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A study for the selective separation and functionalization of alcohol-soluble semiconducting single-walled
carbon nanotubes (sc-SWCNTSs) is carried out by polymer main-chain engineering. Introducing tertiary
amine groups endows the functionalized sc-SWCNTs with alcohol-soluble properties and introducing
the pyrimidine rings allows to increase the selective purity of sc-SWCNTs. In this study, a series of poly
[(9,9-dioctylfluorene)-2,7-(9,9-bis(3'-(N,N-dimethylamino)propyl) - fluorene)l,,-alt-[2-methylpyrimidine-

2,7-(9,9-dioctylfluorene)],, (PFPy) are used for the selective dispersion of semiconducting single-walled
carbon nanotubes, where n and m are the composition ratio of the copolymer. When m = n, the
effective isolation of sc-SWCNTs with purity greater than 99% is achieved. The alcohol-soluble sc-
SWCNTs with a diameter in the range of 1.1-1.4 nm are obtained through designing reasonable
molecular structure. Moreover, the particular preference of PFPy (m = n) for sc-SWCNTs was studied via
density functional theory (DFT) calculations and it was proved to be a promising method for the
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Introduction

Since the discovery of single-walled carbon nanotubes
(SWCNTs) in 1991,' considerable efforts have been made to
develop their flexible electronics,* and mechanical*® and
optoelectronic properties.®® In the commercial syntheses, the
produced raw SWCNTs are complex mixtures containing
metallic and semiconducting nanotubes, and amorphous
carbon and metal catalyst residues.®™* For many applications,
such as thin film transistors (TFTs), integrated circuits and
solar cells,"* a higher sc-purity or sc-SWCNTs with minimal m-
SWCNTs impurities are required. Currently, numerous
methods for separating sc- and m-SWCNTs have been reported,
e.g., density gradient ultracentrifugation,” DNA separation,'®
chromatography,” surfactant-assisted purification® and
extraction using conjugated polymers (CPs).” Among these
methods, the extraction with conjugated polymers has great
potential for the development of sepratation sc-SWCNTs due to
its low-cost, simple and extensible structure. In recent research,
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separation and functionalization of sc-SWCNTs.

researchers who committed to study carbon nanotubes have
developed some selective and functionalized polymers to
release sc-SWCNTs.”*>* However, without ample attention has
been employed the derivatized polymers that modified polymer/
SWCNTs composite though functional reaction. The sc-
SWCNTs selective separation is highly dependent on polymer
structures and solvent properties, such as viscosity, polarity and
density.**** At present, most researches have concentrated on
nonpolar solvents to obtain the pure sc-SWCNTs.>**° Of course,
a few successful examples that were used to enrich the sc-
SWCNTs using polar solvents, while amphiphilic/hydrophilic
side chains were required for this polymer.>***

In actual production, SWCNTs dispersed in organic solvents
have caused a great harm to the surroundings and human body,
while hydrophilic solvents have the opposite effect, such as water
and alcohol solvents. Adronov et al. developed some reactive
azido-based polyfluorenes,*** which were unable to disperse the
pure sc-SWCNTs or m-SWCNTs in D,0. Also, these polyfluorenes
were limited to a study in the laboratory due to the hazardous
nature of the reaction process and inability to scale up. In addi-
tion, Malenfant et al. demonstrated that hydrophilic SWCNTs
dispersions are suitable for ink formulation and high-
performance printing thin-film transistor (TFT) fabrication since
they possess the ideal rheological properties.***

Here, a route to functionalize and selectively separate alcohol-
soluble sc-SWCNTs has been developed. The introduction of
tertiary amine groups assists sc-SWCNTs to be dispersed in
environmentally benign alcohol solvent, namely green solvent.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Also, the introduction of pyrimidine rings can improve the sorting
of polymers for sc-SWCNTs. In series of poly[(9,9-dioctylfluorene)-
2,7-(9,9-bis(3'<(N,N-dimethylamino)propyl)-fluorene)],,.-alt{2-
methylpyrimidine-2,7-(9,9-dioctylfluorene)],, the effective isola-
tion of sc-SWCNTs with purity greater than 99% is obtained when
m = n. The characteristic peaks of alcohol-soluble sc-SWCNTs are
observed by UV-Vis-NIR absorption. Raman scattering shows that
the electronic structure of the sc-SWCNTs is preserved after the
quaternization reaction (QR). The density functional theory (DFT)
calculations show that electron-rich conjugated polymers merely
sort sc-SWCNTs, while the electron-poor counterparts sort m-
SWCNTs.

