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ysis based on liquid-phase cyclic
chemiluminescence†

Runkun Zhang, Yanhui Zhong, Zhenyu Lu, Yanlong Chen and Gongke Li *

Rapid chiral analysis has become one of the important aspects of academic and industrial research. Here we

describe a new strategy based on liquid-phase cyclic chemiluminescence (CCL) for rapid resolution of

enantiomers and determination of enantiomeric excess (ee). A single CCL measurement can acquire

multistage signals that provide a unique way to examine the intermolecular interactions between chiral

hosts and chiral guests, because the lifetime (s) of the multistage signals is a concentration-independent

and distinguishable constant for a given chiral host–guest system. According to the s values, CCL allows

discrimination between a wide range of enantiomeric pairs including chiral alcohols, amines and acids by

using only one chiral host. Even the chiral systems hardly distinguished by nuclear magnetic resonance

and fluorescence methods can be distinguished easily by CCL. Additionally, the s value of a mixture of

two enantiomers is equal to the weighted average of each enantiomer, which can be used for the direct

determination of ee without the need to separate the chiral mixture and create calibration curves. This is

extremely crucial for the cases without readily available enantiomerically pure samples. This strategy was

successfully applied to monitoring of the Walden inversion reaction and analysis of chiral drugs. The

results were in good agreement with those obtained by high-performance liquid chromatography,

indicating the utility of CCL for routine quick ee analysis. Mechanism study revealed that the s value is

possibly related to the activity of the chiral substance to catalyze a luminol–H2O2 reaction. Our research

provides an unprecedented and general protocol for chirality differentiation and ee determination, which

is anticipated to be a useful technology that will find wide application in chirality-related fields,

particularly in asymmetric synthesis and the pharmaceutical industry.
Introduction

Chirality is a universal phenomenon in nature, and most bio-
logical species, such as amino acids, nucleic acids, proteins,
and drugs, are chiral and intermolecular chiral–chiral interac-
tions occur ubiquitously among biological processes.1–3 The
simultaneous determination of the absolute conguration and
enantiopurity of chiral substrates is highly signicant in the
elds of synthetic, biological and pharmaceutical chemistry.4–6

However, chiral analysis remains a great challenge because
enantiomers have nearly identical physical properties.7

In the past several decades, many effectivemethods have been
developed for chiral analysis, such as gas chromatography,8,9

high-performance liquid chromatography (HPLC),10,11 capillary
electrophoresis,12–14 nuclear magnetic resonance (NMR) spec-
troscopy7,15–17 and mass spectrometry.18,19 However, these
methods are time-consuming and technically complex, and the
instrumentation required is expensive and bulky and requires
Guangzhou 510275, People's Republic of

ESI) available: Fabrication and working
; method for the immobilization of
e DOI: 10.1039/d0sc03496g
well-trained operators.20,21 Optical sensing methodologies, such
as circular dichroism,22–24 uorescence25,26 and colorimetry,27

have attracted considerable research interest as a result of their
advantages of rapidity, simplicity, and low cost. In such
a strategy, molecules or materials containing the chiral unit are
used as chemosensory hosts that can interact with the chiral
targets and then induce distinguishable optical signals.21

Although great efforts and achievements that have been made in
this eld, some problems still remain to be solved. For instance,
most methods suffer from narrow substrate scope and limitedly
differentiable enantiomers.28 In addition, the output signal for
chiral discrimination is strongly inuenced by the analyte
concentration, and this would normally need two independent
methods to simultaneously determine both enantiomeric
conguration and enantiopurity.28,29 Especially, these assays
usually require highly pure samples to construct calibration
curves for enantiomeric excess (ee) determination.4,30,31 It would
be particularly signicant to acquire a concentration-indepen-
dent parameter for chiral discrimination and enantiopurity
determination, because such a technique can simplify and speed
up the measurement and thereby nd wide application in rapid
screening of ee for asymmetric synthesis, the pharmaceutical
industry etc. In this paper, we report an unprecedented strategy of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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liquid-phase cyclic chemiluminescence (CCL) that does not
suffer from the above limitations in chiral analysis. To the best of
our knowledge, this paper is the rst to report a chem-
iluminescence-based sensing methodology that provides
a concentration-independent constant for the simultaneous
determination of the enantiomeric conguration and ee value.

