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Existing methods for growing single-walled carbon nanotubes produce samples with a range of structures and electronic
properties, but many potential applications require pure nanotube samples. Density-gradient ultracentrifugation has
recently emerged as a technique for sorting as-grown mixtures of single-walled nanotubes into their distinct (n,m)
structural forms, but to date this approach has been limited to samples containing only a small number of nanotube
structures, and has often required repeated density-gradient ultracentrifugation processing. Here, we report that the use
of tailored nonlinear density gradients can significantly improve density-gradient ultracentrifugation separations. We show
that highly polydisperse samples of single-walled nanotubes grown by the HiPco method are readily sorted in a single step
to give fractions enriched in any of ten different (n,m) species. Furthermore, minor variants of the method allow
separation of the mirror-image isomers (enantiomers) of seven (n,m) species. Optimization of this approach was aided by
the development of instrumentation that spectroscopically maps nanotube contents inside undisturbed centrifuge tubes.

S
ingle-walled carbon nanotubes (SWNTs) have a wide range of
electronic properties, demonstrating behaviour that may be
metallic or semiconducting in character1, these characteristics

being determined by the physical structure of the nanotubes.
However, a number of advanced applications, including field-
effect transistors2, nanoscale sensors3, conductive films4,5 and opti-
mized near-infrared fluorophores6, require samples with little or no
structural variation. Several techniques have been reported for
sorting mixed SWNTs individually dispersed in liquids. These
include dielectrophoresis, used to separate metallic and semicon-
ducting species7, and ion exchange chromatography, used to
isolate single (n,m) species8–10. In 2005, Arnold and colleagues
described the first sorting of SWNTs by density-gradient ultracen-
trifugation (DGU)11, a method used in biology for separating sub-
cellular components with differing buoyant densities12,13. Samples
are added to centrifuge tubes containing liquid mixtures arranged
to form a spatially varying density profile. Under strong centrifu-
gation, sample components separate by migrating to regions match-
ing their individual densities. Hersam and colleagues demonstrated
that DGU can separate metallic and semiconducting SWNTs5,14 and
provide fractions strongly enriched in the (6,5) and (7,5) species14.
Iodixanol was the dense component of their linear density gradients,
and ssDNA, sodium dodecyl sulphate or sodium cholate were the
coating agents used to individually suspend the nanotubes.

Researchers applying DGU for (n,m) sorting have focused their
efforts on samples grown by the CoMoCAT or similar processes15,16.
These contain a limited range of (n,m) species16,17, which may sim-
plify separations but also limits the number of isolable structures.
HiPco-grown SWNT samples18 offer a much wider range of (n,m)
enrichment targets (with more than 30 semiconducting species
and many metallic species)19. However, reported DGU-based
HiPco separation efforts using covalent functionalization20 or
novel surfactants21,22 have enriched only (6,5) species.

The major challenge in (n,m) sorting of pristine HiPco samples
with DGU is discriminating multiple species that differ only slightly

in diameter and have nearly equal buoyant densities. In conventional
linear density gradients, layers containing similar species overlap and
(n,m) resolution is essentially lost. Our process differs from this in
that we have instead introduced tailored nonlinear DGU gradients
designed to resolve targeted SWNT species, allowing their extraction
as (n,m)-enriched fractions from polydisperse HiPco samples.
(Similar nonlinear gradients have been used in biological DGU13,23.)

We demonstrate the effectiveness of this method by preparing
fractions substantially enriched in ten different (n,m) species
through a single step of DGU processing. No such sorting of
HiPco samples has been reported to date, and even limited DGU
sorting of (n,m) species from CoMoCAT samples using linear gra-
dients can require tedious and inefficient iterative runs14. To illus-
trate how the enriched fractions can expose spectral transitions
obscured in mixed samples, we report the first spectroscopic signa-
tures of (10,0) and (11,0), two zigzag species previously undetected
in HiPco samples. Our improved DGU method is also adapted to
separating left- and right-handed nanotubes by taking advantage
of the preferential affinity of the chiral sodium cholate surfactant
for one enantiomeric form of each (n,m) structure, as found recently
by Green and colleagues24. Using nonlinear DGU with mixed sur-
factants, we achieve superior resolution and separate additional
enantiomers, for a total of seven resolved pairs. Experimental
parameters were tuned for effective separation with a vertically
scanned near-infrared spectrofluorometer that quickly maps
locations of semiconducting SWNT species inside unperturbed
centrifuge tubes.

