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Abstract: Single-walled carbon nanotube (SWNT) bundles are selectively removed from an aqueous
dispersion containing individually suspended carbon nanotubes coated with gum Arabic via interfacial
trapping. The suspensions are characterized with absorbance, fluorescence, and Raman spectroscopy as
well as atomic force microscopy (AFM) and rheology. The resulting aqueous suspensions have better
dispersion quality after interfacial trapping and can be further improved by altering the processing conditions.
A two-step extraction process offers a simple and fast approach to preparing high-quality dispersions of
individual SWNTs comparable to ultracentrifugation. Partitioning of SWNTs to the liquid-liquid interface is
described by free energy changes. SWNT bundles prefer to reside at the interface over individually
suspended SWNTs because of greater free energy changes.

Introduction

Single-walled carbon nanotubes (SWNTs) pack into bundles
because of the strong van der Waals attractive forces.1,2 High-
energy ultrasonication is often used to overcome these forces
to obtain individual SWNTs in solution. However, many
common solvents have insufficient solvation forces to suspend
SWNTs, yielding low degrees of solubility.3 These suspensions
consist of many small bundles and relatively few individual
SWNTs. The difficulties associated with obtaining individually
dispersed SWNTs limits nanotube applications,1,4,5 leading
researchers to develop a multitude of functionalization schemes
to achieve nanotube suspensions.5-8

Noncovalent functionalization routes are preferred in many
applications to preserve the properties of SWNTs. However,
researchers have noted that these approaches yield a solution
containing individual nanotubes as well as nanotube bundles.9

The bundling of nanotubes diminishes the mechanical properties
in nanocomposites since the SWNTs slip past one another under
stress.10 Bundled nanotubes also perturb the electronic structure

of semiconducting SWNTs, quenching their intrinsic fluor-
escence.9,11,12 The conventional method to disperse individual
nanotubes in aqueous solutions is by high-shear homogenization
in various surfactant solutions13,14 followed by ultrasonication
and ultracentrifugation.11 However, ultracentrifugation is a time-
consuming approach to the removal of SWNT bundles. There-
fore, alternative routes to remove bundles from SWNT suspen-
sions are needed for economic, large-scale dispersion.

Recently, we described a simple alternative to ultracentrifu-
gation using liquid-liquid interfaces to remove nanotube
bundles from the aqueous SWNT suspension.15 This technique
has already been combined with density gradient ultracentrifu-
gation16 to significantly improve field-effect transistor perfor-
mance.17 The adsorption of colloidal particles at interfaces was
first characterized by Pickering in 1907.18 These systems have
been used to self-assemble particles at the interface,19,20 to
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separate particles, such as ampicillin and phenylglycine crystal
mixtures in water/alkanol systems,21,22 and to prepare unique
porous structures.23 Pickering systems have also demonstrated
the large-scale separation of bioparticles, achieving efficiencies
greater than centrifugation.24 Wang, Hobbie and co-workers25,26

were the first to show SWNT-based stabilization of emulsions.
Bare nanotubes were used as amphiphobic surfactants that
stabilized toluene/water emulsions for months.25 Later, DNA-
wrapped SWNTs were shown to stabilize emulsions for the
synthesis of colloidal particles.26 Stabilized emulsions were also
seen in length-based separations of functionalized SWNTs.27

More recently, researchers have begun to use SWNT-based
Pickering emulsions for other applications. Asuri et al.28

demonstrated that interfacial SWNTs decreased transport limits
and improved catalytic activity of two-phase reactions leading
toincreasedbioreactivity.Othersusedpolymerizationreactions29,30

or nanotube interactions31 to prepare nanotube capsules for
supports, controlled release capsules,31 and lubricating addi-
tives.23

In this paper, further details are provided on the method and
mechanism of the interfacial trapping process for removing
nanotube bundles from aqueous suspensions. Near-infrared
(NIR) fluorescence, vis-NIR absorbance, and Raman spectros-
copy as well as atomic force microscopy (AFM) and rheology
are used to characterize the SWNT suspensions. New approaches
to improve dispersion quality are also discussed. The suspen-
sions prepared by interfacial trapping have comparable disper-
sion quality to those prepared by ultracentrifugation.

