
Articles
https://doi.org/10.1038/s41557-018-0126-4

1Center for Integrated Nanotechnologies, Materials Physics and Applications Division, Los Alamos National Laboratory, Los Alamos, NM, USA. 2Center for 
Nonlinear Studies , Los Alamos National Laboratory, Los Alamos, NM, USA. 3Department of Chemistry and Biochemistry, North Dakota State University, 
Fargo, ND, USA. 4Materials Science and Engineering Division, National Institute of Standards and Technology, Gaithersburg, MD, USA. 5Nanomaterials 
Research Institute, National Institute of Advanced Industrial Science and Technology (AIST), Tsukuba, Ibaraki, Japan. 6Theoretical Division, Los Alamos 
National Laboratory, Los Alamos, NM, USA. 7These authors contributed equally to this work: Avishek Saha, Brendan J. Gifford.  
*e-mail: serg@lanl.gov; skdoorn@lanl.gov

Obtaining a uniformity of response in nanoscale light emitters 
is essential for them to be effective in applications as sensing 
and imaging agents and as photon sources in light-emitting 

diodes (LEDs), lasers and so on. In the context of emerging roles 
for low-dimensional nanoemitters (including colloidal and epitaxial 
quantum dots1,2, 2D transition metal dichalcogenides3–6, hexagonal 
boron nitride7 and single-walled carbon nanotubes (SWCNTs)8–12) 
as single-photon sources for quantum metrology and quantum 
information processing13, even tighter limits on the allowed vari-
ability in emission energies are required, ultimately with the goal of 
achieving photon indistinguishability. Among these diverse mate-
rial platforms for quantum emission, SWCNTs offer several advan-
tages originating from the ability to control light emission properties 
through chemical manipulation. SWCNT emission energies are 
broadly tunable due to their strong dependence on the specific 
nanotube structure (designated by chiral indices (n,m), Fig. 1)14.  
Chemical control over the surface structure of non-covalently 
bound wrapping agents (such as surfactants, polymers and DNA) 
has provided highly effective routes to isolating specific SWCNT 
structures in high yield and at high levels of purity, providing 
remarkable selectivity over emission properties15. Such surface 
chemistry also provides a route to control the surrounding environ-
ment for optimization of photoluminescence. Recent expansion of 
SWCNT emission behaviours through the introduction of photo-
luminescent defect states by low-level covalent functionalization 
provides additional synthetic tunability in emission properties and 
imparts quantum emission function, but also acts as a source of 
spectral diversity.

Functionalization of SWCNTs with ether or epoxide16,17, alkyl18 
and aryl19 species generates defect states whose near-infrared pho-
toluminescence appears redshifted (by 100–300 meV) from nor-
mal SWCNT band-edge E11 exciton emission. Exciton localization 
at the defect sites boosts photoluminescence quantum yields16,19,20 
and introduces new SWCNT functionality, including enhanced 
photoluminescence imaging16, photon upconversion21 and room-
temperature single-photon emission11,12. Independent of the 
chemistry used to introduce the defect states, photoluminescence 
appears over a broad (~140 meV) energy range12,17,22–24. This spec-
tral diversity effectively arises due to the potential for generation 
of multiple distinct chemical species as a result of the functional-
ization approaches17,22. Of particular interest is aryl functionaliza-
tion using diazonium reagents, which can provide a high degree of 
synthetic tunability of the defect states19 and introduces superior 
single-photon emission behaviours12. Despite the relative simplic-
ity of the diazonium chemistry, aryl attachment is accompanied by 
complex spectral behaviour12,22,23. This complexity originates in the 
fact that binding of an aryl group at one SWCNT carbon site leads 
to an intermediate in which a reactive unpaired electron exists at an 
adjacent carbon (ortho position) or three carbons away (para posi-
tion), thus creating six different possible binding configurations 
(Fig. 1b). An –H or –OH group subsequently attaches at this reac-
tive site. Because of the chiral structure of the SWCNT, each of these 
six binding configurations represents a different chemical species 
with similar binding energies, each with its own electronic structure 
and emission energy22,25. While the resultant spectroscopic diversity 
allows one to access a broad range of emission wavelengths with a 
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single nanotube chirality (providing a versatile route to access the 
telecom region, 1,300–1,500 nm)12, such a broad emission response 
from tube to tube in any given sample will limit their utility for 
applications. Therefore, devising a strategy for providing selectivity 
in the binding chemistry is highly desired.

