(\) BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

Diameter-selective extraction of single-walled
carbon nanotubes by interlocking with
Cu-tethered square nanobrackets

Guoging Cheng and Naoki Komatsu”

Full Research Paper

Address:
Graduate School of Human and Environmental Studies, Kyoto
University, Sakyo-ku, Kyoto 606-8501, Japan

Beilstein J. Org. Chem. 2024, 20, 1298-1307.
https://doi.org/10.3762/bjoc.20.113

Received: 26 February 2024
Accepted: 14 May 2024
Published: 05 June 2024

Email:
Naoki Komatsu” - komatsu.naoki. 7w@kyoto-u.ac.jp

Associate Editor: P. J. Skabara

* Corresponding author

Keywords:
complexation; diameter; extraction; interlock; nanobracket;
single-walled carbon nanotubes; separation

© 2024 Cheng and Komatsu; licensee
Beilstein-Institut.
License and terms: see end of document.

Abstract

We have been working with carbon nanotube separation through host—guest chemistry. Herein, a new macrocyclic host molecule,
Cu-tethered square nanobrackets, is designed, synthesized and applied to single-walled carbon nanotubes (SWNTs) for their diame-
ter-based separation. The complexation between copper ions and dipyrrin moieties of the nanobracket gives Cu-tethered square
nanobrackets, which is confirmed by absorption, Raman and MALDI-TOF mass spectra. Upon extraction of SWNTs with the
nanobracket and copper(Il), in situ-formed square Cu-nanobrackets are found to interlock SWNTs to disperse them in 2-propanol.
The interlocking is confirmed by Raman spectroscopy after thorough washing of the extracted SWNTs. Pristine SWNTs were
recovered through demetalation of the interlocked ones along with the nanobracket. Raman and absorption spectroscopies of the
extracted SWNTs reveals the diameter enrichment of only several kinds of SWNTs in the diameter range from 0.94 to 1.10 nm
among ~20 kinds of SWNTSs from 0.76 to 1.20 nm in their diameter range. The diameter selectivity is supported by the theoretical
calculations with the GFN2-xTB method, indicating that the most preferred SWNT diameter for the square Cu-nanobrackets is
1.04 nm.

Introduction

Single-walled carbon nanotubes (SWNTs) have been attracting
considerable interest due to their unique physical and chemical
properties. For their further applications, structural control of
SWNTs is of great importance, since the electronic and optical
properties significantly depend on their structures [1]. To obtain
specific structures, remarkable progress has been made in sepa-

ration of SWNTs by various methods such as gel column chro-

matography [2,3], aqueous two-phase extraction (ATPE) [4,5],
and polymer wrapping [6,7]. As compared with these methods,
our separation by host—guest chemistry has advantages in terms
of the rational design of the host molecules to target specific
structures and the thorough removal of the dispersants, host
molecules in our case, to recover pristine carbon nanotubes

(CNTs) after separation. Moreover, the association constants of
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the complexation between host molecules and SWNTSs are
strongly related to the molecular structures, making it possible

to tune the binding affinity [8].

The host molecules we employed so far for CNT separation
through molecular recognition have been developed as
“nanotweezers” [9], “nanocalipers” [10] and, recently, a rigid
metal-tethered macrocyclic host molecule “M-nanobrackets”
(M = Cu, Co and Pd) [11]. While the concept of the mechani-
cally interlocked carbon nanotubes (MINTSs) has been estab-
lished by Pérez and Loépez [12,13], Cu-tethered tetragonal
nanobrackets 1a not only interlocked SWNTs, but also selec-
tively extracted a narrow diameter range (0.90-0.92 nm) and re-

leased them through demetalation (Scheme 1).

Since one of the advantages of our method is rational design of
host molecules as mentioned above [14,15], the cavity of the
Cu-nanobrackets 1b is enlarged by ~0.2 nm in its size and
changed to square in its shape by changing anthracene in 1a to
pyrene in 1b. To interpret the results of the diameter selectivity,
the theoretical calculation using the semiempirical tight binding
quantum chemical method GFN2-xTB was employed instead of
the molecular mechanics used in our previous works, because it
can calculate larger system (>500 atoms) containing transition
metals more precisely [16,17].

