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Singe-chirality single-walled carbon nanotubes (SWCNTSs) produced
by selective polymer extraction have been actively investigated for
their semiconductor applications. However, to fulfil the needs of
biocompatible applications, the organic solvents in polymer-sorted
SWCNTs impose a limitation. In this study, we developed a novel
strategy for organic-to-aqueous phase exchange, which involves
thoroughly removing polymers from the sorted SWCNTs, followed by
surfactant covering and redispersing of the cleaned SWCNTSs in water.
Importantly, the obtained aqueous system allows us to perform sp®
functionalization of the SWCNTs, leading to a strong photo-
luminescence emission at 1550 nm from the defect sites of (10,5)
SWCNTs. These functionalized SWCNTs as infrared light emitters
This
exchange-and-functionalization strategy opens the door for future
biocompatible applications of polymer-sorted SWCNTSs.

show considerable potential for bioimaging applications.

Introduction

Semiconducting single-walled carbon nanotubes (s-SWCNTs)
have immense potential in various fields such as high-
performance field-effect transistors,"* radiofrequency devices,’
optoelectronic devices,* quantum photonics,” and biological
imaging® due to their unique optoelectronic properties.
Currently, solution-processed separation methods based on
either organic or aqueous phases show promise in the devel-
opment of applications of s-SWCNTs. Among the methods,
polymer sorting in the organic phase exhibits advantages in
obtaining high semiconductor purity, and advantages in fabri-
cating high-quality thin-film devices which have demonstrated
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performance surpassing that of silicon-based transistors at
equivalent dimensions.”® Meanwhile, aqueous-phase separa-
tion methods facilitate the SWCNT applications that require
biocompatibility, such as in biological imaging,® drug delivery,*
biosensing,'* and gene detection.”

Single-chirality SWCNTs as near-infrared second window
bioimaging and single-photon emitter materials require more
chiral species emitting in the telecommunication wavelength
range. Currently, aqueous phase separation methods can ach-
ieve batch-wise sorting of chiral species below 1.1 nm.“™*
However, for larger diameter SWCNTs, the chiral selectivity
decreases. SWCNTs obtained through polymer-based separa-
tion can effectively fill the gaps in certain emission regions.*
The chemical functionalization of SWCNTs is another factor
that needs to be considered for light emission applications. sp®
functionalization reactions can introduce rich functional
groups in water solutions, allowing tunable movement of the
fluorescence emission peak to the optical communication C-
band. Although organic-phase functionalization reactions
have been developed, the efficiency of defect introduction still
needs further improvement, and the achievement of fluores-
cence emission in the optical communication C-band has not
been realized."” Currently, the optimal performance of single-
chirality SWCNT single-photon emitters is achieved through
efficient functionalization reactions in water.*® Therefore, the
future applications of SWCNTs in specific areas will require
SWCNT solutions in different solvent systems. To fully exploit
the advantages of SWCNTs in both organic and aqueous
systems, solvent exchange after polymer separation is neces-
sary. However, this aspect is currently seldom investigated.

For the removal of polymers, many methods have been re-
ported including polymer cleaning in solution,” polymer
degradation,**?* the rinsing of thin films,*® cleaning after
introducing coatings,**** and annealing treatments.”® However,
these methods are still challenging to integrate into the solvent
exchange process. Bao et al. proposed a polymer removal
method based on flocculation,” but the polymer cleaning effi-
ciency is limited, and SWCNTs can only be maintained in
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a dispersed state in organic solvents. Niler et al. developed an
electrophoretic exchange purification method.*® It requires the
introduction of a complex process involving a salt layer phase
and is only effective for small-diameter (6,5) species in solvent
exchange. To exchange the dispersion from the organic to
aqueous phase, two key issues need to be overcome simulta-
neously. Firstly, both the free polymer in the dispersion and the
polymer coated on the SWCNT surfaces must be removed as
much as possible. Secondly, SWCNTs remain loosely agglom-
erated rather than tightly bundled until they are redispersed in
a surfactant-containing aqueous solution. At the current stage,
established exchange methods generally have low efficacy,
causing a high loss of SWCNTs.

In this study, we developed a solvent exchange strategy to
transfer HiPCO s-SWCNTs and (10,5) SWCNTs from the organic
phase into a surfactant-containing aqueous solution. This
approach leverages the advantages of the high semiconductor
purity and the large diameters of polymer-sorted SWCNTs,
broadening the application of SWCNTs in scenarios that require
biocompatibility. Based on this method, we presented sp®
functionalization of polymer sorted s-SWCNTs in an aqueous
solution, showing that (10,5) SWCNTs can emit brighter light at
1550 nm - a wavelength corresponding to the optical commu-
nication C-band.

