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Understanding how subtle structural differences between macrocyclic con-
formational isomers impact their properties and separation has garnered

increasing attention in the field of supramolecular synthetic chemistry. In this
work, a series of tetraphenylene (TPE)-embedded butterfly bis-crown ether
macrocycles (BCE[n], n =4-7), comprising two crown ether side rings and a
TPE core, are synthesized through intramolecular McMurry coupling. Unex-
pectedly, the presence of flexible oligoethylene chains with varying lengths are
found to influence molecular conformation via multiple intramolecular inter-
actions, resulting in the formation of two stabilized conformers with specific
semi-rigid symmetric/asymmetric structures (sym-BCE[n] and asym-BCE[n],
n=35, 6). Moreover, it is noteworthy that neither symmetric nor asymmetric
conformers are present in the more rigid BCE[4] or the more flexible BCE[7].
Interestingly, these conformers display distinct fluorescence properties and
host-guest binding abilities, and only sym-BCE[5] can serve as a host for chiral
polymer binding, resulting in the formation of chiral supramolecular assem-
blies through host-guest interaction induced chirality. Moreover, both circular

dichroism and circularly polarized luminescence signals of the obtained
assemblies can be switched off by the addition of sodium ion, suggesting
potential applications in the field of dynamic chiral materials.

Tetraphenylethylene (TPE) represents one of the most prevalent
aggregation-induced emission (AIE)-active moieties, making it an ideal
fluorescent building block for integration into macrocycles'”. It is
noteworthy that a TPE derivative theoretically possesses a diverse
range of conformations, which are determined by the varying dihedral
angles within the TPE core. Manipulating these conformational chan-
ges can lead to compounds with distinct photophysical properties® ™.
By restricting the dihedral angles in the AIE compounds, these mole-
cules with diverse conformations hold great potential for precise
modulation of material functionalities' . Moreover, the TPE group
exhibits either clockwise or anticlockwise rotational patterns in its

propeller-like P or M configurations, respectively, by restricting the
intramolecular flipping of phenyl rings. For example, the P or M con-
figurations of TPE can also be constrained through the introduction of
a rigid cyclic structure, offering the possibility for construction of
chiral materials™ . So far, achieving distinct conformations for TPE
compounds remains a formidable challenge.

Herein, we report the synthesis of a series of TPE-based bis-crown
ethers (BCE[n], n=4-7) through intramolecular McMurry coupling
interaction. In order to achieve AlE-active macrocycles with distinct
conformations in both solution and solid state, chains with appro-
priate length were introduced to connect the phenyl-substituents,
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Fig. 1| Cartoon representations for construction of BCE[5] isomers and chiroptical application. Schematic illustration of the two conformations of bis-crown ether

macrocycles and the guest-modulated chiroptical signal in the assembled system.

thereby restricting the dihedral angles of TPE core. The TPE unit was
cyclized through flexible ethylene glycol chains, and it was observed
that varying chain lengths resulted in different degrees of distortion in
the TPE core due to intramolecular tension. Surprisingly, both BCE[5]
and BCE[6] exhibit two conformations, namely sym-BCE[n] and asym-
BCE[n] (n=35, 6), respectively. Moreover, it is noteworthy that neither
symmetric nor asymmetric conformer is present in the more rigid
BCE[4] or the more flexible BCE[7]. Furthermore, variations in cavity
size and shape result in diverse fluorescence and binding properties
among different conformers. It is worth noting that only sym-BCE[5]
can act as a host for chiral polymer guest binding, thereby enabling the
generation of chiral materials with controllable handedness through
supramolecular chiral amplification induced by host-guest interac-
tion (Fig. 1).

Results
Synthesis and structural characterization
TPE-cored butterfly-shaped macrocycles were synthesized by embed-
ding TPE units into crown ether through a facile three-step process
(Fig. 2). Our methodology distinguishes itself from previous reports on
crown ether-functionalized TPE-based macrocycles obtained through
direct intermolecular cyclization’>?, as it is challenging to achieve
high yields of smaller-sized crown ether ring-functionalized TPE-mac-
rocycles due to the strain resulting from intramolecular cyclization.

