INTRODUCTION

Single-walled carbon nanotubes (SWNTSs) are the most promising of all
nanomaterials, with unique electronic and mechanical properties which lend
themselves to a variety of applications, such as field-emission displays,
nanostructured composite materials, nanoscale sensors, and elements of new
nanoscale logic circuits.” In all cases the quality of the SWNT material is
important, and for some applications it is paramount. Despite sustained efforts,
all currently known SWNT synthetic techniques, generate significant quantities of
impurities, such as amorphous and graphitic forms of carbon and carbon
encapsulated catalytic metal nanoparticles. The presence of such impurities
necessitates the application of vigorous purification procedures, which adds to

the high cost of production and limits the application of these materials.

Improvements in SWNT quality by optimization of the synthesis, as well as
subsequent purification steps is a multi-parametric task which requires the
accurate and efficient evaluation of small changes in the purity and yield of bulk
quantities of the SWNT product as a function of the synthetic parameters and
purification protocol. Ideally, such a procedure should provide a rapid,
convenient, and unambiguous measure of the bulk purity of standard SWNT
samples with instrumentation that is routinely available in research laboratories.
For customers and end users of SWNTs such an evaluation procedure is
essential for the development of quality assurance measures which allow a

comparison of commercial materials with customer determined specifications.

While the reader may believe that this is a settled issue because many suppliers
label their SWNT products with percentage purities, evaluation of such samples
shows that in many cases the purity is overstated - some to a high degree.®
Progress in chemistry and material science has been marked by the ability to
obtain pure substances: the isolation of the pure elements and the refinements
that have occurred in electronics grade silicon are obvious examples. While it

may not be possible to obtain analytically pure SWNTSs, it is high time for the



SWNT industry to make a serious attempt to divulge to its customers the quality

of the products that are offered for commercial sale.

In this Practice Guide we present a number of analytical techniques which are
relevant to the evaluation of the purity of SWNT materials. There are two major
forms of impurities in current SWNT preparations: the metal catalyst residue and
the carbonaceous component which usually takes the form of amorphous carbon
and nanographitic structures. Most of the analytical techniques discussed in this
Guide are suited to the detection of only one of those fractions, and the choice of
an analytical technique is critical.” In special cases, such as the comprehensive
characterization of the highest purity reference materials for standards

development, the application of a number of analytical techniques is required.®

In Section 2 we discuss Thermo-Gravimetric Analysis (TGA) which is the most
efficient tool for determining the metallic impurities in SWNT material. In certain
special cases the TGA technique is also capable of providing information on the

carbonaceous impurities as a result of differences in combustion temperatures.

The evaluation of the purity of the carbonaceous component of SWNT material is
a long-standing problem, which has traditionally been addressed at a local scale
by SEM and TEM techniques.”. Recently, NIR spectroscopy has been advanced
as an efficient tool to measure the carbonaceous purity of bulk SWNT samples
and is discussed in Section 3. The NIR technique takes advantage of the unique
spectroscopic features resulting from the interband electronic transitions in
SWNTs and it is most efficient for SWNT samples with a narrow distribution of
diameters; it is distinguished from other methods because it is quantitative and
readily applicable to bulk samples. The power of this method is already
established by published studies that document the improvements in synthetic

parameters and purification protocols that may be achieved by its application.



Chapter 4 discusses the application of resonantly enhanced Raman
spectroscopy for SWNT purity evaluation. The two most prominent features
observed in the first-order resonant Raman spectrum of SWNTSs are the low
frequency radial breathing mode (RBM) and the high frequency G-band; the D-
band associated with disordered carbon provides a measure of the contribution
of carbonaceous impurities. A comparison of the intensities of the RBM- or G-
bands to the intensity and shape of the D-band provides information on the
SWNT content of the sample. Due to the resonant nature of the SWNT Raman
response, multiple excitation wavelengths must be utilized in order to allow for

the contributions of SWNTs of different diameters.

Chapter 5 discusses the application of optical, electron and scanning probe
microscopy (SPM) for SWNT quality evaluation. TEM and SEM have traditionally
been the most important techniques for the characterization of carbon
nanotubes. Indeed, SWNTs were discovered in 1993 using TEM, and high-
resolution TEM remains a major analytical tool for the study of SWNT nucleation
and growth. The SEM technique has been extensively used to monitor the
efficiency of the bulk scale production of SWNTs by a variety of synthetic
techniques, and it has traditionally been the most popular tool to evaluate the
quality of as-prepared SWNT soot.” Because a typical SEM frame visualizes
less than 102 g of an inhomogeneous sample for which there is no published
algorithm with which to quantify the SWNT content, the use of these techniques

to assess the purity of bulk SWNT samples is not recommended.

References

1. Zhou, O.; Shimoda, H.; Gao, B.; Oh, S.; Fleming, L.; Yue, G., Materials
Science of Carbon Nanotubes: Fabrication, Integration and Properties of



Macroscopic Structures of carbon Nanotubes. Acc. Chem. Res. 2002, 35,
1045-1053.

Mamedov, A. F.; Kotov, N. A.; Prato, M.; Guldi, D. M.; Wicksted, J. P.;
Hirsch, A., Molecular Design of Strong Single-wall Carbon
Nanotube/Polyelectrolyte Multilayer Composites. Nature Materials 2002,
1, 190-194.

Kong, J.; Franklin, N. R.; Zhou, C.; Chapline, M. G.; Peng, S.; Cho, K.;
Dai, H., Nanotube Molecular Wires as Chemical Sensors. Science 2000,
287, 622-625.

Avouris, P., Molecular Electronics with Carbon Nanotubes. Acc. Chem.
Res. 2002, 35, 1026-1034.

Dai, H., Carbon Nanotubes: Synthesis, Integration, and Properties. Acc.
Chem. Res. 2002, 35, 1035-1044.

Giles, J., Growing Nanotech Trade Hit by Questions over Quality. Nature
2004, 432, 791.

Itkis, M. E.; Perea, D.; Jung, R.; Niyogi, S.; Haddon, R. C., Comparison of
Analytical Techniques for Purity Evaluation of Single-Walled Carbon
Nanotubes. J. Am. Chem. Soc. 2005, 127, 3439-3448.

Arepalli, S.; Nikolaev, P.; Gorelik, O. P.; Nadjiev, V. G.; Holmes, W.; Files,
B.; Yowell, L., Protocol for the Characterization of Single-Wall Carbon
Nanotube Material Quality. Carbon 2004, 42, 1783-1791.



	INTRODUCTION


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


