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The wide impact that chirality exerts in various fields of science has continuously pushed the
development of methods and instruments capable of performing fast and reliable enantiomeric excess
(ee) determination. From the historical optical polarimeter to modern instruments and supramolecular
probes, this research field is continuously developing with the purpose of finding techniques of more
general applicability and/or reducing the time and cost of analysis. The aim of this tutorial review is to
provide the reader with a comprehensive overview of the available methodologies, referring to more
specific reviews on the topic when available. Particular focus will be directed towards recent progress in

this field, highlighting the advantages and disadvantages of the techniques and indicating recent trends
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Key learning points

(1) The concept of chirality at the molecular level, including key historical milestones that have shaped the modern understanding of this fundamental

phenomenon across various scientific disciplines.

(2) The principles of chiral discrimination, outlining the essential features that analytical methods must possess to successfully differentiate between

enantiomers.

(3) An overview of classical analytical techniques for chiral analysis, highlighting their basic operation, as well as their main strengths and limitations.
(4) Recent advancements in chiral analytical methodologies, with a focus on current trends and the direction of modern research in the field.
(5) Alternative analytical approaches and the specific advantages they offer, expanding the toolbox available for chiral analysis.

Introduction

An elderly Jean-Baptiste Biot, overwhelmed with joy, exclaimed,
“My son, all my life I have loved this science so deeply that I can
now hear my heartbeat for joy.” These heartfelt words were in
response to Louis Pasteur’s groundbreaking separation of
tartaric acid’s chiral forms."* Biot, the polarimeter’s inventor,
employed his instrument to verify that isolated crystals rotated
linearly polarized light in opposing directions, a landmark
observation that can be regarded as the inception of enantio-
meric excess evaluation. In the wake of this seminal experi-
ment, a multitude of ‘“chiral assessment” techniques have
flourished. While the principle of opposite light rotation con-
tinues to serve as an introductory concept in organic chemistry
education, chromatography-based methods have emerged as
the predominant analytical tools in practice.

Chirality, a concept first articulated by Lord Kelvin,® is a
fundamental property of Nature. He defined a chiral object as
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one whose mirror image cannot be superimposed upon itself.
Thus, this term covers a wide range of objects, from molecules
and macromolecules to everyday items. The International
Union of Pure and Applied Chemistry (IUPAC) defines a
molecule’s chirality based on ‘““‘the geometric property of a
rigid object (or spatial arrangement of points or atoms) of
being nonsuperimposable on its mirror image; such an object
has no symmetry elements of the second kind (a mirror plane,
o =S4, a centre of inversion, i = S,, a rotation-reflection axis,
S,n). If the object is superposable on its mirror image, the
object is described as being achiral”.* Another correlated
but independent concept is stereogenicity. While chirality
originates from the structure and geometry of the molecules,
stereogenicity refers to the capability of a molecule to gen-
erate stereoisomers (enantiomers or diastereomers) by group
permutation.” The tetrahedral geometry of an sp® carbon
atom bearing four different substituents was the first stereo-
genic element proposed by Jacobus Henricus van’t Hoff in
1874, but many others, such as geometrical atom arrange-
ments, stereogenic axes or planes, have been described over
the years.

This journal is © The Royal Society of Chemistry 2025
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The importance of chirality is crucial in biological-related
fields where Nature’s intrinsic homochirality has profound
consequences for pharmaceutical and agricultural chemistry.
For example, synthetic drugs are usually prepared in their
enantiopure form, and controlling their enantiopurity is cru-
cial. As a result, while synthetic chemists focus on novel and
effective synthesis of enantiopure molecules, methods capable
of performing fast and reliable chiral analysis are continuously
being developed. The common “index”” to measure their enan-
tiopurity is defined as enantiomeric excess (ee). The ee is a
measure of the purity of a chiral sample and it quantifies the
relative difference in the amount of each enantiomer (excess
of one enantiomer over the racemic part). Precisely, it is
defined as:

o) (RI=IS)
OO ={msp <% @

where [R] and [S] are the molar concentrations of the two
enantiomers R and S, respectively.
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The aim of this tutorial review is to provide readers with a
comprehensive overview of the available instrumental methods
for analysing samples’ enantiopurity and absolute configu-
ration. Focus will be on molecular probes, the impact of
nanomaterials, and recent technological advancements in this
field. Methods for investigating both absolute configuration
and enantiopurity assessment will be discussed.

Principles for chiral discrimination

In the early 19th century, a pivotal moment in the field of
stereochemistry unfolded when Kestner, an industrial chemist
engaged in the purification of tartaric acid from wine barrels,
made a serendipitous discovery. During the chemical purifica-
tion and recrystallization processes of a particular batch of
tartaric acid, Kestner observed the formation of an unexpected
substance less soluble and optically inactive. Pasteur’s subse-
quent investigations led to separation of the p and v enantio-
mers of tartaric acid from this mixture, a finding that would
become the cornerstone of stereochemistry. This work provided
fundamental insights into the principles of chiral discrimina-
tion and revealed that pure enantiomers and racemic mixtures
crystallize differently. The difference in crystallization behavior
is due to the presence of the opposite enantiomer in racemic
mixtures, which acts as a chiral selector during the crystal-
lization process, influencing the final crystal structure and
properties.

Differentiation of enantiomers requires determining their
relative atomic coordinates (xyz) within a defined reference
frame (x'y’z’). Possible approaches include: (i) exploiting inci-
dent or emitted polarized light, (ii) taking advantage of (non)-
covalent interactions with a separate chiral molecule of known
enantiomeric composition, or (iii) creating a physical internal
reference system within the analytical device (Fig. 1). Through
the interactions with these stereodefined frames, diastereo-
meric non-isometric couples are formed and discrimination
is possible. For example, most chromatographic methods for

Cristiano Zonta received his PhD
in 2003 from the University of
Sheffield under the supervision
of Prof. C. A. Hunter. After post-
doctoral activities in Venice (with
Prof. O. De Lucchi) and Padova
(with Prof. G. Licini), he became a
lecturer in 2006 at the University
of Padova, where he is now a full
professor. While his main re-
search focus was initially directed
towards the application of supra-
molecular cages in recognition and
catalysis, the development of
optical chiral probes, which started as a side project, has become
central to his research.

Cristiano Zonta

Chem. Soc. Rev., 2025, 54,10940-10955 | 10941


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs01202j

Open Access Article. Published on 20 October 2025. Downloaded on 6/12/2026 5:13:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

polarized
light

molecular
interaction

%

chiral analyte

reference
system within
the analytical

; instrument
\Z

Fig. 1 Distinguishing between enantiomers involves establishing the rela-
tive atom positions (xyz) using a specific reference frame (x'y’z’). Typical
methods employ (a) interactions with or emission of polarized light,
(b) (non)covalent interactions with another chiral molecule, and (c) the
establishment of a reference system within the analytical instrument itself.
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chiral analysis take advantage of chiral molecules in the
stationary phase that interact with the analytes. Alternatively,
some mass spectrometry methods are exploring the use of
physical reference axes within the instrument to create a chiral
environment.

