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Chiral purity is crucial in life sciences, emphasizing the importance of precise
enantiomeric identification and the development of analytical techniques.
Here, we design functional dyes with visual chiral recognition capabilities

by introducing recognition units 2-amino-1,2-diphenylethanol into vibration-
induced emission molecules. The unambiguous differentiation in luminescent
colors upon binding to enantiomers facilitates the efficient recognition of
enantiomers and the analysis of enantiomeric excess. The chiral recognition
process originates from co-assembly under charge-aided hydrogen bonding
interactions, which is significantly impacted by the steric hindrance effect, and
further affects the planarization of the excited state conformation of the dye.
This co-assembly process precisely amplifies the dynamics at the molecular
level into macroscopic observable signals for real-time, highly sensitive
recognition. Furthermore, we establish a sophisticated optical analysis system
by correlating Red-Green-Blue values and CIE coordinates to analyze the
enantiomeric excess of chiral molecules. This work opens a distinct avenue for
visual chiral recognition and inspires the development of advanced optical
materials in chiral sensing chemistry.

Chirality, a fundamental aspect of molecular structure, plays a pivotal
role in various fields ranging from pharmaceuticals to materials sci-
ence; therefore, the ability to discern and separate enantiomers is of
paramount importance’. Luminescence-based techniques have
emerged as a compelling alternative to High-performance liquid
chromatography, offering the advantages of simplicity, high speed and
the potential for real-time monitoring®™. Nevertheless, the sensitivity
of macroscopic measurements in chiral recognition processes is often
diminished due to the influence of ensemble averaging effects.
Although scientists have achieved numerous research outcomes in the
field of developing chiral recognition technologies using functional
dyes ™, there remains an urgent demand for facile, rapid and sensitive
chiral recognition products. The pivotal and challenging lie in exploit-
ing the differential interactions between the dye and the enantiomers
to precisely modulate the emission energy levels of dyes, thereby
enabling high-sensitivity discrimination between enantiomers'®™.

A recent study from Tian’s group indicated that a class of fluor-
ophore exhibited the vibration-induced emission (VIE) effect”*, The
molecules in solution undergo an excited-state configuration trans-
formation, inducing the effective p-conjugation thus emitting red
fluorescence. While in the solid or aggregation state, the physical
constraint blocked the planarization of the structure in the excited
state, result in an emission of intrinsic blue light. Unlike traditional
fluorophores, VIE dyes exhibit fluorescence that is dynamically
modulated by changes in their microenvironment??, This sensitivity
of the excited state allows for the amplification of subtle variations in
assembly within the chiral space, rendering VIE dyes particularly sui-
table for chiral discrimination. Guo et al**. utilized VIE with graphene to
construct a single-molecule device, enabling in situ and real-time
direct observation of chirality recognition at the single-molecule level
through the discrimination of electrical conductance states. However,
sample pretreatment before instrumental detection and following
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analysis were carried out under harsh conditions. Here, we were
committed to accurately amplify the microscale dynamic variations at
the single-molecule level to a macroscopic state that is perceptible to
the unaided eye, thereby facilitating real-time, highly sensitive, and
visual chirality discrimination.

Hence, we designed and synthesized functional materials with
visual chiral recognition capabilities by introducing recognition units
2-Amino-1,2-Diphenylethanol into VIE molecules. As shown in Fig. 1, by
utilizing the selective co-assembly mechanism between the dyes and
chiral small molecules, we precisely modulated the excited-state con-
formation of VIE dyes under assembly conditions. The differentiation
in luminescent color enabled the recognition of enantiomers and the
analysis of enantiomeric excess. Additionally, by employing digital
photography and handheld optical detector for the quantification Red-
Green-Blue (RGB) values and CIE coordinates with the enantiomeric
excess, thereby establishing an optical display system for analyzing the
enantiomeric excess of chiral small molecules.

