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Single-walled carbon nanotubes fractionation via electrophoresis
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This work presents the influence of the sonication time on the efficiency of the metallic/semiconducting (M/S)
fractionation of diazonium salt functionalized single-walled carbon nanotubes (SWCNTSs) via free solution
electrophoresis (FSE) method. The SWCNTs synthesized via laser ablation were purified from amorphous
carbon and catalyst particles through high vacuum annealing and subsequent refluxing processes in aqua regia
solutions, respectively. The purified material was divided into two batches. The SWCNTs samples were
dispersed in 1% SDS solution in ultrasound bath for 2 and 12 hours. Both dispersed SWCNTs samples were
functionalized with p-aminobenzoic acid diazonium salt and fractionated via free solution electrophoresis
method. Afterwards, the fractionated samples were recovered, purified from surfactant/functionalities by
annealing and investigated via UV-Vis-NIR optical absorption spectroscopy (OAS). The efficiency of the
fractionation process was estimated through the comparison of the van Hove singularities (vHS) presented
in the obtained fractions to the starting SWCNTs.
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INTRODUCTION

Carbon nanotubes (CNTs) were observed in 1991 by
Japanese scientist Sumio Iijima'. However, other sources
point earlier observations by Russian researchers L. V.
Radushkevich and V. M. Lukyanovich?. Single-walled
carbon nanotubes (SWCNTS) due to their nanometer size,
optical and electrical properties have great potential for
further miniaturisation of the electronic devices. Accord-
ing to their chirality, SWCNTs can act as conductors or
as semiconductors® 4. As produced CNTs contain differ-
ent types of tubes with different electric conductivity which
is limiting the further industrial applications. The typical
synthesized material contains approximately 30% of me-
tallic and 70% of semiconducting tubes.

In order to obtain material for application in
nanoelectronic field, the sample should be fractionated to
its electrical counterparts. The first step of the prepara-
tion is the purification process, which removes the amor-
phous carbon together with fullerenes previously formed
during the synthesis process® 7. The as-produced mate-
rial exhibits strong hydrophobic properties, which result
in rapid agglomeration into the bundles when exposed to
water environment. In order to obtain stable suspension
of individual tubes and improve their hydrophilic behav-
iour, the second step involves an employment of the sur-
face agents or the introduction of the functional groups
such as: -OH, -COOH, -NH, onto outer walls. The final
step of CNTs preparation is the fractionation process.

The chemical methods of nanotubes fractionation are
based on the affinity of certain molecules to only one type
of tubes, e.g. selective destruction of semiconducting
nanotubes via hydrogen peroxide treatment, which results
in sample enrichment in metallic CN'Ts®. Other chemical
fractionation method is the selective dispersion in organic
solvents or surfactants solutions’. The nanotubes exhibit
different electrical properties, therefore surfactant is at-
tached with different force and rate. The nanotubes with
higher concentration of the surfactants on the sidewalls
are dispersed readily and they undergo debundling rela-

tively easy!®. In the nanotubes fractionation field, the
physical CNTs properties are used in methods such as:
density gradient ultracentrifugation'!, chromatography!?
and electrophoresis techniques.

Electrophoretical fractionation process is based on
migration of the macromolecules in the electric field
depending on their mass, charge or isoelectric point.
Considering the fact that pristine purified nanotubes are
chemically inert, the electric charge have to be granted via
non-covalent or covalent sidewall modification to sepa-
rate nanotubes via electrophoretical process. A non-cova-
lent functionalisation of the nanotubes can be carried out
by attaching to their walls cationic or anionic surfactants
via the adsorption process. Sodium dodecyl sulphate (SDS)
is a surface active agent commonly used in electrophore-
sis processes and can selectively disperse single-walled
nanotubes. SDS molecules attach to both types of SWCNT5,
however with different ratio depending on the type of
tubes. This dependence allows to separate SWCNTs ac-
cording to their metallic character. Other approach which
grants electric charge to the CNTs surface is covalent
functionalisation via the diazonium salt grafting. This
process is selective method. The metallic SWCNTs have
greater chemical affinity to diazonium salts than the
semiconducting ones and therefore the metallic/
semiconducting fractionation can be performed!®.

