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a b s t r a c t

A novel bifunctional chemosensor 1O constructed with diarylethene and pyridazine unit has been
designed and synthesized with excellent photochromic properties upon UV/Vis radiation. The chemo-
sensor 1O shows prominent selectivity and high sensitivity for Cd2þ and Zn2þ by obvious fluorescent
enhancement with a low detection limit in water-acetonitrile solution (v(water):v(acetonitrile) ¼ 1:9). The
chemosensor 1O could be utilized as a fluorescent sensor for Cd2þ with a limit of detection (LOD) of
2.3 � 10�6 M. With the presence of Zn2þ, the fluorescence of the generated zinc complex enhances
remarkably and the limit of detection (LOD) for Zn2þ is calculated to be 1.1 � 10�5 M by Job’s plot ti-
trations. A logic circuit of this chemosensor 1O has been constructed with the input signals of UV and
visible light, Cd2þ (or Zn2þ) and EDTA and the output signal of the emission intensity. In addition, the
concentrations of Cd2þ or Zn2þ in real water are detected quickly and conveniently by this chemosensor.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

With the development of industrialization, metal materials have
been used in various fields, such as architecture [1], manufacture
[2], transportation [3] etc. The accumulation of ions in environment
has broken the balance of ion concentrations in the ecosystem, and
the individual has been exposed to the environment which con-
tains a large amount of metal ions [4]. Cadmium, one of the most
dangerous heavy metals, can cause human arcinogenicity [5] and
toxicity [6], which has been widely utilized in many fields such as
agriculture, industry and metallurgy etc. Unfortunately, the bio-
accumulation of Cd2þ through the food chains can lead great threat
to human being and environment. The excessive intake of Cd2þ can
damage human organs such as liver and kidneys, and be relative to
cancer, cardiovascular diseases, heart disease, and diabetes [7e10].
As an essential element which has been found in the human body,
zinc, a secondary abundant transition metal in the Earth, takes part
in a wide variety of physiological and pathological processes, such
as regulators of gene expression, neural signal transmitters and
apoptosis [11e13]. Abnormal amount of zinc will lead to several
, pushouzhi@tsinghua.org.cn
diseases including prostate cancer [14], Alzheimer’s disease [15],
and diabetes [16]. The two elements noted above are in the same
group [17], so they have similar physical and chemical features.
Therefore, exploration of highly selective sensors for Cd2þ and Zn2þ

will produce priceless value for human being.
Amounts of advanced methods including inductively coupled

plasma-atomic emission spectrometry (ICP-AES) [17], inductively
coupled plasma-mass spectrometry (ICP-MS) [18] and atomic ab-
sorption spectroscopy (AAS) [19] have been widely used for anal-
ysis of Cd2þ and Zn2þ. Compared to the methods discussed above,
fluorescent probes have the advantages of their easy operation,
high sensitivity, good selectivity and low cost [20e26], making
people explore the ionic sensors in the realm of chemistry and
biology. Among the reported fluorescent probes, diarylethene de-
rivatives showing prominent stability for heat and perfect anti-
fatigue character which could be used in ultimate condition and
transformed quickly [27e29] are the most promising candidates.
The diarylethene exists two formations of open-ring and closed-
ring, which are also identified as non-conjugated formation and
conjugated formation. Upon with the irritation of UV light, the
diarylethene can change from open-ring formation to closed-ring
formation, for the sake of the absorption wavelength becoming
longer and the absorption coefficient ascending. With the stimu-
lation of the identified ion, diarylethene molecule can undergo
poly-stable conversion [30]. The above properties could be used to
design multi-addressable switches. Although many chemosensors
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Scheme 1. The synthetic route and photochromism of 1O.
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with the diarylethene units have been designed to recognize the
ions [31,32], the sensors based on diarylethene to detect Cd2þ and
Zn2þ of the same group have rarely been reported [33].

In recent decades, chemosensors with special selectivity and
high sensitivity for ion detections have been paid more and more
attentions due to their extensive applications, including environ-
mental pollution monitoring, medical diagnosis and mineral
exploration [34,35] etc. In this work, a novel chemosensor detector
for Cd2þ and Zn2þ, based on diarylethene and hydrazinylpyridazine
unit connected by Schiff structure, was designed and synthesized in
Scheme 1. Schiff base compounds with the lone pair electrons of
C]N bond which was a detective site for metal ions exhibited good
photochemical properties [36]. Besides, more nitrogen atoms were
introduced as chelating sites, such as pyridazine containing two
nitrogen atoms [37] and the photochromic diarylethene unit
bearing a pyridine unit. Expected as designed, the diarylethene
derivative 1O could detect Cd2þ and Zn2þ in water-acetonitrile
solution, with the emission intensity of this sensor dramatically
changing comparing alike other diarylethene fluorescence sensors
[38,39]. The data characterized by 1H NMR and 13C NMR to describe
the structure of 1O was drawn in ESI(Figure S1-S2). With the
stimulation of lights and chemical species, we carried out system-
ically the properties of its photochromism and fluorescence.

