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ABSTRACT An efficient new method is demonstrated for measuring length distributions of
semiconducting single-walled carbon nanotubes (SWCNTs) through analysis of their highly
polarized photoluminescence when aligned by shear flows. Instrumentation and procedures are
developed to characterize nanotube lengths in bulk suspensions with rapid data acquisition and
interpretation. Applying the method with spectrally resolved SWCNT emission provides the first
measurements of (n,m)-specific length distributions. A positive correlation is found between
average length and nanotube diameter, although this correlation is weaker following extensive
sample centrifugation. Intense sonication shortened all nanotube species and had the strongest
effect on those with small diameters. The new method should provide a useful alternative to
atomic force microscopy for characterizing SWCNT lengths.
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ingle-walled carbon nanotubes

(SWCNTs) are an intensely studied

class of artificial nanomaterials with
unique optical, electronic, and mechanical
properties. Numerous proposed devices ex-
ploiting these SWCNTSs’ properties may
play significant roles in future
technologies.'? Such applications com-
monly depend on SWCNT electronic charac-
ter (metallic/semiconducting), transverse
structure (defined by indices (n,m)), and
length. For example, relatively short nano-
tubes are desirable in electronic devices re-
quiring ballistic transport,®> whereas longer
nanotubes are preferred for reinforcing
composite materials.* Although the
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weisman@rice.edu. advancing quite rapidly, improved tools to
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samples.>® However, length characteriza-
tion is much more tedious, typically relying
on the analysis of atomic force microscopy
(AFM) images to compile statistically valid
histograms.”~° Sample preparation in this
approach is non-trivial, as the substrate sur-
face generally needs chemical treatment
before SWCNT deposition. There is also the
possibility of systematic sampling error if
the length distribution deposited onto the
AFM substrate does not represent the distri-
bution in suspension. The bulk methods of
depolarized dynamic light scattering and
multi-angle light scattering have been used
to characterize SWCNT size distributions in
liquid suspensions, although these non-
resonant scattering techniques cannot dis-
tinguish between nanotubes and
impurities.’® "2 In addition, light scattering
analysis is complicated by the broad optical
absorptions of SWCNT samples. A non-
optical mechanical shear method has also
recently been reported that provides aver-
age length values. This is similarly non-
selective for nanotubes, as it measures vis-
cosity contributions from all particles in the
sample.’® There is thus still a serious unmet
need for a new, SWCNT-specific method
that can efficiently measure length distribu-
tions of bulk nanotube samples and even
resolve those distributions for different
(n,m)-species.

It is well-established that SWCNTSs indi-
vidualized in liquid dispersion show sharp
and intense optical transitions, including
near-infrared photoluminescence (PL), that
are highly characteristic of their (n,m)
structure.''> Moreover, the strong transi-
tions are highly polarized parallel to the
nanotube axis."® This implies that the nano-
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tube orientation is a major factor controlling the
intensity of absorption and emission of linearly po-
larized light. A number of studies have used opti-
cal methods to study the orientation of carbon
nanotubes aligned by mechanical stretching,'”
electric fields,"®"® and shear in a flowing
liquid.2>2" It has been shown that optical measure-
ments on anisotropic particles aligned by a known
force can be used to extract size information.***3
Electric fields are often used to induce such par-
ticle orientation. However, the wide range of
SWCNT polarizabilities coupled with the high con-
ductivity of typical aqueous suspensions compli-
cates the electric field alignment of nanotubes.
Alignment through mechanical methods is sim-
pler, since the forces involved are mainly deter-
mined by particle geometry.?* A fluid with a non-
uniform flow velocity exerts a net torque on an
anisotropic particle, leading to alignment of its ma-
jor axis along the flow direction. This effect has re-
cently been used for opto-mechanical size charac-
terization of microscopic systems such as amyloid
fibrils.>> SWCNTSs are a prime candidate for re-
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Figure 1. Optical schematic of instrument for measuring polarized photolumi-
nescence of SWCNTSs under shear flow. The laser polarization is purified and ori-
ented before focusing into the sample volume. SWCNT near-IR emission is col-
lected and delivered to a spectrograph/InGaAs photodiode array. The sample
shear rate is controlled by the sample gap, d (adjustable from ~50 to 2000 pum),
the distance between rotation axis and observation window (7.2 mm), and the ro-

lated orientational analysis methods because of
their large aspect ratios and highly anisotropic op-
tical properties.

