ROYAL SOCIETY

: oy
Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal

EDGE ARTICLE

mw—hole forces enabled programmable
supramolecular chirality based on a chiral
benzimidazole pincer

{ ") Check for updates ‘

Cite this: DOI: 10.1039/d5sc09567k

All publication charges for this article
have been paid for by the Royal Society

of Chemistry *

Weilong Ma, Aiyou Hao 2* and Pengyao Xing

Employing noncovalent forces to fabricate self-assembled nanoarchitectures composed of multiple
constituents regulates the expression of chirality across hierarchical report
a programmed hierarchical chiral assembly through mt—hole interactions synchronized with hydrogen
bonding. A chiral molecular pincer composed of benzimidazole and cholesteryl moieties capable of

levels. Here we

forming complementary hydrogen bonds with carboxylic acids, coassembles with achiral organic acids
to generate one-dimensional helical superstructures, enhancing the expression of supramolecular
chirality and chiroptical activities. The multicomponent coassembly system accommodates structurally
diverse acids-including aliphatic, aromatic, and polymeric acids-exhibiting pronounced substrate-
dependent induction of supramolecular chirality. Further incorporating fluorinated or chlorinated
components introduced w—hole forces that realize modulation of the macroscopic chirality, affording

well-defined chiral microarchitectures with tunable topology and chirality. The resulting materials display
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macroscopic scales. This study establishes a modular platform for the high-throughput fabrication of

DOI: 10.1039/d55c09567k chiroptical materials with tunable supramolecular chirality, offering insights into the rational design of
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Introduction

The construction of complex yet ordered chiral organic assem-
blies offers profound potential for chiral recognition,* asym-
metric catalysis,*> and chiroptical materials.**® With the
continuous development of the field of chiral nanomaterials,
the application of metal nanoparticles, biopolymers, and
synthetic polymers enables more precise control over the size
and morphology of nanomaterials.*”* By integrating a diverse
array of structurally and functionally distinct components, the
emergence of intricate chiral behaviors through enhanced
molecular cooperativity is facilitated. However, several chal-
lenges complicate their synthesis and application. For instance,
the underlying mechanisms for chirality transfer and amplifi-
cation remain poorly understood, making it difficult to reliably
transfer molecular chirality into macroscopic helical architec-
tures.””** The competitive nature of non-covalent interactions in
these systems exacerbates polymorphism, further impeding
structural precision with less phase purity.

Weak non-covalent interactions such as hydrogen bonding,
7-1 stacking, and van der Waals forces have long been
employed in the design of chiral supramolecular assemblies
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functional soft materials through w—hole interaction driven hierarchical self-assembly.

due to their reversibility and adaptability.>*>® Assemblies based
on these interactions offer significant advantages in terms of
responsiveness and programmability, making them ideal
candidates for designing dynamic, tunable functional
materials.®**®” The directionality and specificity affect the
competitive binding between components that further
compromises the accuracy and fidelity of the desired structures,
presenting a significant barrier to the precise construction of
chiral complex architectures. The m-hole interaction, an
emerging class of non-covalent forces driven by w-hole donors,
offers a promising strategy for overcoming the limitations
associated with traditional weak interactions.***® These inter-
actions, characterized by their directional nature and electronic
selectivity, allow for the formation of specific and stable non-
covalent bonding between electron-rich acceptors (normally
polyaromatic hydrocarbons) and electron-deficient donors.
Importantly, w-hole interactions maintain the desirable flexi-
bility of weak interactions while providing enhanced stability
and fine-tuned control over assembly processes. Consequently,
their incorporation into the design of complex chiral systems
presents an innovative approach for achieving precise chirality
transfer and topological control.

