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Cascade energy transfer boosted near-infrared
circularly polarized luminescence of nanofibers
from an exclusively achiral system+
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We constructed chiral supramolecular nanofibers for light harvesting based on symmetry-breaking, and
these can generate near-infrared circularly polarized luminescence (CPL) with high dissymmetry factor
(gum) through a synergistic energy transfer and chirality transfer process. Firstly, the achiral molecule
BTABA was assembled into a symmetry-breaking assembly using a seeded vortex strategy. Subsequently,
the chiral assembly can endow the two achiral acceptors, Nile Red (NR) and Cyanine 7 (CY7), with supra-
molecular chirality, as well as chiroptical properties. CY7 can reach an excited state and emit near-infrared
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light through a cascade energy transfer process from BTABA to NR and then to CY7, but cannot directly
acquire energy from the excited BTABA. Significantly, the near-infrared CPL of CY7 can be obtained with
a boosted g\m value of 0.03. This work will provide a deep insight into the preparation of materials with
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The wavelength range of near-infrared (NIR) light is defined as
the region from 700 to 2500 nm," which is widely used in the
fields of biomedical imaging,> photodynamic therapy® and
encryption.* If one focuses on the polarization dimension,
near-infrared circularly polarized light can provide further
information to effectively restrain interference, filtrate signals
and enhance the signal-noise ratio. Generally speaking, circu-
larly polarized luminescence (CPL) refers to the difference in
the emission of the left-handed and right-handed circularly
polarized light in chiral chromophores or chiral environments
in the excited state. The luminescence dissymmetry factor is
used to measure the quality of CPL, which can be defined as
Zlum = 2 X (I, — R)/(Iy, + Iz), where I, and I, respectively, refer
to the intensity of left and right CPL.>® Currently, there are few
reports on the materials with near-infrared CPL activity.””
Metal complexes modified with chiral ligands are generally
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near-infrared CPL activity from an exclusively achiral system.

used to generate CPL in the near-infrared region, but their
Zlum Vvalues are relatively small.'® A few lanthanide metal com-
plexes show high near-infrared CPL activity and gjum, but these
molecules or their precursors are difficult to synthesize due to
their complicated chiral structure.'™'*> Meanwhile, it is hard to
flexibly adjust the Stokes-shift of near-infrared CPL.

Fortunately, chiral assembly and energy transfer strategies
have been proven as important approaches for boosting
CPL."*>* Based on this point, we considered using a supramo-
lecular assembly as the chiral host to carry the fluorescent
chromophores as the guests and achieve CPL with a tuneable
Stokes shift in the near-infrared region through cascaded
energy transfer among fluorescent chromophores. In addition,
it has been demonstrated that symmetry-breaking is an
effective way of constructing chiral supramolecular structures
for achiral building blocks.>* *® In our previous work, chirality-
controlled supramolecular assemblies could be obtained
through the seeded vortex method from exclusively achiral C;-
symmetric molecules.?® More importantly, in the light-harvest-
ing collection of the chiral assembly system, fluorescence reso-
nance energy transfer (FRET) was expected to be an important
process for further amplifying the gy, value.***!

For this purpose, we have used chiral assemblies made
from achiral C;-symmetric molecules to construct a cascade
energy transfer system, which showed high gy, values of near-
infrared CPL. As shown in Fig. 1, we synthesized an achiral
molecule (BTABA) and then prepared chiral assemblies
through the seeded-vortex strategy. When BTABA molecules
were co-assembled with Nile Red (NR) and Cyanine 7 (CY7),

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 A diagram illustrating the cascaded energy transfer in a non-chiral system. By employing a seed-induced vortex mixing strategy, chiral assem-
blies with controlled chirality were obtained. When Nile Red (NR) and Cyanine 7 (CY7) were co-assembled with BTABA, the chiral assemblies could
transfer their chirality to non-chiral acceptors and achieve circularly polarized luminescence in the near-infrared region via cascaded energy

transfer.

chiral assemblies of BTABA endowed the two achiral dyes with
induced supramolecular chirality, where the g, values of
energy acceptors were further amplified by the energy transfer
from donors to acceptors. CY7 is responsible for the strong
near-infrared CPL emission, which can be achieved by various
excitation wavelengths according to the involvement of com-
ponents in the system.

