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A highly selective colorimetric fluorescent probe
for detection of Hg®* and its application on test
strips

Geng Yang,? Xia Meng,? Shimin Fang,? Hongdong Duan, &2 *? Lizhen Wang *®
and Zhenzheng Wang?®

An efficient fluorescent probe Pyr-Rhy based on pyrazole was developed, which can detect Hg?" in
water. Its fluorescence properties were studied by UV-vis and fluorescence spectroscopy, and the
study results indicated that this probe can selectively detect ng" via complexation reaction, and then
cause a remarkable color change from colorless to pink and a strong fluorescence enhancement can
be observed. Furthermore, this probe showed high sensitivity with the detection limit down to 2.07 x
1078 M, and its stoichiometric ratio toward Hg®" ions was 1:1. The sensing mechanism was
investigated by Job's plot *H NMR titrations, and FT-IR spectra analysis, which demonstrated
a chelation-enhanced fluorescence (CHEF) mechanism. More importantly, obvious color changes of
sensor Pyr-Rhy can be observed when it was impregnated on filter paper testing strips and immersed
in Hg?* solution (water as solution), indicating its potential application for trace Hg?" detection in

rsc.li/rsc-advances environmental samples.

1. Introduction

Mercury (Hg), one of the most toxic pollutants,' is widely
distributed in the environment and exists in the state of
mercury metal, inorganic mercury and organic mercury
compounds.”>® The organic mercury is the most harmful of the
mercury-containing compounds, because it is hardly biode-
gradable and can be biomagnified in the food chain.* Even at
very low levels, organic mercury can seriously destroy the
activity of proteins and enzymes, thereby causing various
diseases, including brain damage, movement disorders,
cognitive dysfunction and kidney failure.>” There are many
previous studies for the detection of mercury ions with different
methods, and we have compared the present method with the
others, and a table was added (Table 1).5** While other methods
can detect Hg>*, they can't be reused; and the synthesis
methods of other methods are cumbersome and not easy to
operate. Therefore, it is necessary to develop a sensitive, fast
and low-cost method for detection of Hg>".

In recent years, there have been many ways to detect cations
and anions such as ratiometric fluorescent paper sensor,"*
silica-based SERS chip."*** Schiff base fluorescent probes have
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been drawn great attention and widely used in detection of
heavy metal ions.”> The C=N structure in Schiff base has
strong chelating ability, and more importantly, these
chelating processes always produce strong fluorescence
release.’®"” Pyrazole derivatives are interesting heterocyclic
compounds bearing five membered heterocycles and useful
raw materials to synthesize various biological molecules. Due
to their strong coordination ability with metal ions, pyrazole
based derivatives have been widely used for the development
of fluorescent probes to detect heavy metal ions, such as Zn>",
Cd**, and Hg?".'*2° Furthermore, pyrazole derivatives are
always employed as important capping motifs in probing
molecules, which can be used as ligands for selective recog-
nition metal ions in coordination chemistry. Therefore, pyr-
azoles are attracting building blocks for designing and
synthesizing a series of heterocyclic compounds, such as
optical brighteners, and UV stabilizers, and fluorescent
probes.?*

In this paper, a novel fluorescent probe Pyr-Rhy was
described, which was synthesized by modification of rhoda-
mine with a pyrazole derivative (Fig. 1). This probe exhibited
high fluorescent “turn-on” response toward Hg>* in aqueous
DMSO solution, and this process was accompanied with
a sensitive fluorescence color change that could not be inter-
fered by other coexisting metal ions. Test results showed that
the recognition process of sensor Pyr-Rhy toward Hg>" was
completed instantly, and the detection limit was found to be as
low as 2.07 x 10~ ® M. Therefore, sensor Pyr-Rhy could be used
for quantitative estimation of Hg>" in aqueous media.
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Table 1 Compared the present method with the others
Structural of compound Molecular formula Solvent Repeatability Reference
| 7\
NHPh i / \ L
T C,4H,,N,S Acetonitrile No 8
LI Vo
C,7H,oN;OSR PBS buffer (containing 20% DMF as a co-solvent) No 9
Aﬂ o :/\
<
O Mﬁ C4,H,5N505S Ethanol/water, (1 : 1) No 10
PN J o N
A Q
SYH\/
/@ij/"\ C13H,N,0,8 0.5 M H,S0, aqueous solution No 11
C3H3,N6O, DMSO/H20 (1/1, v/v) Yes This work

