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Chirality transfer and regulation, accompanied by "~ M| Aciral sogment
morphology transformation, arouse widespread interest for y ay 4 LV o RS o W
application in materials and biological science. Here, a photo- < Achiral open-form ; Achiral closed-form
controlled supramolecular chiral switch is fabricated from chiral Assemble Assemble
diphenylalanine (1-Phe-L-Phe, FF) modified with naphthalene (2), i -
Induced chirality “ON” Induced chirality “OFF”

achiral dithienylethene (DTE) photoswitch (1), and cucurbit[8]-
uril (CB[8]). Chirality transfer from the chiral FF moiety of 2 to a PN
charge-transfer (CT) heterodimer consisting of achiral guest 1 and \
achiral naphthalene (NP) in 2 has been unprecedented achieved [JSSwe—
via the encapsulation of CB[8]. On the contrary, chirality transfer

from chiral FF to NP cannot be conducted in only guest 2. ’ 74
Crucially, induced circular dichroism of the heterodimer can be

further modulated by distinct light, attributing to reversible

photoisomerization of the DTE. Meanwhile, topological nanostructures are changed from one-dimensional (1D) nanofibers to

two-dimensional (2D) nanosheets in the orderly assembling process of the heterodimer, which further achieved reversible
interconversion between 2D nanosheets and 1D nanorods with tunable-induced chirality stimulated by diverse light.
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chirality transfer, chirality photoswitch, topological transformation, self-assembly, host-guest complexation

switched by distinct light, accompanied by the modulation of
morphology, fluorescence, and helicity.35 On the other hand,
controllable transformation of different-dimensional morphol-
ogies emerged as an attractive theme in the research of
supramolecular chemistry and materials science, because
diverse-dimensional nanoaggregates display distinct fascinating
functions. Recently, Takeuchi et al. reported one-dimensional/
two-dimensional transformation between nanofibers and
nanosheets via the controllable kinetic self-assembly process
of a metastable porphyrin.’® Our group developed reversible

Chirality exists generally in most of biomolecules and has been
intensively studied since Pasteur-resolved tartaric acid." The
enantioselective synthesis of chemical compounds is of
particular significance for the pharmaceutical field on account
of the chiral recognitions between drug and biomolecules.”
Therefore, chiral transfer (or induction) is very significant and
has attracted growing attention.”™” A variety of strategies have
been applied to chiral transfer (or induction), such as covalent

10 3,11,12 13
bond, ™ hydrogen bond, metal coordination, ” host— . - ; )

. 14,15 . zero/one-dimensional conversion between nanoparticles and
guest complexation, and so on. Recently, the dynamic

. . nanotubes, one/two-dimensional transformation between
control of chirality has progressively become a research

. . . . 3 fib d heet d two-di ional ch
hotspot. Various physical and chemical stimuli, such as pH,"° nanofibers and nanosheets, and one/two 1mensionat change
17,18 S C19 1. . 20—23 24—27 28,29 between nanosheets and nanotubes through stimuli-responsive
solvent, additive, ~ light, redox, and heat,

— 3740
have been applied to well-organized chiral adjustment. Light is kinetic assembly. o ) .
. . . Lo Nevertheless, chirality transfer from a small and simple chiral
considered as a very favorable candidate for its noninvasive-

ness, easy controllability, low cost, and ubiquity.‘w Dithieny- source to a large and complex achiral charge-transfer (CT)

lethenes (DTEs) are one of the most appealing molecules due heterodlmér r:il.ef;hated d.bY 2 me;crocyc}lllcl h,OSIt Klth an
to their outstanding thermal stability, rapid response, and accompanying different-dimensional morphological change in
fatigue resistance in comparison with other photoactive

molecules.”’ ™** Hecht’s group reported a DTE-based photo- June 28, 2023
switch incorporated by the natural monoterpene L-menthone, August 8, 2023
and the chirality could be regulated by altering the irradiation August 8, 2023
conditions or the chemical environment.** Zhu and co-workers August 18, 2023
demonstrated that a helical hydrogen-bonded self-assembly

based on DTE-modified chiral naphthalene imide is reversibly

© 2023 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/jacsau.3c00342

W ACS Publications 2550 JACS Au 2023, 3, 2550-2556


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guoxing+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Changming+Tian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinhui+Fan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoping+Xue"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Li+Feng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Conghui+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacsau.3c00342&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00342?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00342?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00342?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00342?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00342?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jaaucr/3/9?ref=pdf
https://pubs.acs.org/toc/jaaucr/3/9?ref=pdf
https://pubs.acs.org/toc/jaaucr/3/9?ref=pdf
https://pubs.acs.org/toc/jaaucr/3/9?ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacsau.3c00342?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org/jacsau?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

an orderly assembling process, which can be further regulated
by diverse light, has not been reported yet. Herein, we present
a dithienylethene/diphenylalanine/cucurbituril-contained mul-
ticomponent supramolecular heterodimer (Scheme 1), which

