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or addition of sulfites shifts the quantum defect related E11* emission peak from ~ 1130 nm to
~ 1100 nm, which suggests that different types of quantum defects are formed. For aryl halides,
these conditions increase the E11*/E11 ratio up to 90 %, while reducing the required reactant
concentration by ~ 90 %, with reaction times < 10 minutes. For the less reactive alkyl halides, ~
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Abstract

Single-walled carbon nanotubes (SWCNTSs) offer potential for a wide range of applications from
optoelectronic devices to biomedical diagnostics. One reason are their tunable optical properties,
which can be further tailored by introducing a small number of quantum defects. However, the
chemical conditions to obtain an optimal number and specific type of quantum defect is difficult to
control. Here, we demonstrate that oxygen-free conditions are crucial to control the spectral
features. To this end, we analyze the photochemical reaction of (6,5)-SWCNTs with different alkyl
and aryl halides, as well as alkenyl/alkynyl compounds under UV irradiation. Removal of oxygen
or addition of sulfites shifts the quantum defect related Ei1* emission peak from ~ 1130 nm to
~ 1100 nm, which suggests that different types of quantum defects are formed. For aryl halides,
these conditions increase the Ei;*/Ei ratio up to 90 %, while reducing the required reactant
concentration by ~ 90 %, with reaction times < 10 minutes. For the less reactive alkyl halides,
~ 80-fold smaller reactant concentrations achieve the same Ei*/E; ratios compared to oxygen
containing conditions. This procedure allows us to investigate the combined effect of quantum
defects and DNA functionalization of SWCNTs on the detection of small molecules. It underlines
that efficient incorporation of quantum defects opens a new chemical dimension for SWCNT

chemistry and photophysics.
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Introduction

Single-walled carbon nanotubes (SWCNTs) have emerged as pivotal building blocks for a wide
range of applications, from advanced chemical sensors to next-generation computer
technologies.['*) Central to their utility are their unique properties, particularly their fluorescence
in the near-infrared (NIR) region, making them an ideal material for applications ranging from
quantum light sources and photodetectors to medical imaging and biosensors.[*”1% For most
applications, surface functionalization is required to facilitate aqueous dispersion and to enable
molecular recognition for sensing.[''! However, targeted chemical modifications also allow precise

tailoring of photophysical properties.[!>~1%]

Non-covalent functionalization strategies offer
reversible surface modifications that preserve the SWCNT’s electronic structure.”) In contrast,
covalent modification provides a stable method allowing for engineering the optical properties
through the molecular structure of the incorporated functional group and the conformation of the

16-18] This process involves the introduction of new sp? bonds, commonly referred

resultant defect.!
to as quantum defects, which leads to red-shifted fluorescence signals (Ei* emission).!!”)
Importantly, this Ei1* signal can surpass the intensity of the initial Ei; emission.[*”) These defect
sites enable stable conjugation of recognition units, such as antibodies or aptamers.!?!'"231 Overall,

quantum defects introduce a new chemical and photophysical degree of freedom.

A common method for shifting and enhancing the fluorescence signal of SWCNTs is the

[17.24] For example, Settle ef al. achieved an Ei1* emission intensity

introduction of oxygen defects.
3.2 times greater than the initial E; signal.?’! Beyond the introduction of oxygen defects, radical
initiators such as benzoyl peroxide were used to modify the fluorescence properties of SWCNTs by
covalently binding different functional groups via ester bonds.>>¢] Diazonium chemistry represents
another important class, enabling the introduction of a variety of functional groups, including
phenylboronic acid?’!, nitrobenzene!?”), benzoic acid®*, and (N-maleimido)phenyl.!>! This reaction
has been shown to be initiated by various mechanisms: through light-induced activation or through
reaction with hydrogen peroxide.[?”2% The light-initiated reaction is triggered through a single
electron transfer (SET) from the SWCNT to the reactant, resulting in the formation of radicals.*”’
Andreeva et al. recently reported an optimized approach to defect formation via diazonium
chemistry using arylazo sulfonates, which resulted in a significant increase in the Ei1* emission
intensity.?% As an alternative to aryl diazonium salts, Kwon ef al. demonstrated the versatility of
alkyl and aryl halides for a broad range of modifications.*!l Notably, this approach was extended

to covalent DNA modifications via 5-iodo-uracil incorporation under 254 nm irradiation.?]

