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Abstract: A methodology that takes into account the (n,m) structure of single-walled carbon nanotubes
(SWNTs), through an exciton-exciton resonance model and an electron-phonon interaction model, was
employed in order to evaluate the semiconducting (n,m) abundance of two SWNT samples (i.e., Co-
MCM-41 and HiPco). This was based on photoluminescence and near-infrared absorption data obtained
on aqueous suspensions of individually dispersed SWNTs. In the absence of known (n,m) abundance
SWNT samples, we resorted to determining the diameter distribution curves for both samples, which were
found to obey an unsymmetrical log-normal distribution, typical for vapor-phase particle growth. Using this
log-normal function, we reconstructed the near-infrared E S

11 absorption spectrum of the narrow diameter
distribution Co-MCM-41 SWNT sample, which in turn enabled us to assess the predictions of these two
theoretical models. High spectral reconstruction accuracy was obtained from the electron-phonon interaction
model when considering (11,0) and (10,0) zigzag nanotubes, along with (n,m) line widths inversely
proportional to their extinction coefficients.

Introduction

Single-walled carbon nanotubes (SWNTs), identified by their
chiral indices (n,m) or equivalently their diameter (dt) and chiral
angle (θ), are widely recognized as potential building blocks
for future nanoscale electronics.1 At present, the ability to
characterize (n,m) SWNT abundance in a given sample is
hindered due to the unavailability of some of the “basic”
properties of these materials, such as extinction coefficients and
quantum yields for each (n,m) SWNT. Recent studies indicate
that these parameters are strongly dependent on not only
nanotube diameter and chirality but also modality (i.e., mod-
(n-m,3)).2,3 While photoluminescence (PL)4,5 and tunable-laser
excitation resonance Raman spectroscopy (RRS) on debundled
and individually isolated SWNTs have enabled the combined
assignment of the majority of (n,m) SWNTs,6-9 precise deter-
mination of their relative abundance remains elusive. Such

debundling and individual solubilization of SWNTs was realized
using a variety of surfactants, such as sodium dodecyl sulfate
(SDS),4 sodium dodecylbenzene sulfonate (SDBS),10 and DNA.11

No profound diameter or chiral angle selectivity was reported
for surfactants SDBS and DNA, while enhanced sample stability
and higher SWNT concentrations can be obtained with the latter
surfactant.12

Among these two characterization techniques, PL spectros-
copy provides a quick and easy identification for the majority
of semiconducting (sem-) (n,m) SWNTs.5,13-15 Corresponding
measurements on similar samples using the more laborious
tunable-laser RRS technique indicated that, along with the
different metallic (met-) (n,m) SWNTs, a number of additional
semiconducting SWNTs were present, mostly low-chiral-angle
zigzag (n,0) nanotubes.6,8,16Recent theoretical studies indicate
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that nanotubes with smallerθ possess weaker PL intensities
than do nanotubes with higherθ, among other differences
according to modality, family (i.e., 2n+m) const), and diameter
that further complicate (n,m) abundance evaluation.2,3 At present,
there is a considerable controversy over whether the extremely
weak PL intensities of zigzag nanotubes originate from their
lower quantum yield or low abundance values due to their
unstable cap structures (especially for smalldt nanotubes), both
of which adversely affect their growth.3

Most recently, two theoretical models (based on exciton-
exciton resonance model2 and single-particle tight-binding (TB)
theory,3 hereafter referred to as the “electron-phonon interaction
model”) have surfaced that provide analytical predictions about
the relative PL quantum efficiency and absorption extinction
coefficients of various (n,m) SWNTs. Similarly, the electron-
phonon interaction model has been utilized to develop a
correlation between resonance Raman radial breathing mode
(RBM) cross sections andES

22 PL excitation intensities, toward
abundance evaluation for given (n,m) SWNTs.17,18 In addition,
transmission electron microscopy (TEM) has been utilized to
correlate nanotube diameter distribution with PL intensities.19

The lack, however, of well-defined samples containing known
amounts of given (n,m) SWNTs hinders our ability to verify
the validity of these and future models and furthermore utilize
them in evaluating (n,m) abundances of unknown samples.