Experimental Section

Dispersion. Nanotube suspensions were prepared with a given
initial mass (typically between 6 and 20 mg) of raw SWNTs (Rice
HPR 145.1) and mixed with 200 mL of an aqueous gum Arabic
(Sigma-Aldrich) surfactant solution13 (1 wt %) to form an initial
concentration of 0.03-0.2 mg/mL. High-shear homogenization
(IKA T-25 Ultra-Turrax) for 1 h and ultrasonication (Misonix
S3000) for 10 min aided dispersion. Control samples were
ultracentrifuged at speeds between 20 000 and 26 000 rpm (Beck-
man Coulter Optima L-80 K) for 4-5 h to remove nanotube
bundles.

Interfacial Trapping. Toluene (Acros, 99%) was added to the
aqueous SWNT suspension to form a two-phase system. The two-
phase system was then shaken vigorously for 30 s to increase
interfacial area. Phase separation occurs within 1-2 min; however,
the solutions were allowed to settle for 30-60 min to ensure that
steady state was achieved for spectroscopy. All experiments were
conducted at an organic to aqueous SWNT suspension volume ratio
of 0.1 unless otherwise indicated.

Characterization. The aqueous phase was carefully removed
after interfacial trapping to prevent further emulsification. The
aqueous phase was characterized by vis-NIR absorbance and NIR
fluorescence spectra using an Applied NanoFluorescence Nano-
spectrolyzer (Houston, TX) with excitation from 662 and 784 nm
diode lasers. A concentrated gum Arabic SWNT suspension was
homogenized and ultrasonicated and then incrementally diluted with
1 wt % gum Arabic solution to determine the linear regions of the
absorbance and fluorescence spectra (Figures S1 and S2 in the
Supporting Information). Raman spectra were recorded using a
Renishaw Invia Bio Raman with excitation from a 785 nm diode
laser. SWNT suspensions were also spin-coated onto mica to collect
AFM images on a Digital Instruments Dimension 3100. Diameter
analysis was then performed using SIMAGIS software.32 A
minimum of 700 nanotubes were measured for statistically relevant
results. The rheology of SWNT suspensions was examined using
an ARES LS-1 strain-controlled rheometer (TA Instruments). A
cone and plate fixture with a diameter of 50 mm and an angle of
0.04 rad was used to measure the steady shear viscosity at rates
between 1 and 100 s-1. As an additional step in preparing the
interfacial trapped samples for rheological characterization, the gum
Arabic solution was initially centrifuged at 26 000 rpm for 30 min
before adding nanotubes. Solutions of gum Arabic, prior to
centrifugation, showed variations in rheology, consistent with other
reports.33,34 The additional processing produced a stable solution
of gum Arabic with a viscosity of 1.68 ( 0.05 cP as measured
over the entire range of shear rates. For rheological characterization,
SWNT suspensions were ultracentrifuged for 2 h to prepare similar
final concentrations for analysis (determined using the extinction
coefficient35,36 and absorbance at 763 nm).

Results and Discussion

Selective Separation of Bundles. After mixing toluene with
a homogenized and ultrasonicated aqueous suspension, the
system forms a homogeneous gray solution of emulsions. An
interphase of emulsions and a bulk aqueous phase forms within
a minute as seen in the inset of Figure 1. Absorbance spectra
of the bulk aqueous phase are shown in Figure 1a. The
homogenized and ultrasonicated sample (control) has high
absorbance due to the concentration of both individual (as
evidenced by the interband transition peaks) and bundled
SWNTs. The absorbance of the suspension has clearly decreased
after interfacial trapping while the spectral features have blue-
shifted and are better resolved. These changes indicate the
removal of nanotubes from the aqueous phase and a higher
fraction of individual SWNTs.37 When the control suspension
is ultracentrifuged, the absorbance of the aqueous phase is
significantly lower demonstrating that ultracentrifugation re-
moves a significant portion of the nanotubes (both bundled and
individual) at the relatively low concentrations used here.

Fluorescence spectra of the aqueous phase are shown in
Figure 1b. For comparison, the spectum after homogenization
and ultrasonication is shown (control) as well as the spectrum
using conventional ultracentrifugation rather than interfacial
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trapping. The spectra show that ultracentrifugation results in a
decrease in fluorescence intensity indicative of the removal of
individual nanotubes. However, the fluorescence intensity after
interfacial trapping increases when compared to the control
sample. It is also important to note that the peak positions for
both the interfacial trapped and ultracentrifuged suspensions are
identical, indicating that the environment surrounding the
nanotube has not changed after mixing with the solvent.