As an important optical analytical technology, chem-
iluminescence (CL) have been widely used for pharmaceutical
analysis,32 clinical analysis33–35 and biological analysis.36,37However,
typical CL kinetic curves lack the characteristic features of the
analytes. To overcome this drawback, our group proposed a new
concept of cyclic chemiluminescence (CCL) for rapid discrimina-
tion of structurally similar compounds.38 In contrast to conven-
tional ow CL systems, the direction of the carrier in the CCL
system is in a state of periodical change, which triggers a succes-
sion of CL reactions in a single sample introduction to produce
multistage signals. We found that the multistage signals on the
CCL kinetic curve satisfy the rst-order exponential decay law:

In ¼ Ae
�t
s þ I0 (1)

where In is the signal of the nth stage reaction, and I0 is the
background noise. t is the peak time. A is the pre-exponential
factor that stands for the maximum luminescence intensity. s
represents the lifetime of the multistage signals, and it is the
time at which the intensity of the assembly is reduced to 1/e
times its initial value, and its unit is “seconds”. We demon-
strated that each given CCL reaction has a unique constant of s.
The distinguishable s values allow facile identication of
various analytes include homologous series and structural
isomers. Recently, we further demonstrated that the multistage
signals of a multicomponent mixture also satisfy the rst-order
exponential decay law with their unique s values.39 This allows
facile identication of mixed samples consisting of complex
components, such as liquor, beer, toner, and baby powder.
However, our previous research was limited to studying the
gaseous-phase CL emitted on nanosized catalysts, and a wider
adaptation for the application of CCL has not been demon-
strated yet. Following our research interest in demonstrating
the generality of CCL and exploring its further application, here,
we extend the CCL strategy to liquid-phase reactions via an
immobilizing luminous reagent, and a metal–organic complex-
catalyzed luminol–H2O2 reaction system was used as the basic
model to probe the application of CCL in chiral analysis. The
most distinct advantage of liquid-phase CCL is that it provides
a concentration-independent constant (s value) to discriminate
a wide range of enantiomers and allows direct determination of
enantiopurity without the need to separate the chiral mixture,
and therefore the use of enantiomerically pure samples for
creating calibration curves can be avoided.
Fig. 1 The schematic representation of liquid-phase CCL for chiral
analysis.
Experimental section

The fabrication of the liquid-phase CCL system can be seen in the
ESI.† In the present work, immobilized luminol (5-amino-2,3-
dihydro-1,4-phthalazinedione; immobilization method is
detailed in the ESI†) was packed into a homemade ow-through
© 2021 The Author(s). Published by the Royal Society of Chemistry
reactor to fabricate a sensor cell. H2O2 was used as a carrier and
oxidant, and it was catalyzed by a sample containing a metal–
organic complex to produce reactive oxygen species. Subse-
quently, immobilized luminol in a sensor cell was oxidized by
reactive oxygen species to form a 3-aminophthalate dianion in an
excited state, which emitted light when returning to the ground
state.40 Specically, a circular pipeline was designed for the CCL
system, and the direction of the carrier in the CCL system can be
changed automatically at the indicated cycle period. Through
automatically changing the carrier direction at the indicated
period, the chemical species at different stages owed through
the sensor cell repeatedly to induce the CL reactions in succes-
sion. Multistage signals that satisfy the exponential decay law
were measured over time. The design of the CCL system extends
the observable time, and therefore the distinctions between
different luminous reactions that are usually not easy to observe
by conventional CL-based detection can be observed by CCL
detection. The ow paths of liquid-phase CCL detection at
different stages are shown in the ESI (Fig. S1).†

For chiral analysis, chiral metal–organic complexes that are
able to enhance the luminescence intensity of luminol–H2O2

reactions were used as hosts, and new complexes were formed
via chiral–chiral interactions between the chiral host and chiral
guest, when chiral guests were mixed with chiral hosts. The s
values of the CCL kinetic curves of luminol–H2O2 reactions
catalyzed by the new complexes were used for chiral analysis.
The schematic representation of liquid-phase CCL for chiral
analysis is shown in Fig. 1.
Results and discussion
Resolution of enantiomers