In this work, we employ PL spectroscopy to investigate two
chemical vapor deposition (CVD) samples synthesized using
carbon monoxide disproportionation. The first sample is the
widely used HiPco nanotubes with broad diameter (dt) distribu-
tion that displays 36 differentsem-(n,m) SWNTs in its PL
spectra. The second sample was synthesized from cobalt-
infiltrated MCM-41 mesoporous catalyst (Co-MCM-41) SWNT
and displays a narrow diameter distribution with 13sem-(n,m)
SWNTs in its PL spectra. Using the aforementioned two
theoretical models along with the experimentally obtained
relative PL intensities, an “apparent” (n,m) abundance was
extracted for the two samples that enabled us to determine that
their diameter distributions obey a log-normal function. Using
such a log-normal distribution function, we then reconstructed
theES

11 absorption manifold of the narrowlydt-distributed Co-
MCM-41 SWNT sample and compared the predictions of these
two models against the highly resolved, experimentally obtained
near-infrared absorption spectrum. This enables us to (1)
spectroscopically pinpoint the presence of zigzag nanotubes that
are not observed in PL measurements and (2) develop a rational
methodology to assist the convergence of both theoretical
models and experimental sample preparation toward the accurate
determination of semiconducting (n,m) SWNT abundance.

Experimental Section

Chemicals. Single-stranded DNA (GT)20, purified by standard
desalting, was purchased from Alpha DNA Inc. Deuterium oxide (D2O,
99.9 atom % D) was purchased from Acros Organics. Sodium

dodecylbenzene sulfonate (SDBS, purity>99.0%) was purchased from
Aldrich Chemical Co. All chemicals were used as received, unless
otherwise stated.

Preparation of SWNT Samples. Co-MCM-41 SWNTs were
synthesized from cobalt-incorporated MCM-41 catalyst templated with
C12 alkyl chains as published elsewhere.20 After their synthesis, the
Co-MCM-41 SWNT sample was purified in NaOH, followed by HCl,
and then followed by filtration and washing with deionized water. High-
pressure monoxide (HiPco) SWNTs were grown and purified using an
established method.21

Preparation of Aqueous, Individually Isolated SWNT Suspen-
sions. Suspensions of individually isolated SWNTs were prepared using
single-stranded DNA (GT)20 for Co-MCM-41, while HiPco SWNTs
were suspended using SDBS in D2O, according to Zheng et al.12 and
O’Connell et al.,4 respectively. The D2O/surfactant/SWNT mixture was
then sonicated using a cup-horn ultrasonicator (Cole-Palmer) for 10
min. After ultrasonication, the suspension was centrifuged for 2-4 h
at ca. 80000g to remove the catalyst particles and big bundles.

Characterization Methods. Fluorescence spectroscopy measure-
ments were conducted on a Jobin-Yvon Spex Fluorolog 3-211 spec-
trofluorometer equipped with a PMT near-infrared (NIR) detector. The
intensities were corrected for instrumental variations in excitation
intensity and detection sensitivity. The room-temperature UV-vis-
NIR absorption spectra were obtained on a Perkin-Elmer Lambda-900
UV-NIR spectrometer.

Result and Disscussion

Figure 1a illustrates a two-dimensional PL excitation map
for the aqueous dispersion of Co-MCM-41 SWNT/DNA with
excitation scanned from 300 to 930 nm and emission collected
from 800 to 1550 nm. The excitation photons create excitons
in the appropriateES

ii (index i refers toith sub-band and “S”
denotes semiconducting SWNTs), which then relax to the lowest
sub-band (ES

11) to recombine and emit light.5 The resonance
behavior of both excitation and emission events results in the
spikes in Figure 1a, which correspond to the transition pair from
individual (n,m) SWNTs.5 The spectral peak positions from
Figure 1a are plotted in Figure 1b, where the size of dots is
proportional to their PL intensities. The unassigned dots above
those assigned to (7,5) and (6,5) in Figure 1b are the sidebands
of exciton-phonon bound states,22 respectively, which will be
studied in more detail in future publications. The region between
1.65 and 2.48 eV (or 750 and 500 nm) excitation energies
corresponds to the pair ofES

22 absorption andES
11 emission.

