in THF
(Fisher, HPLC grade) to give a solution of s-SWNT starting material
at a concentration of 0.5 mg/mL. The solutions were injected into a
Waters 600-996 chromatograph fitted with a PLgel20 MIXED-A
01F column (300 mmx 7.5 mm). The amount of each injection was 50
L uL, and THF was used as the mobile phase with a flow rate of 0.5 mL

min~t. The UV—visible spectra were obtained from the PDA attached
0.0 MMWMW%* to the Waters 600-996 chromatograph.

Atomic Force Microscopy. The AFM images were recorded on a
Digital Instruments nanoscope IlIA using the tapping mode. The AFM
samples were prepared by dropping the s-SWNTs samples in THF
solution on mica substrates.

NIR Spectra. The solution state NIR spectra were recorded with a
. ‘ Nicolet Magna-IR 560 E.S.P. spectrometer in THF using a quartz cell

- y : with a path length of 10 mm.

0 500 1000 150.(1) 2000 Raman Spectra. Raman spectra were measured with a Bruker
Wavenumber (cm ) RFS100/S FT spectrometer using laser excitation at 1064 nm. This laser
energy matches the first transition between the VVan Hove singularities
in the DOS of the semiconducting SWNTs of the diameters that are
produced by the arc method, and thus, our Raman measurements relate
primarily to the semiconducting and not the metallic SWNTs in the
sample?®
. . . . . Fluorescence SpectraThe fluorescence spectra were measured on
is also found to be associated with fraction 2 and not with the 5 |nstruments S. A. Fluorolog 3-22 spectrofluorimeter.
purified SWNTs obtained in fraction 1.

As suggested by a reviewer, it is possible that the absence ofConclusion

photoluminescence in the purified s-SWNTs is associated with  \ye report a simple HPLC method to purify s-SWNTSs in

the change in bundling or with doping that accompanies the T Refinement of these techniques offers the promise of
processing of as-prepared SWNTs into soluble material; these

chemical treatments are known to produce an upshift in the

o
o

Fraction 2

Raman Intensity (a.u.)

Fraction 3

Figure 5. (a) Raman spectra of fractions of s-SWNTs (in THF solu-
tion) separated by a Styragel HMW7 column and the starting ma-
terial® (b) Raman spectra of fractions of s-SWNTs (in THF solution)
separated by a PLgel MIXED-A column.

(16) Chen, Y.; Chen, J.; Hu, H.; Hamon, M. A,; ltkis, M. E.; Haddon,
R. C.Chem. Phys. Lettl999 299 532-535.

Ramqn radial mOde, frequency of abo‘,“ :_I'O_ér.ﬁ Recent (17) Rao, A. M.; Chen, J.; Richter, E.; Eklund, P. C.; Haddon, R. C.;
experiments on solutions of SWNT material in aniline have also venkateswaran, U. D.; Kwon, Y.-K.; Tomanek, Bhys. Re. Lett. 2001,
detected strong fluorescent. 86, 3895-3898.

(18) Sun, Y.; Wilson, S. R.; Schuster, D.J. Am. Chem. SoQ001,
E . tal Secti 123 5348-5349.
Xperimental secton (19) Journet, C.; Maser, W. K.; Bernier, P.; Loiseau, A.; Lamy de la

Preparation of SWNTs. SWNTs were prepared by a modified elec- gggp%eél_e%sMé: Lefrant, S.; Deniard, P.; Lee, R.; Fischer, Ndture1997

tric arc technique that gives SWNTs about 1.4 nm in diameter (equiv- (20) Chen, J.; Rao, A. M.; Lyuksyutov, S.: Itkis, M. E.; Hamon, M. A.:
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