2. Experiments

2.1. General procedures and materials

The solvents used in the experiments were analytic, and the
reagents purchased from reagent corporations were directly
applied. The salt solutions were prepared including HgCl2,
MnCl2$4H2O, Al(NO3)3$9H2O, Pb(NO3)2, KCl, Cd(NO3)2$4H2O,
Ba(NO3)2, Sr(NO3)2, Cu(NO3)2$3H2O, Ni(NO3)3$6H2O,
Zn(NO3)2$6H2O, Fe(NO3)3$9H2O, Cr(NO3)3$9H2O, Co(NO3)2$6H2O,
Ca(NO3)2$4H2O, Mg(NO3)2$6H2O. 1 mmol of inorganic ion was
weighted and dissolved in water to get the 10 mL. aqueous ionic
solution (0.1 M). The EDTA solution was made up by mixing
ethylene diamine tetraacetic acid disodium salt (Na2EDTA)
(0.2 mmol) and distilled water (2 mL).

UVeVis spectra were measured with an Agilent 8453 UVeVis
spectrophotometer. Mass spectrometry analysis was operated on
an Agilent 1100 ion trapMSD spectrometer. 1H and 13C NMR spectra
were recorded on a Bruker AV400 (400 MHz) spectrometer using
DMSO-d6, CDCl3 and CD2Cl2 as the solvents and tetramethylsilane
(TMS) as the internal standard. Fluorescence spectra were collected
on a Hitachi Fe4600 fluorescence spectrophotometer. Infrared
spectra (IR) were recorded on a Bruker Vertexe70 spectrometer.
The fluorescence quantum yield was measured with an Absolute PL
2

Quantum Yield Spectrometer QYC11347-11.

2.2. Synthesis of 1O

The synthesis route of 1-(2,5-dimethylthiophen-3-yl)-2-{2-
methylthiophen -5-[5-pyridinyl-2-(methylene)hydrazineyl-6-
chloropydidazin]-3-yl}perfluorocyclopentene(1O) was verified in
Scheme 1. Based on the reported method [37,38], compound 2 and
compound 3 were obtained.

2.2.1. Synthesis of compound 2
The compound 1 (2.0 g, 13.4 mmol) was dissolved in 50 mL 32%

ammonia water with a weak nitrogen flow at the same time, then
added hydrazine hydrate (4.3 g, 25%, 21.5 mmol). Stirring the
mixture was for 3 h at the reflux temperature. Then the reaction
was stopped, cooled into room temperature, and put into ice bath
with beige solids precipitated, and the precipitated was filtered and
vacuum dried to get compound 2 (1.5 g，10.42mmol, yield 77.8%）.
1H NMR (DMSO-d6, 400 MHz), d (ppm): 4.35 (s, 2H), 7.08 (d,
J ¼ 8.0 Hz, 1H), 7.41 (d, J ¼ 8.0 Hz, 1H),8.20 (s, 1H). The HRMS was
shown in Figure S3.

2.2.2. Synthesis of compound 1O
Diarylethene derivative 1O was constructed via the route in

Scheme 1. Compound 2 (0.05 g, 0.1 mmol) and compound 3
(0.014 g, 0.1 mmol) were dissolved in 10mL absolute methanol, and
heated at reflux temperature for 12 h. Then the mixture was
descended to room temperature with light yellow power precipi-
tated. The precipitated was washed with methanol and dried to
obtain 1O (0.037 g, 0.06 mmol, yield 57.8%). 1H NMR (CDCl3,
400 MHz), d (ppm): 1.88 (s, 3H), 1.97 (s, 3H), 2.43 (s, 3H), 6.73 (s,
1H), 7.34 (s, 1H), 7.43e7.45 (d, J ¼ 8.0 Hz, 1H), 7.71e7.74 (d,
J ¼ 12.0 Hz, 1H), 7.83e7.85 (d, J ¼ 8.0 Hz, 1H), 7.91e7.93 (d,
J ¼ 8.0 Hz, 1H), 8.79 (s, 1H), 8.20 (s, 1H),10.54 (s, 1H). 13C NMR
(100 MHz, CDCl3) d: 14.46, 14.68, 15.26, 116.51, 120.59, 124.28,
124.57, 124.81, 126.75, 129.34, 130.36, 132.96, 135.16, 137.98, 138.19,
139.96, 142.90, 146.53, 149.44, 152.67, 158.46.

3. Results and discussions

3.1. Photochromism and fluorescent properties of 1O

The photochromic properties of 1O, at the concentration of
2.0� 10�5 M, were studied inwater-acetonitrile (v:v¼ 1:9) at room
temperature in Fig. 1A. The maximum absorption peak of 1O was
observed at 358 nm (ε ¼ 5.2 � 104 mol�1 L cm �1) due to the p-p*
transition [40]. The absorption peak at 358 nmwould descend upon
the irritationwith 297 nm light. Meanwhile, a new absorption peak



Fig. 1. Diarylethene derivative 1O (A) ultraviolet absorption spectrogram. and color change of solution (B) the change of emission intensity.
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at 569 nm (ε ¼ 1.2 � 104 mol�1 L cm�1) appeared, accompanied
with the color changing from colorless to purple owing to the
photocyclization of 1O to 1C. Reached the photostationary state
(PSS), three isosbestic points had been observed at 260 nm, 300 nm,
377 nm respectively, which exhibited a reversible photochromic
reaction of two components. Upon irritation with visible light
(l > 500 nm), the absorption peak changed totally from closed-ring
1C to open-ring 1O with the color fading from purple to colorless.
The quantumyields of open ring ɸo-c was 0.005, comparedwith 1,2-
bis(2-methyl-5-phenyl-3-thienyl)perfluorocyclopentene.

