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ABSTRACT The solubility of single-walled carbon nanotube (SWCNT) polyelectrolytes
[K(THF)],SWCNT in dimethyl sulfoxide (DMSO) was determined by a combination of centrifuga-
tion, UV—vis spectral properties, and solution extraction. The SWCNT formed a liquid crystal ata
concentration above 3.8 mg/mL. Also, crown ether 18-crown-6 was found to increase the
solubility of the SWCNT polyelectrolytes in DMS0. Raman spectroscopy and near-infrared (NIR)
fluorescence analyses were applied to study the functionalization of SWCNTs. Small-diameter
SWCNTs were found to be preferentially functionalized when the SWCNT polyelectrolytes were

dispersed in DMSO.
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omogeneous dispersion of single-
H walled carbon nanotubes (SWCNTs)

is still a highly active field of research.
While individual SWCNTs have amazing elec-
tronic and mechanical properties with po-
tential applications in thin film transistors,'
conductive films*~® and organic photo-
voltaics,”® the construction of devices based
on SWCNTs requires, as a first step, their
disentanglement and  individualization.’
To exploit the outstanding properties of in-
dividualized SWCNTSs, one has to overcome
the formidable van der Waals attractions
among tubes (0.5 eV/nm),'’® which is the
main obstacle to make uniform and stable
dispersions. Over the past few years, many
effective  dispersion technologies have
been developed, including covalent sidewall
functionalization,'' ' noncovalent interac-
tion-assisted dispersion,’*'® and superacid
dissolution.”'”~'° Another intriguing way to
disperse SWCNTSs is by forming SWCNT poly-
electrolytes, where nanotubes are negatively
charged by reduction by alkali metals. Upon
adding polar aprotic solvents, the negatively
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charged sidewalls of the nanotubes induce
Coulombic repulsion between tubes, result-
ing in their spontaneous dissolution. 2% 2
Early work in this field showed that SWCNT
polyelectrolytes can be synthesized by me-
tallic lithium reduction.*?** Later, Pénicaud
reported the use of other alkali metals
and showed that SWCNT salts [A(THF)],CNT
(A =Li,Na, K) could spontaneously dissolve in
a series of aprotic organic solvent, such as di-
methyl sulfoxide (DMSO) and sulfolane 222
However, the reported solubility of HiPco
SWCNT polyelectrolytes was relatively low
(04 mg/g in DMSO), which prevents the
formation of a liquid crystal and limits its
further processing into macroscopic assem-
bly such as SWCNT fibers or sheets.®

The manufacture of SWCNT dispersions
into aligned macroscopic materials by spin-
ning or coagulation'®%>~28 requires a pre-
organization of the carbon nanotubes' solu-
tions into a liquid-crystalline phase. Important
applications have been devised for SWCNTs'
liquid-crystal phases such as the formation
of fibers made of highly aligned SWCNTs,®
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Scheme 1. Idealized representation of crown-ether-assisted dissolution of SWCNT polyelectrolyte.

thin film transistors made of highly oriented carbon
nanotube arrays,?> 3-D photonic devices,® and the
fractionation of carbon nanotubes by length.*° The
formation of nematic phases in other SWCNT disper-
sion systems, such as dispersions in superacid and by
noncovalent interaction (surfactants and DNA), is pos-
sible when the concentration of SWCNTs is sufficiently
high.'®*'733 However, to the best of our knowledge,
the formation of liquid-crystalline phases has never
been reported for SWCNT polyelectrolytes. The reason
for this is probably related to the insufficient solubility
of SWCNT polyelectrolyte dispersions in previous re-
ports. The use of SWCNT polyelectrolyte liquid-crystal
dispersion for the production of ordered macroscopic
materials is attractive due to the convenient chemical
properties of SWCNT polyelectrolytes. For example,
alkyl bromides are known to readily react with SWCNT
polyelectrolytes to form alkyl-functionalized carbon
nanotubes.®* In this report, we study the dependence
of the initial amount of SWCNT polyelectrolyte and
the presence of a cation sequester (18-crown-6) on
the solubility of SWCNT polyelectrolytes (Scheme 1).
We also demonstrate that a liquid-crystalline phase
can be detected at concentrations of 3.8 mg/mL of
SWCNT polyelectrolytes. Finally, we examine how the
diameters of different SWCNTs influence their solubility
and reactivity.

