
A defect in an otherwise perfect crystal is a singularity 
from which new chemistry and physics may arise. This 
prospect is particularly intriguing in low-​dimensional 
crystals, such as single-​walled carbon nanotubes 
(SWCNTs), because the defect site provides a focal 
point for electrons, excitons, phonons and spin to cou-
ple, fundamentally altering the collective electrical, opti-
cal, mechanical and thermal properties of the material. 
While the intrinsic properties of many low-​dimensional 
crystals have been extensively studied in recent decades, 
to the point of being well understood1–6, we are only 
beginning to appreciate how defects can constructively 
impact the chemical and physical properties of the host 
crystals.

This Review focuses on progress at the emerging fron-
tier of fluorescent chemical defects that are synthetically 
created in semiconducting SWCNT hosts by covalently 
bonding organic molecules to the crystal lattice (Fig. 1). 
The defect produces a finite potential well within the 
extended sp2 carbon lattice of the semiconductor host. 
Unlike native defects, which normally act as quenching 
traps for excitons, the transitions between the electronic 
states of these synthetic defects are allowed, producing 
photoluminescence that is unexpectedly bright7, chemi-
cally tunable7,8 and single photon in nature9. In the quickly  
expanding literature, these defect centres have also 
been called sp3 defects7,9–16, molecularly tunable fluor
escent quantum defects, fluorescent quantum defects, sp3  
quantum defects or simply quantum defects8,17. In this 
Review, we adopt the term organic colour centres (OCCs), 
coined by Zheng and Srinivasan18, in reference to Wang 

and colleagues’ introduction of this defect type and its 
molecular tunability7. When appropriate, we may also 
emphasize the quantum nature and geometry of these 
structures by referring to them as sp3 quantum defects, 
or quantum defects for short. However, this should not 
be confused with the quantum defect that Schrödinger 
proposed in 1921 to describe a separate phenomenon 
regarding the deviation of the Rydberg formula19.

Because OCCs can be chemically tailored and exper-
imentally probed at the single-​defect level using spectro-
scopic methods, this novel synthetic quantum system 
has opened up exciting opportunities to determine the 
chemical nature of native defects in low-​dimensional 
solids7,15,20–28, explore new material properties8,16, break 
the dark exciton limit of SWCNT fluorescence7,8, pro-
mote upconversion photoluminescence29,30, engineer 
quantum light sources9,18 and probe chemical events 
that may be otherwise difficult to capture12. This field 
is also driven by the development of new experimen-
tal and theoretical approaches16,23,26,31 that have made it 
possible to study electron scattering32,33, phonon cou-
pling7,13,34, exciton diffusion and trapping11,13,14,35–46, and 
spin–orbit coupling47 at chemically tailored defect sites,  
even at the single-​defect limit48, on carbon nanomaterials  
and other low-​dimensional substrates, thus greatly 
expanding our understanding of the impact of defects. 
The unique combination of these properties and the 
possibilities that they suggest further distinguish OCC-​
based defects from other solid-​state quantum systems, 
such as nitrogen-​vacancy centres in diamond49–51, 
quantum dots52–54 and carbon antisite–vacancy pairs 
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in 4H-​SiC (ref.55), which are generally more limited in 
terms of molecular and host tunability, excitation and 
emission ranges, and quantum properties, such as room-​
temperature emission of high-​purity single photons 
(Table 1).

In this Review, we discuss the creation and charac
terization of OCCs, as well as their theoretical characteri
zation based on molecular dynamics and quantum 
mechanics simulations. We particularly focus on the 
effects of OCCs on the host substrate’s electronic struc-
ture and optical properties. We also discuss the emergent 
applications of OCCs in chemical sensing, bioimaging, 
quantum information and several optoelectronic appli-
cations that require bright, high-​quality quantum-​light 
sources, including single-​photon emitters. Although 
researchers are beginning to explore defects in various 
low-​dimensional materials, such as 2D transition metal 
dichalcogenides (TMDs)20,27,56, we initiate this discussion 
primarily within the context of SWCNTs, for which the 
physicochemical understanding of OCCs already has a 
strong foundation7,8,17,23,24,28,31,57–59. However, we believe 
that this concept of fluorescent quantum defects can also 
be extended to other semiconductors, including those 
that are not themselves organic.

Following this brief introduction, we define the physi
cal and chemical properties that make OCCs unique, 
focusing on their interplay with the exciton dynamics 
in SWCNTs, followed by a discussion of how OCCs can 
be created by covalently bonding functional groups to 
the nanotube crystal lattice. We then discuss emerging 
applications of OCCs and conclude with an outlook on 
new frontiers of OCCs in chemistry, physics, materi-
als science and engineering, as well as various poten-
tial applications of these unique, molecularly tunable 
quantum systems.

Single-walled carbon nanotubes
Defect-​free SWCNTs. For centuries, the uninterrupted  
and regular atomic structure of crystals and the physico
chemical properties that arise from it have been 
extensively studied. Diamonds are an example of a near-​
perfect crystal, featuring a continuous, repeating lattice 
of sp3-hybridized carbon atoms. Silicon is another mate-
rial in which its single-​crystalline structure and atomic 
doping have been important for various high-​impact, 
semiconductor-​based applications, such as field-​
effect transistors and solar cells. Similarly, SWCNTs 
may be viewed as nanoscale carbon crystals made of 
graphene conceptually rolled up along a chiral vector 
that defines the nanotube’s physical and electronic  
structure1.

In semiconducting crystals, electrons, phonons and 
excitons are delocalized over an extended network or a 
continuum band of states, which manifest as electrical, 
thermal and optical transport properties. SWCNTs fea-
ture extended π-​bond conjugation arising from the rigid 
sp2 C–C bonds that give rise to an unusual combination  
of all three transport properties1,60,61, including extra
ordinarily high carrier mobility (>100,000 cm2 V−1 s−1) in  
semiconducting nanotubes62, room-​temperature ballistic 
electron conductivity63 and high thermal conductivity 
(>2,000 W m−1 K−1, comparable to that of diamond) 
for metallic nanotubes64,65. The nanotube crystal also 
demonstrates an exciton diffusion length as high as 
~550 nm (ref.66).

The 1D structure of SWCNTs results in distinct den-
sity of states featuring Van Hove singularities, the position 
of which depends on the nanotube roll-​up vector, or 
chirality. The roll-​up vector is defined by two structural 
indexes (n,m) that dictate the nanotube structure and 
its unique electronic band structure and bandgap1. 
The absorption of light in the UV-​visible (UV–vis) 
range corresponding to Van Hove transitions E33 and 
E22 results in the generation of a mobile exciton, which 
rapidly decays (~40 fs) to the lower-​lying E11 excited 
state and potentially radiatively recombines in the 
near-​IR (NIR; ~800–1,600 nm)67. The binding energies 
of nanotube excitons are on the order of several hun-
dred millielectronvolts, making them effectively quasi-​
particles68. In this regard, the way in which excitons 
interact with defects determines the various phenomena 
that arise from OCCs.

Quantum theory predicts that SWCNT excitons are 
composed of 4 singlet and 12 triplet excitonic states 
due to the spin degeneracy69 and intervalley Coulombic 
interactions between the electron and the hole70. Within 
the manifold of excitonic states, only one transition 
from the singlet state is optically allowed, the energy 
level of which is higher than the majority of the singlet  
or triplet dark states69,70. Because of this, the bright 
exciton readily decays into the lower-​lying dark 
singlet or triplet states71–73, from which the excita-
tion energy is typically lost as heat, contributing 
to the low photoluminescence quantum yields of 
SWCNTs74 (Fig. 2a). The excitons diffuse along the 
SWCNT until they recombine; therefore, the opti-
cal and electronic transport properties of SWCNTs 
respond sensitively to the conditions surrounding 
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Fig. 1 | Organic colour centres in a semiconductor host. 
a | Organic colour centres are quantum emitters that can 
be synthesized by covalently attaching organic functional 
groups to a semiconducting host, in this case, a single-​
walled carbon nanotube (SWCNT). b | The organic 
functional group acts as a defect on the SWCNT and 
produces a localized quantum well in which mobile 
excitons from the host semiconductor are trapped and 
efficiently recombine to emit single photons. Part a is 
adapted with permission from ref.8, ACS.

Dark exciton
An exciton forms when an 
electron and a hole are bound 
together by the Coulomb 
interaction. Dark excitons are 
not optically allowed as they 
recombine non-​radiatively.

Van Hove singularities
Singularities in the density of 
states of a crystal, named after 
the Belgian physicist Léon Van 
Hove.

Chirality
A general structural identifier 
of single-​walled carbon 
nanotubes, referencing the 
nanotube’s chiral roll-​up vector 
and indicative of the material’s 
diameter and electronic 
structure. Each chirality can be 
indexed by a pair of integers 
(n,m) and may include an 
additional label, if required, to 
differentiate its left-​handed or 
right-​handed helicity.
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them (including temperature and pH)66,75. However, 
how these properties are affected and even completely 
transformed by OCCs has only recently come into 
focus. Consequently, the ability to control the fate of 
excitons and OCCs in crystals is crucial for employ-
ment in photovoltaics, lighting, imaging, sensing and 
other important optoelectronic applications.