In the following paragraphs, an overview of the recent
advancements in different analytical techniques is presented.
Besides introducing a brief historical overview of the reported
analytical system, attention will be paid to the principle behind
the technique, the chiral selector frame and the recent advance-
ments to improve the efficiency of the system. Given the wide
range of established and continuously emerging methods for
the analysis of chiral molecules, the review is focused on the
four most typical analytical techniques: (i) chromatography,
(ii) chiroptical spectroscopies, (iii) NMR, and (iv) mass spectro-
metry. The last paragraph is dedicated to other emerging
technologies in the field.

Within the subject of chiral discrimination, it should be
pointed out that in some cases, as mentioned earlier, properties
of racemic mixtures differ from those of their enantiopure or
partially enriched mixtures, particularly in the solid state
(e.g- melting point, solubility, etc.). This phenomenon can be
rationalized by the difference between homochiral (narcissistic
Rwith R or S with S) and heterochiral (anti-narcissistic R with S)
interactions present in non-enantiopure samples. These differ-
ences have also been observed in mass spectrometry® and NMR
spectroscopy’ analyses. In other words, the opposite enantio-
mer acts as the x'y’z’ reference system for its mirror image. This
phenomenon has also been identified as the cause of the non-linear
correlation between optical rotation and enantiomeric excess, a
behaviour known as the Horeau effect.® Although the different
properties of racemates represent a valuable proof of concept for
ee determination, they are not broadly applicable for chiral analysis
and, therefore, not discussed in the following sections.

10942 | Chem. Soc. Rev., 2025, 54, 10940-10955
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Another alternative strategy for chiral analysis employs
quasi-enantiomeric probes.” These are structurally similar
enantiomers that, through subtle differentiations like isotope
labelling or minor functional group variations, maintain enan-
tiomeric behaviour while remaining analytically distinguishable.
When mixed with a chiral analyte, these quasi-enantiomers form
distinguishable diastereomeric complexes, whose relative abun-
dance reflects the analyte’s enantiomeric composition. Isotope
labelling is the most common method, enabling straightforward
mass spectrometric differentiation. However, other detection
methods, including NMR spectroscopy and optical techniques,
have also proven effective. Despite its conceptual elegance and
analytical potential, this approach faces significant practical
limitations. The demanding synthetic effort required for probe
preparation, coupled with challenges in calibration and accurate
quantification, currently restricts its widespread use for ee
determination.

This review includes also some relevant examples of enan-
tiomer differentiation that involves kinetic resolution, since
diastereomeric transition state differences have been exten-
sively exploited. A prominent example is the use of lipases for
the enantioselective hydrolysis of racemic esters, where the
enzyme preferentially reacts with one enantiomer over the
other due to steric and electronic differences in the transition
state (Table 1)."°

Chiral analytical techniques

11,12

Chromatography

Enantiomers can be separated using two main approaches in
chromatography. The first involves covalently attaching a chiral
auxiliary to the analyte and then using standard achiral col-
umns. The second method, known as chiral chromatography,
directly separates enantiomers exploiting their different affi-
nities for a chiral stationary phase or a chiral mobile phase.
After separation, analytes are typically detected via UV-Vis,
CD," or MS and quantified by peak area integration. Originally
developed in its achiral form by Mikhail Tsvet for plant
pigment separation, chiral chromatography is now the leading
technique for quantifying low-concentration analytes and
determining enantiopurity. Its popularity stems from providing
the highest accuracy in terms of ee determination compared to
other commonly used techniques. Depending on the approach,
analyses are routinely performed using gas chromatography
(GC),"* high-performance liquid chromatography (HPLC),"
supercritical fluid chromatography (SFC),'® and capillary elec-
trophoresis (CE)."”

The main advantage of chiral chromatography is its ability
to perform both analysis and separation of enantiomers, offer-
ing an alternative to derivatization with enantiomerically pure
reagents, followed by diastereomer separation. However, the
technique’s primary drawback lies in the need for extensive
parameter optimization, typically involving the selection of a
suitable stationary/mobile phase specific to the analyte, and
generally long analysis times.

This journal is © The Royal Society of Chemistry 2025
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Method for
distinguishing
Unit of enantiomers
Technique Chiral selector measurement (Fig. 1)
Chromatography Chiral-GC Chiral molecule (xy'z’ within mobile ter (s) (b)
Chiral-HPLC and/or stationary phases) (b)
Chiral-SFC (b)
Chiral-CE (b)
Optical Optical rotatory dispersion Linear polarised light (x'y’z’ = direction of propagation,  « (°) (a)
methods (ORD) polarimeter magnetic and electric fields)
Electronic circular dichroism (CD) Difference in the absorption of opposite circularly 0 (mdeg) (a)
Vibrational circular polarised light (x'y'z’ = direction of propagation, (a)
dichroism (VCD) magnetic and electric fields)
Fluorescence detected circular (a)
dichroism (FDCD)
Circularly polarized Emission of circularly polarised light (x'y’z’ = direction I (a.u.) (a)
luminescence (CPL) of propagation, magnetic and electric fields)
Raman optical activity (ROA) Emission or absorption of circularly polarised light (a)
(x'y'z’ = direction of propagation, magnetic
and electric fields)
UV-Vis (Non)covalent functionalization with Abs (b)
Fluorescence chiral molecules (x'y'z) I(au.) (b)
NMR Chiral derivatizing agents Covalent functionalization with chiral molecules (x'y'z’)  f(ppm) (b)
Chiral solvating agents Non-covalent interactions with chiral molecules (x'y’z’) (b)
Chiral shift reagents (b)
Mass Chiral ion mobility Chiral molecule or fragmentation detection tar (8), ta (S) (b)
Coulomb explosion on the x'y’z’ axis (c)
X-ray X-ray crystallography Bijvoet pairs, crystal sponges p(e” A9 (c)
Electrochemical  Chiral CV (Non)covalent functionalization of electrodes E (V) (b)
methods with chiral molecules
Microwave Chiral rotational Rotational transition frequency v (Hz) (a)
spectroscopy (CRS)
Enzyme-based Enzyme catalysis Enzyme [P] or [SM] (b)

methods

« (°): degrees; 0 (mdeg): millidegrees; I (a.u.): intensity; Abs: absorbance; ¢ (s): time of elution; f(ppm): chemical shift; ¢4, (s): drift time; ¢; (s): time
of flight; p (e~ A~?): electron density; v (Hz): frequency; E (V): reduction (or oxidation) potential; [P] or [SM]: concentration of the product or the

starting material.