RESULTS AND DISCUSSION

Probing the Solubility of SWCNT Polyelectrolytes. Different
amounts of the SWCNT salt were added to DMSO
inside a nitrogen-purged glovebox, stirred overnight,
and centrifuged. The supernatant layers were then
removed, and the solubilities of the SWCNT polyelec-
trolytes were determined from the UV—vis absorption
intensity at 500 nm using a proportionality constant
(Supporting Information, Figure S1). This proportion-
ality constant was calculated by drying a measured
volume of the supernatant and weighing the residue
following a previously reported method.?? Using this
procedure, we calculated a proportionality constant
of 323 x 1072 ppm~' mm~' (0.323 mL/mg mm ™),
which was used to calculate the concentration of
SWCNTs in all solutions. Figure 1 shows the concentra-
tion of SWCNT polyelectrolytes in DMSO solution as a
function of the concentration of material in the initial
mixture. Interestingly, we found that the solubility
of the SWCNT polyelectrolytes was highly dependent
on the initial amount of the materials in DMSO. It is
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Figure 1. Concentration of HiPco SWCNT polyelectrolytes
in DMSO at different initial concentrations. Open blue
diamonds and the solid red circles represent SWCNTSs with-
out and with crown ether, respectively. Each curve exhibits
achange in slope at 3 mg/mL initial concentration; solid and
dashed lines indicated best linear fits to the data above and
below this concentration.

noticeable that two different regions can be observed
in the graph. There is a region where the concentration
of SWCNT polyelectrolytes increases linearly up to an
initial concentration near 3 mg/mL. This linear increase
indicates a constant mass percent conversion of 10.6%,
similar to the mass percent conversion of up to 9.4%
in SWCNT dispersions with surfactants observed by
Smalley group.>*

Increasing the initial concentration above 3 mg/mL
causes a change in the curve slope. The concentration
of SWCNT polyelectrolytes appears also to increase
linearly with the initial concentration, but in this case,
the slope is larger, making for a mass percent conver-
sion of 52%. These two distinct regions in Figure 1 are
consistent with the transition from an isotropic phase,
where SWCNTs are randomly oriented in solution, to
a biphasic region, where a nematic liquid-crystalline
phase is in equilibrium with the isotropic phase. The
better packing of one-dimensional structures such
as SWCNTs in the liquid-crystalline phase is likely to
be responsible for larger mass percent conversion of
SWCNT polyelectrolytes at higher initial concentrations.

Cation condensation onto the surface of negatively
charged SWCNTs has been claimed as one of the
main reasons for the limited solubility of SWCNT poly-
electrolytes.>> Crown ethers are known for their extra-
ordinary ability to coordinate alkali metal ions, hence
shielding their charge from their counterions and
solvent, and resulting in a higher distance between
the ion pairs.>® Dissolution of alkali metal salts in
organic solvents has been possible by trapping the

VOL.7 = NO.5 = 4503-4510 = 2013 K@N&NJK)\

WWW.acsnano.org

WL

4504



Figure 2. (a) AFM image of HiPco SWCNT polyelectrolytes deposited on fused silica from supernatant solution (0.26 mg/mL)
in DMSO. (b) TEM images of HiPco SWCNT polyelectrolytes in Formvar grid showing small bundles (inset is a different image

with the same scale bar).

