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ARTICLE INFO ABSTRACT

Based on the structural diversity and the superior luminescence properties of 4,4-(9,9-dimethyl-9H-fluorene-2,7-
diyl) dibenzoic acid (H,DLDA), a series of new lanthanide coordination compounds [Ln(DLDA)(DMF)(H,0)
(CO0)], (Sm (1), Eu (2), Ce (3), Nd (4), Gd (5)) were successfully prepared by the reaction of H,DLDA, which is
a new type ligand synthesized by structural modification of fluorene, with rare earth metal ion. They were
characterized by elemental analysis, IR, TG, PXRD, UV-vis, etc. Analysis results show that the coordination
compounds are isomorphic. In particular, the structure of the coordination compound 1 was determined by
single crystal X-ray diffraction. The structure analysis shows that compound 1 is a novel 3D supramolecular
network structure, and the central metal adopts the eight-coordination mode to form a double-cap triangular
prism spatial configuration. It is worth mentioning that the excellent heat-resisting ability of the framework,
which is stable until heated to nearly 400 °C. Meanwhile, the fluorescence sensing test showed that as synthe-
sized compound 2 was a new type of fluorescent probe with high efficiency, high selectivity and has the ability to
simultaneously detect a variety of cations and anions (Fe**, AI®*, Cr®*, C,0,27, Cr,0,2~, MnO,~, PO>7).
Moreover, it owns higher Ksv value (1.77 x 10*M ™, 1.44 x 10*M~?, 3.621 x 10°M ™!, 2.07 x 10°M ™",
5.65 x 103M ™%, 3.18 x 10°M ™, 1.82 x 10® M ™, respectively) and a lower detection limit (1.93 uM, 2.38 uM,
0.945 uM, 16.5 uM, 6.06 uM, 10.8 uM, 18.8 uM, respectively). This results in compound 2 being superior to other
probes reported previously, and the mechanism of fluorescence quenching was explained to some extent. In
addition, during the fluorescence titration experiment, we found an interesting luminescence change of com-
pound 2. Most notably, it emitted white light in DMA solvent under the irradiation of handheld ultraviolet lamp
(wavelength: 365 nm) while the solid sample emitted yellow light at the same conditions.
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1. Introduction

Coordination compounds (CPs) are a new type of inorganic-organic
hybrid materials with one-dimensional, two-dimensional or three-di-
mensional structures [1-3], which take metal ions or metal clusters as
nodes, organic ligands as link units [4-8], and is constructed by means
of self-assembly through covalent bond or non-covalent bond connec-
tions [9,10]. In recent years, due to the advantages of adjustable
structure and size, excellent thermal and chemical stability [11-15],
CPs have attracted great attention in the fields of gas storage, catalysis,
optics, electricity, magnetism and biomedicine [16-21]. Compared
with transition metals, lanthanide metal coordination compounds (CPs)
have become research hot spot for many researchers due to their
narrow emission bands, large stock shift, high color purity, and long
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luminescence lifetime in the field of fluorescence sensing [22-24]. In
addition, compared to other traditional detection methods such as ICP-
MS, FAAS and spectrophotometric detection [25-28], Ln-CPs is re-
cognized and widely used as a fluorescent probe because of its ease of
operation, high selectivity, sensitivity and cyclic stability [29-32].
Fluorene and its derivatives have been widely concerned [32,33]
owing to their structurally easy transformation by introducing different
functional groups together with excellent electrical, optical properties,
thermal stability and chemical stability [34-37], and make them widely
used in light-emitting materials, laser device, catalytic materials,
magnetic materials, photovoltaic cells, light-emitting diodes (leds),
biological sensor devices, biological medicine and adsorption, etc.
[38-41]. The luminescent properties of fluorene derivatives are closely
related to their molecular structures and electronic properties [42,43].
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Scheme 1. Synthetic route of H,DLDA: 2,7-dibromofluorene (M-1); 9, 9-dimethyl-2,7-dibromofluorene (M-2); 9,9-dimethyl-2,7-bis(4-methoxycarbonylphenyl)

fluorene(M-3); 4, 4-(9,9-dimethyl-9H-fluorene-2, 7-diyl) dibenzoic acid (H,DLDA).

Therefore, new luminescent derivatives of fluorene are designed and
synthesized by various new strategies to change the molecular struc-
tures of fluorene or change the electron cloud density of its plane
[44,45]. For example, Prof. Zhou X. research group reported two co-
ordination polymers (Mg-DLDA and Zn-DLDA) synthesized from 4,4-
(9,9-dimethyl-9H-fluorene-2,7-diyl) dibenzoic acid (H,DLDA) with Mg
(ID) or Zn (II) salts. Both the polymers exhibit strong ligand-centered
blue emission and the second-order nonlinear optical effects [46]. In-
spired by this work, we also designed a series of new Ln-CPs by rare
earth metals combined with 4,4-(9,9-dimethyl-9H-fluorene-2,7-diyl)
dibenzoic acid, which is a new fluorene derivatives introducing two
methyl groups at position of 9 and phenyl carboxyl group at positions of
2 and 7 of fluorene. By introducing polyaromatic ring and electron
donor group into fluorene structure, conjugate structure is increased
and planar rigidity is improved, so as to increase the density of electron
cloud of the whole molecule skeleton and make it easier for electrons to
be excited and fluorescence to be generated.

