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Topochemical synthesis of chiroptical
materials through charge-transfer/
Diels–Alder cascade reaction

Zhuoer Wang1,2, Yan Pei1,2, Aiyou Hao1 & Pengyao Xing 1

Topochemical reactions are favorable protocol in synthesizing specific poly-
mers and realize controllable structural transformation in the crystalline state.
However, their design protocol, type of reactions, and applications are very
limited. Here we report a charge-transfer/Diels-Alder cascade reaction proto-
col to realize topochemical synthesis of chiroptical self-assembled materials
with high efficiency. Imide appended 1,4-dithiin conjugates with chiral pen-
dants feature intramolecular S‧‧‧O chalcogen bonds to afford a planar geo-
metry, which behave as favorable electron acceptors to anthracene with high
binding affinity. The charge-transfer interaction promotes the one-
dimensional extension with the formation of macroscopic helical nanoarchi-
tectures. Thermal treatment triggers the Diels-Alder reaction readily in the
solution and self-assembly states, lighting up the supramolecular helical sys-
tems with absolute quantum yields up to 57%. The in situ dynamic transfor-
mation realized facile thermal-triggered display and information storage, and
endowed the helical nanostructures with circularly polarized luminescence
with dissymmetry factors at 10−2 grade. The cascade reaction protocol was
further applied in synthesizing chiral luminescent macrocycles with potentials
in chiroptical recognition and sensing.

Chirality endows materials with special complexity1–5. An intriguing
property of chiral materials is the optical activity and circular dichro-
ism, which enables the applications in asymmetric synthesis, sensing,
separation, recognition, display, and information storage6–11. Chirality
can be expressed atmultiple levels frommolecular, supramolecular to
macroscopic scale; rational and precise manipulation of chirality is
attractive yet remains a great challenge12–14. Bottom-up self-assembly is
an effective protocol to realize chirality transfer, amplification and
control, which allows for the periodic arrangement with specific screw
sense15,16. It balances and connects the gap between molecular and
macroscopic chirality, facilitating the construction of dynamic chir-
optical materials17–21. To realize the dynamic chiral transformation and
evolution, kinetic and thermodynamic protocols have been developed
that flexible utilization of multiple components, additives, invasive or
noninvasive stimuli, solventmedia, and other external fields tomodify

and alter the chirality and chiroptical expression in a controllable
manner22–24. Despite the above conventional protocols, developing
alternative strategies in the synthesis of dynamic chiroptical materials
shall advance the chiroptical applications, which, however, remain
several challenges and difficulties25–28.

Topochemical reactions refer to the chemical reactions thatoccur
in the crystalline state where the reactive sites are topologically
packed29–34. The reactions aregreen, catalyst-freewith high yields, such
as alkyne-azide ‘click’ reaction and photo-triggered [2 + 2], [2 + 4]
pericyclic reactions initiated by noninvasive heating or photo irradia-
tion triggers35–39. These are widely employed in the targeted synthesis
of polymers and the realization of single-crystal-to-single-crystal
transitions40–43. The state-of-the-art topochemical systems are investi-
gated in crystalline states and depending on the single-crystal struc-
tures, and consequently limit their applications in kinetically
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aggregated soft materials44,45. Compared to the long-range ordered
crystalline matters, flexible self-assembled entities have less ordered
molecular arrangement and more packing flaws, disfavoring the effi-
ciency of topological chemical reactions46–48. In this regard, enhancing
the noncovalent interaction and interplay between building units to
give well-defined topological packing of reactive sites is a central
factor49,50.