In Figure S4, the water-acetonitrile (v:v ¼ 1:9) solution of dia-
rylethene 1O, at room temperature, was lighted by the alternating
UV/Vis light to examine the anti-fatigue properties. The result
provided that the diarylethene derivative 1O degraded at the rate of
23.75% after open and close ring 10 times.

The fluorescent properties of 1O were also determined in the
water-acetonitrile (v:v ¼ 1:9) solution. The emission peak at
444 nm of 1Owas observed with 380 nm light irradiation in Fig. 1B.
Upon irritation with 297 nm light, the emission intensity of 1O
descended remarkably, because the new isomer 1C with non-
fluorescence was appeared [41]. The PSS reached, the descending
Fig. 2. Diarylethene derivative 1O at the water-acetonitrole solution (v:v ¼ 1:9) (A) the emi
ions; (C) emission color after adding different ions.

3

tendency of emission peak had ended. With the emission decrease
of ca. 62.9%, the diarylethene derivative exhibited high fluorescent
modulation efficiency. The residual fluorescence of PSS told the fact
that the diarylethene 1O did not completely react into 1C.
Contrarily, the cyclization 1C, stimulated by visible light
(l > 500 nm), completely regenerated into open-ring isomer 1O,
and the color would be recovered.
3.2. The ions detection of diarylethene 1O

In order to investigate the response of 1O to various metal ions
including Kþ, Ba2þ, Hg2þ, Sr2þ, Cr3þ, Fe3þ, Mg2þ, Mn2þ, Ca2þ, Ni2þ,
Pb2þ, Sn2þ, Co2þ, Cu2þ, Cd2þ and Zn2þ, they were added respec-
tively in water-acetonitrile solution (v:v ¼ 1:9) to observe the
alternation of emission peak intensity and fluorescent color. As
shown in Fig. 2, excited by the 380 nm UV light, the emission peak
intensity and fluorescent color of 1O remarkably changed. When
5.0 equiv. Cd2þ were added, the fluorescence of 1O at 482 nm was
enhanced greatly, and the fluorescent color turned from dark to
cyan. Meanwhile, when 5.0 equiv. Zn2þwas added, the fluorescence
of 1O at 493 nm was enhanced remarkably and the color altered
ssion intensity stimulated by different metal ions; (B) selectivity of bar chart for metal



Fig. 3. Diarylethene derivative 1O at the water-acetonitrole solution (v:v ¼ 1:9) altered by Cd2þ (A)absorption spectra and color change of 1O (B) absorption spectra and color
change of 1C.
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from dark to orange yellow. The change stimulated by other ions
would not be observed with naked eyes in Fig. 2B. The enhance-
ment of emission intensities contributed to this reason that diary-
lethene 1O combined with Cd2þ or Zn2þ respectively to form
1OeCd2þ(1O’) complex or 1OeZn2þ(1O00) complex. The result
manifested that the diarylethene derivative 1O could be viewed as
a fluorescent sensor for Cd2þ and Zn2þ with eminent selectivity in
Fig. 2C.

3.3. The features of 1O toward Cd2þ

With the addition of Cd2þ, the absorption peak at 403 nm slowly
Fig. 4. Ultraviolet absorption spectrum and color change of 1O′at the water-
acetonitrile solution (v:v ¼ 1:9) lighted by UV/Vis.

Fig. 5. Diarylethene derivative 1O at the water-acetonitrile solution (A) emission intensity
Cd2þ and linear relationship between emission intensity and the concentrations of Cd2þ.
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increased with the peak at 358 nm descending as the complex
1OeCd2þ(1O’) appeared, and the color of the solution turned from
colorless to pale brown. The quantumyield of 1O’was 0.040. As the
excessive EDTA was added into 1O’ solution, the state of solution
recovered to the primary state as it was shown in Fig. 3A. Accom-
panied with the addition of excessive Cd2þ into 1C solution, the
solution altered from purple to pale brown due to the decrease of
the absorption peak at 371 nm and the increase of the absorption
peak at 408 nm. Shown in Fig. 3B, the color of 1CeCd2þ(1C’) would
recover to the initial state with the excessive addition of EDTA.

The photochromic properties of 1O’ were further studied. As is
shown in Fig. 4, the compound of 1O’, lighted by ultraviolet light at
297 nm, appeared a new absorption peak at 581 nm which would
be increased gradually with the passage of irritation going on. As
reached the PSS, two absorptive points were observed at 355 nm
and 421 nm, respectively. The closed-ring isomer 1C’ would be
produced at the same time, and the color of solution altered from
yellow to brown. By contrary, the solution of 1C’, stimulated by
visible light (l > 500 nm), changed gradually to open-ring isomer
1O’, and the color of solution altered from brown to dark yellow.

