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Single wall carbon nanotubes (SWNTs) dispersed in aqueous medium by the use of DNA are separated by
size using a size exclusion chromatographic (SEC) column. On-line measurements are made of SWNT
concentration, molar mass, and size using UV-vis absorption detection and multi-angle light scattering
(MALS). Molar mass and length distributions are calculated for SWNT dispersions from this data. The SWNTs
are shown to separate primarily by a SEC mechanism, but the elution times are affected by a high performance
liquid chromatography (HPLC) mechanism in which adsorption on the column delays the elution of the
components. This mechanism is most evident by the elution of small quantities of large, polydisperse SWNTs
after the SEC column limit. MALS data are fit with a polydisperse anisotropic rod scattering function giving
low polydispersity for most of the fractions with higher polydispersities near the large size exclusion limit
and beyond the small size exclusion limit of the SEC column. These fits indicate that molar mass is proportional
to the rod length over a wide range indicating rigid-rod behavior.

Introduction

Single wall carbon nanotubes (SWNTs) have a variety of
potential applications in materials because of their outstanding
mechanical, electrical, optical, and thermal properties.1 However,
as produced, SWNTs contain bundles of nanotubes comprised
of tubes with a distribution of lengths, chiralities, and diameters
that are often contaminated with non-SWNT carbon. Such
mixtures are unsuitable for most applications and characteriza-
tion methods without further processing.2,3 Methods are thus
required to sort nanotubes by size and type as well as to
eliminate combinations of different nanotubes (bundles) and
carbonaceous impurities. Only after purification and sorting can
measurements be made of properties inherent to individual
SWNTs with low polydispersities. SWNTs have two primary
forms of polydispersity, type (chirality and diameter) and length.
Sorting by length is the topic of this manuscript, but many efforts
are underway for sorting by type.4-10 Another important goal
is to develop an analytical method of determining the molar
mass and size distributions of polydisperse SWNTs.

Several methods of producing varied sizes of SWNTs
dispersed in liquids have been reported: field flow fractionation
(FFF),11-14 chemical or physical SWNT fracture,3,4,12,15-19 and
size exclusion chromatography (SEC).20-26 FFF is a commonly
used method of separating dissolved polymers or dispersed
nanoparticles.27 Separations of SWNTs by FFF have been
reported for aqueous dispersions using surfactants as dispersants.
Although FFF is a promising technique with a potential for
strong size resolution, the capacity to produce sizable quantities
of fractionated samples via this method has not been demon-
strated. Significant quantities of different average length SWNTs
can be generated by breaking the as-produced nanotubes through
treatment with concentrated acids,12,17-19 long sonication times,3,4

or mechanical milling.15,16Microscopy shows decreased average
lengths with processing time, but polydispersity in the lengths

and general degradation of the starting material is expected for
such random breakdown.

SEC in contrast is a routine and scalable separation method
for polymeric materials and has been applied to the case of
nanotube dispersions. In SEC, a porous column packing material
is used to separate dissolved polymer molecules by size. The
polymers partition between the flowing mobile phase and the
stationary phase, which is incorporated within the pores of the
column packing material. The smaller polymers have a greater
partitioning coefficient inside of the pores than the larger ones.
This results in the larger polymers spending a greater fraction
of time in the flowing mobile phase, hence, eluting from the
column before the smaller ones.28 The partitioning of the
polymers will depend on the characteristic volume of the
polymers, which is commonly associated with their hydrody-
namic volume. Universal calibration28 is a technique that
assumes that elution time is a function of the hydrodynamic
volume alone and, therefore, allows a column set to be calibrated
with a set of polymers having known hydrodynamic volumes.
With this calibration, the column set can then be used to measure
other polymers or nanoparticles with unknown sizes and shapes.

SEC is most commonly run with “good” solvents that have
favorable thermodynamic interactions with the solute. “Poor”
solvents are avoided not only to avoid aggregation or ultimately
precipitation of the solute, but also to inhibit any interactions
of the solute with the column packing material. High perfor-
mance liquid chromatography (HPLC) is a separation technique
that also uses porous, high surface area column packing material,
but the separations are driven by favorable thermodynamic
interactions with the pore surface rather than the pore void
volumes. A partitioning is established between adsorption on
the surface and suspension in the flowing liquid causing solute
with favorable interactions to spend more time in the “station-
ary” phase and hence elute later. The HPLC mechanism causes
large molecules to elute later than small molecules of the same
type. The combination of SEC and HPLC mechanisms has been
used to minimize the separation by size and emphasize the* Corresponding author. E-mail: barry.bauer@nist.gov.
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separation by other factors such as end-group type.29 However,
if the ultimate goal is to separate by size, the HPLC mechanism
is inhibited by choice of solvents having a strong interaction
with the solute.

