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ARTICLE INFO ABSTRACT

Detection of trace metal ions in drinking as well as irrigation water is crucial in understanding their roles among
living humans and animals. Herein, an organic PHBA-functionalized polyoxometalate (POM) derivative [N
(CH3)4]13K;Eu(PHBA)(H,0)2(a-PW;1039)]1-7H,0 (1) (PHBA = p-hydroxybenzoic acid) was successfully synthe-
sized which acts as a luminescent probe for selective sensing of chromium and calcium in aqueous solution. The
aqueous solution photoluminescence properties of 1 were carefully investigated, indicating PHBA ligand can
sensitize the luminescence of Eu®* ion in 1. The time-resolved emission spectroscopy was also performed to
authenticate the energy transfer from m-r* transition of PHBA group to Eu®* ion. The sensing properties of 1
were performed on Cd**, Cr**, Ba®*, K™, Li*, Pb%*, Zn?*, AI®*, Ag™, Hg?", Co**, Sr?™, Ca®*, Na™, Mg?*
ions in aqueous solution, and the photoluminescence intensity for Cr** ion display a quenching phenomenon,
whereas, Ca®* ion displays an enhancement signal in their photophysical behavior. The detection limits for
detecting Cr** and Ca®* ion were 1.423 uM and 0.676 mM, respectively. In the detection process of Cr>* ion,
the values of quenching rate constant (K,) were varied from 4.34 x 10°L (mols) ! to 4.29 x 10°L (mols) ™,
which were lower than the value of the maximum scatter collision quenching constant (2.0 X 10'°L (mols) ™ Y).
The results reveal that the quenching mechanism between 1 and Cr®* ion can be attributed to dynamic collision
quenching mechanism. Furthermore, the active sites for sensing Cr>* and Ca®* ions also have been investigated,
determining the different interaction mechanisms exist in detection of Cr>* and Ca®* ions in solution.
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1. Introduction selective and sensitive detection of metal ions in solution is an urgent

issue and of great importance to human security and environmental

Recently, heavy metal pollution has become a more and more se-
vere challenge in all over the world, especially for drinking and irri-
gation water, which is indeed a serious concern as it leads to a series of
foreseeable and unforeseen diseases that threaten the safety of human
life in the contemporary society [1-5]. Trivalent chromium (Cr3) are
known to be harmless and necessary species in many biological pro-
cesses as well as used frequently in industrial process, while excessive
Cr®* concentration can coupled with DNA in the human bodies, re-
sulting in mutations or malignant cells and increasing the risk of dia-
betes and cardiovascular diseases related to other complications
[6-11]. Calcium is the essential element for the formation of basic
skeleton in human and other animal bodies, the lack of calcium element
can lead to a series of severe diseases, while the excess of calcium
element also could cause stone problems in living body [12]. Therefore,
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protection, and the metal ions to a certain degree play a crucial role in a
variety of vital cell functions [13]. Up to now, the selective detection of
metal ions, including UV-vis absorption, atomic absorption spectro-
photometry, fluorescence detection, inductively coupled plasma emis-
sion spectroscopy, and voltammetry, have been acquiring a burgeoning
interest [14-17]. Among the dazzling detection technologies, the
fluorescence detection has been becoming a feasible operation as a
consequence of the high selectivity, convenience, rapid response, facile
operation and so forth [18-22]. In the traditional operations, organic
fluorescent molecules were supposed as excellent fluorescence probes
due to their desirable luminescence behaviors and active sites. In the
organic molecules, the Lewis basic sites, such as pyridyl nitrogen, amide
groups and OH components, have been affirmed to recognize and trace
neutral as well as ionic species [23-25]. The interaction mechanism

Received 11 May 2019; Received in revised form 26 June 2019; Accepted 2 July 2019

Available online 03 July 2019
0143-7208/ © 2019 Published by Elsevier Ltd.


http://www.sciencedirect.com/science/journal/01437208
https://www.elsevier.com/locate/dyepig
https://doi.org/10.1016/j.dyepig.2019.107696
https://doi.org/10.1016/j.dyepig.2019.107696
mailto:mpt@henu.edu.cn
mailto:jyniu@henu.edu.cn
https://doi.org/10.1016/j.dyepig.2019.107696
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dyepig.2019.107696&domain=pdf

H. Wu, et al.

between Lewis basic sites and metal ions (Lewis acid) can be regulated
through their varieties and concentrations [26-30].

