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The kinetics of single-walled carbon nanotube rebundling have been investigated by photoluminescence (PL)
spectroscopy. The rate of loss of PL intensity was measured for 12 different nanotubes in three common
aqueous surfactants (sodium dodecyl sulfate, SDS; sodium dodecylbenzene sulfonate, SDBS; and sodium
cholate, SC) as the surfactant suspensions were diluted to promote nanotube rebundling, quenching of
semiconductor nanotube PL, and precipitation. The rate of PL decay was first-order in the concentration of
isolated nanotubes, as expected if surfactant desorption is rate-limiting in the rebundling process. Temperature-
dependent measurements permitted an Arrhenius analysis from which diameter-dependent activation energies
were determined. SDS was found to have very strong diameter dependence for activation energy, with stronger
binding to smaller-diameter nanotubes, whereas SDBS displayed a weaker diameter dependence. SC was
found to bind strongly to certain nanotubes and weakly to the (10,2) nanotube. The PL emission red shifted
with time after dilution as surfactant desorption proceeded. This effect is attributed to an increase in the
micropolarity at the nanotube surface.

Collections of single-walled carbon nanotubes (SWNTs) with
the same physical structure and electronic type are required for
many electronic,1-5 photonic,6-11 sensor,12,13and energy storage
and conversion applications.14-17 Unfortunately, current nano-
tube synthesis methods typically produce a distribution of
metallic and semiconducting nanotubes that have structure-
dependent optoelectronic properties.18,19 The polydispersity in
diameter and chirality, and hence in the electronic character, is
due to the numerous ways that seamless nanotubes of (n,m)
type can be formed by “rolling-up” the planar graphene
lattice.1,20 In fact, at least 20 unique semiconducting nanotube
types are observed in two-dimensional excitation versus emis-
sion photoluminescence contour maps (PL contour maps) in both
laser21 and HiPco22 nanotubes. The total number of nanotubes
present is likely 50% larger given that metallic nanotubes, which
are nonemissive in photoluminescence (PL) spectroscopy, are
present in a ratio of∼1:2 relative to semiconducting nanotubes.
Although significant progress has been made in reducing the
dispersity in nanotube type during synthesis,23,24more than 100
different types of nanotubes are possible.25

As-produced and purified SWNTs are typically tangled and
strongly van der Waals bonded to one another in the solid state
and, therefore, are difficult to sort. O’Connell et al. employed
aggressive sonication in aqueous surfactant solutions to over-
come nanotube-nanotube van der Waals interactions and
produced stable nanotube colloids that remained suspended after
prolonged ultracentrifugation.11 This advance raised the pos-

sibility of sorting nanotubes by diameter and/or conductivity
type in solution using a variety of separation techniques. For
example, some diameter purification has been achieved by
exposing DNA-suspended nanotubes to density gradients6 and
ion-exchange chromatographic columns.26 Separation according
to metallicity has been achieved by exposing surfactant sus-
pended SWNTs to diverging, alternating electric fields.27

Selective reactions between diazonium salts and surfactant-
suspended SWNTs have also been used to separate nanotubes
by metallic character.28,29Clearly, many of the sorting strategies
developed to date seek to capitalize on selective interactions
between nanotubes suspended by surfactants in solutions.
Unfortunately, very little is known about the nature of these
interactions or the degree to which they vary with nanotube
diameter, chirality, or, more specifically, (n,m) indices.

Here, we present measurements of the steady-state PL
intensity decay for 12 semiconducting nanotubes as surfactant-
stabilized solutions were diluted to promote nanotube rebundling
and precipitation. The PL intensity decay displayed first-order
kinetics for all nanotubes, as expected if surfactant desorption
from the nanotube surfaces is rate-limiting in the rebundling
kinetics. The measurements were repeated at several different
temperatures, and an Arrhenius analysis yieldedEa, the activa-
tion energy for surfactant desorption, for each nanotube in three
commonly used surfactants: sodium dodecyl sulfate (SDS),
sodium dodecylbenzene sulfonate (SDBS), and sodium cholate
(SC). For SDS,Ea was found to vary relatively smoothly by a
factor of 6 across the nanotube diameter range, whereas SDBS
showed a much weaker dependence ofEa on diameter, varying
only by a factor of∼2. The activation energy for surfactant
desorption was largest for the smaller-diameter nanotubes in
both cases. Interestingly,Ea for SC deviated strongly from a
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smooth diameter trend, showing a strong preference for certain
nanotubes and a very weak binding with the (10,2) nanotube.
Under our experimental conditions, the variation inEa across
the nanotube distribution for each surfactant is a measure of
the variation of the nanotube-surfactant binding energy. These
findings help explain successful nanotube-specific purifications
that have been presented in the literature6,26-29 and point the
way toward new bulk purification strategies.

