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SWCNT-1

Single-Wall Carbon Nanotube Certified Reference Material

This Certified Reference Material is primarily intended for use in the validation of procedures and
development of methods for the determination of trace metals in carbon nanotubes or those of
a similar matrix. It has been gamma sterilized to support studies of environmental health and
safety and nanotoxicology. SWCNTs have been identified as an engineered nanomaterial for
which thorough characterization is needed for assessments of environmental, health and safety
testing [1]. Parameters of interest include elemental/molecular composition, specific surface
area, surface chemistry, particle size and distribution, morphology/shape/form, surface charge
and crystal structure, amongst other variables. SWCNT-1 serves as a stable and homogeneous
representative test material to foster development and validation of international consensus-
based standards to further rigorous physico-chemical characterization of such materials [2]. A
unit of SWCNT-1 CRM consists of a bottle containing nominally 100 mg of SWCNT material
under an argon atmosphere.

Table 1 summarizes those trace metals for which certified values have been established for this
material. The expanded uncertainty (Ucrwm) in the certified value is equal to Ucrm = kuc where uc
is the combined standard uncertainty calculated according to the JCGM Guide [3] and k is the
coverage factor. It is intended that Ucrm accounts for every aspect that reasonably contributes
to the uncertainty of the measurement [4]. A coverage factor of 2 was applied for all elements.
The table below lists certified values for SWCNT-1, expressed on a dry mass basis.

Table 1: Certified mass fraction values and expanded uncertainty (k = 2) for SWCNT-1

Element Mass fraction Units
Co (a,b) 159+1.0 a/kg
Ni (b,c) 144+0.8 a/kg
Mo (b,c) 7.3+£1.1 a’kg
Fe (b,c) 22+0.2 a/kg
Pb (c) 6.8 £0.9 mg/kg
Hg (c) <10¢ mg/kg

* for the purposes of uncertainty propagation, this value (x) could be interpreted as x/2 + x/(2V3) where the uncertainty
value is derived assuming a rectangular distribution within the interval 0 to x.
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Coding
The coding refers to the instrumental method of analyte determination.

a - Standard addition inductively-coupled plasma mass spectrometry (SA-ICP-MS)
b - Instrumental neutron activation analysis (INAA)
¢ Isotope dilution inductively-coupled plasma mass spectrometry (ID-ICP-MS)

Reference values for several physico-chemical parameters are summarized below: Table 2
compiles reference values for mass fractions of additional trace metals determined by
instrumental neutron activation and prompt gamma activation (for H and B) analysis; specific
surface area is presented in Table 3; Table 4 reports values measured for the material via
thermogravimetry; Figure 1 provides a reference thermogram; Figure 2 illustrates reference
Raman scattering spectra; Table 5 summarizes the G/D peak-height ratio of these Raman peaks
and Table 6 presents RBM-derived average nanotube diameter.

Table 2: Reference Mass Fraction Values for SWCNT-1

Element Mass fraction? Units
Al 494 + 94 mg/kg
Au 0.139 £ 0.017 mg/kg

B 107.3 £ 3.1 mg/kg
Ca 2650 £ 300 mg/kg
Cr 285 + 26 mg/kg
H 4,23 +0.99 mg/g

K 3220 £ 200 mg/kg
La 0.96 £ 0.27 mg/kg
Mn 135.8+1.8 mg/kg
Na 167 £7 mg/kg
Ti 193 + 22 mg/kg
Vv 4.37 £0.31 mg/kg

@ Uncertainty is an expanded uncertainty (k=2) about the mean (n=4) calculated by combining
between-method and within-method variances following [5]. A comprehensive description of the
methodologies and comparison of individual results is available [6].

Table 3: Reference Value for Specific Surface Area of SWCNT-1

Surface area?, m?/g

329 + 6°
a Average adsorbate (nitrogen) area per molecule of 0.162 nm? used for the determination.
Expanded uncertainty (k=2), based on 3 replicate determinations.

b Dry mass basis [7].
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Table 4: Reference Thermogravimetry-Derived Values for SWCNT-1

