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Dynamics of Surfactant-Suspended Single-Walled Carbon Nanotubes
in a Centrifugal Field
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A hydrodynamic model is used to describe the motion of surfactant-suspended single-walled carbon nanotubes in
a density gradient, while being subjected to a centrifugal field. The number of surfactant molecules adsorbed on each
nanotube determines its effective density and, hence, its position in the gradient after centrifugation has been completed.
Analysis of the spatial concentration distributions of CoOMoCAT nanotubes suspended with 2 w/v% sodium cholate
yielded 2.09, 2.14, and 2.08 surfactant molecules adsorbed per nanometer along the length of the (6,5), (7,5), and (8,7)
nanotubes, respectively. The estimates are commensurate with experimental values reported in the literature and can
be used to predict the fate of sodium cholate-suspended nanotubes in the separation process. Since the density of the
surfactant-nanotube assembly is highly sensitive to the number of adsorbed molecules, a perturbation would cause
it to be enriched at a different location in the gradient. The level of sensitivity is also reflected in the 95% confidence
levels that are reported in this work.

Introduction tion of functions that are too complex to fit to experimental data.

The successful suspension of single-walled carbon nanotubesWIth advances in computing power over the years, it has been

(SWNTS) in water was made possible by the use of the surfactantpOSSi.ble to pumerically simulgte the trajectories of particles during
sodium dodecyl sulfate (SDS) and ultracentrifugation to remove gentnfuganon. Su<_:h swn_ulanns r_educ_e_ the number of assump-
bundles from the sampleThe centrifuge-based separation of tions and allow the inclusion of nonlinearities that would otherwise
CoMOCAT SWNTSs by diameter and electronic structure was preclude closed-form answers. The first numerical solution of

. - o -~ _the Lamm equation was performed using finite element methods
recently achieved by suspension with bile salts such as SOdlumb Claverie et al2Later work extended the scope of this technique
cholate (SCY.Previous efforts involved DNA as the suspension y ) P 4

agent The extent of adsorption of the surfactant on nanotubes to the sedimentation of molecules in dynamic density gradiénts

i ,16
of varying chiralities is not uniform, and creates assemblies with and compressible medtd among other casés:

different buoyant densities. This facilitates their separation by anl(;] t:]hésntljvr(r)]g’icv;/a?aiﬁkstig (;sttiethLZrt]:]r?]Oer:y l?;:gﬁ t%e(;]érs'ﬁfﬁi the
isopycnic centrifugation, where particles migrate to regions of y q

ke densty. The slecte ennchment of crian) SWNTs 70107 f Sfactan suspencec SWIVTs 1 s densiy gracent,
was demonstrated by either tuning the pH of the solution or by unit length of the nanotube. The latter determines the densit F())f
using SDS as a cosurfactért.is important to understand these 9 : Y

phenomena at the molecular level so that further improvementsthe S_WNT—surfactanF as_sembly, and, although we cannotdiscern
to the process can be made. how it depends on chirality, we now have a bound for the number

The sedimentation of solute molecules in a solvent during of Species on the S-WNT surface. It has been _noted that .th's
ultracentrifugation is modeled by the Lamm equatiohhe '.technlque ofsgparatlng suspended nanotubeswnh'the cer!trlfuge
temporal and spatial distribution of particles in the centrifuge 1S purely dgnsﬂy-basédmd does not depend on_thelrve_loc;ltles
tube is determined by competing diffusive and sedimentation n th(_a gradlent._ We have accounted for the _sc_et_:llmentatlon of_the

. . . gradient material and the solvent compressibility due to the high
fluxes. Analytical solutions of the Lamm equation, based on

tain simplificati 1aB1&1 but involve th lcul speed of rotation, since both factors determine the final positions
certain simplifications, are availa utinvolve the calcula- (e (0 iched fractions.
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to 1 mg/mL. SWNT solution was firsthomogenized ich at 65 000
rpm (T18 basic ultra-turrax, IKA) and then sonicated for another
hour with a 1/8 probe tip at 10 W (130 W ultrasonic processor,
Cole-Parmer). The resulting solution was centrifugedift at 22

Langmuir, Vol. 24, No. 5, 2004

and varies radially due to the nonuniform dengfy! The
orientationally averaged friction coefficieffi, ), is obtained by
approximating the nanotube as a circular cylinder composed of
a stack of ringg2-26