Aryl diazonium chemistry has been demonstrated to show selec-
tivity for metallic SWCNTs in comparison to reactivity with semi-
conducting types and is driven primarily by a difference in redox 
behaviour between the two electronic types26. Such type selectiv-
ity, however, is inadequate in terms of the goal of configurational 
selectivity of binding only to a single predetermined site. Nanotube 
reactivity is dependent on both the π-orbital pyramidalization 

angle (related to sidewall curvature, and thus nanotube diameter) 
and π-orbital misalignment angle between participating reactive 
sites27. The latter is dependent on whether respective bonds are 
oriented along or perpendicular to the nanotube axis (Fig. 1a), will 
be highly dependent on nanotube chirality, and is thus likely to be 
most closely linked to the goal of configurational selectivity. So far, 
such orientational control over reactivity has not yet been dem-
onstrated. Constraining defect-state spectral response, however, 
requires exactly that degree of control. The configurational picture 
illustrated in Fig. 1 suggests that ultimate control over binding may 
be obtained by controlling the interplay between nanotube struc-
ture, structure of the molecular dopant, and the surface structures 
formed on coating the nanotube with suspension agents. Although 
a rich functionalization chemistry is available for graphene and 
carbon nanotubes27–29, the precise chemistry of binding is not yet 
understood at an atomistic and single-bond level, the level of under-
standing and control required to chemically constrain defect-state 
emission energies. Here, we probe defect-state spectral evolution as 
a function of SWCNT chirality and surface coating. In the limit of 
pure zigzag structures (chiral indices (n,0)), the photoluminescence 
spectrum collapses to a single narrow, highly redshifted emission 
band. Quantum chemical modelling of zigzag SWCNT electronic 
structure provides an atomistic understanding of the aryl binding 
and indicates that such narrowing of the response is due to binding 
sites becoming degenerate due to the SWCNT symmetry. Moreover, 
this result is strongly suggestive that only ortho binding configura-
tions are selected following aryl functionalization.

results and discussion
Defect-state spectral dependence on SWCNT chiral angle. To 
assess the potential role of nanotube structure in defining configu-
rational binding and in constraining defect-state emission wave-
lengths, we obtained photoluminescence spectra that were highly 
enriched in respective single SWCNT chiralities (see Methods) 
for structures varying in chiral angle (θ) from the near-armchair 
(n =  m) (6,5) structure (θ =  27°) to (7,5) (θ =  24.5°) and near zig-zag 
(10,3) structures (θ =  12.73°). The chiral angle defines the direc-
tion at which a graphene sheet may be rolled up to form a specific 
SWCNT structure and also determines the degree to which C–C 
bonds in the SWCNT structure are offset from the parallel or per-
pendicular directions with respect to the SWCNT axis14. As shown 
in Fig. 2a− c, defect-state emission features in the probed nanotubes 
appear as two emission bands for SWCNTs functionalized with 
4-methoxybenzene, labelled E*11 (shifted by about 100 meV to lower 
energy from the band-edge E11 exciton) and the lower-energy −E*11  
band (redshifted by ~150–200 meV). Importantly, as one progresses 
to smaller chiral angles, the −E*11  band grows in intensity relative to 
the E*11 band, which is suggestive of chiral angle-dependent selectiv-
ity over the emission band.

It should be noted that, across this chirality series, the nano-
tube diameter also increases (from 0.76 nm for (6,5) to 0.94 nm 
for (10,3)), and the changing diameter must also be considered 
as a potential factor in determining the observed spectral fea-
tures. We therefore also obtained photoluminescence spectra for 
4-methoxybenzene-functionalized (9,1)-enriched SWCNTs. The 
(9,1) structure has an identical diameter as the (6,5), but, being a 
near-zigzag structure, has a much smaller chiral angle (θ =  5.21°). 
As seen in Fig. 2d, the (9,1) photoluminescence spectrum con-
tinues the chiral angle-dependent trend of increasing intensity in  
the −E*11  band, which now dominates the spectrum. This result 
eliminates diameter as the determining factor in the spectral 
changes. Carrying the chiral angle dependence one step further, 
we also probed the photoluminescence response of the (11,0) true 
zigzag structure (θ =  0°) and found that the defect-state emis-
sion now consists nearly exclusively of the −E*11  band (1,326 nm 
(0.935 eV), Fig. 2e), which is accompanied by additional weak 
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Fig. 1 | Chirality dependence of aryl diazonium binding configurations. a, 
Comparison of (6,5) near-armchair and (11,0) zigzag structures showing 
the change in bond orientations relative to the SWCNT axis. Bonds 
highlighted in red (on both chiral structures) are those expected to be 
more reactive based on having a large π-orbital misalignment angle (ϕ of 
∼ 17°, ref. 27, illustrated on the right) between the aryl binding site (blue 
sphere) and the carbon atom at which the unpaired electron resides (red 
spheres). Bonds highlighted in green (on both chiral structures) have ϕ of 
~0° and are expected to be most stable. b, Illustration of the six different 
available binding configurations relative to the aryl binding site (grey 
circle) for five SWCNT chiralities. Configurations are defined by the carbon 
site at which the unpaired electron—resulting from aryl binding—captures 
a –H or –OH group and may be located one (ortho, blue) or three  
(para, red) carbons away. SWCNT chiral structure dictates that each of 
the six configurations is chemically distinct for all non-zigzag structures, 
further distinguished by the + , + +  and −  labels (square, triangle and circle 
symbols, respectively). For the (11,0) zigzag structure, the ortho  
(+ + ,− ) configurations are identical by symmetry, as are the para (+ + ,− ) 
configurations. Although resonance structures may exist for which the 
unpaired electron is located more than three carbons from the aryl site, 
such configurations produce non-emissive states22,25,49. 
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photoluminescence features at 1,190 nm and 1,599 nm (1.042 and 
0.775 eV, respectively).

