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S
ingle-walled carbon nanotubes
(SWCNTs) are artificial nanomaterials
whose remarkable properties motivate

a wide range of basic and applied research.
Current areas of application interest include
chemical sensors,1,2 field emission sources,3

and medical therapeutic agents.4-6 Appli-
cation development is often hampered by
impurities in SWCNT bulk samples, which
may include residual metal catalysts, multi-
wall carbon nanotubes, amorphous carbon,
and giant fullerenes. Moreover, the SWCNT
component is heterogeneous, containing a
range of structural species with different
diameters, roll-up angles, and electronic char-
acters; a distributionof nanotube lengths; and
nanotubes in different states of aggregation
and perfection. Sample characterization
andpurification are therefore essential tasks
for SWCNT researchers.
One of the simplest andmost widely used

tools for SWCNT analysis is absorption spec-
troscopy in the visible and near-IR. This
wavelength range includes the distinct,
structure-dependent optical transitions of
metallic and semiconducting SWCNTs.7-9

Underneath these resonant transition peaks
is a broadandnearly featurelessbackground.
The background has previously been attrib-
uted to near-ultraviolet plasmon resonances
ofnanotubes andcarbonaceous impurities.10,11

Itkis et al. devised a sample purity measure
based on the ratio of resonant to background
absorptions for dispersed samples in which
individual (n,m) peaks are not resolved,12 and
Tan and Resasco have presented a similar
“resonance ratio” assessment for samples
with resolved peaks.13 Both assays are based
on the idea that at least part of the back-
ground absorption arises from sample im-
purities. Another application of absorption
spectroscopy is deducing a sample's (n,m)
distribution by simulating its structured

absorption spectrum.14,15 Such simulations
rely on prior knowledge of the (n,m) species'
peak positions.7,16 Here, in contrast to fluori-
metric analysis using background-free SWCNT
near-IR emission spectra,17,18 a correction
for the broad background absorption is a
critical step in deducing relative magni-
tudes of specific (n,m) peaks. A third appli-
cation in which absorption backgrounds
play a central role is estimating the ratio of
metallic to semiconducting nanotubes in
bulk samples.19 Knowledge and control of
these ratios is particularly important for mak-
ing SWCNT-based field effect transistors,20-22

electrical vias,23 and transparent conductive
films.24,25 Microscopic methods for determin-
ing metallic-to-semiconducting ratios have
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ABSTRACT The sources of broad backgrounds in visible-near-IR absorption spectra of single-

walled carbon nanotube (SWCNT) dispersions are studied through a series of controlled experiments.

Chemical functionalization of nanotube sidewalls generates background absorption while broad-

ening and red-shifting the resonant transitions. Extensive ultrasonic agitation induces a similar

background component that may reflect unintended chemical changes to the SWCNTs. No major

differences are found between spectral backgrounds in sample fractions with average lengths

between 120 and 650 nm. Broad background absorption from amorphous carbon is observed and

quantified. Overlapping resonant absorption bands lead to elevated backgrounds from spectral

congestion in samples containing many SWCNT structural species. A spectral modeling method is

described for separating the background contributions from spectral congestion and other sources.

Nanotube aggregation increases congestion backgrounds by broadening the resonant peaks.

Essentially no background is seen in sorted pristine samples enriched in a single semiconducting

(n,m) species. By contrast, samples enriched in mixed metallic SWCNTs show broad intrinsic

absorption backgrounds far from the resonant transitions. The shape of this metallic background

component and its absorptivity coefficient are quantitatively assessed. The results obtained here

suggest procedures for preparing SWCNT dispersions with minimal extrinsic background absorptions

and for quantifying the remaining intrinsic components. These findings should allow improved

characterization of SWCNT samples by absorption spectroscopy.