In this study, facilitated by w-hole interaction, we demon-
strate a programmable three-component supramolecular co-
assembly strategy to construct complex and ordered chiral
structures. Compound 1 is a benzimidazole-based pincer
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molecule functionalized with a cholesteryl group, which self-
assembles individually into non-chiral vesicular particles
(Scheme 1). Upon the introduction of various achiral organic
acids (compounds 2-10), directional and complementary
hydrogen bonds between the carboxylic acids and the benz-
imidazole units induce a transition from achiral aggregates to
one-dimensional chiral nanohelices, successfully inducing
supramolecular chirality. To better realize a programmable co-
assembly strategy, the third components, 1w-hole interaction
donors (compounds 11 and 12), were introduced. These donors
engage in m-hole/m interactions, leading to the successful
construction of three-component assembly systems that
generate cross-scale supramolecular chirality. Specifically, the
introduction of w-hole interactions facilitates the formation of
micro-chiral structures. Compound 11 favors the formation of
M-helices, while compound 12 induces P-spindles, enabling
tunable macroscopic chirality. Through electronic effects,
complex yet ordered supramolecular three-component assem-
blies with selective co-assembly are achieved. This cross-scale
chirality modulation demonstrates the transition from nano-
to micron scales, highlighting the unique role of w-hole inter-
actions in constructing large-scale chiral structures. The study
emphasizes the synergistic roles of hydrogen bonding and m—
hole interactions in the design of advanced supramolecular
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materials with programmable/customizable chiroptical prop-
erties, particularly in driving the formation of microscale chiral
structures.

Results and discussion

The synthesis of host molecule 1 is detailed in the SI
Compound 1, a benzimidazole-based pincer molecule func-
tionalized with a cholesteryl group, was synthesized via
a condensation reaction followed by conjugation. Its structure
was confirmed by 'H and C NMR spectroscopy and high-
resolution mass spectrometry (HRMS) (Fig. S2-S4). The benz-
imidazole unit adopts a pincer-like conformation, enabling
selective recognition of carboxylic acids through complemen-
tary hydrogen bonding (Fig. 1a). The formation of the 1-3
complex was confirmed by '"H NMR spectroscopy. In CDCl;, the
H, proton within the benzimidazole core exhibited a downfield
shift (Aé = 0.045 ppm), while peripheral protons (e.g., Hep)
showed upfield shifts, indicating complex formation. This was
further validated by HRMS (Fig. 1b), where the isotopic distri-
bution matched the simulated pattern. Two-dimensional
nuclear Overhauser effect spectroscopy (NOESY) (Fig. 1c)
revealed NOE cross-peaks, such as H—H,., H.-H., H—H}, and
H,-H., reflecting spatial proximity between the host and guest
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Scheme 1 Molecular structures of compound 1, achiral acids (2—-10), and w—hole donors (11, 12), accompanied by the evolution of chiroptical
properties and supramolecular architectures throughout the coassembly process.
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Fig. 1 (a) Representation of the hydrogen bonded complexation and *H NMR comparison of the 1-3 system measured in CDCls with 5 vol%
CD=OD. (b) HRMS of 1-2 and 1-3 with different binding ratios. (c) 2D NOSEY NMR spectrum of 1-3 (1: 2 by molar ratio). Red cycles mark the NOE
signals of protons from different species measured in CDClz with 5 vol% CDzOD. (d) *H NMR titration of 1-7 in CDCls with 5 vol% CD3OD. (e)
Fitted *H NMR curves with the calculated apparent binding constant K for 1-3 and 1-7 respectively. (f) Computational results of supramolecular
complexation between 1 and acids. Energy minimalized structures of 1-3 and 1-7 with 1:1 and 2 : 1 binding stoichiometry. Green dashed lines
represent the observed hydrogen bonds. (g) MD results. Atomic numbering of 1 and 1-3 as well as the RDF profiles. Number of hydrogen bonds as
functions of equilibrium time in 1-3.

