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Abstract 

Defect functionalization using chemical modification of single-walled carbon nanotubes (SWCNTs) 

is promising, especially for near-infrared photoluminescence (NIR PL) over 1000 nm in advanced 

telecom and bio/medical applications. The covalent attachment of modifier molecules is utilized to 

create sp3 carbon defects in the sp2 carbon lattice for bright, red-shifted PL generation. The positional 

difference in proximal sp3 carbons, known as the defect binding configuration, can dominate NIR PL 

properties; however, the defect arrangement chemistry remains unelucidated. We developed 

aryldiazonium modifiers with -conjugated ortho-substituents (phenyl and acetylene groups) to 

introduce molecular interactions with nanotube sidewalls into the chemical reaction process for defect 

formation. Single defect emissions of ~1230–1270 nm selectively appeared in the functionalized chiral 

SWCNTs, showing a different binding configuration from those observed for typical aryl- or alkyl- 

functionalized chiral tubes emitting approximately 1150-nm PL. Moreover, the acetylene-based 

substituent design allows PL brightening and subsequent molecular modification using click chemistry. 
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Introduction 

The surface chemistry of nanomaterials is an important aspect for the functionalization and 

development of nanotechnology applications. Chemical modification of the surfaces of carbon 

materials is a widely used technique for functionalization.1,2 As a new feature of chemical 

functionalization, the enhancement of near-infrared (NIR) photoluminescence (PL) properties has 

recently been observed for single-walled carbon nanotubes (SWCNTs).3, 4, 5, 6, 7 SWCNT structures are 

defined by the chiral index (n,m) determined by the direction of the rolling vectors in the graphitic 

lattice to form the cylindrical structures and semiconducting properties appear in some chiral “(n,m), 

nm” and zigzag “(n,0)” architectures although armchair “(n,n)” SWCNTs are metallic. For 

semiconducting SWCNTs, the electronic band structures are formed based on the van Hove singularity 

that arises from their well-defined one-dimensional nanoarchitectures; the corresponding inter-band 

transitions are observed. 8, 9, 10 The lowest energy transition, denoted as the E11 transition, relates to PL 

generated by a radiative recombination process of the exciton, which is a quasi-particle state of an 

excited electron and the corresponding hole. A significant drawback of SWCNT PL is their very low 

photoluminescence quantum yield (PLQY), which is caused by the quenching processes of mobile 

excitons in SWCNTs such as tube edge collision11 and low-lying exciton states12. The capturing the 

mobile excitons and their efficient conversion to PL has been achieved by limited chemical 

functionalization, namely local chemical functionalization. This functionalization allows local sp3 

carbon defects to be doped into the crystalline sp2 carbon network structures of SWCNTs through 

chemical bond formation with modifier molecules such as aryldiazonium salts and alkyl halides. As a 

result, the locally functionalized SWCNTs (lf-SWCNTs) newly show defect PL with longer 

wavelengths and higher PLQYs compared to that of the E11 PL from pristine tubes.3, 4, 5, 6, 7 These 

materials are also known as organic color centers (OCCs) or defect-doped SWCNTs. The wavelength 

changes in the defect PL for lf-SWCNTs can be observed based on structures and functions of the 

functionalized molecules including the substituent electronic property differences in the functionalized 

aryl groups,13, 14 supramolecular assembling using molecular recognition15, 16 and dynamic covalent 

bonding systems,17 and divalent functionalization.18, 19 Based on the theoretical and experimental 

results, our divalent functionalization studies suggested that the relative positions of two proximal sp3 

carbons could be a crucial factor for defect PL wavelength variation.18, 19 

Typically, chiral (6,5)-rich SWCNTs, which are commercially available or sorted by separation 

techniques such as aqueous two phase methods,20, 21 are used. The defect PL from lf-SWCNTs with 

(6,5) chirality has been mainly observed in the 1100–1200 nm region for E11* PL and to a limited 

extent in the >1200 nm region for E11* PL22, 23, also denoted as E11
2* 18, 19, 24 and E11** PL25, 26, 

respectively. Diazonium chemistry is one of the most frequently used techniques for local chemical 

functionalization. This reaction mechanism is based on that phenyl radical or phenyl cation generated 

from aryldiazonium salts attack the nanotube walls and the resultant radical or cation on the tubes 
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could induce the addition reaction of another aryldiazonium reactant or hydrogen/hydroxy group from 

solvents or surfactants to form an additional sp3 carbon in its proximity.27, 28 Gifford et al. 

