Stochastic formation of quantum defects in carbon nanotubes
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ABSTRACT: Small perturbations in the structure of materials significantly affect their properties. One example are single wall
carbon nanotubes (SWCNTs), which exhibit chirality-dependent near infrared (NIR) fluorescence. They can be modified with
quantum defects through the reaction with diazonium salts and the number or distribution of these defects determine their
photophysics. However, the presence of multiple chiralities in typical SWCNT samples complicates the identification of defect-
related emission features. Here, we show that quantum defects do not affect aqueous two-phase extraction (ATPE) of different
SWCNT chiralities into different phases, which pinpoints to low numbers of defects. For bulk samples the bandgap emission
(E11) of monochiral (6,5)-SWCNTs decreases and the defect related emission feature (E11") increases with diazonium salt con-
centration and represents a proxy for the defect number. The high purity of monochiral samples from ATPE allows us to image
NIR fluorescence contributions (E11 = 986 nm, and E11* = 1140 nm) on the single SWCNT level. Interestingly, we observe a
stochastic (Poisson) distribution of quantum defects. SWCNTs have most-likely 1 to 3 defects (for low to high (bulk) quantum
defect densities). Additionally, we verify this number by following single reaction events that appear as discrete steps in the
temporal fluorescence traces. We thereby count single reactions via NIR imaging and demonstrate that stochasticity plays a
crucial role for the optical properties of SWCNTs. These results show that there can be a large discrepancy between ensemble
and single particle experiments/properties of nanomaterials.

The properties of solid-state materials depend on their
structural and chemical purity. Recent advances in nano-
particle synthesis and preparation have shown that minor
disturbances give rise to novel material characteristics.
Techniques such as symmetry breaking and defect incorpo-
ration have been used to tailor hollow metal chalcogenide
particles?, engineer colloidal crystals with DNAZ23 and create
new emission features via nitrogen vacancy (NV) centers in
nanodiamonds*®. A material that is very susceptible to
small changes in its structure and environment are carbon
nanotubes (CNTs). They have rich optoelectronic and me-
chanical properties and broad potential for material science
and biomedicine”8. Among the different types of CNTs, sin-
gle wall carbon nanotubes (SWCNTSs) have become a multi-
disciplinary field°-12, because of their intrinsic near-infrared
(NIR) fluorescence (850-1700 nm)'3. This property has
been used to develop powerful biosensors for a range of an-
alytes including small molecules, lipids, proteins, neuro-
transmitters, and sugars. Such sensors have been employed
in complex biomedical applications such as fast neurotrans-
mitter imaging'4-16, pathogen diagnostics!7.18, insulin detec-
tion'?, stress detection in plants?°-?2, monitoring wound
healing?? or cancer marker detection?4-26,

A drawback of NIR fluorophores such as SWCNTs are their
lower quantum yields. Interestingly, certain covalent modi-
fications of the graphene lattice (sp3 quantum defects) cre-
ate highly emissive states that increase the overall quantum
yield?7-30. These quantum defects act as traps for mobile ex-
citons from which red-shifted emission (E11*) takes place3L
Possible reactions to introduce defects include (a) ozone
treatment32, (b) reactions with aryldiazonium salts, which
introduce sp? defects into the sp? lattice?® and (c) [2m + 27]
photocycloaddition of enones33, which all generate a red-
shifted photoluminescence around 1130 nm for (6,5)-
SWCNTs. In addition to the reactions mentioned above,
there are other ways to introduce covalently functional
groups such as m-preserving triazine conjugation but with-
out new emission features34. Diazonium chemistry also of-
fers to conjugate more complex entities such as biomole-
cules3536, It is useful to directly attach e.g. nanobodies or
grow peptide chains on the SWCNT lattice, which expands
the toolbox for many applications such as sensing with
quantum defects3738, The concentration of diazonium salt
affects the reaction and most likely the density of quantum
defects. the ratio (E11"/E11) between the quantum defect re-
lated
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Figure 1. Counting of quantum defects in single SWCNTs. SWCNTs are sorted by aqueous two-phase extraction to yield pure
(6,5)-SWCNTs with distinct E11 emission features and no spectral congestion in the near infrared (NIR). Quantum defects are intro-
duced by the reaction with diazonium salts under light exposure and create a new red-shifted emission feature (E11"). Their distri-
bution is then assessed by imaging the different spectral features either during the reaction itself or afterwards. This approach allows
to quantify and count the number of defects and correlate it to the photophysical properties.