Parameter Value

Oxidation temperature

Peak 1, °C 502.9+1.2
Peak 2, °C 602.7 £ 0.9
Residual mass®, mg/g 83.0+5.8

@ Expanded uncertainty calculated as U=k (standard deviation divided by square root of 21) for
k = 2 based on replicate measurement cycles undertaken over a period of 4 months on fresh
and “aged” samples.
b Dry mass basis [7].
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Figure 1. Reference thermogram (solid line) and first derivative (dashed line) for SWCNT-1 using
a heating rate = +10 °C/min in a 25 mL/min flow of air. Multiple overlays of samples run over a
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period of 18 months are displayed.
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Figure 2. Reference Raman scattering spectra for SWCNT-1 with excitation at 514.5 nm (2A),
632.8 nm (2B) and 785 nm (2C). Red trace presents typical sample spectrum with black trace
illustrating averaged spectrum from six random samples. Multiple peak features corresponding
to different SWCNT Raman features, including the radial breathing mode (RBM), D-band, G-
band, M-band, iTOLA-band and G’-band are visible [8, 9]. For clarity, the D-band is magnified in
the insets. The 521 cm™ peak from the Si glass substrate is indicated for reference. Strong RBM
peaks indicate the high mass fraction of SWCNT in the sample; the low intensity D-band
suggests tubes have few defects and the narrow G- and G’-bands infer the sample contains
relatively low content of amorphous carbon.
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Table 5: Reference G/D Raman Peak Ratio for Excitation of SWCNT-1 at 514.5 nm

G/D Ratio?
491+438

a@Mean of peak heights of 13 determinations conducted over an 18 month stability study at NRC.
Expanded uncertainty is calculated as U=k*(standard deviation divided by square root of 13) for k
=2.

Table 6: RBM-Derived Nanotube Diameter

Tube diameter?, nm

1.5+£0.2°
a Calculated following [10] : wrem = 234/d + 10; TEM imaging provides 1.5 £ 0.2 nm (n=54)
[11] and AFM imaging provides a height of 1.5 nm (n=3).

b Expanded uncertainty calculated as U=k*(standard deviation divided by square root of 17) for
k =2 based on RBM frequencies in the range 125 — 225 cm- excited with 514.5, 632.8 and 785
nm sources.

Certified values

Certified values are considered to be those for which the NRC has the highest confidence in
accuracy and that all known and suspected sources of bias have been taken into account and
are reflected in the stated expanded uncertainties. Certified values are the best estimate of the
true value and uncertainty.

Reference values

Reference values are non-certified values for which insufficient data are available to provide a
comprehensive estimate of uncertainty to permit their full certification.

Intended use

SWCNT-1 is intended primarily for use in the validation of procedures and development of
methods for the determination of trace metals in carbon nanotubes or those of a similar matrix.

Storage and Sampling

This material should be kept at room temperature in its original packaging. Once opened,
SWCNT-1 should be stored in its original bottle, away from light and heat, preferably in a
desiccator until reused. Certified values for trace element mass fractions are based on a
minimum 25 mg sub-sample.

Instructions for Drying

Determination of dry mass should be performed on a separate sample to avoid contamination.
SWCNT-1 can be dried to constant mass by storage in a desiccator over anhydrous magnesium
perchlorate for 8 days [7].

Preparation of material

Renewable carbon from the pyrolysis of hardwood biomass was sieved to pass a 300 ym particle
size, blended with 0.6 atom % each of Co and Ni metal powders, mixed with GrafTech graphite
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adhesive, cured at +850 °C for 8 h in Ar and pressed into cylinders. These were mounted onto
a Mo support stub in a resistance furnace heated to +1200 °C and flushed with a blended flow
of argon and CO, as outlined in [12,13]. The briquettes were subjected to laser vaporization from
a pulsed source 1064 nm primary beam in combination with a 1064 nm continuous wave output.
The ablated material was flushed from the reaction chamber and collected on a filter. A master
batch was synthesized from 52 — one gram production sequences over the course of two months.
The material was then placed in a large stirred drum, slurried with 16 L of ethanol and
homogenized for 2 days with continuous stirring via a Teflon paddle.

Following decantation of supernatant solvent, the slurry was transferred to individual precleaned
bottles, centrifuged and sequentially washed multiple times in a sequence with acetone, toluene,
dimethyl-formamide and finally with acetone to help remove non-SWCNT amorphous material
such as soot and fullerene synthesis by-products. After air drying and crushing of agglomerates,
the material was sieved to pass a 400 pm filter. The combined mass was placed in a quartz
cylinder within a resistance oven for final desorption of residual solvents and a brief annealing.
This was accomplished by ramping the temperature from +150 °C over one hour to +1000 °C,
holding for one hour and then cooling. Heating was performed in a flow of clean argon which had
been first passed over moisture and oxygen traps as well as heated “sacrificial” carbon black to
prevent oxidation of the SWCNT-1. The dry SWCNT was passed through a 200-micron screen
and homogenized by rolling the sample in a clean bottle for 48 h.

