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tection of malachite green and
cations (Cr3+, Fe3+ and Cu2+) by a europium-based
coordination polymer†

Ya-Jie Kong,a Guo-Zheng Hou,a Zhao-Ning Gong,a Feng-Tan Zhaoa

and Li-Juan Han *ab

Due to remarkable fluorescence characteristics, lanthanide coordination polymers (CP) have been widely

employed in fluorescence detection, but it is rarely reported that they act as multifunctional luminescent

probes dedicated to detecting malachite green (MG) and various metal ions. A europium-based CP

fluorescent probe, Eu(PDCA)2(H2O)6 (PDCA ¼ 2,6-pyridinedicarboxylic acid), has been synthesized and

exhibited excellent recognition ability for malachite green and metal cations (Cr3+, Fe3+ and Cu2+)

among 11 metal cations, 13 anions and six other compounds. The recognition was achieved by

fluorescence quenching when MG, Cr3+, Fe3+ and Cu2+ were added to a suspension of Eu(PDCA)2(H2O)6
respectively. Eu(PDCA)2(H2O)6 is a multifunctional luminescent probe, and displayed high quenching

efficiencies Ksv (2.10 � 106 M�1 for MG; 1.46 � 105 M�1 for Cr3+; 7.26 � 105 M�1 for Fe3+; 3.64 � 105 M�1

for Cu2+), and low detection limits (MG: 0.039 mM; Cr3+: 0.539 mM; Fe3+: 0.490 mM; Cu2+: 0.654 mM),

presenting excellent selectivity and sensitivity, especially for MG. In addition, Eu(PDCA)2(H2O)6 was also

made into fluorescent test strips, which can rapidly and effectively examine trace amounts of MG, Cr3+,

Fe3+ and Cu2+ in aqueous solutions. This work provides a new perspective for detecting malachite green

in fish ponds and heavy metal ions in waste water.
1. Introduction

Malachite green (MG) is a triphenylmethane compound, exists
as green crystals and is easily soluble in water. It is an industrial
dye and used for dyeing wool, paper and other materials. In the
past, malachite green has been utilized as a fungicide in the
aquaculture eld to control parasites, fungi and bacterial
infections in aquatic products.1,2 However, later studies showed
that malachite green and its metabolites have obvious residues
and toxicity in aquatic animals, which can cause cancer, tera-
togenicity and mutation.3,4 In the eld of pollution-free aqua-
culture, it has been forbidden in some countries. However,
malachite green is still illegally employed in sh farming
because of its remarkable antibacterial property and low price.

In order to detect whether MG remains in water of aqua-
culture, it is necessary to develop a rapid and effective method
in detecting MG. The most common method is surface-
enhanced Raman scattering (SERS),5–14 but substrate
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unreliability and impurity interference are major inhibited
factors for practical application.15 In recent years, several
publications have reported uorescence detection method for
MG, and some results have been achieved.16–19 However, only
a few lanthanide CP were used to detect MG.20–22 It is still
necessary to develop Ln-CP uorescent sensors for MG detec-
tion with higher selectivity and sensitivity.

Much industrial wastewater discharged from mining,
metallurgy, chemical and battery manufacture involves a large
amount of toxic heavy metal ions. Heavy metal ion pollution
was regarded as severe danger to aquatic organisms, plants,
animals, human health and the environment, so it is still
a severe task to develop an effective method for detecting heavy
metal ions in industrial wastewater. Traditional detection
methods for heavy metal ions include ultraviolet spectrometry
(UV),23–29 atomic absorption spectrometry (AAS),30,31 uores-
cence spectrometry (FS),32–37 and inductively coupled plasma
mass spectrometry (ICP-MS).38–41 Among these methods, uo-
rescence spectrometry has been used widely because it is
simple, fast, precise and cost-effective.42,43 It is necessary to
design new chemical sensors for the efficient detection of trace
metal ions in environmental chemistry.

Due to multiple coordination modes and remarkable uo-
rescence characteristics,44–53 lanthanide CP (such as Tb-CP, Eu-
CP) have been widely employed in uorescent detection,54–65

such as detecting metal cations,66–75 inorganic anions,69–75 small
RSC Adv., 2022, 12, 8435–8442 | 8435
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View Article Online
organic molecules76–80 and explosives.81–83 However, it is rarely
recorded that lanthanide CP as multifunctional luminescent
probe dedicated to detecting MG and various metal ions.22 In
this work, we synthesized an Eu-based CP, Eu(PDCA)2(H2O)6
(referred to as Eu-PDCA, PDCA ¼ 2,6-pyridinedicarboxylic acid),
and surveyed its application in uorescence detection. We
detected 11 metal cations, 13 anions, six other compounds, and
the results showed that Eu-PDCA can rapidly recognize mala-
chite green and cations (Cr3+, Fe3+ and Cu2+) by uorescence
quenching.
2. Experimental
2.1 Synthesis of Eu(PDCA)2(H2O)6