We present here a method for characterizing semi-
conducting SWCNTs in fluid suspension using length
analysis by shear-aligned photoluminescence aniso-
tropy (LASAPA). Instrumentation is described that mea-
sures the optical anisotropy of carbon nanotubes in
shear flows. We also present a theoretical approach for
analyzing the measured data to obtain the distribution
of nanotube lengths present in the sample. The validity
of the LASAPA method is tested by comparison to AFM
results. In addition, we use the method with spectrally
resolved emission to study (n,m)-dependent changes in
nanotube length distributions induced by sonication
and centrifugation processing. Our results show that
sonication preferentially shortens smaller diameter
SWCNTs. We believe that the new method is the first
one capable of revealing nanotube length distributions
with selectivity in (n,m)-structure.

RESULTS AND DISCUSSION

Steady-state photoluminescence anisotropy of
aqueous SWCNT suspensions in a shear flow is mea-
sured using a custom-made apparatus sketched in Fig-
ure 1. Briefly, the instrument consists of a commercial
optical shear cell with adjustable gap and rotation rate
containing a sample of suspended SWCNTs. The sample
is excited with a diode laser, the polarization of which
is controlled using a linear polarizer followed by a half-
wave retardation plate. Near-infrared emission from the
SWCNT sample is collected by a small-aperture lens
and analyzed by a photodiode array mounted on a
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tating disk angular velocity w (up to 10 rad/s).

spectrograph. (See Experimental Section for
details.)

As illustrated in Figure 2, the velocity gradient
(shear) in the sample cell partially aligns SWCNTs along
the direction of flow, labeled X. When the excitation
beam, which propagates along the Y-axis, is polarized
parallel to the X-axis, nanotube absorption is increased
by this alignment and emission is intensified. We detect
the spectrally resolved emission intensity in the Y direc-
tion without polarization selection. Rotating the excita-
tion beam polarization by 90° (from X to Z) gives a
shear-induced decrease in sample emission because
the nanotubes absorb less strongly after partial align-
ment. However, this effect is nearly canceled by an in-
crease in emission detection efficiency as SWCNTs tend
to align perpendicular to the detection direction (within

detection axis
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Figure 2. lllustration of a nanotube in a linear shear flow.
The shear rate v is equal to the velocity of the moving
boundary divided by the distance between the two win-
dows. Rotational diffusion is visualized as a small random
change, dis, in the angle of the nanotube axis. The exciting
light beam propagates along the Y-axis, and a small collec-
tion aperture is used to collect X- and Z-polarized emission in
the forward direction.
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Figure 3. Emission spectra (a) and shear profiles (b) for a
SWCNT suspension. In (a), the black curve was measured
with no shear, and the red and blue curves were measured
with a shear rate of 330 s (blue, excitation polarized paral-
lel to flow direction; red, excitation polarized perpendicular
to flow direction). PL intensities in (b) were integrated from
925 to 1425 nm, measured at discrete shear rates, and nor-
malized to the zero-shear value.

the X—Z plane). The spectra of Figure 3a illustrate these
spectral intensity changes for a SWCNT sample dis-
persed in aqueous surfactant, measured for both polar-
ization settings with and without shear. The smooth de-
pendence of PL intensity on shear and the high
precision displayed in Figure 3b suggest the potential
for deducing SWCNT length distributions by quantita-
tively fitting such “shear profiles” to an appropriate
theoretical model.

Extraction of length information requires knowl-
edge of how SWCNTs align in a flow field and how
that degree of alignment can be deduced from the op-
tical measurements. We treat the surfactant-coated
nanotubes as rigid rods in the dilute regime C < (L™3),
where C is the number concentration and L is rod
length. This is a reasonable approximation in our
samples, where (L) < 1 um and C ~ 10" m™~ 2 for mass
concentrations of a few milligrams per liter.® In this di-
lute case, interactions between rods may be neglected
as we consider the motions of individual rods under
simple shear. The steady-state rotational diffusion equa-
tion for this system has no simple analytical solution.?”
Therefore, we take a molecular dynamics approach and
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numerically simulate the rotational trajectories of rods
exposed to two competing effects: orientational ran-
domization by rotational Brownian motion, and align-
ment by the fluid velocity gradient. We use the classi-
cal theory developed by Jeffery to model the shear-
induced orientation of a rigid rod.?® The angular
rotation of a prolate ellipsoid experiencing flow in the
X direction with a linear gradient in the Y direction is de-
scribed by the following differential equations (in
spherical coordinates, with azimuth 6 measured from
Z-axis and equatorial angle ¢ in the X—Y plane mea-
sured from the Y-axis):

d¢=—L—(R? cos? ¢+ sin” ¢) dt
R +1

2

R*—1
e:
Y/a’2+1

sin 0 cos 0 sin ¢ cos ¢ dt (1)

