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Post-functionalization modification as a modular
strategy for size-selective fluorescence response
of single-walled carbon nanotubes to polycyclic
aromatic hydrocarbons
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Single-walled carbon nanotubes (SWCNTs) with tailored func-

tionalization serve as optically responsive nanoparticles, but

when encapsulated by chirality-selective polymers, they often

remain inert to analytes. To expand their utility, we developed a

post-functionalization modification (PFM) strategy introducing

oxygen defects into chirality-pure (6,5) and (7,5) SWCNTs sus-

pended by PFO-BPy6,6 0 and PFO-FH, respectively. UV exposure

in the presence of sodium hypochlorite (NaClO) partially

displaces the polymer corona, confirmed by low-temperature

fluorescence, Raman spectroscopy, dynamic light scattering,

and transmission electron microscopy. To probe corona displa-

cement, riboflavin (RB) was employed as a fluorescent reporter

for the exposed SWCNT surface. Minimal RB quenching was

observed with (6,5) and (7,5) SWCNTs treated with low NaClO

concentration (0.01%), indicating high coverage, while disper-

sions treated with higher NaClO concentration (0.055%) showed

strong RB quenching, reflecting reduced coverage. This trend

establishes NaClO concentration as a handle to tune corona

coverage. We further show that surface coverage modulates

size-selective adsorption of polyaromatic hydrocarbons (PAHs).

At intermediate NaClO treatment (0.02%), PFM-SWCNTs res-

ponded selectively to naphthalene (2-ring PAH), while higher

treatment (0.055%) enabled response to naphthalene, fluorene,

and pyrene (2, 3, and 4-ring PAH). These findings demonstrate

that PFM enables controllable surface coverage and size-

selective PAH interactions, broadening SWCNTs utility as optical

nanoprobes.

1. Introduction

Polydispersity among nanoscale particles influences their func-
tional performance, presenting both challenges and opportu-
nities for applications.1 In single-walled carbon nanotubes
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New concepts
While chirality-pure single-walled carbon nanotubes (SWCNTs) have
significantly advanced the understanding of structure–property relation-
ships and enabled precise optical studies, their strong polymer encapsu-
lation – essential for achieving high-purity separation – can nevertheless
reduce interfacial reactivity, limiting their adaptability in molecular
recognition. To address this challenge, we introduce a new concept
termed post-functionalization modification (PFM) strategy that finely
controls the reactivity of polymer-encapsulated monochiral SWCNTs
without perturbing their chirality. PFM employs sodium hypochlorite
(NaClO) under UV irradiation to simultaneously induce partial corona
displacement and oxygen-defect incorporation, thereby generating a
tunable interface that preserves the nanotubes’ optical and chirality
integrity while enhancing accessibility to external analytes. By explicitly
varying the NaClO concentration, the degree of corona disruption is
controllably tuned: higher NaClO concentrations produce more extensive
corona displacement (i.e., lower polymer surface coverage) and therefore
enhance accessibility to larger-sized analytes, whereas intermediate
NaClO levels leave more of the corona intact and favor interactions with
relatively smaller molecules. This NaClO-dependent tunability enables
size-selective fluorescence responses toward polycyclic aromatic hydro-
carbons (PAHs), demonstrating controlled molecular recognition in sys-
tems that were previously functionally limited. Collectively, PFM provides
a modular, generalizable route to impart tunable chemical reactivity to
monochiral SWCNTs thereby substantially expanding their utility in
organic environments.
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(SWCNTs), the coexistence of multiple chiralities, each associated
with a different diameter, gives rise to dispersions with diverse
optical and electronic properties.2–7 While such inherent hetero-
geneity has been leveraged in various applications,8–13 it can also
complicate the establishment of precise structure–property rela-
tionships, as ensemble-averaged properties may often obscure
the behavior of individual species. Thus, to achieve greater
control and predictability in specific applications, efforts have
been directed toward isolating monochiral SWCNT populations,
enabling more uniform properties and refined functionality.14–22

To achieve this, several techniques have been employed,
including aqueous two-phase extraction of chirality-pure
SWCNTs,23–26 gel chromatography-based selective adsorption
of chirality-pure SWCNTs in the gel medium,27 and adsorption
strategies that leverage chiral angle and diameter selectivity.28 In
this context, another widely adopted approach involves chirality-
selective extraction, wherein conjugated polymers with tailored
chemical affinity isolate SWCNTs of a specific chirality, enabling
precise separation and enhanced application outcomes.16,29–31

This technique is particularly prominent in organic media, where
the non-polar nature of the commonly used polymers aids in
selective extraction. For instance, poly(9,90-dioctylfluorenyl-2,7-
diyl-alt-6,60-(2,20-bipyridine)) (PFO-BPy6,60) has been effectively
employed to selectively extract (6,5) SWCNTs, while poly(9,90-
dioctylfluorenyl-2,7-diyl) (PFO) has been utilized for the selective
extraction of (7,5) SWCNTs.16 However, the strong affinity and
tight encapsulation of these polymers around specific chiralities32

could result in steric hindrances, reducing the SWCNT accessi-
bility to exogenously introduced analytes, thereby limiting their
reactivity in organic environments.

Therefore, to extend the applicability of monochiral SWCNTs
in organic environments, it is essential to enhance their respon-
siveness to chemical species. A promising approach to achieve
this, whether for molecular or nanoscale targets, is post-
synthetic/functionalization modification (PFM), which enables
improved interactions with target analytes. PFM has been widely
employed across various nanoscale systems, including atomic
clusters,33,34 quantum dots,35,36 carbon dots,37 and metal–
organic frameworks (MOFs),38,39 to imbue them with additional
functionalities. For instance, in histidine-stabilized gold atomic
clusters, ligand exchange reactions have been used to replace
histidine with cysteine, modulating their emission wavelength.33

Similarly, surface complexation reactions have been utilized in
quantum dots to fine-tune fluorescence,40,41 while doping carbon
dots with specific atoms has enabled multi-tunable emission.42

In the case of MOFs, strategic incorporation of reactive molecules
has been employed to enhance their chemical reactivity.43

To this end, an effective strategy for imparting reactivity to
SWCNTs involves introducing defects through PFM. Recent
studies have demonstrated that incorporating functional
groups into SWCNTs enhances their specific reactivity toward
external analytes.44–57 Our laboratory has recently validated the
application of PFM to SWCNTs, demonstrating that SWCNTs
dispersed in aqueous phases with surfactants can be rendered
responsive to exogenously added target molecules through the
incorporation of oxygen defects.58,59 Notably, pristine SWCNTs

lacking such defects exhibited no response under similar
conditions, underscoring the transformative role of defect
engineering in enabling such interactions. These findings not
only substantiate the feasibility of PFM in SWCNTs but also
open avenues for imparting new functionalities and respon-
siveness, thereby broadening their application potential. How-
ever, two key gaps remain: most demonstrations have been
limited to aqueous dispersions rather than organic media, and
the tunability of functionalization levels for controlled analyte
interactions has yet to be fully explored.

Building on this, expanding the interactive potential of
monochiral SWCNTs in organic media through PFM addresses
two critical challenges: it circumvents the issue of polydisper-
sity by utilizing monochiral SWCNTs, and it overcomes the
limitations imposed by the tight binding of polymers, which
otherwise render SWCNTs unresponsive to external analytes.
The ability of SWCNTs to interact effectively in organic media, a
largely unexplored area in the literature, could pave the way for
novel applications. Further, if corona displacement in SWCNTs
could be systematically tuned, it would open a powerful route to
control their interactions with external analytes. Such tunability
could allow recognition of smaller molecules under conditions
of higher surface coverage, while reduced coverage could
broaden the spectrum of accessible analytes, including larger
aromatic systems. This level of control would not only expand
the functional versatility of monochiral SWCNTs in organic
media but also establish a design principle for tailoring sensing
behavior toward either highly specific or more universal detec-
tion modes. Achieving such adaptive responsiveness would
position PFM-treated SWCNTs as promising platforms for
advanced molecular sensing and next-generation optical
nanoprobes in complex environments.

