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METHODS FOR SEPARATING CARBON NANOTUBES 

Cross-reference to Related Application 

[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 methods produce mixtures of semiconducting (semi-) 

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 

methods exploit the significant different electronic properties. The metallic-selective 

electrical breakdown methods exploit the vastly different intrinsic electronic transport 

properties between species but these techniques require complex transistor gating 

structure which is difficult to implement realistically. Various chirality-selective 

charge transfer chemical reactions have been 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 sorting purity. Some possible causes are other competing tube-

tube interactions such as strong tube-tube interaction that cause bundling, solvent-tube 

interaction, and insensitivity of chosen physical technique (e.g. electrophoresis or 

centrifiigation) 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 recently 

demonstrated sorting techniques in this class such as Density Gradient 

Ultracentrifugation (DGU) and column chromatography (CC) are based on the same 

anionic co-surfactant system of sodium dodecyl sulphate (SDS) and sodium cholate 

(SC). The surfactants have been thought to aggregate differentially around met-

SWNTs versus semi-SWNTs due to their different polarizabilities. 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, which may lower the 

throughput and increase cost. All these existing bulk sorting methods are based on 

subtle and indirect differences between the metallic 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 around 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 further include (b) passing an eluent solution 

through the charged material after (a). The eluent solution may include a first 

dispersing agent without a net charge. The method may also include (c) 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 chiralities and the carbon 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 include 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 embodiment. 

FIG. 2 is a schematic illustrating a method for separating semiconducting carbon 

nanotubes from metallic carbon nanotubes according to one embodiment. 

FIG. 3 A is a plot of Fermi level (or electron energy, in electron volts or eY) against 

density of states of the carbon nanotubes in different conditions. 

FIG. 3B is a 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 single-walled 

nanotube (SWNTs) dispersions in 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 intensity (arbitrary units or a.u.) against wavenumber 

(cm"1). 

FIG. 6C is another plot of normalized intensity (arbitrary units or a.u.) against 

wavenumber (in reciprocal centimeters or cm"1). 

FIG. 6D is a plot of calculated concentrations of holes (holes per carbon atoms) in 

semi-SWNTs and met-SWNTs 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 of sorted semi-SWNTs. 

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"1) 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). 

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. 



WO 2015/130229 PCT/SG2015/000060 

5 

FIG. 8 is a plot of electron energy (electron volts or eV) as a function of diameter 

(nanometers or nm). ®Ftet, Erf"" ^VISI,^VHSI are the respective 1st Van Hove 

singularities in the valence band and conduction band of semi-SWNTs, blue shaded 

area indicates the electrochemical potential of O2/H2O 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. 9B is a plot of metallic single-walled nanotubes purity (percentage or %) against 

pH illustrating the metallic single-walled nanotubes (met-SWNTs) purity in elution 

collected 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) 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 (semi-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 

(nanometers or nm) illustrating the ultraviolet-visible-near infrared (uv-vis-NIR) of 

unsorted arc-discharge single-walled nanotubes (SWNTs) (P2-SWNTs from Carbon 

Solutions, Inc), semiconducting single-walled nanotubes (sorted using Sepharose 

beads functionalized with Direct Blue (DB)), semiconducting single-walled nanotubes 

(sorted using Sepharose functionalized using sodium 4-amino-l-naphthalenesulfonate 

(SANS)) and semiconducting single-walled nanotubes (sorted using Sepharose 

functionalized 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 plot 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, sorted semiconducting and metallic 

SWNTs. 

FIG. 13C is a plot of normalized intensity (arbitrary units or a.u.) against Raman shift 

(cm"1) illustrating the Raman spectra (633 nm, red laser) of unsorted HiPco SWNTs, 

sorted 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 infrared (UV-vis-NIR) 

spectrum of the as-sorted arc-discharge semi-SWNTs with purity 99.94±0.04%. 

FIG. 15A is a schematic illustrating the functionalization of Sepharose 4B beads by 

activating with epoxy (in step 1) and functionalization of negatively-charged 

chemicals (in step 2). 

FIG. 15B is a table represents the different chemicals containing the functional groups 

(direct blue 71 (DB), congo red (CR), evans blue (EB), sodium 4-amino-l-

naphthalenesulfonate (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 photos of the separation process in Sepharose 4B column with 2.8% 

Triton X-405 at neutral condition (pH=6.9). 

FIG. 16B is a graph of normalized absorbance (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, sorted semi-SWNTs at neutral pH, sorted semi-SWNTs at 

acidic pH and sorted met-SWNTs at acidic pH. 

FIG. 17 is a graph of normalized absorbance (arbitrary units or a.u.) as a function of 

wavelength (nanometers 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"1) showing the Raman spectra (633 nm, red laser) of unsorted arc-

discharge SWNTs, sorted arc-discharge semi-SWNTs at neutral pH, sorted arc-

discharge 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 a.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-l-naphthalenesulfonate 

(SANS), 1-naphylamine (NA) and 4-aminobutyric acid (ABA) functionalized beads. 

FIG. 19B is a graph of normalized absorbance (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-aminol-naphthalenesulfonate (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 drain 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.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) 

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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CTAB. 

