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he lengths of single-walled carbon
Tnanotubes (SWCNTs) may vary by

orders of magnitude, from a few tens
of nanometers up to several centimeters,
through variations in growth conditions and
subsequent processing. These differences
can have important consequences, as hano-
tube length is a relevant parameter for a
variety of fundamental processes and appli-
cations. For example, it has been reported
that cellular uptake of DNA-wrapped SWCNTs
favors lengths of ~200 to 300 nm."? This
implies that nanotube length should be
monitored and controlled to optimize many
drug delivery and bioimaging applications.
Length is also important in the performance
of single-nanotube electronic devices and
in determining the density of nanotubes
needed to form conductive networks.>* In
using nanotubes for mechanical strength-
ening of composite materials, load transfer
efficiency is also dependent on nanotube
lengths.>® The development of methods to
tailor length distributions through con-
trolled growth or postgrowth fractionation
clearly requires the use of practical and
efficient analytical methods that reveal
length values.

The standard current method for measur-
ing SWCNT lengths is through analysis of
atomic force microscopy (AFM) images.7'8
Although widely used, this technique re-
quires careful sample preparation followed
by relatively time-consuming data acquisi-
tion. Skilled manual analysis of the resulting
image to obtain a length histogram is te-
dious if a large enough sample is measured
to give good statistics, but the process can
often be automated through the use of
specialized software designed to recognize
individual nanotubes, compute their appar-
ent lengths from the image, and compile a
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ABSTRACT

Trajectories SWCNT Length

A new method is demonstrated for measuring the length distributions of dispersed single-walled
carbon nanotube (SWCNT) samples by analyzing diffusional motions of many individual nanotubes
in parallel. In this method, termed “length analysis by nanotube diffusion” (LAND), video sequences
of near-IR fluorescence microscope images showing many semiconducting SWCNTs are recorded and
processed by custom image analysis software. This processing locates the individual nanotubes,
tracks their translational trajectories, computes the corresponding diffusion coefficients, and
converts those values to nanotube lengths. The deduced length values are then compiled into a
histogram of lengths present in the sample. By using specific excitation wavelengths and emission
filters, this analysis is performed on selected (n,m) structural species. The new LAND method has
been found to give distributions in very good agreement with those obtained by conventional AFM
analysis of the same samples. Because it is fluorescence-based, LAND monitors only semiconducting,
relatively pristine SWCNTs. However, it is less sensitive to artifacts from impurities and bundled
nanotubes than AFM or light scattering methods. In addition, samples can be analyzed with less
time and operator attention than by AFM. LAND is a promising alternative method for

characterizing length distributions of SWCNTS in liquid suspension.
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However, they are most accurate for relatively mono-
disperse samples and can reliably provide only average
lengths rather than full length distributions. The effec-
tiveness of light scattering methods can be limited
by sensitivity to artifacts from nanotube aggregates or
impurities in the sample.

Casey et al. developed a bulk method for SWCNT
characterization based on the length-dependent align-
ment of nanotubes suspended in liquids undergoing
shear flow." In this method, nanotube alignment is
measured using near-IR fluorescence spectroscopy
with polarized light, exploiting the highly anisotropic
optical transitions of SWCNTs. The sample's length
distribution is deduced from the extent of alignment
measured as a function of shear. Because it is spectro-
scopically based, this method provides (n,m)-resolved
length information for semiconducting SWCNTs and is
insensitive to impurities and most bundled nanotubes.
However, the rapid rotational diffusion of shorter
nanotubes prevented the alignment and resolution
of SWCNTs with lengths below ~500 nm at accessible
shear levels.

Recently our laboratory has shown that the length of
a SWCNT can be deduced from near-IR fluorescence
microscope image sequences that show its transla-
tional diffusion in a liquid environment.'>'® This ap-
proach exploits the remarkable stability of SWCNT
fluorescence,'” ' which is generally free of the pho-
tobleaching and intermittency that can make indivi-
dual organic fluorophores or quantum dots difficult to
track. In our method, the Brownian motion of an
individual nanotube is quantitatively analyzed to find
its translational diffusion coefficient. A simple relation
then gives that nanotube's length from the diffusion
coefficient. Although this fluorescence-based method
cannot observe metallic SWCNTSs, it can spectroscopi-
cally select particular semiconducting (n,m) species
and it is immune to interference from impurities or
most nanotube bundles (which are generally non-
emissive). In a recent study using a similar approach,
Strano and co-workers tracked diffusional trajectories
of individual SWCNTSs to probe viscosities inside living
cells®® We report here an important extension of
diffusional tracking to accurately capture, analyze,
and deduce lengths for dozens of nanotube trajec-
tories in parallel. This large enhancement in efficiency
introduces a practical new way to measure statistically
valid length distributions of SWCNT samples in fluid
suspension, with some benefits as compared to AFM
analysis. We term the new method LAND (length
analysis from nanotube diffusion).

