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"METHODS FOR SEPARATING CARBON NANOTUBES

Cross-reference to Related Applicaﬁon

[0001] This application claims the benefit of priority of United States patent
application No. 61/945,414, filed 27 February 2014, as well as United States patent
application No. 62/041,835, filed 26 August 2014, the content of them being hereby

incorporated by reference in their entirety for all purposes.

Technical Field

[0002] Various aspects of this disclosure relate to methods for sorting or

separating carbon nanotubes.

Background
[0003] Single-walled carbon nanotubes are thought to be the ideal candidate

materials for next-generation nanoelectronics, sensing devices and optoelectronics. A
key stumbling block is the contamination from metallic (met-) SWNTs, which
significantly affect device performance and yield by shorting the source and drain
electrodes. It is a daunting challenge to effectively remove those met-SWNTs since
all known nanotube synthesis meﬁhods produce mixtures of semiconducting (senﬁ-)
and met-SWNTs and the differences in most of their physical and chemical properties
are subtle. In the past decade, numerous sorting methods have been explored. Some
' methdds exploit the significant different electronic properties. The metallic-selective
electrical breakdown methods explpit the vastly different intrinsic electronic transport
properties between species but these techniques require complex traﬁsist.or gating‘
structure which is difficult to implement realistically. Various chirality—selective
charge transfer chemical reactions have beer; shown .to be highly sensitive to

differences in the chirality-dependent nanotube electronic density of states but have
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not demonstrated high sortirig purity.-Some possible causes are other competing tube-
tube interactions such as strong fube-tube interaction that cause bundling, solvent-tube
interaction, and insensitivity of chosen physical technique (e.g. electrophoresis or
centrifugétion) which probe the indirect properties (e.g. mobility or mass) of the
reaction product.

[0004] Another class of techniques exploits the selective binding of certain
surfactants/polymers/DNA on semiconducting nanotubes and these utilize the indirect
subtle structural differences between the nanotube species. Various vrecently
demonstrated sorting techniques in this class ‘such as rDensity Gradienf
Ultracentrifugation (DGU) and column chromatography (CC) are based on the same )
anionic co-surfactant system of sodium dodecyl sulphate (SDS) and sodium cholate
(8C). Tﬁe surfactants have been thought to aggregate differentially around met-
SWNTs versus semi-SWNTs due to their different polarizabilitiés. These
biomolecules also function as dispersing agents to suspend the nanotubes as
individual species that otherwise bundle to prevent sorting. ‘Although these bulk
methods involving dispersing agents are convenient, the sorting selectivity (of around
95%) may still be insufficient. Multiple DGU cycles or multiple may be required to
pass - through the column to achieve around 99% purity, Whiéh may lower the
throughput and increase cost. All these existing bulk sorting methods are based on
subtle and indirect differences between the rhetallic and semiconducting nanotubes
and such small indirect differences between nanotube species may make it difficult to
achieve high throughput and high 'purity needed. A purity' of ardﬁhd 99.99% may be

required for nanoelectronics.

Summary

[0005] In a first aspect, a method for separating semiconducting carbon nanotubes
from metallic carbon nanotubes may be provided. The method may include the steps

of (a) passing a carbon nanotube dispersion over a charged material. The dispersion
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may include a mixture of the semiconducting carbon nanotubes and the metallic -
carbon nanotubes. The method may fuﬁher include (b) passing an eluent solutionv
through the charged material after (a). The eluent solution may include a first
dispersing agent without a net charge. The method may also include (¢) ~ collecting

an eluate including semiconducting carbon nanotubes or a mixture of semiconducting
carbon nanotubes and metallic carbon nanotubes.

[0006] ‘ In a second aspect, a method for separating carbon nanotubes of a first
group of chiralities from carbon nanotubes of a second group of chiralities may be
provided. The method may include the steps of (a) passing a .carbon‘ nanotube
dispersion over a negatively charged material. The dispersion may include the carbon
nanotubes of a first group of éhiralities and the ‘c‘arbon nanotubes of a second group of |
chiralities. The method may further include (b) passing an eluent solution through the
charged material after (a). The eluent solution may yinclude a first non-ionic dispersing
agent. The method may also include (c) collecting an eluate including carbon -

nanotubes of the first group of chiralities.

Brief description of the drawings

[0007] The invention will be better understood with reference to the detailed
description when considered in conjunction with the non-limiting examples and the
accompanying drawings, in which: |

FIG. 1 is a schematic illustrating a method for separating semiconducting carbon’
nanotubes from metallic carbon nanotubes according to one embodilﬁent.

FIG. 2 is a schematic illustrating a method for separating semiconducting carbon
nanotubes from metallic carbon nanotubes according to one embo.diment.

FIG. 3A is a plot of Fermi level (or electron energy, in electron volts or V) agalnst
density of states of the carbon nanotubes in different conditions.

FIG.3Bisa schematic of the carbon nanotubes in different conditions.

FIG. 4 is a schematic illustrating a method according to one embodiment.
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FIG. 5 is a photo showing the visual appearance of arc-discharge singlé-walled
nanotube (SWNTs) dispersions ih aqueous solution with surfactant: sorted metallic
SWNTs, unsorted SWNTs and sorted semiconducting SWNTs.

FIG. 6A is a plot of zeta potential (millivolts or mV) against pH of unsorted single-
walled nanotubes (SWNTs), semiconducting single-walled nanotubes (semi-SWNTs)
enriched fraction and metallic single-walled nanotubes (met-SWNTs) enriched
fraction. |
FIG. 6B is a plot of normalized inteﬁsity (arbitrary units or a.u.) against wavenumber
(em™).

FIG. 6C is another plot of normalized intensity (arbitrary units or a.u.) against
- wavenumber (in reciprocal centimeters or cm™).

FIG. 6D is a plot of calculated concentrations of holes (holes per carbon atoms) in
semi-SWNTs and met-SWNTss at various pH based on the Marcus-Gerischer model.
FIG. 7A is a plot of normalized offset absorbance (arbitrary units or a.u.) against
wavelength (nanometers or nm) showing the ultraviolet-visible- near infrared spectra
(UV-vis-NIR) spectra bf sorted semi-SWNTs. 7

FIG. 7B is a plot of purity (in percentage or %) against pH illustrating the

. semiconducting single-walled nanotubes (SWNTs) purity of the eluted fraction
collected at various sorting pH.

FIG. 7C is a plot of normalized intensity (arbitrary units or a.u.) against wavenumber .
(cm™) illustrating Vthe Raman spectra (633 nm, red laser) of unsorted single-walled.
nanotubes (SWNTs), s.emicondﬁcting—SWNTs (semi-SWNTs) and m¢ta11ic¥SWNTs
(met—SWNTs) sorted via Sepharose;CR beads (pH=3.2).

FIG. 7D is a plot of normalized absorbance (in arbitrary units.or a.u.) as a function of
wavelength (in nanometers or nm) illustrating the ultraviolet-visible-near infrared
(UV-vis-NIR) spectra of unsorted SWNTs, semi-SWNTs enriched and met-SWNTs

enriched fractions sorted at pH = 3.2 using Sepharose-CR beads.
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FIG. 8 is a plot of ele_cfron energy (electron volts or éV) as a function of diameter

met semi VB CB .
(nanometers or nm). Er , Em Evasi,Evisi are the respective 1% Van Hove

singularities in the valence band and conduction band of semi-SWNTs, blue shaded
area indicates the electrochemical potential of O,/H,0 couple from pH = 0 to pH = 7).
FIG. 9A is a plot of normalized absorbance (in arbitrary units or a.u.) against
wavelength (nanometers or nm) illustrating the ultraviolet-visible-near infrared (UV-
vis-NIR) of the metallic' single-walled nanotubes (met-SWNTs) enriched fractions
collected in Stage 3 at sorting pH from 3.25 to 4.10 via Sepharose-congo red (CR)
beads. ’

FIG.9Bis a piot of metallic singlé—walledr nanotubes purity (percentage or %) against
pH illustrating the metallic single-walled nanotubes (met-SWNTSs) purity in elution
éollected in Stage 3 at sorting pH from 3.25 to 4.10 via Sepharose-congo red (CR)
beads.

FIG. 10 is a plot of normalized absorbance (arbitrary units or a.u.) against wavelength
(nanometers or nm)i illustrating the ultraviolet-visible-near infrared (uv-vis-NIR) of
unsorted arc-discharge single-walled nanotubes (SWNTs) (P2-SWNTs from Carbon
Solutions, Inc) and sorted semi-conducting single-walled nanotubes (senii-SWNTs)
with 2.8% Triton X-405, 5% Brij L23 and 5% Brij S100. |

FIG. 11 is a plot of normalized absorbance (arbitrary units or a.u.) against wavelength
(nanométers or nm) illustrating the ultraviolet-visible-near infrared (uv-vis-NIR) of
unsorted arc-discharge single—walled nanotubes (SWNTs) (PZ—SWNTS from Carbon
Solutions, Inc), semiéohducting single-walled nanotubes (sorted using Sepharose
beads functionalized with Direct Blue (DB)), semiconducting single-walled nanotubes
(sorted using ‘Sepharose functionalized using sodium 4-amino-1-naphthalenesulfonate
(SANS)) and semiconducting single-walled nanotubes (sorted using Sepharose
flmctionalized using congo red (CR)). |

FIG. 12 is a photo illustrating the separation process in Sepharose 4B‘ column with

2.8% Triton X-405 at acidic condition (pH=3.9).
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FIG. 13A is a photo illustrating the visual appearance of HiPco SWNT dispersions in
aqueous solution with surfactant: sorted metallic, unsorted and sorted semiconducting.
FIG. 13B is a piot of normalized absorbance (arbitrary units or a.u.) against
wavelength (or nanometers or nm) illustrating the ultraviolet-visible-near infrared
(UV-vis-NIR) spectra of unsorted HiPco SWNTs, soﬁed semicondﬁcting and metallic
SWNTs.

FIG. 13C is a plot of normalized intensity (arbifrary units or a.u.) aga'ihst Raman shift
(cm™) illustrating the Raman spectra (633 nm, red laser) of unsorted HiPCo SWNTs,
sorfed semiconducting SWNTs and metallic SWNTs. |

FIG. 14 is 'a> plot of absorbance (arbitrary units - or a.u.) against wavelength
(nanometers or nm) illustrating the ultraviolet-visible-near infréfed (UV-vis-NIR)
sp__ectfum of the as-sorted arc-discharge semi-SWNTs With purity 99.94+0.04%.

FIG. 15A is a schematic il}lustrating the ﬁinctionalization of Sepharose 4B beads by
activating with epO);y (in step 1) and functionalization of ﬁegatively—charged
chemicals (in step 2).

FIG. 15B is a table represents the differenf chemicals containing the functional groups
(direct blue 71 (DB), congo red (CR), évans blue (EB), sodium 4-amino-1-
naphthalenes;,llfonate (4-SANS). |

FIG. 15C is a schematic illustrating the functionalization of Sepharose 4B beads by
activating with epoxy (in step 1) and functionalization with Congo Red (in step 2).
FIG. 16A are photoé of the separation process in Sepharose 4B column with 2.8% -
- Triton X-405 at neutral condition (pH=6.9). |

FIG. 16B ié a graph of normalized absorbance (arbitrafy units or erl.u.)k as a function of
wavelength (nanoineters or nm) showing thé ultrayiolet-visible—near infrared (UV-vis-
NIR) spectra of unsorted, sorted semi—SWNTs at neutral pH, sorted semi-SWNTs at
acidic pH and sorted met-SWNTs at aéidic pH. |

FIG. 17 is a graph of ndrmalized absorbance (arbitrary uﬁits or a.u.) as a function of -

wavelength (nanometeré or nm) illustrating the ultraviolet-visible-near infrared (UV-
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vis-NIR) of unsorted \and sorted semiconducting: SWNTs by Sepharose 4B-CL,
Sephacryl S-200HR, Sepharose 2B and Sepharose 4B beads. -
FIG. 18 is a graph of normalized intensity (arbitrary units or a.u..) as a function of the
raman shift (cm'l)r showing the Raman spectra (633 nm, red laser) of unsorted arc-
discharge SWNTs, sorted arc-discharge semi-SWNTs at neutral pH, sorted arc- |
diecharge semi-SWNTs at acidic pH and sorted arc-discharge met-SWNTs at acidic
pH via un-functionalized Sepharose 4B beads.
FIG. 19A is a graph of normalized absorbance (arbitrary units or e.u.) as a function of
wavelength (nanometers or nm) showing the ultraviolet-visible-near infrared (UV-vis-
NIR) spectra of semi-SWNTs sorted by sodium 4-amino-1-.naphthalenesulfonate
(SANS), l—naphylamine (NA) and 4-aminobutyric acid‘(ABA) functionalized beads.
FIG. 19B is a graph of Vnormalized absofba_nce (arbitrary units. or a.u.) plotted as a
function of wavelength (nanometers or nm) showing a magnified portion showing the
ultraviolet-visible-near infrared (UV-vis-NIR) spectra of semi-SWNTs. sorted by
sodium 4-amino1-naphthelenesu1fonate (SANS) and 1-naphylamine (NA).
FIG. 20A is'a schematic of a network field effect transistor according to various
~ embodiments. |
FIG. 20B is a graph of drain current (I, in amperes or A) against gate voltage (V, in
volts or V) illustrating performance of a first device. - '
FIG. 20C is a graph of draig current (I, in amperes or A) against gate voltage (V, in
- volts or V) illustrating performance of a second device.
FIG. 21 is a graph of normalized absorbance (in arbitrary units or a.ﬁ.) as a function
of wavelength (nanometers or nm) showing the ultraviolet-visible-near infrared (UV-
- vis-NIR) spectra of unsorted SWNTs dispersed in 2% sodium dodecyl sulphate (SDS)
before and after passing through Sepharose 4B column.
~ FIG. 22 is a graph of normalized absorbance (in arbitrary units or a.u.) as a function
of wavelength (nanometers or nm) showing the ultraviolet-visible-near infrared (UV-

vis-NIR) spectra of unsorted SWNTs dispersed in 2% sodium dodecyl sulphate SDS,
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2.8% Triton X-405, 1% sodium cholate and 1% cetyltrimethylammonium bromide
CTAB. |
FIG. 23A is a graph of normalized absorbance (in arbitrary units or a.u.) as a function
of wavelength (nanometers or nm) showing the ultraviolet-visible-near infrared (UV-
vis-NIR) spectra of unsorted Single;walled nanotubes (SWNTs) dispersed in 1%
sodium cholate SC before and aftér passing through Sepharose 4B column.
FIG. 23B is a graph of normalized absorbance (in arbitrary units or a.u.) as a function
of wavelength (nanometers or nm) showing the ultraviolet-viSibl’é-near infrared (UV-
vis-NIR) spectra of unsorted single-walled nanotubes (SWNTs) dispersed in 1%
CTAB before and after passing through Sepharose 4B column.
| FIG. 24 is a graph of absorbance (in arbitrary units or au.) as a function of
wavéle;éth (nanometers or nm) showing the ultraviolet-visible-near infrared (UV-vis-
NIR) spectra of >unsorted, sorted semiconducting, and metallic SWNTs with 5% Brij
S100 as surfactant (Sepharose 4B column).
FIG. 25A is a graph of normalized absorbance (in arbitrary units or a.u.) as a function
of wavelength (nanometers or nm) illustrating the ultraviolet-visible-near infrared
(UV-ViS-NIR) spectra of unsorted SWNTs, semiconducting SWNTs, and metallic
SWNTS sorted by Sepharose-CR beads.
FIG. 25B is a graph of nornializéd absorbance (in arbitrary units or a.u.) as a function
of raman shift (cm™) illustrating the Raman spectra (633 nm, red laser) of unsorted
arc-discharge SWNTs, semicbnducting and metallic SWNTs sorted by Sepharose-CR
beads. |
FIG. 26A'is a grabh of normalized absorbance (in afbitrary units or a.u.) as a function
of wavelength (nanometers or nm) illustrating the ultraviolet—visible-near infrareci
(UV-vis-NIR) spectra . of unsorted CoMoCat® SWNTs, sorted CoMoCat®
semiconducting SWNTs, and sorted CoMoCat® metallic SWNTs.
FIG. 26B is a graph of normalized intensity (in afbitrary units or a.u.) as a function of

raman shift (cm™) illustrating the Raman spectra (633 nm, red laser) of unsorted
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CoMoCat® . SWNTs, sorted CoMoCat® semiconducting SWNTs, and sorted
CoMoCVat® metallic SWNTs. |

FIG. 27A is a graph of noﬁnalized absorbance (in arbitrary units or a.u.) as a function
of wavelength (nanometers or nm) illustrating the ultraviolet-visible-near infrared
(UV-vis-NIR) spectr‘a of unsorted Elicarb® carbon nanotubes (mixture of single-
walled and double—Walled carbon nanotubes, sorted semiconducting Elicarb®lcarbon
nanotubes, and metallic Elicarb® carbon nanotubes.

