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ABSTRACT: Aryl diazonium reactions are widely used to covalently modify
graphitic electrodes and low-dimensional carbon materials, including the
recent creation of organic color centers (OCCs) on single-wall carbon
nanotube semiconductors. However, due to the experimental difficulties in
resolving small functional groups over extensive carbon lattices, a basic
question until now remains unanswered: what group, if any, is pairing with
the aryl sp3 defect when breaking a C�C bond on the sp2 carbon lattice?
Here, we show that water plays an unexpected role in completing the
diazonium reaction with carbon nanotubes involving chlorosulfonic acid,
acting as a nucleophilic agent that contributes −OH as the pairing group. By
simply replacing water with other nucleophilic solvents, we find it is possible to create OCCs that feature an entirely new series of
pairing groups, including −OCH3, −OC2H5, −OC3H7, -i-OC3H7, and −NH2, which allows us to systematically tailor the defect pairs
and the optical properties of the resulting color centers. Enabled by these pairing groups, we further achieved the synthesis of OCCs
with sterically bulky pairs that exhibit high purity defect photoluminescence effectively covering both the second near-infrared
window and the telecom wavelengths. Our studies further suggest that these diazonium reactions proceed through the formation of
carbocations in chlorosulfonic acid, rather than a radical mechanism that typically occurs in aqueous solutions. These findings
uncover the unknown half of the sp3 defect pairs and provide a synthetic approach to control these defect color centers for quantum
information, imaging, and sensing.

■ INTRODUCTION
Aryl diazonium chemistry is a versatile family of synthetic
reactions1−3 that have been widely used for surface
functionalization of graphitic electrodes,4,5 band gap engineer-
ing of graphene,6 synthesis of new composite materials,7 and
most recently, the creation of organic color centers (OCCs) in
semiconducting single-wall carbon nanotubes (SWCNTs).8 All
of these applications are based on the fact that the diazonium
reaction covalently attaches aryl functional groups to the
graphitic carbon surface, creating sp3 defects in the sp2-
hybridized lattice. At low functional density, these sp3 defects
emerge as OCCs that fluoresce brightly in the shortwave
infrared,8 with emissions that are single-photon in nature, even
at room temperature.9 Notably, this defect photoluminescence
(PL) is energetically distinct for each individual OCC
structure,8 in which the sp3 defects act as exciton traps that
produce fascinating photophysics and chemical properties.10,11

As a result, OCCs are being intensively studied and exploited
for applications in imaging,12 sensing,13 and quantum
technologies.9,14,15 However, the mechanism of the diazonium
reaction is complex on the extensive sp2 carbon lattice, with
questions of fundamental importance that remain unanswered.
The diazonium reaction with graphitic carbons in aqueous

solutions are known to begin with the transfer of an electron

from the nanocarbon to the aryl diazonium reactant,2,16 which
displaces the diazonium group (leaving as N2) leading to the
formation of a C−C σ bond and therefore an sp3 defect in the
sp2-hybridized carbon lattice. The bonding of the aryl
functional group presumably leaves a radical on an adjacent
carbon atom, which is assumed to further react with other
species available in solution to maintain the neutral closed-shell
configuration, thus forming a second pairing group.2,17 A
hydrogen atom is often used as the pairing group in theoretical
modeling studies, including those on OCCs.18−20 However,
the existence and the chemical nature of this pairing group
remains experimentally unconfirmed due to experimental
difficulties, with several possibilities proposed, including −H,
−OH, or another aryl moiety (Figure 1a).8,19,21 Furthermore,
due to the conjugation nature of the sp2 carbon lattice, it is
hypothesized that the unbalanced radical can delocalize via
resonance until it eventually reacts with a pairing group to
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form a stable OCC.19,22 Based on the charge localization
predicated by density functional theory (DFT) calculations,
the aryl and pairing groups may likely adopt one of the six
closely paired atomic bonding configurations on the SWCNT
(three ortho and three para, Figure 1a),23 each having different
exciton trapping potential and corresponding defect PL.19,22