This absorption/emission pair is flanked by two dashed-line
rectangles containing, at the top, theES

33/ES
11and ES

44/ES
11

pairs and, at the bottom, theES
11/ES

11 pair.5 The (n,m)
assignment of each peak was obtained following the methodol-
ogy of Bachilo et al.5 The geometrical patterns for the (2n+m)
) constant families of 17, 19, 20, 22, and 23 are clearly shown
with the numbers in squares. These families are clustered into
groups of different modality (i.e., mod(n-m,3) ) 1 for the
(2n+m) families of 17, 20, and 23, while the 19 and 22 families
belong to mod(n-m,3) ) 2) that are placed to the left and right
of the blue dashed line, respectively. (n,m) SWNTs that have
pair transitions to the left of the blue dashed line (mod1) exhibit
ES

22/ES
11 ratios larger than the slope of the line (ca. 1.73), while

those to the right (mod2) have a ratio smaller than 1.73. In the
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case of the Co-MCM-41 SWNTs of Figure 1, the (7,5) SWNT,
which is a mod2 nanotube, shows the highest PL intensity. For
the HiPco SWNT samples (Table S1, Supporting Information),
the dominant PL peaks appear to originate from the (7,5), (7,6),
(8,3), (8,4) (8,6), (8,7), and (10,3) SWNTs.

Figure 2 illustrates the chirality map for both SWNT samples,
along with their respective diameters (dt ) (a/π)(n2 + m2 +
nm)1/2) in nanometers. The Co-MCM-41 sample contains 13
different semiconducting (n,m) SWNT species, shown with
green hexagons. The HiPco sample contains 36 semiconducting
SWNTs, enclosed by a solid red line. This map indicates that
the Co-MCM-41 SWNTs possess a quite sharp (n,m) distribu-
tion. This control is attributed to size stabilization of the Co
catalyst within the MCM-41 framework, leading to a narrow
diameter distribution of the resulting SWNTs.20

A tempting assumption would be to linearly correlate theES
22

excitation intensity with the concentration of (n,m) SWNTs. In
the following discussion, correcting the experimentally observed
PL intensities will be demonstrated using both the aforemen-
tioned exciton-exciton resonance model2 and the electron-
phonon interaction model.3 Figure S1 and S2, as well as Table
S2, in the Supporting Information present the calculated values
for both PL (I cal

PL(n,m)) and absorption (I cal
abs(n,m)) intensities as

a function of diameter, modality, and (2n+m) family pattern.2,3

While both models predict that the PL intensities (and corre-
sponding absorbencies) are strongly dependent on their (2n+m)
families and modalities, considerable deviations in the calculated
results are observed. This signifies the importance of correlating
the experimentally observed PL intensities (I exp

PL (n,m)) with
those derived theoretically (I cal

PL(n,m)) in order to accurately
determine the (n,m) abundance in a given nanotube sample. With
this in mind, it is imperative to recognize the differences between
these two models, which could ultimately enable us to pinpoint
both strengths and weaknesses. In particular, significant intensity
variations in these two models are observed with (a) chirality,
(b) modality for low-chiral-angle nanotubes, and (c) overall
intensity decrease from small to large diameters, as shown in
Figure S1 in the Supporting Information.

The abundance,A(n,m), of a particular (n,m) SWNT can then
be calculated from the following equation,

whereC is a normalization factor andI exp
PL (n,m) andI cal

PL(n,m)are
the experimentally obtained and calculated PL intensities of the
corresponding (n,m) SWNTs, respectively, when in resonance
(i.e., when the energy of the excitation light matches theES

22).
Figure 3 illustrates the histograms of diameter distribution

of Co-MCM-41 and HiPco SWNTs that were calculated using
eq 1 andI cal

PL(n,m) data sets from the exciton-exciton reso-
nance model2 and the electron-phonon interaction model.3