FIG. 27B is a graph of normalized intensity (in arbitrary units or a.u.) as a function of
raman shift (cm™) illustrating the Raman spectra (514' nm, green laser) of unsorted
Elicarb® carbon nanotubes (mixture of single-walled and double;walled carbon
nanotubes), sorted Elicarb® semiconducting carbon nanotubes, and sorted Elicarb®
metallic carbon nanotubes. FIG. 27B is plotted over a range of 1 10:cm'1 to 300 cm™.
FIG. 27C is a graph of normalized intensity (in arbitrary units or a.u.) as a function of
raman shift (cfn'l) illustrating the Raman spectra (514 nm, green laser) of unsorted
Elicarb® carbon nanotubes (mixture of single-walled and double-wélled carbon
nanotubes), sorted Elicarb® semiconducting carbon nanotubes, and sortéd Elicarb®
metallic carbon nanotubes.v FIG. 27C is plotted over a range of 1200 cmf1 to 1600 cm’
! FIG. 27D is a graph of normalized intensity (in arbitrary units or a.u.) as a function
of raman shift (cm-'l) illustrating the Raman spectra (633 nm, red laser) of unsorted
Elicarb® carbon nanotubes (mixture of single—walléd and double—walled carbon
nanotubes), sorted Elicarb® semiconducting carbon nanotubes, and sorted Elicarb®
metallic carbon nanotubes. FIG. 27D is plotted over a range of 110 cm™ to 240 cm™.
FIG. 2‘7E isa gfaph‘bf normalized intensity (in arbitrary units or a.u.) as a function of
raman”s-hiﬂ (cm;l) illustrating the Raman spectra (633 nm, red laser) of unsorted
Elicarb® carbon nanotubes (mixture. of single—wélle(i and double-walled carbon
nanotubes), sorted Elicarb® semiconducting carbon nanotubes, and sorted Elicarb®
metallic carbon nanotubes. FIG. 27E is plotted over a range of 1200 cm™ to

1650 cm™.
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FIG. 27F is a graph of normalized intensity (in arbitrary units or a.u.) as a funétion of
raman shift (cm™) illustrating the Raman spectra (785 nm, red laser) of unsorted
Elicarb® carbon nanotubes (mixture of single-walled and double-walled carbon
_nanotubes), sorted Elicarb® semiconducting carbon nanotubes, and sorted Elicarb®
metallic carbqn nanbtubes. FIG. 27F is plotted over a rénge of 110 cm™ to 300 cm™.
FIG. 27G is a graph of normalized intensity (in arbitrary units or a.u.) as a function of
raman shift (cm™) illustrating the Raman spectra (785 nm, red laser) of unsorted
Elicarb® carbon nanotubes (mixture of single-walled and ‘double-walled carbon
nanotubes), sorted Elicarb® semiconducﬁng carbon nanotubes, and sorted Elicarb®
metallic carbon nanotubes. FIG. 27G is plotted over a range of 1200 cm™ to
1656 em |

Detailed description

[0008] = The following detailed description refers to the accompanying drawings
that show, by way of illustrati.on, specific details and embodiments in Which the
invention may be practiced.

[0009] FIG. 1 is | a schematic 100 illust_rating a method for separating
semiconducting carbon nanotubes from metallic carbon nanotube according to one
embodiment. The method may include (the steps of), in 102, passing a carbon
nanotube dispersion over or through a charged material. The dispersion may include a
mixture of the semiconducting carbon nanotubes and the metallic carbon nanotubes.
The method may further include, in 10 4, passing an eluent solution over or through
the charged material after 102. The eluent solution may include a first dispersing
agent without a net charge. The method may also include, in 106, collecting an eluate
including semiconducting carbon nanotﬁbes, or a mixture of semiconducting carbon
nanotubes and metallic carbon nanotubes.

[0010] - In other words, the method may include flowing a carbon nanotube

dispersion through a charged material. The carbon nanotube dispersion may include
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metallic carbon nanotubes and semiconducting catbon nanotubes. The metallic
species may at least be partially be adsorbed by the charged material. As such, when
the eluent solution (including a dispersing agent without a net charge) is flowed
through the charged material, an eluate enriched in semiconducting carbon nanotubes
may bie collected.

[0011] The eluate includes a higher proportion of semiconducting carbon
nanotubes to metallic carbon nanotubes (compared to the carbon nanotube
dispersion). In one embodiment, the eluate may include semiconducting carbon
nanotubes but may be devoid of metallic carbon nanotubes.

[0012] By adjusting various conditions such as pH and/or concentration of the
non-ionic surfaictant, different amounts of metallic carbon nanotubes may be adsorbed
by the charged material. As such, depending on the conditions, the eluate may include
lonly semiconducting carbon nanotubes or a mixture of semiconducting carbon
nanotubes and metallic carbon nanotubes.

[0013]  The carbon nanotubes may include single-walled carbon nanotubes,
double-walled carbon nanotubes, ‘multi-walled carbon nanotubes, or a mixture of
single-walled carbon nanotubes, double-walled carbon nanotubes, and multi-walled
carbon nanotubes. | |
[0014] The method may include passing a further eluent solution throughv the
charged material after collecting the eluate including semiconducting carbon
nanotubes or the mixture of semiconducting carbon nanotubes and metallic carbon
nanotubes, wherein the further eluent solution includes a second dispersing agent. The
method may further include, the steps of, collecting a further eluate including metallic
carbon nanotubes or a mixture of metallic carbon netnotubes‘ and semiconducting
carbon nanotubes. The semiconducting carbon nanotubes may be minimal and the
- further eluate may include mainly metallic carbon nanotubes. The semiconducting
carbon nanotubes may not be fully washed away when the eluent solution is passed .

through the charged material and a small amount of semiconducting ‘carbon
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nanotubes ‘may be collected in the further eluate when the further eluent solution is
passed through the charged material. The further eluate includes a higher proportion
of metallic carbon nanotubes to semiconducting carbon nanotubes (compared to the
carbon nanotube dispersion).

[0015]- In one embodiment, the further eluate may include vmetallic carbon
nanotubes bu’; may be devoid of semconducting carbon nanotubes. /
[0016] The metallic carbon nanotubes and the éemiconducting carbon nanotubes
may develop differential charges in the eluent solution so that the metallic carbon
nanotubes is more likely to be adsorbed by the (opposingly) charged material. The
semiconducting carbon nanotubes may be more likely to flow through the charged
material so the first eluate includes or is enriched in semiconducting carbon
nanotubes. A further eluent solution niay then be flowed through to remove the
metallic 'carbon nanotubes. The furher eluent may include or may be enriched in
metallic carbon nanotubes.

[0017] The method may include, prior to 102. the step of dispersing the mixture
of the semiconducting carbon nanotubes and the metallic carbon nanotubes in a
starting dispersing agent to form the carbon nanotube dispersion. The dispersion may
include the starting dispersant agent in addition to the mixture of the semiconducting
carbon nanotubes and the metallic carbon nanotubes. The mixture of the
semiconducting carbon nanotubes and the metallic carbon nanotubes may be
- suspended in the starting’dispersing agent, |

[0018] In one embodiment, the starting dispersing agent may be a solution of a
surfactant without a net charge or a polymer without a net charge. In one embodiment,
the solution of the surfactant without a net charge may be a starting non-ionic
surfactant solution or a zwitterionié solution. In one embodiment, the starting
dispersing agént may be a surfactant solution, e.g. a ndn—ionic surfactant solution or a
zwitterionic solution. In another embodiment, the starting dispersing agent may

include a (starting) non-ionic dispersing agent such as pluronic or tetronic. In general,
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"non-ionic dispersiﬁg agents" may include "nofr'l-ionic surfactants" as well as other
. non-ionic chemicals which may be able to disperse carbon nanotubes. Non-ionic
dispersing agents that are not non-ionic surfactants may include pluronic and tetronic.
The polymer may include Polyethylene oxide- polypropylene oxide copolymer,
Polyethylene Glycol, Polyvinvyl alcohol, PolyVinylerrrorlidone and/or Dextran.
[0019] The starting non-ionic surfactant solution or the starting dispersing agent
may have a pH éf 7 or less.

[0020] The first dispersing agent may be a solution of a surfactant without a net
charge or a polymer without a net charge. In one erhbodiment, the solution of the
surfactant without a net charge may be a (first) non-ionic surfactant solution or a
zwitterionic solution. The first non-ionic, surfactant solution or the first dispersing
agent may have a pH 6f 7 or less. The first non-ionic surfactant sélution and/or thé
starting non-ionic surfactant solution may be selected from the group consisting of
Triton X-405, Brij L23, énd Brij S100. The polymer may include Polyethylene oxide-
polypropylene oxide copolymer, Polyethylene Glycol, Polyvinvyl alcohol, Polyvinyl
pyrrolidone and/or Dextran.

[0021] - The first dispersing agent and the starting dispersing agent may be the
same or may be different. The first non-ionic surfactant solution and the starting non-
ionic surfactant solution may be the same or may be different. In one instance, the
first non-ionic surfactant solution and fhe starting non-ionic surfactant solution may
be both Triton X-405. In another insfance, the first non-ionic surfactant solution may
be Triton X-405 and>the starting nbn—ionic_ surfactant solution may bé Brij L23. |
[0022] The second dispersing agent may include a solution of a surfactant without
a net charge such as a (vsecond) non-jonic surfactant solution or a zwitterionic
solution. The second dispersing agent. may instead include an ionic surfactant solution
such as a negétively charged surfactant. The second dispersing agenf may instead
include a p'oiylner. The pOljmer may be a polymer with or without a net charge. The

solution of the surfactant without a net charge or the second non-ionic surfactant
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solution may have a pH above 7. The second dispersing agent may include sodium
hydroxide (NaOH) or other suitable basic solutions or amino acids with basic side
chains, such as arginine. The polymer may include Polyethylene oxide- polypropylene
oxide copolymer, Polyethylene Glycol, Polyvinvyl alcohol, Polyvinyl pyrrolidone -
and/ or Dextran.

[0023] In one embodiment, the second dispersing agent may include an ionic
surfactant solution. The ionic surfactant may include a negatively charged surfactants
or anionic surfactants- (which take negative charge in solution) such as sodium
dodecyl sulfate (SDS), sodium cholate (SC), sodium deoxycholate (DOC) or sodium
dodecylbenzenesulfone (SDBS). The ionic surfactant may also possibly include
cationic surfactants such as Cetyltrimethylammonium Br_omtde. In another
embodiment, the second dispersing agent may include a (sécond) non-ionic surfactant
solution having a pH above 7. The first non-ionic surfactant solution and the second
non-ionic surfactant solution may be the same or may be different. The first non-ionic
surfactant solution, the starting non-ionic surfactant solution and the second non-ionic
surfactant solution may be the same or may be different; The second non-ionic
surfactant solution may be selec_ted from the group consisting of Triton X-405, Brij
L23, -and Brij S100. The first non-ionic surfactant solution and/or the second non-
ionic surfactant solution may be selected from the group consisting of Triton X-405,
Brij 1.23, and Brij S100. The first non-ionic surfactant solution, the starting non-ionic .
surfactant solution, and the second non-ionic surfactant solution may be selected from
the group consisting of Tritnn X-405, Brij L23, and Brij S100. The first non-ionic
surfactant solution, and the second non-ionic surfactant solution may be Triton X-405.
The first non-ionic surfactant solution, the starting non-ionic surfactant solution, and
the second non-ionic surfactant solution may be Triton X-405.

[0024] The first dispersing agent and the second dispersing agent may be the same
or may be different. The first dispersing agent, the starting dispersing agent and the

second dispersing agent may be the same or may be different.
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[0025]  The charged material may include functional groups selected from the
| group consisting of carboxylate, sulfonate, phosphonate, nitrite, hydroxide, and
nitrate. The charged material may be modified with compounds containing the
functional groups. The functional groups may impart a charge to the material or cause
the material to be charged. The chafged material may be modified with sulfonate-
containing compounds such as congo red, direct blue 71, amino naphthalene sulfonate
salts (e.g. sodium 4-amino-1-napthalenesulfonate) or Evans blue. The charged
material may be alternatively or additionally be modified with 1-amino-4-
nitronaphthalene and/or 4-amino-napthalen-1-ol | |
[0026] In one embodiment, pH of the starting dispersing agent may be adjusted to
below 4 when the chafged matérial is fuﬁctionalized with congo red. The pH of the
further dispersing agent may be adjusted from 1.9 to 3.9 when the charged material is
functionalized with congo red. |
[0027] The semiconducting carbon nanotubes and the metallic Carbon nanowbes
may have diameters ranging from 0.3 nm to 2.0 nm e.g. from 1.2 nm to 1.6 nm. |
[0028] The charged material may include chromatography beads. The
chromatography beads may include agarose gel beads (include Sepharose),
functionalized agarose gel i)eads, functiohaliZed polymeric beads, functionalized
silica beads, or other hydrogel beads. The agarose gel beads may be Sepharose 2B
beads, Sepharos_e 4B rbeads, Sepharose 6B beads, Sepharose 2B-CL beads, Sepharose
4B-CL beads, Sepharose.2B beads, Sephardse 6B-CL beads. The other hydrogel
beads may be Séphacryl S-100HR beads, Sephacryl S;ZOOHR beads or Sephacryl S-
300HR beads. A |
[0029]  The Sepharose 4B beads may be modified with congo red, direct blue 71,
evans blue, sodium 4-arhin0-l-naphathalenesulfonate, or/and | sodium 2-amino-1-
naphathalenesulfonate. | |
[0030]  The eluate may include more than 50%, or more than 60%, or more than

70%, or more than 80%, or more than 90%, or more than 95%, or more than 99%,
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semiconducting carbon nanotubes. The further eluate may include more than 50%, or
more than 60%, or more than 70%, or more than 80%, or more than 90%, or more

- than 95%, or more than 99% metallic carbon nanotubes.
[0031] The eluate may include a ratio of semiconducting carbon nanotubes :
metallic carbon nanotubes of more than 50 : 50 or more than 60 : 40 or more than 70 :
30 or more than 80 : 20 or more than 90 :10 or more than 95 : 5 or more than 99 : 1.
The further eluate may include a ratio of metallic carbon nanotubes : semiconducting
carbon nanotubes of more than 50 : 50 or more than 60 : 40 or more than 70 : 30 or
more than 80 : 20 or more than 90 :10 or more than 95 : 5 or more than 99 : 1.

