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ABSTRACT: Electronic and mechanic properties of single-walled

carbon nanotubes (SWNTs) are uniquely dependent on the tube’s
chiralities and diameters. Isolation of different type SWNTs
remains one of the fundamental and challenging issues in nanotube
science. Herein, we demonstrate that SWNTs can be effectively
enriched to a narrow diameter range by sequential treatment of the
HiPco sample with nitric acid and a z-conjugated copolymer
poly(phenyleneethynylene) (PPE)—co-poly(phenylenevinylene)
(PPV). On the basis of Raman, fluorescence, and microscopic
evidence, the nitric acid is found to selectively remove the SWNTs
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of small diameter. The polymer not only effectively dispersed carbon nanotubes but also exhibited a good selectivity toward a few
SWNTs. The reported approach thus offers a new methodology to isolate SWNTSs, which has the potential to operate in a

relatively large scale.

ince their discovery in 1991, single-walled nanotubes

(SWNTs) have attracted much attention due to their
superior mechanical,” electrical,>* and electronic properties that
have led to their use in various applications, including flexible
electronics,” biosensors,’ and transistors.” The electronic
structure and optical properties of individual SWNTSs are
uniquely dependent on the chiral indices (n,m) which separate
the tubes into metallic and semiconducting forms.® The chiral
indices (nm) are also equivalently identified by the tube
diameter and its chiral angles. In the as-prepared sample, tubes
are generally grown as a complex mixture containing many
different chiral species. To obtain SWNTs with well-defined
chirality, one has to develop an effective methodology to sort
different SWNTs. Selective enrichment and individualization of
SWNTs play a vital role in the realization of the true application
potential of SWNTs.

Separation of a specific tube from a mixture of SWNTs
remains a major challenge in the field, as the structural
similarity makes it very difficult to differentiate between the
different SWNT species.” The chirality of SWNTs can be
enriched from a mixture by using proper dispersing reagents,
which include an alkyl amine,'"®""* porphyrin,"®> pyrene,'*
flavin,'® and DNA.'*™" Isolation of a specific chiral (n,m)
SWNT from a mixture is dependent on the tube’s selective
interaction with the dispersing reagents. Recent progress has
shown that significant enrichment of selective semiconducting
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SWNTs can be achieved by selective interaction of SWNTs
with flavin mononucleotide’® and oligo-DNAs."®" These
methods, however, can only isolate SWNTs in small quantity
(e.g, <0.1 mg by using oligo-DNA), which can not meet the
demand of studying carbon nanotubes with a preferred
structure.

Few chemical reactions are known to be useful in the SWNT
purification, although using a selective chemical reaction to
remove undesirable components is a classical purification
method. Separation of semiconducting from metallic SWNTs
can be achieved by using 4-hydroxybenzene diazonium, which
selectively reacts with metallic SWNTs.** Deprotonation of the
reacted metallic SWNTs by alkaline solution, followed by
electrophoretic separation of the charged species, allows us to
remove the metallic SWNTs from the unreacted semi-
conducting SWNTs. Concentrated H,SO,/HNO; is also
reported to selectively react with metallic SWNTSs of smaller
diameter.”® Despite its relative poor performance in sorting out
individual chiral SWNTs, its ability to operate on a relatively
large scale remains to be an attractive feature.

In addition to using small molecular reagents in selective
dispersion and reactions, 77-conjugated polymers have emerged
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Scheme 1. (a) Chemical Structures of PmPV and PPE—PPV and (b) Overlay of PmPV (Gray Color) and PPE—PPV (Blue
Color) Oligomers in Helical Conformations, Showing That The PPE—PPV Has a Slightly Larger Conformation Cavity”
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Figure 1. Raman spectra of SWNT samples in the radial breathing mode (RBM) region at 647 nm (a) and 514 nm excitation (b). The as-prepared
raw SWNTs are subsequently treated with HNO; (SWNTs I) and wrapped by the PPE—-PPV polymer (SWNTs II).