With the increasing of human production activities, more and more
pollutants such as metal ions (Fe**, AI®*, Cr®*, Cu®>*, Pb2" and Hg?",
etc.) [47-50], anions (Cr,0,°~, MnO,~, C,04°~, PO,*~, SO, and
NO3 ™, etc.) [51-53] and toxic molecules (such as some small molecule
nitro compounds) are released into the soil, the water without restraint,
which not only greatly damaged the ecological environment, but also
posed a great threat to the living environment of animals and plants
[54-57]. How to detect these pollutants efficiently, quickly and simply
at the same time has become an urgent problem to be solved in today's
society. As is known to all, CPs can exhibit a wide range of luminescent
behaviors originating from the multifaceted nature of their structure,
that make CPs materials ideal for sensing applications [58]. However,
the vast majority of Ln-CPs that have been reported focus on detecting a
specific single substance, and few reports can detect multiple sub-
stances or substances under different systems simultaneously [59-61].
But most contaminated ions often do not exist alone, causing the lim-
itations of this detection probe application. So, exploiting Ln-CPs for the
detection of mixture ions still remains a great challenge. Therefore, how
to design and synthesize a multi-functional probe material that can
detect multiple substances at the same time has become an urgent need
at present. In this context, we successfully synthesized a series of new
Ln-fluorene framework CPs by the reaction of lanthanide metal ions
(Sm (1), Eu (2), Ce (3), Nd (4), Gd (5)) and organic ligand 4,4-(9,9-
dimethyl-9H-fluorene-2,7-diyl) dibenzoic acid. In particular, Eu-phenyl
carboxyl fluorene framework CP (2) has been proved by fluorescence
detection test to be able to exhibits multi-responsive behavior towards
Fe**, AI**, Cr®* and C,0427, Cry0,2~, MnO,~, PO,°~ in the solution
with a rapid response, extremely high quenching efficiency and stabi-
lity. As far as we know, the Ksv and detection limit of Eu-DLDA are
better than that reported previously Ln-CPs, so it can be a promising
fluorescent probe [62-65].

2. Experimental section
2.1. Materials and methods

All the chemicals purchased were of reagent grade or better and

were used without further purification. Ligand H,DLDA was success-
fully synthesized with reference to relevant literature. IR spectra were
performed using a Bruker AXS TENSOR-27 FT-IR spectrometer with
pressed KBr pellets in the range of 400-4000 cm™'. The elemental
analyses of C, H, and N were carried out with a PerkinElmer 240C
automatic analyzer. Thermogravimetric analyses (TG) were performed
under the condition of N, atmosphere at a heating rate of 10 °C min !
using a PerkinElmer Diamond TG/DTA. The photoluminescent spectra
of the coordination polymers were measured on a HORIBA Fluoromax-
4-TCSPC spectrofluorometer equipped with Spectra LED Pulsed LED
sources at room temperature (200-1000 nm) with 3.2-inch Integrating
Sphere that can be installed in seconds replacing standard cuvette
holder. UV-vis spectra were recorded with JASCO V-570 spectro-
photometer with Integrating Sphere (® = 60 mm) that can be installed
in standard cuvette holder (200-2500 nm, in the form of solid sample)
and Lambda 35 UV-vis Spectrometer (200-800 nm). PXRD patterns
were obtained with a Bruker Advance-D8 equipped with Cu-Ka radia-
tion, in the range of 5° < 20 < 60°, with a step size of 0.02° (20) and a
count time of 2s per step.

2.2. Preparation

2.2.1. Preparation of the H,DLDA

Ligand (H,DLDA) was synthesized on the basis of the method in
related literatures [66,67], see the supplementary materials for specific
synthesis methods (Section 1). The synthetic route is as follows Scheme
1.

2.2.2. The characterization data of H,DLDA and intermediates [67]

2,7-dibromofluorene (M-1), white needle crystal, mass 15.55g,
yield 80%, m.p./°C: 164-165. IR data (KBr, v/em™Y): 3054 (=CH-
stretching); 2922, 2855 (C-H stretching); 1599, 1573, 1451 (ph ske-
leton vibration); 1396 (C-H bending). 'H NMR: 8H (CDCl;, 500 MHz,
§/ppm),7.61(2H, s, Ar), 7.53 (2H,d, J = 8.1 Hz, Ar), 7.46 (2H, dd,
J;=8.1Hz, J,=15Hz, Ar), 3.79 (2H, s, CHy). 3C NMR
(CDCl5,300 MHz, §/ppm): 144.8, 139.7, 130.1, 128.3, 121.2, 120.9,
36.5. Elemental analyses: Found: C, 48.03; H, 2.45%; molecular for-
mula C,3HgBr, requires C, 48.18; H, 2.47%.

9, 9-dimethyl-2,7-dibromofluorene (M-2), yellow acicular crystals,
mass:11.40 g, yield 81%, m.p./°C: 179-180. IR data (KBr, v/cm ™ '):
3027 (=CH- stretching); 2965, 2922, 2865 (C-H stretching); 1596,
1575, 1448 (ph skeleton vibration); 1398 (C-H bending). 'H NMR: §H
(CDCl3,500 MHz, §/ppm), 7.53-7.51 (4H,m,Ar), 7.44 (2H, dd,
J;=8.1Hz, J;=12Hz, Ar), 145 (6H, s, 2CHs). *C NMR
(CDCl5,300 MHz, §/ppm): 155.2, 137.2, 130.3, 126.2, 121.5, 121.4,
47.3, 26.8. Elemental analyses: Found: C, 51.16, H, 3.39%; molecular
formula C,5H,,Br; requires C, 51.17; H, 3.41%.

9,9-dimethyl-2,7-bis(4-methoxycarbonylphenyl) fluorene (M-3),
white powdery solid, mass: 3.72 g, yield: 50%, m.p./°C: > 200. IR data
(KBr, v/cm™1): 3069 (=CH- stretching); 2954, 2924, 2853 (C-H
stretching); 1724 (C=O stretching); 1610, 1438 (ph skeleton vibra-
tion); 1398 (C-H bending); 1286 (C-O-C asymmetric stretching).

