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Organic color center-tailored semiconducting single-
walled carbon nanotubes are a rising family of synthetic quantum
emitters that display bright defect photoluminescence molecularly
tunable for imaging, sensing, and quantum information processing. A
major advance in this area would be the development of a high-yield
synthetic route that is capable of producing these materials well
exceeding the current pg/mL scale. Here, we demonstrate that adding
a chlorosulfonic acid solution of raw carbon nanotubes, sodium
nitrite, and an aniline derivative into water readily leads to the * o n
synthesis of organic color center-tailored nanotubes. This unexpect- R H,0
edly simple one-pot reaction is highly scalable (yielding hundreds of
milligrams of materials in a single run), efficient (reaction completes
in seconds), and versatile (achieved the synthesis of organic color
centers previously unattainable). The implanted organic color centers
can be easily tailored by choosing from the more than 40 aniline derivatives that are commercially available, including
many fluoroaniline and aminobenzoic acid derivatives, and that are difficult to convert into diazonium salts. We found this
chemistry works for all the nanotube chiralities investigated. The synthesized materials are neat solids that can be
directly dispersed in either water or an organic solvent by a surfactant or polymer depending on the specific application.
The nanotube products can also be further sorted into single chirality-enriched fractions with defect-specific
photoluminescence that is tunable over ~1100 to ~1550 nm. This one-pot chemistry thus provides a highly scalable
synthesis of organic color centers for many potential applications that require large quantities of materials.
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rganic color centers (OCCs), which are sp®> quantum at the pg/mL scale, which prevents the exploration of many
defects intentionally implanted into the sp* lattice of potential applications that require larger quantities of materials.
semiconducting single-walled carbon nanotubes For example, in the case of bioimaging applications, the in vivo

(SWCNTs)," ™" are being intensively investigated because of
their molecularly tunable defect photoluminescence (PL) in
the shortwave infrared."””’ ™" The implanted sp* defects create
local potential wells in the semiconducting SWCNT host,
allowing mobile excitons to be harvested at the trapping defect
and converted into infrared PL with high efficiency and single-

administration to small animals (e.g, mice and rats) typically
requires SWCNT concentrations ranging from ~0.1 to 10 mg/
kg,'®"” corresponding to at least milligrams for administration
to an adult human. Furthermore, large-scale synthesis is also
required to reduce processing costs and minimize batch-to-

photon purity.””*' These exciting properties have motivated batch variations.'”

the exploration and demonstration of room temperature

quantum light emitters,”'* near-infrared (NIR)-II bioimaging May 25, 2019
contrast agents,"”'* and in situ biological pH sensors." July 3, 2019
However, the synthesis of OCC-SWCNTs is currently limited July 3, 2019

ACS Publications  © 2019 American Chemical Society 8417 DOI: 10.1021/acsnano.9b04087
s ACS Nano 2019, 13, 8417—-8424


www.acsnano.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.9b04087
http://dx.doi.org/10.1021/acsnano.9b04087

ACS Nano

Intensity (norm.)

500 1000 1500 2000 2500 3000
Raman Shifts (cm'1)

Filtration and
Vacuum Dry

OCC-SWCNTs

~200 r/ng OCC-SWCNTs

Pristine SWCNTs

Figure 1. One-pot, large-scale synthesis of OCC-SWCNTs. (a) The reaction occurs by mixing SWCNTs, aniline derivatives, and NaNO, in
chlorosulfonic acid, followed by introducing the mixture into water. (b) Raman scattering from thin films of C¢H;(NO,),-OCC-tailored-
SWCNTs (red) and pristine SWCNTs (black), and (c) the spatial maps of the Raman D/G ratios (plotted in color scale). The laser

excitation is 633 nm.

