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Configurationally Stepping Confinement Achieved Tunable
Chiral Near-Infrared Luminescence Supramolecular

Phenothiazine Organic Framework

Jie Yu, Jie Niu, Xiufang Xu, and Yu Liu*

Herein, thermally responsive reversible chiral supramolecules are reported,
constructed by the chirality transfer from tripeptides to achiral network
supramolecular organic frameworks (SOF) based on configurationally
stepping confinement, which displayed not only highly selective reversible
chirality transfer but also efficient enhanced near-infrared (NIR)
luminescence. Taking advantage of macrocyclic confinement, CB[8] separately
encapsulated two kinds of tetracationic bis(phenothiazines) derivatives (G1,
G2) at 2:1 stoichiometric to form organic 2D SOFs, efficiently enhancing 12.6
fold NIR luminescence and blueshifted from 705 to 680 nm for G1, and
redshifted from 695 to 710 nm for G2, respectively. Uncommonly, the
tripeptide coassembled with two kinds of achiral noncovalent frameworks
(G1/CBI8] or G2/CBJ8]) displayed different opposite circular dichroism signals
based on different binding modes and affinity, achieving chirality transfer
from tripeptide to organic supramolecular assemblies with further enhanced
NIR fluorescence up to 46.2 times and the quantum yield (QY) increased from
0.71% to 10.29% for G2/CB[8], showing reversible chirality transfer and
tunable NIR fluorescence under thermal stimulus. Therefore, the current
research has achieved controllable chirality transfer from tripeptide to the
SOFs and the enhancement of tunable NIR fluorescence, which is

confine chromophore guests to induce
or enhance the fluorescence or phos-
phorescence properties,*! and the cir-
cularly polarized luminescence,®! have
become one of the research hotspots in
supramolecular science, showing wide
application in biological,l® information
encryption,/”] sensing,[®! optical devices!”!
and catalysis.'”) Generally, two strategies
existed to realize the chiral luminescence
of macrocyclic supramolecular materials.
One is to use the rigid microenvironment
of macrocycles to confine the guests,
which can not only transfer the chirality
of macrocycles to the luminophores but
also enhance or activate the lumines-
cence of the guests. For instance, Inouye
et al.l'!l found that y-cyclodextrin included
alkynylperylenes with terphenyl-type stop-
per molecules, giving a [4]rotaxane with
orange fluorescence, showing a high quan-
tum yield of up to 15% and significant
dissymmetry factor (g, = —2.1 x 1072).

successfully applied in thermal responsive chiral logic gates, information

encryption, and cell imaging.

1. Introduction

Chiral supramolecular luminescent materials, especially those
constructed by macrocyclic compounds including cyclodextrin, ]
macrocyclic arenes,!”) and cucurbit[njuril (CB[n])®! to
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Liu and coworkers!!?) demonstrated that
p-cyclodextrin  (f-CD) could act as the
chiral wheel to encapsulate aminopy-
rene derivative and dynamical condense
with triformylphloroglucinol to form the
chiral 2D covalent organic framework with
tunable luminescence deriving from the confinement of §-CD.
Yang et al.['*] synthesized a series of bipyrene-modified cyclodex-
trin and found that one pyrene unit of the host could pene-
trate the cavity of another host to give a right-handed excimer
and further aggregate into nanobelt, and the quantum yield was
enhanced to 64.0% in water. Nau et al.l** reported that 2,3-
diazabicyclo[2.2.2]oct-2-ene derivatives were encapsulated by f-
CD via parallel or perpendicular to the axis of the host to form
co-conformational host-guest complexes, giving positive or neg-
ative CD signals respectively, and also provided an insight for
the absolute conformation of the chiral supramolecular com-
plexes. The other efficient strategy is utilizing chiral microenvi-
ronments between macrocyclic compounds and guests to form
the chiral assembly and further doping with other achiral guests
or dyes to achieve chirality transfer and luminescence. Duan and
coworkers!®®! found that -CD confined sodium dodecyl sulfate
to form the chiral host-guest complex and assembled to give
a chiral nanosheet, which could further dop with dyes such as
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thioflavin T or Nile red to form chiral luminescent materials. Al-
though there have been some reports on the chirality of macro-
cyclic supramolecular assemblies induced by chiral molecules,
however, taking advantage of the achiral macrocyclic host such as
CB|n] to bind with guests to form NIR fluorescence supramolec-
ular frameworks and then cascade assemble with chiral guest to
induce thermally activation driven reversible chirality transfer, es-
pecially enhancing NIR fluorescence, is still rarely reported.

In this work, we reported that the two kinds of paddle-like phe-
nothiazine derivatives containing four cationic terminal groups
were encapsulated by CB[8] to form supramolecular organic
frameworks not only enhanced NIR fluorescence emission with
25 nm hypsochromic or 15 nm bathochromic shift respectively,
but also inducing the guest’s morphology turned from irregular
nanoparticles to organic nanosheets based on host-guest com-
plexation. Especially by the stepping assemble confinement, the
supramolecular organic frameworks of G1/CB[8] or G2/CB[8]
could further coassemble with tripeptides (L-/D-phenylalanyl-
L-/ D-phenylalanyl-L-/ D-tyrosine, L-/D-FFT), giving opposite CD
signals with different intensities at 550 nm by the same chiral
guest, resulting in chirality transfer from tripeptide to 2D non-
covalent frameworks, giving a 46.2 times enhancement of fluo-
rescence intensity at 654 nm for G2/CBJ[8], showing thermal ac-
tivation driven reversible chirality transfer and tunable NIR fluo-
rescence emission. As can be seen from Scheme 1, the configu-
rationally stepping confined chiral NIR luminescent SOFs were
constructed by the cascade macrocycle and secondary assembly
confinement, which not only achieved the enhancement of NIR
fluorescence and the transformation of assembly morphology to
network SOFs but also enhanced the luminescence properties of
supramolecules and also realized the reversible chirality transfer.
Finally, the organic two-dimensional supramolecular polymers
were successfully used in chiral logic gates, information encryp-
tion, and NIR luminescence cell imaging, which also put forward
a new insight for tunable chiral red luminescent supramolecular
materials.