Polyoxometalates (POMs), as a series of anionic metal oxide clusters
of Mo, W, V, Nb and Ta, are quite promising in many fields, such as
magnetic, catalysis, optical and electrical materials due to their abun-
dant structure and distinct properties [31-37]. The cooperation of
lanthanide ion (Ln®*) and POMs fragments (Ln-POM) have been widely
explored in a good deal of potential applications ranging from single
molecular magnetic, single ion magnetic, optical materials, high-nu-
clear clusters to Lewis catalysis [38-40]. Interestingly, the Ln-POM
derivatives can also be regarded as one kind of potential fluorescence
sensor because of their satisfactory luminescence behaviors derived
from f-f transitions of Ln®* ions, such as sharp emissions, long lifetime,
high color purity, etc [41,42]. Till now, several inorganic POMs in-
corporating Ln®" centers have been shown to act as efficient lumines-
cent probes [43-47], while relatively rare efforts were done to sense
heavy metal ions. For example, Mialane and coworkers reported one
EuW10@UiO-67 composite as chemical probe for sensing Na™, K*,
Ni?*, ¢r®*, cu®*, AI**, Mn®*, and Fe®* ions, showing a highly se-
lective signal for Fe>* ion in aqueous solutions [48]. The results reveal
that the concentration limit for the detection is estimated to be 37 uM.
Recently, Wang and coworkers prepared a series of Keggin compounds
as bifunctional sensors to selectively sense Hg>* ion in dimethyl sulf-
oxide (DMSO) solutions, and the detecting concentration of Hg2+ ionis
15mM [49].

Herein, we successfully obtained one case of PHBA (PHBA = p-hy-
droxybenzoic acid, Scheme 1) functionalized Eu-POM ([N(CH3)4]3K>Eu
(PHBA)(H50),(a-PW;;034)]1-7H50, (1) as a new fluorescence sensor for
detecting metal ions in aqueous solution. The reasons can be explained
as: (a) in comparison with other Ln®* ions, Eu®>* ion possess much
higher inherent luminescence nature; (b) the excellent water solubility
of POM may surmount the traditional bottleneck for detection of or-
ganic fluorescent molecules and increase the solubility of this sensor.
Furthermore, the advantages of introducing organic PHBA into com-
pound 1 are: (a) the organic PHBA ligand can efficiently absorb energy
to sensitize emissions of Eu®** ion via effective bond-through me-
chanism [41,50,51]; (b) the OH group from the PHBA serving as Lewis
basic site can catch metal ions for the detection of heavy metal ions; (c)
the carboxyl group from the PHBA was easy to bind f-metal ions for the
formation of POM-based hybrids. Based on above facts, the composite
of PHBA, Eu®" ion and POM fragment has been well prepared and
characterized by various physical and chemical technologies.

In this paper, overall fifteen metal ions (Cd®*, Cr**, Ba®*, K", Li*,
Pb2*, Zn?", AP, Ag™, Hg?*, Co?*, Sr?*, Ca®*, Na*t, Mg?") have
been tested in aqueous solution, and the results demonstrated that this
sensor not only displays a high luminescence quenching effect upon
several d-transition ions (e.g., Cr>*, Co?™, Ag™), but also exhibits one
luminescence enhanced phenomenon toward some metal ion (e.g.,
Ca®*). As we know, considerable efforts have been performed on the
detection of Ag™, Mg®*, Zn®>" and other ions [52-54], nevertheless,
relatively rare documents were focused on the development of tracing
and sensing of Cr>* ions. The previous reports about detection of Cr®*
ions could lead to puM [55-57], or even to nM level, but only a few
works based on POM derivatives were reported till now. Here, the de-
signed sensor 1 is highly meaningful as it exhibits a very low detection
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Scheme 1. The schematic of the ligand PHBA (PHBA = p-hydroxybenzoic
acid).
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limit until 1.423 uM level toward Cr®* ion in aqueous solution. Fur-
thermore, the photoluminescence of Eu®* ion and energy transfer
mechanism from PHBA to Eu®" ion was systematically investigated by
multifarious operations, respectively. Meanwhile, the exploration of
interaction mechanisms between this POM-based probe and metal ions
illustrate different interaction mechanisms prevailing in detection of
Cr®”* and Ca®” ions.

2. Experimental details
2.1. Materials and methods

All chemicals were commercially purchased and used without any
further purification. The precursor K;4[PoW;9069(H20)]-24H,0 was
prepared according to a reported approach and confirmed by Fourier
transform infrared (FTIR) spectrum [58]. C, H, and N elemental ana-
lyses were performed using an Elementar Vario EL cube CHNS analyzer.
Powder X-ray diffraction (PXRD) data were collected on an X-ray
powder diffractometer (Bruker, D8 Advance) using Cu Ko radiation
(A =1.5418 f\) collected with the angular range (20) from 5° to 45° at
room temperature. FTIR spectra (KBr disk) were performed using a
Bruker VERTEX-70 spectrometer using KBr pellets in the region of
400-4000 cm~ Y. The thermogravimetric analyses (TGA) cures were
recorded from 30°C to 800 °C with a heating rate of 10°C min~" in
flowing N, atmosphere on a NETZSCH STA 449 F5 Jupiter thermal
analyser. The Electrospray Ionization Mass Spectrometry (ESI-MS)
spectrum measurements were performed on a Q EXACTIVE mass
spectrometry in the negative ion mode and the collected data were
analyzed using the Peak view 2.0 software. Photoluminescence emis-
sion spectra, photoluminescence excitation spectra, decay time curves
and time-resolved emission spectroscopy were taken on an EDINBU-
RGH FLS 980 fluorescence spectrophotometer equipped with a mono-
chromated 325 W Xe-arc excitation source and a visible detector (Ha-
mamatsu R928P). The single exponential function of decay time curve: I
® = Ael~Y?; where I(t) is the emission intensity at time t, A is the pre-
exponential factor of lifetime t [59].