ANALYSIS METHOD

As described in detail in the Experimental Methods
section, we used a customized microscope to capture
wide-field near-IR fluorescence images of surfactant-
coated SWCNTs as they diffused freely in aqueous
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suspension. Samples were typically contained in mi-
crowells that had been wet-etched into a glass micro-
scope slide. These wells were etched to a depth that
matched the optical depth of field of our microscope
objective, ensuring that all SWCNTs remained in focus
throughout the 1001 sequential frames of each video
data set. We wrote custom image analysis software,
using Matlab 2011a (Mathworks), to locate all SWCNTs
in the image field and track their translational motions.
In brief, the software begins by identifying and deter-
mining the centroid position of each nanotube in the
field to a precision of 50 nm. Single nanotube trajec-
tories are created using a nearest-neighbor algorithm
that connects positions in consecutive images. How-
ever, it may happen that a nanotube is not visible in
the following frame. One reason for this is that SWCNT
images exhibit fluorescence intensity modulation due
to out-of-plane rotational motion, even with circularly
polarized excitation.'® If an identified nanotube is lost
in the next frame, then the search window is widened.
If it has not reappeared within five frames, then its
trajectory is automatically terminated. Another com-
plication is that two SWCNTs may diffuse so close to
each other that their images cannot be distinguished.
When this occurs, both trajectories are terminated.
To minimize trajectory fragmentation from such parti-
cle overlap, nanotube densities are kept below ~70
SWCNTs/image. Our algorithm proceeds to evaluate
the spatial, temporal, and intensity parameters of the
interrupted trajectory fragments to help identify frag-
ments that correspond to the same nanotube and to
combine them into a single trajectory if they match.
Nevertheless, we find that many trajectories will typi-
cally remain fragmented.

Each nanotube trajectory is numerically analyzed by
calculating (r?), the mean-square displacement (MSD),
as a function of frame count n using the standard

formula:?'?2

r) 1 Nin(r i)’

- S

" N-n4& "
n=1.,N-1 (1

Here N is the total number of frames (1001) and r is the
particle position vector. Linear behavior in a plot of (r?)
vs lag time (or ndt, where ot is the frame interval)
indicates simple diffusive motion, and the translational
diffusion coefficient is then proportional to the slope.
However, when computing the MSD it is important to
address the experimental influence of localization un-
certainty in single-particle tracking experiments. Loca-
lization uncertainty has static and dynamic compon-
ents. The static uncertainty is defined as the standard
deviation of an immobilized particle's apparent posi-
tion and is inversely proportional to the square root
of the brightness of that particle's image.*** Dynamic
localization uncertainty arises from motion blur caused
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by particle movement during the exposure time.>>?

Including these sources of uncertainty, the MSD for a
two-dimensional diffusional trajectory is expressed as®> %

4
MSD = 4Dt + 402 ngTRtE )

where Dry is the translational diffusion coefficient, t is
lag time, g is the static localization uncertainty, and tg is
the exposure time. Dynamic localization uncertainty
gives the last term of —*/;Dte in eq 2. Although
SWCNTs are diffusing in three-dimensional space, we
observe only a two-dimensional projection of their
Brownian motion, requiring use of the two-dimensional
equation shown above. A plot of MSD vs lag time is
constructed for every nanotube trajectory and a two-
point linear fit is applied to each, where the slope and
intercept are

slope = 4D (3)

