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Six novel lanthanide complexes (INd,(L)(H,0)el,-4.58n(H,0) (1), [Ln(HzL)(H,O)1,-0.5n(H,0), Ln = Sm (2),
Eu (3), Gd (4), Tb (5), Eug18Gdos2Thg 20 (6)) have been hydrothermally synthesized based on the ligand
4,5-di(3,5-dicarboxylphenoxy)phthalic acid (Hgl). Single crystal X-ray diffraction reveals that complexes
1-6 are 2D structures, where 2—6 are isomorphic. Complexes 3 and 5 exhibit the characteristic fluor-
escence of Eu(i) and Tb(in) ions respectively, while complex 4 shows blue-green light emission based on
the ligand. In particular, the ternary Eu/Gd/Tb complex 6 shows white light emission with a CIE
(Commission International del'Eclairage) chromaticity coordinate of (0.330, 0.339) and hence close to
pure white light emission. Moreover, complexes 3 and 5 display specific fluorescence-enhanced detec-
tion performance for Pb2* ions: The interaction between Pb?* ions and the ligand enhances the charge

Received 9th December 2023,
Accepted 29th January 2024

DOI: 10.1039/d3dt04118b

transfer efficiency between the ligand and the Eu(n) and Tb(i) ions and thus leads to fluorescence
enhancement of complexes 3 and 5. More importantly, complex 3 exhibits the lowest detection limit of
4.72 nM for Pb?* ions among the existing complex fluorescent probes. In addition, both complexes 3 and

rsc.li/dalton 5 show good performance for recycling and for the detection of Pb?* in real water samples.

used as fluorescent sensing materials because of their unique
‘antenna effect’ and their colors visible to the naked eye."*

1. Introduction
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Lead ions (Pb>*) are widely encountered in daily life; they
occur in batteries, toy jewelry, pigments, etc."”” Pb>" represents
one of the most toxic heavy metal ions and is highly hazardous
to human health. After intake into the human body it can
damage the functions of the kidneys, the reproductive and
nervous system, and brain cells.** Therefore, reliable
methods for the detection of Pb>" ions are urgently needed.
The scientific literature suggests that most of the materials
used for fluorescence detection of Pb*" ions are based on
rather expensive carbon quantum dot-doped metal gold.">®
In a more general context, lanthanide complexes are widely
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The ‘antenna effect’ of lanthanide fluorescent materials is
often attenuated or even annihilated by the encountered fluo-
rescence resonance energy transfer (FRET) and photoinduced
electron transfer (PET) mechanisms, and therefore most
lanthanide complexes exhibit ‘turn-off’ fluorescent probes.>*?*
In contrast, enhanced fluorescent probes show higher sensi-
tivity due to reduced background interference and a higher
signal-to-noise ratio.'*?*> 2 Therefore, the study of lanthanide
complexes with enhanced fluorescence sensing properties and
their fluorescence enhancement mechanisms have attracted
much attention.

Aromatic polycarboxylic acid ligands including ether bonds
appear particularly attractive: these flexible ¢ bonds can reduce
steric hindrance by free rotation and maximizing the coordi-
nation requirements of metal ions.’**® Moreover, the ether
bonds may interact with metal ions as additional Lewis basic
sites to achieve the identification of metal ions with
precision.>”"*" Herein, we report six two-dimensional (2D) and
structurally novel complexes 1-6 ([Nd,(L)(H,0)s],-4.58n(H,0)
(1), [Ln(H;3L)(H,0)],-0.5n(H,0), Ln = Sm (2), Eu (3), Gd (4), Tb
(5), Eug.18Gdo.62Thg20 (6)), which are constructed by the aro-
matic polycarboxylic acid ligand 4,5-di(3,5-dicarboxylphenoxy)
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phthalic acid (HeL, shown in Scheme S1}) featuring ether
bonds. Although some complexes based on HgL ligand have
been reported,**™* the ligand exhibits different protonation
forms and coordination modes due to the different type and
coordination environment of metal ions, resulting in struc-
tural diversity and property difference of the complexes. The
structural and fluorescence properties of 1-6 have been
studied in detail. Considering the unique luminescence of Eu/
Gd/Tb complexes, the co-doped trimetallic complex 6 with
white light emission was synthesized. In addition, complexes 3
and 5 were investigated as enhanced fluorescent probes for the
specific detection of Pb>" ions, and the fluorescence detection
mechanism was analyzed in detail.

