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In this study, a naphthalene schiff-base which serves as a dual analyte chemosensor and quantifies Mg?*
and Zn?* has been synthesized. The sensor shows “off-on” fluorescent response toward Mg?" in acetoni-
trile while the detection of the sensor could be switched for Zn?* by regulating solvents from acetonitrile
to a mixture of ethanol-water (v/v, 4:1). Both of the sensing mechanisms are attributed to the formation
of 1:1 ligand-metal complexes which inhibit photo-induced electron transfer (PET) process. More impor-
tantly, the reversibility of the recognition processes of HL is performed by adding a bonding agent

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Magnesium is the eighth most abundant element on earth crust
and has participated in many biological processes at the cellular
level. For example, as an important trace element, Mg?* has been
involved in proliferation of cells, stabilization of DNA conforma-
tion, bone remodeling and skeletal development [1-5]. Selective
detection of Mg?* in the presence of other biologically relevant
Ca?*, Na* and K* or transition-metal ions is, therefore, of particular
importance. However, the concentration of Mg?* has still been
poorly monitored because of the scarcity of efficient chemical
tools.

Zinc, the second most abundant transition metal ion, is widely
dispersed and used in our life, including in food additives, in
medicines, and in the production of light alloys, etc. [6-7]. More
importantly, as an essential element for human being, it plays very
important role in series of physiological and pathological processes
such as gene expression, regulation of metalloenzymes, neural sig-
nal transmission, cell apoptosis, DNA binding or recognition and so
on [8-12]. Thus, a quantity of Zn?* is beneficial for the people’s
health. But on the other hand, overloading condition, it exhibits
toxicity in that it causes some overt toxicity symptoms and neu-
rodegenerative disorders [13-16].

In order to protect the human health, it is crucial to develop
several effective tools to detection of the concentration levels of
Zn?* and Mg?*. In recent years, there are several methods which
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are available for detection of Mg?* and Zn?*. However, they are
generally expensive and time-consuming as well as inadequate
for on-line monitoring [17-19]. Fluorescent chemosensor with
high selectivity, sensitivity and real-time detection has been devel-
oped a convenient tool to detection of metal ions in analytical
fields, especially multi-ion responsive molecular sensor which
sense Mg?* and Zn?* simultaneously [20-23].

For these reasons, we have synthesized a schiff-base (HL) which
was prepared by rhodamine and naphthalene moieties (Scheme 1).
The receptor shows “off-on” fluorescent response toward Mg?* in
acetonitrile. On the other hand, the sensor could selectively
response to Zn?* in mixture of ethanol-water (v/v, 4:1). In addition,
other relevant metal ions including Li*, Na*, K*, Ca?*, Mg?*, Cu?*,
Co%*, Mn?*, Ni%*, Ba%*, Fe?*, Cd?*, Hg?*, Pb?*, Fe3*, Cr**, and AI** have
no significant effect on the fluorescence both in acetonitrile or
ethanol-water solvent.

2. Experimental
2.1. Materials and instrumentation

Unless mentioned otherwise, all chemicals for synthesis were
purchased from commercial suppliers and used without further
purification. 'TH NMR spectra were measured on the JNM-ECS
400 MHz instruments using TMS as an internal standard. ESI-MS
were determined on a Bruker esquire 6000 spectrometer. UV-Vis
absorption spectra were determined on a Shimadzu UV-240 spec-
trophotometer. Fluorescence spectra were recorded on a Hitachi
RF-4500 spectrophotometer equipped with quartz cuvettes of
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Scheme 1. Reagents and conditions: (a) HMTA, glacial acetic acid, reflux, 6 h; (b) EtOH, N,H4-H,O0, reflux, 20 h; (c) EtOH, reflux, 12 h.

1 cm path length. The melting point was determined on a Beijing
XT4-100x microscopic melting point apparatus.

Stock solutions of various cations (5 mM) were prepared using
nitrate salts. A stock solution of HL (5 mM) was prepared, and then
the stock solution was diluted 100 times.

