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ABSTRACT

We present a systematic study of the effects of surfactants in the separation of single-walled carbon nanotubes

(SWNTs) by density gradient ultracentrifugation (DGU). Through analysis of the buoyant densities, layer positions,

and optical absorbance spectra of SWNT separation using the bile salt sodium deoxycholate (DOC) and the anionic
salt sodium dodecyl sulfate (SDS), we clarify the roles and interactions of these two surfactants in yielding different
DGU outcomes. The separation mechanism described here can also help in designing new DGU experiments by

qualitatively predicting outcomes of different starting recipes, improving the efficacy of DGU and simplifying

post-DGU fractionation.
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1. Introduction

The one-dimensional structure of single-walled carbon
nanotubes (SWNTs) imparts them with a variety of
remarkable physical, chemical, and biological proper-
ties. Due to these numerous desirable characteristics,
SWNTs have potential uses in a wide range of appli-
cations including electronics, optics, and biosensors [1].
However, since the electrical nature of an SWNT is
structure-dependent, their widespread use in appli-
cations will remain limited until homogeneous SWNTs
can be obtained in sufficient quantities. Direct synthesis
of homogeneous SWNTs is of course the most desirable
solution, but this is not yet possible using current pro-
duction methods. Various post-production separation
methods, however, have been developed over the last

Address correspondence to maruyama@photon.t.u-tokyo.ac.jp

few years to obtain small amounts of SWNTs with a
specific chirality or electronic type [2-20]. Of all these
techniques, the density gradient ultracentrifugation
(DGU) method, adapted to SWNTs by Arnold et al.
[6,7], is considered one of the most promising and
effective for achieving good SWNT selectivity not
only by electronic type [7, 11-14] but also diameter
[6, 7, 15-20] and even chirality [6, 7, 18-20].

Generally speaking, in the DGU method SWNTs are
suspended in water by dispersing with one or more
surfactants, which form micelles around the SWNTs.
Different wrapping morphologies form micelles of
different sizes and densities, and DGU is then used
to separate the surfactant-wrapped SWNTs based on
these small density differences. While the choice of
surfactant and density gradient profile are very
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important, with the former playing the most critical role,
the role of the surfactant has not been systematically
investigated and the relationship between the surfactant
and the DGU outcome remains unclear.

In this work we systematically investigate how the
two common surfactants sodium deoxycholate (DOC)
and sodium dodecyl sulfate (SDS) influence DGU
separation of SWNTs. Analysis of the resulting buoyant
densities, layer positioning, and optical absorbance
spectra show that wrapping by the bile salt DOC is
necessary to obtain diameter-dependent separation of
SWNTs, while wrapping by the anionic salt SDS leads
to separation by electronic type. Critically, however, the
surfactant environment during DGU can significantly
affect the final outcome, which we explain by
considering surfactant concentrations and exchange
processes. By considering the surfactant roles and
interactions presented here, one can more effectively
design DGU recipes tailored to achieve a desired final
separation and to simplify post-DGU fractionation in
order to extract high purity samples.

2. Experimental

The SWNTs used in these experiments were synthe-
sized by the alcohol catalytic chemical vapor deposition
(ACCVD) method [21]. These SWNTs more effectively
reveal the efficacy of the DGU process due to their
broader diameter distribution than that of CoMoCAT
SWNTs. Furthermore, ACCVD SWNTs tend to have a
narrower chirality distribution [22] than HiPco SWNTs5,
thus are more easily analyzed. However, our results are
not limited to ACCVD SWNTs [19] and essentially
the same results were obtained using HiPco SWNTs
as shown in Fig. 5-1 in the Electronic Supplementary
Material (ESM).