Compared to diazonium salts, halide reagents offer superior stability and commercial availability.**



Precise control over the synthesis of quantum defects is crucial for many applications. Quantum
light sources, for example, require precisely defined emission features to obtain indistinguishable
photons.®®! It is also particularly important for sensing applications to ensure similar molecular
interactions and photophysical signal transduction. The lack of a fundamental understanding of how
reaction parameters influence the defect type and density continues to hinder progress in the
field.[3*3] Here, we systematically deconstruct factors that influence the light-induced formation of
quantum defects in SWCNTs. By utilizing surfactant stabilized SWCNTs as a versatile platform,
we uncover the decisive impact of oxygen on the functionalization pathway. We demonstrate that
oxygen-free conditions not only dictate the resulting emission features but also accelerate reaction
kinetics and reduce required reactant concentrations by orders of magnitude. Finally, we showcase
how this high-efficiency approach can be leveraged to tailor sensing performance, opening a new

dimension for SWCNT applications in both chemical sensing and fundamental photophysics.
Results and Discussion

To incorporate quantum defects, we tested different reactants for light-induced radical reactions
with SWCNTs. On the one hand, the aryl halides: 4-brombenzoic acid (Ar-COOH), 4-bromaniline
(Ar-NH), 4-bromphenol (Ar-OH), and bromobenzene (Ar-H). On the other hand, 4-ethynylaniline
(E-NH), 4-vinylaniline (V-NH), and 8-bromooctanoic acid (Alkyl-COOH). The study aimed to
identify which surfactant and parameter combination causes the highest fluorescence increases

(Figure 1).

NH,
c OH '.“‘ E11*
c Br ° : c
Q NS N Br : Q
1) oH i )
8 NH, NHp S 2 E
= . = 11
: : :
T B T
2
Wavelength e l i

Quantum defects

[ Oxygen? |

With
foovs
=, Without :

Figure 1: Schematic of experimental factors that could affect the incorporation of quantum
defects in single-walled carbon nanotubes (SWCNT5).



In the first step, we studied factors affecting the reaction of aryl halides with SWCNTs under 254 nm

light irradiation. These findings were then applied to the other reactants to compare their effects.

To investigate the effect of the surfactant on the photochemical reaction, SWCNTs were
functionalized  with  deoxycholate = (DOC), sodium deoxycholate (SC), sodium
dodecylbenzenesulfonate (SDBS), and sodium dodecyl sulfate (SDS). The samples were then
diluted in a 0.1 % solution of the respective surfactant and subsequently exposed to UV light
(254 nm, Figure S1). Only the SDBS sample showed a strong increase in the E11* emission without
the presence of halides (Figure 2a, Figure Slc). In comparison to the other surfactants, SDBS
exhibits strong absorption at around 250 nm, suggesting that excitation at this wavelength activates
the surfactant (Figure S2a-d). It shows that, in principle, surfactants can directly take part in
quantum defect formation and one has to perform careful control experiments. Next, the reaction of
the different surfactant-modified SWCNTSs to Ar-COOH was investigated (Figure 2b, Figure S1).
SDS-SWCNTs showed the greatest increase in Ei1* emission, followed by SDBS-SWCNTs. The
absence of an increase observed for DOC and SC-SWCNTs can be attributed to the high binding
affinity (dense corona) of DOC and SC for the SWCNTs, which can slow down or hinder
interactions.?%3%371 Compared to other surfactants, SDS forms a less dense layer, which may be one
reason why the reaction begins at lower concentrations of the reactant than with SDBS. Thus, we
identified SDS as the optimal surfactant. All other aryl halides showed a concentration-dependent
increase in the E11*/E1; ratio (Figure 2c and Figure S3). However, although the total E;* emission
increased, it remained below the initial fluorescence of the Ei; signal. Compared to the other
reactions, functionalization with Ar-H required the highest reactant-to-SWCNT ratio (Figure S3d).
This can be explained by the electron-withdrawing or electron-donating nature of the substituents,
that are likely to affect reactivity and radical stability of the other reactants. Furthermore, the
E11*/E1; ratio of Ar-NH-modified SWCNTSs never exceeded 1, and the total emission decreased.
This could be attributed to either an excessively high quantum defect number or to

quenching/dequenching effects caused by the increasing reactant concentration. ¥

Indeed, the reactants themselves already changed the fluorescence properties (Figure S4). The
addition of Ar-NH increased the Ei; emission by up to 70 % in 0.1 % SDS solution, while this effect
was less pronounced at lower surfactant concentrations. In a 0.05 % SDS solution (Figure S5) a
higher E1*/E11 ratio was observed compared to 0.1% SDS. In our case, the increase in Ei
fluorescence upon addition of Ar-NH could lead to an underestimation of the E;1*/E; ratio. As a
result, the degree of defect formation appears lower, even though the actual defect formation might
be more efficient than initially assumed. These results show that the reactant itself, as well as the

surfactant concentration, impact both defect formation as well as the general SWCNT fluorescence.



