Open Access Article. Published on 22 November 2023. Downloaded on 1/24/2026 10:41:05 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials
Horizons

W) Check for updates ‘

Cite this: Mater. Horiz., 2024,
11,758

Received 13th October 2023,

Accepted 14th November 2023 D. Just,

*3 A Dzienia,

DOI: 10.1039/d3mh01687k

rsc.li/materials-horizons

Single-walled carbon nanotubes (SWCNTs) have potential for a
wide range of applications in diverse fields, but the heterogeneous
properties of the synthesized mixtures of SWCNT types hinder the
realization of these aspirations. Recent developments in extractive
purification methods of polychiral SWCNT mixtures have somewhat
gradually alleviated this problem, but either the yield or purity of
the obtained fractions remains unsatisfactory. In this work, we
showed the possibility of simultaneously achieving both the afore-
mentioned goals, commonly considered mutually exclusive, via the
enhancement of the capabilities of the conjugated polymer extrac-
tion (CPE) technique. We found that combining small molecular
species, which alone are unwanted in the system, with a selective
poly(9,9’-dioctylfluorenyl-2,7-diyl-alt-6,6'-(2,2'-bipyridine)) poly-
mer increased the concentration of the harvested SWCNTs by an
order of magnitude while maintaining near-monochiral purity of
the materials. The conducted modeling revealed that the presence
of these additives facilitated the folding of conjugated polymers
around (6,5 SWCNTSs, leading to a substantial increase in the
concentration and quality of the SWCNT suspension. The obtained
results lay the foundation for the widescale implementation of the
CPE of usually scarcely available chirality-defined SWCNTs owing
to the molecular chaperones expediting the folding of the con-
jugated polymers.

1. Introduction

Conjugated polymer extraction (CPE) is a valuable method to
obtain monochiral single-walled carbon nanotubes (SWCNTs),
which are indispensable for the development of disruptive
applications based on them. Extensive studies have revealed
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Single-walled (SWCNTs) have groundbreaking
potential for application in diverse fields, but their polydispersity has

carbon nanotubes

hampered the realization of this goal for the past three decades.
Unfortunately, the purification of SWCNTs, like any other
nanomaterial, is either selective or efficient, so only negligible amounts
of SWCNTs of defined characteristics can be harvested nowadays. In this
work, we report on how to resolve this stalemate using enhanced
conjugated polymer extraction in an organic medium. The introduction
of relatively low molecular weight compounds into the extraction system
increases the concentration of the obtained monochiral SWCNTs by an
order of magnitude without negatively affecting the purity of the
fractions. A comprehensive analysis of the system, supported by
modeling, reveals that the newly added compounds act as polymer
chaperones and promote appropriate folding of polymers around
SWCNTs, thereby boosting both the selectivity and the yield of
differentiation. In light of the widespread use of polymers, the
discovery that their conformation can be tuned this way has
multidisciplinary importance, laying the foundation for developing
novel processing techniques for a broad spectrum of materials.

several factors that affect the selectivity of CPE of SWCNTSs. An
appropriate combination of polymer identity and charac-
teristics,"® the composition of raw SWCNTs,>'*"* and the
extraction conditions'*' have exuded several protocols that
enabled the enrichment of the obtained fractions with specific
chiralities.»»>®7:16:19:22724 Ngnetheless, despite a decade of
research in this area, only (6,5), (7,3) and (7,5) SWCNTs have
been separated with monochiral purity.>*> Consequently, the
vast majority of studies employing pure SWCNTs are based on
the isolation of the above-mentioned SWCNTs from the SG65i
raw material, Ze. (6,5) by poly(9,9’-dioctylfluorenyl-2,7-diyl-alt-
6,6'-(2,2'-bipyridine)) - (PFO-BPy6,6') or (7,5) by poly(9,9'-
dioctylfluorenyl-2,7-diyl) - (PFO). Unfortunately, while the
selectivity for these chiralities is impressive, the isolation
efficiency is typically mediocre, reducing the utility of the
elaborated purification protocols. However, because the meth-
ods to improve the extraction efficiency via optimization of the
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system’s composition or process parameters have not
been sufficiently successful regarding chirality-selective
isolation,"®" it is imperative to explore alternative routes to
tackle this challenge.