emission (E11") and the bandgap emission (E11) of SWCNTs
is regarded as an approximate measure for defect density*°.
Wang et al. estimated in SWCNTs of maximum E11" photolu-
minescence about one defect per 20 nm length of (6,5)-
SWCNTs?8. Zaumseil et al. found defect densities ranging
from around 5 (low) to 30 (high) defects per um of SWCNT#.
For (6,5)-SWCNTs, they recently measured sp3 defects from
low to medium densities at low temperatures (4.6 K), which
equate to 4 um-! and 8 um-, respectively, with an error of
+3 defects/pm*!. Nevertheless, a complete understanding of
how defects affect photophysics is still missing.

Even though there have been advances in synthesis of chi-
rality-pure SWCNTs#243, commercially available SWCNTs
typically contain different chiralities. Such mixtures of mul-
tiple SWCNT chiralities lead to overlapping and congested
spectra. In contrast, purified SWCNTs show well-defined
spectra and higher fluorescence emission3’4*. These ad-
vantages make chirality-enriched or pure SWCNTs highly
attractive*s and are required to get well-defined SWCNT
spectra e.g. for ratiometric or multiplexed sensing!744,

In the past years, the efficacy at which SWCNTSs can be dis-
persed, enriched, and separated has significantly im-
proved#6-33, Purification methods include ion-exchange
chromatography (IEX)*754, density-gradient ultracentrifu-
gation (DGU)555%6, selective extraction in organic sol-
vents57°8, gel chromatography®°-¢1 and aqueous two-phase
extraction (ATPE)¢2-66, ATPE stands out among these meth-
ods, because it is relatively simple, provides a high repro-
ducibility and up-scaling is straightforward. Zheng et al. re-
ported an ATPE system which achieved complete sorting of
DNA-SWCNTSs®2. Flavel and coworkers set up a simple pH

sensitive ATPE process. In total 11 (n, m) species were iso-
lated, not only including semiconducting but also metallic
and non-armchair metallic species®3. The partition mecha-
nism of SWCNTs chiralities in ATPE is still not completely
understood but one plausible explanation are differences in
the chemical potential for different (n, m) species in these
two phases®’. Additionally, ATPE paired with surfactant ex-
change expands the potential for biological applications of
SWCNTs*8.

Here, we combine ATPE of SWCNTs with quantum defect
chemistry to quantify the number of quantum defects in sin-
gle SWCNTs. For this purpose, we apply diazonium salt
chemistry and elucidate the impact of defects on the overall
ATPE process. Furthermore, we follow the reaction of
monochiral (6,5)-SWCNTSs on the single molecule and single
SWCNT level by fluorescence microscopy. This allows us to
count the number of quantum defects and compare the bulk
and single particle picture.

To create SWCNTs with quantum defects (ASWCNTSs), dia-
zonium salt (4-nitrobenzoldiazonium tetrafluoroborate)
was added to a sodium dodecyl benzenesulfonate (SDBS)-
dispersed SWCNT solution and exposed to green light (550
nm, Figure 1). It is known that excessive amounts of sp3 de-
fects completely quench the NIR fluorescence of SWCNTs®.
Therefore, the reaction conditions were optimized first. In
the absence of 4-nitrobenzoldiazonium tetrafluoroborate,
there is only one E11 emission peak at 976 nm (figure S1).
With increasing concentration of diazonium salt, a new de-
fect-related emission peak E11" appeared at 1120 nm. Its in-
tensity increased with diazonium salt concentration,
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Figure 2. ATPE of SWCNTs with quantum defects. NIR 2D (a, d) fluorescence spectra of SWCNTs without defects and diow-SWCNTs
(b, e) with defects (reacted with 10 pM 4-nitrobenzoldiazonium tetrafluoroborate) before and after ATPE. (c) NIR 1D fluorescence
spectra of pristine-, diow-, dmedium-, dhigh-SWCNTSs after ATPE show that defects do not affect the ATPE process. The E11"/E11 ratio is
considered as indicator of defect density. (f) Absorbance spectra of diow-SWCNT after ATPE show mainly (6,5)-SWCNT related fea-

tures.

