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ABSTRACT

The reported fluorescence from inner shells of double-walled carbon nanotubes (DWCNTS) is an intriguing and potentially useful property. A
combination of bulk and single-molecule methods was used to study the spectroscopy, chemical quenching, mechanical rigidity, abundance,
density, and TEM images of the near-IR emitters in DWCNT samples. DWCNT inner shell fluorescence is found to be weaker than SWCNT
fluorescence by a factor of at least 10 000. Observable near-IR emission from DWCNT samples is attributed to SWCNT impurities.

Double-walled carbon nanotubes (DWCNTSs) are unusual
artificial nanomaterials that are structurally intermediate
between single-walled and multiwalled nanotubes (SWCNTs
and MWCNTs).! In these structures, two SWCNTs are
concentrically nested with typical interwall separations of
approximately 0.37 &= 0.04 nm.'~* DWCNTs can be prepared
directly in nanotube growth reactors,> or indirectly by
thermal annealing of SWCNTs that have been internally
loaded with fullerene molecules to form “peapods”.? DWCNT
samples produced by either production method contain some
residual SWCNTs that are typically removed through thermal
oxidation and acid treatment to achieve purity levels above
90%.%7 Even when such purification treatments do not totally
eliminate SWCNT impurities, they are expected to quench
effectively the characteristic near-IR fluorescence of residual
SWCNTs,? because minimal sidewall chemical derivatization
(~1 per 10 000 C atoms) can significantly suppress SWCNT
fluorescence.”!” Several groups have reported that aqueous
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suspensions of chemically purified DWCNT samples show
considerable near-IR emission at wavelengths consistent with
fluorescence from DWCNT inner shells.”!! !5 High-resolu-
tion transmission electron microscopy (HRTEM) further
confirmed a match between the diameter distributions of the
inner shells of those DWCNTs and diameters of emitting
nanotube species deduced from spectral analysis.”!' These
experiments along with additional observations have led
several investigators to conclude that inner shells of double-
walled nanotubes fluoresce intensely in the near-IR.7!'~17
By contrast, a study of DWCNTS synthesized through peapod
annealing found severe quenching of inner shell fluores-
cence.'® It was suggested that this quenching results from
stronger intershell electronic coupling related to slightly
smaller interwall spacings (<0.346 nm) in peapod-derived
samples.'® A recent study of CVD-grown DWCNTs purified
by density gradient centrifugation found apparent inner shell
fluorescence that was susceptible to acid quenching and
approximately 6 times weaker than SWCNT fluorescence."’
It was accordingly assigned to SWCNT impurities. DWCNT
inner shell emission thus remains controversial.

In view of the well-known fluorescence quenching in
nanotube bundles, which have intertube spacings of ~0.32
nm,?"?> and measurements showing efficient exoergic energy
transfer from smaller to larger diameter SWCNTSs separated
by more than 1 nm,?’ one would expect inner shell emission
to be severely quenched in all DWCNTSs. Until fluorescence
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from samples of catalytically produced DWCNTs is unam-
biguously traced to inner shells, one should consider the
possibility that the emission may come from fluorescent
SWCNT impurities remaining after chemical purification. As
such purification is typically performed on dry nanotube
samples containing large aggregates,”''~'*!3 one can imagine
that residual SWCNTs inside aggregates might be shielded
from chemical damage and then act as emissive impurities
after being released during subsequent dispersion.

In an attempt to clarify the nature of DWCNT inner tube
fluorescence, we prepared samples of purified CVD-grown
DWCNTs. We then performed a set of bulk and single-
particle measurements designed to reveal whether the emis-
sion was intrinsic to the DWCNTS in the sample, or instead
arose from SWCNT impurities. We measured the single-
emitter brightness, spectra, abundance, mechanical stiffness,
chemical quenchability, and buoyant densities of emitting
species in the samples. Our results clearly indicate that
residual SWCNTs are the source of observable near-IR
fluorescence commonly attributed to inner shells of
DWCNTs.

DWCNTs were synthesized at Duke University by carbon
monoxide chemical vapor deposition (CO—CVD) using a
binary Co/Mo catalyst supported on MgO powder. The
nanotube product was oxidized at 525 °C in Ar containing
20% air for 1 h and then refluxed in 3 N HCI solution to
remove residual SWNCTs and obtain initial DWCNT purities
estimated at ~95% from TEM imaging (see Supporting
Information). As a SWCNT reference, we used raw nano-
tubes grown by the HiPco process (Rice University batch
162.8).