To examine the feasibility of our strategy for chiral analysis,
three pairs of commercially available chiral metal–organic
Chem. Sci., 2021, 12, 660–668 | 661
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complexes (R1 and S1, R2 and S2, and R3 and S3; the detailed
information of these chiral complexes can be seen in Table S1 of
the ESI†) were used as hosts. The original CCL kinetic curves of
the luminol–H2O2 system catalyzed by these chiral metal–
organic complexes are shown in the ESI (Fig. S2).† It shows that
the two enantiomers of one chiral substrate of metal–organic
complexes have the same s value without adding chiral guests.
This because the differences between enantiomers are difficult
to observe under normal circumstance, but these differences
become much more marked in a chiral environment. Thus,
chiral guests were added into the solutions of chiral hosts. We
found that additions of (R)-(+)-1-phenylethanol and (S)-(�)-1-
phenylethanol into R1 outputting s values of 64.6 and 39.0 s
(Fig. 2a), respectively. s values of 35.2 and 51.6 s were observed
when (R)-(+)-1-phenylethanol and (S)-(�)-1-phenylethanol were
added into S1 (Fig. 2b).

We further investigated the effects of the concentration of
the guest on the response behaviors of the hosts in a much
broader concentration range. We have plotted the s values of R1
and S1 versus the increasing concentrations of (R)-(+)-1-phe-
nylethanol and (S)-(�)-1-phenylethanol in Fig. 2c and d,
respectively. We found that the s value is independent of the
concentration of the chiral guest in the range of 0.005 to 0.5
mmol L�1 but is only dependent on the chiral conguration. In
addition, the s value is also independent of the H2O2 concen-
tration within a certain range (Fig. S3, detailed discussion can
be seen in the ESI†). These results demonstrate that each chiral
system has a unique and constant s value, and the distinction in
the s value conrms the chiral discrimination. Quite different
from other sensing methodologies based on intensity quench-
ing/enhancement or spectral changes, the parameter (s value) of
CCL for chiral analysis is a concentration-independent constant
characteristic of a given chiral system, which functions as
characteristic labelling for directly determining the identity of
enantiomers.
Fig. 2 (a) The CCL kinetic curves of the luminol–H2O2 system cata-
lyzed by R1 with 1-phenylethanol enantiomers; (b) the CCL kinetic
curves of the luminol–H2O2 system catalyzed by S1 with 1-phenyl-
ethanol enantiomers; (c) plots of the s value for R1 (0.1mmol L�1) in the
presence of varying concentrations of 1-phenylethanol enantiomers;
(d) plots of the s value for S1 (0.1 mmol L�1) in the presence of varying
concentrations of 1-phenylethanol enantiomers. The concentration of
H2O2 is 0.05 mmol L�1.

662 | Chem. Sci., 2021, 12, 660–668
The reproducibility of the immobilized luminol was inves-
tigated by the measurement of (R)-(+)-1-phenylethanol using S1.
We found that the background noise increases and lumines-
cence intensity (A) decreases gradually with increasing testing
number (ESI, Fig. S4†), but s could remain stable within 25
replicates with an RSD of 3.7% (ESI, Fig. S5a†). It means that s
has good stability, possibly because s depends on the rate of
luminescence depletion related to the characteristics of the
reaction, but not the apparent intensity. The s values measured
from 5 different batches of immobilized luminol was 4.2% (ESI,
Fig. S5b†). The sufficient stability of s within the same batch
and between different batches of immobilized luminol make
CCL qualied for chiral differentiation. It is worth noting that
the A value is easily uctuant and the s value depends on the
decay rate of the multistage signal, and therefore the multistage
signal can be normalized for nonlinear curve tting to obtain
the s value.