Such structural variability enriches the family of OCCs, but it
also results in complex and inhomogeneous distribution of the
OCC emissions, which poses a significant synthetic challenge
to applications such as single-photon quantum light sources
where identical emitters are required for scaling.24 Despite
recent advances in addressing this structural control issues by
others and us,25,26 such structural variability remains an
outstanding question at this frontier which provide another
motivation for identifying the pairing groups.
Herein, we show that water plays an unexpected role in

completing the diazonium chemistry with SWCNTs in
chlorosulfonic acid by acting as a nucleophilic agent and
providing −OH as the pairing group. Applying this new
insight, we designed experiments to control both the aryl and
pairing groups of an OCC with diazonium chemistry by
breaking it into two processing steps (Figure 1b). We first co-
dissolve SWCNTs in chlorosulfonic acid along with an aniline
and sodium nitrite (NaNO2), to in situ synthesize a diazonium

salt, or alternatively we can directly add a pre-synthesized
diazonium salt.27 We then introduce this acidic solution to a
nucleophilic solvent, which we find is crucial to complete the
reaction and control the pairing group, affording OCCs that
feature an entirely new series of pairing groups, including
hydroxy (−OH), methoxy (−OCH3), ethoxy (−OC2H5), n-
propoxy (−OC3H7), i-propoxy (−i-OC3H7), and amino
(−NH2) groups. The PL of the synthesized OCCs provides
a spectral fingerprint that allows us to experimentally track and
follow the reactions, which otherwise would be experimentally
difficult to probe in these low concentration and heteroge-
neous conditions. We find that the defect PL systematically
narrows and red-shifts with sterically larger aryl and pairing
groups. This trend holds for all tested semiconducting
SWCNT hosts of different chiralities and diameters. Steric
hindrance and DFT calculations reveal that as the steric
hindrance increases, the atomic configurations adopted by the
defect pair shifts from the ortho to para positions on the sp2
carbon lattice (Figure 1c). Controlling this steric hindrance
effect through judicious choice of bulky functional group pairs
leads to a significantly red-shifted, single OCC PL peak that
effectively covers the spectral windows for both NIR II
bioimaging and telecom communications. This study thus
provides key insights in understanding the diazonium

Figure 1. Solvents control the pairing group in the aryl diazonium reaction with sp2 carbon. (a) Reaction scheme for the covalent functionalization
of sp2 carbon by aryl diazonium chemistry. 3,4,5-Trifluorobezene diazonium is shown as an example. The chemical identity of the pairing group is
not known, nor its bonding position relative to the aryl group. (b) Proposed synthetic route to incorporate different types of aryl and pairing
groups. Nu: represents different types of nucleophilic solvents (e.g., H2O and C2H5OH) that are used in the reaction. (c) Steric topology maps (top
view) of the defect pairs (using 3F-Ar/OH and 3F−SO3-Ar/OCH(CH3)2 as examples) superimposed on a sp2 lattice. The steric hindrance of the
3F-Ar/OH defect pair can be accommodated by the ortho configuration, whereas the larger 3F-SO3-Ar/OCH(CH3)2 pair can only adopt a para
configuration. Note: the steric topology map of 5F-Ar, whose size is in between 3F-Ar and 3F-SO3-Ar, is not shown for clarity.
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chemistry of graphitic materials and significantly expands our
toolsets for controlling defect color centers.

■ RESULTS AND DISCUSSION
To generate the OCCs, we first dissolve the SWCNTs in
chlorosulfonic acid, followed by the addition of NaNO2 and an
aniline, such as 3,4,5-trifluoroaniline. We confirmed by 19F
NMR spectroscopy that the aniline and NaNO2 react in the
superacid to form 3,4,5-trifluoroaryl (3F-Ar) diazonium species
(see Figure S1 and Supporting Information for more details).
We then added the acidic mixture containing the SWCNTs
and diazonium drop-by-drop to Nanopure water, in which the
SWCNTs precipitate as black aggregates (Figure S2a) that can
be readily redispersed and stabilized as individual SWCNTs in
water by sodium deoxycholate (DOC) surfactant. The
resulting aqueous solution (Figure S2b) displays defect-
induced PL (E11