FIG. 23 A 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 after 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-visible-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 a.u.) as a function of 

wavelength (nanometers or nm) showing the ultraviolet-visible-near infrared (UV-vis-

NIR) spectra of unsorted, sorted semiconducting, and metallic SWNTs with 5% Brij 

SI00 as surfactant (Sepharose 4B column). 

FIG. 25 A 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 normalized absorbance (in arbitrary units or a.u.) as a function 

of raman shift (cm"1) illustrating the Raman spectra (633 nm, red laser) of unsorted 

arc-discharge SWNTs, semiconducting and metallic SWNTs sorted by Sepharose-CR 

beads. 

FIG. 26A 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 CoMoCat® SWNTs, sorted CoMoCat® 

semiconducting SWNTs, and sorted CoMoCat® metallic SWNTs. 

FIG. 26B is a graph of normalized intensity (in arbitrary units or a.u.) as a function of 

raman shift (cm"1) illustrating the Raman spectra (633 nm, red laser) of unsorted 
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CoMoCat® SWNTs, sorted CoMoCat® semiconducting SWNTs, and sorted 

CoMoCat® metallic SWNTs. 

FIG. 27A 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 Elicarb® carbon nanotubes (mixture of single-

walled and double-walled carbon nanotubes, sorted semiconducting Elicarb® carbon 

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"1) 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 110 cm"1 to 300 cm"1. 

FIG. 27C is a graph of normalized intensity (in arbitrary units or a.u.) as a function of 

raman shift (cm"1) 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. 27C is plotted over a range of 1200 cm"1 to 1600 cm" 

FIG. 27D is a graph of normalized intensity (in arbitrary units or a.u.) as a function 

of raman shift (cm"1) illustrating the Raman spectra (633 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 carbon nanotubes. FIG. 27D is plotted over a range of 110 cm"1 to 240 cm"1. 

FIG. 27E is a graph of normalized intensity (in arbitrary units or a.u.) as a function of 

raman shift (cm"1) illustrating the Raman spectra (633 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 carbon nanotubes. FIG. 27E is plotted over a range of 1200 cm"1 to 

1650 cm"1. 
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FIG. 27F is a graph of normalized intensity (in arbitrary units or a.u.) as a function of 

raman shift (cm"1) 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 carbon nanotubes. FIG. 27F is plotted over a range of 110 cm"1 to 300 cm"1. 

FIG. 27G is a graph of normalized intensity (in arbitrary units or a.u.) as a function of 

raman shift (cm"1) 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 carbon nanotubes. FIG. 27G is plotted over a range of 1200 cm"1 to 

1650 cm"1. 

Detailed description 

[0008] The following detailed description refers to the accompanying drawings 

that show, by way of illustration, specific details and embodiments in which the 

invention may be practiced. 

[0009] FIG. 1 is a schematic 100 illustrating 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 104, 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 nanotubes, 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 carbon 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 be 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 surfactant, different amounts of metallic carbon nanotubes may be adsorbed 

by the charged material. As such, depending on the conditions, the eluate may include 

only 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 through 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 nanotubes 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 metallic carbon 

nanotubes but may be devoid of semconducting carbon nanotubes. 

[0016] The metallic carbon nanotubes and the semiconducting 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 may 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 zwitterionic solution. In one embodiment, the starting 

dispersing agent may be a surfactant solution, e.g. a non-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 dispersing agents" may include "non-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, Polyvinyl pyrrolidone and/or Dextran. 

[0019] The starting non-ionic surfactant solution or the starting dispersing agent 

may have a pH of 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 embodiment, 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 of 7 or less. The first non-ionic surfactant solution and/or the 

starting non-ionic surfactant solution may be selected from the group consisting of 

Triton X-405, Brij L23, and 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 the starting non-ionic surfactant solution may 

be both Triton X-405. In another instance, the first non-ionic surfactant solution may 

be Triton X-405 and the starting non-ionic surfactant solution may be Brij L23. 

[0022] The second dispersing agent may include a solution of a surfactant without 

a net charge such as a (second) non-ionic surfactant solution or a zwitterionic 

solution. The second dispersing agent may instead include an ionic surfactant solution 

such as a negatively charged surfactant. The second dispersing agent may instead 

include a polymer. The polymer 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 Bromide. In another 

embodiment, the second dispersing agent may include a (second) 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 selected from the group consisting of Triton X-405, Brij 

L23, and Brij SI00. 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 L23, and Brij SI00. 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 Triton X-405, Brij L23, and Brij S100. The first non-ionic 

surfactant solution, and the second non-ionic surfactant solution maybe 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 charged material may be modified with sulfonate-

containing compounds such as congo red, direct blue 71, amino naphthalene sulfonate 

salts (e.g. sodium 4-amino-l-napthalenesulfonate) or Evans blue. The charged 

material may be alternatively or additionally be modified with l-amino-4-

nitronaphthalene and/or 4-amino-napthalen-l-ol 

[0026] In one embodiment, pH of the starting dispersing agent may be adjusted to 

below 4 when the charged material is functionalized 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 nanotubes 

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 beads, functionalized polymeric beads, functionalized 

silica beads, or other hydrogel beads. The agarose gel beads may be Sepharose 2B 

beads, Sepharose 4B beads, Sepharose 6B beads, Sepharose 2B-CL beads, Sepharose 

4B-CL beads, Sepharose. 2B beads, Sepharose 6B-CL beads. The other hydrogel 

beads may be Sephacryl S-100HR beads, Sephacryl S-200HR beads or Sephacryl S-

300HR beads. 

