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Semiconducting single-wall carbon nanotubes (SWCNTs) are a
promising material platform for near-infrared in vivo imaging,
optical sensing, and single-photon emission at telecommunication
wavelengths. The functionalization of SWCNTs with luminescent
defects can lead to significantly enhanced photoluminescence (PL)
properties due to efficient trapping of highly mobile excitons and
red-shifted emission from these trap states. Among the most
studied luminescent defect types are oxygen and aryl defects that
have largely similar optical properties. So far, no direct comparison
between SWCNTs functionalized with oxygen and aryl defects
under identical conditions has been performed. Here, we employ
a combination of spectroscopic techniques to quantify the number
of defects, their distribution along the nanotubes and thus their
exciton trapping efficiencies. The different slopes of Raman D/G*
ratios versus calculated defect densities from PL quantum yield
measurements indicate substantial dissimilarities between oxygen
and aryl defects. Supported by statistical analysis of single-nano-
tube PL spectra at cryogenic temperatures they reveal clustering of
oxygen defects. The clustering of 2—3 oxygen defects, which act as
a single exciton trap, occurs irrespective of the functionalization
method and thus enables the use of simple equations to determine
the density of oxygen defects and defect clusters in SWCNTs
based on standard Raman spectroscopy. The presented analytical
approach is a versatile and sensitive tool to study defect distribution
and clustering in SWCNTs and can be applied to any new functio-
nalization method.
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How to recognize clustering of luminescent
defects in single-wall carbon nanotubesT
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New concepts

A unique combination of spectroscopic techniques for the investigation
of luminescent defects in single-wall carbon nanotubes (SWCNTs) reveals
clustering of oxygen defects in contrast to aryl sp® defects. The presented
approach utilizes Raman spectroscopy and photoluminescence quantum
yield (PLQY) measurements to elucidate the lateral distribution of
different types of lattice defects along functionalized carbon nanotubes
and the related efficiency of exciton trapping (independently corro-
borated by statistical analysis of single-SWCNT photoluminescence
spectra at cryogenic temperatures). The quantitative comparison of
Raman A(D/G") ratios versus calculated defect densities from PLQY
measurements enables the identification and characterization of defect
clusters. This new method for the quantification of defect densities and
defect distributions can be easily expanded to other functionalization
methods. Thus, it is a powerful tool for the systematic investigation of
luminescent defects in SWCNTs and for further optimization of their
near-infrared emission.

Introduction

The covalent functionalization of single-wall carbon nanotubes
(SWCNTs) with luminescent defects has emerged as a promis-
ing strategy to improve and tune their near-infrared lumines-
cence properties for optical sensing,"™ high contrast in vivo
imaging in the second biological window,° high-purity single-
photon emission,” and optoelectronic devices operating at
telecommunication wavelengths.'® "> Regardless of their exact
chemical composition or binding configuration, luminescent
defects act as zero-dimensional trap sites for mobile E;; exci-
tons diffusing along the SWCNT lattice.>'* Photolumines-
cence (PL) from these energetically lower states occurs at
wavelengths even further red-shifted into the near-infrared
(nIR) than E;; and with fluorescence lifetimes of hundreds of
picoseconds. The energy difference between the mobile E;;
exciton and defect emission (i.e., optical trap depth, AE,p)
ranges from 100 to 300 meV. Luminescent defects are able to
trap and localize excitons at room temperature and thus pre-
vent non-radiative decay at quenching sites (e.g., nanotube
ends). The suppression of this non-radiative decay path

This journal is © The Royal Society of Chemistry 2024
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(a) Covalent functionalization of (6,5) SWCNTs with luminescent defects in aqueous dispersion with surfactant SDS. Oxygen defects are created

excitation with visible light. Treatment of SWCNTs with 4-nitrobenzene-

diazonium tetrafluoroborate (DzNO,) introduces aryl sp® defects. (b) Schematic of different types of oxygen (ether-L, ether-D, and epoxide-L) and sp®

defects (aryl-Lgo) that act as trap sites with different depths for mobile
functionalized (6,5) SWCNTs in agueous dispersion.

considerably enhances the photoluminescence quantum yields
(PLQYs) of SWCNTs within a narrow window of optimal defect
density.”>® Most commonly these defects are created, character-
ized and theoretically investigated in chiral (6,5) carbon nanotubes
due to their abundance, easy purification and high reactivity.'*>!
Hence, we will focus on (6,5) SWCNTs from here on.

Among the various types of luminescent defects in (6,5)
SWCNTs, oxygen and aryl defects have been the main focus
of experimental and theoretical studies, as they are easily
introduced using reactive oxygen species (ROS)*?%*>** or aryl-
diazonium salts (Fig. 1a).'***® In both cases, the emission
wavelength of the defect PL is mainly determined by the
binding configuration of the introduced defect moieties on
the SWCNT lattice. For oxygen defects, three thermodynami-
cally stable binding configurations can be distinguished."®
In one of them, the oxygen atom forms an epoxide, while the
other two are ether-type configurations with different optical
trap depths depending on the carbon-carbon bonds in either
circumferential (ether-D) or longitudinal (ether-L) orientation
with respect to the SWCNT axis, as shown schematically in
Fig. 1b. Similar to that, two stable and experimentally observed
configurations of sp® defects with distinct PL emission wave-
lengths are created upon binding of aryl groups to the nano-
tube lattice and formation of two sp® carbons in different ortho
(e.g., aryl-Lo, see Fig. 1b) or para positions.””>°