Polythiophenes have piqued the curiosity of the optoelec-
tronic researchers for years due to their favorable light emis-
sion properties.”>™” In the context of SWCNTs, it has been
reported that highly ordered polythiophene-SWCNT nanohy-
brids can be successfully employed in solar cells."*®?%731 The
results showed that hybrids based on regioregular polythio-
phenes, such as regioregular-poly(3-hexyltiophene) - (rr-P3HT),
and SWCNTs create highly crystalline domains by n—n stacking.
Energy transfer from rr-P3HT to SWCNTs has been observed,
which is extremely effective even in areas where crystalline
domains on the tubes agglomerated. Additionally, polythio-
phene-SWCNT hybrids have been shown to be useful for the
development of thin-film transistors.>””*® The application of
regioregular poly(3-dodecyltiophene) - (rr-P3DDT) gave rise to
the formation of a supramolecular structure, well-connected
with SWCNTs, which further enhanced the performance.
Furthermore, since thiophene structures have an optimal
bandgap for their effective use in nanocarbon-based devices,
it is clear that the formation of hybrids of chirality-pure
SWCNTs and thiophene-based copolymers can generate pro-
mising materials for photonics and electronics.

Unfortunately, because of the exceptional affinity of poly-
thiophenes to SWCNTs, they can extract a wide range of
SWCNTs, so the highly concentrated dispersions they produce
by CPE are inherently polychiral. The investigations of the
process of SWCNT extraction with poly(9,9-dioctylfluorene)
(PFO), poly(9,9'-dioctylfluorenyl-2,7-diyl-alt-bithiophene) -
(F8T2), poly(9,9’-dioctylfluorenyl-2,7-diyl-al¢t-benzothiadiazole)
- (F8BT), and poly(3-hexylthiophene-2,5-diyl) - (P3HT) revealed
that the binding strength of the polymers to the SWCNTs can
be arranged in the order of PFO < F8T2-F8BT < P3HT, which
correlates inversely with the selectivity of the mentioned
polymers."'®2%731 The binding of PFO to SWCNTs is weak,
mediated mostly through n-n stacking, while polymers contain-
ing heteroatoms, such as polythiophenes, are attracted to the
SWCNT surface due to the lone electron pairs interacting with
the sp” lattice. Bonding through lone electron pairs occurs
irrespective of the SWCNT type on which the polymer mole-
cules adsorb; hence, as the separation yield increases, it inver-
sely influences the selectivity. In another report, double
sonication tests were conducted using P3HT and F8BT, which
confirmed that the order in which the polymers were added was
important."*®?%3!  The described results confirmed the
hypothesis of substantially different binding energies of the
polymers to SWCNTs. However, this raises the question of
whether it is possible to exploit the high affinity of polythio-
phenes to SWCNTs and overcome the discussed limitation of
CPE for SWCNT extraction without compromising the process
selectivity.

Liu et al. reported that polymer blends where one compo-
nent acts as a SWCNT extractor and the other as an enhancer
gave positive outcomes.”” The tests were performed with
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P3DDT as the enhancer and poly(9-(1-octylnoyl)-9H-carbazole-
2,7-diyl) (PCO) as the extractor of semiconducting SWCNTs (s-
SWCNTs). It was found that P3DDT had a stronger binding
force to s-SWCNTs than PCO, and when introduced into a PCO/
SWCNT dispersion, it replaced PCO on the surface. Conse-
quently, the displaced PCO solubilized more s-SWCNTs, which
increased the concentration of these species in the suspension.
Moreover, Hou et al. reported that the extraction yield of
F8BT could be improved by sonicating the obtained super-
natant in the presence of poly(9,9-dihexyl-2,7-fluorene-ait-3,6-
(9-phenyl)carbazole) - (PDFP). The results showed that the
simultaneous use of PDFP and F8BT allows for the extraction
of a broad spectrum of s-SWCNTs with notably increased
concentrations. The authors noted that PDFP acted as a second
layer coating on F8BT-wrapped s-SWCNTs. This enhanced the
stability of the SWCNT suspension by creating a thicker and
more uniform coating around the SWCNTs. Consequently, the
extracted SWCNTs were less prone to precipitation during
centrifugation employed after homogenization. Despite these
useful strategies to increase the yield of semiconducting
SWCNTs, they did not exhibit chiral selectivity, leading only
to a suspension of a broad spectrum of semiconducting
SWCNTSs.