Suspensions were prepared by placing ~0.1—1.0 mg of
solid nanotube material in 2 mL of aqueous 2% sodium
deoxycholate (NaDOC) solution and sonicating the mixture
for 2 h with a tip sonicator (Misonix XL-2000) at 8 W input
power. During sonication, the sample temperature was
stabilized with an external ice bath. Dispersions were mildly
centrifuged for 30 min at 10000 x g to remove large
nanotube bundles. This centrifugation step was omitted for
density gradient separation experiments. To prepare samples
containing higher abundances of long (>3 um) individual
CNTs, we used milder dispersion conditions in which several
micrograms of CNTs in 2 mL of aqueous surfactant solution
were exposed either to 30 min of bath sonication (Fisher
Scientific FS 14) or to intense but brief tip sonication (input
power of ~ 5 — 7 W for 5 s).2»** Our methodology and
apparatus for capturing images and spectra of freely moving
or immobilized individual nanotubes have been presented
in prior publications.!®?*?* The procedure for measuring
intrinsic fluorescence action cross sections of SWCNTSs (the
products of absorption cross-section o and fluorescence
quantum yield @), has also been previously described.?*

We investigated the susceptibility of DWCNT sample
fluorescence to chemical derivatization by exposing sus-
pended nanotubes to solutions of aryl diazonium salts known
to react with nanotube sidewalls.”> The 4-bromobenzene-
diazonium tetrafluoroborate reactant (Fisher Scientific) was
used without further purification to prepare an aqueous 1
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mg/mL solution. Near-IR fluorescence micrographs of in-
dividual nanotubes immobilized in agarose gel were then
recorded while ~10 uL of this diazonium salt solution was
deposited at the open edge of the sample slide and allowed
to diffuse through the gel. We studied fluorescence quenching
in bulk samples by adding 5 uL aliquots of the 4-bromoben-
zenediazonium tetrafluoroborate solution to 1 mL of nanotube
suspension in a model NS1 NanoSpectralyzer (Applied
NanoFluorescence, LLC).

Persistence lengths of individual long nanotubes present
in weakly sonicated DWCNT suspensions were deduced
from their bending amplitudes, as observed in near-IR
fluorescence videomicroscopy using 659 nm laser excitation
(0.2 to 1 kW/cm? intensity), 90x magnification, and a 50
ms frame acquisition time. The (n,m) identities of individual
emissive nanotubes were deduced from their emission
spectra.?® As described in detail elsewhere,?”?® the bending
analysis began with finding each nanotube’s backbone shape
from near-IR images through a custom procedure based on
an intensity-weighted center of mass method. The shape was
then decomposed into Fourier modes according to the method
of Gittes et al.?? using the relation 0(s) = (2/L)"*Y.7-oa, cos
((nms)/L). Here O(s) is the angle tangent to the nanotube at
contour position s, L is the total nanotube length, n is the
mode number, and a,, is the mode amplitude. The amplitude
of each mode was extracted by inverse Fourier transformation
of this equation. At thermal equilibrium, the nanotube
bending stiffness, y, is found from the following inverse
proportionality to variance of bending mode amplitude: y =
(ks THa2))(L*/(nm)?). Here kg is the Boltzmann constant, T
is the ambient temperature, and angular brackets denote an
ensemble average.

Fractionation of DWCNT samples was performed using
an iodine-based density gradient medium (OptiPrep, a 60
wt % iodixanol/water mixture). Density gradients were
formed in a 14 mm diameter ultracentrifuge tube by layering
715 uL volumes of premixed iodixanol/2% aqueous NaDOC
solutions having iodixanol contents ranging from 7.5 to 35%
in 2.5% steps. The tube was then held at an angle of ~10
degrees from horizontal for 1 h to allow diffusional formation
of a linear density gradient. Undiluted OptiPrep was added
to the DWCNT sample to raise its density to 1.173 g/cm?
(32.5% iodixanol content). Then 1.5 mL of this sample
solution was injected into the section of the centrifuge tube
of similar density. The remaining volume in the tube was
filled with a 2% NaDOC aqueous solution to within ~3 mm
from the top. Samples were centrifuged for 16 h at 288 000
x g on a Sorvall Discovery 100 SE centrifuge equipped with
a Beckman SW41-Ti rotor. After centrifugation, the sample
was separated into ~280 uL fractions using a Biocomp 152
piston gradient fractionator.