°C and 32 000 rpm to eliminate bundles and nonsuspended nanotubes

(Optima L-100XP centrifuge, Beckman Coulter). SWNTSs prepared
in this way were used in the separation steps described below.
Diameter Separation. Separation of CoMoCAT SWNTs by

diameter in a density gradient was performed as described in the

literature? The gradient was made using a non-ionic medium,
OptiPrep (60 w/v% iodixanol, Sigma-Aldrich), in a linear density
gradient maker (SG30, Hoefer, Inc.). The resulting density of the
solution ranged from 7.5 to 22.5 w/v%, with a total volume of 8 mL.
One milliliter of COMoCAT SWNT (density= 20 w/v%) was injected

at the bottom of the gradient and centrifuged for 22.26 h at@2
and 32 000 rpm using a swinging bucket SW 32.1 Tirotor (Beckman
Coulter). After centrifugation, SWNT samples were fractionated at
every 15QuL in a fraction recovery system (Beckman Coulter), and
characterized by U¥visible—near-infrared (UV-vis—NIR) ab-

sorption spectroscopy (Shimadzu UV-310PC absorption spectrom-

eter) to investigate the extent of enrichment of specific SWNT
diameters.

Electronic-Type Separation.The separation of HiPco SWNTs
into metallic or semiconducting fractions was performed according

37'”7|-(n,m)

f =
(n,m) |n[L(”’m)

(1)
3 | +032

(nm)

where Lhmy and dnm are the SWNT length and diameter,
respectively, ang is the viscosity of the aqueous solution, which
is assumed to change negligibly with presstirBupposing that
the nanotubes in solution do not interact with each other, the
(n,m) frictional and diffusion coefficients can be related by the
Einstein-Smoluchowski equatio?f2°

KT

—— 1d
D (1d)

fom =

The diffusion coefficients are taken to be independent of the
solute concentration. At high values of the latter, the Lamm
equation ceases to be applica#fle.

to the protocdlto separate laser-ablation-grown nanotubes. Surfactant . .
mixtures of SDS and SC in a weight ratio of 3:2 for metallic SWNT Surfactant—SWNT Density. The density of the surfactant

enrichment and 1:4 for semiconducting SWNT separation were Nanotube assembly) can be described by a single parameter,
utilized2 The density gradient also contained the same mixture of hamely, the number of surfactant molecules adsorbed per unit

SDS and SC. The solution density ranged from 20 to 35 w/v% and
15 to 30 w/v% for the metallic and semiconducting SWNT
separations, respectively. One milliliter of HiPco SWNT, having
the same ratios of surfactant mixtures by the addition of 2 w/v%
SDS in water, was injected at the bottom of each density gradient.
The density of the injected SWNT solution was 32.5 w/v% and 27.5
w/v% in the 3:2 and 1:4 cases, respectively. All the other conditions
were similar to the diameter separation described above.

Model Development

SWNT Concentration Profiles. The one-dimensional Lamm
equation for the concentration distributioB{) of an {,m)
nanotube in a sector-shaped ¢éif%17as a function of its
diffusion coefficient Dnm) and sedimentation velocityig,m)

{

Com _ Bom o
ot roor

_139
ror

or (rC(n,m)u(n,m)) (1a)

The origin lies atthe center of the centrifuge rotor, and all distances

along the radial coordinate)(are expressed relative to it. The
above partial differential equation (PDE) is solved with a finite
volume method, using a first-order upwind scheme for the
sedimentation terrt The particle velocity is determined by the
competing forces of centrifugation and hydrodynamic drag. To

reduce the complexity of the system, we assume that the velocity

field reaches equilibrium well before the concentration field.
The velocity in terms of the SWNT madd,m), angular velocity

of the rotor ), friction coefficient §nm), solution density4s),
and particle densityp(nm) is

M (nvm)a)zrl'

Ps
u = 1-
"m f(n,m) |.

