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he preparative ultracentrifuge has

proven to be an essential tool for

the processing of carbon
nanotubes.''® As-grown carbon nano-
tubes are typically highly aggregated, het-
erogeneous mixtures of nanostructures that
significantly differ in their physical and elec-
tronic properties."'#92° As-grown carbon
nanotubes must first be isolated and then
sorted by their physical and electronic prop-
erties before they can be utilized in large-
scale applications such as integrated cir-
cuits, near-infrared emitters and
photodetectors, or biochemical sensors.'®
O’Connell et al. were the first to demon-
strate that isolated and aggregated single-
walled carbon nanotubes (SWNTs) could be
separated in an ultracentrifuge by exploit-
ing differences in the rate of their centrifu-
gal sedimentation.? This seminal work led
to discoveries such as near-infrared photo-
luminescence'? and permitted fundamen-
tal studies of SWNT photophysics.®?'

The work of O’Connell et al. was recently
extended to include separation of SWNTs
by diameter, band gap, and electronic type
(e.g., metallic versus semiconducting) using
the technique of density gradient ultracen-
trifugation (DGU)."#%%223 Semiconducting
SWNTs produced by DGU are useful for
transistor logic, amplification, and sensing,’
whereas metallic SWNTs isolated by DGU
are better suited as the interconnecting
leads of integrated circuits or as the conduc-
tive elements of transparent
conductors.'?*?* Nearly monodisperse
SWNTs sorted by their diameter and band
gap via DGU have also enabled more de-
tailed fundamental studies of SWNT photo-
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ABSTRACT The hydrodynamic properties of surfactant encapsulated single-walled carbon nanotubes (SWNTSs)

have been characterized by optically measuring their spatial and temporal redistribution in situ in an analytical

ultracentrifuge. The measured redistribution profiles are fit to the Lamm equation, thus determining the

sedimentation, diffusion, and hydrodynamic frictional coefficients of the surfactant encapsulated SWNTs. For

sodium cholate encapsulated SWNTs, we demonstrate that the technique of analytical ultracentrifugation can be

utilized to determine the linear packing density of surfactant molecules along the length of the SWNTs, 3.6 = 0.8

nm~", and the anhydrous molar volume of the surfactant molecules on the SWNT surfaces, 270 = 20 cm® mol ~".

Additionally, analytical ultracentrifugation is used to measure and compare the sedimentation rates of bundled

and isolated carbon nanotubes. This study should serve as a guide for designing centrifuge-based processing

procedures for preparing samples of SWNTSs for a wide variety of applications and studies. Additionally, the results

obtained here should aid in understanding the hydrodynamic properties of SWNTs and the interactions between

SWNTs and surfactants in aqueous solution.

KEYWORDS: hydrodynamic - surfactant encapsulated - ultracentrifuge - carbon
nanotubes - sedimentation - diffusion - density

physics by reducing spectral
overlap.**#2¢~28 pAdditional
ultracentrifuge-based separation tech-
niques have recently been utilized to re-
move carbonaceous impurities and cata-
lysts from SWNT dispersions,’® to separate
SWNTs by the chemical functionalization on
their surfaces,®?° and for concentration pur-
poses.?

The use of preparative ultracentrifuges
to process and sort SWNTSs has clearly led
to important discoveries and advances in
the application and science of SWNTs. Yet,
despite these successes, relatively few
quantitative studies have been undertaken
to understand the hydrodynamics of
SWNTs. The most thorough study to date
was performed by Nair et al. where the hy-
drodynamic properties of surfactant encap-
sulated SWNTs were deduced from the
buoyant density and spatial spreading of
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Martel et al. on p 2195.
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Figure 1. Schematic depicting the SWNT, surfactant, and
hydration layers: ®;,,, ® ., ®,, ®',, and ®, denote the in-
ner and outer diameters of the SWNT and the anhydrous, hy-
drodynamic, and buoyancy-hydrated diameters of the
SWNT —surfactant complex, respectively.

SWNTs at their isopycnic banding positions in density
gradients."’ However, the findings of Nair et al. are con-
voluted by the fact that a large hydration shell (Figure
1) reduces the buoyant density of surfactant—SWNT
complexes in aqueous solution. As a result, it is diffi-
cult to differentiate the mass and volume of the surfac-
tant layers from the mass and volume of the hydration
layers in DGU experiments.

