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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bod

ies

(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been

established has the right to be represented on that committee. International organizations
non-goverhmental, in liaison with ISO, also take part in the work. ISO collaborates closely with
International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.
International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.
The main ftask of technical committees is to prepare International Standards. Draft International Standa

adopted the technical committees are circulated to the member bodies for voting. Publication as
International Standard requires approval by at least 75 % of the member bodies casting.a-vote.

In other
technical

rcumstances, particularly when there is an urgent market requiremient for such documents
mmittee may decide to publish other types of normative document:

— an ISO Publicly Available Specification (ISO/PAS) represents an agreement between technical experts
an ISO wqgrking group and is accepted for publication if it is approvediby more than 50 % of the memberg
the parent|committee casting a vote;

— an ISP Technical Specification (ISO/TS) represents an agreement between the members of a techn
committee|and is accepted for publication if it is approved by'2/3 of the members of the committee castin

e years, revised to become an International Standard, or withdrawn. If the ISO/PAS or ISO/TY
confirmed,) it is reviewed again after a further thfee years, at which time it must either be transformed into
Internationfal Standard or be withdrawn.
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Attention i$ drawn to the possibility that'some of the elements of this document may be the subject of patent

rights. ISQ| shall not be held responsible’for identifying any or all such patent rights.

ISO/TS 10868 was prepared by Technical Committee ISO/TC 229, Nanotechnologies.

iv © 1SO 2011 — All rights reserved


https://standardsiso.com/api/?name=05b5da386c81e1ec6bfe645046086fa6

TECHNICAL SPECIFICATION ISO/TS 10868:2011(E)

Nanotechnologies — Characterization of single-wall carbon
nanotubes using ultraviolet-visible-near infrared (UV-Vis-NIR)
absorption spectroscopy

1 | Scope

This Technical Specification provides guidelines for the characterization of compoundsicontaining [single-wall
calfbon nanotubes (SWCNTSs), using optical absorption spectroscopy.

The purpose of this Technical Specification is to describe a measurement*method for establishing the
digmeter, purity, and ratio of metallic SWCNTSs to the total SWCNT content-in.the sample.

The analysis of the diameter is applicable to a diameter range of 1 nm@e*2 nm.

2 | Normative references
The following referenced documents are indispensable for the application of this document. [For dated
references, only the edition cited applies. For undated references, the latest edition of the feferenced
do¢ument (including any amendments) applies.

ISQ/TS 80004-3, Nanotechnologies — Vocabulary — Part 3: Carbon nano-objects

3 | Terms, definitions and abbreviated terms

For the purposes of this document, the terms and definitions given in ISO/TS 80004-3 and the following apply.

3.1 Terms and definitions

3.11

purity indicator
oplically definéd~indicator of the ratio of the mass fraction of SWCNTSs to the total carbonaceous cpntent in a
safnple

NQTE Purity indicator is not “purity” itself, which is defined as the percentage of mass of SWCNTSs to th¢ total mass
of the’Sample. This guideline cannot evaluate this general purity, because absorption spectroscopy cannot detect metallic
impurities that are generally contained in any SWCNT sample. In order fo characterize metal impurity content, see
ISO/TS 11308, which addresses thermogravimetric analysis.

31.2
ratio of metallic SWCNTs
optically defined compositional ratio of metallic SWCNTSs to the total SWCNTSs contained in the sample

© 1SO 2011 — All rights reserved 1
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3.2 Abbreviated terms

CMC sodium carboxymethylcellulose
DMF dimethylformamide

DOS density of states

NIR near infrared

SC soditmchotate

SDS sodium dodecyl sulfate

SDBS sodium dodecylbezene sulfonate
SWCNT single-wall carbon nanotube
TEM transmission electron microscope
uv ultraviolet

VHS van Hove singularity

Vis visible

4 Pringiple

4.1 General

All SWCNT samples contain both semiconductingand metallic SWCNTs, together with impurities consisting of
carbon angl other elements, unless the samples-have been altered after production. UV-Vis-NIR absorpfion
spectroscdpy can be used for the measurement of interband optical transitions specific to SWCNTs. The
analysis of these optical transitions provides qualitative and semi-quantitative information important for the
characterization of SWCNT samples, such as mean diameter, purity, and the ratio of metallic SWCNTSs to fthe
total SWCNT content.

