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ABSTRACT: The dispersion of single wall carbon nanotubes (SWNTs) in solvents and their processability are
of importance for various practical applications of SWNTs but have not been fully achieved yet. Here, we report
the homogeneous and stable dispersion of individually isolated SWNT in alcohols using surfactant-aided
noncovalent functionalization. This is the first utilization of surfactants for the dispersion of SWNTs in alcohols.
The functionalized SWNT (p-SWNTs) were fabricated by in-situ free radical polymerization of cationic surfactants,
cetyltrimethylammonium 4-vinylbenzoate, covering the surface of SWNTs in water, followed by freeze-drying
to obtain in powder form. The p-SWNTs are highly dispersible in alcohols such as ethanol, methanol, 1-butanol,
and 1-propanol by simple vortex mixing or mild sonication and mostly exist as individually isolated nanotubes.
The in-situ microstructures of the p-SWNTs dispersed in alcohols were measured with small-angle neutron
scattering, which shows an encapsulation of SWNTs with a swollen polymerized surfactant layer. After the p-SWNT
dispersions in alcohols were completely dried, the p-SWNTs are still readily redispersible in alcohols, indicating
good stability of the polymerized surfactant monolayer of p-SWNTs in alcohols.

Introduction

Single wall carbon nanotubes (SWNTs) have been of great
interest for their remarkable electrical, thermal, and mechanical
properties and a wide range of potential applications1 including
nanoscale electronic devices,2 energy storage,3 and reinforce-
ment for materials.4 In spite of the extraordinary promises,
however, there are still many remaining issues to be solved for
practical application. For many applications, dispersing indi-
vidually isolated SWNTs in organic or aqueous solvents is
essential. Because of their strong hydrophobicity and van der
Waals attractions,5 however, the SWNTs are not soluble in
aqueous or organic solvents and exist as bundles rather than
individually isolated nanotubes, preventing high-quality solution
processing of SWNTs. To overcome these problems, many
different ways of covalent6 or noncovalent7–13 functionalization
of SWNT surfaces have been investigated. For the dispersion
of SWNTs in organic solvents, covalent functionalization, which
utilizes functional groups that are easily soluble in the organic
solvent of interest, is more popular than noncovalent methods.
For example, covalent modifications are achieved by sidewall
halogenations of carbon nanotubes, cycloadditions reaction with
carbene or nitrene, grafting of polymers on the carbon nanotube
surface, or electrochemical reaction with radicals.6 However,
covalent methods are often problematic because the intrinsic
properties of SWNTs such as mechanical strength and electrical
conductivity can be degraded by the disruption of the π-net-
works in SWNTs.14 On the other hand, for dispersion in aqueous
solvents, noncovalent functionalization methods that utilize the
hydrophobic interactions of amphiphilic molecules such as
surfactants,7 polymers,8 and biomolecules9 are more frequently
used than covalent methods. One advantage of noncovalent
methods is that they do not disturb the π-networks of SWNTs,
preserving the intrinsic properties of SWNTs. There are a few
examples of noncovalent functionalization methods that utilize
π-stacking interactions of polynuclear aromatic compounds,10

conjugated polymers,11 porphyrins,12 and pyrene derivatives13

with SWNTs for dispersion in organic solvents. However, the
noncovalent methods that utilize amphiphilic molecules are not
applicable for the dispersion of SWNTs in organic solvents
because most amphiphilic molecules do not form micellar
aggregates or do not dissolve in organic solvents and hence
cannot coat the surface of SWNTs.