The synthesis of OCC-SWCNTSs generally involves
implanting sp* defects onto semiconducting SWCNT surfaces
through the formation of C—C covalent bonds. A scalable
synthetic route to produce this promising material should thus
meet three prerequisites: (1) the ability to process a large
amount of SWCNTs as the reactant material; (2) a facile
chemistry to create C—C bonds; and (3) a solvent to
individually disperse SWCNTSs at high concentrations so that
the nanotube surfaces are accessible for the OCC-implanting
chemistry. The mass production of SWCNTs has been
commercially achieved (e, up to 10 tons per year scale at
OCSiAl), which provides a sufficient source of raw SWCNTs.
However, as-synthesized SWCNTs are bundled due to strong
van der Waals attractions, making the nanotube surface largely
inaccessible to reactant molecules. As a result, individualizing
SWCNTs is necessary to increase the efficiency of OCC-
implanting chemistry.

Toward this end, previous methods of synthesizing OCC-
SWCNTs have involved stabilizing individual SWCNTs by
surfactants in aqueous solution as the first step. However, even
with the aid of surfactants, the concentration of SWCNTs that
are functionalized is still low.'® Moreover, using surfactants to
stabilize individual SWCNTs incurs a serious trade-off: strong
surfactants, such as sodium deoxycholate (DOC), effectively
stabilize SWCNTs by homogeneously and tightly encapsulat-
ing the nanotubes, which in turn makes the nanotube surface
less accessible for subsequent reactions.'”*’ Alternatively,
weaker surfactants, like sodium dodecyl sulfate (SDS), form
loose and disordered micelle structures that only partially cover
the nanotube side walls.””*" Although the uncovered regions
are reactive to subsequent OCC implantations, SDS-stabilized
SWCNTs rebundle more easily. Additionally, the highest
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concentration of SDS-stabilized SWCNTSs is only ~18 ug/
mL,”* making it difficult to scale up the chemical reaction.
Here, we demonstrate a one-pot synthesis of OCC-
SWCNTs capable of producing at the hundreds of milligrams
scale at high concentrations (>4000 ug/mL) by an efficient
reaction process that completes in seconds. This one-pot
reaction involves simply mixing raw SWCNTs, an aniline
derivative, and NaNO, in chlorosulfonic acid and then adding
the mixture into nanopure water. We further show that the
OCC-SWCNTs can be directly sorted into single-chirality
enriched OCC-SWCNTs featuring characteristic defect PL.

RESULTS AND DISCUSSION

Figure la schematically describes this one-pot synthesis of
OCC-SWCNTs. As a demonstration of this synthetic
approach, we mixed raw nanotube powders (CoMoCAT SG
65i), NaNO,, and 3,5-dinitroaniline in chlorosulfonic acid and
then slowly added the mixture into nanopure water. This
resulted in the synthesis of OCC-SWCNTSs, mainly 3,5-
dinitroaryl-OCC tailored-(6,5)-SWCNTs (hereafter referred as
C¢H;3(NO,),-OCC-tailored-(6,5)-SWCNT), as black precip-
itates, which can be collected via vacuum filtration (see
Methods for details). We confirmed the covalent modification
to the sp® carbon lattice by Raman spectroscopy, which reveals
a significant increase of the D/G ratio (the intensity of the D
peak at ~1300 cm™ to the G peak at ~1600 cm™") to ~0.5,
compared with ~0.1 for the starting raw SWCNTs (Figure
1b,c). This one-pot reaction allows us to synthesize OCC-
SWCNTs at the hundreds of milligrams scale in a
straightforward manner. Figure la shows a batch of
Cg¢H;(NO,),-OCC-tailored-SWCNTs weighing ~200 mg.
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Figure 2. C(H3(NO,),-OCC-tailored-SWCNTs fluoresce brightly in the shortwave infrared. (a) PL excitation—emission map of CsH;(NO,),-
OCC-tailored-SWCNTs in 2% (w/v) DOC-D,O solution. (b) Single particle PL imaging of C¢H;(NO,),-OCC-tailored-SWCNTs. (c)
Hyperspectral PL image of an individual C¢H;(NO,),-OCC-tailored-(6,5)-SWCNT.
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Figure 3. PL spectra (at 565 nm excitation) of OCC-SWCNTs tailored with a wide variety of aniline OCCs, including (a) 4-nitroaniline, (b)
2-fluoro-4-nitroaniline, (c) 4-aminophenol, (d) 4-aminobenzoic acid, (e) 4-amino-2-fluorobenzoic acid, (f) 4-amino-3-fluorobenzoic acid,
(g) 4-amino-2,3,5,6-tetrafluorobenzoic acid, (h) 4-chloroaniline, and (i) 2-iodoaniline. The OCC-SWCNTSs were stabilized as individual
particles in 2% (w/v) DOC-D,O solution. We note that 2-fluoro-4-nitro-aryl (b), 4-amino-2-fluorobenzoic acid (e), and 4-amino-2,3,5,6-
tetrafluorobenzoic acid (g) OCCs were synthetically achieved by this one-pot reaction.