Result and Discussion
Synthesis of Cu-tethered square

nanobrackets 1b
A pyrene-based nanobracket 4b was synthesized via a one-pot

Suzuki coupling followed by the formation of dipyrrin from the
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dialdehyde 3 (Scheme 2) [11]. The products were fully charac-
terized by 'H and '3C NMR, and MALDI-TOF mass spectros-
copy (see Supporting Information File 1). The total yield of 4b
(5.5%) based on 2,7-dibromopyrene is much lower than that of
4a (44%) [11], because a larger amount of the product 4b was
lost in the chromatographic purification due to much lower
solubility of 4b compared to 4a.

The metal complex of 4b with copper(II) was prepared, because
copper(Il) exhibited better extraction and separation abilities
than cobalt(Il) and palladium(II) in the case of Cu-tethered
rectangular nanobrackets 1a [11]. Before SWNT extraction, the
square Cu-nanobrackets 1b were successfully obtained by the
reaction between the nanobracket 4b and copper(Il) acetyl-
acetonate in THF at room temperature. The product was charac-
terized as 1b by MALDI-TOF mass spectrometry (Figure 1a),
absorption (Figure 1b) and Raman (Figure 2c) spectroscopies
after chromatographic purification. The mass spectrum clearly
indicates that the detected mass number is matched with that of
1b. In the absorption spectrum, the absorption bands at
300-340 nm and 430 nm can be assigned to pyrene and dipyrrin
moieties for 4b, respectively [18,19]. After complexation, a sig-
nificant red-shift of the dipyrrin band to 465 nm was observed
due to the metal coordination with the dipyrrin moieties in 4b.

To compare the structures of 1a and 1b, they are calculated
through geometry optimization with the density functional
theory (DFT) method. The alkyl chains at the nitrogen atoms of
carbazoles are simplified as methyl groups. As shown in
Figure 2a and 2b, while both of them have rectangular struc-
tures, the shape of 1b is almost square. As shown in Figure 2b,

the distances between the two nitrogen atoms at carbazoles in

Scheme 1: Chemical structures of Cu-tethered tetragonal nanobrackets 1a and 1b.
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Scheme 2: Synthesis of nanobracket 4. Reaction conditions: i) XPhos Pd G2, XPhos, B>(OH)4, KOAc, EtOH, 80 °C, 2 h; ii) Br-Ar-Br, KoCOg, tetra-
hydrofuran (THF)/toluene, 80 °C, 16 h; iii) trifluoroacetic acid (TFA), pyrrole, rt, 1.5 h; iv) p-chloranil, dichloromethane, rt, 5 h.
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Figure 1: (a) MALDI-TOF mass spectrum of Cu-nanobrackets 1b, where the inset shows the isotope peaks of [1b]* comparing with the simulated
ones; (b) absorption spectra of the nanobracket 4b and Cu-nanobrackets 1b.

1b are 18.35 and 18.07 A along the pyrene and Cu-dipyrrins, re-  than those of anthracene (89.7°), due to less steric hindrance
spectively. The corresponding distances in 1a are 14.13 and along the pyrene—carbazole bond than that along the
18.07 A along the anthracene and Cu-dipyrrins, respectively, as  anthracene—carbazole one. To predict the appropriate diameters
shown in Figure 2a. Meanwhile, the dihedral angles between of SWNTs, the spherical cavity sizes were calculated by consid-
pyrene and carbazoles in 1b are 34.2°, which is much smaller ering van der Waals radii of all the atoms. The cavity size of
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Figure 2: DFT-optimized structure of Cu-nanobrackets (a) 1a and (b) 1b. The yellow regions indicate their spherical cavities. (c) Experimental and
calculated results of Raman spectra of 1b (Agx = 488 nm). For calculation, Raman activity was transferred to Raman intensity (298.15 K, the full width
at half maximum (FWHM) is 10 cm~") and the frequency scale factor 0.952 was used for correction [21].

Cu-nanobrackets 1b (11.83 A) is 2.09 A larger than that of 1a
(9.74 A), implying preference of 1b to larger diameter of
SWNTs.

In the Raman spectra at 488 nm excitation wavelength, 1a and
1b show the signals at similar wavenumbers in the range of
400-1200 cm™! (Figure 2c and Figure S1 in Supporting Infor-
mation File 1). The spectra are almost consistent with the calcu-
lated ones. In addition, the four major Raman bands at 405, 880,
990 and 1080 nm are assigned to the corresponding vibration
modes shown in Figure S2 (Supporting Information File 1).
They are related to the vibrations around the dipyrrin-Cu com-

plexation moieties in 1b, because the moieties absorbing

~465 nm light (Figure 1b) should be excited at the resonance
Raman spectroscopy using a 488 nm laser. This is supported by
the observation that the excitation at 633 and 785 nm where 1b
did not show any absorption (Figure 1b) did not give any
Raman signals [20].

