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Functionalization of single walled carbon nanotubes
(SWCNTs) has proven to be effective in tuning the
photoluminescence (PL) based on selected reaction
technigues and molecular structures. This review
delves into the latest developments in tailoring

the PL through oxidation and alkylation.
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The functionalization of single-walled carbon nanotubes (SWCNTSs) has received considerable attention
in the last decade since highly efficient near-infrared photoluminescence (PL) has been observed to be
red-shifted compared with the intrinsic PL peak of pristine SWCNTs. The PL wavelength has been
manipulated using arylation reactions with aryldiazonium salts and aryl halides. Additionally, simple
oxidation and alkylation reactions have proven effective in extensively adjusting the PL wavelength, with
the resulting PL efficiency varying based on the chosen reaction techniques and molecular structures.
This review discusses the latest developments in tailoring the PL attributes of SWCNTs by oxidation and
alkylation processes. (6,5) SWCNTs exhibit intrinsic emission at 980 nm, and the PL wavelength can be
controlled in the range of 1100-1320 nm by chemical modification. In addition, recent developments in
chiral separation techniques have increased our understanding of the control of the PL wavelength,
extending to the selection of excitation and emission wavelengths, by chemical modification of SWCNTs
with different chiral indices.

Introduction

Single-walled carbon nanotubes (SWCNTs) with a tubular gra-
phene structure have attracted significant attention owing to
their remarkable mechanical strength and distinct electronic
and optical properties.”* The chiral index (n,m) represents the
vector orientation of the graphene sheet and defines the
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structure of SWCNTs. SWCNTs with mod(n-m,3) = 0 exhibit a
metallic band structure, while those with mod(n-m,3) # 0
display a semiconducting band structure (Fig. 1a).> The band
gap energy of semiconducting SWCNTs is inversely propor-
tional to their diameter. To harness the electronic and optical
properties of SWCNTs, selecting SWCNTSs with an appropriate
chiral index is crucial, which can be characterized based on
absorption® and Raman spectral analysis.” In 2002, Weisman
et al. reported the photoluminescence (PL) of semiconducting
SWCNTs in the near-infrared (NIR) region. This was observed
by exfoliating bundled SWCNTs, a process aimed at minimizing
the interactions between the SWCNTs.*® Exfoliation was
achieved by sonication in a D,O solution containing a surfac-
tant, followed by ultracentrifugation. To observe the PL spectra
of semiconducting SWCNTs, they must be excited at the
second-lowest excitation energy (E,,) owing to the minimal
Stokes shift originating from their rigid tubular structures.
Fig. 1b and c displays the absorption spectra and contour plots
for the excitation and emission wavelengths of the as-prepared
HiPco SWCNTs,” respectively. These PL peaks can be assigned
to specific chiral indices based on their excitation and emission
wavelengths, as detailed in Table 1. Various types of dispersant
reagents have been investigated, including surfactants,
n-conjugated compounds, amine, and polymers. It was reported
that chiral-index-selective dispersion and PL wavelength
shifts**® occur depending on the solvents and dispersant
reagents; therefore, the dispersion conditions are important
for chiral index assignment and for evaluating the proportions
of the different chiral SWCNTSs in a mixture.

The PL spectra of SWCNTs are promising as NIR light
sources, with applications in bioimaging'® and room-
temperature single-photon emission.'® Imaging technologies,
such as computed tomography, magnetic resonance imaging,
and ultrasound, have been widely employed in diagnostic and
therapeutic applications. Optical imaging enables real-time
measurements using NIR light for enhanced sensitivity and
deep-tissue observation.'®!” Emitting light in transparent

Masahiro Ehara received his PhD
from Kyoto University in 1993.
After the postdoctoral career at the
Fukui Institute for Fundamental
Chemistry and Heidelberg Uni-
versity, he became an assistant
professor and associate professor at
Kyoto University. Since 2008, he has
been a professor at the Institute for
Molecular Science and Research
Center for Computational Science.
His research interests involve the
theoretical computational
chemistry of complex systems
including photo-functional systems
and heterogeneous catalysts.

and

Masahiro Ehara

14498 | Chem. Commun., 2023, 59, 14497-14508

View Article Online

ChemComm

€
(=
0.5+ ~
£
jo)]
§0.4— 5
So3- g
2 2
802 c
< 9
0.1 S
2
0.0 T T L
400 800 1200 1600 1000 1200 1400
Wavelength (nm) Emission wavelength (nm)
(d) PL spectra

Absorption spectra
] Excitation:

952 nm
665 nm

Excitation:
567 nm

566 nm

Excitation:
578 nm

Intensity (arb. unit)
1 1

578 nm

T T T T T 1
600 800 1000 1200

Wavelength (nm)

Fig. 1 (a) Development view of SWCNTSs with its chiral index highlighted.
SWCNT in which the (0,0) and (n,m) carbon atoms coincide are denoted as
(n,m) SWCNT. (b) Absorption and (c) PL spectra of HiPco SWCNTs
dispersed in D,O solution containing 1 wt% sodium cholate. (d) Absorption
and PL spectra along with structures of (6,4), (6,5), and (8,3) SWCNTs.