[0029] The Sepharose 4B beads may be modified with congo red, direct blue 71, 

evans blue, sodium 4-amino-l-naphathalenesulfonate, or/and sodium 2-amino-l-

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. 

[0032] The ratio of the semiconducting 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 carbon 

nanotubes, e.g. semiconducting single-walled carbon nanotubes (SWNTs), 

semiconducting double-walled carbon nanotubes (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, 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 group of chiralities 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 nanotubes of a first group of chiralities and the carbon nanotubes 

of a second group of chiralities. The method may 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 carbon 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 

nanotubes, semiconducting 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, if (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 may include a group wherein (n-m) 

is a multiple of 3 or 0. 

[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 nanotubes 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-walled 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 group 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 wall is metallic. 

[0040] In various embodiments, the first non-ionic dispersing agent may be a 

surfactant without a net charge of a polymer without a net charge having a pH below 

7. The first dispersing 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. 

[0041] The method may further include, prior to 202, the step of dispersing a 

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 agent may alternatively other non-ionic chemicals such as pluronic or 

tetronic. The first non-ionic dispersing agent and the starting non-ionic dispersing 

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 eluate including carbon 

nanotubes of the first group of chiralities. The further eluent solution may include a 

second dispersing agent. The method may also include collecting a further eluate 

including carbon nanotubes of the second group of chiralities. 

[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 cationic surfactant such as 

Cetyltrimethylammonium Bromide. Alternatively, the second dispersing agent may 

include a surfactant without a net 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 dispensing 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 

Polyethylene 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% 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%, or more 

than 99.9%, or more than 99.99% metallic carbon nanotubes. 

[0045] The eluate may include a ratio of semiconducting carbon nanotubes : 

metallic carbon nanotubes ofmorethan50 : 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 70 : 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 nanotubes : 

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) 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 

obtaining 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 separation 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 material may be charged. The separation material may adsorb metallic 

carbon nanotubes from the carbon nanotube dispersion, leaving a residual dispersion 
r 

of semiconducting carbon nanotubes. The residual dispersion may then be 

subequently removed from the separation material. The method may additionally 

include flowing a liquid or solvent through the separation material to remove the 

adsorbed metallic enriched carbon nanotubes from the separation material. 

[0049] In one embodiment, 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 (c) removing the residual dispersion from the separation material. The 

method may additionally include (d) flushing the 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 

dispersion through a separation material. The separation material may be charged. 

The separation material may adsorb SWNT which 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. The method may additionally include flowing a 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 nanotube 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 the adsorbed metallic SWNTs. 

[0052] In other words, the method may further include flowing a carbon nanotube 

dispersion through a separation material. The separation material may be charged. 

The separation material may adsorb metallic SWNTs (met-SWNTs) from the carbon 

nanotube dispersion, leaving a residual dispersion having an increased proportion of 

semiconducting 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. 

[0053] In one embodiment, a method for separating a metallic and 

semiconducting SWNTs may be provided. The method may include (a) passing a 

carbon nanotube dispersion over a chromatography column 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. The 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 SWNTs (semi-SWNTs). The residual 

dispersion may be extracted from the chromatography column by washing with a first 

liquid or solvent. The method may additionally include flowing a second liquid or 

solvent through the chromatography column to remove the adsorbed met-SWNTs 

from the chromatography column. 

[0055] In one embodiment, a method for sorting semiconducting and metallic 

carbon 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 dispersion of (a) 

over chromatography beads packed in a chromatography column. The method may 

also include (c) passing a first eluent solution through the chromatography column, 

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. The method may 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 including 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 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. 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 further 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 column, the second eluate including 

an increased proportion of metallic carbon nanotubes e.g. metallic SWNTs (met-

SWNTs) in the second surfactant solution. 

[0057] In one embodiment, a method of separating metallic SWNTs (met-

SWNTs) and semiconducting SWNTs (semi-SWNTs) (or separating metallic carbon 

nanotubes and semiconducting carbon nanotubes) may be provided. The method may 

include (a) dispersing unsorted carbon nanotubes or SWNTs in a 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 

chromatography 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 (e) 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 SWNTs 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 starting uncharged surfactant solution. The method may also include 
r' 

flowing 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. 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 or semiconducting 

SWNTs (semi-SWNTs) in the first surfactant solution. The method may further 

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 column, the second eluate including an increased 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 semiconducting carbon 

nanotubes and metallic carbon nanotubes. The metallic 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. 

[0061] The unsorted carbon nanotubes may be dispersed in a (starting) non-ionic 

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 

ionic 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 separation of the 

semiconducting and metallic carbon nanotubes based on the charge differential. The 

carbon nanotubes may include functional groups such as carboxyl groups, carbonyl or 

hydroxyl groups so the carbon nanotubes have a net negative charge at neutral 

conductions. As pH decreases, the metallic carbon nanotubes may be more easily 

doped to gain a net positive charge due to the lower work function. The 

semiconducting carbon nanotubes may remain less doped and may maintain a net 

negative charge under acidic conditions. 