An ideal method for chiral sensing should be capable of
discrimination of different kinds of chiral molecules accom-
panied by the resolution of the two enantiomers of one chiral
substrate.21 However, current methods usually suffer from
narrow substrate scope and limitedly differentiable enantio-
mers.15 We next turned attention to demonstrate the ability of
CCL to discriminate a wide range of enantiomers with broad
substrate applicability. The chiral metal–organic complexes
shown in the ESI (Table S1)† were used as hosts for sensing two
pairs of chiral alcohols, chiral amines and chiral acids,
respectively. As expected, each enantiomer can be correlated
with a distinct s value when it is mixed with a given chiral host
(Fig. 3), enabling easy discrimination of chiral compounds. For
example, when the chiral complex R1 was used as a chiral host, s
values of 64.6 and 39.0 s were observed for (R)-(+)-1-phenyl-
ethanol and (S)-(�)-1-phenylethanol; 52.7 and 38.2 s for (R)-
(�)-2-pentanol and (S)-(+)-2-pentanol; 58.3 and 46.5 s for (R)-
(�)-2-phenylglycinol and (S)-(+)-2-phenylglycinol; 12.1 and 21.4
s for (R)-3-amino-3-phenylpropan-1-ol and (S)-3-amino-3-phe-
nylpropan-1-ol; 49.6 and 73.9 s for D-(�)-tartaric acid and L-
(+)-tartaric acid; 31.6 and 23.7 s for D-(�)-mandelic acid and L-
(+)-mandelic acid, respectively. Satisfactory resolution of the
two enantiomers of one chiral substrate is easily achieved by
simply comparing the s values.

Noteworthily, each chiral host–guest system has a corre-
sponding s value, that is different hosts show different values of s
to a given guest, and the same host exhibits different values of s
to different guests. The above results demonstrate that each
chiral host–guest system has a corresponding exponential decay
equation with a unique s value. Thus, we can establish a database
of s values of various chiral host–guest systems in future, which
provides facilitation for quick recognition of unknown chiral
compounds. For example, if the s values of an analyte were
measured to be 64.6 and 35.2 s when using R1 and S1 as hosts,
respectively, the identity of the analyte could be conrmed to be
(R)-(+)-1-phenylethanol by searching the database.

Fig. 3 illustrates the broad substrate applicability and the
satisfactory enantio-differentiating ability of our strategy.
Usually, we can discriminate most enantiomeric pairs by only
using one chiral host. However, the s values of some chiral
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc03496g


Fig. 3 The s values of different chiral host–guest systems. The concentration of all hosts and guests is 0.1 mmol L�1, and the concentration of
H2O2 is 0.05 mmol L�1. The unit of s is seconds.
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compounds on a certain host are close. For example, although
the host S2 allows discrimination between enantiomers of 1-
phenylethanol or 2-pentanol, it is unable to resolve (S)-(�)-1-
phenylethanol (s ¼ 40.4 s) and (S)-(+)-2-pentanol (s ¼ 40.5 s).
Our aim is to realize unambiguous discrimination among
a large variety of chiral compounds, not just limited to the two
enantiomers of one chiral substrate. In consideration of the
cross-reactivity of the hosts, we combined all the hosts (R1, S1,
R2, S2, R3 and S3) to construct a sensor array, expecting to
unambiguously discriminate between various chiral
compounds. Three concentrations (low: 0.005 mmol L�1,
medium: 0.05 mmol L�1 and high: 0.1 mmol L�1) of 12 chiral
compounds were tested by using the sensor array, and the
resulting s values are summarized in the ESI (Table S2).† For
easier visualization, the s value of each response is depicted in
the form of a heat map according to the scale bar on the right.
As shown in Fig. 4a, each of the chiral guests creates a unique
multidimensional response pattern, and different concentra-
tions of the same chiral guest induce similar response patterns.
Linear discriminant analysis (LDA) was then used to further
digitize and visualize the response patterns (6 host units � 12
chiral guests � 3 concentrations). Fig. 4b shows the 3-D
discrimination plot constructed from the rst three factors. The
rst three factors account for 85.5% of the total variance.
© 2021 The Author(s). Published by the Royal Society of Chemistry
The same colored symbol within the LDA graphical output is
assigned to specic chiral guests. These chiral guests are clas-
sied into 12 groups with 100% accuracy, and small spatial
distances are observed within the same group. This demon-
strates the satisfactory discrimination capacity of the sensor
array based on the CCL strategy.