Chiral chromatography offers two analytical approaches for
enantiomeric separation. One approach involves the addition
of a chiral molecule in the mobile phase. These additives,
usually cyclodextrins or chiral ionic liquids, avoid functionali-
sation with expensive chiral molecules. Nonetheless, the main
approach involving the use of chiral stationary phases (CSPs) is
most established, reliable and widely used. CSPs are made
using chiral selectors that interact differently with the opposite
enantiomers of the analyte, allowing for direct separation without
the need for derivatization (Fig. 2). First introduced by Henderson
and Rule in 1938 and later refined by Pirkle in the 1970s, CSPs
have become the gold standard for ee determination.

Chromatography coupled with CSPs has exceptional efficacy
not only in the separation and quantification of stereoisomers
but also, in the case of liquid chromatography, in the
preparative-scale isolation of enantiopure compounds.

In the pursuit of developing highly effective CSPs, research-
ers have explored different chiral selectors for many decades.

This journal is © The Royal Society of Chemistry 2025

These encompass modified cyclodextrins, crown ethers, Pirkle-
type systems, polysaccharides, and antibiotics.'* Very recently,
attention has also been directed toward porous materials
such as covalent-organic frameworks (COFs), metal organic
frameworks (MOFs), and porous organic cages (POCs), where
interesting results have been obtained.'® The commercial avail-
ability of these varied CSPs provides analysts with a broad
spectrum of options, each offering distinct enantioselective
properties. However, economic viability together with limited
substrate scope for each CSP and the need to develop specific
separation conditions for each analyte are still issues that need
to be solved. Consequently, there is ongoing research focused
on the design of novel “universal” chiral stationary phases
(Csps).?

Another active area of research involves the development of
ultrafast analytical methods, aiming to complete enantio-
separations within a few minutes—or even under one minute—
thus addressing one of the main limitations traditionally

Chem. Soc. Rev., 2025, 54,10940-10955 | 10943
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Fig. 2 Schematic representation of chiral column chromatography.
(R)- and (S)-enantiomers interact differently with the chiral stationary
phase, resulting in distinct retention times during elution.
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Fig. 3 Evolution of the speeds for chromatographic separation of the
enantiomers of lansoprazole, flurbiprofen and warfarin. Reproduced from
ref. 20 with permission from John Wiley and Sons, copyright 2015.

associated with chromatographic techniques. Fig. 3 shows, as
an example, the reduction in separation times for three phar-
maceuticals, achieving separations in under one minute for all.

Chiroptical methods (ORD, CD, FDCD, CPL, VCD, and ROA)

Chiroptical analysis uses polarized electromagnetic radiation to
distinguish chiral structures. This field encompasses various tech-
niques across different spectral regions, measuring changes in
refraction, absorption, luminescence, or scattering. These methods
are categorized based on the nature of incident light and measured
output. Techniques like optical rotatory dispersion (ORD), circular
dichroism (CD), and vibrational circular dichroism (VCD) use
polarized light, while others such as circularly polarized lumines-
cence (CPL) employ unpolarized incident light and measure the
polarization of emitted light. This diversity allows for comprehen-
sive analysis of chiral molecules and their functional properties.
Polarimetry and optical rotatory dispersion (ORD)*' are
chiroptical techniques that measure the rotation of linearly

10944 | Chem. Soc. Rev., 2025, 54,10940-10955
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a®

Fig. 4 The light source (1), typically a sodium vapor lamp, emits unpolar-
ized light (2). A linear polarizer (3) filters this light, producing linearly
polarized light (4), which then passes through the sample (5) containing
the chiral molecules under investigation. As the polarized light travels
through the sample, it undergoes optical rotation (6) due to the presence
of the chiral molecules. A rotatable linear analyzer (7) is used to determine
the angle of rotation before the light reaches the detector (8).

polarized light as an indicator of enantiopurity. These methods
rely on the small difference in velocities between right- and left-
handed circular polarizations (circular birefringence) in solu-
tions containing chiral molecules. Typically, a polarimeter
operates at a single wavelength, usually 589 nm (sodium D
line), while ORD instruments work across the UV-Vis spectrum,
generally 170-800 nm (Fig. 4). Since absorption is not the
primary phenomenon in these techniques, strong chromo-
phores are not required, making it possible to observe this
effect for virtually any chiral molecule. The rotated angle after
passing through an optically active medium is related to the
molecule’s properties, the sample’s enantiopurity, path length,
and concentration (Biot’s law). Polarimetry was the first
method developed to determine enantiopurity, even before
scientists understood the molecular basis of chirality. As a
result, the terms ‘optical isomer’ and ‘optically pure’ are still
used to describe enantiopure compounds.

In this context, ‘optical purity’ serves as a parameter to
evaluate the purity of scalemic mixtures—those containing
unequal proportions of R and S enantiomers. It is defined as
the ratio between the specific rotation of the mixture and that
of the optically pure enantiomer, expressed as:

optical purity (%)

specific rotation of mixture

= - - - x 100%
specific rotation of the pure enatiomer

Given that the specific rotations of the two enantiomers have
the same magnitude but opposite signs, knowing the specific
rotation of one enantiomer allows for the straightforward
determination of the ee through a simple optical purity
measurement.

Although this methodology is simple and an in-house
polarimeter can be built inexpensively,®* the technique presents

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs01202j

Open Access Article. Published on 20 October 2025. Downloaded on 6/12/2026 5:13:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Tutorial Review

a)
mdeg
I A
b) Max
+ 1
ndieg g ORD
N
Max
Abs i uv
A

Fig. 5 (a) In the absence of absorption, CD is not observed, and ORD
exhibits ordinary dispersion, characterized by a monotonic change with
increasing wavelength. (b) In the presence of absorption, both CD and
ORD are detected. Typically, ORD displays anomalous dispersion (Cotton
effect), which is characterized by a distinctive bisignate signal.

some notable drawbacks compared to other chiroptical spectro-
scopies. In particular, it exhibits low sensitivity, lacks detailed
structural information, and is significantly influenced by external
factors such as temperature, solvents, and impurities. Recent
advances in the field employ cavity-based spectroscopy, a tech-
nique that traps light between highly reflective mirrors. This
approach creates an optical cavity, enabling light to pass through
the sample multiple times, thus enhancing sensitivity and
resolution.™

In the presence of chromophores, a dramatic change in
rotation is observed near the absorption band (Cotton effect,
Fig. 5). In a positive Cotton effect, the ORD signal increases
as the wavelength decreases, crosses zero at the absorption
maximum, and then decreases, forming a mirror-like band.
Conversely, in a negative Cotton effect, the signal initially
decreases, then increases after the absorption maximum. The
Cotton effect is significant because it enhances the sensitivity
and specificity of chiroptical techniques, and it is directly
related to the ability of the molecule to absorb differently left
and right circularly polarized light.