BCE[n] (n=4-7) with identical skeletal structures but varying
lengths of crown ether chains were synthesized, and the synthesis
route as well as the detailed procedures are elaborated in Supple-
mentary Figs. 14, 27. Taking BCE[5] as a representative example, we
first obtained the cyclic diketone by reacting two dihydrox-
ybenzophenone molecules with two equivalents of tetraethylene gly-
col ditosylate in a highly concentrated reaction solution
(Supplementary Figs. 1-13). With the diketone in hand, the target
macrocycle BCE[5] could be efficiently obtained via an intramolecular
McMurry reaction in the final coupling step. As expected, three addi-
tional BCE[n] (n=4, 6, 7) were also successfully prepared using this
convenient methodology with moderate yields (Supplementary
Figs. 14, 27). The obtained BCE[n] were fully characterized by 'H NMR,
BC NMR, HR-ESI-MS, and single crystal analyses to validate their
structural integrity (Supplementary Figs. 15-26, 28-33).

The reaction of the diketone compound with zinc powder (5
equiv.) and TiCl, (2.5 equiv.) resulted in the formation of BCE[5] pro-
duct, which was obtained with a moderate yield (38%). This product

exhibited blue color in solid state under UV-irradiation. To further
optimize the yield, we explored the feasibility of increasing the quan-
tity of zinc powder by varying its ratio from 5 to 40 equivalents. The 'H
NMR spectra revealed slight variations in the products obtained under
different conditions of zinc powder equivalents (Supplementary
Fig. 40). In Fig. 3a and Supplementary Fig. 15, it is evident that reducing
the amount of zinc powder used in the reaction resulted in the
observation of two distinct peaks at 6.68 and 6.91 ppm for the C-H
protons of the aromatic protons in the product, as observed in CDCl;.
However, when increasing the amount of zinc powder to 20 equiv. and
30 equiv., a broadening peak resembling a mixture was observed,
indicating the gradual formation of side-products (Supplementary
Fig. 40). By employing 40 equiv. of zinc powder, another pure product
was successfully obtained as confirmed by the 'H NMR spectra (Sup-
plementary Fig. 18). Interestingly, this product exhibits a distinct green
color in its solid state under UV-irradiation. Additionally, its 'H NMR
spectrum shows slight differences compared to the previously men-
tioned product. Specifically, the resonance peaks at 6.82 and 6.88 ppm
show increased proximity to each other, and its (-OCH,) signal cor-
responding to the ether chains displays a slightly downfield chemical
shift (Fig. 3a). Notably, there is also noticeable disparity between the
chemical shifts of these two products around 130-140 ppm on the *C
NMR spectra (Supplementary Figs. 16, 20). Furthermore, mass spec-
trometry analysis confirmed that both products possessed identical
molecular weight consistent with our target molecule, suggesting the
formation of two conformers (Supplementary Figs. 17, 20). By varying
the amount of zinc powder from 5 to 40 equiv., column chromato-
graphy demonstrated controllable production of these two products
with different yields (Fig. 3b). The yield of the blue conformer gradu-
ally decreased as more zinc powder is used, while conversely, the yield
of the green conformer gradually increased.

The single crystals of both products were obtained through slow
vapor diffusion of n-hexane into chloroform solution containing the
macrocycles. The crystal structures confirm that the macrocycles
consist of a TPE core and two crown ether rings positioned on either
side (Supplementary Figs. 44, 45). Similar to other TPE derivatives, the
four phenyl rings are not coplanar with the central C = C double bond,
resulting in a characteristic propeller-like structure. The solid state
structure of the product obtained with 10 equiv. of zinc powder
exhibits an asymmetric structure (asym-BCE[5]) with dihedral angles
measuring 47.74°, 45.95°, 37.31°, and 51.68° between the plane of
phenyl ring and C = C bond, respectively. However, the crystal of the
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Fig. 2 | Synthesis of BCE[n]. Design strategy, synthesis routes, and different conformations of BCE[n] (n=4-7).
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Fig. 3 | Structural characterization of two conformers. a Comparison of the 'H
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of two products (blue conformer and green conformer) under varying zinc
amounts (5-40 egq. zinc).

other product obtained with 40 equiv. of zinc powder adopts a highly
symmetric butterfly-shaped conformation (sym-BCE[5]), with their
dihedral angles measuring 54.53°, 54.53°, 44.08°, and 44.08°, respec-
tively. Those two conformations arise from different degrees of dis-
tortion induced by flexible crown ether ring units on the phenyl rings.
Both left-handed helical (M) conformation and right-handed (P) con-
formations can be equally observed within one unit cell, indicating that
these two crystals are racemic.