A solution of distilled water (3 mL) containing Eu(NO3)3$6H2O
(0.0267 g, 0.06 mmol) and 2,6-pyridinedicarboxylic acid
(0.0201 g, 0.12 mmol) was placed in a Teon vessel under
autogenous pressure and heated at 140 �C for 96 hours, cooled
to room temperature over 48 hours. Yellow block crystals were
obtained and washed with distilled water and ethanol, dried in
air and collected in 61% yield.
2.2 Luminescence sensing experiment

Ethanol solution (50 mL) was added into the ground Eu-PDCA
powder (25 mg), performing ultrasonic treatment for four
hours. Aer standing for 12 hours, the colloidal suspension of
upper layer was used for uorescence detection. Malachite
green (5� 10�4 mol L�1 in water solution) and other substances
or ions (5 � 10�3 mol L�1 in water solution) were dropped into
Eu-PDCA suspension, respectively, then the photoluminescence
(PL) spectroscopy was monitored.
3. Results and discussion
3.1 Crystal structure

X-ray crystallographic analysis reveals that Eu(PDCA)2(H2O)6
(PDCA ¼ 2,6-pyridinedicarboxylic acid) crystallizes in mono-
clinic system, P21/c space group. Eu(III) cation lay in nine coor-
dinated environment, where four oxygen atoms in two
carboxylate groups from two 2,6-pyridinedicarboxylic acid
ligands, two nitrogen atoms from the same two 2,6-pyr-
idinedicarboxylic acid ligands, one oxygen atom from other 2,6-
pyridinedicarboxylic acid ligand, and two oxygen atoms from
two water molecules coordinated to same Eu(III) center (Fig. 1a).
The four free water molecules lay in the lattice, and they have
been omitted for clarity in Fig. 1a. The average Eu–O distance
was 2.454 Å, and average Eu–N distance was 2.563 Å. Moreover,
Each Eu(III) coordinated unit connected to each other by the
bidentate PDCA ligands, resulting a linear chain (Fig. 1b). A
three-dimensional structure is achieved by p–p stacking inter-
actions between pyridine rings, as shown in Fig. 1c. The two
pyridine rings are stacked in a parallel-displaced geometry with
lateral offset. The interplanar distance between the two pyridine
rings is 3.231 Å, respectively. The Eu–O bond lengths and bond
angles listed in Table S1,† and the crystal data and structural
renement parameters are summarized in Table S2.†
8436 | RSC Adv., 2022, 12, 8435–8442
3.2 Thermal stability and PXRD

Thermogravimetric analysis (TGA) and powder X-ray diffraction
(PXRD) were measured for the thermal and chemical stability
analysis. Thermal gravimetric analysis of Eu-PDCA was shown
in Fig. S1.† The weight loss rate of rst stage was 18.5% (calcd
18.3%) from room temperature to 118 �C, which was respon-
sible for losing all water molecules. The weight loss rate of
52.1% (calcd 55.9%) happened in second stage aer 118 �C,
belonging to the loss of coordinated 2,6-pyridinedicarboxylic
acid. The powder X-ray diffraction displayed that crystal peaks
of Eu-PDCA were consistent with simulated patterns, suggesting
the pure crystals of Eu-PDCA (Fig. S2†).
3.3 Luminescence properties of Eu-PDCA

3.3.1 Fluorescent detecting MG by Eu-PDCA. In order to
investigate the uorescence sensing quality of Eu-PDCA, we
detected six substances, 11 metal cations and 13 inorganic
anions, and the test results of six substances were displayed in
Fig. 2.

As shown in Fig. 2a and S3, among the six substances
(malachite green, epinephrine bitartrate, ascorbic acid, glucose,
L-cysteine, p-nitroaniline), only adding 20 mL malachite green
(5 � 10�4 mol L�1) to Eu-PDCA suspension, the uorescence
intensity of Eu-PDCA was almost reduced to zero, representing
complete quenching. However, when 300 mL other substances
(5 � 10�3 mol L�1) were added to Eu-PDCA suspension
respectively, the uorescence intensity of Eu-PDCA was not
completely quenched. Fig. 2b demonstrating the uorescence
spectra of Eu-PDCA (ethanol suspension, 1.0 mL) added various
analytes (20 mL), the result also revealed the 20 mL MG had the
best quenching ability with small volume and quick response
(in seconds), so Eu-PDCA can effectively detect MG by uores-
cence quenching.

