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ABSTRACT Near-infrared fluorescence videomicroscopy has been used to study simultaneously the
translational and rotational diffusion of individual semiconducting single-walled carbon nanotubes (SWCNTSs) in
aqueous suspension. Analysis of translational trajectories revealed diffusion coefficient values from approximately
0.3 to 6 pum?/s. The nanotube lengths deduced from these values ranged between ~130 nm and 6 p.m. From
the minor bending motions observed in individual nanotubes several micrometers in length, we confirmed that
the shorter SWCNTS of primary interest here can be considered to be rigid rods under normal conditions. Because
the nanotubes act as highly rigid, photostable, steady, and anisotropic fluorophores, it was possible to monitor
their rotational reorientations through fluctuations in emission intensity under linearly polarized excitation. The
magnitudes of observed orientational fluctuations varied substantially among individual nanotubes. These
magnitudes correlated strongly with translational diffusion coefficient, reflecting the length dependence of both
types of motions. Combined translational and rotational measurements also revealed the influence of local

environment on nanotube mobility.
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ingle-walled carbon nanotubes

(SWCNTs) have recently been recog-

nized as exceptional near-infrared flu-
orophores that possess very high
photostability,’? an absence of emission
intermittency, ' strong optical anisotropy,*
and photoluminescence action cross sec-
tions large enough to permit individual
nanotube motions to be observed using
fluorescence videomicroscopy.®~” This
combination of optical properties cannot
be found in other fluorescent markers such
as quantum dots, quantum rods, and fluo-
rescent dyes.2~ ' SWCNTSs are therefore
uniquely promising fluorescent probes of
local environments for potential applica-
tions in bioimaging and materials science.
To support such applications, it is necessary
to establish quantitative relations between
optical imaging data and the translational
and rotational motions of SWCNTSs in lig-
uids. In this report we describe the experi-
mental methods and data analysis proce-
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dures that reveal SWCNT motional
dynamics.

SWCNT samples generally contain a vari-
ety of structural species, each indexed by a
pair of integers (n,m), that differ in diameter
and chiral angle. Most of these species are
semiconducting and display characteristic
near-IR emission from excitons following
the absorption of visible light. Under ambi-
ent conditions, the emission from a single
SWCNT typically shows a line width of
~15-20 meV and a peak wavelength be-
tween 900 and 1600 nm reflecting its (n,m)
identity.""'? The photostability of SWCNTs
appears to be superior to that of quantum
dots,® although these limits have not yet
been fully tested.'>'2 Single-nanotube
fluorescence studies are aided by the rela-
tively short exciton lifetime of ~100
ps,"*~"® which allows rapid ground-state
repopulation and therefore a high satura-
tion limit for emission.> For SWCNTSs in
aqueous sodium dodecyl benzenesulfonate
suspension excited on resonance with their
second van Hove absorption peaks, emis-
sion increases linearly with excitation inten-
sity for levels up to ~1—2 kW/cm?° SWCNT
absorption and emission are both highly
anisotropic, with reported experimental ab-
sorption and fluorescence anisotropy val-
ues (defined as (i, — 1,)/(} + 21,)) reaching
0.9."*7 Recently, however, Lefebvre and
Finnie demonstrated that SWCNT optical
anisotropies vary somewhat with wave-
length because of weak spectroscopic ab-
sorption bands with transition moments
perpendicular to the nanotube axis.'” The
dominant visible absorption bands of
SWCNTs have large cross sections (~1.6 X
10° cm? per mole of carbon atoms)®'8'°
and give significant near-IR emission with
quantum yields up to ~10% for selected
SWCNT structures.>® Thus, individual nano-
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Figure 1. Mean-squared displacement graphs computed
from trajectories of five individual SWCNTs and the corre-
sponding linear fits. Only linear portions are shown. The
slope of each fit equals 4D, for that nanotube.
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tubes can easily be observed in fluores-cence micros-
copy using appropriate near-IR imagers and
millisecond-scale exposures, as demonstrated in our
earlier report.”

