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Abstract Single-walled carbon nanotubes (SWCNTs) are a
family of structurally related artificial nanomaterials with
unusual properties and many potential applications. Most
SWCNTs can emit spectrally narrow near-IR fluorescence at
wavelengths that are characteristic of their precise diameter
and chiral angle. Near-IR fluorimetry therefore offers a
powerful approach for identifying the structural species
present in SWCNT samples. Such characterization is
increasingly important for nanotube production, study, sepa-
ration, and applications. General-purpose and specialized
instruments suitable for SWCNT fluorimetric analysis are
described, and methods for interpreting fluorimetric data to
deduce the presence and relative abundances of different
SWCNT species are presented. Fluorescence methods are
highly effective for detecting SWCNTs in challenging
samples such as complex environmental or biological speci-
mens because of the methods’ high sensitivity and selectivity
and the near absence of interfering background emission at
near-IR wavelengths. Current limitations and future prospects
for fluorimetric characterization of SWCNTs are discussed.
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Introduction

Single-walled carbon nanotubes (SWCNTs) are a class of
artificial nanomaterials composed of carbon atoms that are
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covalently linked by sp® bonds and organized into extended
tubular structures with long-range crystalline order. These
nanotubes typically have diameters between 0.7 and 2 nm
and lengths ranging from 100 nm to several micrometers
(although they can also be grown to macroscopic lengths of
many millimeters). SWCNTs are the subject of intense
research interest because of their remarkable physical and
chemical properties that suggest the potential for a wide
variety of real-world applications, including several bio-
medical uses. Their networks of strong carbon-carbon
bonds and tubular geometry lead to very high values of
tensile strength and bending stiffness. SWCNTs offer
maximal specific surface areas because all of the atoms
are on the surface, as is also true for graphene. However, in
contrast to graphene flakes, SWCNTs have no dangling
bonds and are chemically stable without passivation.
SWCNT electronic and optical properties are perhaps the
most unusual, as they vary strongly with the nanotube’s
physical construction [1]. Every possible SWCNT structure
may be envisioned as a strip of planar graphene rolled up to
form a seamless cylindrical tube with a particular diameter
and chiral (or wrapping) angle. Each of these discrete
structures can be labeled by a pair of integers, (n,m), that
precisely define its diameter and chiral angle (Fig. 1). As a
consequence of graphene’s unusual 7-electron band struc-
ture and the boundary condition imposed by the cylindrical
nanotube geometry, structures for which the difference n-m
is evenly divisible by 3 have metallic or semimetallic
electronic characters, whereas the others are semiconduct-
ing. Statistically, two thirds of possible SWCNT structures
are semiconducting, and among these the band gap is
approximately inversely proportional to nanotube diameter.
SWCNTs therefore form a class of all-carbon materials with
electronic properties ranging from metallic through medium
band-gap semiconducting. Nanotube optical properties
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Fig. 1 The relation between
single walled carbon nanotube
(SWCNT) structure and gra-

Zigzag

phene sheet roll-up. The roll-up
vector connects position (0,0) to
another labeled (n,m) position in
the sheet [in this case (9,4)] and
becomes the circumference of
the resulting SWCNT. The
nanotube diameter equals the
length of its roll-up vector
divided by 7t. Chiral angles are
measured from the line labeled
zigzag and range from 0° to 30°.
Structures shown with red labels
are metallic or semimetallic;
those with black labels are
semiconducting

naturally reflect the states available to the 7 electrons. The
high aspect ratios of SWCNTs lead to quasi-one-
dimensional electronic motion and pronounced peaks,
resembling molecular orbitals, in the density of electronic
states as a function of energy. Transitions between these
van Hove singularities dominate the optical absorption and
emission spectra.