Here, v is the shear rate (dv,/dy) and R is a geometric pa-
rameter that equals 1.35 times the aspect ratio for thin
rods. For the large aspect ratios relevant here, both lines
of eq 1 become nearly independent of R. Over a short
time interval dt, rotational diffusion causes the follow-
ing angular change dis in a rod’s orientation:

dy=2yD, dt ®)

Note that the direction of this step dis is random, giv-
ing a final orientation vector lying along the red circle
drawn in Figure 2. The rotational diffusion coefficient D,
is given by

3k,T (In(L/D) — 0.8)
D -

r

3
e )

where kg is the Boltzmann constant, T is the tempera-
ture, L and D are the rod’s hydrodynamic length and di-
ameter, and 7 is the fluid viscosity.?® It is clear from eq
3 that, for the large aspect ratios of our SWCNTs (for
which L > 100 nm and D = 5 nm including surfactant
layer), rotational diffusion is strongly dependent on
length but nearly independent of diameter. By con-
trast, the flow alignment described by eq 1 is propor-
tional to shear rate -y but nearly independent of length
L. By iteratively applying these formulas for small steps
over long times, we numerically simulated the time-
averaged, orientation-dependent optical parameters of
a SWCNT for a range of chosen lengths and shear rates
(see Supporting Information).

We assume that the dominant transition dipoles for
SWCNT emission and absorption lie parallel to the
nanotube axis.>° For linearly polarized excitation along
the X-axis and unpolarized detection in the Y-direction,
the PL intensity from a nanotube of length L subjected
to shear rate vy can then be written:
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Figure 4. Simulated shear profiles for parallel (blue) and
perpendicular (red) excitation polarization as a function of
applied shear. Curves were computed as described in the
text. The arrows denote increasing nanotube lengths from
300 to 2900 nm in 200 nm steps.
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where X, Y, and Z designate the length- and shear-
dependent nanotube projections along laboratory-
fixed Cartesian axes (with X*> + Y2 + 722 = 1), o is the
parallel-polarized absorption cross section at the excita-
tion wavelength, and ®,, is the photoluminescence
quantum yield. The length dependence of SWCNT ab-
sorptivities and quantum yields is currently
controversial.>' 32 If the optical response of the nano-
tubes increases non-linearly with length, then our
method would overestimate the value of (L). However,
we assume here that, within the studied range of
lengths, o is proportional to L and &, is a constant for
each (n,m) species. This assumption appears to be sup-
ported by the consistency of (L) values deduced from
our method and from AFM analysis (see below).

In real, polydisperse samples, the experimentally
measured emission intensity should equal the summed
contributions from all nanotube lengths present,
weighted by their relative number concentrations. /(y,L)
form a set of basis functions that can be used to model
the total intensity emitted by the polydisperse sample
at shear rate +y. Figure 4 plots the numerical simulations
(see Experimental Section for details) of these basis
functions for lengths ranging from 300 to 2900 nm in
200 nm steps. The computed traces resemble the ex-
perimental data in Figure 3b for both parallel and per-
pendicular excitation polarizations. We model the ex-
perimentally measured shear profiles as

Lmax

lexo(Y) = K¢ f L) I(y,L) dL (5)

Lumin

where k is a proportionality constant, f(L) is the length
number distribution function, and the integration lim-
its cover all lengths significantly present in the sample.
Because the basis functions /(y,L) are found from nu-
merical simulation, we approximate the integral in eq

www.acsnano.org

5 as a sum over a set of N discrete lengths, indexed by
n, evaluated at a larger number of shear rates, indexed
by m:

N
lexplt) = C D AL (L) ©)

n=1

Least-squares fitting to the experimental data in this
over-determined system provides the discrete relative
length distribution, f(L,,). Additional restrictions on f(L)
can be imposed to ensure continuity of the distribution
(e.g., by assuming a specific functional form).> How-
ever, as we have no a priori knowledge of the distribu-
tion’s shape, we require only that f(L) cannot be
negative.