SWNTs were dispersed in DOC and/or SDS by
ultrasonication for 30 min at 400 W/cm? using a horn-
type ultrasonicator (UP-400S, Hielscher Ultrasonics).
The dispersion was then immediately centrifuged
at 276,000 g for 15 min while maintained at a
temperature of 22°C, and the upper 80% of the
supernatant was carefully decanted. In Case I, this
decanted supernatant was diluted by iodixanol stock
(OptiPrep™ density gradient medium, Sigma—Aldrich
Co., Ltd.) to a sample layer with 30% iodixanol, while

in Case II it was directly used as the sample layer. A
density gradient column was formed separately inside
a 5 mL polycarbonate centrifuge tube (approx. 1.3 cm
diameter, 5.2 cm in length) by layering different
concentrations of iodixanol-water solutions. The two
density gradient profiles used in our DGU experiments
are as follows: in Case I the profile contained 1 mL
each of 20%, 30%, and 40% v/v iodixanol in D,0O,
whereas in Case II it contained 0.4 mL of 20%, 1 mL
of 30%, 1 mL of 40%, and 0.6 mL of 60% v/v iodixanol
in D,O. In some experiments, DOC and/or SDS were
also introduced into the density gradient medium at
different concentrations (see the Experimental section
in the ESM). After layering, the density gradient column
was placed horizontally and allowed to diffuse for 1 h
in order to create a smooth density gradient profile.
The sample layer of the SWNT dispersion was then
carefully injected at a point where its density approxi-
mately matched that of the density gradient (Case I)
or placed on top of the density gradient (Case II). The
columns were then ultracentrifuged at 197,000 g using
a Hitachi Koki S525T swinging bucket rotor. After
centrifugation, each of the resulting layers was extracted
and collected using a micropipette (details of the SWNT
separation are given in the ESM). Ultra violet—visible—
near infrared (UV-Vis-NIR) absorbance spectra (UV-
3150 spectrometer, Shimadzu) and photoluminescence
excitation spectra [23] (HORIBA Jobin Yvon Fluo-
rolog iHR320, equipped with a liquid-nitrogen-cooled
GaAs detector) of the fractionated samples were then
measured and analyzed.

3. Results

3.1 Case I: Insignificant change in surfactant
environment

The detailed procedure for Case I is shown in Fig. 1(a),
where we initially dispersed SWNTs in DOC and/or
SDS and then injected them into the density gradient
medium so that their initial position was approximately
the same as their final position in the column. Since this
results in minimal movement of SWNTs through the
DGU column, changes in the surfactant environment
around the SWNTs are negligible.

It has been demonstrated that initial dispersion of
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SWNTs in DOC followed by DGU in a density gradient
medium containing SDS results in diameter-dependent
separation of SWNTs [19, 20]. We further investigated
the role of SDS by introducing it at different stages

during the DGU process and in different concentrations.

We refer to SDS used for the initial dispersion of
SWNTs as SDS-I, and SDS included in the density
gradient column as SDS-II. Figure 1(b) shows the con-
centrations of co-surfactants in a series of systematic
trials, and the corresponding DGU results are shown
in Fig. 1(c).

In Trial 1 the SWNTs were initially dispersed in DOC
but both SDS-1 and SDS-1I were absent during DGU.
This resulted in no separation of SWNTs. Essentially
the same result was obtained in Trial 2, where only
DOC and SDS-1 were used. A similar result was

DOC SDS-I

Disperse
e

obtained in Trial 8, where both SDS-I and SDS-II
were present but DOC was absent. We note that this
condition (Trial 8) is known to result in separation by
electronic type [13], but as shown later requires a
steeper density gradient if it is to be observed. All
other trials (Trials 3-7) resulted in different degrees
of diameter-dependent separation of SWNTs. This
clearly demonstrates that in order to achieve diameter-
dependent separation of SWNTs, DOC must be present
during the dispersing step and SDS must be present
during DGU (i.e., the SDS-II concentration must be
non-zero).

