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3. Near-Infrared (NIR) Spectroscopy

3.1 Introduction

Near-IR (NIR) spectroscopy is an analytical technique which is ideally suited for the
characterization of single-walled carbon nanotubes (SWNTSs), because it allows the
measurement of the absorption of light in the region of the interband electronic
transitions. These electronic transitions are the characteristic signature of the SWNT
electronic structure and may be observed in the solution or solid state as a function of
photon energy. NIR transmission spectroscopy has been extensively used to detect
SWNT interband transitions,’® to evaluate the effect of ionic and covalent chemistry on

7,9-13

the band structure, and to compare the abundance and diameter distribution of the

SWNTs produced by different synthetic techniques as a function of synthetic

parameters and catalyst composition.'"’

Recently, NIR spectroscopy has been advanced as an efficient tool to quantitatively
evaluate the carbonaceous purity of bulk SWNT material.'®?? The procedure is
extremely simple, can be efficiently used by students and technical personnel and
utilizes equipment that is routinely available in many research and educational
laboratories. In this chapter we formulate the main principles of the NIR spectroscopy-
based purity evaluation technique. We present examples of the practical use of this
technique for optimization of SWNT synthesis and for improving the parameters of a
purification procedure. We provide an assessment of the advantages and potential
limitations of this purity evaluation technique against other carbon nanotube purity

assessment methods.

3.2. Formulation of method: Electronic Structure and Optical Spectroscopy of
SWNTs

The electronic structure of SWNT derives from that of a 2-D graphene sheet, but
because of the radial confinement of the wave function the continuous electronic density

of states (DOS) in graphite divides into a series of spikes in SWNTs which are referred



to as Van Hove singularities (Figure 1).2%® Depending on helicity and diameter, these

1-D nanostructures may be metals or semiconductors.?>%°
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Figure 1: Electronic density of states (DOS ) of semiconducting and metallic SWNTs

Based on simple tight-binding theory, the semiconducting SWNTSs give rise to a series
of electronic transitions between the principal mirror spikes in the electronic density of
states (DOS) starting with S11 = 2ap/d and Sz, = 4ap/d, while the metallic SWNTs
show their first transition at M1 =6ap/d, where a is carbon-carbon bond length (nm), 3
. is the transfer integral between pr-orbitals (B = ~2.9 eV) and d is SWNT
diameter(nm).> %% Current synthetic techniques produce SWNTs with a range of
chiralities and diameters, and in this case the S+4, Sz and M4 features are
simultaneously present in the electronic spectra of the bulk SWNT sample with
individual features broadened due to the finite SWNT diameter distribution.> > > " ® NIR
optical absorption spectroscopy can capture these specific features which typically
occur between 0.5 and 3 eV.? %> "8 The optical spectra of carbonaceous and graphitic
impurities present in bulk SWNT samples give rise to a featureless monotonically
increasing absorption in this spectral region (0.5 — 4 eV)."®%% 27-28 These spectral
characteristics provide a unique opportunity to distinguish between the SWNTs and

impurities present in the sample using optical spectroscopy.



Figure 2 shows a schematic of the absorption spectrum of a typical electric arc
discharge (EA) produced SWNT sample in the spectral range between the far-IR and
the UV (10 - 45 000 cm™), with the absorptions due to SWNTs and carbonaceous
impurities shown in different colors to illustrate the different components (although it is
not yet possible to analytically separate these contributions).'® ?° The high-energy part
of the spectrum is dominated by the n-plasmon absorption from both SWNTs and
carbonaceous impurities, and the tail of this peak extends into the far-IR part of the
spectrum. The NIR - visible part of the spectrum from 4000-17 000 cm™' exhibits
characteristic absorption features, originating from the interband transitions between
pairs of Van Hove singularities in semiconducting and metallic SWNTSs, which ride on
the top of the n-plasmon tail. It is intuitively understandable, that the strength of these
characteristic features in comparison with the featureless baseline provides a measure
of the purity of the SWNT material.