We intended to explore the applications of topochemical reac-
tions in the synthesis of dynamic chiroptical materials. To overcome
the less ordered packing in the kinetic aggregation process, charge-
transfer (CT) interaction between aromatics was considered, as it
provides alternative packing arrays to direct one-dimensional
growth51–54. For topochemical reactions, we selected aryl diimide
conjugated 1,4-dithiin with chiral pendants as CT electron acceptors
(Fig. 1). X-ray structures illustrate the planar conformation of 1,4-
dithiins directed by the four intramolecular S–O chalcogen bonds. The
planar and electron-deficient nature allows for high binding affinity
with anthracene to give CT complexes, which reacted via Diels–Alder
(DA) reaction with ultrahigh efficiency, triggered by heating. It allows
for alternation of π-conjugated structures that turn on the lumines-
cence (quantum yields up to 57%). It enables the applications in
thermal-triggered information storage anddisplay, and the emergence
of circularly polarized luminescence. In the self-assembled state, CT
complexation enhances the one-dimensional packing as well as the
chirality expression at the macroscopic scale, and heating arouses in
situ DA reaction to light up the luminescence of helical fibers. The CT-
DA cascade protocol shows great substrate applicability and was suc-
cessfully employed in the topochemical synthesis of chiral lumines-
cent macrocycles with advanced supramolecular chiral expressions.
This work develops an advanced CT-DA protocol to synthesize a
variety of chiroptical materials with high efficiency, and more intri-
guing applications are highly expected in the future.

Results
The diimide appended 1,4-dithiin compounds (1–4) conjugated with
chiral pendants were synthesized facilely through several step con-
densation reactions (Fig. 2), which were fully characterized by nuclear
magnetic resonance (NMR) and high-resolution mass spectra (Sup-
plementary Figs. 2–13). To evaluate the in situ DA addition reactions,
compounds 1–4 were individually mixed with 1 molar equiv. of

anthracene in solution thatwas heated at 80 °C. 1HNMRmonitored the
dynamic [2 + 4] DA addition reactions without side products (Fig. 3A,
Supplementary Figs. 49, 50). The DA adduct yields, along with the
incubation time determined by 1H NMR monitoring, suggest the
reactions are completed at about 100 h (solution state). Thefinal yields
for DA1-DA4 are 96.2%, 85.5%, 93.5%, and 55.4%, respectively (Fig. 3B).
The relatively low transition efficiency of DA4 might be caused by the
relatively large steric effects of appended phenylalanine segments. We
explored the photophysical property changes in the diluted state
(0.5mM) subjected to a higher incubation temperature (120 °C) to
accelerate the reaction efficiency. Absorption and emission changes
were recorded, showing gradual changes upon heating (Fig. 3C, D,
Supplementary Figs. 51–54). Notably, the bathochromic shift in
absorption to the visible region was along with the turn-on green
luminescence, suggesting the occurrence of DA reaction with poten-
tials in smart and switchable luminescent materials. The DA addition
blocks the conjugated imide-dithiin structures with the formation of a
typical D-π-A conjugate that turns on the luminescence. Frontier-
orbital analysis provides physical insights into the supramolecular
complexation and photophysical properties (Fig. 3E, Supplementary
Figs. 55–58). The highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) diagrams show that the
energy gap (Δ = 1.94 eV) between HOMO of anthracene and LUMO of
1,4-dithiin is much lower than the pristine gap (Δ = 3.57 eV) of anthra-
cene, whereby the CT complexation is allowed to facilitate the sub-
sequent DA reaction. The evidence could also be found in the
electrostatic potential (ESP) maps of donor and acceptor (Fig. 3F,
Supplementary Fig. 59). The electron-deficient core of diimide
appended 1,4-dithiin planes is attractive to the electron-sufficient core
of anthracene. Solid state diffusion reflectance spectra of CT acceptor
1 feature a prominent CT band at around 620nm (Fig. 3G), which is
caused by the intermolecular packing between electron-deficient and
abundant parts. However, the CT could be strengthened by incor-
porating anthracene, a more electron-rich polyaromatic
hydrocarbon55. After incorporation of anthracene, the CT band
becomes wider and stronger, relatively, which is due to the anthra-
cene/dithiin complexation. In contrast, the DA adduct comprises no
apparent CT band. Lifetime (τ) and quantum yields (Φ) of DA adducts
were measured in diluted solutions (Fig. 3H, Supplementary Figs. 63,
64). DA1, DA3, andDA4 have bright luminescencewithΦ between 40%

CT complexes DA adducts

Heatingcoassembly

S O locked planar structure turn-on emission
Φ up to 57%!