To characterize the photoluminescence properties, we
dispersed the synthesized CcH;(NO,),-OCC-tailored-
SWCNT material in 2% (w/v) DOC-D,0 and measured the
excitation—emission map (Figure 2a). A bright defect PL (E7,)
was observed at ~1160 nm, which is red-shifted by 170 nm
(184 meV) from the native E;; emission of pristine (6,5)-
SWCNTs (Figure S1). This E7; PL originates from the mobile
excitons that are efficiently trapped at the OCC defect sites
and emit as photons.”” We note that the OCCs synthesized by
this one-pot method exhibit remarkable stability (more than 4
months; Figure S2) and similar high brightness (Figure S3)
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compared to OCCs created by diazonjum reactions in aqueous
solution.'

We further performed hyperspectral fluorescence imaging
using a custom-built microscope” to investigate the defect PL
at the individual OCC-SWCNT level. Figure 2b shows a
broadband (1100—1600 nm) PL image of the CsH;(NO,),-
OCC-tailored-SWCNT sample with a long-pass filter at 1100
nm to filter out the pristine E;; PL emission. Hyperspectral
imaging was then performed to resolve the spatial distribution
of defects along the length of individual OCC-SWCNTs.
Figure 2c shows the emission wavelength map of an individual,
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Figure 4. Individual OCC-SWCNTs encapsulated directly by various molecules and polymers. PL excitation—emission maps and spectra
(565 nm excitation) of C¢H;(NO,),-OCC-tailored-SWCNT' s that are directly dispersed in (a, b) 2% (w/v) SDS, (c, d) CTAB in D,0, and (e,

f) PFO-BPy in toluene.

~4 um long C¢H;(NO,),-OCC-tailored-(6,5)-SWCNT,
which features homogeneous defect E;; PL emission at
~1160 nm along the entire nanotube axis. This indicates
uniform side wall functionalization of the SWCNTs,
presumably due to the fact that the SWCNTs dispersed in
superacid are bare (i.e., without surfactant),”* thus exposing the
whole surface of the material and making it readily accessible
to the reactant molecules. We also note that, by controlling the
relative amounts of reactants (3,5-dinitroaniline and
SWCNTs), the functionalization degree and resulting PL
intensity of C4H3(NO,),-OCC-tailored-SWCNT can be easily
controlled. In Figure S1b, we show that the defect PL intensity
of C¢H;(NO,),-OCC-tailored-(6,5)-SWCNT reaches its max-
imum at a reactant to carbon molar ratio ([aniline]:[C]) of
~1:50 (note that the carbons in this case account for all
nanotube chiralities and other carbon species in the starting
SG6Si raw material). Excessive reaction ultimately quenches
the PL of both E;; and E;.

Because the optical behavior of an OCC is strongly
dependent on the chemical nature of the defect,”” the
tunability of the functional group is particularly valuable for
OCC chemistries. Figure 3 shows the PL spectra of OCC-
SWCNTs functionalized by a wide variety of aniline
derivatives, including fluoroaniline and aminobenzoic acid
derivatives, and some of them (eg, 2-fluoro-4-nitroaniline, 4-
amino-2-fluorobenzoic acid, and 4-amino-2,3,5,6-tetrafluoro-
benzoic acid (see Figure S4 for the excitation—emission
maps)) have never been achieved in aqueous-based reactions
due to the difficulty in synthesizing the corresponding
diazonium salts,”” demonstrating the versatility of this one-
pot chemistry.