− at ∼1160 nm, Figure S2c), signaling the
successful incorporation of the OCCs on the SWCNT
sidewalls (hereafter referred as OCC-SWCNTs).8

Control experiments in the absence of aniline or NaNO2
failed to produce OCCs, as indicated by the lack of defect PL
emission, in addition to no increase in the disordered (D) peak
at ∼1300 cm−1 in the Raman spectrum (Figure S3).
Unexpectedly, however, we found that without H2O, the
reaction did not occur either, even if heated to 100 °C (Figure
S3). The need for H2O to drive this reaction was unexpected
as Hudson et al. have previously reported that such diazonium
reactions occur directly in the superacid media and that
heating and radical initiators are needed to trigger the

reaction.28 To further investigate the possibility that this acidic
diazonium chemistry does not proceed through a radical-
mediated pathway, as previously believed, we added an excess
amount of (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl
(TEMPO), a radical inhibitor,29 to the water that was
introduced into the mixture. We note that TEMPO was
added to water instead of chlorosulfonic acid because it would
decompose in the superacid. Under these conditions, we found
the reaction still occurred (Figure S4), which is against the
radical mechanism. These findings indicate that the acidic
diazonium chemistry is neither radical-initiated, nor does it
solely occur in the superacid medium, as adding the
chlorosulfonic acid solution to water is required to achieve
the covalent functionalization reaction that produces the
OCCs.
Based on these results, we propose this acidic diazonium

reaction may proceed instead through electrophilic addition.
When bonding to the nanotube in the presence of
chlorosulfonic acid, the aryl group leaves an adjacent
carbocation on the sp2 carbon lattice that subsequently reacts
with water, which acts as a nucleophile to form a covalent bond
that completes the OCC defect pair (Figure 1b and Scheme
S1). Indeed, at low pH, carbocations, rather than carbon
radicals, form more favorably from diazonium species.30

However, the covalent reaction between the diazonium species
and the SWCNTs does not occur until water is available.
Instead, the cationic diazonium reactant appears to physically
adsorb on the SWCNT surface in the superacid, rather than
bonding covalently, as evidenced by a strong resonance

Figure 2. Both the aryl and pairing groups have a strong impact on the optical properties of OCCs. (a−c) OCCs on a semiconducting SWCNT
create sterically controlled exciton traps that efficiently harvest and convert nanotube excitons into E11

− and E11
−* PL (labeled in green and red,

respectively). (d−f) Representative excitation−emission PL maps of OCC-(6,5)-SWCNTs with (d) 3F-Ar/OH, (e) 5F-Ar/OCH2CH3, and (f)
3F−SO3-Ar/i-OC3H7 defect pairs. (g−i) Hyperspectral PL images and (j−l) PL peak distribution histograms of OCC-(6,5)-SWCNTs with (g,j)
3F-Ar/OH, (h,k) 5F-Ar/OCH2CH3, and (i,l) 3F−SO3-Ar/i-OC3H7 defect pairs. The PL images are false-colored to indicate the emission
wavelength range: green (1130−1180 nm) and red (1210−1280 nm). Scale bars are 10 μm. The blue curves in j−l are the ensemble-level room
temperature PL spectra of the corresponding OCC-(6,5)-SWCNTs dispersed in 2% DOC D2O solution.
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broadening effect observed in the 1H NMR spectrum (Figure
S5).
We further show that this unexpected role of water as a

nucleophile in this reaction can be generalized to other
solvents of different steric sizes and electronic characteristics,
allowing us to control the OCC pairing group. We found that a
wide variety of nucleophilic solvents, including methanol,
ethanol, n-propanol, and liquid ammonia, readily participate in
this OCC generation chemistry (Figure S6a−e). The OCCs
synthesized from these solvents generate defect PL (E11