SEC has been reported for a variety of SWNT dispersions
using surfactants, wrapping polymers, and covalent modifica-
tion.20,22-26,30 Size separation and dispersion quality are com-
monly measured through atomic force microscopy (AFM), but
small angle neutron scattering and viscosity detection has also
been reported. Of the multitude of dispersion schemes reported,
dispersions with DNA seem to be the prime candidate for liquid
separations. The chief traits of DNA dispersions are that a large
majority of SWNTs are dispersed as individuals even for
relatively high concentrations (up to approximately 0.8 mg/mL).
This is true even after excess DNA is removed from the SWNT
solution, as occurs in the SEC process. These traits are important
because separation of SWNTs by size or type requires that they
are unattached to other nanotubes as in the case of SWNT
bundles, so good dispersion is a prerequisite. Therefore, we have
chosen the method of Zheng et al.,25 which has previously been
demonstrated to produce these important traits, and to disperse
our SWNTs with 30-mer 5′-GT(GT)13GT-3′ single stranded
DNA.

Multi-angle light scattering (MALS) is capable of measuring
important information on the size and shape of nanoparticles.
It has a long history of measurements made on liquid disper-
sions, both on flexible polymeric chains dissolved in solvent
and on small objects such as latex particles dispersed in aqueous
media. MALS has been reported31-33 on SWNT/DNA disper-
sions on individual samples and power law scattering differenti-
ates clusters from well-dispersed rod-like SWNTs. However,
on-line measurements of chromatographic fractions have not
been reported in the literature to our knowledge. We have
developed a method of measuring the molar mass and size
distributions of SWNTs in quick, reliable way. SEC with on-
line MALS is used for both analytical determination of SWNT
populations and preparative collection of samples for a variety
of off-line measurements.34,35

Experimental Section

The measurements presented here were performed on SWNTs
grown through the cobalt-molybdenum-catalyst (CoMoCAT)
process, but analogous behavior was also measured for SWNTs
grown with HiPco, laser ablation, and electric arc methods.
Aqueous dispersions of CoMoCAT SWNTs (Southwest Nano-
technologies Inc. Batch NI-6-A001 S-P95-02) were achieved
following the method of Zheng et al.25 by sonication in an ice
water bath (10 W, 3.2 mm tip sonicator) of 1 mg/mL SWNTs
in salt solution (0.2 mol/L NaCl, 0.04 mol/L Tris, HCl to pH
) 7.0) in the presence of 1 mg/mL 30-mer 5′-GT(GT)13GT-3′
single stranded DNA (Integrated DNA Technologies) for 2 h,
followed by centrifugation (2 h, 21 000× g). The supernatant
was a stable black liquid that has been shown to contain well-
dispersed SWNTs. Upon centrifugation, residual catalyst was
reduced to<1% by mass as determined by X-ray photoemission
spectroscopy, and carbon content of the SWNT was greater than
90% by mass of SWNTs indicated.34,36,37

SEC was performed using an Agilent 1200 pump with a
SepaxCNT (SEC-2000+ SEC-1000+ SEC-300) column set.
The mobile phase used was identical to that of the salt solution
used to suspend the samples (0.2 mol/L NaCl, 0.04 mol/L Tris,
HCl to pH ) 7.0) as has been previously described.26 No
additional DNA was used in the mobile phase. Centrifuged
samples were filtered through a 0.45µm filter and injected in

0.5 mL increments with a 0.5 mL/min flow rate. For samples
used in this contribution, very little material was seen to remain
on the filter after the filtration step. Thirty fractions were
collected at 2 min intervals spanning the time range from before
the maximum size exclusion limit to beyond the minimum size
exclusion limit “trash peak”. Eight repetitions of the chromato-
graphic separation were performed for the SWNT/DNA. For
all runs of chromatographic separation, a UV-vis absorbance
detector (Waters 2487) was used for concentration detection
and a UV-vis photodiode array (Waters 2996) was used to
record the absorbance spectrum (200 to 800 nm) as a function
of time. Measurements of biotoxcity34 and length dependent
optical properties37 have been reported on fractions prepared
in our laboratory by this method.