While the Sq4 transition is the most prominent, we chose the second semiconducting
transition (S»», inset to Figure 3), for the purity evaluation because the Sy, transition is
less susceptible to incidental doping and because it matches the transmission window

for dimethylformamide (DMF) which is utilized for the solution (dispersion) phase NIR
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Figure 2: Schematic illustration of the optical spectrum of typical SWNT sample
produced by the electric arc method. Inset shows the region of the Sy, interband
transition utilized for NIR purity evaluation. In the diagram: AA(S) is the area of
S22 spectral band after linear baseline correction;, AA(T) is the total area of the
S22 band including SWNT and carbonaceous impurity contributions. The NIR
relative purity is given by RP = (AA(S)/AA(T))/0.141 (see text).

spectroscopy.'®? It is known, that DMF is one of the most efficient solvents for
dispersing both raw and purified SWNT material, and we have found that DMF can

partially compensate the incidental doping affecting the Sy, interband transition.'®2°

We have identified the ratio AA(S)/AA(T) as the simplest possible metric of SWNT purity,



where AA(S) is the area of the Sy, interband transition after linear baseline subtraction
(dark gray area in the inset to Figure 2), and AA(T) is the total area under the spectral
curve, with both areas taken between the spectral cutoffs of 7750 and 11750 cm'1,
which were chosen to capture the Sy, interband electronic transitions of SWNTs of the
diameter produced by the EA-process with Ni/Y catalysts.'®?° This ratio is then
normalized by dividing by 0.141, the value of AA(S)/AA(T) obtained for an arbitrary high
purity reference sample of AP-SWNTs (denoted R2), and this procedure therefore gives
rise to a relative purity (RP)."**° Because a 100% pure reference sample is not currently
available, it is not possible to give an absolute determination of SWNT purity, although
progress may be noted.?”?® Nevertheless, through the joint efforts of the carbon
nanotube community, and with sample exchanges between research groups it will be
possible to further refine the choice of a reference sample and to asymptotically

converge on a standard for the measurement of absolute purity.

3.3 Practical Procedure

3.3.1 Choice of Spectrophotometer

Common FT-IR spectrometers cover the spectral range between 10 000 and 400 cm’’
(1000 — 25 000 nm), whereas UV-Vis spectrophotometers usually cover the range
between 175 and 900 nm (57 000 — 11 000 cm™). In order to cover the typical Sy, and
M4 interband transitions which are of interest in the purity evaluation of SWNTs
produced by electric arc and laser ablation techniques, a spectral range of 7000-19 000
cm™' is required, so neither of these types of spectrophotometers encompass the
required spectral range. Several commercial instruments combine the UV-Visible and
NIR spectral ranges and are suitable for the NIR purity evaluation procedure, including
the Cary 500(5000) spectrophotometer and equivalent instruments from Shimadzu and
Perkin-Elmer with spectral range 57 000 — 3000 cm™ (175 — 3300 nm).

3.3.2 Sample preparation

For accurate evaluation of bulk quantities of SWNT material (>10g), special attention
must be paid to the preparation of the NIR samples, because as-prepared SWNT (AP-

SWNT) material is typically very inhomogeneous. Below we present a multi-step best



practices procedure developed for large scale batches of inhomogeneous AP-SWNT
material:'®%°

Step 1. The AP-SWNT material is mechanically homogenized to give a dry
powder. The use of a kitchen blender operated at low speed for 5 min leads to a fine
homogeneous powder.

Step 2. Homogenized AP-SWNT soot (50mg) is dispersed in 100 ml of DMF by
use of an Aquasonic 50T, 75T, or 550T ultrasonic bath or equivalent brand for 10-20
min. Mechanical stirring facilitates homogenization during this step which should lead to
a homogeneous concentated slury of SWNTs in DMF.

Step 3. A few drops of the concentrated SWNT slurry is collected by pipette
from different regions of the sample and diluted to 10 ml with fresh DMF and sonicated
for 10 minutes. By use of one or two additional 10 ml scale dilution-ultrasonication
cycles the concentration is reduced to ~0.01 mg/ml, which provides a stable, visually
non-scattering dispersion with an optical density close to 0.2 at 12,000 cm™ in a 10 mm

path-length cell.

This preparation procedure results in a test sample, which provides a reproducible and
accurate representation of the carbonaceous purity of bulk AP-SWNT soot. Increasing
the SWNT concentration in the final test sample improves the signal-to-noise ratio of the
experimental optical spectrum, but may destabilize the dispersion and lead to significant

light scattering and thereby compromise the results of the purity evaluation.