Defects in SWCNTs. Defects, including substitutions, 
vacancies, dangling bonds and step edges, are known 
to have a significant impact on a crystal’s physical prop-
erties76. For example, nitrogen vacancies in diamond 
are known for stable, room-​temperature, single-​photon 
emission, which is advantageous for quantum informa-
tion processing51. For SWCNTs, scanning probe and 
electron microscopy studies have revealed that these 
materials are rarely, if ever, perfect crystals. Some degree 
of structural defects always exists, such as oxygenated 
and dangling bonds at the nanotube ends, carbon 
vacancies, sp3 point defects and/or rotated bonds (such 
as Stone–Wales defects)48,77–79. Using an electrochemi-
cal technique, Collins and co-​workers48 determined that 
the defect density can be as low as one in every 4 μm 
of high-​quality, chemical-​vapour-deposition-​grown 
SWCNTs. However, additional defects may become 
implanted during chemical processing for subsequent 
applications, which is one of the several hypothesized 
reasons for the low photoluminescence quantum yields 
of SWCNTs, as extensive degradation of the graphitic 
structure is known to readily quench mobile excitons 
before they can radiatively decay75,78,80–82. We will not be 
commenting on these types of defects or their resulting 
impacts at different dimensional regimes, as there are 
already excellent reviews that cover these subjects83–85. 
Rather, we focus on OCCs, which can be synthetically 
created in SWCNTs and provide more chemically 
defined systems for quantitative characterization than 
native defects.

OCCs feature four defining characteristics
First, OCCs are quantum, two-​level systems incorpo-
rated within the host semiconductor. Second, OCCs trap 
and localize excitons, increasing the probability of radi-
ative recombination, as well as enabling single-​photon 
emission. Third, the presence of OCCs on SWCNTs 
leads to bright photoemissions, as they induce the for-
mation of optically bright excitonic states that lie below 
dark excitons. Last, OCCs are chemically tunable, an 
important defining characteristic that is discussed in 
detail in the following sections.

OCCs are quantum, two-​level systems. Normally, 
defects are thought to impede electronic transport in 
semiconductors, acting as scattering centres for elec-
trons and holes and quenching traps for excitons48,75,80. 
However, the addition of an organic functional group 
to a SWCNT by means of symmetry-​breaking cova-
lent functionalization can generate a new two-​level 
state (associated with a new possible optical transi-
tion, E11

−) localized within the continuum bands of the 
semiconducting host (for simplicity, here, we use Eii in 
reference to both the optical transition and the energy 
of the transition, as well as the states associated with it; 
Fig. 2a). Thus, mobile E11 excitons can be channelled to 
and trapped in this new lower-​energy state, producing 
a new emission that is redshifted from the native E11 
fluorescence. In this manner, the electronic and chem-
ical nature of a single defect can profoundly change the  
photophysical properties of the substrate.

The hypothesis above was experimentally verified 
by demonstrating that the covalent addition of aryl 
groups to the SWCNT surface results in the generation 
of a potential well in the nanotube’s electronic struc-
ture7. This modification leads to the appearance of an 
E11

− emission band in the spectrum of 4-nitrobenzene-​
functionalized (6,5)-SWCNTs that is redshifted with 
respect to the E11 emission corresponding to the pristine 
SWCNT7 (Fig. 2b). Note that this new photoluminescence 
peak is observed at a relatively low functionalization 
density. With the excessive addition of defects to the 
nanotube, the E11

− fluorescence eventually fades owing 
to the loss of the sp2-conjugated structure, preventing  
photoexcitation at the E11 transition. Density functional 
theory (DFT) calculations suggest that this dipole-​
allowed transition is a result of an asymmetric splitting 
(by 105–326 meV) of the frontier orbitals of the SWCNT 
host at the induced sp3 defect7. This orbital splitting effec-
tively creates a localized, two-​level system within the  
otherwise continuous bands of the nanotube host.  
The energy levels of this two-​level system can be tuned by 
incorporating electron-​withdrawing or electron-​donating 
moieties in the aryl group, which adjust the HOMO and 
LUMO levels of the OCC-​induced defect states7.

The ability to chemically tune the energy levels 
of OCCs can be greatly enhanced by using aqueous 
alkyl halide-​based reactions that enable virtually any 
bromine-​containing or iodine-​containing hydrocarbon 
precursor to be covalently attached to the nanotube sur-
face8. In this way, the nature of the defect and the conse-
quent induced emission can be readily tuned based on 
the inductive electronic effects of the covalently attached 

Table 1 | A comparison of organic colour centres with several state-​of-the-​art quantum systems

material host excitation range emission 
range

single-​photon  
purity at room 
temperature

Quantum yield molecularly 
tunable?

Nitrogen-​vacancy centre Diamond 575 nm 630–800 nm 93%49 70%50 No

InAs/GaAs quantum dot18 – ~900 nm ~900 nm 99% (<10 K) 20–70% No

Carbon antisite–vacancy pair55 4H-​SiC <700 nm 650–680 nm 90% 70% No

Organic colour centre Single-​walled 
carbon nanotube

Visible-​shortwave IR Shortwave IR28 99%9 ~16% (ensemble)7 Yes
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functional group, which can be predictively estimated 
by calculating the group’s Taft constant8. For instance, 
diiodide reactants can be used to generate divalent func-
tional groups that are attached to the nanotube surface 
through cycloaddition. Such divalent defects induce a 
substantially more redshifted emission than their mon-
ovalent counterparts (132 meV versus 163 meV for 
(6,5)-SWCNT–CH3 and (6,5)-SWCNT>CH2, respec-
tively). The presence of fluorine atoms on the alkyl chain 
further increases the redshift of the resulting E11

− peak 
(132 meV and 194 meV for (6,5)-SWCNT–CH3 and 
(6,5)-SWCNT–CF3, respectively)8.

Two-​level systems inherently emit single photons86. 
This quantum feature of OCCs was initially proposed 
as speculation7 and recently experimentally confirmed 
through photon antibunching measurements, revealing 
that OCCs are indeed bright, room-​temperature, single-​
photon emitters9. High-​purity (99%) single-​photon 
emission of the E11

− peak was observed by function-
alizing SWCNTs of three different chiralities — (6,5), 
(7,5) and (10,3) — with two different diazonium agents 
(4-methoxybenzenediazonium and 3,5-dichloro
benzenediazonium). In this case, the E11

− emission ranged 
between 1,100 nm and 1,600 nm, which effectively covers  
the O and C bands of telecom wavelengths utilized in 
fibre-​optic communications9. Importantly, the emissions 
were observed at room temperature and were also stable 
at high excitation pumping power, demonstrating high 
single-​photon count rates (>105 s−1, with the possibility 
to approach 10–100 MHz). Thus, engineering both the 
functional group and the semiconductor host (that is, 
the nanotube chirality and the corresponding bandgap) 
is important for highly tunable single-​photon emission, 
the applications of which are discussed in later sections.

Strikingly, this two-​level system features a new optical 
signature that can completely dominate that of the host. 

Although the absorption spectra are nearly unchanged, 
the photoluminescence is almost entirely shifted from 
E11 to the new defect-​induced photoluminescence at E11

−, 
as clearly shown in the spectra in Fig. 2b (ref.7). This phe-
nomenon suggests that these OCC-​tailored SWCNTs 
may be treated as new quantum systems that are distinctly  
different from their nanotube hosts.

OCCs trap and localize excitons. Interestingly, the 
native and OCC-​induced photoluminescence for a 
given nanotube chirality share the same excitation wave-
length. As the intensity of the E11

− defect peak increases, 
the quantum yield of the intrinsic E11 SWCNT emis-
sion decreases7,8 (Fig. 2b). This behaviour and the gen-
eration of a two-​level state in the host semiconductor’s 
electronic structure by the incorporation of an OCC 
suggests that mobile E11 excitons are channelled to the 
defect site, where radiative recombination can occur. 
This explains why low OCC densities in SWCNTs have 
a minimal effect on the absorption spectra of these 
materials, yet feature an unexpectedly large impact on 
the nanotube photoluminescence. This E11

− radiative  
transition can dominate the emission spectrum with sub-
stantially enhanced quantum yield compared with the  
native E11 transition7 and can even be used to bypass 
self-​quenching routes in highly concentrated nanotube  
solutions owing to the effective Stokes shift between 
the E11 absorption and the E11

− emission87. This photo
luminescence brightening effect is discussed in greater 
detail in the next section. The trapping of excitons at OCC 
sites is also supported by the observation that the position 
and intensity of their induced emission strongly depends 
on the organic functional groups. The energy difference 
between E11 and E11

− can be tuned by ~130–260 meV 
for a single-​chirality SWCNT, such as (6,5)-SWCNT,  
depending on the functional group added, with greater 

Taft constant
An empirical constant that 
describes the relative steric, 
inductive and resonance 
effects of substituents.

