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ABSTRACT: Two-dimensional diffusion ordered spec-
troscopy (2D DOSY) NMR was used to probe the
micellar structure of sodium dodecyl sulfate (SDS) and
sodium cholate (SC) in aqueous solutions with and
without semiconducting and metallic single-walled carbon
nanotubes (SWCNTs). The solutions contain SDS and SC
at weight ratios of 1:4 and 3:2, the ratios commonly used
to isolate semiconducting and metallic SWCNTs through
density gradient ultracentrifugation (DGU). These results
show that the coverage of surfactant on the semi-
conducting and metallic SWCNTs is nearly identical in
the 1:4 surfactant mixture, and a lower degree of bundling
is responsible for the greater buoyancy of semiconducting
SWCNTs. In the 3:2 surfactant mixture, the metallic
SWCNTs are only encapsulated in SC while the
semiconducting SWCNTs remain encapsulated in a poorly
packed two-surfactant micelle, leading to a large buoyant
density difference between the electronic species. This
work provides insight into future directions to increase the
purity of semiconducting and metallic SWCNTs sorted
through DGU and demonstrates the utility of 2D DOSY
NMR in probing SWCNT−surfactant complexes.

Density gradient ultracentrifugation (DGU) separates
polydisperse mixtures of single-walled carbon nanotubes

(SWCNTs) by their electronic type,1 chirality,2 diameter,3 and
handedness,4 enabling the exploration of a variety electronic5 and
optoelectronic6 applications involving homogeneous SWCNT
solutions. DGU separation is enabled by subtle buoyant density
differences between complexes formed by different types of
SWCNTs and their encapsulating surfactants.1 One of the most
common DGU separations involves isolating metallic or
semiconducting SWCNTs from an electronically polydisperse
mixture using a combination of two anionic surfactantssodium
cholate (SC) and sodium dodecyl sulfate (SDS).1 Despite
widespread use of this technique, the mechanism by which these
surfactants interact with the two types of SWCNTs to produce
buoyant density differences is largely unknown. The primary
difference between semiconducting and metallic SWCNTs is
that metallic SWCNTs are more polarizable; this difference in
polarizability is thought to play a key role in determining the
SWCNT−surfactant structure.1
In this Communication, we utilize two-dimensional diffusion-

ordered spectroscopy (2D DOSY) NMR to probe the micellar
structure of aqueous co-surfactant systems comprising SDS and

SC at the two surfactant ratios under which DGU produces
metallic and semiconducting enriched SWCNT dispersions. The
DOSY NMR spectra reveal the size of the micelles formed in the
co-surfactant systems and the perturbations to the micellar
structures in the presence of metallic and semiconducting
SWCNTs. These experiments shed light on the contribution of
different micellar structures in producing buoyant density
differences between metallic and semiconducting SWCNTs
and suggest a mechanism by which these differences arise.
Efforts to elucidate the origins of electronic-type DGU sorting

have focused on studying and modeling the interaction of
SWCNTs and individual surfactants. Molecular dynamics
simulations find similar binding energies for SC and SDS on
the surface of different types of SWCNTs, confounding
explanations for the large buoyant density differences observed.7

Analytical ultracentrifugation has proven useful in determining
the packing density of a single surfactant on a single SWCNT
species, revealing the importance of a local hydration layer
around the SWCNT−surfactant complex in determining the
precise density. However, these experiments, and other
centrifugation studies,9 are limited to single-surfactant systems
and cannot simultaneously probe interactions between two ionic
surfactants and SWCNTs to explain buoyant density differences
in the complex environments that are critical for electronic-type
separations.8 Previously, NMR spectroscopy and 2D DOSY
NMR have been used to probe the interactions between
molecules and nanostructures,10 including SWCNTs.11,12 By
decomposing the NMR spectrum of a dispersion along the
diffusion dimension, changes inD for various components can be
identified and correlated to changes in interaction with other
components. 2D DOSY NMR therefore offers a platform to
probe multi-component systems, such as aqueous solutions of
surfactant-encapsulated SWCNTs.
To study the effect of SWCNT electronic type on surfactant