Scheme 1. Schematic Illustration of the Formation of 1:2, C
CB[8], and Chirality Transfer Photoswitch; Chemical
Structures of Assembled Precursors 1, 2, BP, NP, and CB[8]
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is constructed by photoswitchable DTE-bridged doubly
charged bispyridinium (BP) salt (1), naphthalene (NP)-
substituted chiral diphenylalanine (2), and cucurbit[8]uril
(CB[8]). The ingenious design is as follows: (1) NP and BP
groups are introduced into two guests, respectively, and thus,
the two guests can be easily and automatically linked together
via encapsulation of rigid CB[8]; (2) diphenylalanine (L-Phe-L-
Phe, FF) as a chiral source is introduced into the supra-
molecular system and provides the possibility of chiral transfer;
(3) intermolecular hydrogen-bond interaction of FF and
aromatic stacking effect of DTE supply a self-aggregated
chance; (4) intervention of DTE endows the supramolecular
assembly with optical responsiveness and hopefully achieves
photocontrolled chirality transfer switch and orderly topo-
logical transformation.

The synthetic routes of guests 1 and 2 are shown in Scheme
S1. The photoactive molecular 1 with good water solubility
was synthesized via methylation of 3*' and subsequent
counterion exchange with tetrabutylammonium chloride in
94% yield. Moreover, the reaction of diphenylalanine (1-Phe-L-
Phe, FF) 4°° with f-naphthol § obtained compound 6 in 91%
yield, and subsequent hydrolyzation obtained 2 in 88% yield.
The chemical structures of these compounds were completely
characterized by '"H NMR, *C NMR, F NMR, and HR-MS
(see Figures S1—-S10).

As expected, compound 1 exhibited excellent reversible
photochromic and photoisomerization properties. As shown in
Figure S1la, the absorption maximum of the open form of 1
(OF-1), which occurred at 275 and 384 nm, declined, and two
new absorption peaks at 318 and 615 nm appeared and
increased with the generation of three well-defined isosbestic
points at 302, 356, and 470 nm upon 254 nm UV light
irradiation. The aforementioned observations revealed that
photoisomerization of OF-1 to its closed form (CF-1) took
place. Moreover, the solution color gradually turned from
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yellow to blue, implying that the photoreaction was proceeding
(Figure Slla, inset). Subsequently, the absorption spectrum
and color of the resultant solution thoroughly restored to the
original state upon >490 nm visible light irradiation, while the
present process above could be repeated for at least seven
cycles without any recession, manifesting good fatigue
resistance (Figure S11b). The photocyclization quantum
yield (®,_.) and photo-cycloreversion quantum yield (®._,)
of 1 were determined to be 0.09 and 0.002, respectively.
Furthermore, the cyclization conversion yield was determined
to be approximately 88% by calculating the change of nuclear
magnetic integral area (Hg or H,) with irradiation of 254 nm
light (Figure S12), and >500 nm light irradiation led to the
recurrence of the original nuclear magnetism (Figure S13),
also indicating good photoisomerization reversibility.