This journal is © The Royal Society of Chemistry 2024

Eq1 excitons. (c)-(f) Normalized (to E;3) PL spectra of pristine (black) and

Luminescent oxygen and aryl defects exhibit similar optical
properties in addition to their equally red-shifted emission,
such as nonlinear scaling of the defect emission intensity with
excitation power®® and a significant energy offset between the
optical and thermal trap depths.’’ However, large deviations
were found for the brightening factors for SWCNTs functiona-
lized with oxygen or aryl sp® defects. The reported absolute
values vary, but, typically oxygen defects lead to an increase in
total PLQY by a factor of 2-3,%*° whereas aryl defects can cause
a PLQY increase by a factor of > 5, depending on the functional
group and initial SWCNT length.">'”** A reversed order of
bright and dark exciton states for oxygen and aryl defects was
considered as a possible explanation."**' Additionally, the
introduction of exciton quenching sites due to unintentional
over-oxidation of SWCNTs under harsh conditions during
functionalization with ROS may play a role.>*° The efficient
capture of mobile E;; excitons followed by defect emission
depends on the distribution and trap depth of different defects
on the nanotubes lattice, which is usually assumed to be
uniform. However, clustering of defects may occur depending
on the functionalization method and should have a substantial
impact on emission properties relevant for applications in
sensing, imaging and optoelectronics.

To this end, we present a comparative study of oxygen-
and aryl-functionalized (6,5) SWCNTs and demonstrate how
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to recognize clustering of luminescent defects. We employ a
combined analytical approach of Raman spectroscopy and
spectrally-resolved PLQY measurements to quantify the abso-
lute density of luminescent exciton quenching sites on the
carbon nanotube lattice for different functionalization reac-
tions. This method provides precise defect densities (per pm of
nanotube) for aryl sp® defects in different SWCNT species and
is independent of the Raman excitation laser wavelength as
shown previously.*>** However, we find a striking difference
in exciton trapping efficiency for SWCNTs with luminescent
oxygen defects at identical levels of functionalization to aryl
defects as corroborated by a statistical analysis of single-
nanotube PL spectroscopy at cryogenic temperature. We attri-
bute these findings to clustering of oxygen defects at length
scales similar to or smaller than the mobile exciton size,
whereas aryl defects act mostly as separate exciton traps.
We propose the presented approach as a robust and powerful
tool to identify and quantify inhomogeneities in defect distri-
bution and defect clustering in functionalized SWCNTs.

Results and discussion

To quantify and directly compare different luminescent oxygen
and aryl defects, purified dispersions of (6,5) SWCNTs stabi-
lized in water by sodium dodecyl sulfate (SDS) were obtained
through aqueous two-phase extraction as reported previously.*?
The nearly monochiral (6,5) SWCNT dispersions were charac-
terized by UV-Vis-nIR absorption and PL excitation-emission
spectroscopy (Fig. S1 and S2, ESIt). The functionalization of
(6,5) SWCNTs with luminescent defects was performed using a
variety of synthetic methods (see Fig. 1a). Oxygen defects were
introduced via three previously reported procedures: ozonation
of SWCNTs and subsequent photoconversion with visible
light,>® UV-light driven dissociation of sodium hypochlorite
(NaOCl),* and with a Fenton-like reaction using copper(u)
sulfate (CuSO,) and sodium ascorbate (NaAsc)*® (for details,
see Experimental methods, ESIT). While oxygen functionalization
was shown to initially introduce ether-L, ether-D and epoxide-L
defects with different trap depths (Fig. 1b),"* the epoxide
defects mostly rearrange to the thermodynamically favored
ether-D configuration upon exposure of SWCNTs to light.*
The covalent functionalization with aryl defects was accom-
plished using 4-nitrobenzenediazonium tetrafluoroborate (DzNO,),
which forms radical species that attack the sp>hybridized nano-
tube lattice leading to sp’ carbons with a predominantly aryl-Le,
configuration.”®

The degree of functionalization was tuned by varying the
concentration of the respective reactants. In the case of SWCNT
ozonation, the characteristic UV absorption peak of ozone at
260 nm was monitored to adjust its concentration in water
prior to addition to the nanotube dispersion, as shown in
Fig. S3, ESL.¥ Importantly, all functionalization reactions were
performed on the same batch of SWCNTs and with the same
surfactant (SDS) to ensure comparability of the subsequent
characterization. The successful introduction of luminescent
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defects was confirmed by the emergence of defect-induced
emission peaks at ~1120 nm (ether-D defect) and ~1140 nm
(aryl-Lo, defect) as shown in Fig. 1c-f (for absolute PL spectra,
see Fig. $4, ESIt). These defect emission peaks are commonly
labelled based on their spectral position with respect to the
E;; emission and not their precise molecular origin. Hence,
for both oxygen and aryl defects we refer to the main defect
emission peaks as E;;*. For all functionalization methods, a
linear increase of the E,;*/E;; PL intensity ratio with the
reactant concentration was observed (Fig. S5, ESIT). Note that
the Fenton-like reaction (Fig. 1c) leads to a narrower E;;*
emission peak, which we attribute to the very mild reaction
conditions with fewer possible side-reactions.