molecules. "H NMR titration experiments (Fig. 1d and S5) were determined using a 1:1 binding model, yielding values of
showed gradual downfield shifts of the H, proton upon adding 10> to 10> M, indicating strong affinities that overcome
the guest, with a maximum shift of 0.3 ppm. Binding constants  solvation effects in CDCl;.
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Density functional theory (DFT) calculations (Fig. 1f)
provided further insights into the complexation. The optimized
geometries for the 1-3 and 1-7 complexes revealed energetically
favorable duplex hydrogen bond formation, with bond angles of
approximately 160° and hydrogen bond distances of 1.79 and
1.94 A. The 2:1 complexation mode was also thermodynami-
cally favorable, especially for smaller acids like 7, which
promotes internal stacking of benzimidazole units. The binding
energies for 1-3 and 1-7 were —18.4 and —20.3 kcal mol ",
respectively, in the 1:1 mode, and —37.8 and —41.2 kcal mol~*
in the 2:1 mode, indicating synergistic effects (Fig. 1f and S6).
Noncovalent interaction (NCI)*” analysis (Fig. S7 and S8) showed
attractive interactions (blue regions) between complementary
hydrogen bonding sites and van der Waals interactions between
host and guest molecules, critical for stabilizing the supramo-
lecular complex.

Molecular dynamics (MD) simulations explored the aggre-
gation behavior of compound 1 with various acids. Spontaneous
aggregation occurred within a 15 ns equilibrium period, with
the system reaching equilibrium within 1 ns (Fig. S9). Radial
distribution functions (RDFs) revealed that hydrogen bonds
between imidazole and carbamate groups drove aggregation,
forming multi-layered vesicles. Upon introducing acid 3, duplex
hydrogen bonds were observed, consistent with DFT-optimized
structures. The number of hydrogen bonds increased in the 1-3
complex, indicating coassembly rather than self-sorting.
Solvent-accessible area (SAA) analysis (Fig. 1g and S10) quanti-
fied aggregation. SAA values decreased and plateaued after 10
ns during the self-assembly of compound 1. Introducing acids
3, 7, and 9 showed similar trends, with the rate of decrease
following: 7 > 3 > 9. Polyacrylic acid (9) inhibited coassembly, in
line with experimental results. These findings highlight the
crucial role of hydrogen bonding in driving chiral coassembly.

This section focuses on the self-assembly process of 1 in
aqueous media. Initially dissolved in tetrahydrofuran (THF), 1
and corresponding acids were mixed with water, with the water
fraction (f,,) controlled to be between 70 and 90 vol%. After
incubation, water induced the formation of self-assembled
dispersions, which were analyzed using TEM and SEM. Across
various concentrations and solvent ratios, 1 formed nano-
particles of 100-200 nm (Fig. 2a, S11 and S12). The TEM images
revealed hollow vesicles, attributed to the amphiphilic nature of
compound 1, facilitated by cholesteryl groups. Upon interaction
with carboxylic acids, liposomal nanoparticles transformed into
1D nanostructures, with helices exhibiting supramolecular
chirality. These helices, typically P-handed, had diameters of
hundreds of nanometers and lengths up to several microme-
ters, as confirmed by SEM and TEM (Fig. 2a and S13-S37). The
cholesteryl domains governed chirality, with acids enhancing
amphiphilicity to promote helical growth.