An alternative method for characterizing the hydro-
dynamic properties of surfactant encapsulated SWNTs
is analytical ultracentrifugation. By measuring the tran-
sient spatial and temporal distribution of SWNTs in wa-
ter in situ in a centrifugal force field (Figure 2), the sedi-
mentation, diffusion, and hydrodynamic frictional
coefficients of surfactant—SWNT complexes can be di-
rectly determined. Analytical ultracentrifugation is a
more direct means of study because the hydration layer
surrounding surfactant—SWNT complexes (Figure 1) is
“transparent” in water due to the fact that the density of
the hydration layer is nearly identical to the density of
bulk water.?°~3? Consequently, the sedimentation ve-
locity of a surfactant—SWNT complex in water depends
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Figure 2. Schematic of SWNTs in an analytical ultracentri-
fuge cell (top) and a corresponding plot of optical density
versus radius (bottom). The meniscus of the solution is iden-
tified by an artificial peak in the optical density (dashed
line), and the sedimenting boundary is found between the
vertical, solid red lines, marked by the symbol X.
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only on the anhydrous partial specific volume of the
surfactant—SWNT complex and not the hydrated par-
tial specific volume, which is measured via DGU. There-
fore, a more sensitive measure of the anhydrous prop-
erties of surfactant encapsulated SWNTs can be
obtained using analytical ultracentrifugation.

In the first part of this study, a sample of sodium cho-
late encapsulated SWNTSs sorted by DGU that are nearly
monodisperse in diameter is characterized. The narrow
diameter distribution of SWNTs and the lack of bundles
or aggregates in this sample make it ideal for character-
izing the sedimentation and diffusion of surfactant en-
capsulated SWNTs and for developing a relevant model
for SWNT sedimentation. Furthermore, sodium cholate
is an appropriate surfactant for this study because it
lends itself well to enabling high quality separation of
SWNTs via DGU. In the second part of this study, the an-
hydrous partial specific volume and anhydrous density
of sodium cholate encapsulated SWNTs are determined
by comparing their sedimentation coefficients in H,O
and D,0. These measurements allow the linear pack-
ing density of sodium cholate molecules, the anhydrous
molar volume of sodium cholate molecules on the sur-
faces of the SWNTs, and the average SWNT length to be
deduced. Then, the effects of SWNT aggregation on
sedimentation coefficient are examined. Finally, in the
Supporting Information, a series of predictions for how
the sedimentation coefficient and buoyant density of a
SWNT—surfactant complex should vary as a function of
nanotube diameter and length, the linear density of ad-
sorbed surfactant, and the hydration thickness are
developed.

RESULTS AND DISCUSSION

Theory. The motion of a SWNT in aqueous solution
in a centrifuge is driven by two processes: diffusion
due to Brownian motion and sedimentation in response
to the centrifugal force. In general, the sedimentation
and diffusion coefficients of a particle are determined
by the molar mass of the particle, M, its anhydrous par-
tial specific volume, v, and its Stokes hydrodynamic fric-
tional drag coefficient, £.3*> The sedimentation velocity,
u, in response to the centrifugal force, w?r, is described
by

u=w’rxs (1)

where w is the angular velocity and r is the distance
from the SWNT to the center of the rotor. In general, s
is given by the Svedberg relation

B M@ — p.v)
SETNE 2

where p, is the density of the solvent and N, is
Avogadro’s constant. The diffusion coefficient, D, of a
particle can also be expressed as a function of the
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Stokes hydrodynamic friction drag coefficient ac-
cording to the Stokes—Einstein relation

&)
Absorbance

where kg is the Boltzmann constant and T is
temperature.

The Stokes hydrodynamic frictional drag co-
efficient, f, is a function of the viscosity of the
solvent and the size and shape of the hydrated
solute particle and is equal to the ratio of the
frictional drag force to the sedimentation velocity.
For a spherical object, f = 3mmd, where 7 is the sol-
vent viscosity and d is the diameter of the sphere.
For a rigid, one-dimensional rod (length << persis-
tence length), the rotationally averaged Stokes hy-
drodynamic frictional drag coefficient has been de-
termined by Broersma et al.>*~3” The expression for
fis analogous to the case of a sphere except that the
diameter term, d, is replaced by the length of the
rod, L, divided by a new term, F, which is depend-
ent on the aspect ratio of the rod-like particle.
Specifically, f = 3mmL/F(®,,L), where &, is the hydro-
dynamic diameter of the one-dimensional rod, and
L is its length. The SWNTs used in this study are pre-
dominantly in the range of 100—500 nm in length,?
less than the experimentally measured persistence
length of SWNTSs in solution which is greater than
1000 nm,*®~*° thus the Broersma model for rigid
rods applies. Often, it is simpler to express the hydro-
dynamic frictional coefficient of a particle as a ratio
of the actual hydrodynamic frictional coefficient of
the particle to the hypothetical hydrodynamic fric-
tional coefficient that the particle would have if it
were reshaped into a sphere of equal mass and vol-
ume. For SWNTs of hydrodynamic diameter 10—30 A
and L = 500—5000 A, the calculated ratio of the ac-
tual frictional coefficient to the frictional coefficient
of an equivalent sphere ranges between 2 and 9.

