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The selective stabilization of octadecylami@®DA) on semiconductindS) single-wall carbon
nanotubesSWNTS9 has been reported to provide a means for the bulk separat®frafh metallic

(M) SWNTSs. Utilizing resonance Raman spectroscopy and, in particular, the relative changes in the
integrated intensities of the radial-breathing mode region, a generic method has been developed to
provide quantitative evaluation of the separation efficiency betvideand S SWNTs along with
diameter separation. The ODA-assisted separation is shown to pi®eidechment by a factor of

5 for SWNTs prepared by high pressure CO decomposition and gr@aterichment for SWNTs

with diameters below 1 nm. @004 American Institute of PhysidDOIl: 10.1063/1.1777814

Within the family of one-dimensionallD) materials, M andS SWNTSs, since RRS is a common tool for the char-
single-wall carbon nanotub€¢SWNTs) play a major role be-  acterization of SWNTs, both when arranged in buntises
cause of their many unique properti’ewhereby a SWNT as isolated tube¥. However, the relative intensities of the
can be either metalliéM) or semiconductingS), depending RRS features associated wilhh and S SWNTs at one laser
only on its geometrical structufeé® Presently available excitation energy do not reflect the proportions of the corre-
SWNT synthesis methods show no selectivity fdror S sponding SWNTs in the sampJIé.The RRS intensities are
SWNTs, yielding a product that is a mixture of bdthandS  resonantly enhanced when the laser excitation enggy.)
SWNTs. Postsynthesis separationbfandS SWNTs is thus  approximately matches one of the van Hove singularities
of great interest for the SWNT research community. One of VHSSs) in the joint density of electronic statégDOS of
the recently reported separation mechanisms is attributed iodividual 1D SWNTs We thus need to consider both the
the enhanced chemical affinity of the octadecylanid®A)  SWNTs contained in the sample and the different resonance
surfactant foilS SWNTs. The ODA exfoliates SWNT ropes to enhancement factors for each SWNT contributing to the Ra-
small bundles(containing two to six SWNTswhen dis- man spectrum for sever# e, in order to obtain the sepa-
persed in tetrahydrofurartTHF), rendering M-enriched ration efficiency ofM andS SWNTs. In this letter, we intro-
bundles more prone to precipitation when the THF is parduce a method for evaluating the ratiofto S SWNTs in
tially evaporated. Several other separation techniques havehe different fractions of the separation process relative to
also been reported recen?r)?_ their presence in the initial sample, using RRS at several

These reporfs® use resonance Raman spectroscopyEnser Values, based on several assumptions. An illustrative

(RRS), among other methods, as proof of their separation ofpplication of this method is made here to the ODA-assisted
separation proce%sapplied to SWNTs prepared by the high

a - . pressure CO decompositighliPco procesg
Electronic mail: gsm@mgm.mit.edu . .

PAlso at: Department of Physics, Boston University, Boston, MA 02215- Among.the various features Obs_erved in the Raman spec-
1714. tra, the radial-breathing mod&BM) is the most suitable for
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(@) before (b)  precipitant (c) supernatant TABLE I. The enrichment factors dit andS SWNTs ofs and £ diameters
separation fraction fraction in the pp and sn fraction&F) with respect to the bs material derived from
(bs) (.pp) (sn) the RBM features & ,.,=2.33 eV and 1.96 eV shown in Fig. 1, tid:S)
Nanotube Diameter (nm) ratios and the mean diametatd' andd$ (in nm) for M and S SWNTs in
15125 1 15125 1 15125 1 these fractions.
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RBMs for many laser line&> Using these values far and 3,

we can uniquely identify each Lorentzian with eitiédror S
SWNTs from the Kataura plot, as shown in Fig. 1 in white
(S) and gray(M), yet a specifi¢n,m) assignment of SWNTs
is still an open issue. Note th&,s,~2.33 eV excites small
di M SWNTs (higher RBM frequencigsand larged, S
SWNTs (lower RBM frequencies while Ej~1.96 eV
does the opposite, exciting smdjlS SWNTs and large, M

Raman Intensity

: o : ‘ ; SWNTs.
150 200 250 200 250 500 250 300 The ratio of the number dff SWNTs to the number of
Raman Shift (cm™") S SWNTs in the sample, hereafter referred as (he S

ratio, can be found by approximating tdedistributions for

FIG. 1. Open circles show RBM profiles Bius.=2.33 eV (upper traces M andS SWNTs. The startingl, distribution for bothM and
and atE,..=1.96 eV(lower traces for the (a) “as-prepared” HiPco sample S SWNTs can be obtained from the RBM spectra shown in
ps, and(b) pp (M enriched and (c) sn (S enriched fractions after the . . e
separation process. From the spectral line shape analysis, white and gr@g' ey fO||OW|n1% t_he _State'Of'the'art fitting PVOCGQUfe
peaks show Lorentzians associated vBtandM resonant SWNTs, respec-  Of Kuzmany,et al.” yielding 1.05+0.15 nm(Gaussian with
tively. Those Lorentzians surrounded by black borders are labeled by theijyagn diameteEzl.OS nm and variance=0.15 nm) 15 \We
mean frequency and full width of half maximum in chand[ared in % t A L s L
(where 100% corresponds to the sum of all Lorentzian areas in the s'[artinassume here that the initie¥1: S) ratio is(1:2), which is the
SWNT material(a) at a givenEpee). The d, distributions are shown as Commonly accepted value for randomly grown SWNT. How-
functions of wggy by solid (M) and dashed$) lines. The vertical dotted ~ ever, different synthesis processes may vyielll:S)
lines show large(£) and small(s) diameters, i.e.df=1.30 nm andd} ratios that vary from thig1:2) valuel®