We further show that long, individually dispersed OCC-
SWCNTs can be directly obtained in a superacid—surfactant
exchange (S2E) process™~’ by simply adding the superacid-
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SWCNT-reactant mixture into a DOC/NaOH solution. As the
superacid is quenched by NaOH, the OCC-SWCNTs are
instantly stabilized by the DOC surfactants as individual
particles in water. We note that the resulting OCC-SWCNT's
obtained directly by this S2E process exhibit much lower E7;
PL emission when compared with that of water-quenched
OCC-SWCNTs (Figure SS). This is possibly due to
competition between the DOC surfactant and the reactant
molecules in coating the exposed SWCNTs as the
chlorosulfonic acid leaves. DOC coating of the nanotube
surfaces will prevent the further attachment of aniline
molecules to the carbon lattice."” We addressed this problem
by redissolving the water quenched OCC-SWCNT's materials
in the superacid and then performed S2E as a separate step
(see the Methods for details). In this manner, we were able to
obtain long OCC-SWCNTSs with an average length of ~1.55
um (Figure S6) that exhibited much brighter Ef; PL (Figure
S7).

In addition to the scalability, another significant advantage of
this synthetic route is that OCC-SWCNTs are produced as
solid bulk materials, which we hypothesized could be dissolved
into a wide spectrum of solvents with different types
of surfactants or polymers, depending on the specific
requirements of subsequent processing steps necessary for
different applications. For instance, in the case of biomedical
imaging and therapy, surfactant molecules are typically highly
toxic and cause biocompatibility concerns.”® Also, excess free
surfactant molecules that are not physically adsorbed on the
SWCNTs are difficult to remove from the solution, creating an
obstacle to the further conjugation of SWCNT's with imaging
labels or bioactive molecules."* Although prolonged dialysis
can be used to exchange bioincompatible surfactants (such as
SDS) to other biocompatible and stable molecules, the method
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Figure S. Single chirality-enriched OCC-SWCNTs. DOC-D,O solutions of (a) (8,7), (b) (7,6), (c) (7,5), and (d) (6,5)-enriched
C¢H;(NO,),-OCC-tailored-SWCNTs, along with their corresponding PL excitation—emission maps. Due to the strong water absorption
above the wavelength of 1350 nm, the defect PL (Ej;) peak could not be directly detected in the aqueous solutions of C;H;(NO,),-OCC-
tailored-(12,1)-SWCNTs and C¢H3(NO,),-OCC-tailored-(8,7)-SWCNTs. The green and red stars in (a) are the peak positions measured by
the hyperspectral imaging of individual nanotubes deposited on a substrate. (e) PL spectra of C¢H;(NO,),-OCC-tailored-SWCNTs made
from different chiralities. The spectra were fitted with Voigt functions. The arrows indicate the E;; wavelength of C¢H,(NO,),-OCC-
tailored-SWCNTs. (f) Correlation of Ej; with the host nanotube diameters for C;H;(NO,),-OCC-tailored-SWCNTs.

is time-consuming and the recovery yield is usually very low
(<30%).”’

Here, we demonstrate that the resulting OCC-SWCNTs can
be stabilized by a wide variety of surfactants and polymers,
including SDS, cetrimonium bromide (CTAB) in D,0O, and
poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(6,6’-{2,2'-bipyri-
dine})] (PFO-BPy) in toluene, all of which exhibit bright
defect PL (Figure 4). The relatively low E;;/E;; ratio of the
PFO-BPy wrapped OCC-SWCNTs dispersed in toluene can
be attributed to the strong optical absorption of the toluene
solvent at the wavelengths from 1100 to 1250 nm (Figure S8),
which overlaps with the E7; emission. It is noteworthy that the
PFO-BPy wrapped OCC-SWCNTs dispersed in toluene show
E{; emission with a much narrower full width at half-maximum
(fwhm) of ~63 meV compared with those dispersed in
aqueous solution (~96 meV and ~103 meV for SDS and
CTAB, respectively). This is possibly due to the absence of
charge transfer from the nanotube OCCs to the nonpolar
toluene solvent’ and may be also affected by the optical
absorption from toluene.

Single chirality SWCNTs possess characteristic optical
absorption and emission because of their distinct electronic
band structure. For single chirality OCC-SWCNTs,”" the
unique optical properties include not only the native PL
features of the nanotube host but also the added defect PL,
both of which are important to fully exploit the extraordinary
PL properties for practical applications in optoelectronics. For
example, single chirality OCC-SWCNTSs are sought after as
high-purity single-photon sources for quantum information
processes.