Here, we have investigated SWNT dispersion in alcohols
using a surfactant-aided noncovalent functionalization method
which provides homogeneous and stable dispersion of isolated
SWNTs with long time stability. The alcohols investigated in
this study include methanol, ethanol, 1-butanol, and 1-propanol
which are polar protic organic solvents. The homogeneous and
stable SWNT dispersions in alcohols were prepared by an in-
situ polymerization of micelles which has been successfully
applied for the dispersion of SWNTs in water.15 This method
consists of (1) dispersion of SWNTs in water by using cationic
surfactants that have polymerizable counterions, (2) permanent
fixation of the surfactant monolayer on the SWNTs by in situ
free-radical polymerization of the counterions (but no covalent
bonding between the dispersants and SWNTs), and (3) freeze-
drying of the dispersion to obtain a powder of functionalized
SWNTs. It is remarkable that the SWNTs functionalized by this
method (p-SWNTs) are highly dispersible in the alcohols as
well as water by a few minutes of mild vortex mixing or a few
seconds of mild sonication. Furthermore, after the SWNT
dispersions in alcohol are completely dried, they can be readily
redispersed. These advantages make a wide range of solution
processing of SWNTs possible and may provide new opportuni-
ties for applications. To our knowledge, this is the first
demonstration of surfactant-aided noncovalent functionalization
of SWNTs for dispersion in alcohols.

Experimental Section

Cetyltrimethylammonium hydroxide (CTAOH) and 4-vinylben-
zoic acid (VBA) were purchased from Aldrich. The water-soluble
free-radical initiator VA-044 (2,2′-azobis[2-(2-imidazolin-2-yl)pro-
pane] dihydrochloride) was purchased from Wako Chemicals. D2O
(99.9 mol % deuterium enriched), d-methanol (100 mol % deu-
terium enriched), d-ethanol (99 mol % deuterium enriched), and
d-1-butanol (98 mol % deuterium enriched) were purchased from
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Cambridge Isotope Laboratory. Superpurified HiPco single wall
carbon nanotubes (purity >98 wt %) were purchased from Carbon
Nanotechnologies Inc. Tetrahydrofuran (>99.9%, THF) and chlo-
roform (>99.6%) were purchased from Merck. N,N-Dimethylfor-
mamide (guaranteed reagent, DMF), 1-butanol (Extra pure),
1-propanol (Extra pure), and xylene (guaranteed reagent) were
purchased from JUNSEI Chemical Co., Ltd. Ethanol (Extra pure),
methanol (Extra pure), and acetone (Extra pure) were purchased
from DC Chemical Co., Ltd. Toluene (>99.8%) was purchased
from Sigma-Aldrich. H2O was purified by a Millipore Direct Q
system immediately before use. Cetyltrimethylammonium 4-vinyl-
benzoate (CTVB) was synthesized by neutralization of VBA in the
presence of a slight stoichiometric excess of CTAOH followed by
repeated crystallization. The detailed procedure is described else-
where.16

HiPco SWNTs (2 mg/mL) were mixed with the cationic
surfactant, cetyltrimethylammonium 4-vinylbenzoate (CTVB, 5 mg/
mL) containing a polymerizable counterion, in heavy water (D2O)
and sonicated (Cole-Parmer VCX750, 20 kHz, 750 W) for 1 h at
60 °C. After sonication, the counterions of CTVB were polymerized
by using the free radical initiator VA-044 at a polymerization
temperature of 60 °C. The free radical polymerization of the
counterions was verified by NMR measurement in D2O.15 To
separate the individually isolated SWNTs, the suspension was
ultracentrifuged at ∼111000g for 4 h (Beckman XL-100), and the
upper ∼70% of the solution was decanted.17 The decanted p-SWNT
dispersion in water was freeze-dried at -55 °C for 3 days, resulting
in a black powder of p-SWNT. A schematic of this preparation is
shown in Figure 1.

UV-vis-NIR measurements (Jasco V-570 model) were carried
out using quartz cells with 2 mm path length at room temperature.
From the absorbance at 744 nm the concentration of SWNT (0.073
mg/mL) in the decanted p-SWNT dispersions was evaluated by
Beer’s law.7c,18 This indicates that the fraction of the SWNT
recovered after ultracentrifugation was ∼2.5% of the total SWNTs
in the mixture. Reference solutions of SWNT were prepared at
known concentrations in the range of 0.001-0.02 mg/mL. The
absorbance of the reference solution of SWNT increased linearly
with the concentration of SWNT.