For purified SWNT samples the amount of material utilized for the purity evaluation test
can be reduced to a few mg because the material is usually fairly well homogenized and
less material is required to give a statistically representative sample. In order to assure
homogenization we recommend the use of a standard coffee blender to convert purified

SWNT material into a fine powder.



3.3.3 Practical example of spectral measurements and relative purity calculations

The SWNT sample should be ultrasonicated just before the spectral measurement in

order to assure high quality dispersion, and the spectrometer should be turned on 30

minutes prior to the measurement to allow the baseline to stabilize. Spectra are usually
taken in the range 7000-17 000 cm™ for EA-produced SWNTs in order to visualize both

the S22 and My4 interband transitions. Some spectrophotometers allow the collection of

spectra only as a function of wavelength. For purity calculations we recommend

processing the data as a function of frequency (energy) as shown in Figure 3, because

the absorbance spectra as a function of wavelength (proportional to inverse energy)

show significantly more curvature and are more difficult to analyze.
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Figure 3: Practical procedure for determination of relative purity (RP) of AP-SWNT
sample: a)Solid line: spectrum of SWNT dispersion in DMF in the range 7000-17 000
cm’', dashed line: linear baseline, dotted lines: spectral cutoffs for purity
determination; b) Total area AA(T) (black + gray) in the region of the Sy, interband
transition, calculated integral AA(T)=662; c) Area of Sy, feature AA(S)( gray) after
linear baseline correction, integral AA(S)=40. RP = 43%



In order to establish the baseline a tangent line is drawn to the minima of the absorption
curve at the low and high energy sides of the Sy, transition (Figure 3a); in practice it is
best to use 5 data-points on each side of the chosen S, spectral window (7750 — 11750
cm™ for EA -SWNTSs) for the linear fitting routine. The absorption spectrum within the
cutoffs is presented separately in Figure 3b with calculated total area AA(T) = 662.
Figure 3c shows the spectrum of the Sy, feature after linear baseline correction with
integrated area AA(S)=40. The ratio AA(S)/AA(T) is divided by 0.141 to obtain a relative
purity, RP against the P2 reference sample:'®? in the present case RP = 43% (Figure
3).

3.3.4 Most common source of experimental errors: distorted baseline

Figure 4 presents a NIR spectrum of a SWNT dispersion in DMF exhibiting both of the
two most common spectral distortions which occur in the vicinity of 8000 and 12 000
cm™ (red arrows). The distortion just above 8000 cm™ is due to presence of traces of
water in the solvent which gives very strong absorptions that in some cases can not be

properly subtracted from the baseline by the pure solvent in the reference channel.
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Figure 4: Example of distortions in NIR spectra (red arrows) due to the presence of

traces of water in the DMF and the change of optical elements in the

spectrophotometer. (a) complete spectrum, (b)spectrum of Sy, feature after linear

baseline correction. Choice of baseline is uncertain (between blue and green dashed

lines), which leads to uncertainties in the integrated areas AA(T) and AA(S) and in the

calculated value of the relative purity.

In the example given in Figure 4 this distortion produces a negative contribution to the
integrated area thus reducing the relative purity because of the uncertainty in the
baseline position at the low energy spectral cutoff. It is important to use dry solvent and
to avoid admitting any traces of water to the solvent during the sample preparation

procedure.

The step in the trace in the vicinity of 12 000 cm™ corresponds to the change from the

NIR detector to the UV-Vis detector in the spectrophotometer and introduces errors into
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spectrum and the linear baseline correction near the high-energy spectral cutoff.
Possible baseline choices are shown by green and blue colors and this uncertainty
serves to introduce errors into the calculated RP. The jumps in the spectrum result from
the change of the optical elements inside the spectrophotometer and can be minimized
by careful alignment of spectrophotometer components by the manufacturer, optimum
alignment of the sample positions in both optical channels, by modifying the ratio of
spectral resolutions in the NIR and UV-Vis spectral ranges, and by stabilization of the
spectrometer by utilizing an extended warm-up time. It is practically impossible to avoid
such steps in the case of scattering samples such as poorly dispersed SWNTs or

inhomogeneous or thick SWNT films.