[0063] The first eluent solution may include a first non-ionic surfactant 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 semiconducting carbon nanotubes or the metallic carbon nanotubes 

may be attracted to the charged chromatography beads within the chromatography 

column. In one embodiment, the chromatography beads within the chromatography 

column may be negatively charged. In one embodiment, the metallic carbon 

nanotubes may be positively charged 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 chromatography beads, the first eluate may contain sorted semiconducting 

carbon nanotubes. In one embodiment, the first eluate may contain an increased 

proportion 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 less. Opposing charges on the semiconducting carbon nanotubes 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 chromatography beads may develop an overall 

negative charge under basic conditions. 

[0067] Alternatively, the second eluent solution may include an ionic surfactant 

solution. The ionic surfactant may also impart an overall negative charge to the 

metallic carbon nanotubes. The metallic carbon nanotubes having an overall negative 

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 amount of 

semiconducting carbon nanotubes or may be devoid of semiconducting 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 starting non-ionic surfactant solution, the first non-ionic surfactant 

solution , and the second non-ionic surfactant solution may be selected from the 

group consisting of Triton X-405, Brij L23, 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), 

sodium 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 may be or may include chromatography beads. The 

chromatography beads may be negatively charged. 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 chromatography 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 consisting 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 negative 

charges under neutral to acidic conditions. The functional groups may help improve 

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 amino 

naphthalene sulfonate salts may include sulfonate functional 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 not be modified. 

[0078] The chromatography beads may be or may include agarose gel beads. The 

agarose gel beads may be or may include Sepharose 2B beads, Sepharose 4B beads, 

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 

other hydrophilic gel beads. The other hydrophilic gel beads may be or may include 

Sephacryl S-l 00HR beads, Sephacryl S-200HR beads or Sephacryl S-300HR beads. 

[0079] The Sepharose 4B beads may be modified with congo red, direct blue 71, 

Evans blue, or sodium 4-amino-l-naphathalenesulfonate. 
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[0080] A use of semiconducting carbon 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), double-walled carbon nanotubes (DWNTs), multi-walled carbon 

nanotubes or mixtures thereof. A use of metallic carbon nanotubes obtained by any 

method described herein may also be provided. The metallic carbon nanotubes may 

include single-walled carbon nanotubes (SWNTs), double-walled carbon nanotubes 

(DWNTs), multi-walled carbon nanotubes or mixtures thereof. 

[0081] Single-walled carbon nanotubes (SWNTs), double-walled carbon 

nanotubes (DWNTs), multi-walled carbon nanotubes or mixtures thereof obtained by 

any method described herein may 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 thereof. 

[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 with controlled pH may be provided. 

Various methods may exploit the varying electrostatic interaction (EI) between 

anionic hydrophilic chromatography beads and the intrinsic charges on differentially 

p-doped carbon nanotubes with varying cationicity controllable by the bandgap-

dependent redox reaction (REDOX) with dissolved oxygen in acidic water. 

[0086] Materials 



WO 2015/130229 PCT/SG2015/000060 

30 

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

Sepharose 4B beads (GE Healthcare), (±)-epichlorohydrin (epichlorohydrin, technical 

grade), sodium hydroxide (NaOH, 98%), hydrochloric acid (HC1, 36-37%), Sodium 

dodecylbenzenesulfonate (SDBS, technical grade), sodium cholate (SC, >99%), 

cetyltrimethylammonium bromide (CTAB, >99%), congo red (CR, 85%), direct blue 

71 (DB, 50%), sodium 4-amino-l-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 from Unidym. CoMoCat 

SWNTs were purchased from SouthWest NanoTechnologies. Elicarb carbon 

nanotubes (mixture of single-walled and double-walled carbon nanotubes) were 

obtained from Thomas Swan. Ultrapure deionized water (18.2 MQ»cm) (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.I.) 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 overnight and then washed thoroughly again with D.I water. 0.5 mmol of 

anionic sulfonate chemical (congo red, direct blue 71, evans blue or sodium 4-amino-

l-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 temperature for overnight and washed thoroughly with D.I. water and 20% 

ethanol (alternately). The functionalized beads were kept at 4 °C until use. This 

process is shown in FIG. 15A. 

[0090] Carbon Nanotube Dispersion Preparation 

[0091] Taking Triton X-405 and P2-SWNTs as an example, 70% Triton X-405 

dispersion was diluted to 2.8% aqueous solution (w/v) with D.I. water. The pH of the 

Triton X-405 solution was adjusted with 0.1 M HC1. 1 mg/mL solution of P2-SWNTs 
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in 2.8% aqueous Triton X-405 (pH adjusted) was 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 suspension of 

P2-SWNTs was then centrifiiged at 122,000 g for 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. 3 A is a plot 300a of Fermi level against density of states of the 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 metallic single-walled nanotubes (met-SWNTs) in 

different pH solutions according to one embodiment. The redox potential of the 

O2/H2O couple maybe tuned so 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. FIG. 4 illustrates sorting via Redox-enabled 

Electrostatic Interaction Chromatography (REIC). 

[0095] Functionalized or unmodified beads were packed into a glass 

chromatography column (5 cm bed height). The column was flushed with deionized 

(D.I.) water with back pressure (compressed air) 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 sorting pH, need to be optimized for different 

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 dispersed 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 through the column and separate into the two main 

fractions - semiconducting and metallic. 