Extraction of SWNTs with Cu-nanobrackets
1b

We then used the nanobracket 4b and copper(Il) acetyl-
acetonate for the SWNT extraction. Taking the cavity size of
Cu-nanobrackets 1b (Figure 2b) into consideration, we chose
HiPco SWNTs (diameter range: 0.7-1.2 nm) as a raw material

for the SWNT extraction. Before adding copper(Il) acetyl-
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acetonate, the nanobracket 4b and HiPco SWNTSs were bath-
sonicated for 9 h in 2-propanol. Meanwhile, 4b is assumed to
form complexes with SWNTs. After copper(Il) acetylacetonate
was added to the mixture, the cyclic Cu-nanobrackets 1b would
be formed to interlock SWNTs with appropriate diameters
during further sonication for 15 h. The extract was collected
after centrifugation and subjected to the following characteriza-

tions.

The normalized absorption spectrum of the extract is shown in
Figure 3a. Comparing with Cu-nanobrackets 1b, a significant
baseline upward shift is observed, suggesting the existence of
SWNTs in the extract. Actually, the absorption bands in the
range of 500—1400 nm are attributed to the extracted SWNTs.
The absorption band of Cu-nanobrackets 1b is red-shifted from
465 to 495 nm in the extract, suggesting the complexation of 1b
with SWNTs.

To further investigate whether the interlocked structure is
formed, the concentrated extract (e-SWNTs) was washed thor-
oughly with dichloromethane by sonication and filtration to
remove unlocking host molecules. The resulting SWNTs
(i-SWNTs) were demetallized with dithiothreitol (DTT) and
washed to afford the pristine SWNTs (p-SWNTs). As shown in
Figure 3b, all the materials were analyzed with Raman spectros-
copy in the solid phase with normalization at G-band
(1570 cm™!) of SWNTs. The characteristic signals from
Cu-nanobrackets 1b are observed in e- and i-SWNTs, but not in
p-SWNTs, indicating the interlocking of SWNTs with 1b,
because the mechanically interlocking cyclic molecules are re-
ported not to be removed with washing [11,22-24]. In addition,

these Raman signals of 1b shift to higher frequencies at e- and
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i-SWNTs, similarly to our previous report [11], probably due to
the structural change of Cu-nanobrackets 1b, or the energy
transfer between the interlocked SWNTSs and the cyclic
Cu-nanobrackets. After thorough removal of the host mole-
cules with DTT, weak signals are remained at p-SWNTs,
known as intermediate frequency modes (IFM) of SWNTs [25].
The IFM signals are also observed in e- and i-SWNTs, showing
the coexistence of both 1b and SWNTS in these samples.

The difference in the intensity and Raman shift of the signals in
the radial breathing mode (RBM) region would be another evi-
dence for the strong intermolecular interaction between
Cu-nanobrackets 1b and SWNTs. The interlocking of the
SWNTs may restrict its radial breathing vibration, resulting in
higher frequency shift as shown in Figure 4 [11,26]. With
normalization in G-band at 1570 cm™!, the relative intensity
decreases in the RBM region of e- and i-SWNTs may be due to
light absorption and/or peak broadening caused by the inter-
locking Cu-nanobrackets 1b.

Characterization of the extracted SWNTs

To evaluate the diameter enrichment of the extracted SWNTs,
Raman spectra are measured at 488, 633 and 785 nm excitation
wavelengths for the p-SWNTs. In the RBM region, the Raman
shift of the signal is known to be inversely proportional to the
diameter of SWNTSs. Even though the intensity of the Raman
peak is not fully proportional to the content of the correspond-
ing SWNTs, the relative abundance can be estimated through
spectral change at the RBM. In Figure 5a, (n,m)-SWNTs are
assigned according to the references [27,28]. At 488, 633 and
785 nm excitation wavelengths, (7,7)-, (13,1)-, (12,3)-, (9,7)-,
(10,5)-, and (11,3)-SWNTs shown in orange in Figure Sa, corre-

1.0 1 1b — p-SWNTs
Et . — e-SWNTs —— HiPco
xtrac

0.8 - — i-SWNTs
> 0.6 1
S
2 0.4
<

0.2

0.0 - A — —~—

400 600 800 1000 1200 1400 400 600 800 1000 1200

Wavelength (nm)