Following an initial homogeneity check using random sub-samples based on results from Raman
spectroscopy as well as thermogravimetric analysis, the material was packaged under dry argon
into precleaned amber vials and sealed with a full aluminum crimp cap containing a coated Teflon
and silicone septum. SWCNT-1 was irradiated to a minimum dose of 15 kGy at the Canadian
Irradiation Centre, Laval, Québec. Individual bottles were then packaged under argon into heat
sealed trilaminate foil bags to which a silica drying pouch had been added.

Stability

SWCNT-1 was monitored for stability with respect to trace metal content as well as structural
homogeneity through changes in Raman spectra and thermal properties (via TGA). No
discernible change in mass fraction was detected for any certified element over an 18-month
period during which time the sample was stored under room temperature conditions, nor in
Raman (Gpeak/Dpeak) ratios or TGA oxidation temperatures. The latter two parameters were
evaluated through a periodic analysis of a fresh sample run concurrently with each previously
opened one over the course of the study. Uncertainty components for long- and short-term
stability were thus considered negligible and are not included in the uncertainty budget for trace
metals.

Certified values are considered valid until June 2023, within the measurement uncertainty
specified, provided the CRM is handled and stored in accordance with instructions herein.

Homogeneity

The material is considered to be homogeneous for trace element mass fractions at a sub-
sampling level of 25 mg. The contribution to uncertainty arising from bottle-to-bottle
inhomogeneity has been included in the calculation of the expanded uncertainties for these
measurands. Limited studies based on solid sampling have revealed that this material is
homogeneous for certified trace metal content at the level of 1 mg [14].
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Metrological traceability

Results presented in this certificate are traceable to the International System of Units (SI) through
CRMs produced by National Metrology Institutes and gravimetrically prepared standards of
established purity. As such, SWCNT-1 serves as suitable reference material for laboratory
quality assurance programs, as outlined in ISO/IEC 17025.

Notice and Warning to Users

This material should be handled as recommended by the National Institute for Occupational
Safety and Health [15]; sample preparation should be performed in a properly functioning fume
hood, glove box, or vented enclosure designed for powder handling and containment. Personal
protective equipment should also be used; please see associated Safety Data Sheet (SDS).

Quality Management System (ISO 17034, ISO/IEC 17025)

This material was produced in compliance with the NRC Metrology Quality Management System,
which conforms to the requirements of ISO 17034 and ISO/IEC 17025. The Metrology Quality
Management System supporting NRC Calibration and Measurement Capabilities, as listed in the
Bureau international des poids et mesures (BIPM) Key Comparison Database (kcdb.bipm.org/),
has been reviewed and approved under the authority of the Inter-American Metrology System
(SIM) and found to be in compliance with the expectations of the Comité international des poids et
mesures (CIPM) Mutual Recognition Arrangement. The SIM approval is available upon request.

Updates

Users should ensure that the certificate they have is current. For updates please refer to
doi.org/10.4224/crm.2013.swent-1.
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APPENDIX I: SUPPLEMENTARY INFORMATION

These data are considered to be those that may be of interest to the RM user, but for which a
limited number of analyses were performed and, typically, validated but non-standard
measurement methods or non-validated measurement methods were used.

Results for UV-Vis-NIR optical absorption and photoluminescence spectra, powder X-ray
diffraction and particle morphology are summarized below. Insufficient data are available to
assess their quality because only a limited number of tests were performed and, although the
instrumentation was frequently the same, validated but non-standard measurement methods or
non-validated measurement methods were used since the methods of sample preparation,
instrument operation and data interpretation were frequently different. A more comprehensive
development of international standard measurement methods under the auspices of other
organizations is needed and, consequently, SWCNT-1 is thus made available as a
representative test material [2] for this purpose.