The detection of MG is performed bymeasuring uorescence
spectroscopy of Eu-PDCA before and aer adding MG. With the
dropping of MG, the uorescence intensity of Eu-PDCA
decreased gradually. When adding 20 mL MG, the uorescence
intensity of Eu-PDCA at 615 nm almost decreased to 0. The
titration curves for Eu-PDCA by MG are shown in Fig. 3a. The
detection was immediately completed when MG was dropped,
only spending several seconds. The result revealed malachite
green had evident uorescent quenching ability for Eu-PDCA.
The quenching efficiency Ksv was calculated by the Stern–
Volmer (SV) equation. Fig. 3b presenting the Stern–Volmer
plots, the Io/I is linearly proportional to MG concentration, and
the slope is the Ksv. The Ksv for MG was quantied to be 2.10 �
106 M�1, exhibiting excellent selectivity of Eu-PDCA toward MG.
Moreover, the calculated detection limit was 0.039 mM. In
addition, in order to detect more conveniently and quickly,
uorescence test strip was used for detecting MG. The test strip
was prepared by dipping a lter paper (1 � 3 cm2) in Eu-PDCA
ethanol suspension and dried at room temperature. As shown
in the le of Fig. 3c, the test strip was white under natural light.
For the detection of MG, the test strip was dipped in MG
aqueous solution for 1 min and exposed to air for drying. Seeing
the right of Fig. 3c, the test strip was greenblack aer immersed
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Coordinationmode of Eu(III) cation for Eu-PDCA (four free water molecules were omitted for clarity). (b) A linear chain formed by Eu–O
coordinated bonds. (c) 3D structure formed by p–p stacking interactions between pyridine rings.
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View Article Online
in MG observed under natural light. In the le of Fig. 3d, under
the irradiation of UV light of 365 nm, the test strip without MG
was pink. While the pink uorescence of the test paper dis-
appeared aer soaked in MG aqueous solution (in the right of
Fig. 3d). To sum up, Eu-PDCA presented fast-responsive lumi-
nescent recognition for MG with excellent selectivity and
sensitivity.

3.3.2 Fluorescent detecting cations by Eu-PDCA. In Fig. 4a
and S4, among 11 metal cations, Cr3+ (30 mL), Fe3+ (40 mL) and
Cu2+(50 mL) can completely quench the uorescence of Eu-
PDCA. While quench ability for Eu-PDCA by other cations
(Cd2+, Zn2+, Al3+, Ag+, K+, Ca2+) was weak, and their quenching
ability gradually decreased. Cd2+ (200 mL) can quench the 97.2%
uorescence intensity of Eu-PDCA, and Zn2+ (300 mL) can
quench 96.9% uorescence intensity of Eu-PDCA. In addition,
when Ba2+ or Mg2+ ions are added dropwise, uorescence
enhancement occurs. Ba2+ (130 mL) can enhance the relative
© 2022 The Author(s). Published by the Royal Society of Chemistry
uorescence intensity of Eu-PDCA from 1 to 1.973, and Mg2+

(100 mL) enhance the relative uorescence intensity from 1 to
1.957. But beyond this volume, the uorescence intensity will
decrease slightly. Fig. 4b presenting the uorescence spectra of
Eu-PDCA (ethanol suspension, 1.0 mL) added 40 mL metal
cations, when 40 mL Cr3+, Fe3+ and Cu2+ was added, the uo-
rescence intensity at 615 nm of Eu-PDCA almost reduced to 0,
indicating Cr3+, Fe3+ and Cu2+ having excellent quench ability
for Eu-PDCA.

As shown in Fig. 5a, d and g, Cr3+ (30 mL), Fe3+ (40 mL) and
Cu2+(50 mL) can decrease the relative uorescence intensity of
Eu-PDCA nearly to 0. And calculated Ksv for Cr

3+, Fe3+ and Cu2+

was 1.46 � 105 M�1, 7.26 � 105 M�1, 3.64 � 105 M�1, respec-
tively. Moreover, the detection limit was about 0.539 mM for
Cr3+, 0.490 mM for Fe3+ and 0.654 mM for Cu2+. In addition,
uorescence test paper was also prepared for detecting Cr3+,
Fe3+ and Cu2+ cations. As shown in Fig. 5b, e and h, the pictures
RSC Adv., 2022, 12, 8435–8442 | 8437
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Fig. 2 (a) Bar graph representing the change of the relative emission
intensity at 615 nm in the presence of six various analytes. (b) Fluo-
rescence spectra of Eu-PDCA (ethanol suspension, 1.0 mL) added
various analytes (20 mL) (excited at 265 nm).