The circular dichroism (CD) and circularly polarized lumi-
nescence (CPL) spectra of the coassemblies (Fig. 2b and S39)
reveal that compound 1 itself is CD-silent; however, its coas-
semblies display pronounced CD activity with a well-defined P-
handed chiral morphology. As shown in Fig. S38, both
compound 1 and the 1-2 assembly exhibit appreciable fluores-
cence, and importantly, both systems also display detectable
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CPL activity. Upon coassembly with compound 2, the lumi-
nescence dissymmetry factor (gj,m) of compound 1 increases
markedly from —0.006 to —0.03 (Fig. 2c), demonstrating
a substantial enhancement in chiral transfer. Taken together,
these optical signatures provide clear and consistent evidence
that the coassembly process effectively induces and amplifies
supramolecular chirality. Time-dependent density functional
theory (TDDFT) calculations of P- and M-dimer models (Fig. 2d)
showed exciton-type bands for the P-dimer, consistent with the
chirality transfer from molecular to supramolecular scales. To
probe molecular packing, we conducted grazing incident X-ray
scattering (GIXS) measurements on thin-film samples. As
shown in Fig. 2e and f, individual compound 1 shows only
broad humps at 0.163, 0.447, and 1.176 Al indicating a near-
amorphous structure with a bilayer spacing of 3.85 nm,
consistent with its CD-silent behavior and TEM results. Coas-
sembly with organic acids induces pronounced structural
changes. The intensified and newly appearing peaks on both Q,
and Q,, axes reveal the formation of well-defined ordered
arrangements and fibrous assemblies. For 1-3, peaks at 0.135,
0.227, and 0.406 A™* (1: /3 : 3) indicate hexagonal packing with
a 4.65 nm lattice parameter-0.8 nm larger than that of 1 due to
acid insertion. Assembly 1-4 exhibits a phase-pure lamellar
structure (1:2:3) with a layer spacing of 5.51 nm, while 1-7
displays mixed lamellar phases (4.67 and 5.57 nm). Addition-
ally, coassemblies show two characteristic Q,, bands near 1.0
and 1.8 A™?, corresponding to distorted rectangular packing
along the fiber axis. Overall, GIXS confirms that organic acids
induce ordered molecular packing, consistent with the
observed chiroptical activity and nanohelical morphologies.

We next examined whether polymeric acids could coassem-
ble with compound 1 to generate a preferred screw sense and
chiroptical activity. Polymer 9, with an average degree of poly-
merization of 28, was selected. Although its multiple carboxylic
acid units could introduce steric hindrance to ordered packing,
clear helical structures were observed under TEM at 90 vol%
water (Fig. 3a and b). These helical nanorods-hundreds of
nanometers long and about 100 nm in diameter-arise from the
cooperative coassembly of 1-9 and differ markedly from
assemblies formed with small-molecule acids. Unlike 1-2 to
1-8, the 1-9 coassemblies are highly sensitive to water content.
Lowering the water fraction from 90% to 80% or 70% caused the
helical structures to disappear, leaving only self-sorted vesicles
in TEM. CD spectra further confirm this solvent dependence
(Fig. 3c): no cotton effects were detected at f, = 70% or 80%,
whereas strong negative CD bands near 350 nm appeared at
higher water content, indicating that polymer 9 binds multiple
units of compound 1 to form highly chiral supramolecular
helices. Variable-temperature CD measurements were then
performed to assess stability (Fig. 3d and e). Heating from 20 to
80 °C led to a gradual decrease in CD intensity, indicating
partial disassembly, while cooling restored the signal with
slight hysteresis, demonstrating reformation of the helical
polymers. As hydrogen bonds between benzimidazole and
carboxylic acids weaken at high temperatures, this reversible
thermal response highlights the potential of these assemblies
as stimuli-responsive supramolecular polymer materials.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) SEM images of 1 (f,, = 80 vol%), 1-4 (f,, =70 vol%, 1: 0.66), 1-5 (f,, =80 vol%, 1: 0.5),1-6 (f,, =80 vol%, 1: 1), and 1-7 (f,, = 80 vol%, 1 : 1)

respectively. (b) Representative CD spectra of self-assembled compound 1 (1 mM) as well as the coassembly with 4; the molar ratiois 1: 0.66; the
water fraction is 70 vol%. (c) Representative CPL spectra of self-assembled compound 1 (0.1 mM) as well as the coassembly with 2; the molar ratio
is 1:1; the water fraction is 80 vol%; Aex = 310 nm and 340 nm respectively. (d) Geometry optimized P- and M-dimers of 1 as well as their
calculated ECD spectra. Basis set: B3LYP/6-311G(d). (e) GIXS patterns and corresponding integral peaks for 1 (f,, = 80 vol%, 1 mM), 1-3 (f,, =
80 vol%,1:1)1-4 (f,, =80 vol%, 1:1) and 1-7 (f,, = 80 vol%, 1: 1) coassemblies respectively. (f) Schematic representation of the self-assemblies

deduced from GIXS and nanomorphology. [1] = 1 mM.