(n,m) separations
HiPco SWNT samples may contain more than 30 semiconducting
(n,m) species with diameters between �0.69 and 1.2 nm. They are
therefore thought to be more difficult to sort into pure fractions
than nanotube samples containing relatively few species, such as
CoMoCAT (Supplementary Fig. S2). To sort HiPco samples, we pre-
pared centrifuge tubes with nonlinear, S-shaped gradients designed
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to have very small variations of density with depth at densities
typical of suspended nanotubes13. A photograph of such a tube
after centrifugation shows extensive colour banding (Fig. 1a).
Absorption spectra of the separated fractions (Fig. 1b) clearly indi-
cate that different (n,m) species have been sorted into distinct layers.
From top to bottom, the bands are identified as (6,4), (7,3), (6,5),
(8,3), (7,5) and (7,6). The (6,5) band is purple in colour; (8,3) and
(7,6) are green; and (7,5) is blue. Further evidence of effective
sorting is displayed in Fig. 1c, which shows normalized emission
spectra of ten fractions separated from DGU-processed samples
containing single or co-surfactants, each excited at the E22 peak of
its dominant species. The enriched species are (6,4), (7,3), (6,5),
(9,1), (8,3), (9,2), (7,5), (8,4), (10,2) and (7,6).

By measuring the refractive indices of the DGU layers (after cen-
trifugation) and applying the relation between density and refractive
index in iodixanol solutions (Supplementary Figs S3,S4), we pre-
cisely mapped the density profile in the centrifuge tube. Figure 1e
shows this result for our nonlinear gradient medium and, for com-
parison, the profile from a conventional linearly prepared gradient
(see Supplementary Fig. S4 for the density profile before centrifu-
gation). The shallow density gradient near a depth of 30 mm in
the nonlinear profile is key to spatially resolving several (n,m)
species having very similar buoyant densities. These species
overlap within a narrow spatial region and are not separable in
the steeper density gradient formed after linear preparation. We
combine knowledge of the positions and identities of the separated

bands with the density profile of Fig. 1e to deduce the effective
buoyant densities for different (n,m) species. This result is shown
in Fig. 1f as a plot of density versus nanotube diameter. The
buoyant density of sodium cholate-suspended nanotubes varies
much more steeply for diameters between �0.7 and 0.8 nm (includ-
ing species (6,4) to (8,3)) than for diameters between �0.8 and
1.05 nm ((7,5) to (8,7)). The density values shown in Fig. 1f agree
with previously reported model calculations25.

To estimate the enrichment performance of our nonlinear gradi-
ent separation, we fit the near-infrared absorption spectra of ten
separated fractions shown in Fig. 2a by superpositions of Voigt
functions centred at the E11 peaks of specific (n,m) species.
Assuming equal oscillator strengths for these transitions, and
neglecting the possible presence of metallic species, the (n,m)
purity of each fraction was computed as the ratio of the area of
the dominant peak to the sum of the peak areas (see
Supplementary Figs S5–S7). This gave purities of 88% for the
(6,4) fraction, 66% for (7,3), 83% for (6,5), 36% for (9,1), 55% for
(8,3), 47% for (9,2), 46% for (7,5), 34% for (8,4), 40% for (10,2)
and 48% for (7,6). These (n,m) purities are lower than those
obtained recently by Zheng and colleagues using ion-exchange
chromatography and customized ssDNA oligonucleotides10.
Nevertheless, the relative abundances of the enriched species are
much greater in the DGU-processed fractions than in the unsorted
HiPco sample. We have also measured fluorescence intensity as a
function of excitation and emission wavelengths for the unsorted
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Figure 1 | Sorting of HiPco SWNTs by (n,m) structure using single-step nonlinear DGU. a, Image of a centrifuge tube containing HiPco SWNTs sorted by