Results

Preparation and characterization of the chiral recognition dyes
The chiral color indicator was obtained by introducing chiral recog-
nition auxiliary (15,2 R)- or (1R,25)-1,2-diphenyl-2-aminoethanol into
VIE dyes with an alkyl chain as a bridging unit (see Supplementary Fig. 1
for details of the chemical structure).'H NMR, *C NMR, and electronic
spray ionization (ESI) high-solution mass spectroscopy analyses were
employed to confirm their structures (detailed characterization data
see Supplementary Figs. 25-34).

The 1,2-diphenyl-2-aminoethanol moiety serves as the impetus for
chiral recognition, attributable to its enantiomer-specific “oriented
attachment” interactions with chiral molecules. The precise orienta-
tion and spatial arrangement enable it to form specific non-covalent
interactions®%. As shown in the fluorescence spectra, (15,2 R)-DPAC
exhibited typical vibration-induced emission properties, which pre-
sented different emissive behaviors in solid state and solution, indi-
cating that the introduction of the chiral recognition auxiliary will not
affect the transformation on the excited-state configuration of the VIE
dye (Fig. 2a, b and Supplementary Fig. 2).

Visualization of enantiorecognition

Subsequently, we undertook an analytical assessment to quantify the
stereoselective binding affinity of (15,2 R)-DPAC for enantiomeric
analytes. As shown in fluorescence spectra (Fig. 2c), the fluorescence
curve of the freshly prepared (15,2 R)-DPAC solution showed a strong
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red emission at 600 nm. The addition of (1R,2R)-cyclohexane-1,2-
dicarboxylic acid (R-1) resulted in a significant decrease in fluorescence
intensity at 600 nm, along with the appearance of a emission band at
460 nm. The sample exhibited a perceptible color transformation
from an initial red to a distinct blue, and after the addition of 2.0
equivalents of R-1, results in no discernible alteration in photo-
luminescence. Comparatively, upon the incorporation of a chiral
compound with an alternative stereoisomeric conformation (1S,2S)-
cyclohexane-1,2-dicarboxylic acid (§-1), the resultant luminescent
perturbation within the system was observed to be markedly atte-
nuated (Fig. 2d). Due to the dual emission characteristics of the VIE, the
ratiometric fluorescence (I460 nm/léoo nm) €xhibited significant varia-
tion in response to the titration of chiral compounds with different
conformations. Additionally, we consequently investigated the opti-
mal concentration and solvent ratio to maximize the visual dis-
crimination capability (Supplementary Figs. 3 and 4). Hence,
examination of the photo and the CIE coordinated diagram revealed
that the luminescent properties exhibited pronounced differences
when various enantiomers were introduced under optimal conditions
(Fig. 2e, f). And the high quantum yield of this process facilitated the
visual discrimination of chirality without the necessity for laborious
multistep operation (Supplementary Fig. 5). This streamlined
approach significantly enhanced the efficiency and applicability of
chiral detection (Supplementary Movie 1).

Based on the above-mention phenomenon, we investigated other
common aromatic chiral compounds and amino acids, (15,2 R)-DPAC
consistently demonstrated exceptional capability in visual chiral dis-
crimination. Upon the addition of 2.0 equivalents of chiral compounds
with different conformations, either of them exhibited a distinct
luminescent disparity in cyclohexane/acetone (5/1, v/v) (Supplemen-
tary Figs. 6-9). Leveraging this property, we achieved the quick
recognition of the chiral compound configurations by simple visible
inspection. This encompasses amino acids and their derivatives, chiral
acids, as well as pharmaceuticals such as mandelic acid, among others,
which demonstrate a broad generalizability (Table 1 and Supplemen-
tary Figs. 10-12). Given the distinctive nature of structure 1,2-diphenyl-
2-aminoethanol, which possesses two chiral centers, it is not pre-
destined to manifest a heightened binding affinity exclusively for the
R-enantiomer. Conversely, there are scenarios wherein a more pro-
nounced affinity is observed with the S-enantiomer. Nonetheless, the
variable binding affinities associated with different conformational
molecules invariably facilitate the enantioselective recognition
capability.
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Fig. 1| Structure and characterization of the enantiorecognition. a Structures of chiral molecules (15,2 R)- and (1R,25)-DPAC. b Schematic representation of the