Experimental Section

Purified HiPco SWNTs from Carbon Nanotechnologies Inc.30

were mixed in aqueous solutions containing 1%, 1%, and 0.3%
(wt/wt) of SC, SDS, and SDBS (all from Sigma-Aldrich),
respectively. The initial surfactant concentration of SDBS was
lower because of its much lower critical micelle concentration
(CMC). The chemical structures of the three surfactants are
shown in Figure 1. The mixtures were agitated by cup-horn
sonication with a Cole Parmer 750 W homogenizer at 30%
power for 15 min and then sonicated overnight in a Branson
2510 ultrasonic bath. A final cup-horn sonication at 100%
power followed immediately by ultracentrifugation at 122000g
removed large bundles from the suspension. This process is
reported to produce suspensions having single and relatively
small bundles of nanotubes that are stabilized against ag-
glomeration by the adsorbed surfactant species.11 The resulting
suspensions were stable for many months without any discern-
ible changes and exhibited photoluminescence from the semi-
conducting nanotubes in the near-infrared portion of the optical
spectrum.

PL contour maps were obtained with a customized Thermo-
Electron FT960 Raman system that has been recently de-
scribed.31 Briefly, the excitation source of the Raman spec-
trometer was replaced with a 250-W tungsten halogen bulb and
a single-grating monochromator to permit continuously variable
excitation from 400 to 1100 nm. The Ge detector, operated at
77 K, responded to wavelengths between 900 and 1700 nm.
The system was corrected for variations in excitation intensity
as a function of wavelength and for the response of the collection
optics and detector. Temperature control of the sample was
achieved with a Cole Parmer DigiSense temperature controller
connected to a cartridge heater. The heater was in thermal
contact with a 1-cm-path-length cuvette mounted in a metallic
holder. A thermocouple was immersed in the suspension to
monitor the temperature.

Results and Discussion

The PL quenching associated with nanotube rebundling can
be seen in the PL contour map for an SWNT suspension in
aqueous SDS before and after removal of surfactant. Figure 2A
shows the initial PL contour map data for an SWNT suspension
in 1 wt % (∼35 mM) SDS. Each spot in the PL contour map
signals the presence of a particular isolated semiconducting
nanotube species in the suspension. Nanotube indices were

assigned as described by Weisman et al.32 and Bachilo et al.22

The suspension was placed in a 3-mL cassette (Pierce Slide-
A-Lyzer 3500 MWCO) and dialyzed against 2.5 L of pure water
for 2 h. The dialysis reduced the concentration of surfactant in
the suspension without diluting the SWNT concentration. After
dialysis (Figure 2B), the PL emission from the largest semi-
conducting nanotubes (those with the lowest emission energy)
is absent (Figure 2, pink squares), and the intensity of emission
from the next largest set of nanotubes has been noticeably
diminished (Figure 2, blue ovals). Because absorption spec-
troscopy shows that the large-diameter nanotubes are still present
in the solution, we can conclude that the PL from these
nanotubes has been quenched through nanotube-nanotube
interactions promoted by removal of the surfactant. Apparently,
the large-diameter nanotubes in the distribution are more
susceptible to surfactant loss and, therefore, more likely to
interact and rebundle.

Surfactant molecules in SWNT suspensions can be free in
solution, assembled into micelles, or adsorbed onto nanotube
surfaces.33 The distribution of surfactant species between these
phases is governed by coupled surfactant-water, surfactant-

Figure 1. Chemical structures of the three surfactants used in this study: (A) sodium dodecylbenzene sulfonate, (B) sodium dodecyl sulfate, and
(C) sodium cholate.