NMR spectroscopy and uorescence spectroscopy are
common techniques used for chiral discrimination. However,
we found that the 1H NMR spectroscopy cannot effectively
resolve the chiral systems of R1 (and S1) with 1-phenylethanol
enantiomers (ESI, Fig. S6†). The same chiral systems also
cannot be resolved by the uorescence method, because R1, S1
and 1-phenylethanol are non-uorescent substances. These
results demonstrate that CCL can distinguish some chiral host–
guest systems, which would be difficult for NMR and uores-
cence spectroscopy. Compared with the method for chiral
discrimination using a QD enhanced-CL system,41 the
commercial chiral metal–organic complexes used in the present
work are easily available. In addition, they allow facile
discrimination between a wide range of enantiomeric pairs. It is
well known that static injection CL can provide a full intensity
kinetic curve. However, we found that the CL kinetic curves
obtained by static injection lack enough discriminability to
differentiate chiral compounds, mainly due to the short lifetime
Chem. Sci., 2021, 12, 660–668 | 663
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Fig. 4 (a) Response patterns of 6 chiral hosts to 12 guests at different concentrations. 0.005, 0.05 and 0.1 strand for the concentrations of the
guests, and the unit is mmol L�1; (b) LDA 2D plot derived from the colour response pattern. A: (R)-(+)-1-phenylethanol; B: (S)-(�)-1-phenyl-
ethanol; C: (R)-(�)-2-pentanol; D: (S)-(+)-2-pentanol; E: (R)-(�)-2-phenylglycinol; F: (S)-(+)-2-phenylglycinol; G: (R)-3-amino-3-phenyl-
propan-1-ol; H: (S)-3-amino-3-phenylpropan-1-ol; I: D-(�)-tartaric acid; J: L-(+)-tartaric acid; K: D-(�)-mandelic acid; L: L-(+)-mandelic acid.
The concentration of all hosts is 0.1 mmol L�1, and the concentration of H2O2 is 0.05 mmol L�1.
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of the CL kinetic curve. The s values of different kinetic curves
obtained by static injection are in the range from 1.0 to 3.6 s
(ESI, Fig. S7†), and the narrow s-range means low resolution.
The detailed discussion can also be seen in the ESI.† Thus, CCL
will be a powerfully complementary technology for chiral
discrimination.
Determination of ee

The determination of ee is performed routinely in many scien-
tic elds, especially in asymmetric synthesis and the phar-
maceutical industry.42–45 Chiral separation is the most common
method for ee determination. However, chiral separation is
a cost-intensive and time-consuming process due to the long
analysis time and the use of expensive chiral columns.21,46

Simple and inexpensive techniques for rapid determination of
ee are attractive for their potential applications in academic and
industrial elds. In order to probe the application value of our
strategy in rapid determination of ee, R1 and S2 were used to
Fig. 5 The relationship between the s value and the percentages of 1-p

664 | Chem. Sci., 2021, 12, 660–668
measure a series of mixtures consisting of different percentages
of 1-phenylethanol enantiomers, and the trends of the s value of
the mixture (sm) versus the percentages of (R)-(+)-1-phenyl-
ethanol and (S)-(�)-1-phenylethanol are plotted in Fig. 5,
respectively. Linear-regression analysis shows that sm is linearly
related to the percentages of the enantiomers in the mixture.
Further study found that the slope of the linear regression
equation is equal to the difference between the s values of the
two enantiomers, and the intercept equals the s value of one of
the enantiomers. The sm of the mixture composed of arbitrary
proportions of enantiomers can be expressed as:

sm ¼ u(R)(s(R) � s(S)) + s(S) ¼ u(R)s(R) + (1 � u(R))s(S) (2)