Photon antibunching
The lack of simultaneous 
emission of more than two 
photons at a time.
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Fig. 2 | Optical properties of organic colour centres . An organic colour centre creates a localized two-​level state in the 
single-​walled carbon nanotube (SWCNT) host, introducing new chemical functionality and optical properties. a | Covalent 
bonding of an aryl functional group to the sidewall of a (6,5)-SWCNT creates a two-​level state that enables dark excitons 
from the host to be harnessed. The band structure and theoretically predicted excitonic states for the functionalized 
SWCNT feature bright singlet and dark E11 excitons of the SWCNT host (in blue and black , respectively) and the E11

− state 
(red) generated from the sp3 molecular defect. b | Defect-​induced photoluminescence (E11

−) arises as more 4-nitrobenzene 
organic colour centres are incorporated into (6,5)-SWCNTs through a reaction using diazonium salts. Part a and data for 
part b are adapted from ref.7, Springer Nature Limited.
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redshifts occurring for more-​electron-withdrawing 
groups7,8,28 (Fig. 3a).

Exciton trapping at OCCs can be more directly vis-
ualized as hot spots in photoluminescence mapping 
images. For example, Doorn and colleagues36 studied 
oxygen, 4-methoxybenzene and 4-bromobenzene func-
tional groups on SWCNTs using photoluminescence 
imaging to provide more direct evidence of the trap-
ping of diffusive excitons at these defect sites (Fig. 3b). 
Photoluminescence from the E11 transition is nearly con-
tinuous over the length of the nanotube, whereas photo-
luminescence arising from the E11

− transition is spatially 
localized, within the diffraction limit. The green and red 
emissions due to the E11 and E11

− transitions, respectively, 
appear in complementary positions along the nanotube 
length, even though they share the same source of exci-
tons. This is further evidence in support of the exciton 
diffusion and defect-​trapping model and demonstrates 
that the E11

− transition is not directly promoted by light 
in these experiments36. The interrelated character of the 
E11 and E11

− peaks is also supported by time-​dependent 
DFT modelling, which shows that the combined oscil-
lator strength of these states remains effectively constant 
both before and after functionalization, suggesting a 
redistribution of E11 excitons to the E11

− state39,88. Super-​
resolution imaging at a resolution of <25 nm, which is 
well below the diffraction limit, has unambiguously con-
firmed the localization of excitons at fluorescent OCCs16. 
Remarkably, these imaging experiments were performed 

on OCCs added to ultrashort SWCNTs (just ~40 nm in 
length), which are substantially shorter than the exciton 
diffusion length, demonstrating efficient trapping of 
excitons at such organic defects (Fig. 3c,d).

The trapping of E11 excitons at OCCs prevents them 
from descending into non-​radiative pathways. Not only 
does exciton trapping at OCCs shorten the E11 photo
luminescence lifetime14 but it also spatially localizes the 
mobile E11 excitons to the defect trap, which reduces 
their dimensionality from 1D to 0D. This is expected to 
enhance the quantum yield of defect-​trapped excitons 
by increasing their radiative lifetime. First, localizing 
an exciton at an OCC will decrease its size, which can 
enhance the radiative decay rate of E11

− excitons13,89,90. 
Additionally, owing to the 1D nature of E11 SWCNT 
excitons, their radiative decay rates are limited by the 
momentum mismatch between photons and thermally 
excited excitons in the 1D band dispersion. This restric-
tion is responsible for the characteristic 1D radiative 
decay rate that is proportional to T−1/2. However, local-
ized excitons are free from the momentum restriction, 
which could lead to an increased radiative decay rate90–92.

Although E11
− excitons can escape local defects 

by thermal detrapping, this process is inefficient at 
room temperature (less than 5% of trapped E11

− exci-
tons escape back to the E11 state for aryl-​functionalized 
(6,5)-SWCNTs) owing to the deep trapping depth of 
the potential well13. Photoluminescence arising from 
OCCs also exhibits strong nonlinear behaviour with 
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adapted with permission from ref.16, ACS.
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increasing power density, even far below the high-​power 
regime (≫1 kW cm−2), at which efficient exciton–exciton 
annihilation of E11 excitons takes place93. This behavi
our is consistent with an efficient accumulation of 
photogenerated E11 excitons into the sparse local defects.

OCCs brighten dark excitons. Covalent functionaliza-
tion of SWCNTs was long believed to introduce defects 
that decrease the already low (~1%) photoluminescence 
quantum yield of the material75,80. However, if the cova-
lent chemistry is sufficiently controlled, through the 
chemical nature of the functional groups, their density 
and location along the nanotube axis and in relation 
to other functional groups (see Controlling OCC den-
sity section), the SWCNT fluorescence can, in fact, be 
brightened through the new E11

− emission by as much 
as 28-fold7.

This brightening effect suggests that the OCC-​
induced energy level not only resides below the bright 
E11 Van Hove transition but also below the dark excitonic 
states that are ~5–100 meV lower than the bright exci-
tonic levels, and which normally act as efficient non-​
radiative pathways71,94. In this manner, exciton diffusion 
and trapping by these OCCs can efficiently populate the 
defect state, which is low-​lying and intrinsically bright, 
allowing the previously inaccessible dark excitons to be 
harvested (Fig. 4a). In this sense, dark excitons, like bright 
ones, may migrate to an OCC site, become trapped at 
the quantum well and emit through this new, optically 
allowed state. The lifetimes of both the dark and the 
bright E11 excitons become progressively shorter with 
increasing density of OCCs, which suggests that both 
dark and bright E11 excitons can become trapped at the 
defect site14.

The E11
− redshift shows a 1/d2 SWCNT diameter (d) 

dependence and also a chirality family pattern, in which 
the SWCNTs are grouped by mod(n−m,3) = 1 or 2,  

with mod(n−m,3) = 1 located above the centre line 
and mod(n−m,3) = 2 below7,8 (Fig. 4a). These trends 
closely follow what was predicted for dark excitons70–73. 
Furthermore, the difference in energy between E11 and 
E11

− corresponds to the energy of the defect-​induced  
D-​phonon mode (1,301 cm−1; 161 meV), which indi-
cates a possible exciton–phonon coupling mechanism 
that facilitates the brightening of dark excitons through 
the defect. The increase in photoluminescence quantum 
efficiency is also strongly dependent on the functional 
group used, as demonstrated by the linear correla-
tion of the E11

− energy shift (relative to E11) with the 
Hammett constant of aryl-​defect substituents7,95 (Fig. 4b). 
Therefore, electron-​withdrawing or electron-​donating 
substituents can be used to tune the position of the  
E11

− peak, providing an opportunity to not only control 
the OCC emission wavelength but also its emission 
intensity through phonon coupling with the dark exciton 
states of the nanotube7. This exciton–phonon coupling 
at defect sites also leads to a substantial vibrational reor-
ganization of the SWCNT around the site of the OCC 
upon exciton trapping13.

Oxygen dopants have also been shown to pro-
duce a redshifted emission reminiscent of the E11

−  
peak38,90,96,97; however, temperature-dependent photo
luminescence studies suggest that a low-lying dark 
state exists below the optically allowed states of  
oxygen-defect-trapped excitons90. This experimental 
observation is consistent with time-dependent DFT 
calculations, which suggest that the oxygen-induced 
excitonic state is intrinsically dark, with its optically 
allowed state lying above the lowest energy level of 
the trapped exciton13. Although more studies are 
needed to elucidate this important characteristic, the 
dark excitonic states induced by oxygen defects ulti-
mately limit the photoluminescence quantum yield. 
Oxygen dopants also lack the molecular tunability 
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of OCCs, which provides multifaceted potential for 
these synthetic defects.

OCCs are molecularly tunable
From the chemical perspective, a remarkable feature of 
OCCs is that nearly any organic functional group has 
the potential to generate these unique colour centres in 
SWCNTs. However, to be photoluminescent, the defect 
must also generate a localized electronic state that is 
optically allowed. At present, only a few chemical reac-
tions have been experimentally demonstrated to pro-
duce OCCs on SWCNTs, including those based on the 
propagative Billups–Birch reaction98,99, aryldiazonium 
salts7,9,14,23,36,57, diazoethers58, and alkyl and aryl halides8,17 
(Fig. 5). However, we anticipate that many more will soon 
be discovered, particularly as the chemical and physical 
nature of these defects becomes clearer.

As low functional group densities are typically 
required to create OCCs, they are somewhat difficult to 
probe by traditional methods, such as Raman spectro
scopy and UV–vis–NIR absorption, because the crystal’s 
overall electronic structure tends to dominate the spectra,  
making it difficult to observe the minority transitions. 
However, the shortwave IR photoluminescence of OCCs 

is redshifted and bright enough to be resolved from that 
of the native crystal. As a result, various photolumines-
cence spectroscopy techniques are convenient methods 
for monitoring the formation of defects in situ as the 
reaction proceeds, making it possible to tailor and opti-
mize the chemistry and crystal hosts, as well as estab-
lish unambiguous structure–property relationships for 
these fluorescent defects. What follows is a discussion 
of the various chemical approaches that have been used 
to create OCCs on SWCNTs and how researchers have 
taken advantage of the resulting defect-​induced photo
luminescence as a sensitive optical fingerprint to measure  
the extent of reactions on these structures.