Figure 2. (A) Two-dimensional excitation versus emission photolu-
minescence contour map (PL contour map) of HiPco SWNTs suspended
in 1 wt % SDS surfactant. (B) PL contour map of the same suspension
after 2 h ofdialysis to remove excess surfactant. Larger nanotube types
(generally at lower-energy emission) have been preferentially quenched.
The color is proportional to the natural logarithm of PL intensity and
is in arbitrary units.
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surfactant, and nanotube-surfactant equilibria. Nanotubes are
stably isolated when nanotube-surfactant interactions are strong
relative to surfactant-surfactant and surfactant-water interac-
tions such that surfactant remains adsorbed and prohibits
nanotubes from contacting one another and reforming van der
Waals-stabilized bundles. In fact, nanotubes in stable aqueous
suspensions do not reaggregate until the surfactant concentration
is reduced substantially below the CMC.34

The quenching of nanotube PL associated with rebundling
can be considered using the simplified schematic model shown
in Figure 3. Here, nanotube flocculation and subsequent PL
quenching is initiated by a surfactant desorption step (step 1).
This step is followed by the formation of small bundles that
can still remain suspended (step 2). Two semiconducting
nanotubes can rebundle (step 2a, gray tubes), and if the two
semiconducting nanotubes are of different band gaps, energy
transfer can cause partial quenching of the larger-band-gap
nanotube.35 Rebundling of a semiconducting nanotube with a
metallic nanotube (step 2b, black tube) quenches the PL from
the former.11 Step 3 is the formation of larger bundles, with
further PL quenching and eventual nanotube flocculation and
precipitation. In this model, we consider step 1 to be a reversible
process because the adsorption of surfactant on graphite and
nanotube surfaces is known to be characterized by adsorption
isotherms,28,36whereas steps 2 and 3 are presumed to be largely
irreversible, consistent with the need for probe sonication to
overcome van der Waals forces and break up bundles during
sample preparation. Although greatly simplified, this model is
instructive. For example, the observation that the PL from large-
diameter nanotubes is preferentially quenched upon surfactant
dilution suggests that the equilibrium constants for step 1 depend
on the nanotube diameter.

To study the kinetics of the PL quenching in more detail, we
examined SWNT suspensions that were abruptly diluted with
pure water. The degree of dilution was selected to reduce the
surfactant concentration below the stable nanotube suspension
concentration (SNSC). The SNSC for each surfactant was
assessed by reducing the surfactant concentration in∼1 mM
steps until decay in the PL intensity could be detected after 2
h at 30°C. The experimentally determined SNSC values were
approximately one-half of the corresponding CMC values.
Dilution to concentrations significantly below the SNSC made
PL decay measurements difficult to record because of the rapid
rebundling process, whereas insufficient dilution led to exces-
sively long experiments. Table 1 reports the pre- and post-
dilution surfactant concentrations, as well as the CMCs and
SNSCs for the three chosen surfactants. In general, suspensions

diluted to surfactant concentrations just below the SNSC slowly
flocculated and emitted no observable PL after 2 days at ambient
temperature.

To monitor the time dependence of the PL from all detectable
semiconducting nanotubes, we first measured a PL contour map
like the one shown in Figure 2 and identified the peak excitation
wavelengths for each semiconducting nanotube. The excitation
monochromator was then rapidly stepped between the peak
excitation wavelengths to increase the data acquisition rate and
enable the PL from all observable nanotubes to be measured
every few minutes. More thorough PL contour map scans were
occasionally performed to ensure that the peak excitation
wavelengths did not vary substantially through the course of
the experiments.

Figure 4A shows the PL decay kinetics for three representa-
tive nanotube species in an SDBS solution at 40°C after dilution
to a surfactant concentration below the SNSC (Table 1). The
data clearly show different PL decay rates for the three different
nanotubes, each with a different quenching constant,k. The
oscillation in the data points around the fit line (vide infra) is
likely associated with imperfect temperature control during the
course of the experiment.