The Charge-Transfer/Diels–Alder Cascade Reaction Protocol for Topochemical Synthesis

Chiral acceptors
glum up to 0.02

or

Noncovalent pathway Covalent pathway

Fig. 1 | Schematic representation of the CT-DA cascade protocols in synthesizing dynamic chiropticalmaterials. The 1,4-dithiin conjugate forms CT complexes with
anthracene and its derivatives, which, undergo heating, transform into DA adducts.
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to 60%.Unexpectedly, DA2has very limitedΦ (1.2%) and short τ values.
In DA2, the naphthalene performs as a strong electron-rich donor,
which shall cause the electron transfer from the photoexcited lumi-
nophore through a typical photoinduced electron transfer (PET) route,
thus accelerating the nonradiative transitions. The brightness of DA
adducts ismaintained at the solid statewithout an apparent quenching
effect due to the nonplanar geometries. After casting on glass sub-
strates (Fig. 3I, Supplementary Fig. 65), the blue emission of anthra-
cene was totally quenched after CT complexation with 1 (also
quenched in solution phase). Following one minute of gentle heating
using a heating gun, green emission is observed. This interesting
property enables the design of the smart display materials. Carbazole
and anthracene with indistinct blue emission were mixed with the CT
acceptor 1 in the polymer matrices. The quenched emission only in
anthracene regions shall be rapidly recovered after being heated to
show preset patterns. It illustrates the great potential in display and
anti-counterfeit labels (Supplementary Fig. 66).

To understand the CT-DA successive process from a structural
perspective, single crystals were cultivated. Representatively, com-
pound 1 features a planar geometrywith a dihedral angle of about 180°
(Fig. 4A, Supplementary Figs. 67–69). Most thianthrene and 1,4-dithiin
derivatives adopt a bent geometry in most cases because planar
topology results in antiaromaticity, which is energetically unfavorable
unless there are steric constraints from larger substituents. In the
present case, interestingly, in the absence of bulky steric effect, it still
adopts the planar structure ascribed to the formation of intramole-
cular S–O bond (Fig. 4A). The S–O distance was around 3.1 Å, shorter
than the sum of the van der Waals radii (3.5 Å). Meanwhile, the C-O-S
anglewas about 146°, in accordancewith theσ-hole direction. The S–O
locking should be the onlymode, due to it is related to the occurrence
of inherent CT interaction, which explains the dark green color of the
electron acceptors in the solid state (Fig. 3G). Further evidence was
provided by the noncovalent interaction (NCI) diagram, which visually
demonstrates the formation of S–O chalcogen bond56. The interac-
tions enable a conformational locking to afford a perfect planar geo-
metry, which further facilitates the CT complexation. The S–O
interaction has a profound influence on the planar geometry of 1,4-
dithiin. The force, designated as the chalcogen bonding, is highly
directional due to the orbital interplay between the anti-bonding
orbital of the C-S σ-bond and the lone pair electron of oxygen. Other
directions within the nonplanar geometry are unfavorable for the
orbital interaction. The S–O interaction is thus locking the planar
geometry, which further facilitates the CT complexation and size
matching with anthracene. The bathochromic shift of absorption
spectra (Fig. 3C) arises from thebreaking of antiaromaticity. In a planar
geometry of maleimide 1,4-dithiiin structure, the core shows anti-
aromaticity due to the number of 4n π electrons. Therefore, the S and

maleimide are not fully conjugated, and after cycloaddition, the mal-
eimide adopts the typical 4n + 2 aromaticity, causing a bathochromic
shift of absorption. The corrected electronic energies imply a very high
interaction energy of ΔEint = −94.52 kJ/mol (Fig. 4B, C, Supplementary
Figs. 70–76). The reaction energy from the CT complex to the DA
adduct is determined as −26.25 kJ/mol. The formation of stable CT
complexes in the topological orientation increases the possibility of
effective collision, thus elevating the reaction efficiency. X-ray struc-
tures of DA adducts were obtained (Fig. 4D), which all adopt an X
shape. We notice the presence of multiple intramolecular noncovalent
forces that lock the geometry. They contain the preserved S–O bonds,
the emergedCH–π short contacts aswell as theπ–π stacking thanks to
the bent aromatic planes of anthracene. These interactions could be
found in the visual NCI diagram. Adaptive to the chiral pendants, the
interactions are diversified, which influence the photophysical and
chiroptical activities.