0.93 nm. The top scale links RBM frequencies to SWNT diameters. To evaluate thejt distributions forM and S SWNTs in

the pp and sn fractions, we select the two Lorentzians near

estimation of the separation efficiency bf and S being 192 and 266 crit which are present in all spectfshown by
SWNTs. This is due to the RBM frequendyggy) being veﬁrtlcal dotted lines in Fig. )l corresponding to Iqrge(r/j)
inversely proportional to the SWNT diametek),”* and the  [d;=1.30nnj and smaller (s) [d;=0.93 nnj diameter
M and S SWNTs with differentd, being resonant with a SWNTs, respectively. Note that the sampling diametefs,
given E.ser thereby distinguishing RBM features attributed and d”, are chosen at opposite sidesdafwhich is essential
to M SWNTs from those o5 SWNTs. RBM profiles of an for distinguishing between the, separation and thévi:S)
“as-prepared” HiPco sample before separafips), as well ~ separation. The relative quantitiesdfandS SWNTs withs
as the precipitan{pp), and supernatantsn) fractions after —and£ diameters in the pp and sn fractions with respect to the
separation, taken withE.,=2.33 eV and 1.96 eV, are ps materiakhereafter referred as the enrichment factars
shown in Figs. a)-1(c), respectively. The measurements obtained by dividing the areas of the Lorentzians in Figs.
were performed on ODA-dispersed SWNTs, drop casted on &(b) and Xc) by the areas of the corresponding Lorentzians
Si/SiO, substrate, followed by removing the ODA surfactantin Fig. 1(a), which allows us to eliminate the unknown reso-
by an extensive chloroform wash and an anneal it at 200° @ance enhancement factors for the individ(ralm) SWNTs
under vacuum, which results in bundled SWNTSs. contributing to the spectra, thus avoiding a spedificm)

Each Lorentzian from the line shape analysis with back-assignment. It is essential that the RBM spectra for all the
ground subtractiorito 5% accuracyshown in Fig. 1 arises fractions(ps, pp, and snat a givenE,,..,are taken under the
from a superposition of several differefit, m) SWNTs that same experimental conditiorflaser power, spectrum accu-
are resonant witlk,,., While most(n,m) SWNTs within the  mulation time, extent of SWNT bundling, efcto ensure
sample are not resonant and do not contribute to the RBNproper normalization of the Lorentzian areas. For example,
intensity. To identify the observed Lorentzian features withthe enrichment factors f@& SWNTs of £ diameterhereafter
M or S SWNTs, we use a Kataura plbt,giving the VHS  denoted by SC) are given by 19.7/16.4=1.20 and
energies in the JDOS for alh,m) SWNTs as a function of 41.5/16.4=2.53 for the pp and sn fractions, respectiyedg
d,. While the resonant VHSs in the Kataura plot are selectediorentzian areas shown in Fig). This (S£) and otherMs,
by E.ser the d; values are obtained fromaggy according to ML, andS9 enrichment factors for the pp and sn fractions
the relationwggy=a/d,+B.X* The coefficientse and 8 are  are summarized in Table I.
very sensitive to the SWNT synthesis method and SWNT  The enrichment factors provide information on the
surroundings? For bundled HiPco SWNTs, we obtained  (M:S) separation in the pp and sn fractions, and also on the

=239 cm!nm and B8=8.5cm! we obtained by fitting d, separation, if any. If nal, separation occurds=M~L and
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Ss=SL is expected, while if nadM:S) separation occurs, An analytic method is presented for evaluating the
Ms=SsandML=SL are anticipated. By comparing the en- (M:S) andd, separation efficiencies, based on the line shape
richment factors listed in Table |, we see that none of thesanalysis of the RBM features in the RRS probed using two
conditions is satisfied for our pp and sn fractions, thus im-specially selecteé,,.., Which for this sample approximately
plying that both(M:S) separation and), separation take take account of the, distribution. Explicit application to the
place simultaneously. recently developed ODA-assisted bulk SWNT separation
Information on the(M:S) separation and the, separa- process demonstrates that it is effective in generating frac-
tion stored in the enrichment factof§ls, ML, Ss, andSL) tions five times enriched i& SWNTs. Further improvement
is extracted by fitting thed; distributions forM and S in separation efficiency is expected for SWNT samples with
SWNTs in the pp and sn fractions to Gaussian functions. Fog, distributions centered below 1 nm. Use of the RRS char-
each fraction, the two Gaussians fidr and S SWNTs will  acterization method, which can also be applied and extended
generally have different amplitudes and different mean diamto other Separation processes, can thus he|p to further ad-
eters, but the same variance as the starting SWNT materigjance the separation methodology. The evaluation method
0=0.15 nm. The latter assumption is reasonable as long &g the (M:S) and d; separations with multiple laser lines,
the d; separation is not too severe, as will be shownynich would further refine the analysis protocol, will be pub-

elsewhere! We then solve for the four unknowr@mpli- lished in more detail elsewhetd.

tudes and mean diameters Mf and S Gaussiangsto fit the
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