When a monodisperse population of particles is
present, the particles’ temporal and spatial distribution
in a sector-shaped centrifugation cell, considering both
sedimentation and diffusion, is governed by the single
component Lamm equation

oclr ) 1915068 _ (220
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where c is concentration, ris radius, t is time, D is the dif-
fusion coefficient, and s is the sedimentation
coefficient.>**!' When multiple species are present, the
net concentration profile, c(r,t), can be modeled by a su-
perposition of solutions to the single component Lamm
equation such that

=% " acnd
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where the sum is over n different sedimenting species
and o is related to the initial concentration of each spe-
cies. It should be noted that there can be distinct s;
and D; for each species, and each ¢/(r,t) is determined
by the single component Lamm equation (eq 4). For the
case of SWNTSs, a continuous distribution of species is
expected corresponding to SWNTs of various lengths.
Therefore, s; and D; and the shape of ¢,(r,t) will vary as a
function of the SWNT length.

Fitting to Models Based on the Lamm Equation. A sample of
sodium cholate encapsulated SWNTs that had been
sorted by diameter via DGU and enriched in the (6,5)
chirality of SWNTs was initially studied. Typical yields for
the DGU process are 5—10%." This monodisperse
sample was utilized to minimize complications arising
from variations in SWNT diameter and to ensure that
the SWNT population consisted of predominantly iso-
lated, unbundled SWNTs. Experimentally measured
c(r,t) data optically collected using the analytical ultra-
centrifuge are depicted in Figure 3 for this sample with
H,O0 as the solvent. Initially, at t = 0, prior to ultracen-
trifugation, the optical density of the SWNT solution,
and thus the concentration, was homogeneous and
uniform. However, for t > 0, net sedimentation of the
SWNTSs occurred in the direction of the centrifugal force,
from smaller to larger radii. Gradually, the top of the
cell became depleted of SWNTs and a boundary be-
tween the SWNT-depleted region and the SWNT-rich re-
gion developed. With increasing time, this boundary
broadened and moved in the direction of the centrifu-
gal force until all of the SWNTs had sedimented to the
bottom of the cell. The spatial broadening of the
boundary layer with increasing time is attributed to
both diffusion and molecular weight (i.e., length)
polydispersity.

To gain more information about the hydrodynamic
properties of the SWNTSs in this sample, the measured
c(r,t) data set was fit to the multicomponent Lamm
equation (eq 5) using the software package SEDFIT.334
The value of s; was fixed to a range of values spanning
from 0.1 to 200 Sv on a logarithmic scale (1 Sv = 10~ '3
s), and «; values were free variables determined by the
fit. The best fit and the residuals of the fit are depicted in
Figure 4A, and the resulting distribution of «; versus s;
is plotted in Figure 5. In Figure 5, an unregularized «;
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Figure 3. Experimental c(r,t) data for sodium cholate encapsulated SWNTs.
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Figure 4. Fitting of the c(r,t) data set for sodium cholate encapsulated SWNTs to various versions of
the Lamm equation. The experimental data and fits are denoted by symbols and solid lines, respec-
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is 5.3 = 1.7 at the maximum of
the distribution. The diffusion
coefficient measured by ana-
lytical ultracentrifugation in
this study compares well with
the previously measured diffu-
sion coefficient of 4 um?/s for
well isolated HiPCO-grown
SWNTs encapsulated by so-
dium dodecyl benzene sul-
fonate*? but is an order of
magnitude larger than the dif-
fusion coefficient of 0.4 um?/s

tively. (A) Best fit using the multicomponent Lamm equation (eq 5) without restrictions on diffusion.

(B) Fit of single component Lamm equation (eq 4), ignoring diffusion. (C) Fit of single component Lamm
equation (eq 4), considering diffusion. (D) Fit of multicomponent Lamm equation (eq 5), ignoring diffu-
sion. (E) Fit of multicomponent Lamm equation (eq 5), with assumption of spherical particles such that

measured for arc-discharge
SWNTs dispersed by biopoly-

fswnt/fsphere = 1. The root-mean-square deviation for each fit is 8.94, 36.3, 14.1, 9.27, and 15.1, respec-

tively. Residual scale is 1/1000 of the absorbance scale.

0 4 8 12 16 20
Sedimentation coefficient (Sv)

Figure 5. The «; and a(s) distributions for sodium cholate
encapsulated SWNTs. The gray vertical bars represent the
unregularized «; distribution resulting from the fitting of the
experimentally measured c(r,t) data to the multicomponent
Lamm equation (eq 5) without restrictions on diffusion (see
Figure 4A). The solid red curve is the corresponding continu-
ous regularized «(s). The blue dashed curve is the continu-
ous regularized «(s) resulting from the fitting of the experi-
mentally measured c(r,t) to the multicomponent Lamm
equation (eq 5) ignoring diffusion (see Figure 4D). The green
double-dot dashed curve is the continuous regularized «(s)
resulting from the fitting of the experimentally measured
c(r,t) to the multicomponent Lamm equation (eq 5) with
fownt/fsphere = 1 (see Figure 4E).
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mers.*® For the case of the
biopolymer dispersed SWNTs,
uniform encapsulation of the
SWNT with the biopolymer was not observed. Instead,
the biopolymer formed large 100 nm spherical particles
on the surface of the SWNTs and thus is not directly
comparable.