Thenwe explored the evolution of chiroptical properties uponCT
and DA processes. Due to the conformational locking, the shape-
resistant geometry would facilitate the chirality transfer from chiral
pendants to the aromatic luminophore core. Thereafter, the mono-
meric state in the solutionexhibits activeCottoneffectswithmoderate
intensity (Fig. 5A, Supplementary Fig. 77). From 300 to 400 nm, they
all exhibit exciton-type curves, indicating the strong coupling between
the electronic transition dipole moment of benzene moieties with the
1,4-dithiin cores. The DA adducts in the solution state basically exhibit
bathochromically shifted Cotton effects with distinct shapes (Fig. 5B,
Supplementary Fig. 78), where chirality transfer still remains. After CT
complexation with anthracene in the self-assembly state (dimethyl
sulfoxide (DMSO): H2O mixture), compared to the acceptors 1–4, the
emergence of fingerprint-type circular dichroism (CD) peaks provide
evidence for the strong CT complexation that generates multiple
exciton couplings (Fig. 5C, D, Supplementary Figs. 79, 80). At the same
time, we also evaluated the in situ DA reaction by recording gradual
changes in CD spectra upon heating. To effectively represent the CD
spectral transitions caused by reaction changes, a series of coassem-
blies (DMSO: H2O= 1:9) were prepared to characterize this process
(Supplementary Figs. 81–85). In the self-assembly state, interestingly,
the propensity of Cotton effects is almost identical to the solution
state (Fig. 5B, E, Supplementary Fig. 86). It illustrates that the aggre-
gation does not initiate supramolecular chirality to suppress the
molecular chirality. The lack of directional force in the X-shaped DA
adducts might result in the failed formation of one-dimensional chiral
arrangements. Ascribed to the turn-on emission in the DA adducts, the
circularly polarized luminescence (CPL) properties were evaluated
both in the solution self-assemblies and polymer matrices (Fig. 5F,
Supplementary Figs. 87, 88). DA1 to DA4 demonstrate green CPL
emission at around 520 nm in the thin films of polymethyl
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Fig. 2 | Molecular structures. Chemical structures of compounds 1–4.
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methacrylate (PMMA). The dissymmetry glum ranges from 0.7 to
1.8 × 10−2, among the highest values in the self-assembled materials. A
very interesting phenomenon is that either the chiroptical sign of
acceptor 4 or DA4 with the same R or S absolute configuration is
opposite to the others, in accordance with the CD sign inversion as
well. The inversion is actually caused by the definition of the absolute
configuration. Due to the numbering of COOMe being with high
priority, the absolute chirality of DA4 is opposite to DA1-DA3, yet with
the same relative chirality based on the orientation of aromatic

moieties. It implies the vital role of the orientation of aryl groups in the
chiral pendants in determining the supramolecular chiroptical
properties.

After probing the properties of inherent building units, CT com-
plexes, and DA adducts, we aimed to explore the thermal-triggered in
situ transformation. It allows for the topochemical synthesis of DA
products in the self-assembled state. Self-assembly was triggered by a
typical solvent exchange protocol. Dispersing the building units into
water generates the aggregates, depending on the chiral pendants,
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Fig. 3 | Thermally controlled Diels–Alder reactions and dynamic behavior of
charge-transfer complexes. A Incubation time-dependent 1H NMR spectra of
compound 1 (50mM) in the presence of 1 molar equiv. anthracene in CDCl3 at
80 °C. B Yields of DA adducts as functions of incubation time at 80 °C determined
by 1H NMR. C, D Heating time-dependent absorption and emission (λex = 410 nm)
spectra of compound 1 (0.5mM) in the presence of 1 molar equiv. anthracene in
DMSO at 120 °C. E HOMO-LUMO energy levels and distributions of different