3.4 Characterization of NIR method

3.4.1 Reproducibility of the purity evaluation

To test the reliability of the NIR technique and the reproducibility of the purity
measurements we prepared five independent 50 mg probe samples from the same
mechanically homogenized 10g batch of AP-SWNT material using the recommended
procedure.®?° The results of the NIR relative purity measurements are presented in the
Figure 5. The five probe samples show an average relative purity of 46% with a
standard deviation, SD = 3.0%, which corresponds to relative error ~7% in the

measured RP value.
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Figure 5: Reproducibility test of NIR purity evaluation technique: a) Solution phase
NIR spectra of five independent probe samples obtained from 10g AP-SWNT sample;
b) Calculated purity of the five probe samples

3.4.2 Influence of light scattering

The NIR purity evaluation method depends on the absorption of light, but the interaction
of electromagnetic radiation with SWNTs may lead to scattering.’® ?*:?° The occurrence
of light scattering would be a complicating factor in the interpretation of the absorption
spectra of SWNTs and might affect the accuracy of the purity evaluation by contributing
to the level of the baseline (Figure 3), thus reducing the measured purity. The spectral
contribution to light scattering (S) is controlled by the ratio of the characteristic
dimension of the scattering particles (d) and the wavelength of the incident light (1). In
the present situation, we consider the SWNT length to be the characteristic dimension d,
because the strongest interaction of light with SWNTs occurs when the light is polarized
along the SWNT axis. Most SWNT samples show a wide length distribution, which is
typically concentrated in the range d = 0.5 - 3 um and this is comparable with the
wavelength of light in vicinity of the S, interband transition (A= 1 um) that is utilized for
purity evaluation. In this circumstance (d ~ 1) Mie scattering is expected to dominate, '

and this scattering mechanism becomes more important as the particle size increases
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(d > 1) In the spectral range of interest there is a crossover between A > d and A < d,
and this makes it difficult to theoretically estimate the influence of scattering on the NIR
absorption spectra, especially in the case of SWNT solution samples which present

themselves to the light beam as dynamic highly anisotropic particles.
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Figure 6: Solution phase absorption spectra of a SWNT sample collected with
the spectrophotometer in regular transmission configuration (gray curve) and

using an integrating sphere (black curve) to collect the scattered light.

In order to experimentally address these questions, we made use of an integrating
sphere in the sample compartment of the Cary 500 UV-Vis-NIR spectrophotometer
utilized in our experiments,?’ as discussed previously.?® The integrating sphere
recovers a significant fraction of the scattered light normally lost with the narrow
aperture of collection presented in a standard transmission experiment. Figure 6 shows
the NIR absorption spectra of an AP-SWNT dispersion in DMF measured with regular
and integrating sphere configurations for the collection of light.?*° The introduction of
the integrating sphere collection leads to a small decrease in the level of the baseline,
and the calculated relative purities were found to be RP = 63.8% in regular, and RP =
61.7% in the integrating sphere configurations; Table 1 shows a comparison for three

AP-SWNT samples with relative purities between 20 and 60%.%°  If scattering were to

13



be significant, we would expect a reduction in the relative purity, when measured in the
regular configuration in comparison with the case of the integrating sphere technique.
Table 1 shows the opposite trend, with a lower measured relative purity in the
integrating sphere configuration, although the deviations are within the experimental

accuracy of our

Table 1. Measured NIR Purity with Spectrophotometer in Regular and Integrating

Sphere Configuration

Sample Number 1 2 3

Regular Configuration 20.5% 38.5% 63.8%

Integrating Sphere 16.5% 35.5% 61.7%

technique.'®?° This suggests, that in the case of properly dispersed SWNTSs, scattering
does not materially affect the NIR relative purity evaluation. Incompletely dispersed
samples with large aggregates of SWNTs would be expected to affect the purity
evaluation as a result of Mie scattering, and it was for this reason that we emphasized
the importance of the sample preparation procedure and stressed the necessity of
utilizing low SWNT solution concentrations (< 0.01 mg/ml)."*%° It proved to be more
difficult to control scattering in the case of SWNT thin films, and this was one factor

18-22

which lead to our choice of solution phase.'®? rather than thin film” '* "> " transmission

spectroscopy for the relative purity evaluation studies.