In the presented work, we showed significant enhancement
of monochiral SWCNT extraction via simultaneous combi-
nation of a chiral-selective conjugated polymer, acting as an
extractor, with a non-selective low-molecular weight or short-
chain additive based on a thiophene backbone as an extraction
enhancer. The combination of PFO-BPy6,6' as a selective
extractor and a palette of non-selective species substantially
increased the separation efficiency while maintaining the
process’s high selectivity. A detailed evaluation of the struc-
ture-activity relationship revealed a noticeable increase in the
isolation efficiency due to the fact that the additives acted as
chaperones for the utilized conjugated polymers, facilitating
their deposition on the surface of SWCNTs. Our discovery
allows the popular CPE process to be more feasible for
large-scale applications, paving the way for its commercial
implementation in the extraction of highly desirable near-
monochiral SWCNTs.

2. Results and discussion

2.1. PFO-T and PFO polymer blends with PFO-BPy6,6’

Dispersions using various alkyl-grafted polythiophene deriva-
tives have previously been reported on materials such as
COMOCAT or HiPco.>®?® Unfortunately, these polymers are
not chiral selective*" in contrast to the aforementioned poly-
fluorene formulations,”* hence, they cannot be employed
for SWCNT enrichment. In addition, we report that an alter-
nating copolymer formed using both units, e.g., poly(9,9’-
dioctylfluorenyl-2,7-diyl-alt-2,5-(3-dodecyltiophene)) (PFO-3DDT) is
non-selective to a large extent (Fig. S5 and S6, ESIT).>” This outcome
suggests that “molecular matching” of PFO is lost upon the
incorporation of a thiophene subunit. The inclusion of such moiety
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can provide the polymer’s backbone with additional flexibility (due
to the shorter persistence length) and is the source of strong
interactions with SWCNTs through lone electron pairs located on
the heteroatoms. This can lead to the deposition on virtually every
type of SWCNT present in the raw material. When a variety of
structural analogs of such polymers were tested, we observed that a
structurally similar thiophene-containing copolymer, ie., poly(9,9'-
dioctylfluorenyl-2,7-diyl-alt-2,5-tiophene) — (PFO-T), which is a com-
monly used PFO-3DDT without an alkyl chain on the thiophene
ring, exhibited some degree of selectivity when combined with raw
SWCNT materials of either small (@ ~ 0.80 nm) or medium
diameter (d ~ 1.00 nm). The data showed the affinity for (6,5)
SWCNTs while processing (6,5)-enriched CoMoCAT and HiPco
SWCNTs (Fig. S5 and S6, ESIT). Nonetheless, the extracted species
still had a polychiral nature, presumably due to similar features to
those of PFO-3DDT. Concomitantly, it should be noted that PFO-
BPy6,6', a polymer commonly employed in CPE to isolate (6,5)
SWCNTs, also operates in this range (Fig. S5 and S6, ESIT).
Although it enabled near exclusive separation of (6,5) SWCNTs
from CoMoCAT SWCNTs containing only several SWCNT types
(Fig. S5, ESIY), the fractions obtained from more heterogeneous
HiPco SWCNTs usually contained many SWCNT types, in particular
those of greater than 25° chiral angles (Fig. S6, ESIT). Therefore, we
considered whether the combination of two polymers (PFO-BPy6,6’
and PFO-T) would exhibit synergistic tendencies as their SWCNT
affinity scopes overlap (Fig. 1).

