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Azobenzene-winged phenanthrolines (L1 and L2) were designed, synthesized, and fully characterized. Lig-
and L1 forms an in-situ cobalt complex, which has been effectively employed as a circular dichroism (CD)-
active chiral sensor. The resulting ternary complex (L1-Co?*-amino alcohol) exhibits pronounced exciton-
coupled circular dichroism (ECCD) signals at the characteristic azobenzene absorption bands. These sig-
nals arise from efficient chirality transfer from the chiral amino alcohol to the azobenzene chromophores,
enabling the determination of the absolute configuration of chiral amino alcohols. Accordingly, the L1-
Co%* coordination system demonstrates considerably potential in chirality sensing applications. Remark-
ably, the induced ECCD signals are highly responsive to multiple external stimuli, including photoirradi-
ation, solvent polarity, temperature, and redox conditions. In particular, temperature and redox changes
can induce a reversible inversion of the ECCD signal, thereby establishing this system as a multifunctional,
stimuli-responsive chiroptical molecular switch.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Chiral compounds are fundamentally important across a wide
range of disciplines, including the life sciences, pharmaceuticals,
food and agrochemicals, chemical synthesis, and materials sci-
ence [1-5]. Traditional methods for chiral detection, such as chro-
matographic analysis and chemical derivatization, are often time-
consuming and labor-intensive. In recent years, supramolecular
self-assembly-based chiral sensing has emerged as a promising al-
ternative [6-8]. This approach utilizes non-covalent interactions to
facilitate molecular recognition and aggregation, offering several
advantages: reversible assembly, rapid response Kkinetics, high se-
lectivity, and broad applicability [9-11]. Compared to conventional
methods, supramolecular chiral sensors enable real-time detection,
simplified operation, non-destructive analysis, and reduced sample
requirements, features that make them highly attractive for chiral
recognition and sensing applications.
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Typically, an absorption- or emission-based spectroscopic
molecular sensor comprises a recognition site and a chromophoric
reporter, often connected by a linker. An ideal sensor requires both
strong analyte binding and a clear, measurable spectroscopic sig-
nal output. Among the various spectroscopic approaches for chi-
rality sensing, circular dichroism (CD)-based detection stands out
for its high sensitivity in distinguishing enantiomers and its ca-
pacity for direct analysis without the need for inherently chiral
sensor molecules. As a result, CD detection has become a par-
ticularly valuable technique in this field [12,13]. A number of
sophisticated coordination-based CD-active host systems, such as
bis(metalloporphyrin) derivatives, have been developed to deter-
mine the absolute stereochemistry of chiral analytes including
amines, carboxylates, and hydroxyl-containing bifunctional sub-
strates [14-21].

CD detection is highly sensitive to the conformation and assem-
bly structure of supramolecular systems [22,23]. Controlling and
switching the chiroptical properties of such assemblies is critical
for advancing technologies in optical data storage, chiral sensing,
and asymmetric catalysis [24,25]. This modulation is commonly
achieved via external stimuli. The ability to reversibly tune CD
signals offers a non-destructive method to probe and manipulate
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(a)

Fig. 1. (a) Chemical structure of the azobenzene-winged phenanthrolines L1 and
L2. (b) Crystal structure and (c) unit cell packing diagram of probe L1 (CCDC:
2445719).

molecular chirality and supramolecular architectures. Various ex-
ternal stimuli, such as solvent polarity, light, pH, redox conditions,
chemical additives, temperature, and pressure, have been applied
to regulate chiroptical responses in molecular devices [26,27]. No-
tably, multidimensional spectral modulation introduces new func-
tionalities and intelligent responsiveness at the molecular level.
For example, by integrating dual stimuli-responsive chiroptical ele-
ments, we have previously constructed a molecular device capable
of over-temperature protection, showcasing the potential of such
systems in smart material design [28].

In this study, we designed and synthesized two novel
phenanthroline-based chiral sensors, L1 and L2 (Fig. 1a), each
featuring two azobenzene moieties as peripheral "wings". The
phenanthroline core serves as a strong chelating ligand for vari-
ous metal ions, which in turn can coordinate with chiral amino
alcohols. Notably, the binding of chiral amino alcohols induces pro-
nounced exciton-coupling circular dichroism (ECCD) signals at the
azobenzene absorption bands, thereby enabling effective chirality
sensing. Furthermore, the induced ECCD signals can be modulated,
or even inverted, by external stimuli, including cis/trans photoiso-
merization of the azobenzene units, changes in solvent composi-
tion, temperature variation, and redox reactions.