In comparison to the photoluminescence spectrum of unfunc-
tionalized (11,0) SWCNTs (Supplementary Fig. 1), the feature 
at 1,599 nm (0.775 eV) is found to result from functionaliza-
tion and thus is probably also due to defect-state emission. The 
1,190 nm (1.042 eV) peak overlaps with the SWCNT phonon side-
band emission30, but its appearance in single-tube spectra in the 
absence of a clear E11 peak (Fig. 3) indicates it also is probably 

due to weak defect-state emission. The extreme narrowing of the 
photoluminescence emission range to that of the −E*11  peak at the 
ensemble level, however, is reflected in the single tube spectra, 
which show an improved uniformity for the zigzag structures, 
which is of importance for single-photon emission requirements. 
Representative spectra for 13 individual (11,0) nanotubes func-
tionalized with 4-methoxybenzene are shown in Fig. 3. Defect-
state peaks are found primarily in the range of 0.95–0.975 eV, a 
span of only 25 meV. The (11,0) single-tube behaviour is in stark 
contrast to that previously reported for the (6,5), (7,5) and (10,3) 
structures, which span energy ranges of ~120–140 meV ((6,5), 
0.95–1.09 eV; (7,5), 0.93–1.05 eV; (10,3), 0.785–0.905 eV)12,22. The 
combined ensemble and single-tube spectra thus demonstrate 
that, as one samples chiral structures from the armchair to zigzag 
limits, defect-state emission is progressively moved to the more 
redshifted −E*11  band, ultimately collapsing to emission from a 
single state in the true zigzag limit. Towards further control over 
defect-state emission energies, it is important to understand the 
origins of this limiting behaviour.
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Fig. 2 | Chirality dependence of defect-state photoluminescence spectra. 
a–e, Photoluminescence spectra (obtained with excitation at or near 
the E22 transition) of different SWCNT chiralities functionalized with 
4-methoxybenzene in a 1% sodium dodecyl sulfate environment, with each 
sample highly enriched in the respective single chirality (see Methods): 
(6,5), black trace, excitation at 570 nm (a); (7,5), red trace, excitation 
at 650 nm (b); (10,3), light green trace, excitation at 635 nm (c); (9,1), 
blue trace, excitation at 700 nm (d); (11,0), dark green trace, excitation 
at 750 nm (e). All spectra were obtained in D2O. Band-edge exciton (E11) 
and defect-state ( *E11 and −*E11 ) emission bands are labelled. Note that the 
difference in defect-state photoluminescence intensities relative to that of 
E11 across the chirality range reflects a difference in defect concentration 
only. Progression in structures from nearly armchair in the case of (6,5) to 
the zigzag (11,0) system results in an increase in relative intensity of −*E11 . 
Spectra collapse to a single emission feature at −*E11  in the zigzag limit.
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Fig. 3 | Single-tube photoluminescence spectra of 13 aryl-functionalized 
(11,0) nanotubes. Photoluminescence spectra obtained at 4 K of individual 
(11,0) SWCNTs functionalized with 4-methoxybenzene. The sample is 
deposited from a solution of SWCNTs that is highly enriched in the (11,0) 
structure. Appearance of peaks in the phonon sideband range (1.0–1.08 eV) 
in the absence of an E11 feature indicates that these particular features are 
due to defect-state emission. The data indicate that the limited spectral 
range observed at the ensemble level (Fig. 2e) extends to behaviour 
observed for single nanotubes at 4 K, for which defect-state emission peaks 
are found within a 25 meV region. More extensive statistics obtained from 
individual single (11,0) SWCNTs are included in Supplementary Fig. 2.
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Role of surface structure. Ordered surface structures arising from 
specific interactions between the carbon nanotube and surface 
wrapping agents have the potential to promote functionalization at 
specific carbon sites. Selectivity may be possible through masking 
of certain binding configurations or through the generation of steric 
barriers. A comparison of the photoluminescence emission spec-
tra for different wrapping conditions may reveal such behaviours. 
As test systems, we chose to perform SWCNT functionalization for 
nanotubes suspended using sodium dodecyl sulfate (SDS) for com-
parison with a suspension with DNA. SDS is known to generate ran-
dom disordered structures on the nanotube surface31–33. In contrast, 
through specific interactions, DNA can generate more ordered and 