2. Results and Discussion

First, two kinds of tetracationic bis(phenothiazines) were synthe-
sized by bromination, coupling, and quaternization reaction ac-
cording to the designed synthesize route (Scheme S1, Supporting
Information). The structures of the two guests were investigated
by nuclear magnetic resonance (NMR) and high-resolution mass
spectrometry (Figures S1-S8, Supporting Information). The 'H
NMR titration experiments (Figure 1a) showed that the protons
of benzyl (H, ) and pyridiniums (Hy) in G1 were upfield shifted
due to the shielding effect of the host, indicating the benzyl and
partial pyridyl (H,) units were included in CB[8]’s cavity.[**] How-
ever, the proton of the pyridinium (H,) was down-field shifted,
suggesting the partial structure of the cationic group was on
the CB[8] portal,l’”] thus positively charged benzyl unit of G1
should be deeply included by the cavity of macrocyclic host.
Furthermore, the pyridinium containing the benzyl group (G3)
was selected as the model compound and 'H NMR titration ex-
periments were performed. Figure S9 (Supporting Information)
showed that the protons of the benzene (H,_), methylene group
(Hy), and the pyridinium (H,) gave upfield shift, while the resid-
ual protons of pyridiniums (H,) were down-field shifted in the
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presence of CB[8], implying the benzene group was included by
CBJ[8]. Additionally, the 2D NOESY NMR spectrum of G1/CB[§]
showed that the benzyl and partial pyridyl (Hy) units were in-
cluded in CB[8]’s cavity (Figure S10, Supporting Information)
confirming the simulation mode of G1/CB[8] (Figure S11, Sup-
porting Information). In sharp contrast with G1, the protons of
pyridinium (H, ¢) and methyl group (H,) in G2 (Figures S12 and
S13, Supporting Information) exhibited apparent upfield shift
and gradually broadened under the same conditions, manifest-
ing the pyridiniums were deeply encapsulated by CB[8] and may
further lead to the formation of periodic supramolecular nonco-
valent polymers.['¥] Compared with CB[8], possessing a smaller
hydrophobic cavity, CB[7] can only bind with one guest." The
binding mode between the guest molecules and CBJ[7] was also
studied. In Figures S14 and S15 (Supporting Information), the
protons of the benzyl group in G1 and the pyridinium unit of G2
were upfield shifted in the presence of CB[7], indicating the CBJ[7]
encapsulated the benzyl group of G1 and the pyridinium unit of
G2, respectively. Furthermore, the 2D NOESY NMR experiments
further confirmed the cationic arms of the guests were encapsu-
lated by the CBJ[7] and formed host-guest complexes (Figures S16
and S17, Supporting Information).

To further investigate the binding behaviors of cucurbituril to
cationic bis(phenothiazines) derivatives, UV-vis spectroscopy ex-
periments were performed to determine the binding constants
and stoichiometric ratio. As for G1, the characteristic absorp-
tion signal at 468 nm gradually decreased, and the peak at 525
nm increased under the confinement of CB[8] (Figure 1b). The
G2 gave a larger redshift up to 75 nm after complexing with
the host (Figure 1c), which may be ascribed to the pyridinium
groups of G2 were included by CBJ[8] in the “head-to-tail” pat-
tern and forming J aggregates,!?’) thus leading to a larger redshift
in the absorption spectrum. In Job’s plots, the inflection points
were located at 0.33 (Figure S18, Supporting Information), indi-
cating the stoichiometric ratio between the tetracationic guests
with different terminal groups and CB[8] was 1:2 in the assembly
of G1,/CBJ[8],, and G2,/CBJ[8],, (n was the number of repeated
units). The binding constant (K) between G1 and CB[8] was cal-
culated to be 1.30 x 10'2 m~2 (Figure S19, Supporting Informa-
tion) by the change of UV-vis spectra at 525 nm according to the
nonlinear least-squares fitting formula.l?!l Compared with G1,
the supramolecular complex of G2 with methyl pyridinium ter-
minal groups and CBJ[8] gave smaller binding constants (Figure
S20, Supporting Information, 7.19 x 10* m~2), which may be
ascribed to the different binding sites between the two kinds of
guests and CB[8] that was the benzyl pyridinium units of G1
could be more deeply and tightly encapsulated by CB[8]. The
above result of experiments showed that both of the two kinds of
cationic bis(phenothiazines) derivatives were included by CB[8]
in the same stoichiometric ratio and showed strong binding con-
stants; thus, G1 or G2 could complex with CB[8] by strong non-
covalent interaction to give stable host-guest complexes and then
assembled to form more extended supramolecular conjugates.
As for two kinds of phenothiazine derivatives and CB[7], the in-
flection point in Job’s plot was 0.2 (Figure S21, Supporting Infor-
mation), manifesting the stoichiometric ratio between guests and
CB[7] was 1:4. In Figure S22 (Supporting Information), the ap-
parent binding constants of CB[7] to G1 or G2 were also studied
and measured as 3.52 X 10* m~! and 4.26 X 10* M}, respectively,
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Scheme 1. Configurationally stepping confinement achieved tunable chiral NIR luminescence supramolecular phenothiazine organic framework (partial
CBI[8] encapsulated tripeptide guests were shown in the coassembly for clarity).

giving weak binding affinity than the complexes of G1/CBJ[8] or
G2/CBJ8], and maybe since two kinds of guests bind with CB[7]
could only form simple host-guest complexes.

The assembly behaviors and topological morphology of the
supramolecular assemblies were studied by dynamic light scat-
tering (DLS), zeta potential experiments, transmission electron
microscopy (TEM), and atomic force microscopy (AFM). DLS re-
sults manifesting both G1/CB[8] and G1/CB[8] gave large hydro-
dynamic sizes, respectively (Figure S23a, Supporting Informa-
tion), which excludes the formation of simple host-guest com-
plexes. The Zeta potentials of the two assemblies were 21.3 and
4.02 mV (Figure S23b, Supporting Information), respectively, in-
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dicating that the surface of noncovalent polymers was positively
charged. In TEM images, compared with the irregular nanopar-
ticles formed by G1 (Figure 2a), the assembly morphology of
G1/CB[8] was turned into nanoflakes (Figure 2b) under the con-
finement of CB[8]; the lamellar sheet was also observed in AFM
picture (Figure 2e), and the thickness of the nanosheets was
measured to be 1.77 nm, which was identical to the outer di-
ameter of CB[8] (1.75 nm).?2) G2 also gave a similar assem-
bled morphology by the confinement of CBJ[8] (Figures 2d,{). Fur-
thermore, AFM images of G1/CB[8] and G2/CBJ[8] prepared by
the spin-coating method further confirmed the nanosheet-like
structures of the assembly in solution (Figure S24, Supporting
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Figure 1. a) "H NMR spectra of G1 with the addition of CB[8] ([G] = 0.02 mM, (I): 0 eq.; (11):0.5 eq.; (11):1.5 eq.; (IV): 2.0 eq. CB[8]; *

[
N
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0.0

Wavelength/nm

: the protons of

CB[8]) in D,0/(CD3),SO = 95/5. UV-vis spectra of b) G1 and c) G2 with the addition of CB[8] (0-4.0 eq.) (|[G1] =[G2] = 0.01 mM).