1b
p(n,m) ( )

We define velocity explicitly instead of including it in the
sedimentation coefficient, which is not constant for each SWNT

(18) Leveque, R. Finite Volume Methods for Hyperbolic Problen@ambridge
University Press: Cambridge, U.K., 2002.

length of the SWNTH{). For a specificif,m) species, the number
of carbons per nanometen) can be estimate#};32and when
combined withns, yields the total mass per unit lengtid ¢, m):

Mium = z ng;Mg; + nM, + niM; + ng Mg, (2a)
]

whereMs (M) is the molecular (atomic) weight of surfactant
(carbon), and the summation is carried out over all the surfactants
in solution. The last pair of terms is applicable when the interior
of the nanotube is filled with eithex molecules (per nanometer)

of a fluid with molecular weightM;, or nsg molecules (per
nanometer) of the solvent with molecular weilyht,. The general
formula for the volume per unit length of the assembly is

(2b)

sol

T
— 2
Viom = EJ Ng;Vg; + Z o™ — Ngg V.

et = Ay T 2r¢ (2¢c)
whereris the van der Waals radius of a carbon atom in aromatic
molecules £1.72 A)33 The third term in eq 2b is a correction
when the interior of the SWNT is accessible to the solvent whose
molar volume isVs. In this work, we have assumed that the
pores in the SWNT lattice are devoid of any fluid, i/@.7= nsg
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—— Density gradient (t=0) i Combining eq 3a with the definition of compressibility,
13001 Post-centrifugation gradient |
— 1250- (f=12 hl’S) dps = KdeP (3b)
£ = = = Predicted gradient
2 1200+ (=12 hrs) a relation between the densities of successive cells in the
> 11501 computation domain can be obtained:
w
j o
o 1100 Ps;j
o Psit1 =7 (3¢)
10501 T 1 apg
1000 whereo = (kw?/2)(ri+1% — ri?). In this pair of equations denotes

0.08 0.10 0.12 0.14 theith cell in the discretized space. The density in the first cell
Radial Distance (m) (ps,1) is simply that of water at atmospheric pressure. We have
Figure 1. The original density gradient (blue) changes after Cconsidered the compressibility of the iodixan@later solution

centrifuging for 12 h (red) due to the sedimentation of iodixanol. t0 be the same as that of pure water.
The solution of the Lamm equation predicts the final density profile =~ Time Scale.The length-dependent time scale for eagmj

(black), and @ comparison with the experimental data gives the entity (z"™) is determined by the interplay of the hydrodynamic
diffusion coefficient of iodixanol D) as~2.5 x 10719 m?/s. dragyeEnLd c)entrifugal force:y Pay y y

= 0. Additionally, the nanotubes are presumed to be uncapped f(n m
and lacking catalyst particles. Values of the anhydrous molar r(L”'m) = —2 (4)
volumes of the surfactants under studf)¢4—3¢ were found in M mbLnme

the literature. Anhydrous surfactant molecules impart little, if )
any, buoyancy to the nanotubes. We have therefore accountedn the denominator of eq 4, the SWNT lengih(x) appears
for one hydration shell while calculating the apparent molar because the total mass of the nanotube system is used to calculate

volumes of SC{613 mL/mol) and SDS+403 mL/mol) using the centrifugal force. For the CoMoCAT sample, a Gaussian
approximate hydration numbers for e@&eFinally, the buoyant length distribution was used with parameters that were obtained
density of a generic nanotube is ' for DNA—SWNT assemblies separated by centrifugafiojle

for HiPco, a log-normal abundance profile was assuffed.
Centrifugal forces have a smaller effect on short nanotubes as

(2d) compared to longer ones, since their masses are lower. In the
density gradient, the former travel slower but diffuse to a greater
extent than the latter.

_ M(n,m)
p(n,m) - V(n m

Dynamic Density Gradient. The concentration of the density ) )
gradient material, iodixanol, changes in space and time due to Results and Discussion
sedimentation, leading to a variation in the solution dengiy*¢ Assumptions. Monolayer coverage of the surfactant on the
The iodixanol molecules settle according to eq la, with the SWNT is assumed while calculating the density of the assembly.
subscript §,m) replaced by I. The motion of the gradient in the In the presence of a cosurfactant, both species are thought to
centrifugal field is assumed to be independent of the cosolute adsorb at different sites on the nanotube so that the total volume
(SWNT) 39 Instead of solving the PDEs for the nanotubes and equals the sum of the component volumes. A conclusive
iodixanol simultaneously, a look-up table containing the sedi- Visualization of SDS adsorbed on SWNTs is yet to be articulated.
mentation profiles of the gradient at different times was created SDS has been shown to form cylindrical miceflesgads’!
beforehand. During the computation of the SWNT trajectories, hemimicellesi? and, more recently, random, structureless
the instantaneous density gradient was obtained by interpolationfeature$® on SWNT surfaces. We have adopted the last
from the tabulated values. The diffusion coefficient of iodixanol formulation in determining the total surfactant volume. The
(D) was calculated by comparing the theoretically predicted €Stimation oisis contingent on the assumption that the SWNT
gradient profile with data collected by Arnold et?(Figure 1), is pr|st|n¢, and can be constructed by a simple axial translation
and was found to be-2.5 x 10-10 m?/s. of the unit cell. End effects have been neglected. The use of a