With the accumulation of Cd2þ ions, the fluorescent titration
experiment would be studied at the water-acetonitrile solution
(v:v ¼ 1:9) of the compound 1O (2.0 � 10�5 mol L�1) at the room
temperature to obtain the change of fluorescent spectrum. As
shown in Fig. 5A, with the addition of Cd2þ into the water-
acetonitrile solution of 1O, the emission peak shifted red gradu-
ally from 442 nm to 485 nm and the emission intensity ascended
with the increase of Cd2þ. The emission intensity would continue to
become higher until the concentration of Cd2þwas added to the 3.6
equiv, with the emission peaks altering from 471 nm to 485 nm.
and fluorescent color with the addition of Cd2þ or EDTA (B) titration cure of 1O added



Fig. 6. Fluorescent switch of 1O’ at the water-acetonitrile solution (v:v ¼ 1:9). Fig. 8. Anti-interference experiment and error bars of it between 1O (2.0 � 10�5 M) at
the water-acetonitrile solution and different metal ions (5.0 equiv.) Black Blank: 1O
and different metal ions; Red Blank.
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Continuing to add the Cd2þ ion, the emission intensity would not
change. A new complex 1OeCd2þ (1O’) would be produced with
the fluorescent color of the solution altering from dark to cyan.
Excessive EDTA added into the solution of 1OeCd2þ (1O’), the
fluorescent spectrum and fluorescent color would recover to the
initial state, which indicated that EDTA could dissociate the Cd2þ

from 1O’. Further, the relationship between Cd2þ and emission
intensity was studied in Fig. 5B. The result indicated that the
emission intensity was positively correlated with the concentration
of Cd2þ at a certain concentration range. Thus, the complex 1O
could be considered as a chemosensor to detect the ion of Cd2þ.

The emission intensity of 1O’ was further studied. As verified in
Fig. 6, upon the irritation with ultraviolet at 297 nm, the emission
intensity of 1O’ at 501 nm descended gradually, and the fluorescent
color of solution became dark yellow from orange. When reached
the PSS, the emission peak intensity decreased from 411.8 to 203.2,
along with the formation of closed-ring 1C’. Correspondingly, when
exposed to visible light (l > 500 nm), the formation of closed-ring
1C’ would recover to the formation of open-ring 1O.

Furthermore, the fluorescent titration experiment was studied
at the room temperature to investigate the relation between the
water-acetonitrile of 1C and Cd2þ. As shown in Fig. 7, the Cd2þ ion
was added into the water-acetonitrile solution of 1C on the drop-
wise. The emission peak intensity, changing with the addition of
Cd2þ, would ascend gradually with red shift. After Cd2þ was added
2.1 equiv., the emission peak intensity got the maximum, and the
excessive Cd2þ did not make the intensity change. Red-shift of the
emission peak altered from 445 nm to 500 nm in accompany with
the color becoming dark cyan from dark. After addition of excessive
EDTA, the fluorescent peak intensity and color recovered to the
statement of 1C.
Fig. 7. Fluorescent switch of 1C′at the water-acetonitrile solution (v:v ¼ 1:9).
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The anti-interference experiment was operated at the room
temperature to examine fluorescent selectivity of 1O toward
various metal ions (5.0 equiv. of 1O) such as Ca2þ, Sn2þ, Kþ, Pb2þ,
Mg2þ, Cr3þ, Co2þ, Hg2þ, Mn2þ, Fe3þ, Cu2þ, Ba2þ, Ni2þ, Agþ, Al3þ, Sr2þ

in water-acetonitrile solution. When the Cd2þ(5.0 equiv.) ion was
added into 1O solution coexisted with various metal ions, the
emission intensity was enhanced by Sn2þ and Ba2þ, also quenched
by Co2þ, Cu2þ, Ni2þ in Fig. 8. The results showed that most metal
ions did not interfere the detection of Zn2þ and Cd2þ, except the
metal ions of Co2þ, Cu2þ and Ni2þ.
3.4. The characters of 1O toward Zn2þ

As shown in Figure S5A, when the ion of Zn2þ was added in the
solution of 1O, the absorption peak at 358 nmwould be descended,
and a new peak at 403 nm would occur with the reason of the
formation of complex of 1OeZn2þ(1O00) whose quantum yield was
0.029. With the increase of Zn2þ, the new peak would ascend until
the 16 equiv. ion of Zn2þ was added. Two clear isosbestic points
were observed at 314 nm and 382 nm at the same time, accom-
panied with the color changing from colorless to dark yellow. Then,
when excessive EDTAwas added into the 1O00 solution, the solution
could recover to initial state. When 16 equiv. Zn2þ was added into
the 1C solution, the color turned from purple to earthy yellow in
Figure S5B, with the reason that the absorption peaks at 371 nm
descended and 576 nm ascended. The 1CeZn2þ(1C00) solution
would recover to the state of 1C after the addition of excessive
EDTA.

The photochromic properties of 1O00 were further studied. Upon
the irritation of 297 nm light, the 1O00 solution altered to the closed-
ring isomer 1C00 with a new absorption peak at 581 nm, and the
color changed from dark yellow to brown with naked-eye obser-
vation. Using the stimulation of visible light (l > 500 nm), com-
pound 1C00 totally altered to open-ring isomer 1O00, with the color
changing to yellow in Figure S6.