systematically simulated proximal defect models for the doped sites of lf-SWCNTs. They reported a 

correlation between the position of the two proximal sp3 carbons, described as defect binding 

configuration (Supplementary Fig. 1), and observed defect PL regions for E11* PL and E11* PL.6, 29, 

30 They determined the location of the sp3 carbons to be either adjacent to the site of the first sp3 carbon 

(“Ortho”) or three carbon atoms away (“Para”) together with angles from the nanotube axis in density 

functional theory (DFT) and time-dependent DFT (TD-DFT) calculations. Based on this, the defect 

binding configurations (OrthoL90 and OrthoL30 shown in Supplementary Fig. 1) were found to relate 

to E11* PL (~1150 nm) and E11* PL (~1250 nm), respectively, for lf-SWCNTs with (6,5) chirality. In 

addition, they reported that the tube symmetry strongly contributed to the resulting defect binding 

configuration; the zigzag SWCNTs mainly demonstrated E11* PL, whereas the chiral SWCNTs like 

(6,5) tubes typically demonstrated E11* PL.31, 32 As described above, it was shown that the defect 

binding configuration for E11* PL or E11* PL generation could be dominated by the tube structures 

rather than the difference in modifier molecules in the diazonium reactions. Therefore, the surface 

chemistry of SWCNTs for selective defect formation, regardless of the tube structure, remains a 

challenge and significant issue, especially for E11* PL generation in the abundant chiral SWCNTs. It 

is imperative to understand the chemical reactions occurring on the -conjugated surfaces of the 

nanotubes, and to control the selective formation of specific defect binding configurations for the 

modulation of defect PL from lf-SWCNTs. In particular, the generation of E11* PL with longer 

wavelengths and deep optical trap depths would be beneficial for the exciton engineered materials 

such as a single photon emitter used in quantum technologies.3 

In our previous study, the local chemical functionalization using aryldiazonium salts with -NO2, -

Br, or -CH3 groups in the orthro position produced lf-SWCNTs that simultaneously showed defect PL 

at ~1150 and ~1300 nm.33 This indicates that ortho-substituents of the aryldiazonium salts may affect 

a reaction process for the defect binding configuration formation in the lf-SWCNT synthesis. However, 

the aryldiazonium modifiers cannot produce selective E11* PL, and further investigation is necessary 

to clarify the orthro substituent effects in lf-SWCNT synthesis and to achieve defect binding 

configuration control. In this study, E11* PL for chiral SWCNTs were selectively created using 

aryldiazonium salts with -conjugated ortho-substituents (oX-Dz). The modifier design was based on 

the molecular interactions of the ortho-substituents that affected the  electron systems of the tube 

surfaces in the reaction process to form a defect binding configuration. Using oX-Dz for the local 

chemical functionalization selectively produced E11* PL from the lf-(6,5)SWCNTs and other chiral 

lf-SWCNTs. In addition, acetylene-based ortho-substituents allow PL brightening and post-molecular 

modification of the doped sites by click chemistry for the lf-SWCNTs-oX.  
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Results and discussion 

Optical properties of the lf-SWCNTs 

The oX-Dz (X = phenyl acetylene (PA), phenyl (P), and acetylene (A)) was synthesized by 

diazotization of each aniline precursor. The SWCNTs (CoMoCAT, (6,5) chirality rich) were 

solubilized in micellar solutions of sodium dodecyl sulfate (SDS) in D2O to create a homogeneous 

reaction system for local chemical functionalization. These SWCNT solutions were mixed with oX-

Dz at room temperature for 7 days to synthesize ortho-aryl functionalized lf-SWCNTs (lf-SWCNTs-

oX). To investigate the effects of the substituent positions of the aryl isomers, para- and meta-

substituted aryldiazonium salts tethering a PA group were similarly synthesized and reacted with 

SWCNTs to synthesize para- and meta-aryl functionalized lf-SWCNTs (denoted as lf-SWCNTs-pPA 

and lf-SWCNTs-mPA, respectively).  