As expected, using only PFO-T and (6,5)-enriched CoMoCAT
yielded a polydisperse mixture of SWCNTs, in which (6,5)
chirality was the dominant fraction. In contrast, the utilization
of PFO-BPy6,6’, which has known affinity to this SWCNT
chirality, produced a near monochiral supernatant with an
absorbance (A) of A(6,5)@S11 of 0.576. To our surprise, when
PFO-T was used in conjunction with PFO-BPy6,6’, it drastically
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enhanced its extraction capabilities. Equivalent amounts of
PFO-T and PFO-BPy6,6 (4.5:4.5 mg mg ) doubled the concen-
tration of (6,5) SWCNTs in the suspension, giving the absor-
bance of A(6,5)@S;; = 1.24, while maintaining selectivity.
Moreover, a slight excess of PFO-T (5.0:4.0 mg mg™ ') further
increased the amount of extracted (6,5) SWCNTSs, reaching as
high absorbance values as A(6,5)@S;; = 1.79. This tripled
the original concentration, without any apparent loss of
purity. Unfortunately, a further increase of PFO-T amount
(6.0:3.0 mg mg ') disrupted the system’s selectivity, resulting
in a polychiral mixture resembling the parent material isolated
previously by PFO-T (Fig. S5, ESIY).

To examine the possible reason for the enhanced (6,5)
concentration, we synthesized several batches of PFO-T with
varying molecular characteristics (Table S2, ESIT). As shown in
Fig. 1c, the observed enhancement occurred only for short PFO-
T chains, e.g., weight average molecular weights (M,,) of 4230,
4880 kg mol ™, and 6799 kg mol ™" (corresponding to ca. 8-14
dioctylfluorene-thiophene repeatable units). When the M,, of
the PFO-T enhancer exceeded that of the PFO-BPy6,6’ selector
(M,, = 7150 kg mol™' (PFO-T) vs. M,, = 6640 kg mol ' (PFO-
BPy6,6)), the selectivity reduced and statistical distribution of
SWCNTs in the supernatant was noted. Based on these obser-
vations, it could be inferred that to reach satisfactory selectivity
the engaged flexible PFO-T chains should not influence the
alignment of selective PFO-BPy6,6’ on the SWCNT surface,
which has a more rigid structure.®® Therefore, to enable the
adjustment of PFO-T conformation to occupy SWCNT areas not
covered by PFO-BPy6,6', the length of the polymer chains
should be relatively short. As previously reported, short con-
jugated polymers exhibit poor ability to suspend SWCNTs.'®
Even though this is considered a disadvantage, making certain
batches of conjugated polymers of limited use for CPE of

(c) (6.4) (6,5)(7,5)

PFO-BPy (6,637 kg/mol)
+ PFO-T (X kg/mol)

¥ 25,900 kg/mol
8,546 kg/mol

Normalized absorbance [-]

4,880 kg/mol

4,230 kg/mol

700 800 900 1000

Wavelength [nm]

600 1100

(@) Combination of PFO-BPy6,6’ and PFO-T, acting as the selector and enhancer, respectively. (b) The influence of the PFO-T: PFO-BPy6,6’

weight ratio (in milligrams per 1.5 mg of raw SWCNTs and 8 mL of toluene) on the yield and selectivity of extraction. (c) The impact of PFO-T molecular
weight on the purity of the obtained fractions. The PFO-T : PFO-BPy6,6’ ratio of 5:4 was used during the experiments.
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SWCNTs, herein, in our mixed-extractor system, this disadvan-
tage was highly beneficial. Therefore, we capitalized on short
PFO-T chains possessing higher binding strength to SWCNTs
than PFO-BPy6,6’ that cannot readily suspend a range of
SWCNTs. Thus, under these conditions, attachment could
only occur to those SWCNTs already wrapped and solubilized
by the selective polymer, promoting their suspension in
organic media.

To gain greater insight into the process (and verify the
above-mentioned hypotheses), we also evaluated combinations
of two polymers with well-proven selectivity toward (6,5) and
(7,5)-chiralities, i.e., PFO-BPy6,6' and PFO. It should be noted
that compared with PFO-T, PFO is more rigid, which enables
near-monochiral isolation of (7,5) species. However, regardless
of the polymer ratios of the PFO:PFO-BPy6,6’ blends depicted in
Fig. S7 (ESIY), the desired outcome was not obtained. The two
polymers interacted antagonistically, weakening each other’s
selectivity, owing to their strong preference for different
SWCNT types. Nonetheless, the experiments provided impor-
tant information about the mechanics of the conjugated poly-
mer extraction using more than one polymer extractor at
a time.