When the solution of Zn2þwas added into thewater-acetonitrile
solution of 1O on the drop-wise, the emission peak of 1O at the
state of open-ring shifted red gradually with the enhancement of
peak. The emission peak intensity, altered from 422 nm to 498 nm,
reached the top, as the Zn2þ was added at the concentration of 4.8
equiv. shown in Figure S7A. With the complex 1OeZn2þ(1O00)
generating, the color of the solution became orange yellow from
dark. After adding excessive EDTA in 1O00 solution, the fluorescent
spectrum and fluorescent color recovered to 1O. The result was
further analyzed that at a certain concentration rang the emission
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intensity at 486 nm was linear with the concentration of Zn2þ in
Figure S7B. The results discussed above proved that complex 1O
could be considered as a chemosensor for Zn2þ.

The emission peak intensity of complex 1O00 decreased steadily
when stimulated by ultraviolet light. Reaching PSS, the emission
peak intensity descended from 174.4 to 106.6 because of the new
formation of closed-ring 1O00. The color of the solution altered from
orange to dark yellow in Figure S8. Exposed to the visible light
(l > 500 nm), the emission peak intensity of 1C00 could recover to
the initial statement.

The fluorescent titration experiment, depicted in Figure S9, was
carried out in the water-acetonitrile solution of 1C adding Zn2þ ion
on the drop. As the addition of Zn2þ into the water-acetonitrile of
1C, the emission peak shifted to higher with the enhancement of
intensity. The peak reached the maximum, as the addition of Zn2þ

reached 4.0 equiv., with the formation of complex 1CeZn2þ(1C00).
The color of solution became dark yellow from dark. After the
excessive EDTA was added, the fluorescent color and the emission
intensity returned to the original.

Ca2þ, Kþ, Pb2þ, Cr3þ, Ba2þ, Co2þ, Sn2þ, Mn2þ, Fe3þ, Mg2þ, Cu2þ,
Agþ, Ni2þ, Al3þ, Sr2þand Hg2þ were added into the solution of 1O to
examine the interference of themwith the detection of Zn2þ ion. As
shown in Figure S10., when Zn2þ (5.0 equiv.) was added into 1O
solution containing various metal ions, the emission intensity was
increased by Cd2þ, quenched by Co2þ, Cu2þ, Ni2þ, and inhibited by
Fe3þ.
3.5. Mechanism of 1O to Cd2þ and Zn2þ

The Job’s plot of UVeVis titration of 1O toward Cd2þ and Zn2þ

was put forward to further elucidate the interaction between 1O
Fig. 9. Diarylethene derivative 1O at the water-acetonitrile solution (v:v ¼ 1:9) (A) the com
linear relationship of association constant between 1O and Cd2þ (C) LOD and linear relatio
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and Cd2þ or Zn2þ in the water-acetonitrile solution (v:v ¼ 1:9). As
shown in Fig. 9A, when the molar ratio of [Cd2þ]/([Cd2þ]þ[1O])
reached the point of 0.5, the emission intensity got the top, which
showed that the combination ratio between compound 1O and
Cd2þwas 1:1. Meanwhile, the association constant (Ka) between 1O
and Cd2þ in the water-acetonitrile solution (v:v ¼ 1:9) was
1.7 � 104 mol�1 L (R ¼ 0.99439) [42] in Fig. 9B by the equation of
Benesi-Hildebrand. Based on the method reported above, the limit
of detection for Cd2þ could reach 2.3 � 10�6 mol L�1 [42] in Fig. 9C.
Similarly, Figure S11A manifested the stoichiomical relation be-
tween 1O and Zn2þ in the water-acetonitrile solution (v:v ¼ 1:9)
would be obtained by the Job’s plot. With the alteration of molar
ratio of [Zn2þ]/([Zn2þ]þ[1O]) achieving the point of 0.5, the emis-
sion intensity ascended on the top, exhibiting that the stoi-
chiomecal ratio between 1O and Zn2þ was 1:1. Based on the
equation of Benesi-Hildebrand noted above, the association con-
stant (Ka) between the 1O and Zn2þ in the water-acetonitrile so-
lution (v:v ¼ 1:9) was 4.9 � 103 mol�1 L(R ¼ 0.99103) in
Figure S11B. The limit of detection (LOT) for Zn2þ could reach
1.1 � 10�5 mol L�1 demonstrated in Figure S11C.

In order to further research the binding formation, the ESI-MS,
titration experiments and IR spectra of 1O, 1O’ and 1O00 were
operated. The 1 : 1 coordination stoichiometry of 1O with Cd2þ or
Zn2þ was further confirmed by the ESI mass spectrometry (ESI-MS)
analysis (Figure S12). As shown in Figure S12A, a characteristic peak
at 849.7 m/z for [Cd2þþ1Oþ2NO3

�-Hþ] (calcd 850.4) was observed.
Meanwhile, Figure S12B manifested a characteristic peak at
799.8m/zwhichwas for [Zn2þþ1Oþ2NO3