Table 1 Spectral data and assignments for SWCNTs

Chiral Diameter E,, wavelength E,; wavelength RBM
index (nm)** (nm)** (nm)** (em™)
(5,4) 0.620 483 835 373*
(6,4) 0.692 578 873 337*
(6,5) 0.757 566 976 309"
(7,3) 0.706 505 992 330>
(7,5) 0.829 645 1024 283*
(7,6) 0.895 648 1120 264"
(8,3) 0.782 665 952 297*
(8,4) 0.840 589 1111 280%°
(8,6) 0.966 718 1173 246°°
(9,4) 0.916 722 1101 317°°
(9,5) 0.976 672 1241 242%°
(9,7) 1.103 793 1322 215*
(10,2) 0.884 737 1053 265"
(10,5) 1.050 788 1249 226"

windows (NIR-I: 750-900 nm, NIR-II: 1100-1700 nm) decreases
autofluorescence and phototoxicity, offering increased

This journal is © The Royal Society of Chemistry 2023
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signal-to-background ratios and deeper penetration. These
advantages stem from the ability to select an appropriate
SWCNT chiral index for specific excitation and emission wave-
lengths. However, the requirement for E,, excitation in the
visible light region for E;; PL observation owing to the small
Stokes shift (Fig. 1d) and low PL quantum yield of the E;;
PL'®'® hinders their practical applications.

In 2010, Weisman et al. reported that oxidized SWCNTs
exhibited a new PL peak in a longer wavelength region than the
Ey; PL peak, which was excited at the Ej; energy (Fig. 2).>°
Moreover, the PL efficiency was modulated by the functionali-
zation degree, reaching a value at least 18-fold greater than that
of the pristine (6,5) SWCNTs.”" These pioneering studies
spurred research on manipulating the NIR PL characteristics
of SWCNTs by chemical functionalization. Recent studies have
investigated the effect of chemical functionalization on the PL
properties of SWCNTs with different chiral indices and meth-
ods for controlling the PL wavelength. Controlling the PL
characteristics of SWCNTs using arylation reactions and related
theoretical analysis,***® involving diazonium chemistry,**>°
aniline derivatives,®*™* aryl halides,>*** etc.,*® has also
been extensively studied to increase the PL efficiency and
tune the PL wavelength. Numerous comprehensive review
papers®”*' have spotlighted these outstanding contributions.
Using arylation reactions, the PL wavelength of (6,5) SWCNTs
can be extensively tuned by electronic effects,>****?
steric effects of substituents,**™® and the number of reactive
sites.>®>*424749°52 Thege findings offer deep insights into the
factors governing the PL attributes. This feature article high-
lights seminal and recent advancements in controlling the NIR
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Fig.2 (A) PL spectral changes in (6,5)-enriched SWCNT dispersion

exposed to ozone and light. (B) Spectrally integrated emission under the
(6,5) main band (black) and side band (red) versus irradiation time using a
desk lamp. (C) Absorption spectra of the SWCNT sample before and after
treatment with ozone and light. (D) PL excitation—emission contour plots
from the (6,5)-enriched sample before (black) and after treatment (red). (E)
Measured photon energy differences between the unshifted and shifted PL
peaks of 10 different bulk (n,m) species as a function of the unshifted
emission energy. Reprinted with permission from ref. 20. Copyright 2010
American Association for the Advancement of Science.
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PL wavelength of SWCNTs through oxidation and alkylation
reactions.

PL controlled by oxidation of SWCNTs

In 2010, Weisman et al. applied photochemical oxidation of
fullerene Cg, using ozone to oxidize SWCNTs dispersed in a
D,O solution (Fig. 2, Scheme 1).>° Their work revealed that as
the intrinsic E;; PL peak intensity decreased, a new PL peak
emerged at wavelengths 10-15% longer than the E;; PL wave-
length for 10 distinct chiral SWCNTs under this photo-
oxidation. Specifically, oxidized (6,5) SWCNTs exhibited a new
PL peak at 1120 nm (Ej; PL). The Ej, PL intensity initially
increased and then decreased as the reaction proceeded. To
ensure reproducibility, minimal ozone exposure and the use of
sodium tridecylbenzenesulfonate (STBS) proved to be effective.
Although weak oxidants like H,0, and K,CrO, were less effec-
tive, they still resulted in the emergence of a new PL peak. The
origin of this post-photoreaction peak was verified by theore-
tical calculations of model compounds, including ether- and
epoxide-type addition products. Calculations using a semiem-
pirical model of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
indicated a reduced HOMO-LUMO gap due to oxidation. There-
fore, following light absorption, the generated exciton was
captured by the lowered potential at the functionalization site
and emitted at a longer wavelength than the inherent E,; PL
wavelength. Functionalization offers several benefits for NIR
emission in SWCNTs: (1) The E}, PL peak can be excited by E;;
absorption in the NIR region, which is more absorptive than E,,
absorption in the visible region. (2) The excitation efficiency of
the E}, PL surpasses that of E;; PL efficiency in pristine
SWCNTs, varying with the functionalization degree. (3) Excita-
tion at the E;, energy and the emergence of E;; PL enhance the

h
SWCNTs + 03 —— > oxidized SWCNTs (ref. 20)
hv f. 20
SWCNTs + H,0, —— > oxidized SWCNTs E:Zf 68;
hv
SWCNTs + KMnO,—— > oxidized SWCNTs (ref. 20)
hv, air
SWCNTs + (PhS), ——— > oxidized SWCNTs (ref. 60)
V 'L
SWCNTs + Og Solid stats oxidized SWCNTs (ref. 58)
hv, air
SWCNTs + m oxidized SWCNTs  (ref. 61)
hv o (ref. 62)
SWCNTs + NaCIO ——— > oxidized SWCNTs (ref. 63)
sonication
SWCNTs ———— > oxidized SWCNTs (ref. 65)
hv .
SWCNTs + O, ——— > oxidized SWCNTs (ref. 69)

Scheme 1 Oxidation reactions of SWCNTs for controlling NIR PL
characteristics.
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NIR PL efficiency and minimize autofluorescence and photo-
toxicity, facilitating deep bioimaging. (4) Additionally, the new
PL from functionalization has an extended lifetime, and upcon-
version PL (UCPL) at E;; can be observed when excitated at the
wavelength of the new PL peak.*?

