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ABSTRACT
Both density gradient centrifugation and gel electrophoresis have been reported to allow high throughput 
separation of metallic from semiconducting single-walled carbon nanotubes (SWNTs) when using aqueous 
sodium dodecyl sulphate (SDS) suspensions. We show here that both methods rely on an initial dispersion-
by-sonication step, which is already selective with respect to electronic structure type. The corresponding 
aqueous SDS “starting” suspensions obtained after sonication and purifi cation by simple centrifugation (70,000 
g, 1 h) contain semiconducting SWNTs primarily in the form of small bundles whereas metallic SWNTs are 
predominantly suspended as individual tubes. Density gradient centrifugation then separates the bundles 
from the individual tubes on the basis of differences in their overall buoyant densities. Gel electrophoresis 
separates the longer bundles from the shorter individual tubes on the basis of their different mobilities. We also 
demonstrate that such starting suspensions can be fractionated according to electronic structure type by even 
simpler techniques such as size exclusion chromatography or gel fi ltration, thus opening the way for simple 
scale-up.
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Introduction

Development and applicat ion of  separation 
techniques for single-walled carbon nanotubes 
(SWNTs) have become an active research field over 
the past years. It is driven by the fact that no known 
synthesis method allows the growth of nanotube 
samples having preselected diameters and electronic 

type (metallic (m) or semiconducting (s)). In fact, 
m-and s-SWNTs are grown together in a complex 
mixture of many different structure types (described 
by specifi c chiral vectors). The “holy grail” of chiral 
vector-selective synthesis remains elusive in spite of 
intense efforts to develop appropriate catalysts.

Widespread electronic applications of SWNTs 
would be greatly facilitated by the routine provision 
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of samples fractionated by electronic structure type 
in a simple process. For this reason, separation of 
m- from s-SWNTs has become a fl ourishing subfi eld 
and in fact enrichment of m/s-SWNTs has been 
achieved by various techniques including (AC) 
dielectrophoresis [1], density gradient centrifugation 
[2], and (DC) agarose gel electrophoresis [3]. A recent 
review article on separation methods in general, 
including separation of m- from s- SWNTs, gives a 
good overview of efforts to date [4].

All  such separation methods make use of 
nanotube/surfactant suspensions in liquids. Most 
commonly, H2O/D2O suspensions with surfactants 
such as sodium dodecyl sulfate (SDS), sodium 
dodecylbenzene sulfonate (SDBS) or sodium cholate 
(SChol) have been used.  Corresponding separation 
protocols all start with the preparation of suspensions 
enriched in “individualized” (i.e., debundled/
exfoliated) tubes—typically by means of sonication 
treatment followed by centrifugation. So far, the 
focus of published work in this fi eld has been on the 
demonstration of separation by electronic structure 
type and more recently on bulk-scale characterization 
of the resulting enriched samples. Less attention has 
been paid to the enabling details. In particular, little 
is known about the dispersion/individualization 
effi ciency and how this might depend on tube type.

In the present contribution we demonstrate that 
the two methods which have so far been the most 
promising for bulk-scale separation according to 
electronic type (gel electrophoresis and density 
gradient centrifugation), rely on the fact that 
under the sonication/suspension conditions used, 
s-SWNTs are individualized less efficiently than 
m-SWNTs. Density gradient centrifugation (DGC) 
then separates (mainly semiconducting) bundles 
from (mainly metallic) individual tubes on the basis 
of differences in their overall buoyant densities, 
thus leading to enrichment of metallic tubes in the 
lower density fraction. DC gel electrophoresis (EP), 
on the other hand, separates on the basis of different 
bundle versus individual tube length distributions 
(and the resulting variations in mobility). As 
bundles are typically longer than individual tubes, 
separation by electronic structure type again ensues. 
We also demonstrate that this new insight into the 

composition of aqueous SDS suspensions can be used 
to design an even simpler separation protocol based 
on size exclusion chromatography (SEC). 