PSS N

2. Materials and methods

2.1. General information

In this experiment unless otherwise noted, all reagents and
materials were derived from commercial, which without
further refinement. Pyrazole, p-fluorobenzaldehyde, rhoda-
mine 6G, hydrazine hydrate and glacial acetic acid were
purchased from Aladdin. Distilled water was produced in
our lab. Different metal ion solutions were prepared with the
corresponding inorganic salts. Nuclear magnetic spec-
trometer is Bruker AV-400 spectrometer; infrared spec-
trometer is Bruker @ALPHA FT-IR spectrometer
fluorospectrophotometer is Hitachi F-4600 and scanning

speed was 2400 nm min ™",

2.2. Synthesis

2.2.1 Synthesis of compound 1. Pyrazole (1.36 g, 20 mmol),
p-fluorobenzaldehyde (2.48 g, 20 mmol) and anhydrous

potassium carbonate (6.90 g, 50 mmol) were dissolved in
50 mL of DMF, the mixture was allowed to warm 110 °C and
stirred at this ambient temperature for 24 h. After TLC showed
the conversion of the starting material, the mixture was cooled
to room temperature, filtered.”> The filtrate was diluted with
400 mL of distilled water and the mixture was extracted with
100 mL of acetic ether, the organic layer was dried with
anhydrous sodium sulfate and then evaporated, the resultant
residue was purified by a column chromatography (petroleum/
ethyl acetate, 7/1) to give compound 1 was a white powder
(3.34 g, yield 91%); mp 82-84 °C; "H NMR (400 MHz, DMSO-dj)
4 10.00 (s, 1H), 8.68 (d, J = 2.5 Hz, 1H), 8.06 (dd, J = 8.7 Hz,
4H), 7.85 (t, ] = 6.4 Hz, 1H), 6.67-6.58 (m, 1H); *C NMR: (100
MHz, DMSO-ds) 6 191.87, 143.67, 142.21, 133.65, 131.15,
128.44, 118.27, 108.88 ppm; ESI-TOF HRMS (m/z): caled for
C10HgN,O", [M + H]', 172.0729; found, 172.0731.

2.2.2 Synthesis of compound 3. To the mixture of rhoda-
mine 6G 2 (9.85 g, 20 mmol) in 300 mL of ethanol was added an

rj\‘-"‘" * F N (’IIUMP (S} - ;}_\/N:{]
=/ Y refiux ) 4=

rhodamine 60

Compound 2

Fig. 1 Synthesis of pyrazole-based fluorescent probe Pyr-Rhy.
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excess of hydrazine hydrate (0.95 g, 20 mmol), the mixture was
heated to 80 °C and refluxed for 12 h to give a dark red clear
transparent solution. Then, the mixture was subjected to
decompression and evaporation till a few solid was formed.
After which, the mixture was poured into 200 mL of deionized
water, rested for 3 hours, and filtered.*® The solid was washed
alternately with distilled water and ethanol several times, and
dried in vacuo to afford compound 3 as a pink solid (7.88 g, yield
70%); "H NMR (400 MHz, DMSO-dg) 6 7.79-7.71 (m, 1H), 7.50-
7.41 (m, 2H), 6.98-6.87 (m, 1H), 6.26 (s, 2H), 6.10 (s, 2H), 4.99 (t,
J = 5.3 Hz, 2H), 4.21 (s, 2H), 3.32 (s, 1H), 1.88 (d,J = 9.9 Hz, 6H),
1.21 (t,J = 7.0 Hz, 6H); *C NMR: (100 MHz, DMSO-d;) 6 165.19,
152.05, 151.33, 147.34, 132.27, 129.47, 127.98, 126.98, 123.40,
122.11, 117.77, 105.00, 95.86, 64.95, 37.44, 17.01, 14.19 ppm;
ESI-TOF HRMS (m/z): caled for CpeH,sN,0,, [M + H]Y, 429.22;
found, 429.64.