The influence of SDS-I was investigated by changing
the concentration of SDS-I while maintaining a constant
concentration of SDS-II (1.5% w/v; w/v means the mass
of surfactant in the density gradient medium/volume
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Figure 1 Density gradient ultracentrifugation results using co-surfactant SWNT dispersions for Case I. (a) Experimental procedure; see
text for definitions of SDS-I and SDS-II. (b) Co-surfactant recipes for the realization and expansion of the separated region using DOC and

SDS. (c¢) Corresponding experimental results obtained for Trials 1-8
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of the medium) and DOC (0.5% w/v). These experiments
correspond to Trials 3-7, and the outcomes are shown
in Fig. 1(c). All of these trials resulted in diameter-
dependent separation, but increasing the concentration
of SDS-I from 0% (SWNTs initially dispersed only by
DOC) to 0.875% w/v increasingly broadened the final
separated region. In addition to this broadening, the
position of each layer also shifted downward with
increasing SDS-I concentration, indicating an overall
increase in the density of the surfactant-SWNT micelles.
Note that the lower layers shift more than the upper
layers, and the highest concentrations of SDS-I (Trial 7
in Fig. 1(c)) increased the density of the surfactant—
SWNT micelles to such an extent that some of the larger
diameter nanotubes (in the green and yellow layers) sank
down to the bottom of the density gradient column.

Intermediate stage

DOC

DGU with intermediate stage (Case 1)

(a)

SDS-II

Broadening of the diameter-dependent separated
region observed for Trials 3-7 in Fig. 1(c) can also be
realized by introducing SDS-I during an intermediate
stage, as shown by the process in Fig. 2(a). In these
experiments, SWNTs were initially dispersed using
only DOC, and the supernatant was extracted after
ultracentrifugation. SDS-I was then added to the DOC-
dispersed SWNTs, and the mixture was injected into
the density gradient profile as previously described.
The concentrations used are shown in Fig. 2(b). This
approach also resulted in diameter-dependent separa-
tion, with similar SDS-I concentrations (compared
to the process shown in Fig. 1(a)) resulting in similar
separations. However, the effect of the SDS-I con-
centration on the expansion of the separated region
was different: as shown in Fig. 2(c), some of the layers
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Figure 2 (a) DGU experimental procedure using an intermediate stage for Case I. (b) Co-surfactant recipes for expansion of the separated
region. (c) Corresponding experimental results obtained for Trials 9-12
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moved upward with increasing SDS-I concentration
and the reason for this will be discussed later.

3.2 Case II: Changing surfactant environment

To further investigate the role of surfactants during
DGU we adopted a second approach, as shown in
Fig. 3(a). In this approach, SWNTs were dispersed in
a mixture of DOC and SDS, and then placed on top of
the density gradient column. As a result, the SWNT
micelles were forced to move down through the density
gradient column during DGU in order to reach their
isopycnic points. Contrary to Case I, this leads to
significant changes in the surfactant environment.
Using this approach a steeper density gradient profile
was necessary to obtain the final separation, so we used
a nonlinear density gradient column in Case II (as
described in the Experimental section). As in Case I,
the following results can be essentially duplicated by

—_

‘/}SDS-II

introducing SDS-I during an intermediate stage instead
of during the initial dispersion. This is shown in
Fig. 5-2 in the ESM.

Starting with the same DOC-SWNT dispersion as
in Case I (SWNTs dispersed in DOC) and gradually
increasing the concentration of SDS-I to form a co-
surfactant dispersion, we obtained different but related
results. Surfactant concentrations are shown in Fig. 3(b).
The photograph in Fig. 3(c) is representative of the
resulting separations, in which we find two very
different bands of SWNTs. When SWNTs were only
dispersed in DOC (0% SDS-I), the thickness of this
upper band was approximately 1 mm and appeared to
contain three different colored layers (Trial 13). Optical
absorbance spectra obtained from these bands (Fig. 4)
revealed that this band consisted of small-diameter
near-armchair nanotubes. A weak trend of increasing
diameter was evident in the successive colored layers,
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Surfactant concentration (%)