Fig. 1a shows the PL spectra of lf-SWCNTs-pPA, -mPA, -oPA, and pristine SWCNTs. The excitation 

wavelength was 570 nm, which corresponded to the second lowest van Hove transition (E22 transition) 

of the (6,5) chirality tubes.34 The observed PL at 980 nm was attributed to a signal from the E11 

transition of pristine SWCNTs and of pristine sites in lf-SWCNTs-pPA, -mPA, and -oPA.34 Compared 

to the E11 PL, the red-shifted PL was observed for lf-SWCNTs-pPA, -mPA, and -oPA at 1143, 1143, 

and 1260 nm, respectively. The PL signals of lf-SWCNTs-pPA and -mPA were observed in wavelength 

regions similar to those in the typical E11* PL in reported para- and meta-substituted aryl 

functionalized lf-SWCNTs.33 In contrast, lf-SWCNTs-oPA showed a significant red-shifted PL with 

high selectivity. In diazonium chemistry for (6,5) SWCNTs functionalization, a typical E11* PL 

appeared at ~1150 11,13. Such PL at~1250 nm were detected limitedly in divalent 18, 19 or high degree 

chemical modifications.18, 23, 29 Therefore, lf-SWCNTs-oPA was further characterized in terms of local 

chemical functionalization. Fig. 1b shows the normalized PL spectra of lf-SWCNTs-oPA when the 

concentrations of oPA-Dz were changed for the synthesis (for the original PL spectra, see 

Supplementary Fig. 2a). By increasing the oPA-Dz concentration to 0.64 M, the PL intensity at 1260 

nm increased due to the formation of defect doped sites. In contrast, for the increase to 1.28 M oPA-

Dz, the intensity decreased because of being too defective by over functionalization. In the 

UV/vis/NIR absorption spectra of lf-SWCNTs-oPA shown in Fig. 1c, the E11 transition absorbance at 

980 nm partially decreased in response to the increase in oPA-Dz concentrations. The Raman spectra 

of lf-SWCNTs-oPA (Fig. 1d) showed peaks at approximately 1300 and 1580 cm-1 that were assigned 

to the D band originating from the introduction of sp3 defects into the graphitic sp2 lattice and the G 

band originating from the graphitic carbon lattice vibration, respectively.35 The intensity ratio values 

of the D to G band (D/G) increased with the increase in oPA-Dz concentration (Supplementary Fig. 

2b), thus revealing sp3 carbon defect introduction through the reaction between the SWCNT walls and 

oPA-Dz. These spectroscopic results were consistent with those observed in typical lf-SWCNTs.4, 5, 7 

Therefore, local chemical functionalization using oPA-Dz to dope sp3 carbon defects successfully  
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occurred to produce the defect emission at 1260 nm (E11* PL) in lf-SWCNTs-oPA. 

The other ortho-substituted aryldiazonium salts with different conjugated substituents of an 

acetylene group (oA-Dz), a phenyl group (oP-Dz) and a vinyl group (oV-Dz) were investigated. These 

structures were chosen to modulate the  conjugation of the ortho substituents for nanotube 

interactions. That is, the oP and oA substituents were designed to investigate the acetylene linker and 

phenyl end groups, respectively, by eliminating them from the oPA substituent structure. The oV 

substituent was designed for a bond structural change from the triple to double bond. The PL spectra 

of lf-SWCNTs synthesized using oP-Dz, oA-Dz, or oV-Dz (lf-SWCNTs-oA, lf-SWCNTs-oP and lf-

SWCNTs- oV, respectively) are shown in Fig. 2a–c. For all samples, the defect PL (> 1200 nm) was 

observed in wavelength regions longer than E11 PL (~980 nm) by means of this functionalization. In 

addition, the UV/vis/NIR absorption and Raman spectral measurements (Supplementary Fig.3 a–c) 

showed that local chemical functionalization of SWCNTs using oP-Dz, oA-Dz, or oV-Dz has 

successfully occurred, similarly to lf-SWCNTs-oPA. From the viewpoint of the PL properties, lf-

SWCNTs-oP showed a defect emission selectively at 1263 nm, and its PL intensities were comparable 

Fig. 1. Optical characterization of lf-SWCNTs. a. PL spectra of pristine SWCNTs (black), lf-

SWCNTs-oPA (red), -mPA (blue), and -pPA (green) at the reactant diazonium concentration of 0.64 

M. b. PL spectra of lf-SWCNTs-oPA at different concentrations of oPA-Dz. c. Absorption spectra of 

lf-SWCNTs-oPA. d. Raman spectra of lf-SWCNTs-oPA. 
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to those of lf-SWCNTs-oPA. For lf-SWCNTs-oA, a defect emission was also selectively observed at 