After functionalization, a surfactant exchange of the SWCNTs
to 1% (w/v) sodium deoxycholate (DOC) was carried out via spin-
filtration to remove reaction by-products and generate stable
dispersions for further analysis. Drop-cast films of all dispersions
were analyzed by resonant Raman spectroscopy (laser excitation
wavelength ... = 532 nm). Fig. 2a-d show averaged Raman
spectra for all functionalization methods at different defect
densities (corresponding to samples in Fig. 1c-f). The Raman
D-mode intensity is proportional to the number of point defects in
the SWCNT lattice, whereas the intensity of the G*-mode origi-
nates from the longitudinal optical phonon of the sp*hybridized
nanotube lattice.*® Thus, the Raman D/G" ratio increases with
functionalization and can be used as a relative metric to estimate
the density of luminescent defects. For different sp® aryl defects in
(6,5) SWCNTs - but not yet for oxygen defects — a quantitative
correlation was established, vide infra.’***

Treatment of nanotubes with oxidizing agents such as
ozone, hypochlorite or CuSO,4/NaAsc, although at low concen-
trations, can lead to slight p-doping, which is also reflected in
their Raman spectra and may complicate the analysis for defect
quantification. Signatures of doping, i.e., increased intensities
of the E, mode as well as broadening of the G'- and 2D-mode
linewidth were observed for some oxygen-functionalized
SWCNTs.*>?° To separate these effects, films of pristine and
functionalized (6,5) SWCNTs were intentionally p-doped by
immersion in toluene solutions of the molecular oxidant
F,TCNQ (for details, see Experimental methods, ESIt).*”"®
While the typical signatures of p-doping are observed (Fig. S6,
ESI{), no changes of the integrated Raman D/G' ratio occur
(Fig. S7, ESIY), indicating that low-level p-doping does not inter-
fere with the defect quantification for oxygen-functionalized
SWCNTs by Raman spectroscopy.

Complementary to the relative defect densities obtained by
Raman spectroscopy, absolute defect densities can be calcu-
lated within the framework of the diffusion-limited contact
quenching (DLCQ) model. Within this model, exciton diffusion
in SWCNTs is assumed to be governed exclusively by radiative
decay of highly mobile E;; excitons or non-radiative decay at
quenching sites, e.g. nanotube ends.'”*° Covalent functionali-
zation with luminescent defects introduces new loss channels
for E,; excitons, leading to an additional decrease of the E;;
PLQY. This enables the calculation of luminescent defect
densities, provided that PLQYs can be determined reliably.

This journal is © The Royal Society of Chemistry 2024
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individual spectra for each sample). The insets show the evolution of the defect-related D-mode with increasing degree of functionalization. (e)-(h)
Corresponding total and spectrally resolved PLQYs for pristine and different functionalized (6,5) SWCNTSs in aqueous dispersion depending on reactant

concentration (after surfactant exchange to 1% (w/v) DOC).

The combination of relative Raman D/G' ratios and defect
densities calculated from the spectrally resolved E,; PLQY of
pristine and functionalized SWCNTs is a powerful tool to
compare and investigate different types of luminescent defects
as both techniques are highly sensitive to small changes in the
electronic structure of nanotubes. For sp® aryl defects created
by different synthetic routes this method was already shown to
provide a robust correlation for defects densities up to
~40 um ! and thus enables facile quantification of the defect
density by Raman spectroscopy alone.>**?

To compare and expand this correlation to oxygen defects,
we determined the absolute PLQYs of (6,5) SWCNTs functiona-
lized with oxygen and aryl defects and calculated the defect
densities from the measured decrease in E;; PLQY (for details
on PLQY measurements and defect density calculation see
Experimental methods, ESIt). Spectrally resolved PLQYs for
pristine and functionalized SWCNTs are presented in Fig. 2e—
h. At low degrees of functionalization, an increase of the total
PLQY is observed irrespective of the functionalization method.
Efficient exciton trapping and radiative relaxation via E;;*
emission overcompensates for the simultaneous decrease in
E;; emission. At medium to high levels of functionalization, the
total PLQY decreases again, as the defects start to significantly
disturb the electronic structure of the pristine SWCNT lattice.

This journal is © The Royal Society of Chemistry 2024

In analogy to our previous studies on aryl defects,*”* the
change of the integrated Raman D/G' ratios (A(D/G')) was
correlated with the calculated defect densities ng from E;
PLQY measurements (see Fig. 3a). Using the A(D/G") ratio
instead of the absolute values generally ensures higher compar-
ability of the Raman data across different SWCNT batches and
starting materials. In this work, the same batch of nanotube
material was used for all samples. A linear dependence of the
A(D/G") ratio on the calculated density of luminescent oxygen
defects was obtained for all samples. For luminescent aryl
defects, the slope was the same as previously reported for (6,5)
SWCNTs.*>*? In contrast to that, a strong deviation from this
gradient is evident for all oxygen-functionalized nanotubes.
Regardless of the functionalization method, all samples of
(6,5) SWCNTs with luminescent oxygen defects exhibit a slope
that is larger by a factor of ~2.3 than that for the aryl defects
(see Fig. 3b; for individual linear fits see Fig. S8, ESIT). Similar
differences are also observed for other defect-related Raman
peaks, such as the intermediate frequency modes (IFMs)***°
presented in Fig. S9-S11, ESL{

