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and Chengcheng Zhang

We facilely synthesized a novel guest-free homochiral metal–organic framework, (Cu4L4)n [H2L ¼ N-(2-

hydroxybenzyl)-L-leucine] in space group P1. The (Cu4L4)n nanocrystals exhibit high electrochemical

activity for rapidly discriminating chiral a-methylbenzylamine enantiomers and quantitatively determining

the enantiomeric excess in the chiral amine mixture.
Many important molecules in the modern pharmaceutical and
agrochemical industries, are chiral—that is, they are not
superimposable on their mirror image, the pair of asymmetric
molecules are known as enantiomers. The recognition and
quantication of enantiomers is a major challenge particularly
owing to their identical physical and chemical properties in an
achiral environment.1 In many cases, one of the enantiomers
exhibits the desired responses while the other is inactive or even
toxic.2–4 The present technology depends largely upon nuclear
magnetic resonance (NMR), gas chromatography (GC) and high
performance liquid chromatography (HPLC) based on homo-
chiral stationary phases (CSPs), which is of particular impor-
tance for laboratories and industries in the discovery and
development of enantiomeric substances and quality control of
corresponding products.5–7 However, these methods require
high concentrations of analytes, sophisticated operation, rela-
tively expensive instrumentation, and GC and HPLC are also
typically time-consuming.8,9 Molecularly imprinted polymers
(MIPs) have more than 80 years of history,10,11 considerable
advances have been made on the fundamental study.12,13

Although the approach behaves special desired selectivity
because the MIPs create three-dimensional cross-linked poly-
mers with tailor-madememory of the shape, size and functional
groups for a template or target molecule,14,15 this sometimes
also suffers from some problems, such as incomplete template
removal, poor mass transfer, low binding capacity and slow
binding kinetics, which restricts its applications in various
aspects.16 In contrast, the electrochemical sensors can provide
highly selective, low cost, fast speed, real time and on-line
g and Materials Science, Collaborative

for Chemical Imaging in Universities of

Jinan 250014, P. R. China. E-mail:

(ESI) available: Full synthetic and
ra00205j

hemistry 2017
operation. Unlike chromatographic instruments, the tech-
nology can be easily adapted for detecting a wide range and low
concentrations of analytes, while remaining inexpensive.17

However, there are only a handful of progress at the present
chiral sensing using this approach.

The key of the electrochemical chiral sensing is the material
used to prepare the sensor's electroactive surface. The emerging
chiral metal–organic framework (CMOFs) are the intriguing
class of crystalline materials formed usually by the self-
assembly of metal ions and chiral polydentate ligands. These
materials are highly promising for electrochemical chiral
sensors owing to ultrahigh surface area, precise network
structures, ne-tuned chiral channels and pores, regularly
ordered functionalities and host–guest interactions
involved.18,19 At present, however, only a few achiral MOFs have
been attempted as electrochemical sensors for detecting a few
achiral analytes.20–22 Such as, Gassensmith et al. demonstrated
that g-cyclodextrin-derived CDMOF-2 is capable of measuring
CO2 concentrations quantitatively in the presence of
ambient oxygen.23 Wu et al. developed a water-stable Cu-MOF,
{[Cu2(HL)2(m2-OH)2(H2O)5]$H2O}n (H2L ¼ 2,5-dicarboxylic acid-
3,4-ethylene dioxythiophene) used for the simultaneous detec-
tion of ascorbic acid and L-tryptophan.20 In addition, there are
few studies to incorporate the functionality of achiral MOFs and
its derivatives into enzyme biosensor applications.24–26 To the
best of our knowledge, until now no reports have been found
regarding CMOFs for selective chiral detection. On the other
hand, aiming at practical applications, the CMOFs must retain
their structural integrity in both cases, the aqueous environ-
ment and the removal of the guest molecules trapped in the
channels for creating empty pores and accessible metal sites.27

However, most CMOFs of current reports are susceptible to
deterioration when exposed to water or even humid air, and
during the conventional guest removal procedure of heating in
vacuum.28 It is particularly challenging to render networks with
RSC Adv., 2017, 7, 11701–11706 | 11701
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chiral topologies robust to guest loss.29 The synthesis of guest-
free CMOFs with highly water and air stability is also an
extremely good choice.