Another crucial factor is reaction time. The E{;* emission intensity and, therefore, the ratio E11*/E;
increased over time for all modifications (Figure 2d,e, and Figure S6). Samples without halides and
only solvent (Figure S7) showed no E1* emission. We also examined the effect of the solvent used
for the halides that was added to the aqueous SWCNT solution. However, no significant change
was observed between dimethyl sulfoxide (DMSO), ethanol (EtOH), tert-butanol (t-BuOH), and
acetonitrile (MeCN) (Figure S8).

a “|Pristine SWCNTs - SC b 2 0_Ar—COOH - 100 uM — DOC C 1.04 = Ar-COOH
§ 1.0 —DOC § ] —sc § i — Ar-NH
$ 0.84 SbS ] SDS | g 0.8 Ar-OH
a °7] —sDBS| @ 1.54 —SDBS | @ 4 — Ar-H
o o o
S 0.6 1S } 5 0.6
3 § =2 1.0+ =) :
% 04 =] T o4
E I\ E 05 E 1
2 0.27 >/ s ] 3 027
0.0+ 11T 0.0 T T 0.0+ T
900 1000 1100 1200 130 900 1000 1100 1200 1300 900 1000 1100 1200 1300
Wavelength [nm] Wavelength [nm] Wavelength [nm]
d 500+ Ar-COOH - 75 uM — Before € 104 -~ Ar-COOH
= 7] = 5 min | == Ar-NH Phd
< 400+ 4 10 min 8+ Ar-OH L7
© 1 — 15 min e 7 -e= Ar-H -
S 300 20 min w6+ LY e
8 1 ) — 30 min £ b e
3 200 5 4- e
5 1 Z 1
= 1004 2 R A4 _---°
[T i | o ::/- o _e— -®
0 LI S B N B N B I B B B N D B B B | 0 | LI LA DL LI L L |
900 1000 1100 1200 1300 0 5 10 15 20 25 30
Wavelength [nm] Time [min]

Figure 2: Surfactant and reaction time determine efficiency of quantum defect formation.
a) Fluorescence spectra of the surfactant-modified SWCNTs after the irradiation with 254 nm light
for 5 minutes, normalized to the E;; emission. b) Fluorescence spectra of SWCNTs modified with
different surfactants after the reaction (254 nm, 5 minutes) with Ar-COOH (40 mM for DOC, SC
and SDBS, 10 mM for SDS) normalized to the E; emission. c) Fluorescence spectra of
SDS-SWCNTs after the reaction (254 nm, 5 minutes) with the halides: Ar-COOH, Ar-NH, Ar-OH
and Ar-H through the irradiation with 254 nm light for 5 minutes. d) Time-dependent fluorescence
spectra of the reaction between SDS-SWCNTs and the halide Ar-COOH. e) Time-dependent changes
in E1;* intensity resulting from the reaction of SDS-SWCNTs with aryl halides, normalized to their
starting intensity before illumination at the corresponding wavelength. Dashed lines are visual
guides.

To determine whether the performed reaction proceeds via a radical mechanism, they were repeated
in the presence of TEMPO ((2,2,6,6-Tetramethylpiperidin-1-yl)oxyl), a strong radical
scavenger.l*®3*1 TEMPO slowed down or stopped all reactions (Figure S9). To verify the formation

of sp® defects, Raman measurements were also performed (Figure S10), which showed the expected

increase in D/G ratios.

Radical reactions in solutions could be affected by dissolved oxygen. Therefore, the reaction

solution was degassed with N, for 10 minutes, followed by the photoreaction (Figure 3a,b and
5



Figure S11, Figure S12). In the absence of oxygen, the reactivity of aryl halides for SWCNTs
drastically increased (Figure S11). For example, the reaction of 10 uM Ar-COOH with 10 nM
SWCNTs under atmospheric conditions showed no reaction. In contrast, under inert conditions, the
Ei1* emission increased (Figure 3a). Again, the reaction stopped in the presence of TEMPO

(Figure S13).

In addition to the different reaction kinetics in the absence of oxygen, the E11* emission peaks were
blue-shifted (> 10 nm) independent of the aryl halide (Figure 3b) and were brighter than the initial
E11 emission (Figure S12). The increase in E1* emissions under atmospheric conditions could only
be achieved by extending the reaction time to 30 minutes, whereas under inert conditions,
significant changes were already observed after only ~ 5 minutes (Figure 3c). To investigate the
effect of the oxygen concentration on the peak position, two photoreactions were initiated
simultaneously: one under inert conditions and one under atmospheric conditions. The reaction
under inert conditions was stopped after 5 minutes and part of the sample was taken as a reference,
while the rest was left to react under atmospheric conditions (Figure 3d). The Ei1* peak positions
of this sample were between those for inert and atmospheric samples. Therefore, by changing the
oxygen concentration, the peak position can be adjusted. When monitoring the inert reaction over
time, the E1* emission for Ar—COOH (20 pM, 8 minutes) was 1.9 times higher than the initial E1;
emission intensity (Figure S14a), and for Ar—NH (10 uM, 14 minutes) the E;1* emission was
1.6 times higher (Figure S14b). Both reactions exceeded a maximum, followed by a decrease in the

intensity of the Ei1* emission until it was fully quenched.