2.2. Synthesis of 1

EuCl36H,0 (0.228 g, 0.600 mmol) was dissolved into 30 mL deio-
nized water in a beaker and stirred quickly until a clear solution ap-
pears, then the PHBA ligand (0.240g, 0.200mmol) and
K14[Pa2W19060(H20)1-24H,0 precursor (2.120g, 0.465mmol) were
added to the clear solution under stirring. The mixed solution stirred
constantly to become clear. The pH value of above clear solution was
regulated to 4.5 by 3mol L™ ! KOH solution under stirring. Finally, the
resulting solution was heated at 80 °C for about 1.5h, and then tetra-
methylammonium chloride (TMACI) (0.110 g, 1.000 mmol) was added
and further stirred for 20 min. The resulting solution was cooled and
filtered to evaporate at ambient temperature. The colorless block
crystals were obtained after about 2 weeks. The obtained yield: 25.76%
(0.530 g, based on EuCl36H,0). Selected FTIR (KBr pellets, cm ™)
3050 (w), 1600 (m), 1520 (s), 1489 (s), 1414 (s), 1090 (s), 1051 (s),
955 (s), 886 (s), 825 (s) and 702 (m). Elemental analyses (%): Calcd, C,
6.56; H, 1.73; N, 1.23; Found, C, 6.78; H, 1.85; N, 1.22.

2.3. X-ray crystallography

A suitable good-quality sample of 1 was sealed in a capillary tube,
and then the crystallographic data were corrected on a Bruker Apex II
CCD diffractometer at room temperature using graphite-mono-
chromated MoKa radiation (A = 0.71073 A). Empirical absorption
corrections were carried out using a multi-scan absorption correction.
All these structures were solved by direct methods and refined by full-
matrix least squares on F? using the SHELXL-2018/1 program package
[60,61]. During the solving and refinement process, all heavy atoms
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were first located by full matrix least-squares refinements on F* and
Fourier syntheses using the SHELXS-1997 program package, and which
were further refined anisotropically. Most lattice water molecules were
located by using a Fourier map, and the remaining lattice water mo-
lecules were determined by TGA results. The hydrogen atoms from the
organic groups were placed in calculated positions and refined using a
riding model. All hydrogen atoms on water molecules could not be well
located from the electron density map. Crystallographic data for 1 with
CCDC number of 1892872 can be obtained free from the Cambridge
Crystallographic Data Center. Crystallographic data and structure re-
finements for 1 are listed in Table S1.

2.4. Luminescence sensing experiments

The crystal samples of 1 (0.087 g) was dispersed in a deionized
aqueous solution (25 mL), and then the admixture is shaken on an os-
cillator for 10 min to a completed dissolved solution (1.0 X 103 mol/
L); the solution was then used for the luminescence sensing measure-
ments. The aqueous solutions of MCl, (M = Cd**, Cr®*, Ba®*, K™, Li¥,
Pb2*, Zn2*, AI3*, Ag*, Hg?*, Co?*, Sr**, Ca®*, Na‘t, Mg?") were
prepared for luminescence sensing measurements at the room tem-
perature. Each MCI, solution was initially going to be 1.0 mol/L, and
the solution was diluted to continue the sensing experiments. For the
luminescence measurements, 1.5 mL solution of 1 and 0.5 mL solution
of MCl, were together mixed in a quartz cube to run a luminescence
test; each luminescence test was performed at the same conditions.

3. Results and discussion
3.1. FTIR, PXRD, TGA characteristics

The FTIR spectra of 1 and PHBA ligand were performed using KBr
pellets on a Bruker VERTEX 70 IR spectrometer from 450 to 4000 cm ~*
(Fig. S1). The strong peaks of FTIR spectra of 1 ranging from 700 cm ~*
to 1100 cm ™! could be assigned to the high v(P-0,), v*(W-0,), v(W-0y)
and v(W-0.) vibrations bands of [a-PW;;030]”" subunits in 1 [42].
Compared to the FTIR spectrum of PHBA ligand, the FTIR spectrum of 1
display several peaks in the range of 1400-1600 cm ™!, (1414, 1489,
1520, and 1600 cm™ ') which can be attributed to the stretching vi-
brations of aromatic ring of PHBA ligand (1423, 1450, 1510, and
1597 cm ™ 1Y), and the blue shift may be attributed to the coordination
effect between [EuPW;;030]* unit and PHBA ligand. The above ana-
lyses provide the valid evidence that the existence of POM skeletons
and organic group in 1, are in good agreement with structural analyses
from single-crystal X-ray diffraction (described in crystal structure
section). As shown in Fig. S2, the experimental PXRD diagram of 1 have
the similar patterns to the simulated diffraction patterns from the single
crystal X-ray diffraction structural analysis of 1, indicating the experi-
mental samples are in good phase purity. Furthermore, the different
pattern intensity between experimental and simulated PXRD patterns
could be obviously observed, which may be due to the variations in
preferred orientation of the experimental samples during the process of
collection of the PXRD patterns. The TGA curve of 1 was collected
under the N, atmosphere ranging from 30 °C to 800 °C. As shown in Fig.
S3, the curve of 1 display two weight losses. The first step weigh loss of
3.74% from 30 to 160 °C, corresponds to the removal of seven lattice
water (caled. 3.68%). The second step weigh loss of 7.11% between 160
and 500 °C was assigned as the release of two coordinated water mo-
lecules and oxidation of three [N(CH3)4] " cations (calcd. 7.53%). The
continued weigh loss in the range of 500-800 °C can be attributed to the
oxidation of organic PHBA group and partial decomposition of POM
skeleton [62,63].