Herein, we present the synthesis, structure of a novel guest-
free CMOFs, that is, (Cu4L4)n, constructed from (Cu4L4) clusters
using a enantiopure reduced Schiff base, N-(2-hydroxybenzyl)-
L-leucine] (l-H2L) as a starting material. The CMOF exhibits high
stability towards air and water. Remarkably, an electrochemical
chiral sensor was easily obtained by a glass carbon electrode
directly covered with (Cu4L4)n nanocrystals without desolvation
and further post-modication. The sensor behaved high electro-
conducting and distinctive oxidation signals for each enan-
tiomer of R(+)- and S(�)-a-methylbenzylamine (MBA). Not only
is the sensor able to discriminate enantioselectively, but it also
allows for the rapid quantitative determination of enantiomeric
excess in the chiral amine mixture.

Single crystals of (Cu4L4)n were readily obtained by mixing
CuCl2$2H2O and the ligand l-H2L (N-(2-hydroxybenzyl)-L-
leucine), lithium hydroxide aqueous solution, acetonitrile and
ethanol for 2 days at room temperature. To rapidly synthesize
(Cu4L4)n nanocrystals, we also developed a 2 min, room-
temperature method, which was achieved by adding Cu(OAc)2
aqueous solution into the mixture of ligand l-H2L, lithium
hydroxide aqueous solution, DMF and DMSO. The aky nano-
crystals were obtain in a high yield (73%) without the need for
Fig. 1 SEM images of (Cu4L4)n crystals with different magnifications (a
ligands in (Cu4L4)n, hydrogen atoms are omitted for clarity (b). Side view
showing the microporous channels and the hydrophobic surface. Color

11702 | RSC Adv., 2017, 7, 11701–11706
any activation procedures. SEM images in Fig. 1a showed their
micro-morphologies with a size of �500 � 100 � 90 nm.

Single-crystal X-ray structural analysis revealed that (Cu4L4)n
crystallizes in the chiral space group P1 and has guest-free
chiral open channels (Fig. 1b). The asymmetric cluster of the
framework consists of four penta-coordinated Cu(II) centers and
four chiral L(II) ligands. Each Cu(II) center exhibits a square-
pyramidal coordination geometry bridged by two phenolate O
atoms (O1 and O4), two carboxylato O atoms (O3 and O8) and
one secondary amine N atom (N1). Each L(II) ligand maintains
a quatridentate bridging coordination mode. Each carboxylate
group in L(II) ligands serves as a syn–anti bridge between Cu(II)
ions to afford a 1D chain. Then the Cu(II) ions are further con-
nected by the corresponding two L ligands through the
phenolate O to generate a 2D sheet structure. The guest-free
chiral channels are square-shaped, and phenyls on channels
walls are perpendicularly with the coordination layers (Fig. 1c
and d).

The ideal materials as the electrochemical chiral sensing
should possess not only precise framework structures, but also
homochirality, specic porous properties and high stability in
heat, air and water. The solid-state circular dichroism (CD)
spectra of (Cu4L4)n crystals and its enantiomer, (Cu4L4)n0 exhibit
strong opposite Cotton effect around 234, 292 and 387 nm,
which conrmed the homochirality of (Cu4L4)n (Fig. 2a). The
). Local coordination environments of the Cu(II) center and the chiral
of 2D sheet structure (c). Framework structure of (Cu4L4)n integrated,
codes: Cu red, N blue, C grey, H white (d).

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (Cu4L4)n properties: (a) CD spectra of (Cu4L4)n (solid) in comparison with that of its enantiomer (Cu4L4)n0 (dash); (b) TGA analysis; (c) PXRD
patterns of simulated (Cu4L4)n from the single crystal data (black), as-synthesized product for 110 �C for 24 h (red) and after immersing into water
for 2 weeks (blue); (d) nitrogen gas sorption isotherm at 77 K.

Fig. 3 CVs of chiral (Cu4L4)n/GCE electrode for the detection of
0.05mmol L�1 R(+)- and S(�)-a-MBA in 0.1mol L�1 PBS (vs. SCE) at pH
5, 50 mV s�1 of scan rate.
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polymeric lattice of (Cu4L4)n is free-guest and can be retained
upon heating at 280 �C, which is supported by the thermogra-
vimetric (TGA) analysis (Fig. 2b). Aer being suspended in water
for a week and exposed in air for one month, the PXRD patterns
of these crystals were still in conformity with the simulated one
from the single-crystal data (Fig. 2c), indicating an excellent
water and air stability of this CMOF. The porosity of (Cu4L4)n
was further probed by N2 sorption, follow a typical type I
isotherm corresponding to micropores, and its BET surface area
is 56 m2 g�1 (Fig. 2d).