In 2014, Htoon et al. conducted low-temperature PL mea-
surements of oxidized (6,5) SWCNTs prepared by photooxida-
tion with ozone.”” Under certain conditions, multiple sharp PL
peaks were observed at wavelengths of 40-300 nm, which are
longer than the E;; PL wavelength. By comparing these wave-
lengths with electron transition energies from time-dependent
(TD) density functional theory (DFT) calculations, these PL
peaks were assigned to ether- and epoxide-type oxidized
SWCNTs. These results suggest that the PL wavelength can be
manipulated by altering the structure of the oxidized SWCNTs.
The local structure of oxidized SWCNTs and their transition
energies have been widely employed to determine the structure
of oxidized SWCNTs from experimentally observed PL wave-
lengths. In 2018, Okazaki et al. observed a new broad PL peak at
1280 nm with a shoulder at 1160 nm in (6,5) SWCNTs after the
solid-state photoreaction of SWCNTs with ozone.’® The inten-
sity ratio of these peaks was 1:1.3. These new PL peaks were
attributed to ether- and epoxide-type oxidized SWCNTs based
on the experimental and theoretical findings reported by Ma
et al. (Fig. 3).” High-resolution images were obtained in
bioimaging experiments using oxidized SWCNTs.>® Another
solid-state functionalization to control the PL characteristics,
an arylation reaction, was reported by Kato et al.>®

Fig. 3 (a) Structure of ether-I (left), ether-d (center), and epoxide-I (right)
adducts on a segment of the (6,5) SWCNTSs. (b) Schematic of the potential
profile along the length of the tube showing potential traps created by the
ether-I (left), ether-d (center), and epoxide-I (right) adducts. The deep trap
states and states that result from the brightening of the dark states are
marked with brown and blue lines, respectively. The bright exciton state of
the undoped tube is represented by a red line. The fluctuation of small
potential barriers in the vicinity of the trap site leads to the fluctuation of
the exciton trapping efficiency and negatively correlated PL intensity
fluctuations between E and dopant related emissions (ie., E* and E7).
Reprinted with permission from ref. 57. Copyright 2014 American
Chemical Society.
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In 2013, Maeda et al. applied the oxidation reaction of
fullerene Cg, using sulfide®® to develop the photochemical
oxidation of SWCNTs using diphenyldisulfide in tetrahydro-
furan (THF).®® Similar to the photoreaction with ozone,*® a new
PL peak emerged at 1120 nm from the (6,5) SWCNTs. This
reaction exhibited a higher selectivity toward metallic and
small-diameter SWCNTSs. Similar to the use of low concentra-
tions of ozone and STBS in ozone oxidation to control SWCNT
reactivity, the reduced reactivity of the semiconducting
SWCNTs effectively regulated the functionalization degree,
leading to the emergence of Ej, PL at an appropriate intensity.
For fullerene Cqo, an efficient singlet oxygen (*0,) sensitizer, a
persulfoxide intermediate, is generated by the reaction
between 'O, and sulfide, which subsequently reacts with Cgo
to produce fullerene epoxide (Cgo0). However, SWCNTs were
oxidized only with disulfide and not sulfide. Photo-induced
electron transfer affording a nucleophilic oxygen transfer
intermediate, thiopersulfinate, was proposed. This was sup-
ported by detecting a radical ion intermediate via low-
temperature electron paramagnetic resonance and laser flash
photolysis experiments. The nucleophilic reactivity of the thio-
persulfinate intermediate is consistent with its higher reactivity
toward metallic SWCNTs. A reaction that is less reactive
to semiconducting SWCNTs enables effective control of the
PL intensity, making functionalization degree control more
straightforward.

In 2017, Star et al. demonstrated the photochemical oxida-
tion of SWCNTs using polyunsaturated fatty acids (PUFAs),
revealing a new PL peak at 1120 nm for (6,5) SWCNTs.®" A
control experiment and characterization suggested that linoleic
acid (LA) is oxidized to form lipid hydroperoxides (LA-OOH).
LA-OOH then reacts with the photoexcited SWCNTs to form
ether-type oxidation products. The photoreaction was more
efficient when the photoirradiation wavelength matched the
resonance wavelength of SWCNTs. Moreover, the type and
concentration of surfactants strongly influenced the reaction
efficiency.

In 2019, Lin et al. reported the photochemical oxidation
reaction of SWCNTs using hypochlorite, resulting in a new PL
peak at 1126 nm for (6,5) SWCNTs.** The research suggested
that the photolysis of hypochlorite generated reactive oxygen
which oxidized SWCNTs. The reaction efficiency was strongly
dependent on the surfactant type and concentration. Eremin
et al reported that mild UV exposure achieved bright
emissions.®® They proposed that a milder reaction may pro-
mote a uniform oxidation reaction to improve the PL efficiency.
For in vivo imaging, a high-throughput flow reactor was devel-
oped, capable of generating approximately 0.3 mg h™" oxidized
SWCNTs.*? Moreover, high-contrast bioimaging was achieved
using a minimal amount of oxidized SWCNTs (100 ng of
SWCNTs per mouse). The degradation of SWCNTs in waste-
water using hypochlorite is accelerated depending on the
treatment conditions, including hypochlorite concentration,
reaction temperature, and pH values.®* This underscores the
importance of precise reactions for controlling the PL proper-
ties utilizing hypochlorite as an oxidant.