After the investigation on photochromic properties of 1,
assembling behaviors of the photosensitive molecule with 2
and CB[8] were further studied. It is well known that the
electron-deficient BP unit and electron-rich NP can be jointly
encapsulated in the cavity of CB[8] via host—guest interaction
to form a 1:1:1 stable CT complex.“z’43 Therefore, 2 equiv of
2, 1 equiv of 1, and 2 equiv of CB[8] could self-assemble to be
a supramolecular heterodimer 12, C CB[8], in aqueous
solution. As depicted in Figure S14, the resonance for BP
proton of 1 and NP of 2 all displayed an apparent upfield shift
and passivation, implying that BP and NP units were located in
the cavity of CB[8] and nanoaggregates formed. To confirm
the assembly mode more definitely, we selected NP as the
model molecule to replace 2 for avoiding further aggregation.
As shown in Figure S15, an apparent upfield shift for the
protons of BP in 1 and NP was distinctly observed. In addition,
hydrogen—hydrogen correlation for the protons of BP in 1 and
NP can be clearly found in the 2D NOESY spectrum (Figure
$16). Subsequently, BP instead of 1 was selected to integrate
with guest 2 through the encapsulation of CB[8], and their
assembling behaviors were investigated. Notably, the proton
signals of BP, NP, and one phenyl group of FF in 2 were
shifted apparently upfield (Figure S17), indicating that these
parts were located in the cavity of CB[8], which is similar to
the previous report.’® In addition, UV—vis absorption and
fluorescence emission spectral investigation also provided
powerful evidence. As manifested in Figure 1, a new long-
wavelength absorption peak at 418 nm different from 1 and 2
was observed in 12, C CB[8], assembly, implying the
formation of a stable CT complex. Intuitively, the solution
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Figure 1. Absorption spectra of 1, 2, and heterodimer 1-2, C CB[8],
([2] = [CB[8]] =2[1] = 2 X 107> M). Inset: color of 1, 2, and 1+2, C
CB[8], in aqueous solution ([2] = [CB[8]] = 2[1] = 4 X 1075 M).
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Figure 2. (a) Circular dichroism and UV—vis absorption spectra of OF-1, 2, and OF-1-2, C CB[8],; (b) alteration of circular dichroism and UV—
vis absorption spectra of OF-1-2, C CB[8], upon alternating UV and visible light irradiation; Inset: partial enlargement of panel (b); [2] =

[CB[8]] = 2[1] = 2 X 107™* M; pathlength: 5 mm.

color turned from yellow to orange-red in the mixing process
(Figure 1, inset). Moreover, as displayed in Figure S18, 2
emitted at 345 nm, and the mixture composed of 2 equiv of 2,
1 equiv of 1, and 2 equiv of CB[8] did not manifest apparent
fluorescence emission because of intermolecular CT inter-
action. Overall, the aforementioned observations convincingly
indicated the formation of supramolecular heterodimer 1-2, C
CB[8],, as displayed in Scheme 1.

The introduction of chiral group FF encouraged us to
investigate circular dichroism (CD) spectroscopy of monomer
2 and assembly 1-2, C CB[8],. As depicted in Figure 2a, 2
showed obvious CD signals around 225 nm assigned to
benzene rings of FF. Furthermore, a strong positive CD band
around 200 nm (7z—z* transition) was observed, correspond-
ing to the assumed f-turns of FF.** However, the NP group of
2 did not manifest an apparent CD signal at 269 and 322 nm,
suggesting that no chirality transfer occurred between NP and
FF, ascribed to the far distance and flexible linker. Afterward,
we also examined the CD spectrum of molecular switch 1 for
comparison, which revealed that the open form of 1 (OF-1)
also showed no CD signals. It is well known that simple CB[8]
is an achiral macrocyclic host. Moreover, we performed CD
spectroscopy of D-Phe-n-Phe (Figure 2a), which also displayed
positive CD signals as guest 2. Nevertheless, chiral inversion
and amplification with a strong negative CD signal (—38
mdeg) at 225 nm that belonged to FF occurred in the
formation of 12 C CB[8],. This was probably attributed to the
distinct alteration of configuration of FF and formation of a
more rigid structure caused by host—guest complexation and
hydrogen-bond interaction. To our surprise, apparent CD
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signals among 250—350 nm (belonging to the NP unit and
photochromic molecule 1) and 350—550 nm (assigned to the
CT complex) were observed, indicating that chirality transfer
from FF to the CT heterodimer took place in the assembling
process.

To further affirm the aforementioned viewpoints, we
selected BP, a segment of 1, as a reference to examine chirality
transfer between FF in 2 and CT complex formed by BP and
NP in 2. Then, an investigation of the assembly BP-2 C CB([8]
was performed using CD spectroscopy. The similar chiral
inversion and amplification of assembly BP-2 C CB[8] as 1-2,
C CB[8], at 228 nm assigned to benzene rings of FF were
observed relative to 2 (Figure S19a). Moreover, apparent CD
signals between 250 and 335 nm (assigned to NP and BP)
were found, while the absorption band of the CT complex at
335—460 nm band displayed positive CD signals because of
the formation of inclusion complex BP-2 C CB[8] (Figure
S19b). On the contrary, there are no apparent CD signals
between 225 and 460 nm for compounds BP and 2, which was
consistent with the observation in Figure 2a. The observations
above jointly verified that the chirality of CT complex
consisting of NP, BP, and CB[8] was induced by FF. Then,
we speculated that the causes of the above chirality transfer
should be as follows: (1) the formation of supramolecular
assemblies BP-2 C CB[8] and 1-2, C CB[8] shortened the
distance from chiral sources of FF (chiral donor) to the CT
complex (chiral acceptor) through host—guest complexation
and hydrogen-bond (H-bond) interaction between the
carbonyls of CB[8] and the amino hydrogen atoms of FF;
(2) intervention of CB[8] into the system caused the whole
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molecular configuration of supramolecular assemblies BP-2 C
CB[8] and 1-2, C CB[8], to become more rigid than the free
guest 2. The corresponding proof came from the 2D ROESY
spectra of the 2-BP C CB[8] assembly and density functional
theory calculation (DFT). The 2D ROESY spectra of the
assembly manifested that aryl groups in guest 2 and BP
possessed obvious hydrogen—hydrogen correlation with CB[8]
(Figure S20). The geometry-optimized structure of the
inclusion complex (Figure 3) was determined through density
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N\ P
() ]
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Chiral transfer