one 18-h nonlinear DGU run at 268,000g (max). The distinct coloured bands are layers enriched in different SWNT species. b, Near-infrared absorbance

spectra of the marked coloured layers, labelled with the main (n,m) component. Spectra are normalized and offset for clarity. The unsorted HiPco spectrum is

scaled down by a factor of 10. c, Photoluminescence spectra of 10 separated fractions excited at the E22 peak of each main (n,m) component (see

Supplementary Information). d, Image of a centrifuge tube showing resolved pairs of enantiomer bands sorted from HiPco SWNTs by nonlinear DGU with a

single surfactant (sodium cholate). e, Density profiles of the DGU medium (after 18 h of centrifugation at 268,000g using an MLS-50 rotor) for linear (blue)

and nonlinear (red) initial gradients. Densities were deduced from refractive index measurements (see Supplementary Information). f, Densities of the

sodium cholate-suspended SWNT species as a function of SWNT diameter. The solid line is drawn as a guide to the eye.
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Figure 2 | Optical characterization of sorted SWNT fractions. a, Visible/NIR absorption spectra (1 cm path) of the unsorted HiPco sample (diluted ×10) and

ten sorted fractions. Each sorted fraction was diluted to 100 ml for absorption measurements. Aqueous solutions of similar iodixanol and sodium cholate

contents were used as references. b, Nanotube photoluminescence emission intensities are plotted as a function of excitation and emission wavelengths. The

unsorted sample shows numerous semiconducting species, whereas each of the 10 sorted fractions shows significant enrichment of an individual

semiconducting species.
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sample and the ten fractions (Fig. 2b). These contour plots confirm
dramatic enrichment of individual species, which range in diameter
from 0.692 to 0.895 nm ((6,4) to (7,6)). There is even substantial
(although incomplete) separation of (6,5) from (9,1), despite their
exactly equal diameters. Further evidence of effective sorting is pro-
vided by Raman spectra, as measured using a 633-nm excitation
laser (Supplementary Fig. S19). Here, the dominant radial breathing
mode peak from each fraction arises from same (n,m) species that
dominates the absorption and fluorescence spectra. However,
strong resonance selection effects make Raman less suitable than
absorption or emission spectroscopy for assessing the purity of frac-
tions. The very low relative intensities of Raman D bands (near
1,300 cm21) suggest minimal derivatization or defects in these
DGU-sorted nanotubes (Supplementary Fig. S20).

Enantiomeric separations
As reported by Hersam and colleagues24, DGU can separate right-
and left-handed enantiomeric forms of individual (n,m) species.
We have significantly improved enantiomeric sorting by applying
nonlinear DGU gradients and mixed surfactants. A key factor in
this effort is a new technique that quickly measures in situ fluor-
escence spectra versus depth in undisturbed DGU-processed centri-
fuge tubes (see Methods). Figure 3b illustrates such a vertical
spectral map of a centrifuge tube (shown in Fig. 3a). The (n,m) com-
position of each layer in the tube is deduced from the spectral slice at
its depth on this map, whereas the spatial distribution of any (n,m)
species is obtained from the vertical profile passing through its spec-
tral peak. Figure 3c shows spatial profiles for four species, for which
the positions of highest concentrations are plotted versus SWNT
diameter in Fig. 3d. The slope of this curve represents the nanotube
diameter dispersion. Here, a maximum value of 5.6 mm spatial
separation per 0.1 nm diameter difference was obtained. Figure 3c
is even more valuable in quantitatively showing the spatial
overlaps between nanotube species. This detailed feedback about

DGU performance allows the relevant separation parameters to be
identified and optimized.