visualization of enantiorecognition.
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Fig. 2 | Optical characteristics of enantiorecognition. a Schematic illustration of
the VIE mechanism. b The absorbance and fluorescence spectra of (15,2 R)-DPAC,
[(1S,2 R)-DPAC] = 1.0 x10° M in acetone, Aex = 350 nm. The fluorescence spectra of
(15,2 R)-DPAC after being mixed with ¢ R-1 and d S-1 in different ratios (0.00-2.00

Wavelength (nm)

equiv), Inset: the ratiometric fluorescence intensity. e The photo of (15,2 R)-DPAC
before and after being mixed with R/S-1. f The corresponding 1931 CIE coordinated
diagram of (15,2 R)-DPAC after being mixed with R/S-1 in different ratios. [(15,2 R)-
DPAC] = 1.0 x10™* M in cyclohexane/acetone 5:1, Aex =350 nm.

Mechanisms of visualization recognition

Drawing upon the principles of VIE, the observed pronounced varia-
tions in photoluminescent emission may be ascribed to the formation
of diverse molecular aggregational states. Within these structurally
rigidified assemblies, the process of excited-state planarization
induced by vibration was markedly attenuated, which in turn engen-
ders the emission of intrinsic blue fluorescence. Hence, from the per-
spective of morphology characterization to confirm our hypothesis,
the self-assembly process was investigated by dynamic light scattering
(DLS). In this particular mixed solvent system, the introduction of
chiral molecules into a (15,2 R)-DPAC system resulted in a discernible
alteration in the particle size of the dye, thereby substantiating the
formation of diverse assemblies (Fig. 3a). In the absorption spectra, the
scattering effects that arise from the formation of aggregates were also
be clearly observed (Supplementary Fig. 13). Besides, the rigidification
effect of the assembly efficiently suppressed the non-radiative transi-
tion of fluorescence, resulting in a significant enhancement of the
luminescence lifetimes at both 460 nm and 600 nm (Fig. 3c).

The principal determinant of enantioselectivity is predominantly
the enthalpic variations, with the phenomenon of enthalpy-entropy
compensation likewise identified as a significant factor in modulating
enantioselectivity’®~°. The amino group within the molecular struc-
ture of (15,2 R)-DPAC was recognized as an efficacious proton receptor,
which was predisposed to engage in the formation of ionic complexes
in an acidic milieu. We speculate that the solubility of the formed ionic
compound will decrease, which was a pivotal factor in the formation of
aggregates and the alteration of the excited-state conformation of VIE
molecules. Subsequently, we employed an inorganic acid (hydro-
chloric acid) to facilitate the precipitation of ionic compounds via
titration methodology. As illustrated in the Fig. 3b, with the increment
of hydrochloric acid at various molar ratios, (15,2 R)-DPAC manifested
an analogous trend in luminescence variation. Furthermore, two
reference compounds were chosen for this investigation: R-Dic, which
is devoid of proton-donating capability, and D-Glu, characterized by its
enhanced basicity. The results indicated that neither of these

compounds could induce the formation of the (-NH,"-) structure in
(15,2 R)-DPAC, consequently failing to cause a change in luminescent
color (Fig. 3d). Therefore, the assembly of (15,2 R)-DPAC with chiral
acid molecules were orchestrated through charge-aided hydrogen
bonding interactions, which acted as the impetus for the modulation
of photoluminescent properties.