Raman shift (cm™1)

Figure 3: (a) Absorption spectra of Cu-nanobrackets 1b and SWNT extract; (b) Raman spectra of Cu-nanobrackets 1b, HiPco SWNTSs, extracted,
interlocked, and pristine SWNTSs, corresponding to e-, i- and p-SWNTSs, respectively (Aex = 488 nm). Raman intensities of all SWNTs are normalized at

G-band.
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Figure 4: Raman spectra of HiPco SWNTSs, e-, i-, and p-SWNTSs (Agx = 488 nm) at RBM and G-band regions. Raman intensities of all SWNTs are

normalized at G-band.
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Figure 5: (a) Raman spectra of HiPco and extracted SWNTSs at 488, 633 and 785 nm excitation wavelengths, normalized at 260, 216 and 266 cm~",
respectively, after baseline correction; (b) normalized absorption spectra of HiPco and extracted SWNTs after dispersing with SDBS in D2O after
baseline correction; (c) summary of increase (orange) and decrease (blue) in (n,m)-SWNT abundance in the p-SWNTs. Red and black characters in-

dicate metallic and semiconducting SWNTs, respectively. (a, b) Enriched (n,m)-SWNTs are shown in orange.

1303



sponding to 0.96-1.10 nm in diameters, were relatively

enriched after the extraction.

The p-SWNTs were dispersed in 1% SDBS solution in D,O
through probe-type sonication followed by ultracentrifugation at
136000g. The absorption spectrum of the supernatant was
measured to evaluate the diameter enrichment. As shown in
Figure 5b, (8,6)-, (12,1)-, (11,3)-, (10,3)-, and (9,5)-SWNTs in
the semiconducting region (Esll) and (8,5)-, (7,7)-, (13,1)-,
(12,3)-SWNTs in the metallic region (EM;) are enriched as
summarized in a graphene map (Figure 5c¢). This shows that
Cu-nanobrackets 1b preferentially recognize larger diameters
with wider range (0.94—-1.10 nm) than 1a (0.90-0.92 nm) due to
the larger cavity with more flexibility of 1b than 1a.

Theoretical calculations

To interpret the diameter selectivity, the binding energy be-
tween SWNTs and the host molecules is calculated by the
GFN2-xTB method, because the number of atoms is too large to
use DFT methods. The binding energy Ey;,q is calculated by the

following equation:

Ebind = Ecomplex - Ehost - ESWNTs (D

The Epost, EswNTs and Ecomplex are the electronic energies of
the host molecules, SWNTs and their complexes with inter-
locking structures, respectively, after the geometry optimiza-
tion with the GFN2-xTB method. The 45 different kinds of

Beilstein J. Org. Chem. 2024, 20, 1298-1307.

SWNTs with length of 23.0 nm and diameter range of
0.7-1.2 nm are chosen for the calculation (Table S1, Support-
ing Information File 1). The relationship between the SWNT di-
ameter and Ey;pq is shown in Figure 6a. Even though the Ey;ng
magnitude of van der Waals-dominated complexes of conju-
gated m-systems (e.g., fullerenes) are sometimes overestimated
in the calculation by GFN2-xTB [16], the Eyj,gq can be com-
pared in the SWNT complexes with Cu-nanobrackets 1a and
1b. (9,4)- and (12,2)-SWNTs with diameters of 0.92 and
1.04 nm gave the largest Ey;,q values with 1a and 1b, respec-
tively. According to our previous report, Cu-nanobrackets 1a
selectively extracted (8,5)-, (7,6)-, and (9,4)-SWNTs with a di-
ameter range of 0.90-0.92 nm from the HiPco SWNTs [11],
which is consistent with the above calculation result.

In the optimized structures of 1a@(9,4)-SWNT and 1b@(12,2)-
SWNT complexes (Figure 6b and 6c, respectively), while CH-nt
interactions of the four carbazoles with the SWNT surface
stabilize the former complex, the carbazoles facing to the
SWNT surface suggest m—m interactions in the latter complex.
Their difference in Ey;pq shown in Figure 6a can be interpreted
by that in these interactions. In addition, their difference in con-
formational flexibility supports the wider favorable diameter
range of 1b than 1la.