'H NMR: 8H (CDCls,500 MHz, §/ppm), 8.14 (4H, d, J = 8.0 Hz,Ar),
7.84 (2H, d, J = 7.8 Hz, Ar), 7.75 (4H, d, J = 8.0 Hz, Ar), 7.70 (2H, d,
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J =1.0Hz,Ar), 7.64 (2H, dd, J; = 7.8 Hz, J, = 1.0 Hz, Ar), 3.99 (6H, s,
2 0CHs), 1.54 (6H, s, 2 CHa).

13C NMR (DMSO-ds,125MHz, §/ppm): 166.27, 155.99, 142.14,
138.52, 137.51, 131.20, 130.27, 129.23, 127.04, 121.60, 120.60,
52.45, 47.32, 27.04. Elemental analyses: Found: C, 80.52; H, 5.64%;
molecular formula C3;H3604 requires C, 80.50; H, 5.67%.

4, 4-(9,9-dimethyl-9H-fluorene-2, 7-diyl) dibenzoic acid (H,DLDA),
white powdery solid, mass: 1.125g, yield: 90%, m.p./°C: > 200. IR
data (KBr, v/cm™1): 3413 (O-H stretching); 3057 (=CH- stretching);
2956, 2926, 2855 (C-H stretching); 1683 (C=O stretching); 1594,
1504, 1447 (ph skeleton vibration); 1386 (C-H bending); 1285 (C-O
stretching). H NMR (DMSO-de,500 MHz, §/ppm): 1291 (2H, s,
2 COOH), 8.05 (4H, d, J = 8.1 Hz, Ar), 8.00-7.98 (4H, m, Ar), 7.91(4H,
d,J = 8.1Hz, Ar), 7.76 (2H, d, J = 7.9 Hz, Ar), 1.58 (6H, s, 2 CH3). 13C
NMR (DMSO-dg, 125 MHz, 6/ppm):167.12, 154.72, 144.52, 138.38,
138.15, 129.89, 129.41, 126.83, 126.20, 121.45, 120.98, 46.87, 26.70.
Elemental analyses: Found: C, 80.15; H, 5.07%; molecular formula
CaoH2504 requires C, 80.17; H, 5.10%.

2.2.3. Preparation of the compounds

0.0222 g of Sm(NO3)3'6H,0 (0.05 mmol) and 0.0221 g of H,DLDA
(0.05 mmol) were dissolved in a mixture solution containing 5mL of
DMF, 2 mL of EtOH and 1 mL of H,O, then, dilute nitric acid was used
to adjust the pH of the solution to 6-7. After stirring at room tem-
perature for 2 h, the mixture solution was put into Teflon-lined stainless
steel autoclave and heated at 120 °C for 4 days, finally, cooled to room
temperature, light yellow transparent crystals were obtained by
washing with ethanol. The synthesis procedures of the compounds 2-5
are similar to that of compound 1, except that the rare earth nitrates
used are different. Detailed elemental analysis and infrared data are as
follows:

[Sm(DLDA)(DMF)(H,0)(COO)], (1) Mass obtained: 20.10mg.
Yield: 56% (based on Sm®™). IR data (KBr, cm™1): 3447, 3124, 2959,
2861, 1673, 1590, 1409, 1282, 823, 765. Elemental Analyses: Found: C,
55.08; H, 4.14; N, 1.92%; molecular formula C33H30NOgSm requires C,
55.12; H, 4.18; N, 1.95%.

[Eu(DLDA)(DMF)(H,0)(COO0)], (2) Mass obtained: 16.92 mg. Yield:
47% (based on Eu®™). IR data (KBr, cm™1): 3447, 3074, 2959, 2863,
1681, 1599, 1409, 1285, 853, 778. Elemental Analyses: Found: C,
54.98; H, 4.15; N, 1.91%; molecular formula C33H3,NOgEu requires C,
55.01; H, 4,17; N,1.94%.

[Ce(DLDA)(DMF)(H>0)(COO0)]1, (3) Mass obtained: 15.22 mg. Yield:
43% (based on Ce®"). IR data (KBr, cm ™ 1): 3455, 3127, 2963, 2859,
1680, 1599, 1408, 1286, 817, 765. Elemental Analyses: Found: C,
55.88; H, 4.19; N, 1.95%; molecular formula C33H39NOgCe requires C,
55.92; H, 4.24; N,1.98%.

[Nd(DLDA)(DMF)(H,0)(COO)],, (4) Mass obtained: 13.88mg.
Yield: 39% (based on Nd**). IR data (KBr, cm ™ '): 3448, 3155, 2914,
2841, 1650, 1570, 1401, 1248, 834, 780. Elemental Analyses: Found: C,
55.58; H, 4.19; N, 1.94%; molecular formula C33H3,NOgNd requires
C,55.60; H, 4,21; N,1.97%.

[Gd(DLDA)(DMF)(H,0)(COO)In (5) Mass obtained: 14.14 mg.
Yield: 39% (based on Gd**). IR data (KBr, cm ™~ '): 3455, 3132, 2958,
2863, 1672, 1599, 1404, 1286, 817, 765. Elemental Analyses: Found: C,
54.58; H, 4.11; N, 1.90%; molecular formula C33H30NOgGd requires C,
54.60; H, 4.14; N,1.93%.