By employing a slow evaporation method, we successfully
obtained single crystals of L1 and carried out structural analysis
(Fig. 1b). It was found that, due to the significant steric hindrance
introduced by the isopropyl groups, both amide bonds adopted
a trans configuration in the crystal packing. Within the crystal
structure, w-m stacking interactions were observed between ad-
jacent phenanthroline moieties. The planes of the azobenzene
and phenanthroline units are arranged nearly perpendicular to
each other, forming an angle close to 90° (Fig. 1b). L1 adopts
a conformation in which the two azobenzene units are aligned
in a parallel orientation, with an interplanar distance of 5.0A.
This close proximity is conducive to electronic coupling between
transition dipoles.

L2 exhibited aggregation in acetonitrile (ACN) and chloroform
(CHCl3), characterized by the formation of fine particulates and the
Tyndall effect, which limited its chiral sensing capabilities. The ag-
gregation of L2 is attributed to its amide bond, which functions as
both a potent hydrogen-bond donor and acceptor. Furthermore, the
extended m-systems of the phenanthroline and azobenzene moi-
eties likely promote intermolecular stacking. In contrast, the N-
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Fig. 2. CD spectra of the solution containing L1-Co?* complex (0.04 mmol/L) and
AA (0.04 mmol/L) of (a) RAA and SAA, (b) AH, LA, AB, DL and STL in carbon tetra-
chloride.

substituted isopropyl group in L1 sterically hinders hydrogen bond-
ing, effectively inhibiting intermolecular aggregation.

L1 is designed to coordinate with metal cations such as Cu?*,
Ni2t, and Co?* through its chelating phenanthroline nitrogen
atoms and amide functionalities. These metal complexes are in-
tended to utilize the metal center as a binding site for chiral sub-
strates, with the azobenzene moieties acting as signal transduc-
ers. This approach is expected to generate ECCD signals, facilitat-
ing the determination of the absolute configuration of the sub-
strates. In the absence of a chiral guest, L1 and its metal complexes
are CD silent in different solvents of various polarity. A series of
chiral amino alcohols, including 2-amino-1-phenylethanol (AA), 1-
amino-2-indanol (AH), alaninol (LA), 2-aminobutan-1-ol (AB), leu-
cinol (DL), and tert-leucinol (STL) were investigated for chiral sens-
ing (Fig. 2).

Upon the addition of chiral amino alcohols to the metal com-
plexes, strong induced CD signals were observed when Co(ClO4),
as the metal source. Taking (R)-2-amino-1-phenylethanol (RAA) as
an example, the introduction of the R-enantiomer led to a pro-
nounced negative ECCD signal, with characteristic bisinuate peaks
at 332nm and 291 nm, corresponding to the absorption bands of
the azobenzene chromophores. In the absence of the metal, mixing
RAA with L1 did not generate any CD signal (Fig. S12 in Supporting
information). The chiroptical induction enhances with the increas-
ing concentration of chiral amino alcohol, reaching its maximum
value when the molar ratio with the L1-Co?+ complex reaches 1:1
(Fig. 2a). Further addition of amino alcohol does not result in a
significant increase in the ECCD signal, suggesting that the binding
stoichiometry of the L1-Co?* complex and amino alcohol is 1:1.

Furthermore, all examined amino alcohols were found to in-
duce distinct and strong ECCD responses, highlighting the gen-
eral applicability of L1 as a chiral sensing platform (Fig. 2b). Inter-
estingly, despite sharing the same S-configuration, amino alcohols
such as LA, AB, and STL exhibited markedly different ECCD signa-
tures. While LA and STL gave rise to positive ECCD signals with
varying intensities, AB induced a negative ECCD response. Partic-
ularly noteworthy is the fact that LA and AB differ by only a sin-
gle methylene group, underscoring the high sensitivity of L1-based
chiral sensing to subtle structural variations in the chiral guest
molecules.
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Fig. 3. (a) Calculated structure of L1-Co?*-RAA complex. (b) Chiroptical induction
mechanism of L1-Co?* upon coordination with an amino alcohol.