2. Experimental
2.1 Synthesis of [Nd,(L)(H,0)e]..-4.58n(H,0) (1)

As shown in Scheme S1,t the syntheses of all complexes only
differ by the initial lanthanide salts. A mixture of NdCl;-6H,O
(53.80 mg, 0.15 mmol), HeL (26.30 mg, 0.05 mmol) and H,0
(8 mL) was sealed in a 15 mL Teflon-lined stainless steel con-
tainer. The autoclave was heated under autogenous pressure at
413 K for 72 h and then allowed to cool to room temperature.
Colorless spindle-shaped crystals of 1 were obtained by filtration,
washed with water and dried in air. Yield 9% (based on HgL).
Elemental analysis calculated (%) for C,4Hz9 »3Nd»054 60: C 28.83,
H 2.95; found: C 28.80, H 2.96. IR (KBr, v, cm™'): 3428 (m),
1621 (m), 1543 (s), 1394 (s), 1316 (m), 1265 (m), 1174 (s), 1102
(w), 1053 (m), 981 (s), 825 (s), 782 (s), 732 (W), 668 (W), 612 (W).

2.2 Synthesis of [Sm(H;L)(H,0)],,-0.57(H,0) (2)

The procedure was the same as that of 1 except that
NdCl;-6H,0 was replaced by SmCl;-6H,0 (54.72 mg,
0.15 mmol). Massive colorless bulk crystals of 2 were obtained,
yield 60% based on HgL. Elemental analysis calculated (%) for
C,,H;,SmO;;5 5: C 41.14, H 2.01; found: C 41.18, H 2.06. IR
(KBr, v, cm™): 3371 (m), 3080 (w), 2924 (w), 2852 (W), 2568 (w),
1707 (s), 1572 (s), 1423 (s), 1294 (s), 1223 (m), 1174 (s), 1053
(w), 981 (s), 910 (s), 796 (m), 768 (m), 704 (s), 661 (s), 618 (s).

2.3 Synthesis of [Eu(H;L)(H,0)],-0.51n(H,0) (3)

The procedure was the same as that of 1 except that
NdCl;-6H,0 was replaced by EuCl;-6H,0 (54.95 mg,
0.15 mmol). Colorless bulk crystals of 3 were obtained, yield
57%. Elemental analysis calculated (%) for Cy4H;,EuO;55: C
40.04, H 2.01; found: C 40.01, H 2.07. IR (KBr, v, cm™"): 3371
(m), 3080 (w), 2924 (w), 2852 (w), 2568 (w), 1707 (s), 1572 (s),
1423 (s), 1294 (s), 1223 (m), 1174 (s), 1053 (W), 981 (s), 910 (s),
796 (m), 768 (m), 704 (s), 661 (s), 618 (s).

2.4 Synthesis of [Gd(H;L)(H,0)],-0.57(H,0) (4)

The procedure was the same as that of 1 except that
NdCl;-6H,0 was replaced by GdCl;-6H,0 (55.76 mg,
0.15 mmol). Colorless bulk crystals of 4 were obtained, yield
59%. Elemental analysis calculated (%) for C,,H;,GdO;55: C
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40.74, H 1.99; found: C 40.69, H 2.01. IR (KBr, v, ecm™"): 3371
(m), 3080 (w), 2924 (w), 2852 (w), 2568 (w), 1707 (s), 1572 (s),
1423 (s), 1294 (s), 1223 (m), 1174 (s), 1053 (w), 981 (s), 910 (s),
796 (m), 768 (m), 704 (s), 661 (s), 618 (s).

2.5 Synthesis of [Tb(H;L)(H,0)],,-0.5n(H,0) (5)

The procedure was the same as that of 1 except that
NdCl;-6H,0 was replaced by TbCl;-6H,0 (56.01 mg,
0.15 mmol). Colorless bulk crystals of 5 were obtained, yield
63%. Elemental analysis calculated (%) for C,,H;,TbO;55: C
40.64, H 1.99; found: C 40.60, H 2.02. IR (KBr, v, cm™"): 3371
(m), 3080 (W), 2924 (w), 2852 (w), 2568 (w), 1707 (s), 1572 (s),
1423 (s), 1294 (s), 1223 (m), 1174 (s), 1053 (w), 981 (s), 910 (s),
796 (m), 768 (m), 704 (s), 661 (s), 618 (s).