By adding a co-surfactant to sodium cholate in our nonlinear
DGU method, we achieved effective and highly reproducible
single-step enantiomeric sorting of several (n,m) species in HiPco
samples. We found optimal enantiomer separation with a surfactant
mixture of 0.7% sodium cholate plus 0.175% sodium dodecyl sulphate
in a slight variant of the nonlinear DGU gradient described earlier (see
Supplementary Information for details). Ultracentrifugation gave two
distinct purple bands near the top of the coloured layers in the tube, as
illustrated in Fig. 4b. Figure 4a shows the in situ spatial fluorescence
map of this section of the tube. Both bands are identified as (6,5)
SWNTs. The 984-nm intensity profile plotted on the right edge of
Fig. 4a shows that the two emission peaks are spatially separated
by �2 mm. Remarkably, the absorption spectra of the separated
(6,5) fractions are distinguishable from one another, as shown by
the in situ data of Fig. 4c. The band of the upper (6,5) fraction is red-
shifted by �4 nm from that of the lower fraction, and is also slightly
narrower. These spectral differences reflect non-equivalent local
environments for the two (6,5) populations, resulting from compo-
sitional differences of their surfactant coatings. If the two (6,5)
populations are enantiomers, then they must show circular dichro-
ism (CD) signals of opposite sign at appropriate transition wave-
lengths. This was confirmed by the CD spectra of the separated
fractions (Fig. 4d). Although our CD spectrometer cannot probe
the near-infrared (6,5) E11 transition, it reveals strong and convin-
cing opposite-signed CD peaks at the E22 and E33 transitions (569
and 348 nm; Supplementary Fig. S14). Throughout this paper, we
will label the isomers as (þ) or (2) according to whether their
CD signals at the E22 peak are positive or negative. As a control,
we found no optical activity over the same spectral range in
sodium cholate suspensions of unsorted HiPco SWNTs, which
should contain a racemic mixture of the enantiomers. Figure 4f
shows the absorption spectra of the (6,5) fractions used for CD
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Figure 3 | In situ vertical spectral mapping of a centrifuge tube after nonlinear DGU. a, Schematic of the vertical scanning fluorescence spectrometer. The

centrifuge tube is vertically translated inside the NS1 instrument (see Methods) to obtain fluorescence and absorption spectra of the undisturbed centrifuge

tube. b, The NIR fluorescence spectra, excited at 638 nm, are collected through the centrifuge tube wall and plotted versus depth to generate a vertical

spectral map. c, Normalized emission intensity as a function of depth for four (n,m) species. These plots show (n,m)-resolved concentration profiles inside

the centrifuge tube after nonlinear DGU. d, Dependence of (n,m) peak concentration position on SWNT diameter. Larger-diameter species appear in

higher-density regions, lower in the centrifuge tube.
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spectroscopy and the spectrum of the sample before DGU proces-
sing. These demonstrate that the (6,5) enantiomeric fractions are
also highly (n,m) purified.

Comparable enantiomeric separation was also achieved for (8,3)
and (9,1) SWNTs using a slightly adjusted nonlinear density-gradient
profile. This separation is made evident by the well-resolved bands in
the fluorescence map and tube image (Fig. 5a,b). CD spectra of the
separated (8,3) fractions display strong, opposite-signed peaks at
667 and 355 nm (Fig. 5c), identified as the E22 and E44 transitions
in this surfactant (Supplementary Fig. S15). Absorption spectra of
these fractions reveal minor contamination from (6,5), particularly
for the upper (þ)(8,3) fraction. The negative-going 567-nm CD
peak of this fraction indicates that the cross-contamination is from
the enantiomerically enriched lower (2) band of (6,5).
Enantiomers of (8,4) were not as cleanly separated by our nonlinear
DGU method, but it was still possible to obtain fractions with signifi-
cant enrichment. Figure 5e shows a photograph of a DGU tube from
which the fractions marked by red and blue arrows were extracted.
The opposing CD peaks at 592 nm (E22) and 384 nm (E33) confirm
enantiomeric enrichment of (8,4) (Fig. 5f and Supplementary
Fig. S16).