Clearly, despite very similar spectral signatures in PL and
Raman spectroscopy, there must be a fundamental difference
between luminescent oxygen and aryl defects in SWCNTs
and their interaction with mobile excitons. Importantly, the

Nanoscale Horiz., 2024, 9, 2286-2294 | 2289
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(a) Integrated Raman A(D/G™) ratios versus calculated defect densities (ng) based on PLQY for (6,5) SWCNTs functionalized by different methods

creating oxygen or aryl sp* defects. Linear fits for oxygen defects, combined (R* = 0.97) and aryl sp® defects (R*> = 0.98). (b) Extracted slopes of the
integrated A(D/G") ratio versus calculated defect density for each functionalization method.

calculation of defect densities based on the DLCQ model only
considers the diffusion constant and radiative lifetime of the
Eq; exciton but no defect-specific photophysical processes.'”**
Hence, it gives direct access to the E;; exciton quenching
probability of local defects on the SWCNT lattice. However,
the observed deviation of the slopes of the Raman D/G" ratios
indicate either a different D-mode Raman cross-section or
higher defect densities for oxygen-functionalized compared to
aryl-functionalized nanotubes.

Previous work on defective carbon-based materials indi-
cated that the intensity of the disorder-related Raman D-mode
is not particularly sensitive to the actual structure (functional
group or hybridization) of point-like lattice defects.>**> As all
types of oxygen and aryl defects involve binding to exactly two
carbon atoms, the defect size and thus the probability of
second-order scattering processes (i.e., Raman D-mode cross-
section) should be equally insensitive to the precise chemical
nature of the point-like defects. This assumption only leaves a
higher number of structural defects than calculated from
PLQY measurements as a possible explanation, which could
be caused by clustering of the oxygen defects. The possibility
of clustering of defects during covalent functionalization of
carbon nanotubes was considered before,** but only shown to
occur in additional alkylation reactions on already functiona-
lized SWCNTs.** Furthermore, theoretical studies on SWCNT
shortening by chemical oxidation with hydrogen peroxide
suggest that ROS preferentially attack the carbon nano-
tube lattice at already defective areas, which may promote
clustering.*®

For a cluster of defects with an average spacing similar to or
smaller than the size of the exciton (i.e., few nanometers'”*°),
several defects may act as a single quenching site for the mobile
excitons in the DLCQ model. Furthermore, collective exciton
states of coupled defects were proposed for closely spaced
luminescent defects.”” > Irrespective of the actual local elec-
tronic structure, the exciton trapping efficiency probably does
not simply scale linearly with the absolute number of indivi-
dual luminescent defects. Their precise distribution along the
SWCNT lattice will strongly influence the correlation between

2290 | Nanoscale Horiz., 2024, 9, 2286-2294

lattice defects as determined from the Raman D/G" ratio and
the calculated defect density from E;; PLQY measurements.

To directly assess the possibility of defect clustering for
oxygen defects, we performed PL spectroscopy on individual
oxygen-functionalized SWCNTs embedded in a polymer matrix
at cryogenic temperatures (4.7 K). Under these conditions
SWCNTs show strong localization of even the E;; excitons
due to slight variations in the local dielectric environ-
ment.>*> Luminescent defects are similarly influenced by
dielectric fluctuations of the environment. Thus, the defect
emission energies even of luminescent defects with identical
binding configuration vary slightly. These differences can be
resolved at cryogenic temperatures due to the strongly reduced
linewidths. Hence, it is possible to quantify the number of
luminescent defects on a single nanotube by simply counting
the different peaks, as demonstrated previously for aryl defects
in polymer-wrapped SWCNTs.** The statistical analysis of the
number of defect emission peaks provides direct access to the
average number of individual emissive sites per nanotube.
Together with atomic force microscopy (AFM) to determine
the average nanotube length, the density of luminescent
defects per pm can be obtained and compared to the results
obtained from PLQY measurements and the DLCQ model.

To perform this analysis, oxygen-functionalized (6,5) SWCNTs
were transferred to toluene solutions of the fluorene-bipyridine
copolymer PFO-BPy, which exhibits a high dispersion efficiency
for (6,5) SWCNTs.>! After transfer of highly dilute nanotube
dispersions into a polystyrene matrix, single-nanotube PL spectra
were acquired at 4.7 K in an optical cryostat (for details see
Experimental methods, ESIt). Representative PL spectra for indi-
vidual (6,5) SWCNTs with E;;* oxygen defects are displayed in
Fig. 4a-d. Single defects can be identified as narrow peaks in the
respective spectral region characteristic for a certain binding
configuration (1030-1100 nm for E;;**, 1100-1200 nm for E;*,
1200-1300 nm for E;*7). Fig. S12 and S13 (ESIt) show additional
single-SWCNT PL spectra.

About 30% of the measured SWCNTs exhibited defect PL
emission in the E;;*" and Ey*~ spectral region (Fig. 4e-g). The
E;1*" emission likely occurs from longitudinally oriented ether-type

This journal is © The Royal Society of Chemistry 2024
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(a)—(d) Low-temperature (4.7 K) PL spectra of individual (6,5) SWCNTs functionalized with CuSO4/NaAsc, embedded in a polystyrene matrix.

