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ABSTRACT: The integration of aryl diazonium and carbon nanotube
chemistries has offered rich and versatile tools for creating nanoma-
terials of unique optical and electronic properties in a controllable
fashion. The diazonium reaction with single-wall carbon nanotubes
(SWCNTs) is known to proceed through a radical or carbocation
mechanism in aqueous solutions, with deuterated water (D,O) being
the frequently used solvent. Here, we show strong water solvent
isotope effects on the aryl diazonium reaction with SWCNTs for
creating fluorescent quantum defects using water (H,0O) and D,0. We
found a deduced reaction constant of ~18.2 times larger value in D,O 05
than in H,O, potentially due to their different chemical properties. We
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also observed the generation of new defect photoluminescence over a

broad concentration range of diazonium reactants in H,O, as opposed to a narrow window of reaction conditions in D,0 under UV
excitation. Without UV light, the physical adsorption of diazonium on the surface of SWCNTs led to the fluorescence quenching of
nanotubes. These findings provide important insights into the aryl diazonium chemistry with carbon nanotubes for creating
promising material platforms for optical sensing, imaging, and quantum communication technologies.

B INTRODUCTION

The rich chemistry of carbon nanotubes has created diverse
electronic structures and optical properties. Particularly, the
aryl diazonium chemistry with single-wall carbon nanotubes
(SWCNTs) has enabled versatile synthesis ranging from the
selective reaction of metallic SWCNTs'~* to the creation of
organic color centers (OCCs) in semiconducting
SWCNTs.”~'% The latter is known to covalently attach aryl
functional groups and pairing groups, such as —H or —OH in
an aqueous environment, or another aryl dopant, to the same
carbon ring on the sp® carbon lattice, thereby creating
fluorescent sg)3 quantum defects at a low functionalization
density.”"'™"> These sp® defects on the SWCNT surface
perturb the electronic structure of the functionalized nano-
tubes by reducing the energy gaps, which further modifies the
optical properties.”'* Tt is particularly promising that such
fluorescent defects can trap diffusing excitons, thereby
producing bright and red-shifted defect photoluminescence
(PL) in a broad spectral window further into the near-infrared
(NIR, >1100 to 1600 nm) region. The diverse structures and
properties of OCC-tailored SWCNTSs offer numerous merits
for biosensing and imaging with increased sensitivity and
resolution in the tissue transparent optical window'*'® and for
telecom communication due to their single-photon emission at
room temperature.”’18

The defect-state optical features of OCC-tailored SWCNTs
can be tuned by controlling the (n,m) SWCNT chiralities,
functional groups (i.e., electron withdrawing capability),
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bonding configurations (i.e., ortho versus para positions) of
pairing groups and their reconfigurations by laser irradiations,
as well as the nucleophilic solvent structures.””'*~** A recent
report by Wang and colleagues indicated that aryl diazonium
reactions proceed through the formation of carbocations in
chlorosulfonic acid rather than a radical mechanism that
typically occurs in aqueous solutions. In particular, 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
to form a covalent bond that completes the OCC defect pair.”
In aqueous environments, the aryl diazonium reaction with
SWCNTs is generally believed to proceed through a carbon
radical-mediated pathway, where a species from either water
solvent or another reactant is captured as a pairing group.”®**
Additionally, water can affect radical formation and diazonium
or aryl radical decompositions. In fact, H,O and D,O are often
used to obtain important information about the role of water in
the reaction and reaction mechanism.”* For example, H,O and
D,O show different effects on the radical stability as an
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Figure 1. Displacement of 6-FAM-DNA coating from (6,5) SWCNTs by SDS. Visible and NIR fluorescence spectra of 6-FAM fluorophore and
(6,5) SWCNTs before (i.e., 6-FAM-DNA-SWCNTs) and after (i.e, SDS-SWCNTs) surfactant exchange in H,O (top) and D,O (bottom),
respectively. Fixed excitation wavelengths of 408 and 532 nm lasers were used for acquiring visible and NIR fluorescence spectra of 6-FAM dye and

SWCNTSs, respectively.

increased effective lifetime of radicals was observed for species
of photoproduced cation radicals that were embedded in
surfactant micelles when replacing H,O with D,0.* There-
fore, water solvent isotope effects may impact the aryl
diazonium reaction with surfactant-coated SWCNTs in
creating OCC-SWCNTs. However, a direct comparison of
the different reaction behaviors of aryl diazonium with
SWCNTs in solvent waters of H,0O and D,O has been
missing. This hampers the potential of further diversifying the
nanotube chemistry by integrating precise biological function-
alities onto OCC-tailored SWCNTSs using bioorthogonal
chemistry, which generally requires benign aqueous con-
ditions.”>*” Achieving this will further enable the synthesis and
biomedical applications of OCC-tailored SWCNTs with
unique optical and biological functionalities under aqueous
conditions.

Additionally, covalent functionalization of SWCNTSs can be
significantly accelerated by light (i.e., ultraviolet (UV) or
visible light) that excites either the SWCNTs** or the
aromatic reactants, including aryl diazonium.’””" A previous
report by Wang and colleagues showed that functionalization
of SWCNTs using diazonium salts could be accelerated by
roughly 154-fold, through visible light excitation of the carbon
nanotubes.”® Aryl diazonium salts are known to absorb light at
wavelengths between 290 and 360 nm.*>7** After excitation,
nitrogen is extruded from aryl diazonium, a process called
photodissociation, in which aryl radicals can be formed.*>*® In
this work, we performed the aryl diazonium chemistry of pure-
chirality (6,5) SWCNTs by irradiating mixtures of SWCNTs
and diazonium reactants with UV light in isotopic waters of
H,O and D,O in an attempt to obtain important information
about the role of water. We found that the deduced reaction
constant in D,0 is roughly 18.2 times larger than that in H,O,
indicating the potential solvent isotope effects on the reaction.
We also observed a stable, bright defect PL in H,O over the
broad concentration range of diazonium tested, as compared to
a narrow window of reaction conditions in D,O. Additionally,
we demonstrate a distinct two-step reaction involving the
possible physical adsorption of cationic diazonium reactants
onto the anionic surfactant-coated SWCNTs, followed by the
covalent bonding of defect color centers on the SWCNT
carbon lattice with UV excitation. This study adds an
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important piece to the drastically expanding chemistry toolbox
for controlling quantum defects on graphitic carbons.