[0096] In Stage 2, 2 mL carbon nanotube dispersion at the sorting 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 continuously added 

until no more semiconducting carbon nanotubes came out. The fraction that 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 solution 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 SWNTs were characterized 

using a Varian Cary 4000 UV-vis-NIR spectrophotometer and a Renishaw inVia 

Raman microscope with 633 nm (1.96 eV) laser wavelength in a backscattering 

configuration. 

[0098] * The type, and concentration of surfactants/dispersing agents maybe varied 

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 SiC>2 by photolithography (L=75 (im, W=25 |im). Source and 

drain electrodes were 50 nm Au coated on top of 10 nm Ti, deposited by electon beam 

(e-beam). The electrode patterns were 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 (10~6 mbar) overnight at 250°C to improve 

hydrophobicity of the surface and remove the solvent residues. The sorted semi-

SWNTs were then carefully dropped between the source and drain electrodes with a 

syringe and fine needle. Before drop-casting, the semi-SWNTs solution was diluted 

with D.I. water and sonicated for 10 min in a bath sonicator. To avoid the coffee-ring 

effect, the devices were rinsed with D.I. water when the droplets were about to dry 

and then were blown dry with 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 achieved. 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 semiconducting-enriched and 
r 

metallic-enriched fractions were centnfuged at 20,000 g for 1 hour to remove bundles. 

The centrifuged samples were diluted with ultra-pure water to achieve SWNTs 

concentration of approximately 0.01 mg/ml. 0.1 M HC1 and 0.1 M NaOH solutions 

were used to adjust the pH. The zeta potential measurement was performed with a 

ZetaPALS Zeta Potential Analyzer at room temperature (23 °C) immediately after the 

samples were ready. 

[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 (504) and sorted semiconducting 

SWNTs a(506). 

[00104] The use of non-ionic surfactant, control of pH of the aqueous solution, and 

the type of anionic beads used in our REIC method may be essential for high purity 

sorting. The applicability of our novel REIC sorting method for nanotubes with large 

average diameter produced by the arc-discharge method (P2-SWNTs from Carbon 

Solutions and ASP-1 OOF 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 carbon nanotubes form Thomas 

Swan) may be demonstrated, showing that the method is not sensitive to the nanotube 

diameter distribution. 

[00105] SWNTs may undergo pH-mediated charge transfer ^-doping by dissolved 

oxygen/water redox couple according to the Equation. (1). 

4(e h+)swNT + O2 + 4H+^ 4(h+)swNT + 2H2O (1) 

where e~ represents an electron and h+ represents a hole in a SWNT. 

The Fermi level of un-doped SWNTs is around -4.7 eV (EFi, FIG. 3) and is higher 

than the electrochemical potential of O2/H2O couple (in the absolute scale) in the 

neutral to acidic pH range, which varies 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 O2/H2O couple 

can happen until the new Fermi level of doped SWNT equals the electrochemical 

potential of O2/H2O 

[00106] The half-cell reactions of reaction (1) may be represented as follows: 

Right (reduction): C>2+4H++4e~-^2H2O (2A) Left 

(oxidation): 4(e II+)SWNT ^ 4(h+)swNT+ 4e (2B) 

For the right half-cell reaction above, ER (eV) is the actual electrochemical potential 

of O2/H2O couple which can be calculated from the Nernst equation: 
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ER - E( 'O,IH2O 
0 0592 = -4.44 + (-1)(+1.229) + —— [4pH - log10 (pQi)] (3C) 

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

For the left-cell reaction, EL is the Fermi level for both met-SWNTs and semi-

SWNTs. Since E^> ER at all pH (see FIG. 8), electrons can jump from higher energy 

level (SWNTs) to lower energy level (O2/H2O 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 effective sorting pH is within the acidic pH range which is much 

smaller than the one predicted based on just thermodynamics. 

[00107] However, in addition to thermodynamics, the kinetics aspect of the 

heterogeneous reaction also must be considered. The redox reaction (1) is known to 

be rate-limited by the electron-transfer reaction (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 O2/H2O redox couples in 

solution (FIG. 3A). The MG theory also predicts that the density of states (DOS) at 

different energy levels of the O2/H2O couple in the electrolyte has a Gaussian 

distribution with the maxima offset from its electrochemical potential (also the 

electrolyte Fermi level) by a reorganization energy-(A), as depicted in FIG. 3A (the 

blue bell-shaped curves). Physically, X is an energy penalty that relates to the 

reorganization of the polar water solvent molecules around the ions/molecules 

involved in the rate-limiting electron transfer reaction (4) and is approximately 1 eV 

for the O2/H2O couple. 

[00108] ,For met- and semi-SWNTs, their electron transfer kinetics could be 

drastically different due to their dramatically contrasted DOS in the bandgap region. 