The black squares in Figure 5a show the spectrally
integrated PL intensity for a SWCNT —surfactant disper-
sion as a function of shear rate. The middle and top
frames of Figure 5b compare the length distribution de-
duced from fitting this integrated shear profile and a
length histogram found from AFM analysis of 149
SWCNTSs from the same sample. (The broad first bar rep-
resents the total abundance of nanotubes shorter than
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Figure 5. Comparison of LASAPA and AFM length analyses.
(a) Shear profile data measured for spectrally integrated
(black squares) and 1120 nm (red circles) emission. (b)
Length histograms and average lengths for the same SWCNT
sample obtained from AFM image analysis of 149 nano-
tubes (top panel), from the spectrally integrated shear pro-
file (middle panel), and from the 1120 nm shear profile (bot-
tom panel). The wide bars between 0 and 550 nm represent
relative abundances of SWCNTSs that were too short to re-
solve. The blue trace in (a) shows the shear profile predicted
from the AFM data.
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Figure 7. Effect of additional high-power sonication. Shear profiles measured (a) for (8,3) and
(b) for (9,5) SWCNTs after 0, 5, 10, and 30 min (top to bottom) of additional sonication. (c,d)
Length distributions and average lengths deduced from the data in (a) and (b).
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550 nm, which were unresolved in
this analysis.) The average length de-
duced from the shear alignment
method (with spectral integration) is
430 nm, a value significantly below
the 780 nm average length found us-
ing AFM. We believe that this dis-
crepancy arises mainly from non-zero
absorption cross sections for light
polarized perpendicular to the nano-
tube axis. This depolarization effect
can reflect the intrinsic electronic
structure of isolated SWCNTSs or ex-
trinsic processes such as energy
transfer among nearby or bundled
nanotubes. Depolarization artifacts
are expected to be greatest when
SWCNTs are excited off-resonance
but should be minimal for those
(n,m) structures that have E,, transi-
tions nearly resonant with the excita-
tion laser and give the strongest
near-IR emission features. Analysis of
the shear profile measured only from
the strongest spectral peak at 1120
nm is shown in the bottom frame of
Figure 5. We note that the average
length from this analysis is 750 nm,
in very good agreement with the
AFM value. (The standard deviation
for average length determinations
with our method is typically 50 nm.)
As a further check of consistency be-
tween the LASAPA and AFM results,
we have used the AFM length distri-
bution as f(L,) in eq 6 to simulate an
experimental shear profile. The solid
curve in Figure 5a shows this
parameter-free simulation, which
agrees extremely well with the reso-
nantly excited shear profile data.

As the entire PL spectrum of the
sample is measured simultaneously
in the LASAPA method, one can find
separate length distributions for spe-
cific (n,m) structures. Using PL inten-
sities at the four prominent emission
peaks labeled in Figure 6a, we have
measured the shear profiles shown
in Figure 6b on a “stock” sample dif-
ferent from that used for Figure 5. Al-
though these peaks contain minor
amplitude components from other
(n,m) species, they are dominated by
the indicated structures, which are
excited near resonance by the 655
nm laser. These SWCNTSs vary in di-
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Figure 8. Effect of additional centrifugation. Shear profiles measured (a) for (8,3) and (b) for
(9,5) SWCNTs after 0, 5, and 10 min (top to bottom) of additional centrifugation. (c,d) Length dis-

sults in lower abundances of long tributions and average lengths deduced from the data in (a) and (b).

SWCNTs. In addition, it can be seen

that the (8,3) nanotubes show a shorter average length
than the (9,5) nanotubes at all sonication durations
and do not show the limiting behavior apparent for
(9,5). This difference might be explained by recent re-
ports that SWCNT sonication breakage can be de-
scribed using polymer scission theory.>*3> In this view,
the collapse of microscopic bubbles generated by cavi-
tation produces intense radial flow that exerts high ten-
sile forces along the nanotube axis. The force neces-
sary to break a nanotube into two equal fragments
would be proportional to diameter, leading to a predic-
tion of greater fracture probability for smaller diameter
species.