Billups–Birch reduction. One of the first functional-
ization methods to result in the observation of OCCs 
was the Billups–Birch reduction, although it was not 
fully understood at the time98,99 (Fig. 5e). This reaction, 
which involves the solvation of electrons using sodium 
or lithium in liquid ammonia (approximately −30 °C), is 
highly effective at disrupting the van der Waals attractive 
forces between nanotubes to generate individually dis-
persed materials. This formation of a nanotube suspen-
sion is a necessary step to expose SWCNT sidewalls to  
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the reactants. Alkyl halide reactants can then be added 
to this solution to form radical intermediates upon elec-
tron transfer from the reduced SWCNTs, which then 
react with the nanotube sidewalls to form covalently 
attached functional groups. Before the observation of 
OCCs as a result of this reaction, mechanistic study and 
Mulliken population analysis suggested that charges tended 
to localize around existing or added defects98. This drives 
subsequent functionalization to occur near these sites 
for a propagating reaction mechanism that results in the  
formation of bands of alkyl functional groups along  
the nanotube98. This clustering leaves significant por-
tions of the sp2 carbon lattice intact, such that its relative 
signatures in both the absorption and photoluminescent 
spectra are retained (although somewhat attenuated) 
after functionalization.

Covalent functionalization by the Billups–Birch 
reduction was subsequently confirmed to generate E11

− 
photoluminescence in the emission spectrum, in which 
the emission energy is weakly dependent on the chemical 
identity of the functional group99. However, owing to the 
limitations of this reaction, only substituents featuring 
different terminal atoms were studied. Additionally, the 
bulk nature of this approach makes it difficult, although 
not impossible, to work with chirality-​purified SWCNTs, 
which are typically suspended by surfactant in aqueous 
solutions and available in small quantities, making them 
inadequate for the Billups–Birch reaction. Regardless of 
these impediments, the Billups–Birch reduction was 
unambiguously demonstrated to generate OCCs99.

Aryldiazonium salts. Aryldiazonium salts, such as 
4-chlorobenzenediazonium tetrafluoroborate, have been 
widely used to functionalize graphite, nanocarbon100,101, 
graphene102 and other 2D materials103. The mecha-
nism behind this reaction involves rapid, non-​covalent 
adsorption of the aryldiazonium molecule to the nano-
tube and a subsequent slower covalent bond addition 
that is initiated by electron transfer from the nanotube to 
the reactant to form a radical that initiates the formation 
of a C–C bond with the graphitic surface100,104,105. Before 
the discovery of OCCs, this type of covalent modifica-
tion was mistakenly thought to create chemical defects 
that quench the SWCNT photoluminescence75,106.

However, it turns out that aryldiazonium salts 
can introduce OCCs to SWCNTs, as first shown by 
Wang and colleagues7. The reaction of SWCNTs with 
aryldiazonium salts at low defect density (<1 defect 
per 20-nm length) results in the appearance of a new 
defect-​induced emission peak (E11

−), redshifted by up to 
254 meV from the native nanotube fluorescence, and an 
enhancement of the quantum yield by as much as 28-fold 
on the ensemble level7 (Fig. 5a). Further molecular tuna-
bility can be achieved using bisdiazonium salts (Fig. 5d). 
In this case, the E11

− redshift has been demonstrated to 
depend on the length of the methylene spacer between 
the aryldiazonium fragments, suggesting a strong effect  
of defect proximity or density on the electronic structure of  
the OCC-​modified nanotube23.

One of the common themes in carbon nanochem-
istry is the use of radical-​initiated reactions to achieve 
the covalent addition of OCCs, most likely owing to the 

stable and somewhat inert character of the sp2 carbon 
lattice. However, a stable intermediate in the radical-​
initiated reaction provides the opportunity to drive the 
reaction more selectively by photoexciting the nanotube 
to initiate functionalization with aryldiazonium salts. 
Interestingly, resonant optical excitation of the SWCNT 
markedly accelerates the normally slow aryldiazonium 
chemistry by 154-fold57. A higher irradiation power 
density also increases the degree of functionalization, 
as monitored through the defect-​induced E11

− emission, 
which, in addition to thermal controls, suggests that 
the photoactivated reaction is primarily driven photo
thermally. However, wavelength-​dependence studies 
indicate that electron transfer does occur to some degree, 
opening the door for chirality-​selective functionalization 
within a mixture of SWCNT chiralities57.

Optically driven diazoether reactions. Chirality-​
selective functionalization of SWCNTs is difficult to 
achieve owing to the myriad of competing properties 
influencing the nanotube reactivity (such as diame-
ter and electronic type). However, it has been shown 
that light can drive the isomerization of diazoether 
3-O-​p-nitrobenzenediazoascorbic acid (p-​NO2-DZE) 
to display chirality-​selective reactivity towards tar-
geted SWCNTs58 (Fig. 5b). In a demonstrated example, 
(6,5)-SWCNTs are excited with 565-nm light, which 
corresponds to the SWCNT’s E22 transition, to gen-
erate covalently bonded nitroaryl groups and strong 
E11

− photoluminescence. Without exposure to light, 
the OCC photoluminescence was not observed. This 
optically driven reactivity derives from pH-​dependent 
isomerization of the unreactive E isomer of p-​NO2-DZE 
to the reactive Z isomer by energy transfer from the 
photoexcited SWCNT.

When this reaction is performed in a 1:1 mixture 
of (6,5)-SWCNTs and (7,3)-SWCNTs, excitation with 
565-nm light (corresponding to the E22 transition of the 
(6,5)-SWCNT) results in almost exclusive reaction of  
the (6,5) nanotubes. When the E22 transition of the 
(7,3)-SWCNT is excited by 505-nm light, the defect-​
induced photoluminescence is observed much more 
strongly for the (7,3) species, whereas the smaller 
diameter, and, therefore, more reactive, (6,5)-SWCNTs 
barely react. This chiral selectivity is unprecedented, and 
although the photoluminescence intensity of E11

− has not 
yet been directly correlated with the absolute number 
of implanted defects, it does provide a useful tool for 
measuring the relative reactivity of different components 
in a complex mixture58.

Alkyl and aryl halide chemistry. Wang and colleagues8 
have demonstrated the extent of molecular tunabil-
ity possible for OCCs with the development of rela-
tively simple reactions involving alkyl and aryl halides 
(Fig. 5c,f). These reactions, involving just sodium dodecyl 
sulfate (SDS)-dispersed SWCNTs in aqueous solution, 
an alkyl or aryl iodide reactant, acetonitrile and the mild 
reducing agent sodium dithionite, have demonstrated 
the ability to covalently attach over 30 different func-
tional groups to SWCNTs at room temperature. They 
can also be used to attach both monovalent and divalent 

Mulliken population 
analysis
A computational method used 
to estimate the partial charges 
on atoms in a molecule or 
material system.
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moieties to the nanotube surface. With the diversity of 
functional groups available, the defect-​induced E11

− peak 
can be redshifted by as much as 200 meV from the 
native E11 emission in (6,5)-SWCNTs (Table 2), increas-
ing the quantum yield by an order of magnitude8. The 
molecular tunability of these reactions is made possi-
ble by the flexible use of almost any iodide-​containing 
(and a few bromide-​containing or chloride-​containing) 
hydrocarbon-​based compounds. DFT calculations also 
suggest that, like the Billups–Birch reaction98, function-
alization is favoured near existing defects (specifically, 

the para-​position), at which charges tend to accumulate 
according to Mulliken analysis8, suggesting the likeli-
hood of propagative functionalization for banding or 
clustered defect structures.

In addition to the numerous functional groups that 
can be added with the alkyl halide chemistry, photo
induced functionalization of aryl halides can be achieved 
by exciting the host semiconductor nanotube with res-
onant light17. (6,5)-SWCNTs were excited with various 
wavelengths in the presence of 4-iodoaniline, which 
absorbs in the UV region. When mixtures of reactants 

Table 2 | Chemical tunability of organic colour centre photoluminescence in (n,m)-single-​walled carbon nanotubes

NO2

F2C
CF2

F2C
CF2

F2C
CF3 CH

H2C
CH2

H2C
CH2

H2C
3

O2N NO2

N(C2H5)2

FF

B(OH)2

O

OO

O

N O On

(5,4) • 1,052
• 282 (ref.28)

• 1,027
• 265 

(ref.28)

– • 1,000
• 238 (ref.28)

– • 1,025 
• 275 

(ref.28)

– – – –

(6,4) • 1,058
• 254 (ref.7)

• 1,082 
• 264 

(ref.28)

• 1,049
• 228 

(ref.28)

• 1,084
• 265 (ref.28)

• 1,053 
• 232 (ref.28)

• 1,097
• 277 

(ref.28)

– – – –

(7 ,3) • 1,160
• 172 (ref.28)

• 1,190
• 198 

(ref.28)

• 1,150
• 156 

(ref.28)

• 1,177
• 184 (ref.28)

– • 1,211
• 206 

(ref.28)

– – – –

(9,1) • 1,115
• 240 (ref.28)

• 1,128
• 241 

(ref.28)

• 1,086
• 202 

(ref.28)

• 1,169
• 287 (ref.28)