as an attrractive alternative to achieve the SWNT purification.
Currently, polyfluorene has exhibited the potential to differ-
entiate various nanotube species and is capable of enriching the
semiconducting (10,5) SWNT to ~60%° and (7,5) SWNT to
~75% purity.”*** The fluorene-based copolymers have shown
improved characteristics in isolating semiconducting SWNTs,
achieving enriched (11,3), (9,7), and (10,3) SWNTs with
proper chiral side chain®® and leading to near pure (6,5)
SWNTs (~90%) with the 2,2"-bipyridinyl group on the main
chain.*' Selective dispersion of large diameter SWNTs has also
been demonstrated recently by degradable’” and photo-
cleavable®® conjugated polymers. Challenges remain in
searching for the effective methodologies that have the
potential to achieve a large-scale separation. Herein, we
demonstrate that a simple treatment with nitric acid leads to
unexpected chemical reactivity that selectively removes SWNT's
of smaller diameter SWNTSs, thereby simplifying the SWNT
isolation by having fewer SWNT species. Subsequent treatment
of the sample with a conjugated copolymer, ie., poly-
(phenyleneethynylene)—co-poly(phenylenevinylene) (PPE—
PPV)*® (Scheme 1), further narrows the chirality distribution
in the sample. Molecular modeling showed that the helical
conformation of PPE—PPV had a slightly larger cavity in
comparison with that of PmPV.*® In addition, the phenylene in
the phenyleneethynylene (PE) units can rotate easily around
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the carbon—carbon triple bonds, as their cylindrical orbital
shapes lead to a low rotational barrier (0.64—3.3 kcal/mol).>"*?
These factors allow the molecule to quickly adjust the polymer
conformation for intimate interaction with SWNT's of a suitable
diameter.

In the first purification step, the raw SWNTs (about 0.5—1
g) prepared from the HiPco process were treated with aqueous
HNO; (2.6 M, 300 mL) under reflux conditions to afford
SWNTs I in ~30% yield*® Interestingly, the majority of
semiconducting SWNTs, including (10,3), (7,5), and (8,3)
species, was removed, as observed from Raman spectra (Figure
1a). UV—vis absorption spectra (Figure 2) further confirmed
the Raman observations since the nitric acid treated sample
SWNTs I revealed much lower absorption between 1050 and
1350 nm which is associated with the semiconducting (7,5) and
(8,3) SWNTs.'® The nitric acid treatment, therefore, selectively
removed the SWNTSs of smaller diameter: (8,3), (7,5), and
(10,3) SWNTs (d = 0.78, 0.83, and 0.93 nm, respectively).***°
The metallic (8,8) and (12,6) SWNTs with respective tube
diameters of 1.08 and 1.24 nm, however, were not affected.
Raman analysis of the sample series with green laser excitation
at 514 nm displayed a consistent pattern (Figure 1b), showing
that the nitric acid removed the small-diameter (9,3) and (8,5)
SWNTs (with diameter of 0.84 and 0.89 nm, respectively).
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Figure 2. UV—vis absorption spectra of dispersed SWNTs in THEF.

High-resolution TEM (Supporting Information, Figure SI)
further revealed that nanotubes in SWNTs I were bundled. The
tube diameters were found between 1 and 1.2 nm, in agreement
with the observation from Raman spectra. The result is in sharp
contrast to using concentrated H,SO,/HNO; (ratio 1:9, with
97% H,SO, and 60% HNO;) at room temperature, which is
reported to selectively react with metallic SWNTs of smaller
diameter (less than 1.1 nm).>® A possible explanation is that the
dilute HNOj; generated a low concentration of NO,, which
selectively reacted with the small-diameter SWNTs. The
observed higher reactivity of the small-diameter SWNTSs can
be attributed to their increased curvature strain,34_36 in
comparison with the relative lower reactivity of larger-diameter
nanotubes.

The intriguing chemical selectivity of HNOj; toward different
(n,m) SWNTs was further examined by photoluminescence
(PL) spectra. Figure 3 shows the 2D-PL mapping of the
dissolved SWNTs in THF, where the SWNTs were assigned
according to the literature.® Nitric acid treatment removed
nearly all the small-diameter tubes (d < 0.9 nm, see Table 1),
including the major semiconducting species (8,4) and (7,6)
SWNTs. The result complements the finding from the Raman
spectra (Figure 1), demonstrating that the nitric acid selectively
reacted with both semiconducting and metallic SWNTs of
small diameters.