− )
whose peak wavelength is influenced by the chemical nature of
the pairing group, particularly by the type of the atom that is
directly bonded to the carbon lattice. Specifically, pairing
groups that bond to the SWCNTs via oxygen atoms (including
−OH, −OCH3, −OC2H5, −OC3H7) result in similar E11

−

emission at ∼1158 nm for 3,4,5-trifluorobenzene OCC-
tailored (6,5)-SWCNTs, with a small variance of only ∼5
nm. In contrast, pure liquid ammonia showed a less red-shifted
peak at ∼1138 nm, which is consistent with a more electron-
donating −NH2 pairing group bonded to the SWCNT through
a C−N bond (Figure S6f).
These results suggest that the pairing group provides an

electronic contribution to the trapping depth of the resulting
OCC, which is supported by our DFT calculations. We

modeled (6,5)-SWCNTs with an individual OCC composed
of a 3F-Ar and a pairing group of either −OH, −OCH3,
−OC2H5, or −NH2, then performed ground-state geometry
optimization and time-dependent DFT to find the optical
transitions associated with the attached OCC (see the
Supporting Information for details). We found similar optical
transitions (variance <5 meV) for all three O-bonded pairing
groups (−OH, −OCH3, and −OC2H5). However, the optical
transition for 3F-Ar paired with the −NH2 group (designated
as 3F-Ar/NH2) was ∼20 meV less red-shifted (Figure S7). We
note the −NH2 case takes place at −40 °C in liquid ammonia,
and the impact of this low temperature is not known. These
relative energies predicted by DFT match the differences found
in the experimental PL peaks for reactions where water,
methanol, ethanol, or liquid ammonia was used as the
nucleophilic solvent (Figure S8), which supports our
conclusion that the pairing group for the OCC is determined
by the choice of nucleophilic solvent.
We also tested solvents that are weak or non-nucleophilic,

including acetone, tetrahydrofuran, and others, as shown in
Figure S9. However, these solvents were unable to trigger the
reaction. Sterically bulky nucleophilic solvents, such as tert-
butanol, were also ineffective, which may be attributed to their

Figure 3. Steric control of defect PL. The ratio of the integrated E11
− (blue) and E11

−* (red) emissions of OCC-(6,5)-SWCNTs strongly depends on
the relative steric sizes of the aryl group (including 3F-Ar, 5F-Ar, and 3F-SO3-Ar) and the pairing group (including −OH, −OCH3, −OC2H5,
−OC3H7, and −i-OC3H7). The functional groups are presented as steric topology maps to show their relative steric sizes. The radii of the
functional groups are indicated by the dashed circles.
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weak nucleophilicity or increased steric hindrance31 that could
make the defect pair thermodynamically unstable.
Having determined the critical role of nucleophilic solvents

in this diazonium chemistry, we then sought to explore how
combinations of different diazonium reactants and pairing
groups affect the OCC PL (Figure 2). We investigated two
aniline precursors, 2,3,4,5,6-pentafluoro-aniline (5F-Ar) and
3,4,5-trifluoro-2-chlorosulfonyl-aniline (3F−SO2Cl-Ar), the
latter of which was chosen for its bulky size, to functionalize
the SWCNTs along with different nucleophilic solvents. We
chose to focus on these fluorinated aniline compounds because
fluorine inhibits the possible sulfonation reaction, thereby
simplifying structural assignment and analysis. We confirmed
the covalent attachment of 3F-SO2Cl-Ar by direct analysis in
real time mass spectrometry (see Supporting Information and
Figure S10-12 for more details). Note that hydrolysis converts
3F-SO2Cl-Ar in water to 3,4,5-trifluoro-2-sulfonate-aryl (3F-
SO3-Ar) (Figure S12).
Ensemble-level PL measurements showed that some of these

aniline−solvent combinations gave rise to a second defect PL
peak (labeled E11

−*) located at ∼1240−1270 nm, which is ∼100
meV more red-shifted from the OCC-generated E11

