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S
ingle-wall carbon nanotubes (SWCNTs)
in aqueous solutions containing surfac-

tants have been widely investigated

over the past decade. While initial studies

primarily focused on improving the mea-

sured optical and physical properties of di-

rectly dispersed SWCNTs through enhanced

isolation and stability in dispersion,1,2 the

emphasis of more recent contributions has

shifted to enabling the separation of indivi-

dual nanotube species3�9 (chiralities) and/or

lengths from mixed populations10�13 to im-

prove the realizable material properties.14 In

particular, separation of different nanotube

species based on the variation of their buoy-

ant densities in a density gradient for various

surfactant and cosurfactant mixtures has

beenwidely studied.15�17 However, although

* Address correspondence to
jeffrey.fagan@nist.gov.

Received for review January 15, 2013
and accepted March 26, 2013.

Published online
10.1021/nn4002165

ABSTRACT

The structure and density of the bound interfacial surfactant layer and associated hydration shell were investigated using analytical ultracentrifugation for length

and chirality purified (6,5) single-wall carbon nanotubes (SWCNTs) in three different bile salt surfactant solutions. The differences in the chemical structures of the

surfactants significantly affect the size and density of the bound surfactant layers. As probed by exchange of a common parent nanotube population into sodium

deoxycholate, sodium cholate, or sodium taurodeoxycholate solutions, the anhydrous density of the nanotubes was least for the sodium taurodeoxycholate

surfactant, and the absolute sedimentation velocities greatest for the sodium cholate and sodium taurodeoxycholate surfactants. These results suggest that

the thickest interfacial layer is formed by the deoxycholate, and that the taurodeoxycholate packs more densely than either sodium cholate or deoxycholate. These

structural differences correlate well to an observed 25% increase in fluorescence intensity relative to the cholate surfactant for deoxycholate and taurodeoxycholate

dispersed SWCNTs displaying equivalent absorbance spectra. Separate sedimentation velocity experiments including the density modifying agent iodixanol were

used to establish the buoyant density of the (6,5) SWCNT in each of the bile salt surfactants; from the difference in the buoyant and anhydrous densities, the largest

hydrated diameter is observed for sodium deoxycholate. Understanding the effects of dispersant choice and the methodology for measurement of the interfacial

density and hydrated diameter is critical for rationally advancing separation strategies and applications of nanotubes.
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a significant number of empirical recipes are available for
separating specific nanotubes, the basis for predictive
determination of separation strategies does not yet exist.
This is particularly true for variationof thedispersant used
to disperse the nanotubes, which is often chosen inde-
pendently to impart control over specific properties such
as the locationof optical transitions, selectivity for specific
SWCNT species or enantiomers, or robustness in proces-
sing. Critically, the information that is missing to enable
rational design of nanotube processing, and for predic-
tion of their optical properties, is the structure of the
bound dispersant layer on the nanotube surface, and the
size of its associated hydration shell.
Here, we present the characterization of the external

surfactant packing density and hydration shell proper-
ties for the (6,5) SWCNT as determined by analytical
ultracentrifugation (AUC) in multiple common bile-salt
surfactant solutions. The surfactants examined are
sodium deoxycholate (DOC), sodium taurodeoxycho-
late (TDOC), and sodium cholate (SC); chemical struc-
tures are shown in Figure 1. The concentration of the
surfactant was kept constant in all experiments at
10 g/L. These particular surfactants were chosen based
on their common use in SWCNT dispersion and density
gradient separations,6 and their compatibility with our
surfactant exchange protocol for transfer without da-
maging the dispersion quality. The benefit of choosing
this set of surfactants is that SC and TDOC are single
point chemical mutations from the structure of DOC.
Thus, they provide a good model set for future simula-
tions of dispersant packing structures on SWCNTs.
Another benefit is that other single point mutation bile
salts are purchasable at the gram scale, such that this
data set can be expandedwith future work; insufficient
separated SWCNT sample was available to include the
other surfactants in this contribution.
Initial work on noncovalently solubilizing SWCNTs in

aqueousdispersion typically used sodiumdodecyl sulfate
(SDS)18 or sodium dodecyl benzyl sulfate (SDBS)19 as the
solubilizing surfactant, although many different other
dispersants were explored as well. However, most dis-
persants only fully individualize nanotubes at low SWCNT
concentrations, or are prohibitively expensive, and thus
are not useful for applications requiring significant con-
centrations of SWCNTs or greater mass throughput.
Wenseleers et al.2 however demonstrated that relatively
inexpensive bile salt surfactants were capable of both
dispersing individualized SWCNTs and stabilizing them
against bundling and reaggregation at increased con-
centrations. In particular, DOC and TDOC were found to
yield superior dispersions at concentrations up to at least
1 mg/mL, and that the SWCNTs in these surfactants
displayed improved optical properties as compared to
earlier surfactants or several other cholate derivatives.
Much of the increase in use of bile salt surfactants though
has been driven by their usefulness for density gradient
ultracentrifugation (DGU) based separations.

Arnold et al.6 demonstrated the use of bile salt surfac-
tants, particularly SC and SC:SDS mixtures, to achieve
scalable diameter, chirality, or metallicity separation
through tailored application of DGU. This seminal work
has been expanded upon, and many contributions have
described refined separation of SWCNT populations by
diameter, chirality, enantiomeric handedness,20 wall
number, interior hydration,21,22 metallic nature, degree
of bundling,23 and length distribution by related meth-
ods. Significant disagreements however exist over the
mechanisms for some of these separations,24,25 and
refinement has been accomplished by empirical extra-
polation and variation of parameters rather than by
rational design. The key knowledge gap is in specifying
force fields for interactions between individual SWCNT
species and a given surfactant, and validating that these
give a correct description of the experimentally mea-
sured interfacial structure.26

Recently Arnold et al.27 explored the use of AUC to
determine the packing density of sodiumcholate on the
surface of chirality separated (6,5) nanotubes. In the
most prevalent manner of AUC, the time-dependent
spatial distribution of a dispersed species or particle is
monitored through optical methods during sedimenta-
tion in response to an applied acceleration; this is
referred to as a sedimentation velocity experiment.28

The rate of sedimentation of particles in dilute disper-
sions is primarily affected by the density difference of
the particle to the solvent, the particle shape and size,
and the solution viscosity. Fromvariation of the aqueous
medium density through the use of D2O exchange,
Arnold et al.,27 and later Backes et al.,29 estimated the
anhydrous density of the SC-SWCNT complex and used
this value to calculate a packingdensity of the surfactant
on the SWCNT surface. Although ground breaking, the
limited experimental data (2 points each), the measure-
ment in a single bile salt surfactant, and thewidth of the
sedimentation coefficient distributions in both in-
stances limit the applicability of the information gained.
In this contribution, we perform extensive sedimenta-

tion velocity experiments inmultiple compositions ofH2O,
D2O and D2

18O to narrow the measured value for the
anhydrous density30 of the (6,5) SWCNT�surfactant com-
plex in multiple related bile salt surfactants, and utilize a
singleparentdispersionof both lengthandchirality sorted
SWCNTs that dramatically increases the resolution of the
sedimentationcoefficient. Comparisonsof theexperimen-
tal data for the different surfactants provide a basis for
addressing the underlying causes of optical property
differences for dispersions in the only slightly different
solution environments. Furthermore, we extend the tech-
nique of AUC for SWCNTs to measure the hydrated
buoyantdensityof theSWCNT�surfactant complex, yield-
ing additional information about the size of the hydrated
SWCNT in situ in the chemical environment used for
DGU separations. Combined, these data allow unprece-
dented resolution of the surfactant structure on the
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SWCNT interface, and demonstrate conclusively that AUC
will be an important tool for characterizing SWCNT
dispersions.