1. Methods

The SWNT material used for this study was prepared 
by pulsed laser vaporization (PLV) using carbon 
targets doped with 1 atom % Ni and Co catalyst in an 
argon atmosphere and an oven operated at 1000 °C [5].

1.1    Starting suspensions 

Typically 10 mg of SWNT material was suspended 
in 25 ml D2O with 1 wt% of SDS (or SChol for the 
reference sample) using a tip sonicator (Bandelin, 
200 W maximum power, 20 kHz, in pulsed mode 
with 100 ms pulses) applied for 2 h at ~20% power. 
For the EP study, a preliminary DGC step was used 
to remove larger agglomerates, amorphous carbon, 
and catalyst particles while retaining SWNTs. 
The corresponding centrifugation conditions are 
described in detail in Section 1.3. Self-generated 
gradients of iodixanol plus 1 wt% of SChol were 
typically used. After centrifugation, different 
coloured regions—approximately 5 mL of the whole 
8 mL from bottom to top—were visible.  Of these, 
only the last (i.e., topmost) ~0.5 mL contained pure 
SWNTs. This last fraction was then isolated and used 
as the starting suspension for m/s-SWNT separation 
by EP as described below. For the DGC and the SEC 
study the sonicated suspension was centrifuged at 
~70,000 g for 1 h without iodixanol. The resulting 
supernatant was used then as the starting suspension.

1.2    Electrophoresis 

EP was performed in a 0.4 wt% agarose gel fi lled into 
a glass pipette (5 mm inner diameter, 50 mm filling 
height) using a Tris-acetate-EDTA (TAE) buffer plus 
1 wt% SDS at 12 V. After applying 1 mL of starting 
suspension and (subsequently) voltage, the SWNTs 
began to move through the gel and two differently 
coloured regions characterized by different 
propagation velocities rapidly became visible ( Fig.1). 
After ~2 h the upper part of the agarose gel appeared 
greenish, whereas the lowermost part exhibited a 
bluish colour. Different parts of the gel were analysed 
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in situ by UV vis NIR absorption spectroscopy 
using a balanced deuterium tungsten halogen light 
source (Micropack DH-2000-BAL, Ocean Optics) 
and a spectrometer detector (HR4000, Ocean Optics) 
connected via optical fibers to a home built sample 
holder.

1.3    Density Gradient Centrifugation

The DGC protocol used was similar to that of Ref. 
[2]. However, rather than pre-formed gradients 
we used self-generated gradients of iodixanol plus 
1 wt% of either SDS or a 3:1 mixture of SDS and 
SChol. Ultracentrifugation (Optima Max-E, Beckman 
Coulter) was carried out in a fi xed angle rotor (ML-80, 
Beckman Coulter) at 15 °C and at 45,000 rpm for 18–
20 h using polyallomer (8 mL Bell top Quick-Seal, 
Beckmann Coulter) centrifuge tubes. This rotation 
speed results in centripetal accelerations of 103,650 
g and 140,400 g, at the average/maximal radii of 
45.7/61.9 mm, respectively. 

In a typical experiment, centrifuge tubes were fi rst 
filled with 5 mL of 60 wt% iodixanol (purchased as 
OptiPrep, Sigma Aldrich) plus 1 wt% of SDS or the 
SDS/SChol mixture. Then, the tube was fi lled with 3 
mL of the starting nanotube SDS suspension, sealed 
and centrifuged. In order to harvest the resulting 
fractions after centrifugation, we punctured small 
holes in the top and bottom of the centrifuge tubes 

and forced the liquid through the bottom hole by 
applying modest excess pressure through the top 
hole with a small syringe. As a result, the region 
containing SWNTs was divided into 50 droplet 
volumes of up to ~25 μL. These resulting fractions 
were then diluted with 1 wt% SDS solution in D2O 
to 0.8 mL for optical characterization. UV vis NIR 
absorption spectra of the fractions were recorded on 
a Varian Cary 500 spectrophotometer.

