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S
ingle-walled carbon nanotubes (SWCNTs)
are the ultimate building block for the
construction of novel devices due to their

unique combination of properties. Processing
bulk SWCNTs into functionalmaterials requires
their individualization in solution, which has
been previously achieved by techniques such
as dissolution in acids,1�3 organic solvents,4�6

surfactants,7,8 and biopolymers.9,10 The use
of SWCNT polyelectrolytes has recently
drawn considerable attention for dispersing
SWCNTs.11 In this class of methods, nega-
tively charged SWCNTs form spontaneous
dispersions in a series of aprotic organic
solvents, such as dimethylformamide (DMF),
dimethyl sulfoxide (DMSO), and sulfolane,11�15

and have the potential to serve as an inter-
mediate for covalent functionalization.12,16,17

However, the application of SWCNT poly-
electrolytes to manufacture macroscopic
materials such as neat SWCNT fibers18 has
been only marginally explored. SWCNT
fibers with good conductivity have the
potential to replace metals for numerous
applications including manufacturing robust
and light electricity transmission cables,19,20

efficient field emission sources,21,22 and

electronic textile applications.23 SWCNT fibers
could also be used to fabricatemore complex
architecturesdue to their ultrastrongmechan-
ical properties.24

Some preliminary work in this area has
been made by using composite materials
where the fibers result as a mixture of the
carbon nanotubeswith othermaterials such
as polymers.25,26 The main obstacle to gen-
erate good-quality neat SWCNT polyelec-
trolyte fibers has been the relatively
low concentration of the dispersions,14 lim-
ited to 0.4 mg/mL for HiPco SWCNT
polyelectrolytes11 and to 4�5 mg/mL for
electric arc SWCNT polyelectrolytes.11,13 The
limited solubility of these SWCNT polyelec-
trolytes is likely due to the condensation of
counterions on the surface of negatively
charged SWCNTs, which shield the repulsive
negative charges that promote SWCNT dis-
persion. Weaker repulsive interactions be-
tween SWCNTs cannot overcome van der
Waals interactions and attain dispersion.13 A
recent report has highlighted the advan-
tages of crown ethers when used in SWCNT
polyelectrolyte solutions, with a modest car-
bon nanotube concentration in solution.27
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ABSTRACT In this work, single-walled carbon nanotube (SWCNT) fibers were produced from

SWCNT polyelectrolyte dispersions stabilized by crown ether in dimethyl sulfoxide and coagulated into

aqueous solutions. The SWCNT polyelectrolyte dispersions had concentrations up to 52 mg/mL and

showed liquid crystalline behavior under polarized optical microscopy. The produced SWCNT fibers are

neat (i.e., not forming composites with polymers) and showed a tensile strength up to 124 MPa and a

Young's modulus of 14 GPa. This tensile strength is comparable to those of SWCNT fibers spun from

strong acids. Conductivities on the order of 104 S/m were obtained by doping the fibers with iodine.
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Recently, our group used crown ethers to trap the
counterions and prevent their condensation onto
SWCNTs, increasing the solubility in DMSO to 9.4 mg/
mL.28 However, fibers spun from 9.4 mg/mL concen-
trations are brittle and cannot be property analyzed. In
this article we report how to obtain SWCNT polyelectro-
lyte dispersions up to 52 mg/mL using speed mixing.
These solutions are viscous, display liquid crystalline
behavior, andwhen spun into a coagulating solvent form
fibers presenting superior tensile strength. To the best of
our knowledge, these are the first examples of neat
SWCNT fibers made from SWCNT polyelectrolyte solu-
tions, without any polymer or additive.
Compared with other established solution-based

methods for fiber manufacture, our methods have
some advantages. The surfactant-based method pro-
duces SWCNT fibers with diminished properties in
comparison with other procedures,29,30 probably due
to shortening of the nanotubes by the sonication step.
For the acid-based spinning method, SWCNTs are
dispersed in strong acids such as fuming sulfuric acid
or chlorosulfonic acid,31,32 which requires careful hand-
ling and acid-resistant equipment. This new approach
involves generating SWCNT fibers in conditions similar
to those used for Birch reductions, yet resulting in
mechanical and electrical properties comparable to
properties obtained by other methods with HiPco
SWCNTs (see below). Moreover, the reagents used for

this procedure are common and relatively economic-
ally feasible.