4
intercept = 402 — 3 Drmte (4

Calculation of the mean-square displacement has
been widely used for many years as a tool to study the
diffusion of small particles and molecules, but system-
atic studies on optimizing translational diffusional
analyses in the presence of experimental uncertainties
have only recently been reported.?”-* To better under-
stand such effects, we used a two-dimensional random
walk algorithm to simulate the Brownian motion of
particles with a fixed value of Dyg. Variable amounts of
relative experimental uncertainty, X = (6*/(Drrdy),>’
were added to each simulated random walk with 1001
steps, and 100 000 trajectories were simulated for each
uncertainty value. Then, for each of these synthetic
trajectories, we found the slope between the first and
the nth points on the MSD vs lag time plot and
calculated the relative standard deviation of those
slopes as a function of uncertainty X and the integer
n. (Standard deviations will also depend on number of
steps in each trajectory.) These results are plotted in
Figure 1a. The minimum in each curve indicates the
second point on an MSD plot that should be used to
obtain the most reliable estimate of slope and thus
diffusion coefficient. In agreement with the report by
Michalet,?” we find that the optimal second point index
changes from approximately 2 to 6 as the experimental
uncertainty X increases from 0 to 5. The smooth curves
shown in Figure 1a were constructed using functions
described in the Supporting Information.

To apply these findings to experimental data, we
need to estimate the value of X for each measured
trajectory. We begin by using the first two MSD points
to obtain a slope approximating 4D1r (eq 3) and an
intercept representing 40®> — */3Dpte (eq 4). These
estimated values are then combined to give an
approximate static localization uncertainty, o. The

0.20

[0

Q.

Ke)

@ 0.15

-

o

>

(0]

©

=

[72)

o 0.10

=

©

[0}

14

0.05
1 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 18 20
Second point used for slope determination

200 T T T T T

4 diffusing b
o immobilized
fit

50

Static localization uncertainty (nm)
»>

n 1 n 1 n n 1 n 1 n
0 100 200 300 400 500 600
Average brightness (arb. units)

Figure 1. Parameters related to analysis of MSD data. (a)
Standard deviations of the slopes found from synthetic MSD
plots as a function of the index, n, of the second point used
for determining the slope. Separate results are plotted for
varying levels of positional uncertainty, X, as given in the
text. Smooth curves show fits calculated according to
expressions given in the Supporting Information. (b) Experi-
mental static localization errors measured for SWCNTSs that
were diffusing (triangles) or immobilized (circles), as a
function of their imaged brightness, /. The solid curve is a
best fit of the form /=2,

symbols in Figure 1b show these experimental locali-
zation uncertainties extracted from individual nano-
tube MSD curves plotted versus nanotube image
brightness. The smooth curve in the figure shows the
expected dependence of o on the square root of
brightness. An alternative method for determining o
is recording repeated images of immobilized SWCNTs
and calculating the standard deviation of their appar-
ent positions. Figure 1b shows that the static errors
measured from immobilized nanotubes follow the
same trend as those estimated from diffusing nano-
tubes. This indicates that under our current experi-
mental conditions, o can be reliably calculated from
the slopes and intercepts of MSD curves. Once o has
been estimated, we use it to find the value of X to
optimize the MSD slope determination and to esti-
mate uncertainty in the deduced diffusion coeffi-
cient. We find that most experimental X values are
below 3, with a few reaching values as high as 5.
Average relative uncertainties in the diffusion coeffi-
cients are ~10%.

STREIT ET AL. VOL.6 = NO.9 = 8424-8431 = 2012 “*JNUL{\) 8426

WWwWW.acsnano.org



After the diffusion coefficient has been estimated for
each individual SWCNT, we proceed to calculate the
nanotube length. Since SWCNTSs shorter than ~3 um
can be considered rigid rods in fluid suspension,?*=°
the translational diffusion coefficient is expressed by
the following relation from Aragon and Flamik:*'

kT In(L/d) + X(L/d)

D
TR p—y L

(5)
where kg is the Boltzmann constant, T is the sample
temperature (295 K), 7 is the effective solution viscos-
ity, L is nanotube length, d (estimated to be 5 +
2 nm)">'%32 is the hydrodynamic diameter including
the surfactant coating, and X represents the end
correction coefficients, which have a complex depen-
dence on aspect ratio. To account for wall-drag and
related effects in thin liquid films, we take 7, to be 1.9
times the measured bulk viscosity.'>'® Every full and
partial nanotube trajectory is analyzed to deduce the
corresponding length. However, to minimize uncer-
tainties, we reject trajectories shorter than 100 frames
or with uncertainties in diffusion coefficient above
25%. All deduced nanotube lengths are subsequently
compiled to generate a histogram representing the
sample's length distribution, but to avoid overcounting
SWCNTs with fragmented apparent trajectories, the
y-axis histogram values are weighted by the number of
image frames in the corresponding trajectory. In this
way, the two 500-frame trajectory fragments belong-
ing to a single nanotube are given the same total
weight as one uninterrupted 1000-frame trajectory.