entities. Geometry optimizationswere performed at the B3LYP-D3/def2-TZVP level.
F ESP maps of 1 and anthracene. G Solid state diffusion reflectance spectra com-
parison of 1, CT complex (1:1) and DA adduct with anthracene. H Lifetime (τ) and
quantum yields (Φ) of each DA adduct. I Thin films in polymethyl methacrylate
(PMMA) on the glass substrates that show distinct emission under 365 nm illumi-
nation after CT and in situ DA addition reactions, which were utilized for smart
display by heating.
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self-assembled into a variety of aggregates. Compounds 1–4 gave rise
to nanoparticles and rods without the chiral expression at the nano/
microscale. The formation of nanoparticles and rods reflects the
insufficient directional force, such as hydrogen bonds or aromatic
stacking, that failed to facilitate the one-dimensional growth for chiral
expression. Representatively, compound 3 shows the merits of the
in situ topochemical synthesis of chiroptical materials (Fig. 6A, Sup-
plementary Figs. 89–106). After CT complexation, the achiral nanor-
ods from inherent 3 transform into M-handed helices with apparently
extended one-dimensional growth. The growth of one-dimensional
architectures with helical bias requires directional force, such as well-
defined π-stacking or hydrogen bonding. CT complexation with
anthracene, as evidenced by the diffusion reflectance spectra and DFT
optimization, introduced strong aromatic packing with alternative
packed arrays, which greatly facilitates the one-dimensional growth. In
situ heating of the self-assembled CT complexes in solution resulted in
the formation of bright green luminescent materials, verified by the
occurrence of DA reactions (1H NMR spectra registered in CDCl3
indicated a near unity transformation efficiency, Supplementary
Figs. 107–114). It maintains the M-handed helical sense, also showing
the enantiomeric effect that the opposite S-configuration affords
P-handed correspondingly. In contrast, direct self-assembly of pureDA
adducts shall generate crystalline or nanoparticles without the
expression of chirality at the macroscopic scale. Further evidences
were collected to unveil the transformation behaviors at themolecular
level. X-ray diffraction (XRD) pattern comparison illustrates that the
CT complexation comprises two sets of inherent patterns (Fig. 6B,

Supplementary Fig. 115), which are assigned as the newly formed DA
band and shifted CT bands. Direct heating of the CT complexes
arouses slight shifts of the peaks, with emerged small new peaks that
are assigned as the independent self-assembled DA adducts. The
mixture might be caused by the block-co-assembly with partial nar-
cissistic sorting within the complexation, where the partial DA adducts
adapted the packing in the solid state. Most of the CT complexes
would transform into DA adducts in the self-assembled state, exhibit-
ing the typical topological transitions. Under microspectrometer
observation, the heatedCTcomplexes exhibitedbright green emission
with a consistent microscale emission spectrum with the pure DA
adducts (Fig. 6C, Supplementary Figs. 120, 121), which strongly verified
the in situ topological transformation to DA products in the assembly
state. Structural insights into the packing diversity were provided by
the single-crystal profiles. In the packing modality, the donor would
not prefer intermolecular chalcogen bonding due to the σ-holes being
occupied by the carboxyl group intramolecularly (Fig. 6D). No π–π
stacking but S–S short contacts were found with a distance of 3.578 Å,
which is probably classified into the van derWaals. It is also found that
benzene segments as electron donors form intermolecular CT com-
plexation (D = 3.507Å) with 1,4-dithiins (Fig. 6E), in good agreement
with the reflectance spectra in Fig. 3G,which reflects strongCTbinding
affinity of the 1,4-dithiin groups. Packingmode of DA adducts (Fig. 6F)
is expectedly to adopt no strong and directional forces due to the
nonplanar topology and lack of polar functional groups. Hirshfeld
surface analysis (Fig. 6G, Supplementary Figs. 122, 123) on the single-
crystal profile of 1 and DA1 shows high fractions of H-H and other van
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derWaals forces with less directional interactions, illustrating the poor
capability in generating chiroptical helical structures compared to the
CT complexes.

