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Purification of Purification of SWNTsSWNTs
Current MethodsCurrent Methods
–– Acid OxidationAcid Oxidation
–– Gas OxidationGas Oxidation
–– FiltrationFiltration
–– ChromatographyChromatography
–– Mechanical Mechanical 

PurificationPurification
–– Selective Microwave Selective Microwave 

HeatingHeating
–– Organic Organic 

Functionalization

DisadvantagesDisadvantages
–– Low yieldLow yield
–– High metal contentHigh metal content
–– Sidewall damageSidewall damage
–– ScalabilityScalability

Functionalization



Purification MechanismPurification Mechanism
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Consolidation of Raw TubesConsolidation of Raw Tubes
Raw tubes collected from HiPco 

Spray IPA to consolidate the fluffy raw tubes 



Purification CartridgePurification Cartridge

Gas flow through thin layer Gas flow through thin layer 
of tubes yields uniform of tubes yields uniform 
temperaturestemperatures
–– Minimizes hot spotsMinimizes hot spots

Spacers fill void areas Spacers fill void areas 
–– Standardize layer thickness Standardize layer thickness 

for each purificationfor each purification

Add tubes into the purification cartridge



Controlled OxidationControlled Oxidation
Computer controlled Computer controlled 
stepstep--wise oxidationwise oxidation
–– 150 150 –– 325 325 ººCC
–– 25 25 ººC incrementsC increments
–– 60 min oxidation60 min oxidation
–– 30 min deactivation30 min deactivation



6M HCl Soxhlet Extraction

Buckypearl

Metal RemovalMetal Removal

Hexane Extraction
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PurityPurity

Raw tubes
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Sidewall DamageSidewall Damage

Wavenumber (cm-1)

Disorder band Disorder band 
decreases after decreases after 
purificationpurification
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NanotubeNanotube Length MeasurementsLength Measurements
Important for understanding growth and cutting Important for understanding growth and cutting 
processesprocesses
InIn--situsitu techniques only give an average length and no techniques only give an average length and no 
information about distributioninformation about distribution
Direct imaging techniques are tedious but give more Direct imaging techniques are tedious but give more 
informationinformation
–– Limited by the suspension of individualLimited by the suspension of individual nanotubesnanotubes
–– Tedious nature of measuring 1000+Tedious nature of measuring 1000+ nanotubesnanotubes

ManyMany functionalizationfunctionalization routes developedroutes developed
–– Few give significant degree of individual tubesFew give significant degree of individual tubes

Surfactant solutions and centrifugation yield significant Surfactant solutions and centrifugation yield significant 
amount of individualsamount of individuals
–– Removal of solid material can alter the measured populationRemoval of solid material can alter the measured population



Reductive Reductive AlkylationAlkylation (Li/NH(Li/NH33))
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Reaction SetupReaction Setup
Simple reaction setupSimple reaction setup
Easy workEasy work--upup
Suspensions in CHClSuspensions in CHCl33

AFM on micaAFM on mica
80 80 –– 90% individuals90% individuals



AutomatedAutomated NanotubeNanotube Length AnalysisLength Analysis
Fast length Fast length 
measurementsmeasurements
–– < 1 min / image< 1 min / image

Differentiate Differentiate 
heightsheights
–– Tubes (green)Tubes (green)
–– Ropes (blue)Ropes (blue)

StatisticsStatistics
–– LengthsLengths
–– HeightsHeights



SIMAGISSIMAGIS NanotubeNanotube Length Analysis ModuleLength Analysis Module



Length and Height DistributionsLength and Height Distributions
Combination of multiple images allows Combination of multiple images allows 
measurement of 1000+ tubesmeasurement of 1000+ tubes



Particle AnalysisParticle Analysis

Diameter distributions Diameter distributions 
of metal catalysts orof metal catalysts or
fullerenesfullerenes



Minimizing User InterventionMinimizing User Intervention
Image quality importantImage quality important
Ideal surface coverageIdeal surface coverage

Moderate High



Effect of Surface CoverageEffect of Surface Coverage
Moderate High
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Obtaining Diameters ofObtaining Diameters of SWNTsSWNTs

nonnon--destructivedestructive

reveals composition at reveals composition at 
((nn,,mm) level) level

quick resultsquick results

minimal sample minimal sample 
preparationpreparation

works with small bulk works with small bulk 
samplessamples

performed by a nonperformed by a non--
specialistspecialist

eacheach semiconductingsemiconducting SWNT SWNT 
species emits at a species emits at a 
characteristic nearcharacteristic near--IR IR 
wavelengthwavelength

analyze a sampleanalyze a sample’’s emission s emission 
spectrum to deduce detailed spectrum to deduce detailed 
compositioncomposition

prototype instrument prototype instrument 
developed at Rice for NASA developed at Rice for NASA 
Johnson Space CenterJohnson Space Center

StrategyStrategy FluorimetryFluorimetry
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Strategy for Efficient AnalysisStrategy for Efficient Analysis

Excite at selected, fixed wavelength(s)Excite at selected, fixed wavelength(s)

Capture emission spectrum with a Capture emission spectrum with a 
multichannelmultichannel detectordetector

Analyze emission spectrum with custom Analyze emission spectrum with custom 
software incorporating SWNT spectral software incorporating SWNT spectral 
assignments assignments 



Fluorimetric Analyzer Prototype



Operation of the NanoSpectralyzer

sample

Spectrograph / Detector

Diode Laser 1

Diode Laser 2
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Analysis of Emission Spectrum to find 
Sample Composition
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FluorimetricFluorimetric Analysis ofAnalysis of SWNTsSWNTs
AdvantagesAdvantages

• High sensitivity; small sample size 
(10 µg SWNT)

• Simple sample preparation (10 min 
sonication)

• Rapid, nondestructive 
measurements (few seconds)

• Secure (n,m) identification for tube 
diameter < 1.4 nm

• High selectivity against impurities, 
bundles, damaged nanotubes

• Simpler instrumentation than 
Raman

• Available as an automated 
commercial instrument

DisadvantagesDisadvantages
1. Does not detect metallic SWNT

2. Does not detect bundled, damaged, or heavily derivatized SWNT

3. Not yet calibrated for quantitative analysis  (but should be in future)



ConclusionsConclusions
PurificationPurification
–– Catalyst deactivation yields high purities with minimal carbon lCatalyst deactivation yields high purities with minimal carbon loss oss 

and sidewall damageand sidewall damage
–– Cartridge system standardizes purification and is easily scaleabCartridge system standardizes purification and is easily scaleablele

Length measurementsLength measurements
–– AlkylationAlkylation in Li/NHin Li/NH33 yields high propensity of individualyields high propensity of individual

nanotubesnanotubes
–– Image analysis software (such as SIMAGIS) can be utilized to Image analysis software (such as SIMAGIS) can be utilized to 

measure 1000+measure 1000+ nanotubesnanotubes quickly with minimal user interventionquickly with minimal user intervention
ChiralityChirality/diameter determination/diameter determination
–– Fluorescence of semiFluorescence of semi--conducting tubes yields simple approach to conducting tubes yields simple approach to 

identifyingidentifying chiralitychirality
–– NanoSpectralyzerNanoSpectralyzer is a simple instrument capable of obtainingis a simple instrument capable of obtaining

chiralitychirality distribution in less than 1 mindistribution in less than 1 min
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