THEORY

Excluding a dependence on multibody interactions
or other external fields in a buoyancy driven separation,
the sedimentation rate of a specific nanotube is expected
to be a function of four factors, the packing density and
structure (size) of the surfactant layer and associated
hydration layer surrounding the nanotube, the degree of
bundlingwithothernanotubes, thedensity of the interior
core of the nanotube, and the length of the nanotube.
Utilizing the assumption that particles of this size scale
rapidly reach terminal velocity for an applied force,
the sedimentation can be described by (depending on
the preferred definition of the analyte as a solvated
molecule, or as a solid particle)28,30

S ¼ M(1 � νh 3 Fs)
N6πηaf=f0

¼ Vp 3 (Fp � Fs)
6πηaf=f0

(1)

In eq 1, M is the molar mass, v is the anhydrous partial
specific volume of the molecule, η is the viscosity, a is
the equivalent hard sphere hydrodynamic radius, f/f0 is
the ratio of the friction coefficient divided by the friction
coefficient of a hard sphere, and S is the sedimentation
coefficient. In the particle definition that we will use, Vp
is the volumeof the nanotube, Fp is the effective density
of the SWCNT, and Fs is the density of the aqueous
medium. S is defined as:

S ¼ u=ω2R (2)

in which u is the particle velocity, ω is the rotation rate
(in rad/s), and R is the distance from the axis of rotation;
the quantity ω2R is thus the applied acceleration.
Using eq 1, and assuming that the structure and

hydration of the bound surfactant layer is not altered
by the change from H2O to D2O,

31 variation in the
sedimentation coefficient with the change in the med-
ium density can be used to extract the anhydrous (or
unsolvated for dispersions in organic solvents) density
of the sedimenting particle without explicit knowledge
of the particle size. This is done by elimination of
common terms in eq 1 for any two compositions of
water and D2O, denoted by the subscripts in eq 3.

Fp ¼ η1S1Fs, 2 � η2S2Fs, 1
η1S1 � η2S2

(3)

The key feature of this equation is that contributions
from the particle size and shape are eliminated for
calculation of the anhydrous density. Note: this is the
anhydrous density of the particle if themediumparam-
eters are varied only through the composition variation
between H2O to D2O and the hydration of the particle
does not change; more generally, the equation yields
the inverse apparent partial specific volume, which is
an operationally defined quantity.30 An important
point about eq 3 is that the densities and viscosities
of each solutionmust be known accurately to apply the
equation.
There are also several other issues that impact the

application of eq 3. Specifically, the experimentally
accessible density variation we can achieve for water
is limited. For SWCNT-bile salt complexes, the max-
imum achievable density of the surfactant solution (by
using D2

18O) is substantially less than the anhydrous
density of the SWCNT complex; thus, the calculated
anhydrous density is highly susceptible to small un-
certainties in the values of the medium properties and
the measured sedimentation coefficients. Second, the
S values identified at both densities must be represen-
tative of the same fractional population of the particles
for eq 3 to be valid. For example, a mixture of particles
with a distribution of anhydrous densities and sizes
could have very different sedimentation coefficient
distribution shapes for solution densities very different
from, or close in value to, one or more of the compo-
nents. This would lead to uncertainty over the choice of
the S value that represents the common mode of the
distribution in each solution. Separately, confusion can
occur in defining a peak value for a sample with wide
and/or flat distributions of sedimentation coefficients.
Fortunately, these last two problems are less likely to
occur for dispersions of rod-like particles with constant
diameters, such as SWCNTs, and particularly for length
and chirality separated populations such as ours in
which the density of the particles is likely similar and
invariant with the particle size (i.e., length).
An equivalent method to eq 3 for extracting the

anhydrous density, and one that allows addressing or
remediation of the issues noted above, is to fit a line to
a set of viscosity corrected sedimentation coefficients
measured at multiple compositions of H2O and D2O
(D2

18O). The anhydrous density of the complex is then
the density at which the fit line extrapolates to Sη = 0;
i.e., the density of the medium at which the particle is

Figure 1. Surfactant structures for the three bile salt surfactants used in this work. The single points of variance from the
structure of DOC for the alternate two surfactants are denoted by the call-outs.
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neutrally buoyant and neither sediments nor creams.
Beyond making use of additional points to better
specify the intercept, this method yields additional
benefits for analysis. This is the methodology we will
use to determine both the anhydrous density and the
hydrated buoyant density of the surfactant SWCNT
complexes.

RESULTS AND DISCUSSION

Characterization of the Sample. From the theoretical
description of sedimentation, it is clear that, although
not necessary, a narrower sedimentation coefficient
distribution is preferred to enable the extraction of
parameters for specific particles rather than distribution
averaged values. Thus, for these experiments, we per-
formed a succession of particle processing steps, includ-
ing rate-zonal ultracentrifugation steps (see Methods),
to isolate a length and chirality separated population of
SWCNTs. A photograph of the isolated, primarily (6,5)
species, long SWCNT dispersion is shown in Figure 2. As
hasbeen frequentlynoted forwell-dispersedandpurified
SWCNT populations, the color of the dispersion is not
black but is instead strongly colored, reflective of the
specific wavelengths absorbed by the intrinsic optical
transitions of the nanotubes.

To demonstrate the degree of chirality separation, and
to choose the appropriate wavelength for concentration
observation in the AUC, we performed spectroscopic
characterization of the sample by absorbance, fluores-
cence, and Raman spectroscopies. UV�visible-near-
infrared (UV�vis-NIR) absorbance spectra of the iso-
lated length and chirality sorted (6,5) nanotubes in DOC
is shown in Figure 3A. The spectra of the SWCNTs
dispersed in TDOC and SC are shown in the Supporting
Information and are essentially indistinguishable, baring
slight peak shifts and scaling for concentration, from
the DOC dispersed spectra. Immediately apparent in
Figure 3A is the size of the absorbance peak features
due to the (6,5) SWCNT relative to the underlying back-
ground (A (981 nm)/A (775 nm) = 18.5), and the relative
paucity of optical transitions due to other SWCNT species.
Although NIR fluorescence measurements (Figure 3B,
Supporting Information Figures S3 and S4) and the pres-
ence of small features in the absorbance spectra indicate
that other SWCNT species are present, we estimate that
the (6,5) SWCNT is approximately 80�85%of the populat-
ion based on the fractional contribution of the (6,5) to the
total peak absorbance in the visible region of the spectra.
From the absorbance and fluorescence spectra, we esti-
mate that the most prevalent contaminant chiralities
include the (8,3), (9,1), and (7,5).32 The positions of the
optical transitions also indicate that theSWCNTsarewater-
filled,33 which is consistent with our expectations for this
SWCNT source, and the observation that the larger di-
ameter SWCNTsdisplayedgreater buoyantdensitiesduring
the chirality separation.21 Further optical characterization
by resonant Raman spectroscopy is shown in Figure 3C.

In addition to the (6,5) radial breathing mode (RBM) at
310 cm�1,33,34 the high quality of the sample is indicated
by the small D/Gþ ratio, which is= 0.014 (peak/peak).