micellar structure (and therefore buoyant density), we prepared
highly enriched samples of metallic and semiconducting
SWCNTs with similar surface area through a previously
described dual-iteration DGU strategy.3 The first DGU iteration
narrows the diameter distribution of the SWCNTs, while the
second DGU iteration sorts the diameter-enriched fractions by
electronic type. Isolation of metallic and semiconducting species
of nearly identical diameter and length distribution ensures that
observed differences in the diffusion of SWCNT−surfactant
complexes are due to differences in the SWCNT electronic type,
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not differences in the average size of the SWCNTs. Figure 1A
shows the ground-state absorption spectra of the metallic and
semiconducting SWCNTs, where suppression of the M11 and
S22 peaks in the semiconducting and metallic samples,
respectively, indicates electronic-type enrichment greater than
98%. Through analysis of the radial breathing mode from Raman
spectroscopy and the ground-state absorption spectra, we
determined the diameters of the metallic and semiconducting
SWCNTs to be 1.3 ± 0.1 and 1.4 ± 0.1 nm, respectively. The
length distributions of the electronic-type enriched samples in
Figure 1B are also well matched and fit a log-normal distribution
with a peak length of 500 nm. The similarities in diameter and
length distribution indicate comparable surface area in the
SWCNT samples; i.e., the principal difference between the
SWCNT samples is the electronic type. The Supporting
Information (SI) contains details of the DGU procedure and
the characterization of SWCNT length and diameter.
Figure 2 shows 2D DOSY NMR spectra for 1% (w/v)

surfactant solutions of SDS and SC at weight ratios of 1:4 and 3:2
in deuterated water (see SI for details). These are the co-
surfactant ratios used in DGU sorting to isolate semiconducting
and metallic SWCNTs, where 1:4 results in semiconducting
SWCNTs as most buoyant while 3:2 results in the metallic
species as most buoyant. As the critical micelle concentrations
(CMCs) of SDS and SC are 0.2% and 0.3−0.6% (w/v),
respectively, SDS completely forms micelles in both ratios, while
all SCmolecules formmicelles in the 1:4 sample and only about a
third form micelles in the 3:2 sample.13 The DOSY data are
plotted in the chemical shift and diffusion dimensions; a trace
along a specific diffusion constant (D) gives the 1H spectrum of
the species diffusing at that rate. The spectra along the tops of the
figures are the integrated sums of signals from all protons at a
given chemical shift, and those along the left sides are the
integrated sums of signals from all protons at a given D.
The integrated spectrum of all chemical shifts on the left of

Figure 2A exhibits two sharp peaks: the top (faster-diffusing)
peak corresponds to the 1H spectrum of SC while the bottom
peak corresponds to that of SDS.14We verified the identity of the
peaks denoted SC and SDS by examining the 1H spectra in the
chemical shift dimension at a givenD, and comparing them to 1D
1H spectra of the individual molecules. These two distinct peaks
indicate the presence of two single-surfactant micelles diffusing at
different rates in the 1:4 solution, where the Stokes−Einstein
relation predicts micelle radii of 0.83 and 1.03 nm for the SC and
SDSmicelles, respectively, based on the peakD values (see SI for
peak identity and radius calculations). Given that the SC micelle
is normally smaller than the SDS micelle,13 our finding that the

SC micelle diffuses faster than the SDS micelle is reasonable.
Figure 2B, however, shows a single sharp peak in the integrated
diffusion spectrum on the left axis, indicating that the 3:2 solution
contains a single mixed micelle comprising both surfactants. This
mixed micelle diffuses slower than either of the single-surfactant
micelles in the 1:4 mixture, with a predicted radius of 1.15 nm.
Other NMR studies of mixed SDS/SC systems also find that at
small concentrations of SC, SC molecules enter the SDS micelle
rather than form their ownmicelles.15 As the concentration of SC
in the 3:2 mixture is just above the CMC for SC, these reports are
consistent with our observation of mixed micelles. Figure 2 also
shows cartoons of the two single-surfactant micelles in the 1:4
SDS:SC mixture, and the mixed micelle in the 3:2 SDS:SC
mixture. Both panels in Figure 2 exhibit a small H2O peak at 4.6
ppm, which arises from H2O impurities in the deuterated water.
As the majority of the density gradient medium, iodixanol, was
removed by dialysis before all NMR experiments, we do not
observe its presence in any of the NMR data and cannot
comment on its role in electronic-type separation.
To study the effect of SWCNTs on the diffusion of SDS and

SC, we added various amounts of semiconducting SWCNTs to
the 1:4 and 3:2 surfactant solutions. Figure 3 shows traces along
the diffusion dimension integrated across all chemical shiftsthe
same type of traces drawn along the y-axes in Figure 2for 1:4
and 3:2 SDS:SCmixtures. The four curves show semiconducting
SWCNT loadings of 0 (no SWCNTs), 0.01, 0.05, and 0.7 mg/
mL, with the identity of the surfactant peaks denoted; the 0 mg/
mL traces in Figure 3 are identical to the traces in Figure 2.