Results and discussion

To achieve the dispersion exchange of SWCNTs from the
organic to the aqueous phase, HiPCO raw SWCNT materials and
two conjugated polymers, poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-
(1,4-benzo-{2,1'-3}-thiadiazole)] (F8BT) and 9-(1-octanoyl)-9H-
carbazole-2,7-dial (PCZ), were employed for the separation of s-
SWCNTs and (10,5) single-chirality SWCNTs (Fig. S17). These
distinct organic-phase SWCNT dispersions served as the initial
materials for the subsequent phase transfer process. For
detailed procedures see the Experimental section. As illustrated
in Fig. 1, the challenge in phase exchange lies in the strong m—m
interactions between carbon nanotubes and surface polymers
which make it difficult for surfactants to have space to form
stable micelles on the surface and disperse in an aqueous
solution.” Hence, the primary objective is the removal of
polymer coatings from the SWCNT surface.

Stable micelle

No coating

Partial coating

Fig. 1 Schematic diagram of polymer-wrapped carbon nanotubes
and surfactant-coated carbon nanotubes. In an aqueous solution, the
complete removal of wrapped polymers is crucial for the formation of
stable surfactant micelles on the surface of carbon nanotubes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2a illustrates the partial steps of the polymer cleaning
process. Firstly, the removal of most free polymers from the
solution is necessary. Vacuum filtration followed by washing
the filter cake with tetrahydrofuran (THF) is a commonly used
method as reported previously." However, this method
becomes insufficient for removing polymers coated on the
surface because simple solvent rinsing cannot break the van der
Waals forces between carbon nanotubes and polymers. Tri-
fluoroacetic acid (TFA) can protonate the carbon nanotubes,
introducing more positive charges that disrupt the balance of
T-7 interactions, causing the polymers to detach from the
surface of SWCNTs. However, the actual result is that once some
polymers detach, carbon nanotubes with exposed surfaces tend
to aggregate more easily, leading them to be directly centri-
fuged. Therefore, a single wash with TFA is far from adequate.
In this work, we gradually detached surface polymers through
multiple re-dispersion steps and the addition of TFA until
a small amount of surface-coated polymer could no longer allow
carbon nanotubes to be redispersed in toluene. Fig. 2b shows
the absorption of polymers and carbon nanotubes in the
redispersion solution after sequential cleaning, while Fig. 2c
displays the filtered solution and the supernatant after centri-
fugation, both indicating the gradual removal of polymers. The
polymer cleaning results for HiPCO s-SWCNTs are presented in
Fig. S2.7

Once the redispersion in toluene became impractical, chlo-
roform was employed as the redispersion solvent. Due to the
higher polarity, chloroform exhibited better dissolving capacity
for SWCNTs, and only fewer polymers on the surface of
SWCNTs are needed to maintain solution stability. TFA was
reintroduced to facilitate the detachment of a small number of
remaining polymers from the surface of SWCNTs (Fig. 3a). The
final redispersion was achieved in an aqueous solution
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Fig. 2 (a) Schematic diagram of polymer removal in toluene solvent.
(b) The absorption spectra of (10,5 SWCNTs after redispersion in
toluene solvent after one round of THF rinsing and two rounds of TFA
rinsing. (c) The absorption spectra of the filtrate and the supernatant
after three cleaning cycles. In (b) and (c), the legend texts share colours
with their corresponding plots.
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Fig. 3 (a) Schematic diagram of polymer removal in chloroform

solvent and deionized water. (b) The absorption spectra of SWCNTs
with (10,5) tubes as the dominant chiral species and supernatant. (c)
The absorption spectra of SWCNTSs with (10,5) tubes as the dominant
chiral species in toluene and H,O. In (b) and (c), the legend texts share
colours with their corresponding plots.

containing surfactants. The key to the entire process lies in two
points: firstly, consistently keeping nanotubes dissolved while
continuously washing off surface-coated polymers, and
secondly, employing a centrifugal force of only 2000g at each
step ensure that SWCNTs remain in a loose state and do not
readily aggregate into stronger bundles. Fig. 3b and c display
the absorption spectra of polymers and SWCNTs in chloroform.
Due to the solvent effect of chloroform, the absorption peaks of
carbon nanotubes are no longer visible, but the polymer peaks
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Fig. 4 (a) The absorption spectra of HIPCO s-SWCNTs in toluene and