RESULTS AND DISCUSSION

In a typical experiment, 400 mg of HiPco SWCNT
polyelectrolytes (made by amethod reported before33)
was mixed with 10 mL of an 8% (m/V) 18-crown-6
solution in DMSO, to give an initial mixing concentra-
tion of 40 mg/mL (similar procedures were used for
20 and 60 mg/mL). The mixture was sealed in a dry
glass vial and stirred for 1 h at a speed of 1000 rpm.
Then the mixture was further mixed in a speed mixer
(DAC 400.1 FVZ) at 2350 rpm.22 To remove undispersed
large aggregates, the dispersions were filtered through
a 20 μm mesh. The resulting dispersions showed
birefringence in some parts under the cross-polarized
optical microscope, which indicates a biphasic beha-
vior in which the isotropic phase is in equilibrium with
the liquid crystalline phase (Figure 1). Liquid crystal-
linity provides a great advantage for making SWCNT
fibers because the SWCNTs are already aligned in the
liquid crystalline domains. This preorientation makes it
easier to obtain fibers with well-aligned SWCNTs when
injected through a narrow needle into a coagulation
solution.22,32,33 To determine the final concentrations
of the dispersions, the liquid phase was diluted 2000
times and analyzed by UV�vis spectroscopy using a
proportionality constant of 0.323 mL/mg mm�1 (see

Scheme 1. Idealized schematic representation of the SWCNT polyelectrolyte solid, the crown-ether-assisted dispersion of
SWCNT polyelectrolyte forming a liquid crystalline phase, and the formation of the fiber.

Figure 1. Cross-polarized optical microscopy images of SWCNTHiPco polyelectrolyte dispersions in DMSOwith crown ether:
(a) 16mg/mLHiPco SWCNT polyelectrolytes with 4% (m/V) crown ether, 0�; (b) 16mg/mLHiPco SWCNT polyelectrolytes with
4% (m/V) crown ether, 45�. The liquid crystal domains can be seen by changes of brightness in the sample when the cross-
polarizers are rotated.
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Figure S2, Supporting Information).33 UV�vis experi-
ments showed that about 80% of the initial amount of
material remained dispersed after filtration, which de-
monstrates the high efficiency of this method to obtain
concentrated SWCNT polyelectrolyte dispersions.
SWCNT fibers were made by injecting different

concentrations of polyelectrolyte dispersions into aqu-
eous solutions (water, aqueous hydrochloric acid, and
iodide solutions) through a 125 μm size spinneret. The
flow through the spinneret produces shear that helps
align the liquidcrystal domainsduring the injection.When
the forming SWCNT liquid fiber enters in contact with the
aqueous solution, the SWCNTs are stripped of the extra
electrons and hence destabilized, causing their collapse
into a dense fiber due to van der Waals interactions. The
resultingSWCNTfiberswere collectedona rotatingTeflon
drum (see Figure S1, Supporting Information), immersed
inwater overnight, and thereafter dried at 100 �C for 24 h.
The fibers were characterized by using different

techniques. Scanning electron microscopy (SEM) and

polarized opticalmicroscopy (POM)were used to study
the morphology of the fibers (Figure 2, Figure 3, and
Supporting Information). The fiber diameter for the 16,
35, and 52 mg/mL solutions ranged from 20 to 35 μm.
The SEM images qualitatively illustrate large-scale
alignment of the SWCNT along the fibers' axis, which
is expected to lead to robust mechanical properties,
although the fibers do not display the same level
of fine-scale alignment as those spun from acid sol-
utions.31 Carbon nanotube alignment in the fibers is
also confirmed by cross-polarized microscopy. Figure 3
shows the birefringence of a carbon nanotube fiber under
cross-polarizers with intense birefringence when the fiber
forms a 45� angle with the polarizer, indicating predomi-
nant axial alignments of the SWCNTs in the solid fiber.
The mechanical properties were analyzed in a static

testing mode using a dynamic mechanical analysis
system (TA Instruments model Q800) with the assis-
tance of a 20 mm long paper frame to mount the fiber
into an aligned position.32 The result for a typical

Figure 2. SEM images of fibers spun froma 35mg/mL SWCNT solution: (a) fiber spun intowater; (b) fiber spun into a 0.1MHCl
solution; (c) fiber spun into a 0.001M NaI3 solution; (d) enlarged side-wall view of a fiber; (e) enlarged cross-section of a fiber.

