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T
he necessity for the separation of sin-
gle-wall carbon nanotube (SWCNT)
populations to achieve desired prop-

erties is a major technical barrier for the
development of SWCNT based applications
and has been the focus of significant aca-
demic and industrial research.1,2 Recent
advances include the separation of SWCNT
populations by diameter through density
differences,3�5 separation of metallic and
semiconducting nanotubes through the use
of cosurfactants4,6,7 and selective salt effects,8

separation by chiral angle,9,10 separation by
handedness,5,11,12 and the specific selection
of single chiralities in anionic exchange
chromatography13 using specific DNA seq-
uences.14 The driving factor in each of these
separations is hypothesized tobe the specific
interactions of the dispersant with the outer
nanotube surface.15 However, for damaged
nanotubes, or nanotubes without an end-
cap on both ends, it is likely that the interior
of the nanotube will be accessible to the
environment, and potentially filled by the
solvent,16 ions or other molecules,17�19 or
dispersed nanoparticles.20Whether the nano-
tube is empty or filled simply with water has
been theoretically identified as significantly
affecting the density of the dispersed
nanotubes21�23 and thus will also affect
nanotube separation techniques exploiting
buoyancy differences.
Previous results in the literature by

Wenseleers et al.24 and Cambr�e et al.25 have
also established the substantial effects of
water-filling on experimentally measurable
nanotube properties. Using resonant Raman
scattering, they demonstrated that the radial
breathing modes (RBMs) of small-diameter
nanotubes filled with water harden in a dia-
meter dependent manner and they reported
shifts in theoptical transitionenergieswith the
water-filling. Moreover, they found that most
nanotubes were opened after dispersion

processing,24 a finding that has significant
importance to both the achievable properties
of nanotubes in solution and for the separa-
tion of nanotubes through centrifugation-
based processing.21�23 This finding also ex-
plains why the separation of empty and
water-filled nanotubes has not been pre-
viously addressed in the literature;26,27 in
many experiments such as density gradient
ultracentrifugation (DGU) for chirality separa-
tion, the small amount of empty nanotubes
would likely have been observed as a
creamed layer not exhibiting chirality separa-
tion and discarded.
In this contribution, we report a facile

method for separatingwater-filled and empty
(end-capped) nanotubes from an initial mix-
ture using a rate zonal centrifugationmethod
and the resulting spectroscopic properties of
the distinct populations. In particular, results
are shown demonstrating separation for laser
ablation and electric arc synthesis produced
nanotubes with diameters ranging from
1.2 to 1.5 nm using deoxycholate (DOC)
surfactant28,29 based on the absence or pre-
sence of liquid in the interior cavity. Isolation
of these populations was achieved frommul-
tiple SWCNT populations obtained from
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ABSTRACT The separation of empty and water-filled laser ablation and electric arc synthesized

nanotubes is reported. Centrifugation of these large-diameter nanotubes dispersed with sodium

deoxycholate using specific conditions produces isolated bands of empty and water-filled nanotubes

without significant diameter selection. This separation is shown to be consistent across multiple

nanotube populations dispersed from different source soots. Detailed spectroscopic characterization

of the resulting empty and filled fractions reveals that water filling leads to systematic changes to

the optical and vibrational properties. Furthermore, sequential separation of the resolved fractions

using cosurfactants and density gradient ultracentrifugation reveals that water filling strongly

influences the optimal conditions for metallic and semiconducting separation.

KEYWORDS: nanotube . SWCNT . centrifugation . separation . deoxycholate . empty .
water-filled

A
RTIC

LE



FAGAN ET AL. VOL. 5 ’ NO. 5 ’ 3943–3953 ’ 2011

www.acsnano.org

3944

several independent synthesis sources. The separated
populations are demonstrated to have significantly
different optical resonance energies, radial breathing
mode locations, and fluorescence efficiencies, as well
as different optimal conditions for metallic and semi-
conducting separation. As previously noted,25 the
spectroscopic signatures of typically produced sam-
ples are dominated by the water-filled nanotubes,
which are shown to make up the bulk of a mixture
under typical sonication conditions. This implies that
many of the reported optical studies of SWCNT sam-
ples have primarily probed the spectroscopic proper-
ties of water-filled SWCNTs, underscoring the
importance of the method developed here for separa-
tion of the empty, end-capped SWCNTs from mixed
populations.