metal cation with crown ethers.3%*” Taking these facts
into consideration, we studied the effect of crown
ethers on the solubility of SWCNT polyelectrolytes.
The crown ether 18-crown-6 was selected due to its
high affinity for potassium cations. The red circles in
Figure 1 show also a linear increase in solubility of
SWCNT polyelectrolytes in DMSO in the presence of
the crown ether 18-crown-6. Supporting Information
Figure S3 shows a representative curve in which the
solubility of a 5 mg/mL SWCNT polyelectrolyte solution
is plotted as a function of 18-crown-6 concentration.
The figure shows that, as the amount of 18-crown-6
increases, the solubility of the SWCNT polyelectrolytes
grows continuously up to a maximum which is attained
between 15 and 20 mg/mL of the crown ether. Inter-
estingly, we were able to obtain concentrations of
SWCNT polyelectrolytes up to 9.4 mg/mL (initial con-
centration of SWCNTs 11 mg/mL), which exceeds all
previous reported solubilities for SWCNT polyelectro-
lytes (the highest solubility ever reported for the HiPco
SWCNT polyelectrolyte is 0.4 mg/g in DMSO?° and for
Arc SWCNT polyelectrolyte is 4.3 mg/mL in DMSO??).
Pénicaud and co-workers built a model for the
SWCNT polyelectrolyte dispersions as soluble polyelec-
trolytes, which strikingly captures our experiment re-
sults. The highest reported solubility from this group
was 4.3 mg/mL, although their model predicts solubi-
lity up to 10 mg/mL. They attributed this discrepancy
to nanotube—nanotube interactions.? In our case, the
addition of 18-crown-6 to the mixture captures the
potassium cations, which prevents the condensation
of the counterions and increases the charge—charge
repulsion among nanotubes, thus increasing the
amount of SWCNT polyelectrolyte in solution up to
120%. However, the supernatant layer showed in-
creased viscosity with concentration, which resulted
in the formation of a gel at concentrations larger than
9.4 mg/mL, even when the solution is kept under a
blanket of dry nitrogen (Figure S4). Higher concentra-
tions of carbon nanotubes in DMSO form dense gels
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immediately, preventing the precise determination of
their solubility.

Characterization of the SWCNT Polyelectrolyte Dispersions in
DMSO0. Figure 2a shows an atomic force microscopic
image of HiPco SWCNT polyelectrolyte dispersions
(10 times diluted from 2.6 mg/mL) in DMSO dip-coated
on a fused silica surface and dried in vacuum in 100 °C
for 1 h, showing that almost all of the SWCNTs dis-
persed are isolated or in small bundles. Similarly,
the TEM in Figure 2b shows a small SWCNT bundle
(ca. 5—6 nm). The presence of small bundles is likely
a consequence of sample preparation for the micro-
scopy experiment. Samples prepared for microscopy
become unavoidably exposed to air and moisture
when they are being transferred to the microscope.

Because we can dissolve relatively high concentra-
tions of individually dispersed SWCNTs in DMSO, we
investigated evidence of liquid-crystalline behavior.
As expected, the relatively concentrated solutions of
SWCNT polyelectrolytes form liquid-crystalline phases.
Polarized microscope optical images clearly show the
birefringence associated with the formation of liquid-
crystal phases when the SWCNT concentration ex-
ceeds 3.8 mg/mL (Figure 3a,b). It is important to note
how the image brightness changes when the sample is
rotated relative to the polarizers. Samples with lower
concentrations of SWCNTSs did not show birefringence
under cross-polarizers (see Supporting Information,
Figure S5). To the best of our knowledge, this is the
first report of a liquid-crystal state obtained from
SWCNT polyelectrolytes. Although the region delim-
ited by the dashed lines in Figure 1 suggests that lower
concentration of SWCNTs could also present liquid-
crystalline behavior, we were not able to see birefrin-
gence in samples with concentrations of 2.3 mg/mL.
This may be due to the small amount of liquid-crystal-
line phase expected at these low concentrations.