Further minor modifications of the DGU protocol allowed enan-
tiomeric separation of additional species. Figure 6 shows the tube
image, fluorescence spectral map, CD spectra and absorption
spectra of (7,3) and (6,4) fractions. The separation conditions and
data are discussed in the Supplementary Information. We also
achieved partial enantiomeric sorting of (7,5) nanotubes suspended
in sodium cholate alone (see Supplementary Information, Figs
S12,S13, and Methods).

Performance considerations
Despite the wide structural variety of raw HiPco nanotubes,
nonlinear DGU sorting provides fractions substantially enriched
in at least ten distinct semiconducting (n,m) species through a
one-step process. The key advance is the use of tailored density-
gradient profiles with very shallow gradients that allow species
with slightly different densities to be spatially separated for effective
fractionation. The main impurities in (n,m)-enriched fractions are
those SWNT species with similar diameters and overlapping
spatial distributions. The very high fluorescence efficiencies
observed for DGU-sorted fractions imply that the processed nano-
tubes have a high level of structural perfection, because emission
from the mobile SWNT excitons is strongly quenched by trace con-
centrations of defects or derivatization sites26.

Using sodium cholate as the sole surfactant, optimal DGU
sorting is obtained when the sodium cholate concentration is 2%
during the initial dispersion step and �0.7% in the density-gradient
medium. We found that sodium cholate concentrations above 1.0%
in the density-gradient medium degrade (n,m) resolution. Lower
surfactant concentrations may lead to more homogeneous micellar
SWNT coatings with better defined densities.

As illustrated in Fig. 2a, (n,m)-enriched fractions obtained
through single-pass nonlinear DGU have dramatically reduced
absorption backgrounds compared to unsorted SWNT suspensions.
They therefore enable spectroscopic studies that are not feasible with
unrefined samples. For example, the absorption spectrum of our
(9,1)-enriched fraction contains clear secondary peaks at 1,175
and 539 nm. Using the empirical spectral model developed pre-
viously27, we assign these to the E11 and E22 transitions of (10,0),
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a species that has remained nearly undetectable because of its low
abundance relative to other species with nearby optical transitions.
Supplementary Fig. S11 shows the photoluminescence excitation-
emission map for (10,0) and spectral data for (11,0), another pre-
viously obscure zigzag species. The (10,0) and (11,0) SWNTs hold
special interest as the only observed semiconducting species with
achiral, axially symmetric structures.

The other DGU advance demonstrated here is one-step enantio-
meric sorting of HiPco samples. Our method combines the new non-
linear density-gradient approach with the previously reported
combination of sodium cholate and sodium dodecyl sulphate
co-surfactants. We have obtained highly enantiomerically enriched
fractions of seven pairs of (n,m) species: (6,5), (8,3), (8,4), (6,4),
(7,3) and (see Supplementary Information) (7,5) and (9,1). Spatial
separations between enantiomer layers range from �1 to 5 mm.
Except for (8,4) (for which the isomers are not clearly resolved) and
(7,5), we find that the lower density, upper enantiomer gives positive-
going CD signals at the E22 transition. Optical spectra of the upper
enantiomers are redshifted relative to the lower enantiomers.
The spectral redshifts and reduced effective densities both reflect
systematic helicity-dependent differences in the nanotube coatings,
with a higher sodium dodecyl sulphate content around the higher-
density enantiomer. The sodium cholate surfactant, which has a
biological source, is optically active and evidently has a higher affi-
nity for a particular enantiomer of a given (n,m) species. A similar
preferential chiral affinity of sodium cholate has been used to

separate enantiomers of an organic analyte in micellar electrokinetic
capillary chromatography28. In the presence of achiral sodium
dodecyl sulphate co-surfactant, the ratio of sodium cholate to
sodium dodecyl sulphate on the nanotube will differ between nano-
tube enantiomers. This surfactant competition gives the enantiomers
distinct dielectric environments and effective densities, leading to the
observed spectral shifts and spatially resolved DGU bands.