A typical semiconducting SWCNT with diameter near
1 nm displays a series of well-defined optical absorption
peaks, designated E;;, E,,, Es3, etc. that fall in the near-IR,
visible, and near-UV regions, respectively. In a one-electron
model of electronic structure, these absorptions correspond
to optical excitations from a van Hove singularity in the
valence band to the corresponding singularity in the
conduction band. The precise spectral positions depend on
both SWCNT diameter and chiral angle, with larger-
diameter nanotubes generally absorbing at longer wave-
lengths. An important advance was reported in 2002, when
it was found that SWCNTs also emit fluorescence, or
photoluminescence, at their near-IR E;; transition wave-
lengths [2]. With the subsequent successful assignment of
the E;; and E,, spectral transitions to specific (n,m)
structures [3], optical spectroscopy has emerged as a
promising approach for precise structural characterization
of SWCNTs. Figure 2 shows a map of empirical E;; and
E,, peak positions for a wide range of SWCNTSs in aqueous
suspension with sodium dodecyl sulfate or sodium dode-
cylbenzene sulfonate surfactant. The same data have also
been used to construct an empirical “Kataura plot” of E;
and E,, optical transition energies vs nanotube diameter
[4]. Because Ez3 and higher transitions are spectrally
broader and not as thoroughly studied, they are less often
used for (n,m) analysis.

Sample characterization is an essential task for basic and
applied nanotube researchers. SWCNTs are grown by high-
temperature decomposition of carbon-containing feedstocks

@ Springer

catalyzed by metallic nanoparticles. Even with the best
control of growth process conditions, nanotubes are formed
as a variety of (n,m) structural species. The number of such
species in a given SWCNT batch may range from a few to
several dozen. Because many electronic, optical, chemical,
and mechanical properties of SWCNTs depend on their
structure, it is often important to know the identities and
relative abundances of (n,m) species present in a sample.
Several single-particle microscopic methods can be used to
distinguish among (n,m) structures and determine their
abundances. These include high-resolution scanning tun-
neling microscopy [5, 6] and electron nanodiffraction [7].
However, all of these techniques require expensive equip-
ment, expert operators, and substantial measurement time.
They are therefore impractical for the routine analysis of
bulk samples. By contrast, fluorimetry offers a sensitive
bulk method for assessing (n,m) contents. This paper will
discuss the capabilities, limitations, and future prospects of
fluorimetric analysis for detailed structural characterization
of bulk SWCNT samples.

Instrumentation

The instrumentation appropriate for spectroscopic analysis
of SWCNTs differs from standard absorption and emission
spectrometers only because of the near-IR wavelengths
needed to observe E;; transitions. The required near-IR
spectral coverage varies with the source of SWCNTs to be
analyzed. Two popular processes for chemical vapor
deposition growth of SWCNTs are CoMoCAT, which uses
CO feedstock with supported bimetallic Co-Mo catalyst
particles [8], and HiPco, in which high-pressure CO is
disproportionated on Fe nanoparticles formed in the gas
phase from Fe(CO)s decomposition [9]. Both of these
methods generate relatively small diameter nanotubes that
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Fig. 2 Spectral map showing the peak E;; and E,, wavelengths for a
range of SWCNT (n,m) species in aqueous sodium dodecyl sulfate or
sodium dodecylbenzene sulfonate suspension. Peak positions are
based on experimental data, not theoretical models. Species below
the dashed line, labeled mod 1, give a remainder of 1 when the
quantity n-m is divided by 3; those above the dashed line give a
remainder of 2

have E;; transitions within the 850-1,600-nm range of
standard InGaAs detectors [3, 10]. Nanotubes grown by the
laser oven or arc discharge methods have larger average
diameters and emit at wavelengths out to approximately
2,200 nm [11] , requiring the use of detectors such as
extended-range InGaAs. The drawbacks of longer-
wavelength detection include increased levels of noise,
defective pixels, and response nonlinearities, plus the need
for deeper cooling to suppress dark current.

Conventional general-purpose spectrofluorometers may
be configured with cryogenic near-IR single-channel or
multichannel detectors mounted on scanning monochroma-
tors or spectrographs to measure fluorescence from dis-
persed SWCNT samples. In such instruments, tunable
excitation over the range of E,, transitions is typically
provided by monochromatized visible-wavelength light
from a high-pressure Xe arc lamp. By measuring emission
spectra for a series of excitation wavelengths, one obtains a
two-dimensional map in which each peak can be associated
with a distinct (n,m) species of semiconducting SWCNT
[3]. It is recommended that the near-IR emission data be
supplemented by visible and near-IR absorption spectra to
aid in sample analysis.