even periodic surface structures15,34,35. Importantly, all of the results 
shown in Fig. 2 are for SWCNTs initially suspended and functional-
ized in SDS, which is not expected to be capable of inducing binding 
site selectivity due to its random surface structure. Perhaps more 
unexpected is that we find the photoluminescence spectra obtained 
for functionalized DNA-wrapped SWCNTs are nearly identical to 
those found for the SDS suspensions (Supplementary Fig. 3). This 
is the case for all five studied chiralities. The similarity in findings 
between the SDS and DNA results indicates that, for the chosen sys-
tem, the DNA wrapping is probably not selectively masking spe-
cific binding configurations and is not enhancing steric interactions 
that might drive selectivity. The lack of evidence of steric selectivity 
for the 4-methoxybenzene dopant may simply be a consequence of 
its simple structure. Reported spectra showing varying degrees of 
enhancement of the E*11 versus −E*11  for other types of dopant with 
more complex structures suggest that steric interactions (with sur-
face agents or the nanotube structure itself) may still be important 
as a selection factor23,24,36. The DNA/SDS comparison, however, 
demonstrates it is not likely to be the source of our observations. To 
better understand the spectra of Fig. 2, we turn to quantum chemi-
cal modelling of electronic structure trends as the SWCNT chiral 
angle is changed.

Chirality dependence of electronic structure and quantum 
chemical modelling. To obtain further insight into the chiral angle 
dependence of defect-state emission properties, we performed 
calculations of the relative thermodynamic stability and excited-
state structure for the different possible binding configurations 
using density functional theory (DFT) and time-dependent DFT 
(TD-DFT), respectively (see Methods)17,22,25. These properties were 
determined for several SWCNT structures (three near-armchair 
and two zigzag: (5,4), (6,5), (7,5), (9,1) and (11,0)). The specific con-
figurations for each chirality are defined in Fig. 1b. Our calculated 
binding stabilities (Supplementary Fig. 4) indicate only the stability 
of the final product. No information is provided pertaining to the 
reactivity of particular bonds leading to each specific configura-
tion, and thus the relative stabilities do not reflect the kinetics of the 
functionalization process. As such, they can only indicate if a sig-
nificant thermodynamic preference for a particular configuration 
exists (see Methods). As an example, ether-d defect sites dominate 
the solution-phase ensemble photoluminescence spectrum of oxy-
gen-functionalized SWCNTs because it is more thermodynamically 
stable (by 1.5 eV) compared to epoxide-l functionality17. We find 
that the binding stability also differs for each of the possible aryl 
binding configurations represented in Fig. 1 (Supplementary Fig. 4).  
Relative stabilities for the near-armchair (5,4), (6,5) and (7,5)  
species show more variability than for the (9,1) and (11,0) zigzag 
structures. All calculated stabilities are within 0.6 eV of each other. 
Considering, however, that around 0.4 eV of this energy may be due 
to differences in rotational orientation of the aryl group in each 
binding configuration25, the relative binding energies may be deter-
mined by steric effects. Therefore, the differences in these relative 
stabilities provide no compelling basis for significant thermody-
namic selectivity of a specific configuration for the aryl defect states.