Figure 3(a,b) presents an informational UV-Vis-NIR absorbance spectrum for SWCNT-1 which
has been sequentially dispersed in N,N-dimethylformamide using a brief sonication to produce
a weakly absorbing suspension used for measurement. Figure 2b identifies the second interband
transition absorption feature for semiconducting SWCNT (S22) used to compute an “Itkis index”
[16] of 0.093, thereby providing a rapid, quantitative procedure for the evaluation of the
carbonaceous impurity relative to a well-characterized reference material of similar
manufacturing origin. Purity of SWCNT-1 based on this criterion is 67 %; hence it contains
approximately 33 % mass fraction of amorphous carbon, graphitic nanoparticles and residual
catalyst impurities.
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Figure 3: Informational optical absorption by SWCNT-1 measured in the UV-VIS-NIR region
(~8000 — 32,000 cm™). (a) absorption spectrum identifying absorption features. (b) absorption
spectrum with an overlay indicating that portion considered for evaluating the “Itkis index” [16].
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Photoluminescence

Figure 4 presents informational photoluminescence spectra of SWCNT-1 for a sample
suspended in either water and wrapped in sodium cholate, or suspended in toluene and wrapped
in poly[9,9-dioctylfluorenyl-2,7-diyl] (PFO). Spectral features are clearly resolved for the PFO-
toluene sample and can be attributed to (n,m) selective polymer wrapping. In the case of sodium

cholate, the signal is much weaker and almost featureless.
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Figure 4: Informational photoluminescence spectra taken with an InGaAs detector. Resolved
peaks in the PFO-toluene sample (higher intensity trace) indicate that individual chiralities are

selectively wrapped by the polymer.

Powder X-ray diffraction

Figure 5 presents an informational powder X-ray diffractogram of SWCNT-1, illustrating the main
features expected of graphite phases (2-H and 3-R) and a 2-D periodic hexagonal lattice of
nanotubes organized into crystallized CNT bundles which give rise to both axial and nonaxial hk
reflections to produce characteristic two-dimensional sawtooth powder line shapes [17].
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Figure 5: Informational powder X-ray diffractogram of SWCNT-1. hk indices are indicated and
tic marks identify positions of Bragg peaks from 3R-graphite and 2H-graphite structures as well
as from 2-D hexagonal lattice representing bundles of close packed SWCNT. Peaks in the range
2 6 = 42° — 65° appear to be Bragg peaks for FCC-structured Co/Ni and HPC structured Co
phases from residual catalytic material.

Microscopic Morphology

Images obtained with scanning electron microscopy (SEM), transmission electron microscopy
(TEM) and atomic force microscopy (AFM) are provided for Informational purposes in Figures 6-
8, respectively.

scale bar =1 um

Figure 6 A
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scale bar =10 um

Figure 6 B

. scale bar = 100 nm

Figure 6: Informational Scanning Electron Microscopy (SEM) images of SWCNT-1 (Figure 6A
and 6B with permission [11]). 6A: dry powder deposited in a thin layer on colloidal graphite
paste. Nanotube bundles and amorphous impurities are evident. Scale bar indicates 1 um. 6B:
backscattered electron (BSE) image of dry powder illustrating residual catalyst (primarily Co and
Ni), as heavy element distribution over surface of amorphous carbon. Scale bar indicates 10 ym.
6 C: SWCNT-1 ultrasonically dispersed in isopropanol and applied to a clean silicon wafer and
air dried. Large bundles are evident with nodules of amorphous carbon and/or residual metallic
catalyst. Scale bar indicates 100 nm.

Figure 6 C
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- scale bar =20 nm

Figure 7: Informational Transmission Electron Microscopy (TEM) image of SWCNT-1 deposited
on Lacey carbon coated copper TEM grid following dispersion by sonication in isopropanol in
accordance with [18].
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Figure 8: Informational Atomic Force Microscopy (AFM) topographic image (8A) of SWCNT-1
with corresponding scanned line (height) profiles of several isolated tubes (1 and 2) and a bundle
of tubes (3) shown in Figure 8B. Single tube height (diameter) is ~1.5 nm. Bright spots are
surfactant residues
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APPENDIX II: MEASUREMENT METHODOLOGIES

(A) Certified values

Mass fractions of trace elements

Mass fractions of selected trace metals were determined using 25 mg test portions. Quantitation
was accomplished by ICP-MS based on calibration by the method of standard additions for Co
and with calibration by isotope dilution for Ni, Mo, Fe, Pb and Hg. Three independent sample
digestion procedures were utilized, including conventional closed vessel microwave assisted
acid digestion, microwave induced combustion in combination with the latter, and a dry ashing
procedure using Mg(NOs)2 and HNOs as ashing aids.