while the intensity of the E11 peak decreased. With higher
concentrations of the diazonium salt, the intensity of the
E11" emission decreased until the overall fluorescence van-
ished. Reaction mixtures with 10 pM, 20 uM and 30 pM dia-
zonium salt (here after referred to as diow-, dmedium- and dhigh-
SWCNT) revealed the highest E1: and E11" intensities and
were used for further experiments. In the absorbance spec-
tra there was no new peak observed at around 1120 nm
(Figure S2), which indicates a low density of quantum de-
fects?8. The success of the defect reaction can be followed by
an increase of the E11” feature in both NIR 1D fluorescence
(Figure S1a), Raman (Figure S1b) and 2D (Figure 2a, b) ex-
citation-emission fluorescence spectra. Additionally, the 2D
spectra revealed that the prepared pristine- and diow-
SWCNT solutions consisted not only of (6,5)-SWCNTSs but
also of other SWCNT chiralities. A reliable and easy ATPE
approach® was used to enrich monochiral (6,5)-pristine-
SWCNTs and (6,5)-diow-SWCNTSs and all steps were moni-
tored by absorbance spectra of the respective top and bot-
tom phases (Figure S3 and S4).

In the first step, HCl was added, which moved SWCNTs with
larger diameter to the top phase 1 (T1), and mainly (6,5),
(6,4) chiralities remained in the bottom phase 1 (B1). In the
second step of ATPE, only (6,5) moved to the top phase 2
(T2) and all other chiralities remained in the bottom phase
2 (Bz). In the last step, a separation of metallic and semicon-
ducting SWCNTs was achieved and either (6,5)-pristine-
SWCNTs or (6,5)-diow-SWCNTs were collected in bottom
phase 3 (B3). During ATPE, monochiral diew-SWCNTSs could
be extracted in the same way as monochiral pristine-

SWCNTs, as can be seen by the presence of chirality-specific
absorbance peaks in the spectra of each phase in each step
(Figure S3 and S4). After ATPE, the absorbance and fluores-
cence spectra of SWCNTs showed mainly the Ei:1 peak
(around 986 nm) of pure (6,5)-SWCNTs (Figure S3f, 2c and
2d). Similarly, well-defined spectra were obtained for diow-
SWCNTs after ATPE. In the absorbance spectrum only the
expected features such as the E11 and Ez2 peaks were pre-
sent (Figure 2f). Well-defined Ei1 and E11" peaks were also
observed in 1D (Figure 2c) and 2D (Figure 2e) excitation-
emission fluorescence spectra. These results show that the
ATPE protocol separates monochiral (6,5)-SWCNTs with
quantum defects from a mixture of different chiralities.

Furthermore, the effect of diazonium salt concentration was
explored. The E11"/E11 ratio increased in NIR 1D and 2D ex-
citation-emission fluorescence spectra (Figure S1, 2b, S5a,
and S5b), which indicates increased densities of quantum
defects before ATPE. During ATPE, the top and bottom
phase absorbance spectra from all steps are the same (Fig-
ure S4, S6, and S7), suggesting that the same chiralities were
separated regardless of defect density. After ATPE, dmedium-
and dnigh-SWCNT spectra indicated pure (6,5)-dSWCNTs,
comparable to diew-SWCNTs (Figure 2c, 2e, S5¢ and S5d).
The partition coefficient of pristine and SWCNTs with quan-
tum defects into different phases was therefore identical. It
can be explained by similar chemical potentials, which is
supported e.g. by similar Zeta potentials of SWCNTs with
different defect densities (Figure S8). All these findings pin-
point to a low number of defects per SWCNT.
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Figure 3. Single SWCNTs with quantum defects show spectral variation. (a) NIR fluorescence images of the E11
feature in green (shortpass, emission <1020 nm) and of the E11" feature in red (longpass, emission > 1050 nm) and the
merged channels in yellow. The distribution indicates a huge heterogeneity in quantum defect numbers. Scale bar = 2
pum. (b) Magnified fluorescence image of single dSSWCNTs 1-3 from (a). Particle 1 appears to show mainly E11 emission,
indicating no quantum defects. Particle 2 shows mainly E11", indicating that all excitons are trapped into defects states
(high defect density). Particle 3 shows both spectral features. Scale bar is 1 um.