To explore the validity of the fit to the multicompo-
nent Lamm equation (eq 5), several models with other
fitting parameters were investigated (Figure 4B—E).
First, the single component Lamm equation (eq 4) was
explored. In Figure 4B, the solution to the single compo-
nent Lamm equation with sedimentation as the domi-
nant mass transfer mechanism (D = 0) has been fit to
the measured c(r,t) data set. According to this model, s
= 9.9 Sv yields the best fit, which matches the peak
sedimentation coefficient determined by the multicom-
ponent Lamm equation (eq 5). However, without
broadening of the sedimenting boundary due to poly-
dispersity in s or the effects of diffusion, the sediment-
ing boundary takes the shape of a step function, which
does not match the experimental data. By appropri-
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ately considering diffusion (D = 6 um?®/s), a much bet-
ter fit can be obtained due to the broadening of the
sedimenting boundary layer, as seen in Figure 4C. How-
ever, this fit is inaccurate at long times, and the poor fit-
ting of the experimental data justifies the need to fit
to a distribution of multiple species rather than a mon-
odisperse population. Intuitively, it is expected that the
length of the SWNTSs will be polydisperse, thus further
justifying the need to fit the experimental data to the
multicomponent Lamm equation (eq 5).

Next, the multicomponent Lamm equation (eq 5)
was explored at two extremes: without diffusion and
with more rapid diffusion by assuming spherically
shaped particles. The rationale for studying the multi-
component solution in the limit of no diffusion is to de-
termine whether a range of species with varying sedi-
mentation coefficients without diffusion is sufficient to
describe the data sets. In Figure 4D, the best fit of the
multicomponent Lamm equation ignoring diffusion (D
= 0) is depicted. The resulting regularized «(s) distribu-
tion of this fit is plotted as a function of s in Figure 5
as a dashed line. The fit matches the experimental c(r,t)
data for most radii and time except at the sedimenting
boundary near t = 0. The inaccuracy of the fit at this
limit is informative and thus further explored. Because
the broadening of the boundary layer can be due to ei-
ther polydispersity or diffusion, it is important to exam-
ine the temporal dependencies of each mechanism. If
one considers a continuous distribution of sedimenting
species, a(s), which is described by a Gaussian distribu-
tion with a full width at half-maximum (fwhm) of As,
then the width of the boundary layer will grow with
time, t, as Ast’. On the other hand, the width of the
boundary layer resulting from diffusive broadening will
go as (D1)°>, where D is the diffusion constant of the
sedimenting species. Thus, for sufficiently long times,
the broadening of the boundary layer will be domi-
nated by Ast'. This reasoning explains why the diffu-
sive single-species model is inaccurate at long times in
Figure 4C, but the multicomponent model without dif-
fusion remains accurate at long times in Figure 4D. At
short times, the width of the boundary layer will be
more sensitive to diffusion and cannot be modeled if
D=0.

Finally, in Figure 4E, the c(r,t) data set is fit to the
multicomponent Lamm equation with the frictional ra-
tio (ratio of the actual frictional coefficient to the fric-
tional coefficient of an equivalent sphere) forced to be
1. In other words, spherical particles were assumed. A
result of assuming spherical sedimenting species is a
smaller hydrodynamic frictional ratio and a larger diffu-
sion coefficient. The resulting «(s) distribution is plot-
ted as a function of s in Figure 5 as a dotted and dashed
curve. The inaccuracy of the fit results from excessive
boundary spreading. Therefore, it is apparent that fit-
ting c(r,t) to the multicomponent Lamm equation (eq 5)
can sensitively determine both s; and D,.

www.acsnano.org

Physical Structure of Sodium Cholate—SWNT Complexes. In
the previous section, the analytical ultracentrifuge was
utilized to determine the sedimentation and diffusion
coefficients of sodium cholate encapsulated SWNTs.
These coefficients are intimately related to the struc-
ture of the SWNT —surfactant complexes and enable the
determination of physical parameters that describe the
complexes such as molecular weight, length, surfactant
packing density, and the molar volume of surfactant
on the SWNT surfaces. In order to extract this informa-
tion from the sedimentation and diffusion coefficients,
the anhydrous partial specific volume of the complexes,
v, must also be known; v can be determined by compar-
ing the sedimentation rate of the SWNT —surfactant
complexes in a H,O surfactant solution with their sedi-
mentation rate in a D,0O surfactant solution. The tech-
nique of comparing sedimentation rates in D,O and
H,0 is commonly used to determine the anhydrous par-
tial specific volume of biomolecules such as proteins.**
Assuming equivalent surfactant adsorption in water
and deuterated water, the ratio of sedimentation coef-
ficients can be expressed as