The sensitivity and data acquisition speed of general-
purpose spectrofluorometers are limited by their low (often
submilliwatt) excitation powers and inefficient optical
geometries. These problems are overcome in a specialized
instrument custom-designed for SWCNT fluorimetry
(Fig. 3). Here fixed-wavelength diode lasers at selected
wavelengths provide approximately 50 mW of excitation
power that is tightly focused into a sample cell holding

dispersed SWCNTs. Near-IR fluorescence is captured
through a large solid angle centered at 180° to the
excitation direction, and is then dispersed by a high-
aperture transmissive spectrograph and detected by a
thermoelectrically cooled multichannel InGaAs array to
give 4-nm spectral resolution. The higher excitation
power and efficient collection/detection optics provide a
sensitivity enhancement of nearly 4 orders of magnitude
compared with a general-purpose spectrofluorometer. Full-
scale emission spectra (with signal-to-noise ratios
approaching 10,000) can be acquired from well-dispersed
SWCNT samples in as little as 25 ms. This high sensitivity
allows near-IR fluorimetry to be used as a kinetic
spectroscopy for studying structure-dependent chemical or
physical transformations of SWCNTs. When a flowing
sample cell is installed, the fast acquisition times also
permit real-time monitoring of the composition of eluent
streams (e.g., in chromatographs used for sample purifica-
tion and sorting). Another benefit of a laser-based SWCNT
fluorometer is the very small size of the focused excitation
beam in the sample. This permits the use of minimal sample
volumes of approximately 50 pL, or even less with
specialized cells. Moreover, one can exploit the small beam
size to measure spatially resolved fluorescence spectra of
stratified layers inside undisturbed centrifuge tubes used to
structurally sort SWCNTs by density-gradient ultracentri-
fugation. Finally, the optical design of the specialized
SWCNT fluorometer also allows simple and near-
simultaneous measurement of a sample’s absorption spec-
trum. The combination of fluorescence and absorption data
can be quite useful for studying SWCNT reactions and for
incisive sample characterization (see below).

Methodology

Sample preparation is an important step in SWCNT
fluorimetric analysis. Nanotubes have a strong tendency
to aggregate into tight bundles bound by van der Waals
forces. Electronic interactions within such bundles cause
fluorescence quenching, so before fluorescence measure-
ments are made it is necessary to disaggregate raw
samples to obtain dispersions of individually suspended
nanotubes, typically by ultrasonic agitation in aqueous
surfactant solution [2]. In some surfactants, such as
sodium dodecyl sulfate, it is also important to adjust the
sample pH to an alkaline value to avoid acid quenching of
SWCNT fluorescence [12, 13]. A convenient sample
concentration is typically of order 1 mg of SWCNTSs per
liter or approximately 1 ppm by mass.

Once a properly dispersed sample has been prepared,
its near-IR emission spectrum is measured as a function
of excitation wavelength. When a general-purpose spec-
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Fig. 3 Optical diagram of a
specialized SWCNT fluorimeter.
With the tungsten lamp blocked,
the sample (in liquid dispersion)
is excited sequentially by diode
lasers at three different wave-
lengths, and the corresponding
near-IR emission is collected at
180°, dispersed in a high- Diode Laser 1
throughput spectrograph, and 1 :I .
detected by a cooled InGaAs
multichannel array. To measure
the sample’s absorption spectrum, .
the lasefs are turnl;:pd off, fhe Diode Laser
tungsten lamp is unblocked, and 2

the same detection system records
the spectrum of near-IR light
transmitted through the SWCNT Diode Laser
sample. The result is compared 3