The combination of NMR and single crystal data reveals that
BCE[5] adopts two stable conformations in both solid state and solu-
tion. The crystal structures of these conformers suggest the presence
of potential weak intramolecular interactions, which are likely crucial
for maintaining the conformational state within this confined envir-
onment. The existence of multiple intramolecular interactions, such as
C-H--0 and C-H--T interactions, within the BCE[5] skeleton may
influence both cavity shape and TPE angle. For example, due to the

spatial proximity (Fig. 4a, b), asym-BCE[5] is expected to have a higher
number of C-H--O interactions compared to sym-BCE[5]. Moreover,
there are notable disparities in their respective stacking configura-
tions. As shown in Fig. 4c, the crystal packing structure of symmetrical
sym-BCE[5] reveals intermolecular interactions within the three adja-
cent molecules through C-H--O bond. In contrast, asymmetrical asym-
BCE[5] displays intermolecular interactions involving four neighboring
molecules, leading to a more tightly packed arrangement (Fig. 4d).
This close packing restricts the rotation of TPE in the crystalline phase.
Consequently, sym-BCE[5] exhibits a more obvious cyan color com-
pared to its asymmetric counterpart (Supplementary Fig. 49).

To further investigate the disparities in molecular conformations
and structures between sym-BCE[5] and asym-BCE[5], density func-
tional theory (DFT) calculations were performed based on their
respective crystal structures with Gaussian 09 software package
(Revision D. 01) using M06-2X functional with 6-311G(d, p) basis™.
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Fig. 4 | Single-crystal X-ray structure analysis of BCE[5]. Crystal structures and C — H--O distances (A) of (a) sym-BCE[5] and c its packing mode. b asym-BCE[5] and d its
packing mode. (Oxygen atoms, red; TPE, blue; Carbon atoms, gray; Hydrogen atoms, white; disordered solvent molecules are omitted for clarity).

Computationally optimized geometries confirm that both conforma-
tions resemble their original crystal structures, indicating their ther-
modynamic stability. The twisted conformation of asym-BCE[S]
exhibits a lower energy state compared to the sym-BCE[5] conformer
(Eqsym =~ 1494777 3 kcalmol™ vs Egy,, = —1494784.7 kcal mol™ accord-
ing to the DFT calculation), suggesting its enhanced stability (Sup-
plementary Fig. 50). Consequently, the structure of asym-BCE[5] is
more thermodynamically stable than that of sym-BCE[5].

Based on the aforementioned experimental data and analysis, it is
evident that the yields of these two conformers are influenced by the
McMurry reaction condition*?°, The varying amounts of zinc powder
may induce a templated effect, leading to a preference for one con-
former in the product. Additionally, the polar surface of low-valent
titanium would serve as an additional template, simultaneously pro-
moting the formation of one stable conformer structure®* . Despite
the seemingly excessive amount of 10 equiv. zinc powder, the limited
solubility of zinc powder in THF results in an insufficient concentration
of Zn*. Consequently, this inadequate Zn** concentration within the
reaction mixture leads to formation of a more stable asymmetrical
conformation of asym-BCE[5] as typically observed in McMurry
reactions™. To confirm the significance of Zn* amount on sym-BCE[5]/
asym-BCE[5] selectivity, we added additional ZnCl, to the previously
mentioned reaction system with initially insufficient Zn?*. As a result,
the yield of sym-BCE[5] increased to 62.5%. To confirm the binding
ability of diketone 2 with Zn*, 'H NMR titration experiments were
conducted, which revealed its exceptional capability in accommodat-
ing Zn* ions by electron-rich cavity (Supplementary Fig. 52). Addi-
tionally, Job’s plot experiments demonstrated a 1:1 stoichiometry
between diketone 2 and Zn*, indicating the formation of complexes
(Supplementary Fig. 53). Based on these findings, we propose that
during reagent preparation, a sufficient amount of pre-organized Zn*
ions could be accommodated within the electron-rich cavity of ether

rings in diketone, leading to the adoption of a specific symmetrical
conformation (Supplementary Fig. 54).