The polarized microscopy optical image in Figure 3c,d
demonstrates that the addition of 18-crown-6 does not
disturb the formation of the liquid-crystalline phase.
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Figure 3. Polarized optical image of supernatant layers of 3.8 mg/mL HiPco SWCNT polyelectrolytes imaged under cross-
polarizers with the stage rotated at (a) 0° and (b) 45°. Polarized optical image of 4.4 mg/mL HiPco SWCNT polyelectrolytes
with 20 mg/mL crown ether imaged under cross-polarizers with the stage rotated at (c) 0° and (d) 45°. The round edges

demark the edges of a droplet.

It should be noted that the brightness of Figure 3c,d is
diminished due to the higher concentration of SWCNTSs
(and therefore higher light absorption) caused by the
presence of crown ether. Nonetheless, the image shows
changes in brightness when the stage is rotated, con-
sistent with a liquid-crystalline phase. Therefore, the
presence of crown ether in the SWCNT polyelectrolyte
dispersions could be quite useful to increase the solu-
bility and to obtain the liquid-crystalline phase.
Diameter-Dependent Chemical Functionalization in SWCNT
Polyelectrolyte Dispersions. To better understand the
SWCNT polyelectrolyte solutions, we used methanol
to quench the supernatant and the residue after initial
dispersion in DMSO and characterized the material
using Raman and NIR photoluminescence spectro-
scopy. Figure 4a shows the Raman spectra of different
SWCNT preparations in the G and D peak regions.
Pristine SWCNTs and SWCNT polyelectrolyte solid salts
quenched with methanol show similar features, with a
slight increase in the D band for the SWCNT-quenched
polyelectrolyte solid. This increase in the D band can be
attributed to hydrogenation, via anion protonation,
of the SWCNT walls as described by Pekker et al.3® This
hydrogenation is, however, rather mild and nondepen-
dent on the type of SWCNTSs or their diameter.>® The
D band increased further for the quenched SWCNT
polyelectrolytes in contact with DMSO (Figure 4a black
and green curves).*® When SWCNT salts are mixed with
DMSO, two phases are formed: a supernatant phase
containing the SWCNT polyelectrolyte solution and
an undissolved solid phase of SWCNT salts. When the
Raman spectra of SWCNTs in the supernatant and
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residue are compared, the D peaks in the residue are
obviously higher than that in the supernatant (when
the G peaks are normalized to the same intensity),
indicating that the SWCNTSs in the residue are slightly
more functionalized.

Figure 4b shows the Raman spectra of the radial
breathing mode (RBM) region, and the peaks corre-
sponding to various kinds of SWCNTs were assigned
according to previous literature reports.*’*> When the
spectra are normalized to the intensity of the (7,6)
Raman peak, it is noticeable that the spectra for pristine
SWCNTs and quenched SWCNT polyelectrolyte solids
are very similar, which is consistent with previous
studies of SWCNT polyelectrolytes.>® However, for the
supernatant and residue, there is a dramatic decrease
for the (10,2) SWCNT type. A possible explanation for
this is that, in DMSO, functionalization happens pre-
ferentially to the smaller diameter SWCNT polyelec-
trolytes. A previous work has been done on the
covalent functionalization of SWCNT polyelectrolytes
in DMSO, which is fully consistent with what we
observe; however, they have not mentioned the selec-
tivity toward small-diameter SWCNTs in their work.*
Diameter-selective alkylation of SWCNTs has been
previously reported.3***4* When SWCNTs were cova-
lently functionalized using alkyl halides and SWCNT
polyelectrolyte (Billups' procedure), the peaks corre-
sponding to the smaller diameter SWCNTSs decreased or
even vanished. The authors attributed this to the pre-
ferential functionalization of small-diameter SWCNTs.
In our case, the decrease of the Raman (10,2) peak
can be attributed to higher functionalization of small
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Figure 4. (a) Raman spectra of pristine SWCNTs, SWCNT
polyelectrolytes quenched, supernatant quenched, and
residue quenched with methanol. (b) Raman spectra of
the RBM region of pristine SWCNTs, SWCNT polyelectrolytes
quenched, supernatant quenched, and residue quenched
with methanol. All spectra were obtained with an excitation
wavelength of 785 nm.

diameter tubes. This can be rationalized in terms of the
curvature of the SWCNTs, which is more pronounced
for SWCNTs with smaller diameter.