RESULTS AND DISCUSSION

To test the validity of the LAND technique, we
recorded and analyzed 20 videos of an aqueous sus-
pension enriched in (6,5) SWCNTs. The enrichment was
achieved through nonlinear density-gradient ultra-
centrifugation.® To slow down SWCNT motion and
to aid in particle tracking, solution viscosity was in-
creased to 30 mPa-s (see Methods). Figure 2 shows a
comparison of the length histograms measured by
LAND and AFM. Since relatively large numbers of
nanotubes were observed, it is appropriate to compare
the statistics of the two distributions. The calculated
mean and standard deviation of the lengths measured
by LAND and AFM were found to be 427 and 267 nm,
respectively, from LAND, as compared to 445 and
310 nm from AFM. These values differ between meth-
ods by 4% for the means and 14% for standard
deviations. We view the agreement as very satisfactory.
The two deduced distributions also have similar
shapes, but there is a 52 nm (26%) difference between
the peaks of their log-normal fits. In addition, we note
that the LAND method successfully characterized the
wide range of SWCNT lengths (~50—1830 nm) present
in this polydisperse sample. LAND resolved nanotubes
as short as 50 nm, a lower limit that is comparable to
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Figure 2. Comparison of length histograms found by (a)
AFM and (b) LAND analyses of the same (6,5)-enriched
SWCNT sample. Solid curves are log-normal fits (r* =0.936
for AFM and 0.988 for LAND) used to estimate the peak
values listed in the frame. The other statistical parameters
were computed from the histogram data rather than from
the fits.

that of most AFM analyses. By acquiring LAND data at
more than one sample viscosity, one can extend the
range of analyzed nanotube lengths.

For the LAND method to accurately measure the full
distribution of lengths in a SWCNT sample, nanotubes
of all lengths must be reliably imaged. Since SWCNT
fluorescence emission increases linearly with length,'*
there is concern that shorter nanotubes will appear too
weak to be detected. If this is the case, then the length
distribution measured by LAND will be falsely shifted to
longer lengths. To study whether the histogram shown
in Figure 2b might be distorted by limited sensitivity
to SWCNT fluorescence, two additional sets of videos
were acquired using lower excitation powers. Figure 3
compares the resulting distributions obtained at the
three different excitation levels. As the power density
was increased from 0.5 to 1.0 kW/cm?, the length
distribution shifted to substantially shorter values, with
the calculated mean length decreasing by ~26% to
~430 nm. This indicates that we failed to observe a
significant percentage of the short SWCNTs under low
power excitation. More evidence of this effect is found
in the number of nanotubes detected, which rose from
20 to 38 per frame. However, as seen from Figure 3,
a further increase in excitation intensity to 1.4 kW/cm?
produced negligible change in the deduced length
distribution. This implies adequate detection of
SWCNTSs within the relevant length range at the higher
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Figure 3. Length distribution of the same SWCNT sample
deduced by LAND analysis with three different excitation
intensities. Points are measured histogram data and solid
curves show log-normal best fits.

excitation levels and also demonstrates the method's
reproducibility. We conclude that distribution accuracy
is dependent on experimental conditions and emissive
properties of the SWCNT sample. LAND length mea-
surements will be most accurate when higher excita-
tion powers are used. Additionally, sample cells should
be made from fused silica or high quality glass to
reduce background fluorescence levels and improve
image contrast. Careful consideration should also be
given to the intrinsic brightness of the sample. Chemi-
cal functionalization or high defect concentrations will
lower the quantum yield, increasing the likelihood that
shorter nanotubes remain undetected.

To further demonstrate the capabilities of LAND,
distributions were measured for two length-sorted
samples of CoMoCAT SWCNTs. These fractions (Fn)
were prepared using a new method based on SWCNT
clustering induced by molecular crowding (see
Methods).>* Although CoMoCAT samples contain sev-
eral semiconducting (n,m) species, not all of these can
be conveniently excited on resonance. Shorter nano-
tubes or species excited off resonance will emit less
intensely, decreasing the probability that they will be
adequately imaged. Therefore, when working with
(n,m)-polydisperse samples it is preferable to optically
select for a single species using efficient on-resonance
excitation and spectrally filtered imaging. Here we
again chose to analyze the motions of (6,5) SWCNTs
because of the high sensitivity already demonstrated
for this species. Fraction 5 (F5) comprises shorter
SWCNTs, as can be seen from the LAND and AFM
length histograms compared in Figure 4a. The LAND
method found a mean and standard deviation of 233
and 107 nm, in good agreement with the correspond-
ing AFM values of 211 and 113 nm. Both measure-
ments display a similar range of lengths, and the peak
positions of the log-normal fits differ by only 1%,
although some shape differences can be seen.