~1230 nm. In addition, the intensities increased by approximately 20% compared to the highest 

intensity of lf-SWCNTs-oPA, which had similar defect degrees based on the D/G values obtained via 

Raman spectroscopy. This result indicates that bulkiness of the end group contributes to emission 

efficiency of the defect PL. This characteristic is specifically discussed in the following section for PL 

enhancement observation. In contrast, lf-SWCNTs-oV showed two defect PL peaks simultaneously at 

~1128 and ~1243 nm, revealing low wavelength selectivity for defect PL generation. In the molecular 

modeling investigation shown in Supplementary Fig. 4, the oP and oPA groups parallelly aligned on 

the tube surfaces in lf-SWCNTs-oP and -oPA. In contrast, the oV deviated from its parallel position to 

the tube surface because of steric hinderance from the hydrogen atoms in the double-bond structure. 

Therefore, interactions based on  electrons of the ortho substituents play an important role in the 

selective generation of E11* PL. Specifically, molecular interactions such as  interactions between 

the substituents and sp2 hybridized SWCNT walls are expected to contribute extensively to the 

resulting PL properties. This inference is discussed further in the theoretical simulation studies 

described in Supplementary Information. 

 

 

PL intensity enhancement based on substituent structures 

As described above, the end group structures of the ortho-substituents contributed to the defect PL 

intensities. This finding was the motivation for further structural designs of oX-Dzs, and we found 

that this factor could be applied to brighten E11* PL. In this study, a phenyl diacetylene group was 

introduced (oPdA-Dz) that was designed to enlarge the distance between the end phenyl group of the 

ortho-substituent and tube wall, to avoid steric hindrance. The PL spectra of lf-SWCNTs synthesized 

using oPdA-Dz (lf-SWCNTs-oPdA) is shown in Fig. 3 (PL spectra without peak normalization are 

Fig. 2. PL spectra of pristine SWCNTs (black) lf-SWCNTs synthesized using oX-Dz (red); 

a. lf-SWCNTs-oP b. lf-SWCNTs-oA c. lf-SWCNTs-oV.  
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shown in Supplementary Fig. 5). The E11* PL intensity at 1262 nm dramatically increased compared 

to that of lf-SWCNTs-oPA (Supplementary Fig. 2) and lf-SWCNTs-oA with the same degrees of defect 

introduction based on the D/G values (Supplementary Fig. 6). Absolute PLQY measurements 

(Supplementary Table 1) revealed that the PLQY value of lf-SWCNTs-oPdA was 1.54 times higher 

than that of lf-SWCNTs-oPA. In contrast, when the trimethylsilyl group with sp3 hybridized bulky 

architecture was attached to the end of the ortho-acetylene and diacetylene groups (oSA and oSdA, 

respectively), the resulting lf-SWCNTs (lf-SWCNTs-oSA and -oSdA) showed significantly decreased 

intensities for the defect PL at 1256 and 1238 nm, respectively, as shown in Supplementary Fig. 7a 

and b, compared to lf-SWCNTs-oPA and -oA, and lf-SWCNTs-oPdA. 

To investigate the steric effects, we examined the closest distance (dc) of the end groups from the 

tube walls in the molecular modeling for each doped site (Supplementary Fig. 8). The dc values were 

increased from 0.296 nm for oA to 0.367 and 0.390 nm for oPA and oPdA, respectively, based on the 

increase in linker lengths. The introduction of silyl end groups remarkably decreased the dc values to 

0.290 and 0.295 nm for lf-SWCNTs-oSA and -oSdA, respectively. Therefore, steric hindrance could 

decrease emission efficiency of the defect PL by causing strain on the tube structures that affects 

geometry and electronic structures. This strain-induced PL quenching has been reported in pristine 

SWCNTs and other low-dimensional nanomaterials.36, 37 Therefore, the mechanism for the observed 

PL brightening is based on avoiding nonradiative relaxation pathways by the -linker elongation 

design through the ortho-substituents of oX-Dzs. The electron-withdrawing nature of para-

substituents of aryldiazonium salts used for lf-SWCNT synthesis is reported13 but mostly unknown 

molecular factor for enhancing defect PL intensities of lf-SWCNTs. Our findings revealed that another 

factor is the chemical modification-induced strain in the tube structures that could remarkably affect 

the defect PL intensities, and that the molecular effects can be tunable based on the molecular design 

of the modifiers. Moreover, additional PL brightening was achieved by changing the surfactants used 