We prepared samples for TEM analysis by mixing the
suspended DWCNTs with ethanol using bath sonication,
dropping the resulting solution onto a Cu grid coated with a
lacey carbon film, and air-drying the sample. HRTEM
imaging was performed using a Hitachi HF2000 microscope
operating at an accelerating voltage of 200 kV.
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Following conventional ultrasonic dispersion and centrifu-
gation in aqueous surfactants, the DWCNT samples showed
weak but clear near-IR fluorescence in the 950—1200 nm
region characteristic of small diameter SWCNTs.%2¢ Photo-
luminescence maps revealed diameter distributions consistent
with the inner shell diameters measured for the samples by
high resolution transmission electron microscopy (HRTEM)
(see Supporting Information). Careful examination showed
that the emission peak positions were red shifted from those
of pristine SWCNTSs by ~1 to 4 nm, consistent with earlier
observations.'!"'>!” Because the optical resonances of SWCNTs
are somewhat sensitive to environment and chemical his-
tory,*733 it was unclear whether this shifted emission arose
from DWCNT inner shells inside the special dielectric
environment of their outer shells,'"'>!7 or instead from
residual SWCNTs spectrally perturbed by sample process-
ing.33 To investigate this point, we compared emission spectra
of pristine SWCNTSs and SWCNTs that had been subjected
to a milder form of the same purification procedures used
for the DWCNT samples. We found that purification-
processed SWCNTSs showed similar emission red shifts of
1—5 nm relative to those of pristine SWCNTSs (see Support-
ing Information). We therefore infer that the small red shifts
in E;; fluorescence from chemically purified DWCNT
samples do not provide secure evidence of inner shell
emission.

If a DWCNT inner shell is electronically perturbed by the
adjacent outer shell, it should show a different emissive
quantum yield than a SWCNT of the same structure. Changes
in spectral line width, reflecting environmental effects on
exciton dynamics,*** should also be evident when comparing
DWCNT inner shells to equivalent SWCNTSs. Measurements
of fluorescence emission efficiencies and line widths may
thus be useful in distinguishing SWCNT from DWCNT
emitters. We first prepared SWCNT and DWCNT dispersions
that were matched in surfactant, preparation method, and
absorbance. As illustrated in Figure la, the DWCNT bulk
suspensions showed near-IR emission that was significantly
weaker, by a factor of ~5 in the case shown. However, it is
difficult to draw definitive conclusions from comparative
measurements on bulk samples because of possible differ-
ences in (n,m) distributions, unknown (n,m)-dependent molar
absorptivities, overlapping absorption features, and uncertain
contents of bundles and impurities.

A much more direct approach is to use near-IR fluores-
cence microscopy to measure the relative emissive brightness
of individual nanotubes in the samples. Figure 1b shows
typical near-IR fluorescence images of these suspensions
recorded under identical experimental conditions and dis-
played on the same intensity scale.?® It appears that the
DWCNT sample contains a low concentration of emitters
that are individually similar in brightness to those in the
SWCNT sample. Quantifying the brightness of an individual
nanotube requires care, however, because emission intensity
will depend not only on quantum yield, but also on the
nanotube length, its orientation relative to the excitation beam
polarization, its (n,m) identity, and the difference between
its By, absorption peak and the excitation wavelength.?* To
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Figure 1. Optical properties of individual near-IR emitters in
SWCNT and DWCNT suspensions. (a) Comparative absorption and
emission spectra of SWCNT and DWCNT samples suspended in
2% NaDOC/H,0. The two samples were adjusted for similar
absorbance values. (b) Near-IR fluorescence images of these
suspensions, recorded under the same experimental conditions
(excitation wavelength 659 nm, excitation intensity ~800 W/cm?,
frame acquisition time 50 ms) and displayed on the same false-
color intensity scale.