The observed competitive adsorption, previously reported
for bile salt surfactants contending for access to the SWCNT
surface,*® occurred for our polymer/SWCNT systems suspended
in organic media. This behavior was confirmed via two-step
sonication. The first step involved the preparation of a PFO-
based suspension, rich in (7,5) SWCNTSs. The second step was
the addition of a certain amount of PFO-BPy6,6’ polymer,
followed by agitation. The spectrum of the generated suspen-
sion (Fig. S8, ESIf) resembled a fraction obtained using the
same amounts of polymer in a single sonication approach
(Fig. S7, ESIt), thus validating that a dynamic exchange of
conjugated polymers occurred on the SWCNT surface (since
the polymers were not long enough to cause irreversible
SWCNT wrapping'*?7).

Regarding selectivity, since a larger excess of the PFO poly-
mer was required to reveal the presence of (7,5) SWCNTs in the
suspended material, it proved that PFO-BPy6,6’ had a higher
binding strength to SWCNTs than PFO. It appeared that
unpaired electrons in PFO-BPy6,6’ (this time on the nitrogen
atoms, not sulfur, as in the case of PFO-T) again provided
stronger interactions with SWCNTs than only n-bonds present
in the system based on the latter conjugated polymer. There-
fore, at this point, it was concluded that the facilitator of the
extraction should possess an affinity toward the same SWCNT
types as the main extractor polymer, and to enhance the
process, its length should not be excessive to prevent inter-
ference with wrapping of the said polymer on SWCNTs. Addi-
tionally, it should contain heteroatoms to promote high
extraction efficiency. To verify whether PFO-T promotes SWCNT
purification due to the presence of sulfur, another non-selective
polymer (PFO-BPy5,5) was synthesized and evaluated. Structu-
rally, the polymer was similar to PFO-BPy6,6’ (Fig. 2a); however,
the arrangement of the polymer chain was considerably
different. As shown in the results, PFO-BPy5,5" independently

This journal is © The Royal Society of Chemistry 2024
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extracted a broad spectrum of different SWCNT species (Fig. S9,
ESIY), probably due to its rather linear conformation, compared
to the helical PFO-BPy6,6"*° one. This greatly facilitated adsorp-
tion onto different SWCNT species. Again, when combined with
PFO-BPy6,6’, a dramatic increase in SWCNT concentration was
noted without affecting the spectral purity. Thus, the presence
of a sulfur atom in the polymer was not necessary to enhance
the yield of the separation. Analogously for PFO-T addition, we
found that (a) the ratio between PFO-BPy6,6’ and PFO-BPy5,5’
was important, and (b) the molecular weight of the second
polymer should not be excessive (Fig. S10, ESIt). The highest
yield was obtained for 4.5:4.5 mg mg ' combination using
short chain PFO-BPy5,5’ as the extraction promoter. The copo-
lymer with a lower range of molecular weights favored the
selective extraction of SWCNTs. In addition, the heterocyclic
subunit of the PFO-BPy5,5" molecule was planarly larger than
the heterocycle in PFO-T, which explained why the optimum
molecular weight of PFO-BPy5,5' was smaller than that of
PFO-T.

2.2. Small molecular enhancers

Even though the synthetic pathway used in this study was
highly simplified, the preparation of the short-chain conju-
gated polymers via Suzuki polycondensation was a time-
consuming and challenging to control process since a stepwise
increase of oligomer size was achieved using a sequence of
chemical reactions.”” Unfortunately, there is no reasonable
alternative to obviate this problem. This motivated us to explore
whether other commercially available enhancers with low
molecular weight compounds could be used instead of PFO-T
or PFO-BPy5,5' oligomers. Since the building blocks of PFO-
BPy6,6’, PFO-BPy5,5', PFO-T, and PFO-3DDT (Fig. 2a) were
responsible for their interactions with the SWCNT surface, we
assumed that these deconvoluted molecular fragments may be
useful for enhancing the CPE of SWCNTs. Therefore, we
evaluated whether monomers used for the synthesis of the
studied polymers, or their derivatives, could display an
enhanced performance (Fig. 2).