Samples were prepared in a class-10 or class-100 clean room. Six 25 mg sub-samples of
SWCNT-1 were weighed into individual pre-cleaned Teflon digestion vessels. After the addition
of suitable amounts of enriched isotope spikes, 6 mL HNO3; and 0.5 ml of H2O2(30%) were added
to each vessel. Three sample blanks were also prepared concurrently but with the addition of
only 10-30 % of the amount of enriched isotopic spikes used for the samples. The vessels were
then sealed and digested using a Milestone Ethos EZ microwave oven and a program that
permitted the sample to be heated for at least 25 min at a temperature of +210 °C (typically 1200
W power).

After cooling, 2 mL HNOs were added, the vessel closed and the samples again digested as
above. This step was repeated twice more in an effort to ensure that no visible residue remained.
Samples were then evaporated to near dryness on a hot plate, 5 mL concentrated HNO3 and 2
mL HCIO4 added and the microwave digestion program repeated. After cooling, 2 mL HNO3s were
added, the vessel closed and the samples again subjected to the same microwave program.
Samples were ultimately evaporated to near dryness and the last two steps were repeated three
more times. The resultant residue was dissolved in 0.25 mL HNO3 and diluted to 10 g with high-
purity water. Sample solutions were transferred to and stored in pre-cleaned polyethylene screw-
capped bottles to await analyses. The following isotopes pairs were monitored: (32Cr/°Cr,
56Fe/57Fe, 60Ni/61Ni, 98M0/100M0, 2°2Hg/2°1Hg, 208F’b/2°7Pb).

For microwave-induced combustion (MIC), nominally 25 mg SWCNT-1 was pressed into a 9 mm
diameter pellet using a hydraulic press (5 ton per square inch). This sample disc was then
accurately weighed and positioned together with a pre-cleaned piece of filter paper onto the
quartz holder of the MIC system. Quartz vessels were previously filled with 6 mL of a 3:1 mixture
of HNO3 and HCI, used as an absorber solution. This solution was gravimetrically spiked with
known masses of enriched isotopes sufficient to achieve an approximately 1:1 ratio in intensities
of selected isotope pairs. Blanks were prepared with only 10% of the mass of each enriched
isotopic standard used for the sample. The holder containing the sample was placed into a quartz
microwave vessel and ammonium nitrate (50 pl of 6 mol L' solution) was immediately added to
the filter paper. After closing the vessels and capping the rotor, the vessels were slowly
pressurized with oxygen to 20 bar over a period of 1 min and then submitted to the following MIC
procedure: 1400 W for 15 min and 0 W for 20 min (cooling step). Resultant solutions were heated
to dryness and reconstituted to10 g with 1% HNO:s.
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For dry ashing/ digestion, a nominal 25 mg mass of SWCNT-1 was accurately weighed and
transferred to a pre-cleaned porcelain crucible. The content was gravimetrically spiked with
accurately known masses of enriched isotopes. The mass of each enriched isotope added was
sufficient to achieve an approximately 1:1 ratio in intensities of selected isotope pairs, based on
the mass fraction of analyte derived from a preliminary analysis. One mL of concentrated HNO3
and 0.4 g of Mg(NOs), were then added to the crucible and the mixture allowed to react at room
temperature for at least 2 hr. The crucible was then placed on a hot plate and heated at +95 °C
for 15 min, after which the contents were slowly evaporated to dryness. The crucible was then
placed in a muffle furnace, heated to+ 450 °C and held at that temperature for 30 min. The
crucible was cooled, 5 mL of concentrated HCI was added and the solution heated to dryness
on a hot plate and reconstituted to 10 g with 1 % (v/v) HNOs.

Apart from isotope dilution calibration for the above elements, Co was determined by the method
of standard additions. It is noteworthy that a certified mass fraction for Hg is reported as < 5
mg/kg. This conservative upper limit value was determined from a statistical evaluation of the
method (instrumental) blank and subsequently confirmed through experimental measurement of
matrix-matched solutions spiked to contain mass fractions of mercury that bracketed this value.