3.2. Synthetic discussion

In the synthetic process, the final compound was obtained by the
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reaction of EuCl;, PHBA ligand and Kj4[P>2W19069(H20)]-24H,0 pre-
cursor in a suitable molar ratio. Parallel experiments show that the
collection of target products depend on several factors: (a) the suitable
pH environment. The parallel experiments were performed under the
same condition except for pH value, which were set at 2.0, 2.5, 3.0, 3.5,
4.0, 4.5, 5.0, 5.5, 6.0, 6.5. The results show that the same product was
obtained in the pH range of 4.0-4.5; (b) the effect of tetra-
methylammonium cations. The product was collected as tetra-
methylammonium salts from the resulting solution in the form of a
crystalline solid. The experiment results indicate the final block crystals
can not be obtained in the absence of the tetramethylammonium
chloride; (c) the reaction temperature. The reaction temperature also
affects the syntheses of products. The experiments have proved that the
suitable reaction temperature from 70 °C to 80°C can facilitate the
syntheses of products.

3.3. Structure description of 1

1 was successfully synthesized using a conventional aqueous
method, and the single crystal diffraction analyses display that 1 crys-
tallizes in the triclinic space group P-1. In detail, 1 comprises one [Eu
(PHBA)(H50)5(0-PW11039)1°~ polyanion (Fig. 1), two K™ ions, three [N
(CH3)4]™ cations and seven lattice water molecules. In the polyanion of
[Eu(PHBA)(H,0),(a-PW;1030)1>", Eu®* center belongs to eight-co-
ordination configuration which is defined by four O atoms (012, 014,
029, 030) provided by lacunary Keggin-type anion [a-PW;,035]7~ with
the Eu-O bond lengths being in the range of 2.325(3)-2.377(3) f\, two
O atoms (O1W, O2W) occupied by coordinated water molecules with
the Eu-O bond lengths ranging from 2.437(3) to 2.474(4) 17\, and two O
atoms (040, O41) derived from carboxy group of PHBA ligand with the
Eu-O bond lengths being between 2.465(3) and 2.519(3) A, which are
well consistent with the reported Eu-O distances [64]. As demonstrated
in Fig. 2, the polyanion of 1 was orderly arranged through electrostatic
interaction efforts. In addition, multiple O-H---O hydrogen bonds exist
between the hydroxy of p-hydroxybenzoic ligand and water molecule
(O8W) together with among the abundant water molecules with the
0---0 distances in the range of 2.64-2.84 A within this matrix.

3.4. ESI-MS analysis

The ESI-MS is an efficient tool that affords a lot of reliable in-
formation of cluster molecule in solution [65]. Herein, the negative-ion
ESI-MS analysis was used to study solution stability of 1 at room tem-
perature. The single crystals of 1 were dissolved in water to obtain
negative mode mass spectra of 1 (Fig. 3). The spectrum shows two
peaks at m/z 741.5777 (simulated 741.5713) and 751.5926 (simulated
751.5336), attributed to the intact cluster [Eu(C,Hs03)(a-PW;;039)1*

Fig. 1. The ball-and-stick/polyhedral representation of polyanion of 1. Note
that all H atoms were deleted for clarity. (color code: WOg, bright green; W,
bright green; P, pink; Eu, green; O, red; C, gray). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 2. The ball-and-stick/polyhedral representation of packing arrangement of polyanions for 1. Note that all K* ions, [N(CH3)4]1* cations, water molecules and H

atoms were omitted for clarity.

[KEu(C,H,0,)(0-PW,,050)1*

[Eu(C,H;05)(0-PW,,05,)]*" I

748 750 752 754

ul m,;;zm.u,.m“m,mm,lll hhm,..“

740 742 744 746 748 750 752 754
m/z

Fig. 3. ESI-MS spectra vesting in the complete polyanion for 1. Note: simulated
(red) and experimental (blue). (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

il

and [KEu(C;H405)(a-PW1,039)]1* of compound 1, respectively. The
results clearly prove the stability of the complete polyanion of 1 in
aqueous solution.