After seeded-vortex treatment, BTABA formed chiral supra-
molecular assemblies in a DMF/H,O mixed solvent. As com-
pared with the solution of BTABA, the absorption peak of the
formed chiral assemblies was broadened, indicating the for-
mation of n-n stacking during the self-assembly process of
BTABA molecules.’** The fluorescence intensity of the chiral
assemblies was 15.7 times stronger than that of the solution
state, accompanied by a pronounced red-shift from 368 nm to
448 nm (Fig. S1t). This might be due to the restriction of mole-
cular internal rotation by aggregation, thereby reducing non-
radiative transitions and resulting in fluorescence enhance-
ment. Here, two achiral organic dyes, NR and CY7, were
selected to co-assemble with BTABA. As shown in Fig. 2a and
b, the absorption peak of NR overlaps with the emission peak
of BTABA, indicating that NR is a suitable energy acceptor for
BTABA. In addition, the emission maximum of NR is precisely
located within the absorption range of CY7, enabling it to act
as an energy mediator in the light-harvesting system.>*>*

In BTABA assemblies, different amounts of NR were added.
By increasing the NR ratio, it was observed that the emission

This journal is © The Royal Society of Chemistry 2023

peak at 465 nm decreased, and a new gradually increasing
emission peak appeared at around 647 nm. This was attribu-
ted to the fluorescence emission of NR, indicating that NR can
be regarded as an effective energy acceptor for BTABA (Fig. 2c).
As shown in Fig. S2 and Table S1,7 when the molar ratio of
BTABA to NR was 60:1, the emission of NR reached the
highest intensity, and the ET efficiency was approximately
80.5% by exciting BTABA. Further increasing the amount of
NR will lead to aggregation-caused quenching (ACQ).
Therefore, the ratio of BTABA:NR was chosen as 60:1, and
CY7 as a second acceptor was further added. By exciting
BTABA, the emission of the NR as the second energy donor
showed decreasing emission intensity at 647 nm with increas-
ing CY7 ratios, and a new fluorescence emission peak
appeared at 805 nm, which belongs to the fluorescence emis-
sion of CY7 (Fig. 2e). When the molar ratio of BTABA/NR/CY7
was 60/1/1, the best emission of CY7 can be obtained without
an obvious ACQ effect, and the ET efficiency was approximately
41.3%. This indicates that NR acts as a “bridge” towards the
energy transfer from BTABA to CY7. It should be noted that in
the BTABA/CY7 system, increasing CY7 will not influence the
fluorescence intensity of BTABA and no CY7 emission occurs
by exciting BTABA, indicating that energy transfer cannot
occur between BTABA and CY7 (Fig. S31). In order to further
demonstrate the energy transfer process and reveal possible
mechanisms, fluorescence lifetime measurements were con-
ducted. As shown in Fig. 2d and f, the average lifetime of the
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Fig. 2 (a) The diagram of energy transfer. (b) Normalized absorption (solid line) and emission (dashed line) spectra of the DMF solution of BTABA
(black line), NR (red line) and CY7 (green line). (c) Fluorescence spectra of the BTABA/NR assembly in the presence of different amounts of NR. (d)
Emission decay curves of the assembly of BTABA and BTABA/NR. (e) Fluorescence spectra of the BTABA/NR/CY7 assembly in the presence of
different amounts of CY7. (f) Emission decay curves of the assembly of BTABA/NR and BTABA/NR/CY7. [BTABA] = 5.29 mM, [NR] = 0.088 mM, [CY7]

=0.088 mM.

donor BTABA in BTABA/NR and BTABA/NR/CY7 assemblies
was shorter than that in the BTABA assembly, further demon-
strating that the ET from the donor to the acceptor is efficient,
and the energy transfer between BTABA and NR mainly follows
the fluorescence resonance energy transfer mechanism,**?
while there is almost no change in the BTABA/CY7 assembly,
further confirming that there is no efficient energy transfer
between BTABA and CY7 (Fig. S41). On the other hand, we
tested the fluorescence lifetimes of pure NR and CY7 solu-
tions, which were found to be 2.24 ns and 1.12 ns, respectively.
The fluorescence lifetime of NR in the BTABA/NR assembly
was 2.01 ns, indicating that the assembling process will not
significantly change the lifetime of luminescence in dyes as
compared to that in pure dye solutions (Fig. S4t). Overall, in
this fluorescence resonance energy transfer system, we could
obtain near-infrared emission at 805 nm by excitation at three
wavelengths of 330 nm, 532 nm and 730 nm, and the longest
Stokes shift can reach 470 nm.

We further investigated the chiral optical activity of the
system. The completely achiral molecule BTABA exhibited
strong supramolecular chirality during the vortex-assisted
assembly process. As shown in Fig. S5, the M and P assem-
blies of BTABA displayed strong and mirror-image circular
dichroism (CD) signals. When the guest NR was co-assembled
with BTABA, a new CD signal appeared at the absorption peak
of the acceptor NR. In the BTABA/NR/CY7 assembly, CD
signals of both achiral dyes could be observed simultaneously.
In addition, the CD signal of CY7 could also be observed in

10822 | Nanoscale, 2023, 15,10820-10825

the BTABA/CY7 assembly. It is worth noting that the chiral
signals of both guests NR and CY7 have opposite CD signals to
that of the chiral host of BTABA. These results indicate that
the chiral host of the BTABA assembly can endow all guests
with oppositely induced chirality.