Basing on the type of electrophoresis apparatus and
electrophoretical medium there are different types of elec-
trophoresis such as capillary electrophoresis, zone elec-
trophoresis, isoelectric focussing, free solution electro-
phoresis (FSE) and the others3. This contribution presents
study on the influence of the sonication time on FSE
fractionation of the covalently functionalized SWCNTs.
We tested the p-aminobenzoic acid diazonium salts
functionalized SWCNT5.
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EXPERIMENTAL

Hydrochloric acid 35%-38% p.a., nitric acid 65% p.a.,
acetone 99.5% p.a., diethyl ether 99.5% p.a., sodium
phosphate p.a. and disodium phosphate p.a. were pur-
chased from Chempur. 4-Aminobenzoic acid — 298.0%
(HPLC/NT) was obtained from Fluka. Sodium dodecyl
sulfate — for electrophoresis, 298.5% (GC) and Triton®
X-100 for electrophoresis were purchased from Sigma.
Acetonitrile — anhydrous, 99.8% was obtained from Sigma-
Aldrich. Nitrosyl tetrafluoroborate — 95% was purchased
from Aldrich. All the solutions were based on RO H,O
(type 1I water obtained in reversed osmosis process with
conductance 0.056 uS cm™).

Single-walled carbon nanotubes used for this experi-
ment were produced via laser ablation. In the first step
of the purification, the raw material underwent the initial
annealing process at 600 C under vacuum conditions (10
mbar) for 4 hours to remove the amorphous carbon. The
remaining catalyst particles were removed by tripled acid
treatment at 175°C in quadrupled diluted aqua regia
(HCI:HNO; 3:1) solution for 24 hours in total. After
catalyst removal, the sample was filtered through the
polycarbonate filter (Whatman pore size 0.2 um) and
rinsed thoroughly with ROH,O and acetone. Finally, in
order to remove introduced oxygen functional groups, the
purified sample was annealed at 1100 °C in vacuum (107
mbar) for 1 hour. Reference SWCNTs material was dis-
persed in phosphate buffer at ultrasound bath (300 W, 40
kHz). Next, the sample was divided into two batches of
known amount of the material. In order to exfoliate
(debundle) the nanotubes bundles, the first and the sec-
ond batch underwent 2 and 12 hours of the ultrasonication
in 1% SDS solution. Next, the dispersed nanotubes were
functionalised with p-aminobenzoic diazonium salt. The
experimental details of the p-aminobenzoic acid diazonium
salt synthesis process is described elsewhere!s. The
nanotube suspensions were heated to 45°C. In 30 min
time intervals 25 ul of salt solution was added until reach-
ing 0.04 mM salt concentration. The reaction was con-
ducted for 12 hours with assistance of the magnetic stir-
rer. After the functionalization, the samples were filtered
through the polycarbonate filter (Whatman pore size 0.2
um) and rinsed thoroughly with ROH,O and acetone.
The as-prepared samples were dispersed in Triton-X (~2
ug of SWCNT in 1 ml of 2% Triton X 405) for 45 min
in ultrasound bath.

The prepared samples underwent electrophoresis in 0.1
M phosphate buffer solution (pH 7.5). Electrophoresis
was proceeded for 24 hours at 150 V. This process was
performed in a custom-made glass chambers connected
via glass tube (diameter 9 mm, length 120 mm) with inlet
port placed at the centre of glass tube and two platinum
electrodes placed in each chamber. After the fractionation
process two fractions were collected. The migrating frac-
tion was collected from electrode area. The control frac-
tion was collected from inlet port area. To remove adsorbed
surfactant and introduced functional groups the samples
of collected fractions were annealed at 600 °C in high
vacuum (107 mbar) for 4 hours. Afterwards, the annealed
fraction samples were dispersed in acetone at ultrasound
bath and subsequently sprayed on quartz plates via drag
and drop method on the hot plate.

In order to observe the changes in van Hove singularities
in the samples before and after the fractionation proc-
esses, the optical absorption spectra (OAS) in the range
UV-Vis-NIR were performed using Jasco V-570. The
morphology of the starting material was investigated on a
high resolution transmission electron microscope
(HRTEM) [FEI Tecnai F30].

RESULTS AND DISCUSSION

Optical properties of CNTs derive from electronic tran-
sitions within one-dimensional density of states (DOS).
The prenounced peaks, which can be observed in optical
absorption spectra of the one-dimensional structures in
the range of UV-Vis-NIR, are called van Hove singularities
(VvHS). The energy of the van Hove singularities depends
on the nanotube structure/diameter. However, the diam-
eter distribution of the tubes in the sample should be
relatively narrow. In the case of the sample with broad
diameter distribution vHS are smeared out. In this study
SWCNTs exhibit diameter distribution in the range be-
tween 2-1.3 nm. Typical bundles of the starting pristine
tubes are shown in figure 1.