3.5. Photoluminescence properties

Up to now, the photoluminescence behaviors of Ln-POM derivatives
have been systematically explored by previous works [66-68]. In the
past few years, our group also have made a considerable contribution in
this field [39,40,69-73]. According to the previous documents, the
luminescence of Ln-POM complexes mainly originates from f-f electric-

dipole transitions of Ln®>* ions, which is generally forbidden due to
same parity 4f electronic configurations in Ln®* ions. Therefore, the
POM component could be seemed as sensitizer to some extent to break
this dilemma, realizing the intense emitting emissions of Ln®" ions in
Ln-POMs, which have been proved through various physical-chemical
tools [42,72]. However, the luminescence of Ln®>" ions aroused by or-
ganic chromophore groups has been not wide developed within Ln-
POM molecules, and Boskovic and Zhou detailly investigated this me-
chanism in recent years, and the results show that the organic chro-
mophore groups can provide a more efficient route for the sensitization
of Ln®>* emitting centers [50,51,68].

Herein, the photoluminescence behaviors of 1 in aqueous solution
were discussed. On the basis of the reported works, the photo-
luminescence excitation spectrum of 1 was recorded under emission at
619 nm. As shown in Fig. 4a, four excitation bands appeared at 330,
365, 382 and 395 nm in the excitation spectrum of 1. The narrow peaks
at 365, 382 and 395 nm could be attributed to the characteristic direct
excitations of "Fg—"Dy, "Fy—"G,, and "Fq—"L, f-f transitions of Eu®"
ion, respectively, and the broad band at 330 nm may be ascribed to the
s-rt* transition of PHBA group, indicating the organic PHBA ligand can
absorb energy and subsequently transfer energy to sensitize the lumi-
nescence emission of Eu®* ion. On the basic of above analyses, the
photoluminescence emission spectrum of 1 was performed upon ex-
citation at 330 nm (Fig. 4b), five characteristic emissions of Eu®™ ion at
582, 592, 619, 650 and 700 nm appeared in the emission spectrum,
demonstrating the organic PHBA molecule facilitate the sensitization of
Eu®* ion. In detail, the five bands deactivate from the same excited
level, °Dy, to the ground quintet levels, “F; (J = 0-4), of Eu®>* emitting
center, respectively, which have been certified by the similar decay
time layouts of different emissions (Fig. S4). It is worth noting that the
most intense transition *Dy—"F, at 619 nm was mainly due to electric-
dipole transitions. The broad emission band at 410 nm arise from s-mt*
transition of PHBA ligand, and it also proved that the presence of PHBA
group within 1.

To the best of our knowledge, the photoluminescence behavior of
Ln-POM is usually influenced by the coordination water molecules
around Ln®* ions and Ln-O-W bond angles [73]. The strong O-H
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Fig. 4. (a) The photoluminescence excitation spectrum of 1 in aqueous solution
under emission at 619 nm; (b) The photoluminescence emission spectrum of 1
in aqueous solution under excitation at 330 nm.

frequency oscillators of H,O and other similar coordination molecules
will to a great extent quench the luminescence of Ln®>* emitting centers.
Two water coordination molecules exist around Eu®* ion in 1, which
can affect the emitting emissions of Eu®>* ion. Furthermore, the high-
efficiency frn—pn—dn orbital mixing will be come true when the
Ln—-O-W bond angle was about 150°, which also can effectively impair
the emission intensity of Ln** ion. In 1, the Eu-O-W bond angles of
Eu-030-W1, Eu-014-W2, Eu-012-W10 and Eu-029-W11 were
157.03(19), 136.35(18), 137.54(17) and 156.03(18), respectively,
which can not completely lead to luminescent quenching but to some
context impede the luminescence of Eu®* center.

Furthermore, the concentration quenching phenomenon usually
exists in liquid fluorescence. To testify the phenomenon, a serious of
different  concentration  gradient aqueous solution from
1.0 X 10™?mol/L to 1.0 X 10~ °mol/L of 1 have been performed at
the same conditions (Fig. 5, Fig. S5 and Fig. S6). As shown in Fig. 5, a
high concentration solution (1.0 X 102 mol/L) of 1 will terribly result
in luminescence quenching, and the emission intensity increases to the
maximum as the solution concentration decreases until
7.5 x 10~ *mol/L. Subsequently, the emission intensity will decrease
with the decreasing of solution concentration of 1 down to
1.0 X 10> mol/L, indicating the most optimal emission intensity will
come true when the solution concentration was 7.5 X 10~ *mol/L. The
decay time curves of 1at various concentration solution of 1 from
1.0 X 10™?mol/L to 1.0 x 10~ >mol/L were also performed on the
instrument (Fig. S7), and the similar decay profiles indicate the energy
transfer dynamics are free from the concentration influence within
aqueous solution of 1, which may be due to aggregation-caused
quenching mechanism rather than dynamic collision quenching
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Fig. 5. The changes of histogram and line chart representatives of photo-
luminescence emission intensity at 619nm from 1.0 x 10 2mol/L to
1.0 x 10~°mol/L concentration gradient of 1 in aqueous solution under ex-
citation at 330 nm.
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Fig. 6. The microsecond time-resolved emission spectroscopy of 1 in aqueous
solution (7.5 x 10~ *mol/L) upon 330 nm excitation (Note that the time-re-
solved emission spectroscopy from 108 ps to 160 ps).

mechanism.