Figure 3. Cross-polarized optical microscopy images of a representative SWCNT HiPco fiber made from polyelectrolyte
dispersions in DMSO with crown ether. The images were taken under polarized reflected mode. (a) When the fiber axis is
parallel to the illumination polarizer, the fiber displaysminimal birefringence. (b)When the fiber is rotated at a 45� angle with
respect to the illumination and analyzer polarizer, the fiber displays bright birefringence, indicating SWCNT alignment along
the axis of the fiber.
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experiment is shown in Supporting Information Figure
S6. The best fiber tensile strength of HiPco SWCNTswas
obtained from 35 mg/mL dispersions in water, which
gave a tensile strength of 124 MPa and a Young's
modulus of 14 GPa (Figure 4a and b). This tensile
strength obtained for this solution spinning technique
is comparable to typical results of HiPco from acid-
basedmethods (116MPa for fuming sulfuric acid31 and
50�150 MPa for chlorosulfonic acid32) and better than
that for as-spun bare fibers from the surfactant-based
method (65 MPa, assuming a density of the fiber of
1 g/cm3).30 For the Young's modulus, our result of
14 GPa is almost 1 order of magnitude lower than the
typical results from the acid-basedmethod (120 GPa for
both fuming sulfuric acid31 and chlorosulfonic acid32),
but still better than the as-spun bare fibers from the
surfactant-based method (12 GPa, assuming a density
of the fiber of 1 g/cm3).30 However, recently, solution-
spinning of long, low-defect, few-walled carbon nano-
tubes dissolved in chlorosulfonic acid has yielded
fibers with a tensile strength of up to 1.3 GPa.22 Note
that other techniques have also been used to produce
high-quality fibers with outstanding properties includ-
ing direct spinning of fibers from a chemical vapor
deposition reactor34 and drawing carbon nanotubes
fromcarbon nanotube forests.35 However, in this paper
we focus on bare fibers made with wet spinning
methods. Experiments where fibers are generated
using carbon nanotube polyelectrolyte solutions with

carbon nanotubes other than HiPco are currently
under study.
Apart from the mechanical properties, we also stu-

died how to produce doped SWCNT fibers by changing
the coagulating solution. The best results were ob-
tained for fibers coagulated into a 0.001 M NaI3 aque-
ous solution. The resulting fibers maintain similar
mechanical properties, while achieving better conduc-
tivities than fibers coagulated into water and slightly
higher than HCl solutions (Figure 4c). This indicates
that, during its formation, the fiber incorporated some
dopants from the coagulation bath, which was further
supported by the EDAX results (Figure S9). Electrical
conductivities up to (2.1 ( 0.2) � 104 S/m were
obtained, which is 1 order of magnitude lower than
the best HiPco fibers spun from superacids (5� 105 S/m
for fuming sulfuric acid31 and 8.3 � 105 S/m for
chlorosulonic acid32), but still higher than most
surfactant-based fibers (1.7 � 104 S/m with DNA as
surfactant,29 1.4� 104 S/mwith lithium dodecyl sulfate
as surfactant,30 and 6.7� 102 S/mwith sodiumdodecyl
sulfate as surfactant36). In a previous work we found
that small-diameter HiPco nanotubes are slightly func-
tionalized in DMSO, which may affect the properties of
the produced fibers.33 We are currently investigating
other sources of SWCNTs for the production of fibers
that do not contain small-diameter tubes. Further-
more, functionalization can arise from the coagulating
phase, similar to a Birch reaction, where hydrogen

Figure 4. Summary of the properties of fibers manufactured under different conditions: (a) tensile strength, (b) Young's
modulus, and (c) conductivity of fibers coagulated into different solutions. The materials used for fiber spinning, from left to
right, are (1) 16mg/mLSWCNTpolyelectrolytewith 4% (m/V) 18-crown-6 inDMSO; (2) 35mg/mLSWCNTpolyelectrolyteswith
8% (m/V) 18-crown-6 in DMSO; (3) 52 mg/mL SWCNT polyelectrolytes with 12% (m/V) 18-crown-6 in DMSO.