Information). In addition, both G1/CB[7] and G2/CBJ[7] gave ir-
regular nanostructures (Figure S25, Supporting Information),
indicating these simple host-guest complexes could not assem-
ble to form ordered supramolecular assemblies. Therefore, ben-
efiting from CB[8] has a large cavity that can include two
cationic guests, the positively charged paddles in two kinds of
tetracationic bis(phenothiazines) can stack in a “head-to-tail”
mode, leading to firm complexes of G1/CB[8] or G2/CBJ8],
and further assemble to large extended lamellar sheet SOFs
(Figures inset 2e,f).

The fabricated SOFs based on CB[8] confinement possess
paddle-shaped phenothiazine units and macrocyclic cavities,
which may further coassemble with chiral molecules by mul-
tivalent interaction, including host-guest and electrostatic in-
teraction to form functional supramolecular assemblies. There-
fore, can we utilize the advantage of CB[8] binding with D-/L-
phenylalanine to induce achiral assembly to generate chirality?
To this end, a series of chiral phenylalanine derivatives (Figure
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S26, Supporting Information) were selected to coassemble with
achiral noncovalent polymers and further investigated the chi-
rality transfer from guests to the assemblies. In Figure S27a,b
(Supporting Information), no induced CD signal was observed
in the absorption band of two kinds of SOFs (300650 nm) in
the presence of chiral molecules such as L-phenylalanine (L-Phe),
L-phenylalanyl-L-phenylalanine (L-FF), Cefalexin and Nateglin-
ide. The achiral G1/CB[8] was induced to give the CD signal
at 300-650 nm (Figure 3a) with the increase of tripeptide con-
centration and reached the maximum at 10.0 eq. (Figure 3a,
inset), and corresponding to the UV-vis spectrum of assem-
blies (Figure 3c); the mirror-symmetric CD spectrum was also
observed after the addition of D-FFT, indicating the chirality
was transferred from the tripeptide to the assemblies, show-
ing adaptive chirality signals. The positive or negative CD sig-
nals of chiral supramolecular assembly at the maximum wave-
length corresponded to the M or P rotation conformation of phe-
nothiazine derivatives in noncovalent polymers, respectively.!?}]

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

85U8017 SUOLIIOD BAME8I 3|gedidde au3 Ag peusenob afe se(ole YO ‘88N JO S8|ni 1oy Afeiq1T 8UlUQ A8]1/MW UO (SUOTHPUD-PUE-SULBY WO A8 | IMAsRIq | Ul [UO//SANY) SUORIPUOD PUe SWs 1 8y} 89S *[Z0z/0T/0] Uo Ariqiauliuo Ao ‘AseAlun BUeN AQ Z0T80vZ0Z SAPR/Z00T 0T/I0p/Wod A8 | im Arelqiul|uoy/sdny wouy pepeojumod ‘0 ‘F78E86TZ


http://www.advancedsciencenews.com
http://www.advancedscience.com
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadvs.202408107&mode=

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

N
%
°
o
g
3
8
]
3
Z
il
5
g
g
2
B
2
8
3
Qo
o
5
g
B
w
8
8
@
15
S
g
P4
3
2
Q.
c
3.
<
@
.
<
=
2
o
3
2
[
g
2
<
8
g
5
IS
E
z
=
X
3
3
3
(=%
[e]
(=}
=
E
@
2
k=
2
S
=
E
[N
g
3
g
2
8
3
o}
3
$
8
2
S
2
8
E
2
o
=
:
3
=
8
3
=
8
=}
c
8

Lo e ——————— e e ————————— e S —1
0.0 1: Height Sensor 2.0 wn 0.0 1: Height Sensor 2.0 w

Figure 2. TEM images of a) G1 and b) G1/CB[8]. TEM images of c¢) G2 and d) G2/CB[8]. AFM image of e) G1/CBJ[8] and f) G2/CB[8] (inset: heigh
section profiles and schematic illustration of the assembled models of G1/CB[8] and G2/CBJ[8], respectively).
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Figure 3. a) The CD spectra of G1/CBJ[8] with the addition of D-/L-FFT. Inset: the CD signal of G1/CB[8] at 320 nm in the presence of D-/L-FFT (0-18.0
eq.). b) The CD spectra of G2/CBJ[8] with the addition of D-/L-FFT. Inset: the CD signal of G2/CB[8] at 356 nm in the presence of D-/L-FFT (0-6.0 eq.)
([G1]1 =[G2] = 0.05 mM, [CB[8]] = 0.1 mMm). c) UV-vis spectra of G1/CB[8] with D-/L-FFT (10.0 eq.). d) UV-vis spectra of G2/CB[8] with with D-/L-FFT
(4.0 eq.) (|[G1] =[G2] = 0.01 mM, [CBJ[8]] = 0.02 mM). Schematic illustration of the adaptive chirality of ) G1/CB[8]/L-FFT and f) G2/CB[8]/L-FFT. The
CD spectra of G1/CB[8]/L-FFT g) heated and h) cooled at different temperatures.