At the same time, in the BTABA assembly system, due to the
large number of functional groups that can provide hydrogen
bonding and n-n interactions, non-covalent interactions can
cause the BTABA molecules to orient themselves along the
direction of the interaction forces and exhibit certain degrees
of order on a macroscopic scale. In this case, the resulting an-
isotropy of the material further causes light scattering, which
often accounts for a significant proportion of the CD signal so
that the induced CD signal of the achiral dye is very weak and
almost unobservable (Fig. S5t). Therefore, in this case, we
further used fluorescence-detected circular dichroism (FDCD)
to exclude the influence of material self-scattering on the
induced chirality of the dyes.** As shown in the FDCD spec-
trum in Fig. 3c-e and S6,f a clear chiral signal appeared at
570 nm in the BTABA/NR assembly, which belongs to the
characteristic chiral signal of NR. Correspondingly, both the
achiral dye molecules NR and CY7 showed mirror-symmetric
FDCD signals. Moreover, the FDCD signals of the achiral dye
molecules were opposite to those of the chiral BTABA
assemblies.

To further investigate the reasons why the chiral donor
BTABA induced opposite-handedness in achiral dyes, we use
DFT calculations to simulate the donor-acceptor structure. As

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 The simulated chiral structure of (a) BTABA and (b) BTABA/NR. (c)
FDCD spectra of M-BTABA (blue line) and P-BTABA (red line). The
detected emission wavelength was set at 450 nm. (d) FDCD spectra
of M-BTABA/NR (blue line) and P-BTABA/NR (red line). The detected
emission wavelength was set at 640 nm. (e) FDCD spectra of M-BTABA/
NR/CY7 (blue line) and P-BTABA/NR/CY7 (red line). The detected emis-
sion wavelength was set at 755 nm. (f) The CD simulation spectrum of
BTABA (solid line) and BTABA/NR (dashed line), where CD spectra of M-
BTABA and P-BTABA are indicated by the blue and red lines, respectively.
[BTABA] = 5.29 mM, [NR] = 0.088 mM, [CY7] = 0.088 mM.

shown in Fig. 3a and b, the spiral structure of BTABA can
induce achiral NR to adopt a twisted chiral conformation
through non-covalent interactions. After that, we simulated the
CD spectra of the BTABA/NR binary system and found that the
CD signal of the acceptor is exactly opposite to the chiral
signal of the BTABA assembly (Fig. 3f), which is in accordance
with the experimental CD spectrum. This result suggests that
the chiral conformation of BTABA molecules and the induced
chiral NR have completely different angles between their mag-
netic and electric dipole moments.

We further investigated the chirality of excited states in this
symmetry-breaking supramolecular system. Noteworthily, by
applying the seeded-vortex strategy, controllably chiral BTABA
assemblies were obtained, exhibiting a strong CPL signal at
465 nm with a g, value of approximately +9.74 x 107> after
330 nm excitation (Fig. 4a). After BTABA co-assembling with
NR, a new CPL peak at 647 nm appears that belongs to the
chiral excited state of NR (Fig. 4b). If there are no chiral assem-
blies, then there is no CPL signal for the dye solution
(Fig. S77t). Furthermore, upon the addition of the achiral dye
CY7, a new peak belonging to CY7 appears at 825 nm (Fig. 4c).
In the BTABA/CY7 co-assembly, although exciting BTABA fails
to result in energy transfer to excite CY7, the directly exciting
CY7 can generate 825 nm CPL with g, being equal to 5.6 x
107 (Fig. 4d and S87). It suggests that BTABA cannot play the
role of energy donor in BTABA/CY7, but it still works as a
chiral host.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) CPL spectra of the BTABA assembly. (b) Amplified CPL
obtained after the energy transfer from donor BTABA to acceptor NR. (c)
The BTABA/NR/CY7 assembly triad with cascade energy transfer
showing stepwise amplified CPL. (d) CPL spectra of the BTABA/CY7
assembly. (e) Column diagrams of gim obtained by the irradiation of
BTABA, NR or CY7. The CPL spectra belong to the samples of M-BTABA
(blue line) and P-BTABA (red line). For the CPL spectra, the sample is
excited at 330 nm (solid line), 532 nm (dashed line) or 730 nm (dotted
line). [BTABA] = 5.29 mM, [NR] = 0.088 mM, [CY7] = 0.088 mM.