Fig. 3. Normalized PL spectra for lf-SWCNTs-oPdA synthesized using different 

concentrations of oPdA-Dz. 
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for solubilizing lf-SWCNTs in the aqueous media. As shown in Supplementary Fig. 9, the defect PL 

intensity was increased 2.53 times by changing SDS to sodium dodecylbenzenesulfonate (SDBS) for 

lf-SWCNTs-oPdA. A 1.98 times-enhancement in the intensity was observed for sodium deoxycholate 

(DOC). Compared to lf-SWCNTs-oP in SDS solutions, a PL intensity greater than 6.07 times was 

achieved by the molecular design and surfactant exchange to SDBS for lf-SWCNTs-oPdA. 

 

 

Surfactant environment effects for E11* generation in lf-SWCNTs-oX 

The experimental results in the previous section indicated that direct interactions and spatial molecular 

arrangements of the ortho-substituents in the aryl group contributed to the resultant defect binding 

configuration of the sp3 carbons for E11* PL generation (~1250 nm) in lf-SWCNTs. The reported 

simulation studies indicated that the defect PL at ~1150 nm (E11* PL) and ~1250 nm (E11* PL) for 

the lf-SWCNTs with (6,5) chirality correlated with the defect binding configurations of OrthoL90 and 

OrthoL30, respectively (For a schematic image of the binding configuration, see Supplementary Fig. 

1).6, 30, 38 The E11* PL typically appears in ~1150 nm wavelength regions in the diazonium chemistry 

for lf-SWCNTs synthesis using (6,5) SWCNTs, even when various modifiers with different chemical 

structures are used.5 Therefore, the interactions between the  conjugated ortho-substituents were 

considered to effectively change the defect binding configuration from typical OrthoL90 to rare 

OrthoL30 in diazonium chemistry using (6,5) SWCNTs. To further investigate the ortho-substituent 

interactions for selective E11* PL generation in lf-SWCNTs-oX, surfactants coated onto the tube 

surfaces were altered in the local chemical functionalization process, in which the effects of 

surrounding environments creating reaction fields were expected to appear in the defect binding 

configuration.  

In fact, when SDBS, which is known to tightly adsorb on the tube surface,39 was used instead of 

SDS, the E11* PL (1262 nm) selectivity was decreased, and E11* PL was observed at 1151 nm 

(Supplementary Fig. 10a). This suggests that OrthoL90 defect binding configuration was also 

produced because of fewer interactions between the tube wall and ortho-substituents in this reaction 

environment. Moreover, in the SDBS system, the concentration of used diazonium salts needed to be 

one order higher than those required in the SDS condition. This indicates that a higher concentration 

diazonium salt is needed to react with the SWCNT surfaces to compete with the tightly adsorbed 

SDBS. A similar selectivity decrease in the E11* PL generation and high concentrations of used 

diazonium salts were observed in other surfactants of cationic cetyltrimethylammonium chloride 

(CTAC) and neutral polyethylene glycol tert-octylphenyl ether (Triton-X), as shown in Supplementary 

Fig. 10b and c. Consequently, SDS provides most ideal environment for E11* PL generation among 

the used surfactants in the oX-Dz functionalization because SDS provides a relatively favorable 

interface atmosphere for the interactions between the ortho-substituents and tube walls. 
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E11* PL generation for other chiral SWCNTs 

In previous diazonium chemistry studies using typical para-substituted aryldiazonium salts for lf-

SWCNT synthesis, it was reported that the preferential binding configuration strongly depended on 

tube structures.30,31In contrast, we found that the oX-Dzs were applicable to various SWCNTs for E11* 

generation, regardless of their chirality and modality. (Note: Modality is a SWCNT structure 

classification using n and m numbers in the chiral indices based on the remainder when the difference  

between n and m is divided by three, showing mod (n-m,3) =1 and 2.40, 41) Herein, (7,5)SWCNTs in 

the used commercial (6,5)-rich SWCNT sample were investigated, in which the modality of (6,5) and 

(7,5)SWCNTs were classified as mod(n-m,3) =1 and = 2, respectively.42 Furthermore, other chiral 

(9,4) and (8,6)SWCNTs in a commercial (7,6)-rich SWCNT sample were investigated.  