Excited-state electronic structure calculations allow the deter-
mination of the lowest-energy emissive states for each defect site 
configuration, to yield the model photoluminescence spectra shown 
in Fig. 4. Importantly, oscillator strengths for each state are found to 
be similar, indicating that the relative intensities of the E*11 and −E*11  
bands in the experimental spectra directly reflect the degree to which 
each binding configuration is formed, with the latter being deter-
mined primarily by the reactivity of the relevant bonds (Fig. 1a).  
Furthermore, the calculations reveal important differences in the 
origins of the near-armchair versus zigzag photoluminescence 
behaviours. In the case of the (5,4), (6,5) and (7,5) structures, each 
ortho feature is approximately paired with a corresponding para  
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Fig. 4 | Calculated defect-state photoluminescence spectra. a–e, Chirality-
dependent photoluminescence spectra determined by TD-DFT, shown for 
each of the possible aryl binding configurations illustrated in Fig. 1 (with 
identical labelling) for (5,4) (a), (6,5) (b), (7,5) (c), (9,1) (d) and (11,0) (e) 
chiralities. Expected emission energies for each defect state are shown 
relative to E11 emission (open inverted black triangle) for each chirality, 
with relative oscillator strengths illustrated by stick height. Note that the 
energy positions of the ortho+ and ortho−, and para+ and para−, features are 
swapped for [(n–m) mod 3] =  1 structures ((5,4) and (6,5)) in comparison 
to the [(n–m) mod 3] =  2 structures ((7,5), (9,1) and (11,0)), highlighting 
the sensitivity of the TD-DFT results to SWCNT mod value, as well as 
the chirality. The ortho (and para) + +  and – features become degenerate 
for (11,0) due to structural symmetry making the two associated binding 
configurations chemically identical in the zigzag limit (Fig. 1b). See also 
Supplementary Table 1 for mod-dependent energy trends.
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feature. For the mod 1 (that is, [(n–m) mod 3] =  1) (5,4) and 
(6,5) chiralities, such pairing suggests that the E*11 emission band 
observed in the experiment may correspond to a mix of emission 
from the ortho++ and para++ configurations (that is, E*11 ~ (ortho++, 
para++)), while −E*11  ~ (ortho+, para−). For the mod 2 (that is, [(n–m)  
mod 3] =  2) (7,5), the pairing is −E*11  ~ (ortho−, para+) (Fig. 4). 
Given these assignments, good correlation is found between the 
experimentally observed emission wavelengths and those antici-
pated from the TD-DFT results. In the case of the (9,1) and (11,0) 
zigzag structures, a significant change in energy ordering of the 
ortho and para configurations occurs. In the region of the defect-
state emission bands, the para++ and para− configurations group 
together energetically, as do the ortho++ and ortho−. Most dramati-
cally, because of the symmetry of the (11,0) pure zigzag structure, 
the ortho++ and ortho− and the para++ and para− configurations 
become spatially equivalent for this structure (Fig. 1b). As a result, 
the associated defect states become degenerate, with a correspond-
ing equivalence in emission energy (Fig. 4e).

The TD-DFT results for the zigzag structures are in excellent 
agreement with the experimental photoluminescence spectra. The 
closely spaced emission bands of the (9,1) SWCNT also agree well 
with experiment (Fig. 2d). Importantly, TD-DFT provides an expla-
nation for the collapse of the defect-state emission spectrum to a sin-
gle −E*11  emission feature for (11,0) (Figs. 2e and 4). Comparison of the 
zigzag and near-armchair results indicates that interpretation of the 
origin of two emission bands in the latter must be modified on one 
important point. The strong suppression of the E*11 band for (11,0) 
SWCNTs indicates that formation of the para binding configurations 
is strongly inhibited and that the ortho configurations must be the 
dominant contribution to the emission spectrum. Assuming suppres-
sion of para defects for all chiralities, the assignment is E*11 ~ ortho++ 

and −E*11  ~ ortho+ for mod 1 near-armchair structures ((5,4) and 
(6,5)). For the mod 2 (7,5) structure, E*11 ~ ortho++ and −E*11  ~ ortho− 
(Fig. 4). These assignments provide excellent agreement between the 
experimental and computational emission spectra of (6,5) and (7,5) 
SWCNTs. We note for all chiralities that a third ortho configuration 
is expected to emit near the E11 emission energy and will thus be dif-
ficult to distinguish from the band-edge exciton emission22. Similarly, 
a third para configuration is expected to emit at large redshifts for the 
near-zigzag and zigzag structures (Fig. 4). Such a feature is observed 
only weakly in the (9,1) and (11,0) emission spectra (appearing at 
1,446 nm (0.858 eV) and 1,599 nm (0.775 eV), respectively; Fig. 2d,e), 
further supporting the conclusion that para configurations are mini-
mized for the aryl diazonium reaction chemistry.