2.6 Synthesis of [Eug 13Gdg 62T 20(H5L)(H,0)],,-0.517(H,0) (6)

Complex 6 was synthesized by the same method as 1-5 but
from a mixture of EuCl;-6H,0, GdCl;-6H,0 and TbCl;-6H,0 as
lanthanide sources. ICP analyses confirmed that the relative
molar ratios of Eu/Gd/Tb within the doped complex 6 corres-
pond to that of the reaction stoichiometry. Powder X-ray diffr-
action (PXRD) proved that 2-5 and the ternary complex 6 are
isostructural. Colorless bulk crystals of 6 were obtained, yield
55%. Elemental and inductively coupled plasma (ICP) analysis
calculated (%) for Cy4H;4EU18Gdo62TDo20015.5: C 40.77, H
2.00, Eu*": 0.20, Gd*": 0.62, Tb*": 0.18; found: C 40.71, H 2.07,
Eu’": 0.18, Gd*": 0.62, Tb**: 0.20. IR (KBr, v, cm™"): 3371 (m),
3080 (w), 2924 (w), 2852 (w), 2568 (w), 1707 (s), 1572 (s), 1423
(s), 1294 (s), 1223 (m), 1174 (s), 1053 (w), 981 (s), 910 (s), 796
(m), 768 (m), 704 (s), 661 (s), 618 (s).

2.7 X-ray crystallography

Crystallographic data of complexes 1, 2, 4 and 5 were collected
on a Bruker D8-Quest diffractometer equipped with a Photon
100 detector and Mo-Ka radiation (4 = 0.71073 A, graphite
monochromator) at room. The multi-scan approach was applied
for absorption corrections.*” The structures of complexes 1, 2, 4
and 5 were solved by Intrinsic Phasing®® within the Olex2
program®” and refined on F* with the full-matrix least-squares
technique using the SHELXL-2018 program.*® With the excep-
tion of a few disordered atoms, anisotropic displacement para-
meters were assigned to non-H atoms, and hydrogen atoms
attached to carbon were added in ideal positions and refined by
a riding model. H atoms attached to oxygen were located from
different Fourier maps and refined as riding in idealized posi-
tions (O-H distances 0.81-0.90 A), with Uiso(H) = 1.5Ucq(O).
Crystal data and structure refinement details of complexes 1, 2,
4 and 5 are summarized in Table S1.F

2.8 Fluorescence detection experiment

A powder sample of the complex under study (2 mg) was dis-
persed in 50 mL distilled water, treated with ultrasound for
30 minutes and set for 3 days. The supernatant was used for
the fluorescence detection experiments. In a first step, the
supernatant of the complex (2 mL) was used to measure the
fluorescence spectrum and to determine the optimum exci-
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tation and emission wavelength. In a second step, aqueous
solutions of different cations and anions (200 pL, 1 mM, Na*,
Mg**, K¥, Ca*, cr**, Mn*', Fe*’, Fe’", Co**, Ni**, Ccu®’, Cu,
Zn**, Pb**, Ag®, Cd**, Hg”", Hg", Ba®*, F~, Cl, Br, I", Ac’,
NO;~, H,PO,~, CO;>~, HCO;™, C,0,%7, SO,>7, Cr0,*~, Cr,0,>",
Mo0,>”, BO;*", PO,*>") were added to the supernatant of the
complex and the fluorescence spectra were recorded.

3. Results and discussion
3.1 Crystal structure of complex 1

Single crystal X-ray diffraction analysis showed that complex 1
crystallized in the monoclinic space group P24/c. The asym-
metric unit of complex 1 contains two Nd(m) ions, a fully
deprotonated L°~ ligand, six coordinated and 4.58 uncoordi-
nated water molecules. As shown in Fig. 1, the Nd1 ion in

Fig. 1 Coordination environments of Nd(i) ions in complex 1, sym-
metry codes: (i) x, 1/2 — y, 1/2 + z; (ii) x, -1 + y, z; (i) —x, 1/2 + y, 1.5-z;
(iv)x, 1.5 -y, 1/2 + z.
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complex 1 adopts a nine-coordinated tricapped trigonal pris-
matic geometry, in which six oxygen atoms (03, 04, O5', 06,
07", 08") are derived from three different L° ligands, and
three oxygen atoms (015, 016, 017) are derived from three co-
ordinated water molecules. Atom Nd2 is ten-coordinated in bi-
capped tetragonal antiprismatic geometry with seven oxygen
atoms (01', 02, 02", 09", 010", 011, 012) from four
different L° ligands and three oxygen atoms (018, 019, 020)
from three coordinated water molecules. The length of the
Nd-O bonds ranges from 2.433(6) to 2.889(7) A.