2.2. Synthesis of the sensor (HL)

2-Hydroxy-1-naphthaldehyde (Fig. S1) and rhodamine 6G
hydrazide (Fig. S2) were synthesized according to the method
reported [24-25]. The synthetic route of the sensor was shown in
Scheme 1. An ethanol solution of rhodamine 6G hydrazide
(0.43 g, 1 mmol) was added to another ethanol containing 2-hy-
droxy-1-naphthaldehyde (1 mmol, 0.172 g), and then the mixture
was stirred and refluxed for 12 h. After that, the final product
was allowed to filtered, washed 3 times with 10 mL hot ethanol
and dried under reduced pressure, the reaction afforded yellow
solid, Yield: 65% 'H NMR (400 MHz; DMSO-dg) (Fig. S3)
o (ppm)=12.24 (s, Hy), 9.78 (s, Hyo), 8.03 (m, Hyy), 7.79 (d, Hs,
]= 8.6 HZ), 7.65 (m, Hy, H7), 7.53 (m, He, H13), 7.43 (m, H]z), 7.33
(m, H14), 711 (m, H,, HS), 6.46 (S, Hs, H15), 6.35 (S, Hyo, H21), 3.48
(S, H17, sz), 3.15-3.21 (q, 2H18, 2H23, ]=7] HZ), 1.82 (S, 3Hg,
3Hye), 1.16 (t, 3Hyg, 3Ha4, J=7.1 Hz). ESI-MS (Fig. S4): [M+1]":
583.25. IR (KBr, cm™!) (Fig. S5): 3429.13, 1683.75, 1620.79.
Elemental Anal. C3;H34N403: Calc. C, 76.27; H, 5.88; N, 9.62.
Found: C, 76.13; H, 5.91; N, 9.70.

3. Results and discussion
3.1. General information

The binding constant values were determined from the emis-
sion intensity data following the modified Benesi-Hildebrand
equation [26-27].

1 1 1

F— Fmin - K(Fmax - Fmin)[M’H} * Fmax - Fmin

where Fin, F, and F.x were the emission intensities of the organic
moiety considered in the absence of metal ion, at an intermediate
metal ion concentration, and at a concentration of complete
interaction, respectively, and where K was the binding constant
concentration.

The detection limits were calculated with the following equa-
tion: detection limit 30/4, based on the fluorescence titration.
Where ¢ was the standard deviation of blank measurements, and
/. was the slope between intensity versus sample concentration
[28].

3.2. UV-Vis analysis

The binding ability of L-M (Mg2?*, Zn?*) was initially evaluated
by the UV-Vis analysis upon addition of different amounts of metal
ions in acetonitrile and in ethanol-water (v/v, 4:1), respectively.
Firstly, the interaction of HL and Mg?* was investigated as a func-
tion of the concentration of Mg?*. As shown in Fig. 1, the spectrum
of the free HL showed a maximum absorption band at 375 nm,
which can be assigned to m—7* transition of naphthalene group
[29-32]. With the increasing concentration of Mg?*, the absorption
band at 375 nm gradually decreased and a new absorption band
appeared at 439 nm with increasing intensity. Moreover, a clear
isosbestic point at 400 nm was observed, which clearly indicated
the presence of new complex in equilibrium with the receptor.
When the UV-Vis analysis was carried out in aqueous media, the
metal ion was changed from Mg?* to Zn?*, as shown in Fig. 2, the
trend of change of the latter was similar to the former, the only dif-
ferences was the extent of variation of the absorption at 439 nm.

In addition, we could observed that the absorbance band from
500 nm to 550 nm not appeared, which indicated the rhodamine
core was in the ring closed isomeric form both in the presence of
Mg?* and Zn?* [33-34]. It meant that the interaction of HL with
Mg?*/Zn?* could not trigger the ring-opened reaction of the rho-
damine spirolactam. Therefore, the reasons for all these changes
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Fig. 1. Changes in the absorption spectra of HL (20 pM) in acetonitrile at room
temperature as a function of added Mg2* (0-1.0 equiv.).
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Fig. 2. Changes in the absorption spectra of HL (50 pM) in ethanol-water (v/v, 4:1)
at room temperature as a function of added Zn?* (0-1.0 equiv.).

should be ascribed to the chelation of the naphthalene moieties
with Mg?*/Zn?* rather than the ring-opening of the rhodamine
spirolactam.

3.3. Selectivity studies and effects of metal ions

The selectivity of HL for Mg?* was investigated in acetonitrile.
As shown in Fig. 3. The free receptor showed weak fluorescence
emission at 515 nm when it was excited at 439 nm. Upon the addi-
tion of various metal ions, the fluorescence intensity of HL showed
a large fluorescence enhancement in the presence of Mg?* and
Zn?*. Although Zn?* also generated a certain fluorescence enhance-
ment, it was far below the intensity caused by Mg?*. In addition,
other relevant metal ions such as Li*, Na*, K*, Ca®*, Cu®*, Co**,
Mn?*, Ni%*, Ba®*, Fe?*, Cd?*, Hg?*, Pb%*, Fe3*, Cr**, and AI** had no
significant effect on the fluorescence. The results suggested the
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Fig. 3. Fluorescence spectra of HL (20 uM) upon the addition of metal salts
(1.0 equiv.) of Li*, Na*, K*, Ag*, AI**, Ca®*, Pb%*, Cr**, Mn?*, Fe?*, Ni?*, Co?*, Fe3*, Cu?*,
Ba?', Cd**, Hg?*, Zn?** and Mg?" in acetonitrile (Jex =439 nm, slit widths: 3 nm/
3 nm).
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Fig. 4. The effect of ethanol-water in different ratio for the selectivity of HL (50 pM)
for Mg?*/Zn* (J.ex = 439 nm, slit widths: 5 nm/3 nm). Blue line: in ethanol-water
(v/v, 9:1), Red line: in ethanol-water (v/v, 4:1). Insert: The HL (10 pM) response to
Mg?*/Zn?* in absolute ethanol (slit widths: 3 nm/3 nm). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

