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Two coumarin salen-based sensors CS1 and CS2 can exhibit a pronounced fluorescence enhancement response toward Mg?" as high as 36-fold
(CS1) and 111-fold (CS2) in the presence of Na* as a synergic trigger. More importantly, the fluorescent color of CS1 was bright green instead of
weak yellow after the addition of Mg?" and Na™ together, which can be easily detected by the naked eye.

The magnesium ion (Mg>") is one of the most abundant
divalent cations in cells and can play vital roles in many
cellular processes, such as enzyme-driven biochemical
reactions, proliferation of cells, and stabilization of
DNA conformation.! Moreover, Mg*>" is also believed
to be an etiological factor in many pathological processes,
such as congestive heart failure, cerebral infarction, lung
cancer, and muscle dysfunction.? Consequently, the detec-
tion of Mg®" has attracted increasing interest in the areas of
chemical and biological sciences. In the past few years, many
analytical methods have been developed for the detection of
Mg*", including atomic absorption, ion-selective electrodes
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(ISEs), and NMR.? Optical detection, following changes of
fluorescence or UV—vis spectroscopy arisen from the Mg”"-
induced perturbation of the chromophore, is best suitable for
Mg>" detection in biological systems.

Recently, investigations on highly sensitive and selective
fluorescent sensors have drawn considerable attention due
to its convenience and real-time response. In particular,
numerous efforts have been devoted to the design of
chemosensory systems with unique electrical and optical
properties that are capable of detecting metal ionsin both a
real-time and reversible fashion. A number of fluorescent
sensors for Mg> " detection have been reported in previous
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works, such as diketone,* crown ether,’ polymer based
ligands,® and nanoparticles.” However, some available
Mg sensors have difficulty in distinguishing Mg>" and
Ca’" *soitis still interesting and of importance to design a
highly selective and sensitive fluorescent sensor that can
recognize Mg>" without the interference from other metal
ions, especially Ca*".

Salen-based ligands have the potentially tetradentate
N,O, donor and can form stable complexes with various
metal ions. There are many reports on these salen-based
fluorescent sensors for metal ions detection.” As a better
fluorophore, coumarin derivatives have been widely used
for constructing sensory systems due to their desirable
photophysical properties with a large Stock shift and
visible emission wavelength.'® In this paper, we designed
two coumarin salen-based ligands as fluorescence sensors
for Mg”>" recognition. The fluorescence intensities of the
two sensors are enhanced by mixing Na® and Mg>"
together, and the fluorescence color is bright green, which
can be easily detected by the naked eye. The results indicate
that two coumarin salen-based sensors can exhibit high
sensitivity and selectivity for Mg>" recognition in the
presence of Na™ as the coexisting cation.

The synthesis protocol of two sensors is outlined (SI,
Scheme 1). 8-formyl-7-hydroxy-4-methylcoumarin was
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prepared according to reported procedures.! CS1 and CS2
could be obtained by condensation of o-phenylenediamine
and (R,R)-1,2-diaminocyclohexane with 8-formyl-7-hydro-
xyl-4-methyl-coumarin via a nucleophilic addition—elimina-
tion reaction in 81.9% and 86.8% yields, respectively.

The fluorescence response behaviors of sensors CS1 and
CS2 on various metal ions have been investigated. CS1 and
CS2 can display weak and broad emission bands centered
at 550 and 510 nm, respectively. Figure 1a and 1b show the
fluorescence spectra of CS1 and CS2 (10 uM in THF) upon
the addition of various metal ions in aqueous solution with
the excitation at 360 and 352 nm. As shown in Figure 1a,
obvious fluorescence enhancement could be observed as
high as 4.7-fold (SI 4a) upon the addition of Mg** ata 1:1
molar ratio, and the addition of other selected metal ions,
suchasLit,Na", K, Ca*", Fe’", Co®>",Ni*t, Ag", Hg*",
and Pb*>", causes almost no fluorescence response. But
Cr’", Ni**, and Cd*" cause limited fluorescence quench-
ing under the same conditions (//I, < 0.7). Meanwhile,
Cu”" can lead to almost complete quenching of CSI
(Supporting Information, SI 4a), which can be attributed
to the energy or electron-transfer reactions arisen from the
strong metal—ligand orbital interaction upon the forma-
tion of binding metal complexes.'? In addition, the max-
imum emission wavelength of CS1 appears remarkably
blue-shifted from 550 to 490 nm. As shown in Figure 1b,
Mg?" (10 uM) can lead to the pronounced fluorescence
enhancement of CS2 as high as 9.8 (SI 4b) at a 1:1 molar
ratio. Moreover, a blue shift is also observed from 510 to
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Figure 1. Selectivity of sensors (a) CS1 and (b) CS2 toward Mg>*
and other metal ions: fluorescence spectra of the ligand —metal
ion complexes.
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430. Meanwhile, CS2 shows much more sensitivity toward
Zn*" (39.3-fold), which is in accordance with our previous
report.”® The obvious fluorescent enhancement responses
can be attributed to two reasons: (1) the decrease of the
HOMO of the conjugated segment of the ligand when the
Salen-based N,O, receptor coordinates with Mg*" or Zn*";'?
(2) upon binding Mg*" or Zn>", a coordination-enhanced
fluorescence process happens, meanwhile the intramolecular
electron-transfer process is forbidden. So an enhancement in
the emission spectrum and a red shift in the absorption
spectrum are observed simultaneously. (SI 6).'*

