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ABSTRACT: The development of a facile method to sort semiconducting single-
walled carbon nanotubes (s-SWCNTs) and their enantiomer recognition are still
great challenges. We here describe a finding that a commercially available, safe, and
cost-effective hydrophobic riboflavin analogue (riboflavin tetrabutyrate; RTB)
efficiently sorts only s-SWCNTs by a one-pot method (bath-type sonication for 30
min followed by ultracentrifugation) and recognizes their enantiomers (left- and
right-handed s-SWCNTs). The solubilization behavior of the SWCNTs strongly
depends on the concentration of RTB; namely, with the decrease in the
concentration of RTB, the s-SWCNT (n,m)-chiral selective sorting efficiency is
enhanced. When using RTB = ~0.4 mM (SWCNTs = 1 mg/3 mL toluene), two (n,m) chiralities of the s-SWCNTs with (n,m) =
(8,6) and (8,7) were efficiently sorted. Furthermore, when using RTB = 0.5—1 mM, the SWCNT enantiomer recognition was
observed. In addition, the X-ray photoelectron spectroscopic study revealed that the adsorbed RTB molecules on the s-SWCNTs
were readily removed by simple rinsing with acetone to provide adsorbent-free pure s-SWCNTSs. On the basis of the experimentally
obtained data using Raman, photoluminescence, and visible—near-IR absorption spectroscopy techniques and computational density
functional theory (DFT) approaches, we have revealed a possible mechanism for this unique s-SWCNT selective sorting and their
enantiomer recognition. The supramolecular orientation of RTB into the helical superlattice with its own chirality provides a
mechanism for chirality recognition. The study demonstrates one-pot sorting of s-SWCNTs and their enantiomer recognition using
a cost-effective, safe molecule. Such a study is important for s-SWCNT separation science and its application in nanoscience and
engineering areas.

700
1100 1200 1300

Emission Wavelength/ nm

Excitation Wavelength / nm
&
o

B INTRODUCTION tetrabutyrate; RTB, Figure 1) efficiently sorts only s-SWCNTs

Single-walled carbon nanotubes (SWCNTSs) are unique one- by a one-pot method (bath-type sonication for 30 min followed
dimensional structured nanomaterials that possess remarkable

electronic, mechanical, thermal, and photonic/optical proper-
ties along with high chemical stability.'® Their characteristic
quantum-confined structures derived from chiral indices,
denoted (n,m)SWCNTs, are important for a dee(p under-
standing of their fundamental intrinsic properties.””'* The
synthesized SWCNTs are mixtures of semiconducting (s-) and
metallic (met-)SWCNTs, and their properties and application
areas are quite different. Thus, the separation/purification of the
s-SWCNTs on the basis of their chiralities is still one of the most
important issues in the science and applications of carbon
nanotubes. Many approaches have already been reported
regarding s-SWCNT sorting” "' from as-synthesized SWCNTs,
which are a mixture of s-SWCNTs and met-SWCNT's, while
many of them are complex in the separation. For one-pot easy
separation, we need to design a suitable solubilizer by an
organic/polymer synthesis method. Thus, the finding of an easy
s-SWCNT separation technique is still a great challenge and
highly important.

In this study, we describe that a commercially available, safe
and cost-effective hydrophobic riboflavin analogue (riboflavin

Figure 1. Chemical structure of RTB.

Received: February 9, 2022
Revised:  May 18, 2022

© XXXX American Chemical Society https://doi.org/10.1021/acs.jpcc.2c00959

v ACS Publications A J. Phys. Chem. C XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wataru+Ishimaru"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chaerin+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fumiyuki+Toshimitsu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aleksandar+Staykov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Naotoshi+Nakashima"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.2c00959&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00959?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00959?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00959?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00959?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00959?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00959?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00959?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00959?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00959?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c00959?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

by ultracentrifugation) and recognizes their enantiomers (left-
and right-handed s-SWCNTs). Using a commercially available,
safe, and cost-effective adsorbent that extracts only s-SWCNTSs
solely by sonication is a great benefit to s-SWCNT separation
science.