3.4.3 Influence SWNT concentration on relative purity determination
We previously recommended a concentration of 0.01 mg/mL for the SWNT purity
evaluation;'® higher SWNT concentrations are difficult to stabilize as non-scattering

dispersions, while reducing the concentration decreases the signal to noise ratio of the
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NIR spectra. In order to evaluate the importance of the SWNT concentration for NIR
spectroscopy-based purity evaluation technique we prepared a series of dispersions of
AP-SWNTSs with concentrations between 0.05 and 0.001 mg/mL.?°  Figure 7 shows the
NIR relative purities obtained from the NIR spectra shown in the inset, as a function of

SWNT concentration.
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Figure 7: NIR relative purity as a function of the concentration of the SWNT
dispersion; inset shows experimental NIR solution phase spectra utilized for

calculation of purity.

Figure 7 demonstrates that the NIR relative purity values are independent of the SWNT
concentrations, which is a simple consequence of the applicability of Beers law to
SWNT dispersions.?”*# This confirms that the relative purities determined by the NIR
technique are internally consistent, and that the sample preparation procedure does not

require exact matching of the concentrations.
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3.5 Examples of the application of NIR purity evaluation procedure

3.5.1 Optimization of SWNT synthesis

Figure 8 illustrates the use of the NIR-based purity evaluation technique for the study of
the effect of the Y concentration on the large scale Ni/Y catalyzed EA-discharge Ni/Y
production of SWNTSs.'® The bottom panels in Figure 8(a-e) show the region of the
solution phase NIR spectra in the range of 7750-11750 cm’” corresponding to the Sy,

interband transition for five Y concentrations between 0.25 and 8 atom% .
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Figure 8: Solution phase NIR spectra of EA-AP-SWNT soot produced with Ni-Y
binary catalyst as a function of the Y concentration at a constant Ni concentration of 4
atom %. Bottom panel: spectra in the range of Sy, interband transition consisting of
featureless background (gray area) and S, SWNT feature (black area) separated by
the linear baseline; Top panel: the enlarged S,; interband transition obtained after the
linear baseline subtraction. The relative carbonaceous purity of the AP-SWNT soot
(top panel), is determined from the ratio of the area under the spectral curve in the top
panel to the total spectral area in the bottom panel.
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The top panels in Figures 8(a-e) show the corresponding S,, features extracted from
the original spectra (bottom panel) by a linear baseline correction. High purity SWNT
samples have a high ratio of the area of the Sy, band (top panel) to the total area under
the spectral curve (bottom panel). It is clear from Figure 8 that the highest ratio and
therefore the highest purity occurs in the vicinity of Y concentrations of 0.5 and 1.5
atom% in agreement with prior work.*® Thus, the NIR technique provides an efficient
tool to visualize and analytically evaluate the effect of catalyst composition and other

synthetic parameters on the purity of the AP-SWNT product.’® %!

3.5.2 Evaluation of efficiency of purification and optimization of purification

parameters
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Figure 9: NIR evalution of efficiency of purification procedure. NIR spectra in the
range of the SWNT Sy, interband transition for: (a) starting (AP) sample (NIR
RP=50%), (b) purified (NIR RP=93%) sample; bottom panel — full spectra, top panel -

S», band after linear baseline subtraction.

An important application of a purity evaluation technique is the ability to efficiently
monitor and optimize the parameters of purification processes.®'* Figure 9 shows the
NIR spectra of starting AP-SWNT material and the final purified product obtained by
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oxidation of AP-SWNTs in air followed by treatment with hydrochloric acid. According to
the NIR evaluation procedure the carbonaceous relative purity increased from 50 to
93% as a result of the purification (Figure 9) and the amount of residual metal catalyst

decreased from 30 to 8%, as determined by TGA.