-

Figure 3. Geometry-optimized structures of host—guest complex BP*
2 C CB[8] and its chiral transfer mechanism.

functional theory (DFT) calculation, indicating that NPs in 2
and BP were encapsulated in the cavity of CB[8] and a H-
bond formed between the amido bond near the naphthalene
group in FF and one carbonyl in CB[8] (their distance was
1.83 A, well within the H-bond range).

More interestingly, when the open form of 1:2, C CB[8],
(OF-1-2, C CB[8],) was irradiated by 254 nm wavelength
light, the induced CD signals among 250—350 nm (belonging
to the NP unit and photosensitive molecule 1) and 350—550
nm (assigned to the CT complex) faded away, attributed to the
conversion from OF-1-2, C CB[8], to CF-1-2, C CB[8],
(Figure 2b). Subsequently, >600 nm visible light irradiation
enabled the absorption and CD spectra to return to the
original state states, originating from the regeneration of OF-1-
2, C CB[8], (Figure 2b). The above process could be cycled
for five times without any obvious recession (Figure S21),
manifesting satisfying fatigue resistance, which was attributed
to good photochromic reversibility (Figure $22). In a word,
the induced chirality could be reversibly switched “on” and
“off” upon alternating UV and visible light irradiation.
Furthermore, the CD peak at 225 nm remained almost
constant in this irradiation process, because only the DTE part
of 1 exhibited reversible isomerization and the parts of FF and
CB[8] had changed very little. Interestingly, the solid-state CD
spectra of the 12, C CB[8], assembly showed alteration upon
irradiation at alternating 254 and >600 nm light, indicating
that the solid-state assembly still kept switchable chiroptical
properties to some extent (Figure S23).

On the other hand, to our delight, tunable morphological
alteration was accompanied by the aforementioned orderly
self-assembling and irradiation process. The evidence of
topological features comes from transmission electron
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microscopy (TEM) and scanning electron microscopy
(SEM). To begin with, 2 in ethanol/water (V/V = 1:19)
solution formed many nanofibers with the width of 26 nm, as
was observed in TEM (Figure 4a). Additional proof was

(d)

\

OF-1 ICB[B]

=4

(e)

OF-1-2,cCB[8]

") uv 11w$

o

CF-1-2,cCB[8]

Figure 4. TEM images of 2 (a), OF-1-2, C CB[8], (b), and CF-1-2,
C CB[8], (c); possible morphological formation mechanisms of 2
(d), OF-1-2, C CB[8], (e), and CF-1-2, C CB[8], (f).

supported by SEM (Figure S24a), displaying many nanofibers
as well, which is absolutely consistent with TEM. Second, in
the orderly assembling process of supramolecular heterodimer
12, C CB[8],, the one-dimensional (1D) nanofibers were
changed to two-dimensional (2D) nanosheets. As discerned in
the TEM image (Figure 4b), we could find many 2D
nanosheets in our sight, which was further confirmed by
SEM (Figure S24b). Meanwhile, the thickness of the layered
structure was determined to be approximately 7.8 nm by AFM
(Figure S25). In addition, reversible photoisomerization of 1
inspired us to further examine whether the topological
morphology was altered. Irradiation at 254 nm wavelength
light led to ordered morphology transformation from 2D
nanosheets to 1D nanorods because of structural conversion of
the 12, C CB[8], assembly from open form to closed form.
As discerned from Figure 4c, many rodlike nanostructures
could be observed in the TEM image, which is basically
consistent with the feature displayed in the SEM image (Figure
S24c). Crucially, the initial morphology of 1-2, C CB[8],
(nanosheets) could be recovered after irradiation at >600 nm
visible light, benefiting from reversible photoisomerization of
12, C CB[8], (Figure S$22). Significantly, topological
morphology alteration from 1D nanofibers to 2D nanosheets
and then optically controlled reversible interconversion
between 2D nanosheets and 1D nanorods along with chiral
modulation were realized in the present process.”