B RESULTS AND DISCUSSION

To create OCC-tailored SWCNTs, we used anionic surfactant
sodium dodecyl sulfate (SDS)-coated SWCNTs that were
produced by surfactant exchange in 1 mass% SDS in solvent
H,0 and D,O, respectively, to displace the resolving DNA
sequence (i.e, TTA TAT TAT ATT) on the pure-chirality
(6,5) SWCNTs, according to our previously reported
procedure.”” We observed minor solvatochromic shifts (i.e.,
spectral blue shifts) of roughly 3 nm for the pristine E;,
emission of DNA-(6,5) SWCNTs (near 994 nm), while the
E,, photoluminescence (PL) remained similar after displacing
DNA coating by SDS in both solvent waters, which is likely
due to the similar surface coverage of nanotubes created by
these two coating materials (Figure 1, Figure S1, and Table
S1). SDS is known to stabilize SWCNTs in aqueous
environment by forming sparse, disordered micellar structures
on the nanotube surface."”**® Additionally, we performed the
surfactant exchange using the resolving DNA sequence
containing visible fluorophore 6-carboxyfluorescein (6-FAM)
conjugated to the 3" end to further validate the displacement of
the DNA coating from the SWCNT surface by SDS (Figure 1
and Figure S2). The fluorescence of aromatic fluorophores is
known to quench when they adsorb onto the SWCNT surface
through hydrophobic interactions, while becomin§ highly
fluorescent upon detachment from the SWCNTs.”~*' As
expected, we observed a significant increase of 6-FAM
fluorescence at 560 nm peak after DNA/SDS exchange in
both solvent waters, while the pristine E;; PL of (6,5)
SWCNTs showed no obvious change, confirming the displace-
ment of DNA by SDS from the nanotube surface (Figure 1).

SDS is also known to stabilize diazonium salts to a certain
extent in an aqueous environment.” With the presence of 1
mass% SDS, we observed negligible changes in the absorption
of 4-methoxybenzenediazonium tetrafluoroborate (i.e., OCH;-
BDT) in both H,0 and D,O after being kept in the dark for SO
min, which corresponds to the time period used for the aryl
diazonium reaction with SWCNTs (Figures S3). We primarily
utilized OCH;-BDT to react with SDS-coated SWCNTs
containing 1 mass% SDS under UV light (i.e, 302 nm
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Figure 2. Solvent-dependent aryl diazonium reaction of (6,5) SWCNTs with 4-methoxybenzenediazonium tetrafluoroborate. Fluorescence spectra
of C¢H,OCH,;-OCC-tailored-(6,5) SWCNTs created in (a) H,O and (b) D,O, respectively, at various molar ratios of [OCH;-BDT]:[SWCNT
carbon] with 302 nm UV light irradiation for 50 min. The corresponding normalized intensities of (c) pristine E;; (near 988 nm) and (d) defect
PL (near 1131 nm) peaks. The dotted lines in parts c and d represent the fitting curves with R* &~ 95.4% using single exponential fits (i.e., y = Ae™™
+ B, where A and B are correction factors). (e) Normalized fluorescence spectra of SWCNTs at [OCH;-BDT]:[SWCNT carbon] = 1:10. (f)
Relative doping degree of (6,5) SWCNTs with increasing molar reactant ratios. The dotted lines in panel f represent the fitting curves with R* >

98.6% using the two-step adsorption—reaction model.

wavelength) irradiation at ambient conditions in solvent H,0
and D,0, respectively. As mentioned above, optical excitation
can accelerate covalent functionalization of SWCNT's with aryl
diazonium as light (i.e, UV or visible light) can excite either
the SWCNTs***” or aryl diazonium.>”*" The UV light used in
this work is resonant with the diazonium UV absorption band
(Figure S3 and S4).”> We also synthesized 4-carboxylbenzene
diazonium tetrafluoroborate salt (i.e, COOH-BDT) (Figure
S5) to test the solvent effects on the aryl diazonium reaction
with SWCNTs.

To analyze the relative doping degree of SWCNTs, we fitted
the pristine E;; (near 988 nm) emission and the newly formed,
red-shifted defect-state Ej; (centered around 1131 nm) and
Ei* (centered around 1210 nm) emission peaks of OCC-
tailored SWCNTs using Voigt profiles (Figure S6). Addition-
ally, we performed control experiments of UV irradiation of
SDS-SWCNTs (without diazonium reactants) containing two
different surfactant concentrations of 0.03 mass% (i.e., 1.05
mM), which is below the critical micelle concentration (CMC)
of ~7 mM," and 1 mass% (i.e.,, 34.6 mM) in H,0 and D,0,
respectively (Figures S7—S10). When irradiating SDS-
SWCNTSs containing 0.03 mass% SDS with higher-energy
UV photon (i.e., 254 nm wavelength), we observed the oxygen
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doping of nanotubes in both solvents due to the exposure of
SWCNT surface to reactive oxygen species in the solvent
environment as reported previously by us (Figure S9a,b).””
However, we did not observe obvious oxygen doping of
SWCNT samples when using 1 mass% SDS (i.e., correspond-
ing to nanotubes with higher surface coverage) and a longer
wavelength of 302 nm UV light (Figure S9¢,d and Figure S10).
The UV absorption of molecular oxygen at various states
generally occurs below 300 nm.”> We also performed a control
experiment by exciting the E,, optical transition peak of
SWCNTs using a 532 nm laser to avoid potential photo-
activation of dissolved oxygen in solvents and observed the
formation of a defect-state Ej; peak near 1134 nm (Figure
S11). These results confirm that the formation of defect PL for
SDS-SWCNT samples with 1 mass% SDS and 302 nm
wavelength UV irradiation is due to the covalent SWCNT
functionalization resulting from the aryl diazonium reaction,
with minimal to no contribution from the oxygen doping of
nanotubes.