. . . single parameteng) for a separated fraction implies the uniform

Solvent Compressmlllty.Th(_e c_ompre_ssmlllty_ of watek] IS adsorption of surfactants on the corresponding nanotube surface.

so low (4.6x 10710 Pal) that it is considered incompressible

) In other words, eachn(m) species has a single density, not a
atordinary pressures. However, the tremendous forces generate

by centrifugation Igad to pressures that are high enoughtp affect  piffusion plays a secondary role while the nanotubes are
the solution density. The radial dependence of presseyres( moving through the gradient in a centrifugal field. However, its

given by effect will be greater during the start-up and shut-down phases

2 of the centrifuge. We have neglected these regimes in the

dP = pwrdr (3a) computation. Itis not clear whether the density gradient is linear

as soon as it is injected into the centrifuge tube. The evolution

(34) Brun, T. S.; Hoiland, H.; Vikingstad, B. Colloid Interface Scil977,

63, 89. (40) Usrey, M. L.; Nair, N.; Agnew, D. E.; Pina, C. F.; Strano, ML&ngmuir
(35) Szabo, G. H.; Hoiland, H.angmuir1998 14, 5539. 2007, 23, 7768.
(36) Smith, W. B.; Barnard, G. DCan. J. Chem1981, 59, 1602. (41) Islam, M. F.; Rojas, E.; Bergey, D. M.; Johnson, A. T.; Yodh, AN@no
(37) Hayter, J. B.; Penfold, Lolloid Polym. Sci1983 261, 1022. Lett. 2003 3, 269.
(38) Messina, P.; Morini, M. A.; Schulz, P. Colloid Polym. Sci2003 281, (42) Richard, C.; Balavoine, F.; Schultz, P.; Ebbesen, T. W.; Mioskowski, C.
695. Science2003 300, 775.
(39) Sartory, W. K.; Halsall, H. B.; Breillatt, J. Riophys. Chem1976 5, (43) Yurekli, K.; Mitchell, C. A.; Krishnamoorti, RJ. Am. Chem. So@004

107. 126, 9902.
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of the gradient with time has been calculated by approximating
linearity at the start of the run.

The critical micelle concentration (cmc) and solubility of a
surfactant are affected by pressété>A change in the cmc can
be neglected because of the excess quantities of surfactants used
to suspend SWNTs. The solubility of SDS in water drops
drastically above 1000 at Calculations indicate that pressures
in the region of interest (the density gradient) do not exceed this
value?® A similar analysis could not be performed for SC because
of the lack of information regarding the effect of pressure on its
solubility in water.

Separation Using SC.The diameter-based separation of
CoMoCAT nanotubes using centrifugation is conceptually the
easiest to describe mathematically, since only one surfactant (2
w/v% SC) is involved. The model has been applied to data
generated during the course of this work and in the literature.
We use relative SWNT concentrations as defined by Arnold et
al.? wherein the §,m) concentrations are normalized to the
corresponding maxima. The two datasets differ in the rotor
configuration, centrifuge tube dimensions, and centrifugation
time. The final SWNT positions (Figures 2a,b) and gradient
profiles*® differ in both cases. However, the result that we seek
(ns, the number of SC molecules adsorbed per nanometer) should
be similar, as is evident in Table 1, which shawsvith its 95%
confidence limitst” The radial SWNT concentration curves from
the Arnold dataset are approximate, and this could adversely
affect the comparison. In the original wotkhe distribution of
each fraction was given in terms of densities. The spatial
equivalent had to be extracted from the predicted density gradient
after 12 h of centrifugation.