Moreover, the yield (total SWCNT mass) of performing first
the defect reaction and then ATPE for dASWCNTs (3.3 %) was
similar to the one for ATPE of pristine SWCNTs followed by
the defect reaction (around 2.7 %) and similar to literature
values’0.

The different optical features of pristine and defect (6,5)-

SWCNTs (after ATPE) allow us to observe defects on the sin-
gle SWCNT level (Figure 3). For this purpose, NIR

fluorescence images were taken in the spectral range of the
E11 emission (< 1020 nm) and of the E11* emission (>1050
nm). This spectral separation was only possible because of
the high purity of the samples after ATPE without other chi-
ralities of SWCNTSs that could overlap with these emission
features (figure 2). Interestingly, we observed a large heter-
ogeneity on the single SWCNT level. Some SWCNTs showed
only E11 signals (figure 3b, SWCNT 1), some only E11”
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Figure 4. Number of quantum defects follows a Poisson distribution. (a) E11"/E11 ratio (proxy for defect density) of
diow-, dmedium- and dnigh- single SWCNTs. (b-d) Probability for finding a certain defect number (proportional to E11*/E11
ratio) in single SWCNTSs and fitted Poisson distributions of (b) diew-SWCNT (n=26708), (c) dmedium-SWCNT (n=39070),
and (d) dnigh-SWCNT (n=35302). n is the number of single SWCNTs that were evaluated. R? fit values are 0.968 (b),

0.956 (c) and 0.938 (d).
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Figure 5. Observation and counting the formation of single quantum defects. (a) Overall fluorescence trace (E11
and E11" signal) of a population of SWCNTs (n=458) during defect reaction. (b) Fluorescence trace and fitted steps of
single SWCNTs (E11 signal) during defect reaction. Image (b1, b2) of a single SWCNT before and after addition of diazo-
nium salt (yellow trace). (c) Fluorescence trace and fitted steps of single SWCNTs (E11%). Image (c1, c2) of a single
SWCNT before and after the reaction with a diazonium salt (yellow trace in c). Scale bar is 1 um. (d) Height of each step
as histogram (grey scale indicates step number) and height as function of step number (color code indicates pre-reac-
tion E11 emission intensity, occurrence is proportional to area). (e) Comparison between all positive consecutive reac-
tion steps 1 and 2. (f) Height difference from all pairs in (e) and their occurrence show that for the first two quantum
defects the absolute changes in intensity are similar. This makes sense in the limit of small defect numbers when they

are most likely independent exciton traps.

signals (figure 3b, SWCNT 2) and some both signals (figure
3b, SWCNT 3). On the other hand, by comparing the fluores-
cence intensities of E11 and E11" on a single SWCNT level, the
different defect densities of ASWCNTs became qualitatively
and also quantitatively visible. This way the E11"/E11 ratio of
thousands of particles could be measured (figure 4) and as
expected, the mean ratio shifted to higher values with the
increased defect densities (figure 4a). The ratio of E11"/E11
was interpreted to change linearly with the number of de-
fects and the probability of defect numbers on one SWCNT
was calculated with a Poisson probability mass function:
/1ke -2

Plxeio = 5

in which:
E*

A= <X) = (E_i) N(“defect)

Aisthe mean ratio of E11"and E11 (~mean number of defects)
and k is the discrete defect number. Even though the distri-
butions of each defect state (Figure 4a) are diverse from one
another, they are not discrete. This is to be expected as the
length distribution of the SWCNTs is also heterogeneous, as
well as their quantum yield®5. To compare the experimental
with the discrete Poisson distributions, it was necessary to
classify the experimental ratios to obtain discrete values.
For this reason, the non-defect state had to be estimated
from the ratios of SWCNTs whose E11" intensity was equal
to or lower than the background noise (Figure S12). A ratio
of 0.5 appeared appropriate, given the bulk of SWCNTSs in

this category fell below this range and SWCNTSs with ratios
greater than 0.5 were predicted to be either extremely short
or to have a relatively poor quantum yield. Therefore,
E11*/E11 ratios were summed up uniformly around each
natural number with a spread of one (every ratio between
0.5 and 1.5 counts towards the discrete ratio of 1). The dis-
crete experimental distribution was fitted very well by the
Poisson distribution (Figure 4b, c, d). Given the length of
(6,5)-SWCNTs after ATPE of similar samples from our pre-
vious work* (~ 1000 nm), the mean defect densities are
calculated as 1.7 to 3.5 um™ (1 to 3 defects per SWCNT, diow-
to dhigh-SWCNTS).