Specifically, we observed a strong solvent-dependent aryl
diazonium reaction with SWCNTs, where an order of
magnitude higher concentrations of diazonium reactants
were required to create OCC-tailored SWCNTs in H,0
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than in D,O upon testing a broad concentration range of
OCH;-BDT (Figure 2, Figures S12 and S13, and Tables S2
and S3). We plotted the fluorescence spectra of covalently
functionalized SWCNT samples as a function of increasing
molar reactant ratios of [OCH;-BDT]:[SWCNT carbon] in
both solvents (Figure 2ab and Figure S13a,b). The
corresponding normalized PL obtained from the pristine E;;
emission peak near 988 nm and defect PL near 1131 nm (i.e.,
corresponding to Ej; band), which is red-shifted roughly by
143 nm (i.e, optical gap AE = E;; — Ej; of 159 meV), is
shown in Figure 2¢,d. The normalization of pristine E;; and
defect PL of reacted SWCNTSs was performed by dividing by
SF, (ie., the initial E;; emission spectral flux of SWCNT
samples without diazonium and UV irradiation) and SF,,
(ie, the maximum defect PL value) in H,0 and D,O,
respectively. Moderate redshifts of <200 meV are generally
obtained for aryl diazonium reaction with near-armchair
SWCNTSs, such as (6,5) species. This is because the bonding
of an aryl group at one carbon on the nanotube lattice leads to
the predominant selectivity for the ortho™ bonding config-
uration of a pairing group, which attaches at an adjacent
carbon closest to the SWCNT circumference.””** As
expected, we observed an exponential decrease of the pristine
E,, emission, accompanied by the formation of defect PL, with
the increasing concentration of diazonium reactants due to the
trapping of mobile E;; excitons at the newly generated defect
sites (Figure 2a—d and Figure S13).> However, the E,,
emission decreases more drastically at a rate constant k (in
units of (diazonium/carbon molar ratio)™) of 2.70 in D,0, as
compared to that of 0.34 in H,O based on single exponential
fits, over the entire concentration range of diazonium reactants
tested in this work (Figure 2c). We also performed control
experiments at [OCH;-BDT]:[SWCNT carbon] = 3:1 using
both DNA-SWCNTs without surfactant exchange and SDS-
SWCNT's with membrane filtration, which removes the small
amount of displaced, unbound DNA (Figure S14). For SDS-
SWCNT's with and without membrane filtration, we observed
similar degrees of relative doping (i.e., ~86% in H,O and
~92% in D,0), while the DNA-SWCNTs showed lower values
(i.e, ~46% in H,0O and ~62% in D,0). Moreover, the defect
PL for SDS-SWCNTs is significantly larger (i.e., ~8 times)
than that for DNA-SWCNTs (centered around 1145 nm).
These results suggest that the small amount of displaced,
unbound DNA in solutions has a minimal effect on the aryl
diazonium reaction with SDS-SWCNTs. Additionally, they
provide evidence that the surfactant exchange of DNA-
SWCNTs has resulted in displacing the DNA coating, which
likely acts as a protective layer around SWCNTs minimizing
the sidewall functionalization of nanotubes as reported
previously for various reactions, including the aryl diazonium
reaction,””*>*

Surprisingly, the defect PL near 1131 nm shows outstanding
stability and brightness in H,O over a wide range of diazonium
concentrations up to [OCH;-BDT]/[SWCNT carbon] = 25
(i.e, 25:1) before significant fluorescence quenching occurs at
[OCH;-BDT]/[SWCNT carbon] = 45 (ie, 45:1) (Figure
2d). This is indicated by the monotonic increase of the defect
PL as a function of increasing molar reactant ratios at a rate
constant k & 0.56 (in units of (diazonium/carbon molar
ratio) ™), before reaching a plateau near [OCH;-BDT]/
[SWCNT carbon] = 4 (ie, 4:1) (Figure 2d). At [OCH;-
BDT]/[SWCNT carbon] = 8 (i, 8:1) and above, we
observed a significant broadening of the defect PL peak in H,O

as indicated by the drastic increase in the full width at half-
maximum (fwhm) values (Figure S13c). This corresponds to
the formation of a clearly identifiable second, more red-shifted
defect Ejj* peak near 1210 nm (i.e., AE ~ 234 meV) (Table
S2). The appearance of a second Efj* peak possibly arises from
a different bonding configuration of ortho®, for which the
functionalization bond is aligned away from the circum-
ference.”'>*"** Recent studies suggested para configuration
(three carbons away) for a second Ejj* emission, which formed
simultaneously with E} peak, for SWCNTs functionalized with
aromatic reactants via triplet-state photochemistry in the
absence of dissolved oxygen.’”’' Additionally, the Ef*
emission formed with bulky OCC defect pairs was assigned
as para configuration due to the steric hindrance effect.®
Although it is unlikely that the E* peak relates to the para
configuration in our material system, which involves dissolved
oxygen and OCC defect pairs with smaller steric size, the
accurate assignment of the bonding configuration is worthy of
future studies. Additionally, the defect Ej; peak red-shifted by
~7 nm, with concomitant blueshift of pristine E;; peak by ~5
nm, accompanying the rise of E;j* peak in H,O (Table S2).
This type of two defect-state emission bands (i.e., Ej; and E;¥)
is common in ensemble PL spectra, particularly at high
concentrations of diazonium due to a directing effect of
existing defects for generating preferential bonding config-
uration for additional defect sites in close proximity. >
Although minor due to the challenge in measuring the
extremely dilute concentration of SWCNTSs, we observed the
appearance of a Raman disorder (D) peak near 1300 cm™
with a corresponding D/G peak ratio (G band near 1590
cm™') of roughly 0.05 for the resulting OCC-tailored
SWCNTs in H,O at [OCH;-BDT]/[SWCNT carbon] = 10
(ie, 10:1), compared to the no obvious formation of a D peak
at 0.01 (ie, 1:100), suggesting the generation of higher defect
density (Figure S15a and Table S4).