This journal is © The Royal Society of Chemistry 2023
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Sonication is the predominant method employed for disper-
sing SWCNTs in solution. While preparing SWCNT dispersions
for PL analysis, a new PL peak at 1120 nm for (6,5) SWCNTs
emerged with an increase in sonication time.®® Sonication in an
aqueous solution containing SDBS is commonly utilized to
prepare well-dispersed SWCNTs for solution-phase analysis.®®
Such alterations in PL properties were absent in SWCNTSs using
other surfactants, such as sodium dodecyl sulfate (SDS) and
sodium cholate (SC). This oxidation was observed at low
SWCNT concentrations, indicating the limited efficiency of
the reaction. Surfactants can be decomposed by ultrasonic
irradiation. Hydrogen peroxide and hydroxyl radicals are gen-
erated from water by ultrasonic irradiation, which react with
the surfactant and decompose them.®” This reaction is accel-
erated in the presence of metal ions. Aligning with these
findings, the characteristic PL alterations of SWCNTs upon
sonication were accelerated in the presence of a metal catalyst
and inhibited in the presence of a radical inhibitor. The
reaction efficiency increased under an Ar atmosphere with
1-butanol, indicating that dissolved oxygen impeded the reac-
tion. These results suggest that the sonochemical oxidation of
SWCNTs involves the generation of radical species, such as
hydroxyl radicals.

Kataura et al. reported gel chromatographic separation of
pristine SWCNTs. They discovered that the separated (5,4) and
(6,4) SWCNTs exhibited new PL peaks corresponding to oxi-
dized SWCNTs alongside their intrinsic E;; PL peak.®® The
study proposed that SWCNTs with smaller diameter readily
oxidize during the dispersion process, which was corroborated
by the reactions with H,0,.

In 2021, Xhylin and Ao investigated the photoreaction of
SWCNTs dispersed in water in the presence of oxygen, forming
oxidized SWCNTs.”® The photoreaction was hindered when
irradiated at wavelengths surpassing 300 nm irradiation and
with specific dispersants. Particularly, the oxidation of SWCNTs
proceeded efficiently when SDBS was used as a dispersion
reagent. Conversely, oxidation was remarkably suppressed
when DNA was employed for dispersion, given its higher
reactivity toward reactive oxygen species compared to SWCNTs.
These results indicate that the tuning of PL properties via
oxidation can be modulated by UV irradiation and surfactant
selection.

PL controlled by alkylation of SWCNTs

In 2013, Wang et al. reported the billups-Birch reductive
alkylation of SWCNTs. This process involves the reaction of
SWCNTs with sodium in liquid ammonia, followed by a reac-
tion with 6-bromohexanoic acid. This resulted in a new PL peak
at 1091 nm in the (6,5) SWCNTs with a smaller PL peak at
1225 nm (Scheme 2 and Fig. 4).”° Their investigation indicated
that the PL wavelengths were marginally influenced by the
terminal groups, shifting to 1100 nm when the carboxylic acid
was substituted by an amino group. The impact of alkylation on
these properties was further validated by DFT calculations for

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Excitation—emission PL maps of SWCNTs-(CH,)¢COOH dispersed
in 1 wt% SDBS-D,0O. Reprinted with permission from ref. 70. Copyright
2014 American Chemical Society.
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1) RLi
SWCNTs ﬁ» R-SWCNTs-R' —realment, o sWCNTs-R’ (4)  (ref. 73)

Scheme 3 Two-step alkylation and the subsequent thermal reaction.

1,4-methylated (6,5) SWCNTs, revealing a diminished
HOMO-LUMO gap for 1,4-methylated (6,5) SWCNTs upon
functionalization.

In 2015, Maeda et al. reported the stepwise alkylation of SWCNTs
utilizing butyllithium and butyl bromide (Scheme 3).”'73
No characteristic absorption and PL peaks were observed after
butylation using r-butyllithium ("Buli) and butyl bromide
("BuBr, ‘BuBr, *“BuBr, and ‘BuBr), owing to the highly efficient
alkylation reaction. Conversely, the functionalization degree
decreased when t-butyllithium (“BuLi) and ‘BuBr were used,
resulting in a weak PL peak at approximately 1230 nm (E7| PL).
To adjust the functionalization degree for other highly
functionalized Bu-SWCNTs-Bu, thermal treatment was con-
ducted under a nitrogen atmosphere. This was based on
thermogravimetric (TG) analysis impeded by the functionalized
SWCNTs, estimating their functionalization degree based
on the observed weight losses. After thermal treatment of Bu-
SWCNTs-Bu up to 300 °C, the E;j PL peak at ~1230 nm
emerged with the recovery of the characteristic absorption
and E;; PL peaks (Fig. 5). These results demonstrate the
effectiveness of organolithium reagent functionalization and
subsequent thermal treatment in selectively introducing a new
PL peak at 1230 nm.

The functionalization degree of alkylated SWCNTs can be
effectively reduced by considering the steric effects of the
reagents, thermal treatment, and by changing the alkylation
methods.”>”* n-Butylated (6,5) SWCNTs ((6,5) SWCNTs-"Bu)
prepared using sodium naphthalenide and "BuBr exhibited a
lower functionalization degree than those prepared with butyl-
lithium. Additionally, the former showed two new PL peaks at
1100 and 1230 nm (Fig. 6a—c). These PL wavelengths and their

Chem. Commun., 2023, 59, 14497-14508 | 14501
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Fig. 5 (a) Absorption, (b) Raman, and (c) PL spectra of ‘Bu-SWCNTs-'Bu
before and after the thermal treatment. (d) TG curve of ‘Bu-SWCNTs-'Bu.
Black: ‘Bu-SWCNTs-'Bu; orange: ‘Bu-SWCNTs-Bu (200 °C); green:
‘Bu-SWCNTs-Bu (300 °C); blue: ‘Bu-SWCNTs-Bu (400 °C); and purple:
‘Bu-SWCNTs-'Bu (600 °C).