Figure 4B shows the decay in PL intensity for the (9,4)
nanotube at three different temperatures and demonstrates that
the PL quenching is strongly thermally activated. The data in
Figure 4C show the PL quenching kinetics for the (9,4) nanotube
at 40°C in solutions containing the three different surfactants.
In this comparison, we find that the quenching rates for the
SC- and SDBS-suspended (9,4) nanotubes are quite similar,
whereas the quenching rate for SDS is significantly higher. This
result is surprising considering that SDS and SDBS are both
“classic” molecular surfactants in that they both have polar
headgroups and symmetric nonpolar tails and differ only by
the presence of a benzene ring, whereas SC is asymmetric
(Figure 1). Previous reports have shown that SC suspensions
have better-resolved absorption transitions and brighter PL than
similarly prepared SDS suspensions.37

Surprisingly, all of the PL decay data are well-fit by the
integrated form of a first-order rate equation that describes the
PL intensity decay for theith nanotube species from its initial

Figure 3. Simplified schematic of steps in nanotube rebundling and flocculation. The gray tubes represent semiconducting nanotubes, and the
black tubes represent metallic nanotubes.

TABLE 1: Surfactant Concentrations Used in This Study

surfactant
CMC (25°C)

(mM)
SNSC (30°C)

(mM)
predilution
conc (mM)

post-dilution
conc (mM)

SDS 8.35 3.6 34.67 3.15
SDBS 1.6 0.8 8.61 0.54
cholate ∼6 2.3 23.23 0.93
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value, Ii0, as a function of time,t, with a characteristic rate
constant,ki(T), at each temperature,T (lines in Figure 4).

This is understood within the context of the model of Figure 3
by considering the PL intensity to be a measure of the
concentration of isolated semiconductor SWNTs and step 1 in
Figure 3 to be the rate-determining step in the quenching
process. Before dilution the surfactant concentration is substan-
tially higher than the CMC and surfactant molecules are present
free in solution, assembled into micelles, and bound to the
nanotube surface. After dilution, the surfactant concentration
is reduced by a factor of 10-25 and the dynamic SWNT-
surfactant equilibrium shifts to the right. Surfactant species
desorb from the SWNT surfaces to reestablish equilibrium
leaving partially unsheathed nanotubes that can readily rebundle.
Consistent with a thermally activated process, the rate of PL
quenching is increased at higher temperatures as seen in Figure
4B. We note that the temperature range in this experiment is
small enough that the quantum yield can be considered constant
as the temperature is raised.38 Theoretical39 and experimental40

studies show that the van der Waals binding between SWNTs
is quite strong, with as much a 2.5 eV per nanometer of contact
length for nanotubes of the same diameter range as those used
here. Thus, rapid rebundling (step 2, Figure 3) is expected when
bare or partially bare nanotube surfaces come into contact with
one another. The ability to fit the data with a first-order rate
expression suggests that the rebundling reactions are fast relative
to step 1 and that the surfactant desorption step is rate-limiting.
In contrast, if a combination of steps 2 and 3 were rate-limiting
in the PL quenching, one would expect kinetics that reflected a
component that was second-order in the concentration of
luminescent nanotubes, which is not observed. We note that a
first-order rate description is valid for all nanotubes, at all
temperatures, for each surfactant.

Whereas first-order kinetics provide a good fit to the data
and indicate that step 1 is rate-determining, the PL emission is
also observed to red shift slightly during rebundling. This finding
suggests that step 2 in our model (Figure 3), which is bundling
of semiconducting nanotubes, might be measured as imparting
a red shift in the electronic transitions of each nanotube.41,42

Figure 5 shows the emission peak position and line width
(fwhm) as a function of time for the (8,7) nanotube in SDS
after dilution at 50°C (Table 1). A red shift of 3.5 meV is
observed over the course of the 3.5-h experiment. The emission
feature line-width remains relatively constant at 13.5 meV until
late in the experiment, at which time the emission peak broadens
slightly to ∼17 meV. The values were extracted from the data
by fitting Lorentzian functions to the emission features,43 and
similar behavior was observed for all nanotube-surfactant
combinations.

Reich et al. calculated a red shift of∼100 meV in the
transition energies of roped versus isolated nanotubes,44 whereas
Raman spectroscopy has shown that transition energies for roped
nanotubes in the solid state are reduced by 20-157 meV with
respect to those of SDS-suspended nanotubes.45 The red shifts
we observe are small in comparison, presumably because our
experiments monitor the initial stages of bundling. More
complete bundling would quench the PL and not be observable
in our experiments. Recent Rayleigh scattering experiments by
Wang et al. showed that the transition energies for nanotubes
in two-tube bundles are red shifted by a only few tens of
millielectron volts relative to those of the individual nanotubes.41

The spectral changes are ascribed to mutual dielectric screening
effects. Interestingly, the transition widths measured by Wang
et al. were unaltered in the small bundles, in good agreement
with our observations in Figure 5. However, if spectral changes
associated with nanotube-nanotube contact were being observed

Figure 4. Photoluminescence intensity maximum versus time for (A)
an SDBS suspension for three different nanotube species, (B) an SDBS
suspension for a single nanotube species at three different temperatures,
and (C) the (9,4) nanotube suspended in three different surfactants.