Circular dichroism (CD)** is one of the most widely used
and established methods for chiral analysis. This technique
exploits the unique property of chiral molecules containing
chromophores to absorb left and right circularly polarized
light to different extents. By measuring this differential
absorption across a range of wavelengths, CD spectra are
generated (Fig. 5 and 6). These spectra serve as characteristic
fingerprints, allowing for the identification and quantification
of chiral compounds, as well as the determination of their
absolute configuration and conformational changes. For these

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Schematic representation of an ECD spectropolarimeter. The light
source (S), typically a xenon arc lamp, emits unpolarized light that passes
through a monochromator (M) to select a specific wavelength. A photo-
elastic modulator (PEM) then alternates left- and right-circularly polarized
light, which is directed through the sample. Differences in absorption
between the two polarizations are detected by a photomultiplier tube
(PMT).

reasons, CD is widely used in biochemistry and structural
biology.>®

CD is generally preferred over ORD due to its ability to
provide more resolved bands. For relatively simple molecules,
CD spectra can be interpreted empirically using well-
established theoretical descriptions such as the exciton chir-
ality method.>®

However, in modern practice, TD-DFT (time-dependent
density functional theory) calculations have become more
common in the interpretation of the spectra owing to their
reliability and accuracy. In particular, TD-DFT sensitivity to
conformations has made it an invaluable tool when combined
with experimental data for structural characterization.'?

CD has recently garnered significant attention for its
potential implementation in high-throughput screening (HTS)
instrumentation.”” The development of new methods for asym-
metric synthesis, such as combinatorial chemistry and parallel
synthesis, has led to the rapid production of chiral analytes,
which in turn necessitates equally rapid methods of analysis.
Optical methods are promising candidates due to their speed
in ee analysis and their potential for automation.?® Even if
CD instruments are widespread, they have low cost and short
analysis times, and strong absorbing chromophores are
required. For this reason, research interest in the last few years
has been directed toward the development of molecules able to
bind the analyte, either in a covalent or non-covalent fashion,
and amplify the signals of “CD-silent” molecules. Current
strategies are based on two main approaches: functionalizing
analytes with strong chromophores or using rapidly intercon-
verting enantiomeric conformers that bear strong chromo-
phores (stereodynamic systems).> In the latter approach, the
interaction with chiral analytes generates diastereomeric com-
plexes with differing thermodynamic stabilities. The resulting
population imbalance gives rise to a CD signal proportional to
the ee of the analyte.

From a practical standpoint, while computational tools can
assist in assigning the absolute configuration, determining the
enantiomeric composition typically relies on calibration curves.
These are generated using either a pure reference standard of
the target compound or, at minimum, a sample of known
enantiopurity. Once the calibration curve is established, the

Chem. Soc. Rev., 2025, 54,10940-10955 | 10945
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Fig. 7 Schematic workflow for the determination of ee using chiroptical
spectroscopies and other methods based on calibration curves. This is a
simplified representation; additional steps (e.g., purification, dilution, tem-
perature control) may be required depending on the specific method
employed.

ee of an unknown sample can be readily obtained by inter-
polating its CD response. However, because the CD response is
compound and concentration specific, an individual calibra-
tion curve must be prepared for each analyte (Fig. 7). This
requirement represents a major limitation of all chiroptical
spectroscopies, as it is both time-consuming and dependent on
the availability of reference materials with known enantiopurity.
This represents a major drawback, particularly in high-through-
put screening (HTS) experiments, where novel compounds are
continuously generated and optically pure samples may not be
readily available. In this context, interesting results have been
obtained either by the use of concentration independent
probes®® or by the use of classical physical organic chemistry
tools with the aid of machine learning assistance and chemo-
metric data processing.*'*?

More recent advances exploit photoelectron circular dichro-
ism (PECD),* a phenomenon observed during chiral molecule
photoionization. PECD uses circularly polarized light to induce
asymmetry in emitted photoelectron angular distribution,
enabling rapid and sensitive enantiomeric composition
measurement. Despite its advantages, complex instrumenta-
tion limits widespread adoption. A typical PECD setup records
three-dimensional photoelectron angular distributions (PADs)
using a multi-channel plate and CCD camera. Recent studies
demonstrated femtosecond time-resolved PECD (TR-PECD)
using ultrashort circularly polarized vacuum ultraviolet
(VUV) pulses to monitor molecular chirality during reactions,
enabling observation of chirality changes during photo-
dissociation.** Similarly, photoelectron elliptical dichroism
(PEELD) uses elliptically polarized laser pulses to study chiral
molecules in the gas phase. PEELD enables precise ee quanti-
fication (~0.04% precision) across diverse compounds,
including terpenes, amino acids, and iodoarenes. Its struc-
tural sensitivity highlights its potential as a valuable tool in
chiral analysis.*®
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Fig. 8 Schematic representation of (a) a CPL and (b) an FDCD spectro-
polarimeter. FDCD has the same optical components as CD with the
photomultiplier tube (PMT) placed at 90° to collect the fluorescence. CPL
instead has the photoelastic modulator (PME) after the sample to detect
the differently emitted right and left circular polarizations.

Circularly polarized luminescence (CPL)*® spectroscopy
quantifies the difference in emission between left and right
circularly polarized light from luminescent systems (Fig. 8a).
This technique can be considered the ‘“chiral version” of
fluorescence emission spectroscopy. The popularity of CPL
spectroscopy stems from its unique ability to probe excited-
state chirality, complementing the CD technique. Its high
sensitivity to structural changes, applicability to diverse sys-
tems, and non-destructive nature make it valuable across
multiple fields. Recent technological advancements and grow-
ing interest in materials science and biology have further
increased its relevance. CPL’s role in developing new optoelec-
tronic devices has also contributed to its rising prominence in
research.’”

Chiral sensing has been extensively studied using lantha-
nide complexes due to their unique fluorescence properties
with long excited state lifetimes and high luminescence dis-
symmetry factor, gi.m.”° As seen previously for CD, also in this
case, the use of stereodynamic complexes where chirality is
enabled by the helical twist of a macrocyclic ligand around the
lanthanide ion is privileged. Sensing can be achieved either by
perturbing a racemic system at equilibrium or by interacting
with an enantiopure ligand. More recently, attention has also
been directed toward the preparation of sensing materials with
the use of small organic molecules, conjugated polymers, and
organic frameworks.?® Similarly to CD, the determination of ee
by fluorescence-based chiroptical spectroscopies also relies on
the construction of calibration curves. Thanks to their inher-
ently higher sensitivity, these techniques often enable a marked
improvement in the detection limit for ee measurements.