Compared with G1/CBJ[8], the coassembly of G2/CB[8]/L-FFT ex-
hibited the negative CD peak atx~550 nm with different inten-
sities (Figure 3b) and reached equilibrium at 4.0 eq. of tripep-
tide (Figure 3b, inset), and corresponding to the UV-vis absorp-
tion peaks of G2/CBJ[8]/tripeptides (Figure 3d), indicating the
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G2/CB[8] generated the opposite adaptive chirality to G1/CBJ[8]
under the same conditions. This interesting result attracted us to
investigate the influence of the coassemble behavior on the chi-
rality transfer from tripeptide to achiral SOFs. As shown in Figure
S28 (Supporting Information), with the addition of L-FFT, the
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proton signals of CB[8] at 5.5-6.0 ppm in G1/CBJ[8] were broad-
ened, and the signal of benzene unit at 6.83 ppm in tripeptide
was upfield shifted, indicating L-FFT was included by CB[8] and
formed heterodimers with the cationic arms of G1. Additionally,
in G3/CBJ[8] (Figure S29, Supporting Information), the protons
of methylene in L-FFT were downfield shifted at 3.18 ppm, in-
dicating the methylene connected to the benzene at the termi-
nal group of tripeptide was located on the portal of CB[8]; thus,
we reasonably inferred that the L-FFT was shallowly included by
CB[8] in the assembly of G1/CB[8] (Figure S30, Supporting Infor-
mation). It’s worth noting that the methylene proton of tripep-
tide was upfield shifted from 3.05 to 2.52 ppm in G2/CBJ[8]/L-
FFT (Figure S31, Supporting Information), which should be at-
tributed to the benzene unit of L-FFT and methylene unit were
deeply encapsulated by CB[8] in the coassembly. Therefore, the
two kinds of SOFs could assemble with the same tripeptide at
different binding modes to form multivalent assemblies. On the
other hand, the binding affinity of noncovalent frameworks to
L-FFT was also investigated by UV-vis spectroscopy titration ex-
periments. As shown in Figure S32 (Supporting Information),
the G2/CB[8] and L-FFT gave more strong apparent binding
constants (3.45 x 10* M) than that G1/CB[8] with tripeptide
(2.37 x 10* M), which may ascribe to the stronger affinity of
CB[8] to G1 than G2. Thus, as the competitive guest, the L-FFT
is easier to co-assemble with the guests with methyl pyridinium
arms (G2) to form the chiral assembly. More obviously, with the
addition of tripeptide, the absorption peak of G2/CB[8] at 455
nm gradually increased (Figure S32c, Supporting Information),
corresponding to the absorption peak of the guest, implying the
formation of heterodimers between L-FFT and G2 under the
confinement of CBJ[8] and disturbed the ] aggregates of G2. Al-
though both the two assemblies showed similar lamellar nanos-
tructures in TEM images (Figure S33, Supporting Information),
G2/CBJ[8]/L-FFT gave a smaller assembled size than G1/CB[8]/L-
FFT in TEM and DLS experiments (Figure S34a, Supporting In-
formation), which may be ascribed to the stronger affinity be-
tween G2/CBJ[8] and L-FFT was more conducive to the formation
of stable chiral assembly. The different binding modes and behav-
iors between tripeptide and two kinds of achiral SOFs may induce
conformational changes in the tripeptide, and further lead to
different CD signals derived from chiral noncovalent polymers.
The L-tripeptide gave a positive CD signal at 226 nm (Figure
S35, Supporting Information), which implied the g-turn-like fold
conformation of L-FFT existed in the solution.[**! The positive
Cotton effect was observed at~550 nm in the chiral assembly
of G1/CB[8]/L-FFT, suggesting the chirality of the L-tripeptide
transferred to the coassembly with the M-conformation, which
may be due to the folded conformational L-FFT was the shal-
low encapsulated by CBJ[8] in the chiral noncovalent framework
(Figure 3e). Compared with G1, G2 with methyl pyridinium ter-
minal groups gave weaker binding ability with CB[8] and was
more conducive to the deep encapsulation of phenylalanine ter-
minal groups of L-FFT by CB[8], leading to L-FFT transform
into unfolded conformation (Figure 3f), and then inducing achi-
ral SOF to give P-conformational chirality, thus showing nega-
tive CD signal from G2/CB[8]/L-FFT. Therefore, the CB[8] con-
fined two kinds of guests with different cationic terminal units to
form achiral supramolecules and further cascade assembled with
the same chiral guest to give different opposite CD signals and
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adaptive chirality. Furthermore, the supramolecular complexes
of CBJ[7] and two kinds of guests cannot be induced by L-FFT
to give the CD signal in the UV-vis absorption region of the
tetracationic bis(phenothiazines) (Figure S36a,b, Supporting In-
formation), which further confirms that the confinement effect
of CB[8] can bind two different guest molecules is indispens-
able for chiral transfer. The macrocyclic supramolecules based
on host-guest interaction possess dynamic reversibility, which
may endow the chiral assemblies with thermal responsive prop-
erties. Figure 3g showed that the CD signal of G1/CB[8]/L-FFT at
550 nm gradually disappeared when heated to 65 °C, indicating
the chirality transfer from tripeptide to the assemblies was in-
terrupted, which should ascribe to the disassemble of the chiral
assemblies. Then, the chiral signal of the supramolecular poly-
mer was gradually recovered after cooling at 25 °C (Figure 3h),
thus the CB[8] confined chiral supramolecular assembly exhib-
ited reversible chirality transfer under the thermal stimulus. Sim-
ilarly, the G2/CBJ[8]/L-FFT also exhibited reversible thermal re-
sponsive chirality transfer properties (Figure S36¢,d, Supporting
Information).

Significantly, CB[8] can not only confine the tetracationic phe-
nothiazine derivatives to form network supramolecular frame-
works through the host-guest interaction but also improve its
NIR fluorescence properties. Figure 4a showed that G1 gave a
weak fluorescence signal at 705 nm, which further blue-shifted
to 680 nm along with the increasing CBJ[8] concentration and the
fluorescence intensity was enhanced 12.6 times. Unlike G1, G2
with methyl terminal unit gave a 25 nm redshift and just en-
hanced 1.8 times at 710 nm in the presence of CB[8] (Figure 4b),
which may be due to the ] aggregates formed by G2 with methyl
terminal units under the confinement of CB[8]. We can reason-
ably speculate that the larger binding affinity of CB[8] to G1 is
beneficial to form a more stable supramolecular conjugate and
can effectively restrict the movement of excited phenothiazine
luminophores, leading to more efficient fluorescence emission.
The confinement effect of CB([7] for the two kinds of guests was
also studied. In Figure S37 (Supporting Information), the fluores-
cence peak of G1 blueshifted to 640 nm, and the luminescence in-
tensity was enhanced 14.6 times. However, the NIR fluorescence
intensity of G2 gave a 1.3 times enhancement, which may be as-
cribed to the different binding behaviors between two kinds of
guests and CB[7]. Additionally, the QY of G1 (Figure S38, Sup-
porting Information) was increased from 0.65% to 5.81%, and
6.32% under the confinement of CB[8] and CB[7]. The system
of G2/CB[8] and G2/CBJ7] just gave slightly enhanced QY from
0.3% (G2) to 0.71% and 0.47% respectively (Figure S39, Support-
ing Information), which further confirmed CB[n] confinement
was beneficial to the luminescence of guests.