with the transmission through a
blank sample to obtain the
absorption spectrum

Tungsten

lamp sample

trofluorometer is used, excitation should be scanned over
a range wide enough to cover the E,, peaks of all
SWCNT species present in the sample. Keeping in mind
that the E;/E,, wavelength ratios vary from approximately
1.3 to 2.1 [3], one can estimate this range from the sample’s
near-IR absorption spectrum and/or prior knowledge of its
source and history. Each major peak in the resulting
excitation-emission contour plot can be associated with a
specific (n,m) species with the aid of tables of SWCNT
spectral assignments [4]. Because peak positions shift
slightly with changes in nanotube environment [14-16], it
is advisable to use a standard surfactant for which tabulated
precise spectral data are available. In addition to the
primary peaks, which correspond to the tabulated
spectral values, the contour plot will also show weaker
peaks with the same emission wavelength but different
excitation wavelengths. These are attributed to vibrational or
excitonic sideband transitions of the (n,m) species that gives
that primary peak [17-19]. By identifying all of the primary
peaks in a sample’s spectrum, one can straightforwardly
compile a list of the semiconducting (n,m) species present in
that sample.

Going beyond this qualitative analysis to find the
quantitative distribution of (n,m) abundances is more
involved. First, the raw emission intensities must be
corrected for the instrument’s wavelength-dependent ex-
citation intensity and detection sensitivity. Then the results
should be transformed from the wavelength units custom-
arily used in data collection into optical frequency (cm ).
Each primary (n,m) peak is spectrally integrated along the
emission coordinate at its peak excitation value. This
gives a set of relative fluorimetric signal strengths for the
semiconducting (n,m) species. Converting these signal

@ Springer

Near-IR Spectrograph
and Detector

T

" Fluorescence 3

T T T

Fluorescence 1

d
\ "
YW WA | | A

o

R )

Fluorescence 2~ Absorbance

strengths into relative abundances requires some knowl-
edge or assumptions about the (n,m) dependence of
fluorimetric efficiencies (more technically, photolumines-
cence action cross sections). These photophysical parameters,
which are the product of E,, peak absorption cross
sections and fluorescence quantum yields, can vary
systematically with SWCNT structure. Because there is
little empirical knowledge of such efficiency variations, it
has been customary to assume that they are equal,
implying an (n,m) abundance distribution proportional to
the fluorimetric signal strengths. Recently, however,
values of photoluminescence action cross sections have
been measured and reported for a significant number of
(n,m) species, revealing variations exceeding a factor of 3
[20]. Ongoing research will provide a much larger set of
these values in the near future. That result will finally
allow relative abundances to be properly deduced from
measured fluorimetric spectra, making SWCNT spectro-
fluorimetry the only bulk analysis method capable of
measuring (n,m) distributions.

Although it might appear that the analysis described
above requires the use of a general-purpose spectrofluo-
rometer with continuously tunable excitation, equivalent
information can also be obtained from specialized, laser-
based SWCNT fluorometers. Such instruments generally
excite the sample using three discrete excitation wave-
lengths. If the resonance windows for exciting specific
(n,m) species were spectrally narrow, then this approach
would fail to induce detectable fluorescence from most
nanotubes in a typical sample. However, fluorescence from
approximately 20 distinct (n,m) species can readily be
detected using a single excitation wavelength (Fig. 4). This
is true even for samples containing relatively small
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Fig. 4 Near-IR emission spectrum of a typical SWCNT sample as
measured with a single excitation wavelength in approximately 50 ms
using the instrument sketched in Fig. 3. The measured spectrum is
simulated as a superposition of underlying fluorescence components
from individual (n,m) species, which are shown as the black curves

diameter nanotubes with widely separated E,, peaks. The
surprisingly large effective resonance widths in SWCNT
fluorimetry arise from the long Lorentzian tails of the
principal E,, peaks, plus many weaker spectral features
from E,, vibronic sidebands, E{; vibronic sidebands, higher
excitonic bands associated with E,,, and underlying
continuum-like transitions. When emission is sensitively
detected by a specialized SWCNT fluorometer, these
relatively minor spectral absorptions lead to clear emission
signatures of (n,m) species excited far from their principal
E,, peaks. As a result, three properly chosen fixed
excitation wavelengths have been found sufficient to allow
detection of all semiconducting SWCNTs within a wide
structural range.