The separated s-SWCNTs are composed of right- and left-
handed SWCNT enantiomers, but the study on such
enantiomer separation/recognition has been limited. Papadimi-
trakopoulos et al. reported that flavin mononucleotides (FMNs)
recognized semiconducting left-handed and right-handed s-
SWCNTs based on their helical assemblies.”” Wei et al.*’
reported that a flavin mononucleotide (FMN), a chiral
compound, recognized right- and left-handed SWCNTSs when
the SWCNTSs were solubilized in water. Namely, using a gel
chromatography technique, they found that the photolumines-
cence (PL) spectra of the solubilized (6,5)SWCNTs provided
two different spots from the right- and left-handed SWCNTs
due to the different microenvironments between the FMN and
right- and left-handed SWCNT's. We reported the separation of
right- and left-handed s-SWCNT's from as-produced SWCNT's
using designed copolymers composed of polyfluorene (PFO)
and chiral bulky moieties (9,9-dioctylfluorene-2,7-diyl) . ((R)- or
(8)-2,2"-dimethoxy-1,1"-binaphthalen-6,6-diyl) , where x and y
are the copolymer composition ratios using a simple one-pot
sonication method, in which the copolymers extracted either the
right- or left-handed s-SWCNT enantiomers with (6,5)- and
(7,5)-enriched chiralities.**

Zheng et al.*” reported the use of intrinsically chiral single-
stranded DNA (ssDNA) to achieve simultaneous handedness
and chirality control for SWCNTs using two polymer-based
aqueous two-phase systems, in which they screened more than
300 short ssDNA sequences with a palindromic symmetry,
leading to the selection of more than 20 distinct SWCNT
structures that have defined chirality and handedness of the
SWCNTs. Jagota et al.*® examined the physical basis of such
selectivity using a coarse-grained model to compute the
energetics of the ssDNA wrapped around an SWCNT and
suggested that the difference by handedness of the SWCNT
re%uires a spontaneous twist of the ssDNA backbone. Wei et
al."”” reported separating single-chirality SWCNT enantiomers
by column chromatography in combination with overloading
the selective adsorption and stepwise elution using a mixed
surfactant and carried out an excitonic band structure analysis by
assigning all of the observed E; and E;; (i,—j.) optical transitions
in the circular dichroism spectra of the sorted SWCNTs. A high-
yield and high-throughput single-chirality SWCNT enantiomer
separation method using stepwise elution gel chromatography
has been described by Kataura et al.** Recently, Flavel et al.”’
applied a two-stage aqueous two-phase extraction technique for
SWCNTs with diameters of >1.1 nm and succeeded in the
separation of the enantiomer-pure fractions of R-(14,6), L-
(14,6), R-(16,3), R-(15,5), and R-(13,7) with diameters of
~1.41 nm with a single-chirality purity of up to 80%. Recently,
Xu et al.>” reported an SWCNT handedness separation method
using acid cleavable polyfluorenes all with R- or S-configuration.

There is strong solvent dependence on the SWCNT
enantiomer recognition, especially toluene and xylene with
low dielectric constants are suitable solvents for both the
selective s-SWCNT sorting and SWCNT enantiomer recog-
nition.**** However, FMN and riboflavin (or vitamin B2) are
not soluble in such solvents because they are hydrophilic
molecules. Based on such a background, in this study, we
selected a toluene-soluble flavin, ie, RTB, Figure 1, and

examined its s-SWCNT/met-SWCNT separation and s-
SWCNT enantiomer recognition ability. In this paper, we
describe (i) the finding that RTB individually sorts only s-
SWCNTs from the mixture of the s-SWCNTs and met-
SWCNTs, (ii) the unique PL splitting phenomenon from the
(8,6)SWCNTs when the RTB concentration was very low, and
(iii) 2 mechanism for the (8,6)SWCNT enantiomer recognition
using RTB. Figure 2 depicts a schematic drawing of one-pot easy
s-SWCNT sorting/recognition based on the self-assembled
RTB on the SWCNT surfaces.

by sonication
RTB w/
low conc.
RTB w/ recognition
\i + high conc.

SWCNTs

handed

handed

Figure 2. Schematic illustration of one-pot easy s-SWCNT sorting and
SWCNT enantiomer recognition only by sonication using RTB.

