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Abstract: Precise control over low-dimensional materials holds an
immense potential for their applications in sensing, imaging and
information processing. The controlled introduction of sp® quantum
defects (color centers) can be used to tailor the optoelectronic
properties of single-walled carbon nanotubes (SWCNTS) in the tissue
transparency (>800nm) and the telecommunication window.
However, an uncontrolled functionalization of SWCNTs with defects
Here,
mechanochemistry with aryldiazonium salts to create quantum
defects in SWCNTs. The reaction proceeds within 5 min without
solvents or illumination and can be controlled by a varied
mechanochemical energy impact. By working in the solid-state, this
method presents an alternative synthetic route and marks a crucial
step for tailoring photophysics of SWCNTSs.

leads to a loss of the NIR fluorescence. we use

Introduction

Carbon nanomaterials are promising solid-state materials for a
wide range of applications.! Their optoelectronic properties
depend on their structure and its controlled modification can be
used to tailor their properties. Within the family of carbon
nanomaterials, single-walled carbon nanotubes (SWCNTSs) are
especially interesting, as they possess an intrinsic fluorescence
in the near-infrared (NIR) range of the spectrum.? The
fluorescence of SWCNTs is depending on its chirality, which
describes the structure of a SWCNT and can therefore be
correlated to its band gap.”? SWCNTSs are photostable and their
fluorescence is sensitive to the chemical environment.B! This
renders SWCNTSs suitable for basic research and applications in
molecular imaging®, sensing® and light harvesting®l. To tailor the
optoelectronic properties to these applications different structural
modifications have been developed.[#l One prominent example
is the functionalization with sp® quantum defects, also known as
(organic) color centers (OCCs), which leads to color center
nanotubes (CCNTSs).l%1 Controlled introduction of such defects
in the sp? lattice results in novel electronic states that cause an

additional redshifted fluorescent feature (Ej;*).[20121314 When
introduced as single defects (around 5-10 defects per
micrometer), the overall fluorescence can be increased.[213l
However, an excessive functionalization of the lattice leads to a
loss of the SWCNT fluorescence, as the (electronic) structure of
the SWCNT is disrupted.®% Depending on the SWCNT sample
(aqueous or organic solvent, freestanding or deposited), different
synthetic routes exist to achieve luminescent defects.®® For
applications in biosensing, methods that are compatible with
aqueous environments are especially interesting but require a
suitable surface coating to solubilize the highly hydrophobic
SWCNTs. Most often, quantum defects are introduced via
aryldiazonium salts, or the nucleophilic addition with
2-haloanilines in the presence of strong organic bases. Due to the
ease of control as well as its favorable reaction kinetics, the
synthetic approach with aryldiazonium salts is currently in the
focus.[l

To further advance the field, new larger-scale synthetic methods
without the need of surfactant coating are desired. Here, the
combination of fields that are typically not associated with each
other promises new opportunities. Mechanochemistry is a
sustainable branch of chemistry, in which ball mills are used to
induce and sustain chemical reactions by mechanical energy.l"]
In these solid-state reactions, the addition of solvents becomes
obsolete. This allows, among others, to overcome limitations of
solubility and to connect short reaction times with simple reactions’
scale up.*819 So far, mechanochemical approaches have been
successfully applied for the functionalization of varying
carbonaceous materials such as CNTsl%, (activated) carbons?4
or graphite/graphenel??. For CNTs' modification, its main
application has been the reduction of the nanotube length.
Additionally, certain functional groups were introduced, however,
these were not aimed at tailoring the SWCNT fluorescence.? To
the best of our knowledge, there exists no study that
demonstrates the mechanochemical introduction of sp® quantum
defects with the level of control (1-10 defects in 100 000 carbon
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atoms)™*? that is paramount to maintain the fluorescence of the
SWCNT.

Here, we present the first mechanochemical approach to
introduce sp® quantum defects in fluorescent SWCNTs under
solid-state conditions. We show how different i) milling times,
i) ball sizes, and iii)the addition of water affects the
functionalization and its controllability. To confirm the influence of
the energy impact, we applied iv) resonant acoustic mixing as an
alternative mechanochemical treatment.