Although the clearest DGU sorting of SWNT enantiomers has
required mixed surfactants, some enantiomeric separation can be
obtained using only sodium cholate (Supplementary Fig. S12). This
implies that enantiomers may be partially separated in many DGU
runs designed only to sort by (n,m). We suggest that such unintended
enantiomeric separation is a major mechanism that broadens layers
and limits (n,m) spatial resolution in DGU with chiral surfactants.

Our spectra confirm earlier observations that Eii CD peaks alter-
nate in sign from E11 to E22 to E33 and so on for a given (n,m)
species29. We note that the subscript i indexes the electronic
angular momentum of a SWNT sub-band, and for some species
the energies of higher Eii transitions do not increase monotonically
with i. For example, our (8,3) CD spectrum in Fig. 5c shows that the
strong 355-nm peak has the same sign as the E22 peak and is
therefore properly assigned as E44 rather than E33. This ‘cross-
over’ behaviour in the energy ordering of (8,3) E33 and E44 tran-
sitions was deduced previously from a combined resonance
Raman and photoluminescence study30, and a similar cross-over
was found for (6,4) by Green and colleagues from their CD
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spectroscopy of DGU-enriched enantiomeric fractions24. Our CD
spectra also contain several additional peaks, many of type Eij
(with j¼ i+1) arising from optical transitions polarized perpen-
dicular to the nanotube axis31. An analysis of these spectral features
will be reported separately.

Using IUPAC nomenclature, nanotubes with right-handed heli-
city are designated ‘P’ and those with left-handed helicity ‘M’. To
deduce the helicity of enantiomerically enriched SWNT fractions
prepared by complexation with chiral diporphyrin compounds of
known structure, Peng and colleagues used molecular mechanics
modelling to estimate relative affinities of the diporphyrins with P
and M (6,5) nanotubes29,32,33. Based on a calculated affinity differ-
ence of 0.22 kcal mol21, they identified the (6,5) enantiomer that
shows a positive E22 CD signal as the M structure. In view of the
challenges in computing sub-kilocalorie differences in molecular
interaction energies, we suggest that more direct experimental deter-
minations will be needed to confirm absolute helicities of separated
SWNT enantiomers.

Conclusions
We have significantly enhanced the performance of DGU for struc-
turally sorting mixed SWNT samples by introducing the use of care-
fully prepared nonlinear density gradients. Experimental conditions
were optimized with the aid of a device that quickly measures fluo-
rescence maps to reveal the spatial locations and profiles of (n,m)
fractions inside undisturbed centrifuge tubes. Although previous
DGU studies focused on sorting samples containing relatively few

species, our approach is successful with polydisperse samples
grown by the HiPco method. Such samples can be highly enriched
in at least ten different (n,m) species. Furthermore, the combined
use of co-surfactants and nonlinear gradients permits the separation
of seven (n,m) enantiomeric pairs. All of these separations are
achieved with a single step of DGU processing.

Methods
Preparation of SWNT suspensions. HiPco SWNTs produced in the Rice University
reactor (batches HPR 188.1, 188.4 and 166.12) were used for this study.
Approximately 5 mg of raw nanotubes were added to a vial containing 10 ml of
aqueous 2% (w/v) sodium cholate. The vial was bath sonicated for 1 h (Sharpertek
Stamina XP) and then tip sonicated for 30 min (Misonix Microson XL) at a power
level of 7 W. The resultant aqueous dispersion was centrifuged at 13,300g for 1 h
(Biofuge-13, Baxter Scientific) to pellet out large nanotube bundles and residual iron
catalyst. The supernatant was then diluted to an absorbance of �10 per cm at
984 nm, and used as starting material for one-step nonlinear DGU. (See
Supplementary Information for full details.)