RESULTS AND DISCUSSION

Translational Diffusion of SWCNTs. SWCNTSs in micelles
can be modeled as rigid cylinders with large aspect ra-
tios, for which the diffusional behavior is well-
known.2°~ 23 Since SWCNT motions occur in three di-
mensions while we observe only a two-dimensional
projection, the measured translational diffusion coeffi-
cient can be written as?'?22*

kgT 2 In(L/d) —v,— Yo
trans = m f (1)
where kg is the Boltzmann constant, T is the sample
temperature (296 K in our experiments), v, is the solu-
tion viscosity (1.0 = 0.1 mPa-s), v, and v, are end-
correction coefficients,* d is the effective rod diam-
eter (assumed equal to 5 nm), and L is the rod length.
Lengths of nanotubes in our samples vary from ~100
nm to several micrometers,®® whereas their effective di-
ameters, including surfactant coating, are estimated to
fall within the narrow range of 5 + 2 nm.?>?” Because of
the logarithmic dependence on L/d in eq 1, this uncer-
tainty in nanotube diameter will cause an uncertainty in
Dy,ans Of Only ~12% for 200 nm long SWCNTSs, and less
for longer ones.

We recorded and analyzed the translational mo-
tions of 44 individual SWCNTSs that were confined to a
~2 wm thick sample cell and excited with linearly polar-
ized light. Although fluorescence intensities fluctuated
as nanotubes rotated in and out of alignment with the
excitation polarization, translational trajectories were
still readily obtained from the videomicrographs. Ini-
tially, SWCNTs with optically unresolved dimensions
were selected, ensuring that SWCNT lengths were no
greater than our instrumental resolution of ~1 pum.
Each nanotube trajectory was numerically analyzed us-
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ing a standard mean-squared displacement (MSD)
method to assess its translational motion.® Figure 1
shows typical MSD graphs for several SWCNTSs. The lin-
earity of these data indicates that the nanotubes are
moving diffusively. As the slope of each linear fit equals
4D, for that nanotube, the translational diffusion co-
efficients deduced from Figure 1 range from 0.3 to 6
wm?/s. From eq 1, it is clear that these differences in
D,,ans Values reflect the variety of lengths among the
observed nanotubes. The range of measured SWCNT
Dy,ans Values includes the reported diffusion coefficient
of tobacco mosaic virus, a biological nanostructure of
similar dimensions.>® Note that nanotube motion in our
sample cell is expected to be slowed significantly by
the higher effective medium viscosity in confined envi-
ronments, i.e., wall-drag effects. Including an empirically
determined wall-drag correction factor of ~1.6 (see
Supporting Information),?” we estimate that nanotube
lengths in our sample fall in the range of ~130—6000
nm. These results are consistent with the observation
that nanotubes having D, values below 1.2 pm?®/s
are optically resolvable in our apparatus and therefore
must have lengths exceeding 1 wm. We note that more
accurate determination of SWCNT lengths from transla-
tional diffusion coefficients requires additional atten-
tion to length-dependent near-wall effects and the use
of a better defined hydrodynamic diameter for
surfactant-coated nanotubes. Comparative measure-
ments of D,,,,,. values for equivalent, length-sorted
SWCNT samples suspended in different surfactants
should reveal the differences in their hydrodynamic
diameters.