KEYWORDS: SWCNT . single-walled carbon nanotubes . absorption . spectral
background . functionalization . ultrasonication
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been developed,26-28 but they are impractical for
routine use. Instead, the relative integrated absorption
intensities of bands frommetallic and semiconducting
species can form the basis of convenient bulk
assays.28,29 However, accurate background subtraction
is essential because SWCNT samples typically show
broad absorption backgrounds that are more intense
than the bands to be quantified. Current suggested
approaches rely on modeled absorption backgrounds,15

and limitations of these models can lead to inaccurate
analyses.
We report here an experimental investigation of

SWCNT absorption backgrounds. An important part
of our approach is to start with samples that have low
backgrounds as a result of processing by nonlinear
density gradient ultracentrifugation (DGU),30 and then
monitor spectral changes caused by selected perturba-
tions to identify extrinsic and intrinsic background
contributions. The effects explored include back-
grounds induced by ultrasonication of SWCNTs and
surfactants; differences related to nanotube lengths;
plasmonic absorption of SWCNTs and carbonaceous
impurities; contributions from chemical derivatization;
spectral broadening from nanotube bundling; spectral
congestion from closely spaced peaks in samples with
many (n,m) species; and absorptions ofmetallic SWCNT
species. We distinguish and quantify several of the
factors that can contribute to absorption backgrounds
in SWCNT suspensions.

RESULTS AND DISCUSSION

Extrinsic Factors. Ultrasonication: Surfactant Effects.

A standard step in preparing SWCNT suspensions is
dispersion using an ultrasonically agitated immersion
tip or bath. To examine the effects of sonication on
absorption backgrounds, we began with a SWCNT
sample that had been purified and enriched in (6,5)
content through nonlinear DGU and suspended in 1%
aqueous sodium dodecylbenzenesulfonate (SDBS).
The sample initially displayed low relative background
absorption, as shown by the bottom trace in Figure 1a.
Three hours of bath sonication caused only minor
changes in the spectrum. We then applied harsher

tip sonication for periods of 30 min to 3 h, while using
an ice bath to prevent water evaporation and keep the
SWCNT concentration constant. This treatment in-
duced significant systematic increases in absorption
background, as shown in Figure 1a, and also a decrease
in fluorescence intensity.

The appearance of visible turbidity in the sonicated
sample suggested that the observed background ele-
vation might be due to light scattering instead of
absorption. To test whether the source of sonication-
induced turbidity might be the SDBS surfactant, rather
than the SWCNTs, we subjected a solution containing
only SDBS to tip sonication for up to 3 h. This proces-
sing gave the systematic increases in optical extinction
plotted in Figure 1b. However, the sample's spectrum
returned to its initial level after mild centrifugation or
after standing undisturbed for 12 h under ambient
conditions. This implies that extensive tip sonication of
SDBS solutions can cause the formation of small par-
ticles that are significantly denser than water, presum-
ably through chemical reactions of SDBS during
solvent cavitation.

Ultrasonication: SWCNT Effects. To assess the con-
tribution of SWCNTs to the sonication-induced spectral
changes seen in Figure 1a, we compared spectra of the
sample before tip sonication, after 3 h of tip sonication
followed by 12 h of standing, and after 3 h of tip
sonication followed by mild centrifugation (Figure 2a).
The resonant (6,5) peaks are essentially equal in height,
and much of the sonication-induced background has
been suppressed by centrifugation. However, there are
still significant differences between the initial spec-
trum and that after sonication and centrifugation, as
shown in the subtracted plot of Figure 2b. The addi-
tional background rises strongly toward shorter wave-
lengths, and derivative shapes are evident at the
positions of the E22 and E11 peaks. These derivatives
reflect small red shifts of ∼3 nm induced by the
processing. Raman spectra of the samples (see Figure
S1 in Supporting Information) reveal a small decrease
in fluorescence but no significant increase in D-band
intensity. We attribute the spectral changes to minor
sidewall perturbations induced by intense sonication.