Conclusion

A cyclic host molecule (Cu-nanobrackets 1b) tethered by
copper(Il) dipyrrin linkage was designed, synthesized, and
applied to SWNT separation. Cu-nanobrackets 1b were in situ

a
(a) .1 .
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£ °
g o
~ [ ]
> _and e
) 80 . . *
2 oo, oo o°
®
L; .‘...O“.oo o.o.
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e}
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SWNTs Diameter (A)

Figure 6: (a) Binding energy between SWNTs of various (n,m)-structures with Cu-nanobrackets 1a and 1b; GFN2-xTB-optimized structures of

(b) 1a@(9,4)-SWNT and (c) 1b@(12,2)-SWNT complexes.

1304



formed by interlocking SWNTs to disperse them in 2-propanol.
Raman and absorption spectroscopies reveal the diameter
enrichment of several kinds of SWNTs in the diameters ranging
from 0.94 to 1.10 nm among ~20 kinds of SWNTs from 0.76 to
1.20 nm in their diameters. The most preferable SWNTs for 1b
are found to be 1.04 nm in diameter by theoretical calculations,
supporting the experimental results.

Experimental

Materials and instruments

Reagents were purchased from Sigma-Aldrich Co., Nacalai
Tesque Co., Tokyo Chemical Industry Co., Ltd., FUJIFILM
Wako Pure Chemical Industries, Ltd. All organic solvents are
purchased from Nacalai Tesque Co., FUJIFILM Wako Pure
Chemical Industries, Ltd. and were used without purification
unless indicated otherwise. The silica gel 60 N (spherical,
neutral) was purchased from Kanto Chemical Co., Ltd. All reac-
tions were performed in oven-dried glassware unless stated
otherwise and were monitored by TLC using 0.25 mm silica gel
plates with UV indicator (70F-254). Commercial HiPco (pur-
chased from Carbon Nanotechnologies Inc., with diameter 0.8—

1.2 nm) were used.

For centrifugal operation, Avanti J-E of Beckman Coulter and
Hitachi Himac CS 150 GC II were used. Mass spectra were re-
corded on Bruker Autoflex III using the matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) method
with anthracene as the matrix for all measurements and
analyzed with mMass [29] software. IH and 13C NMR spectra
were recorded on JNM-ECS 400 spectrometer using the sample
solutions in chloroform-d (CDCl3). Raman spectra were re-
corded on LabRam HR800 (Horiba Ltd.) and take the average
of more than ten different spots for the final curve.
UV-Vis—NIR spectra were recorded on a Shimadzu UV3600
spectrophotometer. PR-1 (THINKY) and Astrason XL 2020,
550 W was used for bath-sonication and prob type sonication,
respectively.

Extraction of SWNTs

In a manner similar to [11], the pyrene-based nanobracket 4b
(10 mg) and SWNTs (HiPco, 10 mg) in 2-propanol (40.0 mL)
were bath-sonicated with rotation by PR-1 (THINKY) for 9 h
with six cycles of 85 and 5 min with and without sonication, re-
spectively. After copper(Il) acetylacetonate (4.0 mg) was added,
the mixture was bath-sonicated with rotation for 15 h with 10 of
the same cycles. SWNTs extracts were obtained by centrifuga-
tion at 50400g for 16 h and subjected to UV—vis—NIR measure-
ments (Figure 3a). After concentrating the extract obtained
above, the residue (e-SWNTs) was suspended in dichloro-
methane by sonication and filtered through a PTFE membrane

(pore size 0.1 um). This washing process was repeated three
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times, until no absorption bands from the host molecules were
observed in the UV—-vis spectra of washings. The resulting
i-SWNTs were analyzed with Raman spectroscopy at 488 nm.
The i-SWNTs were bath-sonicated with dithiothreitol (50 mg)
in dichloromethane for 30 min followed by filtration with a
PTFE membrane. This process to remove host molecules was
repeated three times, until no absorption bands from the host
molecules were observed in the UV—vis spectra of washings.
After the resulting p-SWNTs were washed with dichloro-
methane several times to thoroughly remove all the organic
molecules, the solid sample was analyzed with Raman spectros-
copy at excitations of 488, 633, and 785 nm (Figure Sa). After
the solid sample was dispersed in DO (12.0 mL) in the pres-
ence of SDBS (10 mg mL™!) by bath sonication with rotation at
20 °C for 18 h and centrifuged at 136000g for 40 min, the upper
layer (about 85%) of the supernatant was poured out and sub-
jected to UV-vis—NIR measurements (Figure 5b). For the
dispersion of raw HiPco SWNTs, probe-type sonication was
carried out below 0 °C for 2 h, followed by centrifugation at
543000g for 50 min. The supernatant was subjected to
UV-vis—NIR measurements (Figure 5b).