Notably, the stepping assemble confinement of SOFs and
tripeptide can realize chirality transfer and improve the NIR lu-
minescence of chiral noncovalent polymers. As can be seen from
Figure 4c, the G1/CB[8] conjugate exhibited an 8 nm blueshift
after L-FFT was added, and there was no obvious change in lu-
minescence intensity. However, the fluorescence intensity of the
G2/CBJ[8] was enhanced up to 46.2 times, and the NIR emis-
sion peak was blueshifted to 654 nm in the presence of L-FFT
(Figure 4d). In addition, the QY of G2/CB[8] was increased from
0.47% to 10.29% after coassembling with the tripeptide (Figure
S40, Supporting Information), while the QY of G1/CB[8] was
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Figure 4. a) Fluorescence spectra of G1 with the addition of CB[8] (0-3.0 eq.) (4e, = 525 nm). b) Fluorescence spectrum of G2 with the addition of CBJ[8]
(0-3.0 eq.) (4ex =530 nm, [G1] = [G2] = 0.01 mM). c) Fluorescence spectrum of G1/CB[8] with the addition of L-FFT (0-10.0 eq.) (4¢ = 525 nm). d)
Fluorescence spectrum of G2/CB[8] with the addition of L-FFT (0-10.0 eq.) (Aex = 530 nm, [G1] = [G2] = 0.01 mM, [CB[8]] = 0.02 mM). Fluorescence
spectra of (e) G1/CB[8]/L-FFT (4, =525 nm, [G1] = 0.01 mM, [CB[8]] = 0.02 mM, [L-FFT] = 0.1 mM) and (f) G2/CB[8]/L-FFT (4, = 530 nm, [G2] = 0.01
mM, [CB[8]] = 0.02 mM, [L-FFT] = 0.04 mM) heated at different temperatures.

almost unchanged (from 5.81% to 5.87%). In sharp contrast with
G2/CBJ8], the fluorescence intensity of G1/CB[7] and G2/CB[7]
were greatly decreased in the presence of tripeptide (Figure
S41a,b, Supporting Information) and the QY was also reduced
to 2.28% and 0.37% (Figure S41c,d, Supporting Information) re-
spectively, which may be ascribed to the competitive binding of
L-FFT to the CBJ[7]. The following reasons may explain this in-
teresting result that is the stronger binding constant between L-
FFT and G2/CBJ8] is beneficial to form stable heterodimers, re-
stricting the movement of luminophores, then is convenient to
the formation of the stable coassembly and reducing the colli-
sion of solvent molecules, leading to effectively enhanced fluores-
cence emission. Additionally, the fluorescence properties of the
two kinds of coassemblies also exhibited thermal responsiveness.
As shown in Figure 4e, the fluorescence intensity of G1/CB[8]/L-
FFT was gradually decreased with the temperature increasing
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and the fluorescence quenching efficiency was calculated to be
63.11% (85 °C). The NIR fluorescence of the coassembly was re-
covered to some extent when cooled to 25 °C (Figure S42a,b, Sup-
porting Information). It is worth noting that the G2/CB[8]/L-FFT
is more sensitive to temperature changes, giving a fluorescence
quenching efficiency of up to 92.01% (Figure 4f), which may be
caused by the disassemble of the G2/CB[8]/L-FFT under thermal
stimulation.

Considering that the fabricated chiral supramolecular assem-
blies possess excellent NIR luminescent properties and ad-
justable chirality, we explored the possible application of the as-
semblies in chiral logic gates, information encryption, and cell
imaging. In Figure 5a, the CD and NIR fluorescence signals
were defined as “output”, and tripeptide, SOFs, and other con-
trolling conditions were defined as “input”. The CD signal in-
tensity at 550 nm exceeds 5 or the fluorescence intensity at 654
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Figure 5. Scheme representation for a) competitive guest, thermal-regulated INHIBIT b) chiral and c) fluorescence logic gates. d) Schematic illustration
of information encryption: the Morse code under 365 nm light. e) Confocal microscopy images of Hela cells in the presence of G2/CB[8]/L-FFT and

Mito Tracker green ([G2] = 0.01 mM, [CB[8]] = 0.02 mM, [L-FFT] = 0.04 mM).

nm more than 200 (Figure 4f) was defined as “1”, and below
that was set as “0”. As shown in Figure S43 (Supporting Infor-
mation), after the addition of cationic adamantane (AD), the CD
signal of chiral assembly at 550 nm was decreased and disap-
peared, which was due to the strong bind interaction between AD
and CBJ[8],1®*] resulting in the disappearance of chirality transfer.
Therefore, cationic adamantane was set as “not gate”, and the
CD signals could not observed in the coexistence of the tripep-
tide, SOF, and AD. In addition, the achiral G2/CB[8] can also be
set as the “NOT gate” due to which coassembles with L-FFT to
give a negative CD signal and cooperates with competitive guest
AD to develop as a multi-responsive logic gate, then outputting
more reliable information. Furthermore, the chiral supramolecu-
lar system exhibited thermal-responsive reversible chirality trans-
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fer and NIR luminescence, thus, the temperature condition was
set as the “NOT gate”, and the CD and NIR fluorescence sig-
nals could not output (Figure 5b,c). This multi-component chi-
ral supramolecular logic gate features multi-stimulus respon-
siveness and controllability, which can output complex infor-
mation and be used as a reliable logic gate system. Addition-
ally, the red fluorescence supramolecular assemblies based on
the confinement of CB[8] were also applied in information en-
cryption. Figure 5d showed that G1/CB[8], G2/CBJ[8], and G2
alone were added to the corresponding position of the 96-well
plate, and the invalid information “IDI” was read out by the
translated morse code under 365 nm light, however, the ac-
curate information “NKU” was decoded after the addition of
tripeptide.
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The chiral supramolecular assembly possesses good NIR lumi-
nescence properties, and cascade assembles to form nanosheets,
which may be used as luminescent materials for cell imaging.
G2/CB[8] and G2/CBJ[8]/L-FFT were incubated with HelLa cells
for 24 h respectively, and analyzed by confocal laser scanning mi-
croscopy. Different from the very weak red signal of G2/CB[8]
in Figure S44 (Supporting Information), the chiral coassem-
bly exhibits bright red fluorescence (Figure 5e, NIR channel),
which may be due to the better fluorescence properties of chiral
coassembly possessing the smaller assemble size is convenient
to entry cells by endocytosis,?°! and giving bright red lumines-
cence in cells. Furthermore, the red chiral coassembly was added
to the HeLa cells and treated with nuclei dye Hoechst (Figure S45,
Supporting Information) and Mito tracker (mitochondrial target-
ing reagent), respectively, showing well-overlapped sites with the
Mito-tracker reagent (Figure 5e, Merge), indicating the chiral as-
sembly could selectively label mitochondria.