It is necessary, however, to point out that conclu-
sions based on the intensity of the (10,2) Raman transi-
tion can be influenced by the SWCNT aggregation state.
This band is sometimes known as the ““roping peak"
and has been associated with the degree of aggrega-
tion of SWCNTs.**~*” Therefore, the lower intensity
of the (10,2) band could be due to a lower degree
of entanglement of the SWCNTs quenched from the
supernatant. More conclusive evidence for selective
SWCNT functionalization can be drawn from photo-
luminescence spectroscopy as described below.

To verify the debundling of SWCNTs, we also ana-
lyzed the Raman tangential mode. A close inspection
of the G~ and G* peaks indicates that there are no
pronounced displacements, which is predictable since
the materials have been fully quenched and no doping
is expected. However, we did see differences for the
line width T (full width at half-maximum (fwhm)) of the
G peaks. The I'g- value for pristine SWCNTs (25 cm ™)
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Figure 5. Photoluminescence spectra (785 nm excitation) of
pristine SWCNTs, as well as SWCNT polyelectrolyte solids,
SWCNT supernatant in DMSO, and residue quenched with
methanol and redispersed in SDBS aqueous solution.

is larger than polyelectrolyte-quenched (20 cm™),
residue-quenched (18 c¢m™'), and supernatant-
quenched (15 cm™'). This can be explained due to
the increasing degree of debundling after the reac-
tion and dispersion,*® which can also well fit the result
observed for the (10,2) peak in the RBM region. On the
other hand, the maximum change in the line width of
the G~ peaksis 1—2 cm ™', which is in the margin of the
instrumental broadening.*®*°

Photoluminescence spectroscopy was used as an
additional characterization method. Semiconducting
SWCNTs display photoluminescence with energies
according to their band gap. SWCNT polyelectrolytes
were quenched with methanol and redispersed in
aqueous solution using 1% SDBS. Figure 5 and Figures
S7 and S8 in the Supporting Information show the NIR
photoluminescence spectra of SWCNT polyelectrolytes
after different treatments at three different excitation
wavelengths (the peaks were assigned based on pre-
vious reports*'>%). From Figure 5, it is noticeable that
the spectra for purified SWCNTs and for the methanol-
quenched SWCNT polyelectrolyte solid are similar.
Furthermore, it is observed that, for the supernatant
and the residue of quenched SWCNT polyelectrolytes in
DMSO, the photoluminescence of SWCNTs decreases
with the diameter of the tubes. Interestingly, the photo-
luminescence basically vanished for tubes smaller than
0.88 nm (based in Figures 5, S7, and S8). The reduction
of the photoluminescence intensity as the diameter
of the SWCNTSs decreases is further confirmation that
functionalization is favored as the diameter of the
SWCNTs decreases.

CONCLUSIONS

We demonstrate that the solubility of HiPco SWCNT
polyelectrolytes is dependent on the initial amount of
carbon nanotubes used. The concentrations of SWCNT
polyelectrolyte solutions in DMSO can be effectively
increased by using the potassium cation sequester
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18-crown-6. Concentrations as high as 9.4 mg/mL in
DMSO can be achieved with an initial amount of
SWCNT polyelectrolytes of 11 mg/mL with 20 mg/mL
18-crown-6. We have used UV—vis spectroscopy to
determine the concentration of SWCNT polyelectro-
lytes in DMSO, which has proven to be a rapid and
efficient way to determine dispersion concentrations.
Furthermore, cross-polarization microscopy was used
to confirm that a liquid-crystal phase was formed

EXPERIMENTAL SECTION

Materials. The HiPco SWCNTSs (product code: 195.1) used in
this work were obtained from Rice University and purified by
a previous reported procedure.®' Potassium metal and dimethy!
sulfoxide (DMSO) were purchased from Sigma Aldrich.
Naphthalene was purchased from Alfa Aesar. All of the reagents
above were used as received. 18-Crown-6 was purchased from
Acros and purified by recrystallization in dry acetonitrile. Freshly
distilled tetrahydrofuran (THF) over Na/benzophenone was
used for making the SWCNT polyelectrolytes.