�-Hþ] with the calculation
of 800.4. 1H NMR titration experiments were done in CDCl3 to
investigate the binding mode of 1O with Cd2þ or Zn2þ. A new peak
at 4.692 appeared as shown in Figure S13., when Cd2þ ion was
plex ration and linear relationship between 1O and Cd2þ (B) association constant and
nship of 1O for Cd2þ.
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added. In order to exclude the influence of water, deuterium oxide
was titrated in the solution of 1O. As few deuterium was added, a
new peak at 4.692 appeared in Figure S14, which indicated that the
new peak was the peak of deuterium oxide and Cd2þ ion did not
influence the shift of 1O. After the addition of Zn2þ ion to the 1O
solution, a new peak at 4.692 was examined shown in Figure S15,
and as the addition of deuterium oxide a new peak at 4.692 was
also observed in Figure S14. This phenomenon also showed that the
new peak was the peak of deuterium oxide and Zn2þ ion did not
influence the shift of 1O. In addition, IR spectrumwas carried out to
detect the binding sites shown in Figure S16. After adding the ions
of Cd2þ or Zn2þ respectively, a new peak at 2400 cm�1 appeared,
manifesting that a triple bind would form. According to what had
been discussed above, the binding mode between 1O and Cd2þ or
Zn2þ was verified in Scheme 2.

3.6. The practical application

3.6.1. The detection of actual water
The application of 1O to detect the ions of Cd2þ or Zn2þ was
Scheme 2. Photochromism, color and fluorescence alterat
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operated. The method that was used to measure the contents of
Cd2þ or Zn2þ in actual water was reported [43,44]. Water samples
were filtered with 0.2 mm membranes to filter the precipitation.
Then, different contents of Cd2þ or Zn2þ were added in the actual
water sample to prepare different concentration gradients. In order
to compare the experimental data, the parallel testes were carried
out. The ions of Cd2þ or Zn2þwere dissolved into deionizedwater to
prepare samples with the concentrations similar to the actual
concentrations before and determine the standard curve. Fluores-
cence of the two samples in the corresponding gradient was
investigated, and the actual value was calculated by comparing the
two data of same concentrations. One sample was conducted three
times and calculated the average data, and the Recover (%), RSD (%)
and Relative error (%) were obtained. The results were shown in
Table 1 and Table 2.

3.6.2. Application for logic gate
Discussed the properties of the diarylethene derivative above,

the fluorescent emission intensity could be effectively adjusted by
Cd2þ (or Zn2þ)/EDTA and UV/Vis light in water-acetronitrile
ion of 1O stimulated by Cd2þ/Zn2þ and UV/Vis lights.



Table 1
Concentration of Cd2þ in practical samples.

Sample Cd2þ spiked (mmol L�1) Cd2þ recovered (mmol L�1) Recover（%） RSD（%） Relative error（%）

Yao Lake 6 6.02 100.33 ±2.51 0.33
10 10.17 101.70 ±4.28 1.7
16 16.01 100.06 ±1.82 0.0625

Tap Water 6 5.87 97.83 ±3.01 �2.17
10 10.13 101.30 ±3.11 1.3
16.0 15.82 98.88 ±2.37 �0.1125

Table 2
Concentration of Zn2þ in practical samples.

Sample Zn2þ spiked (mmol L�1) Zn2þ recovered (mmol L�1) Recover（%） RSD（%） Relative error（%）

Yao Lake 6.0 5.93 99.83 ±3.56 �1.17
10.0 9.95 99.50 ±3.65 �0.5
16.0 15.93 99.56 ±2.32 �0.438

Tap Water 6.0 5.99 99.83 ±1.04 �0.17
10.0 9.98 99.80 ±2.25 �0.2
16.0 16.01 100.06 ±1.01 �0.0625

Fig. 10. Logic circuits constructed by 1O and the symbols: In1 (UV light), In2 (visible light), In3 (Zn2þ or Cd2þ), In4 (EDTA).
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solution to create a logic gate (Fig. 10). The four input signals were
In1: 297 nm UV light, In2: l > 500 nm visible light, In3: Cd2þ (or
Zn2þ), and In4: EDTA, and the fluorescent emission intensity of 1O
Table 3
Table of all possible strings of four binary-input data and the corresponding output digit

Input

InA (UV) InB (Vis) InC(Zn2þorCd2þ)

0 0 0
1 0 0
0 1 0
0 0 1
0 0 0
1 1 0
1 0 1
1 0 0
0 1 1
0 1 0
0 0 1
1 1 1
1 1 0
1 0 1
0 1 1
1 1 1

8

at 485 nm (or 498 nm) was the output signal. When the emission
intensity was 2-fold enhancement than the original state, output
signal could be looked up as ‘on’ with a Boolean value of ‘1’.
.

Output

InD (EDTA) l em ¼ 498 nm or 485 nm

0 0
0 0
0 0
0 1
1 0
0 0
0 0
1 0
0 1
1 0
1 0
0 1
1 0
1 0
1 0
1 0
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Otherwise, it was thought as ‘off’ state with a Boolean value of ‘0’.
Stimulated by those four signals, the diarylethene derivative 1O
presented on-off-on colorimetric switchable behavior. Taking
strings of ‘0, 0, 1, and 0’ for instance, they relate to input signals of
‘In A, In B, In C, and In D’with the state of ‘off, off, on, and off’. Under
those operation, 1O was converted to 1OeCd2þ (or 1OeZn2þ)
stimulated by Cd2þ (or Zn2þ) with the emission intensity ascending
remarkably, resulting in the output signal ‘on’ and Boolean value ‘1’.
Similarly, different operations could get various outputs. All
possible logic circuits were listed in Table 3.