At neutral pH, the electron transfer kinetics for both types of nanotubes is slow. The 

(4) 



WO 2015/130229 PCT/SG2015/000060 

36 

redox potential of the O2/H2O couple decreases monotonically with pH so that as pH 

is reduced, the overlap of the occupied electronic states of nanotubes and the 

unoccupied energy states of the dissolved O2/H2O couple increases for both types of 

nanotubes (FIG. 3A, from left to right, shaded region area increases), resulting in 

faster electron transfer kinetics for both semi- and met-SWNTs. More significantly, 

the absence of a bandgap in met-SWNTs leads to a significantly larger overlap of 

electronic states compared to that of semi-SWNTs (FIG. 3A, top versus bottom, 

shaded regions of the Dox 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 caused 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 charges 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 ionic 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 

consequently we are able for the first time to directly observe the met- versus semi-

contrast in electrostatic polarity 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-walled nanotubes (SWNTs), semi-conducting single-walled 

nanotubes (semi-SWNTs) enriched fraction and metallic single-walled nanostubes 

(met-SWNTs) enriched fraction. 602 represents the results for the unsorted SWNTs. 
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604 represents the results for eluted fraction containing 99% semi-SWNTs. 606 

represents the results for the bound fraction containing 70% met-SWNTs. 

[00110] FIG. 6B is a plot 600b of normalized intensity (arbitrary units) against 

wavenumber (cm-1). FIG. 6B illustrates the Raman spectra (633nm, red laser) 

focusing on G band (1540 cm"1 to 1600 cm"1) of unsorted SWNTs as pH decreases. 

All spectra are normalized with the G+ peak intensity. 614a-e represent the Raman 

spectra 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"1). FIG. 

6C illustrates the Raman spectra (633nm, red laser) focusing on 2D band (2630 cm"1' 

of unsorted SWNTs as pH decreases. All spectra are normalized with the 2D peak 

intensity. 616a-e represent the Raman spectra at pH = 4.78, 6.40, 8.48, 10.36 and 

11.160 respectively. The Raman spectroscopy shows narrowing of the Breit-Wigner-

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 (holes 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-SWNTs. 

[00111] The enhanced /^-doping of SWNTs 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 met-SWNTs is always higher than that of semi-SWNTs, 

reflecting the 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 /^-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 met-

and semi-SWNT populations. Remarkably, the initial negative charges on the semi-

SWNTs due to defects are advantageous for the purposes of sorting as they facilitate 

the creation of an opposite polarity contrast in the surface charges of met- 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 anionic sulfonate groups may be used (FIG. 4 inset). The 

sulfonate 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 when 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 (1st elution, FIG. 4 inset) while the met-

SWNTs remains absorbed. The met-SWNTs may be eluted 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 may 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 the ultraviolet-visible- near infrared spectra (UV-vis-NIR) spectra of 

sorted semi-SWNTs. The sorted semi-SWNTs may be collected in Stage 2 at sorting 

pH from 2.01 to 7.00 via Sepharose-CR beads. 702a-l 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) purity of the eluted fraction collected at various sorting 

pH. The eluted fraction may be collected in Stage 2 at sorting pH from 2.01 to 7.00 
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via Sepharose-CR beads. FIG. 7C is a plot 700c of normalized intensity (arbitrary 

units) against wavenumber (cm1) 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 Mil 

peaks almost undetectable (for sorting pH=3.2 as an illustration). Raman 

spectroscopy (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"1 and -196 cm"1 in radial breathing mode (RBM) region 

totally disappear while the G- band (-1569 cm"1) becomes much narrower because of 

the greatly reduced met-SWNTs content. Also, the 2D peak at - 2600 cm"1 reduces 

corroborating 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 degree of functionalization 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 O2/H2O 

couple from pH = 0 to pH = 7 {Epf,E™" are the respective intrinsic Fermi levels of 

met-SWNTs and semi-SWNTs, E™/Sl, E^S1 are the respective 1st Van Hove 
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singularities in the valence band and conduction band of semi-SWNTs. Area 802 

indicates the electrochemical potential of O2/H2O couple from pH = 0 to pH = 7) 

[00116] Met-SWNTs purity may be greatly enhanced when pH is from 3.8 to 4.0 

since only a few chiralities of met-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-congo 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 

plot 900b of metallic single-walled nanotubes purity (%) against pH illustrating the 

metallic single-walled nanotubes (met-SWNTs) purity in elution collected in Stage 3 

at sorting pH from 3.25 to 4.10 via Sepharose-congo red (CR) beads. 

[00117] In order to sort out the different nanotube chiral species, the different 

nanotube chiral species need to be suspended individually. The surfactant must not 

interfere with the subtle differential charge conferred by the different bandgaps so 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 charges 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 frill extent of pH-controllable differential doping of 

metallic and semiconducting species may be exploited. 

[00118] Various embodiments involve the use of non-ionic surfactant as opposed 

to SDS/SC used previously for all other conventional high purity sorting with density 

gradient ultra-centrifugatiori (DGU) and column chromatography. The use of non-

ionic surfactant may be important 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 investigated. 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 by the 

external surfactant charges. On the other hand, other non-ionic surfactants, e.g., Brij 

L23 and Brij SI00, 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 SI00. 

All the sorting were performed on Sepharose-CR beads and sorting pH=3.2. 1002 

represents 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-conducting single-walled nanotubes (semi-

SWNTs) with 5% Brij L23, and 1008 represents the data for sorted semi-conducting 

single-walled nanotubes (semi-SWNTs) with 5% Brij S100. 