Finally, we deduced a possible morphological formation and
interconversion mechanism, as illustrated in Figure 4d—f. In
the self-aggregate of 2, m—n stacking arrangements between
hydrophobic NP rings as the core of nanofiber and hydrogen
bonds between hydrophilic peptide main chains as the outer
part promoted the formation of nanofibers (Figure 4d).** This
is consistent with the previous reports that the short peptides
had a major tendency to form long fibers in aqueous
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solutions.”” However, the OF-1:2, C CB[8], assembly
possessed two FF in opposite directions, which would grow
along two perpendicular directions. This adopts a side-by-side
array along the horizontal direction but a head-to-head (or tail)
array along the vertical direction, and the resultant 2D
structure was stabilized by the hydrogen bonds and 7—n
interactions among adjacent OF-1+2, C CB[8], units (Figure
4e).* When the open form of 12, C CB[8], was transformed
into its closed form, the DTE framework became more rigid
and formed 7m—n stacking more easily. DTE and accessory
aromatic rings as cores and FF as peripheries formed
nanofibers and then aggregated to nanorods with larger radius
(Figure 4f). In addition, the hydrodynamic radii of the two
assemblies OF-1-2, C CB[8], and CF-1-2, C CB[8], were
determined to be ca. 120 and 350 nm, respectively, by DLS
(Figure S26), and such a big distinction further proved an
apparent morphological change, which further implied changes
in their assembling patterns.

In summary, a supramolecular heterodimer containing DTE,
FF, and CB[8] has been tactfully developed through host—
guest complexation. Surprisingly, chirality transfer from FF in
guest 2 to the CT heterodimer formed by achiral OF-1 and
achiral NP in 2 was achieved in this assembling process,
ascribed to the shortened distance between the chirality donor
and acceptor and more rigid structure caused by encapsulation
of CB[8] and hydrogen-bond interaction. However, chirality
transfer from FF to NP cannot be conducted in only guest 2
because of non-conjugated flexible connection. Interestingly,
the induced chirality can be further reversibly modulated by
UV and visible light in the presence of photosensitive DTE,
and the process can be cycled for at least seven times without
obvious fatigue. Furthermore, 1D chiral nanofiber was changed
into organic 2D nanosheet with induced chirality in the orderly
assembling process, and subsequently, reversible interconver-
sion between organic 2D nanosheet and 1D nanorod with
adjustable induced chirality can be realized upon irradiation at
distinct light. The present study provides a convenient
approach to designing and constructing photosensitive supra-
molecular aggregates that integrate chirality transfer, chirality
switch, and topological morphology conversion.

All manipulations were carried out under an argon atmosphere by
using standard Schlenk techniques, unless otherwise stated. THF was
distilled under an argon atmosphere from sodium-benzophenone. All
other starting materials were obtained commercially as analytical
grade and used without further purification. All the property
examinations were performed at room temperature, unless noted
otherwise. The "H NMR and "*C NMR spectra were recorded on a
Bruker AV400 spectrometer at 25 °C. The time-of-flight mass spectra
were measured in the MALDI mode. Optical absorption was
measured in a quartz cell (pathlength, 10 and S mm) on a Shimadzu
UV-2401PC spectrophotometer equipped with a Thermo HAAKE-
SC100 temperature controller. The steady-state fluorescence spectra
were recorded in a conventional quartz cell (light path, 10 mm) on a
HITACHI F-7000 FL. The circular dichroism (CD) spectra were
measured in a quartz cell (pathlength, 10 and S mm) on a JASCO J-
715 spectropolarimeter. TEM images were acquired using a Tecnai 20
transmission electron microscope operated at an accelerating voltage
of 200 kV. Samples for TEM measurements were prepared by
dropping a sample solution (20 #M) onto a copper grid. The grid was
then air-dried. SEM images were recorded on a HITACHI S-3500N
scanning electron microscope. The UV light irradiation experiment
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was carried out using a germicidal lamp ZF-7A (254 nm, 8 W), and
the visible light irradiation experiments (4 > 490 nm and 4 > 600 nm)
were carried out using a CEL-HXF300 20 V 300 W xenon lamp
(Beijing China Education Au-light Co. Ltd., China) with a 25%
attenuating filter and cutoff optical filter for >490 and >600 nm light,
respectively.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00342.
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