RESULTS

In the absence of convection in the fluid, the motion
of dispersed SWCNTs under the application of a cen-
tripetal acceleration depends on the size and shape of
the particle, as well as its buoyancy. Controlling the
individual motion of the dispersed particles through
these parameters is the basis for density gradient
ultracentrifugation and rate zonal centrifugal separa-
tions, the difference being in that density gradient
separations imply an exploitation of equilibrium prop-
erties, and rate zonal separations30,31 rely on differ-
ences in transient motion. A vertical rotor32,33 was
chosen for the experiments described here since se-
paration by the buoyant density difference was pri-
marily desired. This type of rotor is particularly useful
for isopycnic separation of nonpelleting materials34

due to the short path length particles must travel to
redistribute within the tube, and the large applicable
acceleration that can be produced. It is also beneficial
in that the ratio of the loading volume ofmaterial to be

separated to the race layer fluid volume can be much
higher in the vertical rotor than in a swinging bucket
geometry. To provide a tunable liquid density distribu-
tion, a common density modifying liquid, iodixanol,
was added to some layers in the centrifuge tube.
The initial goal of these experiments was to improve

the separation of (6,5) nanotubes from a cobalt�
molybdenum�catalyst synthesis method (CoMoCat)
sample, and thus the centrifuge tube was loaded in
three sections, with a dense bottom layer, a large race
layer at a density approximating that of the (6,5)
SWCNTs, and a top layer in which the nanotubes were
introduced. The separationwas then run for 1 h at 6810
rad/s; the acceleration in the liquid under these con-
ditions is equivalent to approximately 400 000 times
standard gravitational acceleration (g = 9.81 m/s2). A
diagram of the setup is included in Figure 1; details are
included in the Methods section. Because the separa-
tion is neither wholly rate dependent nor an equilibri-
um phenomenon due to the sedimentation of the
density gradient medium, SWCNT samples frommulti-
ple synthesis sources were processed with an eye
toward diameter selection in the different populations.
To vary the average diameter of the nanotubes in

the experiment we used nanotube soots generated by
different techniques that yield increasing average
diameters (ÆDæ). In order of average diameter, the
production techniques were as follows: the CoMoCat
method, ÆDæ ≈ 0.8 nm; the high pressure CO conver-
sion (HiPCO) process, ÆDæ ≈ 1.0 nm; laser ablation
synthesis, ÆDæ≈ 1.3 nm; and electric arc (EA) synthesis,
ÆDæ ≈ 1.5 nm. SWCNT samples were acquired from
suppliers including Southwest Nanotechnologies, Car-
bon Nanotechnologies Inc. (CNI), NASA Johnson Space
Center, the National Renewable Energy Lab (NREL),
Rochester Institute of Technology, Carbolex Inc., and
George Washington University (GWU). Photographs of

Figure 1. Schematic of experimental setup and pictures of the resulting distribution of SWCNTs after 1 h of centrifugation
at 6800 rad/s for six sources of nanotubes from four different production methods. The average diameter of the SWCNTs in
the dispersion increases left to right. Consistent band formation was observed after separation for the laser ablation and
electric arc produced SWCNTs. Upper dark bands (fraction 3, F3) contain empty nanotubes of the same chiralities as the
water-filled SWCNTs that separate into the lower band (fraction 5, F5). Different relative amounts of the empty and
water-filled nanotubes are visible from the various source soots. Two separated tubes of the NREL SWCNTs are shown to
demonstrate the tube-to-tube consistency. Note that in all of the tubes shown, a layer of density medium (not visible due
to the holder) separates the bottommost nanotube layer from the bottom of the tube.
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the results of the separation are shown in Figure 1 for
SWCNT dispersions from several production methods.
Separation of the CoMoCat SG65 sample in the

vertical rotor experiment is the most consistent with
previously reported separations using DGU. A single
main band of nanotubes progresses through the solu-
tion with time, with themost buoyant chiralities such as
the (6,5) enriched at the upper clarified interface (data
not shown) due to the lesser buoyancy difference to the
density gradientmedium. Additionally, and in all experi-
ments, a fraction of the parent nanotube dispersion
rapidly sediments to near, but suspended above, the
bottom of the tube. Diameter separation in the upper
band is less pronounced in this experiment using DOC
than for prior work that used sodium cholate (SC) as the
surfactant for reasons beyond the scope of this con-
tribution, but that are well described elsewhere.15

For the larger diameter samples however, instead of a
continuous diameter separation as seen in the CoMoCat
synthesis nanotubes, the separation results in the isola-
tion of two bands within the race layer of the centrifuge
tube. These comprise empty, low density, nanotubes in
the top band (F3 in Figure 1), and water-filled (F5 in
Figure 1), with a greater density, nanotubes in the
bottom band (vide infra). Halting the centrifugation at
shorter/longer times demonstrates that the motion of
the nanotubebands through themedium is progressive
and that bulk convection or other artifacts are not the
source of the banding in the larger diameter samples.
The progressive nature of the separation is demon-
strated in Figure 2, in which photographs show the
separation of laser ablation synthesized nanotubes at
increasing time points.
A comparison of the location of the separated bands

with increasing average nanotube diameter in Figure 1,
shows two notable observations: first, the separation
distance between the F3 and F5 bands increases
with increasing nanotube diameter, and, second, the
lower band progresses further down the liquid column
with increasing nanotube diameter. Both of these

observations are consistent with the changes in the
average density predicted for empty and water-filled
nanotubes with increasing diameter.23