As shown in Fig. 2a, each L° ligand connects seven Nd(i)
ions in a p%m ittt ity it iyt coordination mode
in complex 1. The bond angles of the two ether bonds C-O-C
in ligand L® are 122.3 (6) and 119.3(6)°. The dihedral angles
between the benzene rings are 58.3(2)° for Cg1 (C2-C7) and
Cg2 (C9-C14), 58.4(2)° for Cgl and Cg3 (C17-C22), and 19.6
(2)° for Cg2 and Cg3. Fig. 2b shows the one-dimensional (1D)
chain structure of complex 1 along the b-axis. The coordi-
nation water molecules prevent the extension of complex 1
towards the a-axis, giving the complex the two-dimensional
(2D) planar structure as shown in Fig. 2c. To get better insight
into the network of complex 1, Nd1, Nd2 and ligand L°~ can
be simplified as 3-, 5- and 7-connected nodes, respectively,
and the whole network can be treated as a (3,5,7) connected
structure with the point symbol {3-47-5%.6°-7°}{3%.4%.5°{4%}
(Fig. 2d). Further, intermolecular hydrogen bonds (O15-
H154---01!, 018-H184---08%, 018-H18B---025 and 026-
H26B---024 (symmetry codes: (i) —x + 1, —y, —z + 1; (ii) x, —y +
3/2, z + 1/2)) connect the adjacent planar layers into a three-
dimensional (3D) network (Fig. 2e). In addition, the stability of
the framework structure is further enhanced by =---n stacking
interactions between adjacent rings. As shown in Fig. 2f, the
distance between Cg2 and Cg3 is 3.738(4) A and the distance

Fig. 2 (a) Coordination mode of the ligand L5~ in 1 (the sky blue represents H atom; the three different colored planes represent the planes of the
three benzene rings in the ligand); (b) 1D chain structure; (c) 2D structure; (d) Topological structure; (e) 3D network formed by hydrogen bonds; (f)

n---1 interactions present in complex 1.

This journal is © The Royal Society of Chemistry 2024
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between Cg2 and Cg2' is 3.834(3) A (symmetry code: (i) 1 — x, 1
-»il- Z)'

3.2 Crystal structures of complexes 2-6

The crystallographic results reveal that complexes 2-6 are iso-
structural and crystallize in the triclinic space group P1 of the
triclinic system. Herein, the structure of complex 5 is described
in detail as a representative of this group. The asymmetric unit
of complex 5 contains one Tb(u) ion, one partially deproto-
nated H,L3~ ligand, one coordinated and one-half of free water
molecule. As shown in Fig. 3a, each Tb(um) ion is eight co-
ordinated with a bi-capped trigonal prismatic geometry by
seven oxygen atoms (OliV, 02V, 03 07 oglii 09, 010) from
five H;L*~ ligands and one oxygen atom (O15) from a co-
ordinated water molecule. The Tb-O bond distances range
from 2.258(4) to 2.472(4) A. As shown in Fig. 3b, every H3L*~
ligand  bridges  five  Tb(m) ions in a s
Pttt ot ® iyt coordination mode to form a
2D sheet. The angles of the two ether bonds C-O-C in the
ligand H;L?~ amount to 114.1(4) and 118.7(4)°. In addition,
the dihedral angles between the benzene rings Cgl (C1-C6)
and Cg2 (C9-C14), Cg1 and Cg3 (C17-C22), Cg2 and Cg3 are
87.4(2)°, 72.8(2)° and 20.9(2)°, respectively. Fig. 3c and d show
the 1D chain structure along the b-axis and the 2D planar
structure of complex 5, respectively. The topology of the
network thus obtained has been analyzed, taking the Tb(i)
ion as a 5-connected node and the ligand H;L*~ as a linker.
The overall structure of complex 5 can be perceived as a 5-con-
nected topological network with a point symbol {4567}
(Fig. 3e). The adjacent planar layers are connected by inter-

(b)

Thl

N

-»-f’.’&b'—.{ el
Wy O TR
7 el ALY

e

Fig. 3

NN NA

VIV

o7 S NUSE SR NP,
QA

R il

View Article Online

Dalton Transactions

molecular hydrogen bonds O5-H5---012' and O11-H11---06'
(symmetric code: (i) —x + 2, —y + 1, —z + 1) to form a 3D
network (Fig. 3f). Furthermore, the network is stabilized by
n---7 stacking between Cg2 and Cg3 with an inter-ring distance
of 3.769(15) A.