The chiroptical induction observed for the L1-Co?* complex
can be rationalized by the chiral arrangement of the two azoben-
zene moieties upon coordination with a chiral guest. Based on the
coordination mode of Co?* with phenanthroline and the crystal
structure of the Co?t-RAA complex, the L1-Co%*-RAA complex
was calculated by Gaussian (Fig. 3a and Fig. S22 in Supporting
information) [29]. The amide group may participate in metal coor-
dination, facilitating the organization of the two azobenzene units
into either a left-handed or right-handed helical conformation
[16,19]. Coordination with a chiral amino alcohol disrupts the
planar symmetry of the L1-Co?t complex and introduces steric
interactions in the isopropyl groups (Fig. 3b). This interaction per-
turbs the equilibrium between the chiral conformers, favoring one
helical arrangement over the other and resulting in a detectable
chiroptical response.

Azobenzene, a well-known photochromic compound, undergoes
significant changes in its absorption spectrum due to trans-cis iso-
merization. Light-based chiroptical manipulation offers advantages
such as non-invasiveness, spatial definition, and ease of control.
Previous studies have demonstrated several photo-controlled chiral
molecular switches [30,31]. We first investigated the effect of light
irradiation on the spectra. Indeed, upon irradiation of L1-Co%*-SAA
at 330nm, the ultraviolet absorption peak at 345nm decreased
significantly, while the absorption at 445 nm increased correspond-
ingly, indicating trans-to-cis photoisomerization in the azobenzene
units (Fig. 4a). Upon further irradiation of the 330 nme-irradiated
sample with a 440nm LED, the original absorption spectrum
was fully restored within one minute. Moreover, when the sam-
ple was stored in the dark at room temperature, its absorption
spectrum gradually reverted to the original state, confirming the
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Fig. 4. (a) UV-vis and (b) CD spectra (25°C) changes observed for L1-Co®*-
SAA complex (0.04mmol/L), upon irradiation of the solution at 330nm in

dichloromethane at different time intervals.
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Fig. 5. CD spectral (25°C) changes observed for L1-Co?t-SAA complex

(0.04mmol/L) in (a) DCM:n-hexane, (b) DCM:THF and (c¢) DCM:Ether solvent
mixtures at different ratios. (d) Comparison of CD spectral signals (25°C) of
L1-Co?*-SAA complex (0.04mmol/L) in DCM solutions containing 25% different
solvents.

reversibility of the isomerization process and recovery to the trans
conformation.

Concurrently, during irradiation, the original positive ECCD sig-
nals exhibited a significant reduction, reaching a stable photosta-
tionary state after approximately 15 min of exposure (Fig. 4b). Im-
portantly, even at equilibrium, the spectra remained positive, sug-
gesting that the photoisomerization process did not significantly
disrupt the chiral arrangement between the two azobenzene moi-
eties. This is possibly due to the predominant steric interactions
occurring at the benzene rings directly connected to the amide ni-
trogen. Hence, the transition from trans to cis configuration does
not substantially enhance or modify the steric interaction between
the azobenzenes and the coordinated chiral guest.

The influence of solvent on the CD spectra of chiral assemblies
is crucial for understanding the assembly structure and for select-
ing solvents which can elicit a high response. In chiral supramolec-
ular systems, the solvent could play the role of a guest to partic-
ipate in competitive complexation and thus significantly influence
the chiroptical response [32]. We examined the CD spectra of the
L1-Co?*-SAA complex in various solvents and investigated the im-
pact of adding different proportions of mixed solvents on the CD
spectra. The positive ECCD in dichloromethane (DCM) was further
enhanced with increasing amounts of hexane, suggesting a trend
towards increased right-handed helical ordering in less polar sol-
vents (Fig. 5a). Conversely, adding tetrahydrofuran (THF) to DCM
resulted in a rapid decrease in the ECCD, leading to almost com-
plete signal disappearance upon reaching 25% THF (Fig. 5b). This
effect is likely due to the displacement of the amino alcohol by
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Fig. 6. CD spectral changes of L1-Co?*-SAA complex (0.04 mmol/L) in different sol-
vents: (a) CHCl3, (b) CCly, (c) toluene and (d) DCM at various temperatures (°C).

the coordinating solvent molecules [33]. Notably, the CD signal in
pure ether was markedly higher than in DCM, and increasing the
ether content to 60% led to a substantial increase in ECCD inten-
sity. Interestingly, the CD intensity in 80% ether was even higher
than in pure ether (Fig. 5c). This indicates that the solvent effect
is not solely dependent on solvent polarity (Fig. 5d) but is more
significantly influenced by steric effects arising from the solvation
of the azobenzene and chiral amino alcohol moieties.