The number of oxygen defect sites per nanotube (top right corner) was determined as the number of peaks in the spectral region of the E;y* emission

(grey area). (e) and (f) Representative low-temperature spectra where PL emission from the Eq;*

* (yellow area) and E11*~ (pink area) defect configurations

is observed. (g) Spectral distribution of all counted defect PL peaks. (h) Defect PL peak histogram of 154 individual (6,5) SWCNTs with an average defect

density of 3.7 defects per nanotube.

defects (ether-L) with a shallower exciton trap depth (AE, ~ 50
meV, compared to ~140 meV for E;;* and ~250 meV for E;;* ).
This defect is also often referred to as the Y; band in PL spectra of
SWCNTs and becomes more prominent in thin films of SWCNTs
on substrates with polar surfaces (eg, SiO, or glass) upon
annealing.>® Emission from this shallow exciton trap state is low
at room temperature but becomes significant under cryogenic
conditions. It is plausible that thermal detrapping of excitons from
these shallow traps back to the E;; level is dominant at room
temperature.*' Hence, E,;*" defects should not contribute to the
decrease in E;; PLQY to the same degree as deeper exciton traps
(E11* and Ey,*) while still leading to a higher A(D/G") ratio.

A full statistical analysis of over 150 single-SWCNT PL
spectra gave an average value of 3.7 luminescent defects per
nanotube, with a minimum of one and a maximum of seven
defects per nanotube, as shown in Fig. 4h. AFM length statistics
of the sample yielded an average nanotube length of 310 nm
(compare Fig. S14, ESIf). Combining these values gives an
average defect density of 11.9 um ™" for oxygen-functionalized
SWCNTs, which is 2.4 times larger than the calculated defect
density of 4.9 um ™" from the E;; PLQY of the same sample.
When the same counting method was applied to sp® aryl
defects in previous studies, the defect densities aligned remark-
ably well with the numbers extracted with the DLCQ model.*
This ratio of real and expected defect density is also remarkably
close to the factor of 2.3 by which the A(D/G") vs. nq slope
deviates for oxygen and aryl defects as shown in Fig. 3a.

This journal is © The Royal Society of Chemistry 2024

Clearly, the correlation between the Raman A(D/G") ratio
and the defect density — determined from E;; PLQYs or by
counting the defects on individual SWCNTs - is strikingly
different for oxygen and aryl sp® defects. As argued above,
this deviation could be explained with the preferential for-
mation of oxygen defect clusters by ROS-based functionaliza-
tion methods. Assuming that 2 to 3 defects form a cluster
smaller than the size of a mobile exciton, these excitons
would interact with such clustered oxygen defects as one
collective trap state at room temperature. This would result
in an apparently lower trapping efficiency per structural
defect as measured by the Raman D/G" ratio. Thus, higher
E;; PLQYs and lower calculated defect densities would be
observed for the same number of structural defects. Conver-
sely, at cryogenic conditions even minor differences in the
local dielectric environment of oxygen defect clusters due to
inhomogeneities of the polymer matrix would distinguish
these traps from each other and enable a direct quantification.
At low temperatures, exciton detrapping is suppressed, and
even individual defects with low exciton trapping probabilities
within a larger cluster can be identified in single-nanotube PL
spectra.

The remarkable agreement between data obtained indepen-
dently by Raman/PLQY and cryo-PL/AFM measurements sug-
gests that the quantification of the number of oxygen defect
clusters can be performed by adapting the equation derived for
aryl defects.®” The number of collective exciton traps in the
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(a) Schematic depiction of defect clustering in SWCNTSs. Closely spaced (smaller than the size of a mobile exciton) luminescent oxygen defects

act as one effective exciton trap compared to individual aryl sp® defects while contributing more to the Raman D/G* ratio. (b) Maximum total PLQYs
versus integrated A(D/G") ratio for different functionalization methods. For all luminescent oxygen defects, the highest PLQYs are obtained for larger D/

G* ratios compared to aryl sp® defects.

form of oxygen clusters is then

no-Cluster (pm ') =172 pm™! -A( (1)

Ip
IGJr)7
where A(Ip/Ig+) represents the change of the integrated Raman
D/G" ratio of the functionalized (6,5) SWCNT sample compared
to the pristine samples (for resonant excitation at 532 nm).
Consequently, the actual number of individual oxygen atom
defects can be calculated with

_ _ 1
NO-Defect (Hm l) =405 pm b A(IG—D+>7

(2)

which is - within the margin of experimental error - identical
to the previously reported equation for individual aryl sp?
defects.*

Fig. 5a gives a schematic representation of luminescent
oxygen and aryl defects in SWCNTs. Corresponding to the
deviation in Raman A(D/G") ratio vs. ngq slopes, one oxygen
defect cluster should correspond to 2-3 individual oxygen
defects. This structural model provides a straightforward tool
to assess already developed, and in particular, new functiona-
lization methods. If the correlation of Raman A(D/G") ratios
and calculated defect densities results in values smaller than
172 pm~ ' (compare eqn (1)), stronger clustering should be
expected compared to oxygen defects. Likewise, larger values
are an indicator for wider separation of individual structural
defects.