Here, we demonstrate the application of PFM to SWCNTs
(dispersed in organic media) using sodium hypochlorite
(NaClO) and UV exposure to introduce oxygen defects in
monochiral SWCNTs. Chirality-pure (6,5) and (7,5) SWCNTs
were utilized and dispersed with the PFO derivatives PFO-
BPy6,60 and PFO-FH, respectively. The treatment with NaClO
and UV exposure triggered two processes: (i) partial displace-
ment of the polymer corona and (ii) incorporation of oxygen
defects into the SWCNTs. Raman spectroscopy, in conjunction
with dynamic light scattering (DLS) studies, transmission elec-
tron microscopy (TEM), and low-temperature fluorescence
spectroscopy, confirmed the successful displacement of the
polymer corona and the introduction of oxygen defects. To
evaluate the extent of corona displacement, riboflavin (RB) was
employed as a fluorescence reporter, where minimal quenching
at low NaClO concentration indicated dense coverage, while
strong quenching at higher concentrations revealed reduced
coverage. This tunability was consistent across both chiralities,
establishing NaClO as a handle for modulating corona density.
To assess how this impacts analyte interactions, we exposed
PFM-SWCNTs to a series of polyaromatic hydrocarbons (PAHs),
including naphthalene (Naph), phenanthrene (Phen), pyrene,
and fluorene. While unmodified SWCNTs showed minimal
response, PFM-SWCNTs exhibited a strong fluorescence
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decrease. Importantly, intermediate corona coverage enabled
selective response to smaller PAHs such as naphthalene,
whereas reduced coverage allowed broader response, including
fluorene and pyrene. Control studies with monoaromatic and
aliphatic molecules produced no significant effect, while com-
paring styrene (monoaromatic) and polystyrene (polyaromatic)
reinforced the necessity of multiple aromatic rings for eliciting
fluorescence modulation. These findings highlight the pivotal
role of PFM in enabling and tuning interactions between
SWCNTs and exogenous molecules through corona modifica-
tion and defect incorporation. This approach not only imparts
reactivity to otherwise inert SWCNTs but also introduces a
strategy for controllable, size-selective detection of aromatic
analytes, thereby expanding the functional versatility of
SWCNTs in organic media.

2. Experimental section
2.1. Separation of (6,5) and (7,5) SWCNTs

1.5 mg of the SG65i CoMoCAT SWCNTs and 6 mg of PFO-
BPy6,60 or 9 mg of PFO-FH were combined with 5 mL of toluene
in a glass vial. The mixture was homogenized in a mild bath
sonicator for 15 minutes (Polsonic, Sonic-2, 250 W) at 5 1C and
then more vigorous tip sonication (Hielscher UP200St ultra-
sonic generator) was used for 8 minutes at a power of 30 W for
selective solubilization of SWCNTs. As-obtained suspension of
SWCNTs was centrifuged at 10 000 rpm (15 314 � g) for
2 minutes to precipitate the undesired SWCNTs and polymer
aggregates. 80% of the generated supernatant containing pur-
ified SWCNTs was collected and used in further experiments.

2.2. Optical absorption

Absorption spectra were recorded using a Shimadzu UV-3600
Plus UV-vis-NIR spectrophotometer over a wavelength range of
300 to 1400 nm.

2.3. Post-functionalization modification (PFM) of SWCNTs

PFM of SWCNTs was pursued by diluting (6,5) and (7,5)
SWCNTs in toluene to a concentration of 28.5 mg L�1. To these
samples, 10 mL of 11% NaClO was added, followed by UV
irradiation at 365 nm for 10 min in the presence of tetraethy-
lammonium bromide (B1 mg) as a phase-transfer catalyst.
This treatment led to a decrease in the E11 fluorescence of
(6,5) and (7,5) SWCNTs when excited at 560 nm and 650 nm,
respectively, as well as the emergence of the E�11 fluorescence
peak (measured at 77 K) and the typical Raman peaks asso-
ciated with defects incorporation.

2.4. Fluorescence

Fluorescence measurements were performed using a 96-well
plate positioned on the stage of an inverted Olympus IX73
microscope. Excitation was provided by a supercontinuum laser
(NKT Photonics, Super-K Extreme) at 560 and 650 nm. Emis-
sion spectra were analyzed using a Spectra Pro HRS-300 spec-
trograph (Princeton Instruments) equipped with a 150 g mm�1

grating and a 500 mm slit width. The fluorescence intensity
spectra were recorded using a 1D InGaAs array detector (Pylo-
nIR, Teledyne Princeton Instruments) with an exposure time of
3 s. Excitation–emission maps were generated by scanning
excitation wavelengths from 450 nm to 800 nm in 2 nm incre-
ments using a supercontinuum white-light laser (NKT Photo-
nics, Super-K Extreme). All spectra were background-subtracted
against blank toluene. Additional fluorescence measurements
were conducted with an FLS1000 photoluminescence spectro-
meter (Edinburgh Instruments), featuring an ozone-free Xe lamp,
kinematic triple-grating turret monochromators, and NIR-PMT
detectors capable of photon counting up to B1700 nm. For
fluorescence measurements at low temperature, a software-
controlled cryostat was used to maintain the temperature at
77 K, and the samples were placed in electron paramagnetic
resonance (EPR) tubes for the measurement.

To assess the fluorescence response of (6,5) and (7,5)
SWCNTs to PAHs, samples of 200 mL of toluene containing
28.5 mg L�1 SWCNTs were combined with PAHs at concentra-
tions ranging from 80 to 400 mM, and the resulting emission
spectra were recorded.

2.5. Transmission electron microscopy

TEM analysis was performed using a JEOL 2100F microscope
with an accelerating voltage of 200 kV. Image processing was
carried out using Gatan Digital Micrograph software. For
sample preparation, 7 mL of 100 mg L�1 (6,5) and (7,5) SWCNTs
were drop-cast onto a carbon-coated copper grid.

2.6. Raman spectroscopy

Raman spectra were recorded using a LabRam HR Evolution
spectrometer. The (6,5) SWCNT and (7,5) SWCNT samples were
drop-cast onto glass slides and illuminated with a 532 nm laser
and a 633 nm laser, respectively. Data acquisition was per-
formed using a �100 objective lens with a laser power set to
100 mW.