Interestingly, the diameter distributions of both samples and,
in particular, the narrow-distribution samples (i.e., Co-MCM-
41 SWNTs), regardless of the PL model employed, show a
skewed shape with a step rise at smaller sizes of the distribution
and a long tail at larger sizes of the distribution. This is
consistent with the distribution obtained by TEM19,21andES

22

RRS RBM analysis,18 which is contrary to the widely assumed
symmetric Gaussian distributions, although small deviations in
the resulting (n,m) abundance might originate from varying CVD
growth conditions. This line shape closely matches the char-
acteristics of single-mode log-normal distribution, which has
the following form,

whereA(dt) is the abundance at diameterdt, µ is the geometric
mean diameter, andσ is the dimensionless geometric standard
deviation, which determines the shape of the distribution. CVD-
grown particles are often found to exhibit log-normal size
distribution.23 The unsymmetrical log-normal characteristic of

(23) Soderlund, J.; Kiss, L. B.; Niklasson, G. A.; Granqvist, C. G.Phys. ReV.
Lett. 1998, 80, 2386-2388.

Figure 1. (a) Photoluminescence excitation (PLE) intensity map as a
function of excitation and emission wavelength for DNA-micellarized Co-
MCM-41 SWNT sample in D2O. Data are interpolated using MATLAB.
(b) (n,m) and (2n+m) family (dashed box) assignment of the PLE spectra
shown in panel a. Dot size is proportional to intensity. Dashed-line rectangles
at the top and bottom enclose partial (E33 and E44) and E11 transitions,
respectively. The straight dashed blue line (slope) 1.73) indicates the near-
armchair direction, with nanotubes above and below corresponding to mod1
and mod2 species, respectively.

A(n,m) ) C
I exp

PL (n,m)

I cal
PL(n,m)

(1)

A(dt) ) 1

dtx2π ln σ
exp[- 1

2(ln σ)2
[ln(dt) - ln(µ)]2] (2)
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diameter distribution for both nanotube samples, apart from the
employed PL model, indicates that the catalyst nanoparticles
might obey the log-normal distribution of classically CVD-
grown inorganic nanoparticles. However, we must point out that
another scenario might be at play, where theI cal

PL(n,m) values
for small-diameter nanotubes are underestimated in both models,
as a result of excitonic enhancement in tighter confinement.17

Significant differences in the abundance profiles as a function
of diameter can be observed from Figure 3, and these differences
are accentuated for the samples with wider diameter distribution.
For example, the geometric mean diameters (µ) for HiPco
SWNTs were predicted to be 0.906 and 0.937 nm according to
the exciton-exciton resonance model and the electron-phonon
interaction model, respectively, where the latter is closer to the
reported 0.93 nm value.5 This discrepancy originates from the
aforementioned variation in the overall decrease of the relative
PL intensities from small- to large-diameter nanotubes predicted
by the two models. For example, the PL intensities for 1.2-
1.3 nm dt nanotubes are between 30-10% and 20-10% for
the exciton-exciton resonance model and the electron-phonon

interaction model, respectively, as shown in Figure S1 and Table
S2 in the Supporting Information. This undervalues the abun-
dance of large-dt nanotubes for the exciton-exciton resonance
model and places the exciton-exciton resonance model at a
disadvantage with respect to the electron-phonon interaction
model. Moreover, as can be seen in Figure 3c, the nanotube
abundances for (14,3) and (11,9) (marked with asterisks),
belonging to (2n+m) ) 31 and mod2 species, are predicted to
be oddly higher under the exciton-exciton resonance model.
This provides an additional indication that the exciton-exciton
resonance model leads to certain inaccuracies in predicting of
PL intensities for larger diameter nanotubes.

