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Fabrication of Chiral-Selective Nanotubular Heterojunctions through
Living Supramolecular Polymerization
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Abstract: Novel, chiral-selective linear nanotubular hetero-
junctions were achieved by living supramolecular polymeri-
zation of perylenediimide (PDI) derivatives. We demonstrate
that the chiral seed can effectively bias achiral PDI molecules
to polymerize on its ends in the identical helical sense. More
interestingly, the chiral seed can bias the opposite enantiomers
to grow expitaxially from its ends even in excess amounts
relative to the seed. Furthermore, we demonstrate that the
biasing effect of the chiral seed on the opposite enantiomer is
not dependent on the length of the chiral seed but is related to
the intrinsic length of the elongated nanotube from the opposite
enantiomer. The fabrication of chiral-selective nanotubes was
achieved by application of the unique biasing effect of the
chiral seed in living supramolecular self-assembly.

I n recent years, living supramolecular polymerization has
emerged as a powerful technique for the generation of
complex architectures with programmable and precisely
controlled dimensions."™" For example, Manners et al. have
pioneered the fabrication of block polymers (for example,
polyferrocenylsilane, PFS) into various elaborate nanoscale
architectures via living crystallization-driven self-assem-
bly."! However, in comparison to their polymer counter-
parts, small organic molecules were only recently reported to
undergo living self-assembly in 2014. Takeuchi and co-work-
ers first reported rationally designed porphyrin-based mono-
mers undergoing living supramolecular polymerization.[! The
main challenge in the living assembly of common small
molecules lies in the insufficient energy barrier for the initial
nucleation process, which results in spontaneous nucleation
that competes with the crystallization-driven elongation
process. To address this challenge, control over the pathway
complexity (for example, the application of kinetically
trapped off-pathway assemblies to inhibit the initial nuclea-
tion) has emerged as an effective approach for living self-
assembly.[*1*>17] Despite examples being sparsely reported
in this research area,®®!®'] the living assembly of small
molecules continues to lag far behind that of their polymer
counterparts and has not been applied to create complex
functional architectures (for example, chiral heterogeneous
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supramolecular structures) that are difficult to access by
common self-assembly methods. Recently, Aida and co-
workers reported the achievement of the helix sense-selective
supramolecular polymerization by using one-handed nano-
tube as a seed." This result inspired us to explore the
possibility of constructing chiral-selective supramolecular
architectures via living self-assembly. Because living small
molecule self-assembly requires no specific solution process-
ing (for example, dilution or heating) to prevent spontaneous
aggregation of the second monomer compared to common
seeded self-assembly,'*?! this approach should provide
a more convenient and powerful method of fabricating
unprecedented chiral-selective supramolecular heterojunc-
tions.

Herein, new chiral-selective linear heterogeneous nano-
tubes were prepared by living supramolecular self-assembly
of perylenediimide (PDI) derivatives (Figure 1a). We dem-
onstrate that the chiral nanotube seed induced the polymer-
ization of achiral PDI molecule 2 at the seed ends in the same
helical sense (Figure 1b), which is analogous to the sergeants-
and-soldiers effect in molecular self-assembly.”'!l More
interestingly, the chiral seed is capable of biasing the opposite
enantiomer in excess amounts (for example, 2-4-fold relative
to the seed) to polymerize in the same helical sense at its ends,
which surprisingly disregards the majority rule that was well
recognized in molecular self-assembly.?>26-2530:334 Fyrther-
more, we demonstrate that the biasing effect of the chiral seed
on the opposite enantiomer is not dependent on the seed
length of the chiral seed but is instead related to the intrinsic
length of the elongated nanotube from the opposite enantio-
mer. When the length of the elongated nanotube from the
opposite enantiomer was larger than a certain value (ca.
1.2 um in this study), the seed-initiated helical sense of the
nanotubular heterojunction was eventually inverted. There-
fore, the unique biasing effect of the chiral seed in the living
self-assembly can be used to fabricate chiral-selective archi-
tectures from the enantiomers.

The monomers selected in this study were PDI derivatives
(Figure 1a). We previously reported that the self-assembly of
these molecules follows two aggregation pathways, where the
off-pathway microribbons quickly formed prior to the for-
mation of the on-pathway nanotubes.® After careful exami-
nation of the time-dependent fluorescence intensity of the
microribbons at 595 nm, a sharp decrease in the fluorescence
intensity was observed at 24 h, which is characteristic of an
autocatalytic process involving microribbon decomposition
(Supporting Information, Figure S1). This result motivated us
to explore the possibility of the living supramolecular
assembly of these molecules. Prior to the experiments, we
prepared the seeds of 1 and 2 by ultrasonicating the
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Figure 1. a) Molecular structures of molecules 1 and 2. b) lllustration
of the living supramolecular polymerization process of (S)-1 (i) and
the formation of nanotubular heterojunctions via living supramolecular
polymerization of 1 and 2 (ii—iv). c) SEM image of (S)-1 seeds
obtained through ultrasonication. Inset: length distribution of (S)-