2.7. Dynamic light scattering

Dynamic light scattering (DLS) measurements were performed
using a Malvern Zetasizer Nano ZS90 (Model No. ZEN3690)
equipped with a red He–Ne gas laser (l = 633 nm) at a
controlled temperature of 25 1C. The concentrations of (6,5)
and (7,5) SWCNTs were maintained at 28.5 mg L�1. An aniso-
tropic rigid-rod model, as established in previous studies, was
used to determine the effective hydrodynamic diameter of the
SWCNTs.60–62

2.8. Statistical analysis

All fluorescence experiments were performed in triplicate, and
the displayed spectra represent the average of three indepen-
dently acquired measurements. Spectral data were analyzed
and plotted using Origin software, while excitation and emis-
sion profiles were generated using MATLAB.
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3. Results and discussions

Near-monochiral (6,5) and (7,5) SWCNTs were obtained by Con-
jugated Polymer Extraction (CPE) using self-synthesized poly(9,9-
dioctylfluorene-2,7-diyl-alt-6,60-{2,20-bipyridine}) (PFO-BPy6,60) and
poly(2,7-(9,90-dioctylfluorene)-alt-2,7-(-9,90-hexylfluorene)) (PFO-
FH), respectively (Fig. S1). The UV-vis-NIR absorption spectra of
PFO-BPy6,60 (6,5) SWCNTs and PFO-FH (7,5) SWCNTs exhibited
distinct absorption peaks at 1002 nm and 1044 nm, respectively,
corresponding to the E11 transitions of the (6,5)63 and (7,5)64

SWCNTs (Fig. S2A and B). Similarly, the fluorescence spectra of
PFO-BPy6,60 (6,5) SWCNTs and PFO-FH (7,5) SWCNTs exhibited
emissions at 1002 nm and 1046 nm when excited at 560 nm63

and 650 nm,64 respectively (Fig. S3A and B). The excitation and
emission maps of these samples showed distinct peaks corres-
ponding to the E11 transitions of the (6,5) and (7,5) SWCNTs (Fig.
S3C and D). The absence of additional excitation–emission peaks
under other excitation wavelengths confirmed the lack of other
chiralities, validating the successful separation of (6,5) and (7,5)
SWCNTs.

Further, atomic force microscopy (AFM) was conducted to
gain morphological insights into PFO-BPy6,6 0 (6,5) SWCNTs
and PFO-FH (7,5) SWCNTs. AFM images of PFO-BPy6,60 (6,5)
SWCNTs revealed nanotubes with heights of 0.8 � 0.2 nm.
Similarly, AFM images of PFO-FH (7,5) SWCNTs showed nano-
tubes with heights of 0.9 � 0.3 nm (Fig. S4A and B).

To introduce additional functionalities to SWCNTs, a small
volume of concentrated NaClO was added to the PFO-BPy6,60

(6,5) and PFO-FH (7,5) SWCNTs dispersed in toluene, followed
by exposure to UV irradiation at 365 nm. The process aimed to
generate singlet oxygen in the aqueous phase, which, owing to
its higher solubility in organic solvents compared to aqueous
ones,65 could diffuse in the toluene medium containing the
SWCNTs. Once in the organic phase, the singlet oxygen was
expected to react with the SWCNTs, facilitating the incorpora-
tion of oxygen defects, as reported in previous studies. These
oxygen defects typically manifest as ether-bridged oxygen atoms
or as epoxide adducts within the SWCNT structure.51 Further,
in our experiments, singlet oxygen was transferred from the
aqueous NaClO phase into the toluene-dispersed SWCNTs
through the combined effects of UV irradiation and a phase-
transfer catalyst, and the PFO-based polymer wrappings were
considered stable in toluene,66 with no polymer unwrapping
expected under these conditions.

Following treatment with NaClO and UV irradiation, the UV-
vis-NIR absorption spectra of (6,5) and (7,5) SWCNTs were
recorded. The peaks at 998 nm and 1042 nm, corresponding
to the E11 transitions of (6,5) and (7,5) SWCNTs, respectively,
exhibited a decrease in absorption (Fig. S5). This could be
indicative of polymer desorption from the SWCNT surface,67

as the removal of the polymer corona likely altered the dielec-
tric environment around the nanotubes. Thereafter, the
fluorescence spectra of the (6,5) and (7,5) SWCNTs were
recorded following PFM (Fig. S6). Interestingly, unlike oxygen-
defect-incorporated SWCNTs, which typically exhibit an E�11
peak alongside the E11 peak, no distinct E�11 peak was observed.

However, in both (6,5) and (7,5) SWCNTs, a notable decrease in
the fluorescence of the E11 was observed, in concurrence with
the reduction in absorption, further supporting the hypothesis
of an altered dielectric environment following PFM resulting
from partial polymer desorption.2,68

The Raman spectrum of PFO-BPy6,60 (6,5) SWCNTs revealed
prominent peaks at 1595 cm�1 and 1610 cm�1, attributed to the
G band of the SWCNTs69 and the CQC stretching70 within the
aromatic bipyridine rings of PFO-BPy6,60 (Fig. 1(A)). Additional
peaks spanning 1200–1400 cm�1 were also observed, which can
be attributed to the polymer. To confirm the peak assignments,
we recorded the Raman spectrum of the PFO-BPy6,60 polymer
(Fig. S7), and found all the aforementioned peaks except for the
one at 1595 cm�1, suggesting that this peak originates from the
SWCNTs. After treatment with NaClO and UV, two significant
changes were observed in the PFO-BPy6,60 (6,5) SWCNTs (Fig. S8).
First, the intensity ratio of the 1595 cm�1 and 1610 cm�1 G band
peaks increased significantly, from 1 : 3.03 in untreated SWCNTs
to 1 : 1.66 after treatment, suggesting that the PFO-BPy6,60 corona
might be partially removed from the SWCNT surface, as a peak
due to PFO-BPy6,60 was still present. Since Raman spectroscopy
was performed on samples deposited on a surface, the observed
decrease in the polymer:SWCNT peak ratio directly reflects
modifications in the surface-bound polymers. Therefore, the
relative decrease in the polymer-related Raman peak, compared
to the SWCNT-related Raman peak, suggests that the polymer
undergoes partial desorption upon treatment, altering the spec-
tral contributions from the nanotube-polymer interface. Second,
a broad peak emerged at 1308 cm�1, the D band, which is
typically associated with defect formation in SWCNTs71

(Fig. S8). However, this peak appeared broad, spanning 1200–
1400 cm�1, suggesting the presence of overlapping signals from
both polymer-related peaks and the defect-induced peak. In the
next step, we sought to eliminate potential interference from
polymer-related signals and determine whether the D-band could
be clearly resolved, thereby providing unambiguous evidence of
defect formation in the (6,5) SWCNTs following PFM. To achieve
this, we drop-cast the PFM-treated (6,5) SWCNTs onto a glass
slide and washed the films with tetrahydrofuran (THF) to remove
any unreacted polymer. Under these conditions, the Raman
spectra showed a distinctly resolved D-band at 1303 cm�1,
confirming the emergence of defects with improved clarity
(Fig. 1(B)). We emphasize that the Raman analysis was employed
to confirm the appearance of the defect-related D band and to
qualitatively support polymer desorption. The normalized
G-band – to polymer peak ratio was included to reinforce this
observation within the context of the spectral changes. Never-
theless, the Raman spectral signatures raise the question of why
defect incorporation was not reflected in the fluorescence spectra
of the SWCNTs via an increase in an E�11 peak—unlike the typical
behavior of defect-incorporated SWCNTs. To address this ques-
tion, we measured the fluorescence of (6,5) and (7,5) SWCNTs
before and after PFM treatment. Our motivation stemmed from
the understanding that defects in SWCNTs can undergo thermal
detrapping—at room temperature, excitons trapped at defect sites
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may acquire sufficient thermal energy to return to the E11 state,
masking defect-related signatures in the photoluminescence
spectrum.72,73 With this consideration, we conducted fluores-
cence measurements at 77 K. Interestingly, while the E11-
normalized fluorescence spectra of PFM-treated and untreated
SWCNTs showed no discernible differences at 298 K (room
temperature) (Fig. S9A and B), the 77 K spectra revealed an
enhanced E�11 peak (with respect to E11) in the PFM samples,
confirming the presence of defects (Fig. S9C and D). Addition-
ally, the reduction in E�11 intensity following prolonged irradia-
tion, in our case, may have been more pronounced compared to
the aqueous medium due to the higher solubility of singlet
oxygen in the organic medium.65 This decrease in E11 fluores-
cence is consistent with prior reports, as such a decrease is
commonly observed when defects are introduced into
SWCNTs.58,59 While the emergence of the D-band in Raman
spectra and the appearance of E�11 emission at low temperature
were used to confirm that defects had been introduced, it is
important to note that quantitative defect counting could not be
reliably extracted from ensemble PL spectra under the present
experimental conditions, as defect incorporation is understood
to follow inherently stochastic distributions.74 Further, recent

studies have demonstrated that absolute defect quantification is
possible by correlating calibrated D/G+ ratios and intermediate-
frequency Raman modes with known defect densities.47,71 How-
ever, these methods require dedicated calibration standards and
defect-controlled reactions. Accurate numerical estimation
would have thus required single-nanotube-level measurements,
dedicated calibration standards, and defect-controlled reactions,
which were beyond the scope of this study. Accordingly, our
analysis focuses on the relative and qualitative trends in defect
formation rather than on precise quantification.