The mass ratio of CTVB and SWNT in the p-SWNT powder
was measured by thermogravimetric analysis (TGA, TA Instru-
ments, SDT Q600). The p-SWNT powders were heated from
ambient temperature to 800 °C at a heating rate of 5 °C/min under
nitrogen. Together with the SWNT concentration evaluated by
Beer’s law, this ratio was used to estimate the concentration of
CTVB (1.18 mg/mL) in the decanted p-SWNT dispersions.

Atomic force microscopy (AFM) measurements were performed
using a VEECO AFM instrument (Nanoman, SECPM) in tapping
mode. The p-SWNT dispersions in alcohols for AFM measurements
were deposited on silicon wafers by spin-coating at 4000 rpm for
1.5 min. The bare SWNT sample was obtained by calcining
p-SWNTs (previously deposited by spin-coating on a silicon wafer)
at 330 °C for 4 h to remove the CTVB monolayer.

To characterize the microstructure of the p-SWNT in d-1-butanol
and D2O, small-angle neutron scattering (SANS) measurements
were performed on the NG7 30m SANS instrument at the National
Institute of Standard and Technology (NIST) in Gaithersburg,
MD.19 Neutrons of wavelength λ ) 6 Å with full width at half-
maximum ∆λ/λ ) 11% were used. Two different sample to detector
distances (SDD ) 1.1 and 13.5 m) were used to cover the overall
q range of 0.0033 Å-1 < q < 0.5548 Å-1, where q ) (4π/λ) sin(θ/
2) is the magnitude of the scattering vector and θ is the scattering
angle. Sample scattering was corrected for background and empty
cell scattering, and the sensitivity of individual detector pixels. The
corrected data sets were placed on an absolute scale using the data
reduction software provided by NIST20 through the direct beam
flux method. All the SANS measurements were carried out in
deuterated solvents at 25 °C.

Results and Discussion

The UV-vis-NIR measurements of the decanted SWNT
dispersion in water show sharp van Hove transitions which
indicate the presence of individually isolated SWNTs in
solutions (Figure 2c).17 The dispersibility of the freeze-dried
p-SWNT powder in various organic solvents, including polar
(protic and aprotic) and nonpolar organic solvents, was tested
at the same concentration as that before freeze-drying (0.073
mg/mL). The p-SWNT powder was remarkably well dispersed
in alcohols such as ethanol, methanol, 1-butanol, and 1-propanol
(which are polar protic solvents) by only a few minutes of mild
vortex mixing, without showing any visible aggregates (Figure
2a). They were stable more than 1 month, showing long time
stability. For comparison purposes, the SWNT dispersions in
alcohols with unpolymerized CTVB were tested by sonicating
the mixture of SWNTs and CTVB molecules in alcohols. In
this case, all SWNTs were precipitated at the bottom of vials
as expected (Supporting Information). The UV-vis-NIR
absorption spectra of p-SWNT in alcohols and water show sharp
van Hove transition peaks (Figure 2c),17 indicating excellent
dispersibility of the p-SWNTs in alcohols. Since the p-SWNTs
can be prepared in powder form and have good dispersibility,

Figure 1. Schematic view of the procedure to fabricate p-SWNT.
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it is very convenient to prepare samples of various concentra-
tions of isolated SWNTs in alcohols. In ethanol, the SWNT
concentration of as high as 1 mg/mL was easily achieved
without forming any visible aggregates (Supporting Informa-
tion). On the other hand, the p-SWNT powder was not dispersed
in polar aprotic organic solvents such as DMF, THF, and acetone
and in nonpolar organic solvents such as toluene, chloroform,
and xylene, forming aggregates at the top or bottom of vials
even after additional sonication processing (Figure 2b). While
the p-SWNT powder is not dispersible in polar aprotic organic
solvents forming precipitates immediately, it becomes dispers-
ible to a certain extent if some water is added to the polar aprotic
organic solvents. When a mixture of THF:water (with volume
ratio of 10:1 or 1:1) was used as an solvent, the p-SWNT powder
was easily dispersed with a few minutes of mild vortexing as
was the case for pure water or alcohols, without forming any
visible aggregates. However, the dispersions start to show signs
of aggregates after about 1 h (for 10:1) to a few days (1:1) and
eventually precipitate.