We further show that the synthesized OCC-SWCNTSs can
be sorted by adopting established nanotube purification
techniques such as aqueous two-phase extraction
(ATPE).**~*° Here, we developed an ATPE recipe that allows
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us to directly sort OCC-SWCNTSs to attain single chirality-
enriched fractions at large volumes (Figure S9). Figure Sa—d
shows four sorted solutions of C¢H;(NO,),-OCC-tailored-
SWCNTs, including OCC-(6,5)-SWCNT, OCC-(7,5)-
SWCNT, OCC-(7,6)-SWCNT, and OCC-(8,7)-SWCNT.
We note that the C;H;(NO,),-OCC-tailored-(8,7)-SWCNT
fraction also contained some OCC-(12,1)-SWCNTs. To avoid
the strong water absorption at wavelengths greater than ~1350
nm, we measured the Ej; peaks of the larger diameter
C¢H;(NO,),-OCC-tailored (12,1)-SWCNTs and (8,7)-
SWCNTs in the solid state by hyperspectral imaging (Figure
S10). We observed that as the diameter of the host nanotube
increases, the Ej; emission from the OCCs red-shifted from
~1160 nm in the smallest (6,5) host to ~1510 nm in the
largest (8,7) host (Figure Se). This diameter dependence is
consistent with previous results’ and is due to the different
depths of exciton traps for hosts of different diameters.”® The
general correlation between E7; with the host nanotube
diameter is further shown in Figure Sf. Notably, the (8,7)
chirality is one of the largest diameter (~1.02 nm) SWCNTs
ever reported as a host for OCCs, and the corresponding
OCC-SWCNT sample features the most red-shifted defect PL
at ~1510 nm, which falls within the telecommunication range.
This result is significant in that SWCNT's with large diameters
are difficult to functionalize in aqueous solution due to their
relatively high structural stability and low reactivity.”” There-
fore, this synthetic route also shows the potential for effectively
functionalizing larger diameter SWCNTs and provides
opportunities for fundamental studies and practical applica-
tions of OCCs in large diameter nanotube hosts.
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CONCLUSIONS

We show that large-scale synthesis of organic color center-
tailored SWCNT's can be achieved by simply mixing SWCNTs,
NaNO,, and an aniline derivative in chlorosulfonic acid and
then introducing the mixture into water. Compared with
existing OCC chemistries, our one-pot reaction features
significant advantages, including that (1) the reaction occurs
efficiently even at ultrahigh concentrations (>4000 ug/mL),
making it readily scalable to synthesize large quantities of
OCC-SWCNTs; (2) no surfactants or polymers are required
to disperse the SWCNTs, thus the nanotube surfaces are
“bare”, free from molecular coating, and completely accessible
for OCC implantation; (3) the reaction completes in seconds
(versus days for aqueous diazonium salt reactions'); and (4)
distinct from existing methods that require surfactant
dispersion and work only for certain surfactants,**** our
method produces neat OCC-SWCNTs that can be directly
encapsulated by specialized molecules/polymers that are
required for subsequent applications (e.g., chiral purification
of OCC-SWCNTs). This facile, efficient, and scalable method
has thus made large quantities of OCC-SWCNTs synthetically
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accessible for a broad range of applications in 1ma§1ng,4
42,43 ; . .