selectivities indicated that the structures and selectivities of the
butylated SWCNTs differed based on the alkylation reagent.
The time-resolved PL decay profiles of SWCNTs-"Bu (200 °C)
demonstrated that the PL peaks with a larger Stokes shift
exhibited longer exciton lifetimes (E;; PL: 980 nm, ~23 ps.

i1 PL: 1100 nm, ~65 ps. Ejf PL: 1200 nm, ~118 ps.). In 2019,
a time-resolved study of the PL decay of hexylated SWCNTs at
4.2 K identified two characteristic lifetimes for (6,5) Ey; (11 =
70 ps, T, = 200 ps), Ef; (11 = 230 ps, 7, = 590 ps), and trion
emission (t; = 120 ps, T, = 400 ps).”” The efficacy of UCPL was
confirmed using SWCNTs-"Bu (200 °C), revealing increased
UCPL efficiency at PL wavelengths with small Stokes shifts
following functionalization.*

Benzylated (6,5) SWCNTs ((6,5) SWCNTs-Bn) prepared using
benzyl bromide instead of bromobutane exhibited PL peaks at
1104 and 1197 nm. Conversely, the (6,5) SWCNT adduct pre-
pared with 1,2-bis(bromomethyl)benzene ((6,5) SWCNTs-xylyl)
selectively exhibited a new PL peak at 1231 nm (Fig. 6d and e).*’
In the fullerene Cgo chemistry, reactions with benzyl bromide
yielded both 1,2- and 1,4-adduts, whereas 1,2-bis(bromomethyl)
benzene selectively yielded 1,2-adducts. These results indicate
that the introduction of two reactive sites improves the selec-
tivity of the binding configurations and the PL peak selectivity.

Ehara et al. reported DFT and TD-DFT calculations of the
relative energies and HOMO-LUMO gaps of three 1,2- and three
1,4-adducts of model compounds of dialkylated SWCNTs and
hydroalkylated SWCNTs with eight chiral angles.”® Their work
suggested that the selectivity of functionalization sites can be
comprehended by the Clar sextet theory and cost-effective
modeling. The binding configurations in the (6,5) SWCNT are
denoted as 1,2-Lgy, 1,2-Ly5, 1,2-L_33, 1,4-Lg7, 1,4-L,,, and 1,4-
L_3; (Fig. 7). The subscripts of L denote the positive or negative
angles of two sp® carbon atoms on the SWCNTs relative to the
SWCNT axis.?* The 1,4-Lg, adduct was the most stable for
higher addenda bulkiness, whereas the 1,2-L_;; adduct was
the most stable for lower addenda bulkiness. For instance, the
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Fig. 7 (a) PL spectra of "Bu-SWCNTs-H (left) and "Bu-SWCNTs-"Bu
(300 °C) (right). (b) Energies (kcal mol™) of model "Bu-(6,5) SWCNT-H
(left) and "Bu-(6,5) SWCNT-"Bu (right) isomers plotted versus the calcu-
lated transition energy (eV). The 1,2- (blue) and 1,4-binding configurations
(red) are classified according to their bond angles with respect to the
SWCNT axis, marked as (@) Lg;, (H) Ly;, and (A) L_z3. : calculated
transition energy of (6,5) SWCNTs. (c) Six different binding configurations
relative to the central addition site (gray circles) are shown. (c) Six different
binding configurations relative to the central addition site (gray circles) are
shown. (c) Six binding configurations of 1,2- and 1,4-functionalized (6,5)
SWCNTs. Reprinted with permission from ref. 48 and 76. Copyright 2023
American Chemical Society and Copyright 2019 American Chemical
Society.

most stable binding configuration of "Bu-(6,5) SWCNTs-"Bu is
1,4-Lg;. When one of the addenda atoms was hydrogen, the 1,2-
L_;; binding configuration was the most stable, regardless of

This journal is © The Royal Society of Chemistry 2023
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whether the other alkyl group was butyl or methyl. Building on
these theoretical results, Maeda et al. prepared dialkylated and
hydroalkylated SWCNT adducts (R-(6,5) SWCNTs-R and R-(6,5)
SWCNTs-H) using alkyllithium (RLi, R = "Bu, Me), alkyl halide
("BuBr, Mel), or trifluoroacetic acid. "Bu-SWCNTs-"Bu exhibited
a PL peak at 1230 nm, whereas Me-(6,5) SWCNTs-Me exhibited
PL peaks at 1100 and 1230 nm.*® A higher Ej, PL intensity ratio
relative to the Ej; PL intensity was observed in Bu-(6,5)
SWCNTs-H and Me-(6,5) SWNTs-H. The selectivity of the PL
wavelength, depending on the reagents used, supported the
relationship between the binding configurations and PL prop-
erties of the functionalized SWCNTs. Furthermore, the binding
configurations could be controlled by the steric effects of the
reagents.

In 2018, Maeda et al. explored the steric effects of reductive
alkylation on SWCNT PL characteristics using first-, second-,
and third-generation dendrons (G1, G2, and G3), molecules
with repeating hyperbranched structures.*® The functionaliza-
tion degree decreased as the dendrons increased in bulkiness.
Additionally, the intensity of the Ej, PL peak at 1100 nm
increased, while that of the Ejj PL at 1230 nm decreased.
These results suggest that steric repulsion of the reagents
inhibited the 1,4-dialkylation reaction, favoring the 1,2-
hydroalkylation reaction (Fig. 8). Theoretical calculations using
the model molecules of hydroalkylated SWCNTs demonstrated
that the 1,2-L_33 adduct was the most stable isomer among the
1,2- and 1,4-adducts, irrespective of dendron generation.
Furthermore, the transition energies remained almost unaf-
fected across dendron generation. Therefore, sufficiently large-
structured reactants enhance the hydroalkylation selectivity,
promoting a 1100 nm PL peak from (6,5) SWCNTs. Wang
et al. controlled the PL wavelength through steric hindrance
in the arylation reactions with diazonium salts under acidic
conditions.”® By leveraging the steric hindrances of the aryl

Intensity

P
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R
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T T T i R (P/ R
1000 1200 1400 1600 o

G3
Wavelength (nm) R = -OCH,CH,NHBoc

Fig. 8 PL spectra of SWCNTs (black) and dendron-functionalized
SWCNTs (red: SWCNTs-G1; green: SWCNTs-G2; and blue: SWCNTs-
G3). Dendron-functionalized SWCNTs were prepared using sodium
naphthalenide and G1, G2, or G3.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Feature Article

groups and nucleophilic reagents, a new PL peak was observed
in the 1130-1280 nm range from (6,5) SWCNTSs.