2.3. X-ray crystal structure determination

Suitable single crystal of the compound 1 was mounted on glass
fibers for X-ray measurement. Reflection data were collected at room
temperature on a Bruker AXS SMART APEX II CCD diffractometer with
graphite monochromatized Mo-Ka radiation (\. = 0.71073 1°\). A semi-
empirical absorption correction was applied by the program SADABS
[68]. The program suite SHELXTL-97 was used for space-group de-
termination (XPREP), direct method structure solution (XS), and least-
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squares refinement (XL) [69,70]. All non-hydrogen atoms were refined
with anisotropic displacement parameters. The positions of the hy-
drogen atoms around the carbon atoms were included using a riding
model. Hydrogen atoms of coordination water molecules and lattice
water molecules were found in the difference Fourier map. Crystal data
and structural refinement parameters are given in Table S1 and selected
bond lengths and angles of the compound 1 are listed in Table S2. Since
the single crystal quality of the compounds 2, 3, 4 and 5 is poor and is
not suitable the requirements of X-ray single crystal diffraction test,
unfortunately, we have not obtained their precise single crystal struc-
ture as desired, however, by microanalysis (elemental analysis, IR,
PXRD) and research experience, it could still prove that they are iso-
morphic.

3. Results and discussion
3.1. Synthesis

Compound 1-5 are obtained under hydrothermal conditions by
heating mixture solution contained rare earth nitrate salt and H,DLDA
for 4 days. Furthermore, attempts to vary other synthetic parameters
such as pH value, molar ratio of the reactants and the identity of the
base are also unsuccessful, only producing some precipitates or mi-
crocrystalline products (2-5) that are unsuitable for single crystal X-ray
diffraction analysis owing to making rapid aggregates except for 1. In
order to obtain the expected the better crystalline conditions of the
compounds, we mainly regulate from several aspects that affect the
reaction. The first is the environment of the reaction. The experiments
prove that hydrothermal synthesis is the optimum reaction conditions.
Secondly, we separately compare the molar ratio of the reactants, the
solvent selection and the dosage, the pH value of the system, the re-
action temperature and the reaction time. During a mass of the ex-
periments, we found that the selected solvent and the reaction tem-
perature play vital roles in the reaction process, so we tried different
reagents as solvents, and finally came to the conclusion that the mixed
solvents composed of DMF, EtOH and H>O were the best reaction
system, and their volume ratios are also regulated. Besides, through
different temperature attempts, such as 80, 100, 120, 140, 160 °C and it
was found finally at 120°C to obtain the crystalline of the target
compounds.

3.2. IR spectra

By infrared spectroscopy analysis, the broader absorption band at
3447 cm ! of compound 1 shown the presence of water molecules. The
peak position at 1673 cm ™! and 1409 cm ™! can be attributed to the
asymmetric stretching vibration of the C=0 bond (vascoo ) and the
C=0 symmetric stretching vibration (vscoo ), and compared to main
position of the carboxyl peak at 1684 cm ™! of the ligand H,DLDA, a red
shift occurred, indicating that the metal atom coordinated with the li-
gand. Detailed infrared spectral data of compounds 1-5 are shown in
Table S4. The infrared spectra of all compounds are shown in Fig. S1.

3.3. PXRD analyses

The PXRD spectra of compounds 1-5 were obtained and compared
with that of the corresponding simulated from single crystal data. As
shown in Fig. S2. The measured peaks of compounds 1-5 are very
consistent with the simulated values, and there were no other peaks,
indicating compounds 1-5 are pure phase. In addition, the peak posi-
tions of compounds 1-5 are identical, indicating that they are iso-
morphic compounds. The different intensity may be due to the pre-
ferred orientation of the powder samples.
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3.4. Thermal properties

In order to confirm the thermal stability of the compoundes, ther-
mogravimetric analysis was carried out under a N, atmosphere at a
temperature increase rate of 10 °C min ~ !, and the temperature range
was 30-1000 °C. It can be seen from the PXRD spectrum that the five
compounds are isomorphic compoundes with only different metals, so
we selected the compound 1 as a representative for thermogravimetric
data analysis. TG curve of compound 1 can be divided into three stages
of weight loss. The weight loss of the first stage occurs in the tem-
perature rising process from room temperature to 370 °C, the weight
loss is about 4.20%, which should be the loss of the coordination water
and the partially coordinated DMF molecules. The weight loss in the
second stage occurs at 370-480 °C, the weight loss is about 59.75%, it
could be attributed to the loss of residual DMF and partial H,DLDA
ligand; the third stage the weight loss occurs during the temperature
rise of 480-1000 °C, and the weight loss is about 11.80%, the weight
loss at this stage may be due to the loss of the remaining ligands. At this
point, the framework of the compound collapses, eventually remaining
the metal oxide. The compound began to lose weight in the first stage
when the temperature was nearly 400 °C, which indicated that the
thermal stability of the compound is stable and has good application
value, which provided theoretical support for the folliwing related re-
search work. Thermogravimetric diagrams of the five compounds are
shown in Fig. S3, comparison of TG curves shows that their composition
is similar.