In pursuit of a profound elucidation of the operational mechan-
isms governing the enantioselective recognition process, 'H NMR
titration was utilized to delineate the specific binding sites where the
(15,2 R)-DPAC engaged with chiral molecular entities. However, due to
the precipitation of molecular aggregates resulting from solubility
diminished upon the mixed (15,2 R)-DPAC with R-1in (CD3),CO, which
impedes the detection of intermolecular interaction signals in 'H NMR,
we opted to utilize CDCI; as a solvent medium. As illustrated in the
provided Fig. 3e, the assembly of (15,2 R)-DPAC with R-1 results in a
significant perturbation of the proton resonances for both con-
stituents. The acquired amino group (-NH,"-) exhibits a significant
capacity to diminish the electron density surrounding adjacent pro-
tons, thereby inducing a pronounced downfield displacement in the
NMR spectral profile. These results conclusively demonstrate that
the formation of -NH,'- are pivotal for the altered luminescence and
the basis for visual chiral characterization.

Enantioselective interaction

Circularly polarized luminescence (CPL) reflects the excited-state
structural information of chiral luminescent systems®*, Upon the
addition of enantiomers, the CPL of (15,2 R)-DPAC exhibited a trend
consistent well with its fluorescence spectra. The constancy in the
direction of the circular dichroism (CD) and CPL spectrum suggested
that the interaction with chiral small molecules does not induce any
modification to the chiroptical configuration of (15,2 R)-DPAC (Fig. 4a,
Supplementary Figs. 15-18). Accordingly, upon unequivocally estab-
lishing the non-occurrence of configurational inversion, we performed
geometric optimization based on the B3LYP/6-311 g* model to deter-
mine of the atomic configuration of a molecule in its lowest energy
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Table 1| The fluorescence intensity ratio and CIE of the mix-
ture of the two enantiomers with (1S,2 R)-DPAC

No Chemical Matiof lratio CIE (R/S or D/L)
Structure
1 o 7.59 (RR/SS) (0.21,0.19)/(0.39,0.34)
OH
OH
o
2 o 1.91(R/S) (0.28,0.28)/(0.34,0.34)
H
O:G)LOH
3 A 2.32 (R/S) (0.22,0.19)/(0.30,0.26)
o~ o
O OH
4 o 2.08 (R/S) (0.33,0.29)/(0.40,0.34)
o]
0.
5 1.85 (R/S) (0.21,0.21)/(0.26,0.25)
Oy OH
LY
2 o}
T
6 @ 1.58 (R/S) (0.29,0.25)/(0.34,0.29)
\HLOH
Cl
7 o 5.00 (R/S) (0.25,0.24)/(0.40,0.35)
OH
OH
8 o 2.39 (S/R) (0.28,0.25)/(0.21,0.21)
o}
ALK,
OH
9 oH 2.72 (R/S) (0.22,0.21)/(0.31,0.28)
Ho; ;o
10 o 2.7 (D/L) (0.30,0.27)/(0.37,0.33)
)LNH
HS. OH
\)\Lr
n o 2.07 (D/L) (0.29,0.27)/(0.23,0.21)
H
>r°wr";/\)*o”
% 6% on
12 o 2.22 (D/L) (0.26,0.25)/(0.34,0.28)
H
XOTNI\)LOH
% 6% on
13 5.54 (L/D) (0.31,0.28)/(0.19,0.17)

H
S, N 0.
/\/I\n/\'<
HO 00

All the measurement under the condition of [(1S,2 R)-DPAC] = 1x10™*M in cyclohexane/acetone
5:1, [(1S,2 R)-DPAC]/[enantiomers] = 1/2.
(l;atio represents the ratiometric fluorescence of lago nm/ls00 nm)-

state. The calculated energies of (15,2 R)-DPAC after being mixed with
R/S-1 indicate that their prefers to stack in a U-pattern with lower
potential energy (Fig. 4c). Based on this optimal structure, we
employed the M06-2X/DEF2-TZVP suite to calculate the interaction
energies between (15,2 R)-DPAC and the enantiomers of R/S-1. After the

counterpoise correction, the interaction energies of (15,2 R)-DPAC
with the R and S enantiomers were determined to be —22.49 kcal/mol
and -19.49 kcal/mol, respectively. Additionally, the binding behavior
between (15,2 R)-DPAC and R/S-1 was estimated by isothermal titration
calorimetry (ITC) experiments. The ITC data unambiguously reveal the
disparities in binding constants among enantiomers (Fig. 4b and
Supplementary Fig. 19).