4.2 UV-Vis-NIR absorption’spectroscopy

The intensjty of light, 7, passing at a specified wavelength, 4, through a specimen is measured and compafed
to the intemsity of light\before it passes through the specimen, /,. The ratio //I, is called a transmittance. The
absorbancg, 4, is ‘e€xpressed as -log (/). The plot of the absorbance against wavelength for a particylar
compound|is referred to as an absorption spectrum.

NOTE The' relationship between transmittance and absorbance is only rigorously correct when reflectancd is
negligible.

4.3 Optical absorption peaks of SWCNTSs in the UV-Vis-NIR region

The shape of the electronic DOS of semiconducting and metallic SWCNTs shown in Figure 1 is a series of
spikes that are referred to as VHS. The peaks observed in optical absorption spectra of SWCNTs are
attributed to the electronic transitions between these VHSs as shown by arrows in Figure 1. S;4 and S,, are
used as the symbols of the absorption due to the first and second interband transitions of semiconducting
SWCNTs, respectively [see Figure 1a)]. My, represents the absorption arising from the first interband
transition of metallic SWCNTs [see Figure 1b)].

2 © 1S0O 2011 — All rights reserved
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a) Electronic DOS of semiconducting SWCNTs b) Electronic DOS of metallic SW(C
Key
X | Energy (eV)
Y | Electronic DOS (arbitrary unit)
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sheet expressed by the tight binding approximation as shown in Equation (1)[3l.
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[
-2 -1 0 1 2 X -2 -1 0 1

The first interband optical transition attributed to semiconducting SWCNTs
The second interband optical transition attributed to semiconducting SWCNTs
The first interband optical transition attributed to metallic SWCNTs

TE See Referencel?l.

Figure 1 — Electronic DOS diagram of SWCNTSs near the Fermi level

interpret absorption spectra of SWCN[s, band structures calculated using the zone-folding n
uently used. The electronic structure.ef a SWCNT is generally given by that of a two-dimension

1/2
\/gk a kya 2 kya
Eop =ty|1+4cos TX cos| —- +4cos >

N -
Xy

NTs

hethod are
al graphite

(1

ere
Eop is the two dimensional energy dispersion relation for a single graphene sheet;
a is the lattice parameter;
k;\ and ky are the companents of the reciprocal unit vector:
1% is the overlap integral.

4.4 Relation between SWCNT diameter and optical absorption peaks

Within a simple tight-binding theory, in which the electronic band structure is assumed to arise from a pure
p-orbital at each conjugated carbon atom, the low-energy band gap transitions take a simple analytical form.
The energy gaps corresponding to the electron transitions are given by the following equations.

2ay
Eg(S”):T

© 1SO 2011 — All rights reserved
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where

(4)

Eg(S11), Eg(Szz) and Eg(M11) are the energy gaps corresponding to the transitions of Sy4, S5, and M4,

Equations
thus the p

analysis of the absorption spectra originating from the optical transitions between VHSs.

Equations
is that the

4.5 Der

As mentio

between HSs. These absorption peaks are typically observed in the Vis<NIR region. On the other hand
the UV region, most SWCNT samples present optical absorption with/the’peak at 200 nm to 300 nm[3l. T

absorption
observed

samples i due to both SWCNTs and carbonaceous impurities,..The n-plasmon absorption is extremely brg
and is superposed on the above-mentioned specific absorption of SWCNTs as a featureless backgrou

extending
Vis-NIR re
n-plasmon

In Figure 2
and that g
designated
distribution
Pi(S)or 1

Pi(Snn

Equation (

analysed peak(s) need, to be clearly resolved. Another is that samples need to have almost similar me

diameters

NOTE

respactively;-d-is-the-diameter-of SWCNTs!4L

(2) to (4) show a simple relationship between the diameter and the optical transition energies (3
pak wavelengths). This enables the mean diameter of a SWCNT sample to be estimated by