7[0032] The ratio of the semicondﬁcting carbon nanotubes : metallic carbon
nanotubes in the eluate and/or the ratio of the metallic carbon nanotubes :
semiconducting” carbon nanotubes may be based on the pH (of the first dispersing
agent and/or starting dispersing agent and/or the second dispersing agent).
[0033] Various embodiments may also include use of semiconducting cérbon |
nahotubes, e.g. semiconducting single-walled carbon nanotubes (SWNTs), |
semiconducting double-walled carbon nanotﬁbes (DWNTs), semiconducting multi-
walled carbon nanotubes or mixtures thereof, obtained by a method described herein,
in field-effect-transistors and electronic devices. Various-embodiments may include a '
device or ﬁeld;effect¥transistor formed by one or more carbon nanotubes,v the one or -
more carbon nanotubes obtained by any method described herein.
[0034] FIG. 2 is a schematic 200 illustrating a method for separating carbon
nanotubes of a first groﬁp of chirali';ie_s from‘carbon nanotubes-of a second group of
chiralities may be provided. The method may include (the steps of), in. 202, passing a_
carbon nanotube dispersion over a negatively charged material. The dispersion may
include the carbon ’n'anotubés ofa ﬁfst group of chiralities and the carbon nanotubes
of a second group of chiralities. The method meiy further include; in 204, passing an

eluent solution through the charged material after 202. The eluent solution may.
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include a first non-ionic dispersing agent. The method may also include, in 206, .
collecting an eluate including carbon nanotubes of the first group of chiralities.

[0035] In other words, the method may further include flowing a carbon nanotube
dispersion through a charged material. The carbon nanotube dispersion may include a
mixture of cérbon nanotubes of a first group of chiralities as well as carbon nanotubes
of a second group of chiralities. The carbon nanotubes of the second group of
chiralities may be adsorbed by the charged material. As such, when the eluent
solution is flowed through the charged material, an eluate enriched in carbon
nanotubes of the first group of chiralities may be collected.

[0036] The carbon nanotubes of the first group of chiralities may include
semiconducting carbon nanotubes such as semiconducting single-walled carbon
.nanotube's, s-emiconducting double-walled carbon nanotubes, semiconducting multi-
walled carbon nanotubes or a mixture thereof. The carbon nanotubes of the second
group of chiralities may include metallic nanotubes such as metallic single-walled
- carbon nanotubes, metallic double-walled carbon nanotubes, metallic multi-walled
carbon nanotubes or a mixture thereof,

[0037] Whether a single walled carbon nanotube is semiconducting or metallic
may be determined by (n-m), where n and m are chiral indices. If (n-m) is not equal to
a multiple of 3 or 0, the carbon nanotubes may be semiconducting nanotubes.
Conversely, it (n-m) is equal to a multiple of 3 or 0, the cabon nanotubes may be
metallic. The first group of chiralities may include a group wherein (n-m) is not a
| multiple of 3 or 0 The second group of chiralities méy include a group wherein (n-m)
isa multiplé of 3 or 0. ’7 |
[0038] For double-walled carbon nanotubes, the inner wall may be
semiconducting or‘metallic when the outer wall is semiconducting. The inner wall
.may be semiconducting or metallic when the. outer wall is metallic. The double- .
walled carbon nanotube may belong to carbon nanotubeé of the first group of

" chiralities if (n-m) is not a multiple of 3 or 0 for both inner wall and outer wall. The
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double-walled carbon nanotube may belong to carbon nanotubes of the second group
of chiralities if (n-m) is a multiple of 3 or 0 for either inner wall or outer wall. The
double-walled carbon nanotube may be a semiconducting double-walled carbon
nanotube when both the inner wall and the outer wall are semiconducting. The
double-vwlalled carbon nanotube may be a metallic double—Walled carbon nanotube
when either the inner wall and the outer wall is metallic.

[0039] For multi-walled carbon nanotubes, a multi-walled carbon nanotube may
belong to carbon nanotubes of the the first group of chiralities if (n-m) is not a
multiple of 3 or 0 for all walls in the multi-walled carbon nanotube, and may belong
to carbon nanotubes of the the second groﬁp of chiralities if (n-m) is a multiple of 3 or

0 for at least one wall in the multi-walled carbon nanotube. The multi-walled carbon |
may be a semiconducting multi-walled carbon nanotube when all. walls are
semiconducting. The multi-walled carbon may ‘be a metallic multi-walled carbon
nanotube when at least one W_all is metallic.

[0040]  In various embodiments, the first non-ionic dispersing agent may be a
surfactant withoutr a net charge of a polymer without a net charge having a pH below.
7. The first dispersingv agent may alternatively other non-ionic chemicals such as
pluronic or tetronic. The polymer may include Polyethylene oxide- polypropylene
oxide copolymer, Polyethylene Glycol, Polyvinvyl alcohol, Polyvinyl pyrrolidone
and/or Dextran. 7 |

[0041] The method may further include, prior to 202, the step of dispersing a
g mixture of the carbon nanotubes of the first group of chiralities and the carbon |
nanotubes of the second group of chiralities in a starting non-ionic dispersing agent to
form the carbon nanotube dispersion. The starting non-ionic dispersing agent may
include a starting non-ionic surfactant solution having a pH below 7. The starting non-
ionic dispersing :agen't may alternatively other non-ionic chemicals such as pluronic or
tetronic. The first rion-i_onic dispersing agent and the starting non-iénic dispérsing '

agent may be the same or may be different.
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[0042]  The method may further include the steps of passing a further eluent
solution through the charged material after collecting the eluat¢ including carbon
nanotubes of the first group of chiralities. The further eluent solution may includé a
second dispersing agent. The method may also. include collecting a further eluate
including carbon nanotubes of the second group of cﬁiralities.

[0043] The second dispersing agent may further include an ionic surfactant
solution such as such as an anionic surfactant, e.g. sodium dodecyl sulfate (SDS),-
sodium cholate (SC), sodium deoxycholate (DOC) or sodium> dodecylbenzenesulfone
(SDBS). The ionic surfactant may include a éationic surfactant‘ such as
Cetyltrimethylammonium Bromide. Alternatively, the second dispersing agent may
include a surfactant without a nét charge or a polymer without a net charge having a
pH above 7. In other words, the second dispersing agent may have a pH above 7. The
second disp\ensing agent may alternatively include non-ionic chemicals such as
pluronic or tetronic. The second dispersing agent may include sodium hydroxide
(NaOH) or other suitable basic solutions or argine. The polymer. may include
Polyethylené v oxide- polypropylene oxide copolymer, - Polyethylene Glycol,
Polyvinvyl alcohol, Polyvinyl pyrrolidone and/or Dextran.

[0044] ~ The eluate may include more than 50%, or more than 60%, or more than
70%, or more than 80%, or more than 90%, or more than 95%, or more than 99%, or
more than 99.9%, or more than 99.99% semi(;Onducting carbon nanotubes. The
further eluate fnay include more than 50%, or more than 60%, or more ‘tha"n 70%, or
more thaﬁ 80%, or more _than 90%, or more than 95%, or moré than ‘99%, or more
than 99.9%, or moi‘e than 99.99% metallic carbbn nanotubes.

[0045] Th‘e eluate may include a ratio of semiconducting carbon nanotubes :
metallig carbon nanotu‘bes of more thah 50 : 50 or more than 60 : 40 or more than 70 :
30 or more than 80 : 20 or more than 90 :10 or more than 95 : 5 or more than 99 : 1.

The further eluate may include a ratio of metallic carbon nanotubes : semiconducting
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carbon nanotubes of more than 50 : 50 or more than 60 : 40 or more than 7Q__: 30 or
more than 80 : 20 or more than 90 :10 or more than 95 : 5 or more than 99 : 1.

[0046] The ratio of the semiconducting carbon nanotubes : metallic carbon
nanotubes in the eluate and/or the ratio of the metallic carbon nanotﬁbes B
semiconducting carbon nanotubes may be based on the pH (of the non-ionic
dispersing agent and/or further non-ionic dispersing agent and/or the other dispersing
agent).

[0047] In one embodiment, a method for separating carbon nanotubes (including
single-walled and double-walled)v according to different electronic types may be
provided. The method may include (a) adding a carbon nanotube dispersion over a
separation material included of a charged material. The method may further include
(b) allowing the separation material to adsorb metallic carbon nanotubes, thereby
obtaihing a residual dispersion enriched in semiconducting carbon nanotubes. The
method may also include (c) removing the residual dispersion from the separation
material. The method may additionally include (d) flushing the séparation material
with a liquid to remove the adsorbed metallic enriched carbon nanotubes from the
separation material.

[0048] In other words, the method may include ﬂowing a carbon nanotube
(including single-walled and double-walled) dispersion through a separation material.
The separation matéria} may be charged. The separation material may adsorb metallic
carbon nanotubes from the carbon nanotube dispersion, leaving a residual dispersion
of seﬁﬁconducting - carbon ‘nanotubes. " The résidual dispersi(;n may then | be
subequentiy -reﬁloved from the separation material. The method may additionally
include flowing a liquid or solvent through the 'scparation material to remove the
adsorbed metallic enriched carbon nanotubes from the separation material. |
[0049] In one efnbodiment, a method for separating single-walled carbon
nanotubes (SWNTs) according to different chiralities may be provided. The method -

may include (a) adding a carbon nanotube dispersion over a separation material
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included of a charged material. The method may further include (b) allowing the
separation material to adsorb SWNTs having a first set of chiralities thereto, thereby
obtaining a residual dispersion enriched in another set of chiralities. The method may
also include (¢) removing the resi_dual dispeision' from the separation material. The
method may additiorially include (d) flushing ihe separation material with a liquid to
remove the adsorbed. SWNTs having the first set of chiralities from the separation
material. |

[0050] In other words, the method may include flowing a carbon nanotube
dispefsion through a separation material. The separation material may be charged.
The sleparation material may adsorb SWNT whicii have a first set of chiralities from
the carbon nanotube dispersion, leaving a residual dispersion of a second set of
chiralities. The | residual dispersion may then ‘be‘ subequently removed from the
separation material. Thé method may additionally include ﬂowingva liquid or solvent
through the separation material to remove the adsorbed SWNTs having the first set of
chiralities s from the separation material.

[0051] In one embodiment, a method for separating a metallic and
semiconducting SWNTs may be provided. The method may include (a) adding a
carbon na'notubg: dispersion over a separation material included of a charged material.
The method may also include (b) allowing the separation material to adsorb metallic
SWNTS thereto, thereby obtaining a residual dispersion enriched in semiconducting
'SWNTs. The method may further. include (c) removing the residual dispersion from
the separation material. The method may additionally include (d) flushing the
separation material with a liquid to remove tl_ie 'adsorbed metallic SWNTs.

[0052] In other words, the method may further include flowing a carbon nanotube
dispersion through a separation mateiial. The separatiori material may be charged.
‘The separation material may adsorb metallic SWNTSs (met-SWNTs) from thé carbon
nanotube dispersion, leaving a residual dispersion having an increased proportion of

semicondlicting SWNTs (semi-SWNTs). The residual dispersion may then be
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subequently removed from the separation material. The method may additionally
include flowing a liquid or solvent through the separation material to remove the
adsorbed met-SWNTs from the separation material. |
-10053] In one embodiment, a method for separating a metallic and
semiconducting SWNTs may be pfovidéd. The method may include (a) passing a
carbon nanotube dispersion over a chromatogréphy icolumn' filled with a charged
" material. The method may further include (b) allowing the charged material to adsorb
metallic SWNTs - thereto, thereby obtaining: a residual dispersion enriched in
semiconducting SWNTs. Thé method may also include (c) eluting the residual
dispersion from the chromatography column with a first liquid or solvent. The method
may additionally include (d) flushing the chromatography column with a second
liquid or solvent to remove the adsorbed metallic SWNTS.

[0054] In other words, the method may further include flowing a carbon nanotube
dispersion- through a chromatography column. The chromatography column may
include a charged material. The charged material may adsorb metallic SWNTs (met-
SWNTs) from the carbon nanotube dispersion, leaving a residual dispersion having an
increased proportion of semiconducting SWNTSV (semi-SWNTs). The residual
dispersion may be extracted from the chromatography column by washing with a first
liquid or solvent. Th¢ method may additionally include flowing a second liquid or
solvent through the éhromatography column to remove the adsorbed met-SWNTs

from the chromato graphy column.

| tOOSS] In one embodfment, a method for sorting semi.conduct‘ing and metallic
cafbon nanotubes (e.g. SWNTs) from each other may be provided. The method may
include (a) dispersing unsorted carbon nanotubes (e.g. SWNTs) in a starting
surfactant solution. The method may further include (b) passing the dispersionb of (a)
over chromatogfaphy beads packed in a‘ chroinatography column; The method may
-also include (.c) passing a first eluent solution through the chromatography columﬁ,

wherein the first eluent solution includes a first surfactant solution. The method may



WO 2015/130229 PCT/SG2015/000060

23

additionally include (d) collecting a first eluate comprising sorted semiconducting
carbon nanotubes / SWNTs. Thé method rhay additionally include (e) passing a
second eluent solution through the chromatography column after (d), wherein the
second eluent solution includes a second surfactant solution. The method may also
include (f) collecting the second eluate igcluding sorted metallic carbon nanotubes \\/
SWNTs enriched fraction.