To better understand the effect of dissolved oxygen, the reaction was performed in the presence of
sodium sulfite, a known oxygen scavenger.*¥] An increase of the sodium sulfite concentration
shifted the Ei;1* peak towards lower wavelength while the intensity increased (Figure 3e.f,
Figure S15). The reaction, as evidenced by an increase in Ei1*, increased with the aryl halide
concentration at a constant sodium sulfite concentration (Figure S16). It demonstrates that the
addition of the scavenger has a similar effect as inert/oxygen-free conditions. This suggests that
different types of defects form during the defect reaction under atmospheric conditions and that thus
the O: concentration matters. One explanation could be that different C—C and C—O bonds form or
different ortho/para configurations. Deconvolution of the spectra supports the presence of two
defect species in the presence of oxygen. Two different scenarios were considered for this. In the
first, a single E11* emission peak (Figure S17) was assumed, which can freely shift. In the other
case, two emission peaks (Figure S18) were assumed, corresponding to the maxima observed under
oxygen-containing (Ei1* (6.5)-2, low sodium sulfite concentration) and oxygen-free conditions
(E1r* (6.5)-1, high sodium sulfite concentration). Compared to deconvolution with only one signal,

in which the FWHM narrows by ~ 20 nm due to peak shifting through low O: concentrations
6



(Figure S19a), the changes in the FWHM were significantly smaller (Figure S19b). If the changes
were simply a peak shift, one would expect the signal characteristics to remain constant. These
results support a mechanism in which indeed two different defect types, e.g. with C-C and C-O

bonds or different ortho/para configurations, are formed.
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Figure 3: Oxygen-free conditions increase yields and cause a blue-shifted quantum defect
emission. a) Fluorescence spectra of the SWCNTs are obtained after the photoinduced reaction
(254 nm, 5 minutes) of SDS-SWCNTs with Ar-COOH under inert (pink curve) and atmospheric
conditions (blue curve). b) Summary of the different E;;* peak positions obtained after reaction of
SDS-SWCNTs with the different aryl halides under inert and atmospheric conditions. c) Evolution
of the Ei* emission during the time-dependent reaction of SDS-SWCNTs with Ar-COOH
(Nz: 20 uM and atmospheric: 75 uM, line serves as a visual guide). The reaction under atmospheric
conditions is stopped after 30 minutes, as no maximum has been reached by that point.
d) Normalized fluorescence spectra of SDS-SWCNTs modified under inert conditions (pink),
modified under first inert followed by atmospheric conditions (blue) and modified under
atmospheric conditions (orange). e) Normalized fluorescence spectra of SDS-SWCNTs modified
with the same amount of Ar-COOH but in the presence of different sodium sulfite concentrations
(5 minutes, 254nm). f) Change in the E;;* emission wavelength resulting from the reaction (254 nm,
5 minutes) of SDS-SWCNTs with aryl halides as a function of the added sodium sulfite
concentration.

To demonstrate that the influence of dissolved oxygen is chirality independent, the reaction was
also performed with (6,4) chirality-enriched SWCNTs (Figure S20). The reaction with the different
aryl halides increased the Ei1* emission, and after changing to inert reaction conditions, peak shifts
were observed that were similar to those of (6,5) enriched-SWCNTs. The effect of oxygen on the
peak positions was also observed in excitation-emission spectra of (6,5) enriched-SWCNTs for

other chiralities (Figure S21 and Figure S22).



We then hypothesized that these insights help us to create quantum defects beyond aryl halides that
are less reactive and have been much less studied. The reaction with E-NH and V-NH showed under
atmospheric conditions only a minor increase of the Ei*/Ei ratio (Figure 4a,c). Under inert
conditions, E;1* emission (~ 1100 nm) strongly increased (Figure 4b,d). Similarly, the reaction in
the presence of sodium sulfite caused an increase in the E11*/E1; ratio (Figure S23). These reactions
appear to follow radical mechanisms, as they were inhibited using TEMPO (Figure S13 and
Figure S24) and lead to the formation of sp® defects, which were confirmed by Raman

measurements (Figure S10).

The reaction with Alkyl-COOH showed a similar trend to that of aryl halides. However, for the
reaction under atmospheric conditions, the ratio of reactants to SWCNTs had to be drastically
increased, as no reaction was observed under standard conditions with 10 nM SWCNTs and 10—
400 uM reactant. Therefore, the SWCNT concentration was lowered to 1 nM (Figure S25a). This
result could be explained by the following processes. The interaction between the alkyl chain and
the SWCNTs is weaker compared to the aryl group and the SWCNTs, which could reduce the
effective concentration of adsorbed molecules. Furthermore, the alkyl radical formed is more
unstable and therefore more reactive and it could react with other molecules before it reaches the
SWCNT surface. When changing the reaction to inert conditions, the reaction rate strongly
increased (Figure 4e,f and Figure S25b,c). The higher efficiency of the reaction under inert
conditions suggests that the reactive species are highly scavenged by oxygen under atmospheric
conditions. The reaction with oxygen typically leads to the formation of reactive oxygen species
(ROS), which could then bind to the SWCNT. However, this was not observed, as no defect
formation was detected under atmospheric conditions at normal ratios. This indicates that the
affinity of the ROS species formed here may be too low to react directly with the SWCNT, and that
the reactant must first attack the SWCNT to form a reactive intermediate that is then accessible to
ROS. The observed Ei1* emission showed, as already observed for the aryl halides, a strong blue
shift (Figure S25d) under inert conditions. The wavelength of the emission peak obtained under
inert conditions is consistent with the wavelengths observed by Kwon et al. during the
functionalization with similar alkyl groups. In that study, they used sodium dithionite to initiate the