The MALS data were taken with a Wyatt Dawn EOS
instrument with a flow-through cell capable of recording
scattered light intensity at 16 angles. Fluorescence interference
was eliminated by use of filters over alternating detectors, and
seven of the detectors were used for data analysis incorporating
the whole available angular range. A forward laser monitor was
used to measure the absorption of the 690 nm incident beam.
Astra Software was used to collect the MALS and UV-vis
absorbance and to correct for laser absorption at the scattering
volume. Absolute scattering intensity was calculated from
Rayleigh scattering from toluene and MALS detector sensitivity
was calibrated with a narrow poly(methacrylic acid) standard.
The data were output and fit as described in a later section.

SWNT extinction coefficient was measured with a Perkin-
Elmer Lambda 950 UV-vis-NIR spectrophotometer. UV-
visible (vis)-NIR absorption spectroscopy was performed in
transmission mode over the range of 1880 to 185 nm. Samples
of a known mass were prepared as described above and a
spectrum was taken before centrifugation to ensure that the
concentration was unchanged from the concentrations calculated
from the masses present. Absorption at 690 nm was used to
calculate the concentration,c, and an extinction coefficient of
ε ) 26 000 cm2/g was used in the calculations,AU ) -log(I/
I0) ) εtc, wheret is the path length, andI/I0 is the transmission.
The relative uncertainty is estimated to be 10% because of the
compositional effects, described elsewhere.37

Refractive index increment, dn/dc, was measured at 690 nm
with a Wyatt Optilab rEX refractometer on samples prepared
as described above and is described in Supporting Information.
The instrument utilizes a photodiode array to measure beam
deflection directly and is unaffected by absorption effects. The
light source hasλ0 ) 690 nm that is the same as the MALS
wavelength but is from a light emitting diode and is unpolarized.
The concentration was monitored by absorption at 690 nm as
described above, and Astra software was used to calculate dn/
dc. A value of (0.373( 0.013) mL/g was calculated from a
linear least-squares fit and is described in Supporting Informa-
tion. Such measurements are appropriate for isotropic polymers
that make up a large majority of MALS samples. However,
anisotropic samples such as SWNTs require additional measure-
ments by other means as will be described in the following
section.

The relative uncertainties reported are one standard deviation,
based on the goodness of the fit or from multiple runs. Total
combined uncertainties from all external sources are not
reported, as comparisons are made with data obtained under
the same conditions. In cases where the limits are smaller than
the plotted symbols, the limits are left out for clarity.

Certain equipment, instruments, or materials are identified
in this paper in order to adequately specify the experimental
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details. Such identification does not imply recommendation by
the National Institute of Standards and Technology nor does it
imply the materials are necessarily the best available for the
purpose.

Light Scattering Theory

Scattering theory for isotropic structures is well-established
and models are available for fitting MALS data to obtain size
and shape information for a variety of objects. A dilute solution
of objects scatters light at an angleΘ as

whereI(q) is the light scattered in absolute intensity units,M is
the molar mass of the scatterer, andc is the concentration.K*
andq are defined as

where n0 is the refractive index of the liquid,λ0 is the
wavelength of the incident light, andNA is Avogadro’s number.
The refractive index increment, dn/dc, is the rate of change of
the solution’s refractive index with the addition of mass
concentrationc of scatterer.P(q) is the form factor of the object
and has been calculated for a variety of structures.

While the scattering from an isotropic distribution of non-
interacting thin rigid rods is well-established,38 when the rods
are both absorbing and birefringent, some modification is
required. For the geometry of interest, we considerN optically
anisotropic absorbing rods of individual volumeV in a total
volumeV, for which the scattering intensity isI(q) ∝ V-1|ẑ‚δ
εTq|2, whereẑ defines the polarization of the incident light and

is the scattering amplitude tensor.39 In eq 4,n̂l is the unit director
of the lth rod,A ) ε|| - ε⊥, B ) ε⊥ - ε0, andfl(q) ) ∫Vl e-iq‚r