1.4    Size Exclusion Chromatography 

SEC was performed using Sephacryl S-200 gel 
fi ltration medium (Amersham Biosciences) in a glass 
column of 20 cm length and 2 cm inner diameter. 
After filling the glass column with the filtration 
medium, the gel was slightly compressed to yield 
a fi nal height of 14 cm. For the separation, 10 mL of 
SWNT starting suspension was applied to the top of 
the column and a solution of 1 wt% SDS in H2O as 
eluant was pushed through the column by applying 
sufficient pressure with compressed air to ensure a 
fl ow of ~ 1 mL/min. Fractions were collected in 3 4 
mL portions. After ~10 mL of eluant had been added, 
the upper part of the gel appeared greenish, whereas 
the lowermost part exhibited a bluish colour. Even 
after applying ~100 mL of SDS solution, the greenish 
NT material stayed within the upper third of the 
SEC gel whereas the bluish NT eluted completely. By 
changing the eluant from 1 wt% SDS in H2O to 1 wt% 
SChol in H2O and applying ~100 mL of the latter, the 
greenish part also subsequently eluted completely 
from the column and was collected separately. 

1.5    Atomic force microscopy 

Atomic force microscopy (AFM) samples were 
prepared and measured as described in Ref. [6]. 
Samples were prepared by spin coating of SWNT 
starting suspensions onto silicon wafers and rinsing 
with water and acetone. Intermittent Contact Mode 
AFM images were recorded with a Digital Instruments 
Multimode SPM with NSC15 silicon cantilevers 
(MikroMasch). The heights and lengths of the objects 
measured were extracted from AFM pictures with 
the help of the Software package SIMAGIS (Smart 
Imaging Technologies Co.). Tube lengths were 
determined to within a lateral resolution of ~20 nm.

Figure 1 (a) Photographs taken before and after EP separation 
of an SWNT starting suspension using an agarose gel; note the 
appearance of two differently coloured regions after applying a 
voltage for 2 h; (b) UV-vis-NIR spectra of the starting suspension and 
spectra measured after EP separation within two different regions of 
the agarose gel (green: top and red: bottom part of gel)

(a) (b)
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2. Results and discussion

2.1    Separation by electrophoresis 

After applying a DC voltage of 12 V between the 
upper and lower part of the SWNT-loaded agarose 
gel (electrode separation ~10 cm) for ~2 h, we 
observed that the upper parts of the gel appeared 
greenish whereas the lowermost part appeared bluish 
(Fig. 1(a)). The corresponding absorption spectra 
taken from different regions within the gel are shown 
in Fig. 1(b). Compared to the starting suspension, 
the absorption spectrum of the topmost region 
showed clear enrichment of s-SWNTs whereas the 
absorption spectrum of the lowermost region showed 
clear enrichment of m-SWNTs. In particular, for the 
metallic fraction, the second interband transition of 
s-SWNTs in the region between 700 and 1100 nm 
was observed to be strongly reduced in intensity. 
Correspondingly for the semiconducting fraction, the 

intensities of the fi rst interband transitions of metallic 
tubes which lie between 500 and 700 nm were 
strongly reduced. 

Figure 2 provides a rationalization for our 
observation that EP in an agarose gel allows 
separation of m-SWNTS from s-SWNTs. Figures  
2(a) and 2(b) show AFM-derived length and height 
distributions for nanotube material spin coated 
from SDS and SChol (starting) suspensions onto a 
silicon wafer. The PLV-SWNT material used in both 
suspensions had an individual nanotube diameter 
distribution of 1.0 nm ± 0.2 nm. From height analysis 
of the spin coated deposit we found that a signifi cant 
fraction of the objects deriving from the SDS 
suspension had heights considerably larger than 1 
nm. This observation was independent of how we 
generated the starting suspension, i.e., the fraction 
of bundles as determined by AFM was almost the 
same for DGC-purified starting suspensions (Fig. 
2(c)) as for samples centrifuged at 70,000 g without 