reaction. However, this compound can also act as an oxygen scavenger.[31#!]
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Figure 4: Formation of quantum defects with alkyl halides, alkenyl and alkynyl compounds
under oxygen-free conditions. Normalized fluorescence spectra of SDS-SWCNTs after light-
induced functionalization (254 nm, 5 minutes) with different concentrations of a) 4-vinylaniline
(V-NH), c) 4-ethynylaniline (E-NH) and e) 8-bromooctanoic acid (Alkyl-COOH) under atmospheric
conditions and c) after reaction under inert vs. atmospheric conditions b) V-NH, d) E-NH and
) Alkyl-COOH.

All these results showed a strong impact of the oxygen concentration, which raises the question
about the mechanism. Our experiments suggest that there are radicals involved in the reactions.
Photoreactions under UV-C light (254 nm) are an interplay of several processes (Figure 5).
Irradiation of aryl halides could cause homolytic cleavage of the C-Br bond and formation of aryl
radicals. Due to their absorbance (Figure S2e) in this wavelength range, they can also be excited to
the singlet excited state ('ArBr*), which may undergo inter-system crossing (ISC) leading to the
formation of the triplet excited state (*ArBr*), followed by the cleavage of the C-Br bond.[*>#7]
However, it is also possible that SET occurs from the SWCNTs to the reactant, as assumed for
diazonium chemistry. Here, the aryl halides can be in either the ground or excited state, which would
also lead to the formation of radicals.[**#1 All these reaction pathways are influenced by oxygen
(Figure 5). The aryl radicals formed under these conditions could, for example, react with dissolved
oxygen to form peroxide radicals and/or initiate the formation of other ROS, which could react with
the SWCNT. Oxygen is also an effective triplet quencher, which can therefore lead to the quenching
of the 3ArBr*, thereby reducing the reaction rate. Regardless of the specific reaction mechanism,
oxygen can be involved in any of these mechanisms and initiate side reactions or affect the defect
configuration. These side reactions may contribute to the reduced reaction rate under atmospheric

conditions and to the blue shift of the E;i* emission under inert conditions. Under atmospheric
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conditions, in addition to the intended C-C bonds, C-O bonds could be obtained due to reactions
with various ROS species. Taborowska et al. demonstrated that the peak position depends on
whether the quantum defect is a C-O type (1160 nm) or a C-C-type defect (1130 nm).’” Together
with our observations, this suggests that the resulting emission peak is a combination of different
defect types that govern the peak position. The ratio of the defects (C-C and C-O type) determines
the spectrum, which could explain the observed blue shift of the Ei1* emission. In contrast, the
reaction of the alkyl halide is most likely due to the homolytic cleavage of the C-Br bond, since
there is no m-system present that could cause photoexcitation. The reactions with E-NH and V-NH
will probably involve a cycloaddition that could be triggered by SET from the SWCNTs to the
E-NH and V-NH groups. Both compounds exhibit strong absorption at ~250 nm (Figure S2f).
Therefore, SET could occur on an excited molecule or in the ground state.[**#] In summary, we
propose that the formation of C-O bonds causes the red-shift in the presence of oxygen. However,
oxygen species could also affect the configuration (ortho, para) of new C-C bonds and, in this way,
affect the emission energy.

R4= COOH, NH,, OH, H
Ry= , H, OH, OR

Fluorescence

Br

Homolytic cleavage Wavelength

Figure 5: Postulated mechanism for the photochemical reaction of aryl halides with SWCNTs
under UV light irradiation (254 nm). Other halides and alkenyl/alkynyl compounds could react
in a similar manner.

As mentioned before, SWCNTs with quantum defects offer great potential for biosensor
applications. They can be seen as additional chemical dimension in addition to non-covalent
chemistry for corona phase molecular recognition (CoPhMoRe) based systems. To demonstrate this

10



potential, we investigated the effects of quantum defects on the neurotransmitter detection by
ssDNA (single-stranded DNA) modified SWCNTs. For this purpose, we used SWCNTs modified
with aryl halides (Figure 6, Figure S26) and changed their surfactants to different ssDNA sequences,
which have been demonstrated to cause a response to certain neurotransmitters.>!) In some cases,
the combination of quantum defect and ssDNA showed a different response than the control without
quantum defects. The Ar-NH-SWCNTs modified with (AT)is showed a different reaction to
dopamine than to ascorbic acid or epinephrine, while the (AT)is-Ar-H-SWCNTs exhibited a
different reaction to ascorbic acid than to the other two neurotransmitters (Figure 6a). To disentangle
the effect of DNA sequence versus quantum defect type, we analyzed the data and looked for
patterns (Figure S27). Indeed, (GC);s exhibited the strongest clustering in all three plots compared
to the others, with one point deviating (Figure S27a-c). It is noticeable that for the (GC)5 sequence,
the deviating point corresponds to the pristine DNA-SWCNTs (Figure S27g-1). Therefore, it seems
that the general introduction of a defect appears to make the difference, but not its nature. SWCNTs
modified with N6 exhibited similar behavior. In contrast, SWCNTs modified with (AT);s and (GT);s
showed no clear trends, suggesting that the combination of defect and DNA creates the difference.
To gain a better understanding, we calculated the differences in signal responses for the various
neurotransmitters (Figure 6b, Figure S28). While it was not possible to distinguish ascorbic acid
and epinephrine with the (AT);s-modified pristine SWCNTs, the Ar-H-modified SWCNTs showed
a clear sensor difference. For (GT)s-modified SWCNTs, the Ar-COOH showed a positive deviation
compared to the pristine SWCNTs, while the Ar-H showed a negative change. The fact that we did
not find a clear pattern or correlation between the impact of DNA sequence and defect type on