N

Figure 1. HR-TEM image of the starting pristine SWCNT
bundles

Figure 2 presents the typical optical absorption spectra
of single-walled carbon nanotubes in the range of UV-Vis-
NIR. The peaks corresponding to the metallic (EM11)
and semiconducting SWCNTs (ES11, ES22) are distin-
guished'”. The insert of this figure presents the equation
used for the estimation of the metallic nanotubes content
in the sample'®. Diazonium salt functionalisation of the
SWCNTs influences the optical properties of nanotubes
leading to disappearance of the van Hove singularities in
OAS spectrum (data not shown here)'®. However, the
application of the thermal process defunctionalize the
sample and the full restoration of the van Hove singularities
occurred. This allows the estimation of the metallic tubes
content in the investigated samples.

Figures 3 and 4 present OAS spectra of the annealed
samples sonicated in SDS for 2 and 12 hours, respectively.
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Figure 2. OAS spectrum of SWCNTs. Equation used for
the estimation of metallic tubes content
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Figure 3. OAS spectra of samples after 2 hours of sonica-
tion
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Figure 4. OAS spectra of samples after 12 hours of sonica-
tion
In the figures 3 and 4, it can be observed that the area
under metallic peaks significantly increased (from 18% in
a reference material, up to 27% and 33% for 2 and 12
hours of sonicated samples, respectively) in both migrat-
ing fractions. Additionally, the area under the control
fractions decreased (to 16% and 11% for 2 and 12 hours
of sonicated samples, correspondingly). Comparing the
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migrating fractions (figures 3, 4) of sonicated samples for
2 and 12 hours, it can be noticed the enhanced
functionalisation of the nanotubes induced by longer soni-
cation (12 hours) prior the reaction with diazonium salt.
Therefore, the concentration of the metallic tubes in this
sample is higher than in the sample sonicated for 2 hours.
This is related to two main effects: the prolonged sonica-
tion process leads to better exfoliation and exposure of the
CNTs sidewalls to the diazonium salt, and the SDS dis-
perses metallic nanotubes more efficiently than
semiconducting ones.

Tanaka et. al. reported the gel electrophoresis of
nanotubes for fractionation of metallic and semiconducting
counterparts’. The fractionation yield was surprisingly
high (~70% of metallic SWCNT in the final sample) in
comparison to presented free solution electrophoresis
process (15%). However, this technique suffers very im-
portant barrier, namely the difficulty to remove the agarose
gel from the separated sample. In case of free solution
electrophoresis there is no need to apply the gel and the
sample is easily cleaned from the surfactants and func-
tional groups via efficient high temperature annealing
procedure. Therefore, after the appropriate optimization
it could be scaled up in M/S fractionation of SWCNTs.

CONCLUSION

Summarizing, the influence of the sonication time of
the SWCNTs in SDS solution on the efficiency of the M/
S fractionation was investigated. Longer exposure to
ultrasounds leads to more efficient exfoliation of the CNTs
bundles what leads to the higher functionalization degree.
It can be clearly seen that higher functionalisation yield
is related to the prolonged sonication treatment of the
samples and therefore more efficient fractionation is de-
tected. In order to optimize the separation yield, different
diazonium salt concentration will be employed.

ACKNOWLEDGEMENTS

The research presented here was sponsored by Polish
Ministry of Science no. N N209145036.

LITERATURE CITED

1. Iijima, S. (1991). Helical microtubules of graphitic car-
bon. Nature 354, 56-58. doi:10.1038/354056a0.

2. Radushkevich, L.V. & Lukyanovich, VM. (1952). The
carbon structure formed by thermal decomposition of carbon
monoxide on an iron contact. J. Phys. Chem. 26, 88-95.

3. Dresselhaus, M.S., Dresselhaus, G. & Saito, R. (1995).
Physics of carbon nanotubes. Carbon 33(7), 883-891.
DOI:10.1016/0008-6223(95)00017-8.

4. Terranova, M.L., Sessa, V. & Rossi, M. (2006). The world
of carbon nanotubes: An overview of CVD growth Method-
ologies. Chem. Vap. Deposition 12, 315-325. DOI: 10.1002/
cvde.200600030.

5. Zhou, O., Shimoda, H., Gao, B., Oh, S., Fleming, L.
& Yue, G-Z. (2002). Materials science of carbon nanotubes:
Fabrication, integration, and properties of macroscopic struc-
tures of carbon nanotubes. Acc. Chem. Res. 35, 1045-1053
DOI: 10.1021/ar010162f.