1 seeds (the lengths of more than 100 nanotubes were measured).
d) SEM image of the aggregates formed 2 h after the living assembly
in which (S)-1 seeds were added to the stock solution of (S)-1 micro-
ribbons at a molar ratio of 1:5. ) SEM and f) TEM images of the
aggregates formed 20 h after the same living assembly. Inset in (e):
length distribution of the formed nanotubular heterojunctions at 20 h
after the living assembly.

corresponding prefabricated nanotubes at —70°C for 1 h.
Analysis of the length of more than 100 seeds using scanning
electron microscopy (SEM) and transmission electron mi-
croscopy (TEM) revealed that the resulting nanotube seeds
ranged in length from 0.2 to 1 um (Figure 1c; Supporting
Information, Figure S2).

Upon the addition of (5)-1 seeds (0.003 umol, 0.5 mL) to
the prefabricated stock solution of (S)-1 microribbons?
(0.015umol, 2.5mL) in a chloroform/ethanol mixture
(volume ratio: 1:15), the living nature of the seeded self-
assembly was investigated by SEM and TEM. As shown in
Figure 1 and the Supporting Information, Figure S3, the
nanotubes became elongated with time progress and simulta-
neously the microribbons became smaller and fewer, reveal-
ing that the gradual disassembly of the microribbons and the
growth of the nanotubes. After 20 h of self-assembly, sub-
stantially elongated aggregates were formed, accompanied by
the disappearance of the precursor microribbons (Figure 1e;
Supporting Information, Figure S4). Our TEM observations
confirmed the nanotubular structure of the elongated aggre-
gates (Figure 1 f) similar to that of the seeds. Furthermore, the
resulting nanotubes have approximately six times the length
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of the seed (Figure 1e), which is indicative of the epitaxial
growth of the monomers on the ends of the seeds. The living
nature of the seeded self-assembly was further supported by
optical characterizations. As shown in the Supporting Infor-
mation, Figure S5a.c, the fluorescence intensity of the micro-
ribbons began to decrease quickly, without a lag time, after
the seed was added; this behavior contrasts sharply with the
invariable fluorescence intensity of the microribbons in the
absence of the seeds (Supporting Information, Figure S5b).
Likewise, a new absorption band centered at 555 nm, which
corresponds to the formation of nanotubes,* emerged within
2 h after the addition of the seeds into the microribbons
solution (Supporting Information, Figure S6a); by contrast,
the absorption spectra of the microribbons solution without
seed addition remained unchanged (Supporting Information,
Figure S6b). These results strongly indicate that the added
seeds induced the rapid decomposition of the metastable
microribbons, which, in turn, induced the resulting monomers
to grow on both ends. This result demonstrates the living
nature of the self-assembly of (S)-1, as illustrated in Fig-
ure 1b. Notably, the helical molecular packing of the elon-
gated portion is identical to that of the seed, as confirmed by
the circular dichroism (CD) spectra, in which the same
positive Cotton effect between 470 nm and 650 nm increased
with elongation of the resulting nanotubes (Supporting
Information, Figure S6¢). Furthermore, molecules (R)-1 and
2 were capable of functioning as seeds to initiate the living
self-assembly (Supporting Information, Figures S7 and S8).
We envisioned that the living nature of the self-assembly
of these molecules may enable the generation of various
nanotubular heterojunctions by recruiting another monomer
to epitaxially grow in the same fashion as the block polymers.
To investigate this hypothesis, we added (§)-1 seeds with
different molar ratios to the stock solution of 2 microribbons
that were obtained after 2 h of self-assembly according to
a previously reported approach,” and monitored the time-
dependent fluorescence of the microribbons. After the
addition of (S)-1 seeds, the fluorescence of the microribbons
immediately decreased, without a lag time (Figure2a;
Supporting Information, Figure S9), which suggests the
growth of nanotubular assemblies from monomers resulting
from immediate disassembly of the metastable microribbons.
This process was further evidenced by SEM measurements
where the nanotubes epitaxially elongated with time progress
and the microribbons simultaneously became smaller and
fewer (Supporting Information, Figure S10). A high-magnifi-
cation TEM image revealed that the diameter of the grown
tubular segment is slightly smaller than that of the seed,
indicative of the heterojunction structure (Supporting Infor-
mation, Figure S11). After 20 h of self-assembly, the 2 micro-
ribbons completely disappeared and only the elongated
nanotubes were observed (Figure 2b-d; Supporting Informa-
tion, Figure S12). Furthermore, with the molar ratio of (§)-
1 seeds to 2 microribbons at 1:1, 1:5, and 1:10, the resulting
nanotubes have approximately 2, 6, and 11 times the length of
the seeds, respectively (Supporting Information, Figure S13),
indicating the living supramolecular polymerization of 2
monomers on the ends of the seeds. Likewise, the nanotubular
heterojunctions were formed using 2 nanotubes as the seed
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Figure 2. a) Time-dependent changes in the fluorescence intensity at
595 nm, which was assigned to 2 microribbons (0.0125 umol) in