3. Conclusion

In conclusion, taking advantage of stepping confinements of
macrocyclic and assemble, we successfully fabricated the chi-
ral guest-inducing achiral organic frameworks to form thermal
responsive chiral supramolecules by chirality transfer and en-
hancing the NIR luminescence of the chiral supramolecular as-
semblies. Different from the weak luminescence phenothiazine
derivatives, CB[8] confined G1 or G2 not only induced the tetraca-
tionic guests to form network-like noncovalent frameworks but
also enhanced NIR fluorescence emission, which could cascade
assemble with L-/D-tripeptide to give mirror-symmetric circu-
lar dichroism signal and further enhanced 46.2 times NIR flu-
orescence with QY up to 10.29%. Benefiting from the different
binding behaviors in the assemblies, two kinds of noncovalent
frameworks were induced to generate positive or negative circu-
lar dichroism peaks with different intensities after coassembled
with the same tripeptide, achieving guest chirality transfer to the
achiral supramolecular frameworks, realizing the reversible chi-
rality transfer and tunable NIR fluorescence under the activation
of thermal. The present work is not only conducive to further
understanding the mechanism of stimulus-responsive chirality
transfer from single molecule to achiral luminescent assembly
but also successfully applied in chiral NIR luminescence logic
gates, information encryption, and cell imaging.
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Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

The authors thank the National Natural Science Foundation of China
(NNSFC) (22201142 and 22131008) for financial support.

Conflict of Interest

The authors declare no conflict of interest.

Adv. Sci. 2024, 2408107
I A

2408107 (10 of 11)

www.advancedscience.com

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Keywords

chiral supramolecular organic framework, cucurbituril, Near-Infrared lu-
minescence, phenothiazine, thermally responsive

Received: July 16, 2024
Revised: September 9, 2024
Published online:

[1] a) M. Votava, B. ). Ravoo, Chem. Soc. Rev. 2021, 50, 10009; b) L.
Zhang, H.-X. Wang, S. Lia, M. Liu, Chem. Soc. Rev. 2020, 49, 9095;
c) H. Shigemitsu, K. Kawakami, Y. Nagata, R. Kajiwara, S. Yamada,
T. Mori, T. Kida, Angew. Chem., Int. Ed. 2022, 61, €202114700; d) W.
Zhi, Z. Pu, C. Ma, K. Liu, X. Wang, J. Huang, Y. Xiao, Y. Yan, ACS
Nano 2021, 15, 19621; €) T. Nakamura, S. Yonemura, S. Akatsuka, T.
Nabeshima, Angew. Chem., Int. Ed. 2021, 60, 3080.

a) H. Zhu, Q. Li, B. Shi, H. Xing, Y. Sun, S. Lu, L. Shangguan, X. Li,
F. Huang, P. J. Stang, J. Am. Chem. Soc. 2020, 142, 17340; b) K. Kato,
T. Kaneda, S. Ohtani, T. Ogoshi, J. Am. Chem. Soc. 2023, 145, 6905;
c) K. Kato, R. Iwano, S. Tokuda, K. Yasuzawa, M. Gon, S. Ohtani, S.
Furukawa, K. Tanaka, T. Ogoshi, Aggregate 2024, 5, e482; d) ).-F. Chen,
X. Yin, B. Wang, K. Zhang, G. Meng, S. Zhang, Y. Shi, N. Wang, S.
Wang, P. Chen, Angew. Chem., Int. Ed. 2020, 59, 11267; €) W.-. Li, Q.
Gu, X.-Q. Wang, D.-Y. Zhang, Y.-T. Wang, X. He, W. Wang, H.-B. Yang,
Angew. Chem., Int. Ed. 2021, 60, 9507; f) Z. Wang, Q.-P. Zhang, F. Guo,
H. Ma, Z.-H. Liang, C.-H. Yi, C. Zhang, C.-F. Chen, Nat. Commun.
2024, 15, 670; g) X. Zhang, S. Tong, J. Zhu, M.-X. Wang, Chem. Sci.
2023, 14, 827.

a) C. Gao, S. Silvi, X. Ma, H. Tian, A. Credi, M. Venturi, Chem. - Eur.
J- 2012, 18, 16911; b) W.-H. Huang, P. Y. Zavalij, L. Isaacs, Angew.
Chem., Int. Ed. 2007, 46, 7425; c) A. Prabodh, D. Bauer, S. Kubik, P.
Rebmann, F. Gerritt Kldrner, T. Schrader, L. D. Bizzini, M. Mayor, F.
Biedermann, Chem. Commun. 2020, 56, 4652; d) S. Murkli, J. Klemm,
D. King, P. Y. Zavalij, L. Isaacs, Chem. - Eur. J. 2020, 26, 15249; €)
F. Biedermann, W. M. Nau, Angew. Chem., Int. Ed. 2014, 53, 5694;
f) M. V. Rekharsky, H. Yamamura, C. Inoue, M. Kawai, |. Osaka, R.
Arakawa, K. Shiba, A. Sato, Y. H. Ko, N. Selvapalam, K. Kim, Y. Inoue,
J. Am. Chem. Soc. 2006, 128, 14871; g) S. ). Barrow, S. Kasera, M. J.
Rowland, J. d. Barrio, O. A. Scherman, Chem. Rev. 2015, 115, 12320.
a) Y. Li, Q. Li, X. Miao, C. Qin, D. Chu, L. Cao, Angew. Chem., Int. Ed.
2021, 60, 6744; b) X.-Y. Dai, M. Huo, Y. Liu, Nat. Rev. Chem. 2023, 7,
854; c) X. Song, X. Zhu, S. Qiu, W. Tian, M. Liu, Angew. Chem., Int. Ed.
2022, 61, €202208574; d) M. Olesifiska, G. Wu, S. Gémez-Coca, D.
Antén-Garcia, |. Szabd, E. Rosta, O. A. Scherman, Chem. Sci. 2019,
10, 8806; €) X. Chen, H. K. Bisoyi, X.-F. Chen, X.-M. Chen, S. Zhang,
Y. Tang, G. Zhu, H. Yang, Q. Li, Matter 2022, 5, 3883; f) S. Garain, B.
C. Garain, M. Eswaramoorthy, S. K. Pati, S. ). George, Angew. Chem.,
Int. Ed. 2021, 60, 19720; g) C. Xu, C. Yin, W. Wu, X. Ma, Sci. China
Chem. 2022, 65, 75.