So_ ny(1 = ppv) ©)
sy Mol —pyv)
where “D” subscripts denote in D,O and “H” subscripts
denote in H,0. The assumption of equivalent surfactant
adsorption in water and deuterated water is valid be-
cause of the nature of the assembly of the surfactant on
the SWNT surfaces, which is driven by hydrophobic col-
lapse. The H,O c(r,t) and D,0 c(r,t) data sets for sodium
cholate encapsulated SWNTs were fit to the multicom-
ponent Lamm equation. The peak, fit sedimentation co-
efficients in H,O and D,0 were 9.9 = 0.1 and 6.9 £ 0.1
Sv, respectively. Accordingly, the anhydrous partial spe-
cific volume of the sodium cholate encapsulated SWNTs
is 0.53 + 0.03 cm?® g~ ". This volume is considerably
smaller than the hydrated partial specific volume of
0.93 = 0.02 cm® g~ ' that has been measured by DGU,’
as expected due to the unimportance of hydration in
the anhydrous measurement. The large difference in
the partial specific volumes also highlights the signifi-
cance of the hydration layer in reducing the buoyant
density of SWNTs in DGU.

With knowledge of v, a complete picture of the
SWNT—sodium cholate complexes can be deduced. Ini-
tially, the “mode” parameters of the SWNT—surfactant
complexes are analyzed corresponding to SWNTSs at the
maximum of the «; or «(s) distributions. This simplifica-
tion avoids complications arising from polydispersity
in length in the following discussions. The mode hydro-
dynamic frictional coefficient, f, can be determined
from the mode value of D from eq 3, and subsequently
the mode molecular weight can be extracted from eq
2. Furthermore, the mode length of the SWNTs, L, the
linear density of adsorbed sodium cholate along the
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length of the SWNTSs, X, and the anhydrous partial mo-
lar volume of sodium cholate on the SWNT surface, V',
can be quantified.

To extract these latter parameters, a model of the
cross section of the SWNT, the surfactant, and the hy-
dration is constructed (Figure 1). The outer and inner di-
ameters of the SWNT, ®_ ., and ®,, are defined as Oy
+ 0.34 nm and @ — 0.34 nm, respectively, where O
is the carbon nucleus—carbon nucleus diameter of the
SWNT and 0.34 nm is the van der Waals diameter of car-
bon. For (6,5) SWNTs with a C—C bond distance of
0.142 nm, @ = 0.75 nm. The inner core of a SWNT is
expected to be hydrated.” In this study, an inner core
that is devoid of surfactant molecules with a hydration
density of 1.0 g cm™ 2 is assumed.

In the cross-sectional model (Figure 1), surfactant is
adsorbed on the exterior surface of the SWNT. When
calculating the mass, volume, packing density, and mo-
lar volume of these surfactant molecules, no assump-
tions are made regarding the uniformity of these adsor-
bates. However, in order to calculate the hydrodynamic
frictional coefficient, a cylindrical geometry must be as-
sumed. Therefore, the effective anhydrous diameter of
the SWNT —surfactant complex, @, is defined such that
the actual volume of the discrete surfactant molecules
on the surface of the SWNT is equal to the volume en-
closed between the diameters @, and ®_ .. The hydro-
dynamic diameter of the cylindrical SWNT—surfactant
complexes, ®’,, is expected to be larger than &, due to
viscous frictional effects resulting from strongly bound
water molecules in the first hydration layer. Fontell*>*¢
has characterized the first hydration layer in sodium
cholate micelles in water and has determined that 20
water molecules per surfactant molecule contribute to
hydrodynamic friction. A significantly larger hydration
layer must be accounted for when calculating the buoy-
ant density of surfactant—SWNT complexes. The ex-
tent of the fully hydrated diameter, ®,, can be deter-
mined from the measured buoyant density, p,,. All
hydration layers are assumed to have a density of 1.0 g
cm ™3,

To determine L, X, V', @', and ®,, multiple rela-
tions are constructed. First, the Broersma relationship
for rigid rods is considered

3mn,L
fm %

L
In(q),a) +E

where E accounts for end effects.3* 37 Second, @' is re-
lated to @, by a geometrical relationship, taking into ac-
count the hydration layer measured by Fontell, such
that

Xx20—
dbr_\2 d_\2
”[( za) ‘(_a)]z—mm”-owg“ ®)
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Next, the anhydrous molecular weight of the sodium
cholate—SWNT complex, M, is decomposed into two
components: the molecular weight of the adsorbed sur-
factant per nanotube, M., and the molecular weight
of the nanotube, My, such that