[00120] FIG. 11 is a plot 1100 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), semiconducting single-walled nanotubes (sorted using Sepharose beads 

functionalized with Direct Blue (DB)), semiconducting single-walled nanotubes 

(sorted using Sepharose functionalized using 4-amino-l-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 semiconducting single-

walled nanotubes (Sepharose - Direct Blue (DB)), 1106 represents the data for 

semiconducting single-walled nanotubes (Sepharose - sodium 4-amino-l-

naphthalenesulfonate (SANS)) and 1108 represents the data 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-naphthalenesulfonate 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 column 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-near 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 the sulfonate-modified beads. Pristine Sepharose beads may contain 

small amount of ionic sulfonate and carboxyl groups, according to the supplier's 

information sheet, which makes the beads also slightly negatively Charged, 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 
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naphthalene sulfonate functional groups via n-% 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 

sucessfolly sorted with functionalized Sepharose beads sorting pH to be reduced to 

~2. The sorting of HiPCo was performed using the same method but with the 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 a plot 1300c of normalized intensity against Raman shift 

(cm"1) 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 Ml 1 relative to 

Sll and S22 in the sorted semiconducting fraction (indicated by 1310), and a 
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corresponding, 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"1) 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 unsorted 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 

(cm1) 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 HiPco SWNTs, semi-SWNTs were eluted out first (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 absorption clearly shows decrease of Mil relative to Sll and S22 in the 

sorted semiconducting fraction (indicated by 2604), and a corresponding, though less 

dramatic, increase in the metallic spectral features relative to semiconducting in the 

sorted metallic fraction (indicated by 2606). The sorting effect was further confirmed 

with Raman spectroscopy (633 nm). As shown in FIG. 26B, the metallic peaks (175-

240 cm"1) in RBM region almost disappear for the sorted semi-SWNTs (indicated by 

2612), but increase for the sorted met-SWNTs (indicated by 2610). 
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[00128] FIG.27A is a plot 2700a of normalized absorbance (arbitrary 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® metallic carbon nanotubes. 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"1) 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. 27B is plotted over a 

range of 110 cm"1 to 300 cm"1. 2708 indicates data for the unsorted carbon nanotubes, 

2710 indicates data for the sorted semiconducting carbon nanotubes and 2712 

indicates data for the sorted metallic carbon nanotubes. FIG. 27C is a plot 2700c of 

normalized intensity (arbitrary units or a.u.) against Raman shift (cm"1) 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 over a range of 1200 cm"1 to 1650 cm"1. 2714 indicates 

data for the unsorted carbon nanotubes, 2716 indicates data for the sorted 

semiconducting carbon nanotubes and 2718 indicates data for the sorted metallic 

carbon nanotubes. 

[00130] FIG. 27D is a plot 2700d of normalized intensity (arbitrary units or a.u.) 

against Raman shift (cm"1) 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. 27D is plotted over a 

range of 110 cm"1 to 240cm"1. 2720 indicates data for the unsorted carbon nanotubes, 

2722 indicates data for the sorted semiconducting 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"1) 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 a range of 1200 cm"1 to 1650cm"1. 2726 indicates 

data for the unsorted carbon nanotubes, 2728 indicates data for the sorted 

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"1) 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"1 to 300cm"1. 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"1) 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 1200 cm"1 to 1650cm"1. 2738 indicates 

data for the unsorted carbon nanotubes, 2740 indicates data for the sorted 

semiconducting carbon nanotubes and 2742 indicates data for the sorted metallic 

carbon nanotubes. 

[00132] The Elicarb nanotubes 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 Triton X-405 solution (pH > 

10) or 0.5% SDBS solution. UV-vis-NIR absorption shows decrease of metallic peaks 

relative to semiconducting peaks in the sorted semiconducting fraction. The sorting 

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

may be easily optimized for different carbon nanotube sources, surfactants, 

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 of absorbance against wavelength illustrating the 

ultraviolet-visible-near infrared (UV-vis-NIR) spectrum of the as-sorted semi-SWNTs 

with a record high purity of 99.94±0.04%. 

[00135] 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 transistors (FET) with the sorted 

dispersion by drop casting. Source and drain electrodes 2006a, 2006b were fabricated 

on Si wafer 2002 with 300 nm SiC>2 as dielectric layer 2004. The dispersion of sorted 

semi-SWNTs 2008 was carefully dropped between the source and drain electrodes 

2006a, 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 (am. FIGS. 

20B-C show the performance of typical FET devices with on/off ratio 104 - 105 and 
2 11 mobility 15-30 cm V" s" (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 column 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 surfaces, may also be utilized to 

achieve high selectivity separation with the same or similar mechanism. 

[00138] FIG. 16A are photos 1600a of the separation process in Sepharose 4B 

column with 2.8% Triton X-405 at neutral condition (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 acidic pH (solid line 1606) and sorted met-SWNTs at acidic pH 

(short dot 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 Raman spectra (633 nm, red laser) of 

unsorted arc-discharge SWNTs (solid line 1802), sorted arc-discharge semi-SWNTs 

at neutral pH (short dash dot 1804), sorted arc-discharge semi-SWNTs at acidic pH 

(short dash 1806) and sorted arc-discharge met-SWNTs at acidic pH (short dot 1808) 

via un-functionalized Sepharose 4B beads. 1802 indicates the Raman spectra for 

unsorted SWNTs, 1804 indicates the Raman spectra for sorted-SWNTs at neutral pH, 

1806 indicates the Raman spectra for sorted semi-SWNTs at acidic pH and 1808 

indicates the Raman spectra 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-l-
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naphthaleriesulfonate (SANS) (short dot 1902), 1-naphylamine (NA) (solid line 1904) 

and 4-aminobutyric 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. 19B is a graph 1900b of normalized absorbance (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-l-naphthalenesulfonate (SANS) (short dot 1902) and 1-naphylamine 

(NA) (solid line 1904). 