H,0. (b) Optical photographs of HIPCO s-SWCNTs in toluene (PhMe),
chloroform (CHCls), and aqueous solutions. (c) The absorption spectra
of SWCNTSs with (10,5) tubes as the dominant chiral species in toluene
and H,O. (d) Optical photographs of SWCNTSs with (10,5) tubes as the
dominant chiral species in toluene (PhMe), chloroform (CHCls), and
aqueous solutions. In (a) and (c), the legend texts share colours with
their corresponding plots.
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are discernible. Therefore, the difference in the absorbance of
polymer peaks represents the trace amount of residual polymer
on the surface of SWCNTs. At these polymer concentrations,
HiPCO s-SWCNTs and (10,5) SWCNTs can be re-dispersed in an
aqueous solution with the aid of surfactants. Through calcula-
tions, it was found that the removal efficiency of the polymer is
>99.9% (Fig. S371). Fig. 4a compares the absorption spectra of
HiPCO s-SWCNTs in polymer and aqueous solution. The s-
SWCNTs are completely transferred to the aqueous solution,
while the absorption peaks of metallic carbon nanotubes are
entirely invisible (Fig. S4t). Fig. 4b shows a photograph of
HiPCO s-SWCNT solutions at different stages of solvent
exchange. This illustrates the advantage of polymer separation
in obtaining high-purity s-SWCNTs, with the potential for
further broadening the application prospects of solution-based
SWCNT separation through aqueous phase exchange. Fig. 4c
shows the absorption spectra that contain (10,5) species as the
dominant products, and contain a few (8,6) and (9,4) species.
Fig. 4d shows a photograph of (10,5) SWCNT solutions at
different stages of solvent exchange. We calculated a yield of
approximately 60% from the initial dispersion of SWCNTs to
aqueous solution according to the optical absorbance
(Fig. S57).° This is because the cleaning process of toluene and
chloroform completely collects SWCNT precipitates at every
step. Only the final step of centrifugation in aqueous solution
requires the removal of some nanotubes that are not stably
coated by surfactants. To further improve the yield of solvent
exchange, choosing more suitable solvents or chemical
substances to make the polymer more easily fall off the surface
of nanotubes may be an efficient strategy. After the system
exchange, the S;; absorption peak of (10,5) species exhibits
a broadened profile in the aqueous phase, accompanied by an
8 nm redshift in the peak position (Fig. 4c). This may be because
the E;; transition is affected by the dielectric constant of
different solvents and the dispersants with different spatial
configurations.*® Based on this, we have successfully utilized the
designed universal solvent exchange strategy to transfer s-
SWCNTs and single-chirality SWCNTs from the organic phase
to the aqueous dispersion system. Meanwhile, considering the
decreased separation efficiency of the aqueous phase separation
system for SWCNTs with diameters larger than 1 nm,*" solvent
exchange from the organic phase to aqueous solution is
meaningful for the preparation of large diameter single-
chirality SWCNTs in the future. The advantage of this solvent
exchange strategy is that SWCNTs do not undergo strong
annealing, repeated filtration” and strong centrifugation
during polymer removal,’® so they can remain relatively loose
and not easily form tight bundles, being easily redispersed in
a new solvent.”® Moreover, this strategy does not introduce too
many defects and has a higher yield. On the other hand, the
shortcoming is that the strategy contains many steps. In the
future, it is expected that more suitable solvents or chemical
substances will be chosen to make the polymer more easily fall
off the surface of nanotubes, so as to reduce the experimental
steps.

After obtaining aqueous dispersions of two different types of
SWCNTs, we attempted to introduce sp® defects on the surface

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Reaction formula of carbon nanotubes and 4-methox-
ybenzenediazonium tetrafluoroborate. (b) Band diagrams of (10,5)
SWCNTSs with sp® defects. (c) Photoluminescence emission spectra of
(10,5) SWCNTSs before and after introducing sp® defects. (d) and (e)
show the photoluminescence excitation—emission mapping of (10,5)
SWCNTs before and after introducing sp® defects.

of SWCNTs using the most employed functionalization reaction
in aqueous solutions. The reaction involved mixing a solution of
4-methoxybenzenediazonium tetrafluoroborate with a solution
of SWCNTs, followed by a simple reaction in the dark to obtain
functionalized SWCNTs (Fig. 5a). The detailed process is
provided in the Experimental section.