For the application of functionalized SWCNTs as emitters
the question arises whether defect clustering is desirable or
detrimental for reaching the highest total PLQY. Hence, we
correlated the maximum total PLQYs for the different functio-
nalization methods with the corresponding Raman A(D/G")
ratios (see Fig. 5b). Interestingly, the maximum PLQY for
SWCNTs with aryl sp® defects occurs at significantly lower
degrees of functionalization compared to oxygen defects.
A higher degree of functionalization is required to obtain the
brightest SWCNTs with oxygen defects. This might be attrib-
uted to the higher actual number of single oxygen defects

2292 | Nanoscale Horiz., 2024, 9, 2286-2294

necessary to achieve the optimal exciton trapping efficiency.
The number of oxygen clusters at which maximum total PLQYs
are observed are in good agreement with the density of lumi-
nescent exciton traps necessary to achieve optimal brightening
for aryl-functionalized SWCNTs (~ 4-8 defects um™'). Interest-
ingly, the maximum PLQY (2.5%) for SWCNTs functionalized
with the Fenton-like reaction is substantially higher than those
for all other methods (0.5-0.9%). This surprising difference,
especially compared to the other oxygen functionalization
methods, might be rationalized with the continuous produc-
tion of low concentrations of ROS by the Fenton-like reaction
(with CuSO,4/NaAsc) and thus a more controlled reaction with
the nanotube lattice. In contrast to that, the harsh conditions of
the other methods (e.g., treatment with ozone, hypochlorite
or other inorganic oxidizing agents) are more likely to create
higher concentrations of ROS and thus may lead to over-
functionalized areas that act only as quenching sites and may
also cause the observed broadening of the defect emission
peaks.®>*

Conclusion

In summary, we have shown that the combination of Raman
spectroscopy, spectrally-resolved PLQY measurements, and
low-temperature single-nanotube PL spectroscopy can be used
to recognize and quantify clustering of luminescent oxygen
defects in functionalized (6,5) SWCNTs in comparison to
typical aryl sp® defects. One oxygen defect cluster contains
about 2-3 individual defects that act as one exciton trap. Since
clustering of oxygen defects occurs irrespective of the method
of functionalization, we can provide simple and general equa-
tions for the precise quantification of oxygen defects and
oxygen defect clusters in (6,5) SWCNTs based on standard
resonant Raman spectroscopy alone. We show that the compar-
ison of the slopes of the Raman A(D/G") ratios vs calculated
defect densities from PLQY measurements can serve as a direct
measure for clustering. This quantification method can be

This journal is © The Royal Society of Chemistry 2024
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expanded easily to other functionalization protocols and gives
indirect information about the local distribution of exciton
trapping sites and individual defects. Hence, this comparative
study provides a blueprint for the characterization of new
synthetic methods for the introduction of luminescent defects.
For example, the functionalization of SWCNTs with bidentate
reactants such as bisdiazonium compounds®” or divalent func-
tional groups®® could be investigated in more detail based on
this approach. A comparison with the reference slopes pre-
sented here should enable a quick and reliable assessment of
possible defect clustering. Overall, the absolute quantification
of defect densities by combining Raman spectroscopy and
PLQY measurements is a valuable tool for the systematic and
reproducible investigation of luminescent defects in SWCNTs.

Author contributions

F. L. S. fabricated and measured all samples and analyzed the
data. S. S. contributed to sample preparation and characteriza-
tion. H. L. and B. S. F. provided ATPE-sorted (6,5) SWCNTs.
J. Z. conceived and supervised the project. F. L. S. and J. Z. wrote
the manuscript with input from all authors.

Data availability

The data generated and analyzed for this article are available
in the heiDATA repository at https://doi.org/10.11588/data/
TS6XA6.

Conflicts of interest

The authors declare no competing interests.

Acknowledgements

This project has received funding from the European Research
Council (ERC) under the European Union’s Horizon 2020
research and innovation programme (Grant Agreement No.
817494 “TRIFECTS”). B. S. F. and H. L. gratefully acknowledge
support by the DFG under grant numbers FL 834/5-1, FL 834/9-1
and FL 834/12-1. H. L. acknowledges financial support from the
Turku Collegium for Science, Medicine and Technology (TCSMT).
The authors thank Kerstin Brodner and Marcus Dodds for their
technical support during initial tests of the ozone functionalization
reaction.

References

1 J. Ackermann, J. T. Metternich, S. Herbertz and S. Kruss,
Angew. Chem., Int. Ed., 2022, 61, €202112372.

2 P. Galonska, ]J. M. Mohr, C. A. Schrage, L. Schnitzler and
S. Kruss, J. Phys. Chem. Lett., 2023, 14, 3483-3490.

3 S. Settele, C. A. Schrage, S. Jung, E. Michel, H. Li, B. S. Flavel,
A. S. K. Hashmi, S. Kruss and J. Zaumseil, Nat. Commun.,
2024, 15, 706.

This journal is © The Royal Society of Chemistry 2024

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

View Article Online

Nanoscale Horizons

H. Kwon, M. Kim, B. Meany, Y. M. Piao, L. R. Powell and
Y. H. Wang, J. Phys. Chem. C, 2015, 119, 3733-3739.

A. K. Mandal, X. Wu, ]J. S. Ferreira, M. Kim, L. R. Powell,
H. Kwon, L. Groc, Y. Wang and L. Cognet, Sci. Rep., 2020,
10, 5286.