Figure 1. Effects of tip sonication on the absorption spectra of (a) a (6,5)-enriched SWCNT sample suspended in 1% aqueous
SDBS and (b) 1% aqueous SDBS without nanotubes. Tip sonication times are 0 min (black curve), 30 min (red curve), 1.5 h
(green curve), and 3 h (blue curve).
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Chemical Functionalization. Typical covalent func-
tionalization of a SWCNT converts carbon atoms from
sp2 to sp3 hybridization. This removes electrons from
the delocalized π-system and introduces localized
electronic perturbations that may quench nanotube
photoluminescence through nonradiative recombina-
tion of mobile excitons.31 It has also been shown that
more extensive covalent functionalization eliminates
resonant absorption peaks and leaves a broad, feature-
less spectrum.32,33 To monitor the initial spectral
changes induced by covalent sidewall functionaliza-
tion, we exposed a (6,5)-enriched sample of surfactant-
suspended SWNCTs to moderate doses of gaseous
ozone. (This ozone exposure exceeds that used to
induce shifted fluorescence spectra.34) Figure 3a shows
the sample's absorption spectra before and after this
reaction; the difference spectrum is plotted in
Figure 3b. The chemical derivatizationweakens, broad-
ens, and slightly red-shifts the SWCNT resonant ab-
sorption features, particularly the E11 peak near 980
nm. It also adds a substantial broad absorption back-
ground, which is approximated by the smooth curve in
Figure 3b. The shape of this background resembles the
one induced by intense sonication. We infer that
moderate sidewall derivatization can contribute to
SWCNT absorption backgrounds.

Amorphous Carbon Impurities. Amorphous carbon
is considered to be a common SWCNT contaminant

that may give absorption backgrounds.12 Its spectrum

exhibits strong plasmonic absorption peaking in the

near-ultraviolet.35 To estimate the absorption back-

ground contributions from carbonaceous impurities,

we prepared aqueous SDBS suspensions of two types

of amorphous carbon with particle sizes in the 20-40

nm range (acetylene carbon black and Continental

Carbon product N134). Figure 4 panels a and b illus-

trate the systematic increase of optical extinction with

concentration. The spectra from the two types of

amorphous carbon clearly have different shapes. How-

ever, each can be fit to the three-parameter exponen-

tial form A = a(y0 þ e-bλ) with parameter b fixed for

each type. We find that the amplitude parameter a

depends linearly on concentration (Figure 4c), with

Beer's Law proportionality constants denoted by RN134

and RAc. The differences between fit parameters in-

dicate that background contributions from carbonac-

eous impurities will vary depending on the form of

amorphous carbon. It should nevertheless be possible

to estimate a rough upper limit to the amorphous

carbon content in a SWCNT sample by fitting the

absorption baseline to the functional form given above

Figure 2. Persistent effects of tip sonication on the absorption spectrum of a (6,5)-enriched SWCNT suspension in aqueous
SDBS. (a) Spectra before tip sonication (thick black curve), after 3 h of sonication followed by 12 h of settling (dashed red
curve), and after 3 h of sonication followed by mild centrifugation (thin blue curve). (b) Difference spectrum showing net
effect of 3 h of sonication andmild centrifugation. Features near 570 and 1000 nm arise frombroadening and red shifts of the
resonant absorption peaks.

Figure 3. Spectral effects of covalent sidewall reaction. (a) Absorption spectra of a sodiumcholate-suspended sample of (6,5)-
enriched SWCNTs before (thin black curve) and after (thick red curve) injection of ozone. (b) Difference spectrumof the traces
in panel a. Sharp features reflect weakened and broadened resonant peaks in the reacted sample. The smooth blue curve
shows an estimate of the broad spectral background induced by the sidewall reaction.
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and then dividing the deduced amplitude parameter

by a typical R value of 0.1 L/mg.
Aggregation. Another possible source of perturba-

tion in SWCNT absorption spectra is aggregation into
nanotube bundles. Aggregation has long been known
to broaden and red-shift the resonant absorption
peaks,8 apparently through electronic coupling effects.
To examine whether bundling also introduces a broad
background, we suspended a polydisperse SWCNT
sample in 1% aqueous sodium deoxycholate, centri-
fuged to remove residual catalyst and carbonaceous
impurities, and then compared spectra before and
after purification by a DGU procedure that separates
out most of the bundles without changing the nano-
tube length distribution or introducing defects (see
Methods). Figure 5a displays absorption spectra of the
sample before and after such processing intended to
reduce the bundle concentration. The processed sample

spectrum shows substantial increases in peak-to-valley
ratio, a parameter which has been used to estimate
SWCNT sample purity.12,13,36 In this case, however, the
change in peak-to-valley ratio reflects a change in ag-
gregation rather than purity. Nanotube aggregation
broadens the resonant absorption peaks and leads to
background growth through increased spectral conges-
tion (see following section).