Fluorescence intensities are related to the concentration of
individual nanotubes. Fluorescence spectra also provide a
sensitive probe to the aggregation state of the aqueous phase.11,38

Typically, higher intensity peaks in the spectra indicate better
dispersion quality38 since energy transfer can occur between
adjacent nanotubes in bundles resulting in either intensity
changes or complete quenching of the fluorescence.9,12 This
energy transfer mechanism can also occur between individual
SWNTs. Recently, several groups39-41 have observed that

energy transfer between SWNTs results in fluorescence changes.
The fluorescence intensity of individually suspended SWNTs
may decay as the volume fraction increases as observed in solid
composites.42 Concentrated SWNT suspensions could also
potentially reabsorb emitted photons thereby reducing the
measured emission intensity. However, the dilute initial SWNT
concentration (0.03 mg/mL) is in the linear region of both
fluorescence and absorbance measurements (see Figures S1 and
S2 in the Supporting Information). Therefore, the increase in
fluorescence intensity observed in Figure 1b is likely due to
reduced quenching after interfacial trapping. Removal of nano-
tubes from the solution, especially SWNT bundles that quench
fluorescence, would allow more individual, semiconducting
SWNTs to emit photons, resulting in increased fluorescence
intensities.

SWNT suspensions with a much lower concentration were
used during interfacial trapping (0.005 mg/mL) to test whether
the enhancement of the fluorescence seen in Figure 1 was due
to the removal of SWNT bundles. The lower initial concentra-
tion results in fewer collisions between nanotubes and, thus,
fewer potential quenching events. At these concentrations,
changes to the number of quenching bundles in the suspension
should have a reduced effect on the spectra. Figure 2a shows
that fluorescence at low concentrations has only a slight change
after interfacial trapping, whereas the absorbance in Figure 2b
has diminished significantly. Since the fluorescence remains
relatively constant, the clear decrease in absorbance can only
be attributed to the removal of bundles or other carbonaceous
impurities from the aqueous phase, suggesting that selective
bundle removal occurs.

Dispersion Quality. Quantifying the fraction of individually
suspended SWNTs or bundles in an aqueous solution remains
difficult.38 Rheology,35,38 fluorescence,11,12,38 Raman,38,43 ab-
sorbance,37 and small-angle neutron scattering (SANS)26,38,44,45

have already been successfully used to study the interactions
of surfactant-coated SWNTs in aqueous solutions. Visual
methods such as AFM are also used to obtain qualitative and
quantitative information about the dispersion.32,46 The group
from NIST recommended that multiple techniques be used to
quantify dispersion.38 Several techniques that describe the
dispersion quality of the aqueous suspension after interfacial
trapping are discussed below. A higher initial SWNT concentra-
tion of 0.2 mg/mL was used to investigate the dispersion quality,
and the results are summarized in Table 1.

Parts a and b of Figure 3 show AFM images of the
homogenized and ultrasonicated SWNT suspension compared
to the suspension after interfacial trapping. Corresponding
histograms of nanotube diameters are shown in Figure 3c. As
expected, the homogenized and ultrasonicated SWNT suspen-
sion has many bundled SWNTs and some individually sus-
pended SWNTs (diameters less than ∼3 nm), yielding a broad
diameter distribution with an average of 12.8 nm. After
interfacial trapping, the suspension has significantly fewer
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Figure 1. (a) Absorbance and (b) fluorescence (ex ) 662 nm) spectra for
the interfacial trapping process of gum Arabic-suspended SWNTs using
an initial SWNT mass concentration of 0.03 mg/mL. The control spectra
(black lines) are the SWNTs after homogenization and ultrasonication. The
inset shows the interfacial trapping process in a separatory funnel. The
control sample is then either subjected to ultracentrifugation (green lines)
or interfacial traps (red lines). The fluorescence from specific (n, m) types
are labeled.
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bundled SWNTs and a sharper distribution in diameters with
an average of 4.1 nm. A significant fraction of the population
after interfacial trapping is individually dispersed SWNTs.

