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Highly fluorescent bilayer nanotubes with right- or left- 4 The detailed synthesis of chiral molecule 1, which bears a point
handed helical sense were assembled from a chiral asymmetric chirality in the polar side chain and dodecyl as the other side chain
perylene diimide for the first time, which constitute a new (Figure 1), is described in the Supporting Information (see Scheme

family member of self-assembled organic nanotubes. S1 in the supporting information). Typically, the self-assembly of
(S)-1 into well-defined nanotubes was achieved through the

injection of 0.5 mL of a chloroform solution of (S)-1 (0.14 mM)

S

Nanotubular assembly of organic molecules has attracted intense s

interest because of the potential applications in biomimetic into 5 mL of ethanol followed by aging for more than 3 hours.
systems,® optically active materials,*® among others.”*0 Insight into the nanotubular morphology of (S)-1 was gained using
Although various organic nanotubes have been constructed from microscopic techniques. Transmission electron microscopy (TEM)
synthetic molecular systems including macrocyclic molecules,5 clearly revealed the formation of nanotubes with a uniform

15 aromatic amphiphiles,’®1° and oligopeptides,»22* perylene ss diameter from (S)-1, as shown in Figure 2a. The formed nanotubes
diimide (PDI) molecules, a typical and critical class of n-type from (S)-1 are several micrometers long (see Figure S1 in the

@

organic semiconductors,?>?8 have not ever been constructed into supporting information) and have a uniform external diameter of
nanotubes in a controlled approach, despite occasional formation 17 nm. A closer examination of the magnified TEM image of a
of nanotubes in some Kinetic system.?® single nanotube shows that the wall thickness of the nanotube is

S

Recently, we reported that an asymmetric PDI molecule bearing e determined to be ca. 4 nm (Figure 2b), indicative of a bilayer
deliberately designed 3,5-dimethoxybenzyl as the polar side chain structure of the (S)-1 molecules. Notably, the self-assembly of
could be assembled into thermodynamically stable nanocoils.2® On enantiomer (R)-1 results in nanotubes with almost the same
the basis of this finding, we conjecture that the closing-pitch of the dimensions (Figure 2c and Figure 2d). Importantly, it is the first
helical nanocoils can be achieved for the formation of nanotubular time to assemble PDI into the uniform nanotubes in a controlled
structure through the deliberate control the interplay of the non- & way, which constitutes a new family member of self-assembled
covalent interactions of PDI molecules. In this work, we report a organic nanotubes,13.16-21

new family member of self-assembled organic nanotubes, i.e., the
highly fluorescent one-handed nanotubes self-assembled from a
chiral asymmetric PDI as shown in Figure 1. We demonstrate that
chiral molecule 1 initially forms the nanoribbons that subsequently

roll up into racemic nanocoils and nanotubes; a stereochemical bias
from the chiral polar side chain slowly gives rise to the transition
from the racemic nanotubes, i.e., both right-handed and left- ™
handed nanotubes, to the single-handed form. The single
handedness of the resulting nanotube is confirmed by the result that
only one-handed nanocoils form during the unwinding of the
nanotubes. Furthermore, these one-handed nanotubes are highly
emissive, with a fluorescence quantum yield greater than 46%,
thereby offering promising applications in optoelectronics,
fluorescent sensors, and biological imaging.
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Figure 2 (a) TEM image of the nanotubes assembled from (S)-1 at 7 days
after the initiation of self-assembly. (b) A magnified TEM image of a single
nanotube assembled from (S)-1. (c) TEM image of the nanotubes assembled

Q. o]
_}—o N 0.0 N ®-1 from (R)-1 at 7 days after the initiation of self-assembly. (d) A magnified TEM
@J_ 7 ¢ S image of nanotubes assembled from (R)-1.
o