Figure 2 Length and height distributions of the nanotube material dispersed in the starting SWNT SDS/D2O suspension used for separation. (a) 
Sonicated in 1 wt% SDS and purifi ed with DGC (red) and (b) sonicated in 1 wt% SDS and centrifuged with out iodixanol (green). Also, shown 
for comparison are analogous distributions obtained for a typical SChol suspension which yield predominantly individual SWNTs (black)—see text 
for preparation details. Data were obtained from an analysis of intermittent contact mode AFM images (circles correspond to individual objects). 
(c) Height distribution of SDS suspension purifi ed by DGC. (d) Height distributions of SDS suspension purifi ed by centrifugation only. (e) Height 
distribution of the SChol/D2O suspension

(a) (b)

(c) (d) (e)



603Nano Res (2009) 2: 599 606

iodixanol (Fig. 2(d)). We therefore conclude that the 
SDS suspension contained a significant amount of 
bundles. In contrast, for the SChol suspension we 
observed (Fig. 2(e)) that most of the measured objects 
were near 1 nm in height, suggesting a signifi cantly 
smaller bundle content. Note that small bundles of 
two or even three tubes might not be distinguishable 
from individual tubes in AFM because they lie fl at on 
the surface. Therefore, the quantification of overall 
bundle content is diffi cult. 

S e v e r a l  s t u d i e s  h a v e  s h o w n  t h a t  S D S —
in comparison to other commercially available 
surfactants—is not a particularly good surfactant 
for the generation of individualized SWNTs in 
aqueous dispersion. For example, Islam and co-
workers analyzed diameter distributions of SWNTs in 
dispersions prepared with several different surfactants 
by means of AFM (using a procedure similar to that 
applied here) and estimated that for SDS, only about 
16% ± 2% of the analyzed objects corresponded to 
suspended individual isolated tubes [7].

Figures 2(a) and 2(b) also indicate that the 
SDS starting suspension exhibited a pronounced 
correlation between object height and length which 
was not seen in the case of the SChol suspension. 
Generally, the objects with heights ≤1 nm, which 
we assign to individual tubes, are also the shorter 
ones with lengths ≤300 nm. Objects longer than 300 
nm preferentially have heights which are larger than 
1 nm. From this we infer that in the SDS starting 
suspension, bundled tubes are typically longer than 
individualized SWNTs.

From the work of Doorn et al . ,  i t  is  well-
established that capillary EP can be used to separate 
bundled SWNTs from isolated individual SWNTs 
when suspended in SDS/D2O. This observation 
was attributed to differences in nanotube mobility 
“depending on changes in diameter or bundle 
size” [8]. Assuming then, that with gel EP we are 
sorting tubes by length and bundle size, the simplest 
explanation why EP also achieves separation by 
electronic property is that after sonication in D2O/
SDS (and first stage DGC) the SWNT material 
is already selectively dispersed. In the starting 
suspension s-SWNTs are present predominantly 
as small bundles with lengths ≥300 nm whereas 

m-SWNTs are found primarily as individual tubes 
having significantly shorter lengths. We have 
previously demonstrated that individual SWNTs 
in surfactant suspensions can be shortened to 
lengths of ≥100 nm by appropriate sonication [6]. 
The mechanistic picture invoked to explain the 
corresponding shortening dynamics implies that 
SWNT bundles would not be as effectively cut under 
the same conditions. 

Therefore, we conclude that under the sonication 
conditions used to generate the starting SDS/D2O 
suspensions in the present study: (i) m-SWNTs in 
SDS/D2O are preferentially suspended as individual 
tubes whereas s-SWNTs on average remain as small 
bundles and (ii) individualized m-SWNTs are more 
effectively shortened than s-SWNT bundles.