(B) Reference values

Instrumental Neutron Activation Analysis

INAA was accomplished by both the comparator method with calibration against concurrently
irradiated multielement standards of established purity, and with neutron flux monitors (Au, Mn,
Rb, Zr, Cr) for ko standardization. Accurately weighed test portions of nominally 50 mg masses
of SWCNT-1 were sealed in polyethylene capsules. The INAA procedures were typically
conducted in a sequence of irradiation and counting steps with irradiation times varying between
1 min and 9 h with counting delays ranging from 2 min to 18 days after irradiation at neutron
fluxes of 1-3 x 10" n cm? s™'. Hyperpurity germanium detectors were employed for gamma
counting. A variety of SRM/CRM reference materials were co-examined for quality assurance
purposes. Counting times and geometries were selected according to sample activities and half-
lives of radionuclides present after decay times, which were chosen to determine as many elements
as possible with a low uncertainty. Details of the methodologies and results are summarized in ref

[6].
Specific surface area

Specific surface area of SWCNT-1 was determined by the classical Brunauer Emmett and Teller
(BET) nitrogen gas adsorption technique [19] at 77 K using a surface area and porosity analyzer
(ASAP 2000, Micromeritics, USA). The sample was immediately transferred to a sample cell and
not exposed at any stage of the procedure to temperatures significantly above room temperature
or to high humidity. A nominal test mass of sample of 0.5-1.0 g was used. Following a
preliminary evacuation to 107 torr, the sample cell was back-filled with nitrogen (Ultra High Purity,
99.999% purity) and subsequently out-gassed at room temperature for 48 hours to less than 10
S torr to remove adsorbed impurities acquired during ambient exposure. This process was
repeated twice. A nitrogen isotherm at 77 K was measured with an empty sample cell and the
corrected free space values as well as nitrogen non-ideality parameter (5.5 x10°) were
determined. Three isotherms were acquired, all most closely resembling IUPAC type lIb
isotherms (although at the lowest pressure there is a brief resemblance to type I). Prior to every
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acquisition of an isotherm, the sample was thoroughly out-gassed at room temperature and
continued until the rate decreased below the leak rate (48-60 h). At no time was the sample
exposed to pressures in excess of 1 atm nitrogen as this could potentially alter the sample
morphology and alter the surface area. Additionally, at the lowest pressures the adsorbate was
dosed in very small amounts (typically <0.1 cm®/g STP) in order to avoid blockage of micropores
and an equilibration time of an hour or more was required. With increasing relative pressure the
equilibration time progressively decreased, with pronounced step-wise reductions occurring
following completion of the nanotube interior and the first monolayer adsorption. Acquisition of
the complete adsorption/desorption isotherm typically required 5-10 days. The method was
validated using a silica-alumina reference sample provided by the instrument manufacturer (P/N:
004-16821-00, Lot: A-501-30).
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Figure 9: Typical BET data for characterization of SWCNT-1: top - volume adsorbed as a
function of relative pressure; bottom - BET transform of the isotherm plotted as a function of
relative pressure over the region 0.01-0.1; solid line indicates the best fit.

Thermogravimetry

Nominal 5-10 mg test masses of SWCNT-1 were placed into a pre-cleaned ceramic pan and
heated at a rate of +10 °C/min to +800-900 °C after a brief (5 min) equilibration step at +40 °C.
Air was introduced at a rate of 25 mL/min during sample analysis. These conditions are
essentially those recommended by Decker et al. [18]. The oxidation temperature is defined as
the temperature at which the peak mass loss rate occurs. A reference thermogram is presented
in Figure 1.

As expected, reducing the heating rate to +5 °C/min resulted in a lowering of oxidation
temperatures by ~ +20 °C whereas increasing the heating rate to +20 °C/min elevated oxidation
temperatures by ~ +20 °C compared to the reference +10 °C/min heating rate. There is some
evidence to suggest that a sample aged for some 4 months in a desiccator exposed to air that
the upper oxidation temperature decreased by approximately +2 °C relative to a freshly opened
sample. However, there is no detectable change in the corresponding Raman scattering spectra
for similarly aged samples.

Residual mass (83.0 £+ 5.8 mg/g) reflects inorganic components (residual catalyst and other
metals, see Tables 1 and 2) that have been oxidized at high temperature in air.