[00141] FIG. 20A is a schematic 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 of drain current (I) against gate voltage (V) 

illustrating performance of a first device. FIG. 20C is a graph 2000c of drain current 

(I) against 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 

(short 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 measurement. FIG. 23B is a graph 2300b showing 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 SI00 as surfactant 

(Sepharose 4B column). 

[00147] Since the separation 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-based 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 a probe 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% agarose 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 through the column without any color change and the UV-vis-

NIR spectra also showed that the curves of SWNTs solution before and after column 

were nearly identical, except for the intensity of absorbance (FIG. 21). We believe 

that the lack of separation is due to the poor dispersibility of arc-discharge SWNTs 

when using SDS as surfactant. After probe-sonication and centrifugation, the SWNTs 

are still bundled. Since one of the key issues for separation is that the SWNTs must be 
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individually dispersed, the predominantly (small-) bundled state of the SWNTs in 

these experiments prevents significant 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 simply passed through the columns without any visible color 

change. UV-vis-NIR spectra also shows no separation (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 

which kept moving down and a dark band which stayed on the top part of the column. 

After several minutes, as the red band moved progressing further down the column, 

several bands could be observed: a first red band (semiconducting fraction) which 

moved fastest, a second light grey band (mixture of semiconducting 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 - Mil 

(600-800 nm). The purity of the SWNTs is indicated by relative areas of the Ml 1 and 

S22 peaks. For the red band fraction, the Mil 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, stationary, green band was not elutable by 2.8% Triton X-

405 solution even when flushed with a large 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. Unfortunately, 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 HC1. The 

SWNTs were first dispersed in acidic 2.8% Triton X-405 solution (pH = 3.9), 

followed by 122000 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 met-SWNTs), and the last green band (metallic fraction) which stayed in the top 

part of the column (FIG. 16A, bottom). We noticed that the top 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 Mil 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 almost absent Mil 

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 of >99.2%. For the green metallic 

fraction, the S22 and S33 peaks weakened substantially relative to the strong Mil 

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 trapped 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 SI00, 

which has also been reported to be a good surfactant for arc-discharge SWNTs was 

used for the chromatography 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 1500a illustrating the functionalization of 

Sepharose 4B beads by activating with epoxy (in step 1) and functionalization 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-l-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). Before step 1, the pH of the beads 

suspension was ~13. After the first step, the pH reduced to ~8 due to the 

neutralization of NaOH by the HC1 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.I. 

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 sorting with CR-functionalized (Sepharose-

CR) beads are shown in FIG. 25A. UV-vis-NIR spectra show that the Mil peaks 

become almost undetectably weak in the semiconducting fraction after one-pass 

sorting, and the absorption curve is flat in this region because of the near-zero 

metallic absorption. Meanwhile, the semiconducting peaks (both S33 and S22) are 

dramatically reduced relative to Mil in the metallic fraction after one-pass sorting 

(FIG. 25A). And the SWNTs dispersions show better pink (semiconducting) and 

green (metallic) colors compare to those sorted via the un-functionalized beads, which 

implies improvement in purity Another indication of the purity improvement is that 

the absorption baseline in the metallic region is lower in the CR-functionalized semi-

SWNTs sample than in the un-functionalized sample (both 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 

rim) was used as it can 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"1) and metallic (-171 cm"1 and -196 cm"1) peaks in RBM 

region. After sorting at pH = 7, the metallic peaks at -196 cm"1 becomes much 

smaller, while it almost disappears in sorted semi-SWNTs samples at pH = 3.9. 

Meanwhile, the semiconducting peak (-155 cm"1) also decreases in the sorted met-

SWNTs samples (pH = 3.9). Moreover, G" band (-1569 cm"1) of the sorted semi-

SWNTs become much narrower because of the greatly reduced metallic 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 note that 

the intensity of the 2D band (-2634 cm"1) increases dramatically for sorted met-

SWNTs, becoming 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 Raman spectra shows that the 

2D peak intensity obviously changes between highly purified metallic and 

semiconducting SWNTs. Similar results have been found in previously reported study 

of Nanolntegris 99% purity semiconducting 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 

semiconducting peak vanishes as well. For the 90% met-SWNTs sample, the G" peak 

is much higher than G+ peak, which strongly supports the high proportion of metallic 

SWNTs. 



WO 2015/130229 PCT/SG2015/000060 

56 

[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 beads. We have found that arc-discharge SWNTs 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 SI00, and further improved by adjusting the pH to 

acidic. We have demonstrated a simple, fast, cost-effective and scalable solution-

based process 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), semiconducting 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 (2512) sorted 

by Sepharose-CR beads. 

[00156] Methods described herein may further contain analogous features of any 

structure or conductive paper described herein. Correspondingly, structures or 

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. 