Ii

Ii0
) exp[-ki(T)‚t] (1)

Figure 5. Full width at half-maximum (fwhm) and emission red shift
for the (8,7) nanotube in SDS suspension at 50°C after dilution (Table
1).
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in our experiments, an increase in the emission fwhm over time
would be expected since many different types of small bundles
and isolated nanotubes contributed to the emission signal.

Strano et al. investigated changes to the Raman and PL
properties of constantly sonicated SWNT suspensions as SDS
was added to the mixture.34 The concentration of isolated
SWNTs, as detected by PL, increased with each addition of
surfactant with a time constant of between 20 min and 1 h.
Interestingly, an∼8 meV blue shift in the PL from specific
nanotubes was seen immediately upon addition of SDS. The
behavior was explained by considering that added surfactant
rapidly adsorbed onto already-isolated nanotubes and excluded
water such that the micropolarity at the nanotube/solution
interface was decreased.34,46 The initial shift was seen to relax
after the first surfactant additions, presumably because of a
reduction in the surfactant coverage per nanotube as new
nanotubes were brought into solution and surfactant was
dynamically reallocated. Despite the fact that these experiments
considered dispersion of nanotubes whereas ours deal with
rebundling, the spectral shifts in the PL are comparable. The
rapid surfactant adsorption observed by Strano et al.34 versus
the slow surfactant desorption reported here is readily explained
by considering the former to be energetically downhill whereas
the latter requires thermal activation. Similarly, Huang et al.
observed a red shift in the emission from nanotubes with reduced
surfactant concentrations.42

Figure 6 shows a plot of the magnitude of the emission red
shift for several nanotube species 150 min after dilution. The
magnitude of the red shift scales with the diameter of the
nanotube. Following the idea that the red shift is due to increased
accessibility of water to the nanotube surface, we conclude that
the surfactant coverage is less complete and more weakly
adsorbed for the larger-diameter nanotubes, consistent with the
data presented in Figure 3.

The activation energy (Ea) associated with the first-order PL
decay process can be evaluated from the temperature dependence
of the rate constants for each nanotube and surfactant. Figure 7
shows an Arrhenius plot of lnki(T) versus 1/T for three specific
nanotubes in an SDBS suspension. A straight line produces a
good fit to the data and yields a slope of-Ea/ kB, wherekB is
Boltzmann’s constant. Figure 8 shows theEa values for all of
the nanotubes investigated, for each surfactant, as a function of
diameter. The SDS data scale smoothly by a factor of∼6 with
nanotube diameter, whereas SDBS shows less than a factor of
2 variation across the same range. The surfactant desorption
activation energy for the smaller-diameter nanotubes is higher
in both cases. The larger diameter dependence seen for SDS is
consistent with the report from Okazaki et al. showing that SDS
preferentially suspends smaller-diameter nanotubes whereas

SDBS suspends all diameters equally well.47 Interestingly, the
measured activation energies are, on average across diameter,
not too far from the heats of adsorption of sodiumn-decyl sulfate
(42 kJ mol-1) and dodecyltrimethylammonium bromide (C12-
TAB) (61 kJ mol-1) on planar graphite as measured by
calorimetric techniques.36,48Note that the SDBS and SDS data
exhibit a relatively small deviation from the straight-line fit,
whereas the trend for the SC values with diameter is not smooth.
For example,Ea for the (7,5) nanotube in SC is 10 times that
of the (10,2) nanotube even though the nanotube diameters differ
by only 0.55 Å (Figure 8 and Table 2). Thus, depending on the
surfactant, there is a general relationship between decreasing
diameter and increasingEa as well as highly specific interactions
with specific nanotubes.