To elucidate the energy transfer dynamics in 1, the microsecond
time-resolved emission spectroscopy was performed with 330 nm pho-
toexcitation of aqueous solution of 1 (7.5 x 10~ *mol/L) (Fig. 6). An
interesting aspect revealed by time-resolved emission spectroscopy is
that the distinct layouts evolve within one to second hundreds of mi-
croseconds and persist with little change even when the times get de-
layed from two hundred of microseconds to milliseconds (Fig. S8). After
photoexcitation at 330 nm, an intense band around 410 nm was ob-
served at 108 ps (Fig. 6 (a)). Emission observed mainly corresponds to
q-t* transition of PHBA molecule, which was well consistent with the
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q-it* transition of PHBA ligand in emission spectrum of 1. In the
spectrum at 112 ps (Fig. 6 (c)), the relative weak emissions were found
around 592 and 619 nm, which can be assigned to the f-f transitions of
Eu®* ion. Subsequently, the emissions at 580, 650 and 700 nm gen-
erally were discovered after just 3 ps (Fig. 6 (d)), and the time contact of
3 us was negligible compared with the longer lifetime of Eu®>* emitting
center (about 240 ps). As the spectrum decays, the PHBA-centered
emission slowly weakens, fade away at 160 ps (Fig. 6 (1)). Meanwhile,
the characteristic emissions of Eu®" ion gradually increase (Fig. 6
(d-1)), and the characteristic emission layouts remain little change after
160 ps (Fig. S9). The microsecond time-resolved emission measure-
ments clearly clarified that the sensitization of organic PHBA ligand for
Eu®" ion in energy kinetic process after 330 nm photoexcitation of 1 in
aqueous solution.

3.6. Sensing properties

According to the photoluminescence study, the aqueous solution of
1 display the considerable emission intensity through sensitization of
PHBA group at concentration of 7.5 X 10~ *mol/L, which to some
context encourage us to further explore its application in fluorescence
detection for sensing metal ions in aqueous solution. To explore the
potential of 1 for sensing metal ions in aqueous solution, the photo-
luminescence spectra of 1 in aqueous solution were recorded with ad-
dition of the total fifteen metal ions (Cd?*, Cr®*, Ba2™, K™, Li™, Pb?*,
Zn®*, APY, Ag*t, Hg?*, Co®™, sr®*, Ca®*, Na*t, Mg?") (Fig. S10). As
shown in Fig. 7, the column chart based on emission intensity at 619 nm
(1/1p, I represents the luminescence intensity at 619 nm with addition of
metal ions, I represents the initial luminescence intensity at 619 nm
without any metal ions) displays the significant differences toward
different metal ions. The luminescence with the similar initial intensity
were recorded with addition of K*, Li*, Pb?*, AI**, Hg?", Sr?*, Na™*
and Mg?* ions. Interestingly, the luminescence quenching phenom-
enon were found toward addition of Cr®*, Ag* and Co®™ ions, and the
luminescence intensity enhanced upon addition of Cd*>*, Ba®*, Zn?*
and Ca®* ions. In particular, the obvious luminescence quenching and
enhanced effects were observed with addition of Cr®* ion and alkaline
metal ion Ca®*, respectively.

To carefully explore the sensing properties of 1 for Cr®* ion in
aqueous solution, a series of photoluminescence spectra with addition
of various concentration of Cr®" ion from 1.0 x 10~ ®mol/L to
1.0 x 10~ ' mol/L were also recorded at the same condition. As shown
in Fig. 8, the luminescence intensity decreases with the increase of

700

600 ca?*
526

2+
KLittP’153 50 pgo?t ST Na Mg
26pm A" T8 11405115
2

100 1111041

0
blank

Fig. 7. The changes of luminescence intensity of emission at 619 nm of aqueous
solution 1 (7.5 x 10~ *mol/L) with addition of different metal ions. Note that I
represents the luminescence intensity with addition of metal ions, Iy represents
the initial luminescence intensity (blank) without any metal ions.
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Fig. 8. The emission spectral change of 1 in aqueous solution (7.5 X 10~ *mol/
L) with addition of different concentration of Cr®* ion from 1.0 x 10~ ° mol/L
to 1.0 x 10~ mol/L.

solution concentration of Cr®" ion, and the intensity was gradually
close to the initial luminescence intensity until concentration of Cr>*
ion diluted to 1.0 X 10~ ° mol/L. The result indicates that 1 can be used
for detecting Cr’* ions in aqueous solution through luminescence
quenching mechanism. Furthermore, the changes of column re-
presentatives of luminescence intensity at 619 nm of an aqueous solu-
tion of 1 with addition of different concentration Cr®" ion were care-
fully manufactured to investigate the relationship between
luminescence intensity of 1 and concentration of crt ion (Fig. 9a).
Fig. 9b showed that a linear correlation (R% = 0.990) of the lumines-
cence intensity at 619nm was seen within the range of
0-10 x 10~ ®mol/L with a regression equation of
Y = 51589.913-1131.801X, from which the detection limit (3o/k: o is
the standard deviation of blank samples, k is the slope of the linear
equation [74,75]) was calculated to be 1.423 uM.