Figure 1. (A) Ground-state optical absorption spectra of metallic and
semiconducting SWCNTs with purities greater than 98% and diameters
of 1.3 ± 0.1 and 1.4 ± 0.1 nm, respectively. (B) Length distributions of
semiconducting and metallic SWCNTs with peak values at 500 nm.

Figure 2. 2D DOSY NMR spectra of (A) 1:4 and (B) 3:2 SDS:SC
surfactant only (no SWCNTs) samples. Integration of all chemical shifts
(ppm) vs diffusion constant (D) is plotted on the left, while integration
of all diffusion constants vs chemical shift is plotted at the top of each
graph. Single-surfactant micelles of SC and SDS in 1:4 SDS:SC, and two-
surfactant micelle composed of both SDS and SC in 3:2 SDS:SC, are
drawn next to the corresponding micelle peak.
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Previous studies have determined D for SWCNTs in aqueous
solutions to be between 0.3 × 10−10 and 6 × 10−10 cm2 s−1,16 but
we observe no peaks from the surfactants in this range. The lack
of peaks at theseD values suggests the surfactant molecules are in
fast chemical exchange (with respect to the NMR time scale)
between the SWCNT micelles and their native micellar state.17

The relevant NMR time scale in the DOSY experiment is 150ms,
during which the sample is allowed to diffuse. If during that time
the surfactant molecules exchange between micelles containing
SWCNTs, which diffuse very slowly, and their native micelles,
which diffuse at the rate of the micelles in the surfactant-only
state, the measured diffusion constant will be a weighted average
of theD values of the molecules in these two states. Inspection of
the traces for samples containing semiconducting SWCNTs in
Figure 3 shows that, for both ratios of SDS to SC, the surfactants
diffuse, on average, more slowly in the presence of SWCNTs
than without added SWCNTs, as expected for surfactants in fast
exchange between the two states. The peaks corresponding to
single-surfactant micelles in the 1:4 mixture coalesce with
increasing concentration of SWCNTs as a result of the SC peak
shifting more than the SDS peak. The SC peak also broadens
more than the SDS peak as both surfactants spend increasing
time on the SWCNTs. The broad SC peak arises from slow
exchange between free micelles and SWCNT-encapsulating
micelles, while the sharp SDS peak signifies faster exchange,
indicating that a larger fraction of SC adsorbs to the SWCNTs
than SDS. These peak characteristics support the hypothesis
presented in previous literature that the SC molecules
predominately, but not completely, cover the SWCNT surface,
and that SDS serves to “plug” the remaining holes.1 Within the
3:2 mixtures, the mixed-micelle peak also broadens and shifts to a
slower D with increasing SWCNT concentration.
In Figure 4, we compare the diffusion of SDS and SC with high

concentrations of semiconducting and metallic SWCNTs (∼0.7
mg/mL) at surfactant ratios of 1:4 (Figure 4A) and 3:2 (Figure
4B). In the case of 1:4, both electronic types decrease the average
D of both surfactants, but it appears that both surfactants spend
slightly more time on the semiconducting SWCNTs than on the
metallic SWCNTs (Table S1). The shapes of the SC and SDS
peaks are similar in both species: the SDS peak is sharp, and the
SC peak is broad. We can conclude from these spectra that the
metallic and semiconducting SWCNTs draw very similar
surfactant coverage from the single-surfactant micelles present
in the 1:4 mixtures (as depicted in the cartoon in Figure 4C).
In the sample with a 3:2 ratio of SDS:SC with semiconducting

SWCNTs, the single peak in the DOSY spectrum indicates that

both SDS and SC exchange between the surfactant layers of the
SWCNTs and themixed micelle, and thus both molecules diffuse
more slowly upon addition of SWCNTs. The metallic SWCNTs,
however, segregate the mixed micelle: D for SDS in the 3:2
metallic SWCNT sample is the same as that for SDS in the 1:4
surfactant-only sample (Table S1), in which SDS forms a pure
micelle, whereas D for SC is lower than those of the SC-only
micelle and the mixed SDS/SC micelle. This result indicates that
SC is the dominant surfactant for metallic SWCNTs, and the
SDS in this sample is left to form pure micelles without
SWCNTs. SC is predicted to form a well-packed monolayer on
the SWCNT surface,8 while SDS forms an entropically favored
disordered aggregate,18 so the co-surfactant micelle encapsulat-
ing the semiconducting SWCNTs in 3:2 will be less densely
packed than the pure SC on the metallic SWCNTs, as indicated
in the cartoon in Figure 4D.
The micellar structures deduced from the diffusion data led to

the proposed explanation for DGU sorting of SWCNTs by
electronic type. In general, a higher density of surfactant on the
SWCNT surface will cause the SWCNT−surfactant complex to
be more buoyant,19 but it is not the only determinant of
buoyancy. As the SWCNT−surfactant system is a metastable
colloidal dispersion, the balance between the attractive van der
Waals (vdW) forces among SWCNTs and the Coulombic/steric
repulsion between the ionic surfactants on the SWCNT surface
will determine the degree of bundling (aggregation) of the
nanotubes.20 Larger bundles of SWCNTs are in general less
buoyant than disaggregated SWCNTs, but previous quantitative
analyses of single surfactant−SWCNT systems have shown that
single SWCNT−surfactant complexes and small bundles
containing a few SWCNTs can have the same buoyant density.8