C.-W. Lin, S. M. Bachilo, Y. Zheng, U. Tsedev, S. Huang,
R. B. Weisman and A. M. Belcher, Nat. Commun., 2019,
10, 2874.

X. Ma, N. F. Hartmann, J. K. S. Baldwin, S. K. Doorn and
H. Htoon, Nat. Nanotechnol., 2015, 10, 671-675.

X. He, N. F. Hartmann, X. Ma, Y. Kim, R. Ihly, J. L.
Blackburn, W. Gao, J. Kono, Y. Yomogida, A. Hirano,
T. Tanaka, H. Kataura, H. Htoon and S. K. Doorn, Nat.
Photonics, 2017, 11, 577-582.

M.-K. Li, S. Dehm, M. M. Kappes, F. Hennrich and
R. Krupke, ACS Nano, 2024, 18, 9525-9534.

N. F. Zorn, S. Settele, F. L. Sebastian, S. Lindenthal and
J. Zaumseil, ACS Appl. Opt. Mater., 2023, 1, 1706-1714.
M.-K. Li, A. Riaz, M. Wederhake, K. Fink, A. Saha, S. Dehm,
X. He, F. Schoppler, M. M. Kappes, H. Htoon, V. N. Popov,
S. K. Doorn, T. Hertel, F. Hennrich and R. Krupke, ACS
Nano, 2022, 16, 11742-11754.

N. F. Zorn, F. J. Berger and J. Zaumseil, ACS Nano, 2021, 15,
10451-10463.

X. Ma, L. Adamska, H. Yamaguchi, S. E. Yalcin, S. Tretiak,
S. K. Doorn and H. Htoon, ACS Nano, 2014, 8, 10782-10789.
N. F. Hartmann, K. A. Velizhanin, E. H. Haroz, M. Kim,
X. Ma, Y. Wang, H. Htoon and S. K. Doorn, ACS Nano, 2016,
10, 8355-8365.

F.]. Berger, J. Liittgens, T. Nowack, T. Kutsch, S. Lindenthal,
L. Kistner, C. C. Muller, L. M. Bongartz, V. A. Lumsargis,
Y. Zakharko and ]. Zaumseil, ACS Nano, 2019, 13,
9259-9269.

S. Settele, F. J. Berger, S. Lindenthal, S. Zhao, A. A. El Yumin,
N. F. Zorn, A. Asyuda, M. Zharnikov, A. Hogele and
J. Zaumseil, Nat. Commun., 2021, 12.

Y. Miyauchi, M. Iwamura, S. Mouri, T. Kawazoe, M. Ohtsu
and K. Matsuda, Nat. Photonics, 2013, 7, 715-719.

J. Zaumseil, Adv. Opt. Mater., 2022, 10, 2101576.

D. Janas, Mater. Horiz., 2020, 7, 2860-2881.

S. Ghosh, S. M. Bachilo, R. A. Simonette, K. M. Beckingham
and R. B. Weisman, Science, 2010, 330, 1656-1659.

A. Graf, Y. Zakharko, S. P. Schief3], C. Backes, M. Pfohl,
B. S. Flavel and J. Zaumseil, Carbon, 2016, 105, 593-599.
C. F. Chiu, W. A. Saidi, V. E. Kagan and A. Star, J. Phys.
Chem. Lett., 2017, 139, 4859-4865.

S. Settele, F. Stammer, F. L. Sebastian, S. Lindenthal, S. R.
Wald, H. Li, B. S. Flavel and J. Zaumseil, ACS Nano, 2024, 18,
20667-20678.

Y. Piao, B. Meany, L. R. Powell, N. Valley, H. Kwon,
G. C. Schatz and Y. Wang, Nat. Chem., 2013, 5, 840-845.

T. Shiraki, T. Shiraishi, G. Juhasz and N. Nakashima, Sci.
Rep., 2016, 6, 28393.

A. Saha, B. J. Gifford, X. He, G. Ao, M. Zheng, H. Kataura,
H. Htoon, S. Kilina, S. Tretiak and S. K. Doorn, Nat. Chem.,
2018, 10, 1089-1095.

Nanoscale Horiz., 2024, 9, 2286-2294 | 2293


https://doi.org/10.11588/data/TS6XA6
https://doi.org/10.11588/data/TS6XA6
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nh00383g

Open Access Article. Published on 03 2024. Downloaded on 29/10/25 06:54:11.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Horizons

27 X. He, B. ]. Gifford, N. F. Hartmann, R. Ihly, X. Ma,
S. V. Kilina, Y. Luo, K. Shayan, S. Strauf, J. L. Blackburn,
S. Tretiak, S. K. Doorn and H. Htoon, ACS Nano, 2017, 11,
10785-10796.

28 P. Wang, J. Fortner, H. Luo, ]J. Klos, X. Wu, H. Qu, F. Chen,
Y. Li and Y. Wang, J. Phys. Chem. Lett., 2022, 144,
13234-13241.