The relative intensity of the interband transition peaks in the
absorbance spectra and their width are related to the dispersion
quality.11,37,38 Tan and Resasco37 showed that the resonance
ratio could be used to characterize the fraction of individual
SWNTs in solution. This ratio is calculated by comparing the
area for the resonant band with the nonresonant band (carbon-
aceous impurities and π-plasmon). The interfacial trapping
method shows improved dispersion characteristics and improved
fractions of individually suspended SWNTs.

Figure 4 is the Raman spectra of the SWNT radial breathing
modes (RBMs). The peak at ∼270 cm-1 represents the shift of
(10, 2) nanotubes due to bundling, providing a measure of the
extent of nanotube aggregation.47 The homogenized and ultra-
sonicated suspension has a very intense aggregation peak in
comparison to the (11, 3) nanotubes at ∼234 cm-1. As seen in
Figure 4 and Table 1, the ratio of these peaks drops dramatically
after interfacial trapping, indicating removal of bundled SWNTs.

Figure 5 compares the steady values of the shear viscosities
for the three different SWNT suspensions. The viscosity of all
systems nearly matches at the highest shear rate of 100 s-1,
demonstrating that the small difference in concentration across

the three systems has a limited impact on the results. Differences
in the rheology are apparent at lower shear rates. Except for
the lowest shear rate, the control sample has a nearly constant
viscosity as a function of shear rate. The ultracentrifugation and
interfacial trapping methods produce samples that shear thin.
The decrease in viscosity with increasing shear rate is more
pronounced for the ultracentrifugation sample but agrees within
measurement error with the result from the sample prepared
using interfacial trapping. The favorable comparison implies that
our method produces a suspension of nanotubes similar in flow
characteristics, and hence dispersion quality, to the ultracen-
trifugation method.

The fluorescence intensity provides a measure of the con-
centration of individually suspended SWNTs but does not
account for variations in total concentration (i.e., fraction of
individual SWNTs). On the other hand, the absorbance provides
an overall measure of the entire ensemble of individual and
bundled SWNTs, providing a means of normalizing the
fluorescence intensity. The ratio of fluorescence to absorbance
(F/A), therefore, is another measure of dispersion quality. This
ratio should be the most relevant measurement to many
applications since it is related to the quantum yield of the
nanotube suspension. Note that this ratio is not a quantitative
measure of the fraction of individual SWNTs and it should only
be used to compare dispersion characteristics between samples.
In this study, the intensity from the (7, 6) nanotube is used and
divided by the absorbance at the excitation wavelength (662
nm). The decrease in absorbance and increase in fluorescence
cause the F/A ratio to improve after interfacial trapping as shown
in Table 1.

Improving Separation Effectiveness. In summary, the SWNT
suspension resulting from a single-step interfacial trapping
process has improved dispersion quality in comparison to
homogenized and ultrasonicated suspensions as shown in Table
1. SWNT dispersions prepared by ultracentrifugation have
higher dispersion quality, but one of the benefits of the interfacial
trapping method is that the process can be easily adjusted to
change separation efficiency. Figure 6 shows the variation of
fluorescence emission intensity of the most prominent (7, 6)
nanotube type in the spectra as a function of the volume ratio
of toluene to the aqueous SWNT suspension (R ) Vtoluene/
Vaqueous). As seen in Figure 6a for an initial SWNT mass
concentration of 0.03 mg/mL, higher fluorescence intensity is
observed for R g 1. The higher conductivity of the solution
when R > 1 suggests that water-in-oil (w/o) emulsions are
formed, whereas oil-in-water (o/w) emulsions are seen for R <
1. It is also seen that the fluorescence intensity is always greater
than the control for initial mass loadings of 0.03 mg/mL. Figure
6b shows the fluorescence intensity from an initial mass loading
of 0.005 mg/mL of SWNTs. As can be seen in the figure, the
emission intensity tends to be lower than the control for o/w
emulsions, whereas w/o emulsions show relatively constant
intensity. The same trends are seen for other emission peaks
and other initial mass loadings (not shown).