It is interesting to consider how the surfactant surface density
changes with dilution. The predilution surfactant concentrations
were 4-5 times higher than the CMCs and 10 times larger than
the SNSCs, whereas post-dilution concentrations were substan-
tially less than the SNSCs (Table 1). For comparison with our
results, we considered a study by Matarredona and et al. on the
adsorption behavior of SDBS on populations of SWNTs.49

Although nanotube-specific data were not obtained, the maxi-
mum coverage of SDBS on SWNTs was measured to occur at
concentrations greater than∼3.4 mM. The adsorbed amount
was reduced by almost 2 orders of magnitude when the
concentration was reduced to 0.5 mM. Thus, the concentration
change employed in our studies (from 8.61 to 0.54 mM) would
reduce the coverage of SDBS from complete saturation to a
sparse population.

The depopulation of surfactant from the nanotube’s surface
occurs into a solution having very little free SDBS; therefore,
it is tempting to equate the measured activation energies with
surfactant-nanotube binding energies. However, the kinetic
relationship between the PL decay rate and the true binding
energies also depends on the density of the surfactant coverage
and the three-dimensional packing. Reference to the structures
of the three different surfactants investigated here (Figure 1)
suggests that the molecular surface densities on the nanotubes
will be quite different. These considerations explain why the
activation energies for SC are lower on average than those for
SDS and SDBS despite the fact that SC typically suspends
higher concentrations of SWNTs. Nevertheless, we can still
conclude that the activation energy trends observed are pro-
portional to the binding energies across the nanotube distribution
for a given surfactant.

The nanotube-specific surfactant interactions depend on the
details of how the molecular species are in contact and organized

Figure 6. Red shift of PL emission peak wavelength for nine different
nanotube types versus tube diameter for a diluted SDS suspension after
150 min.

Figure 7. Points: Natural logarithm of PL decay rate after dilution
for three semiconducting nanotube species versus inverse temperature
in SDBS. Lines: Linear function fit to the data, the slope of which
determines the activation energy for the PL quench for each nanotube
type.
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at the nanotube interface, as well as how the surfactant molecules
pack in any extended sheath that might be present. Initial studies
using axially symmetric surfactants considered nanotubes to be
suspended within the core of a cylindrical micelle,11 whereas
subsequent studies considered the accumulation and organization
of surfactant as the adsorbed density was increased.49-51 At low
density, a “head-to-tail” surface phase was postulated in which
the long axis of the surfactant was parallel to the nanotube axis,
in similarity to surfactant adsorption on planar graphite. Fol-
lowing the analogy to graphite,36 hemispherical agglomerates
were presumed to form with increasing density, with saturation
coverage producing cylindrical structures. The formation of
cylindrically organized structures templated by the nanotube

surface is supported by adsorption isotherm data, which showed
that 8 times more surfactant per unit surface area could be
accommodated on a nanotube surface as compared to planar
graphite.49 Presumably, the curved nanotube surface permitted
a higher-density “tails-on” configuration that offered more space
and less repulsion between the polar headgroups. This explana-
tion can be extended to explain the diameter dependence of the
surfactant binding seen in our data. Accordingly, smaller-
diameter nanotubes would permit a higher packing density of
the surfactant tails and less electrostatic repulsion between
headgroups. The net effect would be stronger surfactant
stabilization for the smaller-diameter nanotubes, as observed.
In this case, the weaker dependence ofEa on diameter for the
SDBS surfactant can be rationalized if the energy reduction
associated with separating the headgroup is smaller for SDBS
because of attractive interactions between the benzene rings.

Although conceptually appealing, this explanation for the
observed diameter dependence ofEa might be oversimplified
even in the case of axially symmetric surfactants. Yurekli et al.
probed the structure of SDS adsorbed on nanotubes by small-
angle neutron scattering52 and saw no evidence for the organized
surfactant structures that have been presumed. Transmission
electron microscopy studies did see organization of SDS on
larger-diameter multiwalled nanotubes, but a large variation in
the surfactant structures was found.51 If adsorbed surfactants
are not arranged strictly in a tails-on configuration, then some
portion of the tail’s length will be in contact with the wall of
the nanotube. The van der Waals stabilization energy associated
with a length (or area) of contacting tail will depend on the
degree of commensuration with the nanotube’s lattice, which
will, in turn, depend on the nanotube’s chirality and diameter
as well as the relative orientations of the surfactant and nanotube.
Furthermore, the energetics of the adsorbed phase will change
as a function of solution surfactant concentration and surface
packing density. These details might give rise to the nanotube-
specific deviations from the straight-line fit in the SDS and
SDBS data (Figure 8). Note that we do not expect any role for
functional groups that might have been introduced during sample
preparation because electronic transitions associated with PL
are typically destroyed in covalently functionalized SWNTs.53