– – – – – –

(6,5) • 1,137
• 181 (ref.7)

• 1,155
• 190 

(ref.8)

• 1,096
• 133 

(ref.8)

• 1,148
• 192 (ref.7)

• 1,110
• 175 (ref.7)

• 1,164
• 200 

(ref.8)

• 1,138 
(ref.24)

• 168

• 1,134
• 164 (ref.26)

• 1,240
• 271 (ref.21)

• 1,250
• 267 (ref.23)

(8,3) • 1,155
• 241 (ref.7)

• 1,169
• 238 

(ref.28)

• 1,124
• 195 

(ref.28)

• 1,171
• 237 (ref.28)

• 1,127
• 200 (ref.28)

– – – – –

(9,2) • 1,300
• 140 (ref.7)

– – – – – – – – –

(7 ,5) • 1,179
• 170 (ref.7)

• 1,206
• 173 

(ref.28)

• 1,174
• 151 

(ref.28)

• 1,192
• 162 (ref.28)

• 1,164
• 136 (ref.28)

– – – – –

(8,4) • 1,263
• 136 (ref.7)

• 1,284
• 149 

(ref.28)

• 1,228
• 102 

(ref.28)

• 1,282
• 146 (ref.28)

• 1,242
• 114 (ref.28)

– – – – –

(11,0) – – – • 1,225
• 160 (ref.28)

– – – – – –

(7 ,6) • 1,263
• 132 (ref.7)

• 1,291
• 134 

(ref.28)

• 1,228
• 92 

(ref.28)

• 1,281
• 124 (ref.28)

• 127
• 92 (ref.28)

– – – – –

(9,4) – • 1,270 
• 137 

(ref.28)

– – – – – – – –

(11,1) • 1,486
• 137 (ref.28)

• 1,487
• 137 

(ref.28)

– – – – – – – –

(10,3) • 1,455
• 127 (ref.28)

• 1,445
• 126 

(ref.28)

– – – – – – – –

For each entry in the table, the top value is the E11
− emission wavelength (in nanometres) and the bottom value is the energy shift from E11 (in millielectronvolts) for 

various nanotube chiralities and defects implanted using alkylation and arylation reactions and diazo compounds. Data obtained from refs7,8,21,23,24,26,28.
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were irradiated, the resulting ratio of the integrated 
areas of the E11

− and E11 emission peaks (at 1,130 nm 
and 980 nm, respectively) increased most substantially 
for irradiation energies that corresponded to the E33 
absorption wavelength. The lack of functionalization 
under excitation energies corresponding to E11 was pos-
ited to be a result of insufficient energy to overcome the 
reaction barrier. Notably, without irradiation, no func-
tionalization was detected, even when the sample was 
heated to 70 °C, making it possible to drive this OCC 
chemistry selectively with light.

These observations suggest that these reactions 
follow a photochemical rather than a photothermal 
mechanism. Although more experiments are required 
to verify this hypothesis, the excitation of an electron 
from the host semiconductor’s ground state to the con-
duction band may have resulted in subsequent electron 
transfer to the LUMO of physisorbed, halide-​containing 
aryl groups and triggered the reaction17. This degree of 
reaction control using light suggests the potential for 
chirality-​selective functionalization and lithographic 
patterning of OCCs.

Controlling OCC density. Time-​resolved fluorescence 
and photoluminescence imaging studies suggest that  
the average exciton diffusion length in SWCNTs is 
~100–550 nm (refs66,75,81,107). As most nanotubes are only 
a few hundred nanometres in length, excessive func-
tionalization — such that the average distance between 
defects is much shorter than the exciton diffusion length 
— may result in the total loss of E11 photoluminescence. 
Additionally, extensive conversion of sp2-hybridized car-
bon into sp3 through covalent functionalization results 
in the loss of the Van Hove transitions, eventually pre-
venting the nanotube from being optically excited. 
These scenarios were consistently observed for cova-
lently functionalized SWCNTs for many years, leading  
to the mistaken belief that the addition of any defects to  
the nanotube would quench fluorescence75,80.

However, at low defect densities in which the 
SWCNT graphitic structure remains largely intact, thus 
retaining the E22 excitation transition, not only can part 
of the E11 photoluminescence intensity be preserved 
but also the high quantum yield of the OCC-​induced 
E11

− emission can become the new fluorescent signature 
of the nanotube. For this situation to occur, OCC func-
tional groups must be either spatially isolated within the 
exciton diffusion length7 or clustered together in func-
tional bands98, in both cases effectively retaining part of 
the conjugated sp2 crystal structure. This will allow the 
nanotube to absorb photons in addition to retaining its 
excitonic transport properties.

There are different strategies for controlling the OCC 
density. In the case of diazonium-​based reactions, the 
concentration of the reactant may simply be limited 
to ensure that the nanotubes are not overly function-
alized. At the ensemble level, approximately one defect 
per 20 nm of (6,5)-SWCNT length, corresponding to 
0.05% of carbon atoms functionalized with aryl defects, 
results in the highest defect-​induced emission intensity7. 
The use of sodium deoxycholate in place of SDS as the 
surfactant can physically protect the nanotube surface, 

which helps limit the number of accessible sites for 
diazonium molecules to react14. Notably, light-​activated 
reactions can be an effective method for controlling 
the degree of functionalization and the resulting defect 
emission8,17,57. Adding defects in a more spatially con-
trolled manner, such as through clustering or banding 
using reactions that propagate from existing defects, can 
help to retain the fluorescent features of the nanotube by 
keeping sufficient portions of the native crystal intact 
and, thereby, creating an effectively low defect density, 
even when the number of functional groups added to the 
nanotube surface is relatively high98,99.

Using light to generate patterns of OCCs on differ-
ent surfaces and materials could open up opportunities 
for generating substrates that feature both chemical and 
optical functionalities. For example, aqueous suspended 
(6,5)-SWCNTs can be selectively functionalized with 
4-iodoaniline using light that is absorbed by the sub-
strate’s Van Hove transitions, indicating that a photo
electron transfer mechanism is behind the addition of 
the aryl groups17. The added defects generate bright, 
shortwave IR E11

− emission at 1,130 nm, which could be 
used for molecular-​level patterning, optical cryptogra-
phy (such as shortwave-​IR inks for security and authen-
tication purposes) and biosensing in pre-​patterned 
microarray and nanoarray applications17. A unique 
aspect of this proposed photolithographic mechanism 
is the fact that the substrate itself fluoresces (that is, the 
SWCNT), as opposed to the bonding molecule, in which 
case, we can anticipate the possibility of creating spatially 
correlated OCCs.

Configuration effects of OCCs. An OCC involves a pair 
of sp3 defects or many functional groups that presumably 
cluster to collectively form a defect site on the SWCNT. 
One intriguing question is what relative positions the  
functional groups take on the sp2 lattice and how  
the atomic configuration of the OCC may impact the 
properties of the colour centre and the host.

Several groups have observed that difunctionalized 
nanotubes, in which the chemical reaction simultane-
ously implants two functional groups on the substrate 
within close proximity to each other, exhibit E11

− photo
luminescence that is considerably more redshifted  
than the monofunctionalized counterparts. For exam-
ple, dialkylation reactions involving butyl lithium and 
butyl bromide induce the appearance of an E11

− peak 
that is shifted by ~270 meV from the native (6,5) emis-
sion21. Similarly, the addition of two proximal aryl 
functional groups on the surface of (6,5)-SWCNTs by 
means of bisdiazonium salts results in an E11

− peak shift 
of ~270 meV (ref.23), the position of which surprisingly 
coincides with the dialkylation case and is close to that 
of defect-​trapped trions in the same nanotube host11.  
By contrast, monovalent diazonium reagents tend to 
produce defect peak shifts of just ~180 meV in SWCNTs 
of the same chirality7. A similar effect is also observed for  
divalent OCCs, although to a lesser extent8. Interestingly, 
density-​functional tight-​binding calculations found 
that the large energy shifts may emanate from strong 
coupling in the two distanced bonding sites owing 
to strong resonance effects23. DFT calculations and 
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low-​temperature photoluminescence spectroscopy show 
that, owing to the radical-​based mechanism of diazo-
nium addition, the covalent bonding of an aryl group 
and hydrogen atom to the nanotube surface is limited to 
six different configurations that correspond to the ortho-​
position and the para-​position15. Furthermore, these six 
defect configurations have distinct emission spectra 
in the NIR that range from ~1,000 nm to 1,350 nm for 
(6,5)-SWCNTs.

These initial findings indicate that we must better 
understand the impact of the OCC configuration, as it 
has a clear effect on the emission properties that could 
be both an advantage in terms of tunability and also a 
detriment if we are unable to control it. The inability 
to precisely control the atomic configuration of OCCs 
may cause inhomogeneous broadening of the defect-​
induced photoluminescence or even multiple emis-
sion peaks23. This will be particularly problematic for 
potential applications of OCCs that will require uni-
form, if not identical, emitters. The use of diazonium 
salts has demonstrated some configurational selectivity, 
with the tendency to functionalize ortho-​site carbon 
atoms in zigzag SWCNTs, which results in a three-
fold narrowing of the defect-​induced emission31. DFT 
calculations suggest that this observation could be 
explained by the high symmetry of zigzag nanotubes, 
which limits the possible atomic configurations of  
the OCCs.