Selective Polymer Dispersion. The SWNTs I were then
treated with PPE—PPV (M,, = 31000, PDI = 4.6) which was
synthesized as described previously.”” In a typical dispersion

Table 1. Distribution of HiPco SWNT Structure and
Diameter in the Studied Sample

SWNT tube diameters SWNT tube diameters
structures (nm) structures (nm)
(6,5)-sc** 0.757 (10, 3)-sc 0.936
(8,3)-sc 0.782 (8,6)-sc 0.966
(7,5)-sc 0.829 (9,5)-sc 0976
(9,3)-met™® 0.84 (8,7)-sc 1.032
(8,4)-sc 0.840 (8,8)-met 1.08
(8,5)-met 0.89 (9,7)-sc 1.103
(10,2)-s¢ 0.884 (12,4)-sc 1.145
(7,6)-sc 0.895 (11,6)-sc 1.186
(9,4)-sc 0916 (11,7)-sc 1.248

(12,6)-met 1.24
“bthe “sc” and “met” denote semiconducting and metallic tubes,
respectively.

procedure,®® 3 mg of SWNTs I sample and 20 mL of THF
were sonicated for 3 h. Then 50 pL of PPE—PPV in THF
solution (concn = 26.2 mg/mL) was added to the SWNT
suspension, and the mixture was sonicated at 0 °C for an
additional 1 h. The supernatant solution was separated from the
sediment by centrifugation at 7000g. Raman analysis of the
resulting supernatant solution showed that the (12,6) and
(11,7) SWNTs I were separated from the (8,8) SWNT (Figure
1). The sediment sample was found to contain an enriched
(8,8) SWNT, further confirming the separation. The enriched
(11,7) SWNT was also observable from the absorption
spectrum (A, at ~1525 nm, Figure 2), where the absorption
peak is assigned according to the literature.***” The absorption
band at ~1397 nm, which was assigned to (11,6) SWNT (d =
1.186 nm),* was relatively less affected. 2D fluorescence
spectra (Figure 3b,c) revealed that PPE—PPV treatment further
purified the sample by selectively removing (8,6) SWNT. Due
to the instrument limitations, we were not able to detect the
(11,7) SWNT from the fluorescence spectrum since its
emission is at ~1520 nm (out of the instrument scan
range).” The results revealed a striking pattern that the
reported approach led to a SWNT sample with very narrow
distribution of diameter, which is 1.23 and 1.24 nm for (11,7)
and (12,6) SWNTs, respectively. The co-polymer PPE—PPV
thus exhibited good selectivity toward certain SWNT species, in
contrast to PmPV which exhibits little selectivity to specific
SWNTs.>**® Dispersion of raw SWNTs showed that PPE—
PPV also exhibited high selectivity toward the (7,5) SWNT of
small diameter, in addition to (12,6) SWNT (Supporting
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Figure 3. 2D photoluminescence (PL) of SWNT samples in THF (excitation, S00—840 nm; emission, 912—1415 nm). Raw SWNTs were dispersed
with addition of sodium dodecylbenzene sulfonate (SDBS) surfactant (65% in water).
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Information, Figure S3). Therefore, the treatment with nitric
acid was a necessary step.

Raman analysis further revealed that chemical reaction
increased the intensity of the D-band due to the reaction on
the nanotubes and decreased the intensity for the tangential
mode (G-band) due to the loss of electronic resonance (Figure
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Figure 4. Raman spectra of SWNT samples in tangential mode (G-
band) and disorder-related mode (D-band) at 647 nm excitation. The
as-prepared raw SWNTs are subsequently treated with HNO,
(SWNTs I) and wrapped by the PPE—PPV polymer (SWNTs II).

4). Polymer treatment by using PPE—PPV, however, removed
those defective tubes of smaller diameters. The result showed
that the polymer wrapping was a necessary step in achieving the
desirable separation and removing those defective tubes.