The process of partial removal of PFO-BPy6,60 from the
surface of (6,5) SWCNTs, followed by the introduction of oxygen
defects, is referred to as PFM in this study. To highlight the
importance of NaClO and UV in enabling successful PFM in
PFO-BPy6,60 (6,5) SWCNTs, we investigated the independent
effects of NaClO and UV. However, when treated with NaClO or
UV alone, the Raman characteristics of the PFO-BPy6,60 (6,5)
SWCNTs remained virtually unchanged (Fig. S10A and B). It is
worth mentioning that the relatively high ratio of polymer
peaks to SWCNT peaks is likely due to the high polymer
concentration in the samples, which enhances the polymer
Raman contribution relative to the SWCNTs. As control

Fig. 1 Raman spectra of PFO-BPy6,6 0 (6,5) SWCNTs (A) before and (B) after PFM with NaClO and UV irradiation. Raman spectra of PFO-FH (7,5) SWCNTs
(C) before and (D) after PFM with NaClO and UV irradiation.
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experiments, the Raman spectra of PFO-BPy6,60 were recorded
both before (Fig. S7) and after treatment with NaClO, UV
irradiation, and their combination. Unlike the PFO-BPy6,60

suspended (6,5) SWCNTs, the polymer alone remained virtually
unaffected (Fig. S11A–C). This demonstrated that PFO-BPy6,60

suspended (6,5) SWCNTs, when subjected to NaClO and UV
irradiation, underwent defect incorporation accompanied by
partial removal of the PFO-BPy6,6 0 corona.

To investigate whether PFO-FH (7,5) SWCNTs undergo partial
desorption of their corona similar to PFO-BPy6,60 (6,5) SWCNTs
upon treatment with NaClO and UV irradiation, Raman spectra
were recorded. The Raman spectrum of PFO-FH (7,5) SWCNTs
displayed two prominent peaks at 1593 cm�1 and 1600 cm�1,
attributed to the G band of the (7,5) SWCNTs and the CQC
stretching within the aromatic part of PFO-FH, res-
pectively (Fig. 1(C)). Additionally, smaller peaks characteristic of
polyfluorene-based polymers were observed between 1200 cm�1

and 1380 cm�1.75 To confirm these assignments, the Raman
spectrum of PFO-FH alone was acquired (Fig. S12), revealing the
characteristic polymer peaks except for the 1593 cm�1 peak,
which was confirmed to originate from the SWCNTs. Prior to
treatment, the intensity ratio of the 1593 cm�1 to 1600 cm�1 peaks
was 2.32 : 1. Following NaClO and UV treatment, the polymer-
associated peak at 1600 cm�1 became negligible, indicating
significant removal of the PFO-FH corona (Fig. 1(D)). Importantly,
evidence of defect incorporation was also observed. Following
treatment, the polymer-related peak at 1600 cm�1 decreased,
while a prominent peak emerged at 1303 cm�1, the D band,
maintaining an intensity ratio of 1 : 2.2 with the G band of the
(7,5) SWCNTs. The appearance of this peak is a clear signature of
defect formation. When NaClO and UV were applied indepen-
dently, the Raman spectra of PFO-FH (7,5) SWCNTs remained
practically unchanged (Fig. S13A and B), highlighting the neces-
sity of their combination to achieve PFM. Control experiments
further supported this conclusion; Raman spectra of PFO-FH
alone, both before and after treatment with NaClO, UV, or their
combination (Fig. S14A–C), showed negligible changes. Unlike the
PFO-FH-coated (7,5) SWCNTs, the polymer alone remained largely
unaffected under all treatment conditions.

After confirming the partial removal of the polymer from the
SWCNT surface via Raman spectroscopy, we aimed to further
validate these findings using dynamic light scattering (DLS),
which provides insights into the hydrodynamic diameter of
chemical species and any changes upon treatment. To this end,
we first measured the hydrodynamic diameter of (6,5) SWCNTs
before and after treatment with UV and NaClO. Initially, the
hydrodynamic diameter was 128.7 � 46.7 nm, and decreased to
75.2 � 5.06 nm following treatment (Fig. 2(A)). This reduction
aligns with the partial removal of the polymer stabilizing the
SWCNTs. Similarly, for (7,5) SWCNTs, the initial hydrodynamic
diameter of 1591 � 284.6 nm was reduced to 745.3 � 99.1 nm
after treatment (Fig. 2(B)), suggesting a comparable partial
removal of the polymer corona.

A key observation is the significant difference in the initial
hydrodynamic radius of (6,5) and (7,5) SWCNTs—128.7 �
46.7 nm versus 1591 � 284.6 nm. While (7,5) SWCNTs have a

slightly larger intrinsic diameter (0.83 nm) compared to (6,5)
SWCNTs (0.75 nm), this alone cannot account for the nearly
tenfold increase in hydrodynamic size. The primary contribut-
ing factor is likely the formation of a multilayer coating on the
SWCNTs by PFO,29 and, by extension, PFO-FH due to its struc-
tural similarity. This multilayer coating likely accounts for the
larger hydrodynamic diameter observed for (7,5) SWCNTs com-
pared to (6,5) SWCNTs. According to our experience, PFO-BPy6,60

necessitates much lower polymer:SWCNT ratios to selectively
extract (6,5) SWCNTs, whereas heteroatom-free PFO-derivatives
demand substantially higher polymer:SWCNT ratios to isolate
chirality-pure (7,5) SWCNTs.29,76 This is the first time the dra-
matic dissimilarities in behavior of the two most commonly used
conjugated polymers (PFO-BPy6,60 and a structurally-similar
derivative of PFO) for selective SWCNT solubilization have been
observed in solution.