Another effect to consider is the aggregation of
SWCNTSs.2¢37 Although most bundles are unlikely to
emit because of the presence of metallic
nanotubes, some small bundles will luminesce and con-
tribute to our data. The bundle content may be signifi-
cant because of the relatively weak centrifugation used
in our initial sample preparation. Some small bundles
will contain staggered nanotubes and have lengths
greater than their isolated components. If sections of
these bundled SWCNTs emit, their lengths could be over-
estimated in our measurements. Another bundle-related
process, energy transfer between SWCNTSs,*® could lead
to diameter-dependent PL effects. The downhill migra-
tion of energy within a bundle of semiconducting nano-
tubes would result in quenching of small-diameter (large
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band gap) nanotubes and enhanced PL from large-
diameter species.>**° Such bundles with long hydrody-
namic lengths would then be interpreted as large-
diameter SWCNTSs in our spectrally resolved measure-
ments. It appears, however, that the effects suggested
above are in fact minor, because our AFM data for the
sample shown in Figure 5 gave an average length de-
crease of only 15% when possible bundles (comprising
half of the measured features) were excluded. It is there-
fore likely that the strong variation of average length with
diameter seen in Figure 6 mainly reflects the actual distri-
bution of single-nanotube lengths in the sample.

We also examined the effect of centrifugation on
SWCNT length distributions (Figure 8). The stock sample
was centrifuged at 8500g for an additional 5 and 10
min. In general, the average length decreased with in-
creasing centrifugation time for all (n,m) species in the
decanted fraction. We found that the length distribu-
tion deduced for smaller diameter SWCNTs was some-
what changed by centrifugation, while SWCNTSs of
larger diameter became substantially shorter. The aver-
age (9,5) length remained longer than that of (8,3) at
all centrifugation times, but the relative difference be-
tween them decreased. As shown in Figure 9, these
trends continued when the sample was extensively ul-
tracentrifuged (4 h at ~120000g). The diameter depen-
dence of average length was much weaker in the
strongly centrifuged sample, which showed a relative
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Figure 9. Comparison of length distributions for different
(n,m) species after ultracentrifugation for 4 h at 120000g.
(a) Shear profiles for (7,6), (9,5), (7,5), and (8,3) (top to bot-
tom). (b) Length distributions and average lengths deduced
from the data in (a).

(L) variation of only 27% compared to 63% with weak
centrifugation.

As mentioned earlier, our LASAPA experimental con-
ditions allowed alignment only of nanotubes at least
~500 nm long. SWCNTSs below this length remained es-
sentially unaligned at accessible shear rates and there-
fore contributed no anisotropy to the PL signal, pre-
venting resolution of the length histogram below 550
nm. To gain information about these shorter nano-
tubes, we increased the sample viscosity by adding
glycerol. This viscosity increase slows rotational Brown-
ian motion (see eq 3) and thus allows greater nanotube
alignment at a given shear rate. In Figure 10, we com-
pare the shear profiles and length distributions for
(8,3) nanotubes in a sonication-shortened, well-
dispersed sample in water and in 80 wt % glycerol (vis-
cosity ~50 times that of water).*" It is clear that the vis-
cous medium provides significantly more shear-
induced optical anisotropy from short SWCNTs. The av-
erage lengths deduced from the two shear profiles are
identical within their precisions, but the length distribu-
tion can be resolved for much shorter nanotubes in
the viscous medium. We find that the SWCNTs shorter
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Figure 10. Improved length resolution from LASAPA method
in a higher viscosity medium. (a) Shear profiles measured
for (8,3) emission in water (black squares) and in 80 wt %
glycerol (red circles) The sample was shortened by 30 min
sonication, as shown in Figure 7. (b) Length distributions and
average lengths deduced from the data in (a).

than 550 nm are distributed as ~17% from 350 to 550
nm, ~26% from 150 to 350 nm, and ~53% below 150
nm in length. We note that accurate viscosity measure-
ments are needed when using media with high glyc-
erol contents for this application.