This journal is © The Royal Society of Chemistry 2025
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Fluorescence detected CD (FDCD)" is essentially the ‘chiral’
version of fluorescence excitation. Without any artefact effects,
FDCD is related to CD in a similar way that excitation spectra
are related to absorption spectra. In FDCD, the sample
is exposed to alternating circularly polarized light, and the
resulting fluorescence is measured (Fig. 8b). Despite its intro-
duction in 1974, FDCD has seen limited applications in chiral
sensing. This is surprising given its crucial advantages over
absorption-based CD spectroscopy. Firstly, FDCD is inherently
more sensitive, especially with technical precautions that
enhance the signal-to-noise ratio. Secondly, it offers greater
selectivity, allowing for the analysis of complex samples con-
taining several absorbance interferents. Recent developments
have highlighted FDCD’s potential. Biderman et al. applied
FDCD to supramolecular host-guest systems,”’ finding that
combining CD and FDCD provided valuable additional infor-
mation, such as analyte chemical identity and hidden aggrega-
tion phenomena. Our group recently reported the first
application of FDCD to a stereodynamic probe.** This extended
the probe’s sensing performance to sub-micromolar concentra-
tions. Importantly, the FDCD signal proved insensitive to
chiroptical contaminants, opening possibilities for analyzing
complex media with multiple interferences that typically hinder
conventional absorption-based CD spectroscopy.

Vibrational circular dichroism (VCD)* is a technique that
utilizes circularly polarized light analysis in the infrared region.
Using vibrational energy transitions, which are available in all
organic structures, provides three key advantages: strong UV-
Vis chromophores are not necessary, VCD spectra can be easily
and confidentially calculated using DFT calculations, and the
higher number of bands allows for a deeper and unique
understanding of the analyte’s molecular structure and con-
formation. For these reasons, it has gained significant interest,
particularly for assigning the absolute configuration of challeng-
ing compounds and intermediates.* Nevertheless, VCD’s primary
limitation lies in its inherently weak signal intensity. Measure-
ments often require long acquisition times and large amounts of
samples.

Despite this challenge, VCD is becoming more accessible
and practical for chiral analysis, thanks to new, high-perfor-
mance instrumentation. Similar to IR spectroscopy, but unlike
conventional CD, typical VCD instrumentation operates using
Fourier transform methods (FT-VCD). This requires the use of a
Michelson interferometer, rather than a monochromator, to
generate an interferogram that is subsequently converted into
the conventional VCD spectrum via FT operation (Fig. 9).

While the application of VCD from small molecules to
(bio)macromolecules has been extensively explored in recent
years, including in the context of femtosecond time-resolved
VCD,* its use for ee determination remains limited due to
the previously described limitations. To overcome these con-
straints, scientists are investigating signal enhancement arising
from molecular aggregation or taking advantage of the
presence of an open-shell metal center, which gives rise to
low-lying electronic states (LLES) and electronic transitions at
low energy.*®
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Fig. 9 Schematic representation of an FT-VCD instrument. The source
(S), typically a ceramic light emitter, emits unpolarized light that passes
through a Michelson interferometer (MI) that modulates the optical length
for the production of the interferogram. Then, similarly to CD, the polarizer
(P) and the photoelastic modulator (PEM) alternate left- and right-
circularly polarized light, which is directed through the sample. Differences
in absorption between the two polarizations are detected by a mercury
cadmium telluride (MCT) detector.

Raman optical activity (ROA)*”"*® is a technique that exploits

Raman scattered light signals in chiral analysis. ROA is the
most recently developed technique among chiroptical spectro-
scopies, with the first experiments conducted by Barron,
Bogaard, and Buckingham in 1973. Despite its relatively short
history, ROA has evolved rapidly since the commercialization of
its instrumentation. There are two main methods for measur-
ing ROA: incident circular polarization (ICP) ROA, which mea-
sures the small difference in the intensity of vibrational Raman
scattering from chiral molecules when exposed to right- and
left-circularly polarized incident light (Fig. 10a), and scattered
circular polarization (SCP) ROA, which measures the intensity
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Fig. 10 Schematic representation of the two ROA techniques. (a) ICP
ROA measures (1% — '), where /R and I* are the scattered intensities in right-
and left-circularly polarized incident light, respectively. (b) SCP ROA
measures (lr — /), where Ir and /_ are the intensities of the right- and left
circularly polarized components, respectively, of the scattered light using
incident light of fixed polarization.

SCP ROA
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of a small circularly polarized component in the scattered light
using incident light of fixed polarization (Fig. 10b). These two
methods offer different ways to analyze the chiral properties of
molecules through their interaction with polarized light, pro-
viding valuable insights into molecular structure and behavior.
Unlike VCD, ROA is better suited for analyzing samples in the
presence of water. This makes it particularly valuable for study-
ing biological molecules such as proteins and DNA."*"°
In recent years, the technique’s performance has significantly
improved. However, its applications remain somewhat restricted
due to long acquisition times. Nevertheless, signal enhancement
has been obtained by resonance ROA (R-ROA), by tuning the
excitation wavelength near an electronic absorption band of the
analyte, or by taking advantage of localized surface plasmon
resonance of metallic nanostructures (SE-ROA).”" If the plasmonic
structure presents an homochiral environment, either because of
the ligand or because of the metallic arrangement, surface-
enhanced Raman scattering (SERS) can be exploited.

Terahertz circular dichroism (TCD)** expands the applica-
tion of “classical” chiroptical spectroscopies to the far-IR and
terahertz (THz) region of the electromagnetic spectrum. Unlike
conventional UV-visible or infrared CD, which probes electronic
or localized vibrational transitions, this low energy part of the
electromagnetic spectrum carries a lot of information about
different types of collective vibrational modes. For this reason,
TCD is sensitive to intermolecular interactions, global confor-
mational dynamics, and collective atomic vibrations in biomo-
lecular assemblies, supramolecular systems, and chiral
materials. While still in a developmental phase, advances in
broadband THz generation, polarization control, and detection
have made it possible to measure subtle chiroptical responses
in both solid-state and solution-phase samples. THz-CD holds
particular promise for investigating biomolecular hydration,
protein collective motions, and chiral phononics, offering a
complementary perspective to traditional chiral spectroscopies
and expanding the frontiers of chiral analysis into the far-
infrared domain.

Non-linear chiroptical spectroscopies are an emerging
class of analytical techniques that exploit non-linear optical
processes to probe molecular chirality with enhanced sensitiv-
ity and spatial selectivity. Indeed, one main limitation of linear
spectroscopies relies on the small difference between the
signal of the two enantiomers that causes low intensity signals.
Techniques such as second harmonic generation circular
dichroism (SHG-CD), sum frequency generation (SFG), and
two-photon circular dichroism (TPCD) enable the investigation
of chiral structures at surfaces, interfaces, and in complex
heterogeneous environments that are often inaccessible to
linear chiroptical methods. Their intrinsic surface specificity,
combined with high spatial and temporal resolution, makes
them particularly suited for studying chiral nanostructures,
confined biomolecular systems, and engineered chiral meta-
surfaces. Moreover, the integration with nanophotonic archi-
tectures can lead to a significant enhancement of chiroptical
signals through field confinement and resonance effects. These
properties position non-linear chiroptical spectroscopies as

53,54
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powerful tools in the development of next-generation chiral
analysis strategies, especially at the nanoscale.