Next, we aimed to assess the surface coverage of SWCNTs
before and after PFM treatment, with the hypothesis that
polymer desorption during PFM might expose more surface
area. To probe this, we employed molecular probe analysis
(MPA) using RB, a fluorophore known to adsorb onto SWCNT
surfaces.12,77 RB exhibits an emission peak at 560 nm when
excited at 460 nm. We measured its fluorescence before and
after adding it to separate solutions of (6,5), (7,5), PFM (6,5),
and PFM (7,5) SWCNTs. Upon addition of (6,5) and (7,5)
SWCNTs, only a slight decrease in RB fluorescence was
observed, indicating minimal adsorption and thus limited
exposed surface area (Fig. 2(C) and (D)). In contrast, the
addition of PFM (6,5) and (7,5) SWCNTs led to a marked
decrease in RB fluorescence, implying significantly greater
adsorption and increased surface accessibility (Fig. 2(E) and
(F)). To rule out any direct quenching effect of NaClO and UV
treatment on RB, we performed a control experiment where RB
was treated with NaClO and UV independently. The fluores-
cence remained largely unchanged (Fig. S15), confirming that
the observed quenching in the presence of PFM SWCNTs
resulted from RB adsorption onto newly exposed nanotube
surfaces. This provided further evidence of polymer desorption
following PFM, leading to enhanced surface availability. In the
next step, we investigated the impact of PFM on the structural
characteristics of SWCNTs. Our hypothesis was that if the
polymers were indeed being removed from the SWCNT surface,
a reduction in the SWCNT diameter would be observed. To test
this, we acquired TEM images of (6,5) polymer-coated SWCNTs,
which revealed well-dispersed nanotubes with an average dia-
meter of 7.03 � 0.9 nm. After PFM, the SWCNTs remained well-
dispersed, but their average diameter decreased to 4.02 �
0.6 nm (Fig. S16A and D). Similarly, for (7,5) polymer-coated
SWCNTs, the TEM images showed well-separated nanotubes
with an initial average diameter of 9.25 � 0.7 nm, which
reduced to 6.23 � 0.1 nm following PFM (Fig. S17A–D). These
observations indicate partial removal of the polymer corona,
leading to a measurable decrease in SWCNTs diameter.

Furthermore, since a decrease in both absorption and
fluorescence emission was observed for (6,5) and (7,5) SWCNTs
following PFM, it was crucial to confirm experimentally that
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their colloidal stability was not compromised. The fluorescence
of the PFM-treated SWCNTs remained stable for nearly 24 h,
indicating that polymer removal caused a one-time decrease in
fluorescence, after which no further decrease was observed (Fig.
S18A and B). Since only a small fraction of the polymer was
detached from the SWCNT surface, the dispersion stability was
not compromised, while the possibility of chemical modifica-
tion was enabled. The well-dispersed nature of the (6,5) and
(7,5) SWCNTs, as evident from TEM images, clearly demon-
strated that their colloidal stability remained intact. Thus, the
observed decrease in absorption and fluorescence emission

could be attributed largely to polymer removal, ruling out the
possibility of aggregation following PFM.

The above experimental findings pointed toward partial
polymer removal from the SWCNT surface. To further charac-
terize the polymer released from the SWCNTs, we employed UV-
vis-NIR spectroscopy. We began by measuring the absorption
spectra of (6,5) and (7,5) SWCNTs before and after PFM treat-
ment. In the subsequent step, these samples, including PFM-
treated and untreated variants, were filtered using a 100 kDa
molecular weight cutoff filter, and the absorption spectra of the
resulting filtrates were recorded. Interestingly, the filtrates

Fig. 2 DLS measurement of (A) (6,5) SWCNTs (dark brown) and PFM (6,5) SWCNTs (red) and (B) (7,5) SWCNTs and PFM (7,5) SWCNTs. Fluorescence
spectra of RB before and after the addition of (C) (6,5) SWCNTs, (D) (7,5) SWCNTs, (E) PFM (6,5) SWCNTs, and (F) PFM (7,5) SWCNTs.
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from untreated (6,5) and (7,5) SWCNTs showed no discernible
polymer-related absorption features. In contrast, the filtrates
from PFM-treated (6,5) and (7,5) SWCNTs exhibited a distinct
absorption peak at 380 nm, characteristic of the polymer. This
result clearly indicates that polymer desorption occurred fol-
lowing PFM and that the detached polymer was successfully
eluted in the filtrate upon filtration (Fig. S19). To assess the
extent of polymer desorption from the (6,5) and (7,5) SWCNTs
following PFM, we first recorded the UV-vis-NIR spectra of the
as-prepared dispersions, which showed the characteristic poly-
mer absorption peaks at 360 nm for PFO-BPy6,60 and 380 nm
for PFO-FH. Filtration through an Amicon membrane yielded
filtrates without these peaks, indicating that the polymer
remained bound to the SWCNTs under these conditions. In
contrast, after PFM treatment, filtration of the sample pro-
duced filtrates that clearly displayed the corresponding poly-
mer peaks, confirming polymer release. By comparing the
polymer absorbance associated with the SWCNTs before PFM
with the absorbance observed in the filtrate after PFM, we
estimated that 12.02% and 4.62% of the polymer desorbed
from the (6,5) and (7,5) SWCNTs, respectively. Building on the
above findings, we present a schematic illustration depicting
the partial desorption of the polymer from the SWCNT surface
and the defect incorporation (Scheme 1).

A key limitation of organic corona-stabilized SWCNTs lies in
the tight wrapping of the corona around the nanotubes,32

which effectively shields them from interacting with exogen-
ously added molecules. Our PFM strategy addresses this chal-
lenge through the partial removal of the corona while
maintaining colloidal stability, thereby unlocking the surface
of the SWCNTs for enhanced molecular interactions. By over-
coming this fundamental barrier, our approach not only
resolves a critical issue in the field but also paves the way for
the exploration of the responsiveness of polymer-stabilized
SWCNTs to external analytes, broadening their applicability
in sensing and functional nanotechnology. Moreover, mono-
chiral SWCNTs were selected to provide uniform diameters and
well-defined optical signatures, thereby enabling more precise
interpretation of analyte-SWCNTs interactions. This controlled
structural and photophysical uniformity allowed the fluores-
cence responses to be attributed more reliably to the

introduced sensitivity rather than to heterogeneity within the
nanotube population.

After developing a PFM-based strategy to partly remove the
SWCNTs’ corona with the goal of imparting reactivity, we
proceeded to assess its effectiveness. Among the chemical
functionalities retained on the PFM-SWCNTs and SWCNT
surfaces, the p-conjugated rings of the residual polymers stand
out. These p rings are well-suited for engaging in p–p stacking
interactions with exogenously introduced molecules that pos-
sess similar p-conjugated structures.78–82 PAHs provide an ideal
test set for this interaction, as their progressively increasing
number of fused aromatic rings offers a systematic way to
probe how surface accessibility and p–p stacking strength scale
with analyte size. With this concept in mind, the PFM-treated
(6,5) and (7,5) SWCNTs were exposed to poly-p-conjugated
molecules—specifically, naphthalene (Naph), phenanthrene
(Phen), pyrene, and fluorene.

While only a minimal fluorescence response was observed
for non-PFM (6,5) SWCNTs (Fig. 3(A)–(D)), a pronounced
fluorescence response was induced in PFM-treated (6,5)
SWCNTs upon exposure to Naph, Phen, pyrene, and fluorene
(Fig. 3(E)–(H)). This striking behavior was likely driven by
the partial removal of the polymer corona, which facilitated
direct interactions with external molecules, leading to a
concentration-dependent fluorescence decrease. These find-
ings highlight the transformative potential of PFM in over-
coming the inherent reactivity barriers of organic polymer-
stabilized SWCNTs, enabling them to interact effectively
with exogenously added molecules through complementary
functionalities, such as p–p stacking, as discussed in the
current study.

Additional experiments were conducted with PFO-FH (7,5)
SWCNTs to further emphasize the efficacy of PFM in rendering
them responsive to functional molecules. As seen with the non-
PFM (6,5) SWCNTs, no significant change in fluorescence was
observed for non-PFM PFO-FH (7,5) SWCNTs when exposed to
Naph, Phen, pyrene, and fluorene (Fig. 4(A)–(D)). However, when
PFM PFO-FH (7,5) SWCNTs were treated with these analytes,
fluorescence decrease was clearly observed (Fig. 4(E)–(H)), with
the extent of the intensity response increased with the concen-
trations of the PAHs.