To further validate the role of potential weak interactions in
maintaining distinct conformations, CD3OD was introduced into the
CDClI; solution of sym-BCE[5] to investigate its ability to attenuate
their intramolecular interactions (Fig. 5a). An increase in H,” and Hy’
protons and a gradual disappearance of H, and H, protons were
observed, providing evidences for the successful transformation from
sym-BCE[5] to asym-BCE[5]. In contrast, when CD;OD was added to
the CDCl; solution of asym-BCE[5], no significant change in chemical
shift occurred (only solvent-induced chemical shift changes were
observed). Furthermore, the influence of base/acid on the transfor-
mation from sym-BCE[5] to asym-BCE[5] was further investigated. In
the case of triethylamine (TEA), which is unable to disrupt the multiple
weak interactions within sym-BCE[5], no significant change in '"H NMR
spectra was observed upon TEA addition (Supplementary Figs. 55, 56).
However, trifluoroacetic acid (TFA) can form hydrogen bonding with
the ethylene glycol chain of sym-BCE[5], effectively disrupting weak
interactions. The distinct chemical shifts observed within the aromatic
region indicate successful conformational changes induced by TFA
(Fig. 5b and Supplementary Figs. 57, 58).

In addition, variable-temperature (VT) '"H NMR experiments were
conducted to investigate the stability and dynamic transformation
process of BCE[5]. To avoid the potential disruption of weak intra-
molecular interactions, CDCl; was chosen as the solvent. No merging
or splitting phenomena were observed in the NMR spectra for any
protons, indicating that increasing the solution temperature would not
disrupt the intramolecular interaction and thus the conformation of
sym-BCE[5] or asym-BCE[5] could be maintained (Supplementary
Figs. 59, 60). Moreover, VT-NMR experiments were conducted in the
solution of C,Br,D, (1,2-dibromoethane-1,1,2,2-d,) to investigate its
behavior at elevated temperatures (Supplementary Figs. 61, 62). The
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Fig. 5 | Isomerization studies on the BCE[5]. a 'H NMR (400 MHz, 298 K) spectra
of sym-BCE[5] (3.0 mM) in the mixed solvent (500 pL CDCl; and different contents
of CD50D) and asym-BCE[5] in the mixed solvent (500 pL CDCl; and 30 pL CD50D).

b comparison of the 'H NMR (400 MHz, CDCls, 298 K) spectra of sym-BCE[5] and
asym-BCE[5] (3.0 mM) with addition of 0.01 eq. TFA (blue peaks are asym-BCE[5],
red peaks are sym-BCE[5]).

results indicate a subtle shift in chemical resonance, suggesting a
transition from sym-BCE[5] to asym-BCE[5] (Supplementary Fig. 61),
with the latter being thermodynamically more stable.

Subsequently, two conformers of TPE-embeded bis-crown ethers
BCE[6] with longer pentaethylene glycol linkers, namely sym-BCE[6]
and asym-BCE[6], were successfully synthesized (Supplementary
Figs. 21-26, 41). However, it should be noted that the yield of sym-
BCE[6] is significantly lower. The crystal structure of asym-BCE[6] was
also obtained, as shown in Supplementary Fig. 46, similar to asym-
BCE[5], the dihedral angles between the plane of phenyl ringand C=C
bond were measured to be 48.96°, 40.56°, 47.83°, and 46.50°,
respectively. However, our attempts to obtain the crystal structure of
sym-BCE[6] were unsuccessful, so we employed DFT calculation to
model its structure (Supplementary Fig. 51). The results showed that
the dihedral angles of TPE in sym-BCE[6] were 46.52°, 46.52°, 48.05°,
and 48.05°, respectively. Interestingly, the presence of multiple intra-
molecular interactions results in the formation of a small pocket within
the side chain, leading to a distinct conformation of sym-BCE[6]
compared to asym-BCE[6] (Fig. 6a, b). The size of the asym-BCE[6]
cavity is restricted by this pocket, potentially hindering its binding with
ions. The different conformations arise from varying degrees of dihe-
dral angles of TPE induced by flexible crown ether ring units on phenyl
rings. Furthermore, we successfully obtained a cocrystal of asym-
BCE[6] and K* ion through slow vapor diffusion of n-hexane into
acetone solution. Figure 6c illustrates that asym-BCE[6] can bind with
K" ion in a 1:1 ratio, while another cavity is occupied by a water mole-
cule (Supplementary Fig. 48). This indicates that the binding process
between a K" ion and one cavity may result in reduced electron density
within the adjacent cavity, thereby impeding its ability to bind another
K" ion.