Results and Discussion

To introduce sp® quantum defects mechanochemically, we
treated (6,5)-chirality enriched CoMoCAT-SWCNTs (0.5 mg,
4.73 x107 mmol) with aryldiazonium tetrafluoroborate salts
(R: NO; with 1.12 mg, 4.73 x10° mmol; R: OMe with 1.05 mg,
4.73 x10°® mmol) in a MM400 mixer mill at 30 Hz (Figure 1a). For
our first experiments, a milling vessel with a volume of 14 mL and
milling balls made of polymers were applied. To guarantee a
sufficient vessel filling and ball-to-powder ratio?®, sodium chloride
was used as bulk material. To be able to analyze the defect
density on the CCNTSs, we studied both, the NIR fluorescence and
the Raman spectra (Figure 1b). On the one hand, a controlled
introduction of quantum defects leads to the new fluorescence
feature Ey;* as well as an increased D-mode in Raman spectra.[**!
On the other hand, the D-mode further increases with an
uncontrolled introduction of defects, and both fluorescence
features E11/E11* are quenched and would ultimately disappear.

We first investigated the influence of the mechanochemical
energy impact on the functionalization by varying the milling time
(Figure 2). After 5 min of milling, we observed an increase of
defect associated E;1* emission feature (Figure 2b, Figure S2) as
well as defect associated D-mode in the Raman spectrum
(Figure S14). The excitation-emission spectrum (Figure 2c)
allowed the correlation between the new emission features and
the respective E;; feature of the (6,5)- and (6,4)-chirality
(Figure S5). A prolonged milling (60 min) introduced a higher
defect density (5 min: D/G =0.078, 60 min: D/G =0.172) but
quenched the SWCNT fluorescence (Figure 2b). To quantify the
mechanochemical impact, we subsequently compared the
functionalization to a non-milled reaction approach, in which all
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Figure 1. Mechanochemical functionalization of single-walled carbon

nanotubes with sp® quantum defects. a) Reaction scheme with standard milling
parameters: Treating SWCNTs with aryldiazonium tetrafluoroborate salts inside
a MM400 mixer mill at 30 Hz. Using perfluoroalkoxy alkanes (PFA) milling
vessel, polytetrafluoroethylene (PTFE) milling balls, NaCl as bulk material,
nitrogen atmosphere and excluding illumination. Sodium
dodecylbenzenesulfonate (SDBS) solution is only used for the work-up to
perform fluorescence spectroscopy. b) Presentation of the controlled and
uncontrolled introduction of quantum defects as well as their change in
fluorescence and Raman spectra (grey: pristine SWCNT, blue: CCNTSs).

reactants were simply mixed by hand. Because the reaction
proceeds fast in aqueous environment during the work-up, the
non-milled reaction showed a slightly increased E;1* emission
(Figure 2b) compared to the pristine reference (Figure S2).
Nevertheless, it was apparent that the defect density is increased
due to the mechanochemical impact.

To examine whether sufficient mixing or the energy impact leads
to the introduction of quantum defects, the diameter of milling
balls (10 mm, 5 mm, 3 mm), the number of balls (#34, #5, #1),
and the vessel volumes (V1: 14 mL, V2: 2 mL) were varied in the
following (Figure 3). For comparison, the size and number of balls
were normalized to the mass of balls meaning that only the
surface area of balls changes. In general, a smaller ball size leads
to better mixing, whereas a bigger ball size inserts higher energy
during milling.?>2% For all used ball sizes, the introduction of
guantum defects was successful as the Ei;* fluorescence
increased during the mechanochemical reaction (Figure 3b).
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Figure 2. Influence of varying milling times on the mechanochemical introduction of sp® quantum defects in SWCNTSs. a) Representation of the different milling
conditions. SWCNTSs were treated with 4-nitrobenzenediazonium tetrafluoroborate and NaCl as bulk material inside a mixer mill at 30 Hz. Milling was conducted
by using varying milling times (5 min, 60 min), a 14 mL PFA milling vessel and one 10 mm-diameter PTFE milling ball. b) Fluorescence spectra of CCNTs after
different milling times. c) Excitation-emission spectrum of the non-milled reaction mixture as well as after 5 min of milling.
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Figure 3. Influence of varying milling ball diameters, number of balls and vessel volumes on the mechanochemical introduction of sp® quantum defects in SWCNTSs.
a) Representation of the different milling conditions. SWCNTSs were treated with 4-nitrobenzenediazonium tetrafluoroborate and NaCl as bulk material inside a mixer
mill at 30 Hz for 5 min. Milling was conducted by using PTFE milling balls with varying diameter (10 mm, 5 mm, 3 mm) and number (#34, #5, #1), PFA milling
vessels with varying volume (V1: 14 mL, V2: 2 mL) as well as NaCl as bulk material (2 g for V1, 0.2 g for V2). b) Normalized fluorescence spectra of CCNTSs after
different milling conditions. ¢) Raman spectra of CCNTs after different milling conditions as well as the ratios calculated from the integral of the D- to G-Raman

mode.