In comparison, the defect PL feature near 1131 nm and its
brightening from aryl diazonium reactions in D,0 were
obtained within a narrow window of molar reactant ratios, a
trend consistent with previous reports (Figure 2d).”*"
Specifically, the defect PL increased significantly as a function
of increasing molar reactant ratios at a rate constant k & 6.69
(in units of (diazonium/carbon molar ratio)™) (ie, ~11.9
times larger than that in H,0) up to [OCH;-BDT]/[SWCNT
carbon] = 1 (ie, 1:1), followed by a drastic decrease above
[OCH;-BDT]/[SWCNT carbon] = 3 (ie, 3:1) in D,O
(Figure 2d). This is possibly due to the excessive
functionalization of SWCNTs compared to the reaction in
H,O, causing irreversible quenching of defect PL.”"* Addi-
tionally, we observed the onset of significant broadening of
defect PL peak in D,0O at [OCH;-BDT]/[SWCNT carbon] =
3 (i.e, 3:1) due to the formation of the second Eij* peak
(Figure S13c and Table S3). The appearance of the D peak in
Raman spectra and the increase in the D/G peak ratio from
roughly 0.04 to 0.08 at an increasing molar reactant ratio from
[OCH;-BDT]/[SWCNT carbon] = 0.01 (i.e., 1:100) to 10
(i.e, 10:1) also indicate the formation of the resulting OCC-
tailored SWCNTs in D,O (Figure S15b). It is also important
to note that the overall concentration of diazonium used to
create OCC-tailored SWCNTs in D,O by UV irradiation of
diazonium, which is performed in this work, is several orders of
magnitude higher than those obtained in previous reports
where reactions were performed either in the dark or by
exciting the SWCNTSs using visible Iight.7’28 Additionally, the
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ratios of defect PL (near 1131 nm) over pristine E;; peak
emission (ie., corresponding to reacted SWCNTs with
diazonium and UV irradiation) of OCC-tailored SWCNTs
obtained in this work are roughly 18 in H,O and 14 in D,0,
respectively, near the [OCH;-BDT]:[SWCNT carbon] molar
ratios (i.e., 10:1 in H,O and 1:1 in D,O, respectively) with
maximum defect PL. As a comparison, the ratio of defect PL
over E;; peak emission was ~21 for OCC-tailored (6,5)
SWCNTs formed from visible light excitation.””

The drastic difference in the amount of diazonium reactants
needed for creating OCC-tailored SWCNTSs suggests that
solvent waters play an important role in aryl diazonium
chemistry. As a direct comparison, we plotted the normalized
fluorescence spectra of reacted (6,5) SWCNT samples at a
molar ratio of [OCH;-BDT]:[SWCNT carbon] = 1:10 in H,O
and D,0, respectively (Figure 2e). The spectral normalization
was performed by dividing the fluorescence spectra of reacted
SWCNTs by the initial E;; emission spectral flux of SF, (i.e.,
corresponding to SWCNTSs without diazonium and UV
irradiation) in H,O and D,O, respectively. We observed the
formation of a dominant defect-state E;; peak for the sample in
D,0, while no obvious, red-shifted peak was obtained for the
sample in H,O at this specific diazonium concentration.
Additionally, we plotted the relative doping degree of OCC-
SWCNT's produced in each solvent as a function of increasing
molar reactant ratio (Figure 2f). In D,0, the starting point of
an exponential increase in the relative doping degree of
SWCNTs occurred around [OCH;-BDT]/[SWCNT carbon]
= 0.00S (i.e., 1:200) compared to that of [OCH;-BDT]/
[SWCNT carbon] = 0.1 (i.e,, 1:10) in H,O. This corresponds
to a diazonium molar concentration as high as roughly 20
times in H,O than in D,0, at the given SWCNT concentration
(i.e, ~0.85 pg/mL) tested in this work.

To further compare the rate of reaction of (6,5) SWCNTs in
these solvents, we fitted the equilibrium (steady-state) aryl
diazonium reaction with SWCNTSs as a function of increasing
molar reactant ratio using a well-established two-step
adsorption—reaction model developed by Strano and col-
leagues (Figure 2f eq 1).""* Particularly, the cationic
diazonium ions physically adsorb onto the surface of anionic
surfactant-coated SWCNT's primarily through the electrostatic
interactions, followed by the covalent attachment of aryl
adducts onto the carbon lattice.* Specifically”

. AKKRC,
©3) 1/015 + KKCo + Kyl (1)

where f(45) is the relative doping degree of (6,5) SWCNTs
(dimensionless), A is the maximum extent of doping
(dimensionless), K, is the adsorption constant (dimension-
less), Ky is the reaction constant (in units proportional to nm
per diazonium/water molar ratio), C, is the initial concen-
tration of the diazonium salt added to the SWCNT samples (in
units of diazonium/carbon molar ratio), O, is the total
number of available adsorption sites (i.e., Opy = Oy + Oy
where 6, is the number of empty adsorption sites available to
the diazonium ions and 6, is the number of sites occupied by
the adsorbed diazonium ions) on the nanotube (in units of
diazonium/water molar ratio per nm), and [ is the total length
of (6,5) SWCNTs in solution (in units of nm).

Table 1 shows the estimates of 61, Kz, and A from data
fitting, using a previously reported K, value (i.e., ~1640) for
SDS-coated SWCNTs in an aqueous environment” and a

Table 1. Summary of 04, K, and A Values Deduced from
Curve Fitting of the Relative Doping Degree of OCC-
Tailored SWCNT's