In 2016, Wang et al. reported the tuning of the PL wave-
length of (6,5) SWCNTs by alkylation in acetonitrile solution
using alkyl halide, sodium bicarbonate, and sodium
dithionate.** The PL wavelength of alkylated (6,5) SWCNTs
was adjusted within the range of 1096-1158 nm by altering
the number and positions of the fluorine atoms in the alkyl
groups. For instance, the hexylated (6,5) SWCNTs and perfluor-
ohexylated (6,5) SWCNTs displayed new PL peaks at 1096 and
1155 nm, respectively (Fig. 9). The 6,6,6-trifluorohexylated (6,5)
SWCNTs and trifluoromethylated (6,5) SWCNTs exhibited new
PL peaks at 1099 and 1158 nm, respectively. The linear correla-
tion between the PL energy shift and calculated inductive
constants (6*) of the fluoroalkyl groups indicates the role of
inductive effects in dictating the PL wavelength (Table 2).
Additionally, the calculated HOMO-LUMO gaps of the model
compounds of trifluoromethylated (6,5) SWCNTs were smaller
than those of the model compounds of methylated (6,5)
SWCNTs, supporting a larger PL wavelength shift than that of
the methylated (6,5) SWCNTs. The effects of monovalent and
divalent chemical modifications were validated by comparison
with SWCNT adducts functionalized with 1,2-diiodomethane,
difluorodiiodomethane, and trifuluoroiodomethane, which
exhibited new PL peaks at 1125, 1094, 1164, and 1158 nm,
respectively. Divalent functionalization of the SWCNTs resulted
in a new PL peak in the red-shifted region compared with the
corresponding monovalent functionalization. Gifford et al
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Fig. 9 Excitation—emission PL maps of the functionalized SWCNTs. Rep-
rinted with permission from ref. 34. Copyright 2016 American Chemical
Society.
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Table 2 Spectral characteristics of alkylated and fluoroalkylated (6,5)
SWCNTs and calculated inductive constants of the substituted alkyl and
fluoroalkyl groups. -R and >R represent whether alkylating or fluoroalky-
lated reagents used is monoiodoalkane or diiodoalkane®*

SWCNTs-R E}, PL wavelength o* (caled.)
-CH,CH,CH,CH,CH,CH; 1096 —-0.774
-CH,CH,CH,CH,CH,CF, 1099 —0.462
-CH,CH,CH,CH,CF,CF; 1107 —0.127
-CH,CH,CF,CF,CF,CF, 1137 1.086
-CF,CF,CF,CF,CF,CF, 1155 4.867
-CH,CH,CH,CH,CF, 1104 —0.287
-CH,CH,CH,CF, 1101 —0.034
-CH,CH,CF, 1110 0.310
-CH,CF; 1114 1.244
-CF; 1158 3.961
-CH,4 1094

>CF, 1164

>CH, 1125

conducted more comprehensive experimental and theoretical
studies.”” The theoretical calculations for the divalently func-
tionalized SWCNTs (e.g., SWCNT > CH,) supported that induc-
tive effects predominantly influence the PL wavelength, akin to
monovalent functionalized SWCNTs (e.g., 1,2-dimethylated
SWCNT). Moreover, when juxtaposed with their monovalent
counterparts, the divalently functionalized SWCNTs mani-
fested a significant ‘s’ character at the binding carbon atoms
on SWCNTs, underpinning the emergence of a stronger red-
shifted PL peak.

He et al. demonstrated the [2n + 21t] photocycloaddition of
SWCNTs with enones, resulting in new PL peaks from (6,5)
SWCNTs at 1114 and 1255 nm (Fig. 10).”® The reaction pro-
ceeded upon 285 or 566 nm irradiation and was inhibited by a
radical scavenger, suggesting an electron transfer mechanism
via the excited state of the SWCNTs or enone. DFT calculations
of the corresponding model compounds of the [2n + 2n],
[2m + 47, and [47 + 27] cycloaddition products were performed.
The results indicated that the [27 + 27] cycloaddition product is
a thermodynamically favored structure. The binding configu-
ration and interaction between the SWCNT surface and the side
chains of the addenda were also confirmed, underscoring the
significance of dispersion interactions and steric effects on
chemo- and regioselectivity.