For example, lf-(7,5)SWCNTs-oPdA showed a defect PL at 1257 nm that was significantly red-

shifted than E11* PL at 1143 nm of lf-SWCNTs synthesized using pPA-Dz (Supplementary Fig. 11). 

In the three dimensional (3D) PL mapping image of the sample (Supplementary Fig. 12), the 645 nm 

excitation that corresponded to the E22 transition of (7,5)SWCNTs generated PL at 1257 nm. Therefore, 

the 1257-nm PL for lf-(7,5)SWCNTs-oPdA was recognized as E11* PL from the doped sites created 

by the reaction with oPdA-Dz (Fig. 4a and b). The observed E11* PL selectivity, regardless of the tube 

modality in the oPdA-Dz functionalization, had a completely new trend compared to the previous 

report that showed the generation of E11* PL and E11* PL for mod (n-m,3) =1 and 2 tubes, 

respectively.38 The E11* PL was observed in all the lf-SWCNT samples used in this experiment, 

including 1350 nm for lf-(7,6)SWCNTs-oPdA, 1289 nm for lf-(9,4)SWCNTs-oPdA, and 1374 nm for 

lf-(8,6) SWCNTs-oPdA (Supplementary Fig. 13). These E11* PLs appeared in longer wavelength 

Fig. 4. PL spectra of lf-SWCNTs-oPdA under different condition. a. PL mapping image of lf-

SWCNTs-oPdA synthesized using (6,5) rich SWCNTs that contain (7,5) tubes. b. PL spectra of lf-

(7,5)SWCNTs-oPdA excited at 645 nm. The concentrations of oPdA-Dz were changed from 0.08 

to 1.28 M. c. Optical trap depths of E11* PL as a function of the SWCNT diameters. 
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regions than the reported E11* PLs from lf-SWCNTs with identical chiralities.13 In addition, the optical 

trap depths of E11* PL for each chirality tube were decreased linearly when the diameter of the 

nanotube34 increased, which concurred with previous studies (Fig. 4c).43 Therefore, our ortho-

substituent design allows selective generation of E11* PL for SWCNTs with different modalities and 

chiralities, and offers novel chemical tools for PL wavelength modulation in lf-SWCNT synthesis. 

 

 

Subsequent molecular functionalization of doped sites in lf-SWCNTs-oA using click chemistry 

The acetylene-based molecular design of oA-Dz that produced bright E11* PL in the lf-SWCNTs 

could provide a chemical reaction for further functionalization of the doped sites through click 

chemistry such as Huisgen 1,3-dipolar cycloaddition.44 In particular, these diverse molecular 

attachment systems have a great potential for applications in various fields using the functionalized 

doped sites of lf-SWCNTs.17, 45 In this study, a copper-catalyzed azide-alkyne cycloaddition (CuAAC) 

reaction was performed using lf-SWCNTs-oA. Briefly, 4-azido-2,3,5,6-tetrafluorobenzoic acid 

(ATFB), Cu(Ⅱ)SO4, tris(3-hydroxypropyltriazolylmethyl)amine (THPTA), and sodium ascorbate were 

added to a lf-SWCNTs-oA solution, and heated for 2 h at 80C. For the control experiment, a small 

molecule of p-ethynylbenzoic acid was used to confirm the corresponding triazole product formation 

under the reaction condition. The resultant lf-SWCNTs (F-lf-SWCNTs) were collected by vacuum 

filtration, carefully washed to remove unreacted reagents and surfactants, and dried in vacuum. The 

resultant F-lf-SWCNTs sheets were analyzed by X-ray photoelectron spectroscopy (XPS). 

Table 1 shows the estimated atomic concentrations of C, N, and F before and after CuACC 

functionalization. For F-lf-SWCNTs. A decrease in the C value and increase in the N and F values in 

the atomic concentrations were observed after the reaction treatment. Since the ATFB reagent has N 

and F atoms, the result suggests that the tetrafluorobenzoic acid group is introduced by the CuAAC 

reaction. Note, the small amount of N and F signal detected in the pristine SWCNTs could be attributed 

to small amounts of physical adsorption of the reagent molecules on the tube wall.43 Fig. 5 shows the 