B METHODS

Materials, Sample Preparation, and Measurements.
RTB (mp, 147.0—151.0 °C) was purchased from TCI Co., Ltd.
and used as received. The SWCNTs (HiPco) were purchased
from Carbon Nanotechnologies, Inc. and used as received. In
this study, we prepared 17 different samples by changing the
concentration of RTB in the range of 0.30—2.44 mM. The
typical SWCNT solubilization/dispersion procedure®™** is as
follows. The SWCNTs (1.0 mg) and RTB with a given
concentration were sonicated in toluene (3.0 mL) for 1 h using a
bath-type sonicator (Nano Premixer PR-1, THINKY Co., Ltd.),
and the dispersion was centrifuged at 10,000g using a centrifuge
(Himac CS1S0GXL instrument equipped with a swinging
bucket rotor S5SA, Hitachi High-Technologies Corporation)
for 1 h; then, the supernatant (upper 80%) was separated to use
for the measurements. The PL and visible—near-IR (vis—NIR)
absorption spectra were recorded using a spectrofluorometer
(Horiba-Jobin Yvon, SPEX Fluorolog-3-NIR) equipped with a
liquid-nitrogen-cooled InGaAs near-IR detector and a spec-
trophotometer (JASCO, V-570), respectively. The excitation
and emission wavelengths were in the ranges of 500—900 and
900—1300 nm, respectively. The Raman spectra were recorded
using a Raman touch (Nanophoton Corporation) by excitation
at 633 nm.

Removal of the Adsorbent. The typical RTB removal
procedure is as follows. First, toluene was evaporated from the
RTB-sorted s-SWCNT solution, and then, the residue was well
rinsed with acetone and dried to measure the X-ray photo-
electron spectroscopy (XPS) diagram.

Simulations. The molecular mechanic simulations were
carried out using MacroModel (Infocom, version 8.6) with the
OPLS-2005 force field and a dielectric constant value of 2.3,
which is the same as that of toluene. Minimization on the
calculations was carried out using the Polak—Ribiere conjugate
gradient with a convergence threshold on a gradient of 0.05 kJ
mol™". Default values were used for all other parameters.
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The first-principles calculations in the study were performed
using the periodic, plane wave density functional theory
implemented in the Vienna Ab initio Software Package
(VASP).”” Throughout the study, we have utilized the
Perdew—Burke—Erzenhof (PBE) exchange—correlation func-
tional using projector augmented wave pseudopotentials.’® The
electron energies were converged to 107¢ eV using Gaussian
smearing with a Sigma of 0.1 eV. The calculations were
performed with a 300 eV cutoff energy. Owing to the large cell
size, the calculations were performed at y points only. Relaxation
was only performed for the atomic positions. Relaxation was
performed until the forces converged to values below 0.03 eV
A~ Throughout this study, we have used graphical visualization
package VESTA.*

B RESULTS AND DISCUSSION

(n,m)-Chiral Selective Sorting of s-SWCNT and Their
PL Behavior. SWCNT solubilization was carried out by
sonication of RTB (0.30—2.44 mM) and HiPco-SWCNTs (1.0
mg) in toluene (3 mL) at 15 °C for 1 h using a bath-type
sonicator (Nano Premixer PR-1) by rotating each sample at 500
rpm during sonication, which is very efficient for obtaining
homogeneous SWCNT dispersion samples. Thereafter, ultra-
centrifugation at 10,000g for 1 h at rt was carried out, and then,
each supernatant (top 80%) was collected.

Raman spectroscopy is a powerful technique to evaluate the
selective sorting of s-SWCNT' from the mixtures of s-SWCNT's
and met-SWCNTs. Typical Raman spectra of the pristine
SWCNTs and solubilized SWCNTs using RTB = 0.78 mM are
shown in Figure 3, in which it is evident that RTB solubilized

metallic sem
:
> | RTB/SWCNT
" |Pristine SWCNT
S
100 200 300 400

Raman Shift/ cm!