To characterize the length distribution of the
length-sorted SWCNTs, atomic force microscopy
(AFM) was performed. The number-average mean
length and the standard deviation of the mean for
the >200measured nanotubeswas 1190( 34 nm,with
the median number-average length = 950 nm. Values
for the mass-average mean and median lengths are
greater, with the mean = 1400 nm and the median
length = 1050 nm. The width of the distribution was
estimated by the calculated standard deviation of the
number-average mean length, which was 496 nm.
Although this distribution is not perfectly monomodal,
the effects of length on the sedimentation coefficient
decrease at increased aspect ratios for rods. Explicitly,
the sedimentation coefficient scales approximately
with ln(L/rhydro), in which L is the rod length and rhydro
is the effective hydrodynamic radius of the rod.35

Assuming this scaling and rhydro < 5 nm, the length
distribution observed by AFM should impart a width to
the sedimentation coefficient distribution of only ap-
proximately 15% of the measured mean S value. Repre-
sentative AFM images and a histogram of the observed
lengths are reported in the Supporting Information.

Analytical Ultracentrifugation Characterization. AUC is a
powerful technique for the characterization of dispersed
polymers, biomolecules, and nanoparticles.36�41 In the
sedimentation velocity experiments performed for this
work, an initially homogeneous volume of the SWCNT�
surfactant sample was centrifuged at high speed, result-
ing in the sedimentation of the SWCNTs as a function of
time. In an AUC, the spatially varying concentration is
recorded using optical methods, either absorbance, fluo-
rescence or through interference optics depending on
the sample and the instrumental capabilities. For our
experiments, we utilized the absorbance detector, as
the sensitivity to the SWCNT concentration was much
greater than for the interference optics. Additionally,

Figure 2. Photographs of the separated, (6,5) rich, length
sorted SWCNT population used in this work (1 mm path
length), and as diluted for measurement in the sector-
shaped AUC cell. The dispersion is richly colored due to
the strong intrinsic optical transitions of the SWCNTs, and
the high purity of the sample.
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the absorbanceoptics permit selectionof thewavelength
to be monitored; this allowed for measurements to be
made on dispersions containing iodixanol, which gener-
ates large (on the instrumental scale) refractive index
gradients, but negligibly absorbs light at wavelengths
longer than 400 nm. In the absence of iodixanol,42 no
differences in the extracted sedimentation coefficient
distribution were observed based on the wavelength
chosen for the absorbance monitoring (235, 305, 347, or
570 nm corresponding to the π, E44, E33, or E22 optical

transitions). Most measurements were conducted at
235 ( 2 or 305 ( 2 nm, except in the case for solutions
containing iodixanol, whichweremeasured at 570 nm, as
instrumental factors lead to lowernoise levelswhenusing
shorterwavelengths. Unless otherwise noted, uncertainty
in this contribution is represented by error bars equal to
one standard deviation of the reported value.

A representative series of absorbance profiles, mea-
sured at 10 min intervals, for the SWCNT sample dis-
persed in 10 g/L DOC in H2O are shown in Figure 4A. As
time progresses, the boundary between the SWCNT
containing and depleted zones shifts to greater radial
distances and broadens, reflecting the distribution of
sedimentation coefficients in the sample, and to a
lesser extent diffusion. The upper absorbance plateau
decreases with time due to radial dilution (i.e., the
volume of a sector shaped cell increases with radius).

From the measured concentration profiles, such as
those shown in Figure 4A, the distribution of sedimenta-
tion coefficients was determined using the analysis
package SEDFIT.43,44 As a basic overview, SEDFIT solves
the Lammequation, eq 4, for the concentration distribu-
tion for each elapsed time in the absence of bulk
convection within the discretized input range of sedi-
mentation values. The software identifieswhich S values

Figure 3. (A) Absorbance spectrum of the isolated (6,5)
SWCNT dispersion used for this work in DOC. The optical
transitions are dramatically enhanced by the separation pro-
cessesdue to the removalof impurities, bundledanddamaged
SWCNTs, and the chirality separation. (B) Excitation�emission
contour plot of theNIR fluorescence of the isolated population
in DOC surfactant. The (6,5) is the dominant observed species,
but small contributions from the (8,3) as well as the (9,1), (7,5),
and (9,2) areobservedat lowconcentration. The intensity scale
is set equal to 10at thepeak (6,5) E22 excitation. Labeledpoints
are assignments from ref 32. (C) Resonant Raman scattering at
570 nm excitation. The Gþ, G�, and RBM features are clearly
visible; the prominent RBM feature at=310 cm�1 is due to the
(6,5) species. The spectrum is offset 0.05 from the axis for
clarity. The D/Gþ ratio (peak/peak) is = 0.014.

Figure 4. (A) Radial absorbance scans (λ = 235 nm) during
centrifugation of the (6,5) SWCNTs in H2O�DOC at 2932
rad/s; shown at 10 min intervals. The (6,5) sediments at
these conditions, which causes the concentration boundary
to move to larger radial positions with time. Broadening of
the boundary is due to a combination of diffusion and the
width of the length distribution. The solution meniscus is
demarcated by the vertical pink line. (B) The data of panel A
showing the best fit lines as solved for using SEDFIT (using all
data). The fit lines accurately represent the data. (C) The
regularized distribution of sedimentation coefficients (0.683)
that produces the absorbance profiles fits shown in panel B.
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are observed in the data, the relative weight of those
values, and provides regularization to report the dis-
tribution of coefficients that equivalently generate the
same concentration profile. For those interested, a
substantial number of publications report the details
of the software package and its advanced capabilities.45

Details of the fitting as applied for this contribution are
reported in the Methods section.

Dc
Dt

¼ D
D2c
DR2

þ 1
R

Dc
DR

 !
�ω2S R

Dc
DR

þ 2c
� �

(4)

In eq 4, R is the distance from the center of rotation,ω is
the rotational frequency, D is the diffusion coefficient, C
is the concentration, and S is the sedimentation coeffi-
cient. Fit lines to the data set shown in Figure 4A
(including profiles not shown) as calculated by SEDFIT
are reported in Figure 4B, and the distribution of
sedimentation coefficients that generate the fit lines
are shown in Figure 4C.

The distribution of sedimentation coefficients in
Figure 4C is substantially narrower (full width at half
max � fwhm ≈ 1 Sv) than in the two previous reports
for SWCNTs with AUC (fwhm = 4 Sv,27 fwhm= 6 Sv29)
due to the separation for both length and chirality in
this sample (both literature results are for SC). More-
over, in the separation processes used to generate our
sample, the SWCNTs were forced tomove both toward
a lower density zone (length separation), and higher
density zone (chirality separation) by the designs of the
separations. This encourages removal of impurities,
including morphological impurities such as bundles
that tend to exhibit greater densities,23,46,47 and are
therefore particularly selected against in the length
separation.

In Figure 5, the sedimentation coefficient distribu-
tions of the SWCNT sample in DOC are presented for
five experiments with increasing D2O content of the
solvent. As expected for a sample with a constant
population andmorphology, the shape of the distribu-
tion remains similar in all of the solvent compositions;
the narrowing of the distribution on the absolute scale
of the figure is due to the slower velocity of the
SWCNTs in compositions with greater D2O content.
Measuring a consistent moment of these sedimenta-
tion coefficient distribution as a function of the applied
solution parameters allows determination of the anhy-
drous density of the SWCNTs. The narrowness of the
distributions allows for the specification of these mo-
ments, such as the most likely sedimentation coeffi-
cient, to be monitored at high resolution.