dr . The constantsε|| andε⊥ are the complex dielectric response
function intrinsic to the rod, whileε0 is the dielectric constant
of the suspending medium. The subscripts|| and⊥ denote the
polarization along and normal to the rod axis. In the absence
of rod-rod interactions, this becomes

which for ε|| ) ε⊥ (A ) 0) reduces to the well-known result for
nonbirefringent rods;

whereL is the rod length,φ is the volume fraction,q is the
scattered wave vector, andSi(x) ) ∫0

x du sin u/u is the sine
integral function. Physically, the effect of the optical anisotropy
is to introduce an additional term in the scattering amplitude

weighted by the orientation of each rod with respect to the
direction of incident polarization. Measurements of the effective
intrinsic optical anisotropy for CoMoCAT SWNTs of mean
length approximately 300 nm have recently been performed over
a broad spectral range.37 At λ ) 690 nm, these measurements
give ε|| ) ε||′ + iε||′′ ≈ 3.99 + 2.04i andε⊥ ) ε⊥′ + iε⊥′′ ≈
1.52+ 0.65i, with ε0 ) (1.33)2 ) 1.77 for water. The constants
A ) 2.47+ 1.39i andB ) -0.25+ 0.65i thus give the relative
weighting of the two terms in eq 5;

whereθl is the angle thelth SWNT makes with thez axis. The
relative values of the dielectric response for the solvent and the
solute are within the range of applicability of eq 4. Within a
common constant factor, the two terms in eq 7 reduce to

and

The projection of interest isqz ) 0, so the second, anisotropic
term becomes

Both I1 andI2 can be evaluated numerically. In absolute units,
the total scattering intensity follows by analogy with the classical
scattering expression first derived by Zimm;38

whereφ ) NV/V ) c/F is the volume fraction of SWNT andF
) m/V ) 1.0 g/cm3 is the SWNT density. Equations 1-3 and
12 can be combined to calculate “equivalent” values of dn/dc
andP(q) for the anisotropic SWNT rods

The scattering from anisotropic rods is considerably different
from isotropic rods due to these changes in the equivalent dn/
dc and P(q) that cause major differences in calculated molar
mass and rod length. For example, the calculated molar mass
is proportional to the inverse square of the dn/dc used, so that

I(q) ) K*McP(q) (1)

K* )
4π2n0

2

NAλ0
4 (dn

dc)2
(2)

q )
4π sin(Θ/2)

λ0/n0
(3)

δ εTq ) ∑
l)1

N

(An̂ln̂l + B1) e-iq‚r lfl(q) (4)

I(q) ∝ ∑
l

(|A|2 + 2Re(AB*))( n̂l‚ẑ)2|fl(q)|2 +

∑
l

|B|2|fl(q)|2 (5)

I(q) ∝ ∑
l

|fl(q)|2 ∝ Vφ{2Si(qL)

qL
-

2 - 2 cos(qL)

(qL)2 } (6)

I(q) ∝ (0.48)∑
l

|fl(q)|2 + (8.57)∑
l

cos2 θl|fl(q)|2 ≡ I1 + I2

(7)

I1 ) (0.48){2Si(qL)

qL
-

2 - 2 cos(qL)

(qL)2 } (8)

I2 ) 8.57
4π ∫ dΩ cos2 θ{ 2

(Lqz cosθ + Lq⊥ cosφ sin θ)

sin(Lqz cosθ + Lq⊥ cosφ sin θ
2 )}2

(9)

I2 ) 8.57
4π ∫0

2π
dφ ∫0

π
dθ

sin θ cos2 θ{ 4

(Lq cosφ sin θ)2
sin2(Lq cosφ sin θ

2 )} (10)

I2 ) 8.57{Si(qL)

qL
-

2 - cos(qL)

(qL)2
+

sin(qL)

(qL)3 } (11)

I )
π2n0

4Mφ

Fλ0
4NA

(I1 + I2) (12)

equivalent
dn
dc

) (I1(q f 0) + I2(q f 0))1/2
n0

2F
) 1.22 mL/g

(13)

P(q) )
I1 + I2

I1(q f 0) + I2(q f 0)
(14)
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the molar mass calculated from an isotropic model is (1.22/
0.373)2 ) 10.7 times larger than that from an anisotropic model.