Stability of SWCNT Fluorescence. As noted earlier, SWCNTSs
can be considered photostable fluorophores in the
sense that they resist photobleaching over long peri-
ods and are generally free from fluorescence intermit-
tency. Prior reports demonstrated remarkably stable
emission signals from individual SWCNTSs in solid
media,’*3° and our observations find similar emission
stability for SWCNTs in a liquid environment. Although
the majority of individual SWCNTSs in our samples are
mobile, we observed a small fraction of immobilized
nanotubes that appeared to be trapped at a liquid/glass
interface. These are convenient subjects for measuring
emission stability in the fluid environment without the
complications caused by nanotube motions. Images
and emission histories of such trapped nanotubes are
shown in Figure 2 at different time resolutions. Figure
2A shows that emission intensities of single SWCNTs
can be measured in our apparatus with high signal-to-
noise ratios (~30). The nanotube shown in Figure 2B is
2.5 = 0.5 pwm long and can be imaged even with expo-
sure times as short as 1 ms. Its emission signal recorded
over 10 ms integration intervals shows only slight fluc-
tuations, which may reflect occasional sidewall redox
processes.® The unsurpassed emission stability and
strong optical anisotropy of SWCNTs enable the follow-
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Figure 2. Near-IR fluorescence images and spatially inte-
grated signal intensity traces for two immobilized SWCNTs
recorded with acquisition intervals of 50, 10, and 1 ms. In
each graph, the upper trace shows emission data from the
nanotube and the lower trace shows equivalent data from a
background region. Samples were excited with linearly po-
larized light (excitation intensity ~2 kW/cm?). Each image
pixel is 0.5 X 0.5 pm.

ing new approach to study rotational motions of indi-
vidual nanoparticles with lengths too short to optically
resolve.

Rotational Diffusion of SWCNTs. When excited with lin-
early polarized light, the fluorescence of mobile
SWCNTs exhibits intense blinking. This emission modu-
lation is entirely due to rotational motions, reflecting
changing orientations of the nanotube axis relative to
the excitation beam’s polarization and the direction of
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Figure 3. Fluctuating emission signals recorded with 50 ms inte-
gration times from SWCNTSs with different translational diffusion co-
efficients. (a—c) Traces for SWCNTSs in water; (d) trace for a SWCNT
in a glycerin—water mixture with 10-fold higher viscosity. (e,f) Au-
tocorrelation functions of the SWCNT emission traces in (c) and (d),
respectively.
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observation. To quantify this behavior, we analyzed
the emission intensity profiles of freely moving SWCNTs
by calculating sums over the 7 X 7 pixel matrix cen-
tered on the pixel of maximum brightness. Background
signals were obtained using a similar calculation on a
nanotube-free region shifted by 12 pixels in either the
X or the Y direction. The nanotube emission trace was
corrected by subtracting the average signal from the
background region and then scaling to give an aver-
age relative intensity of 0.290 (this constant is explained
below). Figure 3 shows emission traces of nanotubes
that display different D,,,,,, coefficients. It is clear that
the intensity fluctuations of slowly translating SWCNTs
are large compared to fluctuations of those that trans-
late more rapidly. This occurs because the more rapidly
translating nanotubes are the shorter ones, which can
rotate quickly enough to assume a wide range of orien-
tations during the measurement integration period
and give signals with greater orientational averaging.
To slow down rotational motions and suppress this ori-
entational averaging, we made similar measurements
on a sample suspended in a 60% glycerin—40% water
mixture that had a 10-fold higher viscosity.?' As illus-
trated in Figure 3d, nanotubes in this viscous medium
displayed the expected large fluctuations in emission
intensity.

The exponential time decay in a rotational autocor-
relation function is commonly used to evaluate the ro-
tational diffusion coefficient.>* Figure 3ef displays the
related intensity autocorrelation functions calculated
from the emission traces of Figure 3c,d. The unresolved
rapid decay found for SWCNT rotation in water (Figure
3e) demonstrates that our experimental time resolution
is not adequate to support this approach. However, au-
tocorrelation analysis will be more useful if SWCNT ro-
tational speed is significantly decreased, as shown in
Figure 3d,f, or if the instrumental time resolution is sub-
stantially improved. According to Broersma theory,?%2"
the rotational diffusion coefficient D, of a rigid rod is
given as

3kgT In(L/d) — v,

rot — JE_ -3 )
Ns L

where v, is a length-dependent end-correction coeffi-
cient.?* Using eq 2, one can estimate that nanotubes of
length 500 nm will rotationally diffuse in water by an av-
erage of nearly 1000° during our 50 ms measurement
interval, thereby giving fully rotationally averaged sig-
nals. In view of the inverse cubic dependence of D, , on
SWCNT length, it does not seem feasible to resolve the
rotational motions of shorter nanotubes, even with mil-
lisecond temporal resolution.