[0056] In other words, the method may further include dispersing an unsorted
mixture of carbon nanotubes (e.g. SWNTS including semiconducting SWNTs (semi-
SWNTs) and metallic SWNTs (met-SWNTs)) in a starting surfactant solution. The
method may also include flowing the reéultant dispersion through a chromatography
column. The chromatography column may include chromatography beads. The
method may further include ﬂowingb a first eluent solution through  the
chromatography column, wherein the first eluent solution includes a first surfactant
solution. A first eluate may be collected after the first eluent solution is flowed
through the chromatography column, the first eluate including sorted semiconducting
carbon nanotubes e.g. semiconducting SWNTs (semi-SWNTs) in the second
surfactant solution. The method may fufther include flowing a second eluent solution
through the chromatography column, wherein the second eluent solution includes a
second surfactant solution. A second eluate may be collected after the second eluent
solution is flowed through the chromatography éolumn, fhe sécond eluate including
an increased propcértiOn of metallic carbon nanotubes e.g. metallic SWNTs (met-
SWNTs) in the second surfactant solution. 7

[0057] | In one embodiment, a method of separating metallic SWNTs (met-v »
SWNTs) and 'semiconducting SWNTs (semi-SWNTs) (or separating metallic carbon
nanotubes and semiconducﬁng carbon nanotubes) may be provided. The metﬁod may
include (a) dispersirig unsorted carbon nanotubes or SWNTS in é starting zero net
charge surfactant solution. The method may also include (b) passing the dispersion of

(a) over charged chromatography beads packed in a chromatography column. The
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method may also include (c) passing a first eluent solution through the
chromatqgraphy column after (b), wherein the first eluent solution comprises a first
surfactant solution. The method may additionally include (d) collecting a first eluate
comprising sorted semiconducting carbon nanotubes or semiconducting SWNTs. The
method may additionally include (¢) passing a second eluent solution through the
chromatography column after (d), wherein the second eluent solution comprises a
second surfactant solution. The method may further include (f)  collecting the
second eulate comprising sorted metallic carbon nanotubes enriched fraction or
metallic SWNTSs enriched fraction.
[0058]  In other words, the method may further include dispersing an unsorted
mixture of semiconducting SWNTS (semi-SWNTs) and metallic SWNTs (met-
- SWNTs) (or mixture of semiconducting carbon nanotubes and metallic carbon
nanotubes) in a sfarting uncharged surfactant solution. The method may also include
ﬂowinrg the resultant dispersion through a chromatography - column. The
chromatography column may include chromatography beads. The method may further
include flowing a first eluent solution through the chromatography column, wherein
~ the first eluent solution includes a first surfactant solution. Ab first eluate may be
- collected aftér the first eluent solution is flowed through the chromatography column,
the first eluate including sorted semiconducting carbon nanotubes or semiconducting
SWNTs (semi-SWNTSs) in thé first surfactant solution. The method may further
_include flowing a second eluent solution through ‘the chromatography column,
: _whereinrthe second eluent solution inéludes a s¢cond surfactant solution. A second
eluate may be collected after the second eluent solution is flowed through the
chromatography column, the second eluate including an Vincreased‘ proportion of
metallic carbon nanotubes or metallic SWNTS ’(met-SWNTs) in the second surfactant
solution. | | |
[0059] Various embodiments may help to provide a simpler method for separating

metallic carbon nanotubes and semiconducting carbon nanotubes. Various
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embodiments_may provide a way to increase throughput and/or increase purity of
carbon nanotubes.
[0060] The unsorted carbon nanotubes may include both semiconduéting carbon
nanotubes and metallic carbon nanotubes. The metallicr and semiconducting carbon
nanotubes may develop opposing charges under a predetermined range of pH. The
charges may be developed on the surface on carbon nanotubes. In one embodiment,
the metallic carbon nanotubes may develop an overall postive charge while the
semiconducting carbon nanotubes may develop an overall negative charge in acidic
conditions. 7
[0061] The unsorted carbon nanotubes may be dispersed in a (starting) non-iorﬁc
surfactant solution. In other words, the starting zero net charged surfactant solution
may be a non;ionic surfactant solution. Using a non-ionic surfactant instead of an '
jonic  surfactant may avoid the charge differential between metallic and
semiconducting carbon nanotubes from being masked by external surfactant charges.
[0062] The unsorted carbon nanotubes may be dispersed in a non-ionic surfactant
solution (i.e. the first non-ionic surfactant solution) with pH 7 or less. In various
embodiments, the semiconducting and metallic carbon nanotubes may develop
opposing charges under acidic conditions, thereby allowing séparation of the
semiconducting and metallic carbon nanotubes based on the charge differential. The
carbon nanotubes may include functional groups such as carboxyl groups, cﬁrbonyl or
hydroiyl grodps so the carbon nanotubes have a net negative charge at neutral
conductions. As pH decreaées, the metallic carbon nanotubes may be more easily
doped to gain a net positivé charge due to the lower work function. The
semiconducting carbon nanotubes may remain less doped and may maintain a net
negatiﬁe charge under acidic conditions. |
[0063]7 The first eluent solution may include a first non-ionic surfacfant solution.

The first solution may be a zero-net charge solution such as a non-ionic solution. The
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charges developed on the carbon nanotubes may not be masked or affected by the use
of an ionic surfactant.

[0064] The first eluent solution may be passed through the chromatography
column. Either the scmiconductihg carbon nanotubes or the metallic carbon nanotubes
may be étfracted to the charged chromatography beads within the chromatography
column. In oner embodiment, the chromatography beads within the chromatography
column may be negatively charged. In one embodiment, the metallic carbon
nanotubes may be positiVely éharged and may be attracted to the negatively charged
chromatography beads. The first eluent solution may form the first eluate as the first
eluent solution passes through the chromatography column. As the metallic carbon
nanotubes may be retained within the chromatography column by the negatively
charged chromafography beads, the first eluate may coﬁtain sorted semiconducting
carbon nanotubes. In one embodiment, the first eluate ihay contain an increased
proportioh of semiconducting carbon nanotubes relative to metallic carbon nanotubes.
In one embodiment, the eluate may contain a very small amount of metallic carbon
nanotubes or may be devoid of metallic carbon nanotubes.

[0065] The first eluent solution may include a first non-ionic surfactant solution
with pH 7 or léss. Opposing charges on the sérﬁiconducting carbon nanotubesv and
metallic carbon nanotubes may be developed or maintained. -

[0066] The second eluent solution may include a second non-ionic surfactant
solution and has a pH above 7. In one embodiment, the metallic carbon nanotubes
attracted to the negatively charged chrdmatography beads may develop an o_verall.
negatif/e charge under basic conditions.

[0067] Altemnatively, the second eluent solution may include an ionic surfactant
“solution. The ionic surfactant may also impart ah overall negative charge to the
metallié Carbon nanotubes. The metallic carbon nanotubes having an overall negative I
charge may no longer be attracted to the negatively charged beads. The second eluent

solution may form the second eluate as the first eluent solution passes through the
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chromatography column. The second eluate may contain an increased proportion of
metallic carbon nanotubes as the metallic carbon nanotubes are no longer retained by
the chromatography column. The second eluate may contain very small amouﬁt of
semiconducting carbon nanotubes or may be devoid of semiéondupting carbon
nanotubes as the semiconducting carbon nanotubes has already been eluated out in the
first eluate. |

[0068] In one embodiment, first non-ionic surfactant solution and the second non-
ionic surfactant solution may be the same. |

[0069] In one embodiment, the starting non-ionic surfactant solution, the first
non-ionic surfactant solution, and the second non-ionic surfactant solution may be the
same.

[0070] The startingi non-ionic surfactant solutior.l,vthe first non-ionic surfactant
solution , and the second non-ionic surfactant solution may be selected from the
group consisting of Triton X-405, Brij 123, and Brij S100. The starting non-ionic
surfactant solution, the first non-ionic surfactant solution, and. the second non-ionic
surfactant solution may be Triton X-405.

[0071] The ionic surfactant solution may ‘be sodium dodecyl sulfate (SDS),
sodiﬁm cholate (SC), sodium deoxycholate (DOC) or sodium dodecylbenzenesulfone
(SDBS).

[0072] In one embodiment, the pH of the starting non-‘ionic surfactant solution
may be adjusted to below 4 when the beads are functionalized with congo red. The pH
of the starting non-ionic surfactant solution is adjusted from 1.9 to 3.9 when the beads
are functionalized with congo red.

[0073] The unsorted SWNTs may include SWNTs having diameters range from
0.3 nm to 2.0 nm. -

[0074] The charged material fnay be or may include Chromatogfaphy beads. The
chromatography beads may be negatively chafged., The negatively - charged

chromatography beads may include Sepharose, functionalized agarose, functionalized
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polymeric beads or functionalized silica beads. The chromatography beads may be or
may include chromatogre;phy beads. In one embodiment, the beads may retain
negative charges under neutral to acidic conditions.

[0075] The negatively charged chromatography beads may include functional
groups selected from the group conmsisting of carboxylate, sulfonate, phosphonate,
hydroxide, nitrite, and nitrate. The functional groups may be attached to the
chromatography beads. The functional groups may help the beads retain negati\_}e
charges under neutral to acidic conditions. The functional groups may help impro{/e
sorting purity as the positively charged carbon nanotubes may be more attracted to
functionalized beads compared to non-functionalized beads.

- [0076] The negatively charged chromatography beads may be modified with -
sulfonate-containing compounds such as congo red, direct blue 71, Evans blue, or
amino naphthalene sulfonate salts. Congo red, direct blue 71, Evans blue, or aminov
naphthalene sulfonate salts may include sulfonate funcfional groups. The negatively
charged chromatography beads may also be modified with other sulfonate-containing
compounds; | |

[0077] The beads may additionally or alternatively be modified with carboxylate,
phosphonate, hydroxide, nitrite, or - nitrate-containing compounds. In some
embodiments, the beads may hot be modified.

[0078] The chromatography beéds may be or may include agarose gel beads. The .
agarose gel beads may be or may include Sepharose 2B beads, Sepharos¢ 4B beéids,
Sepharose 6B beads, Sepharose 2B-CL beads, Sepharose 4B-CL beads, Sepharose 2B
beads, Sepharose 6B-CL beads. The chromatography beads may be or may include
othef hydrophilic gel beads. The other hydrophilic gel beads may be lor may include
Sephacryl S-l OOHR beads, Sephacryl S-200HR beads or Sephacryl S-300HR beads.
[0079] The Sepharose 4B beads m‘ay be modified with congo red, direct blue 71, -

Evans blue, or sodium 4-amino-1-naphathalenesulfonate.
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[0080] A use of sémiconducting catbon nanotubes obtained by any method
described herein in field-effect-transistors and electronic devices may also be
provided. The semiconducting carbon nanotubes may include single-walled carbon
nanotubes (SWNTs), doﬁble—walled carbon nanotubes (DWNTs), multi-wa»lled‘ carbon .
nanotubes or mixtures thereof, A use of mefallic carbon nanotubes obtained by any
method described herein may also be providéd. The metallic carbon nanotubes may
inclﬁde single-walled carbon nanotubes (SWNTs), double-walled carbon nanotubes
(DWNTs), multi-walled carbon nanotubes or mixtures thereof.

[0081] Single-wélled carbon nanotuBes (SWNTs), double-walled carbon
nanotubes (DWNTS), multi-walled carbon nanotubes or mixtures thereof obtained by
any method described herein Ihay also be provided.

[0082] An electronic device such as a ﬁeld—effect transistor - including
semiconducting carbon nanotubes obtained by any method described herein may also
be provided. The carbon nanotubes may include SWNTs, DWNTs, multi-walled
nanotubes or a mixture thgreof. |

[0083] Semiconducting single-walled carbon nanotubes may be referred to as
semiconducting SWNTs or semi-SWNTs. Metallic single-walled carbon nanotubes
may be referred to as metallic SWNTs or met-SWNTs. |
Examples

[0084] Experiment 1

- [0085].  Herein, a class of new bulk separation techniques based on the intrinsic
charges on metallic versus semiconducting carbon nanotubes suspended by a non-
ionic surfactant in water/oxygen solution witﬁ controlled pHAmay be provided.
Various methods imay' exploit the varying electrostatic interaction (EI) between
anionic hydrophilic chrbmatography beads and the intrinsic charges on differentially
vvp-doped carbon nanotubes with varying cationicity controllable by the bandgap-
dependent redox reaction (REDOX) with dissolved oxygen in abidic water.

[0086] Materials
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[0087] Triton X-405 solution (70% in H20) was obtained from Dow Chemical.

| Sepharose 4B beads (GE Heaithcare), (i)-épichlorohydrin (epichlorohydrin, technical
grade), sodium hydroxide (NaOH, 98%), hydrochloric acid (HCl, 36-37%), Sodium
dodecylbenzenesulfonate (SDBS, technical grade), sodium cholafe (SC, >99%),
cetylti‘imethylammonium bromide (CTAB, 299%), congo red (CR, 85%'),‘direct t;lue
71 (DB, 50%), sodium 4-amino-1-naphthalenesulfonate (SANS, technical grade) and
all the solvents were purchased from Sigma-Aldrich and used as received. Arc-
discharge SWNTs were purchased from Carbon Solutions (P2-SWNTs) and Hanwha
Chemical (ASP-100F). HiPco SWNTs ‘were purchased frorﬁ 7 Unidym. CoMoCat
SWNTS were purchased from SouthWest NanQTechnologieS. Elicarb carbon
nanotubes (mixture of single-Walled and double-walléd carbon -nanotubes) were
obtained from Thomas Swan. Ultrapure deionized water (18.2 MQecm) (D.I. water)
from a Milli-Q System (Millipore, Billerica, MA) was uSed- in all experiments.