Metallic SWCNTs have a larger polarizability, and thus larger
vdW forces between them than semiconducting SWCNTs. In
the case of the sample with a 1:4 mixture of surfactants (Figure
5A), the surfactant coverage on metallic and semiconducting
SWCNT species is approximately equivalent, so we believe that
the metallic SWCNTs are less buoyant because they form larger
bundles, on average, than semiconducting SWCNTs, leading to a
thin band of individualized (unbundled) semiconducting-
enriched SWCNTs (red-orange) that is observed after DGU.
We note that the small differences in surfactant coverage in 1:4
mixtures could be responsible for the subtle buoyant density

Figure 3. Integrated intensity versus diffusion constant for surfactant-
only and semiconducting SWCNT samples with surfactant ratios (A)
1:4 and (B) 3:2 SDS:SC, at various SWCNT concentrations.

Figure 4. (Top) Integrated intensity versus D for surfactant only,
semiconducting SWCNTs, and metallic SWCNTs in (A) 1:4 and (B)
3:2 SDS:SC. (Bottom) Representative cartoons of the surfactant only,
semiconducting SWCNT, and metallic SWCNT micellar structures in
(C) 1:4 and (D) 3:2 SDS:SC.
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differences, but this possibility appears unlikely since neither
electronic type slows both surfactants more than the other.
In the sample of SWCNTs with a 3:2 mixture of surfactant,

Figure 5B, the metallic SWCNTs (green) are encapsulated solely
by SC, and the semiconducting SWCNTs (red-orange) are
encapsulated by a two-surfactant micelle. The higher packing
density of SC relative to an SDS/SC co-micelle results in a higher
overall surface coverage, and thus a lower buoyant density, for
metallic SWCNTs than semiconducting SWCNTs. Though the
metallic SWCNTs have a higher polarizability and are thus more
likely to bundle than semiconducting SWCNTs, SC is known to
screen vdW forces better than SDS,21 so we suspect that the well-
packed SC micelle inhibits this bundling and that the presence of
SDS disrupts this screening in the 1:4 mixture. The stronger
affinity of SC to metallic than semiconducting SWCNTs stems
from stronger π−π interactions between metallic SWCNTs and
the SC, as noted by previous literature.22

In conclusion, we have utilized 2D DOSY NMR to probe the
micellar structure of SDS and SC in aqueous solutions with and
without addition of semiconducting and metallic SWCNTs. In
the 1:4 mixture, the surfactant coverage of the metallic and
semiconducting SWCNT species is very similar, so the larger
density of the metallic SWCNTs is due to the larger polarizability
of the metallic SWCNTs, which causes them to bundle more. In
the 3:2 mixture, metallic SWCNTs interact selectively with SC
while semiconducting SWCNTs interact with both surfactants,
leading to large differences in surfactant coverage and thus in
buoyant density. Future work to improve the purity of
semiconducting and metallic SWCNTs separated by DGU
could thus focus on studying the degree of bundling and
increasing these differences by amplifying the vdW interactions
in the 1:4 mixture and using different surfactant loadings in 3:2.
Recent work by Tanaka et al. has demonstrated that other
surfactants with straight alkyl tails and charged head groups can
replace SDS in SWCNT separations and form similar micelles to
SDS,23 and our recent work has demonstrated the effects of
surfactant loading on isolating high-purity diameter-sorted
metallic SWCNTs.3 This work demonstrates the utility of 2D
DOSY NMR in examining the interactions between SWCNTs
and surfactants, which underlie the growing body of work on the
fundamental science and applications of SWCNTs.24
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Figure 5. Depiction of semiconducting (pink) and metallic (green)
SWCNTs in a density (ρ) gradient in surfactant ratios of (A) 1:4 and (B)
3:2 SDS:SC. The first column shows the local free-surfactant micellar
structures, while the second shows two SWCNTs of a single electronic
type and their micellar structure. Photographs of the centrifuge tubes
show the position of semiconducting (red-orange) and metallic
SWCNTs (green) after DGU.
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