We investigated the coassembly of compound 1 with
enantiopure acids to clarify whether chirality originates from
the chiral acids or the cholesteryl unit. Across broad molar
ratios (1:0-1:10) and various water fractions, no mirror-image
CD signals were observed (Fig. S42 and S43), despite overall
correlated CD features. This contrasts sharply with the coas-
sembly of enantiopure 10 (TA) and achiral benzimidazoles,
which showed perfect mirror CD curves. These findings indicate
that the cholesteryl pendant strongly overrides the chiral

© 2026 The Author(s). Published by the Royal Society of Chemistry

influence of the acids, diminishing their ability to dictate
supramolecular chirality. Consequently, chiral sensing or
recognition is unlikely, as homochirality dominates the CD
spectra.

Morphological analysis further confirms this: only left-
handed (M) helices appear across all conditions, independent
of the TA enantiomer. This M-homochirality is intriguing
because other achiral acids induce opposite P-homochirality
(Fig. S44 and S45), even though both systems remain
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(@ and b) TEM images of 1-9 coassemblies (c = 1 mM, ratio = 1:5, based on the monomer, f,, = 90 vol%). (c) CD spectra of 1-9 coas-

sembilies (1: 5, based on the monomer). (d and e) Heating and cooling CD curves of 1-9 coassemblies. (f and g) SEM image of 1-“TA (£,, = 70 vol%,

1:5 by molar ratio) coassemblies. [1] = 1 mM.

governed by cholesteryl domains. Acid segments with higher
hydrophilicity may therefore contribute to screw-sense selec-
tion, though the structural basis remains unclear.

Interestingly, the M-helices tend to curl into chiral toroids
(Fig. 3f and g). While spontaneous toroid formation is often
attributed to internal-stress release, our curled, disc-like toroids
show well-aligned ~10 nm substructures more clearly than the
1D fibers. This suggests that these substructures arise through
primary aggregation and subsequently align into superhelical
assemblies.

In addition to investigating the binary assembly properties of
compound 1 with carboxylic acids, we successfully constructed
a three-component assembly system by incorporating per-
fluorinated and chlorinated phthalic anhydride (11 and 12). The
binding mode and binding strength of compounds 11 and 12
with 1 were examined through "H NMR titration (Fig. 4a-c). The
strong electron-withdrawing effect introduced by per-
fluorination in 11 leads to the formation of a markedly deep -
hole region. In this context, the benzimidazole segment of 1

Chem. Sci.

functions as an electron-rich m-hole acceptor, giving rise to
a pronounced m-hole interaction between the two components.
This interaction induces a deshielding effect, causing the
chemical shift of H, to progressively move downfield with
increasing amounts of 11 (Fig. 4a). This observation is consis-
tent with the electrostatic potential analysis: due to the much
higher electronegativity of fluorine relative to chlorine, the m—
hole at the center of the aromatic ring in 11 reaches an elec-
trostatic potential of 34.09 kcal mol ' (Fig. 5a), indicating
a deep and well-defined m-hole. In contrast, compound 12,
bearing chlorine substituents, exhibits a significantly weaker
electron-withdrawing capability. As a result, the decrease in
electron density on the aromatic ring is much less pronounced
and the m-hole formed is substantially shallower, with an
electrostatic potential of only 23.74 kcal mol™" (Fig. 5a).
Consequently, the interaction between 12 and 1 is dominated by
weaker van der Waals forces rather than electrostatic 7w-hole
contacts. This leads to a mild shielding effect on the protons,
reflected by only a subtle upfield shift in the chemical shift of H,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) *H NMR comparison of the 1-11 system measured in CDCls with 5 vol% CDsOD. (b) *H NMR comparison of the 1-12 system measured
in CDClz with 5 vol% CDsOD. [1] = 1 mM. (c) The A6 of H, varies with different equivalents of 11 and 12. (d) XRD of 2 (f,, = 80 vol%, 0.1 mM), 11 (f,, =
80 vol%, 0.1 mM), 2-11 (f,, = 80 vol%, 1: 1), 12 (f,, = 80 vol%, 0.1 mM), and 2-12 (f,, = 80 vol%, 1:1). (e) GIXS integral peaks for 1 (f,, = 80 vol%, 0.1
mM), 1-11 (f,, =80vol%,1:1) 1-2(f, =80vol%, 1:1)and 1-2-11 (f,, = 80 vol%, 1: 1: 1) coassemblies respectively. (f) GIXS integral peaks for 1 (f,, =
80 vol%, 0.1 mM), 1-12 (f,, = 80 vol%, 1:1) 1-2 (f,, = 80 vol%, 1:1) and 1-2-12 (f,, = 80 vol%, 1:1:1) coassemblies respectively.