a) W. Shang, Y. Wang, X. Zhu, T. Liang, C. Du, ). Xiang, M. Liu, J. Am.
Chem. Soc. 2023, 145, 27639; b) H. Yan, X. Yin, D. Wang, T. Han, B.
Z. Tang, Adv. Sci. 2023, 10, 2305149; c) C. Ren, W. Sun, T. Zhao, C.
Li, C. Jiang, P. Duan, Angew. Chem., Int. Ed. 2023, 62, €202315136; d)
A. Homberg, E. Brun, F. Zinna, S. Pascal, M. Gérecki, L. Monnier, C.
Besnard, G. Pescitelli, L. D. Bari, ). Lacour, Chem. Sci. 2018, 9, 7043;
e) X. Tang, H. Jiang, Y. Si, N. Rampal, W. Gong, C. Cheng, X. Kang, D.
Fairen-Jimenez, Y. Cui, Y. Liu, Chem 2021, 7, 2771; f) A. H. G David,

[2

3

4

[5

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

85UB017 SUOWILIOD SO 8|edlddde 8U Aq pauRA0D 318 S3[o1e WO ‘88N JO S3|NJ 0 A%1q 1T 8UIIUO AB] 1M UO (SUORIPUOD-PUR-SWUIBYW0D A3 | IM*A eI [oUUO//STNY) SUORIPUOD PUe SWwie L 8U388S *[202/0T/0E] uo Ariqiauluo AB|IM ‘AsieAlun eUeN Aq L0T80K20Z SAPR/Z00T OT/I0p/L0d A8 |Im Al 1jeul|uoy//sdiy wouy papeojumod ‘0 ‘vi8E86TZ


http://www.advancedsciencenews.com
http://www.advancedscience.com
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadvs.202408107&mode=

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(6]

(7]

(8]

9]

(1]

(1
(12]
(13]
(14]

[15]

R. Casares, J. M Cuerva, A. G Campafia, V. Blanco, J. Am. Chem. Soc.
2019, 147, 18064.

a) C. Sonnendecker, S. Thirmann, C. Przybylski, F. D Zitzmann,
N. Heinke, Y. Krauke, K. Monks, A. A Robitzki, D. Belder, W.
Zimmermann, Angew. Chem., Int. Ed. 2019, 58, 6411; b) P. Stachelek,
L. MacKenzie, D. Parker, R. Pal, Nat. Commun. 2022, 13, 553;
c) J. Yu, J. Niu, J. Yue, L.-H. Wang, Y. Liu, ACS Nano 2023, 17,
19349.

a) L. Gu, W. Ye, X. Liang, A. Lv, H. Ma, M. Singh, W. Jia, Z. Shen, Y.
Guo, Y. Gao, H. Chen, D. Wang, Y. Wu, J. Liu, H. Wang, Y.-X. Zheng,
Z. An, W. Huang, Y. Zhao, J. Am. Chem. Soc. 2021, 143, 18527; b) H.
Zheng, W. Li, W. Li, X. Wang, Z. Tang, S. X.-A. Zhang, Y. Xu, Adv. Mater.
2018, 30, 1705948; c) S. Lin, Y. Tang, W. Kang, H. K. Bisoyi, J. Guo, Q.
Li, Nat. Commun. 2023, 14, 3005.

a) M. Quan, X.-Y. Pang, W. Jiang, Angew. Chem., Int. Ed. 2022, 61,
€202201258; b) F. Bellia, D. L. Mendola, C. Pedone, E. Rizzarelli, M.
Saviano, G. Vecchio, Chem. Soc. Rev. 2009, 38, 2756; c) Y. Fan, |. He,
L. Liu, G. Liu, S. Guo, Z. Lian, X. Li, W. Guo, X. Chen, Y. Wang, H.
Jiang, Angew. Chem., Int. Ed. 2023, 62, €202304623.

a) K. Dhbaibi, L. Abella, S. Meunier-Della-Gatta, T. Roisnel, N.
Vanthuyne, B. Jamoussi, G. Pieters, B. Racine, E. Quesnel, |.
Autschbach, ). Crassous, L. Favereau, Chem. Sci. 2021,12, 5522; b)
M. Xu, Z. Xu, M. A. Soto, Y.-T. Xu, W. Y. Hamad, M. J. MacLachlan,
Adv. Mater. 2023, 35, 2301060; c) L. Frédéric, A. Desmarchelier,
R. Plais, L. Lavnevich, G. Muller, C. Villafuerte, G. Clavier, E.
Quesnel, B. Racine, S. Meunier-Della-Gatta, J.-P. Dognon, P. Thuéry,
J. Crassous, L. Favereau, G. Pieters, Adv. Funct. Mater. 2020, 30,
2004838.

a) Y. Zhao, Y. Huang, H. Zhu, Q. Zhu, Y. Xia, J. Am. Chem. Soc. 2016,
138, 16645; b) P. Zhang, C. Tugny, J. M. Sudrez, M. Guitet, E. Derat,
N. Vanthuyne, Y. Zhang, O. Bistri, V. Mouriés-Mansuy, M. Ménand,
S. Roland, L. Fensterbank, M. Sollogoub, Chem 2017, 3, 174; c) J. Yu,
H. Wang, Y. Liu, Adv. Optical Mater. 2022, 10, 2201761; d) M. Hao,
G. Sun, M. Zuo, Z. Xu, Y. Chen, X.-Y. Hu, L. Wang, Angew. Chem., Int.
Ed. 2020, 59, 10095.