Figure 3. Raman spectra of pristine SWCNTs (red) and solubilized
SWCNTs (supernatant; black) using RTB (0.78 mM) and SWCNTs
(1 mg) in toluene (3 mL), by excitation at 633 nm.

only the s-SWCNT's because the peaks appeared only in the s-
SWCNT wavelength range of 230—310 cm ™', while no peaks
appeared in the met-SWCNT range of 180—230 cm™"."~*
Thus, s-SWCNT sorting selectivity is >99%. Almost the same
selective s-SWCNT sorting behavior was obtained when using
RTB = 0.41-2.44 mM. Figure 4 shows the typical vis—NIR
absorption spectra of the solubilized SWCNTSs. The absorption
intensity is proportional to the amounts of solubilized
nanotubes. We estimated the amount of the solubilized s-
SWCNTs using RTB. When using 3 mL of RTB = 2.28 mM, the
amount of the solubilized s-SWCNTs was 0.054 mg, which is

comparable with those of flavin analogues reported previously.**
‘When using RTB concentrations lower than 0.41 mM, SWCNT
dissolution was not evident. The (n,m)SWCNT selective sorting
showed RTB concentration dependence, as will be discussed
later.

PL is a powerful method to evaluate the individual SWCNT
solubilization performance because individually solubilized
SWCNTSs emit from their solutions. In this study, when using
RTB = 0.30—0.36 mM in toluene (3 mL) containing 1 mg of
SWCNTSs, individual solubilization of the SWCNTSs was not
evident because we could not detect PL signals from the
solutions due to the lack of a suitable amount of the dispersant.
However, in the range of RTB = 0.41—2.44 mM, the SWCNTs
were found to be individually solubilized. The two-dimensional
PL (2D PL) mapping of the obtained RTB-dissolved SWCNT
solutions (selected nine samples) is shown in Figure 5 (for the
PL of all 17 samples, see the Supporting information, Figure S1).
When using RTB = 2.44 mM, 18 PL spots from the solution with
enriched chiralities of (n,m) = (8,6), (8,7), (9,5), and (10,5)
together with (n,m) = (6,5), (7,5), (7,6), (8,4), (9,4), (9,7),
(9,8), (10,2), (10,3), (10,6), (11,1), (11,4), (12,2), and (13,2)
were noted. We also found that by decreasing the RTB
concentrations, the number of PL spots from the solubilized
(n,m) SWCNT decreased; namely, at RTB = 0.41 mM, only
three PL spots of (n,m) = (8,6) and (8,7) (both enriched) and
(9,7) were observed, indicating that the TRB concentration
strongly affected the (1,m)-chiral selective SWCNT sorting.

Figure 6 shows the relative abundance (%) of the extracted
(n,m)SWCNTSs with 17-(n,m) different chiralities as a function
of the TRB concentrations used for the SWCNT solubilization
(for detail, see Table S1), in which each (n,m)SWCNT
abundance was determined based on the quantum vyield-
corrected (n,m)SWCNT PL intensities.”' Data for all of the
samples are plotted in Figure 6a. We then classified them into
three categories, as shown in Figure 6b—d. The RTB
concentrations were not sufficient for the provided 12
(n,m)SWCNT chiralities, as shown in Figure 6b. In sharp
contrast, the SWCNTs with chiralities of (n,m) = (8,6) and
(8,7) showed strong RTB concentration dependence; namely,
at the lower concentration below RTB = 0.5 mM, the abundance
(%) of (8,6) and (8,7)SWCNTs significantly increased. Such a
trend was not very significant for the (9,7) SWCNTs, while it still
existed when RTB = 0.4 mM. For the (9,5) and (11,6)-
SWCNTSs, with a decrease in the concentration of RTB, their
abundance somewhat increased, while at the RTB concentration
lower than 0.45 mM, it decreased, and at RTB = 0.4 mM, it
became almost zero (Figure 6d). We further discuss the
observed unique RTB concentration-dependent (n,m)SWCNT
solubilization behavior. The diameter range and chiral angles of
all of the detected (n,m)SWCNTs, except for the (8,6), (8,7),
and (9,7)SWCNTs, are 0.75—1.15 nm, which is very widely
dispersed, and 7.05—28.05° (also widely distributed), respec-
tively. In sharp contrast, the diameter range and chiral angle
range of the (8,6), (8,7), and (9,7) (plotted as red-colored lines)
of the SWCNTs are 0.95—1.09 nm and 25.28—27.80° (very
narrow distribution), respectively. The diameter of the (9,5)-
SWCNTs is 0.96 nm, which is between 0.95 and 1.09 nm, while
their chiral angle is 20.63°, which is outside the range of 25.28—
27.80°. The diameter of the (11,6)SWCNTs s 1.17 nm, which is
not in the range of 0.95—1.09 nm, and its chiral angle is 20.36°,
which is outside the range of 25.28—27.80°. We demonstrate
that all of the results indicate that the RTB molecules recognize
the differences in both the diameters and chiral angles of the
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Figure 4. Vis—NIR absorption spectra of the solubilized SWCNTs (supernatant) using RTB = 0.41 mM (left column and right column, blue color),
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presence of the SWCNTs (1 mg). The optical path length was 1.0 cm.