Chirality dependence of functionalization kinetics. The conclu-
sion that the aryl defect binding occurs almost solely in the ortho 
configurations presents a specific expectation on how reaction 
kinetics compare between the near-armchair and zigzag structures. 
The ortho-only conclusion allows the use of the DFT results (Fig. 4)  
to make specific assignments of the photoluminescence bands to 
particular binding configurations, with each having a different 
associated reactivity. A determining factor in SWCNT reactivity is 
the π-orbital misalignment angle between carbon atoms. A higher 
degree of misalignment will result in a more reactive bond due to 
increased strain27. For near-armchair structures, bonds aligned more 
nearly perpendicular to the SWCNT axis will have a misalignment 
angle near zero (less reactive), while those oriented away from such 
a circumferential direction will have greater misalignment angles27 
(more reactive), as illustrated in Fig. 1a. For zigzag structures, 
π-orbital misalignment instead is minimized for bonds oriented 
along the SWCNT axis. Conversely, bonds oriented away from the 
axis will be more reactive (Fig. 1a). We note, however, that a second 
source of strain-induced reactivity is SWCNT curvature. To avoid 
the effect of curvature, we explore chirality-dependent differences 
in reactivity between near-armchair and near-zigzag structures by 
comparing aryl diazonium reaction kinetics for the (9,1) and (6,5) 
structures. Because these chiralities have identical diameter, curva-
ture is eliminated as a potential source of difference in reactivity.

Figure 5 compares the reactivity for these contrasting struc-
tures by plotting the growth of their defect-state emission intensity 
with time after introduction of 4-methoxybenzene to the respec-
tive SWCNT solutions. The reaction kinetics are seen to be faster 
for the (9,1) structure. This result is understood as follows. Our 
TD-DFT results indicate that the (6,5) E*11 emission band (tracked 
in the experiment) is due to the ortho++ configuration, which is 
aligned along the circumference and therefore is expected to be less 
reactive with slower kinetics. In contrast, both the E*11 ~ ortho++ and 

−E*11  ~ ortho− bands observed for (9,1) originate in configurations 
aligned away from the nanotube axis, which should have greater 
strain, and thus faster reaction kinetics. This excellent agreement 
between the kinetics experiment and expectations established by an 
ortho-only binding picture provides additional strong support for 
our conclusion that primarily ortho configurations are formed as a 
result of the aryl attachment. Finally, we note that the expectations 
for relative bond reactivity (Fig. 1a), paired with the DFT results of 
Fig. 4, provide a qualitative basis for understanding the observed 
trend in Fig. 2, in which the defect-state −E*11  band increases in inten-
sity relative to the E*11 band as structures move from the armchair to 
zigzag limit. Across this structural series, the binding configurations 
leading to the formation of the −E*11  band progressively rotate relative 
to the SWCNT axis, such that they become more reactive and are 
therefore more preferentially formed.

Conclusions
By characterizing the defect-state photoluminescence spectra of 
a series of aryl-functionalized SWCNT chiralities ranging from  
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Fig. 5 | Chirality-dependent aryl-diazonium reaction kinetics. Plot of 
defect-state photoluminescence intensity I normalized to maximum defect-
state photoluminescence intensity Imax, obtained on completion of the 
reaction, as a function of reaction time (see Methods) after introduction 
of 4-methoxybenzene diazonium to SWCNT solutions, for the *E11 band 
of the (6,5) (red points) structure in comparison to the −*E11  band of the 
(9,1) (blue points) structure. SWCNT and 4-methoxybenzene diazonium 
reactant concentrations are identical for each experimental run (SWCNT 
concentrations adjusted using published absorption cross-sections as 
a reference point)44. Reactions were performed at room temperature 
and with identical concentration of SWCNTs (0.09 μ g ml−1) and 
4-methoxybenzene diazonium (0.625 μ g ml−1). The (6,5) *E11 intensity rise is 
slower than that of (9,1), indicating faster reaction kinetics for (9,1) due to 
functionalization at a more reactive binding configuration than for (6,5).
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near-armchair to zigzag structures, we have established that emission 
is progressively weighted towards lower energies, such that in the zig-
zag limit, emission is constrained to a single highly redshifted band 
( −E*11 ). Such narrowing of the spectral diversity observed in a num-
ber of previous works is an important step towards harnessing the 
defect states for photonics applications. Notably, the (11,0) structure 
is also found to act as a single-photon emitter at room temperature 
(Supplementary Fig. 5), adding to the range of SWCNT structures 
showing this behaviour11,12. Furthermore, our TD-DFT modelling 
indicates that zigzag functionalization provides an effective route to 
eliminating the corresponding configurational diversity in the bind-
ing chemistry. Ultimately, our spectroscopic, theory and kinetics 
results all yield a self-consistent picture pointing towards aryl diazo-
nium chemistry producing ortho-only binding configurations. This 
is a significant finding for mechanistic understanding of SWCNT 
chemistry, which has not previously established a case for such bind-
ing selectivity. While the resonance structures required for forma-
tion of para configurations are feasible, the initial carbon site bearing 
the reactive unpaired electron is formed at the ortho positions. Our 
results suggest that the aqueous environment of these structures pro-
motes rapid hydrogen or hydroxyl binding at the ortho sites, and that 
formation of the para configurations is possibly kinetically inhibited. 
Towards further development of chemical control and tuning of 
defect-state spectral response, these results also solidify our ability to 
confidently assign spectral features to specific chemical defect spe-
cies. Although these results establish the role of chirality in control-
ling defect-state spectral response, steric interactions as mediated by 
surface structure probably also remain important factors. Probing 
steric contributions to binding selectivity will probably involve the 
incorporation of dopants with more complex molecular structures 
or engineered interactions to induce stronger selective pressure with 
these parameters, and will be the subject of continued study.