2.2.3 Synthesis of sensor Pyr-Rhy. Compound 3 (1.72 g, 10
mmol) and compound 1 (4.56 g, 10 mmol) were dissolved in
40 mL of ethanol, the mixture was heated to 80 °C and refluxed
for 2 h after a catalytic amount of acetic acid (3.46 mL, 10 mmol)
was added. Then the mixture was cooled to room temperature
to yield a rose pink precipitate. The mixture was filtered, the
solid was washed with ethanol for several times and dried in
vacuo to give sensor Pyr-Rhy (4.98 g, yield 79.3%); "H NMR (400
MHz, DMSO-dg) 6 8.60 (s, 1H), 8.36 (d, ] = 2.4 Hz, 1H), 7.78 (d, J
= 7.0 Hz, 1H), 7.70 (d, ] = 8.6 Hz, 2H), 7.61 (d, J = 1.3 Hz, 1H),
7.52-7.33 (m, 4H), 6.92 (d, J = 7.3 Hz, 1H), 6.44-6.37 (m, 1H),
6.21 (s, 2H), 6.05 (s, 2H), 4.94 (t, J = 5.3 Hz, 2H), 4.22 (t, ] =
5.1 Hz, 1H), 1.07 (t,J = 7.1 Hz, 6H), 0.92 (t, ] = 7.0 Hz, 4H); *C
NMR: (100 MHz, DMSO-ds) 6 164.36-164.05, 152.00-151.71,
151.48, 148.30, 146.45-146.22, 142.08-141.78, 141.17-140.81,
134.52-134.16, 132.50, 129.50-129.00, 128.29, 127.35, 124.49-
124.07, 123.62-122.94, 118.82, 108.75, 105.45, 96.22, 66.05,
37.95, 19.18-18.89, 17.48, 14.64 ppm; ESI-TOF HRMS (m/2):
caled for C3,H34NgO,, [M + H]', 534.66; found, 534.68.

3. Results and discussion

3.1. UV-vis absorption spectral studies of sensor Pyr-Rhy

The UV-vis absorption spectra of sensor Pyr-Rhy toward
different metal ions (Ag", AI**, €d**, Co*", Cr**, Cu**, Hg', Mg*",
Ni*" and Zn**) were studied through using UV-vis spectros-
copy.***® As shown in Fig. 2, free sensor solution in DMSO/H,0
(1/1, v/v) showed one distinct absorption band at 320 nm.
However, with the addition of Hg*" (10 uM, water as solution) to
the above solution, a new the observed absorption band at
320 nm decreased obviously. Whereas, with the addition of
other metal cations (Ag", AI**, Cd**, Co**, Cr**, Cu®*, Mg**, Ni**
and Zn>*, water as solution) showed no significant decrease,
which indicated the complexation of sensor Pyr-Rhy with Hg*".
These test results displayed that the UV-vis response of sensor
Pyr-Rhy has highly specific selection for Hg>".

3.2. Fluorescence study of sensor Pyr-Rhy

The fluorescence emission behavior of sensor Pyr-Rhy toward
different metal ions was investigated in DMSO/H,O (1/1, v/v)
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Fig. 2 UV-vis absorption spectra of sensor Pyr-Rhy (10 pM) upon
addition of different metal ions (10 puM) in DMSO/H,O (1/1, v/v)
solution.

