
Do Inner Shells of Double-Walled
Carbon Nanotubes Fluoresce?
Dmitri A. Tsyboulski,†,¶ Ye Hou,‡,¶ Nikta Fakhri,§ Saunab Ghosh,† Ru Zhang,⊥
Sergei M. Bachilo,† Matteo Pasquali,†,§ Liwei Chen,*,# Jie Liu,*,‡

and R. Bruce Weisman*,†

Department of Chemistry and R.E. Smalley Institute for Nanoscale Science and
Technology, Rice UniVersity, 6100 Main Street, Houston, Texas 77005, Department of
Chemistry, Duke UniVersity, Durham, North Carolina, 27708, Department of Chemical
and Biomolecular Engineering and Center for Biological and EnVironmental
Nanotechnology, Rice UniVersity, Houston, Texas 77005, and Department of Physics
and Astronomy, Department of Chemistry and Biochemistry, Ohio UniVersity,
Athens, Ohio 45701

Received May 14, 2009; Revised Manuscript Received July 8, 2009

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 (DWCNTs) are unusual
artificial nanomaterials that are structurally intermediate
between single-walled and multiwalled nanotubes (SWCNTs
and MWCNTs).1 In these structures, two SWCNTs are
concentrically nested with typical interwall separations of
approximately 0.37 ( 0.04 nm.1-4 DWCNTs can be prepared
directly in nanotube growth reactors,3,5 or indirectly by
thermal annealing of SWCNTs that have been internally
loaded with fullerene molecules to form “peapods”.2 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%.6,7 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,8 because minimal sidewall chemical derivatization
(∼1 per 10 000 C atoms) can significantly suppress SWCNT
fluorescence.9,10 Several groups have reported that aqueous

suspensions of chemically purified DWCNT samples show
considerable near-IR emission at wavelengths consistent with
fluorescence from DWCNT inner shells.7,11-15 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.7,11 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.7,11-17

By contrast, a study of DWCNTs synthesized through peapod
annealing found severe quenching of inner shell fluores-
cence.18 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.18 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.19

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,21,22 and measurements showing efficient exoergic energy
transfer from smaller to larger diameter SWCNTs separated
by more than 1 nm,20 one would expect inner shell emission
to be severely quenched in all DWCNTs. 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,7,11-13,15 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 HCl 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 10 000 × 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 µm) 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).23,24 Our methodology and
apparatus for capturing images and spectra of freely moving
or immobilized individual nanotubes have been presented
in prior publications.10,23,24 The procedure for measuring
intrinsic fluorescence action cross sections of SWCNTs (the
products of absorption cross-section σ and fluorescence
quantum yield ΦFL), has also been previously described.24

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.25 The 4-bromobenzene-
diazonium tetrafluoroborate reactant (Fisher Scientific) was
used without further purification to prepare an aqueous 1

mg/mL solution. Near-IR fluorescence micrographs of in-
dividual nanotubes immobilized in agarose gel were then
recorded while ∼10 µL 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 µL 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/cm2 intensity), 90× magnification, and a 50
ms frame acquisition time. The (n,m) identities of individual
emissive nanotubes were deduced from their emission
spectra.26 As described in detail elsewhere,27,28 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.29 using the relation θ(s) ) (2/L)1/2·∑n)0

∞ an cos
((nπs)/L). Here θ(s) is the angle tangent to the nanotube at
contour position s, L is the total nanotube length, n is the
mode number, and an 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, �, is found from the following inverse
proportionality to variance of bending mode amplitude: � )
(kBT/〈an

2〉)·(L2/(nπ)2). Here kB 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 µL 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/cm3

(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
× g on a Sorvall Discovery 100 SE centrifuge equipped with
a Beckman SW41-Ti rotor. After centrifugation, the sample
was separated into ∼280 µL 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.

B Nano Lett., Vol. xx, No. x, XXXX
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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.8,26 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 SWCNTs by ∼1 to 4 nm, consistent with earlier
observations.11,15,17 Because the optical resonances of SWCNTs
are somewhat sensitive to environment and chemical his-
tory,30-33 it was unclear whether this shifted emission arose
from DWCNT inner shells inside the special dielectric
environment of their outer shells,11,15,17 or instead from
residual SWCNTs spectrally perturbed by sample process-
ing.33 To investigate this point, we compared emission spectra
of pristine SWCNTs 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 SWCNTs showed similar emission red shifts of
1-5 nm relative to those of pristine SWCNTs (see Support-
ing Information). We therefore infer that the small red shifts
in E11 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,34,35 should also be evident when comparing
DWCNT inner shells to equivalent SWCNTs. 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 1a, 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.23 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 E22 absorption peak and the excitation wavelength.24 To

control for these variables, we restricted observations to
nanotubes that had optically resolvable lengths (greater than
2 µm) and could be identified from their emission spectra
as (8,3), (7,5), or (7,6). These species have E22 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 SWCNTs 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 E22 peak, as in our previous
report24). 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

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/H2O. 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/cm2,
frame acquisition time 50 ms) and displayed on the same false-
color intensity scale.

Nano Lett., Vol. xx, No. x, XXXX C
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