Analysed peak(s) need(s) to be clearly resolved.

vation of the purity indicator from optical absorption peak areas
ned in 4.3, there are the specific absorptions of SWCNTs origifating from interband transit

is attributed to the collective excitations of n electron.systems (n-plasmons) and can also
n most graphitic compounds[®l. Therefore, the n-plasiioh absorption observed in most SWC

to the Vis-NIR and IR region. To summarize, the*absorption spectrum of SWCNT samples in
gion is composed of the interband transitions of semiconducting and metallic SWCNTs 3
absorbance (see Figure 2).

the absorption from S, and M, gives rise to the absorption peak areas, 44(S,,,) and 44(M
f n-plasmon as AA(n). In addition, the total absorption [4A(S,,) + 44(n) or A4(M44) + AA(n)
as A4; (see Annex B). As long as samples of concern have similar mean diameters and diame
{(M44)[6171 which is given by:

or PI(M11) = AA(Snn or M11)/AAt

b) gives information related to purity within some limitations. One of the limitations is that

and distributions as determined by the locations of the peak positions.

Surfactants and/or dispersing agents could also add complexity to the spectra.

and
the

(2) to (4) can give information related to the diameter within some limitations. One-of the limitatipns

jon

in

his

be

NT

ad
nd

the

nd

1)

is

ter
s, the relative magnitude of 44(S,,) [or 44(M;4)] to 44, can be used as an indicator of pufity,
(5)

the
ban
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::;fi Interband transitions
7 plasmon of SWCNTs
0,15 |
n plasmon of impurities
0,1
0,05
0,0

y
Photon energy (eV)

Absorbance (absorbance unit)

TE 1 The relative contribution from each component isc@tbitrary.
TE2  See Reference [6].

Figure 2 — Typical UV-Vis-NIR absorption spectrum of a SWCNT sample

Derivation of ratio of metallic. SWCNTs from optical absorption peak areas

the basis of the analogy in 45, an analysis of the area under the peak for semiconducting a
CNTs provides an indicator-af.the ratio of metallic SWCNTSs to the total SWCNTSs, which is given

P A44(Mg7)
Metal = 44 (S 1) Fa4(My4)

thermore, EqQuation (6) can be converted into the following Equation (7) for Ry, as the
Syo) andA4(M4):

AA(Myq)

nd metallic

by:
(6)
function of
(7)

R =
Metal = 4 44(S o)V 44(M.
227 AN v

Use of Equation (7) is frequently more favourable than use of Equation (6) because 44(S44) is sensitive to the

charge transferl8l.

Ryjetar does not literally represent the ratio of metallic SWCNTs, because integrated molar extinction
coefficients in the M,4 and S, regions (or their relative magnitude) are not completely clarified. In the case of
the SWCNT sample with the diameter distribution of 1,1 to 1,3 nm, Equations (6) and (7) provide the actual
ratio of metallic SWCNTSs , because these coefficients have been determined to be equal experimentally[®l.

©1S0O 2011 - All rights reserved
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Ryetal NONetheless can be utilized as an indicator of the ratio of metallic SWCNTs in the comparison of
different samples within some limitations. One of the limitations is that all the peaks involved need to be
clearly resolved. Another is that samples need to have similar mean diameters and distributions.

NOTE Most UV-Vis-NIR absorption spectra of SWCNTs show separate groups of peaks, each of which can be
assigned to optical transitions in the metallic or semiconducting components. At the present stage, however, determining
their compositional ratio by spectral analysis is not possible because of experimental difficulties such as the unavailability
of their extinction coefficients and ambiguity in background subtraction. A qualitative comparison could still be made as to
the relative abundance of each component using a certain standard sample. For example, some SWCNT samples are
known to have the ratio of 0,33, as theoretically predicted under the assumption of equal synthetic probability!'%], or the
ratio of 1 in the sample treated by the special separation process!®], which can be used as a reference.