Or can be presented in the following form:

sm ¼ u(S)(s(S) � s(R)) + s(R) ¼ (1 � u(S))s(R) + u(S)s(S) (3)
henylethanol enantiomers using R1 (a) and S1 (b) as hosts.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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where u(R) and u(S) are the percentages of the two enantiomers
in the mixture, and s(R) and s(S) stand for the s values of the two
enantiomers, respectively. Eqn (2) and (3) indicate that sm is the
weighted average of the two enantiomers, which is in accor-
dance with the gaseous-phase CCL detection.39 According to eqn
(2) and (3), u(R) and u(S) in the mixture can be presented as:

uðRÞ ¼ sm � sðSÞ
sðRÞ � sðSÞ

(4)

uðSÞ ¼ sðRÞ � sm
sðRÞ � sðSÞ

(5)

The ee (%) is dened as:47

ee ¼ u(R) � u(S) (6)

by integrating eqn (3)–(5), the ee can be calculated as:

ee ¼ 2sm � sðRÞ � sðSÞ
sðRÞ � sðSÞ

(7)

Eqn (4), (5) and (7) indicate that if the s values of the enantio-
mers are known in advance (through searching the database),
the percentages of the two enantiomers and the ee value can be
directly determined by measuring the s value of the mixture
without the need to use enantiomerically pure samples for
creating calibration curves. Fig. S8 in the ESI† compares the
calculated versus the actual ee values, and excellent linear
relationships (regression coefficients exceed 0.998) with slopes
close to 1 were obtained. The absolute errors between the
calculated and actual ee values ranged from �6.9% to 4.6%
(ESI, Table S3†).
Applications

To validate the utility of CCL in enantiopurity determination, an
amberlyst-catalyzed Walden inversion was selected as a proto-
type reaction because of its industrial application in the
production of pharmaceutical and agrochemical building
blocks.48 1.0 g of amberlyst-H was added to 100 mL solution of
Fig. 6 The reaction curves of conversion of (S)-(�)-1-phenylethanol at 55
stand for the content of (S)-(�)-1-phenylethanol measured by CCL and

© 2021 The Author(s). Published by the Royal Society of Chemistry
(S)-(�)-1-phenylethanol at 0.2 mmol L�1, the above solutions
were prepared in duplicate and were heated to 55 �C and 65 �C
under stirring condition, respectively. At various times, 2 mL of
the reaction mixture aliquots were withdrawn and added to
cuvettes containing 2 mL of deionized water or a chiral host (S1
at 0.2 mmol L�1). A specic chiral separation column was used
for HPLC measurement, and the enantiopurities were calcu-
lated according to the calibration curves constructed in advance
(the details can be seen in the ESI, Table S4, Fig. S9 and S10†).
For CCL measurement, the percentages and the ee values of the
1-phenylethanol enantiomers were directly calculated by using
eqn (4), (5) and (7) according to the s values of the aliquots.
Three replicates of the above assay were performed. The reac-
tion curves obtained by the two methods are shown in Fig. 6.
The general shape of the curves obtained by the two methods is
surprisingly similar, showing that the conversion of (S)-(�)-1-
phenylethanol follows rst order reaction kinetics. The relative
content of (S)-(�)-1-phenylethanol steadily decreases, meaning
that the yield of (R)-(+)-1-phenylethanol steadily increases with
the conversion of (S)-(�)-1-phenylethanol. Complete substrate
conversion within 240 min was observed. The half-lives calcu-
lated by CCL (t1/2(CCL)) and HPLC (t1/2(HPLC)) are in good agree-
ment. The ee values at different reaction times measured by the
two methods are listed in the ESI (Table S5).† The CCL deter-
mined ee values correlated well with chiral HPLC results with
absolute errors ranging from �7.1% to 7.0%.