To further explore and understand the influence of diazo-
nium salts on single SWCNTs, the defect reaction was mon-
itored in real-time in both E1: and E11" channels (Figure S9,
Supplementary Video S1 and S2). Interestingly, the two
spectral contributions were not synchronous as the overall
fluorescence intensity (Figure 5a).

The E11 brightness decreased directly with the addition of
the diazonium salt, while the E11" emission slowly increased
over time (10 s - 200 s). This pattern could be explained by
a two-step mechanism’!-74: 1) diazonium salt adsorbs on
the SWCNT surface and directly quenches the E11 emission.
2) The diazonium salt reacts with the SWCNT, which gener-
ates sp? defects and increases E11" emission. The total (bulk)
fluorescence can be calculated from single SWCNT data by
summing up the contributions of individual SWCNTs for the
E11 and E11” channel:



n
I = z lio
i=1

Here, I is the intensity of the respective spectral feature (E1:
or E11%). To examine single defect reactions on single parti-
cles the changes of brightness of single SWCNTs were
tracked. For the Ei1 channel, Ei:1 intensities of single
SWCNTs directly decreased (figure 5b), which resembles
the bulk picture (figure 5a). Afterwards E11 intensities did
not change anymore. On the contrary, the E11" intensities of
single SWCNTs showed a diverse behavior (Figure 5c).
These observations are in good agreement with the stochas-
ticity of quantum defects in SWCNTs.

The E11" intensity of some SWCNTs directly increased step-
wise after the diazonium salt was added, while others
stayed unchanged for some seconds and then increased
once or multiple times. These steps suggest that they repre-
sent the formation of one sp? defect similar to other reac-
tions on SWCNTs®7576, With the help of a step-fitting algo-
rithm (see materials and methods), the defect reactions of
n=458 single SWCNTs were analyzed (Figure S10a). 42% of
SWCNTs did not have any defect, around 36% of SWCNTs
had one defect, 18% of SWCNTs had two defects, and 4% of
SWCNTs had three or four defects. The percentage of de-
fects on SWCNT was a little bit lower but similar to diow-
SWCNT (Figure 4b, figure 2c) and also in agreement with
the ensemble spectrum from the surface (Figure S9). These
differences can be attributed to the different reaction con-
ditions. For monitoring the reaction live (figure 5) the exci-
tation light was a laser, which probably affected the effec-
tive diazonium salt concentration. The different individual
onset times of the E11" increase (figure 5c) cause the smooth
(bulk) fluorescence increase (figure 5a) of all SWCNTs.
When summed up, all single SWCNT step heights and quan-
tities overlap with the bulk E11" intensity change (figure
S10b).

To further evaluate the distribution of steps, we examined
the step-height of consecutive steps (figure 5d). With higher
E11 starting intensities, the step heights (area inside the
wave for each individual intensity relative to the others) in-
creased slightly, and consecutive steps had comparable
heights (Figure 5e and 5f, figure S11). This finding makes
sense considering the typical length of our SWCNTs (around
1000 nm) and the typical diffusion length (100 nm) of exci-
tons””. In the limit of low defect numbers, they can be con-
sidered independent and exciton trapping is independent.
This interconnection is also relevant for the question how
short a SWCNT with a single quantum defect could be for
maximal quantum yield?s.

Given that we did not observe many multistep reactions the
statistics were not unambiguous enough to perform the
step height comparison for step numbers of two or more.
We also observed ‘negative’ (figure 5d) steps, which in-
creased with step number. We attribute them to noise from
charges on the glass surface, organic corona dynamics and
noise of the NIR camera.

In conclusion, we have quantified the number of sp? quan-
tum defects in (6,5)-SWCNTSs using fluorescence imaging
and spectroscopy. We established a linear relationship be-
tween the different optical features and the sp3 defect

number. Most importantly, we found that quantum defects
in SWCNTs follow a Poisson function with very low num-
bers (n=0-3). Moreover, we could follow and also count the
incorporation of quantum defects live in the microscope on
the single nanoparticle and single molecule level. This work
provides deep insights into how tiny perturbations (single
quantum defects) at the level of individual units in a carbon
lattice fundamentally alter the optoelectronic properties. It
paves the way for precise tuning and understanding of ma-
terial properties using quantum defects and color centers.
Such developments are the basis for advances in photonics
such as single photon quantum protocols as well as imaging
and (bio)sensing.