To investigate the effects of individual peak broad-
ening on the overall spectrum, we have simulated the

Figure 4. Spectral contributions from amorphous carbon.
Extinction spectra (1 cmpath length) are shown for different
concentrations of two amorphous carbon types: acetylene
carbon black (a) and N134 (b). Concentrations (from top to
bottom) are 10, 6.7, 5.0, 2.0, 1.0, and 0.5 mg/L. Spectra were
fit to the exponential form A = a(y0 þ e-bλ) with a fixed fit
parameter b. For acetylene carbon black, b = 0.00155 nm-1;
for N134, b = 0.0030 nm-1. The linear dependence of fit
parameteraon the concentrationof amorphous carbon (a=
R 3 concn) is plotted in panel c. RN134 and RAc are the slopes
of those linear fits.

Figure 5. Spectral effects from SWCNT aggregation. (a)
Spectra of a SWCNT sample in aqueous sodium deoxycho-
late before (black) and after (red) DGUprocessing to remove
aggregated nanotubes. The aggregate-depleted spectrum
has been scaled tomatch absorbance values at the 1270 nm
peak. (b) Simulated spectra calculated as a sumof individual
peaks that are broadened by factors of 2 (solid red curve)
and 3 (dotted blue curve), compared to the initial disag-
gregated spectrum (dashed curve). (c) Dependence of peak-
to-valley ratio at the 1264 nm absorption feature on the
individual peak widths.
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measured near-IR absorption spectrum of an aggre-
gate-depleted HiPco sample as a sum of background-
free E11 peaks from various semiconducting SWCNT
species (see following section). When the individual
peak widths used in the simulation were increased by
up to a factor of 3 to mimic aggregation-induced
broadening, the peak-to-valley ratios in the computed
spectrum decreased substantially (Figure 5b). Values of
these ratios must depend on a sample's (n,m) distribu-
tion and the specific spectral features used in the
calculation. For our HiPco spectrum, Figure 5c shows
how the ratio found at the 1264 nm absorption peak
varies with individual peak width used in simulations.
These results indicate that SWCNT aggregation in
typical polydisperse samples can cause a factor of 2
decrease in peak-to-valley absorbance ratios.

Intrinsic Effects. Spectral Congestion. As illustrated
above, absorption backgrounds can appear from spec-
tral congestion: the presence of numerous, closely
spaced transitions that overlap over large ranges. Such
congestion is expected for SWCNT samples containing
relatively large average diameters and broad (n,m)
distributions. To quantify this effect, which is intrinsic
to such distributions, wemeasured the near-IR absorp-
tion spectrum of a DGU-processed aggregate-de-
pleted sample similar to the one described in the
previous section. We subtracted a broad background
contribution from metallic SWCNTs, estimated using
the procedure described in the section below on
metallic backgrounds and a rough assessment of total
SWCNT concentration (seeMethods). UsingNanoSpec-
tralyzer fitting software, we then simulated the ad-
justed near-IR spectrum using a parameter set with the
positions, widths, and shapes of numerous semicon-
ducting (n,m) emission peaks, deduced from prior
fluorescence analysis of similarly prepared samples in
the same surfactant. Minor fitting adjustments were
allowed to account for small Stokes shifts between
absorption and emission peaks and for some minor

peak broadening that can arise from residual none-
missive bundles (which contribute to absorption but not
fluorescence spectra). The result is graphed in Figure 6a,
where the thin white curve shows the accurate simula-
tion that is the sum of the (n,m) absorption components
plotted below it. Note that although each absorption
component in the simulation is assumed to have zero
background, their sum gives a spectrum with a substan-
tial background. As this simulation neglects E22

S transi-
tions, which have relatively greater spectral widths than
E11
S transitions, we infer that spectral congestion will
cause even larger absorption backgrounds at shorter
wavelengths in polydisperse SWCNT samples.