Ideally, a characterization method should not alter
the sample, so one might question whether our shear
conditions changed the SWCNT length distribution. In
our most extensive measurements, we sheared the
sample for approximately 1 h while rotation rates were
cycled for signal averaging. Some samples showed de-
creasing anisotropy early in the run but then stabilized
to a highly reproducible level. (Error bars are drawn in
all plots and are typically smaller than the data sym-
bols.) In general, these initial changes were minor and
are believed to be caused by dissociation of weakly
bound aggregates into individual nanotubes.

In conclusion, we have demonstrated a new optical
method (LASAPA) based on near-IR PL for determining
the (n,m)-resolved length distributions of semiconduct-
ing SWCNTSs as they are aligned by fluid shear in aque-
ous suspensions. Data collection and analysis in this
method can be significantly faster than for AFM (as short
as 10 min) and provide comparable average length mea-
surements, although resolution of length distributions be-
low ~500 nm currently requires the use of high-viscosity
media. We observe clear evidence of nanotube shorten-
ing by intense sonication treatment, particularly for small-
diameter SWCNTSs. In addition, there is a persistent posi-
tive correlation between average nanotube length and
diameter in the studied samples. Although PL is highly ef-
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fective in selecting against impurities and resolving the
properties of different chiral species in a sample, it can-
not be used with SWCNTs that are substantially aggre-
gated, covalently functionalized, or metallic. Our ap-
proach may be adapted to other optically anisotropic

EXPERIMENTAL SECTION

Optical Instrument. The layout for the analytical instrument is
shown in Figure 1. Approximately 1 mL of SWCNT solution is
placed into a commercial optical shear cell (Linkam Scientific
CSS450). The shear cell consists of two quartz windows sepa-
rated by an adjustable gap d with liquid sample between them.
One window is fixed while the other rotates at angular frequency
. A small aperture at a radius r = 7.2 mm is used for sample ob-
servation. The small detection region allows the shear rate to
be linearly approximated as y = rw/d. A gap of 200 wm was typi-
cally used with rotation rates of up to 10 rad/s.

The sample was excited by a 655 nm diode laser beam
(through a Schott KG3 filter). The beam'’s polarization was puri-
fied with a Glan polarizer and oriented with a half-wave plate be-
fore being focused into the sample cell with a 30 mm f.I. lens.
The SWCNT emission was collected on the opposite side of the
cell using a small-aperture lens and delivered to an InGaAs spec-
trograph (CVI SM302) by an optical fiber. A long-pass Schott
RG830 filter was used to block stray laser light from entering
the collection fiber. PL spectra were recorded as a function of
shear rate. At each shear rate, the system was allowed a few sec-
onds to equilibrate before measurements were recorded.

Materials. Raw HiPco single-walled carbon nanotubes were
obtained from Rice University’s Carbon Nanotechnology Labora-
tory and dispersed in 1% aqueous sodium dodecyl benzene-
sulfonate (SDBS) as previously reported,*? except with milder
tip sonication (5 W power for 1 h applied to 100 mL sample vol-
ume) and weaker centrifugation (5000g for 10 min). Tapping-
mode AFM (Veeco Nanoscope) was performed on samples spin-
coated on mica and washed with isopropyl alcohol and
n-methylpyrrolidone. Simagis image analysis software (Smart Im-
aging Technologies) was used to obtain length distributions
from AFM data.

Simulations. The equations of motion in the text were inte-
grated using an iterative program which simulates the rota-
tional motion of a nanotube of specific length under defined
shear conditions over 10° time steps of 1 ps. In each iteration,
the nanotube made a small random angular step (eq 2) and was
then reoriented according to eq 1 for the given length, shear,
and initial angles (see Supporting Information). Very small time
steps of 1 ps guaranteed that the simulation resolved rotational
dynamics to about 1°, even for shorter SWCNTs. Simulated opti-
cal data as a function of length and shear were computed by cal-
culating the appropriate time-averaged projections of the
SWCNT orientation onto laboratory axes. (The earliest 10% of
each trajectory was ignored to remove any dependence on ini-
tial conditions.) Values obtained in this way constitute the basis
functions of eq 4. For the lengths considered here, the random
rotational diffusion removes any dependence of the final func-
tions on initial orientation, so it was not necessary to compute
ensemble averages.
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processes such as absorption, birefringence, or Raman
scattering to probe such species. We believe that refine-
ments to instrumentation and data analysis will let the LA-
SAPA method evolve into a practical tool for characteriz-
ing nanotube lengths with unprecedented selectivity.
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