Solvent Ora Ky A
H,0 326 x 107Y 222 X 10% 1.00
D,0 6.46 X 107Y 4.05 X 10% 1.00

calculated [ value for the (6,5) SWCNT sample (i.e., ~1.43 X
10" nm) (see the Supporting Information). The difference in
the linear packing density of diazonium ions on the SWCNT
surface, Oy, is smaller (i.e,, ~1.98 times larger in D,O than in
H,0) compared to the reaction constant Ky (i.e., ~18.2 times
larger in D,O than in H,0), while the saturated extent of
doping, A, is the same for reactions performed in both solvents
(Table 1). These results suggest that solvent isotope effects
potentially impact the aryl diazonium reaction with SWCNTs,
where the solvent waters participate in the reactions possibly
through the breaking of O—H and O-D bonds, respec-
tively.**** 1t is also important to point out that D,O
(deuteration degree of >99.9%) was used in SWCNT
reactions. There is residual H,O, and some H,0 might be
introduced due to water absorption during sample preparation.
This tiny amount of H,O has negligible impact on the overall
SWCNT reactions. Based on the 'H NMR spectrum
measurements of solvents, D,O showed a narrowed residual
H,O peak compared to the broader peaks of D,0/H,0 mixed
solvents (v/v) containing higher H,O contents of 10% and
90%, respectively (Figure S16). Additionally, we performed
SWCNT reactions in D,0/H,0 mixed solvents (v/v)
containing 1% and 10% of H,O, resulting in slightly smaller
degrees of relative doping (i.e., ~95% and 91% in mixed
solvents containing 1% and 10% H,O, respectively) compared
to that (ie, ~96%) in D,O only (Figure S17). These results
suggest that the D,O solvent used in this work for SWCNT
reactions contains less than 1% residue H,O and its impact on
the covalent SWCNT functionalization is negligible (Figures
S16 and S17). Additionally, the solvent effects were observed
for a different diazonium salt (i.e, COOH-BDT) reacting with
SWCNTs, where OCC-tailored SWCNTSs with bright defect
PL near 1141 nm (i.e, AE ~ 171 meV) were obtained at a
higher concentration of diazonium in H,O than in D,O for
different [COOH-BDT]:[SWCNT carbon] values of 1:10 and
6:1 tested (Figure S18).

Additionally, we found that the formation of fluorescent
quantum defects is possible in the solvent pH of roughly S—
5.5, as the defect-state Ej; peak did not form for SWCNT
samples in D,O with a pH of 6.88 before pH adjustment
(Figure S19). This is likely due to the slightly acidic conditions
being able to promote the preservation of the cationic aryl
diazonium moiety and the formation of aryl radicals, both of
which are required for creating OCC-tailored SWCNTs.”>*">°
In comparison, SDS-SWCNTs in H,0 had pH 5.30 + 0.15
after sample preparation and were used directly for the
reactions. Based on our observations, we propose the following
mechanism for the solvent isotope effects on the aryl
diazonium reaction with SWCNTSs in aqueous environments
(Figure 3). Initially, cationic diazonium ions physically adsorb
onto the surface of SDS-SWCNTs, creating a stable non-
covalently bound intermediate, a step that is known to occur in
roughly 2.4 min." The covalent attachment of aryl groups on
the SWCNT surface is primarily induced by illuminating the
samples with high-energy UV photon, thus generating highly
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Figure 3. Reaction scheme for creating OCC-tailored SWCNTs by
covalent functionalization of sp* carbon that incorporates aryl and
pairing (e.g., —OH versus —OD) groups in water solvents with UV
irradiation. The pairing group is shown in an ortho bonding
configuration. The diazonium salt is OCH;-BDT.

reactive aryl radicals that react with SWCNTs.”>*" Further-

more, the creation of stable sp® fluorescent quantum defects on
the sp” hybridized carbon lattice by implanting the aryl group
is accompanied by introducing a pairing group from the
solvent water, possibly —OH versus —OD (Figure 3). The
possible generation of aryl radicals was also confirmed by the
disappearance of the diazonium absorption peak at 314 nm
with UV light irradiation (Figure $4).*” In comparison, the
absorption feature of diazonium remained unchanged when
samples were left in the dark at ambient conditions (Figures S3
and S4).

Our material system clearly showed the two-step adsorp-
tion—reaction mechanism previously demonstrated for the aryl
diazonium chemistry of SWCNTs."* Specifically, we found
that the adsorption of diazonium on the surface of SDS-
SWCNTs led to a stable and long-lived noncovalently bound
intermediate as reported previously.' Upon addition of
diazonium, we observed different levels of pristine PL
quenching at the E;; peak without UV irradiation (Figure 4,
Figure $20, and Table SS). The PL quenching is likely caused
by the charge transfer between the semiconducting (6,5)
SWCNTs and the adsorbed, electron-withdrawing aryl
diazonium dopants (i.e, OCH;-BDT).">*° At lower diazo-
nium concentrations (e.g, [OCH;-BDT]:[SWCNT carbon] =
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Figure 4. Fluorescence quenching of SWCNTs upon interaction with
diazonium reactants without UV light irradiation. Fluorescence
spectra of (6,5) SWCNT samples in (a) H,O and (b) D,O,
respectively, before (i.e., pristine) and after mixing with diazonium at
various molar reactant ratios of [OCH;-BDT]:[SWCNT carbon].

1:25 and 1:10), we observed larger PL quenching of the E;;
emission in H,O than in D,O (Figure 4 and Table SS). This
could be due to slightly more diazonium ions being adsorbed
on the nanotube surface (i.e., relating to larger 6,) in H,O as
compared to that of D,0, as solvent molecules may compete
with diazonium ions in interacting with nanotubes. Addition-
ally, the adsorption of diazonium ions may lead to the
rearrangement of surfactant molecules locally on the nanotube
surface due to electrostatic interactions between the cationic
diazo group and the anionic SDS head groups.” The
rearrangement behavior of surfactants may be different in
H,O versus D,0. However, we observed minimal spectra shifts
(ie, <2 nm) in both solvent waters indicating that the
surfactant rearrangement (ie. relating to changes in the
surface coverage of nanotubes) resulting from diazonium
adsorption has a minor impact on the SWCNT quenching
(Table SS). At a high diazonium concentration (e.g, [OCH;-
BDT]:[SWCNT carbon] = 3:1), a complete PL quenching was
obtained in both waters possibly due to the saturation of sites
occupied by the adsorbed diazonium ions (i.e., 6,) on the
nanotube surface (Figure 4). Generally, we exposed freshly
prepared SWCNT samples containing diazonium reactants to
302 nm UV light for S0 min to ensure the completion of
reaction. However, measurements of SWCNT fluorescence
spectra as a function of UV exposure time ranging from 2 to 90
min showed that the growth of defect-state E7; emission peaks
were stabilized at roughly 20 min in both waters (Figure
S21a—d). Similarly, the corresponding relative doping degree
of SWCNTs with increasing UV irradiation time reached a
plateau near 20 min, indicating that 20 min of UV light
irradiation is sufficient to complete the diazonium reaction
with (6,5) SWCNTs (Figure S21e).