Using one 10 mm-diameter ball, it was possible to sufficiently
initiate and control the reaction, resulting in the highest E11*/E11
ratio. Interestingly, the varying mechanochemical energy impacts
caused different results. While smaller ball diameters introduce
single quantum defects, the higher energy impact of the ball likely
reaches higher defect densities. Calculating the impact energy’?”
of the collision between one ball with varying diameter and the
reactants suggests as well that the energy must be sufficiently
high (Eimpact for 10 mm-diameter ball = 110 J) to increase the
defect density (see Supporting information 3.3.). In accordance
with the fluorescence spectra, we observed an increase of the
D-mode in Raman spectra (Figure 3c) for the 10 mm-diameter
ball (D/G = 0.078) compared to the non-milled control, but no
significant change using the 3 mm- and 5 mm-diameter balls (see
Supporting information 3.3.). To investigate how the bulk material
affects the energy impact, we repeated the reaction in a 2 mL
milling vessel with one 5 mm-diameter milling ball and reduced
amount of NaCl (0.2 g). In contrast to the 10 mm-diameter ball in
14 mL vessel, the treatment in 2 mL vessel led to a comparatively
high D/G ratio (Figure 3c) in combination with a low defect-related
fluorescence (Figure 3b). It suggests structural disruption of the
SWCNT due to too many defects. Another explanation might be
the incorporation of non-fluorescent structural defects in the
SWCNTSs due to a high energy impact. The varied vessel volumes
may cause different milling ball movements and thus different
mechanical stress (impact vs. friction).?"2?8 Based on the
improved control over the defect density, we selected the one
10 mm-diameter ball in 14 mL milling vessel for the following
experiments.

By changing the rheology of the reaction mixture, one can
facilitate a neat mechanochemical reaction further. Commonly, it
is enabled by simply adding a small volume of solvents into the
milling vessel.??3% As fluorescent SWCNTs can be used in
agueous environments, we subsequently repeated the reaction
with a small volume of water (200 uL, n = 0.1 yL mg™* based on
mass of solids, Figure 4). Compared to the neatly milled reaction
(5 min), the SWCNT fluorescence was quenched after both 5 min
and 60 min of milling with water (Figure 4b). In accordance, the
D-mode in Raman spectra increased tremendously for the
functionalization with added water leading to higher D/G ratios

(Figure 4d), which corresponds to a high defect density. While
this degree of functionalization might be useful for the use in
mechanical or electrical applications, it destroys the SWCNTs’
fluorescence and therefore precise control of defect numbers is
crucial.

To assess which functionalization introduces the defects, various
control reactions were performed (Figure 4c). After milling
SWCNTs and NaCl under nitrogen atmosphere (Figure S6 and
S7), neither the fluorescence nor the Raman spectra indicated a
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Figure 4: Addition of water for the mechanochemical introduction of sp®
quantum defects in SWCNTs. a) Representation of the different milling
conditions. SWCNTs were treated with 4-nitrobenzenediazonium
tetrafluoroborate and NaCl as bulk material inside a mixer mill at 30 Hz. Milling
was conducted by using water (V = 200 L) as additive, varying milling times
(5 min, 60 min), a 14 mL PFA milling vessel and one 10 mm-diameter PTFE
milling ball. b) Fluorescence spectra of CCNTSs after different milling conditions
compared to the neat milling (5 min). c) Overview of possible reactants for the
mechanochemical functionalization of SWCNTs and their influence on the
controlled introduction of quantum defects (grey: no introduction of defects,
green: controlled introduction of defects, red: uncontrolled introduction of
defects). d) Raman spectra of CCNTs after different milling conditions as well
as the ratios calculated from the integral of the D- to G-Raman mode.
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Figure 5. Application of resonant acoustic mixing (RAM) and varying mixing conditions for the mechanochemical introduction of sp® quantum defects in SWCNTSs.
a) Representation of the different milling conditions. SWCNTs were treated with 4-nitrobenzenediazonium tetrafluoroborate and NaCl as bulk material inside a
LabRAM at 90 g. Milling was conducted by using a 14 mL PFA milling vessel, varying mixing time (5 min, 60 min) and varying number of 10 mm-diameter PTFE
milling ball (none, one #1). b) Normalized fluorescence spectra of CCNTs after different milling conditions. c) Raman spectra of CCNTs after different milling
conditions as well as the ratios calculated from the integral of the D- to G-Raman mode.