4. Conclusion

A novel diarylethene with pyridazine unit, showing high
sensitivity and selectivity for Cd2þ and Zn2þ in water-acetonitrile
(v:v ¼ 1:9), was designed and synthesized. In addition, the appli-
cations of logic gate and the detection of Cd2þ or Zn2þ in real water
were realized by the novel diarylethene fluorescent sensor. These
works would be beneficial to the researchers of fluorescent sensors
based on diarylethene unit.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgments

The authors are grateful for the financial support from the Na-
tional Natural Science Foundation of China (21861017, 41867053)
the key project of Natural Science Foundation of Jiangxi Province
(20192ACBL20011).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.tet.2020.131618.

References

[1] D.B. Müller, T. Wang, B. Duval, T.E. Graedel, Proc. Natl. Acad. Sci. U.S.A. 103
(2006) 16111e16116.

[2] J.M. Torralba, M. Campos, Metals 10 (2020) 639.
[3] Z.A. Ghazi, Z.H. Sun, C.G. Sun, F.L. Qi, B.G. An, F. Li, H.M. Cheng, Small 32 (2019)

1900687.
[4] Z. Li, H. Su, L. Wang, D.B. Hu, L.J. Zhang, J. Fang, M.C. Jin, S.S.F. Kenston, X. Song,

HoB. Shi, J.S. Zhao, G.C. Mao, Int. J. Environ. Res. Publ. Health 15 (2018) 424.
[5] Z.H. Shi, Q.X. Han, L.Z. Yang, X.L. Tang, W. Dou, Z. Li, Y.G. Shao, Y.L. Shao,

L.P. Guan, W.S. Liu, Chem. Eur J. 21 (2015) 290e297.
9

[6] H.L. Liu, S.Q. Cui, F. Shi, S.Z. Pu, Dyes Pigments 161 (2019) 34e43.
[7] P.K. Rai, S.S. Lee, M. Zhang, Y.F. Tsang, K. Kim, Environ. Int. 125 (2019)

365e385.
[8] X.Y. Xu, B. Yan, Sensor. Actuator. B 222 (2016) 347e353.
[9] Y.Y. Luo, D. Tang, W.P. Zhu, Y.F. Xu, X.H. Qian, J. Mater, Chem. Can. 33 (2015)

8485e8489.
[10] V.N. Mehta, J.V. Rohit, S.K. Kailasa, New J. Chem. 40 (2016) 4566e4574.
[11] J.M. Berg, Y.G. Shi, Science 271 (1996) 1081e1085.
[12] W. Maret, Free Radic. Biol. Med. 134 (2019) 311e326.
[13] J. Venezuela, M.S. Dargusch, Acta Biomater. 87 (2019) 1e40.
[14] S.J. Bora, R. Dutta, S. Ahmed, D.J. Kalita, B. Chetia, J. Mol. Struct. 1194 (2019)

178e186.
[15] M. Valko, K. Jomova, C.J. Rhodes, K. Ku�ca, K. Musílek, Arch. Toxicol. 90 (2016)

1e37.
[16] A. Bayrami, S. Haghgooie, S.R. Pouran, F.M. Arvanag, A. Habibi-Yangjeh, Adv.

Powder Technol. 31 (5) (2020) 2110e2118.
[17] A. Sil, A. Maity, D. Giri, S.K. Patra, Sensor. Actuator. B 226 (2016) 403e411.
[18] D.P. Li, Y. Wang, X.J. Cao, J. Cui, X. Wang, H.Z. Cui, B.X. Zhao, Chem. Commun.

52 (2016) 2760e2763.
[19] Y.J. Zhang, L.M. Guan, H. Yu, Y.H. Yan, L.B. Du, Y. Liu, M.T. Sun, D.J. Huang,

S.H. Wang, Anal. Chem. 88 (2016) 4426e4431.
[20] Y.X. Zuo, J.K. Xu, F.X. Jiang, X.M. Duan, L.M. Lu, G. Ye, C.C. Li, Y.F. Yu,

J. Electroanal. Chem. 794 (2017) 71e77.
[21] Y.K. Yue, F.J. Huo, C.X. Yin, J.O. Escobedo, R.M. Strongin, Analyst 141 (2016)

1859e1873.
[22] T. Kowada, H. Maeda, K. Kikuchi, Chem. Soc. Rev. 44 (2015) 4953e4972.
[23] H.D. Xiao, K. Xin, H.F. Dou, G. Yin, Y.W. Quan, R.Y. Wang, Chem. Commun. 51

(2015) 1442e1445.
[24] S.L. Guo, G. Liu, C.B. Fan, S.Z. Pu, RSC Adv. 8 (2018) 22786e22798.
[25] B. Sen, M. Mukherjee, S. Banerjee, S. Pal, P. Dalton Trans. 44 (2015)

8708e8717.
[26] Q. Lin, T.T. Lu, X. Zhu, T.B. Wei, H. Li, Y.M. Zhang, Chem. Sci. 7 (2016)

5341e5346.
[27] J.F. Lv, Y.L. Fu, G. Liu, C.B. Fan, S.Z. Pu, RSC Adv. 9 (2019) 10395e10404.
[28] R.J. Wang, P.P. Ren, S.Z. Pu, G. Liu, S.Q. Cui, J. Photochem. Photobiol. Chem. 294