0
DGU using co-surfactant SWNT dispersions (Case II) (b)
(a)
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Figure 3 Density gradient ultracentrifugation results for Case II. (a) Experimental procedure. (b) Co-surfactant recipes of the
separation in Trials 13—16. For each trial, the three green triangles indicate the concentration of SDS-II in the 40%, 30%, and 20%

layers. (c) Corresponding experimental results of Trials 13—16
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reminiscent of the results obtained in Trials 3-7 in
Case I. When 0.5% w/v SDS-I was included during
dispersion (Trial 14), the number of visible colored
layers contained in this upper band decreased to only
two, violet, and red. The violet layer was highly
enriched in (6,5) nanotubes, while the red layer con-
tained primarily (6,5) and (7,5) nanotubes. These colors
and corresponding (1,m) species are the same as those
found for diameter-dependent separation of SWNTs
in our previous report [19]. Increasing the SDS-I
concentration to 1.25% w/v (Trial 15) resulted in more
effective isolation of (6,5) nanotubes in this upper
separation band and the disappearance of the red layer.
Finally, when the SWNTs were dispersed only in SDS
(0% DOC), no upper band was observed (Trial 16). This
confirms the isolation of small-diameter SWNTSs found
in this upper band is due to wrapping by DOC.
Approximately 4 mm below the thin upper band
was a wide, dark band of what appeared to be an
unsorted collection of SWNTs. Careful inspection,
however, revealed regions of blue and dark yellow
extending below and above the unsorted region (see
Fig. 3(c)). Optical absorbance spectra obtained from
these regions (shown in Fig. 4) indicated that the dark
yellow region consists primarily of metallic SWNTs,
while the bluish region contained primarily semicon-
ducting SWNTs. This electronic-type separation is
not as efficient as that previously reported by other

groups [11-13], and thus the diameter distribution in
these regions cannot be accurately determined. The role
of SDS, however, can be understood from Trial 16, in
which DOC was absent and the SWNTs were initially
dispersed only by SDS. This procedure resulted in no
upper separation band, but electronic-type separation
was achieved in the lower band. Since only SDS was
involved during this entire process, the SWNT-micelles
can only be composed of SDS at all stages of separation.
This separation of metallic and semiconducting SWNTs
suggests that the SDS micelles change considerably
during DGU, with the final micelles becoming signifi-
cantly denser than in the initial dispersion. The micelle
structure must also be dependent on the electronic
nature of the nanotube.

The time-dependent evolution of Trial 15 is shown
in Fig. 5. This was performed using a co-surfactant
SWNT dispersion containing 0.5% w/v DOC and 1.25%
w/v SDS, and was evaluated every two hours. The
distribution ranges of the violet, dark yellow, and blue
components are indicated by vertical bars, and the
positions of highest apparent concentration (i.e., richest
color) are connected by a line. These data were obtained
from the absorbance spectra shown in Fig. S-3 in the
ESM. Emergence of the violet (6,5) layer from the
pristine material was found to occur very quickly,
beginning to appear after only one hour of DGU. After
9h, the violet layer reached its isopycnic point and
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Figure 4 Optical absorption spectra of each separated layer in both upper and lower bands of Trials 13—16, absorbance spectra of the
pristine materials are shown at top for reference. The colors of layers are labeled using the colors they appear to the eye
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Figure 5 Time-dependent evolution of DGU separation starting with SDS/DOC co-surfactant dispersed SWNTs (Trial 15). The traces of
the three primary separated components, violet, metallic, and semiconducting layers, are marked as a function of time. The bar indicates

the apparent spread of the band, and the line connects the positions at which the band appears most concentrated

its shape did not change any further. Separation by
electronic type, however, required at least 15h to
observe even slight changes indicating metallic and
semiconducting enriched regions, respectively above
and below the blackish, unseparated region.