5 UV-Vis-NIR spectrometer

A calibrated standard spectrophotometer covering a broad, ultraviolet to NIR wavelength range shall be usgd.
The long yavelength limit shall be 3 000 nm or longer to cover a SWCNT diameter of lup“to 2,5 nm. The
spectrophgtometer shall be turned on 1 h prior to the measurement to allow the baselinefo stabilize.

6 Sample preparation method

6.1 General

Because 3ll the SWCNT samples are generally produced as powder or solid aggregates, they shall|be
processed| into a form that enables optical absorption measurements. Homogeneous, non-scattering and
stable dispgersion of SWCNTSs in liquid or solid media is best suited for this purpose, the preparation of which
requires a|solvent and a dispersant. As they have their own-optical absorption that can disturb a spectral
measurement of SWCNT, solvents and dispersants shall be‘properly chosen as follows.

For measyrement of mean diameter and ratio of métallic SWCNTSs, the dispersing method using water or
heavy water (D,O) and water-soluble surfactants shall be used because of its high dispersing ability.
Furthermore, for measurement in wavelengthregion from UV-Vis to 1 800 nm, dispersion in D,O shall|be
used bec3quse of its optical transparency ever this region. Beyond 1 800 nm, however, because of the
unavailability of such optically transpatent solvents, solid films shall be used in which SWCNTs are
homogenously dispersed. Because the positions of the absorption peaks are mainly determined by diameter,
as described in 4.4, this translates(into a guideline in terms of SWCNT diameter. That is, if the diametef is
known to be less than 1,4 nm, liquid dispersion shall be used. If the diameter is known to be greater thar| or
equal to 1,4 nm, or if it is unknéwn, solid film dispersion shall be used.

For the preparation of B5O dispersion of SWCNT, see 6.2; for the preparation of solid film dispersion of
SWCNT, see 6.3. Forimeasurement of the purity indicator, DMF dispersion shall be used instead of aqueus
dispersion|in order<to 'disperse both SWCNTs and carbonaceous impurity efficiently. The procedures gare
separately|described for the preparation of DMF dispersion in 6.4.

6.2 Preparation of D;,O dispersion for measurement of mean diameter and the ratio of |
metallic SWCNTs

For the preparation of D,O dispersion of SWCNTs for measurements of mean diameter and the ratio of
metallic SWCNTSs, the following procedure shall be performed.

a) Use D,0 as the solvent, which transmits light in the broad range from UV-Vis to 1 800 nm.

NOTE 1 H,0 is unsuitable above 1 400 nm because it strongly absorbs light.

6 © 1SO 2011 — All rights reserved
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Use water-soluble surfactants such as SDS, SDBS, and SC as the dispersant.
TE 2  The surfactants should preferably be anionic.

Prepare a D,0 solution of the dispersant, at a concentration from 1 % to 2 % mass fraction.

Add over 1 mg of a compound containing SWCNT into the dispersant solution of 20 ml.

e) To facilitate the process and to obtain homogeneous SWCNT dispersion, sonicate the mixture using an

ultrasonic homogenizer for a total of 30 min, continually preventing the dispersion solution from

boiling.

NO
thal

f)

)

6.3

metallic SWCNTs

Fo
me

a)

b)

c)
NO

The
for

d)

Alt
me

NO
proj

are originally sharp for isolated SWCNTSs, inhibiting detailed spectral analysis.

To prevent such disturbance, perform ultracentrifugation with a swing rotor typically at 120
150 000 x g for 2 h to 5 h, where bundled SWCNTs can be selectively sedimented due to th
larger density. The rate and time depend on the purity and dispersibility of the 'sample, and he
be chosen empirically so the resultant supernatant shows well resolved absérption peaks.