General Procedure for the Preparation of SWCNT Polyelectrolytes. The
synthesis of SWCNT polyelectrolytes was performed following a
modified method from literature.?' First, 69.6 mg of potassium
metal (1.78 mmol), 163.2 mg of naphthalene (1.27 mmol), and
56 mL of distilled THF were added to a 100 mL round-bottom
flask and stirred for 3 days under room temperature until no
obvious solid remained. The resulting dark green solution
served as stock solution and was used within 24 h. Then,
150 mg of purified HiPco SWCNTs and 24 mL of stock solution
were added to a 50 mL round-bottom flask and stirred for 2 days
at room temperature. The crude product was filtrated using
0.45 um PTFE membranes to obtain a black solid SWCNT
polyelectrolyte, which was rinsed with distilled THF. The SWCNT
polyelectrolyte was dried overnight at room temperature under
vacuum. All of the work was done inside a glovebox under a
nitrogen atmosphere.

Dispersion of SWCNT Polyelectrolytes. Dry SWCNT polyelectro-
lytes (10—30 mg) and a calculated volume (according to the
initial concentration desired) of DMSO (or crown ether solution
in DMSO) were added to an 8 mL glass vial and sealed. The
solution was stirred for 14 h to fully disperse the SWCNT
polyelectrolyte and centrifuged under 9900g for 45 min. The
supernatant layers were extracted for analysis.

Determination of the Solubility of SWCNT Polyelectrolytes. The
supernatant layers were diluted 100 times in order to make
solutions amenable for UV—vis spectroscopy. The absorption at
500 nm was used as a measurable parameter representing the
amount of SWCNT polyelectrolyte dispersed. For the exact
solubility, 1 mL of the supernatant of different SWCNT polyelec-
trolyte dispersions was added to preweighed 8 mL vials. Then,
the solutions were dried under vacuum in a 100 °C oil bath for
1 day to remove the solvents. The vial with the residue was
weighed to get the solubility. The proportionality constant was
calculated from the slope of the graph in Figure S1 (Supporting
Information) tobe 3.23 x 10> ppm ' mm~" (0323 mL/mgmm™").
This proportionality constant was used to calculate the solubilities
of all other solutions.
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at concentrations higher that 3.8 mg/mL of SWCNT
polyelectrolytes in DMSO. Finally, small-diameter
SWCNT polyelectrolytes show preferential functionali-
zation when dispersed with DMSO, which influences
the intensity of the peaks in the Raman RBM
region and the features in the photoluminescence
spectra. The lost of photoluminescence from small
diameter SWCNTs is a definite proof of their
functionalization.

of SWCNT polyelectrolytes at different concentrations; image
of 11 mg/mL SWCNT polyelectrolyte with 20 mg/mL crown
ether forming gels after 4 h; polarized optical microscopy of
2.3 mg/mL SWCNT polyelectrolyte solutions and of crown ether;
polarized optical microscopy of 4.4 mg/mL SWCNT polyelec-
trolyte solutions with 20 mg/mL 18-crown-6; photolumines-
cence spectra (642 nm and 659 nm excitation) of pristine
SWCNTs, as well as SWCNT polyelectrolyte solids, SWCNT super-
natant in DMSO, and residue quenched with methanol and
redispersed in SDBS aqueous solution. This material is available
free of charge via the Internet at http://pubs.acs.org.
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