(Fig. 4b and c). These analyses collectively demonstrate that the
key distinction between the interactions of 11 and 12 with 1 lies
in the dominant driving forces: a strong aromatic-
perfluoroaromatic w-hole interaction in the case of 11, versus
predominantly van der Waals interactions for 12.
Subsequently, we investigated the interactions between
compounds 11, 12, and 2 in the solid state by employing powder
X-ray diffraction (XRD). No new diffraction patterns were
observed between 11 and 2 under the nanoprecipitation
protocol. In this scenario, narcissistic aggregation might occur
despite the strong m-hole forces between pyrenes and 11.
However, in the system of 2-12, the individual characteristic
diffraction peaks disappeared, and new bands appeared at
10.19°, 11.65°, and 26.62°, indicating the coassembly between 2
and 12 (Fig. 4d). To further explore the assembly properties of
the ternary system, we conducted GIXS on the samples of 1-11,
1-2, and 1-2-11. Compound 1 exhibited a near-amorphous
phase, while the 1-11 assembly displayed a lamellar
morphology, with diffraction peaks at 0.189, 0.376, and 0.555
A7, corresponding to a 1:2: 3 ratio. Similarly, the 1-2 system
showed peaks at 0.180, 0.374, and 0.540 A1 also corresponding
to a lamellar stacking structure with a D-spacing of 3.49 nm. In
the ternary system (1-2-11), scattering peaks at 0.129, 0.182,
and 0.375 A™' were observed, confirming the presence of
a block-like, partially narcissistic co-assembly structure
(Fig. 4e). Considering the narcissistic behavior between 2 and

© 2026 The Author(s). Published by the Royal Society of Chemistry

11, in the three-component system, 1 behaves as a molecular
glue to combine 2 and 11 to afford a new phase. In Fig. 4f, the
diffraction peaks observed for 1-12 at 0.188, 0.375 A7, and
0.525 A™* further validate the lamellar stacking structure, with
an interlayer spacing of 3.34 nm. In 1-2-12, scattering peaks are
distributed in a 1:2:3 ratio at 0.234, 0.467, and 0.706 A~ .
However, the interlayer spacing in this system decreases to
2.68 nm, with a 4 = 0.66 nm, supporting a more compact
packing arrangement among the three components.

To gain understanding of the interactions between 1-11 and
1-12, we employed DFT to calculate the electrostatic potential
maps and energy-minimized structures of the binary
systems.*®*? As depicted in Fig. 5a, the benzimidazole region of
1 is electron-rich, with an electrostatic potential maximum of
—15.94 kecal mol~". Both 11 and 12 possess T-hole regions at
the center of the benzene ring, with slight differences due to the
different electron-withdrawing/donating effects. Consequently,
the electrostatic potential maxima in the benzene ring regions
of 11 and 12 are 34.09 kcal mol™' and 23.74 kcal mol?,
respectively. Furthermore, it is evident from the electrostatic
potential map that the green region in 12 is significantly larger
than the blue region, suggesting that 12 has a shallow and weak
m-hole region, consistent with the experimental observation
in '"H NMR spectra.