The different dispersibility of p-SWNTs in three different
types of solvents can be understood in terms of the interactions
between the polymerized CTVB surfactant monolayer of
p-SWNTs and the solvents. The alcohols form hydrogen bonds
to the polymerized counterions and headgroup of CTVB,
enhancing the dispersion of p-SWNTs. On the other hand, polar
aprotic and nonpolar organic solvents, which do not provide
hydrogen bonding, cannot dissolve CTVB molecules, preventing
the dispersion of p-SWNTs.21

The redispersibility of p-SWNTs in various alcohols was
tested by visual inspection and UV-vis-NIR spectra measure-
ments. The p-SWNTs dispersed in alcohols were dried for 4 h
in vacuum at 30 °C, resulting in p-SWNT powder. It was
remarkable that the dried p-SWNT powder was easily redis-
persed in various alcohols by only a few minutes of mild
vortexing or a few seconds of mild sonication. For comparison
purposes, the concentrations of the redispersed p-SWNTs were
kept the same as that of thep-SWNT dispersion before drying
(0.073 mg/mL). The redispersed p-SWNTs did not form any
visible aggregation and showed very long time stability (>6
months). The UV-vis-NIR spectra of the redispersed p-SWNT
in alcohols showed sharp van Hove transition peaks which are
essentially identical with those of the p-SWNT dispersions
before drying (Supporting Information). These clearly indicate
excellent redispersibility of the p-SWNTs in alcohols. It is
notable that when p-SWNTs in polar aprotic or nonpolar organic
solvents (which formed large aggregates) were dried, the

resulting p-SWNT powder was still highly redispersible in
alcohols. This indicates that the integrity of the polymerized
surfactant monolayer of p-SWNTs is maintained even after
unsuccessful dispersion in polar aprotic and nonpolar organic
solvents.

To characterize the dispersion quality and the microstruc-
ture of encapsulating CTVB layer of p-SWNTs, atomic force
microscopy (AFM) measurements were performed. The
p-SWNTs dispersed in various alcohols were spin-coated onto
silicon wafers. The diameter distributions of bare SWNTs
(obtained by calcining p-SWNTs at 330 °C for 4 h to remove
CTVB molecules) that had been dispersed in ethanol,
methanol, 1-butanol, and 1-propanol were obtained from
tapping mode AFM images (Figure 3). All the diameter
distributions are highly peaked at 1 ( 0.1 nm, and more than
90% of each diameter distribution is below 2 nm. Considering
that the diameter of HiPco SWNTs used in this study is ca. 1
nm, this clearly indicates that most of the p-SWNTs are
dispersed in alcohols as an isolated form without bundling. The
results also indicate that the dispersibility of p-SWNTs at this
concentration is essentially the same for all the alcohols tested
in this study. The diameter distribution of p-SWNTs (without
calcination), which had been dispersed in ethanol, is highly
peaked at 5 ( 0.1 nm, and more than 90% of the distribution
is in the range of 4.4-5.4 nm (Figure 3a). Considering that the
stretched chain length of CTVB is 2.18 nm and the radius of
SWNT is ca. 0.5 nm, this result indicates that SWNTs are
encapsulated with a monolayer of polymerized CTVB, and the
integrity of the CTVB monolayer on SWNTs is maintained in
alcohols.

To understand the in-situ encapsulation structures of p-
SWNTs in alcohols and water, small angle neutron scattering
(SANS) measurements were performed (Figure 4a,b). For all
the samples, deuterated solvents were used to enhance the
neutron scattering contrast. The p-CTVB and p-SWNT were
prepared in dilute conditions so that the interparticle interference
can be safely ignored in SANS data analyses. The scattering
length densities (SLDs) of CTVB, SWNT, D2O, and d-1-butanol
are 0.35 × 10-6, 4.9 × 10-6, 6.33 × 10-6, and 6.52 × 10-6

Å-2, respectively. As representative data, the SANS intensities
of p-CTVBs and p-SWNTs in d-1-butanol are compared with
those of p-SWNTs in D2O (Figure 4a,b). For p-SWNTs in d-1-
butanol or in D2O, the SANS intensities in the low-q region
show nearly q-1 behavior, which is typical for individually
isolated SWNTs dispersed in solution without forming any
aggregates or network.22 This indicates that the quality of SWNT