Results

Figure 1 is a plot of SEC of a typical SWNT/DNA dispersion
with UV-vis photodiode array detector along with a MALS
detector. The absorption at 690 nm is due to the SWNT content
alone, since the DNA is transparent at this wavelength. The
absorption at 280 nm is due to both the SWNT and the DNA.
The normalized absorption at these two wavelengths overlaps
at elution times below 57 min, but the 280 nm absorption shows
a sharp peak at about 59 min that is due to unattached DNA.
The normalized 90° detector signal is a measure of light
scattering intensity at 90° from the incident beam. The shape
of the 90° detector signal is skewed to the shorter times
producing a larger 90° detector signal/concentration ratio at early
times indicating higher molar mass solute eluting at earlier times.

SEC shows an early time limit, below which no injected
material elutes. The material is large enough to be excluded
from entering any of the pores and is carried along with the
solvent between the particles. It can be seen at about 31 min
where a sharp rise in signal from the detectors begins. There is
also a late time limit that occurs when the minimum pore size
is larger than all remaining eluents, and all material smaller
than this pore size elutes at the same time. The SEC mechanism
alone cannot cause injected material to elute after this limit.

The maximum SEC time limit for the data in Figure 1 is
approximately 63 min. However, inspection of the UV, vis, and
MALS detector response shows a small but nonzero response
after this time. This response is evidence that material from the
initial injection is still eluting. This means that the SEC
mechanism alone cannot be the only factor in the separation. It
is likely that a HPLC mechanism is causing eluents to emerge
after the SEC exclusion maximum time limit. The signal from
the detectors drops with time and is negligible by the time the
next injection is made, since MALS fits can be made at long
times, but only baseline scattering exists by the start of the next
run. Zheng et al.25 also show this effect, as can be seen in Figure

1 (in their paper). The chromatogram at times after the elution
of their unattached DNA peak does not return to the baseline
that was present at early times. It is likely that the SWNT/DNA
was also eluting by a HPLC mechanism at this point in their
separation.

Before the aqueous runs, the SEC columns were flushed with
tetrahydrofuran (THF) and injections of mixed polystyrene (PS)
in THF were made. The column sets used in this study were
capable of separations in both aqueous and organic solvents,
and the column separation limits can be compared. The elution
time of 10 polystyrenes (PS) with molar masses from 580 to
7 500 000 g/mol in THF is also plotted in Figure 1. The PS
elution times drop linearly with their log (molar mass) over the
middle of the SWNT/DNA peak but turn up or down sharply
at the two exclusion limits. This is typical of organic SEC in
good solvents done with a mixed bed column, and no PS elution
is seen outside of the two expected exclusion limits.

The MALS was recorded at seven angles throughout the
elution, and fits were made of the intensity and angular
dependence. Figure 2 is a plot of the scattered intensity of a
typical SWNT/DNA dispersion taken at 35.1 min. The scattered
intensity is normalized to sample concentration and instrument
constants. The data are in absolute intensity units as a function
of the scattering angle converted to scattering vector,q, by the
use of eq 3. A monodisperse isotropic rigid rod was fit with
eqs 1 and 2 using a standard isotropic rodP(q), and a
monodisperse anisotropic rigid rod was fit with eq 12. Each of
the monodisperse objects produces a poor fit of the data. The
anisotropic rod fit is slightly better than the isotropic rod fit,
but neither of these monodisperse models fit the scattering from
the solute over the entire angular range. The available range of
our MALS is between the Guiner region and the power law
region, 0.4< q Rg< 2.8. Therefore, the calculation ofRgfrom
a Guinier analysis will not fulfill the requirementq Rg, 1 at
low q, and the power law regionq Rg . 1 will not give the
limiting rod exponent of-1. This is why the more complicated
analysis of using the full expression forP(q) is necessary. The
fits to the data are detailed in Supporting Information.

Figure 1. Typical chromatogram of SWNT/DNA dispersion. Vis absorption at 690 nm detects only SWNT while UV absorption at 280 nm detects
both SWNT/DNA and unattached DNA. MALS at 90° angle has stronger signal at early times, indicating larger SWNTs are eluting at early times.
Calibration of PS in THF shows the exclusion limits of the column that span the range of 500 nm SWNT/DNA to unattached DNA. After this limit
for the SEC mechanism, a small amount of material continues to elute in a HPLC mechanism.
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The discrepancies between the data and the fit in Figure 2
may be due to polydispersity. Equations 15 and 16 are theP(q)
from a binary isotropic rod (eq 6) mixture and a binary
anisotropic rod (eq 12) mixture, respectively.wi is the mass
fraction of componenti.