Although the fluorescence intensity changes are relatively
minor, the changes to the absorbance spectra in Figure 7a are
significant. The absorbance spectra for all volume ratios has
decreased significantly after interfacial trapping when compared
to the control sample in Figure 1. The interband transition peaks
are noticed for all aqueous solutions, indicating good dispersion.
The absorption decreases steadily as the volume ratio is reduced
and the system shifts from w/o to o/w emulsions. The lowest
absorption intensities are seen for o/w systems at a volume ratio
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Figure 2. (a) Absorbance and (b) fluorescence (ex ) 662 nm) spectra of
SWNTs at a concentration of 0.005 mg/mL. The control spectra (black lines)
are the SWNTs after homogenization and ultrasonication. The control sample
is then subjected to interfacial traps.
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of R ) 0.5. Figure 7b plots the F/A ratio as a function of the
volume ratio. Higher F/A ratios are seen for o/w systems when
compared to w/o systems indicating that a higher fraction of
individual nanotubes are suspended in o/w systems via inter-
facial trapping.

To further improve the quality of the suspensions, a second
interfacial trapping step was introduced. The SWNT suspension
was first mixed with toluene at a volume ratio of R ) 0.1 since
o/w emulsions were the most effective at removing bundled
nanotubes from the aqueous phase. The aqueous phase was
separated from the oil and interphase and then mixed again with

toluene at a volume ratio of R ) 0.1. As seen in Figure 8a, the
second interfacial trap has little effect on the fluorescence
intensity. However, the absorbance spectrum shown in Figure
8b has decreased significantly, resulting in significant changes
to the fraction of bundled SWNTs (see Figure S3 in the
Supporting Information). The Raman aggregation peak has also
shown further improvement after the second interfacial trapping

Table 1. Dispersion Quality Comparison of Aqueous SWNT Suspensions

aqueous suspension

analysis control interfacial trapping ultracentrifugation two-step interfacial trapping

fluorescence intensity weak strong strong strong
absorbance features broad peaks blue-shifted and resolved peaks blue-shifted and resolved peaks blue-shifted and resolved peaks
resonant ratioa 0.0118 0.0397 0.0486 0.0406
diameter distributionb 12.8 ( 11.9 nm 4.1 ( 3.7 nm
Raman aggregation ratioc 0.7265 1.1868 1.8860 1.5952
F/A ratiod 0.0135 0.2300 0.5234 0.6077

a Calculation based on peak near 660 nm. b Distribution determined from AFM and SIMAGIS image analysis. c Calculation based on intensity from
(11, 3) nanotubes and aggregation peak (∼270 cm-1). d Calculation based on fluorescence intensity from (7, 6) nanotubes and absorbance at 662 nm.

Figure 3. AFM images of gum Arabic SWNT suspensions after (a)
homogenization and ultrasonication and (b) after bundle removal by
interfacial trapping. (c) Histogram of nanotube diameters measured from
the AFM images. The suspension was prepared from an initial concentration
of 0.2 mg/mL raw SWNTs.

Figure 4. Normalized Raman spectra of the RBMs (ex ) 785 nm) for
gum Arabic-suspended SWNTs after homogenization and ultrasonication
(black line), interfacial trapping (red line), and ultracentrifugation (green
line). The suspension was prepared from an initial concentration of 0.2 mg/
mL raw SWNTs.

Figure 5. Steady values of the shear viscosities for the gum Arabic-
suspended SWNTs produced after homogenization and ultrasonication
(control), interfacial trapping, and ultracentrifugation. The suspensions were
prepared at similar concentrations to enable comparison. The final concen-
tration of the control, interfacial trapping suspension, and ultracentrifuged
samples were 0.02, 0.026, and 0.025 mg/mL, respectively.
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step as shown in Figure 8c. It is important to note that changes
to both Raman and absorbance spectra without changes to the
fluorescence provide strong evidence that the interfacial trapping
process is highly selective in the removal of bundled SWNTs
from the aqueous phase. Table 1 summarizes the dispersion
quality measurements for the two-step interfacial process
compared to ultracentrifugation. As seen in the table, interfacial
trapping shows better dispersion than ultracentrifugation by the
F/A ratio and comparable dispersion quality when characterized
by Raman and absorbance spectra.