M= Mg+ My, (%a)
Mge=Xx L x MW, (9b)
Myr = pg % L X 70 % @y (9c)

where the sheet density of graphene, p, is 458.3 Da
nm~ 2, and the molecular weight of sodium cholate
molecule, MW, is 430.55 g mol . Finally, the anhy-
drous volume of the sodium cholate—SWNT complex,
vM, is related to the volume of the adsorbed surfactant
molecules per nanotube, V., and the volume of the
nanotube, V, such that

VM = Voe+Vyr (10a)

Vee=V"'xXxL (10b)

(I)out 2 (I)in 2
Ve=n|\5~| —(57) |t (100)

The results from the analysis of the structure of so-
dium cholate—SWNT complexes are listed in Table I.
The mode anhydrous molar mass, M, of the
surfactant—SWNT complex is 750 000 = 340 000 Da.
The surfactant loading ratio is 1.5 = 0.3 g surfactant/g
nanotube. Thus, 60% of the molecular weight of the
complex results from the surfactant. A similar surfac-
tant loading ratio of 1.5 g/g was previously determined
by Grossiord et al. for sodium dodecyl sulfate encapsu-
lated SWNTSs via thermogravimetric analysis.*” The
mode length, L, of the sample of SWNTs is 290 + 190
nm, which falls within the range of lengths measured
for CoMoCAT-grown SWNTs isolated by DGU?
(100—500 nm). The linear density of adsorbed surfac-
tant along the length of the SWNT, X, is 3.6 = 0.8 nm .

A (6,5) SWNT encapsulated by sodium cholate with
the aforementioned parameters is depicted in Figure
6. Even though the orientation and molecular spacings
have been arbitrarily defined, the figure demonstrates
that a considerable portion of the nanotube surface re-
mains bare at a linear density of 3.6 nm™'. The linear
packing density of sodium cholate on the surface of a
SWNT can be compared to the packing density of so-
dium cholate on graphene. Sasaki et al. report a pack-
ing density of 0.38 sodium cholate molecules per nm?
of graphene at 25 °C.*® The corresponding sheet pack-
ing densities for sodium cholate adsorbed to SWNTs are
0.97 = 0.23 and 0.65 *+ 0.14 nm™ 2 evaluated at ®_,,
= 1.09 nm and ®_ = 1.77 nm, respectively. The static
surface area (evaluated at @, = 1.09 nm) occupied by
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TABLE I. Constant and Fit Parameters for Sodium Cholate Encapsulated (6,5) SWNTs

parameter description

v anhydrous partial specific volume
M anhydrous molar mass

sedimentation coefficient at experimental conditions

s
s (corrected) corrected sedimentation coefficient®

D diffusion coefficient at experimental conditions
D (corrected) corrected diffusion coefficient®

f

hydrodynamic frictional coefficient at experimental conditions

value?

053 +0.03m’g "
750000 == 340000 Da
9.9+ 0.15v
104 = 0.1 Sv
7+2um’s”
7+2um’s”
(58+26) X 10 "Nsm™'

1

1

f (corrected) corrected hydrodynamic frictional coefficient? (5525 X107 ""Nsm™'
[ core diameter of a bare (6, 5) SWNT 0.75 nm
[ON anhydrous diameter 1.8 = 0.15nm
D, fully hydrated diameter 55028 nm
L length of the SWNT 290 == 190 nm
number of sodium cholate molecules adsorbed per length of SWNT 36+ 08nm "
v molar volume of a sodium cholate molecule adsorbed to the surface of a SWNT 270 # 20 cm® mol "

“Values without errors are constants. Values with errors were determined by fitting of the experimental data. “Corrected data are adjusted for a standardized temperature,
solvent density, and viscosity of 20 °C, 0.9982 g cm >, and 1.002 centipoise, respectively. Experimental conditions were 22 °C, 1.0027 g cm >, and 1.053 centipoise,

respectively.

one sodium cholate molecule absorbed to a SWNT sur-
face is 70 A% Accordingly, 72 + 16% of the SWNT sur-
face is occupied. In comparison, 26% of the graphene
surface is occupied at a packing density of 0.38 sodium
cholate molecules per nm? of graphene. Thus, the sheet
packing density of sodium cholate on SWNTs signifi-
cantly exceeds that measured on graphene.

The molar volume of sodium cholate on the surface
of the SWNT, V', is 270 + 20 cm® mol~ ", which is com-
parable to the theoretically calculated van der Waals
volume®® of 245 cm® mol ', the theoretically calculated
Connolly volume of 267 cm® mol ', and the experimen-
tally measured*>*® molar volume of 320 cm® mol ' in
a micelle. The similarity of V' to the theoretically calcu-
lated Connolly volume implies an efficient placement of
the surfactant molecules on the surfaces of the SWNTs
such that there is little solvent-inaccessible empty space
between the sodium cholate molecules and the SWNT
surface or between neighboring sodium cholate mol-
ecules (Figure 6).