The polydisperse functions significantly improve the fit to
the data as seen in Figure 2 suggesting that polydispersity of
some form is accounting for the shape of the experimental data.
However, the fits of either a binary rod mixture or more complex
distributions of rods, coils or spheres can all fit the data
adequately with eq 12 providing the best fit. Therefore, the shape
of the scattering alone is not sufficient to determine the structure.
Distinguishing the structure is possible, however, by using the
ability of SEC to separate by size. As an example, eq 16 was
used to fit the MALS over the whole range of the chromatogram
using the fitting parametersw1M1, w2M2, L1, andL2. This fitting
method assumes that the solute is made up of mixtures of two
monodisperse rods, which is quite unlikely. However, in the
absence of information on the true distribution, it is an effective
“equivalent” distribution that can be used to extract important
information from the experimental data. Various distributions
were fit to the MALS data, all producing similar values for the
molar mass and length averages, and the bimodal distribution
will be used as a representative example. The polydispersity at
a single time increment can be calculated from the shape of the
scattering curve but is less important than the total polydispersity
of the whole SWNT sample. The polydispersity of the whole
sample can be calculated by adding the contributions of each
increment.

Eight identical SEC runs were made using the same initial
SWNT/DNA dispersion. Fits of the raw data were made and
statistical analysis of the results were done to produce averages
and uncertainties of one standard deviation. Figure 3 is a plot
of the calculated mass averageM andL from the fits of eq 16.
The parameters of interest need to be calculated from the fitting

parameters.MW is a mass-average molar mass of theM fit
parameters as calculated by eq 17.

An equivalent mass average rod length,LW, needs to be
calculated, but the weight fractions need to be estimated first.
If the assumption of a rod structure of the solute is valid, then
the ratio of the molar mass to the rod lengthMi/Li will be a
constant and the mass fractions can be calculated from the fitting
parameters. Also with this assumption, number fractionsni and
number average molar mass,MN can be calculated.

Figure 3 shows a uniform decrease in bothL andM at early
times. The fact that they are parallel in this region suggests a
proportionality ofL ∝ M1.0, which is characteristic of a rigid
rod. TheM value reaches a minimum at about the time that the
unattached DNA peak arrives. Beyond this time, theM increases
to a relatively constant value, but it is representative of only a
small portion of the original injected SWNT/DNA mass
compared with the main peak as is shown by the relative
concentration in Figure 3. It is likely that this is due to small
amounts of SWNT being slowly desorbed from the columns
through a HPLC mechanism. Similarly,L reaches a minimum
at a slightly earlier time than theM and increases to a constant
value past the SEC exclusion limit.

Figure 4 plots theL versusM data with a line showing a
linear relationship. The line shown has a power law of 1.0,
which would be the case for rigid rods. The data points before

Figure 2. Fits of MALS at 35.1 min elution time to rod functions. Models for monodisperse anisotropic rods and isotropic rods give poor fits.
Models for bimodal anisotropic rods or isotropic rods have greatly improved fits, but it is not possible to identify the structure of polydisperse
samples by these fitting methods alone.

PIR(q) ) w1M1Pisotropic rod1(q) + w2M2Pisotropic rod2(q) (15)

PAR(q) ) w1M1Panisotropic rod1(q) + w2M2Panisotropic rod2(q) (16)

MW ) w1M1 + w2M2 (17)

LW ) w1L1 + w2L2 (18)

w1 )
w1M1/L1

w1M1/L1 + w2M2/L2
) 1 - w2 (19)