Rational utilization of the CT-DA cascade reaction protocol
enables the synthesis of chiral macrocycles. As a proof-of-concept,
we synthesized three crown ethers embedded with anthracene at the
9,10-position (5O, 6O, 7O, Fig. 7A). Due to the presence of macro-
cyclic substituents with enlarged steric effects, DA reactions were
initially conducted in solutions. And the successful synthesis of
several macrocyclic DA adducts illustrates great potential of this
protocol in constructing functional supramolecules (Supplementary
Figs. 124–129). It expresses good structural extensibility to sub-
strates, and the resultant products have customized absolute chir-
ality and high quantum yields, which potentially can be used in
chiroptical sensing applications. We also cultivated the single crystal
of the macrocycle (DAS3-5O), which adopts a three-dimensional
extended molecular topology. In the solution phase, the monomeric
state exhibits very similar chiroptical activities with the pristine
skeletons without crown ether pendants (Fig. 7B, Supplementary
Figs. 130–133). It reflects the shape-resistance of the DA adduct
skeleton that the conjugation of macrocycles would hardly alter the
pristine chiral conformation and photophysical properties. In the
aggregation state, the macrocyclic DA adducts possess distinct
chiroptical behaviors in contrast to the pristine DA adducts.

Reasonably, the appended crown ethers introduce significant steric
effects with closure chains, which further enhance the conformation
resistance. It favors boosting the chiroptical dissymmetry factors of
CPL, whereby DA1-5O affords glum = ±0.02 in PMMA thin films. We
also examined the potential in the topochemical synthesis of
macrocycle-based chiroptical helical structures. After self-assembly,
the 5O-7O and DA macrocycles all possess the propensity to give
three-dimensional spheres ormicrocrystals without one-dimensional
extension (Fig. 7C, Supplementary Figs. 134–145) on account of the
insufficient directional forces. CT complexation, disregarding the
steric effects of macrocycles, induces the formation of long and
flexible helices with P-handedness, and the topology was maintained
after heating to initiate the DA addition reaction. Such topochemical
synthesis would well maintain the permanent porosity (Fig. 7D) while
adopting a helical sense with controllable chiroptical properties.

Discussion
In conclusion, we report the utilization of the cascade CT-DA reaction
protocol to synthesize dynamically transformable chiroptical materi-
als. Aromatic amide appended 1,4-dithiin conjugated with chiral pen-
dants was designed and synthesized. The chiral compounds behave as
effective electron acceptors to anthracene. CT complexation intro-
duces directional noncovalent forces to induce the formation of one-
dimensional helical nanoarchitectures. Thermal stimulus triggers a DA
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addition reaction to alter the π-conjugated aromatic structure to turn
on the luminescence, with the applications in smart display and
information storage. DA reaction promotes the emergenceof CPLwith
a high dissymmetry g-factor at 10−2 grade. The CT-DA cascade protocol
shows broad substrate applicability, whereby the macrocycles
embedded with DA adduct segments were readily constructed, with
potential in chiroptical sensing and self-assembled soft materials. The
protocol greatly extends the type, application of topochemical reac-
tions, especially in the synthesis of chiral matter.

Methods
Materials
All commercial chemicals were used as received. The synthesis pro-
cedures for acceptors and Diels–Alder (DA) adducts are described in
Supplementary Fig. 1, while those for macrocycles are detailed in
Supplementary Figs. 26 and 27.

Self-assembly protocol
The compounds were first dissolved in dimethyl sulfoxide via ultra-
sonic treatment to prepare stock solutions (16.7mM). For self-
assembly formation, a specific volume of stock solution (100μL) was
injected into bulk deionized (DI) water (900 μL). After aging at

ambient temperature for 8 h, the final system (1.67mM) with a fixed
DMSO/water volume ratio of 1:9 was obtained for subsequent char-
acterization. A PMMA stock solution (0.1 g/mL in THF) was prepared,
to which 0.05mM DA product was added. This mixture (1mL) was
blade-coated onto quartz substrates (12 × 45 × 1mm³) and air-dried
under ambient conditions.