Instead of irradiating the freshly prepared (6,5) SWCNT
samples with UV light for 50 min, we first incubated the
mixtures of SWCNTs and diazonium at [OCH,;-BDT]:
[SWCNT carbon] = 3:1, where we observed the complete
quenching of pristine E;; emission due to charge transfer with
adsorbed diazonium, for S0 min in solvent waters, followed by
exposing the mixtures to UV light at various time periods
(Figure S). We plotted the normalized fluorescence spectra of
SWCNT samples by dividing the measured spectra by the
initial E;; emission spectral flux of SF, (ie., corresponding to
SWCNTs without diazonium and UV irradiation) in H,O and
D,0, respectively (Figure Sa,b). Within a short UV exposure
time of 2 min, we observed the partial reversal of the pristine
E,; (near 988 nm) emission, accompanied by the formation of
a defect-state E7; peak (near 1131 nm) in both H,0O and D,0,
suggesting that UV light induces the conversion of the stable,
noncovalently bound intermediate to covalently attached aryl
adducts. The increase in normalized E;; PL values stabilized
with 2 min of UV exposure, reaching roughly 47 + 4% and 36
+ 2% of the SF, values of E;; emission in H,O and D,O,
respectively (Figure Sc). The corresponding rate constant k (in
units of min~") for increasing E;; emission is 1.61 in H,O and
1.01 in D,O, respectively, based on single exponential fits. In
comparison, it took roughly 4 min of UV irradiation to stabilize
the defect PL, reaching 64 & 3% and 58 + 1% of the SF, values
of E;; emission in H,O and D, 0, respectively (Figure Sc). The
corresponding rate constant k (in units of min~') for
increasing defect PL is 0.95 in H,O and 0.68 in D,O,
respectively, based on single exponential fits. Additionally, the
corresponding relative doping degrees of SWCNTSs showed a
sharp increase up to 2 min of UV irradiation before reaching
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Figure S. Time-dependent aryl diazonium chemistry of (6,5) SWCNTs with an OCH;-BDT incubation. Normalized fluorescence spectra of (6,5)
SWCNTs incubated with OCH;-BDT for 50 min at a molar ratio of [OCH;-BDT]:[SWCNT carbon] = 3:1 in (a) H,O and (b) D,0, followed by
302 nm UV light irradiation for various times. (c) Spectral evolution of the normalized intensities of pristine E;; (near 988 nm) and the defect-state
Ey; emission (near 1131 nm) as a function of UV irradiation time. The dotted lines in panel c represent the fitting curves with R*> ~ 94.4% using
single exponential fits (i.e., y = Ae™™ + B, where A and B are correction factors). (d) Corresponding relative doping degree of (6,5) SWCNTs with

time.

plateau values of 0.78 and 0.84 in H,0 and D,O, respectively
(Figure Sd). These results suggest that incubating the mixtures
of SWCNTs and aryl reactants likely minimizes the effect of
diazonium diffusion in the initial step of reaction with
SWCNTs in solvents, thus allowing more efficient doping of
SWCNTs at a shorter UV irradiation time.

Overall, we found significant water solvent isotope effects on
the aryl diazonium reaction with SWCNTs in H,O and D,0,
respectively. We propose two major factors that contribute to a
larger reaction constant in D,O than in H,0: (i) the water
interaction with SWCNTs and (ii) nucleophilic reactivity of
water solvent on paring participation in the final step of the
formation of the OCC-tailored SWCNTs. Ealier studies
confirmed the deuterium attachment to SWCNTS in
deuterated water and alcohols, indicating stronger deute-
rium—carbon interaction.’”** Another study found that
deuterium shows stronger affinity toward SWCNTSs, making
D,0 a better solvent than H,0.>* Further, deuterated acid
mixtures were found to enhance the solubility of SWCNTs,>
which is attributed to the strong affinity for deuterium
interactions with the nanotube surface. Therefore, we speculate
that the stronger interaction of SWCNTs with D,O
contributes to a larger Ky value of aryl diazonium reaction
with SWCNTs than in H,O. This also correlates to our
observation that stronger interaction of D,O with SWCNTs
has likely led to the lesser SWCNT quenching (i.e., relating to
lesser adsorbed diazonium ions) during the first-step of
reaction, that is, the physical adsorption of diazonium ions
on the nanotube surface. Second, literature studies also
confirmed that deuteroxide is both a stronger nucleophile
and a base than hydroxide in several reactions, such as imidate
hydrolysis** and detritiation of 14-dicyano-2- butene-1-t.*°
Therefore, we anticipate that the Ky value for the reaction of

25627

the aryl-SWCNTs radical (or cation) with —OD is somewhat
larger than that with —OH, despite less diazonium being
adsorbed on the SWCNT surface. This also suggests that the
second step of the reaction is the determining step in creating
OCC-tailored SWCNTs, highlighting the important role of the
solvent molecule in completing the covalent SWCNT
functionalization by contributing a pairing group (possibly
—OH versus —OD). Finally, the water solvent may affect the
radical formation, reactivity, and stability under UV irradiation,
which needs further studies. Efforts have been made to
elucidate the chemical nature of pairing groups that are
involved in the aryl diazonium reaction with SWCNTSs both
experimentally and theoretically.”*'? However, direct exper-
imental measurements of the pairing groups in our material
systems remain a challenge and will be the topic of our future
work.