MN ) n1M1 + n2M2 (20)

n1 )
w1/M1

w1/M1 + w2/M2
) 1 - n2 (21)
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48 min elution time are consistent with rod like SWNT/DNA
dispersions. After this time, the points form a relatively tight
cluster at the low end of the size range. This is consistent with
a separation mechanism that is predominately SEC earlier than
48 min and a separation mechanism at later times that becomes
increasingly influenced by the HPLC mechanism. The slope at
early times is insensitive to the model of theP(q) fitting but is
only meaningful for a rigid rod. This validated the assumption
of a rigid rod P(q) fitting function and the calculation ofwi

from eq 19 that also assumes thatL is proportional toM.
The ratio of M to L from Figure 4 can be compared to

theoretical values that can be calculated for any particular
chirality. The diameter of a SWNT with (n,m) chirality can be
easily calculated.40 CoMoCAT SWNTs are predominately (6,5)
chirality that have diameters of 0.75 nm and aM/L ratio of
1612 AMU/nm. The line in Figure 4 has a slope of 1365 AMU/

nm that is within 20% of the theoretical value. If the isotropic
rod model is used and dn/dc data are used as described
previously, theM/L ratio is more than 10 times greater than
the value calculated from the anisotropic model. This is further
confirmation of the need for an anisotropic model for SWNT
data analysis.

The polydispersity index (PDI) can be calculated as a ratio
of MW/MN from eq 17 and eq 20. Figure 5 shows that the initial
long SWNTs have a broad distribution, consistent with the
exclusion limit that has only a weak ability to separate by size
as in shown by the PS curve in Figure 1. The PDI drops rapidly
as the size scale reaches the linear region of the separation range,
reaching a minimum of about 1.1 before increasing. This
increase is consistent with a mixed SEC and HPLC separation
mechanism. At the longest times the PDI levels off, but the
low concentrations cause a large uncertainty.

Figure 3. Fits of LW andMW from bimodal rods are shown. An exponential decrease in each is present up to 50 min. At longer times, bothL and
M increase in size even beyond the normal SEC limits, suggesting an adsorption HPLC-like mechanism.

Figure 4. Plot of LW vs MW has a 1.0 power law over a considerable range. This is characteristic of an extended rod. Most of the mass of the
SWNT dispersion resides in this power law range. The line shown is for aM/L ratio of 1356 AMU/nm.
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The PDI that is calculated from the shape of the MALS data
alone provides insight into the separation mechanism, but a PDI
representative of the whole SWNT sample is useful in compar-
ing batch-to-batch uniformity. The PDI of the whole sample
can be calculated from the contributions of each increment
summed throughout the entire chromatogram. The molar mass
values from Figure 3 are averaged throughout the entire
distribution weighted by the relative mass from the concentration
detector. Equations 17-21 are used to calculateMNi andMWi

for each 10 s increment of MALS, and molar mass averages
and polydispersity from the entire distribution are calculated
with eqs 22 and 23.

Ci is the SWNT concentration calculated from the absorption
at 690 nm. The average of the 8 SWNT/DNA samples isMW

) (1.84( 0.08)× 105 g/mol,MN ) (1.02( 0.05)× 105 g/mol,
andMW/MN ) (1.81( 0.03). The total polydispersity of all of
the increments combined is significantly higher than those
calculated for the individual increments.

To gain additional information on the nature of the separation,
several repeat runs were made and samples were collected at
early and late stages in the SEC separation. Appropriate samples
were combined and concentrated for re-injection. Figure 6 shows
the UV-vis absorption at (280 and 690) nm of the starting,
unfractionated SWNT/DNA and the two fractions. The bars at
the top show the collection times for the early and late fractions.
Figure 6a is a typical separation showing a broad peak with a
narrow peak at 280 nm due to unattached DNA. Figure 6c has
a prominent peak at about the same time range that the sample

collection took place. There is a feature in the absorption at
280 nm that is likely due to DNA and DNA dimer. This sample
was re-injected approximately 3 months after the fraction
collection. It seems that in this period a small amount of DNA
has unwrapped from the SWNT/DNA. A slow equilibrium may
be present between DNA wrapped around the SWNT and the
DNA in solution. The fractionation has removed the free DNA,
so that slow unwrapping is a response to the new equilibrium.
Also of note in Figure 6C is the weak “tail” of the main peak
at longer times. Both absorption and MALS detectors see this
material, and the size is close to that of the main peak. It is
likely that the collected fractions, when refractionated, again
have a portion of their mass delayed by a HPLC mechanism.

The late fraction also eluted near the collection time of the
original fractions but now has a weak “tail” at shorter times.
This is consistent with the original fraction collecting both short
SWNTs through a SEC mechanism and a small amount of long
SWNTs through a HPLC mechanism. Upon reinjection, most
of the long SWNTs elute by the SEC mechanism, causing the
tail. MALS from this early region of the injection shows the
tail to be of long SWNTs. The results of these re-injections
suggest that the mixture of SEC and HPLC separation mech-
anisms is dominated by the SEC mechanism at early times, that
results in only a slight broadening of the sample distributions
in the collected fractions due to the HPLC mechanism.