Raman spectra

A sample preparation and measurement protocol as outlined in Decker et al. [18] was slightly
modified to account for the high purity and consequent poor dispersability of SWCNT-1. A 0.5 to
1 mg test mass of SWCNT-1 was placed into a glass vial with approximately 2 mL reagent grade
acetone. A Branson Sonifier S-250A 200W ultrasonic disruptor fitted with a 0.5 in tip probe was
used to sonicate the sample for 20 seconds at 50% amplitude, 1 s pulse width and 50 % duty
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cycle to disperse the SWCNT, resulting in a uniform dark suspension. In order to avoid structural
damage to the SWCNT, the duration of this step should be minimized. The entire suspension
was transferred to a suitable substrate (i.e., microscope slide) using a dropper, allowing time
between aliquots for the acetone to evaporate sufficiently to avoid spill-over of the sample from
the substrate. Once air-dried, the sample was then placed in a clean vacuum oven at ~+50 °C
for 15 minutes to remove any remaining solvent. Any loose material was removed from the
surface with a gentle flow of clean nitrogen or argon. It is recommended that multiple samples
be prepared (minimum 2) and that each be measured at a minimum of five random locations.

The laser power density incident on a SWCNT sample during measurement should be carefully
monitored, particularly when using a microscope-based Raman spectrometer in which the laser
is focused to a very small focal volume. Optical heating effects can easily raise the local
temperature of the sample to several hundred °C, which will result in shifts of the Raman spectral
frequencies and possibly oxidation of sample components. Powder samples containing larger
fractions of carbonaceous impurities, catalyst residues, and nanotube defects are most
susceptible to laser heating effects. In practice, power densities maintained below 3 kW/cm?
should avoid heating-induced effects. Spectra were acquired using a Renishaw inVia micro-
Raman spectrometer fitted with an infinity corrected 50x microscope objective. Laser excitation
sources at 514.5 nm, 632.8 nm, and 785 nm were used in accordance with the experimental
conditions summarized below. Spectra were recorded over the Raman shift range of 100-3200
cm™. The spectrometer was calibrated for Raman frequency shift using an integrated silicon
reference sample. All spectra were baseline corrected and normalized to the G-band intensity.

Excitation Laser | Laser Power* | Focused Spot | Power Density
Wavelength (nm) (OW) Dimensions ([Jm) (W/cm?)
514.5 1.4 1 180
632.8 23 1 2900
785 239 2 x 20 (linear beam | 600
profile)

* measured directly at the sample location with a calibrated laser power meter.

The low intensities and narrow width of the D-band features at all excitation wavelengths (cf.
Figure 2) suggest good sample crystallinity and low mass fraction of carbonaceous impurities.

The RBM mode frequencies based on three laser excitation wavelengths were used to calculate a tube
diameter using the relationship [10]: wrem = 234/d + 10. A diameter distribution was estimated to be
1.1-1.7 nm.

(C) Supplementary information

Ultra-Violet-Visible-Near Infrared Absorbance Spectroscopy

SWCNT-1 (~ 1 mg) was serially dispersed into 15 mL volumes of N,N-dimethylformamide using
a brief sonication with each dilution step (using a Misonix Qsonica S-4000 fitted with a 0.5 in
probe lasting 2 min at 40 % amplitude, 1 s pulse width and 50 % duty cycle). A final uniform
black suspension resulting in a weakly absorbing test sample was used for the measurement.
The second interband absorption transition (S22) was used to compute an ltkis index [16].
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NIR Fluorescence

Semiconducting SWCNT species are responsive to photoluminescence when present as
isolated tubes, otherwise bundling leads to rapid quenching of emission. Samples were prepared
by noncovalent functionalization through polymer wrapping with poly[9,9-dioctylfluorenyl-2,7-
diyl] (PFO) and suspended in toluene [20]. The recommended protocol [18] using cholate
produced poor response with no resolution. The shortcoming with polymer wrapping with PFO
is that it may not respond to the endogenous chirality distribution in the sample. A test mass of
1.6 mg SWCNT-1 was dispersed in 10 g toluene containing 8.2 mg PFO with the aid of a 15 min
sonication using a probe (Kontes p-ultrasonic cell disruptor, model KT50/CV18 running at 50%
output, i.e., ~ 20 W) and directly measured. Luminescence measurements were performed in a
backscattering configuration wherein both excitation and emission passed through the same
microscope objective (20x). A dichroic beam splitter with an appropriate cutoff wavelength was
used to combine/separate the excitation/emission beams. Excitation was induced from a 5 mW
850 nm diode laser. An InGaAs-based linear photodiode array (OMA V:1024-2.2 LN, Princeton
Instruments) with sensitivity extended to 2200 nm was required to detect response from these
samples of SWCNT-1 as the synthesis process has produced a material whose diameter
distribution has shifted the absorption/emission spectra to longer wavelengths, beyond the limits
of detectors sensitive enough that most laboratories have access to.