Emergent applications of OCCs
Beyond learning about the fundamental effects of 
defects on low-​dimensional materials, OCCs may also 
have important practical implications. OCCs induce 
substantially brighter emissions than the hosts them-
selves, an important step towards the application of these  
materials in areas such as imaging, sensing and opto
electronics9,12,18,24,29,108, in which photon conversion effi-
ciency is key. In contrast to conventional defects, OCCs  
provide beneficial new chemical and physical properties  
that may have transformational impacts on quantum 
information, energy and biomedical innovations.

Sensing. Although the strong optical and electrical 
properties of SWCNTs have made them obvious choices 
for sensing applications, unfunctionalized SWCNTs 
generally cannot differentiate between small molecular 
species, making it difficult to sense specific chemicals, 
such as H+, in the complex chemical environment of 
a biological system12. This challenge may be addressed 
with OCCs that can be chemically tailored to create 
bioimaging probes and chemical sensors with ultra-
high sensitivity and selectivity. For the most part, such 
SWCNT-​sensing mechanisms can be based on mod-
ifications to their electrical properties (as monitored 
using the nanotubes as the channel component of a 
field-​effect transistor), but success has also been found 
by measuring changes to the fluorescence emissions of 
individually dispersed SWCNTs as they interact with 
the target analyte109,110.

Defect-​induced photoluminescence is extremely sen-
sitive to the local microenvironment, as demonstrated 
by the shifting of the emission wavelength as a function 

of the electron-​withdrawing nature of the functional 
group7,8. This sensitivity can be capitalized on for sens-
ing small molecules or even ions by taking advantage 
of changes to the defect’s inductive effect upon binding 
to another species. For example, by adding phenyl
boronic acid functional groups on the sidewall of a (6,5)-
SWCNT, the resulting E11

− fluorescence substantially 
shifts when exposed to a saccharide24. The molecular 
recognition between the boronic acid group on the phe-
nyl ring and the saccharide modifies the inductive effect 
of the OCC, causing it to become a stronger electron 
donor upon bonding to these molecules. Additionally, 
the responsiveness of the E11

− shift appears to depend 
on the saccharide (d-​fructose or d-​glucose), which 
was hypothesized to be due to the different binding 
constants of these molecules with the borate complex. 
These findings indicate the potential use of E11

− peak 
shifts to sense the presence of targeted analytes through 
molecular recognition. Various non-​covalent methods 
of functionalizing SWCNTs have been developed that 
enable biological molecules to be attached to the nano-
tube sidewalls110–113. Establishing similar techniques 
using OCCs suggests a powerful strategy for biosens-
ing applications, given the tissue transparency of the 
NIR E11

− emission114. Shiraki and co-​workers devel-
oped an approach for sensing transition metal cations 
based on azo-​crown-ether-​functionalized aryl groups 
covalently bound to (6,5)-SWCNTs26. In this work, 
the group showed how the emission of the implanted 
OCC (1,134 nm) shifts by up to 161 nm (~136 meV) in 
response to the concentration of Ag+ ions binding within 
the cavity of the crown ring.

OCCs have also demonstrated potential as a pH 
sensor12. Using diazonium salts, Wang and colleagues 
covalently attached N,N-​diethyl-4-aminobenzene 
to SWCNTs and produced a functioning, all-​optical 
pH and temperature nanosensor (Fig. 6a,b). The cova-
lent addition of this molecule to the nanotube surface 
induces the appearance of the E11

− emission at 1,120 nm 
at a pH of 7.40. Lower pH solutions result in protona-
tion of the amino group and a significant redshift of the 
E11

− position, whereas the wavelength of E11 remains 
unaffected. In this manner, the position of E11

− shifts 
as the pH changes from 4.5 to 8.5, which covers the 
physiological pH window (pH 5.5–8.0). The larger peak 
shift can be attributed to the greater difference in the 
Hammett constant between the protonated and unproto-
nated forms of the OCC, as this has a direct effect on the 
trapping depth of the E11

− excitons. This sensing mech-
anism is chemically specific: only the OCCs that feature 
the amino group respond to H+; other groups, such as 
benzene, do not cause any observable spectral shift. 
Additionally, the aminoaryl-​functionalized SWCNTs 
can be used to monitor the temperature of the solution, 
as increased thermal energy enables defect-​trapped exci-
tons to escape the potential well, diminishing the inte-
grated intensity ratio of E11

−:E11 in a quantitative manner 
with temperature12.

These results demonstrate how the NIR fluorescence 
of OCCs can be used to develop a nanothermometer and 
pH meter that might have direct applications for high-​
resolution sensing in complex, ultrasmall environments, 
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such as those found in vivo. In this system, the SWCNT 
acts as a kind of fluorescent antenna to amplify small 
chemical changes that occur at the defect sites. We 
anticipate that many more OCC-​based sensors could 
be developed using this model, particularly by taking 
advantage of the extensive number of bioconjugate reac-
tions and the highly specific interactions of DNA and 
proteins.

Light sources. The efficient radiative nature of OCCs 
suggests their potential as light sources for various appli-
cations, such as lasing and light-​emitting diodes. For 
stimulated emission to occur, a lasing medium must sup-
port a population inversion, in which the number of filled 
excited states exceeds that at ground level. However, the 
electronic structure of unfunctionalized SWCNTs does 
not readily allow a population inversion to occur owing 
to the presence of dark exciton states below the bright 
singlet level, which promote rapid non-​radiative relax-
ation back to the ground state71,115, as well as efficient 

exciton–exciton annihilation, even at low excitation 
power densities93. For this reason, non-​radiative pro-
cesses tend to dominate in SWCNTs (hence the low 
quantum yield), making the possibility of practical  
stimulated emission unlikely.

However, OCCs efficiently channel E11 dark excitons 
to the defect sites7. On the basis of DFT calculations of 
aryl OCCs, the defect state is intrinsically bright13,14.  
In this scenario, we could envision pumping the system 
to the bright E11 excited state, which should be followed 
by rapid, non-​radiative relaxation to the dark E11 exciton 
level, followed by capture (or direct transition from E11) 
to the bright E11

− state, which will radiatively recombine, 
thus supporting the conditions necessary for a population  
inversion to take place.

Supporting this theoretical hypothesis, Matsuda and 
colleagues93 found evidence of population inversion in 
the presence of OCCs. The relative intensities of the 
E11 and E11

− photoluminescence peaks show nonlinear 
behaviour as a function of the excitation power density. 
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Monte Carlo simulations explained this trend by the rapid 
trapping of E11 excitons at the defect sites and the slow  
decay of the resulting E11

− excitons that ultimately 
deplete the ground state, thus resulting in a population 
inversion. Calculations indicate that this condition could 
be achieved using a continuous-​wave pump power den-
sity of just 40 kW cm−2. By contrast, in unfunctional-
ized SWCNTs, a much higher excitation power density 
is required (~3 × 104 kW cm−2) to reach the same opti-
cal gain threshold93. These findings suggest that OCC-​
functionalized SWCNTs could serve as a practical laser 
medium, although a more direct demonstration is still 
pending. On the basis of these results, we can envision 
an OCC-​based SWCNT laser setup that could provide 
a source of coherent and monochromatic NIR light. 
Additionally, as we learn more ways of tuning the OCC 
state using optimized combinations of the semiconduct-
ing crystal host and the defect itself, it may be possible to 
push emission further into the mid-​IR range.

Single-​photon emitters. OCCs are two-​level systems 
that can be implanted in a semiconductor host, such as 
SWCNTs. The defect produces a deep trap that strongly 
localizes excitons, promoting single-​photon emission at 
room temperature9,18. Traditionally, single-photon emis-
sion has been achieved at either cryogenic tempera-
tures116 or with nitrogen vacancies49–51 and 0D-confined 
materials such as quantum dots117. However, we note 
that these systems have never simultaneously achieved 
all the characteristics of an ideal quantum emitter for 
practical applications, including room-​temperature, 
tunable, high-​purity and high-​yield single-​photon 
emission at telecom wavelengths (Table 1). By contrast, 
OCCs in SWCNTs display all of these advantages7,9,18,108,  
which make them particularly attractive as emerg-
ing quantum-light sources for applications in quan-
tum information processing51, cryptography118 and 
communications119.

To achieve quantum communications, it is desirable 
to develop stable quantum emitters within the telecom 
wavelengths (1,260–1,625 nm). Doorn, Htoon and col-
leagues9 reported 99% purity single-​photon emission 
from aryl-​functionalized SWCNTs at room temperature. 
The combination of this versatile chemical approach 
plus the many available SWCNT chiralities enabled the 
generation of room-​temperature single-​photon emis-
sion that could be tuned across the entire telecom band, 
achieving g(2)(0) (a measure of photon antibunching, or 
the probability of more than one photon being emitted 
at a time) values as low as 0.01 (approaching the ideal 
limit of 0) at high laser pumping powers (1.5–2 µW) 
that approached the saturation of the OCC-​induced 
photoluminescence intensity and with high single-​
photon count rates of >105 s−1 (ref.9) (Fig. 6c–e). For com-
parison, although pristine SWCNTs (without implanted 
defects) have also demonstrated single-​photon emission 
capabilities at room temperature, the single photons are 
much less pure (g(2)(0) = 0.27) and produced only at low 
excitation power (10 nW), which limits count rates120. 
With established chemical approaches, we may be able 
to further optimize the quantum properties of OCCs 
and push the OCC photoluminescence peak further 

into the IR range using larger-​diameter semiconduct-
ing SWCNTs and electron-​withdrawing functional 
groups7,8, or with the added help of defect-induced trion 
emission11.