sensing suggests that these are indeed independent chemical dimensions (Figure 6c¢).
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Figure 6: Quantum defects as an additional dimension to tailor molecular recognition and
sensing. a) Heat map of individual sensor responses to different neurotransmitters. DNA sequence,
defect type, and analyte were varied. b) Difference between the sensor responses to ascorbic acid
and epinephrine (n = 3, mean = SD). c¢) Chemical dimensions for sensor design.

Conclusion

We identified critical parameters that govern the photochemical reaction of halides, alkenyl, and
alkynyl compounds with SWCNTs to create quantum defects. SDS-SWCNTs were most suitable
for the defect formation for typical reaction conditions. The initial reaction showed an increase in
E11* emission but remained below the initial E;; emission of unmodified SWCNTs. A stronger E11*
emission for the aryl halides could only be achieved by extending the reaction time to ~ 30 minutes.
The reaction with the alkyl halide required a significantly higher ratio of reactants to SWCNT
compared to the aryl halides to achieve a detectable shift in the E;1* emission. Interestingly, we
found that the oxygen concentration is a crucial parameter. While under atmospheric conditions a
higher Ei1* emission could only be achieved by extending the reaction time, under oxygen-free
conditions (different atmosphere or addition of sulfites) this was observed in < 10 minutes.
Furthermore, a strong blue shift in the Ei1* emission of up to 30 nm was observed without oxygen.

These results suggested that different types of quantum defects form in the presence of oxygen.

Previously, Zheng et al. compared various reactants (nitrobenzene, iodobenzene, aniline, and
p-iodoaniline) under inert and atmospheric conditions and observed changes in their emission

characteristics.*}! For nitrobenzene, aniline, and p-iodoaniline, a blue shift in the E11* emission was
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observed, accompanied by an increase in the E{1*” emission, whereas no changes were detected for
iodobenzene. They attributed this to underlying differences in reaction mechanisms and
hypothesized that only iodobenzene follows a radical mechanism. Our study confirmed the radical

nature of all reactions.

Oxygen free conditions increase yield, decrease reaction time and save resources because lower
reactant concentrations are required. Instead of removing oxygen it is also possible to add sulfites.
Importantly, our results show that alkyl halides which are less reactive can also form quantum
defects under these optimized conditions. We attribute the different spectral features to different
types or configurations of quantum defects. Overall, these results show that controlling reaction

conditions is crucial to obtain well-defined quantum defects with low heterogeneity.

Finally, we demonstrated how a panel of biosensors for neurotransmitters can be expanded by
adding an additional dimension via the quantum defects. Sensing performance varied with ssDNA
and quantum defects, which opens opportunities for tailoring. Therefore, simple and efficient access
to a wide range of quantum defects via oxygen-free conditions provides a new chemical dimension

for SWCNT-based sensing and photonics.
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Materials and Methods
If not stated otherwise, materials were purchased from Sigma-Aldrich.
Preparation surfactant-modified SWCNTs

The SWCNTs were functionalized according to the protocol of Ma et al.!*’! 2 mL of a solution
(6,5)-chirality-enriched SWCNTs (2 mg/mL in water) (=95 % carbon basis, Sigma Aldrich, Cat.
No. 773735) were mixed with 2 ml of a surfactant solution (1 % (m/v) in water) (desoxycholate
(DOC), sodium deoxycholate (SC), sodium dodecylbenzenesulfonate (SDBS) and sodium dodecyl
sulfate (SDS)) and the mixture was then tip-sonicated (20 minutes, 40 % amplitude, Fisher
ScientificTM Model 120 Sonic Dismembrator) in an ice bad. After that the solution was centrifuged
(21000 g, 30 minutes at 21°C) (Eppendorf Model Centrifuge 5425R G) and the supernatant was
transferred into a fresh tube. This procedure was repeated 3 times. The so obtained SWCNT solution

was stored at 4 °C.
Defect reaction

The reaction was adapted from a protocol reported by Mann et al.*!! For the defect reaction, the
SWCNT solution was diluted to a final concentration of 10 nM in the respective surfactant solution
(0.1 %). The reactants (4-brombenzoicacid (Ar-COOH), 4-bromaniline (Ar-NH), 4-bromphenol
(Ar-OH) and bromobenzene (Ar-H), 4-ethynylaniline (E-NH), 4-vinylaniline (V-NH) and
8-bromooctanoic acid (Alkyl-COOH)) were dissolved in various solvents (EtOH, DMSO, tert-
butanol, or MeCN). The reactant solutions were prepared at different concentrations to achieve final
concentrations ranging from 1-800 uM. The SWCNT solution and the reactant were mixed in a
99:1 (v/v) ratio, resulting in a final reactant concentration of 1 % v/v. After mixing, the reaction
solution was irradiated for 5 minutes, with 254 nm UV light (4 watts, UVG-11, VWR, supplier
Analytik Jena), if not otherwise stated.