We have also noted that the isolation of the two
distinct bands in the separation is robust and varies only
slightly with temperature (4�20 �C), DOC content (1%
�2% in the race layer), and thebottom layer density (15%
�18% (mass/volume) iodixanol). However, minor
changes to the bottom layer density and/or the total
time can be used to optimize the experiment for separa-
tion of either the empty, or the water-filled, nanotube
band. Optimization is most important for the isolation of
the empty tubes from the water-filled HiPCO source
SWCNTs, due to the small difference in density between
the two populations. The details of the HiPCO separation
and characterization will be expanded upon in a later
communication.
In this contribution, we primarily use fraction F3 and

fraction F5, labeled in Figure 1, from the NREL synthe-
sized laser ablation nanotubes to verify the empty and
water-filled hypothesis and to explore the conse-
quences of the filling on the optical properties of the
nanotubes. The source layers of these fractions are
denoted in Figure 1. The remaining volume of the
separated material from the laser ablation and electric
arc synthesis methods appears to contain fullerenes,
visible as the top brownish layer above the upper
nanotube band, less optically active nanotubes, pre-
sent in the fractions below F5, and a small amount of
non-nanotube material and bundles that comprises
the sediment. F4, which is the fraction collected from in
between the two primary bands, displays optical prop-
erties primarily similar to F3, butwith contamination by
F5 material. The absolute amount of material in F4 is
significantly lower than in either F3 or F5, visible in
Figure 1, and probably contains material due to a
combination of effects such as the finite thickness of
the initial nanotube layer, nanotube�nanotube inter-
actions, and the length dependence of mobility for a
rod. Some shift in the diameter distribution toward
larger diameters is also visible for the fractions below
F5, but is relatively minor. It is also possible that given a
higher position resolution in fractionation, or in situ

measurement of the chirality distribution,5 that small
shifts in the chirality distribution across the collected
bands may be measurable. However attempts at finer
separation of the fractions by collecting and separating
them again has indicated that this is aminor effect that
would not alter the interpretation of the data. That this
effect is small is not surprising, given the small density
differences between the SWCNTs compared to their
difference from the medium, and the significant thick-
ness of the injection band in the experiment. Full
absorbance spectra for all separated fractions are
reported in the Supporting Information.
To allow for a thorough examination of the isolated

bands, the separation was performed aminimum of 16

Figure 2. Sequential photographs of the separation of the
empty and water-filled nanotubes from a laser ablation
source soot in the vertical rotor. Note the progressive
motion of bands through the liquid column, and the distinct
separation of the upper and lower nanotube bands. Minor
changes to the bottom layer density and/or the total time
can be used to optimize the experiment for separation of
either the empty or the water-filled nanotube band.
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times for each of the laser ablation and electric arc
SWCNT sources. For the primary fractions reported in
this paper, roughly 50 centrifuge tubes of the NREL
laser ablation sourcewere spun in the rotor and the like
fractions combined. The repetition generated roughly
25 mL of sample of each fraction, from which the
density gradient medium was removed and the abso-
lute concentration of the SWCNTs was increased using
a forced dialysis cell prior to characterization.
The distinctiveness of the optical properties from the

two bands after mixing the roughly 50 fractions speaks
to the high selectivity and reproducibility of the facile
separation. The absorbance (Figure 3), NIR fluores-
cence (Figure 4), and Raman scattering (Figure 5) of

the separated layers from the laser ablation (NREL)
sample demonstrate that the two distinct bands in the
middle of the tube contain SWCNTs of equivalent
diameters. The details of these characterizations are
addressed in order.
Figure 3 displays absorbance spectra of the sepa-

rated bands collected from the NREL laser ablation and
GWU electric arc synthesized materials. Clear differ-
ences in the peak locations and sharpness of the
absorbance features (for F3 relative to F5) are visible
for the all of the excitonic transitions, despite similar
ranges for the transition energies that roughly repre-
sent the diameter distribution. Distinct sets of peak
features belonging to the two bands occur in all
laser ablation and electric arc synthesized SWCNTs

Figure 3. (A) Absorbance spectra of the two bands (red, F3;
blue, F5) separated from the NREL-produced laser ablation
parent SWCNT dispersion (black, short dashes) in Figure 1.
Absorbance features due to the semiconducting SWCNTs
(S11, 1800�1400 nm; S22, 1100�800 nm; and S33,
550�400 nm) and metallic SWCNTs (M11, 750�550 nm) are
clearly visible in both fractions. (B) Close up of panel A to
demonstrate that the clear interdigitation of the peak
features is observable in all transition band regions,
although the diameter distributions, roughly defined by the
wavelength range of the transitions, are approximately the
same. (C) Absorbance spectra of the two bands (pink, top;
green, lower) separated from theGWUelectric arc produced
parent SWCNT dispersion (black dashes) in Figure 1. (D)
Close up of panel C to demonstrate that the clear inter-
digitation of the peak features is observable in all transition
band regions for the electric arc SWCNTs. Note that the
wavelength range shown is wider in panel D than in panel B
as the optical transitions occur at longer wavelengths.