− emission
of the (6,5)-SWCNTs. For example, while the 3F-Ar/OH
defect pair features one predominant E11

− PL peak (Figure
2a,d), E11

−* begins to emerge in 5F-Ar/OC2H5 (Figure 2b,e).
Furthermore, ∼90% of the defect PL occurs at E11

−* for
nanotubes functionalized by the 3F-SO3-Ar/i-OC3H7 defect
pair (Figure 2c,f). We note that both E11

− and E11
−* emissions

significantly increase with the rising density of the implanted

OCCs, which can be controlled via the amount of aniline
derivative used in the reaction (Figure S13). Importantly, the
corresponding PL emission features remain largely unchanged
regardless of the evolution of the overall emission intensity
(Figure S13). The E11

−* emission also shows outstanding
stability and brightness (Figure S14).
Single-nanotube hyperspectral PL imaging was then used to

confirm that these different peaks were not due to
inhomogeneous functionalization (Figures 2g−i and S15−
S17). Figure 2g shows that 3F-Ar/OH defect pairs on
individual (6,5)-SWCNTs emit mainly in the wavelength
range of ∼1140−1170 nm, as is typical for E11

− . However, 5F-
Ar/OC2H5 shows a second defect emission located at ∼1250
nm (E11

−*) (Figure 2h). For 3F-SO3-Ar/i-OC3H7, the E11
−* peak

becomes predominant (Figure 2i). We note that the E11
−* peak

for 3F-SO3-Ar/i-OC3H7 is red-shifted more substantially than
that from the 5F-Ar defects, which may be due to a greater
electron-withdrawing capability of the ortho SO3 group than
that of the F group.32 Histograms of the E11

− and E11
−* emission

wavelengths constructed from single-nanotube PL imaging
closely match the ensemble measurement from the corre-
sponding bulk solution samples (Figure 2j−l), unambiguously
showing that both E11

− and E11
−* indeed originate from the

OCCs synthesized on the SWCNTs.
We further found that the steric hindrance effect of the

defect pair was strongly correlated with the ratio of the E11
− and

E11
−* emissions. A functional group can rotate 360° when

covalently attached to the sp2 carbon lattice through a single
C−C bond. The radius of this rotation defines the steric size of

Figure 4. Defect pair-tailored OCCs cover both the telecom and NIR II spectral windows. (a) Photograph of aqueous solutions of 3F-SO3-Ar/OH
OCC-tailored SWCNTs of different chiralities (shown in parentheses). (b) Summary of the attainable emission wavelengths for E11 (black
triangles), E11

− (blue squares), and E11
−* (red circles). The E11

− and E11
−* data points from (7,5) and (7,6) OCC-SWCNTs are labeled for clarity, as

their excitation wavelengths are similar.
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the functional group. We constructed topographic steric
maps33 of different aryl (3F-Ar, 5F-Ar, 3F-SO3-Ar) and pairing
groups (−OH, −OCH3, −OC2H5, −OC3H7, −i-OC3H7) to
compare their steric sizes (Figure 3). It is important to note
that due to the −SO3

− substituent on the aryl ring, 3F-SO3-Ar
is sterically larger than 5F-Ar and 3F-Ar. Although 5F-Ar and
3F-Ar appear identical from the top view, sterically 5F-Ar is
still ∼0.4 Å larger than 3F-Ar as the ortho fluorine atom is
larger than hydrogen. Note also that the 3F-Ar/−i-OC3H7 pair
did not lead to observable defect PL for unknown reasons. We
plotted the integrated area of the E11

− and E11
−* emissions as a

function of the steric sizes (Figure 3) and found a positive
correlation that larger functional groups lead to a higher
percentage of E11

−*. Note that in this simple model we did not
consider the curvature of the nanotube host, but the trend as
revealed in Figure 3 clearly points to a steric hindrance effect.
Notably, ∼90% of the defect emission is E11

−* for the largest
defect pair 3F-SO3-Ar/i-OC3H7, representing a stark contrast
to 3F-Ar/OH, the smallest pair studied here, which
predominately shows E11