Clearly, the nanotube-dependent binding becomes more
complex for surfactants that are asymmetric or have localized
charges in low-symmetry locations. Our measurements show
that the activation energies for SC desorption vary widely from
an overall weak diameter dependence. The standard deviation
from the linear fit across diameter is 57.7 kJ/mol, whereas, for
comparison, the deviations for SDS and SDBS are 18.4 and

Figure 8. Points: Measured PL quench activation energy versus
nanotube diameter for three aqueous surfactants. The standard deviation
from the linear fit for (A) SDBS is 19.4 kJ/mol, (B) SDS is 18.4 kJ/
mol, and (C) SC is 57.7 kJ/mol.

TABLE 2: Comparison of PL Quench Activation Energies
of Three Aqueous Surfactants with Various Nanotube Types

Ea
a (kJ/mol)

nanotube
index (n,m)

diameter
(nm) SDS SDBS SC

(7,5) 0.829 124.1 148.8 86.2
(8,4) 0.840 166.8 102.6 74.8
(10,2) 0.884 124.1 102.3 7.6
(7,6) 0.895 111.3 74.4 43.0
(9,4) 0.916 116.0 71.4 41.9
(10,3) 0.936 81.1 88.8 65.3
(8,6) 0.966 63.7 85.2 25.8
(9,5) 0.976 54.8 84.3 60.3
(12,1) 0.995 78.9 NRb NR
(11,3) 1.014 23.3 NR NR

a Ea ) PL quench activation energy.b NR ) not resolved in the
spectra.
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19.4 kJ/mol, respectively. Surprisingly, the (10,2) nanotube
shows anEa value of only 7.6 kJ/mol, which is more than 50
kJ/mol below the straight-line fit to the diameter dependence.
Note that the (10,2) nanotube is not at the large end of the
diameter distribution, where the diameter dependence would
give rise to weaker binding, but is instead in the middle of the
distribution. Thus, it is clear that SC does a very poor job
stabilizing the (10,2) nanotube, whereas neighboring (8,4) and
(7,6) nanotubes are stabilized withEa values that are at least 6
times larger. We can consider that the (8,4) and (7,6) nanotubes
are “nearly armchair” in configuration and the (10,2) nanotubes
are “nearly zigzag”, but at the present time, we are unable to
articulate a specific geometric relationship between SC and the
three nanotube species that could account for strong binding
for the (8,4) and (7,6) nanotubes and weak binding for the (10,
2) species.

With these phenomenological observations, it is possible to
devise strategies for separating nanotubes from one another in
solution. For example, selective precipitation of large-diameter
species can leave a solution enriched in small-diameter species
(e.g., as in Figure 2). In fact, our findings are fully consistent
with the recent chromatographic purification of the (6,5)
nanotube by Zheng et al., which was achieved using DNA as a
surfactant.26 Examples of other such purifications will be
described in future publications.

In conclusion, we have demonstrated that surfactant desorp-
tion from suspended nanotubes is rate-limiting in the rebundling
process and that the PL quenching due to bundling is first-order
in the concentration of luminescent nanotubes. A relatively
smooth diameter dependence exists for the desorption activation
energy for symmetric surfactants such as SDS and SDBS, with
smaller-diameter nanotubes exhibiting a higher activation energy
in both cases. SC, on the other hand, shows a nanotube-specific
binding superimposed on a weak diameter dependence that is
suggestive of chemical interactions with certain (n,m) species.
A red shift in the emission is interpreted as being due to an
improved accessibility of water to the nanotube surfaces as the
surfactant coating becomes less dense. A detailed understanding
of the geometric and charge-transfer effects that give rise to
specific interactions (or lack thereof) is still required so that
techniques can be developed to sort nanotubes by (n,m) type.
Ideally, a surfactant “tool kit” would be developed so that
species-pure solutions could be obtained in a straightforward
manner from polydisperse, as-produced materials. Work toward
this goal is continuing in our laboratory.
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