solution, and the test results can be seen from Fig. 3.>¢?*
Clearly, free sensor Pyr-Rhy exhibited one fluorescence emis-
sion band at about 575 nm with an excitation at 525 nm. But
after the addition of Hg*" (1.0 equiv.), a significant fluorescence
enhancement can be observed with the emission maximum at
575 nm. In contrast, addition of other metal ions exhibited no
significant fluorescence enhancement. This fluorescence
response of sensor Pyr-Rhy to Hg>" might be ascribed to the
blocked photoinduced electron transfer (PET) process and the
chelation-enhanced fluorescence (CHEF) behavior.?**° Before
adding metal ions, the isomerization of C=N double bond of
sensor Pyr-Rhy exhibited weak fluorescence emission. While,
addition of metal ions leaded to a new m-conjugated structure,
which was accompanied with a selective chelation-enhanced
fluorescence (CHEF) effect.

The specificity of sensor Pyr-Rhy toward Hg>" was investi-
gated by colorimetric experiments. As we can see from Fig. 4a,
addition of Hg”" to the solution of sensor Pyr-Rhy in DMSO/H,0

600 | Hg

,
; 500
z J Ag', AI", Cu™, Co™, Fe",
= Nq2t e I aged¥ 2+
S 400 Cd",Cr ,Ni",Zn" and
]
- 1 Pyr-Rhy
=
£ 300
o
g 1
-
S 200
=

T T
600 650 700

Wavelength/nm

Fig. 3 Fluorescence spectra of sensor Pyr-Rhy (10 uM) in the pres-
ence of various metal ions (10 uM) in DMSO/H,0 (1/1, v/v) solution (Aex
= 525 nm).
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Fig. 4
(b) color change induced upon addition of ng+

(a) 204

Fluorescent intensity/a.u,

614
Wavelength/nm

Fig. 5
(b) the linear fit between sensor Pyr-Rhy and Hg?*

(10 pumol L™*, 1/99, v/v) resulted in a color change from colorless
to pink in a few seconds, which suggested that sensor Pyr-Rhy
could be used for naked eye recognition of Hg>" with concen-
tration as low as 10 pmol L™'. In addition, the fluorescence
color change from blond to bright yellow was clearly observed
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Fig. 6 Effect of pH on the fluorescence intensity of sensor Pyr-Rhy
toward ng+ in DMSO/H,0 (1/1, v/v) solution.
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(a) The fluorescence spectra of sensor Pyr-Rhy (10 uM) with the increasing concentration of Hg>"

(a) Colorimetric performance of sensor Pyr-Rhy (10 uM) upon addition of different metal ions (1.0 equiv.) in DMSO/H,O (1/1, v/v) solution;
under 365 nm UV lamp.
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ion (0-2.0 equiv.) in ethanol solution;

under 365 nm UV light after addition of Hg*". Addition of other
metal cations showed no distinct influence on the fluorescence
color (Fig. 4b). These outstanding findings demonstrated that

I Pry-Rhy+other metals
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Fig. 7 The black bars represent the fluorescent intensity of sensor
Pyr-Rhy and various metal ions (1.0 equiv.) in DMSO/H,O (1/1, v/v)
solution; the red bars represent the fluorescent intensity of sensor Pyr-
Rhy and Hg?* (1.0 equiv.) in DMSO/H,O (1/1, v/v) solution.
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Fig. 8 Changes in emission spectra of Pyr-Rhy in the presence of
Hg?* and EDA in ethanol solution. Inset: color change induced upon
addition of EDA.

sensor Pyr-Rhy could be used to detect Hg”" qualitatively and
quantitatively by changing the color and doubling the spectral
signals.

To explore the sensitivity of sensor Pyr-Rhy toward Hg*"*, the
fluorescence titration experiments were carried out and the
results were shown in Fig. 5a. The fluorescence intensity of
sensor Pyr-Rhy was gradually enhanced with the increasing of
Hg”" concentration. It was clearly found that the saturation
state was reached in presence of 1.0 equiv. of Hg**, which
proved the 1:1 binding stoichiometry of sensor Pyr-Rhy with
Hg”*. This fluorescent behavior was ascribed to the coordina-
tion of sensor Pyr-Rhy with Hg?", which decreased the PET
process and C=N isomerization. Moreover, there was an
excellent linear relationship between the fluorescence intensity

(@)

.
|

View Article Online
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and the concentration of Hg** (R> = 0.99163) (Fig. 5b). Based on
this, the detection limits of sensor Pyr-Rhy with Hg”" was
calculated to be as low as 2.07 x 10~® M (DL = 3Sb/S).