Computational methods

The geometry optimization and frequency analysis of
Cu-nanobrackets 1a and 1b were performed at (U)wB97X-D/6-
31+G(d,p)-SDD(Cu) [30-33] level using the Gaussian 16
program [34], with calculating the pre-resonance Raman activi-
ties at 488 nm excitation wavelength. The plotting of Raman
spectra and calculation of the molecular cavity were accom-
plished with the help of Multiwfn [35]. VMD [36] was used
for the modeling of (n,m)-SWNTs and the structure
visualization. Molclus [37] was used for the modeling of
Cu-nano-brackets@SWNTs complexes. The binding
energies of Cu-nanobrackets@SWNTs complexes were
computed with the GFN2-xTB method by using the xtb soft-
ware [16,17].

Supporting Information

Supporting Information File 1

Details of theoretical calculations, experimental procedures,
copies of 'H and 13C NMR spectra.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-113-S1.pdf]

Acknowledgements

Computation time was provided by supercomputer system, Aca-
demic Center for Computing and Media Studies (ACCMS),
Kyoto University.

1305


https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-20-113-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-20-113-S1.pdf

Funding
This work was supported by JSPS KAKENHI (18H01829) and
JST SPRING (Grant Number JPMJSP2110).

Author Contributions

Guoqing Cheng: conceptualization; data curation; formal analy-
sis; investigation; methodology; resources; validation; visuali-
zation; writing — original draft; writing — review & editing.
Naoki Komatsu: conceptualization; funding acquisition; project

administration; supervision; writing — review & editing.

ORCID® iDs

Guoging Cheng - https://orcid.org/0009-0003-5597-7409
Naoki Komatsu - https://orcid.org/0000-0003-3249-7173

Data Availability Statement
All data that supports the findings of this study is available in the published
article and/or the supporting information to this article.

References

1. Kataura, H.; Kumazawa, Y.; Maniwa, Y.; Umezu, |.; Suzuki, S.;
Ohtsuka, Y.; Achiba, Y. Synth. Met. 1999, 103, 2555-2558.
doi:10.1016/s0379-6779(98)00278-1

2. Liu, H.; Nishide, D.; Tanaka, T.; Kataura, H. Nat. Commun. 2011, 2,
309. doi:10.1038/ncomms1313

3. Wei, X.; Tanaka, T.; Yomogida, Y.; Sato, N.; Saito, R.; Kataura, H.
Nat. Commun. 2016, 7, 12899. doi:10.1038/ncomms12899

4. Khripin, C. Y.; Fagan, J. A.; Zheng, M. J. Am. Chem. Soc. 2013, 135,
6822-6825. doi:10.1021/ja402762e

5. Li, H.; Gordeev, G.; Garrity, O.; Peyyety, N. A.; Selvasundaram, P. B.;
Dehm, S.; Krupke, R.; Cambré, S.; Wenseleers, W.; Reich, S.;

Zheng, M.; Fagan, J. A.; Flavel, B. S. ACS Nano 2020, 74, 948-963.
doi:10.1021/acsnano.9b08244

6. Tu, X.; Manohar, S.; Jagota, A.; Zheng, M. Nature 2009, 460, 250-253.
doi:10.1038/nature08116

7. Xu, L.; ValaSek, M.; Hennrich, F.; Sedghamiz, E.; Penaloza-Amion, M.;
Haussinger, D.; Wenzel, W.; Kappes, M. M.; Mayor, M. ACS Nano
2021, 15, 4699-4709. doi:10.1021/acsnano.0c09235

8. Lépez-Moreno, A.; Jiang, Y.; Cheng, G.; Komatsu, N.

J. Porphyrins Phthalocyanines 2020, 24, 314-319.
doi:10.1142/s1088424619501086

9. Peng, X.; Komatsu, N.; Bhattacharya, S.; Shimawaki, T.; Aonuma, S.;
Kimura, T.; Osuka, A. Nat. Nanotechnol. 2007, 2, 361-365.
doi:10.1038/nnano.2007.142