The following reactions were performed based on the previously described protocol, with some
modifications that are summarized below. The reactions were conducted exclusively using

SDS-SWCNTs.

Reactions under inert conditions were performed using a mixture of the reactant solution of different
concentrations (dissolved in DMSO) and the SDS-SWCNT solution (10 nM, 0.05% SDS), which
was degassed for 10 minutes under a nitrogen stream. The mixture was then irradiated with UV
light (254 nm) while maintaining a continuous nitrogen atmosphere. Unless otherwise specified,

irradiation was performed for a period of 5 minutes.
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For the reaction under the addition of sodium sulfite, the SDS-SWCNT-solution (10 nM, 0.05 %
SDS) and the reactants (dissolved in DMSO) were mixed, and different amounts of sodium sulfite
were added to achieve final concentrations ranging from 0.25 mM to 2.0 mM. Then the mixture
was irradiated with UV light (254 nm) for 5 minutes, without stirring. The reaction with TEMPO
(2,2,6,6-tetramethylpiperidinyloxyl) was performed following the same protocol, but a final

concentration of 1 mM TEMPO was used instead of sodium sulfite.

For the reaction under first inert followed by atmospheric conditions, two different solutions were
prepared by mixing the SWCNTs solution (10 nM, 0.05 % SDS) with an Ar-NH solution (dissolved
in DMSO) in a 99:1 (v/v) ratio, yielding a final reactant concentration of 5 uM. One solution was
degassed for 10 minutes the other was incubated under atmospheric conditions. Then, both solutions
were irradiated for 5 minutes with a UV-lamp at 254 nm. After that, the inert reaction was opened
to continue the reaction under atmospheric conditions, and some sample was taken as the reference.

Both solutions were subsequently irradiated for another 5 minutes.

To perform the defect reaction of (6,4)-SWCNTs, the surfactant in the 1 % DOC-SWCNT solution
prepared via ATPE (see below) was exchanged for SDS. Therefore, the SWCNT solution was
dialyzed against a 0.1 % SDS solution for 3 days. The defect reaction was subsequently performed
following a similar protocol as described for (6,5)-enriched SWCNTs. A (6,4)-enriched SWCNT
solution (0.5 nM, 0.1 % SDS) was mixed with the reactant solution (10 mM, Ar-NH, Ar-COOH,
Ar-OH and Ar-H in DMSO) in a 99:1 (v/v) ratio.  After that, the mixture was irradiated with UV
light (254 nm) for 5 minutes. For reactions under inert conditions, a (6,4)-SWCNT solution (0.5 nM,
0.1 % SDS) was mixed with the reactant solution (1 mM, Ar-NH, Ar-COOH, Ar-OH and Ar-H in
DMSO) in a 99:1 (v/v) ratio. The resulting mixture was degassed under a continuous nitrogen
stream and subsequently irradiated with UV light (254 nm) for 5 minutes while maintaining the

nitrogen atmosphere.
Separation (6,4)-SWCNTs

Surface modification of (6,5) chirality-enriched CoMoCAT-SWCNTs with 1% DOC was
performed by mixing SWNCTs (1 mL, 3 mg/mL in water) with an aqueous DOC solution (1 mL,
2 % (m/m)). This mixture was tip-sonicated (20 minutes, 30 % amplitude) in an ice bath and
centrifuged (2 x 30 minutes, 16100 g, 4 °C) to remove aggregates. The supernatant yielded
homogenously dispersed 1 % DOC-SWCNTs for performing aqueous two-phase extraction (ATPE)
of (6,4)-SWCNTs.

The separation of (6,4)-SWCNTs using ATPE was performed according to the following
protocol.5?! A total volume of 40 mL was prepared containing 8 mL polyethylene glycol (PEG, MW
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6 kDa, 40 % (w/v)), 8 mL dextran (MW 70 kDa, 20 % (w/v)), 2 mL SDS (10 % (w/w)), 2.8 mL SC
(10 % (w/w)), 18.2 mL water, 1 mL 1 % DOC-SWCNT, 0.75 mL hydrochloric acid (HCI, 0.5 M),
and 170 pL sodium hypochlorite (NaClO, 10-15 % available chlorine) for pH-driven and electronic

separation.