Scheme 1 A schematic illustration depicting the PFM process: the addition of NaClO, followed by UV exposure, results in partial desorption of polymers
from the SWCNTs’ surface and incorporation of oxygen defects.
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These collective findings not only underscore the transfor-
mative potential of PFM in enhancing the reactivity and sensi-
tivity of polymer-stabilized SWCNTs but also highlight its broad
applicability for detecting a wide range of exogenously added
molecules through tailored molecular interactions.

To definitively attribute the fluorescence response of PFM
PFO-BPy6,60 (6,5) SWCNTs and PFM PFO-FH (7,5) SWCNTs to
polycyclic aromatic hydrocarbons (PAHs) like Naph and Phen,
pyrene, and fluorene, we investigated the impact of adding non-
PAH molecules, such as monoaromatic compounds with varying
side groups. Additionally, aliphatic chain-containing molecules
were incubated with PFM PFO-BPy6,60 (6,5) SWCNTs and PFM
PFO-FH (7,5) SWCNTs to evaluate their influence on the fluores-
cence response. Specifically, we tested 1,3,5-triethylbenzene,
1,3,5-trimethoxybenzene, anisole, and bromohexane (Fig. S20).
Interestingly, none of these molecules induced a fluorescence
intensity decrease comparable to that caused by PAHs like Naph

and Phen. These findings highlight the critical role of polyaro-
matic systems in eliciting fluorescence responses from PFM
SWCNTs, primarily due to p–p stacking interactions.

Building on these findings, we set to demonstrate that while
the monomeric form of a molecule containing a single benzene
ring would not induce a fluorescence response in SWCNTs, its
polymeric counterpart containing multiple benzene rings
would exhibit a response similar to that observed with PAHs.
To test this hypothesis, styrene and polystyrene were selected as
model compounds. Interestingly, when PFM-treated (6,5) and
(7,5) SWCNTs were incubated with styrene, no significant
change in fluorescence was observed (Fig. S21A and B). How-
ever, upon interaction with polystyrene, a noticeable decrease
in fluorescence was detected in both SWCNT types (Fig. S21C
and D). These results clearly demonstrate that the fluorescence
response of PFM-SWCNTs to PAHs is driven by p–p stacking
interactions, requiring at least two aromatic rings in the

Fig. 3 Fluorescence spectra of (6,5) SWCNTs before and after the addition of 400 mM of (A) Naph, (B) Phen, (C) pyrene, and (D) fluorene. Fluorescence
spectra of PFM (6,5) SWCNTs before and after the addition of varying concentrations of (E) Naph, (F) Phen, (G) pyrene, and (H) fluorene.

Fig. 4 Fluorescence spectra of (7,5) SWCNTs before and after the addition of 400 mM of (A) Naph, (B) Phen, (C) pyrene, and (D) fluorene. Fluorescence
spectra of PFM (7,5) SWCNTs before and after the addition of varying concentrations of (E) Naph, (F) Phen, (G) pyrene, and (H) fluorene.

Materials Horizons Communication

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
24

/2
02

5 
2:

50
:3

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5mh02318a


Mater. Horiz. This journal is © The Royal Society of Chemistry 2026

externally introduced molecules to elicit a measurable fluores-
cence response. Moreover, the effect of a polycyclic aliphatic
compound such as decalin on the fluorescence of PFM (6,5)
and (7,5) SWCNTs was also examined. Unlike PAHs, decalin, a
saturated naphthalene, did not elicit a fluorescence decrease in
the PFM SWCNTs (Fig. S22). These results indicated that the
presence of p-groups was required to induce a fluorescence
decrease in the PFM SWCNTs.

Next, it has been proposed that fluorophores involved in p–p
stacking interactions exhibit a concomitant decrease in quan-
tum yield (QY).83 Therefore, the QYs of PFM-(6,5) and PFM-(7,5)
SWCNTs were evaluated following their interaction with PAHs
to further support the proposed p–p stacking mechanism of the
PFM-SWCNTs fluorescence decrease. To this end, relative QY
estimations were carried out using well-established reference
standards, namely, rhodamine B (excitation at 560 nm) for
PFM-(6,5) SWCNTs and Cy5 (excitation at 650 nm) for PFM-(7,5)
SWCNTs. The QYs of PFM-(6,5) and PFM-(7,5) SWCNTs were
calculated to be 0.79% and 0.52%, respectively. However, upon
the addition of 400 mM of Naph, Phen, fluorene, and pyrene,
the QYs of PFM-(6,5) SWCNTs decreased to 0.39%, 0.24%,
0.13%, and 0.22%, respectively (Table S1), and the QYs of
PFM-(7,5) SWCNTs decreased to 0.37%, 0.26%, 0.43%, and
0.39%, respectively (Table S2). This decrease in quantum yield
of the PFM-SWCNTs upon PAH addition strongly supports the
presence of p–p stacking interactions, aligning with the
observed decrease in their fluorescence intensity. Although
general PL quenching is inherently nonspecific, our PFM
strategy transformed this optical response into a controllable
and mechanistically meaningful tool for tuning SWCNT surface
accessibility, ultimately enabling size-selective reactivity toward
PAHs. The fluorescence decrease observed for the PFM-treated
SWCNTs upon interaction with PAHs through non-covalent p–p
stacking is further supported by previous reports demonstrat-
ing that SWCNTs with exposed surfaces readily interact with
PAHs.84–86 Further, the absence of any discernible fluorescence
response in the polymer-wrapped SWCNTs prior to PFM
strongly suggests that their surfaces were not sufficiently

exposed to enable such interactions, thereby highlighting the
role of controlled polymer removal via PFM in facilitating PAH
accessibility.84–86 These findings provide additional validation
for the proposed non-covalent interaction mechanism between
the PFM-SWCNTs and the PAHs. In addition to non-covalent
interactions, the PAHs may also facilitate charge transfer
between the SWCNTs and the PAH molecules.87 Khoerunnisa
et al. reported that naphthalene or naphthalene-derivatives,
which are PAHs, when adsorbed on SWCNTs, change their
electronic characteristics.88 Moreover, Campo and co-workers
showed that the optical properties of SWCNTs are affected by
the general presence of hydrocarbons.89 The possibility of
making van der Waals interactions of PAHs with SWCNTs
enhances this phenomenon and facilitates stable adsorption.

Subsequently, we aimed to discern whether the surface
coverage of SWCNTs could be tuned through PFM by varying
the concentration of NaClO used during treatment. Since
corona displacement plays a critical role in determining the
accessibility of the SWCNT surface, establishing a controllable
method to modulate this parameter would provide a direct
handle on their interactive behavior. To probe such variations
in surface coverage, RB was employed as a fluorescence repor-
ter, as its emission is readily quenched when adsorbed onto
accessible SWCNT surfaces.77,90 By systematically altering the
NaClO concentration and monitoring the extent of RB quench-
ing, we sought to establish a correlation between PFM condi-
tions and corona density, thereby enabling a rational strategy to
fine-tune SWCNT responsiveness toward external analytes. We
selected naphthalene, fluorene, and pyrene, representing ring
sizes of two, three, and four, respectively, from the set of
naphthalene, phenanthrene, fluorene, and pyrene. For (6,5)
SWCNTs, RB fluorescence revealed a clear dependence on
NaClO treatment (Fig. 5(A)). At low NaClO concentrations
(0.01%), quenching was minimal, consistent with dense poly-
mer coverage restricting RB access to the nanotube surface.
Increasing the NaClO concentration progressively enhanced
quenching, with an increased concentration of NaClO to
0.02% and with the strongest effect observed at 0.055%,

Fig. 5 Extent of RB fluorescence decrease following the addition of PFM-treated (A) (6,5) and (B) (7,5) SWCNTs across different NaClO concentrations.
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indicative of reduced surface coverage and greater accessibility
of the SWCNT surface. Intermediate treatments produced
graded responses, confirming that corona density on (6,5)
SWCNTs can be systematically tuned through PFM.