B CONCLUSIONS

The precision synthesis of OCC-tailored SWCNTs with
defined structures and properties has been an emerging field
in carbon nanotube chemistry for advancing applications such
as optical sensing, imaging, and quantum information. We
demonstrate the clearly distinguishable water solvent isotope
effects on the aryl diazonium chemistry with SWCNTSs using
H,O0 and D,0O, providing additional methods to control the
creation of OCC-tailored SWCNTs. Particularly, UV-activated
diazonium likely generates highly reactive aryl radicals, which
can react with SWCNTs to form fluorescent quantum defects.
This led to a roughly 18.2 times larger reaction constant in
D,O than in H,0. Unlike a narrow window of reaction
conditions in obtaining bright defect PL in D,0, OCC-tailored
SWCNTs in H,0 showed stable defect PL over a broad range
of diazonium concentrations tested in this work. We propose
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both the interaction of SWCNTs with water (H,O vs D,0)
and nucleophilic reactivity of water solvent (H,O vs D,0)
contribute to a larger reaction constant in the formation of
OCC-tailored SWCNTs in D,O than in H,O. Additionally, we
observed clearly identifiable steps of fluorescence quenching of
SWCNTs followed by the defect PL formation with UV
irradiation, showing strong evidence of the well-known two-
step adsorption—reaction model of aryl diazonium reaction
with SWCNTs. These findings reveal the important role of
solvent water in the aryl diazonium chemistry of SWCNTs,
providing additional controls for further functionalizing the
OCC-tailored SWCNTs using chemistries, such as bioorthog-
onal chemistry, that require benign aqueous conditions.

B EXPERIMENTAL SECTION

Purification of (6,5) SWCNTSs. All experiments were performed
utilizing pure-chirality (6,5) SWCNT species. The yield of purified
(6,5) SWCNTs is roughly 2.1% based on the following procedure.
Pure-chirality (6,5) SWCNT species was prepared using our
previously reported polymer aqueous two-phase (ATP) separation
method.””*® Specifically, CoMoCAT SWCNT powder (SG65i-L39,
CHASM Advanced Materials) was dispersed using the resolving DNA
sequence TTA TAT TAT ATT (Integrated DNA Technologies) in a
total volume of 1 mL of deionized (DI) water (with a resistivity of 18
MQ cm) containing 100 mM NaCl by probe tip sonication for 2 h at
a power level of 8 W in an ice bath. Supernatant dispersions were
collected after centrifugation at 17,000g for 90 min at 19 °C. The
stock supernatant dispersions of DNA-SWCNTs were used for ATP
separation of (6,5) SWCNT species.

The supernatant dispersion of DNA-SWCNTSs was mixed with a
stock polymer mixture solution containing 7.86% poly(ethylene
glycol) (PEG) (MW = 6 kDa, Alfa Aesar) and 10.71% dextran (DX)
(MW = 70 kDa, TCl Chemicals) at a volume ratio of DNA-SWCNT
supernatant: stock PEG/DX mixture = 3:7. This yields final polymer
concentrations of 5.50% PEG and 7.50% DX. Two-step separation of
(6,5) SWCNTs was facilitated by adding poly(vinylpyrrolidone)
(PVP, MW =~ 10 kDa, Sigma-Aldrich), a DNA-SWCNT partition
modulator, into the ATP mixture. For the first step of the separation,
a final concentration of roughly 0.10% PVP was added to the ATP
mixture to obtain highly enriched (6,5) species in the PEG-rich top
phase. For the second step, we collected the (6,5)-enriched, PEG-rich
top phase and added an equal volume of the blank DX-rich bottom
phase (i.e., a polymer solution without SWCNTs) to form a new ATP
system. A final concentration of 0.05% PVP was then added to isolate
pure chirality (6,5) species in the PEG-rich top phase. All percentages
specified for chemical concentrations are reported on a mass basis,
unless indicated otherwise.

Polymers in purified (6,5) samples were removed using the
SWCNT precipitation method reported previously.’”*® Specifically,
final concentrations of 0.5 M sodium thiocyanate (NaSCN, Sigma-
Aldrich) and 100 ug/mL of excess DNA, which assist in maintaining
the SWCNT dispersion stability, were added to the PEG-rich phase
containing the purified (6,5) SWCNTs. The mixture was then
incubated overnight at 4 °C before centrifugation at 17,000g for 30
min at 19 °C. After discarding the solvent, the (6,5) SWCNT pellet
was washed five times using the corresponding solvent (i.e., DI H,0
and D,O (deuteration degree >99.9%, Sigma-Aldrich), respectively)
for photochemical reactions without disturbing the pellet. The (6,5)
SWCNT pellet was then resuspended in H,O and D,O, respectively,
by bath sonication for 30 min at room temperature. All samples
containing D,O were sealed during the sample preparation and
reaction steps.

Displacing DNA Coating of (6,5) SWCNTs with Surfactant.
Surfactant exchange of DNA-coated (6,5) SWCNTSs was performed
according to our previously reported method.>” A final concentration
of 1% sodium dodecyl sulfate (SDS, >99% BioXtra) solution was
mixed with purified DNA-(6,5) SWCNT samples in H,0 and D,0,
respectively. The mixture was incubated in an oven at 40 °C for 10

min, followed by bath sonication for 10 min at room temperature to
allow for the surfactant exchange to occur. Surfactant exchange was
also performed using purified (6,5) SWCNTs wrapped by the TTA
TAT TAT ATT sequence conjugated with 6-carboxyfluorescein (6-
FAM) on the 3’ end of the DNA oligo (Integrated DNA
Technologies). Subsequently, SDS-coated (6,5) SWCNTs were
diluted using the corresponding solvent (ie, H,O and D,O,
respectively) with or without 1% SDS to yield final concentrations
of 0.03% and 1% SDS, respectively. This yields SWCNT samples with
an absorbance value of 0.13 + 0.03 at the E;; peak wavelength of
SDS-(6,5) SWCNTs near 990 nm using a 10 mm path length quartz
cuvette, which corresponds to an approximately 0.85 pug/mL of
SWCNT concentration® for photochemical reactions.