Figure 4. NIR fluorescence for F3 (top) and F5 (bottom) of
the separated NREL laser ablation SWCNTs. Clear peak
features exist in both fractions. The locations of assigned
peak features measured using SWCNTs dispersed in SDS40

are noted with white dots. In both fractions, peaks corre-
sponding to the same assigned locations for the SDS-
dispersed SWCNTs are visible. There are no expected peaks
missing in the F3 sample. The location of the peaks in F5
however are red-shifted a greater amount in both excitation
and emission wavelength, and of lower intensity, than the
peaks in F3. It is likely that some chiralities present in the
sample are excited by or emit at longer wavelengths than
those experimentally measured; negligible NIR fluores-
cence emission was measured below 1200 nm.
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separated (see Supporting Information), although the
fraction of the initial material that distributes into the
empty and water-filled bands varies with the source
soot and parameters such as the sonication time. An
additional important observation (show in the Sup-
porting Information) is that the absorbance peak fea-
tures in the F3 bands, and separately for the F5 bands,
are locatedat the samewavelengthpositions regardless
of the source soot or the synthesis method (for the
overlapping parts of the diameter distribution).
The data in Figure 3 also indicates that the diameter

distribution is the same or similar in the two bands,
which eliminates the possibility that the band separa-
tion and spectral shifts are due to intraspecies density
differences caused by enantiomer effects, as those
differences are much smaller than the interspecies
differences.5,12 Additionally, the observation that me-
tallic optical transitions demonstrate the same shifts,
despite the presence of achiral metallic species, is
another indicator that enatiomeric effects are not a
significant factor in this separation.
Scaling the spectra pairs from each of the NREL laser

ablation and GWU electric arc samples to an absor-
bance value of one at 770 nm, the absorbance in the
π-plasmon region can be seen to be nearly overlap-
ping in magnitude in the F3 and F5 fractions. Although
both bands have larger scaled peak absorbance than
the parent dispersion due to the removal of impurities
in the centrifugation process, the lower band (F5)
exhibits measurably larger integrated absorbance in
the electronic transitions than F3. This observation that

the peak size increases in the F5 band from the parent
sample is another in a series of results that strongly
imply that the F5 band is not an aggregated state of the
F3 band, and that the measured shifts in transition
energies are instead a function of water filling.
It bears repeating that the shifts in the locations of

the optical transitions for F3 relative to F5 are observed
for all of the transitions visible in Figure 3;S11, S22, S33,
and M11 transitions;which results in the “interdigi-
tated” appearance of the transition envelopes, as
shown in Figure 3b. That the location of the optical
transitions should shift with water filling of the SWCNT
core is not surprising, and is in line with the effect of
water filling reported by Wenseleers et al.24 and
Cambr�e et al.25 Similar to previously demonstrated
effects of the local external dielectric constant and
degree of surface coverage on the SWCNT optical
properties,35�37 modification of the internal dielectric
constant via accessibility of the inner surface is also
expected to change the optical properties. Red-shifted
features in the water-filled SWCNTs, with a higher
internal dielectric constant relative to the empty
SWCNTs is moreover consistent with the previously
reported effects of a higher dielectric constant on the
exterior of the dispersed nanotubes.
Semiconducting SWCNTs exhibit distinct fluores-

cence in the near-infrared (NIR)38,39 that can be used
to assign the presence or absence of a nanotube in a
population, as well as to demonstrate local dielectric
affects on specific SWCNT transition energies with
more precision than the absorbance method. Figure 4

Figure 5. (A) Resonant Raman scattering in the RBM region of F3 and F5 separated from the NREL laser ablation SWCNTs
for excitation wavelengths from 700 to 850 nm. (B) Single line scans of Raman scattering for excitation at noted
wavelengths. In both panels, the RBM modes (peak features) of the two separated fractions have distinctly different shifts,
with the F5 peaks hardened and red-shifted in peak excitation energy. This distinctiveness in the locations of the Raman
shifts is visible for both semiconducting SWCNTs, measured with excitation wavelengths above 750 nm (S22 excitation), and
for the metallic SWCNTs (Figure 5A, M11 excitation). Note, although peaks are highlighted by pink dots, these positions
are marked to highlight lower intensity features and do not represent previously assigned values from the literature.
An empirical set of RBM assignments are noted on the figure (white points).47
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shows the NIR fluorescence maps for the two samples
in Figure 3. Sharp, well-resolved peaks are visible in
fraction 3, corresponding to luminescence features
frombothminor andmajor SWCNT species. In contrast,
the peak features are red-shifted in both excitation and
emission energies and of lower intensity in the F5
band.
An interesting observation is that the F3 sample is