3.5. Structure descriptions

[Sm(DLDA)(DMF)(H,0)(COO)In (1) Compound 1 is an orthor-
hombic system, Pna2; space group, and composed of one Sm atom, one
coordinated H,DLDA ligand and one DMF molecule, and one water
molecule and two coordinated carboxyl group from formic acid, which
maybe come from decomposing of the DMF solvent [71]. Fig. 1a shows
the coordination environment of the center metal Sm. In each structural
unit, there are eight coordinating sites around the center metal Sm,
coordinated atoms derived from carboxyl oxygen (O8) in the co-
ordinated DMF molecules, four oxygen atoms in two para-carboxyl
groups of the deprotonated ligand DLDA (01, 02, 03, 04), two mole-
cules of deprotonated carboxyl oxygen atoms (05*1, 06; #1: x, y, 2-1),
and remaining one site is occupied by oxygen atom of water (07), re-
spectively, forming a double-capped triangular prism spatial config-
uration. In the structure of compound 1, there are three different types
of Sm-O bonds, the details are as follows: (i) Sm-O bond formed by the
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carboxyl oxygen atom from the ligand DLDA (01, 02, O3 and 0O4) and
Sm, the bond lengths are 2.522(5) A, 2.430(6) A, 2.554(11) A,
2.444(10) f\, respectively. (ii) Sm-O bond formed between carboxyl
oxygen atoms in formic acid generated by solvent decomposition
(0571, 06; #1: x, ¥, 2-1) and Sm, and the bond lengths between them
are 2.312(10) A, 2.391(11) A, respectively. (iii) Sm-O bond composed
of oxygen atoms in coordination molecules DMF (08), H,O (07) and
Sm. The bond lengths are 2.407(6) A, 2.425(6) A. Compared to the
Sm-0 bong length ranges from 2.337(5) Ato 2.958(5) A of the reported
compound  [Sm,(HPI,C)3(DMF)5(H,0),1-2DMF(H3PI,C = (5-(2-(2-hy-
droxyphenyl)-4,5-diphenyl-1H-imidazol-1-yl)isophthalic acid)) [72],
the Sm-O bond length range of the compound 1 is 2.312(10) A to
2.554(11) f\, which is slightly shorter. In order to better understand the
structure of the compound, the twist angle of adjacent benzene rings in
the compound was calculated by program of SHELXTL-97. The twist
angle between the benzene ring I (C2-C7) and the benzene ring II
(C8-C13) is 37.8 (8) degrees, and the twist angle between the benzene
ring III (C17-C22) and the benzene ring IV(C23-C28) is 30.9 (7) de-
grees. In addition, the dihedral angle za (composed of C6 C5 C8 C13)is
42 (2) degrees, and the dihedral angle «f3 (composed of C22 C21 C23
C28) is 31 (2) degrees.

The deprotonated ligand DLDA is connected in the manner of .
7’#?, in which two oxygen atoms on each carboxyl group are co-
ordinated to the metal atom in a bidentate chelation mode. In the
packing structure, a repeating structural unit can be described as [Sm
(u-CO0),03DMF], and it is found that along the a-axis direction, the
adjacent unit are connected to each other through carbon atom in the
DLDA molecule to form a one-dimensional chain, and then a two-di-
mensional network on the ac plane is formed by longitudinal linking the
chain via the metal-coordinated deprotonated carboxyl group along the
¢ axis (Fig. 1b). In addition, the one-dimensional chain extends in the
direction of b axis through the connection of hydrogen bond O7-H1A...
04, forming a 2D network on the ab plane, then, through the linking of
hydrogen bond O7-H1B...03, the 2D network on plane ab packing
along the direction of ¢ axis furthermore extend and eventually form a
3D supramolecular network structure. As shown in Fig. lc. In the
packing structure, the maximum contact of Sm...Sm is 24.0587 1°\; the
minimum contact is 6.7881 A. Detailed hydrogen bond data are list in
Table S3.

3.6. Solid UV-vis absorption spectra

The UV-vis absorption spectra of the compound 2 and the ligand
H,DLDA were recorded (See Fig. 2). There are two strong absorption

Fig. 1. (a) Coordination environment of the central metal; (b) 2D network structure; (c) 3D supramolecular network structure (note: the illustration is an enlarged

view of the hydrogen bonding method).
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Fig. 2. Solid UV-vis absorption spectra of compound 2 and Ligand H,DLDA.

bands at 269 nm and 384 nm correspond to the 7-5t* transition and n-it*
transition of the ligand H,DLDA. Compound 2 also exhibits two peaks
at 251 nm and 367 nm, which are similar to the peaks of the ligand.
Since the f-f transition of Eu®* is a spin-forbidden transition, the UV
absorption is extremely weak, so in the compound 2, the UV absorption
of Eu®* is not observed, therefore, the absorption bands of the com-
pound are predominantly contributed by the ligand H,DLDA, the UV
absorption of compound 2 originated from ligand-to-ligand transition
(LLCT), which leads to the UV absorption peak shape and position of
the compound and the ligand are similar. Furthermore, the absorption
peak of the compound is blue-shifted compared to the ligand, indicating
that a coordination reaction occurs between the ligand and Eu®*,
forming a stable compound. After the compound is formed, the electron
cloud on the benzene ring moves toward Eu®", resulting in a decrease
in the conjugation and a reduction in rigidity of the benzene ring, so the
wavelength shifted blue. The broad peak of the compound near 450 nm
should be attributed to the LMCT transition.

3.7. Solid-state photoluminescent spectra

The solid-state fluorescence characterization of the compound 2 and
the ligand H,DLDA was recorded at room temperature (See Fig. 3).
Under the monitoring of 614 nm, the excitation spectra of the com-
pound 2 include a wide band at 325-375 nm attributed to w-rt* electron
transition of organic ligand. At the same time, the narrow peaks at
393 nm, 463 nm, 534 nm, are belong to the energy level transition of
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Eu®™ ion and the interaction with ligand, because the H,DLDA exhibits
wide absorption in the range of 300-500 nm. These results suggest that
the excitation spectra of the compound 2 contain not only the organic
ligands m-rt* transitions, but also the strong energy level transitions of
Eu* ion. Comprehensive analysis of above information, we know that
the contribution to the excitation spectra is not only derived from the
electron transition of Eu* itself, but also partly from the energy
transmitted by the antenna effect of the ligand. In the emission spec-
trum of compound 2 (Aex = 358nm), several °Do—"F; (J = 1-4)
emission peaks typical of Eu®*ion are observed, and the peak positions
of typical emission peaks are 590, 614, 652 and 699 nm, respectively.
At 578nm, the particularly weak emission peak is attributed to
5Do—"Fy, which is caused by the symmetry-forbidden transition of
europium ion. The extremely strong peak at 614 nm belongs to the
5Dy-"F, transition, which is an electric dipole transition. Its emission
intensity changes significantly with the Eu®* coordination environ-
ment, while the °Do-"F; transition at 590 nm is a magnetic dipole
transition. Without any symmetry limitation, its emission intensity is
hardly affected by the Eu®>* coordination environment, and the ratio of
the relative intensity of the °Dq-"F, transition to the *Dy-’F; transition
can indicate the symmetry of the central ion lattice. From the emission
spectrum of the compound, it can be seen that the *Dy-"F, transition
intensity is much stronger than the ®Dy-’F; transition intensity, in-
dicating that the central ion Eu®" is in a lower symmetrical environ-
ment, which is consistent with the crystal structure of the compound.
Meanwhile, the ligand emission spectrum showed wide absorption in
the range of 450-550 nm, while the absorption peak appeared in the
same position of compound 2, which further indicates that the ligand
contributes a certain degree to the luminescence of the compound.
Then, the solid compound 2 and the ligand H,DLDA were respectively
irradiated with a handheld ultraviolet lamp, which respectively emit
yellow light and yellow green light, and the CIE diagrams are as shown
in Fig. S4.