4. Discussion
4.1 Roles of the surfactants

Firstly we note that although our trials were performed
using a D,O/H,O system (OptiPrep™ density gradient
medium is a commercial dilution of iodixanol by
H,0), the final results are essentially the same as for
a pure H,O system (see Fig. 5-4 in the ESM) During
the DGU process, replacement of hydrated D,O and
H:0 molecules in SWNT-micelles can result in some
different diffusion processes; however, this can be
ignored because we systematically changed only the
surfactant concentration in all trials. Therefore, in the
following discussion we only focus on the influence
of the surfactants on the DGU results.

Comparison of SWNT separations obtained by
single-surfactant DGU performed using identical

density gradient profiles reveals that SDS-wrapped
SWNTs have higher densities than DOC-wrapped
SWNTs (see Fig. S-5 in the ESM). This is attributed to
the considerable hydration layer that accompanies
DOC [24, 25], which increases the micelle volume of
DOC-wrapped SWNTs. For the dual-surfactant case,
we have hypothesized that the structure of surfactant-

dispersed SWNTs is a DOC-wrapped SWNT with SDS
molecules loaded onto the available space between
DOC molecules [19]. Since hydrated SDS molecules are
considerably smaller than hydrated DOC molecules,
SDS loading increases the mass of the micelles while
having a minimal effect on the volume. Additionally,
since the DOC packing density decreases with incre-
asing SWNT diameter there is more space available
for SDS adsorption on larger diameter SWNTs [20].
This explains why diameter-dependent separation (e.g.,
Trials 3-7) sorts the SWNTs such that larger diameter
SWNTs are found in the higher density regions of the
DGU column. Increasing the concentration of SDS
in the column (SDS-II) increases its loading onto the
SWNTs, resulting in an enhancement of the initially
small buoyant density differences for SWNTs of
different diameter (Trials 3-7). The increase in SDS-II
concentration can also alter the composition of the
micelles, but the extent of the changes depends pri-
marily on the relative affinities between the surfactants
and the SWNTs.

Due to its somewhat planar structure, DOC is
thought to have a stronger affinity for SWNTs than
the linear SDS, and may interact more strongly with
nanotubes of certain chiralities [7, 15-20]. Because
of this high affinity, DOC-wrapped small-diameter
SWNTs are stable even in environments containing
high concentrations of SDS. However, the affinity for
DOC weakens considerably as the SWNT diameter
increases. This can be seen from the optical absorption
spectra of the pristine material, as shown in Fig. 4.

@ Springer
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Dispersion of SWNTs using different surfactant recipes
leads to different surfactant concentrations, and an
increase in SDS concentration will decrease the
absorbance from large-diameter nanotubes. Therefore
we assume that SDS can replace DOC molecules
on large-diameter nanotubes more easily than on
nanotubes with smaller diameters. This reduces the
hydrated volume of the surfactant-SWNT micelles,
increasing the buoyant densities of larger diameter
nanotubes. This is the reason for the downward shift
seen in Fig. 1(c) that is dependent on SDS concentration.
If SDS is introduced immediately prior to DGU, as in
Fig. 2(a), the SWNTs are surrounded by both DOC
and SDS with the same concentrations during the
entire DGU process. The equilibrium state in both
cases (with or without an intermediate stage) will be
the same, which is why the final results are similar in
both cases. However, trials with an intermediate stage
require different times to reach the equilibrium state
than trials in which SWNTs are initially dispersed
simultaneously by DOC and SDS. This time is shorter
for small-diameter nanotubes wrapped only by DOC.
Considering the diffusion of the density gradient
medium, this causes some of the small-diameter
nanotubes wrapped by DOC to shift upward instead
of downward.

The results obtained for Case I, and for related
experiments, can be explained by considering the
surfactant-SWNT micelles. Addition of SDS to the
density gradient medium (SDS-II) will serve to either
replace DOC with SDS or to attach more SDS to the
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pre-existing DOC-wrapped SWNTs. The final micelle
composition and morphology are determined by
the initial concentrations of DOC and SDS-I, the
concentration of SDS-II, the relative affinities between
the SWNTs and surfactants present in the local environ-
ment, as well as the dynamic equilibrium between
the surfactants adsorbed onto the nanotubes and free
surfactant molecules present in the surrounding
environment [26-28]. For Case II, however, the
changing surfactant environment adds another level
of complexity to the overall process.