Anhydrous Density Determination. For proper com-
parison of the sedimentation rate to the density
change, it is important that a consistent moment of
particle distribution is monitored. Multiple methodol-
ogies were used to calculate equivalent moments of
each distribution, such as those shown in Figure 5, in

the range of 2�18 Sv, including using the peak mea-
sured value, a Gaussian fit to the distribution, and the
average value of the sedimentation coefficient;
thresholding the averaged values at either 10% or
20% of the peak value (to exclude portions of the
distribution more prone to signal-to-noise error and
fitting variation). Although slightly different values of
the mean sedimentation coefficient are measured by
each of the various methods (typically within 0.1 Sv of
each other), the method used was not found to
significantly affect the extrapolated anhydrous density.
The extracted values by the four methodologies are
shown in Figure 6A. Portions of the sampled sedimen-
tation coefficient range were excluded on the basis
that contributions below 2 Sv are primarily sampling
artifacts due to the fact that the applied centrifugation
rate and time are insufficient to adequately report on
the concentration of objects with these S values.
Contributions above 18 Sv, small in all measurements,
are likely due to a small number of aggregates (which
may have a distinct anhydrous density), and thus were
inappropriate to include in the calculation. The peak
sedimentation values for the SWCNT sample in each
surfactant�D2O fraction composition, as determined
by the Gaussian fitting method and multiplied by the
solution viscosity, are presented in Figure 6B.

Presenting the S 3 η versus solution density data as in
the Figure 6 panels causes the value for the anhydrous
density to be obvious, see eq 1, but also provides
additional information. The high degree of linearity in
the data supports the hypothesis that neither prefer-
ential hydration in the interior cavity (of H2O or D2O)
nor changes to the surfactant shell structure occur with
the transition from H2O to D2O. That the data points in
D2

18O mixtures for DOC (two highest density points)
continue to fall on the same linear trendline further
indicates that H�D exchange is not important;
this effect would saturate at 100% D, and a break in
the density trendline would be expected with the

Figure 5. Sedimentation coefficient distributions for the
(6,5) SWCNT sample in DOC as measured for different
amounts of D2O in the medium. As the density difference
between the SWCNTs and the solvent decreases with the
isotope exchange (and the viscosity increases), the S dis-
tribution shifts to smaller absolute values, i.e., sedimenta-
tion is slowed.
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transition to D2
18O. Propagating the uncertainty in the

density and viscosities, and assuming a linear fit with
independent errors, the values of the anhydrous den-
sity for the SWCNT sample in 10 g/L surfactant are
given in Table 1. Effective uncertainty in the sedimen-
tation coefficient values for uncertainty propagation
was calculated from the DOC data points assuming the
linear fit was exact; this value,( 0.12 Sv, was larger than
the error calculated by methods on individual points
within SEDFIT (although still smaller than the symbols
in Figure 6). Comparing the quality of the experimental
data we gather for SWCNTs to that reported for the
most common application of AUC, i.e., biological

molecules, the sharpness of our sedimentation coeffi-
cient distributions is reasonably equivalent to that of a
protein such as phosphorylase B.43 However, the un-
certainty we will calculate for the anhydrous density
will always be intrinsically larger (given the same
number of data points, etc.) for our experiments be-
cause the intercept value (1550�1600 kg/m3) in this
data is further compared to a typical biological anhy-
drous density of =1350 kg/m3, from the experimen-
tally feasible range of solution densities.

We can compare only the values reported for SC in
Figure 6 and Table 1 to prior reports because literature
data is not available for TDOC and DOC. First, checking
consistency, the peak value of the sedimentation
coefficient for our length and chirality sorted (6,5) rich
sample is substantially greater than the peak valued
measured by Arnold et al. for (6,5) SWCNTs.27 This is
expected, as the friction coefficient depends on the
length of the nanotubes (longer SWCNTs move faster),
and their reported average length is = 1/4 the length
of our sample. Our sample displays a peak sedimenta-
tion coefficient approximately equal to the peak value
reported by Backes et al.;29 however, this is not un-
expected. Their sample contained contributions from
larger diameter chiralities, which generally sediment
faster, as well as bundles and other material. However,
the value of the anhydrous density wemeasure for the
(6,5) SWCNT in the SC dispersion is significantly lower
than the value reported by either Backes et al.or Arnold
et al.. There are at least two potential reasons for this
discrepancy. The most likely is a different level of
defects on the nanotube samples, which can affect
the nanotube density, or potentially precision difficul-
ties for the previous reports from broader distributions.
We also note that neither of the literature references
report explicit determination of the density and visc-
osity of their surfactant solutions, which in our mea-
surements are measurably different from pure D2O
values.

Comparison of the observed sedimentation coeffi-
cients and anhydrous densities of the SWCNT�surfac-
tant complex in SC, DOC and TDOC provides further
insight about the structural differences between the
three surfactants. Because the nanotube population is
identical in all samples, specific differences must be
due to the quantity of adsorbed surfactant, and the
adsorbed layer structure. A first observation is that
although the anhydrous densities of the SWCNTs in
DOC and SC are similar, the sedimentation coefficients
themselves are significantly different, especially in
100% H2O. Using eq 1, and remembering that length
and thus the L part of f/f0 are equivalent, Fp is approxi-
mately the same, and η and Fs are explicitly accounted
for, the increased sedimentation coefficient for SC is
probably primarily due to a significantly thinner bound
surfactant shell (smaller hydrodynamic radius) in SC
than for the (6,5) SWCNT in DOC. Another possible

Figure 6. Viscosity-corrected mean sedimentation coeffi-
cients for the (6,5) SWCNTs versus the density of themedium
as adjusted by the amount of D2O or D2

18O in the solvent at
a constant surfactant concentration of 10 g/L. Error bars in
both axes are smaller than the symbols. (A) Comparison of
the S values extracted by the different methodologies from
the sedimentation coefficient distribution. The methodol-
ogy does not significantly affect the extracted value for this
sample. (B) For each of the three surfactants, DOC (black
points, solid fit line), SC (blue points, long dashes), and
TDOC (red points, short dashes), the data is well fit by a
straight line, indicating the surfactant structure is not
being altered by the change from H2O to D2O. From the
slope of the change in S 3η with the solution density, the
anhydrous density of the SWCNT�surfactant complex
can be extracted; the anhydrous density is the density
at which S 3 η = 0. For comparison, values from Arnold
et al.27 (pink diamonds, dash-double dots) and Backes
et al.29 (solid vertical line) for the anhydrous density of
chirality but not length sorted (6,5) in SC and for an
unsorted, but (6,5) biased SWCNT sample, in SC, respec-
tively, are shown.
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explanation is that the persistence length of the
SWCNT is shorter in SC than in DOC.35 A shorter
persistence length would enable the SWCNTs to ex-
plore a distribution of conformations with reduced
hydrodynamic drag and thus sediment faster. By simi-
lar logic, in TDOC the SWCNTs must also have a thinner
hydrodynamic radius (or exhibit more flexibility) than
in DOC, as well as have a greater quantity of adsorbed
surfactant on the SWCNT than in SC. This is perhaps
counterintuitive; however, to exhibit a less dense
anhydrous partial specific density with a thinner radius
than in SC, the addition ofmore TDOCmolecules to the
nanotube surface is required (the SWCNT component
of the density is an identical property of the nanotube
structure).48

Using ourmeasured anhydrous density, and repeat-
ing the calculation of the surface packing density
reported in Arnold et al.,27 the estimated linear surface
coverage is 4.46 ( 0.54, 4.64 ( 0.76, and 4.76 ( 0.83
molecules/nm for DOC, SC, and TDOC, respectively.
Comparing to the value in Arnold et al.,27 the surface
coverage by SC on our SWCNT sample is estimated at
93( 15% (versus 72( 16%) of the SWCNT surface. The
value used for the anhydrous density of the all the
surfactants for these calculations was 0.745 mL/g.49

Instead of relying on a literature value, we can extract v for
each surfactant from measurable quantities (vide infra).