Interfacial Trapping Mechanism. Figure 9 shows a conceptual
diagram of the overall two-phase interfacial trapping process based
on experimental observations. First, nanotubes are homogenized
and ultrasonicated in a surfactant solution resulting in a suspension
that contains both individually dispersed and bundled SWNTs. An
immiscible organic solvent is added to the aqueous suspension
forming a two-phase system. This two-phase system is then mixed
resulting in emulsions (either o/w or w/o depending on the volume
ratios) as shown previously.15 SWNT bundles preferentially adsorb
at the emulsion interface when mixed. The emulsions then coalesce
into a continuous phase with some emulsions being stabilized by
the SWNT bundles. Finally, phase separation into an organic phase,
an interphase of stabilized emulsions, and a transparent aqueous
phase allows easy collection of the individually suspended SWNTs.

Although bundled nanotubes have been removed from the
aqueous phase at all volume ratios (see Figures 6 and 7), the
slight decrease in emission intensity for o/w systems indicates
that individual SWNTs are removed from the aqueous phase.
This conclusion is also confirmed by correcting the absorbance
spectra for the nonresonant background (Figure S4 in the
Supporting Information). This data suggests that o/w emulsions
are more effective in removing nanotubes from the aqueous
suspension. The preferential adsorption of hydrophilic silica
particles in o/w emulsions was also seen by Binks and
co-workers.48,49 Adjusting the hydrophilicity of the particles had
significant effects on the contact angle and their ability to
stabilize the emulsions. The individual and bundled nanotubes
are coated with hydrophilic surfactants also providing better
stabilization of o/w emulsions and, hence, removal from the
aqueous phase. In contrast, individual, gum Arabic-coated
nanotubes do not seem to stabilize w/o interfaces as effectively
which results in nanotube bundles being the primary constituent
of the interface. This could indicate that the system contains a
small fraction of uncoated (hydrophobic) or poorly coated
nanotube bundles that stabilize w/o emulsions.

Selective partitioning of SWNT bundles to the interface can
be understood by describing the initial driving force of a single

(48) Binks, B. P.; Lumsdon, S. O. Langmuir 2000, 16, 8622.
(49) Binks, B. P.; Clint, J. H. Langmuir 2002, 18, 1270.

Figure 6. Fluorescence emission intensity fluctuations of the (7, 6) nanotube
as a function of the volume ratio (R). The sample was prepared from an
initial mass concentration of (a) 0.03 or (b) 0.005 mg/mL raw SWNTs.
Excitation is at 662 (9) and 784 nm (2). Conductivity measurements suggest
the formation of oil-in-water (o/w) emulsions (shaded area) for R < 1 and
water-in-oil emulsions (w/o) for R > 1. The dashed lines represent the
fluorescence spectra for the suspension after homogenization and
ultrasonication.

Figure 7. (a) Absorbance spectra of gum Arabic-suspended SWNTs and
(b) fluorescence to absorbance ratio fluctuations as a function of the volume
ratio (R). The fluorescence intensity was measured for the (7, 6) nanotube
and divided by the absorbance at the excitation wavelength (dashed line at
662 nm). The suspension was prepared from an initial concentration of
0.03 mg/mL raw SWNTs.

14726 J. AM. CHEM. SOC. 9 VOL. 130, NO. 44, 2008

A R T I C L E S Wang et al.

http://pubs.acs.org/action/showImage?doi=10.1021/ja804982b&iName=master.img-005.jpg&w=221&h=341
http://pubs.acs.org/action/showImage?doi=10.1021/ja804982b&iName=master.img-006.jpg&w=211&h=336


nanotube by free energy minimization. These simple models
do not account for entropic or kinetic effects but have described
interfacial assembly of nanoparticles as small as 2.8 nm.19,24,48-50

Initially, the nanotubes are dispersed in the aqueous phase as
shown in Figure 10a. If both individual and bundled SWNTs
are transferred to the oil-water interface upon mixing, the
nanotubes will have a contact angle θ measured into the aqueous
phase (see Figure 10b). On the basis of experimental evidence29

and calculations,20 SWNTs are expected to orient parallel to

the interface. Therefore, the decrease in interfacial area for
inserting a cylindrical particle of radius (RSWNT or Rbundle) and
length (L) between the oil and water phases is given by the
expression, ∆Aow ) 2RL sin θ, as shown in Figure 10b. The
position of the SWNT at the interface depends on the contact
angle and results in a loss of particle interactions with the
aqueous phase as well as increased interactions with the oil
phase. If the interface is assumed planar and the weight of the
nanotube is ignored, the energy change upon inserting the
nanotube at the interface is