In order to further investigate the effect of glycol-linked chain
length on the conformation of bis-crown ethers, we synthesized
BCE[4] with shorter triethylene glycol side chains and BCE[7] with
longer hexaethylene glycol side chains (Supplementary Figs. 28-33).
Interestingly, only one conformer was formed in each case (Supple-
mentary Figs. 39, 42). This can be attributed to the fact that the short
rigid side chain fixes the conformation in a twisted structure, while the
long flexible side chain fails to restrict the dihedral angles of TPE core,

resulting in an inability to fix the conformation into specific structures.
To confirm their conformations, single crystals of BCE[4] and BCE[7]
were obtained through slow vapor diffusion of n-hexane into chloro-
form solution containing the macrocycles (Supplementary Figs. 43,
47). The crystal data strongly indicate that BCE[4] and BCE[7] exhibit a
single conformation (the dihedral angles of TPE core in BCE[4] and
BCE[7] is 37.90°, 51.35°, 47.99°, 44.00° and 42.47°, 45.84°, 50.55°,
48.46°, respectively). By integrating all experiment data, it can be
deduced that the occurrence of different conformers also relies on the
level of flexibility within the crown ether skeleton. This distinctive
phenomenon can only be observed in the semi-rigid macrocycles
BCE[5] and BCE[6].

Furthermore, the photophysical properties of the macrocycle
isomers were investigated. Taking BCE[5] as an example, the sym-
BCE[5] and asym-BCE[5] conformers both exhibited a comparable
absorption profile, characterized by two distinct bands in the range of
230-430 nm (Supplementary Fig. 63). Given that BCE[5] possesses
typical aggregation-induced emission (AIE) characteristics, we exam-
ined the AIE effect of sym-BCE[5] and asym-BCE[5] using fluorescence
emission spectroscopy in chloroform-acetone mixtures with varying
acetone fractions, respectively. The fluorescence intensity of sym-
BCE[5] in pure chloroform initially shows a detectable response, which
gradually increases upon the addition of acetone as a poor solvent,
accompanied by bluish-green emission. The maximum fluorescence
intensity is achieved at 455 nm when the acetone fraction reaches 90%,
indicating that sym-BCE[5] exhibits typical AIE characteristics
(Fig. 7a, ¢). Further increasing the volume fraction of acetone to 95%
leads to a slight decrease in fluorescent intensity due to precipitate
formation. For asym-BCE[5], it shows no significant fluorescence
emission when the acetone content ranges from 0 to 90%. However,
when the acetone fraction reaches 95%, it exhibits intense emission as
well (Fig. 7b). In comparison to sym-BCE[5], the fluorescence emission
enhancement and intensity of asym-BCE[5] were relatively low under
identical conditions. It is noteworthy that the maximum emission
wavelength of asym-BCE[5] at 430 nm is blue-shifted compared to that
of sym-BCE[5]. This spectral shift can be attributed to their distinct
packing arrangements®>°. What’s more, the AIE behaviors of BCE[4]
and BCE[7] were investigated in a mixed solvent of CHCl5-n-hexane,
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Fig. 6 | Single-crystal X-ray structure analysis of BCE[6]. a DFT-optimized
structure for sym-BCE[6] was calculated with Gaussian 09 software package
(Revision D. 01) using M06-2X functional with 6-311 G(d, p) basis. b crystal struc-
ture of asym-BCE[6]. ¢ cocrystal of asym-BCE[6]-K* (OH", Hydrogens are omitted

for clarity) and its packing mode. (Oxygen atoms, red; TPE, blue; Carbon atoms,
gray; Hydrogen atoms, white; K* atoms, purple; disordered solvent molecules are
omitted for clarity).

respectively (Supplementary Fig. 64). Compared with BCE[7], BCE[4]
exhibits higher intensity and a hypsochromic shift, indicating that the
shortest linker in BCE[4] could more efficiently restrict its rotation
than the longer flexible linker in BCE[7]. Additionally, we also deter-
mined the absolute fluorescence quantum yield and fluorescence
emission spectra of each BCE[n] compound in the solid states (Sup-
plementary Figs. 65, 66). The fluorescence quantum yields were found
to be 27.92% (sym-BCE[5]), 25.67% (asym-BCE[5]), 24.86% (sym-
BCE[6]), 23.36% (asym-BCE[6]), 40.21% (BCE[4]), and 21.36% (BCE[7])
for different compounds, respectively. This could be attributed to the
decrease in phenyl rotation restriction with longer flexible chains and
different packing models.