3.8. Fluorescence sensing properties of compound 2

3.8.1. Solvent selection

Our group has been engaged in the functional properties research of
fluorene and its derivatives as well as the coordination compounds.
Some works about fluorescence sensing properties of ligand H,DLDA
have been reported by us [73]. In order to further investigate the
fluorescence properties of the compounds constructed by H,DLDA, we
synthesized above a serious of Ln-CPs, among them based on the
fluorescence characteristics of Eu®*, Eu-DLDA (compound 2) is selected
for fluorescence sensing. Therefore, it is first necessary to explore an
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Fig. 3. Solid state fluorescence excitation and emission spectra at room temperature: (a) compound 2; (b) H,DLDA.
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Fig. 4. (a) Fluorescence intensity of compound 2 was compared in different solvent systems; (b) CIE chromaticity diagram of compound 2 in DMA; (c) Fluorescence

intensity at 614 nm.

optimal luminescence respond of compound 2 in different solvent
system, so compound 2 was dispersed into following nine different
solvents (ethanol (EtOH), N,N-Dimethylacetamide (DMA), acetonitrile
(CH3CN), water (H,0), ethyl acetate, N,N-dimethylformamide (DMF),
methanol (MeOH), N-hexane, dichloromethane (DCM)), respectively,
ultrasound treatment was performed for 30 min before fluorescence test
to ensure the uniform distribution suspension system (the suspension
concentration is 1mg/1 mL). It can be distinctly seen from Fig. 4a that
the fluorescence intensity of the compound changes with the solvent
difference in the system, but the positions of the maximum emission
(614 nm) does not change, showing that different solvent molecules do
not affect the excited state energy level of the compound. At the same
time, the emission peak intensity at 400-450 nm varies with the sol-
vents, indicating that the solvent has a certain influence on the energy
transfer of the ligand, further indicating that this part of the energy in
the suspension is not completely transferred to Eu®*. In addition, the
emission peak intensity of compound 2 at 614 nm was the strongest in
DMA, and it also showed strong absorption in the range of 400-450 nm,
which is within the wavelength range of blue light. Based on the above
considerations DMA is chosen as the most optimized solvent for the
following all fluorescence titration experiments. Simultaneously, we
also found an interesting luminescence change by using handheld ul-
traviolet lamp to illuminate the compound 2 dispersed in the DMA,
emitting a white light. CIE diagram as shown in Fig. 4 b, and CIE

coordinate is (0.2842, 0.2633). Different from the yellow light emitting
from the aggregated solid compound sample, we speculated that the
change of luminescence might be caused by some interaction between
the solvent molecular DMA and the compound, and the combination of
blue light and yellow light may be lead to the final white light of
compound 2. In order to more intuitively observe the fluorescence in-
tensity of compound 2 in different solvents, the emission peak at
614 nm was separately plotted (See Fig. 4c).

3.8.2. Fluorescent sensing selectivity property

The luminescent responses of compound 2 were explored by
treating 2@DMA suspensions (30 mg dispersed in 30 mL DMA) with
900 uM different analytes such Fe*, AI**, Cu®**, Pb**, Cd**, Cr*t,
BaZ*, Co®*, Ni%2*, Mg?*, Zn?*, Ca®*, K*, Na™, respectively. First,
2mL suspension was accurately removed to quartz cuvette with a
pipette, and then 180 pL of metal ions above were added to the system
to test under the same conditions. Fluorescence intensities of suspen-
sions containing above 14 kinds of metal ions were recorded and
compared, as shown in Fig. 5a. Similarly, in order to more intuitive
illustrate the fluorescent selectivity of the compound for different metal
ions, we also compared the emission peaks at 614 nm, which could be
attributed to the >Dy-"F5, as shown in Fig. 5b. It can be clearly seen that
among the all detected metal ions, the fluorescence quenching ability of
the compound 2 to Fe** is the strongest. Simultaneously, it should not
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Fig. 5. Comparison of fluorescence intensity of compound 2 containing 14 different metal cations under the same conditions: (a) concentration-dependent curves; (b)

fluorescence intensity histogram at 614 nm.

be neglected that the higher quenching effect of compound 2 on AI®*

and Cr**. In conclusion, it is shown that compound 2 has a good
fluorescence quenching effect on Fe**, AI**, and Cr®*, so it may be
used as a fluorescence sensor that can detect three kinds of ions at the
same time.

3.8.3. Sensitivity investigation

Due to Fe>*,AI** and Cr®* gave marked luminescence quenching
effects, prompting us to explore the sensitivity of the compound 2 to
Fe®*, AI®* and Cr®*. The specific experimental method is as follows:
the effect of the compound 2 on the fluorescence titration for Fe>*,
AI** and Cr** was further studied by sequentially adding 0-180 L at a
concentration of 10~ 2mol/L to the suspension. It is excited to notice
that remarkable quench effect were observed with the gradual addition
of Fe®*, AI** and Cr®* and the quenching efficiency is about 99.70%,
96.20%, 97.30%, which were calculated by using the equation (1- I/
Ip) X 100% (Iy is the initial fluorescence intensity, I is the fluorescence
intensity after addition ions) when the volume of three cations were
added to 180pL. The quenching rates are higher than reported
quenching rates toward Fe>*, AI** and Cr®*, respectively, which in-
dicate that the compound 2 has extremely excellent sensitivity to above
three metal ions.