Experimental
Materials

Bromoethane (analytical reagent) and dimethyl sulfoxide
(DMSO) were purchased from Braunwell Technology Co, Ltd.
Tetrahydrofuran (THF) (via refluxing at 60 °C to obtain THF),
toluene (TL) and sodium dodecylbenzenesulfonate (SDBS) were
obtained from J&K Scientific Co. Ltd., Beijing, China. Both THF
and DMSO were gas blown with argon and then stored under
argon atmosphere. Purified plasma nanotubes powder RN-220
(Batch # RN 31-54-220) was purchased from XFNANO Mate-
rials Tech Co. Ltd. and used without any further treatment.

Poly[(9,9-dioctylfluorene)-2,7-(9,9-bis(3’-(N,N-dimethyla-
mino)propyl)-fluorene)],-alt-[2-methylpyrimidine-2,7-(9,9-
dioctylfluorene)],, have been reported as sensors for detecting
AP** in our laboratory (details of the synthesis method and
characterization see ref. **). Here, they were applied to separate
semiconducting single-walled carbon nanotubes. According to
the various molar ratios of tertiary amine group, four poly[(9,9-
dioctylfluorene)-2,7-(9,9-bis(3'-(N,N-dimethylamino)propyl)-
fluorene)],-alt-[2-methylpyrimidine-2,7-(9,9-dioctylfluorene)],
were named PFA, PFPy-85, PFPy-50 and PFPy-15, respectively
(ESIL, Scheme S17).

Characterization

Ultrasonication was done in a KQ5200B bath sonicator (Kun-
shan, Jiang Su, China). UV-Vis-NIR spectra were recorded by
a Shimadzu UV-3600 spectrophotometer (Kyoto, Japan). Raman
measurements were performed on a SENTERRA Raman spec-
trometer. A polytetrafluoroethylene (PTFE) filter (pore size 0.45
and 0.22 pm, Nylon 66) was used for filtration. Copolymers were
optimized via density functional theory (DFT) geometry opti-
mization through Gaussian 09W at the B3LYP level using the 6-
31G (d,p) basis set.

Selective process of sc-SWCNTs with polymers

1.0 mg of four different polymers was dissolved in 3.0 ml of
distilled toluene (TL) and filtered through 0.22 pm pore of nylon
filters before adding 1.0 mg of raw single-walled carbon nano-
tubes (raw SWCNTs). The different polymer@SWCNTs mixtures
were sonicated for 2 h in an ice bath (20 °C £ 5 °C). Also, these
mixtures were centrifuged at 15 000 rpm for 30 min at 10 °C to
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obtain a supernatant, which were used as the resulting poly-
mer@SWCNTs dispersion to analyze.

Process of the polymer@SWCNTs dispersion film

5 mg of raw SWCNTs was sonicated in a sodium dode-
cylbenzenesulfonate (SDBS) solution for 30 min using a 200 W
sonicator to compare with the polymer@SWCNTs dispersion
sample. Also, the raw SWCNTs dispersion was dropped on
silicon wafers for Raman scattering detection. The poly-
mer@SWCNTs dispersions were filtered with 0.22 um pore of
nylon filters and washed several times with THF to remove the
remaining polymer. Then, the SWCNTs filter membrane was
ultrasonically dispersed in distilled dichloromethane and
dropped on clean silicon wafers for Raman detection.

Results and discussion

Sorting sc-SWCNTs with polymers and discuss the
mechanism

The absorption features of single-walled carbon nanotubes
depend on their respective chiralities and diameters. The
specific nanotubes exhibited the particular transition energies
arising from the interband transitions of the van Hove singu-
larities.*® The UV-Vis-NIR spectroscopy generally is applied to
identify the optical characteristics of carbon nanotubes.