sensor HL, having predominant recognition and selectivity, is of a
good potential in the detection of Mg?*.

To check the selectivity of HL for Zn?*, the effect of ethanol-
water in different ratio was studied as shown in Fig. 4. In absolute
ethanol, the presence of Mg?* and Zn?* both resulted in fluores-
cence enhancement, and that the sensor seemed to have a better
response to Mg?* than Zn?*. With the increase of the water content,
the fluorescence intensity caused by Mg?* and Zn?* significantly
decreased, more interesting, the fluorescence intensity of L-Mg
was falling even faster. When the ratio of ethanol-water (v/v)
was adjusted to 4:1, the fluorescence intensity of L-Mg was just
negligible while the fluorescence intensity of L-Zn was low but
detectable. Thus, the mixture of ethanol-water (v/v, 4:1) was
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Fig. 5. Fluorescence spectra of HL (50 pM) upon the addition of metal salts
(1.0 equiv.) of Li*, Na*, K*, Ag*, AI>*, Ca*, Pb%*, Cr**, Mn?*, Fe?*, Ni*, Co?*, Fe**, Cu?*,
Ba%*, Cd?*, Hg?*, Mg?* and Zn*' in ethanol-water (v/v, 4:1) (Jex =439 nm, slit
widths: 5 nm/3 nm).
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Fig. 6. Fluorescence intensity of HL and its complexation with Mg?* in the presence
of various metal ions in acetonitrile Black bar: HL (20.0 pM) and HL with 1.0 equiv.
of Li*, Na*, K*, Ag*, Ca®*, Hg?", Cr>*, Mn?*, Fe?*, Ni**, Co?*, Fe>*, Cu?*, Ba%*, Cd?*, Zn?*
and AI** stated. Red bar: 20.0 uM of HL and 1 equiv. of Mg?*; 20.0 pM of HL and
1.0 equiv. of Mg?* with 1.0 equiv. of metal ions stated in acetonitrile (Jex =439 nm,
slit widths: 3 nm/3 nm). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 7. Fluorescence intensity of HL and its complexation with Zn?* in the presence
of various metal ions in ethanol-water (v/v, 4:1). Red bar: HL (50.0 uM) and HL with
1.0 equiv. of Li*, Na*, K*, Ag*, Ca?*, Hg?*, Cr*>*, Mn?*, Fe?*, Ni%*, Co?*, Fe**, Cu®*, Ba*",
Cd?*, Mg?" and A" stated. Green bar: 50.0 uM of HL and 1equiv. of Zn**; 50.0 uM of
HL and 1.0 equiv. of Zn?* with 1.0 equiv. of metal ions stated (/e =439 nm, slit
widths: 5 nm/3 nm). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

selected as a test system. Moreover, as shown in Fig. 5, the sensor
did not give any observable response for other relevant metal ions
in ethanol-water (v/v, 4:1).

On the other hand, in the presence of Mg?*/Zn?*, the fluores-
cence spectrum displayed no emission peaks at 550 nm which
was assigned to the characteristic emission of rhodamine. This
phenomenon further confirmed the rhodamine core was in the ring
closed isomeric form and the addition of Mg?*/Zn?" did not pro-
mote the ring-opened of the rhodamine spirolactam, the enhance-
ment of the fluorescence intensity should be attributed to the
interaction of the naphthalene moieties with Mg?*/Zn?* [35-36].

3.4. The practical applicability of HL

In order to evaluate the practical applicability of HL as a selec-
tive fluorescent sensor for Mg?*/Zn?*, two experiments should be
conducted, one was competition experiment, the systems of other
metal ions and Mg?*/Zn?* coexisted were examined in different