Figure 2. (a) Visual comparison of the dispersibility of p-SWNT in alcohols and water. Photos were taken 2 months after dispersion. (b) Visual
comparison of p-SWNT dispersed in polar aprotic organic solvents (acetone and DMF) and nonpolar organic solvents (chloroform, toluene, and
xylene). (c) UV-vis-NIR absorption spectra of p-SWNT in various solvents. The absorption spectra are vertically shifted for visual clarity.
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dispersion in d-1-butanol is as good as that in D2O. However,
the scattering amplitude of p-SWNTs in d-1-butanol is much
lower than that of p-SWNTs in D2O. Considering that the

neutron scattering length densities of d-1-butanol and D2O are
very similar, the large difference in the scattering amplitude
cannot be explained by a small change of neutron scattering

Figure 3. (a) Diameter distributions of bare SWNT (calcined p-SWNT) in various alcohols and p-SWNT in ethanol. (b) AFM images and sectional
analysis of bare SWNT (calcined p-SWNT) and p-SWNT in ethanol. The scale bar is 500 nm.

Figure 4. (a) SANS intensities and the model fits of p-CTVB (1.9 mg/mL) in D2O and d-1-butanol. (b) SANS intensities and the model fits of
p-SWNT in D2O (SWNT 0.030 mg/mL and CTVB 0.90 mg/mL) and d-1-butanol (SWNT 0.053 mg/mL and CTVB 1.38 mg/mL). The sum model
forp-SWNT in D2O is the sum of cylinder and core-shell cylinder. The modified sum model for p-SWNT in d-1-butanol is the sum of core-shell
cylinder and core-double-shell cylinder that considers the swelling with d-1-butanol. (c) Schematic view of the models for p-CTVB and p-SWNT
in D2O and d-1-butanol.
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contrast without any change of encapsulation structure. This
indicates that the in-situ surfactant encapsulation structure of
p-SWNTs in d-1-butanol is different from that in D2O.

The SANS intensity of p-CTVB alone in D2O was success-
fully analyzed using a cylindrical form factor with a radius of
2 nm and a length of 40 nm (Figure 4a), where the radius of 2
nm is consistent with the chain length of CTVB (2.18 nm).
However, the SANS intensity of p-CTVB alone in d-1-butanol
was not reproduced by a cylindrical form factor. In the high-q
region which is sensitive to the cylinder cross section of
p-CTVB, the simple cylinder model was a poor fit to the SANS
data (Supporting Information). Since the CTA+ surfactant tails
are soluble in d-1-butanol, the micelle core is not strongly
solvophobic. It is possible, then, that the p-CTVB particles may
be swollen by d-1-butanol and some of CTA+ may leach from
the CTA+ core confined by the polymerized counterion chains.
Because of Coulomb interactions with the negatively charged
polymerized counterion chains, the leached CTA+ will remain
near to the outer surface of p-CTVB (Figure 4c). To represent
the p-CTVBs alone in 1-butanol, therefore, we used the
core-shell cylinder model. The core-shell cylinder model
shows good agreement with the SANS intensity of p-CTVB in
d-1-butanol (including the high-q region), resulting in a core
radius of 1.65 nm (SLD ) 1.7 × 10-6 Å-2), a shell thickness
of 3.2 nm (SLD ) 6.35 × 10-6 Å-2), and a length of 36 nm.
The volume fraction of swollen p-CTVB was 0.0088. It should
be noted that the SLD of the d-1-butanol-swollen core is much
larger than the SLD of pure CTVB (0.35 × 10-6 Å-2) and the
SLD of the shell is slightly lower than the SLD of pure d-1-
butanol (6.52 × 10-6 Å-2), which indicates that d-1-butanol
entered into the core of p-CTVB micelles and that some of the
hydrogenated CTA+ (leached from the core of p-CTVB) is
attached to or near the p-CTVB surface. The apparent core
radius (1.65 nm) of p-CTVB in d-1-butanol is slightly smaller
than the radius (2 nm) of p-CTVB in D2O. This may be due to
the preferential distribution (due to hydrogen bonding) of d-1-
butanol near the headgroup of CTA+, which makes the
headgroup region of the micelles nearly invisible to SANS. The
fitted dimensions of p-CTVB alone in d-1-butanol were used
for the SANS analysis of p-SWNT dispersion in d-1-butanol.