Furthermore, disparities in the interactions were also found
through morphological characterization. The interaction of (15,2 R)-
DPAC with R/S-1 of distinct conformations engenders a pronounced
disparity in particle number. Specifically, the assembly was formed
subsequent to the interaction with R-1 compounds and exhibited an
augmented particle size and a concomitant increase in quantity
(Supplementary Figs. 20, 21). Hence, upon the encounter of an enan-
tiomer of an acid with an appropriate stereochemical configuration
that is compatible with (1S,2R)-DPAC, an aggregate was formed
resulting from solubility diminished. This aggregation inhibits the
planarization of the excited state of (15,2 R)-DPAC induced by vibra-
tion, culminating in the emission of blue light (Fig. 4d). Therefore, any
condition parameters that can modulate the solubility of the aggre-
gates will concomitantly impact the alterations in emission char-
acteristics (Supplementary Fig. 3 and 4).

Enantiomeric excess analysis

The enantiomeric acids' stereoselective assembly with (15,2 R)-DPAC
endows the supramolecular complex with tunable luminescent prop-
erties. The luminescence distinctions arising from these wavelength
variations will render the differentiation between enantiomers more
pronounced, which hold promise for the development of analytical
techniques with high fidelity and sensitivity for the quantification of
enantiomeric excess (ee%) in chiral small molecules. We considered
the exemplar case of the R/S-1. Upon maintaining the molar ratio of
(15,2 R)-DPAC to the chiral molecule at 1:2, a systematic attenuation of
the ratiometric fluorescence (I460 nm/lsoo nm) intensity of (15,2 R)-DPAC
was observed in correlation with the enantiomeric excess, spanning
the complete spectrum from +100% to -100% (Fig. 5a). Conversely,
(1R,2S5)-DPAC manifests a near-perfect mirror symmetry. A pro-
nounced nonlinear relationship exists between the ratiometric fluor-
escence intensity and the enantiomeric excess. Consequently, by
fitting the curve, it served as a calibration curve for determining the
enantiomeric composition of unknown ee % values. This allowed
quantitative determination of the ee% from the fluorescence spectral
changes. Furthermore, the establishment of a relationship between
ratiometric fluorescence intensity and ee% allowed for the cir-
cumvention of the influence of testing conditions on the detection
signal. Hence, we determined several sets of unknown samples under
various testing conditions, yielding an average absolute error (AAE)
between the measured and actual ee values of 2.55% ee (Supplemen-
tary Fig. 22 and Supplementary Table 1).

The establishment of optical analytical system

Distinct variations in the luminescent color under different ee% were
readily discernible from both the CIE diagram and the images (Fig. 5b).
Such pronounced alterations in luminescent color allowing approx-
imate determination of the ee% values by visual inspection, offer a
constructive strategy for the development of a visualizable ee% col-
orimetric sensor. Henceforth, we procured photographic doc-
umentation of luminescent emissions across a spectrum of ee% values.
Nevertheless, acknowledging the inherent variability in the photo-
sensitive components among disparate imaging apparatuses and the
potential for environmental luminance to exert influence over the
photographic outcome, we implemented a standard color reference
card to correct for the veracity of the luminescent conditions
exhibited by the specimens (Supplementary Figs. 23 and 24). Hence,
employing digital photographic techniques, the unknown specimens
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DEF2-TZVP suite. d Schematic representation of the visualization of
enantiorecognition.

were rendered into their respective red, green and blue values
(Fig. 5¢c and d). However, the variation in RGB values exhibits a linear
relationship only at specific values of ee%, which may slightly affect
practical applications.