Moreover, it is also possible to reconstruct the two-
dimensional excitation-emission contour plot from the three
emission spectra. This data analysis process requires prior
knowledge of E;; and E,, spectral parameters for the set of
semiconducting (n,m) species that may be present in the
sample. Parameters include the positions, widths, and
shapes of the principal E;; and E,, peaks; the positions
and relative amplitudes of secondary spectral features; and
the wavelengths and relative powers of the excitation lasers.
Once these values have been determined or estimated, they
are used to generate simulated near-IR emission spectra and
the concentrations of all (n,m) species are treated as
variable parameters and adjusted to simultaneously fit the
three measured spectra. The high signal-to-noise ratio of the
data exposes small deviations between experimental and
simulated spectra during the fitting process, allowing
sensitive optimization of some estimated spectral parame-
ters in addition to the (n,m) concentrations. In this

reconstruction of the two-dimensional contour plot from
three one-dimensional slices, the relative optical excitation
efficiency of an (n,m) species is computed from the spectral
position of the excitation laser relative to the nanotube’s E,,
peak and its secondary absorption features. This procedure
quantitatively accounts for the lower emission intensities
from species that are excited off-resonance. With proper
fitting, the set of (n,m) concentrations deduced using a
small number of spectral slices (Fig. 5) agrees well with
the results from a two-dimensional scan. The simple
relation between SWCNT diameter and (n,m) indices,
d(nm) = 0.0794v/n? + nm + m?, makes it straightforward
to construct a sample’s diameter histogram once the
relative (n,m) abundances are known (Fig. 6).
Comparison of fluorescence and absorption spectra
provides another important method for characterizing
SWCNT samples. Here the goal is not to deduce the (n,m)
distribution, but instead to estimate the extent to which a
sample contains individualized, pristine SWCNTs rather
than aggregated, damaged, or multiwalled carbon nano-
tubes (MWCNTs), giant fullerenes, amorphous carbon,
residual catalyst, or other impurities. The principle is that
all of these undesired materials, as well as the “good”
SWCNTs, absorb light, but only the individualized and
undamaged SWCNTs emit near-IR fluorescence. The
overall quantum yield of emission will therefore be greatest
for the purest and best dispersed samples, and will be
lowered by the presence of impurities or aggregates. To
measure an “emissive index” value proportional to the
quantum yield, one first spectrally integrates a sample’s
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Fig. 5 Graphene sheet plot of the relative (n,m) abundances deduced
by analysis of emission spectra measured using three discrete
excitation wavelengths in the apparatus sketched in Fig. 3. The
abundance of a given (n,m) species is proportional to the width of the
colored hexagon surrounding its label
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Fig. 6 Diameter histogram computed for a SWCNT sample, as based
on (n,m) abundances deduced using the instrument sketched in Fig. 3

near-IR fluorescence spectrum. Then the integrated emis-
sion is divided by the sample’s absorbance at the
fluorescence excitation wavelength to obtain the sample’s
emissive index. If fluorescence is acquired using a general-
purpose spectrofluorometer, a separate spectrophotometer
will typically be needed to the measure sample’s absor-
bance. However, the design of the specialized SWCNT
fluorometer allows nearly concurrent measurement of both
emission and absorption spectra in the same instrument, so
a sample’s emissive index can be determined and displayed
within seconds under automatic software control. Note that
emissive index values may vary from instrument to
instrument because of differences in absolute fluorescence
detection sensitivity, and they will also depend on the
choice of excitation wavelength, surfactant, and general
type of SWCNT sample that is being analyzed. The
emissive index is therefore most useful within one
laboratory for comparing samples of the same type that
differ in preparation protocol or chemical processing.
Because quenching of near-IR fluorescence is the earliest
symptom of SWCNT bundling, one can sensitively detect
even very minor aggregation in an unstable dispersion as an
emissive index that declines steadily with time.