Fig. 1a shows that absorption spectra of SWCNTs that were
extracted separately using different polymers at the polymer/
SWCNTs mass ratio of 1:1. The absorbance features with
SWCNTs can be grouped into four bands in the observed
ranges: M11: 600-750 nm, S33: 440-600 nm, S22: 800-1150 nm
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Fig. 1 (a) UV-Vis-NIR absorption spectra collected from samples that
had PFA, PFPy-85, PFPy-50 and PFPy-15. The spectra normalized to
the peak at 939 nm. (b) sc-SWCNTs purity of polymers with different
proportions of tertiary amines that had polymers: SWCNTs ratio of
1:1 Raman scattering spectra of the polymer@SWCNTs complex
obtained with polymers at (c) 785 nm and (d) 633 nm (all Raman
spectra normalized to the G-band at approximately 1590 cm™?).
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and S11: 1400-1900 nm.*® The last three bands were due to the
optical characteristics from the valence band to conduction
band with semiconducting SWCNTs. The strong dispersion
ability of SWCNTs was displayed with four kinds of poly-
fluorenes. As the pyrimidine rings were continuously increased
from PFA to PFPy-50, the m-SWCNTs were decreased regularly
in the M11 region. The highest dispersion concentration of sc-
SWCNTs (=1600 nm) and the deep “valley” in the M11 region
were observed when n = m (PFPy-50). The above-mentioned
results showed that PFPy-50 sorted the high selectivity
towards sc-SWCNTs. The relative remaining amount of m-
SWCNTs in the dispersed samples can be confirmed by the
absorption peak ratios of ¢ (sc-purity), both the first interband
transition of m-SWCNTs and the second interband transition of
sc-SWCNTs. The sc-purity of separation with a series of poly-
mers of Fig. 1a corresponded to Fig. 1b. Among them, the sc-
purity was selected by PFPy-50 greater than 0.33, which indi-
cated that the content of sc-SWCNTs was over 99% in the
sample.*

The electron-rich structures were conducive to separate sc-
SWCNTs because of their strong effects of electron accumula-
tion. The electron-rich pyrimidine rings, having typical struc-
tures, have been reported for selecting sc-SWCNTs.***® The PFA
structural unit also observed the electron-rich structure by DFT
calculations (ESI, Fig. S2). The PFA fragment was optimized in
the solvent environment of toluene, and it showed 110.55° with
the C-N-C angle of the tertiary amino groups. The intermolec-
ular -7 stacking between polymers and sc-SWCNTs was
hindered due to the large van der Waals radius around tertiary
amine groups.’”*® Therefore, augmented tertiary amino groups
on the polymer were not conducive to enrich sc-SWCNTs. By
increasing continually the pyrimidine rings to 85% while
reducing the tertiary amine groups to 15% (PFPy-15), the char-
acteristic peaks of m-SWCNTs were observed in the absorption
band. Numerous polyfluorene were applied to various sensors
because of their strong intermolecular -7 interactions.***!
The selectivity of the CP-SWCNTSs interaction is influenced by
the electronic nature of the CP backbone. Excessive pyrimidine
rings may result from the unstable delocalized m-bonding in the
conjugated systems of [(9,9-dioctylfluorene)2,7-(9,9-bis(3'-(N,N-
dimethylamino)propyl)-fluorene)], which leads to the metallic
nanotubes with more polar charge transfer that tend to be
unavailable to aggregate and form sediment after centrifugation
in toluene. Hence, a few m-SWCNTs were left in the superna-
tant. This observation showed the greater benefits to select sc-
SWCNTs using the polymer with the equal amount of the
tertiary amino groups and pyrimidine rings.

Numerous studies revealed the m- and sc-SWCNTs of C-C
vibration behaviors by Raman scattering.***>** The in-plane
stretching vibrations of sp® hybrid C atoms on carbon tubes
are reflected at different excitation wavelengths. The strong
peaks of radial breathing modes (RBM) with metallic SWCNTs
were observed in the raw SWCNTs (Fig. 1c) under the 785 nm
excitation. However, the RBM peaks almost disappeared after
separation by PFA, PFPy-85 and PFPy-15. In particular, a flat line
of PFPy-50@SWCNTs appeared in the metallic region, which
indicated a high separation via PFPy-50. Fig. 1d shows G-mode
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at the 633 nm excitation wavelength. The intensity of the G~
peaks of metallic SWCNTs at 1480-1580 cm ™' decreased regu-
larly, while that of the G* peaks of semiconducting carbon
nanotubes nearly maintained at 1600 cm ', which indicated
that there are no metallic carbon tubes in PFPy-50@SWCNTs
dispersions after sorting PFPy-50. These results are completely
consistent with the characterization results of UV-Vis-NIR
spectroscopy.

To determine whether the functional reaction matters, we
prepared the copolymer PFPy-50-Br* bromoethane. Also, the
copolymer was used for dispersing raw SWCNTs in MeOH as
a sample of PFPy-50-Br*@SWCNTs (see ESI for detailst). Fig. 2a
shows the UV-Vis-NIR spectra of PFPy-50-Br*@SWCNTs
complexes. The strong peaks of the m-SWCNTs (green region)
were observed. This result showed that PFPy-50-Br* had a good
stripped efficacy instead of ability for sorting SWCNTs.

Prior to PFPy-50@SWCNTs functional complexation, we
used the Gaussian 09W software to study the electronic
performance of the copolymer unit for PFPy-50 and PFPy-50-Br*
by density functional theory (DFT).**** To reduce the calculated
complexity and time, electronic analyses were performed to the
polyfluorene that the octyl chain substituted with the methyl
group. The DFT calculations suggested that the electronic
landscape of the polymer backbones were altered drastically
after the quaternization reaction.