To further investigate the abundance-prediction strengths of
these two theoretical models, spectral reconstruction of theES

11

NIR absorption spectrum of the narrowlydt-distributed Co-
MCM-41 SWNTs was performed to interrogate the strengths
and weaknesses of these two models. These models provide us
with a comprehensive set ofES

22 absorption extinction coef-
ficients for all the (n,m) SWNTs, including the zigzag (n,0)
nanotubes, which are not observed in PL. UnlikeES

22, however,
the reconstruction of theES

11 spectrum manifold is significantly
more straightforward, as the various (n,m) transitions are spread
out over a wider range, and additionally as theES

11 absorptions
are situated at the end of the plasmonic and scattering tail,
thereby making background subtraction easier. For this, we
assumed that theES

11 absorption extinction coefficients are
proportional to theES

22 values provided by the two theoretical
models, based on the results calculated by Popov et al., who
observed similar absorption matrix element patterns for theES

11

andES
22 transitions.24 Mie theory suggests that the scattering

and absorption cross section of particles is a power series of
the size parameterâ, related to absorption wavelength (λ) and
particle dimension (Rs) (â ) 2πRs/λ).25 In the wavelength region
far from the plasmonic resonance maximum (ca. 270 nm), the
scattering efficiency depends more onâ than onRs.25 For this
we can simply scale the plasmonic tail in the NIR absorption

(24) Popov, V. N.; Henrard, L.; Lambin, P.Phys. ReV. B 2005, 72, 035436.
(25) Hiemenz, P. C.; Rajagopalan, R.Principles of Colloid and Surface

Chemistry, 3rd ed.; Marcel Dekker: New York, 1997; pp 232-235.

Figure 2. Chirality maps of aqueous suspensions of Co-MCM-41 (green hexagons) and HiPco SWNTs (enclosed by solid red line).

Figure 3. Calculated diameter distribution histograms (bars) and their log-
normal fits arranged horizontally for two samples and vertically for the
two models of calculated PL intensity values. Asterisks indicate an
inaccuracy of the exciton-exciton resonance model to correctly predict the
abundance for large-diameter SWNTs. These nanotubes were not included
in the curve fitting. Dashed lines in panel a indicate the positions of the
(10,0) and (11,0) zigzag SWNTs.
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of Figure 4a by a power law (i.e.,∼Aλ-b), where theb value
was obtained from the optimum fit of the background signal
and found to be 0.7609. The circles and solid line in Figure 4a
illustrate the NIRES

11 absorption spectra of a DNA-wrapped,
individually isolated Co-MCM-41 SWNT sample in D2O
suspension and the power law fit described above.

Although the Voigt profile (a combination of Gaussian and
Lorentzian functions) for each (n,m) SWNT species is widely
used in fitting of the fluorescence and absorption spectra and a
better fitting can be obtained, we choose to use the Lorentzian
profile for the spectral reconstruction to reduce the number of
adjustable parameters. The overall contribution to the expected
optical density (OD) of all (n,m) SWNTs at a specific optical
energyE can be calculated by using the following equation,

whereC is the normalization factor introduced to account for
sampling conditions and the collection geometries.I cal

abs(n,m)
values forES

11 transitions are taken from the calculatedES
22

extinction coefficients (as described above) for either the

exciton-exciton resonance model or the electron-phonon
interaction model (see Table S2 and Figure S2 in the Supporting
Information). E11(n,m) values were obtained from the PLE
measurements of Figure 1 (with no Stokes’s shift applied), and
γe is the width of the optical transitions, which is related to the
lifetime of the excited state. TheE11(n,m) values for the zigzag
nanotubes (i.e., (10,0) and (11,0)) were obtained from ref 2.
Here, the log-normal diameter distribution function,A(dt), for
the Co-MCM-41 SWNT sample, obtained in Figure 3a,b, was
used, such that the relative abundance of weak-fluorescence
nanotubes, in particular the zigzag (11,0) and (10,0) SWNT with
dt of 0.862 and 0.783 nm, can also be introduced. This presents
one extreme case, whereno diameter-induced chirality is
imparted by the catalyst. The other extreme case corresponds
to the complete absence of (10,0) and (11,0) zigzag nanotubes,
with the actual Co-MCM-41 SWNT sample more likely to fall
between these two extremes.