a chloroform/ethanol mixture (2 mL), upon addition of (S)-1 seeds
(0.0125, 0.0025, and 0.0012 pmol) at molar ratios of 1:1, 1:5, and 1:10
relative to 2 microribbons and without the addition of (S)-1 seeds.
Data error £10%. b)—d) SEM images of the nanotubular heterojunc-
tions formed 20 h after the living assembly in which (S)-1 seeds were
added to the stock solution of 2 microribbons at molar ratios of 1:1
(b), 1:5 (c), and 1:10 (d). Inset in (b): TEM image of the formed
nanotubular heterojunctions. e) Time-dependent changes in the CD
spectra of the aggregates upon addition of (S)-1 seeds (0.003 umol,
0.5 mL) into 2 microribbons (0.015 pmol) in a chloroform/ethanol
mixture (2.5 mL) at a molar ratio of 1:5. f) Time-dependent CD signals
at 512 nm upon addition of (S)-1 seeds (0.003 umol, 0.5 mL) into 2
microribbons (0.003, 0.009, and 0.015 umol) in a chloroform/ethanol
mixture (2.5 mL) at molar ratios of 1:1, 1:3, and 1:5. Data error
+10%.

and the metastable microribbons of (§)-1 as the stock material
(Supporting Information, Figures S14 and S15). Because the
seeds that consist of (§)-1 are chiral, the growth of achiral 2 on
the chiral seed was expected to adopt the same helical sense.
Indeed, as shown in Figure2e, the CD spectral profile
exhibited a positive Cotton effect between 470 nm and
650 nm (assignable to the seeds) that increased substantially
with elongation of the nanotubes, indicating that the (S)-
1seeds initiated the epitaxial growth of achiral 2 monomers in
the same helical sense. The biasing effect of the chiral seeds
on the molecular packing of 2 monomers was further
confirmed by the CD intensity of the resulting nanotubes
being approximately proportional to the amount of 2 micro-
ribbons and the seeds (Figure 2 f; Supporting Information,
Figure S16). Here, the biasing effect of the seed on the achiral
2 resembles the common sergeants-and-soldiers effect in
molecular self-assembly.”'!
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These results further motivated us to investigate if the
chiral seeds are capable of initiating the supramolecular
polymerization of the opposite enantiomer on their ends and
simultaneously biasing the opposite enantiomer to adopt
packing in the same helical sense. After (S)-1 seeds of ca.
600 nm in length were added to the stock solution of (R)-
1 microribbons obtained after 2 h of self-assembly according
to a previously reported method, elongated nanotubes were
formed after self-assembly (Figure 3; Supporting Informa-
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Figure 3. SEM images of the nanotubular heterojunctions that were
formed 20 h after beginning the living assembly where (S)-1 seeds
(0.003 pmol, 0.5 mL) were added to the stock solution of (R)-1 micro-
ribbons (0.003, 0.006, 0.009, and 0.015 pmol) in a chloroform/ethanol
mixture (2.5 mL) at molar ratios of 1:1 (a), 1:2 (b), 1:3 (c), and 1:5
(d). Insets: length distribution of the formed nanotubular heterojunc-
tions at 20 h after beginning the living assembly (more than 100
nanotubes were measured).

tion, Figure S17). The heterojunction structure consists of the
grown tubular segment from (R)-1 with a smaller diameter
and the seed segement was clearly imaged in high-magnifi-
cation TEM images (Supporting Information, Figure S18).
Furthermore, with the molar ratio of (R)-1 microribbons to
(8)-1 seeds at 1:1, 1:2, 1:3, and 1:5, the resulting nanotubes
have about 2, 3, 4, and 6times the length of the seeds,
respectively, indicating the living polymerization of (R)-1 on
the ends of (§)-1 seeds.