Subsequently, we employed a handheld optical testing instru-
ment capable of directly acquiring optical data from the samples,
such as CIE coordinates. Consequently, we plotted the relationship
between CIE coordinates and the ee%, which demonstrated a

significant linear correlation. This approach substantially enhanced
the sensitivity and convenience of the detection process (Fig. 5d
and supplementary Table 2). Thereby, it is possible to deduce the ee
% of said samples through an analysis of the luminance profiles
across the RGB channels or CIE coordinates without using any
spectroscopic instruments (Fig. 5e). The simplicity of this strategy
demonstrates significant potential in the identification of chiral
reagents.
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enantiomer content of R/S-1. b The photo of (15,2 R) -DPAC after being mixed with
various enantiomer content of R/S-1. ¢ The schematic cartoon illustration of the

recording CIE coordinates by handheld optical testing instrument. d Plots of

the CIE coordinates and RGB values versus ee% of R/S-1. (Data with error bars

are expressed as mean  s.d., n =3 independent samples). e The schematic
cartoon illustration of the enantiomer excess analysis. [(15,2 R)- or (1R,2S)-DPAC] =
1.0 x10™ M in cyclohexane/acetone 5:1, [(1S,2 R)- or (1R,2S)-DPAC]/[R/S-1] =1/2,
Aex =350 nm.

Discussion

In conclusion, a functional probe with visual chiral recognition
capabilities by introducing recognition units 2-amino-1,2-dipheny-
lethanol into vibration induced emission molecules was designed
and synthesized. By leveraging non-covalent interactions to drive
the selective assembly between dyes and chiral small molecules, we
meticulously modulated the excited-state conformation of VIE dyes.
This precise manipulation enabled the visual discrimination of var-
ious chiral compounds. Besides, the differentiation in luminescent
colors enabled the recognition of enantiomers and the analysis of
enantiomeric excess. Further. into RGB values and CIE coordinates
and subsequent quantification, an optical display system was
established for the analysis of enantiomeric excess in chiral small
molecules. This strategy provides a facile and convenient method
for enantioselective recognition and the analysis of enantiomeric
excess.

Method

Materials

All solvents employed were commercially available and used as
received without further purification. All enantiomers were commer-
cially available and used as received without further purification
(Purity >98%). The molecular structures were confirmed using'H NMR,
BC NMR, and high-resolution ESI mass spectroscopy or MALDI-TOF
mass spectroscopy.

General methods

'H NMR and *C NMR spectra were measured on a Bruker AV-400 and
Ascend 600 spectrometer. The ESI high-resolution mass spectra were
tested on a Waters LCT Premier XE spectrometer. The UV-Vis
absorption spectra and PL spectra were performed on a Varian Cray
500 spectrophotometer and a Varian Cary Eclipse spectrophotometer
at 25°C, respectively. Quantum yields were measured by using an
integrating sphere on a HAMAMATSU Quantaurus-QY C11347-11. DLS
was carried out on a MALVERN, ZETA SIZER, model ZEN3600, 25 °C.
CPL spectra were acquired using the JASCO CPL-200 spectro-
fluoropolarimeter. CD spectra were acquired using the JASCO
J815 spectrophotometer. Fluorescence lifetimes were measured on
Edinburgh Instruments Fluorescence Spectrometer (FLS1000). No
special instructions, the photos were taken by Canon 60D, UV
irradiation source was used from tunable 365nm LED lamp with
16.7 mW/cm?. The handheld optical testing instrument was used from
Hangzhou LCE Intelligent Detection Instrument Co., Ltd. HP 320. SEM
images were obtained by using a S-3400N (droplets of the sample
solution (1x10°M) were applied to a silicon slice and dried in air at
room temperature, and then coated with nano Au in a vacuum).

Geometric optimization

The structures and interaction energies between (15,2 R)-DPAC and the
enantiomers of R/S-1 based on the B3LYP/6-311 g* method and M06-
2X/DEF2-TZVP method.
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Data availability

All relevant data that support the findings are available within this
article and supplementary information and are also available from
corresponding authors upon request. Source data are avail-
able. Source data are provided with this paper.
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