sensmg,4 *3 and quantum information processmg.“”4

METHODS

Synthesis of OCC-SWCNTs. Raw SWCNT materials, including
CoMoCat SG65i (Sigma-Aldrich) and HiPco (Rice University, batch
number 194.3), were used for this large-scale preparation process.
The SWCNTs were dissolved in chlorosulfonic acid (Sigma-Aldrich,
99%) at a concentration ranging from ~4 mg/mL with magnetic
stirring, followed by the addition of an aniline derivative at different
mole ratios relative to the SWCNT carbon and equimolar amounts of
sodium nitrite (Sigma-Aldrich, >97.0%). We experimentally tested a
wide variety of aniline derivatives for these experiments, including 3,5-
dinitroaniline (Sigma-Aldrich, 97%), 4-nitroaniline (Sigma-Aldrich,
>99.0%), 4-aminobenzoic acid (ReagentPlus, >99%), 2-fluoro-4-
nitroaniline (Sigma-Aldrich, 95%), 4-amino-2-fluorobenzoic acid
(Sigma-Aldrich, 97%), 4-amino-3-fluorobenzoic acid (Sigma-Aldrich,
97%), 4-amino-2,3,5,6-tetrafluorobenzoic acid (Sigma-Aldrich, 99%),
2-iodoaniline (Sigma-Aldrich, 98%), 4-chloroaniline (Sigma-Aldrich,
98%), and 4-aminophenol (Sigma-Aldrich, >98%). The SWCNT-
superacid mixture was then added drop-by-drop into nanopure water
with vigorous stirring by a Teflon-coated magnetic stir bar. (Safety
Note: the neutralization process is aggressive; a significant amount of heat
and acidic smog can be generated. Personal protective equipment,
including goggles/facial masks, lab coats, and acid-resistant gloves, is
necessary. The neutralization needs to be performed in a fume hood). The
resulting OCC-SWCNTs instantly precipitate out from the solution.
The precipitates were then filtered on an AAO filtration membrane
with pore size of 0.02 ym (Whatman Anodisc inorganic filter
membrane), thoroughly rinsed with nanopure water, and then dried
in a vacuum oven. By weighing the starting raw nanotubes and the
synthesized OCC-SWCNTs we can estimate that the yield is
approximately 97%. We note this yield does not consider the added
weight due to the OCCs (which should be negligible) and the
heterogeneity (in terms of the different functionalization degree on
the individual nanotube level) in the synthesized OCC-SWCNTs.

Spectroscopic Characterization. The OCC-SWCNTs were
stabilized by 2% (w/v) DOC, SDS, and CTAB in D,0 and 2% (w/
v) PFO-BPy in toluene for PL measurements. The OCC-SWCNTs
were dispersed in 2% (w/v) DOC-D,0O by tip ultrasonication with a
power of 33 W and at 10 °C for 1 h, followed by centrifugation at
16400 rpm for 1 h (Eppendorf centrifuge S810R) to remove
undissolved bundles. The PL spectra and excitation—emission maps
of the SWCNT solutions were collected using a HORIBA Jobin Yvon
NanoLog spectrofluorometer, with a 450 W xenon arc lamp and a
liquid-N, cooled InGaAs array. UV—vis—NIR absorption spectra were
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acquired through a PerkinElmer Lambda 1050 spectrophotometer
equipped with a broad InGaAs detector. Raman spectroscopy
measurements were performed on a HORIBA Jobin Yvon LabRAM
Raman microscope, and the spectrum of each sample was the average
data for three different regions.

Hyperspectral Imaging. The OCC-SWCNTs were deposited on
an imaging substrate by drop casting 10 uL of the OCC-SWCNT
solution (2% (w/v) DOC-D,0) and immediately blowing dry with
N,. The imaging substrate consisted of a thin, thermally deposited
layer of gold (60 nm Au with a S nm thick Ti adhesion layer; Metra
Thermal Evaporator) on a silicon wafer to improve the photon
collection efficiency. A 50 nm thick polystyrene layer was spin coated
on top of the Au to prevent fluorescence quenching. The
hyperspectral imaging of the deposited OCC-SWCNTs was then
performed on a custom-built shortwave IR imaging system that allows
the acquisition of PL spectra from all pixels in the camera frame
simultaneously.”> The OCC-SWCNTSs were excited with a 730 nm
continuous wave laser (Shanghai Dream Lasers Technology Co., Ltd.)
at 64 W cm™2. The resulting fluorescence signal was collected by a
100X objective (LCPLN100XIR, numerical aperture (NA) = 0.85,
Olympus) before sending the signal to a volume Bragg grating which
was placed in front of the detector in the light path. The detector for
the fluorescent signal was a Cougar-640 imaging camera (Xenics,
Leuven, Belgium) with an InGaAs focal plane array with 640 X 512
pixels, cooled with liquid N, to —190 °C. An image stack was
collected, one wavelength at a time, and reconstructed to provide the
PL spectrum for each pixel over the entire field of view.