Pure a-MBA enantiomers are key building blocks and inter-
mediates in a number of pharmaceutical and agromedical
compounds that possess a wide range of biological activities.30

However, there is no report found concerning electrochemical
detection R(+)- and S(�)-a-MBA enantiomers, which may be due
to its poor electroactivity. To evaluate the ability of our CMOF
discriminating a-MBA enantiomers, the electrochemical chiral
sensor was assembled by coating (Cu4L4)n on the surfaces of
GCE. In particular, present (Cu4L4)n is used without desolvation.
In many instances, guest molecules lling in the pore of MOFs
and solvent molecules coordinated at open-metal sites (OMS) of
MOFs should be evacuated and decoordinated by an activation
process prior to every use.31

The properties of the CMOF-functionalized electrodes were
rstly tested by cyclic voltammetry (CV) in K2HPO4–KH2PO4

buffer solution (0.1 mol L�1 PBS, pH 5). As shown in Fig. 3, the
This journal is © The Royal Society of Chemistry 2017
bare GCE behaves low and overlapped currents for R(+)-a-MBA
and S(�)-a-MBA. In contrast, the modied electrode, (Cu4L4)n/
GCE causes a signicantly increased oxidation current, and the
degree of R(+)-a-MBA is obviously larger than the case of S(�)-a-
MBA. Obvious difference is observed on anodic characteristic
peaks for R(+)-a-MBA at �34.8 mV and for S(�)-a-MBA at
6.5 mV. No obvious reduction peak appears for the amine
enantiomers, showing the irreversibility of their electro-
chemical reactions. These suggest that chiral (Cu4L4)n mate-
rial has outstanding conductivity and different electrocatalytic
RSC Adv., 2017, 7, 11701–11706 | 11703
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Fig. 5 DPV responses of chiral (Cu4L4)n/GCE electrode to different
concentrations of R(+)/S(�)-a-MBA at pH 5: 0.01, 0.03, 0.05, 0.07,
0.09, 0.10 mmol L�1. Inset: plot of current intensity vs. logarithmic
value of R(+)/S(�)-a-MBA concentration. Detection in 0.1 mol L�1 PBS
(vs. SCE) at pH 5, 50 mV s�1 of scan rate.
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functions on the oxidation of R(+)- and S(�)-a-MBA. Based on
the facts, the strategy for enantiodiscrimination of R(+)- and
S(�)-a-MBA enantiomers with the CMOF material can be
achieved.

Differential pulse voltammetry (DPV) is a powerful method
in electrochemical analysis because of its higher sensitivity and
better resolution than CV.32 Therefore, DPV was utilized to
investigate the effect of pH value detected PBS solution con-
taining the R(+)- or S(�)-a-MBA.

As displayed in Fig. 4, the electrochemical behavior of R(+)-
or S(�)-a-MBA is strongly dependent on the pH values of the
aqueous solutions. R(+)-a-MBA at examined four pH values
overall shows a pair of well-dened oxidation peaks in the
potential range of �71 mV to +735 mV, and obviously higher
than those of S(�)-a-MBA. In comparison, a characteristic peak
of S(�)-a-MBA at pH 4 is splitting into two ones with increasing
pH to 5, 6 and 7. In both peaks, these anodic peak potentials of
R(+)- and S(�)-a-MBA at �720 mV are not suitable for assaying
the enantiomers owing to their weak peak currents. Therefore,
we chosen pH 5 as further chiral measurements, based on the
both peak shi and difference of the peak currents from R(+)-a-
MBA to S(�)-a-MBA, although the peak shi from R(+)-a-MBA to
S(�)-a-MBA is signicantly larger for pH 6 than pH 5 and pH 7.

Under optimal pH 5, a series of a-MBA enantiomers with
different concentrations were investigated using the (Cu4L4)n/
GCE electrode. Fig. 5 shows the dependence of DPVs of a-MBA
enantiomers on the concentrations. The two anodic peaks for
R(+)-a-MBA at �100.3 mV and for S(�)-a-MBA at �84.2 mV are
clearly to be distinguished, and shows successive enhancement
on increasing the concentration of the enantiomers. And the
oxidization degree of R(+)-a-MBA is larger than that of S(�)-a-
MBA. The calibration curves are obtained in the range of 0.001
to 0.1 mmol L�1 with a detection limit of 1.3 mmol L�1 (S/N¼ 3),
and the linear regression equations of R(+)- and S(�)-a-MBA can
be expressed as IpR (mA) ¼ 882.1C + 19.6 (R2 ¼ 0.9967) and IpS
Fig. 4 DPV responses of chiral (Cu4L4)n/GCE electrode to different pH
values in the presence of 0.1 mmol L�1 R(+)-a-MBA (black) and S(�)-a-
MBA (red): (a) pH 4, (b) pH 5, (c) pH 6 and (d) pH 7. Other conditions as
in Fig. 3.