Near-IR fluorimetry provides the most effective ap-
proach for detecting nanotubes in complex environmental
and biological specimens. Such specimens are often rich in
carbon-containing compounds and biopolymers that can
mask the presence of trace amounts of SWCNTs. Even
expensive and labor-intensive microscopic methods such as
high-resolution transmission electron microscopy can fail to
distinguish nanotubes from nanoscale background objects.
Among optical analysis methods, absorption spectroscopy
has very low sensitivity and selectivity, but resonance
Raman spectroscopy can successfully detect and image
SWCNT accumulations in biological environments [21].
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SWCNT fluorimetric detection offers several advantages
over any other method. First, the emission is at near-IR
wavelengths, for which both absorption and scattering by
tissues are significantly lower than for visible light. Second,
the E;; SWCNT emission can be efficiently induced by red
light excitation of E,, transitions. The difference between
excitation and emission wavelengths is therefore very large
compared with the Stokes shifts of organic fluorophores,
allowing convenient optical filtering and efficient detection.
Third, SWCNTs display remarkably high photostability
(resistance to bleaching and absence of blinking) under
intense irradiation conditions [22, 23]. This property plus a
short excited state lifetime allow a single illuminated
SWCNT to undergo many rapid cycles of excitation and
emission, giving a bright optical signal despite an emissive
quantum yield no higher than a few percent. Finally and
perhaps most importantly, the E;; emission range of
approximately 850 to 1,600 nm is nearly free of
autofluorescent background emission in most biological
specimens. As a result of these factors, near-IR fluores-
cence is the most sensitive and selective method for
microscopic or bulk detection of SWCNTs in complex
environments [24, 25]. With use of a custom-built near-IR
fluorescence microscope [20], it has been possible to
detect, image, and structurally identify even individual
SWCNTs in biological tissue specimens (Fig. 8) [26].

Capabilities and limitations

Full characterization of SWCNT samples is a complex,
multifaceted task that requires a range of complementary
measurements [27]. These might include thermogravimetric
analysis for determination of catalyst and amorphous
carbon content, high-resolution transmission electron mi-
croscopy imaging to check for non-SWCNT impurities,
atomic force microscopy to assess length distributions, and
Raman measurements of relative D and G band intensities
to monitor covalent functionalization of nanotube sidewalls.
Near-IR fluorimetry cannot replace these other character-
ization tools, but it does provide valuable additional
information about the specific SWCNT diameters and
chiral angles represented in the sample. Moreover, the
measured fluorimetric signal strengths may also be con-
verted into a quantitative (n,m) abundance distribution, now
that structure-specific photoluminescence action cross
sections are being measured and reported for use as
calibration factors. This capability is unique to near-IR
fluorimetry, as no other bulk analysis method can quanti-
tatively deduce (n,m) abundances. For nearly a decade,
Raman spectroscopy has been widely used to identify
metallic and semiconducting SWCNT species from their
diameter-dependent radial breathing mode frequencies [28].
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Fig. 7 Optical diagram of a
near-IR fluorescence micro-
scope designed for SWCNT
studies. Samples are excited
from above using fixed-

L&

excitation lasers

inverted microscope

|_polarization control, focusing

wavelength diode lasers or a
tunable dye laser. Emission is
collected by the objective lens
and imaged by a near-IR camera
with a two-dimensional array of
InGaAs pixels. Alternatively,
emission light from a small
region of the sample can be
directed onto the slit of a
near-IR spectrograph, where its
spectrum is captured by a
one-dimensional InGaAs array

However, these signals are observed only for nanotube
species with electronic transitions falling within a rather
narrow resonance window defined by the Raman excitation
laser. A full qualitative analysis therefore requires so many
Raman laser wavelengths as to be impractical for any
normally equipped laboratory. It is even more challenging
to deduce quantitative (n,m) abundance distributions from
Raman data because structure-dependent scattering cross
sections are not known.

The most obvious limitation of fluorimetric analysis is that
it cannot detect metallic SWCNTs, which comprise roughly
one third of the nanotubes in many samples. This prevents
fluorimetric determination of the semiconducting-to-metallic
ratio, an important property of interest for applications in
electronics and conducting films. However, for the purpose of
finding the distribution of physical structures in SWCNT
samples, the invisibility of metallic species in fluorimetry may
not be problematic. The reason is the likelihood that the same
distributions of diameter and chiral angle describe both
metallic and semiconducting SWCNTs from a single growth

Fig. 8 Example of sensitive
SWCNT detection in a biological
sample. The left frame shows a
nearh-IR emission image of dis-
sected brain tissue from a
Drosophila larva that had
ingested SWCNTs in its food
supply. Emission spectra of the
two marked bright spots are
displayed in the right frame. It is
clear that each spot corresponds
to an individual SWCNT [iden-
tified from spectra as (8,3) and
(7,5) species] in the brain tissue.
The data were acquired using the
instrument sketched in Fig. 7

near-IR imager
InGaAs 2-D array
(82,000 pixels)

| sample

near-IR spectrograph
with InGaAs 1-D array

batch. Under this assumption, one can transfer the fluori-
metrically determined structure distributions to deduce rela-
tive (n,m) abundances of metallic SWCNTs.