Hydrated Buoyant Density Determination. Separate
from the anhydrous density, accurate measurement of
the hydrated buoyant density in solutions containing
density modifying agents is of interest for rational
design of DGU separations in addition to other areas
outside the scope of this contribution. Typically, the
buoyant density of a SWCNT has been determined
through observation of the nanotube species position
at the end of a DGU experiment, noting that this
buoyant density is for the effective particle as defined
by the exclusion of the cosolute iodixanol from the
hydrated surfactant layer on the nanotube. After ex-
tracting the correct fraction, the density of the bulk
fraction is either measured directly (and assumed to
be equal to the density of the hydrated surfactant�
nanotube complex), or through the use of the refrac-
tive index or the absorbance change from the density
medium. However, this methodology has several po-
tential downfalls, including: the difficulty in pinpoint-
ing the isopycnic density due to the extinction of the
driving force for sedimentation as the buoyancy dif-
ference goes to zero; the fact that the observed
SWCNTs are typically in a macroscopically thick band,
and diffusion, size differences, enantiomer distribution,
or defects can all affect the observed location; the
presence of a temporal and spatial gradient of viscosity
thatmay additionally affect whether a position actually
approximates equilibrium. An approach that circum-
vents these difficulties is tomeasure the sedimentation

velocity in dilute solutions of the density modifier and
extrapolate to the buoyant density.

Distinct from the anhydrous density measurement,
the hydrated buoyant density (in a specific medium)
can be measured by adding a nonsolvating density
modifying agent such as iodixanol. In this experiment,
the effective density monitored for the SWCNT will
include the volumetric contribution due to thewater in
the volume near the SWCNT from which the modify-
ing agent is excluded.30 Although more complicated
systems can likely be devised, it is likely that for
iodixanol this volume is effectively identical to the
volume of the hydration shell of strongly correlated
water surrounding/incorporated in the SWCNT�
surfactant complex. Making this assumption, the effec-
tive average density within the volume including
the hydration shell implies a substantially reduced

TABLE 1. Measured Anhydrous and Buoyant Densities of

SWCNT Sample in Different Bile Salt Solutionsa

anhydrous density

(1/v, kg/m3)

apparent anhydrous diameter

(nm) (vi = 0.745 cm3/g)

buoyant density

(F, kg/m3)

10 g/L DOC 1574 ( 20 2.02 ( 0.09 1067.6 ( 2.3
10 g/L TDOC 1527 ( 25 2.26 ( 0.15 1071.6 ( 2.3
10 g/L SC 1561 ( 26 2.08 ( 0.12 1096.5 ( 4.7
10 g/L SC29 1786 - -
20 g/L SC27 1890 ( 110 1.8 ( 0.15 1075 ( 25

a Anhydrous density, apparent anhydrous radius, and buoyant densities for the
SWCNT sample as measured in 10 g/L surfactant; uncertainty is 1σ. Values from
references were reported as v (units of cm3/g), to aid comparison they have been
converted to density values (F = 1/v).

Figure 7. Viscosity-corrected mean sedimentation coeffi-
cients for the (6,5) SWCNTs versus the density of themedium
as adjusted by the amount of iodixanol present at a con-
stant surfactant concentration of 10 g/L and for H2O as the
solvent. For eachof the three surfactants, DOC (black points,
solid line), SC (blue triangles, long dashes), and TDOC
(red squares, short dashes), the data is well fit by a straight
line, indicating the surfactant structure is not being altered
by the addition of iodixanol at the explored concentrations.
From the slope of the change in S 3η with the iodixanol
content, the buoyant density of the SWCNT�surfactant
complex can be extracted; the buoyant density is the value
at which the fit line to the S 3 η data crosses the horizontal
axis (S = 0).
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effective buoyant density (as compared to the anhy-
drous density measured by water isotope variation) for
bile salt surfactant�SWCNT complexes in iodixanol
solutions.

The experimental sedimentation coefficients and
the linear best fit lines to the data for the SWCNT�
surfactant complexes in iodixanol�surfactant solution
are shown in Figure 7 with the extrapolated buoyant
densities given in Table 1. In Figure 7, it is clear that the
effective density difference driving sedimentation is
dramatically reduced by use of iodixanol to modify the
mediumdensity rather thanD2O. Additionally, the data
points are again well fit by the slope of the linear fit
lines, indicating that, at least for dilute iodixanol con-
centrations, the iodixanol is not significantly affecting
the hydrated surfactant structure. Greater iodixanol
concentrations were not explored due to a lack of
sample, experimental difficulties, and the more de-
tailed data analysis necessary for co-sedimenting ma-
terials. For reference, iodixanol sediments with a S =
0.5 Sv (in the dilute limit, H2O, 20 �C). To avoid the need
to analyze the data with the co-sedimenting model,
conditions that would result in the average SWCNT
sedimentation coefficient being e6 were avoided; for
future work, negative sedimentation coefficients can
also be measured and should be experimentally ac-
cessible at moderate iodixanol concentrations. As an
experimental note, the sedimentation coefficients for
the SWCNTs were determined using only= 60% of the
radial absorbance range, avoiding the inner and outer
regions in which concentration gradients first develop,
such that the measured absorbance profiles reflected
sedimentation through a uniform environment. The
trends of the data and fit lines in Figure 7 are similar to
the trends in the anhydrous density measurement,
except that the DOCdispersion has the lowest buoyant
density, followed by the TDOC and SC.

Comparing values for the buoyant density from our
measurements to the literature, the buoyant density
for the (6,5) nanotube in SC is in reasonable agreement
with literature reports: Arnold et al.27 reported for 20 g/L
SC/iodixanol solution a buoyant density of 1075 (
24 kg/m3; Nair et al.50 reported a best fit value of 1063.6
kg/m3, also for 20 g/L SC; Ghosh et al.7 reported a value
= 1068 kg/m3 for 7 g/L SC; Wenseleers et al.21 reported
a value for D2O, 7 g/L SC, Nycodenz solution of 1190 (
5 kg/m3, which we estimate as = 1085 kg/m3 in an
equivalent H2O solution based on subtracting our mea-
sured density difference between H2O and D2O solutions.
For DOC dispersed (6,5) SWCNTs: Wenseleers et al.21

reported a value for D2O, 7 g/L DOC, Nycodenz solution
of 1210( 10 kg/m3, which we estimate to be equivalent
to =1105 kg/m3 in an equivalent H2O solution; Zhao
et al.51 reported a value for a H2O�D2O mixture, 5 g/L
DOC, iodixanol solution of approximately 1110 kg/m3. No
literature values for the buoyant density of SWCNTs in
TDOC/iodixanol solutions were found for comparison.

Comparing to the DOC literature results, it is surpris-
ing to us that the buoyant density values in both
literature reports are greater than the buoyant density
value in an equivalent SC solution. This is counter to our
experience and current measurements. Possibilities for
this variance between the values, beyond artifacts due
to theDGU basedmeasurement approach, include: the
possibility that the iodixanol concentration affects the
hydration shell at the higher concentrations used for
isopycnic point based separation; differences in the
density of the attached surfactant as a function of
surfactant concentration or the level of SWCNT enan-
tiomer enrichment; the effects of density modifier
choice (iodixanol versus nycodenz); and possible var-
iation of other contaminant cholate species concen-
tration from different grades or suppliers of the raw
surfactant.