F8 contains a broader length distribution, as shown
in Figure 4b. LAND deduced the average and standard
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deviation of the distribution to be 609 and 240 nm, as
compared to AFM values of 515 and 254 nm. Although
the deviation in calculated means is ~18%, the dis-
tribution shapes are fairly similar. Overall, we consider
that the agreement between AFM and LAND results is
satisfactory for both fractions.

It should also be noted that while our current LAND
measurements find the lengths only of (6,5) SWCNTs,
AFM measures all (n,m) species, including metallic
nanotubes, present in the two samples. Although we
do not expect length distributions to differ for metallic
and semiconducting SWCNTs in a given sample, some
evidence has been reported for a positive correlation
between average nanotube length and diameter in
mildly sonicated dispersions.'® In such cases, the re-
sults from our method may deviate from the length
distribution of the entire sample. However, comparison
of the AFM and LAND results in Figure 4, on samples
containing a range of lengths and diameters and
exposed to typical dispersion processing, does not
suggest a positive correlation between nanotube
length and diameter. Thus it seems likely that (n,m)-
specific LAND results will adequately represent overall
length distributions for most dispersed SWCNT
samples.

It is important to consider possible sources of error
that might limit the reliability of the LAND method.
One is the statistical uncertainty in the diffusion coeffi-
cient of any particle when determined over a finite
observation period. Such errors are greater for shorter
nanotubes, because their dimmer images and rapid
motions make them more difficult to track without
interruption. In our experiments, their trajectories ty-
pically do not span the full 1001 frame video sequence.
Additionally, experimental errors due to positional
uncertainty and motion blur will be higher in the
trajectories of short SWCNTs. The combination of these
factors will increase errors in the diffusion coefficient
and the deduced nanotube length. Also, uncertainty
in hydrodynamic diameter may cause additional er-
rors. We estimate that the combined uncertainties in
diffusion coefficient and nanotube diameter can give
relative length errors ranging from +20/-15% for
50 nm long nanotubes to +11% for 2000 nm long
nanotubes.

One type of systematic error involves convective
motion of the observed particles. To check for such
effects, we have computed the average net displace-
ments (from initial to final image frames) along the
x- and y-axes for all nanotubes detected in a video
sequence. As graphed in Supporting Information, Fig-
ure S1, we find average drifts below 10 nm/s (~1 nm
per 150 ms frame), varying randomly among video
sequences. These values indicate that convection can
be neglected relative to diffusion in our samples.
Systematic errors might also arise from a length de-
pendence in the wall-drag correction factor, which
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Figure 4. Comparison of length histograms found by AFM (top frames) and LAND (bottom frames) for two different length-
sorted SWCNT fractions: (a) F5, (b) F8. Solid curves are log-normal fits (r> = 0.986 for F5 AFM, 0.995 for F5 LAND, 0.940 for F8
AFM, and 0.985 for F8 LAND) used to estimate the peak values listed in the frame. The other statistical parameters were

computed from the histogram data rather than from the fits.

describes the increased effective viscosity felt by
particles confined near the sample cell walls. We
use viscosity values corrected for such wall-drag
when applying eq 5 during data analysis. Although
adequate theory,® validated by experiments,3¢—38
currently exists to describe wall-drag effects in the
diffusion of confined spherical particles, no compar-
able treatments are yet available for rod-shaped
particles. In our data analysis we apply a constant
wall-drag correction factor for nanotubes of all
lengths, even though the use of an effective viscosity
has been experimentally confirmed only for rigid
rods that have lengths greater than 1 um.3%%° If
wall-drag effects were reduced or absent for shorter
SWCNTs, then their deduced lengths would be se-
verely underestimated in our analysis. However,
Figures 2 and 4 illustrate that applying a length-
independent SWCNT wall-drag correction gives re-
sults consistent with conventional AFM analysis. We
also note that other workers have reported increased
drag on particles that are much smaller than the
dimensions of confinement.® Further LAND studies
of SWCNT samples with narrower length distribu-
tions may provide new insights into the motions
of high aspect-ratio rigid rods in confined liquid
environments.