Fig. 2b shows that the conjugated PFPy-50 was electron-rich,
whereas the PFPy-50-Br* was a relatively electron-poor system.
Additionally, PFPy-50 (2.4 Debye) was a nonpolar polymer and
had a dielectric constant similar to that of toluene (polarity
index values are taken from http://macro.lsu.edu/howto/
solvents/Polarityindex.htm), which tends to form bundles with
metallic SWCNTs in a given stable solvent,*® thereby resulting in
a higher selectivity towards sc-SWCNTs. The functional reaction
of PFPy-50@SWCNTs, such as transformed from toluene to
methanol, indicated the significant reduction of pollution to
the environment. Also, the method that enriches sc-SWCNTSs in
alcohol was no longer hindered using the electron-poor polymer
structures.

The polymer/SWCNTs ratio was another crucial factor that
affected the selectivity of sc-SWCNTs. Fig. S3at displays the
concentrations of SWCNTs dispersions using PFPy-50 under
numerous polymer/SWCNTs ratios. As the amount of PFPy-50
increased, the concentration of SWCNTs also increased gradu-
ally until the emergence of metallic carbon nanotubes. For
PFPy-50, the optimal ratio (0.5/1) of polymer/SWCNTs exhibited
high sc-purity (¢ = 0.383) (ESI, Fig. S3bt).

Functionalization of polyfluorene@sc-SWCNTs

Based on the consideration of dispersion ability and purity, an
optimal ratio of PFPy-50/SWCNTs was expanded to 2/4 (ESI,
Fig. S47) for further studying functional reaction. Fig. S51 shows
that the detailed procedures of the PFPy-50-Br@SWCNTSs
complex were prepared by the quaternization reaction (QR).
Fig. 3 shows the process diagram of the separation and func-
tionalization of sc-SWCNTs by copolymer PFPy-50. UV-Vis-NIR
spectra and Raman scattering were recorded to characterize

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) UV-Vis-IR spectra of PFPy-50@SWCNTs (orange line)

dispersion and direct synthesis PFPy-50-Br*@SWCNTs (blue line)
dispersion. (b) Electron-density maps of polymers for PFPy-50 and
PFPy-50-Br* (red denotes electron-rich regions, green indicates less
electron-rich areas, and blue denotes electron-poor regions).

PFPy-50@SWCNTs

PFPy-50-Br@SWCNTs

Fig. 3 Process diagram of sorting sc-SWCNTs and functionalization
PFPy-50@SWCNTs. Also, the physical picture of the PFPy-
50@SWCNTs dispersion with pre-QR and post-QR in TL and MeOH
solvent, respectively.

the complex before and after QR. Compared with the PFPy-
50@SWCNTs complex before QR (see ESI for detailed stepst),
the PFPy-50-Br@SWCNTs complex was well dispersed in MeOH
after QR (Fig. 4). It preliminarily indicated that the solubility of
the PFPy-50@SWCNTs complex has been changed. There was
no flocculation observed even after the PFPy-50-Br@SWCNTSs
complex stood for 48 h on the desktop (Fig. 3 inset). Also, it
was used to detect directly UV-Vis-NIR spectroscopy (Fig. 5a).
Comparison to those of raw SWCNTs, the characteristic peaks
with metallic SWCNTs of the PFPy-50-Br@SWCNTs complex
were not displayed in MeOH. However, there was also no
obvious transition range that is similar to the PFPy-
50@SWCNTs complex about S33 to 700 nm (the dotted line
circles) on account of the tail absorption of polymer PFPy-50-Br
after QR. The peaks of sc-SWCNTs at S22 appeared as a slight
red shift (marked by *). To explore the reason of the red shift,
the PFPy-50-Br@SWCNTs complex and PFPy-50-Br*@SWCNTs
dispersions were compared in MeOH (ESI, Fig. S6t). Their sc-
SWCNTs peaks completely overlapped at S22 after normalized
at 939 nm. Generally, the SWCNTs-solvent interactions rose

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 UV-Vis-NIR spectra of PFPy-50@SWCNTs before QR (blue line)
and after QR (red line) dispersed in MeOH. Physical picture before QR
and after QR of PFPy-50@SWCNTs in MeOH.

from the induced dipole-induced dipole (Debye) interactions in
polar solvents.*»* With the tractions of alcohol-soluble PFPy-50,
the interactions between SWCNTs and MeOH become stronger.
Therefore, the slight red shift may be caused by stronger Debye
interactions at the SWCNTs-methanol interface.