Using a cylindrical mass balance model,27 the dif-
ference in density between the buoyant and anhy-
drous densities can be used to measure the size of the
hydration shell for each of the surfactant types. The
simple mass balance, schematic in Figure 8, is

Fbuoyant ¼ FanhydrousVanhydrous þ FhydrationVhydration þ FcoreVcore
Vanhydrous þ Vhydration þ Vcore

¼ Fanhydrous(r
2
an � r2core)þ Fhydration(r

2
b � r2an)þ Fcorer

2
core

r2b
(5)

in which ran is the radius corresponding to the outer
radius of the nanotube plus the bound surfactant
shell,52 rb is the outer radius of the hydration shell that
determines the buoyant density, and rcore is the radius
of the internal cavity of the nanotube. The thickness of
the SWCNT itself is taken to be 0.34 nm, and the
diameter of the (6,5) SWCNT, carbon centers definition,

Figure 8. Schematic explanation of the surfactant shell
information. The nanotube�surfactant complex has multi-
ple radial length scales. The anhydrous radius, ran, effective
hydrated radius, rb, and the radius of the core, rcore, are
depicted. The effective hydrodynamic radius is expected to
be similar to the value of rb.
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is 0.75 nm; rcore is thus 0.205 nm. Given this informa-
tion, eq 5 can be rearranged to be

r2b ¼ r2an(Fhydration � Fanhydrous)þ r2core(Fanhydrous � Fcore)
(Fhydration � Fbuoyant)

(6)

Assuming that the density of the additional hydra-
tion and core volumes are equal to the average density

of the surfactant solution in H2O (i.e., Fhydration, Fcore =
1000 kg/m3), the calculated values for the hydrated

diameter from the measured anhydrous and buoyant

densities using eq 6 are 5.79 ( 0.34, 6.09 ( 0.56, and

4.93 ( 0.36 nm for DOC, TDOC, and SC, respectively.

These values are also tabulated in Table 2.
Interestingly, the calculated values for the apparent

hydration radius do not fully follow the trend expected
from the raw sedimentation rate of the nanotubes,
(rb,SC < rb,TDOC < rb,DOC), corresponding to the observed
behavior (SSC, STDOC > SDOC). There are two probable

causes for this discrepancy. One is that the effective
hydrodynamic radius is not closely correlated to rb,
which is possible if the iodixanol is excluded/interca-
lated differently for the three surfactants; the second is
that the literature value used for v of the surfactants
(0.745 mL/g) from measurements for DOC and SC
solutions is not uniformly applicable across the three
surfactants (at least as adsorbed on the nanotube
surface), particularly to TDOC for which we did not
find a literature solution value. However, when we
used a densitometer and methods from the litera-
ture to measure the v of our TDOC, we found it to
be ≈0.75 mL/g.53,54

As an alternative to calculating rb from a ran calcu-
lated with vi, we can use eq 1 and assume that rb =
rhydro and use this to calculate vi. To use eq 1, however,
we need to choose a model for the rotationally aver-
aged friction coefficient of a rigid rod. Equation 7 is an
approximation of the friction coefficient with length
that better reflects the true dependence than the
Broersma relation.35

a

rhydro
¼ ξ ln

4ξ
e

� �" #�1

� 1 � 0:782ψþ 0:691ψ1:67 þ 0:622ψ1:77 þ 0:418ψ2:16

1 � 0:677ψþ 1:601ψ2:07 þ 0:178ψ2:26

" #
(7)

In eq 7, ξ � L/2rhydro and Ψ � 1/ln(ξ). If we combine eqs 1 and 7, we get55

S ¼ π(r2an � r2core)L� (Fanhydrous � Fhydration)� rhydro

6πηξ ln
4ξ
e

� �" #�1

� 1 � 0:782ψþ 0:691ψ1:67 þ 0:622ψ1:77 þ 0:418ψ2:16

1 � 0:677ψþ 1:601ψ2:07 þ 0:178ψ2:26

" # (8)

which can be rearranged to a monotonic function of rhydro and known values.

G(rhydro) ¼
ξ ln

4ξ
e

� �" #�1

� 1 � 0:782ψþ 0:691ψ1:67 þ 0:622ψ1:77 þ 0:418ψ2:16

1 � 0:677ψþ 1:601ψ2:07 þ 0:178ψ2:26

" #

rhydro

¼ (r2an � r2core)� L� (Fanhydrous � Fhydration)
6ηS

(9)

Finding the values that satisfy eq 9 for the three
surfactants yields rhydro equal to 2.47, 1.34, and
2.24 nm for DOC, SC, and TDOC, respectively. Setting
rb = rhydro, vi can then be calculated from the mass
balance. Reasonable values for vi are calculated in
particular for DOC and TDOC (0.741, 1.133, and 0.794
L/kg for DOC, SC, and TDOC). Both sets of calculated
values are also reported in Table 2. These values for the
hydrodynamic radii do follow the order expected from
the observed sedimentation velocities, although the
value for SC in particular seems small, which propa-
gates into a low anhydrous density value. A potential
explanation for the remaining discrepancy is an ex-
hibition of different persistence lengths in the three
surfactants, which would enable the nanotubes to ex-
plore bent conformations that would increase their

velocity relative to that expected for the same volume
rigid rod. This implies that shorter SWCNTs should be
explored as perhaps better candidates, particularly with
the higher length resolution now available for shorter
populations,56 for rigorous AUC measurements.

Effects of Surfactant Structure. Although the struc-
tural parameters of the bound surfactant layers are the
purpose of this contribution, the effects of the surfac-
tant driven differences on the nanotube properties are
also of interest. Literature studies have primarily used
twomethodologies to probe the quality of the surfactant
packing, narrowness and intensity of the absorbance and
fluorescence spectra, and reactivity in the presence of
oxidizing agents. However, previous samples did not have
independent measurements of the quantity of bound
surfactant, which leads to ambiguity over the source of
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measured effects. Thereforewemeasured the absorbance
and the NIR fluorescence of the SWCNT sample in the
three surfactants to probe the effects of the surfactant
shell on the optical properties. As described earlier, and
shown in Supporting Information Figure S2, the absor-
bance spectra of the SWCNT sample in the three surfac-
tant solutions was approximately unaffected by the
choice of surfactant. The fluorescence intensities, shown
in Figure 9, however, were affected by the nature of the
dispersant. Compared to essentially identical emission
intensities measured for resonant excitation of the (6,5)
E22 optical transition inDOCandTDOC, a 20%decrease in
fluorescence intensity was observed for in SC.

Interestingly, a 20% lower intensity in fluorescence
for SC dispersed SWCNTs is substantially less than the
intensity difference measured for directly dispersed
SWCNTs in SC instead of DOC (=50%),1 or for shorter,
length sorted only, SWCNTs exchanged from DNA
dispersion into DOC or SC (=40% lower in SC,
unpublished), but is similar to the value reported from
single tube measurements on the (7,5) nanotube
(=25% lower in SC).57 This may indicate a greater
susceptibility to disruption of the surfactant packing
of SC in the presence of nanotube defects. The fluo-
rescence intensity and emission wavelength are ex-
pected to be strongly affected by the degree of surface
isolation from the environment,58�62 implying that the
SC dispersed SWCNTs are worse at excluding quench-
ers than DOC or TDOC. This result is also consistent
with literature reports utilizing reactants to probe the
accessibility of the surfactant covered SWCNT surface.
Hilmer et al.63monitored the accessibility of the surface
via the reduction in bulk absorbance and fluorescence
upon addition of a diazonium moiety to dispersed
SWCNTs in solution including the (6,5). DOC and TDOC
dispersed SWCNTs were found to be highly resistant to
functionalization, while SCwas found to be susceptible
at significantly lower reactant concentrations. Siitonen
et al.57 also reported the use of aryl diazonium salt
reactions to probe surfactant coverage effects at the
single nanotube level on SC and DOC dispersed small
diameter SWCNTs, primarily of the (7,5) species, using
aNIRfluorescencemicroscope. In their results,DOCcoated
SWCNTs were found to exhibit greater fluorescence

intensity than SC dispersed SWCNTs. Additionally, they
determined that the effective mean quenching range of
an individual induced defect was greater in DOC than in
SC; this indicated a longer exciton diffusion range and a
more isolated nanotube surface with DOC dispersion that
is also consistent with our observation.