All components were combined, vortexed for 15 s, and subsequently centrifuged (Fisherbrand GT
IR, 3046 x g, 21 °C, 30 minutes) to induce phase separation. Monochiral (6,4)-SWCNTs were
selectively extracted from the bottom phase. The collected fraction was then dialyzed using a
300 kDa MWCO dialysis membrane (Spectra/Por, Spectrum Laboratories Inc.) against a 1 % DOC
solution for 3 days, with daily replacement of the dialysis medium, to remove dextran and obtain a

stable 1 % DOC-dispersed (6,4)-SWCNT solution.
Sensing experiment

For the surfactant exchange, first the SWCNTs with quantum defects were synthesized
(Ar-COOH: 25 uM, Ar-NH: 25 uM, Ar-OH: 75 uM and Br-H: 100 uM, 5 minutes irradiation) under
inert conditions. To remove the reactant and change the surfactant, 400 uL SWCNT solution were
mixed with 700 pL isopropanol, followed by centrifugation for 5 minutes at 21300 g and 21 °C.
Then the supernatant was removed, and the pellet was shortly redispersed in 400 uL of'a 0.5 % SC
solution, followed by the addition of 700 pL isopropanol. The solution was vortexed and the
centrifugated (21300 g) and the supernatant was removed. The pellet was redispersed in a 0.5% SC
solution and diluted until it had an absorbance of 1. After that, 2.2 mL of the so obtained solutions
were mixed with 300 pL of different ssDNA solutions (2 mg/mL in PBS, (AT);s, (GT)15, (GC)15 and
N6 = 3’-GTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGATCTAA GGCGTGTAT-5") and then
dialyzed in a 1 kDa dialysis membrane for 4 days with several PBS exchanges. After dialysis, the
solutions were sonicated (15 minutes, 30 % amplitude, 2 s on 1 s off) and then centrifugated at

21300 g for 15 minutes and the supernatant was transferred to a fresh tube.

For the sensing experiment, the SWCNT solutions were diluted in PBS to a final concentration of
0.5 nM. 100 pL of the so obtained solutions were transferred to a 96-microwell plate. 1 uL (101 uM
in PBS) of the different neurotransmitter (dopamine, epinephrine and ascorbic acid) was added. The
plate was then mixed at 400 rpm for 3 minutes (ThermoMixer C, Eppendorf). Each concentration
was measured in triplicates. The fluorescence was recorded before and after the addition of the

neurotransmitter solution.
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Spectroscopy of SWCNTs

Absorbance was measured with a JASCO V-780-ST spectrophotometer in the wavelength range of
400-1350 nm in 0.5 nm steps in a 10 mm path length cuvette (Brand UV cuvette micro). SWCNT

concentration was calculated based on previous literature.53-5!

Fluorescence spectra were recorded with an integration time of 0.5 s in the range from 897-1703 nm
(except from DOC-SWCNTs: 0.05s, SC-SWCNTs: 0.25 ms and for the sensing experiment
dependent of the different sensor: 0.5 s—4 s) using a spectrometer (AVASPEC-NIR256-1.7-HSC-
EVO, Avantes) connected to a microscope (Nikon Eclipse Ti2) equipped with a 20x objective (CFI
S P-Fluor ELWD ADM 20x C, Nikon). The fiber of the spectrometer was positioned at the camera
port of the microscope, and the light was focused through a combination of a 200 mm plano-convex
lens (LA1050-B, Thorlabs) and a 25 mm plano-convex lens (LA1951-B, Thorlabs). A white LED
(CoolLED pE300 Lite, 100 % power) was used in combination with a 560 + 40 nm bandpass filter
(AHF analysentechnik F47-561) for the excitation of SWCNTs. Excitation light was eliminated
from emission via a longpass dichroic mirror (cut-on wavelength 805 nm, Thorlabs DMLP805R)

and an 840 nm long-pass filter (AHF analysentechnik F47-841).

The 2D excitation-emission spectra, were recorded with a Shamrock 193i spectrometer (Andor
Technology Ltd., Belfast, Northern Ireland) connected to an 1X73 Microscope (Olympus, Tokyo,
Japan). A Monochromator MSH150, equipped with a LSE341 light source (LOT-Quantum Design
GmbH, Darmstadt, Germany) was used as the excitation source. The 2D NIR fluorescence spectra
were recorded with an integration time of 10 s and an excitation range of 400 to 700 nm in 5-nm
steps. The measured samples had a concentration of 5 nM and were diluted to the respective

surfactant concentration.

Raman measurements were recorded with a Renishaw inViaTM microscrope at room temperature.
To prepare the samples, the surfactant was removed from the SWCNT solution by adding 700 pL
of isopropanol to 100 pL of SWCNT solution, followed by centrifugation. The supernatant was
discarded, and the pellet was washed once more with 700 puL of isopropanol. The resulting pellet
was redispersed in isopropanol and drop-cast onto a glass slide. Raman spectra were recorded using
a 532 nm laser (Renishaw RL-08) at a laser power of 5-10 %, an exposure time of 10 s, and
3 accumulations, employing a 5% objective. The obtained spectra were baseline-corrected using the

manufacture software.
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