An alternative approach is to examine the magni-
tudes of SWCNT emission signal fluctuations and corre-
late them with rotational mobility. As the nanotube ran-
domly reorients during the measurement interval, its
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Figure 4. Bending of long individual SWCNTSs in water. Se-
lected image frames of (a) a (12,1) SWCNT, and (b) a (9,7)
SWCNT recorded at 90 X magnification and false-colored.
Nanotube (n,m) values were determined from their emission
spectra, shown in (c).
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fluorescence signal becomes averaged over a range of
SWCNT orientations. Clearly, faster rotation results in
greater averaging, as demonstrated in Figure 3. Further-
more, the average emission signal, (/), of any randomly
rotating nanotube acquired over a sufficiently long time
interval can be shown to equal a constant fraction of
the maximum emission signal, /,,,,,, measured when it
is stationary and aligned in the polarization plane of the
excitation beam and perpendicular to the observation
axis. Thus, the relative SWCNT emission signal fluctua-
tions can serve as a measure of SWCNT rotational diffu-
sion speed.

This approach assumes that the nanotubes of inter-
est are rigid enough to avoid optical depolarization ef-
fects caused by curvature. To check this assumption, we
have optically imaged individual nanotubes that have
lengths significantly above the diffraction limit. These
unusually long SWCNTSs were prepared from raw HiPco
material using short ultrasonication times, and the re-
sulting aqueous suspensions were then examined us-
ing near-IR fluorescence microscopy with circularly po-
larized excitation.” The diffusional motion of these long
nanotubes is slow enough to allow us to capture their
emission spectra and thereby deduce their (n,m)
identities.""? Figure 4a,b shows images of two long
nanotubes, and Figure 4c shows their emission spec-
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tra. From the peak positions of 1171 and 1323 nm,
these SWCNTs were identified as the (12,1) and (9,7)
species.>®* We observe that these long nanotubes un-
dergo moderate, thermally induced bending at radii of
curvature down to ~5—10 wm. Therefore, the shorter
SWCNTs (<1—2 wm long) that predominate in our dif-
fusional studies have negligible bending and can prop-
erly be treated as rigid rods in the following optical
analysis. We note, however, that stiffness is expected
to depend on diameter,?>3* and further studies to
quantify SWCNT bending stiffness as a function of struc-
ture are in progress.

Combined Rotational and Translational Analysis. Because of
the high stiffness and strong optical anisotropy of
SWCNTs, their absorption and emission can be described
using a dipole oscillator model with transition moment
aligned along the tube axis. Defining the common axis of
excitation and observation as Z, the instantaneous emis-
sion signal for excitation polarized in the XZ plane and un-
polarized detection is proportional to sin* « cos? ¢. Here,
a € [0,m] and ¢ € [0, 2] are spherical polar coordinates
that define the azimuthal and equatorial angles of the
SWCNT orientation with respect to the Z axis. It is easily
shown that {/)//,.,,, = {sin* a cos® @) = 0.267. However, if
the observation is expanded to a cone representing high
numerical aperture collection optics, {/)/I ..., changes to
0.290 or 0.311 for NA values of 1.0 and 1.4, respectively
(see Supporting Information).

To model the variations in emission intensity in-
duced by nanotube rotational diffusion, we performed
“random walk on a unit sphere” numerical simulations.
A detailed description of this procedure is provided in
the Supporting Information. We computed simulated
time-resolved emission intensity profiles for SWCNTSs
with lengths between 100 and 10000 nm whose rota-
tion is described by eq 2. These simulated profiles were
in excellent qualitative agreement with experimental
data. For a quantitative comparison, we computed the
standard deviations o of simulated and experimental
emission traces. Because emission data are measured
against a noisy background, we corrected the raw stan-
dard deviations of experimental intensity signals using
the relation ¢ = (07,,, — Opega) />, Where oy, g4 is the
standard deviation of the background trace. (Shot noise
is not dominant in our measurements.) Figure 5 shows
these corrected experimental fluctuation values plot-
ted against the translational diffusion coefficients mea-
sured for the same nanotubes. Also plotted are lines dis-
playing theoretical results computed using several
models. The dotted line (“model 1”) shows o values
found from numerical simulations of idealized SWCNT
rotational diffusion plotted against translational diffu-
sion coefficients found from eq 1.