Nanophotonic technologies®*® manipulate light at the
nanoscale using structures comparable to or smaller than the
light’s wavelength, enhancing light-matter interactions for
applications like sensing and imaging. Recent studies have
explored their potential in chiral sensing and ee quantification.
These methods exploit metallic and dielectric nanostructures
to generate superchiral light, characterized by an optical chir-
ality density exceeding that of circularly polarized waves,
enabling stronger interactions with chiral molecules and
improving sensitivity beyond conventional techniques. A recent
advancement in this area involves the use of gold-based nano-
structured platforms to amplify the VCD signals of chiral
molecules. This approach enabled enhancements of up to 13
orders of magnitude in detection sensitivity, allowing the
simultaneous determination of both concentration and enan-
tiomeric composition in complex mixtures (Fig. 11). These
results highlight the exceptional potential of nanophotonic
strategies in chiral analysis and point toward continued inno-
vation in the field.

Nuclear magnetic resonance (NMR)*”~>°

Nuclear magnetic resonance (NMR) spectroscopy exploits the
interaction of atomic nuclei under the influence of an external
magnetic field with radiofrequency pulses to elucidate the
structure and dynamics of organic molecules. The application
of NMR spectroscopy for determining absolute configuration
and assessing enantiomeric purity was first reported in the
latter half of the twentieth century. Pioneering work in this field
includes the studies by Raban and Mislow,*® who initially
employed chiral derivatizing agents for chiral analysis via
NMR. Enantiomers are typically indistinguishable by NMR
because the resonances of enantiotropic nuclei are isochronous.
However, chiral agents can be employed to render enantiomers
distinguishable in NMR spectra. These optically pure molecules
include chiral derivatizing agents (CDAs) that form covalent
bonds and chiral solvating agents (CSAs) or chiral shift reagents
(CSRs) that interact with the analyte through non-covalent inter-
actions. These agents allow for the formation of diastereoisomers
or diastereomeric complexes, which are distinguishable by NMR.

CDAs are enantiopure compounds, which react with the
analyte to form diastereomeric derivatives that can be distin-
guished by creating observable differences in chemical shifts
and/or coupling constants in the NMR spectra (Fig. 12). To
determine the enantiomeric composition of a sample, it is
crucial to ensure that no racemization or kinetic resolution
occurs during the derivatization process and, once this is
confirmed, the enantiomeric excess can be easily determined
by integrating the new diastereomeric peaks and applying
eqn (1). In cases where the preferential conformation adopted
by the CDA is known, it is also possible to determine the absolute
configuration of an unknown analyte by comparison. A classical
CDA is the Mosher a-methoxy-o-trifluoromethylphenylacetic acid
(MTPA) used for derivatizing chiral alcohols and amines.®' This
CDA has been widely utilized due to several key features: the

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 (a) Schematic representation of the chiral analysis of (+)/(—)-tha-

lidomide using the gold-based plasmonic sensor. (b) Comparison of
dissymmetry factors obtained with conventional VCD and superchiral
light-enhanced VCD, highlighting the substantial signal enhancement
achieved with the nanophotonic approach. Reproduced from ref. 54 with
permission from The American Association for the Advancement of
Science, copyright 2024.
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Fig. 12 NMR analysis of a chiral analyte through derivatization with (R)- or
(S)-CDA. The resulting diastereomeric complexes exhibit distinct chemical
shifts, enabling enantiomer differentiation based on the CDA enantiomer
employed.
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Fig. 13 NMR analysis of a chiral amine through derivatization with Mosher
acid. The different shielding of the L1 and L2 groups of the amine are
highlighted in red. Depending on the enantiomer of MTPA acid employed,
different shielding effects on the L1 and L2 groups of the amine are
observed.

properties make MTPA a powerful tool for analyzing chiral
compounds, offering insights into both their composition and
structure (Fig. 13).

CSRs are instead optically active, paramagnetic complexes,
typically containing lanthanide metals such as europium or
ytterbium complexed by a chiral ligand.®® These reagents form
weak, reversible adducts with analyte molecules, inducing
significant chemical shift changes and often signal broadening
due to their paramagnetic nature. CSRs create distinctly differ-
ent magnetic environments for each enantiomer, resulting
in differentiated NMR signals, particularly for protons in close
spatial proximity to the metal center.

On the other hand, CSAs are enantiopure diamagnetic
organic compounds that form transient, non-covalent com-
plexes with chiral analytes in solution through interactions
such as hydrogen bonding, n-n stacking, or dipole-dipole
interactions. CSAs create a chiral environment around the
analyte, resulting in the formation of diastereomeric complexes
that exhibit distinct chemical shifts in NMR spectra. CSRs and
CSAs do not need to be covalently attached to the analyte for
analysis, which simplifies the analytical procedure.

In recent years, research has focused on developing simpler
chiral selectors that can be easily synthesized from commer-
cially available reagents. These new selectors aim to be more
versatile in terms of functional group applicability, faster in
binding or functionalization processes, and capable of produ-
cing larger chemical shift separations in the resulting diaster-
eomeric species. These include the use of chiral liquid
crystals,®® chiral aluminium solvating agents,®* and densely
fluorinated agents.®

It is important to highlight that research has demonstrated
an interesting phenomenon in chiral molecules subjected to a
strong magnetic field. Under these conditions, the precession
of nuclear magnetic moments can induce a small electric
polarization due to the nuclear magnetic shielding polarizabil-
ity. Notably, this magnetoelectric response exhibits equal mag-
nitude but opposite sign in a molecule and its mirror image,
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thus enabling the direct discrimination of enantiomers via
NMR spectroscopy.66

Mass spectrometry (MS)®”%%

Mass spectrometry (MS) involves the ionization of molecules or
fragments and the measurement of their mass-to-charge ratio
(m/z), providing information on the molecular weight and
structural features of a target analyte. The MS technique offers
some intrinsic fundamental advantages that make it an active
research area for chiral analysis, particularly high sensitivity
allowing the detection of analytes at parts per million (or
billion) concentrations, the selectivity towards the desired
analytes even in the presence of interfering molecules, the
minimal sample preparation, the possibility to integrate auto-
mation in HTS methodology, and the versatility that allows
coupling with various separation techniques. From a historical
perspective, the use of MS for chiral analysis is more recent
compared to other analytical techniques. As MS is an intrinsi-
cally achiral technique, achieving enantiodiscrimination
requires the formation of diastereoisomers with an enantio-
pure molecule. This can be performed by (i) adding the chiral
selector in the solution phase before ionisation and measuring
the relative abundance in the gas phase (single-stage MS),
(ii) fragmenting diastereomeric ions formed with a chiral
selector in the gas phase to obtain information about their
relative abundance (MS/MS), and (iii) using ion mobility in the
presence of a chiral drift gas modifier able to form diastereo-
meric ions with different mobility (IM-MS).