Earlier measurements of SDS coverage on SWNT vyielded
2—3 molecules/nm*®4? The surface coverage of sodium
dodecylbenzene sulfate was at least 8 times higher than that of
SDS?20 Such a high packing density might be due to adsorption
along the tube followed by the “tails-on” configurati&h?*Our
estimates of SC adsorption on an areal basis are listed in Table
1. The values for SC surface coverage are lower than those of
SDS because of the larger molar volume of the former. The
diameter and length of the cholic acid molecule are roughly 0.6
and 1.32 nm, respective¥ltis plausible that at least two cholate

Relative Concentration

=

Relative Concentration

~

Relative Concentration

g
o

o =
o O

3.01

2.0

0.5-

20@==w _a_

1'5'_(9,1)/

'1_0—.—-";’-
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= Radial SWNT distribution

2.51—— Model regression

6.5, ">\

1.54 w
09 /\2\
| en A :

agesgees B

0. ; | : |
0.120 0.124 0.128 0.132 0.136

Radial Distance (m)

= Radial SWNT distribution

—— Model regression
2.54 L l
(5} 5)
1_5— EEm . ‘\
1.01 (7 5)
8,7 4
0ol 8D e

0.125 0.130 0135 0.140 0.145

Radial Distance (m)

G, = Radial SWNT distribution

Model prediction

1(8,3)

(76) - "

0.0 —

0.132 0.136 0.140 0.144 0.148
Radial Distance (m)

molecules can adsorb onto the SWNT surface within a linear Figure 2. Diameter separation of COMoCAT SWNTSs using 2 wt

distance of 1 nm.

% SC in (a) the work of Arnold et al. and (b,c) this work. Panels

We have also collected data for different run times of the 2 @ and b show the final concentration distributions of three
WIV% SC-SWNT sample (12 h and 44.53 h) in order to check semiconducting SWNTSs along the length of the centrifuge tube. As

the veracity of the coverage estimates. The final SWNT

nanotube diameters increase, so do their masses and buoyant densities,
which yields enrichment at different radial positions. (c) Predicted

concentration profiles were situateql close to the point of injection. concentration profiles for the (8,3), (9,1), and (7,6) nanotubes. Al
In the case of the 12 h sample, this was because the nanotubethe plots have been offset for clarity.

had not been given sufficient time to move upward. For the

44.53 h sample, the extended run time meant that the SWNT had __Table 1. Comparison of the Fit Parameter (i) for Three

reached their respective isopycnic points and were carried

Corresponding Buoyant Densitie3

Semiconducting SWNTs in Two Datasets Involving SC, and the

downward by the sedimenting density gradient. Either way, it
was not possible to obtain data that were as clean as the 22.26
h sample, since the bulkier tubes at the bottom have hig

(44) Tanaka, M.; Kaneshina, S.; Tomida, T.; Noda, K.; Aoki,JKColloid

Interface Scil973 44, 525.

(45) Hamann, S. DJ. Phys. Chem1962 66, 1359.

(46) See Supporting Information.

(47) Beck, J. V.; Arnold, K. JParameter Estimation in Engineering and
ScienceJohn Wiley and Sons, Inc.: New York, 1977.

(48) Grossiord, N.; van der Schoot, P.; Meuldijkm, J.; Koning, G.dahgmuir
2007, 23, 3646.

(49) Strano, M. S.; Moore, C. M.; Miller, M. K.; Allen, M. J.; Haroz, E. H.;
Kittrell, C.; Hauge, R. H.; Smalley, R. B. Nanosci. Nanotechndt003 3, 81.

(50) Matarredona, O.; Rhoads, H.; Li, Z.; Harwell, J. H.; Balzano, L.; Resasco, to its larger size.

D. E. J. Phys. Chem. BR003 107, 13357.
(51) Cardenas, J. F.; Glerup, Manotechnology200§ 17, 5212.
(52) Sugihara, G.; Tanaka, NHyomen1978 16, 537.

Ns lower upper areal basis density

h SWNT (molec/nm) limit limit  (molec/nn?)  (kg/m®)
(6,5) 2.1229 21038 2.1601 0.6138 1060.3
2.0955 2.0611 2.1294 0.6058 1063.6
(7,5) 2.0003 1.9920 2.0074 0.5428 1085.2
2.1382 2.1247 2.1560 0.5802 1068.7
(8,7) 2.0076 1.9988 2.0120 0.4644 1094.9
2.0753 2.0638 2.0865 0.4801 1087.4

a From the work of Arnold et al. (bold) and the present work (Roman).
b The nominal value afi;on an areal basis. Relative to the corresponding
numbers for SDS, SC has much lower coverage values, probably due