significantly brighter (∼2�) than the F5 sample when
both are diluted to equivalent concentrations as
shown in Figure 3, despite the greater magnitude of
the peak optical transitions measured in the absor-
bance spectra for the F5 sample. Also of note, is that
peaks previously assigned to all of the chiral species
expected to be present in the excitation range40 are
visible in both fractions, although shifted from the
reported peak positions in SDS dispersion due to the
difference in the local dielectric environment. The
presence of all the chiralities is particularly clear in
the F3 sample. Our interpretation is that the data show
that common SWCNT species have different effective
quantum yields in the two fractions due towater filling,
and that the shifted peaks are not indicative of chirality
separation between the two samples. The NIR fluores-
cence quantum yield has previously been shown to be
sensitive to the local external environment surround-
ing the nanotubes.37,41,42 However, in both samples
shown in Figure 4, the bulk environment is nearly
identical, as ensured by thorough diafiltration and
dilution by the same D2O�surfactant solution for the
experiment. We believe that this is instead the first
demonstration of the effect of water filling on the
fluorescence of the SWCNTs. Importantly, the NIR
fluorescence map of the same SWCNT parent sample
dispersed with DOC (Supporting Information) and not
subjected to separation closely approximates, except-
ing overall intensity, the map of the water-filled
SWCNTs (F5) extracted by the separation. This indicates
that the dominant fraction of SWCNTs in a typically
dispersed sample are water-filled. Thus, some of the
variation in previous literature reports for quantum
yields may reflect the effects of uncontrolled solvent
intrusion into the measured nanotubes, in addition to
the effects of defects in different nanotube batches,
and differences in the isolation of the SWCNTs from the
solvent environment by the dispersant molecule.37,43

Additional fluorescence data is reported in the Sup-
porting Information.
Resonant Raman scattering is another technique that

can directly determine the population of chiralities with-
in a nanotube sample and is often used for nanotube
dispersions. In particular, the radial breathing mode
(RBM), a resonant feature that is related to the radial
expansion and contraction of the nanotube, is often
used to assign44�46 the presence or absence of specific
nanotubes in a dispersed population. As wewill demon-
strate, the implications ofwater-filling to the assignment

of species in a population are significant. Wenseleers
et al.24 andCambr�e et al.25 previously demonstrated that
the RBM mode of a nanotube is hardened (requires
more energy) when the nanotubes are water-filled,
primarily for smaller diameter nanotubes. Hardening of
the RBMmodes has also been reported for laser ablation
SWCNTs filled with β-carotene.19 In Figure 5A, the Ra-
man scattering in the RBM region is reported for the
F3 and F5 samples for the excitation range from 695
to 855 nm. Over this excitation window, a portion of
the chiralities in the sample are in resonance with
either their metallic optical transitions, M11, or their
semiconducting, S22, optical transitions for the laser
ablation diameter nanotubes.47 Raman measurements
for individual excitation lines extending beyond the
700�855 nmwindoware shown in Figure 5B. Additional
Ramandata coveringmore singlewavelength excitation
scans, including additional excitation of the M11 and S33
optical transitions, and the evolution of the Raman
spectra with the applied processing, are reported in
the Supporting Information.
The distinct separation of the RBMmodes in the two

populations visible in both the contour plots and line
scans in Figure 4 is striking. For both M11 and S22
excitation there are clear shifts in the RBM location
(∼4 cm�1) and peak excitation wavelength (∼5 nm).
These shifts are large enough that without thorough
characterization, and due to the limited data for RBM
locations in many surfactants,46 the shifted features
could easily lead to mistaken assignments regarding
the presence of different chiralities in the two samples.
With a wide excitation window, and referencing to the
empirical RBM locations fit to sodium dodecylbezene-
sulfonate (SDBS) data,47 it is clear that the primary RBM
peaks in the two fractions are, by elimination of other
possibilities, for the same chirality nanotubes.
A closer look at the effects of the water-filling on the

Raman is shown in Figure 6a and 6b. In Figure 6a, the
excitation cross sections are compared for two of the
identified chirality nanotubes. Plotting the scaled in-
tensity of the Raman scattering at the peak RBM
wavenumber positions, it is clear that the F5 fraction
resonance is red-shifted and broader than the same
species nanotube in the F3 fraction. Collecting values
for the degree of shift measured with the water-filling
for all the measured SWCNTs in Figure 6b, we can
compare to the degree of hardening observed with
water-filling in smaller diameter nanotubes.25 In gen-
eral, the values for hardening measured for the laser
ablation and electric arc synthesized nanotubes in this
contribution are consistent with those reported in the
literature28 and continue a trend of increasing hard-
ening for larger diameter nanotubes.
Additional Raman scattering measurements cover-