Sorting of OCC-SWCNTs. The ATPE method*™>* was adapted
and modified to separate OCC-SWCNTs with different chiralities.
Briefly, 1 part of the OCC-SWCNT 2% (m/v) DOC solution was
mixed with 0.3 parts of 20% (m/m) dextran (DX, MW 70000 Da,
TCI) and 0.3 parts of S0% polyethylene glycol (PEG, MW 6000 Da,
Alfa Aesar) aqueous solution to yield ~0.2 parts of OCC-SWCNTs
concentrated in the bottom DX-enriched phase after mild
centrifugation at 4000g for 60 s. DOC surfactants were then gradually
replaced by a sodium cholate (SC) and SDS cosurfactant system
following the reported procedure so that the final concentration of SC
and SDS were 0.9% (w/w) and 0.7% (w/w), respectively. The
metallic/semiconducting SWCNT sorting process was then applied
followed by diameter sorting until the desired chirality was enriched.
We note that the OCC-(6,5)-SWCNT, OCC-(7,5)-SWCNT, OCC-
(7,6)-SWCNT, and OCC-(8,4)-SWCNT were sorted from CoMo-
CAT SG65i, while the OCC-(8,7)-SWCNT and OCC-(12,1)-
SWCNT were derived from the HiPco SWCNT starting material.
The PEG and DX polymers were removed from the final
semiconducting SWCNT-enriched solution by an ultrafiltration step
using a centrifugal ultrafiltration nanotube (Amicon Ultra-15, PLHK
Ultracel-PL membrane, 100 kDa), and the surfactants were exchanged
to 2% (w/v) DOC in D,0O solution. Based on optical absorption
measurements, the ATPE recovery yield for OCC-(6,5)-SWCNTs is
estimated at ~58% after S sorting cycles. Note that the purity can be
further improved with additional ATPE cycles at the cost of recovery
yield.

Individually Dispersed, Long OCC-SWCNTs. A total of 10 mg
of dried C¢H;(NO,),-OCC-tailored-SWCNT were fully dissolved in
S50 mL of chlorosulfonic acid by magnetic stirring at 1200 rpm
overnight. The OCC-SWCNT-superacid mixture was then added
drop-by-drop into a 0.75 M NaOH and ~0.08% (w/v) DOC (Sigma-
Aldrich, >97%) aqueous solution with vigorous stirring until the pH
dropped to ~8. This neutralization is typically achieved by using 60
parts of 0.75 M NaOH-DOC for one part of OCC-SWCNT-
superacid mixture. The solution was further stirred for 1 h followed by
the addition of several drops of 1 M HCI aqueous solution to
protonate the DOC molecules, causing them to coalesce into dark
gray/black precipitates along with the SWCNTs. A 47 mm sized
polyvinylidene fluoride filtration membrane was used to filter and
collect the precipitates. The dark gray/black precipitates were then
mixed with nanopure water and a few drops of 1 M NaOH to tune the
pH to ~7 to 8. The slurry was stirred for 3 days, and the resulting
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black solution was centrifuged at 16 400 rpm for 60 min (Eppendorf
centrifuge S810R) to remove undissolved SWCNT bundles.

Length Characterization of OCC-SWCNTSs. Freshly cleaved
mica (Ted Pella) was rinsed with 1 M MgSO, aqueous solution to
positively charge the surface. A total of 50 uL of OCC-SWCNTs in
2% (w/v) DOC-D,O was then drop cast onto the mica substrate and
blown dry with N,. All AFM images were recorded in tapping mode
on a Cypher ES AFM (Asylum Research Corporation) with conical
AFM probes backside-coated with gold (Tap300GD-G, with a force
constant of 40 N/m and radius of curvature < 10 nm, BudgetSensors).
All the images were acquired with a 30-um piezoelectric stack scanner
at a pixel resolution of 512 X S12 and analyzed using the Gwyddion
software (version 2.53). In total 163 OCC-SWCNTSs were analyzed
for the average length characterization.
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