The data clearly display the tendency of o to in-
crease as D, decreases, as expected from the length-
dependent behaviors discussed above. The systematic
deviations between model and experiment seen in Fig-
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Figure 5. Theoretical and experimental standard deviations
o of SWCNT emission signals plotted against the corre-
sponding translational diffusion coefficients. The dotted
(model 1) curve is computed according to Broersma theory
(eqs 1 and 2) for the data acquisition conditions described in
the text. The other curves show results for adjusted models
as discussed in the text. Red circles and blue triangles repre-
sent data measured for SWCNTSs in water and a
water—glycerin mixture (with ~10-fold higher viscosity), re-
spectively.

ure 5 are predominantly caused by several effects that
change the value of (I)/I,,.,.. The first effect concerns the
optical anisotropy of SWCNTSs, which we assumed to
be ideal in our initial treatment. In fact, however,
SWCNT absorption anisotropy may vary from 0.9 to
0.6, depending on how closely the excitation wave-
length matches the SWCNT E,, spectral peak.*'” As
our measurements were made mainly on the brightest
nanotubes, which had E,, peaks near the excitation
wavelength, we estimate an average absorption aniso-
tropy value of ~0.86 (/, /; = 0.05). This adjustment
raises the normalization parameter {/)/I,,.,, from 0.290
to 0.315 (for a detection NA of 1.0), thereby reducing o
by the factor 0.290/0.315 or 0.92 (see Supporting Infor-
mation). The dashed line labeled “model 2" in Figure 5
includes this adjustment for non-ideal absorption
anisotropy.

Another effect to include is the constrained rota-
tion of longer nanotubes in our thin sample cell.
Whereas SWCNTs much shorter than the cell thickness
can rotate without cell constraints in three dimensions,
longer ones rotate preferentially in the plane normal to
the observation axis. This effect causes a length-
dependent increase in the normalization parameter, to
a limiting value of 0.5 for nanotubes much longer than
the cell thickness. Expected o values are thereby re-
duced, particularly for long (small D,,,,,) SWCNTSs (see
Supporting Information for details). The curve labeled
“model 3" in Figure 5 shows the “model 2" results ad-
justed to include this constrained rotation correction.

Finally, it is also important to correct for the wall-
drag effect that is known to impede the motions of par-
ticles in confined geometries.?>>° This effect is usually
taken into account through an increased effective vis-
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cosity. For “rigid rod” actin filaments, Li and Tang found
empirical near-wall effective viscosities 1.9 = 0.3 and
3.0 = 1.8 times higher than bulk values for translational
and rotational diffusion, respectively.?? By analyzing
the trajectories of SWCNTSs that are long enough to
measure their lengths from optical images, we simi-
larly find translational diffusion coefficients that are ap-
proximately a factor of 1.6 lower than predicted using
eq 1 with bulk viscosity values (see Supporting Informa-
tion). The “model 4" curve in Figure 5 shows the “model
3" prediction after adjustment to include increased ef-
fective viscosities for translational (1.6m,) and rotational
(2.57,) diffusion of all nanotubes.

The triangular symbols in Figure 5 represent data mea-
sured for SWCNTs that are predominately less than 500
nm long?® and are suspended in a glycerin—water solu-
tion. This medium is viscous enough to greatly slow the
nanotube motions and allow full resolution of their rota-
tionally induced emission fluctuations, while the nano-
tubes are short enough to avoid orientational constraints
from the cell walls. The ¢ values measured for these nano-
tubes reach approximately 0.27, in agreement with model
2. This confirms our estimate of the SWCNT average ani-
sotropy. The open circles in Figure 5 show data measured
for SWCNTSs in normal water. These points represent a
wide range of nanotube lengths and could be influenced
by all of the effects incorporated into model 4, which in
fact fits the data quite well without adjustable param-
eters. Models 3 and 4 successfully mimic the experimen-
tal “kink” seen near D,,,,s = 1 wm?/s, where the SWCNT
length becomes comparable to the sample cell thickness.
For faster moving nanotubes (with larger D, values),
model 4 systematically underestimates o. This may reflect
an experimental artifact caused by extra relative noise in
the weaker emission signals from short nanotubes, or it
may arise because short nanotubes experience reduced
wall-drag. Further analysis of length-sorted SWCNT
samples®® 3 will help to clarify this point. The simulta-
neous measurement of o and D, for individual
SWCNTs provides new information about the motional
constraints imposed on nanoparticles by their local
environment.