However, it should be noted that OCC-​induced photo
luminescence has been observed to blink under certain 
conditions, which will need to be better understood 
and suppressed to enhance the emission stability. The 
use of less-​electron-withdrawing groups can reduce 
the blinking frequency and increase the stability of emis-
sion, possibly because functional groups that are more 
electron-​withdrawing result in a larger dipole that can 
attract charged species in solutions that are well known 
to quench nanotube fluorescence (that is, the observed 
off-​times between blinks). This hypothesis is consistent 
with the fact that OCC blinking increases as the pH 
of the solution is increased owing to the presence of 
charged hydroxide ions36. Alternatively, solid-​state35,121 or 
organic media (such as solvents and polymer matrices) 
may be used to prevent charged species from interfering 
with the E11

− photoluminescence36.
Towards future OCC technologies, techniques for 

aligning and patterning SWCNTs in semiconductor 
devices have been extensively studied122,123 and this 
knowledge may be applied for constructing semi
conductor hosts for single-photon-emitting OCC arrays.  
The next great hurdle will be developing methods of 
scalably patterning such defects on SWCNTs or other 
semiconductor host materials in a manner that is 
quantum-state-specific. The patterning of OCCs remains 
a significant challenge but may be achieved using light 
in resonance with the semiconductor substrate17,57,58  
and established nanolithographic techniques124,125.

Outlook
The future of OCCs is bright and we anticipate signifi
cant advances in the coming years on defect chemistry  
and physics, as well as applications. The ability to engi-
neer the electronic properties of a crystal substrate 
through synthetic defects is a ground-​breaking step for 
future directions of materials science and chemistry, 
but will depend on developing new defect-​implanting 
reactions or adapting existing ones for the modifi-
cation of SWCNTs and other materials. Serving as a 
molecular focal point, OCCs provide new, chemically 
tunable systems that open up opportunities to study 
the coupling of electrons, excitons, phonons and spin 
in low-​dimensional materials and their effect on the 
electrical, optical, chemical and thermal properties 
of these materials, as well as enabling many potential  
applications (Fig. 7a).

Future OCC chemistries. Already in these early stages 
of development, the number of OCCs that has cur-
rently been identified is high (~50 different functional 
groups) thanks to the molecular tunability achievable 
with diazonium salts, alkyl halides and the Billups–Birch 
reaction7,8,99. We anticipate that other organic chemical 
reactions could be used to synthesize OCCs, including 
many that have already been well established on gra-
phitic materials but not specifically explored for the 
creation of OCCs126–128.
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In this Review, we have primarily limited our dis-
cussion to reactions that form C–C bonds between the 
functional group and the graphitic materials. However, 
there is an extensive number of reactions that form 
C–F, C–Cl, C–N, C–O and C–S bonds to the nanotube 
surface126,127,129. It is particularly interesting to note that 
before the discovery of OCCs oxygen doping was already 
known to produce a redshifted photoluminescence fea-
ture with respect to the pristine material37,38,97. Although 
this defect type turns out to be intrinsically dark, its 
interpretation38 and subsequent study by other research 
groups90,130 have provided a source of inspiration to the 
further development of OCCs.

An extensive search of host–OCC combinations may 
prove beneficial and, if nothing else, serve to provide 
a more complete understanding of defects. Divalent 
cycloaddition reactions may also be interesting to 
explore in depth as they result in some of the largest 
energy shifts of E11

− relative to the E11 emission, thus 
pushing the fluorescence even further into the short-
wave IR8, while also maintaining the π-​conjugation of 
the nanotube, which may be important for retaining the 
electrical transport properties131 and the absorptive fea-
tures necessary for optical excitation98,99. Tailoring the 
functional groups with electron-​withdrawing substitu-
ents is another way to further redshift the defect-​induced 
photoluminescence towards telecom wavelengths9 and 
the NIR tissue-​transparent window114. Additionally, it 
seems likely that the photophysics of OCCs will ulti-
mately depend on a rational combination of the defect 
and the semiconductor host28. As we understand the  
structure–property relationship more deeply, the mole
cular tunability of OCCs may allow for designing and cre-
ating these synthetic defects in a specific quantum state.  
Conversely, these OCCs are tools themselves that allow 

for studying phenomena at the molecular level. OCCs 
have been used as chemical sensors for detecting species 
such as H+ and Ag+ (refs12,26). Bonding a molecule to the 
sp2 lattice also induces characteristic photoluminescence 
that can be used as sensitive optical fingerprints to track 
chemical reactions7,8. Because OCCs are quantum emit-
ters, it may also be possible to achieve unprecedented 
sensitivity if entangled states can be designed and cre-
ated for probing bond breaking and formation, as well as 
the detection of specific chemical perturbations.

Engineering the semiconducting host. The optical prop-
erties of OCCs can be further tuned by judicious choice 
of the semiconducting crystal host. Using the electronic 
structural heterogeneity of SWCNTs to our advantage, 
we can more precisely tune the OCC photolumines-
cence. For example, we can select an SWCNT chirality 
featuring a convenient E11 bandgap that can be modi-
fied through the implantation of defects to achieve the 
desired emission wavelength. This prospect is becom-
ing increasingly practical with recent advances in sep-
aration methods for the purification of single-​chirality  
nanotube solutions78,132.

We have largely limited our discussion to OCCs in 
SWCNTs because these systems have been well char-
acterized, although there is no reason to believe that 
SWCNTs are unique in hosting this type of defect. We 
hypothesize that the OCC paradigm could be extended 
to virtually any semiconductor. Other materials that may 
host fluorescent OCCs include quasi-0D compounds 
such as graphene quantum dots133–136 and diamonds137, 
other 1D systems such as silicon nanowires138, as well 
as 2D materials139 such as TMDs (for example, WSe2, 
MoS2, WS2 and MoSe2)43,45,46,140, as shown in Fig. 7b, 
boron nitride allotropes141–143 and black phosphorus103,144.

We note that defect-​induced fluorescence has been 
observed in many of the systems listed above, but is typ-
ically attributed to exciton trapping by native defects, 
oxygen dopants and atomic vacancies44,45,145, which, 
while fundamentally interesting, lack the molecular 
tunability of OCCs and, therefore, limit their potential 
for excitonic engineering. However, covalent function-
alization of TMDs using organohalide reagents can 
convert the electronic material properties from metallic 
into semiconducting and simultaneously produce a new 
peak in the emission spectrum redshifted by ~200 meV 
from the native photoluminescence20. Additionally, the 
intensity of this new emission can be tuned by increasing 
the defect density, all of which suggests the presence of 
OCC-​like defects. This work shows that it should be pos-
sible to synthesize fluorescent defects in 2D materials, 
and yet, strangely, there have been few, if any, subsequent 
studies on the topic.

As the field is almost completely untapped, there is 
great opportunity to explore OCCs in semiconductor 
crystals beyond SWCNTs. A range of aryl functional 
groups can be employed to functionalize the basal plane 
(and not just native defects or edges) of MoS2 by means 
of diazonium-​based chemistry27,56,146, although the opti-
cal properties of these chemical defects are unknown. 
The use of aryl functional groups to exfoliate black 
phosphorus has also been explored using diazonium 
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Fig. 7 | Opportunities and challenges for organic colour centres. a | Organic  
colour centres (OCCs) provide a molecular site for studying the coupling of electrons, 
excitons, phonons and spin in low-​dimensional materials, which are largely unexplored.  
b | Two-​dimensional materials such as MoS2 may function as interesting substrates for 
OCCs, in which the attachment of various organic groups to the crystal substrate could 
potentially produce new fluorescent emissions with controllable intensity and wavelength. 
c | OCCs break the symmetry of extended solids, posing significant challenges to theory  
in predicting the relative bonding sites, as highlighted by the many possible atomic 
configurations, including 1,2 sites (blue) and 1,4 sites (green), and describing the excited 
states. Part b is adapted with permission from ref.56, ACS.
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salts (forming C–P bonds to the surface), enabling the 
material’s hole-​carrier mobility to be tuned103. However, 
while the excited state of monolayer black phosphorus 
(also called phosphorene) features highly anisotropic 
excitons (in this respect, behaving more like a 1D mate-
rial akin to SWCNTs)144, defect photoluminescence has 
not yet been observed — possibly because it has not been 
actively searched for.