Interestingly, the CD signals became more intense with
time progress when the molar ratio of the amount of (R)-1 to
that of (S)-1 seed (ca. 600 nm in length) was even 2,
(Figure 4a,b), confirming that the helical sense of the newly
grown nanotube from (R)-1 is identical to that of the seed.
This result is surprising because it disregards the majority rule
generally recognized in the molecular self-assembly of
enantiomers.[?2%2%:3:3234 Notably, when the amount of (R)-
1 relative to that of (§)-1 was further increased (for example,
3:1 and 5:1), the CD bands increased initially and then
decreased gradually to a negative Cotton effect (Figure 4b,c;
Supporting Information, Figure S19). This results indicate
that more (R)-1 monomers can only be kinetically induced to
take the same helical sense to the seed; they would further
transform to a thermodynamically stable form; that is, the
stereochemically identical packing. This observation also
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Figure 4. a) Time-dependent changes in the CD spectra of the aggre-
gates upon addition of (5)-1 seeds with a length of ca. 600 nm

(0.003 pmol, 0.5 mL) to (R)-1 microribbons (0.006 umol) in a chloro-
form/ethanol mixture (2.5 mL). b) Time-dependent CD signals at

512 nm upon addition of (S)-1 seeds with a length of ca. 600 nm
(0.003 pmol, 0.5 mL) to (R)-1 microribbons in a chloroform/ethanol
mixture (2.5 mL) at molar ratios of 1:1, 1:2, 1:3, and 1:5. Data error
+10%. c) Time-dependent changes in the CD spectra of the aggre-
gates upon addition of (5)-1 seeds with a length of ca. 600 nm

(0.003 pmol, 0.5 mL) to (R)-1 microribbons (0.015 umol) in a chloro-
form/ethanol mixture (2.5 mL). d) Time-dependent changes in the CD
spectra of the aggregates upon addition of (5)-1 seeds with a length of
ca. 300 nm (0.0015 umol, 0.5 mL) into (R)-1 microribbons

(0.006 pmol) in a chloroform/ethanol mixture (2.5 mL). e) Time-depen-
dent CD signals at 512 nm upon addition of (S)-1 seeds with a length
of ca. 300 nm (0.0015 pumol, 0.5 mL) to (R)-1 microribbons in chloro-
form/ethanol mixture (2.5 mL) at molar ratios of 1:2, 1:4, 1:6, and
1:10. Data error £ 10%. f) Time-dependent changes in the CD spectra
of the aggregates upon addition of (S)-1 seeds with a length of ca.
300 nm (0.0015 pmol, 0.5 mL) to (R)-1 microribbons (0.015 pmol) in
a chloroform/ethanol mixture (2.5 mL).

suggests that the biasing effect of the chiral seeds decreased
with elongation of the nanotube of the opposite enantiomer;
consequently, the majority rule eventually took control,
resulting in a negative Cotton effect. To gain additional
insight into the biasing effect of the chiral seeds, we shortened
the length of the chiral (§)-1 seeds to ca. 300 nm by extending
the ultrasound treatment time (Supporting Information,
Figure S20) and evaluated their biasing effect on the supra-
molecular polymerization of the opposite enantiomer. Upon
addition of half of the amount of (5)-1 seeds with a length of
ca. 300 nm relative to those that were ca. 600 nm in length
(that is, keeping the same amount of active seed ends) to the
previously described microribbon suspension, the short seeds
biased the same amount of the opposite enantiomers (the
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molar ratio of (R)-1 to that of (5)-1 seeds is actually 4 in this
case) to grow in the same sense (Figure 4d,e; Supporting
Information, Figure S21). Likewise, more (R)-1 grown on the
seed kinetically maintained the same sense to the seed and
then inverted gradually, as evidenced by time-dependent CD
spectra (Figure 4e.f; Supporting Information, Figures S21 and
$22). The similar biasing behaviors of these two types of seeds
(Figure 4) indicate that the biasing effect of the chiral seed on
the opposite enantiomer is not dependent on the length of the
chiral seed but is related to the intrinsic length of the
elongated nanotube from the opposite enantiomer (ca.
1.2 um). Because the opposite enantiomers tend to adopt
a stereochemically identical packing, we postulate that the
observed chirality inversion is due to the enthalpy penalty
that increases as the length of the elongated nanotube
increases. A detailed mechanistic investigation is currently
underway in our lab. Herein, we highlight that the fabrication
of chiral-selective architectures from the enantiomers by
application of a unique biasing effect of the chiral seed in the
living supramolecular self-assembly.

In conclusion, we prepared new chiral-selective nano-
tubular heterojunctions via living supramolecular self-assem-
bly. We demonstrated that the chiral nanotube seed not only
induced the polymerization of an achiral PDI molecule at the
seed ends in the same helical sense, but also initiated the
polymerization of the opposite enantiomer even in excess
amounts at the seed ends in the same helical sense. We further
demonstrated that the biasing effect of the chiral seed on the
opposite enantiomer is not dependent on the seed length of
the chiral seed but related to the intrinsic length of the
elongated nanotube from the opposite enantiomer. When the
length of the elongated nanotube from the opposite enantio-
mer was larger than a certain value (ca. 1.2 um in this study),
the seed-induced helical sense of the nanotubular hetero-
junction eventually inverted. Therefore, the application of
living supramolecular self-assembly provides a new approach
for the preparation of chiral-selective nanostructures.
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