For HiPCO s-SWCNTs, we used an excitation wavelength of
725 nm to detect the photoluminescence (PL) spectra of the
solution before and after the reaction under the same test
conditions. The PL spectra in Fig. S6at show that the original
spectrum had the strongest emission peak at 1284 nm, with the
overall emission mainly occurring before the wavelength of
1400 nm. However, the PL spectrum after functionalization
shows a redshift of the strongest emission wavelength to
1345 nm, and the emission intensity in the range of 1000-
1100 nm has almost disappeared. This indicates that SWCNTs
originally located in this region have been sufficiently intro-
duced with sp® defects, resulting in an overall redshift. The
emission intensity after 1400 nm significantly increased and
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extended to around 1550 nm. The photoluminescence excita-
tion-emission (PLE) maps in Fig. S6b and ct further validate
these results. We propose that the introduction of sp* defects in
SWCNTs in HiPCO SWCNTs leads to an overall redshift, and the
reason 1345 nm becomes the strongest PL emission peak is due
to the redshift of the fluorescence of smaller-diameter carbon
nanotubes and the insufficient reaction of SWCNTs originally
located in this region. The superposition of the PL signals of
these two aspects ultimately results in 1345 nm being the
strongest PL peak after the functionalization of HiPCO s-
SWCNTSs.

Single-chirality SWCNTs offer a clearer demonstration of
their bandgap tuning capabilities in the presence of sp® defects.
We conducted functionalization reactions on (10,5) SWCNTSs to
mitigate the impact of multi-chirality on fluorescence emission
signals. Fig. 5b illustrates the band diagram of (10,5) species
with sp® defects. sp® defects introduce a deep trap state E;,*
below the original E;; (0.97 eV) of the carbon nanotube, where
optically generated excitons are captured and can relax to the
ground state, emitting a single photon at a lower energy. This
results in a redshift of the peak position and potentially higher
emission intensity in the fluorescence spectrum. Previous
reports suggest that SWCNTs can be tuned by introducing
different functional groups to control the redshift of the deep
trap state E;*, achieving effective matching of the final tele-
communications wavelengths (1.0 to 1.55 um).** In this study,
Fig. 5c shows the PL spectra where the introduction of 4-
methoxybenzene shifts the original E;; emission peak at
1276 nm to the E;;* emission peak at 1557 nm, satisfying the
zero-loss window at 1550 nm in the optical communication C-
band. The normalized PL spectrum reveals a higher emission
intensity at 1550 nm compared to 1276 nm. Organic-phase
functionalization reactions reported so far have not achieved
fluorescence emission in this wavelength range. Table 1
summarizes the peak parameters in E;; and E;;* before and
after functionalization. The introduction of sp® defects in (10,5)
species results in a 175 meV shift in the E;; peak position and
a significant increase in the full width at half maximum
(FWHM). PLE maps in Fig. 5d and e further validate these
results, but the functionalization reaction retains the fluores-
cence emission intensity of (10,5) SWCNTs. We speculate that
the larger diameter exacerbates the steric hindrance effect of
chemical reactions, thereby increasing the difficulty of the
reaction. Nevertheless, the redshift to 1550 nm and its higher
emission intensity has significant implications for carbon
nanotubes as single-photon source materials in quantum
information applications. The efficient results of functionali-
zation reactions on (10,5) SWCNTs after the exchange from the
organic to the aqueous phase also confirm the importance of

Table 1 Ey; and Eqq* peak parameters of (10,5) SWCNTs with sp® defects

Pristine Covalently functionalized
(n,m) Eiq FWHM Ei, FWHM Ey* FWHM Ey* — Eqy
(10,5) 1275 nm 37 nm 1276 nm 51 nm 1557 nm 98 nm 175 meV

© 2024 The Author(s). Published by the Royal Society of Chemistry
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solvent exchange strategies for expanding the photonic appli-
cations of SWCNTs in the future.

Conclusion

In summary, we achieved the exchange of organic-phase
solvents to an aqueous solution in a straightforward manner
using simple centrifugation and redispersion methods
employed during the SWCNT solution-based separation
method. Building on this foundation, sp* functionalization was
efficiently carried out in an aqueous solution. Ultimately, the
intrinsic emission peak of (10,5) species at 1276 nm was shifted
to 1557 nm in the optical communication C-band. This lays
a solid material groundwork for future applications, including
near-infrared fluorescence bioimaging and single-photon
sources for quantum devices, utilizing single-chirality
SWCNTs. The prospect of a simple and efficient organic to
aqueous phase exchange strategy holds the potential to further
broaden the biocompatible application prospects of SWCNTs.
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