The experiments were conducted using 9,9-dioctylfluorene-
2,7-diboronic acid bis(pinacol)ester, 2,7-dibromo-9,9-dioctyl-
fluorene, 6,6'-dibromo-2,2’-bipyridine, 5,5’-dibromo-2,2’-bipyridine,
thiophene, 2,5-dibromotiophene, 2,5-dibromo-3-hexyltiophene, and
2,5-dibromo-3-dodecylthiophene (Fig. 2a). By themselves, they were
unable to suspend SWCNTs. However, upon combination of these
polymer precursors with a selective PFO-BPy6,6’ polymer, a dramatic
increase in SWCNT concentration was noted (Fig. 2b). While the
absorbance of the reference SWCNT suspension rich in (6,5)
SWCNTs was only A = 0.569, after the introduction of the indicated
compounds, the yield dramatically increased. Each compound,
regardless of the fluorene, thiophene or bipyridyl subunit, exhibited
a capability to enhance yields while exhibiting little to no influence
on extraction selectivity. The best results were obtained for 2,5-
dibromothiophene, which had an order of magnitude higher
SWCNT concentration (A = 5.567) with a negligible impact
on purity (Fig. 2b and Fig. S11, ESIf). Nevertheless, thiophene
and 2,5-dibromo-3-dodecylthiophene themselves also achieved
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Fig. 2 (a) A selection of evaluated molecular enhancers of the CPE process to enhance the efficiency of (6,5) SWCNT isolation, which are building blocks
of the depicted polymers used in this work for SWCNT purification, (b) the effect of addition of various molecular enhancers (18 mg) compared with only
using PFO-BPy6,6’ polymer to extract SWCNTSs, (c) absorbance and (d) normalized absorbance of the generated SWCNT fractions as a function of the
amount of introduced 2,5-dibromothiophene. (e) Relative concentration of individual SWCNT species in supernatant generated by combination of PFO-
BPy6,6’ with 18 mg of specified extraction enhancers, (f) excitation—emission photoluminescence maps of supernatants obtained using various amounts
of 2,5-dibromothiophene and PFO-BPy6,6’, and (g) optical images documenting the considerable increase in SWCNT concentration upon addition of
2,5-dibromothiophene.
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noteworthy SWCNT concentrations. Enhancers based on the fluor-
ene subunit showed similar activity regardless of the presence of
bromine or boronic ester functional groups, and bipyridines were
the weakest.

It was also found that the overall SWCNT concentration
(Fig. 2¢) and the purity of the suspension (Fig. 2d) were highly
dependent on the 2,5-dibromothiophene content. The highest
extraction yield was obtained for 18 mg of the enhancer per
1.5 mg of SWCNTs and 6 mg of PFO-BPy6,6’. Thus, the most
favorable results were obtained for a weight ratio of the
enhancer to polymer of 3:1. This value may appear high, but
it should be noted that such molecular enhancers must be very
easy to remove by washing via simple filtration without the
need to engage tedious dialytic processes commonly used for
SWCNT purification.>**"*> Another aspect for examination was
the performance per mole of individual enhancers to rule out
the key role of this parameter, given the significant differences

(a) toluene,

| f toluene|
{ | (
| | |

=0 ns

t
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in the structures within the examined series (Table S3, ESIt). At
this point, 2,5-dibromothiophene offered the best performance
(Fig. S12, ESIt). In terms of application perspectives, the use of
this molecule is very cost-effective to enhance the concentration
of highly-valuable near-monochiral (6,5) SWCNTs, with a
net price on the order of just $100 per kg. Interestingly,
regardless of the enhancer type introduced, the purity of the
obtained suspensions was notable as the content of (6,5)
SWCNTs approached unity (Fig. 2e). Finally, it should be high-
lighted that the concentration increase of the desired type of
SWCNTs upon addition of enhancers (in this case, 2,5-
dibromothiophene) was visible to the naked eye (Fig. 2f).