It is worth noting that during the processes of the above
assays, the analytical time of each HPLC measurement was 13
min (ESI, Fig. S9†), and the total time spent on every HPLC
assay was about 377 min (13 min of each detection � 7 stan-
dard solutions + 13 min of each detection � 22 samples). The
time taken for a single CCL measurement was about 5 min,
moreover, chiral separation and calibration curve are not
necessary for CCL measurement, the total analytical time of
every CCL assay was 110 min (5 min of each detection � 22
samples). The above results demonstrate that CCL represents
a fast and reliable tool that can reduce the cost and time of
chiral analysis.
�C (a) and 65 �C (b) monitored by CCL and HPLC.u(S)(CCL) andu(S)(HPLC)

HPLC, respectively.
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Table 1 Determination of the ee values of ibuprofen samples by CCL and HPLCa

Samples ee (%) measured by CCL
ee (%)
measured by HPLC

Absolute error
(%)

1 �4.5 � 2.7 4.2 � 1.9 �0.3
2 5.6 � 3.8 1.6 � 5 4.0
3 �1.6 � 6.0 �1.7 � 8.2 0.1
4 �5.6 � 2.7 �1.4 � 0.32 �4.2
5 �42.1 � 3.5 �45.6 � 2.3 3.5

a Samples 1 and 2 are two commercially available ibuprofen tablets; samples 3 and 4 are two commercially available ibuprofen capsules; sample 5
was prepared by mixing analytical grade (R)-(�)-ibuprofen with (S)-(+)-ibuprofen at random.

Fig. 7 The optimized structures of R1 with (R)-(+)-1-phenylethanol (a),
R1 with (S)-(�)-1-phenylethanol (b), S1 with (R)-(+)-1-phenylethanol
(c) and S1 with (S)-(�)-1-phenylethanol (d).
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The analysis of ee of chiral drugs plays an important role in
the pharmaceutical industry and clinical pharmacy, because
only one of the two enantiomers is the pharmaceutically active
ingredient in many cases.49 Ibuprofen is one of the most potent
anti-inammatory drugs used for the treatment of acute and
chronic pain, fever and inammatory diseases. It has been
proved that (S)-(+)-ibuprofen is almost entirely responsible for
the anti-inammatory activity.50 In order to further explore the
utility of our strategy in enantiopurity determination, we used
S1 as the host to analyze ibuprofen samples. First, the standard
samples of (R)-(�)-ibuprofen and (S)-(+)-ibuprofen were
measured by CCL, and their s values are found to be 44.6 and
26.1 s, respectively (ESI, Fig. S11†). Next, samples containing
ibuprofen were dissolved in ethanol, and then diluted with
deionized water. Finally, the prepared solutions were simulta-
neously analyzed by CCL and HPLC. Similarly, a specic chiral
column was used and calibration curves were constructed in
advance for HPLC determination (the details can be seen in the
ESI, Table S6, Fig. S12 and S13†). For CCL measurement, the ee
values were directly calculated by using eqn (7) according to the
s values of samples. The results obtained by the two methods
are in good agreement with absolute errors ranging from�4.2%
to 4.0% (Table 1). This example illustrates the promising
application of our strategy in the analysis of chiral drugs.