Synthesis of 4-Carboxylbenzene Diazonium Tetrafluorobo-
rate Salt. The synthesis of 4-carboxylbenzene diazonium tetrafluor-
oborate (4-C¢qH,COOHN,*BF,” (ie, COOH-BDT)) was per-
formed using a reported method.” Briefly, 1.3 mL of tetrafluoroboric
acid solution (HBF,, Sigma-Aldrich, 48% in H,0) was diluted by
adding 1.5 mL of DI water in a glass vial, and the solution was allowed
to cool in an ice bath with constant stirring for roughly 15 min. Then,
2.4 mM of 4-aminobenzoic acid powder (NH,C,H,COOH, Sigma-
Aldrich, > 99%) was dissolved in the HBF, solution, followed by
adding 4.8 M of aqueous solution of sodium nitrite (NaNO,, Sigma-
Aldrich, >97.9%) in a dropwise manner. The glass vial was kept in an
ice bath during the entire reaction process. The reaction was
completed upon formation of a white precipitate. The precipitated
diazonium salt was washed using 150 mL of diethyl ether (Sigma-
Aldrich, 1 ppm butylated hydroxytoluene (BHT) as inhibitor,
anhydrous, >99.7%) under vacuum filtration for 1S5 min, while
protecting the sample from the ambient light. (Safety Note: All reaction
steps were conducted under a fume hood ventilation. Potassium iodide
starch paper was used to identify the generation of excess nitrous acid,
which is known to cause violent decomposition.)®" The diazonium salt
was stored at —20 °C in the absence of light and used within S days
after synthesis. '"H NMR spectrum measurements were performed at
room temperature in D,O solvent to characterize the 4-aminobenzoic
acid and the synthesized diazonium salt COOH-BDT.

Oxygen Doping of SDS-(6,5) SWCNTs. Oxygen doping of
SWCNTs with dissolved oxygen was performed using SDS-(6,5)
SWCNT samples containing final concentrations of 0.03% and 1%
SDS, respectively, in different solvents (i.e., H,O and D,0) according
to our previously reported procedure.>” Each reaction was performed
using three replicates of samples. Briefly, (6,5) SWCNT samples were
left exposed to ambient air in the dark for 30 min. The oxygen doping
was performed using a quartz cuvette containing 0.2 mL of the (6,5)
SWCNT sample. Cuvettes were sealed and exposed to ultraviolet
(UV) light (3UV Lamp, cat# 95034, Thermo Scientific) of 254 and
302 nm wavelengths, respectively, at a power density of 3 mW/cm?
for various time periods (i.e., 30, S0, 70, 90, and 120 min) at room
temperature. The power density of UV light was measured using a
UVP UVX Radiometer (Analytik Jena).

Aryl Diazonium Reaction of SDS-(6,5) SWCNTs. Aryl
diazonium reaction of SWCNTs was performed using SDS-(6,5)
SWCNT samples containing 1% SDS (including for samples
incubated with diazonium reactants before exposure to UV light) in
different solvents (i.e, H,O and D,O, respectively) under 302 nm
wavelength UV light irradiation. The pH values of SDS-(6,5)
SWCNT samples in D,0 were adjusted to pH 5.25 + 0.25 using
hydrochloric acid solution before reacting with aryl diazonium salts,
while SDS-(6,5) samples in H,0O showed pH $5.30 + 0.15 after
surfactant exchange and were used directly for the reactions. We
mainly utilized 4-methoxybenzenediazonium tetrafluoroborate (4-
C¢H,OCH;N,"-BF,” (i.e, OCH;-BDT), Sigma-Aldrich, 98%) for
testing various reaction conditions with SWCNTs. Samples
containing diazonium salts were protected from ambient light during
preparation. Specifically, stock solutions of OCH;-BDT with varying
concentrations of 0.5—50 mM in H,0 and D,O, respectively, were
prepared freshly before reacting with (6,5) SWCNTs. Small aliquots
(i.e, <5 uL) of stock solutions of diazonium salt at various
concentrations were added to the 0.5 mL of (6,5) SWCNT samples
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in microcentrifuge test tubes, followed by pipet mixing. This yields
mixtures of varying molar ratios of reactants [OCH;-BDT]:[SWCNT
carbon] from 1:400 to 60:1. The 0.3 mL of each mixture sample was
transferred to a sealed quartz cuvette for the photochemical reaction
using 302 nm wavelength UV light irradiation at a power density of 3
mW/cm? for 50 min at room temperature. The total sample
preparation time preceding UV light irradiation was roughly 5 min,
unless indicated otherwise. Membrane filtration of control SDS-
SWCNT samples was performed using a Microcon centrifugal filter
with a molecular weight cutoff (MWCO) of 100 kDa to remove a
small amount of displaced, unbound DNA. The retentate after
membrane filtration was washed with 1% SDS in H,O and D,O,
respectively, eight times before redispersing in the corresponding 1%
SDS solutions.

Additionally, the effect of UV light (302 nm wavelength) exposure
time on the reaction outcome was tested using [OCH;-BDT]:
[SWCNT carbon] mixtures at molar ratios of 3:1 in H,O and 1:10 in
D,0, respectively, at various time periods ranging from 2 to 90 min
using three replicates. The solvent effect on the aryl diazonium
reaction of SWCNTs was also demonstrated using the synthesized
COOH-BDT salt. The stock solution of COOH-BDT was prepared at
a concentration of 8.5 mM in H,O and D,O, respectively. The
COOH-BDT salt was added to (6,5) SWCNTs at [COOH-BDT]:
[SWCNT carbon] molar ratios of 1:10 and 3:1 in H,O and D,0O,
respectively, and exposed to 302 nm UV light for 50 min at room
temperature.

Optical Spectroscopy Characterization. Optical spectroscopy
characterization including vis—NIR absorbance (400—1600 nm),
visible and NIR fluorescence (420—1600 nm), and Raman spectrum
measurements of SWCNT samples were performed on an NS3
NanoSpectralyzer (Applied NanoFluorescence, LLC) using a2 10 mm
path length quartz cuvette. UV—vis absorbance measurements were
performed using a Jasco V-760 spectrophotometer over a wavelength
range of 187—800 nm. Fixed excitation wavelengths of 408 and 532
nm lasers, corresponding to the 6-FAM dye and E,, peak wavelength
of (6,5) species, were used for acquiring visible and NIR fluorescence
spectra of 6-FAM dye and SWCNTSs, respectively. The measured
pristine E;; and defect-state E;; and Ejj* emission peaks of SWCNT
samples were fitted with Voigt profiles (Figure $6).°* The reported
relative doping degree was obtained from the peak area ratio of
spectrally integrated defect PL (>104S nm) over the total fitted peaks
of both the pristine and defect PL. Additionally, the area contribution
from the E,; emission sideband®® was removed from the fitted peak
area of the defect PL.
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