Host-guest chemistry
The inherent helical chirality of TPE is widely recognized when the
rotation of the phenyl rings is constrained”. Inspired by the chirality
amplification phenomenon observed in supramolecular systems, we
aim to induce and amplify the chirality of our macrocycles through
host-guest interactions by utilizing a chiral guest molecule®®**%. Addi-
tionally, revealing the chirality of amino acid-containing copolymers
poses significant challenges due to the absence of chromophoric
groups and a racemic mixture of amino acid enantiomers*. To address
these issues, we propose an approach to design a predominant single-
handed conformation between chiral amino acid co-polymer guest
and BCE[n], with the anticipation that the intrinsic chirality of BCE[n]
can be induced in the presence of an additional chiral guest.
Subsequently, we constructed a supramolecular assembly
through host-guest interactions between achiral BCE[n] and a chiral
amino acid polymer Lg (Dg). The structures and detailed synthesis
procedures of chiral polymers Lg (Dg) are provided in the Supple-
mentary Information (Supplementary Figs. 34-38). Prior to investi-
gating the chiral amplification between the host and the guest, we

initially examined their host-guest interaction by employing benzyl N-
benzoyl-L-alaninate (G,) as a model guest monomer. The complexa-
tions between each BCE[n] compound and G, were investigated using
'H NMR titration experiments. However, except for sym-BCE[5], none
of the proton signals showed a significant shift when mixed with G, for
the other five bis-crown ethers, indicating no complexation occurred
(Supplementary Figs. 70-74). As depicted in Fig. 8 and Supplementary
Fig. 67, the sym-BCE[5] host experienced significant chemical shifts of
the protons with increasing equivalents of Gy,. The peak of H,, Hp, H,
and Hc¢ in sym-BCE[5] exhibited splitting and upfield shifts. A slight
upfield shift was also observed in the chemical shift of proton H; in Gy,.
When the amount of G, reached 1.0 equiv. or more, no significant
changes were observed in NMR spectra, indicating a saturated condi-
tion. These observations suggest that the monomer guest G, can form
a stable 1:1 complex with sym-BCE[5], and the complexation between
G and sym-BCE[5] exhibits a slow exchange process. Furthermore,
Job’s Plot analysis further verifies the binding ratio is 1:1, which may be
attributed to steric hindrance limiting the binding ability of sym-
BCE[5] towards a second guest (Supplementary Fig. 68). The associa-
tion constant (K;) for the sym-BCE[5]>G,,, complex was determined to
be 9.3x10> M' by UV-vis titration experiments (Supplemen-
tary Fig. 69).

Chiral amplification and regulation

Due to the induced chiral amplification from the chiral polymer guest
Lc (Dg) to the AlE-active host sym-BCE[5], we inferred that this
supramolecular assembly could exhibit circular dichroism (CD) prop-
erties (Fig. 9a). Therefore, CD spectra were carefully examined at
varying molar ratios of sym-BCE[5]/L¢ ranging from 1:0 to 1:1.1. Upon
addition of Lg to the achiral sym-BCE[5] solution, a strong negative
cotton effect at 350 nm could be observed in the CD spectra. This can
be attributed to chiral amplification of the macrocycle sym-BCE[5]
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induced by host-guest complexation. The highest CD intensity is
achieved when Lg is present in an equimolar ratio with sym-BCE[5].
Further increasing Lg up to 11 equiv. did not result in significant
changes in the intensity of CD signals. Therefore, our focus primarily
lies on investigating the optimal stoichiometric ratio of 1:1 for achiev-
ing chiral amplification in the sym-BCE[5]>L¢ system. Under identical

conditions, D¢ exhibited a positive cotton effect at 350 nm, repre-
senting mirror image CD signals compared to those obtained for the
sym-BCE[5]oL¢ system.

The circularly polarized luminescence (CPL) properties of the
host-guest assemblies between sym-BCE[5] and chiral guest were
also explored. As shown in Fig. 9b, both sym-BCE[5]oL¢ and
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sym-BCE[5]>D¢ complexes exhibited a pair of mirror-image CPL sig-
nals in the range of 400-500 nm due to the chiral amplification
facilitated by strong host-guest interactions and well-order assembled
nanostructures. The maximum g, values of CPL for sym-BCE[5]>L¢g
and sym-BCE[5]oD¢ were determined to be -1.80 x 102 and 1.84 x 1072
at 455 nm, respectively. In contrast, the guest Lg and D¢ alone did not
exhibit any CPL signals at any wavelength, highlighting the essential
role played by the AlE-active achiral host in facilitating optical
performance.