Inspired by the above results, we further investigated the
fluorescent response behaviors of two coumarin salen-
based sensors CS1 and CS2 toward Mg>" under a Na™*
triggered synergistic effect. The fluorescence titration of
CS1-Na' with Mg®" was presented in Figure 2a. The
fluorescent intensities of a Na*—ligand complex show a
gradual enhancement as high as 36-fold upon the addition
of Mg?" from 0.1 to 1.2 equiv. Moreover, the maximum
emission wavelength of sensor CSI is also blue-shifted
from 550 to 490 nm, which is induced by the well-known
ICT mechanism.'* Figure 2b shows a gradual fluores-
cence enhancement of the CS2—Na™ complex upon addi-
tion of Mg from 0.1 to 1.2; a much larger enhancement
efficiency that reaches 111-fold is observed when 1.0 equiv
of Mg”>" is added. Meanwhile the maximum emission
wavelength of sensor CS2 is blue-shifted from 510 to
430 nm. The interesting results suggest that the effects of
Na™ and Mg>" ions are synergistic, because the presence of
10 uM Mg*" alone does not induce such a large fluores-
cence enhancement in this recognition event.

So far there has been no report on the pronounced
response behavior toward Mg detection based on the
fluorescence sensor under the Na™ triggered synergistic
effect. This may be due to the building blocks of salen
receptors of CS1 and CS2 fitting well for the formation of
the stable Mg** —ligand and Zn*"—ligand complexes. On
the other hand, Na' can still interact with another lone
pair of electrons on the oxygen atom of OH groups after
Mg”>" has coordinated with one lone pair of electrons on
the oxygen atom of a N,O, group, which can reduce the
nonradiative decay of the excited state and lead to the
pronounced fluorescence enhancement.
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Figure 2. Fluorescence spectra of (a) CS1 and (b) CS2 (10 uM) +
1.0 equiv of Na™ in THF with increasing amounts of Mg>* ((0,
1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, 11.0, 12.0) x 10~°
mol/L) ((a): Aex = 360 nm; (b): Aex = 352 nm); inset: Plot of the
concentration of Mg2+ vs I/1y, where [ is the fluorescence
intensity of (a) CS1 or (b) CS2 with the addition of Mg”" at (a)
Aem = 490 nm or (b) 430 nm and I, is the fluorescence intensity
of (a) CS1 or (b) CS2 without Mg at (a) 550 nm or (b) 510 nm.

In this paper, we proceeded to further evaluate their
selectivity of CS1 and CS2 toward Mg>". The results
indicate that Lit, K, Ca®", Zn>", Hg?", and Pb*" can
also slightly trigger the fluorescent enhancement of CS1-
Mg>" as high as 6.1-, 6.7-, 7.4-, 7.5-, 5.2-, and 8.5-fold
(Figure 3a). In parallel, Li*, K+, Ca®*, and Zn>" can also
increase the fluorescence intensities of CS2-Mg>" by 12.6-,
16.4-, 13.7-, and 47.5-fold (Figure 3b), respectively. Other
metal ions, such as Cr’*, Cd*", and Cu®>" can cause
different content fluorescence quenchings of CS1-Mg*"
and CS2-Mg”" (see SI 3).

The optical output signals of a salen-based ligand in
response to metal ion binding have been used to develop
AND and INHIBIT logic gates.'> The AND gate is a
digital logic gate that implements logical conjunction,
which results in a HIGH output (1) only if both of
the inputs are simultaneously applied as HIGH. In
another sense, the function of AND can effectively find
the “minimum” between two binary digits, just as the OR
function finds the “maximum”. The fluorescence of CS2
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Figure 3. Selectivity of the CS1 (a) and CS2 (b) toward Mg>* and
other metal ions. In these experiments, the fluorescence mea-
surement was taken at 4., = 360 nm (for CS2, Ao, = 352 nm)
from 10 uM of the sensor in THF at room temperature and in the
absence and presence of 1.0 equiv of a metal ion. Inset: The
fluorescence image of a solution of the sensors (10 xM) plus 1.0
equiv of a metal ion excited by a commercially available UV lamp
(Aex = 365 nm) (1: None; 2: Na™; 3: Mg®"; 4: Na™ + Mg”").
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Figure 4. Fluorescence output of ligand CS2 (10 uM) in the
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and the truth table of the AND gate.
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Figure 5. Fluorescence output of ligand CS2 in the presence of
chemical inputs, Zn>* (10 uM) and Cu>* (10 xM), and the truth
table of the INH gate.

Mg>" (Input 2) are combined with CS2 in a THF solution
(Figure 4).

An INH logic gate can be basically understood as an
AND operation with one of the inputs being reversed. That
is, INH can be integrated by incorporating a NOT and an
AND gate.'® A basic two-input INHIBIT action can
be obtained for CS2 (10 uM) with Zn** (10 uM) and Cu*"
(10uM) asinputs (Figure 5). Fluorescence enhancement of
CS2 at 450 nm is observed only in the presence of 1.0 equiv
of Zn*" and the absence of Cu®", leading to the output as
“1”. Under other conditions the fluorescence of CS2 is
quenched, resulting in output “0”.

In summary, two salen-based ligands can act as excellent
fluorescent sensors for the detection of Mg?". Mg*" can
produce a pronounced fluorescence enhancement response
under a Na™ triggered synergistic effect. Two fluorescence-
based logic gates can be used as potential candidates for a
molecular logic circuit.
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(10 uM) at 430 nm (Output 1) would be largely enhanced
only if 1.0 equiv of Na®™ (Input 1) and 1.0 equiv of
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