Another restriction involves the need for disaggregated
and chemically pristine SWCNTs. Raw, as-produced
nanotube samples do not show near-IR fluorescence
because of bundling, and must be individualized by
techniques such as ultrasonic agitation in surfactant
solutions prior to fluorimetric analysis. Although this
processing is not difficult, there is some possibility that
the (n,m) distribution in the resulting suspension may not
match the original sample distribution because of structure-
dependent behaviors during processing. It will be necessary
to explore this possibility by performing careful fluorimet-
ric assays with a controlled range of processing protocols.
Finally, there are several classes of carbon nanotubes that
are unsuitable for fluorimetric analysis. SWCNTs that have
undergone covalent sidewall functionalization will generally
not show near-IR fluorescence because optically generated
excitons are highly mobile and can be quenched

Local fluorescence spectrum
2000 T T T T T T

Emission intensity (arb. units)
L

L L L 1 1
1000 1100 1200 1300 1400 1500 160C

Wavelength (nm)

i
800
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efficiently even by a low density of functionalized sites
[29]. MWCNTs also show no detectable emission,
presumably because of two factors: (1) their larger
diameters shift the emission wavelengths deeper into
the IR and reduce emissive quantum yields; and (2)
nearly all MWCNTSs contain at least one tube of metallic
character that will accept energy and quench emission
from other concentric shells in the MWCNT. Finally,
there is currently no consensus as to whether the inner
shells of double-walled carbon nanotubes emit near-IR
fluorescence. A recent detailed study concludes that
double-walled samples free of single-walled impurities
show no such emission [30].

Future prospects

Fluorimetric analysis of SWCNTs should become more
widely used and effective in the future because of several
factors. First, steady advances in the controlled growth,
purification, and structural sorting of SWCNTs demand
improved characterization methods capable of (n,m)-level
resolution. These are needed for tuning reactor conditions,
checking product composition consistency, guiding the
development of sorting techniques, and confirming the
purity of sorted samples. Near-IR fluorimetric analysis is
well suited to these tasks because it can be performed
quickly by nonspecialists using modest instrumentation.

Enhanced effectiveness is expected in the future for the
efficient laser-based SWCNT fluorometers that acquire a
small number of emission spectra with fixed excitation
wavelengths. Ongoing research studies are leading to
improved understanding of nanotube spectroscopy that will
enable refined modeling and fitting of emission spectra,
allowing more accurate extraction of the individual (n,m)
signal strengths. This process will also be improved by the
identification and development of improved SWCNT
surfactants that give sharper emission spectra and thereby
reduce ambiguities from overlapping spectral features.
Another boost to the value of fluorimetric analysis is the
emerging knowledge of (n,m)-specific fluorimetric efficiency
factors. These photophysical parameters allow the simple
conversion of experimental fluorescence signal strengths into
quantitative (n,m) abundance distributions. There is currently
no other practical method for finding such abundance
distributions.

Finally, near-IR fluorimetric methods should prove
increasingly valuable in environmental and biomedical
research studies involving carbon nanotubes. Trace
amounts of SWCNTs in complex samples can be imaged
in situ by near-IR fluorescence microscopy. Alternatively,
they can be selectively detected and quantified by bulk
near-IR fluorimetry of homogenized specimens or extracts
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prepared from them. As (n,m)-sorted SWCNT samples
become increasingly available through techniques such as
density-gradient ultracentrifugation [31], biomedical studies
can be performed using nanotubes that are monodisperse in
their optical properties. This will permit the use of very
narrow spectral windows for excitation and emission,
providing still higher levels of detection selectivity and
sensitivity.
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