ing the D, G, and G0 (Supporting Information) reveal
that for both populations the D/G ratio is <1/75 and
1/100 at 514 nm excitation for F3 and F5, respectively.
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Defects are thus not an apparent contributor to the
difference in measured properties. Using the relation
ωRBM (cm�1) = (227/d (nm))((1 þ 0.05786d2)1/2),48 the
range of observed diameters in the two laser abla-
tion synthesis fractions is approximately 1.1�1.4 nm.
Taken together, the absorbance, fluorescence, and
Raman scattering data indicate that the two bands
contain near-identical populations of chiralities, with
the properties of the populations split by the environ-
mental effect of the condition of the tube interior.
Despite the direct inference from the optical data

that the chirality populations are similar in the two
bands, and that it is water-filling that accounts for the
differences, additional experiments were conducted to
verify the hypothesis and to eliminate alternate me-
chanisms. From a broad perspective, multiple phenom-
ena could be responsible for shifting peak locations in
the optical data. These include bundling of the nano-
tubes, differential adsorption of surfactant on nano-
tubes of different chiral handedness, and populations
with different structures of adsorbed surfactant.

Differences in bundling can be excluded due to
several observations beyond those extrapolated from
the optical data. The first observation, discussed in
more detail below, is that the red-shifted F5 fraction is
the sample that is easily separated into metallic and
semiconducting SWCNT fractions, and that the peak
locations are identical after the separation in the
daughter fractions. It is not tenable thatmixed bundles
of nanotubes would disaggregate, separate, and re-
bundle while exhibiting consistent optical transition
locations. A second observation is that the location of
the optical transitions is invariant in time in the two
fractions, whereas shifts in the positions of the transi-
tionswould be expectedwith dilution or concentration
of samples if a bundling/debundling mechanism was
active in the samples. Lastly the position of the bands
in the density column after separation indicates a
density much lower than that observed for bundled
nanotubes.49

The possibility of chirality or chiral handedness
specific adsorption of the deoxycholate surfactant
onto the nanotubes resulting in a buoyancy difference
was also investigated. To explore this possibility, laser
ablation nanotubes (NREL) were dispersed in surfac-
tants other than DOC including (GT)15 ssDNA, SDBS,
and SC in the same manner as the dispersion in DOC.
Separation in the vertical rotor at the same conditions
was then performed; layers included the test surfactant
and iodixanol. For both the DNA and the SDBS experi-
ments the iodixanol content of the two bottom layers
was however increased to 15% and 20% for the SDBS
and 18% and 20% for the DNA to account for the
higher density of the nanotubes in those dispersions.
Photographs and spectra of these separations are
shown in the Supporting Information (Figure 13S).
In SDBS a set of bands similar to those seen in theDOC

dispersed separationwere obtained after the separation.
Although, the top band had amuch lower concentration
(∼1/11) after separation of the SDBS dispersion, the two
bands for the SWCNTs dispersed in SDBS displayed
optical features with relative shifts (for F3 relative to
F5) similar to those observed for the DOC dispersed
nanotubes. The features in both spectra are blue-shifted
relative to the DOC dispersed separated fractions due to
the different dielectric environment. SC dispersed
SWCNTs were also found to form a similar upper band
to the DOC-dispersed SWCNTs, also with similar optical
feature shifts relative to the lower band, although at a
concentration approximately one-fifth of the DOCupper
band. No band separation was found for DNA-dispersed
nanotubes at the conditions of the DOC�SWCNT se-
paration, or with a greater density medium concentra-
tion, 18% in the race layer. We attribute this to the
greater density of DNA�SWCNTs compared to surfac-
tant wrapped SWCNTs, which caused complete sedi-
mentation to thebottom.However, if theDNA�SWCNTs
were layered on top of race layers containing DOC, the

Figure 6. (A) Comparison of the excitation slices for two
different chirality nanotubes with water-filling; squares are
for data assigned to the (15,2) chirality, circles are for data
assigned to the (16,4) chirality. In both instances, F3 data are
represented by red symbols, and the fits to the data are
represented with solid lines. F5 data are represented by
blue symbols, and the fits to the data are represented by the
dashed curves. For both chirality nanotubes, the excitation
resonance is red-shifted for the water-filled SWCNTs, and
the fwhm values are broader. (B) Comparison of the RBM
frequency shift upon filling with endohedral water as
measured for specific chiralities in this work along with
those values reported by Cambr�e et al.25 The values in this
work extend the plot to include larger diameter nanotubes.
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DNA was exchanged for DOC on the surface of the
nanotube during the experiment, and a small upper
band was again observed. These results directly support
the empty and water-filled SWCNT hypothesis, as it is
unlikely that shifts in the optical transitions due to

selective absorption as a function of chiral angle or chiral
handedness would be a common feature across differ-
ent chiral and achiral surfactants.
Dilution of the DOC dispersed and separated F3 and