In the Supporting Information, three additional
samples of DGU sorted sodium cholate encapsulated
SWNTSs that were collected from denser bands in the

same density gradient’ are analyzed. Similar a(s) distri-
butions are determined that are shifted to higher sedi-
mentation coefficients by 1—2 Sv (Figure S1 and Table
Slin the Supporting Information). These shifts are com-
pared with scaling predictions (Figure S2 in the Sup-
porting Information) that explore the effects of nano-
tube diameter and length, surfactant packing density,
and hydration on the sedimentation coefficient and
buoyant density of surfactant encapsulated SWNTs.
These scaling predictions are analyzed in order to gain
insight into potential physical among the different so-
dium cholate—SWNT samples.

Effects of Aggregation. While O'Connell et al. were the
first to demonstrate that isolated and aggregated
single-walled carbon nanotubes (SWNTs) could be
separated in an ultracentrifuge by exploiting differ-
ences in the rate of their centrifugal sedimentation,’?
the sedimentation coefficients of isolated and bundled
SWNTSs have not been experimentally quantified. In or-
der to quantify the sedimentation of bundled SWNTs, a
sample of sodium cholate encapsulated SWNTs con-
taining a significant fraction of bundles was also stud-
ied using analytical ultracentrifugation. The sample

Figure 6. Schematic depicting the arrangement of sodium cholate around a (6,5) SWNT that matches the packing param-
eters determined in Table I. Purple, red, gray, blue, and white atoms represent Na*, O, C (as part of sodium cholate), C (as
part of nanotube), and H. The scale bar is 1 nm.

Www.acsnano.org

VOL.2 = NO. 11 = 2291-2300 = 2008



AN

Normalized « (s)

0 4 8 12 16
Sedimentation coefficient (Sv)

20 24

Figure 7. The a(s) distributions for sodium cholate encapsu-
lated SWNTs sorted via DGU (red, solid) and not sorted by
DGU (blue, dashed).

containing bundles was ultrasonicated, but the DGU
process was not utilized to remove bundles. The regu-
larized «(s) distribution for this partially bundled sample
is plotted in Figure 7 in comparison with the a(s) distri-
bution for DGU isolated SWNTs. Like the samples sorted
by DGU, the «(s) distribution for the partially bundled
sample has a maximum in the range of 10—12 Sv. How-
ever, unlike the sample sorted by DGU, the a(s) distribu-
tion for the partially bundled sample contains a long
tail that extends past 100 Sv.

To better understand the sedimentation coefficient
and buoyant density of bundled nanotubes, the follow-
ing model was developed. The model assumes that all
bundles are cylindrical and can be characterized by an
outer diameter, @,,,. In the model, the two-
dimensional packing density of adsorbed sodium cho-
late was kept constant at 1.0 molecules nm™2, which is
the packing density of sodium cholate on the surfaces
of isolated SWNTSs (evaluated at @) that was previ-
ously determined for isolated SWNTs. The molar vol-
ume of sodium cholate molecules on the surface of the
bundles was assumed to be constant and equal to 270
cm?® mol . Furthermore, the effective thicknesses of
the buoyancy hydration layer 1/2(®,, — ®,) = 1.9 nm
was kept constant, independent of the bundle size in
the model. A van der Waals spacing of 0.35 nm was as-
sumed between the walls of the SWNTSs in the bundles,
and the length of the bundles was held constant and
equivalent to the mode length of the isolated SWNTs
studied in the previous section (290 nm).

The results of the model are depicted in Figure 8.
Substantial increases in the sedimentation coefficient
of bundled SWNTs are observed with even small in-

creases in @, .. In the limit of large @,y s increases

300 g w
&, 14 =
« 200 o
ko] 1.3 b=
8 12 &
3 100 : g
3 1.1 ~

0 1.0 \3}0

0 2 4 6 8 10
Bundle diameter (nm)
Figure 8. Calculated sedimentation coefficient (red, dashed)

and buoyant density (blue, solid) of sodium cholate encap-
sulated SWNTs as a function of bundle diameter.

)
&) VOL.2 = NO. 11 = ARNOLD ET AL.

as (<I>agg)2 In (L/P,44). Thus, while an isolated SWNT
will have a s = 10 Sv, a bundle of SWNTs of ®,,, = 5
nm will have a substantially larger s = 100 Sv.