In our previous study, we successfully analyzed the SANS
intensity of the p-SWNT dispersion (which contains p-CTVB
as well) in D2O by using a sum of two models, a core-shell
cylindrical form factor and a cylindrical form factor, to describe
the p-SWNT and free p-CTVB, respectively (Figure 4b,
Supporting Information), resulting in a core radius of 0.5 nm
(the radius of SWNT) and a shell thickness of 2.0 nm (the
cylindrical surfactant monolayer on SWNT). These results were
confirmed by AFM image analysis.15 As was the case for the
p-CTVB alone in d-1-butanol, however, the SANS intensity of
p-SWNT in d-1-butanol could not be analyzed by the same sum
of models as used for the p-SWNT dispersion in D2O. We
expect that the polymerized surfactant layer of p-SWNT is also
swollen by d-1-butanol as it was for the p-CTVB alone in d-1-
butanol. Therefore, the p-SWNT dispersion in d-1-butanol was
modeled as a sum of two models, a core-double-shell cylinder
(core and two layers of shell) and a core-shell cylinder, to
describe the p-SWNT and free p-CTVB, respectively (Support-
ing Information), which shows good agreement with the SANS
intensity (Figure 4b). The core radius and shell thickness of
the core-shell cylinder (p-CTVB) and their SLDs were fixed
as the values obtained from the SANS analysis of p-CTVB alone
in d-1-butanol. The core radius and the inner and outer shell
thickness of the core-double-shell cylinder model (p-SWNT)
were fixed as 0.5 nm (the radius of a typical SWNT), 1.65 nm
(same as the core radius of p-CTVB in d-1-butanol), and 3.2
nm (same as the shell thickness of p-CTVB in d-1-butanol),

respectively. The length of p-SWNTs was set to be 500 nm
(estimated from AFM images). The volume factions of swollen
p-CTVB and p-SWNT were 0.00282 and 0.00456, respectively,
which were estimated from the measured concentrations of
CTVB and SWNT in the p-SWNT dispersion. The fitted SLDs
of the inner (2.30 × 10-6 Å-2) and outer (6.30 × 10-6 Å-2)
shells of p-SWNTs were very similar to the SLDs of the core
and shell of p-CTVB, as expected (Figure 4c). The SLD of the
inner shell of p-SWNT is slightly higher than the core SLD of
p-CTVB. This difference in SLD may be attributed to geo-
metrical differences between p-SWNT and p-CTVB which may
influence the degree of swelling by d-1-butanol. Considering
the swelling effects, the shell thickness of in-situ encapsulation
of p-SWNT in d-1-butanol is consistent with the shell thickness
(∼2 nm, estimated from AFM images) of dried p-SWNT. This
clearly indicates that the integrity of polymerized surfactant layer
of p-SWNT is well preserved in d-1-butanol. The p-SWNT
dispersions in methanol and ethanol show similar results
(Supporting Information).

Conclusion

The homogeneous and stable dispersion of individually
isolated SWNT in alcohols using surfactant-aided noncovalent
functionalization has been investigated. The SWNTs function-
alized by this method are highly dispersible in alcohols by
simple vortex mixing or mild sonication and mostly exist in
individually isolated form. After the p-SWNT dispersions in
alcohols undergo harsh processing such as complete drying or
precipitation in bad solvents, the p-SWNTs are still readily
redispersible in alcohols, indicating good stability of the
polymerized surfactant monolayer of p-SWNTs in alcohols.
Therefore, this new method not only provides high-quality
dispersion of SWNTs in alcohols but also greatly improves the
processability of SWNT dispersions in alcohols, providing new
opportunities for applications which require homogeneous and
stable dispersion of individually isolated SWNTs in alcohols.
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