g 8

gth /

$ 750

en
3

Excitation Wavel
o ~
g 8
Excitation Wavel
o -~

8

g & 8

900 1000 1100 1200 1300 1400 1500
Emission Wavelength / nm

Excitation Wavelength / nm

g 8882888

900 1000 1100 1200 1300 1400 1500
Emission Wavelength / nm

900 1000 1100 1200 1300 1400 1500
Emission Wavelength / nm

900 1000 1100 1200 1300 1400 1500
Emission Wavelength / nm

900 1000 1100 1200 1300 1400 1500
Emission Wavelength / nm

900 1000 1100 1200 1300 1400 1500
Emission Wavelength / nm

§/

Excitation Wavelength

750
700
650
600
550
500

900 1000 1100 1200 1300 1400 1500
Emission Wavelength / nm

Excitation Wavelength / nm
o o -~ -~ ©
g 88%838388 % 8

900 1000 1100 1200 1300 1400 1500
Emission Wavelength / nm

Excitation Wavelength / nm
o -3 -~ ~ ©
g 888888 8

500 —_—
900 1000 1100 1200 1300 1400 1500
Emission Wavelength / nm

Figure S. 2D PL mapping images of nine selected SWCNT solutions (supernatant) in toluene using RTB. The RTB concentrations for the
solubilization are provided in the figures. The sonication procedure was carried out in the presence of SWCNTs (1 mg). For the detailed preparation

procedure, see Methods section.

SWCNTSs with (n,m) = (8,6), (8,7), and (9,7) from those of the

other (n,m)SWCNTs.
Splitting of PL and NIR Absorption Bands and SWCNT

Enantiomer Recognition. We now focus on the PL splitting

of the solubilized SWNCTs obtained by RTB of different
concentrations. As shown in Figure 5, the PL from the
(8,6)SWCNTs is observed at RTB = 1.52—0.51 mM
concentrations. To further clarify, the PL from the (8,6)-

https://doi.org/10.1021/acs.jpcc.2c00959
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Figure 6. Relative abundances of the dissolved (n,m)SWCNTs (supernatant) as a function of the RTB concentration for solubilization. Plotted
(n,m)chiralities are provided in columns (a—d). The sonication procedure was carried out in toluene (3 mL) in the presence of SWCNTs (1 mg).

SWCNTs is enlarged in Figure 7, in which the PL clearly splits
into two spots, as shown in Figure 7b,c. More interestingly, at
RTB = 0.41 mM, one of the split PL spots at around 1200 nm
disappeared, and as a result, we see only one spot, as shown in
Figure 7d. The obtained result agrees well with the Raman data
shown in Figure 8, in which we only detect one peak at 252 cm™
from the solubilized solution that is ascribable to the
(8,6)SWCNTs, which is detectable when excited at 633 nm.
Considering the RTB-induced transition peak shift based on the
report by Wei et al,*” we consider that the spot at ~1220 nm
would be ascribed to the enriched left-handed (8,6)SWCNTs,
and the ~1200 nm band would be ascribed to the right-handed
(8,6)SWCNTs. The results indicated that RTB has the ability of
SWCNT enantiomer recognition and sorting by choosing the
suitable RTB concentrations.

The NIR spectra of 17 RTB-dissolved s-SWCNT's are shown
in the Supporting Information, Figures S2 and S3, in which the
absorbance of the extracted semiconducting SWCNTSs was
0.15—0.002. When using RTB = 2.44 mM, it was 0.15, which
was ~2.1 times larger than that using PFO.>* However, PFOs>?
have no ability to recognize left- and right-handed SWCNTs.