A number of laboratories have used sonication for extended
periods to generate a number of samples with different average
lengths through fracture of the SWNTs.3,4 Typically, sonication
is continued over many hours or days and samples are removed
throughout this time period. While there is clearly a change in
average length, the breadth of the distribution is generally not
known. To quantify this effect and compare its processing
capabilities to the fractionation achieved by SEC, a single batch
of material was sonicated for 3 different lengths of time (2, 14,
and 27 h), and samples were injected into the SEC. Figure 7
shows the adsorption at 690 nm from the three sonicated samples
along with the two re-injected ones from Figure 6. Extended
sonication clearly lowers the average SWNT length in the
solution, but the breadth of the distributions in the sonicated
samples is considerably greater than for the SEC fractions. Even

Figure 5. Polydispersity,MW/MN, of SWNTs as a function of elution time fromP(q) fits. There is high polydispersity at the early exclusion limit
that drops sharply. The polydispersity increases as the time approaches and exceeds the late exclusion limit.

MN )

∑
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with the complication of mixed separation mechanisms, SEC
fractions produce samples that are considerably narrower, and
over a much wider length range, than those possible by fracture
methods.

Summary

SEC is an important method for size fractionation of SWNTs.
Dispersions with DNA are efficiently separated into narrow
fractions. The runs described in this manuscript were typically
0.5 mL injections of 0.4 mg/mL SWNT dispersions. Up to thirty
fractions were then collected yielding an approximate average
of 0.01 mg per sample. Using ultrafiltration, repeat runs of the
SEC process can be performed, and fractions can easily be
combined and concentrated; in the process of this work, 18

repeats were performed, and the quantities produced were
sufficient to investigate both biological uptake effects of SWNT
length34 and the length dependence of the SWNT optical
properties.35 Additionally, the columns used in this study are
also available in larger diameters, allowing for scale-up to larger
quantities. Thus, narrow fractions in the milligram range are
possible by use of SEC in a practical period of time.

On-line MALS is a valuable addition to SEC for determina-
tion of molar mass and rod length of the dispersed SWNTs.
The scattering is strong and reproducible and can detect subtle
effects in the size distributions of the fractions generated. The
separations reported herein were conducted on SWNTs dispersed
in salt solution (0.2 mol/L NaCl, 0.04 mol/L Tris, HCl to pH
) 7.0) in the presence of 1 mg/mL 30-mer 5′-GT(GT)13GT-3′

Figure 6. SEC of initial dispersions (a) and re-injected fractions from late (b) and early (c) times. The dotted lines are absorption at 280 nm, and
the solid lines are absorption at 690 nm. A majority of the fractions elute at a time consistent with the original collection window, but broadened
“tails” occur to the early time side of the late fraction and the late time side of the early fraction. The early fractions have 280 nm absorption peaks
at 60 min, indicating that some of the DNA has desorbed from the SWNTs.

Figure 7. SEC chromatograms of SWNT/DNA dispersions sonicated for (2, 14, and 27) hours and the early and late fractions from Figure 6b,c.
Despite the minor “tailing” of the SEC fractions, the width of the distribution is considerably narrower than the samples fractured via sonication
to produce shorter SWNTs.
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single stranded DNA. The results demonstrate that the pre-
dominate separation mechanism is size exclusion with the
longest and highest molar mass SWNTs eluting first and then
continuously decreasing in size range from approximately 500
to 50 nm. Near the long time limit of the SEC, a second
separation mechanism was shown to become important because
of solute adsorption on the column material as in a HPLC
mechanism separation. Small amounts of longer SWNT slowly
come off of the column even after the long time exclusion limit
of the column. While this adds slightly to the polydispersity of
the fractions collected, reruns of the SEC fractions are consider-
ably narrower than “fractions” produced by sonication fracturing
of long SWNTs.

Furthermore, these results show that, over the initial separa-
tion range that is dominated by a SEC mechanism, the rod length
and molar mass change with a power law of 1.0, characteristic
of rigid rods and suggesting an extended SWNT conformation
in solution. The ratioM /L is also consistent with rodlike
behavior of the SWNTs.
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