absorbances and artificially raise the concentrations of the SWNTs
of interest. The approximate profiles for the (6,5) and (7,5)
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nanotubes were extracted and fitt€d’he values ofis for the 4 54, * Radial SWNT distribution
12 h (44.53 h) runs are 1.815 (1.84) and 1.832 (1.89) molecules/ s " | —— Model regression
nm, respectively, which are not identical to those in Table 1 but = 2.5- "\.
are still within 5-10% of the corresponding 22.26 h values. = "
Ideally, the same number of adsorbed SC molecules should be 8 2.01 (6,5)
able to describe the 12, 22.26, and 44.53 h datasets. However, 5 15. L
the optimal value of the fit parametets, is very sensitive to o
factors such as the spatial location of the fractions in the centrifuge "'2’ 1.0 “(Z.S-) .won
tube, the starting position of the SWNT sample, and its spread ® = E
after being injected into the gradient. In addition, as mentioned & 0.5 BT yuan
previously, the proximity of the SWNT fractions to the bulk 0.0- —mm " i
sample also skews the concentration profiles. We note that the 0112 0120 0128 0136
values reported in this work are simply statistical averages of the ) . i '
SC population on the nanotube surface. There is a constant Radial Distance (m)
exchange of SC molecules from the nanotube to the solution due : < G
b 2.0, = Radial SWNT distribution

to the thermodynamic equilibrium that exists between the .
adsorbed, micellar, and free surfactant ph&3es. — Model regression

c

A more reliable test ofis is against the concentration profiles 2 15 £
of the (9,1), (8,3), and (7,6) nanotubes (Figure 2c). Since the 2
fitted estimates afisare clustered around 2 molec/nm, the profiles S . .
for these three tubes were obtained by fiximngat 2.04 molec/ 2 1.0/ (7,5) /’\ .
nm. The predictions are not perfect, although they roughly capture 8 a—n—e 8- -
the SWNT positions after 22.26 h of centrifugation. Note that 0 0.5- .\\
the experimental concentration profiles for individual SWNT = u/
are extracted from the absorption spectra, and are therefore E\ 0.0- (8,7) o j L]

affected by the convolution with neighboring spectral peks. R — S ;
Separation Using SDS-SC Mixtures. Tuning the SDS/SC 0.112 0.119 0.126 0.133 0.140
weight ratio has resulted in the enrichment of semiconductors Radial Distance (m)

(surfa_\ctant rqnez 1:4) and metals (su_rfactant rato3:2), most Figure 3. Concentration profiles for HiPco semiconducting SWNTs
prominently in the case of laser-ablation-grown SWNFSPCO yjith (a) 3:2 SDS-SC weight ratio, and (b) 1:4 weight ratio. The

samples have metallic and semiconducting species of comparablgits assume that the total number of surfactant molecules adsorbed
diameters. It is difficult to discern electronic separation in the onthe SWNTsis conserved. SDSis postulated to replace the already
case of HiPco nanotubes for two reasons: (i) tracking the existing cholate, whose concentration on the nanotube surface is
absorption peak of a specific metal as an indicator ofenrichmentg'r‘]/en Iby ”r‘]e an%Iysm Offf the CoMoCAT o:lameter-separatlon data.
is not feasible because of the presence of semiconduEting The plots have been ofiset to improve clarity.

peaks in the same spectral region, and (i) metallic fractions in - Taple 2. Fit Parameters for Different SDS/SC Weight Ratio3

the centrifuged samples may also contain semiconductors with along with the Buoyant Densities of the HiPco
similar diameters. We have focused on the (6,5), (7,5), and (8,7) SWNT—Surfactant Assemblies for Each Case
semiconducting nanotubes so that information obtained from — gqwnNT {nsoshsct (molec/nm) density (kg/A)
the CoMoCAT fits can be used for the HiPco data. In other 6.5) {0.6629, 1.432p 1094.9
words, thens estimates from the single surfactant (SC) case ' ’ T ’
provide a foundation for examining the dual surfactant (SDS (7,5) {0.8715, 1.266} 1109
SC) scenario. {1.0643, 1.073p 1119.1
The fits of the 3:2 data (Figure 3a) show a diameter-based  (8.7) {0.8545, 1.220B 1124.4
separation for semiconducting SWNTS, although their buoyant {0.7639, 1.311p 1120.2

densities are observed to be higher than when SC alone is used 23:2 (bold) and 1:4 (Roman).