Band splitting was also observed in the NIR absorption
spectra. A typical result is shown in Figure 9; at RTB = 2.44 mM,
we observed one broad peak at ~1212 nm, and similar results
were obtained when using RTB = 2.44—1.67 mM. In sharp
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Figure 7. 2D PL mapping images focused on (8,6)SWCNTs
solubilized using RTB. The RTB concentrations used in the
solubilization procedures are (a) 1.83 mM, (b) 0.66 mM, (c) 0.51
mM, and (d) 0.41 mM in toluene (3 mL) containing SWCNTs (1 mg)
for sonication.

contrast, when using RTB concentrations lower than 1.52 mM,
the absorption bands became broad, and then, at RTB = 0.61
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Figure 8. Raman spectrum (RBM region) of the dissolved SWCNTs in
toluene (3 mL) using SWCNTs (1 g) and RTB = 0.41 for sonication;
excitation, 633 nm.
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Figure 9. NIR absorption spectra of RTB-dissolved SWCNTs in
toluene (3 mL) using SWCNTs (1 g) and RTB = 2.44 mM (black line)
or RTB = 0.61 mM (red line).

mM, it clearly splits into two peaks (peak top wavelengths =
~1204 and ~1225 nm). A similar result was obtained when
using RTB = 0.41 mM. Such obtained NIR absorption results
agreed well with the obtained PL and Raman results. In the
study, RTB is a chiral compound since the used riboflavin is
(-)riboflavin with a specific rotation of [a] (20 °C) = —=30° cm?/
g. FMN has been reported to recognize right- and left-handed
SWCNTs when FMN was used to solubilize the SWCNTs in
water; "> however, in that study, selective s-SWCNT sorting was
not possible because the solubilization procedure was carried
out in water, and the enantiomer (8,6)SWCNT and (11,—
S)SWCNT separations were carried out using a gel column
chromatography technique, which is not simple.

We have measured CD spectra of the RTB/SWCNT toluene
solution, and the result is shown in Figure S4, in which no CD
signal was detected, suggesting that the separation of s-SWCNT
enantiomer using RTB was difficult, which suggested that the
RTB solubilized both right-handed and left-handed s-SWCNTs,
and enantiomer excess in the sorting process was not sufficient
to separate the right-handed and left-handed s-SWCNTs. Such
behavior was different from cited paper #44, in which we have
reported a one-pot s-SWCNT enantiomer separation using
synthesized fluorene-binaphthol chiral copolymers. The detec-
tion of the splitting of NIR-PL and NIR absorption spectra

shown in Figures 7 and 9, respectively, suggested that the RTB
molecules have left-/right-handedness-dependent interactions
since RTB is a chiral compound. Such behavior agrees with the
previously reported result.*

Removal of Solubilizers. As we described in the previous
paper,”* the removal of the adsorbents from the separated s-
SWCNTs provided adsorbent-free s-SWCNTs. Such an event is
highly important because the remaining adsorbed solubilizer
often decreases the intrinsic property of the s-SWCNT's in many
application areas. In this study, the removal of the used
solubilizer was very simple and easy; namely, only rinsing with
acetone was enough, as described in the Methods section. The
removal was confirmed by X-ray photoelectron spectroscopy
(XPS) analyses, and the result is shown in Figure 10a, in which
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©
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Figure 10. N 1s narrow-scan XPS spectra of the separated s-SWCNTs/
RTB before (blue line) and after (red line) the RTB removal
procedure.

the N 1s narrow-scan XPS spectrum of the separated s-SWCNT's
by RTB shows no N 1s band (red line in the figure). Before the
removal treatment, we clearly observed the N 1s band (blue line
in the figure) at around the 400 eV region. A schematic drawing
of this RTB removal is shown in Figure 10b. The wide-scan XPS
spectra of the samples before and after the removal treatment are
shown in Figure S5.