TABLE 1. Properties of HiPco Fibers Obtained under Different Conditionsa

initial concentration

20 mg/mL HiPco SWCNT polyelectrolytes with

40 mg/mL crown ether in DMSO

40 mg/mL HiPco SWCNT polyelectrolytes

with 80 mg/mL crown ether in DMSO

60 mg/mL HiPco SWCNT polyelectrolytes

with 80 mg/mL crown ether in DMSO

final concentration 16 mg/mL 35 mg/mL 52 mg/mL
coagulation solution water 0.1 M HCl 0.001 M NaI3 water 0.1 M HCl 0.001 M NaI3 water 0.1 M HCl 0.001 M NaI3
diameter (μm) 25 (5) 22 (2) 22 (5) 32 (1) 31(6) 32 (6) 25(2) 24(5) 22(1)
tensile strength (MPa) 56(8) 71(13) 68(16) 124(9) 92(5) 100(3) 45(5) 42(7) 70(4)
Young's modulus (GPa) 8(3) 14(2) 14(2) 14(2) 13(2) 15(1) 7.3(0.4) 7(1) 9.0(0.7)
elongation (%) 1.1(0.5) 0.4(0.1) 0.4(0.2) 1.9(0.2) 1.0(0.2) 0.9(0.1) 0.43(0.08) 0.5(0.2) 0.9(0.3)
conductivity (�104 S/m) 1.0(0.1) 1.6(0.2) 1.8(0.2) 1.3(0.2) 1.7(0.3) 2.1(0.2) 0.67(0.02) 0.91(0.04) 1.11(0.04)

a Numbers in parentheses represent the uncertainty of the value.

A
RTIC

LE



JIANG ET AL . VOL. 8 ’ NO. 9 ’ 9107–9112 ’ 2014

www.acsnano.org

9111

atoms can be added to the carbon nanotube walls,
disrupting electron percolation. Raman spectra of the
fibers (Supporting Information, Figures S10�S12)
show increased D peaks in comparison with HiPco,
which is indicative of chemical functionalization. Still,
the properties observed for these fibers are very
promising, in some cases comparable with the best
fibers of HiPco SWCNTs. Table 1 summarizes all the
fiber properties obtained under different conditions.
Our results indicate that a concentration around
35mg/mL is optimal to achieve thebestfiber properties.

CONCLUSIONS

In summary, we have demonstrated that high con-
centration HiPco SWCNT polyelectrolyte dispersions in
DMSO could be achieved with the assistance of crown
ether and speed-mixing (from 9mg/mL in our previous
report up to 52mg/mL) and hence could be used in the
manufacture of SWCNT fibers. Also, the HiPco SWCNT
polyelectrolyte dispersions show well-defined liquid
crystalline behavior, which is advantageous for spinning

well-aligned SWCNT fibers. SWCNT fibers were ob-
tained with tensile strengths similar to fibers made from
strong acids. Good electrical conductivities were
achieved after a simple one-step iodide doping during
coagulation. The methodology presented here provides
an easy and convenient way of producing SWCNT fibers
from polyelectrolyte SWCNT dispersions, with outstand-
ing mechanical and electrical properties. This solution
processingmethod can be potentially used not onlywith
HiPco but also with different SWCNTs produced by other
techniques. We envision that SWCNT fibers from poly-
electrolytes can be further improved by using longer
SWCNTs, increasing the orientation of SWCNTs in the
direction of the fiber, refining the removal of large
aggregates, removal of crown ether incorporated within
the fiber, and using SWCNTs with larger diameters less
prone to functionalization. The use of SWCNT polyelec-
trolytes formakingfibers is of importancedue to thewell-
known chemistry of these solutions, which can allow
in situ functionalization of SWCNT fibers and potentially
cross-liked fibers with superior mechanical properties.