Compared with the Eu**/Tb*" complexes based on HgL,
the ligand in complexes 2-6 has only three carboxyl group
deprotonation and still maintains uncoordinated carboxyl
oxygen atoms that can further coordinate with other metal
ions, so the complexes have the potential to identify metal
ions. While in the Eu**/Tb** complexes,”*** the H¢L ligand is
completely deprotonated, and all the carboxyl oxygen atoms
participate in the coordination. In addition, the angles
between the benzene rings are almost perpendicular to each
other, and the distances between adjacent benzene rings are
also large, resulting in no n-n interaction in the structure
(Fig. S37), thus affecting the fluorescence properties.

43,44

3.3 Infrared spectra

Infrared spectra (IR) of the ligand and all complexes were per-
formed in the range of 4000-400 cm™" (Fig. S4 in ESI}), and
they all exhibit a broad peak near 3430 cm™" attributed to the
O-H stretching vibration peak of water molecules and hydroxyl
groups.*®”° The peak at 1715 cm™" for the ligand is attributed
to the stretching vibration of the protonated carboxyl group,
which is weakened in complexes 2-6 and completely absent in
complex 1, suggesting that the carboxyl group in complexes
2-6 is not fully deprotonated, whereas the carboxyl group in
complex 1 is completely deprotonated, which is consistent
with the results of the single crystal structure analysis.

©

0

(a) Coordination environment of Tb(in) ion in complex 5, symmetry codes: ()1 —x, 1 -y, —z; (i) =1+ x, -1 + y, z; (i) 2 - x, 1L — y, —z; (iv) x, -1

+y, z; (b) Coordination mode of the ligand HsL3~ in 5 (the sky blue represents H atom; the three different colored planes represent the planes of the

three benzene rings in the ligand); (c) 1D chain structure; (d) 2D structure;

3828 | Dalton Trans., 2024, 53, 3825-3835

(e) topological structure; (f) 3D network formed by hydrogen bonding.
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3.4 PXRD patterns and thermal analysis

To verify the phase purity of the complexes, the as-synthesized
samples were characterized by PXRD at room temperature.
Due to the low yield of complex 1, the properties of 1 have not
been studied. As shown in Fig. S5, the PXRD patterns of com-
plexes 2-6 are in excellent agreement with the simulated one
from the crystal structure of 5, indicating the phase purity of
the samples and their isomorphic structures.

In order to investigate the stability of the complexes in
water, the powders of complexes 3 and 5 were dispersed in dis-
tilled water, ultrasonicated for 30 minutes, and then immersed
for three days. The PXRD was performed on the powder
samples after natural air drying, and the results were almost
identical to the simulated PXRD of the single crystal structure
of complex 5 (Fig. S61), indicating that the structures of com-
plexes 3 and 5 remained stable after immersion in water for
three days.

To investigate the thermal stability of the complexes,
thermogravimetric analyses (TGA) were performed at a heating
rate of 10 °C min™" from RT to 650 °C under an air atmo-
sphere. Since the isomorphic complexes 2-6 displayed similar
thermal stability, only complex 5 is discussed in detail. As
illustrated in Fig. S7,7 the TGA curve shows a gradual loss of
one free water molecule (caled 2.51%, observed 2.75%) in the
range of room temperature to 234 °C, and then the structure
gradually decomposes.