Maeda et al. investigated the functionalization of (6,5)
SWCNTs using sodium naphthalenide and 1,n-dibromoalkane
(n = 3-5). They observed selective new PL peaks at 1215 (n = 3),
1230 (n = 4), and 1231 nm (n = 5).>° However, employing the
corresponding monobromoalkane instead of dibromoalkane
induced two new PL peaks at approximately 1100 and
1230 nm (Fig. 11, left). Theoretical calculations of the model
compounds for cyclic addition products affirmed that the PL
peak variations correlated with alkyl chain length. These calcu-
lations showed that both the transition energy and sum of the
bond angles at the addition sites increased with increasing
alkyl chain length. No similar relationship between the
chain length and transition energy was observed for the func-
tionalized SWCNTs with propyl bromide and butyl bromide.
This suggests that 1,n-dibromoalkanes (n = 3-5) lead to

14504 | Chem. Commun., 2023, 59, 14497-14508

View Article Online

ChemComm

1000 1200 1400
Wavelength (nm)

1000
Wavelength (nm)

1200 1400

566 nm (or UV light)

o TN
X R"\)\Rz o ‘C(L (
(U RI=+(CHy),CHy, -CH=CH(CH,),CH,
(( ( ( i R?=-CH,,-(CH,),COOH
00E
LA K :
SWCNTs Enone-functionalized SWCNTs
(b) « Q
HOOC By SN Bu
o) Bu HOOC+y, ,~—
Ey;t 1114 nm . p—
Intensity ratio Ey: 1114 nm
Eqy / E4y" = 3.2 (566 nm irradiation Intensity ratio
Eyy / Eqy” = 0.9 (285 nm irradiation) Ei/Ey=25 HO
N Bu
HOOC oy " »—Bu
o) HOOC
Eq: 1112 nm
Intensity ratio HO Ey;: 1114 nm
E«/Eyy=15 HO Intensity ratio
Bu Ey /By =10
HOOC)7
Eyt1114nm
Intensity ratio
Ey/Eqy=14
E4;: 1120 nm
Eq 1126 nm (0] Intensity ratio
(0] Intensity ratio E1 /E41"=0.49
Ey /Eqy =141 )J\/\/\/\/
/
- E4: 1120 nm
E4;: 1130 nm - N
(@] In}:ansity ratio (0] Intensity ratio
WE|1’= 0.39 )I\/\/\Efﬂ =0.46
Fig. 10 (a) Reaction scheme of the photoreaction of SWCNTs with

enones, PL spectra, and computed structure of enone-functionalized
SWCNTs. (b) Structure of enones, PL wavelength of enone-
functionalized SWCNTSs, and Ey;~ PL intensity ratio toward the Ey; PL peak
after 1 h of irradiation at 566 nm. Reprinted with permission from ref. 78.
Copyright 2021 American Chemical Society.

cycloaddition products that selectively yield a new PL peak.
This selective emergence of new PL peaks does not occur when
the alkyl chain length is 6 or more (Fig. 11, right).’>> The most
stable 1,2-addition product of (6,5) SWCNTs-C,H,, (n = 3-5)
was the 1,2-L_;; binding configuration, which is the same
binding configuration observed for hydroalkylated (6,5)
SWCNTs. From the comparison of the experimentally observed
PL wavelength, calculated transition energy, and relative stabi-
lity, the thermodynamically favored 1,2-L_3; binding configu-
ration was excluded as a plausible candidate for the
cycloaddition products. The functionalization of (6,5) SWCNTs
using 2,4-dibromopentane (SWCNTs-C;H,Me,) led to a new PL
peak at 1216 nm. Additionally, after thermal treatment for 6 h
(SWCNTs-C3H Me,(300 °C, 6 h)), a new PL peak emerged at
1268 nm, while the intensity of the PL peak at 1216 nm
decreased (Fig. 12).>' As a potential explanation for this shift
in the PL characteristics is the thermal rearrangement of the
1,2-Lg; adduct to the more stable 1,2-L,, adduct. The spin
density of the butylated (6,5) SWCNT radical (SWCNT-"Bu
radical) is higher at the 1,2-Lg; carbon atom than at the 1,2-
L_3; carbon atom, suggesting that the 1,2-Lg; binding configu-
ration is kinetically preferred.

This journal is © The Royal Society of Chemistry 2023
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Fig. 11 PL spectra of SWCNTs and alkylated SWCNTs using sodium
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are shown in the PL spectra.
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Fig.12 (a) PL spectra of SWCNTs, SWCNTs-CsHg, SWCNTs-CszHeg
(300 °C), SWCNTs-C3H4Me,, and SWCNTs-CsHsMe, (300 °C, 6 h). (b)
Calculated spin density distribution (isovalue = 0.004) of the (6,5)
SWCNT-"Bu radical at the B3LYP/6-31G* level. 1,2-L_33: 0.2116; 1,2-L,7:
0.1479; 1,2-Lg7: 0.2121, 1,4-L_33: 0.1849; 1,4-L,7: 0.1220; 1,4-Lg7: 0.1623.
(c) Calculated transition energy (in eV) and relative energies (kcal mol™?) of
the model molecules of (6,5) SWCNT-CsHg (green), (6,5) cis-SWCNT-
CsHsMe; (red), and (6,5) trans-SWCNT-CzH4Me, (blue).

Shiraki et al reported an arylation reaction using two
aryldiazonium reagents linked by alkyl chains to produce new
PL peaks at longer wavelengths than those of SWCNT adducts
prepared using the corresponding single aryldiazonium salts.**”

In 2023, Maeda et al. reported that (6,5) SWCNTs exhibited a PL
peak at 1320 nm when the cycloaddition reaction was influenced by
the electronic effect of fluorine atoms (Fig. 13).*> The reductive
perfluorobutylation of (6,5) SWCNTs using sodium naphthalenide
and 1,1,2,2,3,3,4,4 4-nonafluoro-1-iodobutane  (CF;CF,CF,CF,I)
resulted in a new PL peak selectively at 1152 nm. However,
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Fig. 13 (a) PL excitation—emission maps of SWCNTs and functionalized
SWCNTs reagents: C4Fgly, C4HgBr, CaFgl, and C4HgBr. (b) Six binding
configurations of the (6,5 SWCNTs. (c) and (d) Calculated transition
energies (eV) and relative energies (in kcal mol™) of model molecules of
the functionalized (6,5) SWCNTSs. Reprinted with permission from ref. 42.
Copyright 2023 Springer Nature.