CONCLUSIONS

We have demonstrated a practical new method for
measuring length distributions of suspended SWCNTs.
Near-IR fluorescence videomicroscopy is used to
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simultaneously observe dozens of individual nano-
tubes and to record their Brownian motions in fluid
solutions. Customized image analysis software auto-
matically extracts the trajectories of the observed
nanotubes, evaluates their individual diffusion coeffi-
cients, computes the corresponding lengths, and com-
piles the results into a histogram showing the sample's
length distribution. The new method has been vali-
dated by comparison with distributions found by con-
ventional AFM analysis.

A limitation of this LAND method is that it can be
used only with underivatized semiconducting
SWCNTs that emit at wavelengths detectable by
the available camera. Also, to avoid undercounting
short nanotubes, a single (n,m) species should be
selected through optical filtering of the emission and
resonant excitation at a relatively high intensity.
Although we have used an InGaAs imager in the
present study, it is also possible to implement the
LAND method using a more common red-sensitive Si
camera if small diameter SWCNTs such as (8,3) or
(6,5) are selected for observation. An advantage of
the LAND method over AFM is its capability of
providing a length histogram of ~800 nanotubes
in approximately 2 h, with a high level of automation
and lower operator effort. Less detailed analyses to
find mean lengths rather than full distributions can
be performed in a fraction of that time. In addition,
LAND is less susceptible to impurity and bundling
artifacts than AFM or light scattering methods. The
near-IR fluorescence images used for LAND analysis
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are also useful for revealing the emissive loose
aggregates of SWCNTs that indicate early stages of
sample agglomeration. We expect that diffusional

EXPERIMENTAL METHODS

Sample Preparation and Solution Viscosity. Approximately 5 mg
of raw HiPco nanotubes (Rice University reactor, batch HPR
188.4) were suspended in 10 mL of 2% aqueous sodium cholate
using 1 h of bath sonication (Sharpertek Stamina XP) followed
by 30 min of tip sonication (Misonix Microson XL) at a power of
7 W. The suspension was centrifuged at 13300g for 1 h to
remove nanotube bundles and residual iron catalyst. The super-
natant was then diluted to an absorbance of ~10 per cm at
984 nm and used as the starting material for nonlinear density
gradient ultracentrifugation processing, following the method
of Ghosh et al.33 This provided SWCNT samples highly enriched
in the (6,5) species.

Length fractionated samples were prepared through a
technique based on the molecular crowding induced clustering
of DNA-wrapped SWCNTs3* SWCNTs (grade S-P95-02-Dry,
batch Du1-A001 CoMoCat) were purchased from Southwest
Nanotechnologies (Norman, OK), and DNA oligomers were
purchased from IDT-DNA (Coralville, IA). To 1 mg of SWCNTs
were added 120 uL of 10 mg/mL (GT),o oligomer in DI water, 800
uL of DI water, and 100 uL of 20x SSC buffer (300 mmol/L
sodium citrate, 3 mol/L sodium chloride). The mixture was
sonicated for 60 min at 6 W. The resulting suspension was
centrifuged at 18 °C and 17000g in 100 uL aliquots for 90 min.
This DNA-SWCNT dispersion was diluted with DI water to a final
concentration of 80 ug/mL SWCNT. A 5 M NaCl solution was
added to a final concentration of 0.500 M, and 50% stock 6 kDa
PEG solution was added to the desired final concentration for
the first precipitation step. This mixture was incubated over-
night at 4 °C. After incubation, the mixture was centrifuged at
18 °C and 8000g for 10 min. The supernatant was removed and
more PEG was added to the supernatant to increase the
concentration for the next precipitation step. The pellet was
redispersed, by pipetting several times, in 0.100 M NaCl. Addi-
tional DNA was added to a final concentration of 100 xg/mL for
improved stability. The PEG concentrations used (fraction
numbers) were: 1.4% (F8), 2% (F7), 2.6% (F6), 3.2% (F5), 4%
(F4), 4.8% (F3), 5.6% (F2), and 6.4% (F1).