XPS spectra for F 1s and N 1s orbitals of the pristine SWCNTs after the CuAAC reaction treatment 

and F-lf-SWCNTs. In the F 1s spectra, a small peak was detected at ~689 eV in the pristine SWCNTs, 

which was assigned to the C–F bonds of physically adsorbed ATFB reagents.46 For F-lf-SWCNTs, a 

large peak appeared at ~688 eV. In the peak deconvoluted spectrum (Supplementary Fig. 14a), the new 

signal at 688 eV was clearly verified as a different peak at 689 eV observed even for the pristine tubes, 

indicating covalent attachment of the tetrafluorobenzoic acid group.47 In the N 1s spectra, F-lf-

SWCNTs showed a distinct peak at 402 eV. The peak deconvolution (Supplementary Fig. 14b) 

revealed that two peaks located at ~400 and ~402 eV were detected, which related to the N=N and C-

N bonds in the triazole group.48 In the pristine SWCNT sample, very small peaks were observed at 

~399 and ~403 eV relating to the N/N and N+ signals, respectively, of the physically adsorbed ATFB 
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reagents.49 Therefore, the successful cycloaddition reaction on lf-SWCNTs-oA was confirmed, thus 

covalent post-modification using the click reaction was achieved on the doped sites of lf-SWCNTs 

based on the ortho-alkyne motif of the modifiers used in this study. Regarding PL properties, the 

CuAAC reaction treatment resulted in a slight spectral shift of the E11* PL (~9 nm). Click chemistry, 

including CuAAC reactions, allows for the modification of various molecules such as organic dyes, 

biomolecules; therefore, versatile functionalization of the lf-SWCNTs could be developed based on 

this concept. 

 

Conclusion 

We designed ortho-substituted aryldiazonium salts with -conjugated substituents for local chemical 

functionalization of SWCNTs and initiated the selective generation of E11* PL as a defect PL from 

the doped sites of the resulting lf-SWCNTs-oX synthesized by diazonium chemistry.  

PLQY enhancement with the unique E11* PL selectivity was observed by varying the substituent 

structure, wherein the elongation of the acetylene linkers, to avoid steric interference of the end phenyl 

groups to the tube surfaces, increased emission efficiency, as seen in lf-SWCNTs-oPdA. In total, 6.07 

times brightening was achieved by this molecular design with the assistance of the surfactant exchange 

from SDS to SDBS compared to the initial lf-SWCNTs-oP.  

Fig. 5. XPS spectra. a. F 1s and b. N 1s orbitals of the pristine SWCNTs after the CuACC reaction 

treatment (green) and F-lf-SWCNTs (blue).  

Table 1. Atomic concentrations of each atom for C, N, and F, estimated by XPS analysis 

of the pristine SWCNTs after the CuACC reaction treatment and F-lf-SWCNTs.  
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Moreover, the E11* PL can be selectively created for various SWCNTs regardless of their chiralities 

and modalities. This is a significantly different trend from previously reported aryldiazonium reactions; 

that is, in the typical aryl modification, E11* PL was observed as defect PL in chiral lf-SWCNT such 

as (6,5) tubes because the E11* PL or E11* PL selectivity was dominated by tube structures such as 

chiral/zigzag architectures and modalities. Thus, this ortho-substituted modifier motif offers a 

universal design for the creation of E11* PL emission properties. In particular, molecular interactions 

of the substituents on the tube walls were found to be role of reaction modulators in the defect 

formation process. Accordingly, the defect binding configuration could be altered from a typical 

OrthoL90 to OrthoL30 relating to E11* PL.  

Furthermore, a click reaction at the doped sites in lf-SWCNTs-oA functionalized additional 

molecules via the CuAAC reaction pathway. Click chemistry, including CuAAC, is a powerful tool in 

organic chemistry and biochemistry, and abundant molecules and biomolecules can be easily 

conjugated.50, 51 Therefore our alkyne-based molecular design in the ortho-substituted aryldiazonium 

salts allows for the functionalization of lf-SWCNTs by click chemistry-based post modification.  

These findings contribute greatly to the development of various optical applications using NIR 

light >1000 nm; deep-tissue and high-resolution imaging/diagnosis probes for bio/medical 

applications based on second and third biological windows (1000–1350 nm for NIR-II and 1550–1870 

nm for NIR-III), and single photon emitters at room temperature for quantum technologies such as 

quantum computing and quantum cryptographic communication, based on their telecom band 

wavelengths (>1250 nm). Therefore, the molecular chemistry approach opens new fields of 

molecularly designable lf-SWCNT creation for their widely modulated emission wavelengths. 
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