EXPERIMENTAL SECTION
Materials. The HiPco SWCNTs (product code: 195.1) used in

the work were obtained from Rice University and purified by a
previously reported procedure.30 Potassium block and DMSO
were purchased from Sigma-Aldrich, and naphthalene was
purchased from Alfa Aesar. All of the reagents above were used
as received without further treatment. 18-Crown-6 was pur-
chased from TCI and purified by recrystallization in dry acetoni-
trile. Freshly distilled tetrahydrofuran (THF) was used formaking
the SWCNT polyelectrolytes.

General Procedure for the Synthesis of SWCNT Polyelectrolytes. The
synthesis of SWCNT polyelectrolytes was performed using a
modification of Voiry et al.12,13 In a typical procedure, 100 mg of
metallic potassium (2.56 mmol), 234 mg of naphthalene
(1.83 mmol), and 80 mL of distilled THF were added to a
100 mL round-bottom flask and stirred for 3 days at room
temperature until no obvious solid is present. The resulting dark
green solution served as the stock solution and was used within
24 h of preparation. Then, 300mgof purified HiPco SWCNTs and
48 mL of the potassium stock solution were added to a 100 mL
round-bottom flask and stirred for 2 days under room tempera-
ture. The crude product was filtrated using 0.45 μm PTFE
membranes and rinsed with distilled THF to get a black solid
SWCNT polyelectrolyte material. The SWCNT polyelectrolyte
was dried at room temperature in a vacuum overnight. All the
work was done in the glovebox under a nitrogen atmosphere.

Dispersion of SWCNT Polyelectrolytes. For the preparation of a
polyelectrolyte dispersion with an initial concentration of
40 mg/mL (final concentration 35 mg/mL), around 400 mg of
dry SWCNT polyelectrolytes was ground with a mortar and
mixedwith 10mL of DMSO containing 80mg/mL 18-crown-6 in
a 20 mL Wheaton glass vial. The mixture was shaken for 1 h at
1000 rpm. Then the sample was mixed for 1 h in a dual
asymmetric centrifugation mixer (DAC 400.1 FVZ SpeedMixer)
at 2350 rpm. The resulting dispersions were filtered through a
20 μmmesh to remove large-size aggregates. After mixing and
filtration, a mixture with a starting concentration of 40 mg/mL
yielded a mixture with a final concentration of 35 mg/mL. To
obtain high-quality POM images, the dispersions were further
centrifuged at 16000g for 4�6 h and the dense bottom phases
were checked by POM. A volume of 0.5 mL of the dispersions
was diluted 2000 times to take the UV�vis spectrum, which was
used to determine the exact solubility of SWCNT polyelectrolytes

based on a previously determined calibration curve.27 Similar
procedures were adopted for the dispersions of 20 and 60 mg/mL
while maintaining the same ratio of SWCNT polyelectrolytes to
crown ether.

Spinning of SWCNT Polyelectrolyte Fibers. The spinning of SWCNT
polyelectrolyte fibers was processed using the setup illustrated in
Figure S1. SWCNT polyelectrolyte dispersions were loaded into a
stainless steel syringe, and the dispersions were extruded through
a 125 μm tubing into the coagulation solutions: water, 0.1 M HCl,
and 0.001MNaI3 solutions. The resulting fiberswere collected on a
Teflon drum and immersed in water overnight to remove water-
soluble impurities. Then the fibers were dried at 100 �C for 24 h.

Mechanical Properties Test of SWCNT Fibers. The test of the
mechanical properties was done in a dynamic mechanical
analysis system. The samples were tested with the assistance
of 20mmpaper frames following a previous literaturemethod.28

The diameters of the fibers were determined by SEM images. For
the fibers that do not have a perfectly round cross-section (such as
in Figure S4c), the diameters of the fiber were estimated by a
simple calculation of the average of the shortest distance and
longest distance found around the cross section.
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