We propose a method to distinguish between
background components from spectral congestion
and other sources in polydisperse samples. It involves
a calibration curve that relates apparent peakwidths to
the background absorptions from other sources. To
create the calibration curve, we first modified the
simulated spectrum of Figure 6a by adding back-
grounds of the form A = ae-λb, (chosen to represent
contributions from amorphous carbon and metallic
nanotubes) with b = 0.00155 nm-1 and amplitude
parameter a varying from 0 to 0.49 times the peak
absorbance at 1264 nm. Then we fit the modified
spectrum as a sum of background-free peaks from
multiple (n,m) species, allowing only the commonpeak
width to vary. The peak width needed to fit the
modified spectrum increased monotonically with the
amplitude of added background, as plotted in
Figure 6b. To use this graph, an experimental spectrum
would be simulated as a sum of background-free (n,m)
peaks of uniform width (in cm-1). Then Figure 6b is
used with the best-fit width value to find the corre-
sponding underlying exponential background that
must be present in addition to the spectral congestion
background. A properly compensated background will
lead to peak widths nearly matching those found in
fluorescence analysis of the same sample.

Figure 6. (a) Simulation of a SWCNT near-IR absorption spectrum illustrating spectral congestion. Thick black curve is the
measured spectrum of aggregate-depleted SWCNTs in aqueous sodium deoxycholate after subtracting estimated back-
ground contribution from metallic SWCNTs. The thin white curve (overlaid with measured spectrum) shows a spectral
simulation computedas the sumof individual (n,m) components, eachwith a 238 cm-1 fwhmandzerobackground (thinblack
curves). (b) Dependence of apparent individual peak widths on relative amplitude of added background components.
Backgrounds are assumed to have the form A = ae-bλ with b = 0.00155 nm-1. The x-coordinate represents fit amplitude, a,
normalized by the intensity of the 1264 nm feature.
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SWCNT Length Effects. Nanotube length is another
intrinsic property of SWCNTs that might affect absorp-
tion backgrounds. If nanotube ends act as defects in
the π-electron system, shorter nanotubes would have
higher defect densities than longer ones, and therefore
possibly more perturbed spectra. We have used gel
electrophoresis to separate a SWCNT suspension into
fractions of substantially different lengths. Figure 7 pa-
nels b and c show AFM length histograms of two of
these fractions, which have average lengths of 120 and
650 nm. In Figure 7a we plot the unscaled absorption
spectra of the two fractions. We suggest that the lower
peak-to-valley ratios, smaller peaks and altered relative
peak heights in the short fraction may reflect a combi-
nation of minor aggregation and change in diameter
distribution from the electrophoresis process.37 The
underlying background absorption appears very simi-
lar in both shape and magnitude for the two fractions.
We infer that nanotube shortening to ∼100 nm does
not make a major contribution to observed absorption
backgrounds.

Metallic SWCNT Contributions. A final question is
whether absorption backgrounds are present in pure,
pristine, disaggregated SWCNT samples free of spectral
congestion. We used nonlinear DGU to prepare a
purified aqueous SWCNT dispersion highly enriched
in the (6,5) species and measured its absorption spec-
trum, shown as the blue curve in Figure 8a. The back-
ground here is clearly very low, less than 2% of the E11

S

peak height. This demonstrates the absence of intrinsic
absorption backgrounds in pure semiconducting
SWCNTs.