2.3. Elucidation of the mechanism of the enhanced extraction

As mentioned in the introduction, it is possible to modulate
the characteristics of SWCNT suspension using chemical com-
pounds both in organic and aqueous solutions.**™** For

10.327 ns

t
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5 | == PFO-bpys g
- 0.8 Cenain 0.8 ¢
e — Cung 2
>06 063
g £
g 0.4 04 g
a o
0.2 0.2 a
© ©
=00 = f0.0=

10 20 30 40 10 20 30 40
Position Along X-axis (A) Position Along X-axis (A)

Fig. 3
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(a) Snapshots of the initial configuration for the simulation box containing two units of (6,5) SWCNTs interacting with PFO-BPy6,6’ polymer (five

repeatable units) suspended in toluene (1000 molecules) solution. 3D periodic boundary conditions were applied, making SWCNTs effectively infinite.
SWCNTSs, solvent, and polymer molecules are represented using stick, line, and ball-and-stick models, respectively. For clarity, solvent molecules are
drawn with a higher degree of transparency than other system components. (b) Snapshots of final configurations of simulation boxes for different
concentrations of 2,5-dibromothiophene: 0, 10, 20 and 30 molecules. The presence of 2,5-dibromothiophene increases the speed of PFO-BPy6,6’
wrapping around the (6,5) SWCNTs. As indicated by the red arrows, the higher concentration of 2,5-dibromothiophene, the more advanced the
wrapping. (c) The corresponding mass density profiles of (6,5 SWCNT, PFO-BPy6,6, polymer chain carbon atoms (Ccnain) and polymer backbone (Cing)
along the X-axis shown in the panel (b). Inset: carbon atoms constituting Ccnain SUbset are marked in light blue, while polymer backbone carbon atoms
(Ciing) are depicted in light green.
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instance, reduction-oxidation processes could affect the
arrangement of surfactants on the surface of SWCNTs in water,
causing their complete reorganization. Regarding organic
media, redox dopants were used in the sorting of SWCNTs
using CPE, wherein the aromatic structures, such as polyfluor-
enes, were employed.*® It was noted that the controlled oxida-
tion of SWCNTs could be used to enhance the selectivity of the
polymers in the extraction of semiconducting SWCNTs. Since
such an effect was not observed for the enrichment of super-
natants with SWCNTs of particular chirality, we utilized mole-
cular dynamic and time-stamped force-bias Monte Carlo
modeling to understand the impact of 2,5-dibromothiophene
on the interactions between (6,5) SWCNT, PFO-BPy6,6’ poly-
mer, and solvent (toluene) molecules.

The MD/MC simulation results presented in Fig. 3 clearly
indicate that the interactions between SWCNT and PFO-BPy6,6’
polymer could be enhanced via the addition of 2,5-
dibromothiophene molecules to the solution. After the same
amount of simulated time, the polymer wrapping around
SWCNTs advanced the most in the simulation, containing an
additional 30 molecules of 2,5-dibromothiophene (enhancer:-
polymer weight ratio = 8: 3), as shown in Fig. 3b.

The addition of 30 molecules of 2,5-dibromothiophene to
the polymer-SWCNT system brought closer first the polymer
backbone, which started wrapping around SWCNTs, and then
the polymer side chains (Fig. S13, ESIT). Consequently, in the
presence of 30 2,5-dibromothiophene molecules, both polymer
backbone and polymer side chains were positioned much
closer to the SWCNTs than in the absence of 2,5-
dibromothiophene molecules (cf first and forth mass density
profiles from the left shown in Fig. 3c). For a smaller concen-
tration of 2,5-dibromothiophene (10 and 20 molecules in the
simulation box corresponding to the 8:9 and 16:9 enhancer:
polymer weight ratios) changes were observed in the inter-
action between the nanotube and polymer after 10.327 ns of
MD/MC simulations and resembled earlier stages of MD/MC
simulation of system with higher concentration of 2,5-
dibromothiophene. This suggested that the strength of the
nanotube-polymer interaction and, thus, the speed of polymer
wrapping around the SWCNTs could be increased by increasing
the concentration of 2,5-dibromothiophene in the system.
Upon closer inspection of the interactions between all compo-
nents in the system (Fig. S13, ESIt), we observed that a high
concentration of 2,5-dibromothiophene (30 molecules) affected
the solvent-nanotube interactions and reduced the probability
of finding solvent molecules in the direct vicinity of nanotube
lateral surface.