3.3. pH effects

The effect of pH on fluorescence response of sensor Pyr-Rhy
toward Hg>" was determined over a wide range of pH (1.0-14.0).
In this test, hydrochloric acid and sodium hydroxide were used
to adjust the pH values. As shown in Fig. 6, the fluorescence
intensity of sensor Pyr-Rhy increased with the increasing of pH
value (pH = 4.0). And with the increasing of pH (pH = 5-12), the
fluorescence intensity was observed to be held steady. These
results proved that this probe has potential application value to
test Hg>* within a biological scale of pH values.

3.4. Competition experiment and reversibility study

High selectivity toward Hg>" over the other metal ions is an
important parameter, which is helpful to study the performance
of sensor Pyr-Rhy. Therefore, the competition experiments were
carried out in the presence of Hg>* (1.0 equiv.) mixed with other
metal ions (1.0 equiv.) in aqueous DMSO media (DMSO/H,0, 1/
1, v/v), and the result was shown in Fig. 7. The selectivity of
sensor Pyr-Rhy toward Hg”" ions over other competitive cations
was remarkably high, illustrating that sensor Pyr-Rhy was
capable of fluorescent recognition of Hg?* with high selectivity
and sensitivity in aqueous DMSO solution (DMSO/H,0, 1/1, v/v).

Reversibility study was carried out to explored the reuse
property of sensor Pyr-Rhy toward Hg?". Reversibility is a key
prerequisite in designing and developing novel chemosensors
for practical applications. The reversibility of the recognition
process of sensor Pyr-Rhy was performed by adding a strong
chelating agent EDA (Fig. 8).**> The addition of excessive EDA
to a mixture of sensor Pyr-Rhy and Hg** in ethanol solution

(b)

Fig.9 Photographs showing the color changes of sensor Pyr-Rhy before and after addition of Hg>* under (a) sunlight and (b) 365 nm UV

light.
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Fig. 10

resulted in diminution of the fluorescence intensity, due to
demetalation of Hg>" from the corresponding complex. Mean-
while, the solution color was changed from fluorescent yellow to
colorless, which indicated the regeneration of chemosensor Pyr-
Rhy. However, when Hg>" continued to be added to the mixed
solution, a strong fluorescence enhancement was observed and
the solution color was changed from colorless to fluorescent
yellow, which demonstrated the excellent reversible property of
sensor Pyr-Rhy.
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(a) The FT-IR spectrum of sensor Pyr-Rhy; (b) binding FT-IR spectrum of Pyr-Rhy—Hg?".

3.5.

Hg™"
The recognition of sensor Pyr-Rhy toward Hg”" was tested on
pretreated filter paper to explore its versatility application as
a simple and efficient solid-state probe. The test strips were
prepared by immersing the filter paper into a saturated solution
of sensor Pyr-Rhy in DMSO for a few seconds. Then, these strips
dried in air and subsequently treated with Hg>" solution (1.0 x
107 mol L") in water for solid state experiments. The filter

Contact mode detection between sensor Pyr-Rhy and

Pyr-Rhy
Pyr-Rhy-Hg?*

1 (rom)

Fig. 11 *H NMR spectra of sensor Pyr-Rhy and complex Pyr-Rhy—Hg?" in DMSO-d.
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Fig.12 Job's plot for sensor Pyr-Rhy and Hg?* in DMSO/H,0 (1/1, v/v)
solution.

paper soaked with sensor Pyr-Rhy (1.0 x 10~ * mol L', DMSO as
solution) showed white and purple colors under sunlight and
365 nm UV light (Fig. 9), respectively. After soaking with Hg”"
(1.0 x 107 mol L™, water as solution), the colors were turned
to pink and dull red under sunlight and 365 nm UV light,
respectively. Therefore, this solid-state method offers a conve-
nient and cost-effective strategy for naked-eye detection of Hg>*
ion.