solvent, as shown in Figs. 6 and 7, we found that other competitive
ions had no obvious interference with the detection of Mg?*/Zn?*
except in the case of transition-metal ions, which be attributed
to their inherent to the magnetic property. The other was the
investigation of reversibility which also a prerequisite in develop-
ing fluorescent probe for the practical application. The reversibility
of the recognition processes of HL was performed by adding
Na,EDTA (a bonding agent), as shown in Figs. 8 and 9, the addition
of Na,EDTA to a mixture of HL and Mg?*/Zn?" resulted in diminu-
tion of the fluorescence intensity, which indicated the regeneration
of the free sensor HL, Upon the addition of Mg?*/Zn?", the fluores-
cence intensity of HL showed significant fluorescence enhance-
ment again.
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Fig. 8. The reversibility of recognition of Mg?* was performed by adding Na,EDTA
in acetonitrile Black: HL, Red: HL+Mg?*, Green: HL+Mg?**+Na,EDTA, Blue:
HL+Mg?*+Na,EDTA+Mg?*, (Jex = 439 nm, slit widths: 3 nm/3 nm). (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 9. The reversibility of recognition of Mg?* was performed by adding Na,EDTA
in ethanol-water (v/v, 4:1). Black: HL, Red: HL+Zn?*, Green: HL+ZnZ*+Na2EDTA
Blue: HL+Zn?*+Na,EDTA+Zn?", (Jex = 439 nm, slit widths: 5 nm/3 nm). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 10. Fluorescence spectra of HL (12.5 puM) in acetonitrile upon the addition of
Mg?* (0-1.2 equiv.) (Jex = 439 nm, slit widths: 5 nm/3 nm).
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Fig. 11. Fluorescence spectra of HL (25 uM) in ethanol-water (v/v, 4:1) upon the
addition of Zn?* (0-1.2 equiv.) (Jex = 439 nm, slit widths: 5 nm/5 nm).

Additionally, from the fluorescence titration profiles (Figs. 10
and 11), the detection limit of HL for Mg?*/Zn?* was found to be
1.44 x 1005M/2.27 x 100°M (Figs. S6 and S7) which was

sufficiently low to enable the detection of micromolar concentra-
tions of Mg?*/Zn?* in many chemical and biological systems.

3.5. The complexation of HL with Mg**/Zn**

In order to understand the binding mode of HL and Mg?*/Zn?*,
the sensor was treated with excessive Mg2?*/Zn?* ion, the fluores-
cence intensity reached the maximum in the presence of 1.0 equiv
of Mg?*/Zn**, Moreover, as shown in Figs. S8 and S9, when the
molar fraction of Mg?*/Zn®* was 0.5, the Job’s plot of HL with
Mg?*/Zn?* exhibited a maximum fluorescence emission. The
results all showed that HL and Mg?*/Zn?* formed 1:1 ligand-metal
complexes, which could be further conformed by the ESI-MS spec-
tra in which the peak at m/z 646.98 was assignable to
[HL+Mg?*+CH3CN—1]" (Fig. S10) and the peak at m/z 645.04 was
assignable to [HL+Zn?*—1]" (Fig. S11). Since the formation of 1:1
ligand-metal complexes was confirmed by Job’s plot analysis and
ESI/MS, in combination with the fluorescence titration, the binding
constants of HL for Mg?*/Zn®>" have been estimated using the
Benesi-Hildebrand equation, namely, The stability constants were
determined as 1.16 x 10°/5.08 x 10* (Figs. S12 and S13).

3.6. The proposed mechanism

The above experiments suggested the rhodamine core always
was in the ring closed isomeric form both in the presence of
Mg?* and Zn?* and some reported fluorescent probes also shared
some similarities to HL [37-43], the selective recognition of HL
for Mg2*/Zn?" should be attributed to the interaction of the naph-
thalene moieties with Zn?*/Mg?* which inhibited photo-induced
electron transfer (PET) process rather than the ring-opening of
the rhodamine spirolactam. As shown in Scheme 2, it seemed that
the lone pair electrons from the nitrogen atom of the —C=N group
to naphthalene moieties was responsible for the photoinduced
electron-transfer (PET) process, which quenched fluorescence
emission of the sensor. However, upon addition of Mg?*/Zn**, the
PET process was inhibited owing to the chelation of the nitrogen
atom of the —C=N group with Mg2*/Zn?*, as result, the quenched
fluorescence could recur remarkably.

4. Conclusion

In summary, we have developed a rhodamine naphthalene-
based chemosensor HL for Mg?*and Zn?* based on the inhibited
photo-induced electron transfer (PET) process. The receptor
showed “off-on” fluorescent responses toward Zn?" in ethanol.
When the solvent media was changed from ethanol to acetonitrile,
the detection of the sensor could response to Mg?*. In addition, the
lower detection limit for Mg?*/Zn?* was sufficiently low to enable

Ex=439nm

Mg> : Em=515nm

Zn** ¢ Em=508nm

Scheme 2. Proposed mechanism for detection of Mg?*/Zn?" by HL.
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the detection of micromolar concentrations of Mg?*/Zn?"in many
chemical and biological systems.
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