At the beginning, spectral reconstruction was performed by
optimizing a single parameter (γe), which was kept the same
for all (n,m) SWNTs. Figure S3 in the Supporting Information
illustrates the spectral reconstruction of theES

11 absorption for
the exciton-exciton resonance model and the electron-phonon
interaction model in the presence and in the absence of the two
zigzag nanotubes. The surprisingly good fit obtained with such
a single adjustable parameter (γe ) 65 meV) is a testament to
the viability of this approach. As will be described below, the
inclusion of the two zigzag nanotubes is important for reproduc-
ing the experimentalES

11 absorption spectrum. However, upon
closer inspection of the reconstruction fidelity, we realized that
maintaining a singleγe value for all (n,m) SWNTs is insufficient
to properly reproduce the 992, 1069, and 1272 nm shoulders.
In particular, the 1069 nm shoulder (marked with an asterisk in
Figure 4c) is virtually impossible to generate with a singleγe

value. As predicted by the Strickler-Berg formula,26 for a
molecule with very well resolved vibronic structure, the inverse
of radiative lifetime is linearly proportional to the extinction
coefficient to for a homogeneously broadened system. On this
basis, we can simply couple theγe value of a given (n,m)
nanotube with its absorption extinction coefficients. For this,
we can approximateγe ) C1 + C2/I cal

abs(n,m) and spectrally
reconstruct theES

11 absorption spectrum using two (i.e.,C1 and
C2) adjustable parameters, as opposed to one (γe). Figure 4,
panels b and c, presents the results of the reconstructedES

11

absorption spectrum based on the exciton-exciton resonance
model and the electron-phonon interaction model, respectively.
The electron-phonon interaction model (Figure 4c), which
includes the (11,0) and (10,0) zigzag nanotubes, provides the
best match to the experimentally obtained absorption curve. In
particular, the 1069 nm absorption shoulder is accurately
reproduced (underneath the asterisk in Figure 4c), along with
the 992 and 1272 nm shoulders. The emergence of the 1069
nm shoulder is attributed to the high extinction coefficients of
the (11,0) and (10,2) nanotubes that reduce their line widths
(γe inversely proportional toI cal

abs(n,m)) and generate this
feature. The re-appearance of the 1069 nm feature after coupling
the lifetime variation on each (n,m) SWNT emphasizes the need
to better understand line width variation with respect to the rest
of the optical properties. Moreover, the closer match in the
1140-1220 nm region for the electron-phonon interaction

(26) Strickler, S. J.; Berg, R. A.J. Chem. Phys.1962, 37, 814-822.

Figure 4. (a) ExperimentalES
11 optical absorption spectrum (circles) and

power-law-fitted background curve (solid line) of aqueous DNA-dispersed
Co-MCM-41 SWNT suspensions. The spectra indicated with circles in
panels b and c were obtained by subtracting the two curves in panel a.
(b,c) Spectral reconstruction by the summation of the thin Lorentzian peak
contribution from each (n,m) SWNT, calculated using the exciton-exciton
resonance model and the electron-phonon interaction model, respectively.
The thick dashed line and solid line depict the sum of all Lorentzian lines
with and without the (10,0) and (11,0) zigzag nanotubes, respectively.
Dashed arrows refer to features of interest in the experimental spectrum.
The asterisk in panel c indicates the 1069 nm shoulder that was reproduced
in the reconstructed spectrum.

OD(E) ) C∑
n,m

A(dt)I cal
abs(n,m)

γe

4(E - E11(n,m))2 + γe
2

(3)
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model, as opposed to the exciton-exciton resonance model,
implies that the former theory better describes the overall
absorption behavior with respect to diameter and chirality (see
Figure S2 in the Supporting Information). The resultingγe values
range from 58 to 96 meV for the exciton-exciton resonance
model, versus 45-73 meV for the electron-phonon interaction
model. These are in good agreement with the ca. 60 meV value
obtained from resonance Raman experiments6,9,27 and only
slightly higher than the∼30 meV value reported by Jones et
al.28 and O’Connel et al. for SDS-encapsulated SWNTs solu-
tion.4 This discrepancy might originate from environmental
effects related to inhomogeneous DNA coverage (estimatedγe

values∼40 meV for DNA-dispersed SWNTs11), since the line
widths for surfactant-free (air-suspended) nanotubes are on the
order of 10-15 meV.13