3.6. Proposed binding mode of sensor Pyr-Rhy with Hg>* ion

The binding mode of sensor Pyr-Rhy toward Hg”" was investi-
gated through IR spectra (Fig. 10). Free sensor Pyr-Rhy showed
stretching vibration bands assignable to -OH and CH=N at
3422 and 1674 cm™ ', respectively (Fig. 10a). While complexation
of sensor Pyr-Rhy with Hg>" resulted in the obvious shift of -OH
stretching vibration band from 3422 cm ' to 3432 cm ™'
(Fig. 10b). Furthermore, the characteristic stretching vibration
band of CH=N and phenolic O-H changed obviously, which
indicated that the aldimine nitrogen atom of sensor Pyr-Rhy
was involved in the chelating with Hg>". This result was further
confirmed by the "H NMR spectra recorded in DMSO-d, as

PET

Fig. 13 Proposed sensing mechanism of sensor Pyr-Rhy toward Hg?*.

This journal is © The Royal Society of Chemistry 2019
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shown in Fig. 11. The H proton signals of phenolic OH and
aldimine CH=N in free sensor Pyr-Rhy were located at ¢ 8.74
and 8.50 ppm, respectively. However, upon addition of Hg>" (1.0
equiv.), these two signals shifted to lower 6 values (8.59 ppm for
OH, and 8.36 ppm for CH=N). These data strongly supported
the previous conclusion that complexation reaction of sensor
Pyr-Rhy with Hg>* occurred at the CH=N position, and thereby
leading to the obvious migration of intramolecular electrons
and H proton signals of CH=N and OH.

In addition, the Job's plot of sensor Pyr-Rhy with Hg>* in
DMSO/H,0 (1/1, v/v) solution was also measured. As depicted in
Fig. 12, the maximum emission intensity was measured for
a molar fraction of 0.5, which gave a solid evidence for the
formation of a 1:1 complex of sensor Pyr-Rhy with Hg>".
Furthermore, the R value also proved the 1:1 stoichiometric
ratio for the formation of sensor Pyr-Rhy-Hg>* complex. The
1:1 binding stoichiometry was further confirmed by Benesi-
Hildebrand method, the plot of 1/(F — F,) against 1/[Hg>']
showed an excellent linearity (R*> = 0.99163) (Fig. 5b), which
strongly supported the 1 : 1 binding stoichiometry of the sensor
Pyr-Rhy and Hg>". The proposed binding mechanism of sensor
Pyr-Rhy with metal ions is shown in Fig. 13.>*7*® Free sensor Pyr-
Rhy contains two equilibrium conformations owing to the
isomerization of C=N bond, which can lead to weak fluores-
cence emission. After adding specific metal ions, the isomeri-
zation of C=N double bond is severely restrained due to the
block of photoinduced electron transfer (PET). This process
generates a new t-conjugated structure, which can result in the
increase of structure rigidity and the enhancement of fluores-
cence intensity.

4. Conclusions

In summary, a novel efficient fluorescent probe Pyr-Rhy for
naked-eye detection of Hg>* had been successfully synthesized,
using the commercial available pyrazole and rhodamine 6G as
the starting materials. This probe exhibits high anti-
interference performance, rapid response, high sensitivity and
excellent selectivity toward Hg>" over other coexisted metal ions
within wide pH range. The filter paper test strips demonstrate
that probe Pyr-Rhy has high value in the practical applications.

strong fluorescence
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Importantly, the probe can be used to trace amounts of
hazardous Hg>" ions in water with good recoveries and less
relative standard deviations, indicating that the developed
probe has good accuracy and precision for the analysis of trace
Hg”" in practical samples.
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