Fig. 3 (a) Fluorescence spectra of Eu-PDCA (ethanol suspension,
1.0 mL) added MG solution (5 � 10�4 mol L�1) (excited at 265 nm). (b)
SV curve for MG. (c) Optical image of Eu-PDCA test paper after
immersed in MG solution under natural light. (d) Optical image of the
Eu-PDCA test paper after immersed in MG solution under 365 nm
ultraviolet light.
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of the test strips before and aer soaking in cations solution
show almost no change, except that the test strips soaked in
iron ions are slightly yellow observed in natural light. Under
365 nm ultraviolet lamp, it was found that the pink uorescence
of the test strips aer soaked in solution disappeared (Fig. 5c, f
and i). Eu-PDCA can detect Cr3+, Fe3+ and Cu2+ by uorescence
quenching, and uorescence test strips can help detect Cr3+,
Fe3+ and Cu2+ quickly.

3.3.3 Fluorescent detecting anions by Eu-PDCA. In Fig. 6a,
6c and S5, among 13 anions, MnO4

� (30 mL) can
completely quench uorescence of Eu-PDCA, CrO4

2� (300 mL)
8438 | RSC Adv., 2022, 12, 8435–8442
can quench the 90.6% uorescence intensity of Eu-PDCA, and
ClO4

� (300 mL) can quench the 51.3% uorescence intensity of
Eu-PDCA. While 300 mL other anions (BrO3

�, Br�, Cl�, SO4
2�,

H2PO4
�, NO2

�, F�, HCO3
�, CH3COO

�) processed weaker quench
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Bar graph representing the change of the relative emission intensity at 615 nm in the presence of 11 cations. (b) Fluorescence spectra of
Eu-PDCA (ethanol suspension, 1.0 mL) added various cations (40 mL) (excited at 265 nm).

Fig. 5 (a), (d) and (g) Fluorescence spectra of Eu-PDCA (ethanol suspension, 1.0 mL) added metal ions (5� 10�3 mol L�1) (excited at 265 nm). (a)
Cr3+, (d) Fe3+, (g) Cu2+. Optical image of Eu-PDCA test paper after immersed in solutions under natural light, (b) Cr3+, (e) Fe3+, (h) Cu2+. Optical
image of Eu-PDCA test paper after immersed in solutions under 365 nm ultraviolet light, (c) Cr3+, (f) Fe3+, (i) Cu2+.
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ability for Eu-PDCA. In addition, added PO4
3� (50 mL), the rela-

tive uorescence intensity of Eu-PDCA was increased from 1 to
3.557, belong to uorescence enhancement. However, when the
volume of PO4

3� continued to increase, the uorescence inten-
sity of suspension decreased. Fig. 6b representing the uores-
cence spectra of Eu-PDCA (ethanol suspension, 1.0 mL) added
30 mL anions, the result revealed that MnO4

� (30 mL) has best
uorescence quench effect for Eu-PDCA, and PO4

3� has obvious
uorescence enhancement effect with low concentration.
© 2022 The Author(s). Published by the Royal Society of Chemistry
3.4 Detection mechanism

The spectral overlap, energy competition and transfer32,66,84 were
responsible for uorescent quenching of Eu-PDCA. As can be
seen in Fig. S6† of the liquid UV-vis spectra, MG, Cr3+, Fe3+ and
Cu2+ in water have wide absorption bands from 200 to 700 nm,
which covered the majority absorption band of Eu-PDCA
suspension. Under the excitation of light source, there was
a competition of absorbing light source energy.85,86 Therefore,
RSC Adv., 2022, 12, 8435–8442 | 8439
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Fig. 6 (a) Bar graph representing the change of the relative emission
intensity at 615 nm in the presence of 13 anions. (b) Fluorescence
spectra of Eu-PDCA (ethanol suspension, 1.0mL) added various anions
(30 mL) (excited at 265 nm). (c) Fluorescence spectra of Eu-PDCA
(ethanol suspension, 1.0 mL) added MnO4

� (5 � 10�3 mol L�1) (excited
at 265 nm).

8440 | RSC Adv., 2022, 12, 8435–8442
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MG, Cr3+, Fe3+ and Cu2+ almost ltered all the light adsorption
of Eu-PDCA, leading to the uorescent quenching.
4. Conclusions

We synthesized a europium-based coordination polymer (Eu-
PDCA) and surveyed its application in luminescent sensing.
Eu-PDCA was capable of quick and effective optical detection of
malachite green, cations (Cr3+, Fe3+ and Cu2+) and anionMnO4

�

via a luminescence quenching mechanism. Among 11 metal
cations, 13 anions, six other substances, Eu-PDCA has high
quenching efficiency of 2.10 � 106 M�1 and low detection limit
of 0.039 mM for MG. It is hoped that our results can provide new
inspiration to design uorescent sensors for MG and ions.
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