Subsequently, transmission electron microscopic (TEM) and
scanning electron microscopy (SEM) measurements were utilized to
explore the morphologies of polymeric guests and their assemblies.
TEM images revealed that Lg or D¢ self-assembled into nanowire
structure with average widths of ~100 nm and 200 nm in chloroform,
respectively (Supplementary Fig. 81). When sym-BCE[5] was mixed
with Lg, SEM and TEM images clearly showed that the resulting
supramolecular complex sym-BCE[5]>L¢ exhibited a left-handed lin-
ear nanostructure with helixes, while D¢ with the opposite molecular
chirality formed a right-handed nano-helical structure (Fig. 9¢, and
Supplementary Fig. 81).

Based on the aforementioned investigation of host-guest inter-
actions, sym-BCE[5] exhibited superior binding properties towards
guest molecules, making it an ideal candidate for further

comprehensive exploration. Considering the potential site for metal
ion binding with crown ether rings, the introduction of competitive
metal ions could effectively regulate the chiral assemblies. It is widely
recognized that sodium cations exhibit a stronger affinity towards
crown ethers compared to secondary amines* . Therefore, sodium
tetrakis[3,5-bis(trifluoromethyl)-phenyl]borate (NaBArF) was selected
as a competitive guest to modulate the CD and CPL switching behavior
of the host-guest complex, presenting an innovative approach for
fabricating dynamic CPL-active materials®.

The binding behavior of Na* cation to sym-BCE[5] was investi-
gated using 'H NMR spectroscopy in CDCl; solution. Upon addition of
Na*, significant chemical shift changes were observed, with the max-
imum chemical shift reached when one equivalent of Na* was added
(Supplementary Fig. 75). This observation suggests the formation of a
1:1 complex between sym-BCE[5] and Na*. Furthermore, the binding
behavior exhibited fast exchange kinetics on the NMR spectroscopic
timescale. Job’s Plot confirmed a 1:1 stoichiometry similar to BCE[6] in
its binding with K* ion (Supplementary Fig. 76), and the association
constant (K,) was calculated as 2.70 x10*> M by analyzing sequential
changes in UV-vis absorbance of sym-BCE[5] in the presence of varying
concentrations of Na* (Supplementary Fig. 77). This indicates that Na*
competes effectively in regulating the self-assembly of sym-BCE[5]-
based assemblies. In contrast, minimal changes in chemical shifts were
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observed in the CDCl; solution of asym-BCE[5] under identical con-
ditions, suggesting a lack of strong binding affinity between asym-
BCE[5] and Na* cation (Supplementary Fig. 78). This could be attrib-
uted to the unfavorable effect of its more twisted and smaller-sized
cavities on guest binding of asym-BCE[5].

Titration experiments were further conducted to investigate the
CD spectra changes upon adding Na* cations (0 to 1.0 eq.), aiming to
induce the CD/CPL switching process. As a result, CD spectra exhibited
a quenching effect on the CD signal with increasing amounts of Na*
(Supplementary Fig. 80). Consequently, as shown in Fig. 9d, the
addition of Na' resulted in a decrease in CD intensity for both sym-
BCE[5]>L¢ and sym-BCE[5]>Dg, indicating disassembly of assemblies.
Based on these observations, it can be inferred that competitive
binding of Na* to the sym-BCE[5] host leads to a simultaneous switch-
off in both CD and CPL signals for the supramolecular assem-
blies (Fig. 10).

Discussion

In conclusion, a series of bis-crown ether named BCE[n] (n =4-7) with
AlE-active TPE cores were synthesized by intramolecular coupling of
cyclic precursor diketone compounds. The incorporation of flexible
side chains into the rigid TPE core resulted in a specific strain on the
molecules, leading to the existence of two conformers in semi-rigid
BCE[5] and BCE[6], depending on the chain length. These conformers
exhibit varying dihedral angles within the TPE core and variations in
the shapes of crown ether cavities. Additionally, they can be effectively
purified using conventional column chromatography. Due to subtle
differences in conformation and ring size, their unique host-guest
selective binding behaviors as well as their photophysical properties
were systematically investigated. By utilizing host-guest interaction
and supramolecular chiral amplification, sym-BCE[5]-based chiral
assemblies were constructed to demonstrate both CD and CPL signals
in the presence of chiral polymeric guests. Furthermore, these
assemblies also exhibit Na*-responsive switch-off for CD and CPL sig-
nals. This highlights the significance of conformational diversification
in elucidating the exceptional properties of supramolecular macro-
cycles while providing valuable insights into their structure-property
relationships.