3.5 Solid-state fluorescence properties

The solid fluorescence spectra of complexes 3-5 and the
corresponding chromaticity coordinates according to CIE1931
were measured at room temperature (Fig. 4). Complex 3 shows
strong fluorescence emission with four characteristic peaks of
Eu(m) ion (dex = 330 nm), which is attributed to the °D, — "F;
(j=1, 2, 3, 4) transition of Eu(m) ion, and the >D, — F, tran-
sition at 613 nm is the strongest one with the fluorescence
quantum yield of 17.20%. The CIE chromaticity coordinate is
(0.566, 0.322), consistent with the red color observed under
the ultraviolet lamp. Complex 4 exhibits an emission peak at
496 nm under an excitation of 349 nm with a CIE chromaticity
coordinate (0.212, 0.324), showing blue-green light. Compared
with the ligand HgL, the emission peak of 4 exhibits an
obvious redshift, which may be caused by the energy transfer
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of LMCT/LLCT between the ligand and metal ion. When
excited at 324 nm, complex 5 displays an intense fluorescence
emission spectrum corresponding to the characteristic tran-
sitions of °D, — "F; (j = 6, 5, 4, 3) due to the f~f transition of
Tb(m) ion. The °D, — "F; transition at 543 nm is the strongest
one, with a fluorescence quantum yield of 20.96%. The corres-
ponding CIE chromaticity coordinate is (0.292, 0.600), which
appears as a green emission, consistent with the color
observed under ultraviolet lamps.

3.6 White-light fluorescence of complex 6

Based on the red, blue-green and green light emission of the
isomorphic complexes 3-5, the white light emitting trimetallic
complex 6 was obtained by carefully tuning the Eu/Gd/Tb ratio
with the RGB (red-green-blue) theory.”"**> The fluorescence
spectra show that the proportion of metal ions and the exci-
tation wavelength would affect the fluorescence emission of
the complex. The fluorescence emission spectra of complex 6
at different excitation wavelengths are shown in Fig. 5a. It can
be observed that the emission intensity ratio of the °D, — 'F,
(Eu(m), 613 nm) to °D,; — 'Fs (Tb(m), 543 nm) is gradually
increased with the increase of excitation wavelength (Fig. 5b),
which indicates that there is an energy transfer from the Tb(ur)
ion to the Eu(m) ion (Fig. S87). It corresponds to a shift from
yellow-green to white in the CIE chromaticity coordinates
(Fig. 5¢). The fluorescence emission spectrum of complex 6 at
an excitation wavelength of 380 nm is shown in Fig. 5d, where
the CIE chromaticity coordinate is (0.330, 0.339), close to the
standard white light coordinate (0.333, 0.333). Meanwhile, the
fluorescence quantum yield of complex 6 is only 4.86% in the
wavelength range of 532 to 628 nm under an excitation of
380 nm, which may be related to the sensitization efficiency of
the ligand to Eu(u) and Tb(m) ions. Powder samples of com-
plexes 3-6 under natural light and 365 nm UV lamp irradiation
are shown in Fig. 5e. It can be observed that complexes 3-6
exhibit red, blue-green, green and white light emissions,
respectively.

3.7 Performance of complexes 3 and 5 for detection of Pb>*
ions

In order to investigate the luminescence properties of com-
plexes 3 and 5 in water, fluorescence spectra of suspensions of

(a) 8.0x10° ; () 5.4x10°! () 2.5x10°
A
3 6.0x10°{ 8 A,=330 nm E s | . 2.0x107
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= s 2 S
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Fig. 4 Solid fluorescence spectra of complexes 3—5 at room temperature (inset: the CIE chromaticity).
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complexes 3 and 5 in water were tested. As shown in Fig. 6a
and b, both complexes 3 and 5 have optimal emission under
excitation at 245 nm. In particular, due to the solvent effect,
the energy of the ligand is not fully transferred to the Eu(m)
ions when complex 3 is suspended in water, and thus complex
3 retains the fluorescence emission peak of the ligand at
386 nm. In addition, we investigated the fluorescence intensity
of complexes 3 and 5 immersed in aqueous solutions of
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Fig. 6 Fluorescence spectra of complexes (a) 3 and (c) 5 in water; rela-
tive fluorescence intensity of complexes (c) 3 and (d) 5 at different pH
(dem = 613 nm for 3, Aem = 543 nm for 5).

3830 | Dalton Trans., 2024, 53, 3825-3835

different pH values. As shown in Fig. 6¢ and d, both complexes
3 and 5 have relatively stable fluorescence intensities in the
range of pH = 5-11.