Collect the supernatant and use it for the subsequent absorption measurement.

Preparation of solid film dispersion for measurement of mean diameter and the

the preparation of gelatin film dispersion of SWCNTSs for:neasurements of mean diameter and
tallic SWCNTSs, perform the following procedure.

Use H,O as a solvent and otherwise follow the same procedures as described in 6.2, including
and ultracentrifugation, to obtain the supernatant:

Mix the supernatant with the same volume of an H,O solution of gelatin with a typical concsg
10 % mass fraction. Use gelatin as a film-forming agent.

Cast the mixed solution onto a quartz substrate and leave it still for 10 h or longer until it dries.
TE 1 This results in the formation of an optically uniform film in which SWCNTs are homogenously d
drying the films.

Use the gelatin-film for the subsequent absorption measurement.

brnatively, CMC may be used for the preparation of solid film dispersion of SWCNTs for measu
an diametefand the ratio of metallic SWCNTs without using surfactants.

TE 2 +.CMC itself works both as a dispersant and as a film-forming agent!'2], simplifying the sample
cess:

TE 3  Even after ultrasonic homogenization, some SWCNTSs still remain bundled, broadening the absonlption peaks

000 x g to
eir slightly
nce should

ratio of

the ratio of

sonication

ntration of

spersed!],

b spectral disturbance due to.the solvent absorption is now eliminated. Overnight oven drying at 50 °C can also be used

rements of

preparation

For the preparation of CMC film dispersion of SWCNTs, perform the following procedure €) to i) instead of a)
to d).

e)

f)

g)

Prepare an H,O solution of CMC usually at a concentration of 1 % mass fraction.

Add a small amount (typically 1 mg) of the compound containing SWCNT into the dispersant solution,

typically 20 ml.

Perform sonication and ultracentrifugation as described in 6.2.

©1S0O 2011 - All rights reserved
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h) Cast the supernatant onto a quartz substrate and leave it still until it dries, resulting in the formation of
homogeneous film dispersion of SWCNT.

i) Use the CMC film for the subsequent absorption measurement.

NOTE 3 In some cases, the combined use of a surfactant and gelatin can yield better resolved absorption spectra of
the film as compared with CMC used alonel'"l.

6.4 Preparation of DMF dispersion for determination of the purity indicator

For the pufposeof preparng dispersion samptes for measurement of 75 perfornT the fotfowing procedure:

a) Use dimethylformamide (DMF) alone as a solvent, which can disperse SWCNT in a relatively. efficient
way without any dispersant.

NOTE This method does not have the necessary dispersing ability to sufficiently isolate individual(SWCNTSs and to
ensure dispgrsion stability, as compared with the dispersant-aided methods.

b) Mechanically homogenize the SWCNT material to give a dry powder for accurate evaluation of Hulk
quantities of SWCNT material of more than 10 g. For purified SWCNT samples) the amount of mateyial
used for the purity evaluation test may be reduced to 1 mg.

c) Disperse 50 mg of homogenized SWCNT material in 100 ml of DMF using an ultrasonic bath for 10 min to
20 min. Mechanical stirring facilitates homogenization during this) step, which should result in a
homogenous concentrated slurry of SWCNTs in DMF.

d) Colleqt a few drops of the concentrated SWCNT slurry by pipette from different regions of the sample and
dilute [to 10 ml with fresh DMF and sonicate it for 10 mifi:> By using one or two additional 10 ml sgale
dilutiop-ultrasonication cycles, reduce the concentration,to 0,01 mg/ml, which provides a stable, visually
non-s¢attering dispersion with an optical density:dlose to 0,2 at 12 000 cm~! (833 nm) in a 10 m
path-lgéngth cell.

e) Use the dispersion for the subsequent absorption measurement. The dispersion shall be sonicated just
beforg the spectral measurement in orderto*ensure high quality dispersion.