To investigate whether metallic SWCNTs have simi-
larly low intrinsic backgrounds, we prepared ametallic-
enriched (but not (n,m)-sorted) sample using the same
starting material and a comparable dispersion proce-
dure. Impurities and nanotube bundles were removed
by DGU. The absorption spectrum of the metallic-

enriched sample is shown as the red curve in
Figure 8a. Several peaks assigned to resonant transi-
tions of metallic SWCNT species are evident between
500 and 650 nm. The presence ofmultiple (n,m) species
in this sample may cause some spectral congestion
and background elevation below 700 nm, but there is
also a significant absorption extending beyond 900 nm
that cannot be assigned to tails of the Lorentzian
resonant peaks. We suggest that this broad absorption
is intrinsic to metallic SWCNTs in the sample. This view
is consistent with the dramatic reduction in back-
ground absorption found by Nish et al. when metallic
species were excluded by PFO-assisted dispersion.38

One possible interpretation is that the broad absorp-
tion is the tail of the π-plasmon resonance,39 which
may be more intense (relative to E11 transitions) in
metallic than in semiconducting SWCNTs. Another
possible assignment is to E00

M or E01
M transitions, which

would appear at longer wavelengths than E11
M and have

no counterpart in semiconducting nanotubes.40

Although theory predicts such transitions to be sym-
metry-forbidden or weakened by depolarization
effects,40 we speculate that they might be observable
in chiral metallic SWCNTs, in which axial symmetry lower
than for armchair and zigzag species41might lead to sub-
bands of mixed angular momentum character. Regard-
less of detailed assignment, our experimental results
indicate that intrinsic absorption backgrounds are pre-
sent in somemetallic butnot in semiconductingSWCNTs.

To quantify these backgrounds with respect to metal-
lic SWCNT concentration, we have used a sample of solid
metallic-enriched SWCNTs to prepare three aqueous
suspensions of known concentration. Absorption spectra
of these suspensions (Figure 8b) showa singleunresolved
metallic peak at a longer wavelength than the ones in
Figure 8a, reflecting the larger average diameter of this
SWCNT sample. As in the spectrum of Figure 8a, all of
these spectra show absorption backgrounds tailing into

Figure 7. Dependence of absorption spectra on nanotube length. (a) Absorption spectra of two SWCNT fractions: F1 (black solid
curve) with average length of 120 nm, and F7 (red dashed curve) with average length of 650nm. (b),(c) Length histograms of the
two fractions obtained by gel electrophoresis. Total numbers of measured nanotubes were 241 and 204, respectively.
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near-infrared. To assess the concentration depen-
dence of the backgrounds, we fitted them with a
single-parameter exponential function, A = ae-bλ

with fixed b = 0.00155 nm-1, and observed a nearly
linear correlation between amplitude parameter a

and SWCNT concentration (inset in Figure 8b). The y-
intercept of the correlation is small but nonzero,
likely because of surfactant damage during sonica-
tion. We find a slope, R, of 0.048 L mg-1 based on the
first two points (complete sample dispersion was not
achieved in the highest concentration sample).

This value ofR allows estimation of the contribution
of metallic SWCNTs to the absorption background of
polydisperse samples. If the total SWCNT mass con-
centration of a sample is known, its metallic concen-
tration can be found using experimental values of
metallic percentages reported for nanotubes from a
variety of sources.42 The deduced metallic SWCNT
concentration is then multiplied by R to obtain para-
meter a in the expression A = ae-bλ that represents the
background contribution of the metallic nanotubes.

Suggested Procedure for Estimating and Decreasing

Absorption Backgrounds. We can use the findings de-
scribed in the sections above to minimize complica-
tions caused by absorption backgrounds. The first step
is careful sample processing. A solid SWCNT sample
should be dispersed in a surfactant known to provide
good individualization, using the minimum ultrasonic
agitation needed for complete dispersion (so as to
avoid sonication-induced background contributions).
The DGU procedure used for our aggregation studies
(see Methods) will then remove most nanotube bun-
dles as well as residual catalyst and amorphous carbon
impurities. One can monitor the relative extent of
disaggregation by measuring absorption peak-to-val-
ley ratios (as in Figure 5).

Following this processing, the absorption spectrum
of the purified sample is analyzed for spectral conges-
tion and metallic background components. Spectral
congestion is evaluated using the procedure described
in the corresponding section above. The apparent peak
widths found from that fitting procedure are used to
estimate the background elevation from other sources
(see Figure 6b). Assuming that there is no significant
functionalization of the sample, this remaining back-
ground is attributed to metallic SWCNTs (Figure 8c). To
estimate the concentration of these metallic SWCNTs,
divide the exponential fit amplitude, a, by the value ofR
shown in Figure 8b. If the total SWCNT mass concentra-
tion is known for the sample, then this procedure allows
estimation of the semiconducting-to-metallic ratio.