Considering the excellent fluorescence properties of com-
plexes 3 and 5, their potential application as fluorescent
probes were investigated. The fluorescence intensity of com-
plexes 3 and 5 for various anions and cations was examined
under the optimum excitation wavelength of 245 nm. For a
clearer view, Fig. 7 shows the relative fluorescence intensity at
613 nm for complex 3 and at 543 nm for complex 5, respect-
ively. It can be observed that the fluorescence intensities of
both complexes 3 and 5 are significantly enhanced upon the
addition of Pb*" ions. In particular, the fluorescence quantum
yields increase from 0.14% to 1.77% for complex 3 and from
1.36% to 10.98% for complex 5. Anti-interference experiments
were performed to evaluate the detection performance of com-
plexes 3 and 5 on Pb®" in the concomitant presence of compet-
ing ions. As displayed in Fig. 8, the fluorescence enhancement
effects of Pb>" ions on complexes 3 and 5 are barely affected by
the presence of other ions. This indicates that complexes 3
and 5 can be used as enhanced fluorescent probes for the
detection of Pb*>* ions in aqueous environment without inter-
ference from other ions.

To better understand the sensitivity of complexes 3 and 5
toward Pb>" ions, a series of titration experiments were carried
out in aqueous solutions with various concentrations of Pb**
ions. As shown in Fig. 9, the fluorescence intensities of com-
plexes 3 and 5 gradually increase with the concentration of

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Relative fluorescence intensity of complexes (a) 3 and (b) 5 after
the addition of Pb2* ions in the presence of other ions.

Pb>" ions. The fluorescence intensity of complex 3 reaches a
final maximum when the Pb®" ions concentration amounts to
19.6 pM, and a distinct red color is observed under the UV
lamp (Fig. 9a inset). Similarly, the fluorescence intensity of
complex 5 reaches a maximum for a Pb>" ion concentration of
20 pM, with a distinct green color visible under the UV lamp
(Fig. 9c inset). Based on the Stern-Volmer equation I/, =
Ke[M] + 1,>* the Stern-Volmer curves of complexes 3 and 5 are
almost linear at low concentrations, with correlation coeffi-
cients R of 0.9906 and 0.9977, respectively. The enhancement
constants K. are 1.39 x 10° M~" and 1.37 x 10> M, respect-
ively. According to the equation for the limit of detection
(LOD) = 306/k (o is the standard deviation and k is the slope),
detection limits of complexes 3 and 5 of 4.72 nM and 49.75
nM, respectively, for Pb>" ions are calculated.
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To the best of our knowledge, complex 3 exhibits the lowest
detection limit for Pb®* ions among the existing complex fluo-
rescent probes (Table S2t). In addition, complexes 3 and 5 rep-
resent attractive fluorescent-enhanced probes; they are more
stable with respect to background interference during detec-
tion, and show low signal-to-noise ratio and higher sensitivity.

3.8 Cyclability performance and practical application of the
sensor

Fluorescent detection materials must not only have a low
detection limit, but their recoverability and detection perform-
ance in real samples are also very important. The fluorescence
recovery properties of complexes 3 and 5 were investigated
after interaction with Pb*>* ions. As shown in Fig. 10, the fluo-
rescence intensity of complexes 3 and 5 after interacting with
Pb”* can be well restored by washing, indicating that the com-
plexes can be employed repeatedly for at least five times as
fluorescent probes for Pb*".

To verify the feasibility of the sensors for practical appli-
cations, the detection performance of complexes 3 and 5 for
Pb”* ions were investigated in tap water and river water (pre-
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Fig. 10 The fluorescence intensity of complexes (a) 3 and (b) 5 for
detection of Pb?* after five recycling experiments (Aem, = 613 nm for 3,
Jem = 543 nm for 5).
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pared from Fenhe River in Shanxi Province of China). As
shown in Table S3,T the concentrations of Pb*>" ions in tap and
river water detected by complexes 3 and 5 agree well with the
ICP-MS results. Therefore, complexes 3 and 5 show good
potential for the detection of Pb*>" ions in practical
applications.