control for these variables, we restricted observations to
nanotubes that had optically resolvable lengths (greater than
2 um) and could be identified from their emission spectra
as (8,3), (7,5), or (7,6). These species have E,, peaks close
to our 659 nm excitation wavelength. Figure 2a displays
overlaid normalized emission spectra from individual (7,5)
emitters in DWCNT and SWCNT samples, and the inset
shows the near-IR fluorescence images of those nanotubes
on a matched intensity scale. The two nanotubes are nearly
identical in spectrum and emissive brightness per unit length.
Figure 2b displays measured (7,5) line widths (full-width at
half-maximum) and peak wavelengths for 8§ SWCNTSs and
12 emitters from a DWCNT sample. The data reveal no
systematic differences between the samples in line widths,
peak wavelengths, or their correlations. Using calibrated
conditions for excitation and detection, we also measured
their spectrally integrated emission signals per unit length.
Figure 2c shows these fluorescence action cross sections for
14 SWCNTs and 16 emitters from the DWCNT sample. Note
that the experimental values represent the product of
fluorescence quantum yield and absorption cross-section per
carbon atom at 659 nm (not at the Ey, peak, as in our previous
report?). Although the measured fluorescence action cross
sections vary systematically with (n,m) species, no significant
differences are seen between emitters from SWCNT and
DWCNT samples. We thus find that individual fluorescent
nanotubes of the same (n,m) species show equivalent
emission peak wavelengths, emission line widths, and
emissive brightness whether observed in SWCNT or in
DWCNT samples.

Another approach to distinguishing SWCNT from
DWCNT emission is to monitor fluorescence quenching
caused by sidewall covalent functionalization. We have
previously shown that exposure to diazonium salts causes
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Figure 2. Spectral properties of individual near-IR emitters in SWCNT and DWCNT suspensions. (a) Examples of emission spectra and
Lorentzian fits for “long” individual (7,5) nanotubes found in weakly sonicated SWCNT and DWCNT suspensions. Their fluorescence
images are shown in the inset on the same false-color intensity scale. (b) Spectral linewidths (as full widths at half-maximum) of (7,5)
nanotubes vs peak emission wavelength for 8 individual SWCNTs and 12 individual emitters in a DWCNT sample. (c) Fluorescence action
cross sections vs emission wavelength for 14 SWCNTs and 16 individual emitters in a DWCNT sample. Clusters of data points are labeled

with their (n,m) identities.

individual SWCNTs observed in near-IR fluorescence
microscopy to display irreversible stepwise decreases in
emission intensity reflecting single-molecule reactions with
the nanotube.!” It is expected that emission from a
DWCNT inner shell would be far more resistant to such
chemical quenching because the outer shell would protect
against chemical attack. Indeed, there are indications that
inner wall electronic structure remains intact while optical
resonances of DWCNT outer shells are destroyed by
covalent functionalization or electrochemical doping.!3!*
To ensure that the observed nanotubes were directly exposed
to the functionalization reactant rather than trapped in the
interior of nanotube bundles, we performed measurements
only on well-dispersed samples.

We first monitored near-IR fluorescence from bulk DWCNT
dispersions after adding aliquots of a diazonium salt solution
known to functionalize carbon nanotubes.* Figure 3a shows
emission spectra before and after two such additions.
Fluorescence quenching was rapid and nearly complete for
the more reactive large band gap species, as was observed
in samples of SWCNTs.” We also studied this process by
preparing immobilized DWCNT dispersions in agarose gels
and then monitoring individual emitting centers using near-
IR fluorescence microscopy. Each emissive object showed
irreversible diazonium quenching. Figure 3b plots the emis-
sion intensity from two different segments of a long emissive
nanotube in a DWCNT sample as a function of time after
exposure to the diazonium solution. Emission from the
DWCNT sample was quenched in locally stepwise patterns,
and approximately 7 to 13 single-molecule reaction events
were needed to quench 90% of the fluorescence from a 1
um segment. These step sizes closely match those found
earlier for SWCNTs,!? implying that the exciton quenching
efficiency of individual derivatization sites was not smaller
for DWCNT emitters than for SWCNTs. We also observed
that fluorescence from the DWCNT suspensions was readily
quenched by exposure to acid or potassium permanganate
(see Supporting Information). These results show that the
chemical quenching behavior of DWCNT emitters is quali-
tatively and quantitatively similar to that of SWCNTSs and
indicate that the emitting centers in DWCNT and SWCNT
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Figure 3. Fluorescence quenching of emitting species in a DWCNT
sample by covalent functionalization. (a) Fluorescence spectra of
a 1 mL DWCNT suspension after addition of 5 uL portions of
bromobenzenediazonium salt solution. The initial spectrum has been
scaled down by a factor of 10 for clarity. (b) Stepwise fluorescence
quenching observed by plotting intensities from different segments
of an immobilized individual long emitter in a DWCNT sample as
a function of time after exposure to bromobenzenediazonium salt
solution. The inset shows locations of the segments whose emission
intensities are plotted in the main frame.

samples have comparable exposure to the surrounding
medium.