10. Liu, G.; Wang, F.; Chaunchaiyakul, S.; Saito, Y.; Bauri, A. K;;

Kimura, T.; Kuwahara, Y.; Komatsu, N. J. Am. Chem. Soc. 2013, 135,

4805-4814. doi:10.1021/ja312519s

.Cheng, G.; Hayashi, T.; Miyake, Y.; Sato, T.; Tabata, H.;

Katayama, M.; Komatsu, N. ACS Nano 2022, 16, 12500-12510.

doi:10.1021/acsnano.2c03949

12. Lépez-Moreno, A.; Villalva, J.; Pérez, E. M. Chem. Soc. Rev. 2022, 51,
9433-9444. doi:10.1039/d2cs00510g

13. Lopez-Moreno, A.; Ibafiez, S.; Moreno-Da Silva, S.; Ruiz-Gonzélez, L.;
Sabanés, N. M.; Peris, E.; Pérez, E. M. Angew. Chem., Int. Ed. 2022,
61, €202208189. doi:10.1002/anie.202208189

1

-

Beilstein J. Org. Chem. 2024, 20, 1298-1307.

14.Liu, G.; Saito, Y.; Nishio-Hamane, D.; Bauri, A. K.; Flahaut, E.;
Kimura, T.; Komatsu, N. J. Mater. Chem. A 2014, 2, 19067—19074.
doi:10.1039/c4ta04407j

15.Liu, G.; Miyake, Y.; Komatsu, N. Org. Chem. Front. 2017, 4, 911-919.
doi:10.1039/c7gqo00158d

16.Bannwarth, C.; Ehlert, S.; Grimme, S. J. Chem. Theory Comput. 2019,
15, 1652—-1671. doi:10.1021/acs.jctc.8b01176

17.Bannwarth, C.; Caldeweyher, E.; Ehlert, S.; Hansen, A.; Pracht, P.;
Seibert, J.; Spicher, S.; Grimme, S.

Wiley Interdiscip. Rev.: Comput. Mol. Sci. 2021, 11, e1493.
doi:10.1002/wcms.1493

18.Ziessel, R.; Goze, C.; Ulrich, G.; Césario, M.; Retailleau, P.;
Harriman, A.; Rostron, J. P. Chem. — Eur. J. 2005, 11, 7366—7378.
doi:10.1002/chem.200500373

19.Singh, R. S.; Paitandi, R. P.; Gupta, R. K.; Pandey, D. S.

Coord. Chem. Rev. 2020, 414, 213269. doi:10.1016/j.ccr.2020.213269

20. Efremov, E. V.; Ariese, F.; Gooijer, C. Anal. Chim. Acta 2008, 606,
119-134. doi:10.1016/j.aca.2007.11.006

21. Computational Chemistry Comparison and Benchmark DataBase
(CCCDBD). https://cccbdb.nist.gov/vibscalejustx.asp (accessed Dec
26, 2023).

22.Balakrishna, B.; Menon, A.; Cao, K.; Gsénger, S.; Beil, S. B.;

Villalva, J.; Shyshov, O.; Martin, O.; Hirsch, A.; Meyer, B.; Kaiser, U.;
Guldi, D. M.; von Delius, M. Angew. Chem., Int. Ed. 2020, 59,
18774-18785. doi:10.1002/anie.202005081

28.Lépez-Moreno, A.; Pérez, E. M. Chem. Commun. 2015, 51,
5421-5424. doi:10.1039/c4cc08970g

24.Chamorro, R.; de Juan-Fernandez, L.; Nieto-Ortega, B.; Mayoral, M. J.;
Casado, S.; Ruiz-Gonzélez, L.; Pérez, E. M.; Gonzéalez-Rodriguez, D.
Chem. Sci. 2018, 9, 4176-4184. doi:10.1039/c8sc00843d

25. Fantini, C.; Jorio, A.; Souza, M.; Ladeira, L. O.; Souza Filho, A. G.;
Saito, R.; Samsonidze, G. G.; Dresselhaus, G.; Dresselhaus, M. S;
Pimenta, M. A. Phys. Rev. Lett. 2004, 93, 087401.
doi:10.1103/physrevlett.93.087401

26. Murakami, Y.; Chiashi, S.; Einarsson, E.; Maruyama, S. Phys. Rev. B
2005, 71, 085403. doi:10.1103/physrevb.71.085403

27.Weisman, R. B.; Bachilo, S. M. Nano Lett. 2003, 3, 1235-1238.
doi:10.1021/n1034428i