29 H. Kwon, A. Furmanchuk, M. Kim, B. Meany, Y. Guo,
G. C. Schatz and Y. Wang, J. Am. Chem. Soc., 2016, 138,
6878-6885.

30 M. Iwamura, N. Akizuki, Y. Miyauchi, S. Mouri, J. Shaver,
Z. Gao, L. Cognet, B. Lounis and K. Matsuda, ACS Nano,
2014, 8, 11254-11260.

31 M. Kim, L. Adamska, N. F. Hartmann, H. Kwon, J. Liu,
K. A. Velizhanin, Y. Piao, L. R. Powell, B. Meany, S. K. Doorn,
S. Tretiak and Y. Wang, J. Phys. Chem. C, 2016, 120,
11268-11276.

32 F. L. Sebastian, N. F. Zorn, S. Settele, S. Lindenthal,
F. J. Berger, C. Bendel, H. Li, B. S. Flavel and J. Zaumseil,
J. Phys. Chem. Lett., 2022, 13, 3542-3548.

33 F. L. Sebastian, F. Becker, Y. Yomogida, Y. Hosokawa,
S. Settele, S. Lindenthal, K. Yanagi and J. Zaumseil, ACS
Nano, 2023, 17, 21771-21781.

34 M. S. Dresselhaus, A. Jorio, A. G. Souza Filho and R. Saito,
Philos. Trans. R. Soc., A, 2010, 368, 5355-5377.

35 S. Grimm, S. P. Schiefdl, Y. Zakharko, M. Rother,
M. Brohmann and J. Zaumseil, Carbon, 2017, 118, 261-267.

36 A. Jorio and R. Saito, J. Appl. Phys., 2021, 129.

37 N.J. Stanton, R. Ihly, B. Norton-Baker, A. J. Ferguson and
J. L. Blackburn, Appl. Phys. Lett., 2021, 119.

38 Y. Nosho, Y. Ohno, S. Kishimoto and T. Mizutani, Nano-
technology, 2007, 18, 415202.

39 T. Hertel, S. Himmelein, T. Ackermann, D. Stich and J. Crochet,
ACS Nano, 2010, 4, 7161-7168.

40 A. Vvierck, F. Gannott, M. Schweiger, J. Zaumseil and
J. Maultzsch, Carbon, 2017, 117, 360-366.

2294 | Nanoscale Horiz., 2024, 9, 2286-2294

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

View Article Online

Communication

M. S. Hofmann, J. T. Gluckert, J. Noe, C. Bourjau, R. Dehmel
and A. Hogele, Nat. Nanotechnol., 2013, 8, 502-505.

I. O. Maciel, N. Anderson, M. A. Pimenta, A. Hartschuh,
H. Qian, M. Terrones, H. Terrones, J. Campos-Delgado, A. M.
Rao, L. Novotny and A. Jorio, Nat. Mater., 2008, 7, 878-883.
A. H. Brozena, M. Kim, L. R. Powell and Y. Wang, Nat. Rev.
Chem., 2019, 3, 375-392.

S. Deng, Y. Zhang, A. H. Brozena, M. L. Mayes, P. Banerjee,
W.-A. Chiou, G. W. Rubloff, G. C. Schatz and Y. Wang, Nat.
Commun., 2011, 2, 382.

Y. Li, X. Wu, M. Kim, J. Fortner, H. Qu and Y. Wang, Chem.
Mater., 2019, 31, 4536-4544.

L. Lier, S. Hoseinkhani, D. Polli, J. Crochet, T. Hertel and
G. Lanzani, Nat. Phys., 2009, 5, 54-58.

J. Fortner and Y. Wang, J. Phys. Chem. Lett., 2022, 13,
8908-8913.

Y. Zheng, Y. Kim, A. C. Jones, G. Olinger, E. R. Bittner,
S. M. Bachilo, S. K. Doorn, R. B. Weisman, A. Piryatinski and
H. Htoon, ACS Nano, 2021, 15, 10406-10414.

B. M. Weight, A. E. Sifain, B. ]J. Gifford, D. Kilin, S. Kilina
and S. Tretiak, J. Phys. Chem. Lett., 2021, 12, 7846-7853.

A. Borel, F. Rapisarda, S. K. Doorn, C. Voisin and
Y. Chassagneux, Nano Lett., 2024, 24, 3456-3461.

M. S. Hofmann, J. Noe, A. Kneer, J. J. Crochet and A. Hogele,
Nano Lett., 2016, 16, 2958-2962.

C. Raynaud, T. Claude, A. Borel, M. R. Amara, A. Graf,
J. Zaumseil, J. S. Lauret, Y. Chassagneux and C. Voisin,
Nano Lett., 2019, 19, 7210-7216.

N. F. Zorn, S. Settele, S. Zhao, S. Lindenthal, A. A. El Yumin,
T. Wedl, H. Li, B. S. Flavel, A. Hogele and J. Zaumseil, Adv.
Opt. Mater., 2023, 11, 2300236.

M. Yang, Y. lizumi, L. Chen, T. Okazaki, D. Futaba and
M. Zhang, Carbon, 2023, 208, 238-246.

B. J. Gifford, X. He, M. Kim, H. Kwon, A. Saha, A. E. Sifain,
Y. Wang, H. Htoon, S. Kilina, S. K. Doorn and S. Tretiak,
Chem. Mater., 2019, 31, 6950-6961.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nh00383g