CONCLUSIONS

We have investigated and quantitatively assessed a
number of possible sources of absorption background
in dispersed SWCNT samples. Operationally, exposure
to extended intense ultrasonication can give back-
grounds attributed to scattering from particulates
formed during surfactant agitation. Strong sonication
is also observed to give a persistent spectral back-
ground component that may arise from unintended
nanotube chemical reactions or damage but appears
unlikely to result from simple shortening of nanotubes
down to∼100 nm. Sidewall chemical functionalization
broadens resonant components and adds a spectral
background that increases toward shorter wave-
lengths. An additional absorption background is in-
duced by carbonaceous impurities, and absorptivity

Figure 8. Absorption spectra of DGU-processed SWCNT
samples. (a) Highly (6,5)-enriched semiconducting sample
(blue curve) and a metallic-enriched sample from the same
growth batch (red curve). The weak features near 1200 nm
are uncompensated solvent absorptions. (b) Absorption
spectra of larger diameter metallic-enriched SWCNTs at
concentrations of 2.5, 5.6, and 14.3 mg/L (green, red, and
black curves, respectively). Backgrounds are representedby
the blue dashed curves of the form A = ae-bλ with b =
0.00155 nm-1. Inset shows the dependence of fit parameter
a on the SWCNT concentration. The deduced slope is 0.048
L/mg. (c) Absorption spectrum of an aggregate-depleted
SWCNT sample (red curve) and the estimated metallic
background contribution (see text).
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coefficients are reported for this background contribu-
tion. Well-dispersed pristine SWCNT samples enriched
in a specific semiconducting (n,m) species display
nearly background-free absorption spectra. However,
similar samples containing a wide range of semicon-
ducting species show elevated backgrounds from
spectral congestion due to overlapping resonant ab-
sorption peaks. A spectral simulation fitting routine
distinguishes spectral congestion from other back-
ground components. We also find that spectral con-
gestion backgrounds are increased by nanotube
aggregation. The relative extent of nanotube aggrega-
tion may be monitored using peak-to valley ratios in
the absorption spectrum. In contrast to their semicon-
ducting counterparts, mixtures of metallic SWCNTs

apparently have intrinsic broad absorption back-
grounds, whose absorptivity coefficient has been
determined.
Our results suggest that a combination of sample

processing and analysis methods can minimize the
absorption backgrounds of SWCNT samples and
identify the remaining contributions from spectral
congestion and metallic SWCNTs. This procedure
allows one to find relative magnitudes of (n,m)-
specific E11 absorption bands. If the sample concen-
tration is known, it is also possible to estimate the
semiconducting-to-metallic ratio in the SWCNT sam-
ple. We believe that our findings will increase the
value of absorption spectroscopy as a tool for ana-
lyzing SWCNT sample purity and content.

METHODS
Sample Preparation and Processing. All SWCNT suspensions

(except for the metallic-enriched sample from NanoIntegris)
were prepared using HiPco product (batch 188.4) from the Rice
University reactor. Studies of ultrasonication effects were per-
formed on (6,5)-enriched SWCNT suspensions prepared accord-
ing to the nonlinear DGU protocol reported recently.30 We
changed the surfactant from aqueous sodium cholate (used
in DGU) to 1% SDBS by filtering through a Nanosep 10K
centrifugal filter, washing the nanotubes to remove sodium
cholate, and resuspending them in 1% aqueous SDBS.

For experiments involving up to 3 h of bath ultrasonication, we
used a Sharpertek model Stamina XP (4.5 L) sonicator. Tip sonica-
tion experiments were performed in an ice bath on sample
volumes of approximately 1.5 mL using a Misonix model XL-2000
at powers of 4-5W. Sonication-induced turbidity was reduced by
centrifuging at 2800 g for 5min or by passive sedimentation under
ambient conditions for 12 h.