− emission. Although the steric impact
was previously reported on a different OCC system,21 the high
selectivity we observed here is notable. To find a possible
explanation for these observations, we performed DFT
calculations (see the Supporting Information for details) and
found that para bonding configurations tended to become
more stable relative to the ortho configurations as the size of
either the aryl or the pairing group increased (Figure S18).
This pattern closely follows our experimental observation of
increasingly stronger E11

−* emission than E11
− as the size of the

OCC defect pair increased. This suggests that we can assign
the E11

−* emission to the para bonding configurations, whereas
the E11− peak corresponds to OCCs with an ortho bonding
configuration.
The phenomena we observed extend well beyond a specific

nanotube chirality and apply to at least the 11 SWCNT species
we studied (Figures S19−S21). Figure 4a shows photographs
of chirality sorted OCC-SWCNTs that feature the 3F−SO3-
Ar/OH defect pairs. All these OCC-SWCNTs exhibit
predominantly E11

−* defect emission that is ∼250−360 meV
red-shifted from the E11 emission of the pristine nanotubes
(Figure S22). Figure S23 summarizes the percentage of E11

−*
and E11

− emission from 3F-SO3-Ar/OH defect pairs added to
different nanotube chiralities, which shows that this bulky
defect pair causes excitons to predominately channel to the
E11

−* states regardless of the nanotube host structure. Figure 4b
maps the wavelengths of the E11, E11

− , and E11
−* emission peaks

observed in this study. The E11
−* emission spans from ∼1240 to

∼1600 nm, which effectively covers the NIR IIa and IIb
windows that can enable high-resolution deep tissue
imaging.34−36 Furthermore, the E11

−* emission also covers the
wavelengths used for telecom communications.9,14 In partic-
ular, the 3F-SO3-Ar/OH defect pairs on (10,5) and (8,7)-
SWCNTs show predominate emission peaks at ∼1527 and
∼1536 nm, respectively, which directly fall within the telecom
C band (1525−1560 nm) used in fiber communications
(Figure S24). We note that although defect emissions beyond
1200 nm have been previously reported by others9,15 and us,8

these emission peaks rarely arise as the dominant features as
observed here.

■ CONCLUSIONS
In conclusion, we have found that water plays an unexpected
role as a nucleophilic agent that is necessary to complete the

aryl diazonium reaction with SWCNTs in chlorosulfonic acid.
This finding allowed us to control the pairing groups of OCCs
by using a variety of nucleophilic solvents in place of water. We
further showed evidence that the atomic configurations of the
OCC defect pairs can be spatially controlled based on the
steric sizes of the two functional groups, which closely follows
the wisdom from organic chemistry but here the functional
groups are competing on an extensive lattice. This work
provides key insights to understand the chemical nature of the
pairing group in the covalent modification of graphitic
materials with aryl diazonium chemistry. It also significantly
expands the library of OCCs, given the many possible choices
of pairing groups, and opens a synthetic pathway to precisely
tailor the defect pairs. These findings may broadly impact
imaging, sensing, and quantum technologies, where these
defect color centers are rapidly emerging as an enabling
element.9,12,13,37,38 In light of our work here, we further
propose to re-examine the many covalent chemistries
developed for these materials,2,3,11 particularly the influence
of the pairing group under different reaction conditions. It is
possible that under different pH conditions (and broadly in
terms of the Lewis acid and base concept) both radical and
carbocation mechanisms may co-exist, as observed with
organic diazonium chemistry, which may impart different
pairing groups. We are designing experiments to verify this
hypothesis and will report our findings in the future. However,
our work here unambiguously shows the incorporation of OH
as the pairing group for diazonium reactions involving
chlorosulfonic acid and unlocks the possibility to control this
pairing group. Furthermore, although our work is focused on
SWCNTs and diazonium reactions, one should expect similar
questions when breaking a C�C bond in any sp2 carbon
lattices or smaller π conjugated systems during covalent
functionalization.
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