mechanochemical introduction of (sp® quantum) defects.
Importantly, it verifies that the simple milling of SWCNTSs does not
lead to a change of their fluorescence properties. Additionally, we
wanted to exclude the influence of oxygen and water. Therefore,
we i) switched to ambient atmosphere to examine the influence of
oxygen (Figure S6 and S7) and ii) added water as additive
(Figure S6 and S7). For both reactions, neither the fluorescence
nor the Raman spectra showed a significant difference to the
spectra of pristine SWCNTs (Figure S2 and S3). We therefore
conclude that the introduction of quantum defects is based on the
mechanochemical reaction of SWCNTs with the aryldiazonium
tetrafluoroborate salt. The non-milled control with added water
(Figure S22) clarified that the functionalization starts without the
mechanochemical impact, which is likely due to the highly
concentrated diazonium salt concentration. Milling the reaction
mixture for an additional 5 min or 60 min with added water led to
a further, uncontrollable increase of the quantum defect density.
It can be useful for other applications but again led to the
unintended quenching of SWCNT fluorescence. To conclude, for
the mechanochemical controlled introduction of quantum defects
it is crucial i) to stay under solid-state, water-free conditions and
ii) to adjust the energy impact, which perfectly plays out the
advantages of mechanochemistry.

Notably, the chosen reactant 4-nitrobenzenediazonium
tetrafluoroborate proved to be especially suitable for the
mechanochemical quantum defect introduction. In contrast,
4-methoxybenzenediazonium tetrafluoroborate as an alternative
reactant led to an uncontrolled introduction of defects due to its
different reactivity (see Supporting information 3.5.). These
results show that the reactivity of the compounds plays an
important role. To assess qualitative changes of the SWCNT
length by milling, we characterized our samples with dynamic light
scattering (DLS, Figure S37). Overall, using different milling times
as well as water as additive reduced the length by about half.

To demonstrate the importance of the mechanical impact during
the introduction of quantum defects, we applied resonant acoustic
mixing (RAM) as another reactor concept. Intended was not the
further reaction development, but rather an additional control
reaction. In contrast to conventional ball milling, RAM is carried
out milling media-free and facilitates the mixing in the reaction

mixture via fast movements. Thus, mechanical stress and
localized high energy inputs by milling balls are avoided (Figure
5).119.3031 Applying the mixing time of 5 min and 60 min at 90 g,
the E11* fluorescence and the D/G ratio did not increase compared
to the non-milled control (Figure 5b, c). Here, the energy input
might not be sufficient to overcome the activation barrier needed
for the reaction of both reactants. Additionally, the diazonium salt
might decompose with prolonged mixing. Importantly, this control
reaction demonstrates the critical mechanical impact of the milling
balls to initiate and to continue the mechanochemical
functionalization. For further verification on this hypothesis, we
added one 10 mm-diameter ball to the milling vessel in the RAM
(Figure 5b, c). Here, we successfully introduced quantum defects
within 5 min via mechanical impact.

Conclusion

In summary, we developed a straightforward mechanochemical
method for the controlled introduction of sp® quantum defects in
fluorescent SWCNTs by treatment with aryldiazonium
tetrafluoroborate salts. Importantly, this method allows to create
sp® quantum defects at the extremely low defect densities and
chemical control required to serve as exciton traps without
diminishing the intrinsic fluorescence of the SWCNTs. By
variation of milling conditions, we identified the mechanical impact
via milling balls as crucial to initiate the functionalization with sp?
guantum defects and to control the reaction. The functionalization
proceeds within 5 min in a mixer mill and the defect density can
be further adjusted by varying the balls’ surface area. In our study,
a prolonged milling time led to a loss in fluorescence, whereas
milling media-free techniques provided an insufficient energy
impact to start the functionalization. As a result, the solid-state
reaction conditions during the mechanochemical reaction proved
to be decisive for the controlled introduction of defects and, in
addition, benefits its feasibility of larger scale ups, as
concentration  dependent inhomogeneities  during  the
conventional, light activation of the reaction may be overcome.
Overall, we provide groundwork for mechanochemical reactions
as a promising alternative for the functionalization of fluorescent
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SWCNTs with sp® quantum defects. These materials promise
applications from biosensing to photonics and NIR single photon
sources for guantum computing.
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With Controlled Introduction of Quantum Defects
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Tailoring the photophysics of single-walled carbon nanotubes (SWCNTs) holds immense potential for their applications in sensing and
imaging. By using mechanochemistry, sp® quantum defects are introduced in fluorescent SWCNTSs via a solid-state reaction within 5
min. This method allows by varying the mechanochemical energy impact to create quantum defects at extremely low defect densities
and chemical control without diminishing fluorescence.
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