On this basis, in order to further explore the effect of compound 2
on the detection of lower concentrations of the test substance, we also
diluted the concentration of three cations to 10~ 2 mol/L and performed
the same titration experiment. The fluorescence intensity changes of
compound 2 after adding three different volumes of metal cations re-
spectively are shown in Fig. 6. The Stern-Volmer equation: Ip/I=Ksv
[Q]+1(Ip and I represent the fluorescence intensity before and after the
addition of ions, respectively. Ksv is the quenching constant ™™, [0]
represents the molar concentration of ions) can further explain the high
sensitivity for Fe>* ,AI®* and Cr®”, by calculating the Ksv value of
compound 2 to reach 1.77 x 10*M~Y(R2 = 0.9983),
1.44 x 10*M ™' (R* = 0.9982), 3.621 x 10*M~'(R* = 0.95165) ac-
cording to the corresponding S-V plots, higher than previously reported
compounds. The detection limit is another key data that indicate the
sensitivity of the fluorescent probe. The detection limit arel.93 uM,
2.38 UM, 0.945uM corresponding to the above three metal ions, re-
spectively, calculated by the formula:30/K (o is the standard deviation
of the fluorescence intensity of the blank solution), lower than that
reported in other compounds. The above data indicates that compound
2 is very promising as a potential fluorescence sensor to detect Fe®*,
AI** and Cr®* in aqueous solution.

Aim at ascertain the compound 2 has the high sensing ability

towards Fe>*, AI** and Cr®*, interference experiments on three metal
ions were performed separately, as shown in Fig. S5. Obviously, in the
presence of other metal ions, the fluorescence quenching behavior is
almost not affected, that is to say that the compound 2 is highly se-
lective to Fe3*, AI®* and Cr3™.

3.8.4. Sensing selectivity of compound 2 for different anions

Recognizing that the excellent fluorescence response of the com-
pound 2 to metal ions drive us to further investigate whether it has the
same remarkable detection effect on anions. So next, we will shift our
focus to the fluorescence titration test for anions. 11 anionic solutions
(Br~, Ac™, CO3°7, C,04°7, Cr,0,°7, C17, F~, MnO,~, NO;~, PO,*~,
S0,%7) with a concentration of 10~ ?mol/L were prepared, respec-
tively, the 180 L solutions were accurately removed and dropped into
the suspension containing 2mg compound per 2mL solution. The
fluorescence intensity after each addition of different detection sub-
stance was recorded in time and the fluorescence quenching behavior
was compared, the specific changes are shown in Fig. 7.

3.8.5. Sensitivity investigation of compound 2 for anions

It can be seen intuitively from Fig. 7 that compound 2 has better
quenching behavior than other anions on four anions C,0427, Cr0,27,
MnO,~, PO,>~, so then we did a concentration gradient test on four
anions. Similarly, in the system DMA is used as a solvent, 2 mg com-
pound 2 was dispersed in 2 mL DMA, and the suspension was formed by
ultrasound for 30min. Then 0-180 uL of four kinds of detection sub-
stances having a concentration of 10~ ?mol/L was added sequentially
into the suspension above. Fig. 8 shows the fluorescence intensity
changes of the compound 2 with four anions added. In the same way,
according to the Stern-Volmer equation: [o/I=Ksv[Q] +1, Ksv values of
compounds  with C,04%7, Cr,0,27, MnO,-, PO.,®~ were
2.07 x 10°M™ 1, 565 x 10°M~!, 3.18 x 10°M~ !, 1.82 x 10°M ™1,
respectively. Therefore, according to the calculation of 30/K, detection
limits are 16.5 uM, 6.06 uM, 10.8 uM,18.8 uM, respectively, lower than
the detection limit of related ions previously reported.

Similarly, in order to explore whether other anions would interfere
with the detected four ions C»042~, Cr.0,2~, MnO,~, PO,>~, we also
conducted fluorescence interference experiments on the detected four
anions. The experimental results are shown in Fig. S6. The results show
that the other anions have almost no interference with the change of the
fluorescence intensity of the four detected anions, indicating that the
compound 2 has good selectivity for the four anions detected.
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Fig. 6. Concentration-dependent luminescence intensities of compound 2 by the addition of different volumes of metal cation respectively, (a) Fe3*, (b) A2, (¢)
Cr®* (Illustration: fluorescence quenching visible to the naked eye under ultraviolet light).
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detection.

3.8.6. Study on the cyclability and stability of sensor based on compound 2

Superior cycle reusability and stability are indispensable parameters
for high performance chemical sensors. In order to explore the recycl-
ability of sensor (compound 2), the reproducibility study was per-
formed through the fluorescence detection activity. We choose com-
pounds with Fe® * added recycled as an example, the specific operation
is as follows: after adding 300 uL of Fe® * to record the fluorescence
intensity, compound 2 was recovered by centrifugation, washed with
DMA and used for the next cycle, repeated test five times, compare the
fluorescence intensity of each time. The change of fluorescence in-
tensity before and after each addition of Fe>* is shown in Fig. 9a. Since
the fluorescence intensity of compound 2 dose not decreased obviously
after five cycles, it is reasonable to believe that compound 2 can be used
as an excellent cyclic material to detect Fe>*. And, we also carried on
the exploration to the stability of the compound 2, filter and dry the
sample for each test, then to perform a PXRD test (Fig. 9b), the peak
position in the spectrum can be well matched every time, show that
compounds 2 has excellent stability. It is because of this kind of emi-
nent stability, practicality and recycled, made compound 2 has a unique
advantage act as fluorescent sensor testing materials.