F5 fractions into SDBS solutions were used to address
the possibility that the optical shifts are related to
differences in the uniformity of the surfactant packing.
In both cases the locations of the optical transition
features shifted a similar amount with the replacement
of the dispersant. Fluorescence data for the F3 and F5
fractions diluted into SDBS are shown in the Support-
ing Information.
We can also compare the motion of the nanotube

bands through the liquid to each other in a simple
manner assuming that diffusion is negligible com-
pared to the ballistic motion of the nanotubes through
the liquid. In this case, the density difference between
the two bands, (ΔF2�ΔF1), can be estimated from the
experimental separation of the two bands after the
hour run, ∼5 mm, using eq 1,30

separation

¼ (ΔF2 �ΔF1)
r2Gt

6μ

 !
2γ4 þ 0:614γ3 þ 0:544γ2 � 0:136
γ3 þ 0:614γ2 þ 0:638γþ 0:135

 !

(1)

in which r is the radius of the nanotube plus the
surfactant shell, t is the run time, μ is the fluid viscosity,
G is the applied acceleration, and γ is ln(L/r) where L is
the average length of the nanotubes. Using reasonable
and known values, L = 400 nm, μ = 1.7 mPa s, t = 3240 s
(accounts for reduced rotational speed during accel-
eration and deceleration) and G = 3.85 � 106 m/s2 in
eq 1, the density difference is on the order of 50 kg/m3

(r = 3 nm). The literature value based on numerical
simulations23 is approximately 50�60 kg/m3 for laser
ablation diameter nanotubes, depending on whether
the surfactant was allowed to interpolate into the
nanotube. Although the values are consistent, the
resolution of eq 1 is not sufficient to address whether
the nanotubes ingest the surfactant. In the future we
plan to investigate these samples using analytical
ultracentrifugation to generate a more precise experi-
mental value for the density difference.
Lastly, incorporating laser ablation and electric arc

synthesized nanotubes into specific applications will
likely require separation into highly enriched metallic
and semiconducting type populations. The separation
of both the NREL F3 and F5 samples were pursued
using the cosurfactant DGU strategy.4,6 Separation of
the two fractions was found to be substantially differ-
entwhen exposed to the same cosurfactant processing
and separation conditions. A picture of the separation
performed under different conditions is shown in
Figure 7. F5 was found to separate in a facile manner
into metallic and semiconducting fractions,50 whereas
F3 did not cleanly separate, and the band positions

Figure 7. (A) Photographs of a metallic-semiconducting
SWCNT separation using the cosurfactant strategy separa-
tion for NREL F3 and F5. Left to right, the photographs show
the initial liquid layering, and the separated F3 and F5
populations after centrifugation. These pictures were taken
for an iodixanol content of 30% in the layer above the
nanotubes, and the F3 and F5 fractions were separated in
the same centrifugation. The separation of the metallic and
semiconducting SWCNTs in the F5 sample is near-ideal, with
little cross contamination of the semiconducting (thin,
brown band) and the metallic nanotubes (the area high-
lighted by the blue line was collected as a single fraction).
Visibly different, the separation of the F3 sample has a
broad central band comprising a mixed population of
semiconducting and metallic nanotubes. (B) Scaled absor-
bance spectra of the parent F3 and F5 fractions (red and
blue lines, respectively) and of the metallic (dark blue
dashes) and semiconducting (dark blue line) fractions re-
sulting from the separation of the water-filled F5 sample in
the experiment shown in the photographs. The parent
spectra are offset for clarity. The broad central band of the
F3 separation is the dark red dash�dot�dot curve; sub-
stantially less change in the population is observed in the
separation of the F3 parent than is for the separation of the
F5 sample.
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were different, under several conditions. Absorbance
spectra of the collected fractions are shown as
Figure 7B. The cause of this difference is unclear, but
appears to be beyond the direct effect of the difference
in the average buoyancy visible from the DOC only
experiments. Possible explanations could include dis-
similarities in the packing of the cosurfactants on the
nanotube surface due to differences in polarizability, or
the hypothesis that differential ingestion of the cosur-
factants by the nanotubes induces the buoyancy dif-
ferences necessary to separate the metallic and
semiconducting SWCNTs.23 Additional work is planned
on this topic. However, the peak locations and Raman
RBM modes of a commercial metallic separated nano-
tube dispersion,51 exchanged into DOC solution, were
evaluated in addition to the separated bands gener-
ated in this work. These optical features were found to
be identical in location to those of F5 (Supporting
Information).
In conclusion, separation of laser ablation and elec-

tric arc synthesized SWCNTs into distinct populations
of empty and water-filled nanotubes was accom-
plished via a rapid and facile centrifugation-based

separation. The optical properties of these two frac-
tions were then demonstrated to be distinctly affected
by the state of the nanotube interior, with the peak
locations in absorbance and fluorescence displaying
red-shifts with the presence of water in the nanotube
cavity, and a hardening of the Raman RBMmodes. The
presence of water in the nanotube cavity was also
found to facilitate the separation of the nanotubes into
subpopulations ofmetallic and semiconducting SWCNTs.
Selectivity for the empty cavity and water-filled
populations was observed for SC, SDBS, and DOC
dispersed nanotubes, but was most efficient for DOC
dispersions. In DOC dispersion, the average density
difference between the empty and water-filled laser
ablation synthesis nanotubes was estimated as ap-
proximately 50 kg/m3 providing a comparison for
further development of computational experiments.
By improving the understanding of selectivity for
larger diameter nanotubes and isolating potential
causes of experimental variation, we believe that the
separation and study of empty and water-filled
SWCNTs will be an important factor in developing
nanotube applications.