Additional ab-initio computation was conducted to examine
what causes the discovered coordinated organization of PFO-
BPy6,6' on the surface of SWCNTs in the presence of 2,5-
dibromothiophene, which was found to be the most efficient
molecular extraction enhancer. Spin polarized density func-
tional theory calculations using hybrid exchange-correlation
functional (B3LYP) of HOMO and LUMO level of this com-
pound (Exomo = —5.882 eV, Erumo = —0.663 eV) revealed that it
could promote energy transfer to PFO-BPy6,6', which, in turn,
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Fig. 4 Energy levels of (6,5 SWCNT, 2,5-dibromothiophene and PFO-
BPy6,6’, which form two type-I heterojunctions. The density of (6,5)
SWCNT states (shown up to Ess transition) was taken from ref. 47 and
aligned with the Fermi level calculated in this work (Ef = —4.041 eV).
HOMO and LUMO levels of 2,5-dibromothiohene and PFO-BPy6,6’ were
also calculated in this study (cf. ESIT file).

could transfer it to (6,5) SWCNTs (Fig. 4). It was previously
reported that charge transfer could occur between the polymer
and SWCNTs wrapped with a polymer dispersant,>®—3"4%46
Herein, we showed that in such a novel three-component
extraction system, a molecular chaperone exhibits favorable
electronic interactions with the polymer. Consequently, it may
give rise to beneficial polymer conformation reconfiguration,
enabling the polymer to wrap the desired SWCNT species more
efficiently.

Quickly and properly folded polymer molecules in the
presence of these molecular chaperones are much less likely
to unwrap from SWCNTs with which they exhibit molecular
matching, making the desired PFO-BPy6,6’®(6,5) SWCNT com-
plexes more stable. Creation of these nanohybrids (typically
promoted by sonication or shear mixing) is a reversible process,
and the obtained results strongly suggested that the addition
of these extraction enhancers promotes the kinetics of the
forward process (kextraction), counteracting the opposite one
(kagglomeration) leading to material sedimentation.

kextraction
PFO-BPy + SWCNT =———= PFO-BPy@SWCNT

ka\gg]omeralion

It was previously reported that physical interactions*®>°

may stabilize certain polymer conformations, which may
explain the observed enhancement of both yield and purity.
These findings are in agreement with our modeling results,
revealing that the inclusion of 2,5-dibromothiophene affected
the rotation of the polymer chains in space. Interestingly, the
discovered phenomenon was valid when purifying complex
SWCNT mixtures such as HiPco. Despite the presence of multi-
tude of SWCNT chiralities in the raw material, upon addition of
the 2,5-dibromothiophene enhancer, the PFO-BPy6,6’ extractor
experienced a significant increase in its affinity to (6,5)
SWCNTs (Fig. S14, ESIt). While (6,5) chirality was a minority
SWCNT type in the starting material, upon the processing, it

This journal is © The Royal Society of Chemistry 2024
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became the most abundant fraction due to enhanced wrapping
of such SWCNTs with PFO-BPy6,6’ caused by the additive.

3. Conclusions

In conclusion, we showed a new type of system for the purifica-
tion of SWCNT mixtures, which in the unprocessed state has
known limited application potential. The implementation of
the prepared conjugated polymers produced high-quality (6,5)
SWCNT dispersions, but, as in other reports, the yield of the
process was unsatisfactory. We discovered that the incorpora-
tion of additives in the form of chemical compounds or
oligomers into the extraction system improved the concen-
tration of the extracted SWCNT species by an order of
magnitude.

A systematic empirical approach combined with modeling
revealed that the aforementioned enhancers acted as
polymer chaperones, refining the process of wrapping the
desired SWCNT types with the polymers. This effect was
explained by the uncovered charge transfer between the
PFO-BPy6,6' selective polymer and 2,5-dibromothiophene
extraction promoter, which, among a spectrum of tested com-
pounds, provided the most considerable improvement of the
extraction yield.

Our findings constitute an important milestone toward
SWCNT implementation in real-life applications, by making
these promising materials much more available. The high cost
of purifying SWCNTs is a major impediment hindering their
deployment in various application fields, so the proposed
technique that greatly increased the concentration of the
harvested species is an attractive solution to this pressing
problem.

4. Experimental

All the information about the materials and methods is pro-
vided in the ESIL.{
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