[0088] Synthesis of Negatively-Charged Chromatography Beads

[0089] 20 mL of Sepharose 4B beads were triple washed with 20 mL of deionised
(D.1.) water. The washed beads were suspended in a mixture of 20 mL of 1 M NaOH
and 6 mL of epichlorohydrin. The mixture was agitated with a tumbler in an oven at
40 °C for oVemight and then washed thoréughly again with D.I water. 0.5 mmol of
anionic sulfonate chemical (congo red, direct blue 71, evans blue or sodium 4-amino-
1-naphthalenesulfonate) was dissolved in 20 mL mixture of methanol:water (1:1) and
then mixed with the bead suspension. The mixture was agitated with a tumbler at
room tefﬁperature for évemight and Washed thoroughly with D.I. water and 20%
ethanol (alternatély). The functionali%ed beadé were keﬁt at 4 °C until use. This ‘
proé‘éss is shown in FIG. 15A.‘

[0090] Carbon Nanotube Dispersion Préparation

[0091] Taking Triton X-405 and P2-SWNTS as an example, 70% Triton X-405 ‘
dispersion was di_luted to 2.8% aqueous solution (W/V) with D.I. water. The pHrof the

Triton X-405 solution was adjusted with 0.1 M HCI. 1 mg/mL solution of P2-SWNTs
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in 2.8% aqueous Triton X-405 (pH adjusted) Iwas ultrasonicated by a 750-Watt
Ultrasonic Processor (VCX750, Sonics & Materials, Inc.,-USA) for 1 h with ice bath
(30% amplitude, 1 s on, 1 s off). The pH of the Triton X-405 solution should be
consistent with the eluting solution later used for chromatography. The suspehsion of
P2-SWNTs Was then centfifuged at 122,000 g fbr 1 h or at 54,000 g for 4 h. The top
80% supernatant was carefully extracted and used for chromatography separation.
The dispersion was bath-sonicated for 10 min before use if it had been prepared more
than 1 day before separation.
[0092] The type, and concentration of surfactants/dispersing agents may be varied
but using a similar procedure. The pH of the eluating solution may also be varied. The
amplitude of sonication may be varied for different types and amounts of carbon
nanotubes. - | »
[0093] Chromatography Process
FIG. 3A is a plot 300a of Fermi level against density of states of thé carbon nanotubes
in different conditions. FIG. 3B is a schematic 300b of the carbon nanotubes in
different conditions.
[0094] FIGS. 3A-B show the behaviour of semiconducting single-walled
nanotubes (semi-SWNTs) and meteﬂlic single—Walled nanotubes (met-SWNTs) in
different pH solutions according to one embodiment. The redox potential of the
0,/H,0 couple may be funed éo that the met-SWNTs become more positively charged
compared ‘to semi-SWNTs as pH decreases. FIG. 4 is a schematic 400 illustrating a
method according to one embodiment. FIGQ 4 illustrates Sdrting via Redox-enable;d
EleCtrosta‘.cic Interaction Chromato graphy (REIC).
[0095] Functionalized or | unmodified beads Wére packed into a glass
chromatography column (5 cm bed height). The column was flushed with deionized
(D.1) water with back pressure (compressed dir) ‘to make the packing firm. The
column was flushed with at least 2 column volumes of 2.8% Triton X-405 in aqueous

solution (pH consistent with the eluting condition) before loading the carbon nanotube
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| dispersion: The pH of the SWNTs feed, which is also the pH of the column in Stage 1
and Stage 2, hereafter just called the sortmg pH, need to be optimized for d1fferent
SWNT types and batches for maximising the semiconducting fraction purity. Various
iterations of sorting pH values were usually conducted and we typically start from a
pH close to neutral (say 6.9). Separately, the SWNTs are dispdrsed in the same acidic
2.8% Triton X-405 aqueous solution at-the concentration of 1 mg/mL by probe
sonication followed by a 1 h centrifugation at 122,000 g to remove all the bundles and
graphite impurities. The carbon nanotube dispersion is then poured into the top of the
column and the nanotubes flow thrdugh the column and separate into the two main
fractions — semlconductlng and metallic.

[0096] In Stage 2, 2 mL carbon nanotube dispersion at the sortmg pH was added
into the column and was allowed to pass through the column via gravity (no back
preSsure applied). When the P2-SWNTs dispersion had almost fully entered the gel
column, 2.8% Triton X-405 solution at the same sorting pH was added to elute the -
semiconducting carbon nanotubes out. Triton X-405 solution was continudusly added
until no more semiconducting carbon nanotubes came out. The fraction thét eluted out
first is semiconducting enriched and usually pink to red in color for arc-discharge
SWNTs and green to _blue in color for HiPco SWNTs.

[0097] In Stage 3, then 0.5% SDBS aqueous solutihn or 2.8% Triton X-405 (pH >
10) solution was continuously added into the column until all the met-SWNTs (green
solution) were eluted. The column was then flushed thoroughly by D.I. water and was
ready to re-use for the next cycle of separation. The sorted SWNTd were characterized
using a Varian Cary 4000 UV-vis-NIR spectrophotometer and a Rehishaw inVia
Raman microscope with 633 nm (1.96 eV) laser wavelength in a backscattering
| cdnﬁguration. | ‘ |

[0098] " The type, and concentration of surfactants/dispersing agents may be variedd
-but using a similar procedure. The pH of the eluating solution may also be varied.

[0099] Electrical Testing
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‘[00100] “The FETs were fabricated on highly p-doped silicon wafer containing 300
nm of thermally grown SiO, by photolithography (L=75 pm, W=25 pm). Sourcé and
drain electrodes were 50 nm Au coated on top of 10 nm Ti, deposited by electon beam
(e-beam). The electrode pE}tttenS Vwere cleaned by Argon plasma (100W) for 2 min
(the plasma chamber was cleaned by 300W Oxygen plasma for 5 min before Ar
plasma) and immersed in 0.5 vol.% of (3-Aminopropyl)triethoxysilane (APTES)
solution in ethanol for 45 min to enhance the adhesion of the SWNTs to be deposited.
The devices were annealed in vacuum (10 mbar) overnight at 250°C to improve
hydrophobicity of the surface and remove the solvent residues. The sorted semi-
SWNTs were thén carefully dropped between the source and drain electrodes with a
syringe and fine needle. Before drop-casting, the semi-SWNTs sovlution was diluted
with D.I water and sonicated for 10 min in a bath sonicator. To avoid the coffee-ﬁng
effect, the devices were rinsed with D.I. water when the droplets were about to dry
and then were blown dry witﬁ compressed air. The devices were placed on a hot plate
(130°C) for 10 min before the next drop. The drop-casting procedure was repeated
until the desired SWNTs density was achievéd. The electrical testing of the FET
devices was carried on a Keithley semiconductor parameter analyzer Model 4200-

SCS in ambient environment.
[00101] - Zeta Potential Measurement

[00102] The unsorted P2-SWNTs and sorted semlconductmg-ennched and
-metalhc—enrlched fractlons were centrlfuged at 20,000 g for 1 hour to remove bundles.
The centrifuged samples were dlluted with ultra-pure water to achieve SWNTs -
concentration of apprbximately 0.01 mg/ml. 0.1 M HCI and 0.1 M NaOH solutions
were" used to >adjust the pH. The zeta potential measurement was performed with a
ZetaPALS Zeta Poténtial Analyzer at room temperature (23 °C) immediately after the
samples were ready. 7. |

[00103] FIG. 5 is a photo 500 showing the visual appearance of arc-discharge‘

single-walled nanotube (SWNT) dispersions in aqueous solution with surfactant:
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sorted metallic SWNTs (502), unsorted SWNTs 7(5/04) and sorted sémiconducting
SWNTs a(5006).

[00104] The use of non-ionic surfactant, control of pH of the aqueous solution, and
the type of anionic beads used in our REIC rnethod may be essential for high purity -
sorting. The applicability of ourinovel REIC sorting method for nanotubes with large
average diameter produced by the arc-discharge method (P2-SWNTs from Carbon
Solutions and ASP-100F from Hanwha Chemical), smaller diameter HiPco tubes |
(from Unidym)' and CoMoCat tubes (from SouthWest NanoTechnologies), as well as
single-walled and double-walled mixture (Elicarb cafbon nanotubes forni Thomas
Swan) may be demonstrated, showing that the method is not sensitive to the nanotube
diaméter distribution. | | 7
[00105]  SWNTSs may undefgo pH-mediated charge transfer p-doping by dissolved
oxygen/water redox couple according to the Equation. (1).

4(eh)swnr + Oz + 4H" = 4(h )swnr + 2H20 | (1)
where ¢ represents an electron and h' represents a hole in a SWNT.

The Fermi level of un-doped SWNTs is around -4.7 €V (Ef;, FIG. 3) and is higher -
than the electrochemical potential of OZ/HZO couple (in the absolute scale) in the
neutral to acidic pH ranée, which variés from -5.27 eV to -5.67 eV as pH decreases
from 7 to 0 in accordance with the Nernst equation. Therefore, from thermodynamics
consideration, heterogeneous electron transfer from a SWNT to the O,/H,0O couple
- can happen until the new Fermi level of doped SWNT equals thé electrochemical
potential of O,/H,0 | |

[00106] The half-cell reéctions of reaction (1) ymay be represented as fOHOVS‘/S’ZV

Right (reduction): . OyH4H"t+4e>2H,0 (2A) Left
(oxidation): 4(ehNswnr = 4(h)swar + 4™ (2B)

For the right half-ceﬂ reaction above, Ex (eV) is the actual electrochemical potential

of 0»/H,0 couple which can be calculated from the Nernst equation:
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0.0592

. Ex=Ey 1y 0=-444+(-1)(+1.229) + [4pH —log,,(p,,)] 30

where p,, is the oxygen partial pressure (0.213 bar at atmospheric pressure).

For the left-cell rgaction, Ey is the Fermi level for both met-SWNTs and semi_-
SWNTs. Since Ey > Eg at all pH (see FIG. 8),'électr0ns can jump frém higher energy
level (SWNTSs) to lower energy level (O»/H>O couple) and the reaction (1) can happen
spontaneously. However, this analysis only takes into account thermodynamics while
the actual electron transfer rate is controlled By reaction kinetics discussed in the main
text. As a result, the effecﬁve sorting pH is within the acidic pH range which is much
smaller than the one predicted based on just thennodynamics.

[00107] Howe\;er, in addition to thérmodynamic‘s,‘ the kinetics aspect of the
heteroigeneous reaction aiso must be considerevd., The fedbx reaction (1) is known to

be rate-limited by the electron-transfer reaction (4):

T

0, +egur > 0,

4
According to MG theory, the heterogeneous electron transfer kinetics is dependent on
the availability, at/near the nanotube Fermi level, of both the occupied electronic
~ states in the solid nanotubes and the unocCupied states of the O,/H,0 redox couples in
* solution (FIG. 3A). Thé MG thedry also predicts that the density of states (DOS) at
differ'ent‘ energy levels of the 0,/H,0 couple in the electrolyte has a Gaussian
distribution with the maxima offset from its electrochemical potential (also. the
cléctrolyte Fermi-level) by a reorganization energy (1), as depicted in FIG. 3A‘(.the
blue bell-shaped curves.); Physically, 1 is an energy penalty that relates to the
reorganization of tﬁe polar water solvent molecules around the 'ions/moleculeé
involved in 'the rate-limiting electron t_ransfef reaction (4) and is approximately 1 eV
for the Oo/H,0 couple. : » ‘

[00108] ,For met- and semi-SWNTs, their eleétron transfer kinetics coula be
drastically different due to their dramatically contrasted DOS in the bandgap région.

At neutral pH, the electron transfer kinetics for both types of nanotubes is slow. The
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redox potenﬁal of the O,/H,0 couple decreases monotonically with pH so that as pH
is reduced, the overlap of the occupied electronic states of nanotubes and the
unoccupied enérgy states of the dissolved O»/H,O couple increases for both types of
nanotubes (FIG. 3‘A, from left to right, shaded region area increa}ses), resﬁlting in -
faster electron transfer kinetics for both semi; and met-SWNTs. More signiﬁcaﬁtly,
the absence of a bandgap in met-SWNTs leads to a significantly 1afger overlap of
electronic states compared to that of semi-SWNTs (FIG. 3A, top versus bottom,
shaded regions of the Doy curves). Such larger overlap for met-SWNTs, particularly at
acidic pH, results in a much higher rate of electron transfer from met-SWNTs to
dissolved oxygen and thus a higher concentration of cationic charges on met-SWNTs
surfaces (FIG. 3B). Therefore, although both types of SWNTs have anionic charges at
neutral pH, which are ce;used by carboxylic groups on their defect sites, at certain
acidic pH, met-SWNTs will quickly gain enough positive charges to compensate the
initial anionic surface chgrges and thus acquire cationic net electrostatic polarity, a
_phenomenon that has previously been observed in diamonds as well. On the other
hand, .semi-SWNTs still largely preserve their anionic net surface charges due to their
much slower rate of reaction. _
[00109] To experimentally observe the changes of surface charges on SWNTs,
effects from charged functional groups on typically used ioﬁic surfactants wrapping
around nanotubes must be eliminated. We avoid this masking effect by suspending
and de—bundling nanotubes in water with the help of non-ionic surfactants and
consequenﬂy we are able for tﬁe first time to directly observe the met- versus semi-
contrast in electrostatic polaﬁty_ by means of zeta potential measurements of bulk
nanotube samples. FIG. 6A is a plot 600a of zeta potential (mV) against pH of
unsorted single—yvalled nanotubes (SWNTs), semi-conducting single-walled
nanotubes (semi-SWNTSs) enriched fraction aﬁd metallic single-walled nanostubes

(met-SWNTs) enriched fraction. 602 represents the results for the unsorted SWNTs.



WO 2015/130229 PCT/SG2015/000060

37

604 represents the results for eluted fraction containing 99% semi-SWNTs. 606
represents the results for the bound fraction containiﬁg 70% met-SWNTs.

[00110] FIG. 6B is a plot 600b of normalized intensity (arbitrary units) against
wavenumber (cm™). FIG. 6B illustrates the Raman spectra' (633nm, red laser)
focusing on G band (1540 cm™ to 1600 cm™) of unsorted SWNTs as pH decreases. .
All spectra are normalized with the G* peak intensity. 614a-e represent the Raman
spectfa at pH = 4.78, 6.40, 8.48, 10.36 and 11.160 respectively. FIG. 6C is another
plot 600c of normalized intensity (arbitrary units) against wave number (cm™). FIG.
6C illustrates the Raman spectra (633nm, red laser) focusing on 2D band (2630 em™
of unsorted SWNTs as pH decreases. All spectra are normalized with the 2D peak
intensity. 616a-e represent the Ramén spectra at pH = 4.78, 6.40, 8.48, 10.36 and
11.160 respectively. The Raman spectroscopy shows narrowing of the Breit-Wigngr-
Fano (BWF) band at lower wave number (FIG. 6B) and the upshift of the 2D band as
pH decreases proving that SWNTs become more doped as pH becomes more acidic
(FIG. 6C). FIG. 6D is a plot 600d of calculated concentrations of holes (holés per
carbon (C) atom) in semi-SWNTs and met-SWNTs at various pHs based on. the |
Marcus-Gerischer model. 634a represents data for semi-SWNTs and 634b represents
data for metallic-SWNTé. '
} [00111] = The enhanced p-doping of SWNTSs suspended in Triton X-405 surfactant
as a function of pH is supported by both the increasing zeta potential (FIG. 6A) and
the pH-dependent Raman Spectra shown in FIGS. 6B and 6C. In addition, as shown in
FIG. 6A, the zeta potential of mef-SWNTs is always higher than that of semi-SWNTS,
réﬂecting thé greater degree of electron transfer from met-SWNTs as predicted by the
MG theory. Crucially, over a substantial pH range of around 3~4, the measured zeta
potentials of met- and semi-SWNTs have opposite signs (FIG. 6A). Numerical
estimates-of the concentrations of holes acquired by SWNTs (FIG.. 6D) indicate that
'in‘ this pH range, met-SWNTs are substantially p-doped (~0.005 to ~0.007 holes per

carbon-atom) while the p-doping of semi-SWNTs is several-fold smaller. This
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contrast is large enough to overcome the polydisperse character of the anionic charge
due to nanotube defects and impart a distinguishable electrostatic polarity to the inét—
and semi-SWNT populations. Remarkably, the initial negative charges on the semi-
SWNTs due to defects are advantageous for the purposes of sorting as»théy facilitate
the creation of an opposite polarity contrast in the surface charges of rhet- versus
semi-SWNTs. |
[00112] The differentially doped nanotube species may be used as feedstock for the
REIC process in which the chromatography beads are anionic (as shown in FIG. 4).
Spharorse-CR beads which are agarose beads (Sepharose 4B, GE) functionalized with
congo red (CR) containing aﬁionic sulfonate groups may be used (FIG. 4 inset). The
sulféﬁate groups may have pKa of around -2.8 and may be chosen because they
remain negatively charged at pH values above 0 to confer pH-stable anionic charge to
the agarose beads Wh’en the solution pH is adjusted from neutral to acidic.. The
suspension may be loaded on top of the column and the semi-SWNTs enriched »
fraction may collected after few minutes (Ist elution, FIG. 4 inset) while the met-
SWNTs remains absorbed. The met-SWNTs may be elutéd out by an aqueous
solution of an ionic surfactant of simply raising the pH of the Triton solution to basic
(>10) (2nd elution, FIG. 4 inset). | | |
[00113] Alternatively, the beads ;nay also be modified with direct blue 71 or
~ amino-naphthalene-sulfonate salts or Evans blue. | ,