Methods
SWCNT chirality enrichment and surfactant exchange. All spectra in this 
study were obtained from samples that were highly enriched in a single SWCNT 
chirality. (6,5) and (7,5) chirality-enriched SWCNTs suspended in 1 wt% sodium 
deoxycholate (DOC) were obtained following an aqueous two-phase (ATP) 
separation method, as described previously37. Surfactant-based suspensions 
of enriched (10,3) material were generated using a column chromatography 
method as described elsewhere12,38. DNA-wrapped SWCNT samples enriched 
in the (6,5), (7,5), (10,3), (9,1) and (11,0) chiralities were also generated using a 
DNA-based ATP approach, following published procedures39. Before diazonium 
functionalization, SWCNTs generated in a 1 wt% aqueous DOC environment were 
exchanged into 1 wt% aqueous SDS by centrifugal filtration at 2,000 r.p.m. (730 g) 
in a bench-top centrifuge (Clay Adams Dynac Centrifuge, Model 0101). Typically 
~250 µ l of SWCNTs suspended in 1 wt% DOC were diluted to 2–3 ml with 1 wt% 
SDS, followed by centrifugation in cellulose membrane-based Amicon Ultra 
(100K) 15 ml centrifugal filters until the volume reduced back to 250 μ l.  
This process was repeated once more to complete the DOC-to-SDS exchange. 
DNA-wrapped chirality-enriched SWCNTs were functionalized as-produced 
or after exchanging them into an SDS environment. In the latter case, DNA-
wrapped SWCNTs were first exchanged with 0.1 wt% DOC/H2O using membrane 
centrifugation, with a notable blueshift in its E11 absorption spectrum indicating 
successful exchange40. Another centrifugation exchange was then performed with 
1 wt% aqueous SDS before diazonium functionalization, as described above. For 
(10,3) samples, these processes were performed in D2O instead of aqueous solution.

SWCNT functionalization. For functionalization of both SDS and DNA 
suspensions of (6,5), (7,5), (9,1) and (11,0) SWCNTs, initial SWCNT concentrations 
were adjusted so that E11 optical densities were in the range of 0.05–0.1 in a cuvette 
with 3 mm path length. Then, 2–5 µ l of 0.1–0.2 mg ml−1 aqueous solution of 
4-methoxybenzene diazonium tetrafluoroborate salt (Aldrich) were added to 200 µ l  
of SWCNTs. The doping reaction was carried out under incidental E22 illumination 
of SWCNTs while their photoluminescence spectrum was monitored to evaluate the 
extent of the functionalization reaction. Once a desired level of defect-state emission 
intensity was achieved, the reaction was quenched by addition of 22 μ l  
of 10 wt% aqueous DOC solution41,42. The addition of DOC prevents further 
reaction, and the photoluminescence spectra obtained following this step were 
stable for long periods (weeks)41,42. Finally, another surfactant exchange into 1 wt% 
DOC/D2O was performed using membrane centrifugation before measuring the 
ensemble photoluminescence spectra. For large-diameter (10,3) functionalization, 

~50 µ l of 0.2 mg ml−l 4-methoxybenzene diazonium in D2O was added gradually 
(in 10 µ l aliquots) to 200 µ l of (10,3) in 1 wt% SDS/D2O and illuminated under E22 
photoexcitation for 1 h. Photoexcitation was required to effectively functionalize 
this larger-diameter chirality12,43. The reaction was quenched at the desired level of 
functionalization by addition of 22 µ l of 10 wt% DOC/D2O solution.