X-Ray powder diffraction

Diffraction data were generated with SWCNT-1 powder samples being prepared in several
different ways: placed into cylindrical glass capillaries or thin aluminum foils or by uniformly
distributing a thin layer on the surface of a glass microscope slide after suspending it in
isopropanol to ease spreading, and by simple compaction of the powder into a small cavity (5
mm x 2 mm depth) produced on a flat surface of a single crystal of silicon. Lower background
noise was achieved with the latter arrangement (cf. Figure 5) but at the expense of intensity.
Diffraction patterns were obtained with a Bruker D8-Focus diffractometer in a Bragg-Brentano
reflection geometry using Cu-Ka radiation with the 26 step size of 0.02° and acquisition time of
15s/step. Similar spectra were recorded with a Cu rotating anode source and MAR345 imaging
plate detection system placed behind the sample such that measurements were done in
transmission.

Scanning electron microscopy

SEM micrographs of SWCNT-1 were obtained using both dry and wet mount sample preparation
techniques. The dry powder was imaged following its direct transfer onto a substrate of colloidal
graphite paste which had been placed on the top of an aluminum SEM stub. Excess material
was removed by gently tapping the stub. For wet mounting, a dispersion of SWCNT-1 was
prepared in accordance with [17] whereby approximately 0.05 mg of SWCNT-1 was sonicated
in an ice bath for 25 min in isopropanol and an aliquot transferred to a 200 mesh copper grid
coated with a Lacey carbon film. Images were acquired in a JSM-7500F (JEOL Inc,) with
secondary electron imaging. Backscattered electron analysis of the dry mount sample was used
to identify and locate heavy elements (residual catalyst) on the surface of amorphous carbon.
The spots were subsequently analysed by EDS to qualitatively identify elements present at mass
fractions exceeding 1 % relative [11]. Equivalent SEM images were also acquired using a FEI
XRH Magellan 400 FEG high resolution microscope fitted with a TLD detector.
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Transmission electron microscopy

TEM images were obtained using a JEM-2100F (JEOL Inc) having a point-point resolution of 0.2
nm with operating voltage of 200 kV. Wet mounting of SWCNT-1 was undertaken on holey or
Lacey carbon film over 200-300 mesh copper grids followed by air drying and vacuum oven
heating. Initially, the recommended protocol [18] was followed, but it was subsequently modified
to include an additional dispersion of the sample by application of a probe sonication for 10 s at
a nominal power of 245 W to improve dispersion of individual nanotubes. Imaging of isolated
(debundled) nanotubes permitted an average diameter to be obtained (1.5 £ 0.2 nm, n = 54)
[11]. Equivalent images were also acquired at 200 kV on an FEI model Tecnai G2 F20 U-TWIN
microscope fitted with Gatan GIF Tridiem energy filter, Gatan 894 CCD camera, and HAADF
detector (STEM mode) and a a TEM system comprising a probe-corrected FEI Titan 80-300
microscope operating at 300 kV equipped with a 2k x 2k Gatan Ultrascan 1000 CCD camera, a
Fischione HAADF (high angle angular dark field) detector (STEM mode) and an EDAX EDS
system. Samples were prepared by dispersing ~ 0.05 mg SWCNT-1 in 10 mL isopropanol using
sonication in a bath at 50 W power and room temperature followed by a brief settling of the
suspension before aliquoting onto a copper TEM grid coated with Lacey carbon and allowing the
sample to air dry.

Atomic force microscopy

AFM of an aqueous dispersion of SWCNT-1 was undertaken on samples prepared in
accordance with recommendations in [18]. Imaging was performed in tapping mode using a JPK
NanoWizard NanoOptics instrument operated in air and acquired using a silicon cantilever with
nominal spring constant of 3 N/m. Despite the recommended sample preparation protocol [18],
a subsequent cleanup of the sample to remove excess surfactant residue from the surface was
deemed needed and accomplished by immersing it for 1 h in water, rinsing with isopropanol and
drying under nitrogen in order. Height profiles of isolated tubes revealed a diameter of 1.5 nm.
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