butylation using 1-bromobutane produced new PL peaks at 1100
and 1230 nm. It was proposed that hydroperfluoroalkylation
proceeded selectively under these reaction conditions, resulting
in one PL peak at 1152 nm owing to the low functionalization
degree compared to the corresponding butylation. Furthermore,
the PL selectivity was strongly influenced by the number and
position of fluorine atoms in iodobutane. In the reaction using
1,1,2,2,3,3,4,4-octafluoro-1,4-diiodobutane, a new PL peak emerged
at 1320 nm for (6,5) SWCNTSs. Therefore, it was proposed that the
cycloaddition reaction proceeds efficiently using perfluorodiiodo-
butane owing to the stereoelectronic effect. Theoretical calculations
of the model molecules showed that octafluorobutylated (6,5)
SWCNTs possess lower transition energies than the corresponding
butylated (6,5) SWCNTs in identical 1,2- and 1,4-binding config-
urations. Replacing hydrogen atoms with fluorine atoms in the
alkylated SWCNTSs lowers the LUMO energy.

PL characteristics of oxidized and
alkylated SWCNTs with other chirality

As shown in Fig. 1b and c, the selective utilization of
specific (n,m) SWCNTs expands their potential as PL materials

Chem. Commun., 2023, 59, 14497-14508 | 14505
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Table 3 Selected PL wavelengths of functionalized (n,m) SWCNTs

(n,m) (7,3) (6,4) (9,1 (6,5) (8:3) (9,2) (7,5) (8:4)
SWCNTs-0*° 889 1012 924 983 960 1147 1033 1125
SWCNTs-C¢H,NO,** 1058 1137 1154 1300 1179 1263
"Bu-SWCNTs-H*® 1128, 1213 1015 1104, 1231 1160 1237
SWCNTs-C,Fo** 1185 1068 1153 1152 1164 1178
"Bu-SWCNTs-"Bu (300 °C)*® 1251 1119 1213 1160 1237
SWCNTs-C3Hg>? 1251 1101 1215 1146 1231 1339
SWCNTs-C,Hg>2 1265 1115 1229 1170 1248
SWCNTs-C3H,Me,*"*? 1249 1098, 1192 1213 1151, 1251 1234, 1310 1337
SWCNTs-C3H,Me, (300 °C, 6 h) 7! 1252, 1317 1104, 1174 1268 1146, 1255 1298
SWCNTs-C,F,* 1373 1064, 1222 1207 1320 1269 1345

at various excitation and emission wavelengths. Chemical
functionalization has diversified the excitation spectrum for
(6,5) SWCNTs, introducing 980 nm alongside 567 nm, and the
emission wavelength was extended up to 1320 nm. Beyond (6,5)
SWCNTs, research has delved into the oxidation,*®
arylation,>29:32:33:43:4479 and alkylation®**#°28° of separated
(n,m) SWCNTs, and the separation of functionalized (n,m)
SWCNTs, to elucidate the impact of functionalization on their
PL properties. The separation of functionalized SWCNTs was
conducted using SWCNT separation methods.*"*> These stu-
dies have broadly expanded the excitation and emission wave-
lengths for various applications. A distinct (n,m)-dependent
reactivity has been clarified in the arylation reaction.?””°
Table 3 and Fig. 14 show the selected PL wavelengths of the
functionalized SWCNTs with different chiral indices. Further-
more, the optical resolution of the functionalized SWCNTs has
been achieved for (6,5) chirality.*>*83%8°

The functionalization of (6,5) SWCNTs using 2,4-
dibromopentane to produce SWCNTs-C;H,Me, led to a new
PL peak at 1216 nm. The subsequent thermal treatment produced
a new PL peak at 1268 nm, SWCNTs-C;H,;Me,(300 °C, 6 h), while
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the intensity of the PL peak at 1216 nm decreased (Fig. 12).>" The
chiral separation of SWCNTs-C5H,Me,(300 °C, 6 h)*" revealed that
a new PL peak at the red-shifted wavelength also emerged in (7,3)
and (6,5) SWCNTs-C;H,Me,(300 °C, 6 h) at 1317 and 1268 nm.
The (6,4), (8,3), and (7,5) SWCNTs-C;H,Me, exhibited two new PL
peaks at red-shifted wavelengths even without thermal treatment:
(6,4) at 1098 and 1174 nm, (8,3) at 1151 and 1251 nm, and (7,5) at
1234 and 1310 nm. For the (8,3), (7,5), and (8,4) SWCNT adducts,
the elimination reaction proceeded preferentially after thermal
treatment. These results suggest that the binding configuration
can be controlled by the substituent effect of the cyclic addenda
and that thermal rearrangement and elimination reactions might
compete depending on the chiral indices of SWCNTSs.

Conclusion and outlook

In summary, the chemical functionalization of SWCNTs is a
powerful tool for controlling PL characteristics, such as wave-
length and efficiency. Fine-tuning the PL wavelength to
improve efficiency is expected to expand the applicability of
NIR light-emitting materials and extend their range of applica-
tions in bioimaging and optical communications. The insights
obtained from the arylation, oxidation, and alkylation of the
SWCNTs are mutually beneficial and contribute to a better
understanding of the PL wavelength control over a wide range.
Systematic theoretical calculations using model compounds
have provided insights into the determinants of the PL wave-
length. Estimations of the binding configurations of the func-
tionalized SWCNTs were deduced by juxtaposing the PL
wavelengths with theoretical computation outcomes. These
results provide crucial guidance for the design and synthesis
of functional SWCNTs. Further control of SWCNT PL wave-
lengths and determination of the binding configuration of the
SWCNT adducts are expected in the near future.
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