SUMMARY

We have exploited the remarkably high photostabil-
ity, mechanical rigidity, and optical anisotropy of
SWCNTSs to make fluorescence-based measurements of
single-nanoparticle translational diffusion in fluid me-
dia. This analysis allows the lengths of individual nano-
tubes to be deduced from their mobilities, even for nan-
otubes too short to resolve by optical imaging. Our
techniques will allow detailed studies of optical proper-
ties, such as photoluminescence action cross sections,
as a function of nano-
tube length. Careful measurements of translational dif-
fusion coefficients should also reveal the differences in
hydrodynamic coating thickness among various nano-
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tube surfactants. In addition, we have presented a novel
method for deducing the orientational mobility of indi-
vidual SWCNTSs from fluctuations in their emission in-
tensities. Combined measurements that reveal restric-

METHODS

Sample Preparation Procedures. Our samples were prepared from
aqueous suspensions of raw HiPco SWCNTs in 1% sodium dode-
cyl benzenesulfonate at pH 8 using procedures reported previ-
ously.?® After dilution to SWCNT concentrations near 1 ng/mL,
1.3 pL portions were spread between a quartz microscope slide
and a coverslip to yield aqueous films ~2.0 = 0.5 um thick. This
film thickness allows continuous observation of SWCNTs be-
cause it matches the optical depth-of-field of our microscope’s
water-immersion objective lens. The edges of the sample cham-
ber were sealed to prevent liquid evaporation and convection.

Near-IR Videomicroscopy and Spectroscopy of Individual SWCNTS. Nano-
tube motions in the aqueous suspensions were recorded using
a custom experimental setup that was described earlier.” In brief,
a Nikon TE-2000U inverted microscope was equipped with Ni-
kon PlanApo 60x/1.0 NA water-immersion objective. A dichroic
beamsplitter and a 946 nm long-pass filter selected emission in
the desired near-IR wavelength range. An InGaAs near-IR imager
(OMA-V 2D, Roper Scientific) was installed on one output port
of the microscope. At another port, the image plane was coupled
via a fiber-optic cable (100 um core diameter) to the entrance
slit of a J-Y C140 spectrograph with a 512-element InGaAs detec-
tor array (OMA-V, Roper Scientific) mounted in its focal plane.
Emission spectra between 950 and 1580 nm were thereby ac-
quired from selected spatial regions measuring ~1.5 pm in di-
ameter at the sample for 60X magnification. Samples were ex-
cited from above with an external 785 nm diode laser (power at
the sample ~40 mW). An aspheric lens (f = 18.4 mm) mounted
on an XYZ translation stage focused the excitation beam to a
spot of ~60 wm in diameter. The maximum excitation intensity
at the sample was approximately 1.5 kW/cm.? The excitation po-
larization was purified with a crystalline Glan polarizer and then
controlled with A/4 and A/2 retardation plates. Linear polariza-
tion purity was =0.99, while circular polarization ellipticity was
=0.95. To reduce the imager readout time to ~5 ms, only a small
region of interest, 30 X 30 wm containing 3600 pixels, was used
to record SWCNT motion. At least 350 consecutive frames were
acquired during each measurement sequence using frame ac-
quisition times of 50 ms.

Computational Methods. Numerical simulations of SWCNT rota-
tional motion were performed using a custom procedure de-
scribed in section B of the Supporting Information. Integral ex-
pressions were evaluated numerically using the Mathcad 2001
computational package.
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