It can be concluded that the high-end tail in the
a(s) distribution for sodium cholate encapsulated
SWNTSs not sorted by DGU (Figure 7) is due to the exist-
ence of bundles that are otherwise removed by DGU,
and by comparing the «(s) distribution of isolated and
bundled SWNTs, the effectiveness of the O’Connell
method for separating isolated and bundled SWNTs
can be analyzed. Specifically, it is observed that the long
tail in the a(s) distribution for bundled SWNTs overlaps
the peak in the «(s) distribution near 11 Sv that is attrib-
uted to isolated SWNTs (Figure 7). As a result of the
overlap, the complete separation of isolated and
bundled SWNTs by sedimentation-based centrifuga-
tion is unlikely.

Understanding this limitation is important when at-
tempting to prepare solutions of unbundled, isolated
SWNTs for fundamental studies and applications. In
contrast with sedimentation-based separation tech-
niques, DGU is likely a more sensitive means of sorting
isolated and bundled SWNTs. This claim is supported by
the «a(s) distributions presented in Figure 7 and the find-
ings of Crochet et al. who have observed exceptionally
high fluorescence quantum yields from DGU-sorted
semiconducting SWNTs.®> Band gap fluorescence from
semiconducting SWNTs is expected to be quenched
even in small bundles of SWNTs due to the statistical
likelihood of the presence of metallic SWNTSs. Our study
also points out the possible limitations of DGU for sepa-
rating isolated and bundled SWNTs. In particular, the
buoyant density of a small bundle of SWNTs can fall into
the same range expected for isolated SWNTs, depend-
ing on the diameter of the SWNT and the packing den-
sity of surfactant on its surface (Figure 8). This limita-
tion may be alleviated by utilizing different types of
surfactants, thus manipulating the densities of
surfactant—SWNT complexes.

CONCLUSIONS

In conclusion, the sedimentation and diffusion of
nanotube—surfactant complexes have been studied us-
ing an analytical ultracentrifuge. The rate of sedimenta-
tion of single-walled carbon nanotubes (SWNTs) from
the same source was found to vary significantly de-
pending on the solvent and preprocessing procedures
such as density gradient ultracentrifugation (DGU). De-
tailed analysis of a model fraction of sodium cholate en-
capsulated SWNTs sorted by diameter and buoyant
density resulted in specific information regarding the
structure of the surfactant—SWNT complexes. Specifi-
cally, the sodium cholate—SWNT complexes were
found to have an anhydrous partial specific volume of
0.53 = 0.03 cm ™3 g and an adsorbed linear surfactant
density of 3.6 = 0.8 molecules nm ™. Additionally, the
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anhydrous molar volume of the surfactant molecules
on the SWNT surface was 270 = 20 cm® mol ™. The
technique of analytical ultracentrifugation should prove
useful for analyzing surfactant—SWNT interactions for

METHODS

Experimentally, an X-LA 70 (Beckman-Coulter) analytical ul-
tracentrifuge was used to directly measure the redistribution of
SWNTs in a centrifugal force field. This instrument enabled the
characterization of the sedimentation and diffusion of SWNTs in
situ at an angular velocity of 27 000 rotations per minute. Dis-
persed SWNTs and reference aqueous surfactant solutions were
loaded into two-hole Epon cells equipped with quartz windows.
These cells were housed in a four-cell rotor (Ti-60, Beckman-
Coulter), which was kept at a constant temperature of 22 °C.
The optical density of the SWNT solutions at 574 nm (at which
there is negligible surfactant and solvent absorbance) was mea-
sured as a function of time and position to track the redistribu-
tion of the SWNTSs as depicted in Figure 2, and experiments were
typically continued for 1—2 h until predominantly all the SWNTs
had sedimented to the bottom of the cells.

Raw SWNTs produced by the CoMoCAT method (Southwest
Nanotechnologies, Inc.) were utilized in all instances. Sodium
cholate (SC, 98%, Sigma-Aldrich) was utilized as an encapsulat-
ing agent for the dispersion of the SWNTs."%'2'517 First, 1
mg/mL of as-grown SWNTs was added to aqueous solutions of
20 mg/mL of surfactant. Then, aggregations and bundles of
SWNTs were disseminated using a horn ultrasonicator coupled
to a tapered extension immersed in the solutions. Subsequently,
the samples were centrifuged at 22 °C (TLA100.3 rotor, Beck-
man) at 124 000g for 14 min to remove grossly insoluble SWNT
aggregates, catalysts, and contaminants, leaving isolated and
small bundles of SWNTSs in the supernatant, which was collected.
At this stage, in some instances, the SWNT solutions were also
sorted by diameter in density gradients according to previously
published procedures.? After sorting in density gradients, these
SWNTs were then dialyzed in surfactant solutions to remove re-
sidual density gradient media using 10K MWCO membranes
(Pierce Biotechnology, Inc.). Some SWNT samples were also dia-
lyzed in D,0 surfactant solutions in parallel for studies aimed at
determining the anhydrous partial specific volume.
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