6. Thien-Nga, L., Hernadi, K., Ljubovi¢, E., Garaj, S.
& Forro, L. (2002). Mechanical purification of single-walled
carbon nanotube bundles from catalytic particles. Nano Let-
ters 2(12), 1349-1352. DOI: 10.1021/n1025740f.



4 Pol. J. Chem. Tech., Vol. 13, No. 3, 2011

7. Harutyunyan, A.R., Pradhan, B.K., Chang, J., Chen, G.
& Eklund, P.C. (2002). Purification of single-wall carbon
nanotubes by selective microwave heating of catalyst particles.
J. Phys.Chem. B 106, 8671-8675. DOI: 10.1021/jp0260301.

8. Miyata, Y., Maniwa, Y. & Kataura, H. (2006). Selective
oxidation of semiconducting single-walled carbon nanotubes
by hydrogen peroxide. J. Phys. Chem. 110, 25-29. DOI: 10.1021/
jp055692y.

9. Chattopadhyay, D., Galeska, I. & Papadimitrakopoulos,
F. (2003). A route for bulk separation of semiconducting
from metallic single-wall carbon nanotubes. J. Am. Chem.
Soc. 125(11), 3370-3375. DOI: 10.1021/ja0285991.

10. Kim, W-J., Usrey, M.L. & Strano, M.S. (2007). Selective
functionalization and free solution electrophoresis of single-
walled carbon nanotubes: separate enrichment of metallic
and semiconducting SWNT. Chem. Mater. 19, 1571-1576. DOI:
10.1021/cm061862n.

11. Arnold, M.S., Green, A.A., Hulvat, J.E, Stupp, S.I
& Hersam, M.C. (2006). Sorting carbon nanotubes by elec-
tronic structure using density differentiation. Nature
Nanotechnology 1, 60-65. doi:10.1038/nnano.2006.52.

12. Niyogi, S., Hu, H., Hamon, M.A, Bhowmik, P,, Zhao, B.,
Rozenzhak, S.M., Chen, J., Itkis, M.E., Meier, M.S., & Haddon,
R.C. (2001). Chromatographic purification of soluble single-
walled carbon nanotubes. J. Am. Chem. Soc. 123(4), 733-734.
DOI: 10.1021/ja0024439.

13. Walkowiak, B. & Kochmarnska, V. (2002). Opracowanie
zbiorowe: Elektroforeza przyktady zastosowan (pp. 6-18).
Warszawa, Amersham Biosciences.

14. Rimmeli, M.H., Loffler, M., Kramberger, C., Simon, F,
Filop, F, Jost, O., Schonfelder, R., Griineis, A., Gemming,
T, Pompe, W., Biichner, B. & Pichler, T. (2007). Isotope-
engineered single-wall carbon nanotubes; A key material for
magnetic studies. J Phys. Chem. C 111 4094-4098. DOI: 10.1021/
jp066798b.

15. Bahr, J.L., Yang, J., Kosynkin, D.V.,, Bronikowski, M.J.,
Smalley, R.E. & Tour, J.M. (2001). Functionalization of car-
bon nanotubes by electrochemical reduction of aryl diazonium
salts: A bucky paper electrode. J. Am. Chem. Soc. 123, 6536—
6542. DOI: 10.1021/ja010462s.

16. Miyata, Y., Yanagi, K., Maniwa, Y. & Kataura, H.
(2008). Optical evaluation of the metal-to-semiconductor ratio
of single wall carbon nanotubes J. Phys.Chem.112, 13187-
13191. DOI: 10.1021/jp072359¢.

17. Miyauchi, Y. & Maruyama, H. (2006). Identification of
an excitonic phonon sideband by photoluminescence
spectroscopy of single-walled carbon-13 nanotubes. Phys. Rev.
B 74(3), 035415-035422. DOI: 10.1103/PhysRevB.74.035415.

18. Bahr, J.L. & Tour, J.M. (2001). Highly functionalized
carbon nanotubes using in situ generated diazonium com-
pounds. Chem. Mater. 13, 3823-3824. DOI: 10.1021/cm0109903.

19. Tanaka, T, Jin, H., Miyata, Y. & Kataura, H. (2008).
High-yield separation of metallic and semiconducting single-
wall carbon nanotubes by agarose gel electrophoresis. App.
Phys. Exp. 1, 114001-114003. DOI: 10.1143/APEX.1.114001.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /POL (Ustawienia Adobe Distillera dla Acrobata 7)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