Figure 1 Molecular structures of chiral molecule 1.
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To investigate the mechanism of nanotube formation, we used
TEM to monitor the aggregates formed at the early self-assembly
process of (S)-1. As illustrated in Figure 3a, when a mixture of 0.5
mL of (S)-1 in chloroform (0.1 mM) and 5 mL of ethanol was
instantaneously measured by TEM, both partially coiled or coiled
and tubular aggregates were observed. After 3 h of self-assembly,
all of the coils disappeared and only the nanotubes were observed
(Figure 3b). The observation of the different intermediates from
partially coiled to coiled to tubular aggregates indicates that the
10 helical coils formed by rolling up an initially formed bilayer
nanoribbon are the topological precursors for the nanotubes in the
self-assembly process (Figure 3c). Compared to the PDI molecule
with 3,5-dimethoxybenzyl as the polar side chain that formed
stable nanocoils,® molecule 1 bearing the ethylene linker and 3-
(sec-butoxy) substituent may provide more freedom for the
intermolecular rotation within n-stack and the enhanced
interaction for pitch closing, respectively. The helical molecular
arrangement of 1 with a larger rotation within the nanotube is
supported by absorption and fluorescence spectra (Figure S2), in
20 which an absorption band and a fluorescence maximum are red-
shifted by 50 nm and 55 nm compared with those of the individual,
respectively. Compared to the nanocoils previously reported,* the
nanotubes have considerably less red-shifted absorption and
fluorescence spectra, suggesting that molecule 1 adopts a helical
25 arrangement with a larger rotation and thus results in weaker
electron coupling between neighbour molecules. Such a large
intermolecular rotation is expected to promote a transition from the
lowest excited state to the ground state, thereby favoring the
luminescence property.?3! Indeed, a fluorescence quantum yield
% of greater than 46% (as determined from calibrated integrating
sphere measurements) was observed over the nanotubes from 1,
which is much higher than that (ca. 25%) of the nanocoils
previously reported.%
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Figure 3 (a) TEM image of the nanotubes assembled from (S)-1 at 5 min after

the initiation of self-assembly. (b) TEM image of the nanotubes assembled

from (S)-1 at 3 h after the initiation of self-assembly. (c) Schematic illustration
45 of the formation of single-handed nanotubes from 1.

Interestingly, the initially formed nanocoils and nanotubes from
(S)-1 were silent in the circular dichroism (CD) spectra as shown

in Figure 4a. This is consistent with the formation of both right-
handed and left-handed helical coils (Figure S3) that racemize their
CD signals. When only nanotubes formed after 3h of self-assembly,
positive CD signals in the range of 460-660 nm began to emerge
and gradually increased in intensity with time (Figure 4a),
indicative of the transition from racemic nanotubes to the single-
handed nanotubes. This CD result also indicates that the molecular
rearrangement by a stereochemical bias for the optically active
property mainly occurs in the nanotube, not in the initially formed
helical coils. The enantiomer (R)-1 exhibited a mirror image of the
CD spectral profile observed in (S)-1 during the self-assembly
process (Figure 4b). Notably, the final chirality of the nanotube
from either (S)-1 or (R)-1 suspending in ethanol remains unaltered
over a month, indicating that the optically active nanotubes are
thermodynamically stable in solution.
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Figure 4 (a), (b) Time-dependent changes in the CD spectra of (S)-1 and (R)-
1, respectively, measured in a mixed solvent of 0.5 mL of a chloroform solution

75 of 0.1 mM 1 in 4 mL of ethanol). (c), (d) TEM image of the nanotubes of (S)-1
and (R)-1 unwound in acetonitrile for 9 days, respectively.

To confirm whether racemic nanotubes, i.e., coexistence of right-
handed and left-handed nanotubes, completely transform into the
single-handed nanotubes, we unwound the nanotubes formed after
g0 1 days of self-assembly into the nanocoils whose helical sense can
be easily confirmed. Typically, the formed nanotubes were
dropped into acetonitrile and aged for 9 days to allow the
unwinding of the nanotubes. As shown in Figures 4c and 4d, all
the nanotubes assembled from (S)-1 transformed into left-handed
g5 nanocoils, while those assembled from (R)-1 transformed into
right-handed nanocoils. These results allow us to conclude that the
racemic nanotubes initially formed in the self-assembly of (S)-1
and (R)-1 completely transformed into left-handed nanotube and
right-handed nanotube, respectively, via a stereochemical bias of
the chiral PDI molecule. The resulting one-handedness PDI
nanotube is also reminiscent of other chiral nanotubular systems,
as elaborately described in the literature.”
In conclusion, we, for the first time, reported PDI-based nanotubes
with single handedness, i.e., left-handed nanotube assembled from
s (S)-1 or right-handed nanotube assembled from (R)-1. We have
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confirmed the single handedness of the thermodynamic nanotubes
because they were unwounded into only one-handed nanocoils.
Notably, these one-handed nanotubes are highly emissive, with a
fluorescence quantum yield greater than 46%., thereby offering
promising applications in optoelectronics, fluorescent sensors, and
biological imaging.
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