Temperature-driven CD switching holds significant value due to
the universal, additive-free, and easily controllable nature of tem-
perature as a stimulus. Its ability to modulate stereochemical out-
comes, such as inverting product chirality or enhancing enantios-
electivity, has been demonstrated in various molecular systems,
including photoisomerizations, polymers, and supramolecular ag-
gregates. We have demonstrated temperature-driven chiroptical in-
version of pillar[n]arene-based molecular universal joints [34]. The
pronounced temperature dependence can be primarily attributed
to the entropically significant balance between solvent molecule
inclusion and solvation of the side chains, leading to a strong tem-
perature responsiveness of the system.

We observed that the chiral complex formed by L1-Co?** and
amino alcohol exhibits remarkable sensitivity to temperature. For
instance, the L1-Co?*-SAA complex in chloroform displays a pos-
itive ECCD signal at 339 nm, which intensity as the temperature
increases from 0°C to 50°C (Fig. 6a). Conversely, as the tempera-
ture decreases, the CD intensity diminishes, becoming nearly unde-
tectable at -50°C. A similar temperature-dependent enhancement
of the CD signal upon heating, and attenuation upon cooling, is
also observed in toluene and carbon tetrachloride solutions (Figs.
6b and c). These observations suggest that the right-handed heli-
cal conformation becomes more predominant at elevated tempera-
tures, indicating that this conformation is entropically favored. On
the other hand, the rate of CD signal enhancement slows at higher
temperatures, likely due to an increase in the number of acces-
sible molecular conformations, thereby reducing the overall chiral
bias. Interestingly, in DCM, the CD signal decreases with cooling
and nearly vanishes at -20°C. Upon further cooling to -40°C, a
reversed, negative ECCD signal emerges, indicating a temperature-
induced inversion of the chiral arrangement of the two azobenzene
moieties—from a right-handed to a left-handed helical configura-
tion (Fig. 6d). We further investigated two additional chiral amino
alcohols. Such a reversible temperature-driven chirality inversion
is unprecedented for a coordinated chiral system (Fig. S15 in Sup-
porting information).
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Fig. 7. CD spectral changes of (a) L1-Co?*-RAA and L1-Co?*-SAA and (b) L1-Co?*-
AH complex (0.04 mmol/L) in chloroform upon addition of 0-2 equiv. of APS at
25°C.

These results collectively demonstrate the high temperature
sensitivity of this class of chiral cobalt complexes. We speculate
that one contributing factor is the multicomponent nature of the
system, which allows for substantial entropy-driven conformational
changes.

Finally, we investigated the effect of redox on the system.
The addition of ammonium persulfate (APS) oxidized the diva-
lent cobalt to trivalent cobalt. As the equivalents of APS increased,
the ECCD signals induced by L1-Co?t-RAA/SAA gradually weak-
ened and completely vanished upon the addition of one equiv-
alent of APS (Fig. 7). Upon oxidation of Co%*, the coordination
mode of L1 was altered [35]. In addition, the oxidation may lead
to a change in coordination geometry from seven-coordinate Co%*
to six-coordinate Co3* [36]. Thereby disrupting the chiral transfer
from the amino alcohol to L1.

In conclusion, based on the concept of integrating molecu-
lar recognition sites with spectroscopic sensing output domains,
we have synthesized a molecular chiral sensor derived from
azobenzene-winged phenanthroline. This sensor can coordinate
with Co?* ions and subsequently bind with chiral amino alco-
hols, thereby inducing a CD response at the azobenzene absorp-
tion band. In this manner, a CD-based chiral sensing function is
achieved. This chiral sensor not only coordinates with a variety
of chiral amino alcohols to generate CD responses, but also ex-
hibits multidimensional and versatile stimuli-responsive behavior.
The CD spectrum of this system can respond to diverse external
stimuli, including light, temperature, solvent, and redox conditions.
It is noteworthy that such multi-modal modulation of chiroptical
signals holds the potential for orthogonal control and novel re-
sponsive functionalities, offering new opportunities for the devel-
opment of intelligent molecular machines and advanced molecular
materials.
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