4.2 Importance of the surfactant environment

Density profiles for Case I and Case II, along with
initial and final positions of the SWNTs, are shown in
Fig. 6. For Case I, the final separation is found in the
same region as that where the dispersion was initially
injected (see the Experimental section). Moreover, free
DOC and SDS molecules in the initial dispersions,
as well as SDS molecules contained in this region of
the density gradient column, are always available to
the SWNT micelles. In Case II, on the other hand, the
SWNT dispersion is placed on top of the density
gradient column, forcing the SWNTs to move down
through the density gradient column during DGU.
This causes the SWNTs to move from a DOC-rich
environment into an SDS-rich environment, signifi-
cantly affecting the morphology and composition of
the surfactant-SWNT micelles. This is especially clear
when the pristine dispersion contains much more SDS
than DOC. This leads to easier replacement of DOC
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Figure 6 Density profiles (a) in Case I and (b) in Case II before and after the DGU process. Initial dispersion and post-DGU regions

are indicated
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by SDS when moving through the SDS-containing
density gradient medium. The result is separation of
metallic and semiconducting nanotubes, as well as
simultaneous isolation of small-diameter near-armchair
nanotubes (Trials 13-15).

To understand the outcomes in Case II, we analyzed
the buoyant densities of (6,5) nanotubes found in the
violet layers obtained in various trials for both Cases.
Prior to DGU, the densities of the co-surfactant SWNT
micelles in all the initial dispersions were found to be
approximately 1.1 g/mL, which is similar to that of the
D,0O used as the dispersing medium. After DGU, the
densities of the violet layers ranged from approxi-
mately 1.11 g/mL to 1.15 g/mL, as determined from
the positions in the density gradient profile shown for
Case I in Fig. 6(a). For Case II, the violet layers found
in the upper bands in Trials 13, 14, and 15 were also
found to have buoyant densities of approximately
1.11 g/mL. The final densities of the lower bands,
however, were approximately 1.13 g/mL for metallic
SWNTs and 1.23 g/mL for semiconducting SWNTs,
including a small population of (6,5) nanotubes con-
tained in this layer. This indicates significant changes

in the composition and morphology of the surfactant—
SWNT micelles in Case II. Evidence of these changes
can also be found in the absorbance spectra obtained
from the various trials.

An absorbance spectrum of pre-DGU, DOC-
dispersed SWNTs is shown in Fig. 7, and the positions
of the dominant peaks for Trials 13, 15, and 16 in
Case II are indicated in the upper portion of the figure.
If we focus on the E;; absorbance feature of (6,5)
SWNTs, we find this peak is located at 983 nm when
dispersed only by DOC, and is located at 976 nm when
dispersed only by SDS. Interestingly, when dispersed
by 0.5% w/v DOC and 1.25% w/v SDS, the (6,5) Ej;
peak is found at the same location as when dispersed
only in DOC, i.e. at 983 nm. The peak position is
essentially unchanged for the (6,5) SWNTs constituting
the violet layers found in Trials 13-15, as well as for the
trials in Case I (not shown). There are, however, weak
(6,5) signals detected in the blue semiconducting-rich
regions found near the bottom of the DGU columns
of Trials 13-16. The position of this peak was between
989 and 994 nm, indicating a considerable change in
micelle composition as the SWNT micelle moved down
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Figure 7 Optical absorption peak positions for several metallic and semiconducting chiralities and dispersion densities (right). The
absorbance spectrum of DOC-dispersed SWNTs is shown at the bottom for reference. Background colors of gray, blue, and red indicate
Trials 13, 15, and 16, respectively, and horizontal lines of different colors indicate different separated layers, as indicated on the left axis
(P: pristine, V: violet, M: metallic, S: semiconducting). Average densities of (6,5) nanotubes enriched in different separated layers are
shown on the right. Their different densities suggest different micelle compositions. Vertical red dashed lines indicate shifted positions
of those data. Redshifts from (8,4) E,; and (6,5) Ey, are not shown because of their low intensities, and the redshift of the peak at

650 nm indicates a combined shift of both (7,5) E,, and (7,6) E»,
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through the density gradient medium.