(Table 2). The desorption of SC from the nanotube surface and . )
its replacement by SDS, which has a lower molar volume, leads to separate metals from semiconductors can be explained by the

to an increase in density. The concentration profile for each SIronger interaction of SC with the former. Apart from the fact
semiconductor was fitted by assuming a 1:1 molecular displace-that cholate suspends more nanotubes as a result of its naphthenic
ment of SC by SDS, with the initial SC coverage already known StrUcture’’ the proximity of the hydroxyl groups in the cholate
from the CoMoCAT fits. While this may not be an accurate molecule to the nanotube surface results in electronic polarization

. A . .
representation of reality, it does yield a lower bound for the SDs toward the SWNT? Metallic nanotubes have delocalized
population onthe nanotube. The analysis reveals the progressivel)?IeCtrons at the Ferm|_ level, and are more recept_n_/e t_o mducgd
greater uptake of SDS molecules (i.e., greater SC desorption) a&<harges. Thus, metallic SWNTs have lower densities in the 3:2
SWNT diameter increases (Table 2). This is consistent with the 2S¢ because of minimal SC desorption as compared to the

higher activation energies required by SC to desorb from most semiconductors. In the case of large-diameter metals, it is also
small-diameter nanotub&%56The ability of the 3:2 weight ratio plausible that SDS adsorbs onto vacant areas on the surface and

further reduces the density.

(53) Wang, H.; Zhou, W.; Ho, D. L.; Winey, K. I.; Fischer, J. E.: Glinka, C. The 1:4 surfactant ratio leads to the enrichment of the (6,5)
J.; Hobbie, E. KNano Lett.2004 4, 1789. _ nanotube in the HiPco- and CoMoCAT-based runs (Figure 3b);
Chfnf_)zggg'%' %%rg}" M. L. Kim, W-J.; Braatz, R. D.; Strano, M. &nal. however, the distribution of the (6,5) is too broad to be accurately

(55) McDonald, T. J.; Engtrakul, C.; Jones, M.; Rumbles, G.; Heben, M. J.

J. Phys. Chem. R006 110, 25339. (57) Tan, Y.; Resasco, D. B. Phys. Chem. R005 109, 14454.

(56) McDonald, T. J.; Engtrakul, C.; Jones, M.; Blackburn, J. L.; Rumbles, (58) Blackburn, J. L.; Engtrakul, C.; McDonald, T. J.; Dillon, A. C.; Heben,
G.; Heben, M. JProc. SPIE2005 5929 59290W1. M. J. J. Phys. Chem. R006 110, 25551.
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described by our model, and so, we have restricted parameter Conclusion
estimation to the (7,5) and (8,7) nanotubes (Table 2). Here, as . .
expected, we observe thatthe increase in density can be accounted We have developed a model tp descrlpe thq separation of
for by the adsorption of SDS in place of SC. Given the smaller surfactant-suspended SWNTSs using centrifugation. Parameter

amount of SDS presentin the 1:4 surfactant solution as compareoes'“mates for the number c_)f sc mqlgcules ad_sorbeo! per unit
to 3:2, it is expected that its population on the SWNT surface nanotube length were obtained by fitting data in the literature

will be correspondingly lower, which certainly is the case for the as vyeII as our own. The estimates, .When converted to an areal
(8,7) nanotube (0.764 molec/nm versus 0.855 molec/nm). By basis, are less than those reported in past work for SDS but are

this logic, there is an apparent discrepancy for the (7,5) species.Sti” reasonable. This is expected, because of the relativ_ely Ie_trger
At this jL’mcture we would like to emphasize tha’t the 1:1 molar volume of the cholate molecule. We have also rationalized

replacement of SC by SDS was assumed because of the lack Othe 3:% arE)d t\i:4 sgpc):aragon tS(iIr']eSmVe\/Sl\,lTWhetrjetll: the str_ongter
information involving any other adsorption scheme. Itis entirely Interaction between St-and metallic sandthe approximate

possible that not all the cholate molecules will be replaced by diameter depenpler_w_;e of .SC desorptlon from sem!conductlng
SDS, which still raises the density of the nanotube, while nanotubes are significant in determining the respective buoyant

conforming to the approximate diameter dependence of SC densities.
desorptiorP5:56 . .

Finally, we have attempted to elucidate the effect of high pH  Acknowledgment. This material is based upon work sup-
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