In Fig. 5b, the interaction energies between 1 and 2 with 11
and 12 were calculated. The interaction energies for the pairs
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(a) Electrostatic potential maps of 1, 11, and 12, as well as the DFT-optimized structures of the 1-11 and 1-12 complexes. (b) The interaction

energies for the formation of the 1-11, 2-11, 1-12, and 2-12 complexes. (c) MD results. Aggregation behaviors within the simulation boxes at 0 ns
and 15 ns for comparison. (d) RDF profiles of distances for the intermolecular interaction between 1-11, 2-11, 1-12 and 2-12.

1-11, 2-11, 1-12, and 2-12 were found to be —19.82, —21.42,
—21.79, and —22.65 kcal mol ', respectively. These results
indicate that 2 exhibits stronger binding affinities with both 11
and 12 compared to 1. In the ternary system, 1 and 2 engage in
competitive interactions, as both can interact with 11 and 12. By
comparing the binding energies of the two-component and
three-component systems, we found that the binding energies
of the 1-2, 1-11, 1-12, 1-2-11, and 1-2-12 complexes are
—35.23, —19.82, —21.79, —49.97, and —47.97 kcal mol*,
respectively (Fig. S55). These results clearly indicate that the
three-component systems exhibit significantly stronger binding
energies than the corresponding two-component systems,
demonstrating that the three-component assemblies are ther-
modynamically more stable. To further investigate the assembly
modes of the ternary system, we performed molecular dynamics
(MD) simulations. Compounds 1, 2, and 11 were placed in a 10
X 10 x 10 nm® box at a 1:1:1 molar ratio, with a total of 300
molecules in a water-filled box. Under the influence of the
Amber03 force field, the system reached equilibrium after 15 ns
(Fig. 5¢). From the final equilibrium state, it is evident that the
1-2-11 system forms a ternary complex through mutual w-hole

Chem. Sci.

interactions. Similarly, the 1-2-12 system forms a ternary
complex, where the interactions between 1 and 12, as well as
between 12 and 2, are essential for the overall stability of the
system. Subsequently, we employed radial distribution function
(RDF) analysis to gain further insight into the intermolecular
interactions within the ternary systems. As illustrated in Fig. 5d,
both compounds 1 and 2 exhibit notable interactions with
compound 11 in 1-2-11, with intermolecular distances of 3.73 A
and 3.74 A, respectively. These distances provide direct evidence
for the stable coexistence of all three components. The
comparison of g(r) values reveals that the interaction between 2
and 11 is stronger than that between 1 and 11, in agreement
with the calculated interaction energies presented in Fig. 5b. A
similar interaction pattern is observed in the equilibrated
1-2-12, where an interaction distance of 3.80 A supports the
presence of compact molecular packing among 1, 2, and 12.
Moreover, the competitive advantage of compound 2 over 1 in
binding to 12 is clearly reflected in the relative g(r) intensities.
Collectively, these computational findings provide compelling
evidence for the specific pairwise interactions within the ternary

© 2026 The Author(s). Published by the Royal Society of Chemistry
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systems and successfully elucidate the competitive binding
dynamics that govern their assembly behavior.

Finally, SEM analysis was performed to elucidate the self-
assembled morphologies of the systems (Fig. 6 and S47-S51).
Compound 1 predominantly formed vesicular architectures
with an average diameter of approximately 150 nm. Upon
coassembly with compound 2, twisted rod-like nanostructures
emerged, which can be attributed to the presence of intermo-
lecular hydrogen-bonding interactions. In contrast, the combi-
nation of 1 with the -hole donor 11 resulted in the formation
of well-defined M-handed helical ribbons with widths of about
500 nm (Fig. S48). Notably, this morphological transformation

View Article Online
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was accompanied by a reversal in the CPL signal, and the gjym
value significantly increased to 2.0 x 107% indicating
a substantial enhancement in CPL performance. Interestingly,
the morphology of the 1-2-11 ternary system differed markedly
from those of the individual components (1) and binary systems
(1-2, 1-11). The block co-assembly approach enabled the
ternary system to exhibit bisignate CPL. A negative CPL signal
was observed at 400 nm, while a positive signal emerged at
450 nm. It is interesting that, 1-2 and 1-11 both give CPL signals
at around 430-450 nm, while a blue-shifted new band at 400 nm
clearly indicates the formation of m-hole complexes between
pyrene and 11. This blue-shift is reminiscent of the narrowed