Aryl diazonium reaction kinetics. To 160 µ l of DNA-wrapped (9,1) (0.0188 optical 
density in a 3 mm path length cuvette, equivalent to 0.09 µ g ml−1)44, previously 
exchanged into 1 wt% SDS/H2O, were added 2 µ l of 0.05 mg ml−1 aqueous solution 
of 4-methoxybenzene diazonium tetrafluoroborate salt. The progress of the 
reaction was monitored spectrofluorometrically using E22 illumination (700 nm), 
with photoluminescence spectra acquired over the course of an hour, with 30 s 
integration times per spectrum. Spectral monitoring was started as soon as 
the diazonium reagent was added to the sample cuvette, but the first intensity 
point was not available until the initial 30 s integration time was complete. 
Similarly, 2 µ l of 0.05 mg ml−1 aqueous solution of 4-methoxybenzene diazonium 
tetrafluoroborate salt was added to 160 µ l of ATP-generated (6,5) dispersion 
(0.015 optical density in a 3 mm path length cuvette, also equivalent to  
0.09 µ g ml−1)44, previously exchanged into 1 wt% SDS/H2O. For (6,5) the reaction 
was monitored under 570 nm excitation, also for an hour. For comparison 
of reaction rates, we note that defect-state photoluminescence intensity 
I is proportional to the product of its quantum yield (QY) and the defect 
concentration [D]: I ~ QY[D]. Because QY is likely to differ for the two chiralities, 
a direct comparison of the change in I with time will not accurately represent 
any difference in reaction kinetics. To remove QY from the comparison, we 
normalized I at any given time to the maximum intensity (Imax) corresponding 
to the maximum obtained [D] once the reaction had run to completion. Plotting 
I/Imax versus reaction time then provides a valid comparison of reaction rates, and 
also a comparison of the time it takes for the reaction to reach completion in each 
system. Because reactions for (6,5) and (9,1) were run under identical starting 
concentrations of SWCNT and diazonium reagent, such a comparison is valid.

Photoluminescence spectroscopy. Solution-phase ensemble photoluminescence 
spectra were obtained for SWCNT samples in D2O using a Horiba Nanolog 
spectrofluorometer incorporating an 850 nm long-pass filter in the collection path. 
Excitation was at or near the E22 maximum for each specific chirality: 570 nm for 
(6,5), 650 nm for (7,5), 635 nm for (10,3), 700 nm for (9,1) and 750 nm for (11,0). 
Spectral intensities were corrected for variation in excitation lamp intensity with 
excitation wavelength, and also for the wavelength dependence of instrument 
throughput and detector sensitivity. Single tube spectroscopic measurements were 
taken from a sample highly enriched in the (11,0) chirality, dropcast onto a glass 
substrate, and obtained using a home-built microscope–photoluminescence system 
at temperatures between 3.9 and 5 K, as described previously22. Samples were 
excited (at the (11,0) phonon sideband) with 2 μ W of 870 nm light from a pulsed 
(150 fs, 90 MHz) Ti:sapphire laser. Spectra were collected on a one-dimensional 
InGaAs linear array (Pylon-IR 1024-1.7, Princeton Instruments). Although the 
spectra of the individual nanotubes were not corrected for instrument response, 
the InGaAs detector array exhibited a flat response in the wavelength region of 
interest. Measurements of second-order photon correlation (g(2)(t)) functions were 
obtained as previously described12. Briefly, light collected from the microscope 
system was coupled into two channels of a superconducting nanowire single-
photon detector, with photon detection events recorded using HydraHarp 400 
time-correlated single-photon-counting electronics.

Theory. Functionalization was performed through the addition of both a p-aryl 
bromide and hydrogen at separate carbon atoms. As previously shown for 
(6,5)25, such defects can be created in three unique ortho and para configurations 
defined by the bond angle with respect to the SWCNT axis (Fig. 1b). The binding 
stabilities of each defect configuration were determined by subtracting the total 
energy of the most stable conformation from the configuration of interest. Thus, 
the stabilities given for each binding configuration (Supplementary Fig. 4) are 
not enthalpies of formation per se (no information as to the initial state before 
a reaction is taken into account), but are simply relative stabilities. Prediction 
of spectral features for each configuration was accomplished by implementing 
DFT and linear-response TD-DFT to optimize excited-state geometries and 
compute energies of emission features, respectively, using the Gaussian 09 software 
package45. Such methodologies rely on the use of the CAM-B3LYP density 
functional46 and STO-3G basis set47, as previously described22. A novel approach 
for systematically correcting the transition energies based on exciton localization 
was implemented22,48. We note that, for SWCNT structures with (n–m) =  7 (such as 
the (10,3) chirality), tube-end capping schemes22,25 are problematic. Accordingly, 
results for (10,3) are not included so as to avoid computational artefacts. See 
Supplementary Information for more details on the computational methods used.

Data availability. The data that support the findings of this study are available 
from the corresponding authors upon reasonable request.
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