2.2   Separation by DGC  

In the previous section we have inferred that 
sonication in D2O/SDS leads to enrichment of 
s-SWNTs in small bundles, whereas m-SWNTs 
are predominantly dispersed as individualized 
nanotubes. If this inference from the EP study 
is correct, it should also be possible to separate 
the two electronic types by making use of the 
difference in buoyant densities between bundles 
and individualized SWNTs. Following this logic, 
we next carried out DGC separation of a starting 
suspension using a protocol similar to that in Ref. 
[2] using iodixanol as density gradient medium:  in 
one case with 1 wt% SDS and in a second experiment 
with a 1 wt% solution of a 3:1 mixture of SDS and 
SChol added. The photograph in Fig. 3(a) shows the 
resulting density gradient containing a multi-coloured 
region indicative of separation. Also, shown in (Fig. 
3(b) are UV vis NIR spectra as measured for the 
uppermost (green curve) and lowermost (red curve) 
fractions cut from this coloured region. The spectra 
obtained for the upper and lower fractions show clear 
evidence of enrichment of m-SWNTs and s-SWNTs, 
respectively, compared to the starting PLV-SWNT 
suspension. Fractions cut in between (not shown 
here), show intermediate ratios of m- and s-SWNTs.

I n  a d d i t i o n  t o  p e r f o r m i n g  U V v i s N I R 
measurements, both fractions shown in Fig. 3 were 
also immediately investigated by AFM. Figure 4 
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shows the corresponding height distributions for 
uppermost (Fig. 4(a)) and lowermost (Fig. 4(b)) 
fractions. Clearly, the s-SWNT-containing fraction 
consists of bundles whereas the m-SWNT-fraction 
mainly consists of individual tubes. This finding 
therefore corroborates the inference already made 
by EP, namely that in SDS/D2O, m-SWNTs are 
preferentially suspended as individual tubes whereas 
s-SWNTs tend to remain in bundles.

Arnold et al. have suggested that their separation 
of m- and s-SWNTs in DGC using a mixture of SDS 
and SChol is driven by how the two surfactants 
organize around SWNTs having different structures 
and/or electronic types [2].  Clearly, the two 
chemically very different surfactant molecules 
could have strongly varying affi nities towards m- or 
s-SWNTs, in turn giving rise to dramatic variations 

Figure 3 (a) Photograph taken after DGC separation of the starting suspension 
using a self-generated gradient of iodixanol plus 1 wt% of a 3:1 mixture of 
SDS and SChol; (b) UV-vis-NIR spectra of the starting suspension (black) and 
of the uppermost (green) and lowermost (red) fractions obtained after DGC—
as indicated by arrows; (c) UV-vis-NIR spectra of DGC fractions obtained after 
DGC using a self-generated gradient of iodixanol plus 1 wt% of SDS only

in nanotube–surfactant, water–surfactant and/or 
surfactant–surfactant interactions. As a result, 
variations in surfactant packing density, orientation, 
and ionization/hydration would be expected. 
Our experimental findings are consistent with this 
general picture. Indeed we find that metallic tubes 
appear to have a greater affinity towards SDS than 
do semiconducting ones. Therefore, s-SWNTs remain 
primarily in bundles. Under our conditions however, 
we make use of differences in densities which arise 
primarily from differences in bundle sizes and not as 
a result of the adsorbed surfactant composition. Our 
m/s-SWNT separation by DGC also works if carried 
out using a gradient medium comprising iodixanol 
with 1 wt% of SDS instead of using a 3:1 mixture of 
SDS:SChol.

Figure 4 Height distribution determined by intermittent 
contact mode AFM for fractions obtained after DGC (see 
text for details). Shown are data for the uppermost (a) 
and lowermost (b) fractions

(a)
(b)

(c)

(a)

(b)
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2.3   Separation by filtration with a size exclusion 
chromatography column medium 