Another property that can be probed by near-IR fluores-
cence microscopy is the mechanical stiffness of emissive long
nanotubes. In aqueous suspension, individual SWCNTSs with
lengths greater than 3 um show noticeable bending induced
by Brownian forces.?”?* Mechanically, SWCNTSs can be
modeled as inextensible elastic beams with in-plane bending
stiffness y = EI, where E is the elastic modulus and / is the
area moment of inertia about the tube axis. The ratio of
bending stiffness to thermal energy gives a characteristic
persistence length L, = y/kgT.* L, represents the length scale
over which a nanotube shows significant curvature induced
by thermal fluctuations. In a rcent experimental study of
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Figure 4. Persistence lengths of individual emissive nanotubes in
DWCNT and SWCNT samples. (a) Near-IR fluorescence images
of “long” emissive nanotubes in a DWCNT suspension reveal
noticeable bending. (b) Persistence lengths measured for individual
emissive nanotubes in samples of SWCNTs (open circles, from
ref 28) and DWCNTs (solid circles), plotted vs spectroscopically
deduced diameter, d. The lower solid line represents the d°
dependence found for SWCNTs; the upper line shows values
predicted for DWCNTSs with corresponding inner shell diameters.

SWCNTs in aqueous surfactant suspension, we have found
persistence lengths between 30 and 100 um for SWCNTs
with diameters between 0.77 and 1.15 nm and confirmed
the theoretical expectation that L, varies as the cube of
nanotube diameter.”® Because the bending stiffness of a
bundle of elastic rods is the sum of its components’ y values,
the persistence length of a DWCNT (LEW) can be estimated
by adding its inner and outer shell persistence lengths.
DWCNT outer shells have diameters at least ~0.66 nm
greater than the inner shell. This implies that the persistence
lengths of DWCNTSs with inner shell diameters of 0.7—1.2
nm should exceed those of SWCNTs with the same diameters
by factors of approximately 5—9. Thus, bending measure-
ments on long emissive nanotubes in DWCNT suspensions
should clearly reveal whether the emitters have single- or
double-walled structures.

We captured near-IR fluorescence spectra and image
sequences of 17 randomly selected long nanotubes from
DWCNT samples in aqueous suspension. Three of these
images are displayed in Figure 4a. The solid symbols in
Figure 4b show measured persistence lengths of the 17
DWCNT emitters as a function of spectroscopically deduced
diameter. Also plotted on this graph (as open symbols) are
L, measurements of nanotubes in a SWCNT sample and two
smooth curves representing the d° dependence of the
SWCNT data and the much higher L, values predicted for
DWCNTs. The persistence lengths found for the emitters in
the DWCNT sample are in excellent agreement with those
of SWCNTs and fall far below the values expected for
DWCNTs.

Our final approach to identifying the source of near-IR
emission from DWCNT samples was purification by density
gradient ultracentrifugation. This is a bulk method that can
sort SWCNTs based on the structure dependence of their
buoyant densities in surfactant suspensions.*® Calculations
and a recent experimental report show that density gradient
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ultracentrifugation can be effective in separating SWCNTs
from DWCNTSs.!* We performed density gradient ultracen-
trifugation on a stock DWCNT suspension and then collected
fractions at various depths corresponding to different densi-
ties. Figure 5a shows a photo of the centrifuged sample along
with a scale identifying the fraction numbers. We analyzed
fractions 1—16 by absorption spectroscopy, fluorescence
spectroscopy, and HRTEM. The topmost fractions 1—4
(corresponding to densities of 1.046, 1.049, 1.053, and 1.057
g/cm?, see Supporting Information) had distinct pink, green,
and yellow colors. They showed sharp spectral absorption
and emission peaks characteristic of SWCNTs with diameters
in the range of 0.7—1.0 nm (Figure 5b). These first four
fractions accounted for more than 95% of the sample’s total
near-IR emission. Absorption profiles of fractions 5 to 8
(corresponding to densities of 1.061, 1.066, 1.071, and 1.074
g/cm?) showed broad peaks near 750 and 1100 nm that
shifted to longer wavelengths as the fraction number
increased. Because the HRTEM results described below
revealed an absence of DWCNTs in these fractions, the
features are assigned to E,; transitions of metallic SWCNTs
and Ej, transitions of semiconducting SWCNTSs with sig-
nificantly larger diameters (e.g., ~1.75 nm for fraction 7).
Some near-IR fluorescence was detectable from each of these
collected fractions. In Figure 5d, we plot the emission
intensity at 966 nm (a distinct and intense spectral feature
of (8,3) nanotubes) and the fractions’ absorption at 966 nm
as a function of depth in the centrifuged sample tube. The
fluorescence signal peaks strongly at fraction 2 (in a low
density region near 27 mm) whereas the absorption reaches
a peak near fraction 9 in a higher density region. This
indicates that the (8,3) emitting species are physically
separable from the major absorbers in the sample. As can
be deduced from the spectra in Figure 5b, qualitatively
similar results were found for other small diameter (rn,m)
species.