Fig.6 SEMimages of 1 (f,, =80 vol%),1-2 (f,, =80 vol%, 1:1),1-11 (f, =80 vol%, 1:1),1-12 (f, =80 vol%,1:1),1-2-11 (f,, =80 vol%,1:1:1), and

1.2-12 (f,, = 80 vol%, 1:1:1) respectively. [1] = 0.1 mM.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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energy gap brought by arene-perfluoroarene forces (often
observed in perfluoronaphthalene complexes).”*** These results
indicate that the ternary complexes 1-2-11 contain multiple
emissive species, including 1-11 and 2-11, each contributing to
the overall excited-state chirality as evidenced by their CPL signs
and emission maxima. This observation is fully consistent with
the partial-narcissistic coassembly behavior inferred from the
GIXS and XRD analyses. Moreover, the synergistic interactions
among the three components facilitate the formation of a super-
helical M-handed structure. Such a phenomenon can be ratio-
nalized by the role of the w-hole, which functions as an adhe-
sive element that strengthens directional interactions within
the assembly.

In contrast, the 1-12 complex self-assembled into P-handed
spindle-like helical structures with a width of up to 800 nm with
extended scale (Fig. S50). In addition, the photophysical prop-
erties of this assembly underwent notable changes: the emis-
sion maximum shifted from 370 nm to 450 nm, significantly
broadening the CPL response range and demonstrating the
tunability of chiroptical properties via multicomponent co-
assembly. Similarly, the 1-2-12 system adopted a P-handed
helical morphology, composed of rod-like helices and spindle-
like superstructures, reflecting its hierarchical organization
(Fig. S51). Unlike the binary system of 1-12, the introduction of
2 into the ternary system created a competition with 1. This
competition led the assembly to favor the precursor rod-like
structures, forming spindles, and thereby hindered the forma-
tion of a uniform P-handed spindle structure. Notably, the CPL
activity of 1-2-12 was significantly enhanced compared to the
1-2 or 1-12 systems, with a gy, value reaching —1.0 x 1072, The
major band at around 400 nm without a bisignate feature evi-
denced that the major contribution of excited chirality stems
from the strong m-hole/r complexation between 2-12, in
agreement with the strong binding affinity probed using XRD
(Fig. 4d). By employing chlorinated or fluorinated m-hole
donors, the binding affinity towards different components
could be adjusted, enabling the construction of distinct
macroscopic chiral assemblies with controlled chiroptical
activities.

Conclusions

This study presents a substrate-selective supramolecular
strategy to construct chiral architectures from achiral compo-
nents via a three-component co-assembly. Compound 1,
bearing a benzimidazole-based hydrogen-bonding pincer,
initially forms nonchiral vesicular structures. Upon addition of
carboxylic acids, directional hydrogen bonding drives the
transformation into chiral 1D assemblies, enabling supramo-
lecular chirality. Further introduction of electron-deficient
aromatic compounds (11 and 12), possessing a central -
hole, facilitates t-hole/m interactions with 1 and the acid co-
assemblies. These interactions significantly influence the hel-
icity and morphology of the resulting structures. Notably,
compound 11 (perfluorinated) induces M-handed helices, while
12 (chlorinated) favors P-handedness, demonstrating tunable
chirality wvia electronic modulation. SEM and CPL
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measurements confirm the emergence of distinct helical
morphologies and enhanced chiroptical responses in the three-
component systems. In particular, the 1-2-12 assembly displays
strong CPL activity and unique hierarchical “spindle-shaped”
structures. Overall, this work offers a modular approach for
achieving complex, ordered chiral nanostructures through
synergistic hydrogen bonding and w-hole interactions,
providing valuable insights for designing advanced supramo-
lecular materials with tailored chiroptical properties.

Experimental
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