Absorption backgrounds were studied for two amorphous
carbon sources: 99.99% pure acetylene carbon black (Strem
Chemicals, CAS no. 7440-44-0) and N134 (Continental Carbon),
with particle sizes of 42 nm and 20-40 nm, respectively. Each of
these materials was ultrasonically suspended in 1% aqueous
SDBS to create six suspensions with concentrations of 10, 6.7, 5,
2, 1, and 0.5 mg/L. Sonication was preformed in an ice bath to
prevent concentration changes from solvent evaporation.

The effects of SWCNT functionalization on absorption back-
ground were investigated by stepwise injection of up to 290 μg
of gaseous ozone in O2 (from an Ozone Services model GE60
generator) into 80 μL of (6,5)-enriched SWCNTs in 1% aqueous
sodium cholate.

For assessing spectral changes from aggregation, we com-
pared a dispersed SWCNT sample that had been mildly cen-
trifuged to remove carbonaceous and catalyst impurities with
another sample also subjected to rigorous DGU processing to
further separate individual nanotubes from bundles.43 The DGU
density gradient was prepared by discrete layering of premixed
aliquots of water and iodixanol of variable density (1.5 mL of
1.32 g/cm3, 1.0mL of 1.25 g/cm3, 0.5mL of 1.20 g/cm3, 0.5mL of
1.15 g/cm3, 0.5 mL of 1.10 g/cm3, 0.5 mL of 1.05 g/cm3). The
layered centrifuge tubewas capped and tilted at an angle of 10�
for 30 min. Then 0.5 mL of previously prepared SWCNT suspen-
sion in sodium cholatewas added and the tubewas centrifuged
for 12 h at 268000g. The resulting suspension separated into
two distinct fractions with the upper one containing mostly
individual SWCNTs. This aggregate-depleted fraction was then
used for studies of spectral congestion and aggregation effects.

To investigate SWCNT length effects, SWCNT suspensions in
1% aqueous sodium deoxycholate were initially prepared using
sequential bath and tip sonication followed by the aggregate-

removing DGU protocol described above. The sample was then
length fractionated by electrophoresis in a 5% agarose gel using a
procedure similar to that of Heller et al.37 To determine nanotube
length distributions, fractions were drop-cast onto silicon sub-
strates, washed, and annealed at 450 �C todecrease the amount of
residual surfactant. After this treatment, we compiled length
histograms for each fraction by analyzing images taken with a
Veeco Multimode 3A atomic force microscope.

Absorption background contributions from metallic SWCNTs
were studied using nanotubes from two different sources. A
sample of (6,5)-enriched SWCNTs in aqueous sodium cholate was
prepared from HiPco batch 188.4 by nonlinear DGU, as described
previously.30 SWCNTs from the same batch were dispersed in a
sodium cholate/SDS mixture and DGU-processed for metallic
enrichment.43 The metallic-enriched fraction was dialyzed against
1% aqueous sodium cholate in a 10 kD dialysis cassette. The
concentration dependence of SWCNT metallic absorption back-
grounds was assessed using solutions prepared from a solid 99%
metallic-enrichedSWCNTsample (NanoIntegris).Weighedportions
of this sample were dispersed in known volumes of 1% sodium
cholate solution by 20 min tip sonication at 4 W in an ice bath to
yield SWCNT mass concentrations of 2.5, 5.6, and 14.3 mg/L.

For the purpose of estimating metallic contributions when
modeling spectral congestion, a weighed amount of HiPco
SWCNTs was dispersed in a known volume of DMF by 20 min of
tip sonication at 4 W. The absorption spectrum of the resulting
suspensions was measured, and DMF was then evaporated on a
hot plate to constant sampleweight. The absorbanceper unitmass
found for the sample was used to estimate the concentration of
the aggregate-depleted sample used in spectral congestion
modeling.

Apparatus. Visible-near-IR absorption and Raman spectra
(740 nm excitation) were measured using a model NS2 Nano-
Spectralyzer (Applied NanoFluorescence, LLC).
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