Computer Simulations. In a recent study, we have
elucidated using density functional theory (DFT) methods the
formation of the helical supramolecular structure of a flavin—
Cu?" supramolecular complex on the surface of the SWCNT
(8,6)* (we also carried out molecular mechanics simulations;
for the results, see the Supporting Information for the
Simulations section, which includes Figure S6). We used DFT
simulations to estimate the interaction of the chiral helical
structure of RTB with the left- and right-handed CNT
(8,6).>™>° The results of the geometry optimization are
summarized in Figure 11. We should mention that the chiral
molecular arrangement of RTB in a helical superstructure
represents close packing of RTB on the surface and corresponds
to the highest possible density of RTB on the tube surface. Thus,
it is worth investigating the interaction between the supra-
molecular helix and the right-and left-handed SWCNTs. The
helical supramolecular structure depends on the molecular
structure of the monomers and is shown in Figure 12. The RTB
molecules are linked using hydrogen bonds, which determine
the orientation and the pattern of the aromatic rings on the
tube’s surface. This pattern is different for the right- and left-
handed SWCNTs, and it determines the strength of the 7—x
stacking interaction between the RTB helix and the SWCNT.
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Figure 12. Model of the RTB supramolecular helix obtained by the DFT calculations. A, face view; B, side view.

The relative binding energy is shown in Figure 12, and it is 0.08
eV higher for the left-handed SWCNT (8,6). Thus, we can
conclude that the RTB helix interacts stronger with the right-
handed SWCNT (8,6).

On the basis of all of the obtained results, we now provide a
possible RTB adsorption behavior scenario that would explain
the (8,6)SWCNT enantiomer recognition that appeared at the
very low RTB concentrations. At the higher RTB concen-
trations, such as RTB = 2.44 mM, the RTB molecules interact
with the SWCNTs with many different (n,m) chiralities,
resulting in their dissolution in the solvent because many PL
spots are observed from the solution (see Figure Sa). Namely,
for many (m,n)SWCNTs, almost no specific assembled RTB
adsorption onto the SWCNT's at the higher RTB concentrations
(RTB > 1.83 mM) is seen; meanwhile, for the (8,6)SWCNTs,
we see a somewhat left-handed recognition. It is reasonable to
consider that the excess amounts of RTB against the SWCNTs
lack a selective recognition of the right- and left-handed chirality
of the SWCNTs. In the concentration range of RTB = 1.52—
0.51 mM, PL splitting of the (8,6)SWCNTs is observed, in
which the RTB molecules can clearly recognize the enantiomers
of the right- and left-handed (8,6)SWCNTs with a specific
manner due to the suitable weight ratios of the RTB and
SWCNTS, resulting in their PL splitting. Finally, at RTB = 0.41
mM, the RTB recognizes and solubilizes only the right-handed
(8,6)SWCNTs.

B CONCLUSIONS

In this study, we examined the one-pot selective dissolution of
the SWCNTs using hydrophobic riboflavin (RTB) with

different concentrations and revealed selective (n,m)-s-
SWCNT sorting by simply changing the RTB concentrations.
Namely, the (n,m) selectivity was higher when using lower RTB
concentrations, and at RTB = 0.41 mM (SWCNTs = 1 mg in 3
mL of toluene), only two chiralities of (8,6) and (8,7)SWCNTs
were enriched together with a small amount of the (9,7)-
SWCNTSs. The RTB molecules recognize the differences of both
the diameters and chiral angles of the SWCNTs when
solubilization occurs by sonication. Furthermore, at RTB =
0.5—1 mM, it showed SWCNT enantiomer recognition because
the PL splitting that is derived from the right- and left-handed
(8,6)SWCNTs was observed. On the basis of the presented
experimental and computational DFT calculations, such unique
SWCNT selective sorting and its enantiomer recognition
behavior are due to a specific/suitable concentration-dependent
RTB adsorption by an assembled structure (Figures 11 and 12).
The major recognition behavior is due to the specific interaction
between the RTB supramolecular helix and the right- and left-
handed SWCNTs. The chirality of the tube controls the strength
of the 7z—r stacking interaction. Thus, the chirality of the
supramolecular helix interacts with the chirality of the SWCNTs
and results in chirality recognition.

Finally, we would like to emphasize that a commercially
available cost-effective hydrophobic flavin analogue (RTB)
efficiently sorts the s-SWCNTs only in one pot (bath-type
sonication for 30 min) and recognizes their enantiomers. This
study provides a promising method to develop a simple way for
highly selective s-SWCNT sorting with the desired (n,m)-
chirality, which is useful in both fundamental studies and
applications of SWCNTs using their unique (n,m)-dependent
optical and electronic properties. Furthermore, the study would
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be of importance in view of the practical applications of s-
SWCNTs in the semiconductor industry.
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