The combined evaluation of the AUC determined
information, along with the spectroscopic results, de-
monstrate the value of the information derivable from
AUC. Both DOC and TDOC are demonstrated to better
isolate the SWCNT surface than SC from the environ-
ment, but the AUC data informs us that this similar
isolation is driven by different structures of the bound
surfactant in the two cases. In DOC we infer that the
stronger surface isolation, as compared to SC, is due to
a more extended hydrated radius and bound surfac-
tant structure; in TDOC the implication is that the
surfactant coverage is denser on the SWCNT surface
than in SC. This degree of information on bound
structure, especially for chemically similar molecules, en-
ables rational design of separations by identifying the
actual structure that drives the observed phenomenon,
as well as yielding comparative data for the develop-
ment of bile salt appropriate force fields in molecular
simulations.

CONCLUSIONS
Analytical ultracentrifugation is demonstrated to

enable extraction of both the anhydrous and buoyant
densities of (6,5) single-wall carbon nanotubes in differ-
ent, but closely related, bile salt surfactants and in the
presence of the density modifying agent iodixanol. The
values of the sedimentation coefficients extracted from
the sedimentation in different density mixtures of H2O
and D2O indicate that the structure of the bound surfac-
tant layer does not change with deuteration of the

TABLE 2. Calculated Parameters from SWCNT

Measureandsa

apparent fully hydrated

diameter, v = 0.745 mL/g

apparent hydrodynamic

diameter from S

apparent v

from rhydro

10 g/L DOC 5.80 ( 0.30 nm 4.94 nm 0.741 L/kg
10 g/L TDOC 6.04 ( 0.46 nm 4.53 nm 0.794 L/kg
10 g/L SC 4.93 ( 0.35 nm 3.10 nm 1.133 L/kg
20 g/L SC27 - 5.5 ( 0.28 nm 0.627 L/kg

a Apparent fully hydrated diameter, rb, from the mass balance with a literature v
and the apparent v alternately calculated from the mode sedimentation coefficient;
reported uncertainty is 1σ.

Figure 9. Comparison of the NIR fluorescence intensity of
the (6,5) SWCNT dispersed in each of the three different bile
salts, as normalized by the peak intensity observed in DOC,
at equal dilutions and excitation at 570 nm. DOC and TDOC
dispersed (6,5) SWCNTs display indistinguishable fluorescence
intensity, while the SC dispersed sample displays approxi-
mately 80% of the intensity. The peak emission wavelength is
also slightly blue-shifted in SC dispersion, indicating a different
dielectric environment near the SWCNT surface.
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solvent, and that iodixanol similarly does not significantly
incorporate into the surfactant shell, at least over the
explored range of iodixanol concentrations.
Furthermore, the values for the anhydrous and buoy-

ant densities extracted for the various bile salts indicate
that the structures of the bound surfactant layers are
significantly different for the three bile salt variants. The
sedimentation data indicate that at 10 g/L surfactant
concentration the DOC dispersed SWCNTs have the
thickest bound layer of surfactant, with TDOC and SC
each having thinner layers. TDOC, however, exhibited
behavior indicating that it adsorbs at a higher surface

density onto the nanotube surface than SC. This is
apparent in the lesser anhydrous density of the
SWCNT�TDOC complex, and logical correspondence to
results from fluorescence measurements and previous
surface reactivity studies. Additional value from this work
is derived from its applicability to simulation studies and
as an underlying data set for rational design of nanotube
separations in an ultracentrifuge. Future work will extend
the measurements described here as a basis for length
distribution measurement, and to explore issues related
to the mechanism of separation in co-surfactant DGU
separations.

METHODS42

Single-wall carbonnanotubepowderwaspurchased fromSouth-
west Nanotechnologies (SG65 grade, lot# SG65-000-0024).
Sodium deoxycholate (99%, ACROS), sodium taurodeoxycho-
late (BioXtra grade >97%), sodium cholate hydrate (>99%),
sodium dodecyl sulfate (SDS) and iodixanol ((5,50-[(2-hydroxy-
1-3-propanediyl)-bis(acetylamino)]-bis-[N,N0-bis(2,3dihydroxyl-
propyl-2,4,6-triiodo-1,3-benzenecarboxamide], sold as Opti-Prep)
were acquired from Sigma-Aldrich and used without further
purification. D2O (D > 99.8%) and D2

18O (D g 98%, 18O g 97%)
were purchased from Cambridge Isotopes.
SWCNTsweredispersed via tip sonication (1/4 in., 1 h, 0.9W/mL)

in an ice bath at a nominal concentration of 1.0 mg SWCNT/mL in
2.0% sodium deoxycholate solution. Following sonication, the
resulting suspension was centrifuged in a high-speed centrifuge
(Beckman J-2 centrifuge, JA-20 rotor, 1884 rad/s, 2 h) and the
supernatant collected. This dispersion was then concentrated
using pressurized stirred cells (Millipore) with ultrafiltration mem-
branes (30 kDa MW cutoff), and then separated by length as
reported previously.64 Briefly, iodixanol was added to modify the
bulk density, and the resultingdispersionwas injectedunderneath
a 10� larger volume layer of 1%DOC, 15% iodixanol solution layer
in a centrifuge tube. For the SWCNTs describedhere,=20 separate
length separations were conducted at 2650 rad/s (25.3 krpm) and
4 �C for 21 h in an Optima 80XL ultracentrifuge (Beckman-Coulter)
with a swinging bucket rotor (Beckman SW-32Ti) and themaximal
acceleration and deceleration profiles set to 4. Fractions were
recovered by hand pipetting sequential layers and collecting like
fractions. The samples in this work were extracted from the
combinations of fractions 7 and 8 (of 20), i.e., from a layer nearer
the top of the liquid column and containing longer length (and/or
more buoyant SWCNTs). This volume was several centimeters
above the majority of the SWCNT mass in the separation. The
SWCNTs reported on in Fagan et al.64 were from fraction 13 and
below. The pressurized stirred cells were used to concentrate the
separated population and to remove most of the iodixanol.
Chirality separation was performed using a modified version

of the methods reported by Ghosh et al.7 and Blackburn et al.65

Briefly, SC solution was added to the concentrated length
fractionated dispersion to bring the surfactant concentration
to 5 g/L DOC and 10 g/L SC. This liquid (=0.9 mL) was then
layered on top of a race layer of 12.63% iodixanol, 0.71% SC and
0.177% SDS (4 mL) in optiseal centrifuge tubes (Beckman
#362185) and centrifuged in a VTi 65.2 vertical rotor. Separation
was conducted at 6806 rad/s (65 krpm) for 1.5 h at 20 �C using
the maximum acceleration profile and deceleration profile 1.
During centrifugation, the SWCNTs sediment through the
race layer at a rate dependent on their chirality, enantiomeric
handedness, length, defect density and morphology; the
SWCNTs used in this work were collected from the pink-purple
band including the slowest sedimenting nanotubes in
the separation. Photographs of the separation are provided in
the SOL. Like fractions were combined from 15 separations and
exchanged using multiple concentration/dilution steps in the
ultrafiltration cell into 10 g/L DOC, 18 MΩ H2O. At this stage