[00114] - FIG. 7A is a plot 700a of offset normalized absorbance against Wavelength , |
(nm) showing ’;he ultraviolet—flisible- near infrared spectra (UV-vis-NIR) spectra of
sorted semifSWNTs. The sorted semi-SWNTs méy be collected in Stage 2 at sorting
pH from 2.01 to 7.00 via Sepharose-CR beads. 702a-1 present data for sorting pHs of
2 .01, 2.21, 2.43, 2.64, 2.84, 3.24, 3.44, 3.63, 3.92, 4.20, 6.00 and 7.00 respectively.
FIG. 7B is a plot 700b of purity (%) against pH illustrating the semiconducting single-
walled nanotubes (SWNTs) purify of the eluted fraction collected at various sorting

pH. The eluted fraction may be collected in Stage 2 at sbrting pH from 2.01 to 7.00
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Via»Se'pharosé-CR beads. FIG. 7C is a plot 700c of normalized intensity (arbitrary
units) against wavenumber (cm™') illustrating the Raman .spectra (633 nm, red laser)
of unsorted single-walled nanotubes (SWNTS), semiconducting-SWNTs (semi-
SWNTs) and metallic-SWNTs (met-SWNTs) sorted via Sepharose-CR beads
(pH=3.2). 704 represents data related to unsorted SWNTs, 706 represents data related
to semi-SWNTs and 708 represents data related to met-SWNTs. FIG. 7D is a plot
700d of UV-vis-NIR spectra of unsorted SWNTs, semi-SWNTs enriched and met-
SWNTs enriched fractions sorted at pH = 3.2 using Sepharose-CR beads. 710
represent data for unsorted SWNTs, 712 represents data for semi-SWNTs and 714
represents data for met-SWNTs. | | |
[00115] With pH optimization, ultra-high purity (>99%) sorted semi-SWNTs may
be achieved between pH = 3.2 to pH = 3.6 with Sepharose-CR beads (FIGS. 7A-B).
UV-VIS-NIR spectroscopy showed that the semi-SWNT purity is >99% with M11
- peaks almost undetectable (for sorting pH=3.2 as an illustration). =~ Raman
spectroscbpy (red laser with 1.96eV excitation energy) was used to confirm the
sorting purity. We see that for the sorted semi-SWNTs (line 706 in FIG. 7C), the
metallic peaks at ~171 cm™ and ~196 cm’ in radial breathing mode (RBM) region
totally disappear while the G- band (~1569 cm™) becomes much narrower because of
the greatly reduced met-SWNTs content. Also, the 2D peak at ~ 2600 cm™ reduces
corrobdrating that the semi- SWNTs purity increases. It is important to note that the
| optimum sorting pH range may differ from source to source, and from batch to batch,
due to variations in SWNT chiralities and the deéee of ﬁ;nctionalization on the
,SWNT side-wall.FIG. 8 is a plot 800 of electron energy (eV) as a function of
diameter. FIG. 8. illustrates the electronic band structure of met-SWNTs and semi-

SWNTs as a function of diameter together with electrochemical potential of O,/H,O

couple from pH =0 to. pH =7 (£ w Ex™ are the respective intrinsic Fermi levels of

met-SWNTs and semi-SWNTs, E 5, Efs are the respective 1* Van Hove



WO 2015/130229 PCT/SG2015/000060

40

singularities in the valence band and conduction band of semi-SWNTs. Area 802.
indicates the electrochemical potential of Oo/H,O couple from pH = 0 to pH = 7)
[00116] Met-SWNTs purity may be gre‘atly enhanced when pH is from 3.8 to 4.0
since only a few chiralities of mét-SWNTs have positive_, net charges and may be
adsorbed on to the beads. FIG. 9A is a plot 900a of normalized absorbance against
wavelength (nm) illustrating the ultraviolet-visible-near infrared (UV-vis-NIR) of the
metallic single-walled nanotubes (met-SWNTs) enriched fractions collected in Stage
3 at sorting pH from 3.25 to 4.10 via Sepharose—congd red (CR) beads. 902a-d
illustrate the data at sorting pHs of 3.25, ‘3.‘50, 3.80 and 4.10 respectively. FIG. 9B is a
plof 900b of metallic single-walled nanotubes purity’ (%) against pH illustrating the
metallic single-walled nanotubes (met-SWNTSs) purity in elution collected in Sfage 3
at sorting pH from 3.25 to 4.10 via Sephafosa-congo red (CR) beads.

[00117] In order to sort out the diffefent nanotube chiral species, the different
nanotube chiral species need to be suspended individually. The sﬁrfactant must not
interfere with the subtle differentiai charge conferred by the different bandgaps 50 as
to exploit the. subtle doping differences. However, most other nanotube. sorting
techniques_use ionic surfactants for suspending the nanotubes. A consequence of this
is that the chargeé of the ionic surfactants may mask the differential charges on the
differentially doped semi- versus metallic SWNTs. One of the key features according
to various embodiments may include the use of the relatively unexploited non-ionic
. surfactants for suspending the nanotubes. When using non-ionic surfactants, there .
may be no masking effect and the full extent of i)H4chtrollable differential doping of
metallic and semiconducting species may be e)glgloited. | |

[00118] Various embodiments involve the use of non-ionic surfactant as opposed
fo SDS/SC used previbusly for all other conventional high puﬁty sorting with density
gradient ultfa—centriﬁlgation' (DGU) and column chromatography. The use of non-
ionic surfactant may be imp'ortént for avoiding introduction of any external ions onto

the SWNTs side-wall. The use of ionic surfactants, e.g., SDS, SDBS, SC or
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cetyltrimethylammonium bromide (CTAB), instead of Triton X-405 solution, to
disperse and elute the unsorted SWNTs are also iﬁvestigated. Unsurprisingly, none of
these gives rise to any separation because the subtle charge differential between semi-
and met-SWNTs' at the optimum sorting pH (usually, acidic) was masked byv the
external surfactant charges. On the other hand, othef non-ionic surfactants, e.g., Brij
L23 and Brij S100, are demostrated to be able to achieve excellent separations as
well. Also, to reduce other interactions of nanotubes with beads, we have used
hydrophilic agarose beads. Efforts with cationic hydrophobic polydivinylbenzene-
based beads has not produced good purity sorting. |

[00119] FIG. 10 is a plot 1000 of normalized absorbance against wavelength (nm)
illustrating the ultraviolet-visible-near infrared (uv-vis-NIR) of unsorted arc-discharge
- single-walled nanotubes (SWNTs) (P2-SWNTs from Carbon Solutions, ‘Inc)
(SWNTs) and sorted semi-conducting single-walled nanotubes (semiconducting
SWNTs or semi-SWNTs) with 2.8% Triton X-405, 5% Brij L23 and 5% Brij S100.
-All the sorting were performed on Sephérose-CR beads and sorting pH=3.2. 1002
représehts the data for unsorted P2-single-walled nanotubes (SWNTs). 1004
represents the data for sorted semi-conducting  single-walled nanotubes
(semiconducting SWNTs or semi-SWNTs) with 2.8 Triton X-405 (red), 1006
represents the data for sorted semi—conductin,;; single-walled nanotubes (semi-
SWNTs) with 5% Brij L23, and 1008 represents tﬁe data for sorted semi-conducting
single-walled nanotubes (semi- SWNTs) with 5% Brij S100.

[00120] FIG. 11 is a plot 1100 of normahzed absorbance against wavelength (nm)
illustrating the ultrav101et v1s1b1e-near 1nfrared (uv-vis-NIR) of unsorted arc-discharge
single-walled" nanotubes . (SWNTs) (P2-SWNTs from Carbon Solutions, Inc)
(SWNTs), semiconducting single-walled nanotubes (sorted using Sepharose beads
functionalized with Direct Blue (DB)), semiconducting single-walled nanotubes
(sorted using Sepharose functionalized using 4-amino-1-naphthalenesulfonate

(SANS)) and semiconducting single-walled nanotubes (sorted using Sepharose
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functionalized using congo red (CR)). 1102 represents the data for unsorted P2-single-
walled nanotubes (SWNTS), 1104 represents the data for semiconductiﬁg single-
walled nanotubes (Sepharose - Direct Blue (DB)), 1106 represents the data f&r ,
semiconducting - single-walled nanotubes (Sepharose — sodium 4-amino-1-
naphthalenesulfonate (SANS)) and 1108 represents the dat‘a for semiconducting
single-walled nanotubes (Sepharose — congo red (CR)).
[00121] Besides congo red, other naphthalene sulfonate-containing compounds i.e.
direct blue 71 and sodium 4-amino-l-naphthalénesulfonate may also used for agarose
bead functionalization and effective SWNTs sorting were also-obtained. Unmodified
Sepharose beads and Sephacryl beads were also investigated and sorting was found to
also happen at acidic conditions (pH no lower than 3). FIG. 12 is a photo 1200
illustrating the separation process in Sepharose 4B colufnn with 2.8% Triton X-405 at
acidic condition (pH=3.9). FIG. 17 is a plot 1700 of normalized absorbance against
wavelength (nm) illustrating the ultraviolet-visible—neat infrared (uv-vis-NIR) of
unsorted P2-SWNTs and sorted semi-SWNTs via unmodified Sepharose 4B-CL,
Sephacryl S-200HR, Sepharose 2B and Sepharose 4B beads. All the SWNTs were |
“dispersed in 2.8% Triton X-405 and the sorting pH was 3.9. 1702 represents the data
| for unsorted SWNTs, 1704 represents the data of sorted semi-SWNTs Via unmodiﬁed
Sepharose 4B-CL, 1706 represents the data of sorted semi-SWNTs via Sephacryl S-
200HR, 1708 represents the data of sorted semi-SWNTs via Sephraose 2B and 1710
represents the data of sorted semi-SWNTs via Sephrose 4B beads. 2.8% Triton X-405
solution (pH=3.9) was used in all experiments. ' - ’
[00122]  However, the purity of sorted SWNTs with unmodified beads was not as
good as that via tﬁe sulfonate-modified béads. Pristine Sepharose beads mayv contain
small amount of ionic sulfonate and carboxyl groups, according to the supplier's
information sheet, which makes the beads also slightly negatively ¢harged, both at
neutral and acidic pH. However, With modified Sepharose-CR beads beads, the

preferential interaction of metallic tubes over semi-tube with the aromatic group on



WO 2015/130229 PCT/SG2015/000060

43

naphthalene sulfonate functional groups via n-w stacking may be a contributor to the
better sorting' purity achieved, compared to unmodified beads. In addition, it was
noticed that there was no sorting effect with the unmodified Sepharose beads when
pH was lower than 3, which might be due to the greatly reduced surface negative
charge on agarose beads with the protonation of carboxylic groups (in the form of
pyruvic acid) at lower pH.

[00123] HiPco SWNTs with smaller diameter has been demostrated to be
sucessfully sorted with functionalized Sepharose beads sorting pH to be reduced to
~2. The sorting of HiPCo was performed using the same method but with tne pH of |
the Triton X-405 solution ‘adjusted lower (pH = 1.9) due to the smaller diameter of
“HiPco SWNTs. )

[00124] FIG. 13A is a photo 1300a illustrating the visual appearance of HiPco
SWNT dispersions in aqueous solution with surfactant: sorted metallic (1302),
unsorted (1304) and sorted semiconducting (1306). FIG. 13B is a plot 1300b of
normalized absorbance against wavelength (nm) illustrating the ultraviolet-visible-
near infrared (UV-vis-NIR) spectra of unsorted HiPco SWNTs , sorted
semiconducting and metallic SWNTs. 1308 represents the data for unsorted HiPco
SWNTs, 1310 represents the data for semi-SWNTs and 1312 represents the data for
met-SWNTs. FIG. 13C is arplot 1300c of normalized intensity against Raman shift
(em™) illustrating the Raman spectra (633 nm, red laser) of unsorted HiPco SWNTs,
sorted semiconducting SWNTs and metallic SWNTs. 1314 represents the data for
‘unsorted HiPco SWNTs, 1316 represents the data for sorted semiconducting SWNTs
and 1318 represents the data for sorted metallic SWNTs. |

[00125] Similarly to the arc-discharge SWNTs, semi-SWNTs were eluted out first
(indcated by 1306, green in colour),—while met-SWNTs (indcated by 1302, pink in
colour) were trapped in the column until the later elution with basic Triton X-405
solution (pH > 10). UV-vis-NIR absorption clearly shows decrease of M11 relative to

S11 and S22 in the sorted semiconducting fraction (indicated by 1310), and a
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coﬁesponding, though less dramatic, increase in the metallic spectral features relative
to semiconducting in the sorted metallic fraction (indicated by 1312). The sorting
effect was further confirmed with Raman spectroscopy (633 nm). As shown in FIG.
13C, the metallic peaks (175-240 cm™) in RBM region almost disappear for the sorted
semi-SWNTs (red curve), but increase for the sorted met-SWNTs (blue curve).
[00126] FIG. 26A is a plot2600a of normalized absorbance (arbitrary units or a.u.)
against wavelength (nm) illustrating the ultraviolet-visible-near infrared (UV-vis-
NIR) spectra of unsorted CoMoCat® SWNTs, Sorted CoMoCat® semiconducting
SWNTs and sorted CoMoCat® metallic SWNTs. The CoMoCat® SWNTs are
purchased from Sigma Aldrich. 2602 represents the data for unsortéd CoMoCat®
SWNTs, 2604 represents the data for semi-SWNTs and 2606 represents the data for-
met-SWNTs. FIG. 26B is a plot 2600b of normalized intensity against Raman shift
(cm™) illustrating the Raman spectra (633 nm, red laser) of unsorted CoMoCat®
SWNTs, sorted CoMoCat® semiconducting SWNTs and sorted CoMoCat® metallic
SWNTs. 2608 represents the data for unsorted CoMoCat® SWNTs, 2610 represents
the data for sorted semiconducting SWNTs and 2612 represents the‘data for ‘sorted
metallic SWNTs. | _
[00127]  Similarly to the VHiPco SWNTs, semi-SWNTs were eluted out ﬁrsf (green
. in colour), while met-SWNTs (pink in colour) were trapped in the column until the
later elution with basic Triton X-405 solution (pH > 10) or 0.5% SDBS solution. UV-
Vis-NIR absofption clearly shows decrease of M11 relative to S11 and. S22 in the
sOrted semiconducting fraction (indicated by 2604), and a corresponding, though less
dramatic, increase in the metallic spectral features relative to semicoﬁducting in fhe
sorted metallic fraction (indicated by 2606). The sorting effect was further conﬂfmed_
with Raman spectroscopy (633 nm). As shown in FIG. 26B, the metallié peaks (175-
240 em™) in RBM region almost disappear for the sorted semi-SWNTs (indicated by
2612), but increase f0£ the sorted fﬁet-’SWNTs (indicated by 2610).
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[00128] 'FIG.27A is a plot 2700a of normalized absorbance (arbifrary units or a.u.)
against wavelength (nm) illustrating the ultraviolet-visible-near infrared (UV-vis-
NIR) spectra of unsorted Elicarb® carbon nanotubes (mixture of single-walled and -
double-walled carbon nanotubes), sorted Elicarb® semiconducting carbon nanotubes
and sorted Elicarb® méfallic carbon nanotubes.d 2702 indicates data. for the unsorted
carbon nanotubes, 2704 indicates data for the sorted semiconducting carbon
nanotubes and 2706 indicates data for the sorted metallic carbon nanotubes.