Our inferences outlined above suggest that it 
should also be possible to fractionate the starting 
suspensions by electronic structure type using simple 
chromatography techniques like SEC or gel fi ltration 
chromatography. SEC separates molecules passing 
through the column according to differences in their 
size and has been extensively used to size-separate 
SWNTs but not for separating m- from s-SWNTs 
[6,9 14]. By choosing an appropriate SEC column 
medium, particle size, gel porosity, and eluant 
composition we found that it is in fact possible to 
achieve m/s-SWNT separation. In this approach we 
use the SEC column medium as a “fi lter” to trap the 
bundles, whereas the smaller individualized SWNTs 
elute as expected for regular SEC. In particular, we 
performed the SEC filtration using two different 
eluants in series. First, the starting suspension was 
(partly) eluted from the column with 1 wt% of SDS 
in water. This led to the rapid elution of the shorter 
metallic tubes—within the fi rst 50 mL of eluant applied 
to the column (Fig. 5(a)). In contrast, the longer, rigid, 
and bundled semiconducting tubes remained on the 
column. By subsequently changing the eluant from 
1 wt% SDS in H2O to 1 wt% SChol in H2O, these 
trapped bundles were then dissolved and eluted. 

The optimum SEC gel found by us for this 
purpose is specifi ed by the manufacturer to separate 
molecules with a molar mass in the range of 5×103

2.5×105 g/mol. Note that from the AFM study, our 
individualized SWNTs have an average length of 300 
nm which corresponds to a molar mass of 2×103 5
×105 g/mol depending on the diameter of the tube. 
The latter value is already at the upper limit of the 
fractionation range of the gel. The semiconducting 
bundles are longer and clearly above this specified 
molar mass range. Consequently, they are not 
expected to be able to enter the pores of the SEC 
medium. Instead, they appear to non-specifically 
adsorb onto the gel particles. After adding 1% SChol 
in H2O they become partly dissolved and start to 
move through the gel. Figure 5(b) shows UV vis NIR 
spectra of SEC fractions obtained by using an eluant 
of 1 wt% of SDS in H2O (red) followed by an eluant 

of 1 wt % of SChol in H2O (black). The m/s-SWNT 
separation is apparent.

A possible explanation of why SDS is more 
strongly adsorbed onto m-SWNTs than s-SWNTs 
can be suggested by analogy to what was proposed 
by Maeda and co-workers [15]. They demonstrated 
a simple separation method involving dispersion-
centrifugation of HiPco SWNTs using tetrahydrofuran 
(THF) solutions of various alkylamines. This results 
in highly concentrated (>87%) solutions of m-SWNTs. 
Apparently, the amine/m-SWNT complexes have 
a higher solubility in THF than in the case for 
amine/s-SWNTs. Density functional theory (DFT) 
calculations indicate that the amine alkyl groups 
interact more strongly with m-SWNTs.  

3. Conclusions

We have demonstrated that EP-, DGC- and SEC-
based separation procedures for separating bulk 
scale samples of metallic and semiconducting 
SWNTs all rely on starting suspensions in which 
SWNT dispersion is already selective with respect to 
electronic structure type. Specifi cally, we fi nd that the 
starting SDS/D2O suspensions contain long bundles 
comprising mainly s-SWNTs as well as shorter 

Figure 5 (a) Photograph taken after adding of the starting 
suspension to the SEC medium. The m-SWNTs immediately start to 
propagate through the SEC medium whereas the s-SWNTs become 
stuck within the first few cm (indicated by red and black arrows, 
respectively); (b) UV vis NIR spectra of the eluted SEC fractions 
obtained after column separation of the starting suspension using 
fi rst an eluant of 1 wt% of SDS in water (red) and subsequently an 
eluant of 1 wt% of SChol (black)

(a)
(b)
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individualized tubes consisting of predominantly 
m-SWNTs. DGC then separates by differences in 
buoyant densities between suspended bundles and 
individual tubes. Gel EP and SEC fi ltration separate 
by differences in mobility between longer/thicker 
and shorter/thinner objects. With SEC fi ltration, up-
scaling should be possible because complex technical 
processes are not necessary. In future work it will be 
of interest to simulate and quantify the corresponding 
SDS–(s/m-)SWNT interactions.

We have recently found that a prefiltration 
step using a short (disposable) section of SEC 
column medium can be used instead of 70,000 g 
centrifugation to generate starting suspension from 
the initially dispersed SWNT material. This can then 
be separated by SEC filtration as described in the 
text, thus further simplifying the overall procedure.
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