3.9 Sensing mechanisms

Three possible mechanisms by which Pb®" ions can enhance
the fluorescence of a complex are feasible:>*>° (a) the structure
of the complex itself may change; (b) the complex adsorbs
Pb*" ions, resulting in fluorescence changes; (c) the interaction
of Pb>* jons with the complex leads to energy transfer.
Mechanistic studies were carried out to distinguish experi-
mentally between these potential mechanisms. As shown in
Fig. S9, PXRD results indicate that the structures of com-
plexes 3 and 5 do not change before and after immersion in
Pb®>" aqueous solutions with a concentration of 0.01 M,
showing that their structures have not changed, which is
different from the mechanism reported in the literature.*> ICP
results (Table S41) prove that complexes 3 and 5 are doped
with only a very small amount of lead after immersion in
aqueous solutions of Pb>" ions with a concentration of 0.01 M;
a mechanism involving adsorption of Pb*" ion can therefore
be ruled out.

The XPS spectra (Fig. S10t) show that after the detection of
Pb*" ions, two new peaks are observed at 143.17 and 138.29 eV
in complex 3; they can be attributed to Pb 4f;,, and Pb 4f5,,
respectively. Two similar peaks appear in complex 5 at 143.28
and 138.39 eV after the detection. In addition, the binding
energies of Eu 3ds), and 3d;), in complex 3 and Tb 3ds,, and
3ds), in complex 5 consistently shift to higher energies (Eu
3d3, from 1164.53 to 1164.58 eV, Eu 3ds, from 1135.08 to
1135.18 eV, Tb 3d;/, from 1276.81 to 1276.89 eV and Tb 3ds,,
from 1241.67 to 1242.61 eV). In parallel, the binding energies
of the O 1s in the complexes are also slightly blue-shifted. In
complex 3, the binding energies at 532.98 eV (ether-oxygen
bond) and 531.58 eV (Eu-O bond) decrease to 532.89 and
531.29 eV respectively, while in complex 5, the binding ener-
gies at 533.08 eV (ether-oxygen bond) and 531.42 eV (Tb-O
bond) shift to 532.98 and 531.22 eV. These results indicate
interactions between Pb>* ions and the ligand in which the
ether-oxygen and uncoordinated carboxylate oxygen atoms
may both act as Lewis basic sites, resulting in a more efficient
charge transfer from the ligand to the Eu(m) and Tb(u) ions,
and fluorescence enhancement.”*>® More convincingly, the
Eu(m) are more easily sensitized (17 300 cm™") than the Tb(m)
ion (20500 cm™) due to its lower excited state energy,’ thus
the detection limit of Pb>" ions for europium complex 3 is
lower than that of terbium complex 5.

Compared to other ions, the heavy metal ion Pb**, with the
s> electronic configuration, has the higher atomic number, so
it can effectively overlap with the electronic energy levels of the
ligand, thus enhancing spin-orbit coupling and effectively
achieving intersystemic crossover (ISC) of triplet states in the
ligand. Therefore, Pb>* can minimize the non-radiative loss of
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triple exciton and improve the ISC efficiency,"*°>°! which pro-
motes efficient energy transfer from the ligand to Eu(ur) and
Tb() ions. In addition, the delocalized between = bonds of
the aromatic carboxylate groups and the s and p orbitals of the
Pb>* center can effectively interact to enable ligand-to-metal
charge transfer (LMCT), thus making it easier to transfer
energy from the ligand that absorbs the excited light energy to
the metal center.5*%?

4. Conclusions

In summary, six novel lanthanide complexes of the ligand 4,5-
di(3,5-dicarboxylphenoxy)phthalic acid were synthesized by
hydrothermal methods and their structures were characterized
in detail. Based on the red, blue and green emission of the Eu,
Gd and Tb complexes, a white light-emitting ternary Eu/Gd/Tb
complex was synthesized. At an excitation wavelength of
380 nm, its CIE coordinate is (0.330, 0.339), close to pure
white light emission. Fluorescence detection showed that Pb*"
ions can selectively enhance the fluorescence intensity of the
Eu and Tb complexes in aqueous solutions with low detection
limits of 4.72 nM and 49.75 nM, respectively, and the fluo-
rescence enhancement can be perceived with the naked eye.
To the best of our knowledge, the Eu complex exhibits the
lowest detection limit for Pb** ions among the systems
hitherto described. The corresponding fluorescence enhance-
ment mechanism suggests interactions between the Pb>" ion
and the ether-oxygen and uncoordinated carboxylate oxygen
on the ligand, leading to a more efficient transfer of charge on
the ligand to the Eu(m) and Tb(m) ions, which enhance the
fluorescence. In conclusion, the Eu and Tb complexes have
great potential for application in the detection of Pb>" ions in
real water.
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