7 Optical measurement procedures and conditions

Measure the absorption spectrum’ by using the UV-vis-NIR spectrometer. Use quartz cuvettes for solution
samples. kor film samples,smechanically fix them in the sample compartment of the spectrophotometer] In
principle, @an absorption spectrum of a SWCNT sample is defined against an appropriate reference. For a
solution sgmple, use a sotution of the dispersant with the same concentration without SWCNT as a reference.
For a film $ample, use\a film with the same thickness without SWCNT as a reference. Perform measurements
in air at ropm temperature.

8.1 Data analysis for characterization of SWCNT diameter
The procedure for determining the mean diameter of the SWCNT sample is as follows:

a) Pick the peak wavelengths of maximum S4,, S,,, or M, absorptions.

b) Convert these wavelengths into photon energies (eV) and substitute them into the following formula (8).

8 © 1SO 2011 — All rights reserved
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c) Calculate the value of d as the mean diameter from the formula (8)["3l.
0,96
Eg(S11)=="~
17
Eq(S22)= - (8)
2,6
Eq(Miq) ==~

NOIE The derivation of these relations.is gi\lan inAnnex A

8.2 Data analysis for determination of the purity indicator

The procedure for determining the purity indicator of the SWCNT sample is as follows:

a) | If the spectrum data are a function of wavelength (nm), convert the data to be a‘function of phaton energy
(eV) or wavenumber (cm1).

b) | Integrate the total area under the absorption spectrum as A44;.

c) | Draw a tangent line between the minima of the absorption curve‘at the low and high energy sides of the
S,n or My transition and calculate the area between the spectrum curve and the straight line ps 44(S,,)
or AA(M4) (see Figure 2).

d) | Calculate purity indicator, P, by using Equation (5).

8.3 Data analysis for characterization of the.ratio of metallic SWCNTs

The procedure for determining the ratio of metallic SWCNTSs to the total SWCNT content in the sgmple is as

follpws:

a) | Convert the spectrum data to be@ function of energy (eV) or wavenumber (cm-1).

b) [ Draw a tangent line between-the minima of the absorption curve at the low and high energy s|des of S,
or \114 transition and calculate the areas between the spectrum curve and the straight line as 44(S,,,) and
A4(My4).

c) | Calculate Ry45-@8 an indicator of the ratio of metallic SWCNTSs to the total SWCNTSs in the sample using
Equation (6)0r(7).

9 | Uncertainties

Cukrentiy—the—ureertainties—inthe-optical-abserption-characterizationsfor-SYWENTs—shoeutdbe-estirnated from

various origins as listed below:

a) broadening effect originated from bundling of SWCNTs in the samplel'4],

b) optical absorption by impurities including multiwall CNTs contained in the sample,

c) statistical uncertainty associated with the diameter distribution of SWCNTSs in the sample,

d) systematic and statistical uncertainties associated with deducing Equations (5) to (8),

e) additional uncertainties stemming from the dependence of nanotube length on the optical properties,

©1S0O 2011 - All rights reserved 9
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f)

10

traces of water in the solvent that cause spurious absorbance in the NIR,

uncertainties due to change from NIR detector to UV-Vis detector that occurs in commercial
spectrophotometers, introducing uncertainties into spectrum and the linear baseline correction.

Test

report

The test report shall include the following information:

a)

d)

10

the re

all infd

BUILS,
ean diameter

irity indicator, P; (S,,) or P; (My4)

indicator of the ratio of metallic SWCNTS, Ry;etg

rmation necessary for the identification of the sample tested;

1) sample name

2) Id
all infq
1) d
2) s
3) s
4) s
5) ¢
6) c
7) ty

t number

rmation necessary for the specimen preparation;
spersant used

blvent used

bnication power

bnication time

entrifugal force

entrifugation time

pe of sonicator (tip, horn, bath, etc.)

the type of apparatus used;

details

1)

regarding the analysis procedure;

e type of interband transition (S44, Sy, or M44) used in each analysis

2) calculated energy range of spectrum for deducing P;and Ryyeta-
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Annex A
(informative)