(2014) 44e53.
[29] R.J. Wang, L. Diao, Q.W. Ren, G. Liu, S.Z. Pu, ACS Omega 4 (2019) 309e319.
[30] A. Amin, H. Roghani-Mamaqani, B. Razavi, Prog. Polym. Sci. (2019) 101149.
[31] H.T. Xu, H.C. Ding, C.B. Fan, G. Liu, S.Z. Pu, Tetrahedron 74 (2018) 3489e3497.
[32] Y.L. Fu, Y.Y. Tu, C.B. Fan, C.H. Zheng, G. Liu, S.Z. Pu, New J. Chem. 40 (2016)

8579e8586.
[33] J.F. Lv, G. Liu, C.B. Fan, S.Z. Pu, Spectrochim. Acta 227 (2020) 117581.
[34] K.L. Hill, A. Mortensen, D. Teclechiel, W.G. Willmore, I. Sylte, B.M. Jenssen,

R.J. Letcher, Environ. Sci. Technol. 52 (2018) 1533e1541.
[35] S. Altamura, N.M. Vegi, P.S. Hoppe, T. Schroeder, M. Aichler, A. Walch,

K. Okreglicka, L. Hültner, M. Schneider, C. Ladinig, C. Kuklik-Roos,
J. Mysliwietz, D. Janik, F. Neff, B. Rathkolb, M.H. Angelis, C. Buske, A.R. Silva,
K. Muedder, M. Conrad, T. Ganz, M. Kopf, M.U. Muckenthaler,
G.W. Bornkamm, Haematologica 105 (2020) 937e950.

[36] S.Y. Lee, K.H. Bok, T.G. Jo, S.Y. Kim, C. Kim, Inorg. Chim. Acta. 461 (2017)
127e135.

[37] T.B. Wei, P. Zhang, B.B. Shi, P. Chen, Q. Lin, J. Liu, Y.M. Zhang, Dyes Pigments 97
(2013) 297e302.

[38] X.D. Zhang, H. Li, G. Liu, S.Z. Pu, J. Photochem. Photobiol. Chem. 330 (2016)
22e29.

[39] F. Duan, G. Liu, P. Liu, C.B. Fan, S.Z. Pu, Tetrahedron 72 (2016) 3213e3220.
[40] C.B. Fan, S.Z. Pu, G. Liu, Dyes Pigments 113 (2015) 61e69.
[41] W.D. Gao, H. Li, S.Z. Pu, J. Photochem. Photobiol. Chem. 364 (2018) 208e218.
[42] F.F. Liu, C.B. Fan, S.Z. Pu, J. Photochem. Photobiol. Chem. 371 (2019) 248e254.
[43] X. Wu, J. Chen, J.X. Zhao, Analyst 138 (2013) 5281e5287.
[44] S.Z. Qu, C.H. Zheng, G.M. Liao, C.B. Fan, G. Liu, S.Z. Pu, RSC Adv. 7 (2017)

9833e9839.

https://doi.org/10.1016/j.tet.2020.131618
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref1
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref1
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref1
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref2
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref3
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref3
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref4
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref4
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref5
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref5
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref5
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref6
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref6
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref7
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref7
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref7
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref8
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref8
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref9
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref9
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref9
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref10
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref10
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref11
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref11
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref12
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref12
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref13
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref13
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref14
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref14
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref14
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref15
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref15
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref15
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref15
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref16
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref16
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref16
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref17
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref17
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref18
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref18
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref18
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref19
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref19
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref19
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref20
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref20
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref20
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref21
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref21
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref21
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref22
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref22
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref23
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref23
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref23
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref24
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref24
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref25
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref25
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref25
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref26
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref26
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref26
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref27
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref27
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref28
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref28
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref28
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref29
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref29
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref30
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref31
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref31
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref32
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref32
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref32
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref33
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref34
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref34
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref34
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref35
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref35
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref35
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref35
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref35
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref35
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref36
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref36
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref36
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref37
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref37
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref37
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref38
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref38
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref38
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref39
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref39
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref40
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref40
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref41
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref41
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref42
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref42
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref43
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref43
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref44
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref44
http://refhub.elsevier.com/S0040-4020(20)30825-5/sref44

	A photochromic diarylethene-functionalized fluorescent probe for Cd2+ and Zn2+ detections
	1. Introduction
	2. Experiments
	2.1. General procedures and materials
	2.2. Synthesis of 1O
	2.2.1. Synthesis of compound 2
	2.2.2. Synthesis of compound 1O


	3. Results and discussions
	3.1. Photochromism and fluorescent properties of 1O
	3.2. The ions detection of diarylethene 1O
	3.3. The features of 1O toward Cd2+
	3.4. The characters of 1O toward Zn2+
	3.5. Mechanism of 1O to Cd2+ and Zn2+
	3.6. The practical application
	3.6.1. The detection of actual water
	3.6.2. Application for logic gate


	4. Conclusion
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	References