MATERIALS AND METHODS
Materials

If not otherwise specified, materials were received from
Sigma-Aldrich.

Preparation of carbon nanotubes

CoMoCat (6,5)-chirality enriched single-walled carbon
nanotubes (SWCNTs) were dispersed with sodium do-
decylbenzenesulfonate (SDBS). In brief, 500 pL. 2 mg/mL
SWCNTs/water suspension was added to 500 pL 2 % (m/v)
SDBS solution, tip sonicated for 20 min with 40 % ampli-
tude at 4 °C (Fisher ScientificTM Model 120 Sonic Dismem-
brator, 48 W) and centrifuged for 30 min at 21000 g. Then
the supernatant was collected, transferred to a fresh tube
and centrifuged again for 30 min at 21000 g. This step was
repeated one more time, the supernatant was collected and
the SWCNT/SDBS dispersion stored at 4 °C for the defectre-
action.

Defect reaction

The defect reaction was performed according to a previ-
ously developed protocol?!. Firstly, the reaction conditions
between diazonium salt and SWCNTs were tested in a Lu-
midox 96-well green LED array (A = 550 nm). 180 pL
SWCNT solution (50 nM) were mixed with 20 L of 4-nitro-
benzoldiazonium tetrafluoroborate of different concentra-
tions (from 1 yuM to 100 uM) in a 96-well plate and illumi-
nated with the LED array for 15 min at 25 mA. Afterwards
the reaction was verified with NIR-fluorescence spectros-
copy (see spectroscopy section).

For a preparative defect reaction followed by ATPE, the vol-
ume of the reaction was scaled up to a final volume of 45 ml
with total concentrations of 50 nM SWCNTs and 10-30 pM
diazonium salt according to the protocol 3. In brief, a Falcon
tube containing a large volume of SWCNTs/SDBS solution
was put inside the LED-photoreactor and then the diazo-
nium salt was added to yield the desired concentration. The
sample was irradiated at full power for 15 min under stir-
ring and a large amount of dASWCNTs was acquired after re-
moving the diazonium salt by molecular weight cut-off fil-
tration.

Later an organic solvent assisted surfactant exchange ex-
periment was performed to receive DOC dispersed SWCNTSs
for ATPE?°. In detail, a certain volume of acetonitrile was
mixed with SDBS-dSWCNTSs solution to precipitate SWCNTs,
then it was washed with water to remove residual SDBS. Fi-
nally, the SWCNTSs were redispersed with 1% DOC solution,



tip sonicated for 5 min and centrifuged at 21000 g. The DOC-
dSWCNT solution was obtained by collecting the superna-
tant.

Aqueous two-phase extraction (ATPE)

The separation was performed following the protocol by Li
et al*¢. DOC-SWCNTs were with PEG (MW 6000 Da, 8%
m/m), dextran (MW 70000 Da, 4% m/m) and SDS (0.5%
m/v). Then, the SWCNT chiralities in the two phases could
be adjusted by adding HCIl. After three steps, monochiral
(6,5)-SWCNTs (without or with defect) could be collected in
the bottom phase (B3). Next, the solution was dialysed (300
kDa dialysis bag, Spectra/Por, Spectrum Laboratories Inc.)
against 1% DOC solution to remove Dextran and obtain sta-
ble solutions.

Spectroscopy of SWCNTs

Absorbance spectra were measured with a JASCO V-670 de-
vice from 400 to 1350 nm in 0.2 nm steps in a 10 mm path
length polystyrol/polystyrene cuvette (SARSTEDT, Ger-
many). 1D-NIR fluorescence spectra were obtained with a
Shamrock 193i spectrometer (Andor Technology Ltd., Bel-
fast, Northern Ireland) connected to an 1X73 Microscope
(Olympus, Tokyo, Japan). Excitation was performed with a
gem 561 laser (Laser Quantum, Stockport, UK). 2D excita-
tion-emission spectra were collected with a Monochroma-
tor MSH150 instrument, equipped with a LSE341 light
source (LOT-Quantum Design GmbH, Darmstadt, Germany)
as the excitation source in the setup described above.