∆E) 2πRL( 2θ
360°)(γpo - γpw)- 2RLγow sin θ (1)

where γpo, γpw, and γow are the interfacial tensions at the
particle-oil, particle-water, and oil-water interface, respec-
tively. If ∆E is negative as expected for hydrophilic particles,
the particle will be in a stable position at the interface.
Substituting Young’s equation, γpo - γpw ) γow cos θ, into eq
1, the energy change for inserting a nanotube at the oil-water
interface is

∆E) 2RLγow[ πθ
180° cos θ- sin θ] (2)

The contact angle will be similar for individual and bundled
nanotubes because of their similar hydrophilicity, and γow is
fixed in the system. Therefore, in aqueous SWNT suspensions,(50) Manoharan, V. N. Solid State Commun. 2006, 139, 557.

Figure 8. (a) Fluorescence (ex ) 662 nm), (b) absorbance, and (c) Raman
RBM spectra (ex ) 785 nm) of gum Arabic-suspended SWNTs for one-
step and two-step interfacial trapping separations compared to ultracen-
trifugation. The suspensions were prepared from an initial concentration of
0.2 mg/mL raw SWNTs.

Figure 9. Overall process of removing SWNT bundles from aqueous
suspensions via liquid-liquid interfaces. Prior to interfacial trapping, the
raw SWNTs are first homogenized with a high-shear mixer and ultrasoni-
cated to coat SWNTs with surfactant (not shown), resulting in a mixture of
individually suspended SWNTs and SWNT bundles. (a) Toluene is added
to the aqueous phase and mixed to form emulsions, (b) SWNT bundles are
trapped at the emulsion interfaces, (c) creaming and coalescence of
emulsions separates the bundled SWNTs, and (d) SWNT bundles are
removed from the bulk aqueous fluid.
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the change in energy of inserting a particle at the interface
depends on R and L. As seen in eq 2, the energy is minimized
when particles with larger radius and length are at the interface.
For example, it is estimated that ∆E is approximately -200kT
for an individual nanotube and -4500kT for a bundle of the

same length containing 7-10 nanotubes. Note from eq 2 that
longer SWNTs will be preferentially removed from the suspen-
sion. Therefore, these estimates for ∆E are likely the minimum
initial driving force since bundles have lengths longer than
individual nanotubes. These calculations are in agreement with
the experimental results presented above as well as the results
of Yi et al.,31 which showed reduced emulsion stabilization for
short-length multiwalled nanotubes. The relatively large negative
free energy indicates that both individual and bundled SWNTs
prefer to reside at the interface. This explains why o/w emulsions
showed decreases in fluorescence intensity in Figure 6b and
fewer individual SWNTs in the corrected absorbance (see
Figures S3 and S4 in the Supporting Information). On the other
hand, there will be a competition for the limited interfacial sites
in systems with high initial concentration, where the bundles
will be preferred because of the greater driving force.

Conclusion

SWNT bundles can be removed from an aqueous suspension
of individual SWNTs by interfacial trapping. This technique
offers a simple route to achieve large-scale production of
aqueous SWNT suspensions. The significant decrease in ab-
sorbance intensity and the Raman aggregation peak combined
with increases in fluorescence intensity suggests that nanotube
bundles are selectively removed from the aqueous suspension.
Although the quality of SWNT dispersions of a single interfacial
trapping step is lower than that of the established ultracentrifu-
gation method, different processing conditions and multiple
extraction steps improve the dispersion quality, making it
comparable to ultracentrifugation. A simple model is developed
to describe the changes in free energy and helps explain why
SWNT bundles preferentially exist at the interface, yielding
effective separations.
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Figure 10. Adsorption process of an individual or bundle of nanotubes at
the interface of the oil and water phases. (a) Prior to interfacial trapping,
individual or bundled nanotubes are dispersed in the aqueous phase. After
mixing, the nanotubes assemble at the interface. (b) Diagram showing the
end of a nanotube at the interface where R is the radius of an individual or
bundled nanotube and θ is the contact angle measured into the water phase.
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