The inclusion of the (11,0) and (10,0) zigzag nanotubes (i.e.,
one extreme) is particularly important to obtain an optimum
reconstruction. If they are removed (the other extreme), the
maximum 1037 nm absorbance shifts to the 1069 nm shoulder,
which results in a poorer spectral match. Based on intensity
variations between the experimental and reconstructed spectra
in Figures 4 and S3, the actual sample appears to lie somewhere
between these two extremes and, according to the current
spectral reconstruction, closer to the first case. This might be
due to the large population of (11,0) SWNTs (dt ) 0.862 nm),
which together with the (10,0) SWNTs (dt ) 0.783 nm) are
close to the geometric mean diameter of this sample (µ ) 0.83
nm) (see Figure 3a). This is further amplified by the smalldt

distribution of the Co-MCM-41 SWNT sample and the fact
that these two zigzag nanotubes carry considerable weight for
their absorption footprint to go unnoticed. This is in agreement
with the resonance Raman spectroscopy studies reported by
Fantini et al.6 (where (10,0) SWNTs were observed) and Telg
et al.8 (where strong signals from (11,0), (13,0), and (15,0) were
observed in HiPco SWNT samples). The apparent large
concentration of (10,0) and (11,0) SWNTs might also be
influenced by the initial growth of the cap within the Co-MCM-
41 mesoporous catalyst as opposed to HiPco SWNT synthesis.
More detailed work is currently underway to clarify this, as
well as to reconstruct the NIR absorption spectrum of the HiPco
SWNT sample, which involves a significantly larger set of (n,m)
species.

The apparent success of such a spectral reconstruction
technique is believed to originate from (i) the narrow diameter
distribution of the Co-MCM-41 SWNT sample, (ii) the use of
the theoretically derivedI cal

abs(n,m) values (which reflect the
chirality and diameter contributions to the absorbance), (iii) the
incorporation of the log-normal diameter distribution, and (iv)
the extinction-coefficient-dependentγe values. As shown in
Figure 4b,c, both reconstructed spectra shown a small Stokes’s
shift (<8 meV), in agreement with previous reports,28 which is
due to the rigidity of the SWNTs. To the best of our knowledge,
this is the first time that such a spectral reconstruction
methodology has been employed, and based on our results, it
shows a strong promise for quantitative nanotube abundance
characterization. Obtaining a better handle on theγe variation

for different (n,m) nanotubes7 would ultimately permit a closer
match to the experimental absorption spectrum. Unfortunately,
the large number (36) of differentsem-SWNTs, along with more
than four zigzagsem-SWNTs of unknown abundance and
various errors associated with background subtraction, makes
such reconstruction challenging and will be studied in subse-
quent publications.

Conclusion

Utilizing photoluminescence and near-infrared absorption
results, a quantitative methodology was developed to provide
abundance profiles for all semiconducting (n,m) SWNTs within
a given sample. This was based on predictions of the exciton-
exciton resonance model and the electron-phonon interaction
model as applied to broad (HiPco) and narrowly (Co-MCM-
41) distributed SWNT samples, respectively. Our results indicate
that the diameter distributions of both of these CVD-grown
nanotube samples obey a log-normal distribution that is typical
for a vapor-phase particle growth process. Using such a log-
normal distribution function, the NIRES

11 absorption spectrum
was accurately reconstructed with two adjustable parameters
in conjunction with the theoretically derived (n,m)-dependent
extinction coefficients. These two adjustable parameters were
necessary in order to account for the lifetime variation in a
homogeneously broadened system, which is inversely propor-
tional to the extinction coefficient of each (n,m) SWNT. Using
this methodology on the narrowly distributed Co-MCM-41
SWNT sample, our current analysis indicates that the single-
particle electron-phonon interaction model provides a better
overall description of nanotube optical properties according to
diameter, chirality, modality, and family patterns, as opposed
to the exciton-exciton resonance model. Moreover, strong
evidence is presented for the existence of zigzag nanotubes in
the Co-MCM-41 SWNT sample, which are not seen in the
photoluminescence measurements. This provides a rational
methodology toward assessing semiconducting (n,m) SWNT
abundance with high accuracy, while at the same time verifying
the validity and confidence level of various theoretical models.
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