While single-stage MS is more affected by ionisation condi-
tions (solvent, concentration, etc.), MS/MS has been shown to
be more interesting in terms of reproducibility and sensibility.
Chiral differentiation in these studies is based on different
MS/MS fragmentation patterns of complexes formed by enan-
tiomers and enantiopure chiral selectors, generally detected as
proton or metal-bound cluster ions. Collision-induced dissocia-
tion (CID) is typically used to dissociate these complexes. Under
identical CID conditions, complexes from different enantio-
mers can show varying dissociation rates, resulting in distinct
spectral patterns. Chiral differentiation is determined by
comparing the intensity ratios of product ions or product-to-
precursor ions between enantiomers. Photodissociation (PD) is
an alternative method in which ions absorb photons for
dissociation. In PD, complexes from different enantiomers
may produce significantly different fragmentation patterns,
enabling chiral differentiation through direct spectral compar-
ison or intensity ratio analysis. In ion mobility-mass spectro-
metry (IM-MS), gaseous ions are separated based on size and
shape, measured as collision cross section (CCS). Diastereo-
meric complex ions of enantiomers can have different CCS
values, allowing separation. Various IM-MS techniques have
been applied to chiral analysis, Dwivedi demonstrated gas-
phase separation of enantiomers by modifying drift gas with
chiral (R)- or (S)-2-butanol vapor.®® This modification enabled
selective interactions between enantiomers and the chiral
modifier, resulting in different ion mobilities. While reducing
the mobilities of both enantiomers, it did so to different
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Fig. 14 Separation of b- and L-tryptophan by IM-MS. (a) The presence of
(R)-2-butanol as a chiral selector in the gas of the drift tube induces diverse
drift times of the opposite enantiomers. (b) The intensity of peaks relative
to the two enantiomers can be correlated to the ee of the sample.

extents, enabling distinction. The method successfully differ-
entiated various chiral compounds, including drugs, amino
acids, and sugars (Fig. 14). Despite limitations,”® this discovery
opened possibilities for rapid chiral separation and measure-
ment methods. Recent advances in this field exploit trapped
ion mobility spectrometry (TIMS-MS).”* This technique uses an
electric field opposite to the ion direction to enhance the
resolution of ion separation. The power of this approach was
used in a recent study to achieve the separation, after chiral
derivatisation, of all the proteogenic amino acid enantiomer
pairs in a single run. Application of IM-MS in HTS was also
reported using the flow injection technique that significantly
speeds up the time required for the analysis of eliminating the
separation steps and the possibility of automation.

Due to the variety of outputs provided by mass-based
techniques (e.g. drift time, intensity, etc.), specific calibration
curves are generated by plotting the relevant instrument
response against the enantiomeric composition. As with other
techniques, the ee of an unknown sample is then obtained by
interpolation on the corresponding curve.

A completely different approach called Coulomb explosion
imaging (CEI) was introduced for the direct determination of
AC in the gas phase.”” In summary, Coulomb explosions occur
when multiple electrons are expelled from a molecule, leading
to the repulsion of positively charged nuclei and resulting in
fragmentation. Then, the use of a time- and position-sensitive
detector allows the determination of the spatial disposition of
the fragmented nuclei, which can be correlated with the AC of
the molecule. Despite the significant advancements this tech-
nique has brought to molecular imaging, its application has
been limited due to the high energy required for ionization and
the difficulty in determining the AC of complex molecules.

Another interesting approach exploits the directional rota-
tion of gas-phase ions.”? In more detail, a dual alternating
current excitation was used to control the rotation of the
trapped ions’ motion, including rotation around the centre of

This journal is © The Royal Society of Chemistry 2025
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mass and macro movement around the trap centre. This
motion induces differences in the enantiomers’ collision cross
section, which allows their distinction.

Others

While chiral chromatography remains the gold standard,
numerous alternative methods for chiral analysis have been
developed over the years. These less frequently employed
techniques, though not as widely adopted as chromatographic
methods, or widespread such as optical and NMR technologies,
offer unique advantages in specific applications. In the final
section of this review, we will introduce the reader to emerging
and specialized techniques in chiral sensing, highlighting their
potential and current limitations in the field of enantiomeric
analysis.

X-ray crystallography” is a reference methodology for deter-
mining AC. The anomalous scattering recorded in non-
centrosymmetric space groups can be exploited for the deter-
mination of the configuration of crystalline molecules. This is
achieved by measuring small differences in the intensity of
Bijvoet pairs—reflections related by inversion—which arise due
to the wavelength-dependent variation in atomic scattering
factors of heavy atoms or other anomalous scatterers. Good
crystal quality, especially for light-atom structures, is an essen-
tial condition to attribute the correct AC. The most important
drawback of this technique is its limited applicability to mole-
cules that can be obtained as crystals. To address the challenge
of analyzing compounds that are difficult or impossible to
crystallize, the Fujita group developed the innovative ‘crystal
sponge methodology’.”> This structural analysis technique
allows for the determination of molecular structure and abso-
lute configuration without directly crystallizing the compound
under examination. The method employs a porous host com-
pound, aptly named the ‘crystal sponge’, typically a metal-
organic complex with a well-defined three-dimensional struc-
ture. The analyte is diffused into this crystal sponge, and the
resulting structure is analyzed using single-crystal X-ray diffrac-
tion, providing detailed structural information (Fig. 15). A key
advantage of this technique is its ability to analyze liquids or
difficult-to-crystallize compounds using only minute sample

Fig. 15 (a) The crystal structure of a chiral guest, santonin, trapped in a
crystalline sponge. (b) ORTEP drawing (50% probability) of the santonin
trapped in the pore and the chemical structure of santonin. Reproduced
from ref. 72 with permission from Springer Nature BV, copyright 1995.
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quantities, often just nanograms or micrograms. This makes it
particularly valuable for elucidating the structures of natural
products, metabolites, and other complex organic compounds
that have traditionally challenged conventional -crystallo-
graphic techniques.