The tail seen in the fluorescence profile suggests cross
contamination between fractions, possibly arising from
mixing of layers during collection. We therefore repeated
the density gradient centrifugation procedure on combined
fractions 7—10 (filled circles in Figure 5d), which had very
strong absorption and weak emission. Figure 5c shows a
photo of this recentrifuged sample. Fluorescence and absorp-
tion data were then measured on recentrifuged fractions to
give the results plotted in Figure 5e. It can be seen that the
residual emissive component in these fractions became
separated more completely from the strongly absorbing
component, with ~80% of the emission arising from the top
6 fractions. From the data we estimate that the fluorescence/
absorption ratio for combined fractions 7 to 10 in Figure 5a
is at least a factor of 10 000 lower than for fraction 2. These
results suggest that the early, emissive fractions of lower
density contain SWCNT impurities from the original DWCNT
sample, whereas the later, nonemissive fractions of higher
density contain the pure DWCNTs.

To check this interpretation, we analyzed the compositions
of density gradient fractions using HRTEM. Figure 6 shows
representative images from the multiple frames that were

Nano Lett.,, Vol. 9, No. 9, 2009



Downloaded by RICE UNIV on October 1, 2009 | http://pubs.acs.org
Publication Date (Web): August 4, 2009 | doi: 10.1021/nI901550r

1
3 o9 I ' ' - 2
3 0 3
: 06} ' o :
: 5 :
8 03y - = &
0] € 3 3
1i- 8 . 73 1
12 [o} T ' —3 0.15 @, 12
13 N o
14 o] 3
& % 1010 5
®
16 1 005 g
< ;
g5k, . . VWV}pe . . 0.00 4
500 750 10001250 1000 1150 1300 A\ -
- Wavelength (nm) \ J
d 5 el
- ' > g 0. - - :
c 0.04 0.8 X
c 10} ea —v— Fluor| 4 5 & = o —— Fluor. 5
© --0-- Abs. | © © \ --O-- Abs. o
© ‘ s 8003 Q 106 o
© 103 @ \ =
S 05} o ® 5002 5 104 ®
g ,/ o (T) 'Q_).-
@ w’ 105 2 ©
O 0.01 102 &
5 5 5 S
— = - 3
K 00L© | : : . 0.0 3 2 0.00 . . . . 400 3
20 30 40 50 60 20 30 40 50 60

Layer depth (mm)

Layer depth (mm)

Figure 5. Spectroscopic analysis of density gradient fractionated DWCNT samples. (a) Image of the DWCNT suspension after density
gradient centrifugation, showing numbering of the collected fractions. (b) Absorption and fluorescence spectra (excited at 660 nm) of
fractions 1—8 collected from the tube shown in panel a. (c) Image of a sample containing fractions 7—10 from the first separation after a
second step of density gradient centrifugation. (d) Absorbance (circles) and relative emission intensity (triangles), measured at 966 nm, of
fractions from the first separation step. (e) Absorbance (circles) and relative emission intensity (triangles), measured at 966 nm, of fractions
collected from the tube shown in panel c after second step processing of fractions 7—10 (marked as solid circles in (d)) from the first

separation step.