Shorter nanotubes are difficult to track in fluorescence
videomicroscopy because they emit less light and diffuse quickly,
spreading their emission over several pixels during each image
exposure. To avoid this problem, we increased the solution viscosity
to 30 mPa-s by diluting 1 uL of SWCNT suspension with 500 L of a
60% sorbitol/1% deoxycholate solution. The viscosity of the sorbitol
solution was measured with a Cannon—Fenske routine viscometer
(size 150) and correlated with refractive index values.

Fabrication of Glass Microwells. A 5 x 5 array of circular micro-
wells (1 mm in diameter) was wet-etched into a glass micro-
scope slide using a buffered oxide etch (BOE) comprising a 6:1
volume ratio of 40% aqueous NH4F to 49% HF. Etching time was
25 s at room temperature. To protect the surrounding substrate from
the etchant, Microposit S1813 positive photoresist was spin-coated
onto the glass slide at 3000 rpm to create an approximate 2 um thick
mask. A SUSS MicroTec MJB4 mask aligner patterned the microwell
grid onto the mask using 365 nm UV light at 5 W. Exposure time was
5 s and Microposit MF-319 was used as the developer. The mean well
depth was measured to be 1.60 + 0.03 um using a Veeco Dektak 6 M
profilometer. This depth corresponds to the approximate depth of
field of our microscope objective.

Sample Loading. A 1 uL drop of SWCNT suspension was
placed in the center of the glass slide containing the microwell
array. A coverslip was then applied with heavy manual pressure
to force the SWCNT sample into the microwells, and the edges
of the coverslip were immediately sealed with vacuum grease to
prevent evaporation and convection. In this process, a thin
liquid layer remained between the outer surfaces of the glass
slide and coverslip, increasing the effective depth of each well.

length analysis will prove a valuable tool for char-
acterizing SWCNT samples and aiding the develop-
ment of new length sorting methods.

The difference between the concentration of SWCNTs inside
and outside the wells let us estimate that this extra depth was
typically less than 200 nm. This estimate was confirmed by
observing that the vast majority of SWCNTs located inside the
microwells were unable to diffuse out.

Near-IR Videomicroscopy. As described previously,'” near-infrared
images of diffusing (6,5) SWCNTs were acquired using an inverted
Nikon TE-2000U microscope equipped with a Nikon PlanApo 60x/
1.4 NA oil immersion objective lens. A dichroic beamsplitter and
946 nm long-pass filter were used to select the desired near-IR
emission, which was detected with a liquid nitrogen-cooled InGaAs
camera (Roper Scientific OMA-V 2D). We used 840 nm light from a
continuous wave Ti:sapphire laser (Del Mar Photonics) to excite the
broad E;; vibronic sideband transition of (6,5) SWCNTs. The use of
this excitation wavelength gives reduced background emission
from glass trace impurities, especially Nd>™ ions. The maximum
excitation intensity at the sample was ~1.4 kW/cm?. Excitation light
was converted to circular polarization using a A/4 retardation plate
to minimize fluorescence blinking caused by nanotube rotation.
When analyzing the length fractionated CoMoCAT samples, a
1000 nm short-pass filter was placed in the emission path to
spectrally select for (6,5) SWCNT emission. Image sequences con-
tained 1001 frames with a 150 ms exposure time per frame. Each
sample analysis was based on a set of 20 such sequences measured
from different positions in the sample.

Atomic Force Microscopy. AFM samples of the (6,5) enriched
DGU suspension were prepared by spin coating small drops of
the SWCNT sample onto a silicon wafer. The wafer was then
washed with water to remove excess surfactant. Images were
acquired using a Veeco Multimode 3A atomic force microscope.
For the length fractionated samples prepared by PEG precipita-
tion, samples were deposited on freshly cleaved mica. The DNA-
SWCNT sample was diluted to a final concentration of ~1 ug/mL
into 15 mM KClI. Since KCl neutralizes the charge on Muscovite
mica, deposition was rapid and a sufficient number of CNTs were
observed after 2 to 15 min of incubation. A model MFP-3D AFM
(Asylum Research, Santa Barbara, CA) was used for observations.
We measured ~800 SWCNTs to construct each histogram.

Certain commercial equipment, instruments, or materials
are identified in this paper in order to specify the experimental
procedure adequately. Such identification is not intended to
imply recommendation or endorsement by the National Insti-
tute of Standards and Technology, nor is it intended to imply
that the materials or equipment identified are necessarily the
best available for the purpose. Unless noted otherwise, all
reagents were obtained from standard sources.
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