[00129] . FIG. 27B is a plot 2700b of normalized intensity (arbitrary units or a.u;)
against Raman shift (cm™) illus\trating the Raman spectra (514 nm, green laser) of
unsorted Elicarb® carbon nanotubes, sorted Elicarb® semiconducting carbon
nanotubes and sorted Elicarb® metallic carbon nanotﬁbes. FIG. 27B is plotted over a
range of 110 cm™ to 300 cm™. 2708 indicates data for the unsorted carbon nanotubes,
2710 indicates data for the sorted semiconductihg carbon nanotubes and 2712
- indicates data for the sorted metallié carbon nanotubes. FIG. 27C is a plof 2700c of
normalized intensity (arbitrary units or a.u.) against Raman shift (cmj]),illustrating the
Raman spectra (514 nm, green laser) of unsorted Elicarb® carbon nanotubes, sorted
Elicarb® semiconducting carbon nanotubes and sorted Elicarb® metallic carbon
nanotubes. FIG. 27C is plotted O‘VCI‘ arange of 1200 pm'l to 1650 cm™. 2714 indicates
data for the unsorted carbon nanotubes, 2716 indicates data for the sorted
seﬁiconducting carbon nanotubes and 2718 indicates data for fhe sorted metallic
carbon nanotubes. | , |
[00130] FIG.27Disa pldt 2700d of normalized intensity (arbitrary units or a.u.)
against Raman shiﬁ (cm™) illustrating the Rdman spectra (633 nin, red laser) of
- unsorted Elicarb® carbon nanotubes, sorted Elicarb® semiconducting carbon
nanotubes and sorted Elicarb® metallic carbon hanotubes. FIG. 27D is plotted over a
fange of 110 ecm™ to 240cm™. 2720 ihdicates data for the unsorted carbon nanotubes,
2722 indicates data for the sorted 'sem'_iconducting carbon nanotubes and 2724

indicates data for the sorted metallic carbon nanotubes. FIG. 27E is a plot 2700e of
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normalized intensity (arbitrary units or a.u.) against Raman shift (cm™) illustrating the
Raman spectra (633 nm, red laser) of unsorted Elicarb® carbon nanotubes, sorted
Elicarb® semiconducting carbon nanotubes and sorted Elicarb® metallic carbon
nanotubes. FIG. 27E is plotted over afﬁnge_ of 1200 cm™ to 1650cm™, 2726 indicates
data_ for the unéortéd carbon nanotubeé, 2728 indicates data >for the sortéd'
semiconducting carbon nanotubes and 2730 indicates data for the sorted metallic
carbon nanotubes.

[00131] FIG. 27F is a plot 2700f of normalized intensity (arbitrary units or a.u.)
against Raman shift (cm™) illustrating the Raman spectra (785 nm, red laser) of
unsorted Elicarb® carbon nanotubes, sorted Elicarb® semiconducting carbon
nanotubes and sorted Elicarb® metallic carbon nanotubes. FIG. 27F is plotted over a |
range of 110 cm™ to 300cm™. 2732 indicates data for the unsorted carbon nanotubes,
2734 indicates. data for .the sorted semiconducting carbon nanotubes and 2736
indicates data for the sorted metallic carbon nanotubes. FIG. 27G is a plot 2700g of
normalized intensity (arbitrary units or a.u.) against Raman shift (cm™) illﬁstrating the
Raman spectra (785 nm, red laser) of unsorted Elicarb® carbon nanotubes, sorted
Elicarb® semiconducting carbon - nanotubes and sorted Elicarb® metallic carbon
- nahotubes. FIG. 27F is plotted over-a range of 1200 cm™ to 1650cm™. 2738 indicates
data for the unsorted carbon nanotubes, 2740 indicates data for the sorted
semiconducting carbon nanotubes and 2742 indica‘;es data for the sorted metallic
carbon nanotubes. |

[00132] The Elicarb nano}ubes were purchased from Thomas Swan and Co. Ltd.
Similarly to the arc-discharge SWNTS, semiconducting carbon nanotubes were eluted
out first (grey in colour), while metallic carbon nanotubes (black in colour) were
trapped in the column until the later elution with basic Tri‘fon X-405 solution (pH >
10) or 0.5% SDBS solution. UV-vis-NIR absorption shows decrease of metallic peaks
relative to semic@nduct,ing peaks in the soﬁed semiconducting fraction. The sorting

effect was further confirmed with Raman spectroscopy (514 nm, 633 nm amd 785



WO 2015/130229 PCT/SG2015/000060

47

-nm). As shown in FIGS. 27B-G, the metallic peaks in RBM region almost disappear
for the sorted semiconducting carbon nanotubes. (red curve), but increase for the
sorted metallic enriched carbon nanotubes (olive curve).

[00133] This REIC method may be highly versatile and the operat10na1 parameters
may be easily optimized for different carbon nanotube sources, surfactantsv
functionalizations and beads. With optimization of the various parameters, ultra-high
purity for sorted semi-SWNTs may be achieved with just one pass through the
column.

[00134] FIG. 14 is a plot 1400 ef absorbance against wavelength ilhistrating the
ultraviolet-visible-near infrared (UV-vis-NIR) spectrum of the as-sorted semi-SWNTs
with a recerd ﬁigh purity of 99.94+0.04%. | |
[00.135] - By using minimally interfering non-ionic * surfactants and anionic
hydrophilic functionalized agarose chromatography beads, we can exploit the slightly
higher cationic charges on metallic versus semiconducting carbon nanotubes in acidic
pH to sort carbon nanotubes in a facile manner to achieve record-high purity
(99.94+0.04%).

[00136] To demonstrate the excellent electronic .properties of our sorted .semi-

‘SWNTs, we fabricated network field effective ttansistors (FET) with the sorted
dispersion by drop casting. Source and drain electrodes 2006a, 2006b were fabricated
on Si wafer 2002 with 300 nm SiO, as dielectric layer 2004. The dispersion of sorted
semi-SWNTs 2008 was carefully drepped between the source and drain-electrodes
20063, 2006b (FIG. 20A). 2010 shows an AFM image of the semi-SWNTs network
between the electrodes. The length of the sorted semi-SWNTs are 0.8-1 um. FIGS.
20B-C show the _perfofmance of typical FET devices with on/off ratio 10* - 10° and
mobility 15-30 cm? V'lrs'1 (mobility computed using the coupling model mobility
equations employed in our previous publications. The good on-off switching ratio

confirms the high purity of the sorted semi-SWNTs.
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[00137] The examples described herein illustrate a co\lumn‘ chromatography-based
technique, (which may enjoy low cost and high throughput) to realize the final
physical separation of metallic/semiconducting carbon nanotubes species from
solution. However, other techniques, such as selective adsorption of these differently
charged nanotubes on chemical functionalized éurfaces, may also be utilized to
achieve high selectivity separation with the same or similarlmechanism.

[00138] FIG. 16A are photos 1600a of the separation process in Sepharose 4B
column with 2.8% Triton X-405 at neutral conditioﬁ (pH=6.9).. FIG. 16B is a graph
1600b showing the ultraviolet-visible-near infrared (UV-vis-NIR) spectra of unsorted
(short dash 1602), sorted semi-SWNTs at neutral pH (short dash dot 1604), sorted
semi-SWNTs at eicidip pH (sélid lline 1606) and sorted met-SWNTs at acidicpr
(short dof 1608). 1602 indicates the ultraviolet-visible-near infrared (UV-vis-NIR)
spectra of unsorted SWNTs, 1604 indicates the ultraviolet-visible-near infrared (UV-
vis-NIR) spectra of sorted semi-SWNTs at neutral pH, 1606 indicates the ultraviolet-
visible-near infrared (UV-vis-NIR) spectra of sorted semi-SWNTs at acidic pH, and
1608 indicates the ultraviolet-visible-near infrared (UV-vis-NIR) spectra of sorted
met-SWNTs. | |

[00139] FIG. 18 is a graph 1800 showing the Ranﬁan spectra (633 nm, red laser) of
unsorted arc-discharge SWNTSs (solid line 1802), sorted arc-discharge semi-SWNTé
at neutral pH (short dash dot 1804), sorted arc-discharge semi-SWNTs at acidic pH
(short dash 1806) and soﬁed arc-discharge met-SWNTs at acidic pH. (short dot 1808)
via un-functionalized VSepharose_ 4B beads. 1802 indicates the Raman spectra for
unsorted SWNTs, 1804 indicates the Raman spectra for sorted-SWNTs at néﬁtral pH,
1806 indicates the Raman spectra for sorted semi-SWNTs at acidic pH and 1808
indicates the Raman specffa for sorted met-SWNTs at acidic pH.

[00140] FIG. 19A is a graph 1900a of normalized absorbance (arbitrary units or
a.u.) plotted as a function of Wavelength (nm) showing the ultraviolet-visible-near

infrared (UV-vis-NIR) spectra of semi-SWNTs sorted by sodium 4-amino-1-
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naphthalenesulfonate (SANS) (short dot 1902), 1-naphylamine (NA) (solid line 1904)
and 4-amiﬁ0butyric acid (ABA) (short dash 1906) functionalized beads. 1902
indicates the results for SANS functionalized beads, 2204 indicates the results for NA
functionalized beads and 1906 indicates the results for ABA functionalized beads.
FIG. 19Bis a graph 1900b of normalized absor‘bance (arbitrary units or a.u.) plotted
as a function of wavelength (nm) showing a magnified portion showing the
ultraviolet-visible-near infrared (UV-vis-NIR) spectra of semi-SWNTs sorted by
sodium 4-amino-1-naphthalenesulfonate (SANS) (shert dot 1902) and 1-naphylamine
(NA) (solid line 1904). |
[00141] FIG. 20A is a echematic 2000a of a network field effect transistor
according to various embodiments. The transistor may include a silicon substrate
2002, a silicon oxide layer 2004 on the silicon substrate, source 2006a and drain .
2006b electrodes on the silicon oxide layer 2004 and a network 2008 including
interconnected semi-SWNTs connecting electrodes 2006a, 2006b. 2010 shows an
atomic force microscopy (AFM) image of the semi-SWNTs network 2008 between
source electrode 2006a and drain electrode 2006b. ,
[00142] FIG. 20B is a graph 2000b Qf drain current (I) against gate voltage (V)
illustrating performance of a first device. FIG. 20C is a graph 2000c of drain current
)] agamst gate voltage (V) illustrating performance of a second device.
[00143] FIG. 21 is a graph 2100 showing the ultraviolet-visible-near infrared (UV-
vis-NIR) spectra of unsorted SWNTs dispersed in 2% sodium dodecyl sulphate (SDS)
~ before (solid line 2102) and after (short dot 2104) passing through Sepharose 4B
column. ‘
[00144] FIG. 22 is a graph 2200 showing the ultraviolet-visible-near infrared (UV-
vis-NIR) spectra of unsorted SWNTs dispersed in 2% sodium dodecyl sulphate SDS
| (short dash dot 2202), 2.8% Triton X-405 (short dash 2204), 1% sodium cholate SC
(shdrt dot 2206). and 1% cetyltrimethylammonium bromide CTAB (solid line 2208). |
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[00145] FIG. 23A is a graph 2300a showing the ultraviolet-visible-near infrared
(UV-vis-NIR) spectra of unsorted single-walled nanotubes (SWNTs) dispersed in 1%
sodium cholate SC before (solid line 2302) and after (short dot 2304) passing through
‘Sepharose 4B column. The unsorted SWNTs dispersion was diluted by 3 times before
UV-vis-NIR measurelhent. FIG.23Bisa gfaph 2300b éhowing the ultraviolet-visible-
near infrared (UV-vis-NIR) spectra of unsorted single-walled nanotubes (SWNTs)
dispersed in 1% CTAB before (solid line 2306) and after (short dot 2308) passing
through Sepharose 4B column.
[00146]  FIG. 24 is a graph 2400 showing the ultraviolet-visible-near infrared (UV-
vis-NIR) spectra of unsorted (short dot 2402), sorted semiconducting (short dash
2404) and metallic (solid line 2406) SWNTs with 5% Brij‘ SIOO as surfactant
(Sepharose 4B column). | o
[00147] Since the separaﬁon of arc-discharge SWNTs in agarose gel has never
been reported, while there are many such reports for HiPco and CoMoCat SWNTs,
we deduced that the agarose;‘l)ased chromatography method with SDS might not work
on the larger diameter SWNTs. To verify the assumption, arc-discharge SWNTS (P2-
SWNTs, Carbon Solutions) were dispersed in 2% SDS aqueous solution in a
concentration of 1 mg/mL using aprobe sonicator. The solution was then‘centrifuged_
at 122000 g for 1 h to remove the larger bundles. The supernatant was then loaded
into a column packed with 10 mL Sepharose 4B (4% agérose content) beads. The
column was  pre-flushed with 2% SDS solution before sample loading. -
Unsurprisingly, the column showed no "separation of the SWNTs. The SWNTs
solution simply passed throﬁgh the column without any color change and the UV-vis-
NIR spectra also showed that the curves of VSWNTS solution before and after column
were nearly identfcal, except fpr the intensity of absorbance (FIG. 21). We believe
that the lack of separation is due to the pobr dispersibility of arc-discharge SWNTSs
when using SDS as surfactant. After probe-sonication and centrifugation, the SWNTs

are still bundled. Since one of the key issues for separaﬁon is that the SWNTs must be
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individually dispersed, the prédominantly (_émall-)'bundled state of the SWNTs in
these experiments prevents signi;ﬁcant separation.