For (7,5) SWCNTs, a similar trend was observed (Fig. 5(B)).
Minimal quenching occurred at low NaClO concentrations,
reflecting high surface coverage, whereas higher concentrations
led to progressively stronger RB quenching, with maximum
quenching at 0.055% NaClO. This demonstrates that corona
displacement in (7,5) SWCNTs can also be controlled by adjust-
ing NaClO levels, paralleling the behavior seen in (6,5)
SWCNTs. Together, these results establish PFM as a

generalizable approach to modulate surface coverage across
different SWCNT chiralities, thereby providing a controllable
handle to tune their responsiveness toward external analytes.

Having established that surface coverage can be tuned
through PFM, we next examined how these variations influence
the fluorescence response of SWCNTs toward PAHs. For (6,5)
SWCNTs, treatment with a low NaClO concentration (0.01%)
did not elicit any response to Naph, fluorene, or pyrene,
consistent with dense surface coverage restricting analyte
access (Fig. 6(A)–(C)). At an intermediate NaClO concentration
(0.02%), a selective fluorescence decrease was observed only in
the presence of Naph, 2-rings containing PAH, with negligible

Fig. 6 Fluorescence spectra of (6,5) SWCNTs treated with (A)–(C) 0.01%, (D)–(F) 0.02%, and (G)–(I) 0.055% NaClO, acquired before and after the
addition of Naph, fluorene, and pyrene, respectively. Panels (J)–(L) show the corresponding bar graphs illustrating the extent of fluorescence change for
each analyte under the different NaClO treatment conditions, highlighting the effect of surface coverage on size-selective fluorescence response.
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response to fluorene (3-rings containing PAH) or pyrene
(4-rings containing PAH) (Fig. 6(D)–(F)). At higher NaClO
concentration (0.055%), corresponding to reduced surface cov-
erage, the fluorescence response broadened to include all three
PAHs, namely, Naph, fluorene, and pyrene (Fig. 6(G)–(I)). The
fluorescence responses for each condition are summarized in a
bar graph (Fig. 6(J)–(L)), where the relative decrease in fluores-
cence intensities is plotted against the different PAHs, clearly
illustrating the transition from no response (0.01%) to selective
response (0.02%) and finally to broad-spectrum response (0.05%).

A parallel trend was observed for (7,5) SWCNTs, where
0.01% treatment produced no response (Fig. 7(A)), 0.02%

enabled selective interaction with Naph (Fig. 7(B)), and
0.055% resulted in fluorescence response to all three PAHs
(Fig. 7(C)). The corresponding bar graph for (7,5) SWCNTs
(Fig. 7(D)) shows this progression, highlighting the absence
of response at 0.01% NaClO, the selective response to Naph at
0.02% NaClO, and the broadened response to Naph, fluorene,
and pyrene at 0.05% NaClO. These results establish a direct
correlation between corona density and analyte size selectivity,
demonstrating that PFM provides not only enhanced reactivity
but also a mechanism to tune fluorescence response modes
from non-responsive, to selective, and finally to broad-
spectrum detection.

Fig. 7 Fluorescence spectra of (7,5) SWCNTs treated with (A)–(C) 0.01%, (D)–(F) 0.02%, and (G)–(I) 0.055% NaClO, acquired before and after the addition
of Naph, fluorene, and pyrene, respectively. Panels (J)–(L) show the corresponding bar graphs illustrating the extent of fluorescence decrease for each
analyte under the different NaClO treatment conditions, highlighting the effect of surface coverage on size-selective fluorescence response.
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4. Conclusions

We successfully demonstrated the application of the post-
functionalization modification (PFM) as an effective strategy to
enhance the responsiveness of single-walled carbon nanotubes
(SWCNTs) dispersed in organic media. By exposing chirality-pure
(6,5) and (7,5) SWCNTs to sodium hypochlorite (NaClO) and UV
irradiation, we achieved partial polymer corona displacement
and oxygen defects incorporation, as confirmed through Raman
spectroscopy, dynamic light scattering (DLS), and transmission
electron microscopy (TEM). The PFM SWNCTs featured signifi-
cant fluorescence response to the polyaromatic hydrocarbons
(PAHs) like naphthalene, phenanthrene, pyrene, and fluorene, in
stark contrast to the unmodified polymer-suspended SWCNTs,
which showed minimal to no fluorescence response to the PAH
analytes tested. Furthermore, the role of polyaromaticity in
fluorescence modulation was evident, as PFM (6,5) and (7,5)
SWCNTs displayed a strong response to polystyrene, while
exhibiting negligible fluorescence changes upon interaction with
styrene monomers. Crucially, we demonstrated that the degree
of corona displacement, and thereby the accessibility of the
SWCNT surface, could be systematically tuned through the
concentration of NaClO during PFM. This tunability directly
translated into size-selective adsorption of PAHs: intermediate
surface coverage favored selective recognition of smaller mole-
cules such as naphthalene, while reduced coverage enabled a
broader response encompassing larger PAHs like fluorene and
pyrene. Furthermore, Quantum Yield (QY) estimations before
and after PAH addition further supported the role of these
interactions in fluorescence quenching. Further, QY estimations
of PFM-(6,5) and PFM-(7,5) SWCNTs before and after PAH
addition revealed a marked decrease in QY, thereby providing
additional support for the proposed p–p stacking interaction as
the underlying mechanism for fluorescence decrease of the
SWCNTs. Together, these findings highlight PFM as a versatile
and controllable approach to impart reactivity to otherwise inert
SWCNTs. While the literature has previously established that
polymer coverage on SWCNTs depends on polymer concen-
tration, our objective here is to address the fundamental ques-
tion of how SWCNTs wrapped with a given polymer
concentration could be post-functionally modified through our
PFM approach to enable size-selective reactivity toward PAHs.
Beyond enabling molecular recognition in organic media, the
demonstrated tunability and size-selectivity open exciting ave-
nues for the design of SWCNT-based sensing platforms where
selective versus broad-spectrum detection can be dialed in by
controlled surface modification. Moreover, in this work, we
establish a robust experimental framework that clarifies how
controlled polymer desorption and defect introduction modulate
the photophysical response of SWCNTs. These trends provide
the essential mechanistic basis for designing calibrated read-
outs, thereby laying a solid foundation for future quantitative
sensing schemes. Collectively, our results offer both the con-
ceptual groundwork and the experimental leeway needed to
advance this system toward practical, quantitative detection
applications.

Conflicts of interest

The authors declare no conflict of interest.

Data availability

Data supporting this article have been incorporated in the
supplementary information (SI). Supplementary information
is available. See DOI: https://doi.org/10.1039/d5mh02318a.