Case study for derivation of the relation between optical absorption

peaks of SWCNTs and their mean diameter

A.l SWCNT samples
Following the procedure described in this International Standard, five SWCNTs samples, A-to’E, with different
megan diameters, i.e. 1,2 nm, 1,3 nm, 1,6 nm, 1,7 nm, and 1,8 nm, were tested. Each Sample wa$ observed
with TEM in advance, yielding histograms and mean diameters as shown below:
Y 4
201
A
10| 1,18 nm
0 NONSR =l
0,5 140 1,5 2,0 2,5 X
Y
201 B
1,34 nm
104
005 10 15 20 25
Y ] bl ) ) ) x
30
20{C - 1,55 nm
" b/Vrz ;&l_l—
0
0,5 1,0 1,5 2,0 25 X
Y
201D 1,67 nm
101
U T,0 5 20 25 X
Y ] bl ) ) )
201 E 1,78 nm
101
) L TR
Key 0,5 1,0 1,5 2,0 25 X
X Tube diameter (nm)
Y Counts

Figure A.1 — Histogram and mean diameter of each sample as observed with TEM
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A.2 Sample preparation

Dispersed solutions of SWCNTSs were prepared as follows:

a)

c)

A.3 Apparatus and measurement parameters

SWCNTSs (= 1 mg) were dispersed in = 20 g of D,O containing 1 % (mass fraction) of SC or CMC using a
tip ultrasonic homogenizer equipped with a titanium alloy tip. Pulsed sonication was applied (on for 1 s,
off for 2 s) with a power of 200 W for 30 min.

Each dispersed solution was then centrifuged at 127 600 x g for 2,5 h using a swing rotor and the
supernatant of ~ the upper two thirds of the volume was collected and subjected to UV-Vis-NIR
absorpiion measurements.

The syipernatant solution prepared using CMC as a dispersant was cast on a glass substrate and.dried to
obtainl a film sample for UV-Vis-NIR measurement.

The absofption was measured with a standard spectrophotometer covering a(broad, ultraviolet to NIR
wavelength range from 190 nm to 3 200 nm. The spectrophotometer was. turned on 1 h prior to the

measurement to allow the baseline to stabilize.

A.4 Results

The absorption spectra of the samples dispersed in 1% (mass' fraction) SC-D,0O solvent are shown in
Figure A.2f S44, Sy, and My, peaks resolved as indicated in Figure A.2 are clearly correlated with their mean

diameters,|i.e. the peak shift generally scales with the mean.diameter.

In generalthree absorption bands, S,¢, Sy, and My, are observed for SWCNTs. For SWCNTSs with relativiely
large diameters (over 1,6 nm), however, the S, band cannot be observed because of the strong absorption

by D,0. In|that case, a film sample should be used-for characterization.

12
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Figure A.2 — Absorption spectra of SWCNT samples dispersed in 1 % (mass fraction) SC-D,0 solvent
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The absorption spectra of the samples dispersed in CMC film are shown in Figure A.3. Because of the
transparency of CMC, S, peaks can be detected for all the samples, thus enabling the characterization of
SWCNTs with a greatly extended diameter range.

Y

Key
X Wavelgngth (nm)
Y  Absorllance (absorbance unit)

Figure A:3.>< Absorption spectra of SWCNT samples dispersed in CMC film

To analyse the caorrelation between the diameter and absorption spectra, the energy gaps evaluated from fhe
peak positjons‘of Sq4, Sy,, and My, are plotted against the reciprocal mean diameter as shown in Figure A.4.
It is found that the energy gaps almost linearly scale with the reciprocal mean diameter for~1 <d_ <=2 nm.
The approximate relations between energy gaps (y) and reciprocal mean diameters (x) were obtained as
follows:

811:_)/ = 0,962)('
822: y= 1,73X
M11y = 2,60x

NOTE See Referencel’3l.
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Figure A.4 — Energy gaps plotted against reciprocal mean diameters
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