28.Strano, M. S.; Doorn, S. K.; Haroz, E. H.; Kittrell, C.; Hauge, R. H.;
Smalley, R. E. Nano Lett. 2003, 3, 1091—-1096. doi:10.1021/nl034196n

29. Niedermeyer, T. H. J.; Strohalm, M. PLoS One 2012, 7, e44913.
doi:10.1371/journal.pone.0044913

30. Chai, J.-D.; Head-Gordon, M. Phys. Chem. Chem. Phys. 2008, 10,
6615-6620. doi:10.1039/b810189b

31.Hariharan, P. C.; Pople, J. A. Theor. Chim. Acta 1973, 28, 213-222.
doi:10.1007/bf00533485

32. Frisch, M. J.; Pople, J. A.; Binkley, J. S. J. Chem. Phys. 1984, 80,
3265-3269. doi:10.1063/1.447079

33.Dolg, M.; Wedig, U.; Stoll, H.; Preuss, H. J. Chem. Phys. 1987, 86,
866-872. doi:10.1063/1.452288

34.Gaussian 16, Rev. C.02; Gaussian, Inc.: Wallingford, CT.

35.Lu, T.; Chen, F. J. Comput. Chem. 2012, 33, 580-592.
doi:10.1002/jcc.22885

36. Humphrey, W.; Dalke, A.; Schulten, K. J. Mol. Graphics 1996, 14,
33-38. doi:10.1016/0263-7855(96)00018-5

37.Lu, T. Molclus program, ver. 1.12;
http://www.keinsci.com/research/molclus.html.

1306


https://orcid.org/0009-0003-5597-7409
https://orcid.org/0000-0003-3249-7173
https://doi.org/10.1016%2Fs0379-6779%2898%2900278-1
https://doi.org/10.1038%2Fncomms1313
https://doi.org/10.1038%2Fncomms12899
https://doi.org/10.1021%2Fja402762e
https://doi.org/10.1021%2Facsnano.9b08244
https://doi.org/10.1038%2Fnature08116
https://doi.org/10.1021%2Facsnano.0c09235
https://doi.org/10.1142%2Fs1088424619501086
https://doi.org/10.1038%2Fnnano.2007.142
https://doi.org/10.1021%2Fja312519s
https://doi.org/10.1021%2Facsnano.2c03949
https://doi.org/10.1039%2Fd2cs00510g
https://doi.org/10.1002%2Fanie.202208189
https://doi.org/10.1039%2Fc4ta04407j
https://doi.org/10.1039%2Fc7qo00158d
https://doi.org/10.1021%2Facs.jctc.8b01176
https://doi.org/10.1002%2Fwcms.1493
https://doi.org/10.1002%2Fchem.200500373
https://doi.org/10.1016%2Fj.ccr.2020.213269
https://doi.org/10.1016%2Fj.aca.2007.11.006
https://cccbdb.nist.gov/vibscalejustx.asp
https://doi.org/10.1002%2Fanie.202005081
https://doi.org/10.1039%2Fc4cc08970g
https://doi.org/10.1039%2Fc8sc00843d
https://doi.org/10.1103%2Fphysrevlett.93.087401
https://doi.org/10.1103%2Fphysrevb.71.085403
https://doi.org/10.1021%2Fnl034428i
https://doi.org/10.1021%2Fnl034196n
https://doi.org/10.1371%2Fjournal.pone.0044913
https://doi.org/10.1039%2Fb810189b
https://doi.org/10.1007%2Fbf00533485
https://doi.org/10.1063%2F1.447079
https://doi.org/10.1063%2F1.452288
https://doi.org/10.1002%2Fjcc.22885
https://doi.org/10.1016%2F0263-7855%2896%2900018-5
http://www.keinsci.com/research/molclus.html

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjoc/terms), which is

identical to the Creative Commons Attribution 4.0
International License

(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the

material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjoc.20.113

Beilstein J. Org. Chem. 2024, 20, 1298-1307.

1307


https://www.beilstein-journals.org/bjoc/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjoc.20.113

	Abstract
	Introduction
	Result and Discussion
	Synthesis of Cu-tethered square nanobrackets 1b
	Extraction of SWNTs with Cu-nanobrackets 1b
	Characterization of the extracted SWNTs
	Theoretical calculations

	Conclusion
	Experimental
	Materials and instruments
	Extraction of SWNTs
	Computational methods

	Supporting Information
	Acknowledgements
	Funding
	Author Contributions
	ORCID iDs
	Data Availability Statement
	References