Co-assembly protocol
Chiral electron acceptor and electron donor solutions (50μL each)
were combined in vials, followed by the addition of 900μL deionized
water to form co-assembly solutions (total volume 1mL). For com-
parative studies, control samples with varying concentrations main-
tained a fixed DMSO/water volume ratio of 1:9. Unless otherwise
specified, all tested samples adopted the S-configuration. For co-
assembled composites, anthracene and chiral acceptors were co-
dissolved in the PMMA/THF solution for film casting.

Measurement of NMR and High-resolution mass spectra
1H NMR and 13C NMR spectra were recorded on a Bruker ADVANCE III
400 and 500 (1H: 400MHz and 500MHz, 13C: 100MHz) spectrometer
in DMSO-d6 or chloroform-d at 298K. High-resolution mass spectra
(HR-MS) were performed on an Agilent Q-TOF 6510.

3 CT complex CT complex heated DA adduct

1 μm 400 nm 400 nm 5 μm

A

B C D

3.578 Å

S S bonded assembly

Packing of DA1

H-H 32.6%

H-H 46.8%

After DA

F GE

CT between benzene and dithiin

3.507 Å

50 μm

Fig. 6 | Structural and emission profiling of a self-assembled CT/DA cascade
reaction protocol. A Scanning electronmicroscope (SEM) images of R3 (1.67mM),
R3/anthracene complex (0.83mM, 1:1 by molar) before and after heating, and the
pure DAR3 (1.67mM) in the self-assembled state (DMSO: H2O = 1:9 v/v). B The cor-
responding XRD patterns of different species in the self-assembled state.
C Emission spectra collected by the microspectrometer of the heated CT complex

(S3/anthracene 1:1, 0.83mM); inset is the sample image at the excitationwavelength
of 420 nm. D, E Stacking modes of 1 with different interactions; F Stacking struc-
tures ofDA1 found in the X-ray structure.GHirshfeld surface diagrams of H-H short
contacts and the portion changes of 1 and DA1 found in the X-ray structure. Atoms
are colored gray (C), white (H), red (O), yellow (S), and blue (N) in X-ray structures.
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DA adducts in solution DA adducts in assembly DA adducts in assembly

5O CT complex CT complex heated

DA adduct

B

5 μm 200 nm 200 nm

2 μm

C

D
E

5O 6O 7O

DA1-5O DA2-5O DA3-5O

DA3-6O DA3-7O X-ray structure of DAS3-5O

A

Fig. 7 | Charge transfer/Diels–Alder cascade reactionprotocol for the synthesis
of chiroptically active macrocycles. A Chemical structures of anthracene-
embedded macrocycles and the synthesized DA chiral macrocycles. B CD spectra
of DA adducts in the solution (1mM in dichloroethane) and assembly (1.67mM,
DMSO/H2O, 1/9) state, and CPL spectra (λex = 410 nm) of DA adducts in the thin

films of polymethyl methacrylate (PMMA). C SEM images of self-assembled 5O
(1.67mM), its CT complexes with S3 (0.83mM, 1:1 bymolar), heated CT complexes,
and DA adducts (1.67mM) in DMSO/H2Omixture (1/9, v/v).D Packing of DA3-5O in
the X-ray structure. E Emission spectra comparison of the different self-assemblies.
Self-assembly protocols were identical to the SEM samples.
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Powder X-ray diffraction (XRD) measurements
Powder XRD patterns were collected on a PANalytical (X’Pert3 Pow-
der&XRK-900). X-ray diffractionwith CuKα radiation (λ = 0.15406 nm,
voltage 45KV, current 200mA, power 9 KW). The samples were cast
onto cover glasses (20mm × 20mm) and dried to form thin films.