Acknowledgements

GB acknowledges the support of the Zuckerman STEM Leader-
ship Program, the Naomi Prawer Kadar Foundation, the Moon-
shot Research Seed Funding in Bio-Nanotechnology, the ERC
NanoNonEq 101039127, the Israel Science Foundation (grant
no. 196/22), the Ministry of Science, Technology, and Space,
Israel (grant no. 1001818370 and 0008452), the Zimin Institute
for Engineering Solutions Advancing Better Lives, the Nicholas
and Elizabeth Slezak Super Center for Cardiac Research and
Biomedical Engineering at Tel Aviv University, and the Marian
Gertner Institute for Medical Nanosystems at Tel Aviv Univer-
sity. SB thanks the Centre for Nanotechnology, Indian Institute
of Technology Guwahati, for extending the fluorescence
measurement facility acquired through funds received from
the Ministry of Electronics and Information Technology via the
INUP-I2I program (5(1)/2021-NANO) and the SWASTHA COE
(5(1)/2022-NANO). This project has been co-funded by the
Department of Atomic Energy (project no: VS8/SIN/414), Gov-
ernment of India. SB also thanks Mr Santanu Dolai, Dr Archis-
mita Hajra, Mr Shamim Hossain Shah, and Ujjala Dey for their
help with AFM and TEM measurements. DJ and DJ acknow-
ledge the National Science Centre, Poland (under the SONATA
program, Grant agreement UMO-2020/39/D/ST5/00285) for co-
funding this research.

References

1 R. Jin, C. Zeng, M. Zhou and Y. Chen, Atomically Precise
Colloidal Metal Nanoclusters and Nanoparticles: Funda-
mentals and Opportunities, Chem. Rev., 2016, 116(18),
10346–10413, DOI: 10.1021/acs.chemrev.5b00703.

2 J. Ackermann, J. T. Metternich, S. Herbertz and S. Kruss,
Biosensing with Fluorescent Carbon Nanotubes, Angew.
Chem., Int. Ed., 2022, 61(18), e202112372, DOI: 10.1002/
anie.202112372.

3 L. Qiu and F. Ding, Understanding Single-Walled Carbon Nano-
tube Growth for Chirality Controllable Synthesis, Acc. Mater. Res.,
2021, 2(9), 828–841, DOI: 10.1021/accountsmr.1c00111.

4 S. Basu, A. Hendler-Neumark and G. Bisker, Dynamic Track-
ing of Biological Processes Using Near-Infrared Fluorescent
Single-Walled Carbon Nanotubes, ACS Appl. Mater. Inter-
faces, 2024, 16(41), 54960–54975, DOI: 10.1021/acsami.
4c10955.

5 S. Basu, A. Hendler-Neumark and G. Bisker, Monitoring Enzyme
Activity Using Near-Infrared Fluorescent Single-Walled Carbon

Materials Horizons Communication

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
24

/2
02

5 
2:

50
:3

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.1039/d5mh02318a
https://doi.org/10.1021/acs.chemrev.5b00703
https://doi.org/10.1002/anie.202112372
https://doi.org/10.1002/anie.202112372
https://doi.org/10.1021/accountsmr.1c00111
https://doi.org/10.1021/acsami.&QJ;4c10955
https://doi.org/10.1021/acsami.&QJ;4c10955
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5mh02318a


Mater. Horiz. This journal is © The Royal Society of Chemistry 2026

Nanotubes, ACS Sens., 2024, 9(5), 2237–2253, DOI: 10.1021/
acssensors.4c00377.

6 R. Nißler, F. A. Mann, H. Preiß, G. Selvaggio, N. Herrmann
and S. Kruss, Chirality enriched carbon nanotubes with
tunable wrapping via corona phase exchange purification
(CPEP), Nanoscale, 2019, 11(23), 11159–11166, DOI: 10.1039/
C9NR03258D.

7 Z. Cohen and R. M. Williams, Single-Walled Carbon Nanotubes
as Optical Transducers for Nanobiosensors In Vivo, ACS Nano,
2024, 18(52), 35164–35181, DOI: 10.1021/acsnano.4c13076.

8 A. T. Krasley, E. Li, J. M. Galeana, C. Bulumulla, A. G. Beyene
and G. S. Demirer, Carbon Nanomaterial Fluorescent Probes
and Their Biological Applications, Chem. Rev., 2024, 124(6),
3085–3185, DOI: 10.1021/acs.chemrev.3c00581.

9 A. Setaro, M. Adeli, M. Glaeske, D. Przyrembel, T. Bisswanger,
G. Gordeev, F. Maschietto, A. Faghani, B. Paulus and
M. Weinelt, et al., Preserving p-conjugation in covalently func-
tionalized carbon nanotubes for optoelectronic applications,
Nat. Commun., 2017, 8(1), 14281, DOI: 10.1038/ncomms14281.

10 X. Liu, J. Chen, H. Wang, B. Lambert and A. A. Boghossian,
Cation Pretreatment Enables the Saline Stability of a Near-
Infrared Sensor for Dopamine, ACS Bio & Med Chem Au, 2025,
5(1), 166–174, DOI: 10.1021/acsbiomedchemau.4c00094.

11 Y. Lee, W. Kim, Y. Cho, M. Yoon, S. Lee, J. Lee, S. Oh,
Y. Song, B. J. Lee and Y. Kim, et al., Rational Design of 3D
Polymer Corona Interfaces of Single-Walled Carbon Nano-
tubes for Receptor-Free Virus Recognition, ACS Nano, 2024,
18(20), 13214–13225, DOI: 10.1021/acsnano.4c02130.

12 S. Lee, G. Ryu, S. Shin, W. Kim, M. Yoon, Y. Kim, S. Park,
Y. Kim and S.-Y. Cho, Clinically-Driven Rapidly Developed
Nanoparticle Corona for Label-Free Cerebrospinal Fluid
Leakage Detection, ACS Nano, 2025, 19(1), 950–962, DOI:
10.1021/acsnano.4c12364.

13 S. Basu, A. Hendler-Neumark and G. Bisker, Rationally
Designed Functionalization of Single-Walled Carbon Nano-
tubes for Real-Time Monitoring of Cholinesterase Activity
and Inhibition in Plasma, Small, 2024, 2309481, DOI:
10.1002/smll.202309481.

14 F. Yang, M. Wang, D. Zhang, J. Yang, M. Zheng and Y. Li,
Chirality Pure Carbon Nanotubes: Growth, Sorting, and
Characterization, Chem. Rev., 2020, 120(5), 2693–2758,
DOI: 10.1021/acs.chemrev.9b00835.

15 R. Nißler, L. Kurth, H. Li, A. Spreinat, I. Kuhlemann,
B. S. Flavel and S. Kruss, Sensing with Chirality-Pure Near-
Infrared Fluorescent Carbon Nanotubes, Anal. Chem., 2021,
93(16), 6446–6455, DOI: 10.1021/acs.analchem.1c00168.

16 D. Just, A. Dzienia, K. Z. Milowska, A. Mielańczyk and
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34 S. Basu, M. P. Bakulić, H. Fakhouri, I. Russier-Antoine,
C. Moulin, P.-F. Brevet, V. Bonačić-Koutecký and R. Antoine,
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J. Lüttgens, M. B. Leinen, B. S. Flavel, J. Zaumseil and
T. Buckup, Charge Transfer from Photoexcited Semicon-
ducting Single-Walled Carbon Nanotubes to Wide-Bandgap
Wrapping Polymer, J. Phys. Chem. C, 2021, 125(15),
8125–8136, DOI: 10.1021/acs.jpcc.0c10171.

88 F. Khoerunnisa, A. Morelos-Gomez, H. Tanaka, T. Fujimori,
D. Minami, R. Kukobat, T. Hayashi, S. Y. Hong, Y. C. Choi
and M. Miyahara, et al., Metal–semiconductor transition
like behavior of naphthalene-doped single wall carbon
nanotube bundles, Faraday Discuss., 2014, 173, 145–156,
DOI: 10.1039/C4FD00119B.
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