the amount of iodixanol was removed below detectable levels
(<0.1 μg/mL), and the final SWCNT concentration was brought
to approximately 35 μg/mL (est. extinction coefficient of 2.06
A/(mmmg/mL) at 775 nm). Exchange of theDOC for TDOCor SC
surfactants was also performed utilizing the stirred ultrafiltra-
tion cell. In both cases, approximately 400 μL of the SWCNT�
DOC sample was added to 2.5 mL of either 10 g/L TDOC or SC
solution, stirred, and then the liquid in the cell was completely
expressed (hold up volume is =100 μL according to the
manufacturer) to remove the initial DOC content. The SWCNTs
were then immediately redispersed through agitation (using a
pipettor) with added 10 g/L TDOC or SC surfactant (4 mL), stirred,
and then concentrated in steps with stirring/agitation breaks to
approximately 450 μL. From a volumetric basis, the DOC content
after exchange was estimated as <0.05 g/L. These samples were
additionally further diluted by a minimum of 3:1 with additional
TDOC or SC solution prior to AUC measurement. Therefore, final
samples were estimated to have a surfactant composition of
approximately 99.9% TDOC or SC. Note, however, that this is a
greater % dilution than the claimed purity of the bulk surfactant
from the manufacturer, and thus, the actual composition of the
surfactant is more accurately described as asymptoted to the
composition of the surfactant powder.
UV�vis-NIR absorbance spectra were collected on a Cary

5000 UV�vis-NIR spectrometer from 1880 to 185 nm in 1 nm
increments through a 1 mm quartz cuvette with an integration
time of 0.1 s/nm (2 nm slit width). The spectra of the corre-
sponding blank surfactant solution samples were collected
separately and linearly subtracted during data analysis.
NIR fluorescence was measured on a Horiba Jobin-Yvon

nanolog-3 spectrofluorometer with a liquid nitrogen cooled
InGaAs array detector and a 450 W xenon lamp. Excitation was
selected using a dual grating monochromotor with 1200
(grooves/mm) � 500 (blaze, nm) gratings, and a slit selected
bandpass of 5 nm. Emission was measured in the right angle
geometry with a 5mm� 5mm square quartz cuvette through a
long-pass filter and dispersed with a 100� 800 grating onto the
array detector. Bandpass for the emission side was set to 5 nm.
Integration time was 60 s (slice) or 12 s (contour plot). Collected
spectra were corrected for the wavelength dependent irradi-
ance of the excitation beam, and the wavelength dependence
of the long pass filter and detector train as calibrated to a NIST
traceable lamp. For the surfactant comparison in Figure 9, an
appropriate amount of the sample was diluted with additional
surfactant solution to yield a dilute sample with an absorbance
of 0.01/cm (0.02/cm for the contour plot) at 775 nm in 10 g/L of
the appropriate surfactant and 20% (by volume) D2O. Under
these conditions, in-filter effects affecting the monitored emis-
sion intensity should be minimal.
The spontaneous Raman backscattered light was collected in

a collinear 180� backscattering configuration on the sample
dispersed in DOC with a triple grating spectrometer (Dilor
XY800) and a liquid nitrogen cooled CCD detector. An Arþ laser
(Coherent Innova Sabre with multiline visible head) provided
the 514.5 nm excitation, and was also used in multiline mode to
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excite a dye laser (Coherent) for the excitation at 570.7 nm; in
each case, approximately 10mWof powerwas focused to a spot
size of approximately 100 μmwithin the liquid sample volume.
Benzonitrile was used as a reference standard to ensure wave-
number accuracy. Raman frequency shifts in the range from
approximately 100 to 3500 cm�1 were measured, covering the
region of spectral shift inwhich radial breathingmodes (RBM), D
band, G band, G0 (2D) and water Raman features occur. The
integration time was 10 s, and at each grating position was
collected 3�. TheD/G ratiowas calculated using the peak values
of the Gþ and D features after subtraction of a linear and sloped
background respectively. The backgrounds were taken as the
nonresonant signal averaged from 2040 to 2077 cm�1, covering
100 data points, for the G band, and as sloped line between the
measured signal averaged over the region 1172�1194 cm�1 and
the average over the region from 1402 to 1420 cm�1.
Analytical ultracentrifugation was performed on a Beckman-

Coulter XLI analytical ultracentrifuge in an AN-50 8 cell rotor
with 2-sector Epon-charcoal centerpieces. The optical path
length of these cells is 1.2 cm. Data was collected in sedimenta-
tion velocity mode with both the interference optics and
absorption optics at centrifugation speeds between 733 rad/s
(7000 rpm) and 4188 rad/s (40 000 rpm) at 20 �C; most data was
collected at 2617 rad/s (25 krpm) or 2932 rad/s (28 krpm). After
preliminary experiments to confirm the absence of SWCNT
concentration effects at the desired dilution levels, SWCNT
dispersions for AUC measurement were diluted with either
H2O-surfactant, D2O-surfactant, and/or H2O-iodixanol-surfac-
tant solutions to reach the desired concentration using a
pipettor at a single fixed volume. Dilution was typically 4:1
(surfactant solution/SWCNT dispersion) to reach an appropriate
concentration yielding an absorbance of =0.8 A at the desired
wavelength across the AUC cell. Either water or the surfactant
solution was used as the reference depending on the experi-
ment. No differences in the extracted sedimentation coefficient
distribution measured were observed based on the wavelength
chosen for the absorbance monitoring (235, 305, 347, or
570 nm). Most measurements were conducted at 305 ( 2 nm
(uncertainty reflects the instrument's specification), except in
the case for solutions containing iodixanol, which were mea-
sured at 570( 2 nm. Thewavelength was not varied during any
experiment, however, so within an experiment the wavelength
was a constant. Generally a radial scan for each cell was
recorded every 5 min. Typical data sets covering the entire
sedimentation process included between 85 scans and 105
scans, depending on the density difference and the viscosity of
the medium. Viscosities and densities of the various surfactant
and surfactant-iodixanol solutions were measured indepen-
dently with an Anton Parr 5000 M densitometer/Lovis ME
viscometer combination instrument or a combination of an
Anton Parr 5000 M densitometer and an AMVn viscometer
instrument at 20 �C. In some cases, viscosities and densities
for intermediate compositions were linearly interpolated be-
tween measured H2O-surfactant and D2O-surfactant values.
Density and viscosity values were directly measured for each
parent solution diluted to form the final solutions of the various
combinations of isotopes, surfactants, and iodixanol. These are
reported in Table S1 of the SOL.
Sedimentation data was analyzed with the software

packages SEDFIT version 14.0c. This version of SEDFIT corrects
for an instrumental time-stamping error that was recently
uncovered.66 The c(S) model or c(S, ff0) were used to extract
the distribution of S values represented in the measured data.
Similar distributions were extracted with either model. S values
were fitted over the range of 0�20 Sv (200 divisions), using the
measured or extrapolated solution viscosity and density values
and an f/f0 value of 8.725 (DOC), 8.9 (SC) and 8.45 (TDOC) as
these were the best fit values found for the SWCNTs in H2O
(averaging output values reported for initial guess values above
and below these best fit values). In tests, the supplied f/f0 value
did not significantly affect the reported S distribution. Regular-
ization was fixed at P = 0.683. The position of the meniscus was
generally well-defined, and changed only minimally when
allowed to float during fit optimization. For anhydrous density
measurements, the fitting windowwasmaximized to include as

much of the sedimentation volume as possible. For buoyant
density measurements, the fitting was limited to approximately
the middle 60% of the sedimentation volume, biased closer to
the meniscus, to ignore regions with significantly changing
iodixanol concentrations. After initial optimization of the c(S)
analysis in SEDFIT using an estimated v, the analysis was
performed using the experimentally determined v value; these
values are shown in the figures, no significant change to the v
value was found from the iteration.
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