11704 | RSC Adv., 2017, 7, 11701–11706
(mA) ¼ 159.5C + 19.8 (R2 ¼ 0.9921), respectively. The results
suggest the successful detection of R(+)- and S(�)-a-MBA
enantiomers by (Cu4L4)n/GCE electrode in this concentration
range. This attempt from only (Cu4L4)n nanocrystals of inex-
pensive and easy synthesis is a remarkable and potentially
valuable feature of this system. By contrast, the most other
materials for the enantiomeric recognition require multistep
syntheses of the ligand and/or the complex.

The fast and convenient determination of the enantiomeric
excess in development of single enantiomer pharmaceuticals
and synthesis of chiral compounds has important application
because a large number of samples must be screened.6 To
characterize the ability of the (Cu4L4)n/GCE predicting EE value
of a-MBA enantiomers in themixture, here, the DPV analysis was
performed for a series of solutions with the total concentration
of R(+)- and S(�)-a-MBA being kept as 0.025 mM. As shown in
Fig. 6, the oxidation peaks of R(+)-a-MBA at�100mV and S(�)-a-
MBA at �84 mV combine into a single one, which gradually
shis in positive direction as S(�)-a-MBA concentration
increased. More importantly, the oxidation currents against
S(�)-a-MBA% in the mixture of a-MBA enantiomers exhibits
a linear dependence as S(�)-a-MBA% increased with the corre-
lation coefficient of 0.9903. The results indicate that the
proposed chiral sensor can rapidly and quantitatively determine
enantiomeric excess in the mixture of a-MBA enantiomers.

Enantiomers should be distinguished in the presence of
chiral centers on the electrode surface.33 The fact that only
chiral (Cu4L4)n introduced on GCE surface recognizes a-MBA
enantiomers, suggests the formation of efficient chiral micro-
environment. The oxidation of R(+)- and S(�)-a-MBA should
begin their exchange electrons with electrode by passing
through the CMOF layer on the electrode surface. As shown as
in Fig. 5, the negative shi of oxidation potential and the
signicantly increasing of peak current for R(+)-a-MBA than that
of S(�)-a-MBA behave that R(+)-a-MBA is easier to lose its
electron on the (Cu4L4)n/GCE surface and faster oxidation. The
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 The DPV for S(�)-a-MBA% in the mixture of a-MBA enantio-
mers. Inset: linear relationship between S(�)-a-MBA% and the oxida-
tion currents. Detection in 0.1 mol L�1 PBS (vs. SCE) at pH 5, 50 mV s�1

of scan rate. Error bars represent standard deviation for three inde-
pendent measurements.
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present success must result from the interaction between the
chiral host, (Cu4L4)n and a-MBA enantiomers favouring enan-
tioselectivity during the adsorption process. The interactions
can be explained by three-point interaction model between the
host and analytes,34 and at least one of these interactions must
be stereoselective.1 As described above, the structure of (Cu4L4)n
crystal, possesses the guest-free chiral channels and rich-
phenyls at wall perpendicularly with the coordination layers. A
remarkable increase of R(+)-a-MBA in the electrochemical
response indicates that the more matching of the stereoscopic
conguration between conformation of R(+)-a-MBA molecule
and chiral (Cu4L4)n nanocrystals than case of S(�)-a-MBA,
which should be the major interaction force in the recognition.
Besides this, the weak interactions like p–p stacking, hydrogen
bonding, hydrophobic interaction and dipole–dipole interac-
tions may also play some role.

In summary, we have successfully synthesized a new 2D
homochiral (Cu4L4)n with guest-free chiral channels. The chiral
electrochemical sensor assembled with (Cu4L4)n nanocrystals
shows excellent performance for selective oxidation recognition
R(+)- and S(�)-a-MBA. This is the rst attempt to directly apply
a CMOF to discriminate a-MBA enantiomers. The features of
this new approach are simplicity, rapidity and sensitivity. The
CMOF-based sensor provides a promising platform for studying
the application of CMOFs in area of chiral electrochemistry.
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