Formation of nonlinear density gradients. Our density-gradient medium was an
aqueous solution of 60% (w/v) iodixanol (OptiPrep, density �1.32 g ml21, from
Sigma-Aldrich). Gradients were prepared in 13-mm-diameter, 5.0-ml-capacity
polyclear ultracentrifuge tubes (Seton Scientific 7022) by adding a series of discrete
layers with specific densities and volumes and then letting them mix by diffusion.
For efficient (n,m) sorting of HiPco SWNTs, we manually formed step gradients
varying from 30.0% (w/v) iodixanol at the bottom to 15.0% (w/v) iodixanol at the
top using a glass Pasteur pipette attached to a pipette pump. The sodium cholate
concentration in this gradient was fixed at 0.7% (w/v). For enantiomeric separation
of (6,5) species, a mixed surfactant of 0.7% (w/v) sodium cholate and 0.175%
sodium dodecyl sulphate (w/v) was used instead. For (n,m) sorting with sodium
cholate only, our nonlinear gradients were prepared from successive layers with the
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following iodixanol concentrations and volumes: 30% (500 ml), 27.5% (420 ml),
25.0% (540 ml), 22.5% (660 ml), 20.0% (660 ml), 17.5% (720 ml) and 15.0% (780 ml).
After layering, the capped centrifuge tube was held at an angle of �108 from
horizontal for 1.0 h to allow diffusional formation of a nonlinear density gradient.
(See Supplementary Information, Table S1 and Fig. S23 for protocol details.)

Nanotubes were slowly pipetted into the density-matched region of the
pre-made gradient in a 900-ml volume containing 375 ml of 60% iodixanol mixed
with 525 ml of pre-dispersed SWNTs in 2% sodium cholate solution. The centrifuge
tube was filled to within �2 mm of its top rim with an aqueous solution of 0.7%
sodium cholate and centrifuged for 18 h at 50,000 r.p.m. (268,000g max) and 22 8C
in the MLS-50 swing-bucket rotor of a Beckman OptimaTMMax (model MAX -
130k) ultracentrifuge.

Fractionation. To fractionate the samples after centrifugation, we used a 100-ml
syringe (HPLC grade, gas-tight fixed needle, Hamilton) attached to a vertically
mounted translation stage. Fractions of 25 ml (or 50 ml for enantiomer separations)
were withdrawn and then diluted to 100 ml with 1% sodium cholate (w/v) solution
for optical absorption, PL, CD and Raman measurements. (See Supplementary
Information and Fig. S24 for details.)

Optical absorption measurements. Optical absorption spectra, as depicted in
Fig. 2a, were measured in a model NS1 NanoSpectralyzer (Applied
NanoFluorescence) from 400 to 1,400 nm relative to a matched reference containing
surfactant solution and iodixanol.

Measurements of photoluminescence spectra of sorted samples. We measured
near-infrared fluorescence intensity as a function of excitation and emission
wavelengths for unsorted and sorted HiPco samples in aqueous sodium cholate
using a Spex Fluorolog 3-211 (Horiba J-Y) equipped with a liquid-nitrogen-cooled,
single-channel InGaAs detector.

Raman spectral measurements. Raman spectra of selected sorted SWNT samples in
aqueous dispersion were measured using a RAM Raman microscope (Renishaw)
with 633-nm excitation.

In situ spectral mapping of DGU centrifuge tubes. We measured spatially resolved
fluorescence spectra of the undisturbed contents of DGU centrifuge tubes using an
accessory to the NS1 NanoSpectralyzer that vertically translates the tube in the
sample holder under computer control. At each vertical position, a sub-millimetre
sample layer was probed by an excitation laser beam focused through the centrifuge
tube wall, and the resulting fluorescence spectrum was captured and recorded. By
compiling the set of fluorescence spectra as a function of vertical position, we
obtained a fluorescence contour map that revealed the identities and locations of
semiconducting (n,m) layers in the undisturbed DGU-processed sample tube.

CD spectroscopy of enantiomer-sorted samples. CD spectra for enantiomer
separated samples were measured using a Jasco model J-815 CD spectrometer
equipped with a detector covering 200–900 nm. CD spectra were typically measured
with 2-nm steps. For each sample, a corrected spectrum was obtained by subtracting
a reference CD spectrum measured under the same conditions on a matched
aqueous solution of sodium cholate/sodium dodecyl sulphate and iodixanol.
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