Mechanism study

One of the major approaches to chirality sensing is based on the
formation of diastereomeric complexes generated by intermo-
lecular chiral–chiral interactions between a chiral host and
chiral guest.5,21,51,52 In order to explore the working mechanism
of CCL for chiral discrimination, density functional theory and
the B3LYP method in the Gaussian 09 program were employed
to gain insight into the possible modes of interactions between
R1 (or S1) and 1-phenylethanol enantiomers. Geometry opti-
mization was performed using the basis set of LANL2DZ for
cobalt atoms and 6-31G for other atoms. Further frequency
analysis was done to insure optimized structures have only real
frequencies. The optimized geometries for the new complexes
are presented in Fig. 7, which points out that 1-phenylethanol
enantiomers can be linked to chiral cobalt complexes (R1 and
S1) via hydrogen bonds to form adducts. The binding geome-
tries in the formative adducts are different, and their binding
energies are higher than �4 kcal mol�1, indicating that stable
complexes with different spatial structures were formed.53
666 | Chem. Sci., 2021, 12, 660–668
In order to further explore the interaction between R1 (or S1)
and 1-phenylethanol enantiomers, the mixtures of R1 and (R)-
(+)-1-phenylethanol (R1+R), R1 and (S)-(�)-1-phenylethanol
(R1+S), S1 and (R)-(+)-1-phenylethanol (S1+R), and S1 and (S)-
(�)-1-phenylethanol (S1+S), were measured by surface-
enhanced Raman spectroscopy (SERS), and density functional
theory at the B3LYP/6-31++G(d,p) level was employed to calcu-
late the Raman bands of the new adducts. As Fig. S14 in the ESI†
shows, the Raman spectra of R1+R and R1+S exhibit features at
1296 and 1278 cm�1, respectively. Similarly, characteristic
bands at 1281.1 and 1296.7 are observed for S1+R and S1+S,
respectively. This further demonstrates the formation of
different adducts. Molecular modeling revealed that the
stretching vibration of C–O in 1-phenylethanol enantiomers
brings the hydroxyl radical close to the nitrogen atom in the
hosts, forming hydrogen bonds with different spatial struc-
tures, and therefore the new adducts exhibit differential Raman
bands (Video S1†).
© 2021 The Author(s). Published by the Royal Society of Chemistry
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It is well known that different complexes show different
activities to catalyze luminol–H2O2 reactions, and we speculate
that the difference in s values among different chiral systems
may be related to their catalytic activities. Thus, the reaction
kinetics of luminol–H2O2 reactions catalyzed by different chiral
systems were investigated by using HPLC to monitor the
consumption rate of luminol, and the results are shown in the
ESI (Fig. S15).† In order to facilitate the comparison, the reac-
tion rate was expressed as lifetime using the s value. The results
showed that luminol–H2O2 reactions catalyzed by R1 (s ¼ 14.7
min) and S1 (s ¼ 15.2 min) have almost similar s values. The s
values of luminol–H2O2 reactions catalyzed by R1 with (R)-(+)-1-
phenylethanol, R1 with (S)-(�)-1-phenylethanol, S1 with (R)-
(+)-1-phenylethanol, and S1 with (S)-(�)-1-phenylethanol are
28.9, 19.2, 17.8 and 22.4 min. A high level of consistency exists
between the s value of reaction kinetics monitored by HPLC and
the s value of the CCL kinetic curve, which conrms our
hypothesis. According to the above results, we conclude that
new adducts with different spatial structures can be formed via
intermolecular chiral–chiral interaction between the chiral
hosts and chiral guests. These new adducts show different
catalytic activities for luminol–H2O2 reactions, and the
distinction in the catalytic activities can be reected by the
decay speeds of the multistage signals measured by CCL,
expressing as distinguishable s values.

Compared with static injection CL, it seems that CCL
detection makes the whole reaction proceed through a staged
process, which expands the differences related to reaction
kinetics aer the multistage reaction. In addition, additional
features, such as diffusion, convection and interaction between
the sample and resin, can probably occur in the CCL system.
The difference in these features may also affect the observed
analytical signal. Therefore, extensive work is still needed to
further explore the mechanism.

Conclusion

In conclusion, we have described a brand-new optical strategy
of liquid-phase CCL for chiral analysis. This strategy provides
a concentration-independent parameter (s value) to discrimi-
nate a large variety of chiral substrates. Importantly, our
strategy allows rapid determination of the ee value without the
need for chiral separation and calibration curves, thereby
paving the way for rapid ee analysis. Further development can
focus on establishing a standard database of s values to quickly
and accurately recognize unknown chiral compounds. Mecha-
nism study revealed that new adducts with different spatial
structures can be formed via intermolecular chiral–chiral
interactions between the chiral hosts and chiral guests. The new
adducts exhibit different catalytic activity for luminol–H2O2

reactions, resulting in distinguishable s values of the multistage
signals measured by CCL. Since CCL allows examine the inter-
molecular interactions between host and guest through
outputting distinguishable s values. We are currently exploring
this strategy to discriminate chiral biological substrates,
expecting to nd applications in the study of protein structures,
molecular dynamics, drug design etc. based on host–guest
© 2021 The Author(s). Published by the Royal Society of Chemistry
interactions. Further studies in this direction are currently
underway in our laboratory and will be reported in due course.
We believe that the combination of our strategy and diversied
chiral hosts will offer a powerful platform to address some
challenges of chirality analysis.
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