It is convenient to introduce the purification recovery factor PRF,*" *® which takes into
account both the increase of purity and the loss of product; for an ideal process the
product is analytically pure and PRF = 1.3 IfYis the yield of the process then we have
shown that the PRF is given by:*®* PRF = [RP(P-SWNT)/RP(AP-SWNT)] x Y, where
RP(P-SWNT) and RP(AP-SWNT) are the relative purities of the as-prepared and
purified SWNTs. Because the NIR technique applies to the carbonaceous purity of the
sample the measured yield must be corrected for changes in the metal content of the
sample and in this case the yield is given by Y = [Ms, x (1-METs0))/[Mst x (1-METg)],
where Mgt (Msn) and METg; (METs,) are the sample mass and the fraction of metal,
respectively, in the starting material (final product). For example, in the purification
procedure of AP-SWNTs illustrated in Figure 9, Mgt =10g, RP(AP-SWNT) =50% and
MET: = 0.3 (metal residue of 30% determined by TGA); after purification Mg, = 2.5g,
RP(P-SWNT) = 93% and METjs, =0.92; leading to PRF = 0.61 for the process. Thus
about 40% of the SWNTs present in the starting sample were lost during the purification
process. Each step of a purification procedure can be evaluated and optimized on the
basis of NIR relative purity and PRF figure of merit,"* taking into account that the ideal

purification process results in a PRF = 1.

3.6 Frequently asked questions about the capabilities and limitations of the NIR
technique:

3.6.1 The NIR technique provides a value for the relative purity (RP) - what about
the absolute purity?

At the present moment it is not possible to provide an absolute value of the purity of
SWNTs, but it is expected that the widespread adoption of the NIR purity evaluation
technique supported by other analytical techniques presented in this guide will soon

produce samples which cannot be further purified and may thus be considered
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analytically pure. The joint efforts of the carbon nanotube community, and sample
exchanges between research groups will be required to asymptotically converge on a
standard for the measurement of absolute purity. Based on currently available samples,
we expect analytically pure SWNT samples to be characterized by values of
AA(S)/AA(T) ~ 0.325, and RP ~ 230% when evaluated against the original reference

sample R2.%%: %8

3.6.2 To which types of SWNTSs is the NIR purity evaluation technique applicable?
The NIR purity evaluation technique was initially developed for electric arc produced
SWNTs prepared with the Ni/Y catalyst, but it has been already successfully adapted to
SWNTs produced by laser ablation.®* For the applicability of NIR technique it is
important that the SWNTs have a relatively narrow diameter distribution without overlap

between the S11, S and Mq4 bands.?®

3.6.3 Is the NIR technique applicable to CVD produced SWNTs?

The chemical vapor deposition (CVD) technique usually produces SWNTs with an
extremely wide diameter distribution. As a result, there is significant overlap of the
interband transitions in these preparations and this obscures the NIR spectral features
and severely complicates the application of the current procedure. Recently, much
higher selectivity of SWNT diameters and chiralities was achieved by modifying the
catalyst preparations used in the CVD technique,® and by the application of separation

procedures,>® and the technique is applicable to such samples.

3.6.4 Is NIR technique applicable to HiPco produced SWNT?

The SWNT diameter distribution of HiPco SWNTs is wider than that of SWNTs
produced by the electric arc and laser ablation techniques, but narrower than that of
most CVD-produced SWNTs. In the optical spectra of HiPco material S, S22 and My4
bands are partially overlapping, so the direct calculation of AA(S)/AA(T) ratio results in
an underestimated relative purity. Nevertheless, the utilization of the NIR technique can
be very useful for the comparison of SWNT content from batch-to-batch for both

manufacturers and end-users of HiPco SWNTSs, so an internal HiPco reference
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standard should be developed. Currently, there is no algorithm available to compare the
purity of the best laser produced material against the best HiPco produced sample, so
the development of absolute purity standards for each production technique is very

important.?®

3.6.5 Why is the linear baseline approximation used in the NIR purity evaluation
procedure when a non-linear baseline fit might be more accurate?

We utilized the linear baseline approximation, because it provides a simple, easily
applicable and consistent purity evaluation procedure without any fitting parameters.
More sophisticated non-linear baseline descriptions have been advanced,?" %> however
these techniques require multiple fitting parameters for the purity evaluation procedure.
Near-IR absorption studies of a number of different forms of carbon, including the
products of EA synthesis and commercially available carbon-based nanomaterials,?” 28
has shown that the shape of the baseline in the range of the S,; interband transition
depends critically on the type of nanocarbon, and this compromises the transferability of

the parameters from non-linear baseline fitting procedures.