The quenching effect can be also analyzed by the quenching con-
stant based on the luminescence data, which can be calculated by the
Stern-Volmer equation [76]:

Ip/I =1 + Ko[M] = 1 + Kgto[M]

Where I, and I are the luminescence intensity without and with addi-
tion of the quencher. K, is the quenching rate constant of the Eu®*
emitting center, K, is the dynamic quenching constant, 7, is the life-
time of the without quencher and [M] is the concentration of the
quencher, respectively. As shown in Table S2, the values of K, were
ranging from 4.34 x 10°L (mols) ™! to 4.29 x 10°L (mols) "}, which
were all lower than the value of the maximum scatter collision
quenching constant (2.0 x 10'°L (mols) ). Thus, the quenching was
more of a dynamic quenching that was initiated by dynamic collision,
rather than static quenching by formation of new complexes.

Dynamic and static quenching mechanisms can be also dis-
tinguished by changes of the luminescence lifetime. Thus, the lumi-
nescence lifetime was also recorded at the same conditions (Fig. 9c).
The lifetime decreases with the addition of quenchers for dynamic
quenching, while no change is observed for static quenching. Here, the
decreasing lifetime for Eu®>* emitting center can be clearly confirmed
after the addition of increasing concentration of Cr®* jon (Table 1),
further indicating the dynamic quenching mechanisms exist between 1
and Cr** ion in aqueous solution.

In addition, the potential fluorescence sensing ability of 1 for Ca®*
ion was also examined with addition of various concentration of Ca®*
ion at the same condition. As shown in Fig. 9d and Fig. S11, 1 displays a
significant effect on the luminescence intensity after addition of high
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Table 1
The lifetime changes of 1 under emission at 619 nm with addition of different
concentration of Cr°* ion and Ca®* ion.

Ion concentration (mol/L) Lifetime (ps, Cr**) Lifetime (us, Ca®*)
blank 240.36 238.90
1.0 x 107° 236.43 238.53
2.5 % 10°° 234.98

5.0 x 10°¢ 229.20

7.5 x10°° 227.27

1.0 x 107° 225.99 237.94
2.5x10°° 213.47

5.0 x 107° 161.23

7.5x 107° 143.56

1.0 x 107 117.82 238.73
2.5x 1074 74.80

5.0 x 10~4 43.05

7.5 %x 1074 38.98

1.0x 1073 32.88 237.88
2.5x 1073 32.27 238.14
5.0 x 1073 31.17 237.32
7.5 %1072 28.94 238.10
1.0 x 1072 27.81 239.68
2.5 x 1072 23.68 240.73
5.0 x 1072 18.38 268.14
7.5 x 1072 16.37 322.32
1.0 x 1071 13.47 373.68

concentration of Ca?" ion (above 1.0 x 10~ 2mol/L). The results in-
dicate that 1 has a selective detection for Ca®* ion with high con-
centration in aqueous solution. Fig. 9e revealed that a linear correlation
(R% = 0.992) of the luminescence intensity at 619 nm with addition of
Ca®”" ion from 1.0 X 10 ?mol/L to 10.0 X 10~ 2 mol/L with a re-
gression equation of Y = 33696.683 + 2115.021X, from which the
detection limit was calculated to be 0.676 mM. Similarly, the lifetime of
1 were almost unchanged with addition of low concentration Ca™ ion,
while the lifetime obviously increased as concentration of Ca®>* ion
increased (Fig. 9f), indicating a much better energy transfer efficiency
from PHBA ligand to Eu®* ion.

3.7. Sensing kinetic study

The existence of Lewis basic oxhydryl active site in this organic-
inorganic hybrid structure makes 1 more interesting, which means 1
can be regarded as potential candidate for sensing and detecting metal
ions. However, the oxhydryl group may be not always active site for
sensing metal ions, due to the relatively weak Lewis basic effect.
Herein, two different sensing mechanisms may exist for detecting Cr>*
ion and Ca®* ion in aqueous solution, respectively.

As shown in Fig. 10a, both n-t* excitation band intensity of organic
PHBA ligand and direct excitation bands intensity of Eu>* ion display a
decreasing tendency toward the increasing concentration Cr®* ion,
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Fig. 10. (a) The excitation spectral change of aqueous solution of 1
(7.5 x 10~ *mol/L) with addition of various concentration of Cr>* ion from
1.0 x 10" ®mol/L (red) to 1.0 x 10~ mol/L (purple); (b) The excitation
spectral change of aqueous solution of 1 (7.5 x 10~ *mol/L) with addition of
various concentration of Ca®* ion from 1.0 x 10 ®mol/L (red) to
1.0 x 10~ ' mol/L (purple). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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indicating the luminescence quenching active site may be at Eu®>* ion
rather than the oxhydryl site, which could be explained that the direct f-
f excitation intensity of Eu®" ion is rarely influenced if the active site
locate at the oxhydryl site of PHBA ligand. Thus, the quenching me-
chanisms for sensing Cr>* ion can be speculated that mutual collision
between Eu®* emitting center and Cr®* ion in aqueous solution cause
the produce of a large number of non-radiative transitions, leading to
the luminescence quenching phenomenon (Scheme 2a). The violent
dynamic collisions can cause the severe luminescence quenching of 1 in
aqueous solution with the addition of increasing the concentration of
the Cr®* ion.