Electrochemical methods”®””

typically involve electron
transfer between a substance and an electrode to study mole-
cular composition, structure, and reactivity. These techniques
have gained interest for chiral sensing, where chiral recognition
typically arises from the formation of transient diastereomeric
complexes between a chiral selector, typically using modified
electrodes coated with chiral molecules, and target enantio-
mers. Differences in Gibbs free energy between the diastereoi-
somers lead to distinct electrochemical signals such as shifts in
oxidation or reduction peaks in cyclic voltammetry (Fig. 16).
Despite being relatively new in this chiral analysis, electroche-
mical techniques offer notable advantages: high sensitivity and
selectivity, low energy consumption, and operational simplicity.
For instance, electroactive films based on chiral oligomers have
shown separation of voltammogram peaks according to the
enantiomer used for electrode coating, with peak shifts and
intensities varying linearly with enantiomeric composition.
This allowed the use of pure reference compounds for the
construction of calibration curves (ee vs. AV) and the ee
determination of unknown samples by curve interpolation.
Recent studies suggest that the chiral-induced spin selectivity
(CISS) effect can also be exploited in chiral electrochemical
sensing.”®

Current research in this field is primarily focused on two
main directions. On one hand, efforts are directed toward the
development of chiral versions of various electrochemical
techniques, including sweep and differential pulse voltamme-
try, electrochemical impedance spectroscopy, and others. On
the other hand, significant attention is being devoted to the
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Fig. 16 Cyclic voltammetry of DOPA enantiomers (4 mM H,O + 50 mM
HCl) recorded with (left) a bare GC electrode, (right, up) a GC electrode
coated with (S)-(BT,-T4), and (right, down) a GC electrode coated with
(R)-(BT2-T4)n the enantiomeric pair of bithianaphthene-based oligomers.
Reproduced from ref. 79 with permission from The Royal Society of
Chemistry, copyright 2010.
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design of high-performance chiral selectors, leveraging recent
advances in the synthesis of MOFs, COFs, and promising
composite or hybrid materials.

Molecular rotational resonance (MRR) spectroscopy
an emerging tool in chiral analysis, which uses microwave
radiation to probe pure rotational transitions and provide
highly accurate structural information. It distinguishes iso-
meric species—such as regioisomers, stereoisomers, and iso-
topologues—with high resolution and sensitivity, often without
prior separation. MRR has gained attention for its ability to
analyze enantioisotopomers, which are difficult to resolve using
conventional techniques.®

A major advancement emerged with microwave three-wave
mixing (M3WM), which exploits the opposite signs of the
product of dipole moment components (u,puppt,) in enantiomers
(Fig. 17). By exciting orthogonal transitions and monitoring the
third, this method allows for precise chiral discrimination and
ee determination with accuracies of up to 0.5%. Its resonant
nature enables direct analysis of mixtures—as shown in the ee
quantification of a conformational mixture of carvone, where
each conformer’s ee was resolved individually.

Enzyme-based methods® represent a valuable and versatile
approach for chiral sensing, particularly for biologically rele-
vant molecules. These strategies exploit the inherent stereo-
specificity of enzymes, which typically convert only one
enantiomer of a chiral substrate into a detectable product.
The quantification of this product allows for the indirect
determination of the sample’s ee. One example involves moni-
toring the initial rate of enzymatic oxidation of a chiral alcohol,
where the rate can be used for the construction of calibration
curves, enabling accurate substrate ee analysis. The method
also demonstrated robustness across various solvents, suggesting
its good practical applicability. Another approach uses oxido-
reductases, such as dehydrogenases, which produce NADH or
NAD'-cofactors that are easily detected via UV-Vis spectroscopy
due to their characteristic absorption at 340 nm. This principle
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Fig. 17 The sign of the product between the dipole moment components
(uuppiy) is enantiomer dependent and can be exploited in MRR spectro-
scopy for chiral analysis. Reproduced from ref. 81 with permission from
Springer, copyright 2013.
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has been applied in high-throughput methodologies for the rapid
determination of ee in chiral secondary alcohols. These techni-
ques are independent of substrate concentration and allow the
simultaneous analysis of multiple samples in 96-well plates, with
measurement times under five minutes, demonstrating excellent
speed and suitability for high-throughput screening (HTS).

UV-Vis absorbance and fluorescence techniques,®* despite
their achiral nature, have been extensively utilized in conjunc-
tion with chiral probes capable of forming diastereomeric pairs
with different optical properties, owing to the widespread
availability of these instruments. The chiral probe is typically
designed to differentiate enantiomers either by forming dia-
stereoisomers with distinct optical properties or by creating
pseudo-racemic mixtures in which the two pseudo-enantiomers
display different optical characteristics.

Pioneering within these techniques has been the work of
Kubo,* who employed indophenol dyes linked to a 1,1’
binaphthyl unit on a calix[4]crown platform that undergo
different conformational changes depending on the specific
enantiomer present in solution. The host exhibited colori-
metric chiral recognition: one enantiomer showed a red-to-
reddish-violet colour change, whereas the other led to almost
no change in the absorption spectra. Diastereomeric optical
differentiation has also been achieved using fluorescent
probes, especially taking advantage of aggregate induced emis-
sion based luminophores and phosphorescence probes.*®
Based on different principles are colour indicators based on
doped liquid crystals.®” In these systems, the addition of a
chiral analyte causes a variation in the liquid crystal’s helical
pitch. This variation results in light reflection at different
wavelengths, leading to color changes.

Recent research in this field has taken two main directions:
one focuses on employing chemometrics to develop more
versatile probes capable of analyzing a wider range of sub-
strates, while the other explores the use of nanomaterials such
as carbon dots and gold nanoparticles, which exhibit enhanced
optical properties for chiral sensing. As an example, Fig. 18
shows the functionalization of gold nanoparticles with p-gluconic
acid and their application as a colorimetric sensor for various
amino acids. Interestingly, the progressive colour shift depending
on the ee of the sample enables a visual estimation of enantio-
purity by simple naked-eye inspection.®®

Conclusions

The field of chiral analysis has witnessed remarkable advance-
ments over the past few decades, evolving from classical
polarimetry to sophisticated spectroscopic and chromato-
graphic techniques. Besides classical techniques, the integra-
tion of cutting-edge technologies such as nanophotonics,
machine learning, and automation is driving the development
of increasingly sensitive, rapid, and high-throughput chiral
analysis methods. Innovative techniques like Coulomb explosion
imaging and crystal sponge methodologies are opening new
avenues for direct determination of absolute configuration,
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Fig. 18 (a) Colorimetric shift induced by L- and D-tryptophan to a
solution containing chiral gold nanoparticles functionalized with p-gluconic
acid. (b) Different ee values furnish a diverse colorimetric output. Reproduced
from ref. 88 with permission from Springer Nature, copyright 2021.

addressing longstanding challenges in the field. Concurrently,
the use of advanced materials such as metal-organic frame-
works, covalent organic frameworks, and plasmonic nanostruc-
tures is enhancing the performance of established techniques
like chromatography and chiroptical spectroscopies. The devel-
opment of more universal methods applicable to a wide range of
analytes remains a major challenge. While chiral chromatogra-
phy remains the gold standard for many applications, the future
of chiral analysis is likely to see further convergence of methods,
with hybrid approaches combining the strengths of different
techniques to achieve even more accurate and informative
results.

Continued innovation in this field not only enhances our
ability to characterize and quantify enantiopurity but also has
profound implications for drug development, materials science,
and our fundamental understanding of biological and chemical
processes at the molecular level. As we move forward, the advance-
ments in chiral analysis will unlock new insights into the chiral
world, fostering novel results across a wide spectrum of scientific
disciplines and technological applications.
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