recorded and analyzed for each fraction. In fractions 1—4
we found only SWCNTs, with typical diameters progres-
sively increasing from approximately 0.7 nm in fraction 1
to 1.0 nm in fraction 4. These findings are consistent with
the spectrofluorimetric data in Figure 5b. Fractions 5—7
showed SWCNTs with larger diameters ranging from
1.0—1.6 nm. DWCNTSs were not detected in these first seven
fractions, but were observed as a small proportion of the
nanotubes in fraction 8. The DWCNTs seen in HRTEM
images of fractions 8 and 9 have outer and inner shell
diameters of ~1.35 & 0.1 and 0.6 & 0.1 nm, respectively.
However, significant emission at wavelengths corresponding

Nano Lett,, Vol. 9, No. 9, 2009

to such inner shell diameters was detected only from fractions
earlier than these. We found that DWCNT abundance and
DWCNT diameters increase further in the later, higher
density fractions. These later fractions also contain some
SWCNTs with very large diameters. Similar HRTEM and
spectral results from density gradient fractionation of a
smaller diameter DWCNT sample (outer diameters 1.5—2.0
nm) are presented in Supporting Information. HRTEM
analysis thus confirmed that density gradient centrifugation
of DWCNT samples separates small diameter residual
SWCNTs from DWCNTs with comparable inner-tube di-
ameters. Our combined spectrometric and HRTEM measure-
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Figure 6. HRTEM images of density gradient fractionated DWCNT
samples. The number in the upper right-hand corner of each frame
indicates the fraction number as collected from the tube shown in
Figure 5a. Fractions 1—7 show exclusively SWCNTSs; fractions
10—14 show predominantly DWCNTs.

ments on purified fractions provide evidence that the quantum
yield of near-IR emission from DWCNT inner shells is at
least 10 000 times lower than for SWCNTSs of comparable
diameter. We note that Green and Hersam recently reported
a milder suppression of fluorescence from DWCNT suspen-
sions purified by density gradient treatment and similarly
deduced that the emission of their DWCNT samples came
from SWCNT impurities rather than from DWCNT inner
shells."?

In summary, we have applied a set of complementary
experimental methods to clarify the source of near-IR
fluorescence from samples of directly grown DWCNTs.
Several previous reports have attributed this emission to
DWCNT inner shells. Our fluorimetry of bulk DWCNT
samples shows emission that is weaker than but spectrally
very similar to emission from similarly processed SWCNTs.
Measurements on individual nanotubes reveal that the
DWCNT sample contains a low relative concentration of
emitters that individually match SWCNTs in spectral posi-
tion, spectral width, and absolute fluorimetric brightness per
carbon atom. We find that near-IR fluorescence from
DWCNT bulk samples is quickly and efficiently quenched
by addition of a reactant that chemically derivatizes nanotube
side walls. In this process, individual emitters from the
DWCNT sample show stepwise fluorescence quenching from
single-molecule reactions that is qualitatively and quantita-
tively similar to quenching found previously for SWCNTs.
All of these findings are consistent with near-IR emission
from SWCNT impurities rather than from DWCNT inner
shells.

This interpretation is supported by measurements of
thermally induced bending amplitudes in long emissive
nanotubes in DWNCT suspensions. Each observed nanotube
has a stiffness value characteristic of a SWCNT but far lower
than expected for a double-walled structure. Finally, spec-
troscopic and HRTEM analysis of DWCNT samples pro-
cessed by density gradient centrifugation shows that fractions
with emissive SWCNT impurities can be separated from
nearly nonemissive fractions containing DWCNTs. These
data allow us to estimate that the fluorescence quantum yield
of DWCNT inner shells in our samples is at least 4 orders
of magnitude below that of SWCNTs of the same diameter.
We found very similar results using samples independently
prepared and purified (to >95% DWCNT content) by the
M. Endo group.!?
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Our findings contradict previous reports of inner shell
emission from DWCNTs,”!'"17 including some studies on
samples purified by procedures expected to suppress fluo-
rescence of any SWCNT impurities. It may be that residual
SWCNTs trapped within nanotube bundles can evade chemi-
cal reaction during such processing and then be freed as the
sample is dispersed into surfactant solution. Alternatively,
it seems conceivable that a small fraction of inner shells may
be exposed or released from DWCNTSs during extensive
chemical and physical treatment. Whatever the origin of the
emissive SWCNT impurities, our study finds that they are
the source of near-IR fluorescence previously attributed to
DWCNT inner shells.
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