Scanning electron microscope characterizations
SEM images were measured by a Zeiss scanning electron microscope
(Germany). The samples for SEM detection were dropped on a single-
crystal silicon wafer, dried, and then sprayed with gold to increase the
contrast before detection.

Fluorescence microscope image
Micro-area fluorescence variations and fluorescence morphologies
were measured with a 20/30 PVTM UV-Visible-NIR Micro-
spectrophotometer. Charge-transfer complex was spin-coated onto a
glass slide, and fluorescence changes in the micro-area were observed
under a microscope.

Fourier transform infrared spectra
FT-IR spectra were recorded on a Tensor II FT-IR spectrometer. All
samplesweredried and further dispersed in aKBr pellet and submitted
for FT-IR spectra measurement.

UV-Visible absorption spectra
UV-Visible absorption spectra were recorded at room temperature
using a Shimadzu UV-1900 spectrophotometer. Absorption measure-
ments were performed in a 10mm quartz cuvette. Reflectance mea-
surements were carried out with an Agilent Cary 5000 UV-Vis-NIR
spectrophotometer equipped with an integrating sphere, using bar-
ium sulfate (BaSO4) as the reference standard.

Fluorescence spectra
The fluorescence spectra were recorded on an RF 6000 Shimadzu
fluorophotometer. Fluorescence lifetime and quantumyield (QY)were
measured by Steady State-Transient-Fluorescence Spectrometer
(Edinburgh FLS920). 1mM solution of DA1-4 dissolved in 1,2-dichlor-
oethane was used for testing, with an excitation wavelength of 410 nm
in a 10mm cuvette.

Circular dichroism spectra and Circularly polarized lumines-
cence spectra
CD and CPL were measured with an Applied Photophysics Chir-
ascanV100 model. The sample was prepared by transferring a droplet
of suspension into a quartz cuvette with a light path of 0.1mm. The
linear birefringence effects and possible artifacts caused by macro-
scopic anisotropy were generally excluded by flipping and changing
the angle of the sample along the direction of incident light propa-
gation. DA1 to DA4 demonstrate green CPL emission at around 520nm
in the thin films of PMMA. The in situ heating thin-film-like samples
were fabricated by casting onto cover glasses (20mm×20mm) and
drying under controlled conditions. To induce the Diels–Alder reac-
tion, in situ heatingwasapplieddirectly to the glass substrates until the
system became optically stable (∼10min, monitored via color con-
sistency). Subsequently, the thermally processed samples were cooled
to room temperature to reach equilibrium prior to further character-
ization. Chiral optical testing is performed using quartz glass.

Single-crystal X-ray diffraction (XRD) measurements
Single crystal was collected on Rigaku Oxford Diffraction XtaLAB
Synergy diffractometer equipped with a HyPix-6000HE area detector
(Japan), using Cu Kα radiation (λ = 1.54184 Å) from a Photon Jet micro-
focus X-ray source. The structures were solved by direct methods and
refined by a full matrix least squares technique based on F2 using the
SHELXL 97 program (Sheldrick, 1997). The crystal packing was

obtained using the software Mercury. Crystals suitable for X-ray dif-
fraction were obtained in methanol or dichloromethane solution by a
slow evaporation method.

Density functional theory (DFT) computation
The absolute configuration of chiral electron acceptors and
Diels–Alder (DA) adducts was extracted from X-ray crystal structures.
Other similar structural analogs were obtained by simple modifica-
tions. All molecular geometries were optimized using Gaussian
16 software with density functional theory (DFT) calculations at the
B3LYP-D3/def2-TZVP level. Noncovalent interaction (NCI) analyses
were then performed on the optimized structures using Multiwfn.
Cartesian coordinates of the optimized structures are provided in the
Source Data.

Data availability
All relevant data generated during and/or analyzed during the current
study are available from the corresponding author. Supplementary
Information is available in the online version of the paper. Source Data
are provided with this manuscript. The X-ray crystallographic coordi-
nates for structures reported in this study have been deposited at the
Cambridge Crystallographic Data Centre, under deposition numbers
2388504-2388508. Source data are provided with this paper.
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