An atomic force microscopy (AFM) image of the SWNT/
PPE—PPV sample from the supernatant solution revealed that
the SWNT sample was dispersed as a single tube (Figure ).
AFM profilometry (in tapping mode) along the lengthwise
SWNT direction gave a height profile of regular pattern,
indicating that the nanotube was wrapped section by section
with multiple polymer chains. From the minimum height of the
profile, the diameter of the wrapped nanotube was estimated to
be ~1.3 nm, which is in agreement with the diameter of 1.24
nm reported for (12, 6) and (11,7) SWNTs. Cross-section
measurement across a bare SWNT also determined a similar
height (~1.27 nm).

The observed narrow selectivity toward the (12,6) and
(11,7) SWNTs could be related to the polymer’s ability to
adopt a suitable helical conformation for intimate polymer
interaction with larger-diameter nanotubes. A molecular
modeling study showed that a set of the substituents are
pointing inward in the natural helical conformation of PmPV
(Scheme 1b), which could shield the z-conjugated polymer
backbone from intimate contact with the SWNT surface. The
configuration can be altered in PPE—PPV because the phenyl
rings in the phenyleneethynylene (PE) segments could be
rotated easily around the —C=C- bond due to its low
rotational energy barrier.’"** As a consequence, the phenyl
rings in the PE segments can adopt the parellel alignment along
the nanotube surface (Figure 6), thereby resulting in a more
favorable 7—n* interaction. The modeling results also showed
that the natural conformational cavity from PPE—PPV was
sufficiently large to match the size of (12, 6). The results were
consistent with the observations that the PPE—PPV had a
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Figure S. AFM images obtained in tapping mode. (a) A profile along
an individual SWNT, where the dashed line shows the 1.3 nm height.
(b) Surface images of the SWNT, where the black line indicates the
cross-section direction along the tube. The inset image shows the
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Figure 6. Molecular modeling of the PPE—PPV tetramer (n = 4) in
front (a) and side view (b), showing a helical conformation with
proper cavity size (~2.0 nm) to host the (12,6) SWNT. For clarity, the
tube is shown in orange color.

favorable interaction with large diameter tubes (12,6) and
(11,7) (Figure 1) since those tubes with smaller diameters (d <
1.14 nm) would be too loosely fitted into the conformational
cavity. The ability of PPE—PPV to adopt a natural helical
conformation with enhanced parallel 7—7* interaction for the
SWNT, in addition to proper diameter match, was thought to
play a crucial role in the observed selectivity. The assupmtion
was consistent with the finding that the polymer-dispersed
SWNTs were in an individual tube (see AFM in Figure S).
In summary, we have demonstrated that a narrow diameter
range of SWNTs, which includes (11,6), (12,6), and (11,7) (d
= 1.18—1.24 nm), can be isolated by sequential treatment with
nitric acid, followed by PPE—PPV polymer wrapping. The
nitric acid selectively removed the tubes with small diameters.
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Figure 7. Chirality maps of SWNTs showing that small diameter tubes (yellow color) were removed by HNO,, and the remaining SWNTs (green

and blue colors) were sorted by PPE—PPV wrapping.

The PPE—PPV polymer can form a unique array in the helical
conformation around the SWNTs. Free rotation along a
carbon—carbon triple bond allows part of the conjugated
backbone to have parallel interaction with SWNT surfaces
while retaining the polymer’s natural helical conformation. The
helical conformation cavity of PPE—PPV appears to match the
diameter of (12,6) (d = 1.24 nm) and (11,7) (d = 1.23 nm),
leading to favorable interaction with SWNTs of specific
diameters. The SWNTs can then be released from the
wrapping polymer after purification, thereby leading to a useful
strategy to access SWNTs of specific diameters for material
property studies. The overall diameter-based sorting process
can be summarized into Figure 7, where the (n,m) SWNTs in
the sample are circled. Nitric acid removed the small diameter
tubes (yellow color) selectively, while the remaining SWNTs
are sorted into two groups (green and blue colors).
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Experimental procedures for SWNT dispersion, Raman spectra,
and high-resolution TEM images. This material is available free
of charge via the Internet at http://pubs.acs.org.
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