We further compared the CPL spectra of the acceptor by
exciting the donor BTABA with CPL from the direct exciting
acceptor. As shown in Fig. 4e and S8, in the BTABA/NR
assembly system, the gy, value of the acceptor NR by exciting
the donor BTABA (e = 330 nm) was 9.16 x 10~%, which was
2.56 times larger than that obtained by directly exciting the NR
acceptor (dex = 532 nm). In the three-component assembly of
BTABA/NR/CY7, a phenomenon of gradually amplified CPL
through cascade energy transfer was observed. When the
acceptor CY7 was directly excited at 730 nm, a weak CPL signal
was obtained at 825 nm with a calculated gy, value of 7.6 x
107, When the intermediate acceptor NR was excited at
532 nm, CY7 emitted a significantly amplified CPL signal with
a gium value of 1.46 x 1072, When the donor BTABA was excited
at 330 nm, a strong CPL signal was obtained at 825 nm in the
near-infrared region, and the g, value reached 3.04 x 1072
which was further enhanced compared to exciting the inter-
mediate acceptor NR and was four times larger than excitation
at 730 nm.>>*°

As shown in Fig. 5a, we used a mobile telephone to directly
detect emissions from all components in BTABA/NR/CY7,
especially the near-infrared emission of CY7, which paved the
way for output of multi-channel signals. In order to further
understand the chiral assemblies, we used scanning electron
microscopy (SEM) to characterize the morphology of all
samples. As shown in Fig. 5b—e, BTABA has a good nanofiber
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Fig. 5 (a) Photographs of BTABA/NR/CY7, which were captured using a
mobile telephone assisted by filters to avoid other emissions. (b) SEM
images of BTABA assemblies. (c) SEM images of BTABA/NR assemblies.
(d) SEM images of BTABA/CY7 assemblies. (e) SEM images of BTABA/NR/
CY7 assemblies. [BTABA] = 529 mM, [NR] = 0.088 mM, [CY7] =
0.088 mM.

structure. After incorporating the NR or CY7 acceptors, the
nanostructure of the BTABA chiral assembly remained intact
without obvious phase separation or aggregation. In addition,
a series of regular diffraction peaks appeared in the XRD spec-
trum at 4.69°, 6.66°, 7.76°, 9.57°, 10.43° and 11.62° (Fig. S9at),
with distance ratios of approximately
1:4/2:4/3:1/4:4/5: /6, indicating a layered stacking struc-
ture. As shown in Fig. S9b,t similar Fourier transform-infrared
(FTIR) data were further used to analyse the interaction among
dyes and BTABA molecules. The peak at 1664 cm™" in the
BTABA assembly is attributed to the characteristic peak of the
carboxyl group in the BTABA assembly, indicating the for-
mation of hydrogen bonds between the carboxylic acid groups
of the adjacent molecules. The peak at 1600 cm ™" is attributed
to the characteristic peak of the amide I band, and the peak at
1534 cm™* is the amide II band. This proves the existence of
hydrogen bonds between C=0 and N-H. Thus, the FTIR result
demonstrates that hydrogen bonds formed between molecules
play a critical role in the assembly process. The FTIR spectra of
BTABA/NR, BTABA/NR/CY7 and BTABA/CY7 show similar
results, indicating that doping these non-chiral molecules
does not destroy the tight molecular stacking of the BTABA
assembly. The anisotropy of the BTABA sample was studied by
polarized optical microscopy (POM) characteristics (Fig. S107).
BTABA, BTABA/NR, BTABA/NR/CY7 and BTABA/CY?7 all showed
nanofiber structures, indicating excellent stacking among the
building blocks and dyes. This is consistent with the results of
XRD and SEM.

Conclusions

In summary, we have successfully developed chiral nanofibers
by combining supramolecular symmetry-breaking and fluo-
rescence resonance energy transfer, resulting in the emergence
of near-infrared circularly polarized luminescence with a high
dissymmetry factor gj,m. Our approach involved harnessing
the properties of achiral BTABA molecules to induce supramo-
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lecular chirality, which then co-assembled with achiral accep-
tors, NR and CY7. The BTABA/NR/CY7 system exhibited near-
infrared CPL when excited by various wavelengths. Notably, a
cascade energy transfer from BTABA to NR and subsequently
to CY7 contributed to a substantial enhancement in the gjum
value of near-infrared CPL from CY7, reaching 0.03. This work
introduces a novel strategy for creating materials with near-
infrared CPL activity, even in exclusively achiral systems.
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