The sensing mechanism for detecting Ca?* ion can be deemed as the
interaction between oxhydryl active site and Eu®* ion. As shown in
Fig. 10D, the excitation intensity of m-it* transition of PHBA ligand in-
crease and the band center displays a blue shift phenomenon as the
concentration of Ca®* ion increased, while the direct excitation in-
tensity of f-f transitions of Eu®* ion display negligible changes, im-
plying the active site may locate at PHBA ligand rather than Eu®* ion.
The effect between Lewis basic oxhydryl active site and Lewis acidic
Ca®* ion through electrostatic interaction cause the enhanced energy
absorb ability of PHBA ligand, and then transfer more energy to Eu*
ion, leading to a emission enhancement phenomenon (Scheme 2b),
which also have been certified by increased lifetime of Eu®>* emitting
center as the concentration of Ca*>* ion increased.

The microsecond time-resolved emission spectroscopy of 1 in aqu-
eous solution with the addition of Cr** and Ca®* ions were also per-
formed on the instrument at the same conditions (Figs. S11 and S12).
The aqueous solution of 1 with addition of Cr** or Ca®* ions have
similar energy transfer dynamics from 108 to 160 ps with that of 1 with
addition of no any metal ion; organic PHBA ligand absorb energy and
then transfer to sensitize Eu>" ion. However, several differences could
be carefully observed during the energy transfer process through the
comparisons of transient emission outlays (e.g. 120, 125, 130, 140, 150,
160 us) (Fig. 11), indicating the different energy transfer efficiency
compared to that of the blank. The reason can be explained that 1 in-
teract with Cr** or Ca®" ions to affect energy transfer efficiency: the
dynamic collision between Eu®* ion and Cr®* ion make emitting
emissions of Eu®>* ions quench and energy transfer weaken from or-
ganic PHBA ligand to Eu®>* ions; whereas the electrostatic interaction
between oxhydryl active site and Ca®* ion facilitate the enhancement

Excitation

Emission quenching

Tewis acid

Excitation

Enhanced

Emission enhancement

Scheme 2. (a) The illustration of emission quenching mechanism of 1 after addition of cr®* ion in aqueous solution; (b) The illustration of emission enhancement

mechanism of 1 after addition of Ca®* ion in aqueous solution.
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Fig. 11. The comparison of emission spectroscopy of 1 in aqueous solution
(pink), the aqueous solution of 1 with addition of Cr** ion (green), the aqueous
solution of 1 with addition of Ca%™* ion (purple) at 120, 125, 130, 140, 150 and
160 ps?

of energy absorption of organic PHBA ligand to strengthen emission of
Eu®" emitting center. This above hypothesis was also confirmed by the
explorations of decay curves: the generally decreased lifetime of 1 in
aqueous solution with addition of Cr®* jon at 619 nm was in good
agreement with the emission quenching mechanism; the generally in-
creased lifetime of 1 with addition of Ca®** ion at 619 nm was well
consist with the energy transfer efficiency enhanced mechanism.

4. Conclusion

In summary, one Eu-POM (1) was successfully synthesized using a
conventional aqueous method, and the detailed structural analyses of 1
revealed that this Eu-POM possesses a desirable photoluminescence
property and can be regarded as a potential fluorescence probe. The
photoluminescence properties of 1 in aqueous solution indicate the
Eu®" emitting center can be activated by PHBA ligand through energy
absorption and then transfer to Eu®* ion, which revealed the Eu-POM
analogue can serve as potential probe for the recognition of metal ions
in aqueous solution. The results of detection for sensing several metal
ions in aqueous solution reveal 1 not only detect Cr** ion through
luminescence quenching mechanism, but also probe Ca®* ion through
luminescence enhancement mechanism. The detection limits for de-
tecting Cr>* and Ca®™" ion were 1.423 uM and 0.676 mM, respectively.
The exploration of luminescence quenching and enhancement me-
chanisms manifest that violent dynamic collisions between Eu®* ion
and Cr®* ion cause the severe luminescence quenching and electro-
static interaction between Lewis basic oxhydryl active site and Lewis
acidic Ca®* ion leads to a luminescence enhancement phenomenon of 1
in aqueous solution. Considering that this thinking may to some extent
broaden the potential application of Ln-POM derivatives as lumines-
cence probes, the following works will continue to look forward to
synthesizing and exploring novel and useful resulting Ln-POMs.
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