METHODS
Dispersion of SWCNT soots was performed using sonication

with sodium deoxycholate surfactant as previously reported.30

Large aggregates, and most heavy impurities were subsequently
removed through centrifugation for 2 h in a Beckman JA-20 rotor
at 1885 Rad/s, retaining the supernatant. Absorbance spectra for
purified but unsorted SWCNT dispersions show sharp features
demonstrating effective dispersion (see Supporting Information).
Separation at high applied centrifugation was performed in a
Beckman VTi 65.2 rotor at 6806 rad/s (∼4 � 106 m/s2 radial
acceleration) for 1 h; deceleration adds approximately 17 min,
but at rapidly reduced acceleration. A two-step density gradient
was used for the separation, a 1 mL bottom layer of either 15% or
18% (mass/volume) iodixanol (sold as OptiPrep, Aldrich) and 2%
DOC, a 3mLmiddle layer of 9% iodixanol, 1%DOC, and a top layer
(0.9 mL) containing the SWCNT solution in 2% DOC. A 9%middle
layer was initially chosen to closely approximate the average
density,∼1055 kg/m3, measured for (6,5) nanotubes4,31 in cholate
surfactants. Postseparation, samples from multiple tubes/runs
were collected, concentrated using membrane filtration, and
dialyzed to remove all iodixanol prior to optical characterization.
UV�vis�NIR experiments were made in transmission geo-

metry on a PerkinElmer Lambda 950 UV�vis-NIR spectrophot-
ometer over a wavelength range of 2500�185 nm. The incident
light was circularly polarized prior to the sample compartment, and
the spectra were corrected for both dark current and background.
The optical absorption spectra were recorded at 1 nm increments
with an instrument integration time of at least 0.16 s per increment
using a 1 mm path length quartz cuvette. The reference beamwas
left unobstructed, and the subtraction of the appropriate reference
sample was performed during data reduction.
Photoluminescence excitation (PLE) contour maps were

measured with a customized thermo-electron FT960 Raman
spectrometer equipped with a Ge detector operating at 77 K.
The excitation source was a 250 W tungsten-halogen bulb
coupled to a single-grating monochromator, and the excitation
intensity was <1 mW.52 Samples were excited in 1 cm cuvettes
in a front face configuration at an angle of∼60�. All spectrawere
corrected for intensity variations in the lamp spectrum aswell as
for the responses of the system and detector.

The spontaneous Raman backscattered light was collected in
a collinear 180� backscattering configuration with a triple
grating spectrometer (Dilor XY800) and a liquid nitrogen cooled
CCD detector. An Arþ laser (Coherent Innova Sabre with multi-
line visible head) provided the (457.9, 488, and 514.5) nm
excitation; in each case approximately 20 mW of power was
focused to a spot size of approximately 100 μmwithin the liquid
sample volume. The Arþ laser was also used to pump a tunable
wavelength TiSaph laser for wavelengths longer than 690 nm. A
HeNe laser was used to provide the excitation at 632.8 nm.
Cyclohexane was used selectively as a reference standard to
ensure wavenumber accuracy.
Electronic-type separation was performed in a Beckman-

Coulter SW-32 rotor for 19.25h at 3350 rad/s and20 �C. The solution
layers for electronic separationwere as follows (from bottom): 1mL
of 40% (mass per volume) iodixanol, 0.75% sodium dodecylsulfate
(SDS), 0.75% sodium cholate; 2 mL of purified SWCNTs in 32%
iodixanol, 1.125% SDS, 0.5% DOC; 20 mL of 30% mass per volume
iodixanol, 1.125% SDS, and 1.125% SC. The laser SWCNT dispersion
used in the separation was allowed to equilibrate in the mixed-
surfactant environment for at least 4 days prior to separation. After
separation, metallic and semiconducting fractions were collected
and dialyzed repeatedly via forced filtration against a 30 kD
membrane to exchange the SWCNTs into 1% DOC and to
increase the absolute SWCNT concentration. Other condi-
tions, including experiments with the top layer containing
either 28% or 32% displayed similar degrees of separation for
both F3 and F5 fractions, although the exact position of the
layers after separation was lower and higher in the liquid
columns, respectively, in those experiments.
Where reported, in data original to this contribution, the uncer-

tainty is denotedby error bars equivalent to one standard deviation.
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