K. Hayashi, Y. Miyaoka, Y. Ohishi, T.-A. Uchida, M. lwamura, K.
Nozaki, M. Inouye, Chem. - Eur. J. 2018, 24, 14613.

L. Hu, X. Zhu, C. Yang, M. Liu, Angew. Chem., Int. Ed. 2022, 61,
€202114759.

C. Tu, W. Wu, W. Liang, D. Zhang, W. Xu, S. Wan, W. Lu, C. Yang,
Angew. Chem., Int. Ed. 2022, 61, e202203541.

B. Mayer, X. Zhang, W. M. Nau, G. Marconi, J. Am. Chem. Soc. 2001,
123, 5240.

J. Liang, P. Guo, X. Qin, X. Gao, K. Ma, X. Zhu, X. Jin, W. Xu, L. Jiang,
P. Duan, ACS Nano 2020, 14, 3190.

Adv. Sci. 2024, 2408107 2408107 (11 of 11)
RIGHTSE LI MN iy

www.advancedscience.com

[16] a) ). D. Barrio, S. T. ). Ryan, P. G. Jambrina, E. Rosta, O. A. Scherman,
J- Am. Chem. Soc. 2016, 138, 5745; b) ). Wang, Z. Huang, X. Ma, H.
Tian, Angew. Chem., Int. Ed. 2020, 59, 9928; ) ). Yu, H. Wang, X. Dai,
Y. Chen, Y. Liu, ACS Appl. Mater. Interfaces 2022, 14, 4417.

[17] a) G. Wu, Z. Huang, O. A. Scherman, Angew. Chem., Int. Ed. 2020,
59, 15963; b) I. Neira, C. Peinador, M. D. Garcia, Org. Lett. 2022, 24,
4491,

[18] a) X. Tang, Z. Huang, H. Chen, Y. Kang, J.-F. Xu, X. Zhang, Angew.
Chem., Int. Ed. 2018, 57, 8545; b) ]. Tian, Z.-Y. Xu, D.-W. Zhang, H.
Wang, S.-H. Xie, D.-W. Xu, Y.-H. Ren, H. Wang, Y. Liu, Z.-T. Li, Nat.
Commun. 2016, 7, 11580; c) . D. Barrio, J. Liu, R. A. Brady, C. S. Y. Tan,
S. Chiodini, M. Ricci, R. Ferndndez-Leiro, C.-). Tsai, P. Vasileiadi, L. D.
Michele, D. Lairez, C. Toprakcioglu, O. A. Scherman, J. Am. Chem.
Soc. 2019, 141, 14021.

[19] a) X. Qiu, Y. Wang, S. Leopold, S. Lebedkin, U. Schepers, M. M.
Kappes, F. Biedermann, S. Brise, Small 2023, 20, 2307318; b) S. K.
Samanta, J. Quigley, B. Vinciguerra, V. Briken, L. Isaacs, J. Am. Chem.
Soc. 2017, 139, 9066; c) A. Seco, S. Yu, A. Tron, N. D. McClenaghan,
F. Pina, A. ). Parola, N. Basilio, Chem. - Eur. J. 2021, 27, 16512.

[20] a) X.-M. C, Y. Chen, Q.-L. Yu, B.-H. Gu, Y. Liu, Angew. Chem., Int. Ed.
2018, 57,12519; b) S. Il Kim, H. J. Kim, S. Y. Park, Chem. - Eur. J. 2023,
29, €202203828.

[21] a) H. Bakirci, X. Zhang, W. M. Nau, J. Org. Chem. 2005, 70, 39; b) P.
Thordarson, Chem. Soc. Rev. 2011, 40, 1305.

[22] a) K. Kim, N. Selvapalam, Y. H. Ko, K. M. Park, D. Kim, J. Kim, Chem.
Soc. Rev. 2007, 36, 267; b) E. Pazos, P. Novo, C. Peinador, A. E.
Kaifer, M. D. Garcfa, Angew. Chem., Int. Ed. 2019, 58, 403; c) R. D.
Mukhopadhyay, K. Kim, Nat. Chem. 2023, 15, 438; d) Z. Liu, S. K. M.
Nalluri, ). F. Stoddart, Chem. Soc. Rev. 2017, 46, 2459.

[23] a) T. Kosaka, S. Iwai, Y. Inoue, T. Moriuchi, T. Mori, J. Phys. Chem. A
2018, 122, 7455; b) C. Yan, Q. Li, X. Miao, Y. Zhao, Y. Li, P. Wang, K.
Wang, H. Duan, L. Zhang, L. Cao, Angew. Chem., Int. Ed. 2023, 62,
€202308029.

[24] a) D.E.Clarke, G. Wu, C. Wu, O. A. Scherman, J. Am. Chem. Soc. 2021,
143, 6323; b) M. Sun, C. Wang, M. Lv, Z. Fan, . Du, J. Am. Chem. Soc.
2022, 144, 7337; c) M. Gupta, A. Bagaria, A. Mishra, P. Mathur, A.
Basu, S. Ramakumar, V. S. Chauhan, Adv. Mater. 2007, 19, 858; d) Y.
Jia, X. Yan, . Li, Angew. Chem., Int. Ed. 2022, 61, €202207752; €) X.
Yan, P. Zhua, ). Li, Chem. Soc. Rev. 2010, 39, 1877.

[25] a) J. Liu, Y. Lan, Z. Yu, C. S. Y. Tan, R. M. Parker, C. Abell, O. A.
Scherman, Acc. Chem. Res. 2017, 50, 208; b) X. Hou, C. Ke, ). F.
Stoddart, Chem. Soc. Rev. 2016, 45, 3766.

[26] a)].Yu,Y.Chen, Y.-H. Zhang, X. Xu, Y. Liu, Org. Lett. 2016, 18, 4542; b)
I. Canton, G. Battaglia, Chem. Soc. Rev. 2012, 41,2718; c) J. Yu, J. Niu,
H. Wang, C.-H. Wang, Y. Liu, Adv. Optical Mater. 2023, 12, 2301473.

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

85UB017 SUOWILIOD SO 8|edlddde 8U Aq pauRA0D 318 S3[o1e WO ‘88N JO S3|NJ 0 A%1q 1T 8UIIUO AB] 1M UO (SUORIPUOD-PUR-SWUIBYW0D A3 | IM*A eI [oUUO//STNY) SUORIPUOD PUe SWwie L 8U388S *[202/0T/0E] uo Ariqiauluo AB|IM ‘AsieAlun eUeN Aq L0T80K20Z SAPR/Z00T OT/I0p/L0d A8 |Im Al 1jeul|uoy//sdiy wouy papeojumod ‘0 ‘vi8E86TZ


http://www.advancedsciencenews.com
http://www.advancedscience.com
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadvs.202408107&mode=