In material systems in which the photoluminescence 
properties are somewhat well characterized, it is under-
standable that researchers tend to limit the range of 
emission wavelengths measured during spectroscopy, 
but this risks missing unexpected fluorescent features 
that may appear beyond the expected spectral window 
when covalent functional groups are added to the sub-
strate. Additionally, similar to the case of SWCNTs, the 
defect density can greatly impact the intensity of OCC 
photoluminescence and, if it is not appropriately tuned, 
may cause researchers to miss these fluorescent features 
entirely, as was the case for SWCNTs for almost two 
decades7. Given what we now know about defects and 
the ability of OCCs to dramatically engineer a materi-
al’s intrinsic electronic properties, it is perhaps timely to 
explore or re-​examine many of these material systems 
and the roles of defects.

Future applications of OCCs. As OCCs are largely 
unexplored, it is unsurprising that their potential appli-
cations have just started to emerge. In addition to sens-
ing, light sources and single-​photon emitters, as well as 
their immediate use as sensitive probes for understand-
ing the physicochemical properties of defects them-
selves, we also envision these NIR emitters to be well 
suited for biological imaging applications.

Biological tissue scatters visible light and the absorption 
by water at ~950 nm further complicates the spectrum, 
but the NIR-II window (1,000–1,400 nm) is particularly  
effective for in vivo imaging, sensing or even light thera
pies owing to reduced scattering, water absorption and 
autofluorescence147. SWCNTs have been considered 
promising candidates for bioimaging because of their 
remarkably narrow emission line (full width at half 
maximum ~23 meV at room temperature) and ability 
to fluoresce in a range of the NIR (~800–1,600 nm)148 
that effectively covers the NIR-II window147. Additionally, 
unlike molecular fluorophores, SWCNTs are excep-
tionally photostable: they do not blink or photobleach 
under prolonged excitation149. Researchers have already 
demonstrated that SWCNTs can be used as fluorophores 
for deep-​tissue fluorescent imaging of tumours in mice114 
and for tracking the extracellular space in living brains150. 
However, the photon conversion efficiency is low in 
unfunctionalized SWCNTs74 and the imaging resolution 
will also be ultimately limited by the length of the nano-
tubes, as the entire nanotube acts as a single fluorophore 
for imaging purposes.

Fluorescent OCCs present a natural solution to 
this problem, as they increase quantum yields by har-
vesting dark excitons7 and generate new emission fea-
tures, including defect-trapped excitons and trions11,  
both of which fluoresce in the NIR-II region (1,000–
1,400 nm)147, at which light can penetrate biological 

tissue with minimal scattering and low background  
autofluorescence. The generation of two or more photo
luminescence features in this window enables total NIR 
excitation and emission, which should improve bio
imaging quality38, as well as provide multimodal capabili
ties. Specifically, the E11 transition can be used to excite 
defect-​induced E11

− and trion fluorescence for total NIR 
excitation and emission11. This attribute is beneficial 
for bioimaging as it circumvents the need to excite the 
material with visible wavelengths that can be strongly 
absorbed by biological tissues. Although in vivo biologi
cal imaging with SWCNTs has been demonstrated114, to 
our knowledge, there has been no study on the use of 
OCCs and defect-​induced trion fluorescence for this 
purpose, despite the apparent potential. Furthermore, 
OCCs have allowed for ultrashort nanotubes to fluor
escence brightly in the shortwave IR16, making it pos-
sible to improve the imaging resolution even further. 
We anticipate that these advantages of OCCs will fur-
ther improve the intensity and resolution of future bio
imaging results and note that this is another open area 
of research.

Open questions. There are many basic questions 
surrounding OCCs that remain to be explored. For 
instance, what design principles should we heed when 
engineering OCCs to change a material’s properties 
for a specific application? Also, how can we extend the 
concept of OCCs to other semiconducting materials? 
Resolving these questions will require extensive investi-
gation of the structure–property relationships of OCCs, 
work that is currently underway in our laboratory as well 
as many others.

There is also still significant room to explore OCCs 
in SWCNTs. For example, how much do electron corre-
lation and dark excitons contribute to the low quantum 
yield of nanotube photoluminescence? Is it possible to 
harness low-​lying, triplet dark excitons using chemi-
cally engineered OCCs? What is the fundamental limit? 
How is the defect state coupled to that of the SWCNT? 
Is it phonon–dark exciton coupling as hypothesized7,13? 
Or are there other mechanisms involved in governing 
defect-​induced fluorescence? These problems are funda-
mentally important to understanding the excited state of 
this system and improving the light conversion efficiency 
critical to their applications for sensing, imaging, light-
ing and quantum information processing. Although we 
have made tremendous progress in this direction, further 
insights can be anticipated by applying advanced charac-
terization tools, such as high-​field magnetofluorescence 
spectroscopy and high-​resolution resonance spectro
scopy, as well as developing new ones for quantitative  
measurement at the single-​defect level.

Additionally, how does the atomic arrangement of 
defects along a SWCNT affect fluorescence? Whether 
the functional groups are clustered or individually iso-
lated, what arrangement generates the brightest features? 
Scanning tunnelling microscopy (STM) may be particu-
larly well suited for resolving the atomic configuration 
of defects. With single-​atom-tipped STM probes, it may 
be possible to image OCCs with atomic-​scale resolu-
tion and correlate that information with the material’s 
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photoluminescence profile151–153. Furthermore, STM lumi-
nescence, in which the injection of electrons at a defect site 
is used to stimulate the emission of photons, could enable 
in situ characterization of both defect configuration and 
emission154,155.

At present, we also know very little about how OCCs 
respond to their environment outside of pH and temper-
ature changes12,24,26. How does a defect-​trapped exciton 
respond to local chemical events? How sensitive and how 
selective can that be? Knowing that the OCC emission 
wavelength is strongly correlated with the Hammett con-
stant of the molecular defect7,95, we could anticipate the 
use of the defect-​induced photoluminescence as a sensi-
tive optical fingerprint for tracking various reactions that 
may be applied to modify the OCC on the host material. 
Additionally, the E11

− peak can be used to measure the 
effect of other species (ions and molecules) in solution 
on the nanotube and its defects12,24. Indeed, the possibil-
ities of OCC-​based chemistry are nearly limitless given 
the diversity of organic reactions available127,156, but, at 
present, this remains a largely unexplored area of study.

Finally, there are fundamental questions that delve 
more deeply into the quantum physics of these nano-
materials. How can we use OCCs to generate indistin-
guishable single photons for quantum entanglement?  
Is it also possible to design spin-​based qubits from 
OCCs? Uncovering the physics of the defect state, for 
instance, whether there is spin associated with defect-​
trapped trions or species that can be intentionally intro-
duced to host an electron or nuclear spin at the OCC, 
will have particularly important implications for appli-
cations in quantum information. For instance, as trions 
feature non-​zero spin, it may be possible to enable elec-
trically driven OCC devices for spin manipulation by 
combining electrical generation157 with defect-​stabilized 
trions11 under a magnetic field.

Theoretical modelling. The studies of OCCs have 
substantially benefited from theoretical predictions. 
In particular, the groups led by Schatz and Tretiak 
have performed extensive theoretical calculations on 
many OCC systems, which have provided insightful 
guidance and helped to interpret experimental obser-
vations. Notably, time-​dependent DFT calculations of 
OCC-​functionalized SWCNTs reveal that the symmetry 

breaking of the carbon lattice by sp3 defects asymmetri-
cally splits the frontier orbitals of the SWCNT, creating 
new dipole-​allowed optical transitions7,8,99. Tretiak and 
colleagues have also shown that aryl-​fluorescent OCCs 
localize the exciton’s wavefunction in the vicinity of the 
defect, enhancing exciton–phonon coupling locally at  
a defect-​induced potential well13,40. The theoretical mod-
elling also suggests the optical selection rules of emis-
sion for OCCs. Although the oxygen-​induced excitonic 
state remains dark, the lowest excited state in OCCs is 
intrinsically bright and carries a large oscillator strength, 
making excitons efficiently fluoresce at these sp3 quan-
tum defects13,39. DFT calculations also predict the effects 
of defect configuration and functionalization pattern 
(Fig. 7c). In particular, based on the charge distribution 
around OCCs, Mulliken analysis informs the likelihood 
of propagative functionalization to form bands of func-
tional groups along the SWCNT or clusters near existing 
defects8,98. The calculated stability and bandgap energy 
further predict the change in the electronic structure by 
the proximal defect configuration15,23,31. Although, gen-
erally, time-​dependent DFT does not properly capture 
the electronic correlation effects, appropriate density 
functionals and correction schemes are being developed 
and evaluated to provide insightful predictions on the 
excitonic effects in large conjugated systems41,158–161.

Conclusion
In summary, OCCs have emerged as an entirely new 
class of quantum systems that can be chemically created 
in carbon nanotube semiconductors. A series of exper-
iments and theoretical studies have revealed intrigu-
ing new physical properties that make these synthetic 
defects an exciting framework to explore new chemistry, 
physics, materials science, biomedical science and quan-
tum technologies, as well as for previously unimagined 
applications. In this instance, the carbon nanotube is 
just a reactant and but one model system for the syn-
thesis and study of OCCs. We envision that this unique 
defect type could be added to other materials for the 
creation of new systems with novel properties and a 
deeper understanding of defects and the underlying 
quantum effects.
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