3.6.6 The NIR purity evaluation procedure implicitly assumes that the extinction
coefficients of the SWNTs and carbonaceous impurities are equal on a per carbon
basis. How does this affect the results of purity evaluation?

The ultimate goal of this work is the establishment of the absolute extinction coefficients
which would remove this objection and allow the measurement of the absolute purity of
the samples.?”:?® The simple metric of purity adopted herein [AA(S)/AA(T)], assumes
that the per carbon extinction coefficients of SWNTs and carbonaceous impurities are
identical. If the extinction coefficient of the impurities is higher than that of the SWNTS,
the AA(S)/AA(T) ratio would underestimate the purity, whereas the purity would be
overestimated in the opposite case. Current research suggests that the extinction
coefficient of SWNTs produced in the electric arc is higher than that of the

carbonaceous impurities.?” %8
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3.6.7 The NIR technique utilizes the semiconducting S, interband transition for
purity evaluation. What can be said about the metallic SWNTs?

The maijority of known bulk synthetic techniques produce a statistical mixture of SWNTs,
which corresponds to a 2:1 ratio between semiconducting and metallic SWNTs, '
although certain CVD techniques are chirality selective.®® Thus we assume the
semiconducting Sy, interband transition provides a measure of the purity of the whole
SWNT sample.

3.6.8 Is it possible to use other solvents instead of DMF?

DMF is a good solvent for the purity evaluation technique, because it is one of the best
solvents for dispersing SWNTs, does not absorb NIR radiation in the range of the S,,
band and reduces incidental doping effect of the SWNTs. Other solvents are applicable
for purity evaluation, but the AA(S)/AA(T) ratio varies among solvents. For example, we
found that AA(S)/AA(T) ratio in water is lower than in DMF not only for purified (doped)
material, but also for AP-SWNTs. Thus we recommend the use of a single solvent (even

if not DMF) for the purity evaluation routine within a particular set of experiments.

3.6.9 Is it possible to use thin film instead of solution phase spectroscopy?
Thin film spectroscopy has been extensively used in SWNT research. Some types of
SWNTs are very difficult to disperse, especially long SWNTs or purified SWNTs after
high temperature annealing in vacuum. In this case some users of the NIR technique
prefer to spray a thin film of SWNTs on an optical substrate for use in NIR spectroscopy.
This approach is entirely legitimate,' *” but we found it more difficult to obtain
reproducible AA(S)/AA(T) ratios, that the results were somewhat dependent on the
thickness of the film and we note that it is not trivial to obtain homogeneous non-
scattering films,?® as oppose to non-scattering dispersions.?’ Similar to the case of
different solvents, the ratio AA(S)/AA(T) can be different for a sample in the solution
phase and as a thin film, so it is important to be consistent in the use of either solution

phase or thin film spectroscopy during a set of experiments.
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3.6.10 How does debundling (rebundling) of SWNTSs affect the results of the
purity evaluation?

It has been shown that debundling of the SWNTSs or the separation of individual SWNTs
leads to better resolved absorption spectra with narrow peaks corresponding to the
interband transitions of SWNTSs of particular chirality.® Does such debundling affect the
AA(S)/AA(T) ratio? To a first approximation we do not expect that debundling and the
resultant change of the shape of the spectra would affect the integral values AA(S) and
AA(T) and the measured purity value. However, at the present time, there are no
experimental data comparing optical spectra of the same ensemble of SWNTs in

individual and bundled forms, so this point remains uncertain.

3.6.11 How does the interpretation of the absorption features affect the results of
the purity evaluation: Interband transitions versus Excitons

In the past few years it has been proposed, that the observed S11, S22 and M41 bands do
not correspond to interband transitions between pairs of Van Hove singularities, but are
rather exciton bands due to the strong coupling of electrons and holes in the 1D-
system.?* “? This issue is not finalized yet, but there are no obvious reason to suggest
that a change of interpretation of the SWNT absorption feature would preclude

utilization of this optical transition for purity evaluation purposes.
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