To further investigate the nanotube characteristic before and
after QR, Raman spectroscopy was performed at 785 nm,
633 nm and 532 nm excitation wavelengths, respectively. Fig. 5b
shows the radial breathing modes (RBM) of laser at 785 nm
excitation. Comparatively, the M11 characteristic absorption of
raw SWCNTs presented a strong discrimination ability. The
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Fig. 5 (a) UV-Vis-NIR spectra of raw SWCNTs (black line), PFPy-

50@SWCNTs (blue line) and PFPy-50-Br@aSWCNTs dispersion (red
line); (b) RBM spectra (100-300 cm™) of raw SWCNTs, PFPy-
50@SWCNTs and PFPy-50-Br@SWCNTSs dispersion at 785 nm; (c)
Raman spectroscopy of G band ranges for raw SWCNTs, PFPy-
50@SWCNTSs and PFPy-50-Br@SWCNTs at 633 nm; (d) Raman spec-
trum of RBM mode raw SWCNTs, PFPy-50@SWCNTs and PFPy-50-
Br@SWCNTs at 532 nm.
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633 nm. (b) Ip/lg ratio (integrated intensity ratio of the D-band and G-
band) of PFPy-50@SWCNTs (blue box) and PFPy-50-Br@SWCNTSs (red
box).

s ST PRRySOB (¢a B0 PERy50

N RE S

y’ \
—  CHCHBr = _

poisonous

Fig. 7 SWCNTs dispersed in MeOH and TL solvents to influence the
environment and industry. Dispersible SWCNTSs are envisaged for the
printing head in the alcohol system (inset).

Raman signals at the 633 nm excitation wavelength were ob-
tained under the resonance excitation of M11 (Fig. 5c).
Compared with before QR, the Gy;.~ band became more obvious
after QR (PFPy-50-Br@SWCNTSs). Also, the emergence of the
shoulder peak next to G was caused by too much PFPy-50-Br.
The frequencies of the Raman scattering (wgpm) On the size
distributions of SWCNTs at the 532 nm excitation wavelength
were inversely proportional to the diameters (dt) of SWCNTs,
following the Kataura plot and the equation wgpy = A/dt + B.Y
The sc-SWCNTs with diameters between 1.1 nm and 1.4 nm
were obtained after QR, as shown in Fig. 5d.

Fig. 6a shows the D (1322 cm ') modes and G modes
(1590 cm ™). The increase in the D-band indicated an increase
in the sp*-hybridized carbon atoms on the SWCNTs sidewall.
The integrated intensity ratio (Ip/Ig) of the D-band to the G-band
was a parameter sensitive to the defect density (Fig. 6b). The I/
I ratio of the sample from 0.02 increased to 0.04 after QR. From
the total results, the Ip/Ig ratio still maintained the smallest
value throughout the reaction, manifesting a little damage to
the sidewalls during the functional reaction. Therefore, if the
SWCNTs of high electronic performance are required in the
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application, this method needs to be further optimized to
obtain high-quality sc-SWCNTs.

As shown in Fig. 7, the conversion of SWCNTs from TL to
MeOH solvents significantly reduces pollution in the
surrounding and the human body. Also, methanol is cheaper
and easier to obtain than toluene. Moreover, the alcohol solvent
provides a possible reference in printing TFT processes for
solving the print head's clogging problem because of its variety
of ideal rheological properties (Fig. 7 inset).*"*®

Conclusions

Based on the two characteristics, the tertiary amine groups can
be functionalized into alcohol solubility and pyrimidine rings
can select sc-SWCNTs. A route to functionalize and selectively
separate alcohol-soluble sc-SWCNTs has been developed. Poly
[(9,9-dioctylfluorene)-2,7-(9,9-bis(3'-(N,N-dimethylamino)
propyl)-fluorene)]so-alt-[2-methylpyrimidine-2,7-(9,9-
dioctylfluorene)]s, is used to separate sc-SWCNTs with a purity
greater than 99% via the reasonable adjustment of the polymer
backbone. It has been investigated that diameters of alcohol-
soluble sc-SWCNTs were mainly concentrated in 1.1-1.4 nm
after the quaternization reaction, as investigated using UV-Vis-
NIR spectroscopy and Raman scattering detection techniques.
Also, the photoelectric properties of SWCNTs are still main-
tained. It is observed that the electron-rich conjugated system is
beneficial to the selection of sc-SWCNTSs, while the electron-
poor frameworks are slightly inclined to choose m-SWCNTs by
DFT calculation.
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