Methods

General procedures for the synthesis of diketone derivatives
Under an argon atmosphere, a mixture of 4,4’-dihydrox-
ybenzophenone (1.0 mmol), compound glycol ditosylate (2.5 mmol),
KI (0.25 mmol), and K,CO; (20.0 mmol) in anhydrous MeCN (10 mL)
was refulxed overnight. The reaction mixture was filtered and rinsed
three times with DCM. Organic layer was washed with deionized water,
dried over Na,SO,. After filtration, the organic layer was collected and
concentrated under vacuum. The crude product was purified by col-
umn chromatography over silica gel (ethyl acetate/petroleum ether,
11, v/v) to afford dieketone derivatives 1-4 as a white soild.

General procedures for the systhesis of asym-BCE[n] (n=5, 6).
Under nitrogen atmosphere, diketone derivative (1.0 mmol) and zinc
powder (10.0 mmol) were dissolved in anhydrous THF (10 mL). The

mixture was cooled to -10 °C and TiCl, (5.0 mmol) was slowly added.
After stirring for 1h, the reaction mixture was warmed to room tem-
perature and then refluxed overnight. The reaction was quenched by
the addition of NaHCOj solution. After filtration, the organic layer was
collected and concentrated. The crude product was purified by silica
gel column chromatography using PE/EA = 2/1, v/v) as eluent to obtain
a colorless soild asym-BCE[n].

General procedures for the synthesis of sym-BCE[n] (n=5, 6).
Under nitrogen atmosphere, diketone derivative (1.0 mmol) and zinc
powder (40.0 mmol) were dissolved in anhydrous THF (10 mL). The
mixture was cooled to —10 °C and TiCl, (20.0 mmol) was slowly added.
After stirring for 1h, the reaction mixture was warmed to room tem-
perature and then refluxed overnight. The reaction was quenched by
the addition of NaHCO; solution. After filtration, the organic layer was
collected and concentrated. The crude product was purified by silica
gel column chromatography using PE/EA = 2/1, v/v) as eluent to obtain
a colorless soild sym-BCE[n] as a major product and asym-BCE[n] as a
minor product.

Preparation of BCE[n]

The synthesis and characterization of BCE[n] (n =4-7) presented in
this work, the experimental details, and additional data of tests were
listed in the Supplementary Information.

Characterization methods

NMR spectra were recorded on a Bruker AV400 and AV600 (400 MHz
and 600 MHz) spectrometer. High-resolution electrospray ionization
mass spectra (HR-ESI-MS) were recorded on an Agilent 6540Q-TOF
LCMS equipped with an electrospray ionization (ESI) probe operating
in the positive-ion mode with direct infusion. UV-vis absorption spec-
tra were taken on a SHIMADZU UV-1700 spectrometer. Fluorescence
spectra of solutions and powder were recorded on an Edinburg FLS-
1000 steady-state and time-resolved fluorescence spectrometer using
a xenon lamp as the excitation source. The absolute fluorescence
quantum yield in the solid state was measured by using a calibrated
integrating sphere on the same fluorescence spectrometer. CD spectra
were determined using a JASCO J-810 spectrometer. CPL spectra were
recorded by using a JASCO CPL-300 spectrometer. TEM analysis was
performed on a JEM-2100 instrument. SEM images were captured with
a Hitachi S-4700 microscope. Single crystal X-ray diffraction data were
collected on a Bruker D8 VENTURE CMOS X-ray diffractometer
(Mo-Ka radiation, A= 0.71073 A).

Data availability

The X-ray crystallographic coordinates for structures reported in this
study have been deposited at the Cambridge Crystallographic Data
Center (CCDC), under deposition numbers 2323861 (BCE[4]); 2242720
(asym-BCE[5]); 2323862 (sym-BCE[5]); 2323863 (asym-BCE[6]);
2323865 (BCE[7]); 2323867 (asym-BCE[6] + K* complexes). These data
can be obtained free of charge from The Cambridge Crystallographic
Data Center via www.ccdc.cam.ac.uk/data_request/cif. The authors
declare that the data supporting the findings of this study are available
within the paper and its Supplementary Information. And the
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coordinates of computationally determined structures are available
from source data. The additional data can be obtained from the cor-
responding author. Source data are provided in this paper.
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