[00148] We tested several other surfactants which have been reported as good
dispersants for large diameter SWNTs, including sodium cholate (SC), cetyl
trimethylammonium bromide (CTAB) and Triton X-405. SWNTs were dispersed in
aqueous solution of different surfactants (1% SC, 1% CTAB, and 2.8%‘Triton X-405)
at the concentration of 1 mg/mL under the same sonication and centrifuge conditions
as in the above SDS solution experiments, and the supernatant was carefully extracted
for the chromatography sorting. The UV-vis-NIR spectra with SC, CTAB and Triton
X-405 show better resolution of the SWNT peaks, compared to that with SDS (FIG.
22), which indicates the excellent individual dispersion of SWNTS in the above
mentioned solutions. New columns were packed with 10 mL Sepharose 4B beads, and
the SWNTs supernatant with different surfactants was loaded into the fresh columns.
The columns were pre-flushed by 2 column volumes of the surfactant solution before
sample loading. When the SWNTs solution fully entered into the column, more
surfactant solution was added into the column to elute the SWNTs. For SC- and
CTAB-dispersed SWNTs, the phenomena observed are similar to those with SDS.
The SWNTs solution simpiy passed through the columns without any visible color
change. UV-vis-NIR spectra also shows nox séparation (FIGS. 23A-B). However, for
the Triton X-405 dispersed SWNTs, when the black band ‘of SWNTs solution
permeated into the column, almost immediately, the black band split into a red band
whiéh kept moving down and a dark band which stayed on the top part of the column.
After several minutes, as fhe, fed band mbved progressing further down .the column,
several bands could be observed: a first revd band (semiconducting fraction) which
moved fastest, a second light grey bénd (mixture of sémiconducting and metallic
- SWNTs), a‘third green band (metallic fraction) which moved slowly, and a final green
band (metallic fraction) which remained at the top of the column and couldn't be

eluted by Triton X-405 solution (FIG. 16A). The red band was collected and the
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purity was characterized by UV-vis-NIR spectroscopy (FIG. 16A). The spectrum of -
unsorted SWNTs show two optical transition peaks of semi-SWNTs - S33 (400-600
nm) and S22 (850-1200 nm) - and one optical transition peak for met-SWNTs - M11
(600-800 nm). The purity of the SWNTs is indicated by relative areas of the M11 and
S22 peaks. For the red band fraction, the M11 peak was dramatically reduced, and the
semiconducting SWNT purity was calculated to be ~99.2%. However, the third band
(green, presumed to be a metallic-dominated fraction) disappeared gradually as it
moved doWn the column and we were not able to collect this band by visual
observation. And the top, statidnary, green band was not elutable by 2.8% Triton X-
405 solutioh even when flushed with a lafge volume of solution. Then 2% SDBS
aqueous solution (pH = 3.9) was added into the column. The top green band was
. brought down by the SDBS solution. Unfdrtunafely, again the band dissipated during
the elution process and became un-observable (FIG. 16A, top).
| [00149] We performed the separation process again with the same procedure but
the 2.8% Triton X-405 solution was adjusted to acidic pH with 0.1 M HCL. The
SWNTs were ﬁrst dispersed in acidic 2.8% Triton X-405 solution (pH = 3.9),
- followed by v122000 g centrifugation for 1 h. The supernatant was added into the
- Sepharose 4B column pre-flushed with acidic Triton X-405 solution. In acidic
condition, three bands were observed as the SWNTs passed through the column: a
first red band (semiconducting fraction), a middle light grey band (mixture of semi-
and rnet-SWNTs), and the last green band (metallic fraction) which stayed in the top
part of the column (FIG. 16A, bottom). We noticed that the tdp green band was much
thicker in acidic condition than in neutral condition. And when flushed with 2%
SDBS (pH 3.9) solution, the green band was eluted with the band shape maintained.
The UV-Vis-NIR spectra of the red semiconducting fraction shows that the Mli peak
has almost totally disappeared while the S22 and S22 peaks are clear and strong (FIG.
16B). Due to the difﬁculty of measuring an accurate area for the almbst absent M11

peak, a precise measure of the purity of the semi-SWNTs is hard to quantify; we can,
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however infer a deﬁnite lower bound to the purity 0f >99.2%. For the green metallic
fraction, the S22 and S33 peaks weakened substantially relative to the strong M11
peak (FIG. 16B). The purity the green metallic fraction was calculated to be 47.2%.
[00150] It is interesting that the fraction adsorbed on the beads in our experiments
is the metallic fraction, while it is semi-SWNTs that are traﬁped in the column in all
the previous studies with SDS as surfactant. It seems that the non-ionic surfactant is
the key point to reverse the interaction of semiconducting and metallic SWNTs with
the agarose beads. To verify this assumption, another non-ionic surfactant, Brij S100,
which has also been reported to be a good surfactant for arc-discharge SWNTs was
used for the 'chromafography separation. As expected, color bands showed as the
SWNTs solution passed through the column. The red SWNTs band passed through
the column while the green band remained in it. Fractions of semi-SWNTs With >98%
purity and metallic ~40% were obtained; the UV-vis-NIR spectra are shown in FIG.
24, |
- [00151] Other types of gel-based beads were also tested, including Sepharose 2B
(2% agarose content), Sepharose 4B-CL (cross-linked agarose), and Sephacryl S-200
* (allyl dextran and N, N’-methylenebisacrylamide). The results show that all these gel-
based beads have separation effect with Triton X-405 (FIG. 17), while Sepharose 4B :
gives the best purity. This could be attributed to the higher agarose content in
Separose 4B compared to Sepharose 2B, which results in stronger interaction between
‘the SWNTs and the gel. For Sepharose 4B-CL, the flow rate of the SWNTs solution is
faster because the cross%linked beads are more rigid. Therefore the separation is also
not as good as with Sepharose 4B due to the reduced interaction between SWNTs and
the beads entailed by the higher flow rate. Sephacryl S-200HR has been reported to
work very well for arc-discharge SWNTs sorting with SDS as surfactant. Here we
show that it also works well with Triton X-405, only the resolution is not as high as

Sepharose 4B under our experimental conditions.
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[00152] FIG. 15A is a schematic 1>5>00a illustrating the functionalization of
Sepharose 4B beads by activating with epoxy (invstep 1) and funcﬁonalization of -
negatively-charged chemicals (in step 2). FIG. 15B is a table 1500b represents the
different chemicals containing the functional groups (direct blue 71 (DB), congo red
(CR), evans blue (EB), sodium 4-amino-1-napthalenesulfonate (SANS); The
sulfonate-functionalized Sephrose 4B beads were prepared by activating Sepharose
with epichlorohydrin under basic condition (FIG. 15A, step 1), followed by a ring-
opening reaction of the epoxide groups with amine groups of the aminonaphthalene-
containing chemicals (FIG.> 15A, step 2). Befbfe step 1, the pH of the beads
suspension was ~13. After thé first step, the pH reduced to ~8 due to the
neutralization of NaOH by tI;e HCI released during the epoxy-activating reaction. In
the cases of azo-dyes, the color of the beads turned to the same color as the dyes after
step 2. The functionalized beads were washed thoroughly with 20% ethanol and D.1.
water after reaction to remove the excess chemicals. FIG. 15C is a schematic 1500c-
illustrating the functionalization of Sepharose 4B beads by activating with epoxy (in
step 1) and functionalization with Congo Red (in step 2).
[00153] '~ The results of chromatography sqrting with CR-functionalized (Sepharose-
CR) beads are shown in FIG. 25A. UV-vis-NIR spectra show that the M11 peaks
become almos;c undetectably weak in the semiconducting fraction after one-pass
sorting, and the absorption curve is flat in this region because of the near—zéro
metallic absorption. Meanwhile, the ‘semic‘onducting peaks (both S33 and S22) are
~ dramatically reduced relative .to MI1 in the metallic fraction after one-pass s_orting |
(FIG. 25A). And the SWNTs dispersions show better vpink (semiconducﬁhg) and
green (metallic) cblors compare to those sorted via the un-functionalized beads, which
“implies improvementv in purity Another indication of the pqrity‘improvement is that
the absorption baseline in the metallic region is lower in the CR-functionalized semi-
SWNTS éample’ than in the un—functiohaliZed sample _(bbth curves were normalized by

setting the highest absorption of S22 to be 1).
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[00154] ‘Raman spectroscopy was also used to further evaluate the purity of sorted
semiconducting and metallic SWNTs. A red laser with 1.96 eV excitation energy (633
nm) was used as it cah probe both semiconducting and metallic arc-discharge
SWNTs. The Raman spectra of unsorted and sorted SWNTs with un-functionalized
Sepharose 4B are shown in FIG. 18F. The spectrum of unsorted SWNTs shows both
semiconducting (~155 cm™) and metallic (~171 cm” and ~196 cm™) peaks in RBM
region. After sorting at pH = 7, the metallic peaks at ~196 em” becomes much
smaller, while it almost disappears in sorted semi-SWNTs samples at pH = 3.9.
Meaﬁwhile, the semiconducting peak (~155 cm™) also decreases in the sorted met-
SWNTs samples (pH = 3.9). Moreover, G band (~1569 cm™) of the sorted semi-
SWNTs become much narrower because of the greatly reduéed meﬁllic SWNTs
content, while the G peak of sorted met-SWNTs is much broader and even higher
than the G* peak, which implies the dominant content of metallic tubes. The G* peak
of sorted semi-SWNTs at acidic pH is even narrower than that at neutral pH, which
agrees well with the changes in RBM region and the purity. In addition, we hote that
the intensity of the 2D band (~2634 cm™) increases dramatically for sorted met-
SWNTs, beéoming much higher than the G band, while it decreased greatly for the
sorted Semi-SWNTs. The purer the semi-SWNTs, the lower the 2D peak, vice versa.
Although the intensity of 2D peak. has not previously been used as a criterion to for
enrichment of semiconducting or metallic SWNTs, the Rafnan spectra shows that the
2D »i)eak intensity obviously changes between highly» purified metallic and
semiconducting SWNTs. Similar results have been found in previously reported study
of NanoInfegrfs 99% purity semic»onducting» and metallic SWNTs. With the
corresponding of the ultra-high purity of semi-SWNTs (>99.2%) and higher purity of
met-SWNTs (90%), the metallic peaks totally disappear in the RBM region, and the
semicoﬁducting peak vanishes as w'ellv. For thé 90% met-SWNTs sample, the G™ peak
is much higher than G* peak, which strdngly suﬁports the high proportion of metallic
SWNTs.
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[00155] Sepharose 4B beads were functionalized with 4-aminobutyric acid (ABA)
| as Well'. FIG. 19B shows that the purity of semi-SWNTs sorted with 4-aminobutyric
acid functionalized beads is much lower than that with Sepharose-SANS . 1902
indicates the results for SANS functionalized beads and 1904 indicates the results for
- ABA functionalized b;:ads. We have found that arc-discharge SWNTSs cannot be
separated by electronic type in Sepharose columns using SDS surfactant. However,
separation in Sepharose gel can be achieved by using non-ionic surfactants, e.g.,
Triton X-405, Brij L23 and Brij S100, and further improved By- adjusting the pH to
acidic. We have demonstrated a simple, fast, cost-effective and scalable solution-
based prbcess to sort semiconducting and metallic SWNTs in massive scale via
column chromatography. FIG. 25A is a graph illustrating the ultraviolet-visible—near
infrared (UV-vis-NIR) spectra of unsorted SWNTs (2502), semiconducﬁng SWNTs
(2504), and metallic: SWNTs (2506) sorted by Sepharose-CR beads. FIG. 25B is a
graph illustrating the Raman spectra (633 nm, red laser) of unsorted arc-discharge
SWNTS (2508), semiconducting SWNTs (2510) and metallic SWNTs (25 12) sorted
by Sepharose-CR beads.

[00156] Methods des‘cribed herein may further contain analogous features of any
structure or conducﬁve paper described herein. Corre‘spondingly, structures ér

- conductive papers described herein may further contain analogous features of any
methods described herein.

[00157] While the invention has been particularly shown and described with
reference to specific embodiments, it should be understood by those skilled in the art
that Various. changes in form and detail may be made therein without departing from
the spirit and scope of the invention as defined by the appended claims. The scope of ‘
the invention is thus indicated by the appended claims and all changes which come
within the meaning and range of equivalency of the claims are therefore intended to

be embraced.



57

CLAIMS

1. A method for separating semiconducting carbon nanotubes from metallic carbon
nanotubes, the method comprising the steps of:
(a) dispersing a mixture of the semiconducting carbon nanotubes and the
metallic carbon nanotubes in a starting dispersing agent having a pH of 7 or less
to form a carbon nanotube dispersion;
(b) passing the carbon nanotube dispersion over a negatively charged material,
wherein the dispersion comprises the mixture of the semiconducting carbon
nanotubes and the metallic carbon nanotubes;
(c) passing an eluent solution through the negatively charged material after (b),
wherein the eluent solution comprises a first dispersing agent without a net
charge; and

(d) collecting an eluate enriched with semiconducting carbon nanotubes.

2. The method according to claim 1, further comprising the steps of:
" passing a further eluent solution through the negatively charged material after
collecting the eluate enriched with semiconducting carbon nanotubes, wherein
the further eluent solution comprises a second dispersing agent; and

collecting a further eluate enriched with metallic carbon nanotubes.

3. The method according to claim 1,
wherein the starting dispersing agent is a solution of a surfactant without a net

charge or a polymer without a net charge.

4. The method according to claim 3,
wherein the solution of the surfactant without the net charge is a non-ionic

surfactant solution or a zwitterionic solution.
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The method according to claim 1,
wherein the first dispersing agent is a solution of a surfactant without a net

charge or a polymer without a net charge.

The method according to claim 3,
wherein the solution of the surfactant without the net charge is a non-ionic

surfactant solution or a zwitterionic solution.

The method according to claim 1,

wherein the first dispersing agent has a pH of 7 or less.

The method according to claim 2, wherein the second dispersing agent comprises a

solution of a surfactant without a net charge, or an ionic surfactant or a polymer.

The method according to claim 8, wherein the solution of the surfactant without the

net charge is a non-ionic surfactant solution or a zwitterionic solution.

The method according to claim 9 wherein the solution of the surfactant without the

net charge has a pH above 7.

The method of claim 9, wherein the non-ionic surfactant solution is selected from a

group consisting of Triton X-405, Brij L23, and Brij S100.

The method of claim 8, wherein the ionic surfactant is sodium dodecyl sulfate
(SDS), sodium cholate (SC), sodium deoxycholate (DOC) or sodium
dodecylbenzenesulfone (SDBS).
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The method of claim 1, wherein the negatively charged material is modified with

congo red, direct blue 71, or amino naphthalene sulfonate salts.

The method of claim 1, wherein the negatively charged material comprises

chromatography beads.

The method of claim 14, wherein the chromatography beads comprise agarose gel
beads, functionalized agarose gel beads, functionalized polymeric beads,

functionalized silica beads, or other hydrogel beads.

The method of claim 14, wherein the chromatography beads are agarose gel
beads.

The method of claim 16, wherein the agarose gel beads are Sepharose 2B beads,
Sepharose 4B beads, Sepharose 6B beads, Sepharose 2B-CL beads, Sepharose
4B-CL beads, Sepharose 2B beads, or Sepharose 6B-CL beads.