The concentration of SWCNTSs was calculated with the equa-
tion developed by Weisman’s and Hertel’s group®°8.. It is
based on the full width at half maximum (FWHM) and ab-
sorbance maximum.

Fluorescence microscopy

First, a purified dSWCNT solution (0.02 nM) was immobi-
lized on a glass surface for 1 to 2 hours to image single
SWCNTSs. The residual SWCNT solution was removed, and
the surface washed with water 2-3 times to remove un-
bound SWCNTs. For imaging, an Olympus [X73 microscope
with 100x objective lens (UPLSAPO100XS, Olympus, Tokyo,
Japan) was employed. The samples were excited at 561 nm
with a 100 mW laser (Cobolt Jive™ laser, Cobolt AB, Solna,
Sweden). The images were acquired with an Andor Zyla 5.5
sCMOS camera (Andor Technology Ltd., Belfast, UK) at 1s
exposure time. In this case, a short pass filter (AHF
analysentechnik AG, 935/170 BrightLine HC) which wave-
length range is from 850 nm to 1020 nm was employed to
block E11" intensity. While for the signal of E11%, a long pass
filter (Thorlabs, FELH1050) was used to exclude the signal
below 1050 nm.

For the two-channel imaging, the microscope, objective and

laser were the same as stated before. The images were cap-

tured with a VIS camera (PCO edge 4.2 bi, Kelheim, Germany)
and a XEVA (Xenics, Leuven Belgium) NIR optimized InGaAs

camera. And a dichroic mirror (AHF analysentechnik AG, HC

R1064) was inserted to split the signal into two cameras. In

this case, the VIS camera only captured the signal below

1064 nm corresponding to the E11 wavelength range, while

the E11” intensity was observed with the NIR camera, so the

E11 and E11” signal SWCNT could be seen at the same time.

Based on the two-channel set up, an on-sight defect reaction
was performed. Around 0.25 nM purified (6,5)-SWCNT

solution (1% SDBS) was incubated on a glass bottom petri
dish for 2 hours to yield single SWCNTSs on glass. Washing
was performed as previously described. 200 uL. 1% SDBS
was added ontop of the immobilized SWCNTSs, two camera
recording was started with the laser on and 2 pL diazonium
salt was added to monitor the intensity change of single
SWCNTs over time in both channels.

Poisson simulation

The simulation was written in Python to check if the ratio
between the E11" and E1: intensities of defect (6,5)-SWCNTs
is discrete. To achieve this, the code was written to identify
and track the particles in two different fluorescence chan-
nels (E11 and Ei11%). All particle coordinates were identified
with a python toolkit named trackpy (minmass = 2, every-
thing else on default). As the coordinates refer to the middle
point of SWCNTs, a 7x7 pixel section was selected to capture
the whole SWCNT signal. Overlaying a 7x7 gaussian mask
helped to exclude the background. So, for every SWCNT, its
7x7 intensity array was multiplied with the gaussian mask
to calculate the sum of the array. This value was extracted
for every SWCNT coordinate. The intensity of all particles
was calculated, so that the ratio of E11"/E11 for SWCNTSs with
different defect densities was calculated. The defect number
(k) in the Poisson probability mass function was set be-
tween 1 and 10, as previous studies have shown only a low
number of defects per nanotube34.

Step fitting

For every video, all particle coordinates and intensities
were identified the same way as for the Poisson simulation.
These values were extracted for every SWCNT coordinate
and every timeframe, resulting in multiple intensity vs time
plots for multiple SWCNT signals.

To fit steps into these intensity vs time plots, the concept of
“moving average absolute deviation (MAD)” was used. It
calculates the absolute difference between a datapoint and
the mean of a set of following datapoints (n=30), this gives
insights about step movement in the data. As steps were
translated to peaks, and to find the peaks automatically, the
scipy toolkit “signal.find_peaks” was used. Next, the step
height was filtered, to ensure only relevant steps were con-
sidered. For this, a threshold was set to a minimal step
height of 75% the RMSF (root mean square fluctuation) of
the dataset. This procedure resulted in time stems for steps.
Finishing, the mean value in between all timesteps was cal-
culated’>82,
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