3.8.7. Fluorescence respond mechanism

Studies have shown that there are generally several reasons lead to
the fluorescence quenching of compounds: first, collapse of the skeleton
of compound is a common way to quench the luminescence. For com-
pound 2, the PXRD spectra before and after adding Fe** can be well
matched (See Fig. 10a) reveal that the skeleton is still intact after the
introduction of Fe®*, indicating that the quenching caused by the
collapse of the skeleton was excluded.

Secondly, the ligand H,DLDA in compound 2 can effectively absorb
the energy in the ultraviolet spectrum and transfer it to Eu® *, so as to
produce the characteristic luminescence spectrum of compound 2.
Comparably, Fe®* shows nonnegligible photon-absorption at
270-400 nm (as shown in Fig. 10b), suggesting that the introduction of
Fe>* have obvious effect on the energy absorption of the ligand, which
means excited photons are absorbed by Fe**, which prohibits efficient
energy transfer from the ligand to the Eu®", and ultimately results in
luminescence.

Third, the collision interaction between compound 2 and free Fe>*
ions may consume the energy and reduce the luminescent intensity.
From the framework of the compound, we know that the presence of
multiple conjugated m electrons in the structure due to the direct

10

connection of multiple benzene rings. In the process of binding with
Fe®*, the electron donating ability of the compound is enhanced by the
excited state delocalized st* electrons, which facilitates exciton migra-
tion and increases the electrostatic effect of the compound and Fe®™*.
Since there are multiple sites in the conjugated compound, when Fe®*
acts as a receptor and binds to one of the sites, it will transfer along the
conjugated chain, causing multiple sites to respond at the same time,
and then effective quenching occurs.

In addition, the SV plots of the Fe>" shows a linear relationship in
the lower concentration region, while a nonlinear relationship was
obtained in the higher concentration region (See Fig. 11. See Fig. S7
and Fig. S8 for the SV plots of other detected ions). This nonlinear re-
lationship at higher concentrations indicates simultaneous dynamic
quenching and static quenching or resonance energy transfer behavior.
To better understand the fluorescence quenching mechanism, fluor-
escent lifetime values for the compound 2 were performed in the DMA
suspension before and after the addition of Fe** to determine the type
of reaction quenching (See Fig. 12). Theoretically, dynamic quenching
is caused by the decrease of fluorescence intensity due to the collision
between the quencher and the fluorophore, which results in a decrease
in the lifetime, while static quenching is caused by the combination of
the quenching agent and fluorophore to produce substances that do not
produce fluorescence. The existence of quenching agent does not
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Fig. 11. The fitting curves of the nonlinear S-V plots of 2 for various con-
centrations of Fe>* by the exponential quenching equation. Inset: the fitting
curves of the linear S-V plots for Fe*>* at low concentrations.
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change the lifetime of fluorescence molecular excitation state. After
Fe** was added, the corresponding lifetime value decreased from
335 s to 239 ps, indicating that dynamic quenching was dominant in
the whole quenching process, which is consistent with the conclusions
illustrated in SV plots. In addition, the quenching mechanism of com-
pound can be further determined by absorption spectra. Dynamic
quenching mainly affects the excited state of the fluorescence molecule,
so it does not affect the absorption spectrum of the fluorescence sub-
stance, while in static quenching, the characterization of ground state of
the compounds often changes the absorption spectrum of the material.
However, when Fe** was added, the absorption peak of compound 2
did not shift, which further proved that the quenching type of com-
pound 2 was dominated by dynamic quenching.

In addition, in the case of anions and cations, the UV-Vis spectrum
displays apparent absorption ranging from 300 to 370 nm (Fig. 10b),
which also has a large overlap with the excitation spectrum of 2. Fur-
thermore, many C atoms and uncoordinated O atoms exist in 2, which
could act as hydrogen bonds donors and acceptors to enhance the in-
teractions between detector and 2. Meanwhile, there are many benzene
rings in 2, which may form the s-m stacking interactions with detec-
tors. Consequently, the electrostatic interactions and energy-transfer
could occur between 2 and detector supported by the exponential S-V
curve of detector, which may be another probable reason for the lu-
minescent quenching.

Thus, a possible quenching mechanism is proposed as follows: the
introduction of Fe** may consume the energy through the collision
interaction and further decrease the energy transfer from H,DLDA to
Eu®" centers, resulting in the luminescence quenching of compound 2.
The luminescence quenching mechanism of Fe>* was discussed in de-
tail, which could be used as a model for other ions.

4. Conclusions

In a word, by rare earth Eu® * ions and fluorene derivatives, the
successful preparation of a kind of new fluorescent probe materials, [Eu
(DLDA)(DMF)(H,0)(COO)In, which can simultaneously detect a
variety of metal ions and the anion in the solution. By fluorescence
titration experiment proved that the compound has extremely high
sensitivity and very low detection limit, and outstanding chemical
stability, and distinct fluorescence quenching is visible to the naked eye
under UV light. Moreover, the mechanism of its quenching is explained
to some extent. It is expected to enrich the application of fluorene and
its derivatives in the field of photoluminescence, has a wide application
prospect. In addition, through the same method, the other four rare
earth compounds were also successfully synthesized. A series of char-
acterizations proved that they are isomorphic compounds with Eu-
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DLDA compound and have 3D supramolecular network structural
characterization.

Accession codes

CCDC for the compound 1:1914134 contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccde.cam.ac.uk/data_request/cif, or by emailing data_
request@ccdc.cam.ac.uk, or by contacting The Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: +44 1223 226033.
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