To further investigate this composition change during
DGU, we measured the (7,5) E;; peak position from
different DGU fractions extracted every two hours.
These data, which are plotted in Fig. 8, are from optical
absorbance spectra obtained during the time-dependent
analysis of Trial 15 (see Fig. 5). In pristine co-surfactant
SWNT dispersions (0.5% w/v DOC and 1.25% w/v
SDS), the E;; position for (7,5) SWNTs is located at
1033 nm, which is essentially the same position as for
pure DOC-SWNT dispersions (E;;= 1032 nm). During
DGU, however, the peak position redshifts as the
nanotubes move down through the column into a
more SDS-rich region, and the final E;; peak position
of (7,5) SWNTs located in the lower semiconducting
band is at 1042 nm. This redshift during the evolution
of the DGU process confirms the change in the com-
position of surfactant-SWNT micelles results from
the changing surfactant environment.

4.3 Summary of the separation mechanism

The results presented in this report cannot be explained
in a consistent fashion without considering the dynamic
surfactant environment. As discussed above, SDS can
gradually replace DOC, with the extent of this
exchange being determined by their relative affinities
to the SWNTs. The affinities are diameter-dependent,
and any surfactant addition or exchange alters the
micelle composition. Near-complete replacement of
DOC by SDS results in separation of SWNTs by
electronic type in the high-density region of the DGU

1033
0 -

column, which is essentially the same result as obtained
when DOC is absent (Trial 16). The mechanism driving
this separation has been explained by differences in
the electronic structures of metallic and semiconducting
SWNTs, which results in a higher loading of SDS
onto the metallic nanotubes [13]. Our findings do not
contradict the proposed mechanism, and clearly show
that SDS is required for electronic-type separation.
For small-diameter near-armchair nanotubes, the
DOC-SWNT structure remains stable even in the SDS
environment. This is because the affinity with DOC is
strong enough to prevent replacement by SDS. This
DOC-wrapping leads to the diameter-dependent
separation observed in the upper region of Trials 13—
15, in which the densities of the small SWNT micelles
are almost the same as in the diameter-dependent
expansions observed in Case I. A cartoon represen-
tation of the surfactant-SWNT micelles in different
surfactant environments is presented in Fig. 9.

5. Conclusion

We have shown a continuous enhancement of DGU
separation of SWNTs by using dual-surfactant DGU
recipes using DOC and SDS. Our findings provide
a clearer understanding of the surfactant-SWNT
interactions that govern the outcomes of DGU. This
knowledge can help in designing DGU recipes such
that desired results can be obtained with greater
success. Moreover, by enhancing the DGU outcomes
our results can also simplify the post-DGU fractionating

E,, position of (7.5) in optical absorption (nm)
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Figure 8 E|; position of (7,5) nanotubes in Trial 15 during time-dependent separation in Case II. All ten columns have the same
wavelength unit for the upper axis (from 1033 to 1042 nm) as shown in the pristine column
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Y Centrifugation time

Figure 9 Wrapping structures of different nanotubes under
different co-surfactant environments

procedure, which remains one of the most difficult
aspects of obtaining well-separated SWNTs by DGU.
Although our experiments were conducted using DOC
and SDS co-surfactants, we believe our conclusions
should be applicable to bile salts and anionic salts
in general, as their interactions with SWNTs are
dependent on their general structures. Based on the
roles of the surfactants clarified by this study, the
efficacy of the DGU technique can be significantly
improved by considering the various parameters,
such as the type and amount of surfactants, buoyant
densities of SWNT micelles, and the density gradient
profile.
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