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ABSTRACT: Developing organic—inorganic hybrid lanthanide(Ln)-function-
alized polyoxometalates (POMs) has long been a main research topic. In this
article, two novel hexameric Ln-containing arsenotungstates modified by 2,5-
thiophenedicarboxylic acid (H,tpdc) [H,N(CH;),],1Na;-
{LngW,,0,0(H,0),5(Htpdc),} [B-a-AsWyO43]¢nH,O [Ln = Eu, n = 94
(1Eu); Ln = Gd*, n = 114 (2Gd)] were successfully obtained, and the sulfur-
heterocyclic carboxylic acid ligand was for the first time introduced to the
POM system. Both polyoxoanion skeleton structures can be regarded as an
aggregation of six trivacant Keggin [B-a-AsW,0;,]°” entities linked by a S-
shaped [LngW,,0,,(H,0),5(Htpdc),]**” cluster. More surprisingly, two
carboxyl O atoms in Htpdc™ groups directly coordinate with two W atoms
other than Ln atoms, which is rarely seen in tungsten-oxo clusters.
Fluorescence properties of 1Eu in solid state and aqueous solution have
been systematically investigated. Also, 1Eu as a fluorescence sensor in aqueous solution toward the detection of the Ba** ion has
been explored. As expected, 1Eu may be a promising fluorescence probe for the Ba>* detection in the absence of Ca®" or Sr** ions in
aqueous environment with high sensitivity, good selectivity, and low detection limit (1.19 X 10~ mM). This work not only first
introduces the S-heterocyclic carboxylic acid ligand into the POM system and enriches the types of organic ligands which can be
used in POM chemistry but also broadens the POMs’ application in fluorescence detection.
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B INTRODUCTION

Pursuing new functional metal—oxygen cluster materials has
long been a goal of chemists and materials scientists due to
extensive applications in different fields.' ™ As an important
branch of metal—oxygen clusters, polyoxotungstates (POTs)

Ln-containing ATs (LCATs) have been widely studied.
Notably, the larger ion radii, diverse coordination numbers,
and various coordination geometries of Ln cations greatly
contribute to construct innovative LCATs,>*™*' such as
([(H,0),Ln(Ln,OH) (B-a-AsO;W303)4(WO,),]**” (Ln =
Ce’*, Nd*, sm®, Gd*"), [M"(H,0),,(Ln,OH),(B-a-
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have appealed to a wide range of interests owing to their
unique molecular structures, available molecular design and
assembly, as well as their broad application prospects in
catalysis,z‘_7 sensing,g_12 energy storage,m_16 biomedicine,' "
and so on. Therefore, tremendous efforts have been devoted to
constructing lanthanide (Ln) and/or transition-metal (TM)
functionalized POTs with interesting structures,"”™>* which
may generate unexpected apglication potentials in magnet-
jsm,>> %% proton conductivity, 30 luminescence materials,*'**
and catalysis.””** A great deal of research has proved that
heteroatom-inserted POTs, especially for arsenotungstates
(ATs), can be assembled to novel giant poly(POT) clusters
because of their highly reactive building blocks with abundant
structural types.”> Moreover, lacunary AT fragments can be
also self-polymerized to larger aggregates (e.g.,
[A56W650217(H20)7]26_ (Figure 13))-36

Since the groundbreaking multinuclear Ce**-substituted AT
[Ce1s(H,0);36(B-a-AsWo033)1,(WO,)4(W,04)s-
(W;CeO;),]7" was reported by Pope in 1997 (Figure 1b),””
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AsO;W,04),(WO,),]18 ™~ (Ln = La*, Ce*, Gd*; M =
Ba®, K*, Figure 1C);39 [GdsA$12W124O432(H20)22]60_ (Figure
1d):40 and [Ln16A516W1640576(OH)S(HZO)42]80_ (Ln = Eu’,
Gd*, Tb*, Dy**, Ho*'; Figure le).*" These examples have
proved that Ln** ions can not only integrate different AT
building blocks together but also endow resulting LCAT's with
luminescence properties originating from eminent photo-
luminescence behaviors of Ln®* cations (Figure 1f).*>*
Furthermore, judicious introduction of organic components,
especially for those with carboxyl groups, can effectively
suppress the hydrolysis of Ln** ions and lead to the formation
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Figure 1. Some typical AT (a) and LCAT (b—o) structures reported in recent years.' 2373970 Color code: W, turquoise; O, red; As, lime; C,
black; N, blue; K, light blue; Ba, rose; {WOg} octahetra, brownish red; {LnO,} polyhedra, yellow.

of crystalline LCAT species. What’s more, introducing organic
components can also enhance the structural stability of desired
LCAT species. As a result, persistent preparation and
construction of organic—inorganic hybrid mutli-nuclear
LCATSs with novel structures and intriguing properties have
been a subject of intensive research in the past two decades.
Hitherto, some carboxylic-ligand-functionalized LCATs have
been reported by Boskovic’s group and Niu’s group. In 2009,
Boskovic’s group obtained the first two acetate-functionalized
high-nuclear LCATs [GdgAssWe50,,0(OH),(H,0),-
(OAc),]* and [Yb10A510W880308(OH)B(HZO)ZS(OAC)4]4O_
(Figure 1g).** After that, Niu et al. successively obtained a
series of LCATs modified by flexible carboxylic ligands (for
example, tartaric acid Figure 1h** and citric acid Figure 1i*°).
In addition, some amino acids (alanine, Figure lj;12
norleucine, Figure 1k;* glycine, Figure 11;*” serine, Figure
1m;*® glutamic acid, Figure 1n;* and so on) with their variety
of side chains have also been investigated to functionalize
LCATs. By contrast, LCATs functionalized by rigid carboxylic
acids are much less reported, and to date, available reports
mainly involve pyridine-/pyrazine-based carboxylic acid
ligands. The typical examples are 2,5-pyridine-dicarboxylic
acid (H,pdc) and S-(methoxycarbonyl)-2-pyridine-carboxylic
acid (Hmcpc) decorated LCATs [Y{AsW; O;,},(AsO),-
{Woz(PdC)}z]ls_ and [{Y(H,0);},{As;W4O04s}-
{W0,(L)},]* (L = Hpdc or mcpc) (Figure 1o) reported by
Boskovic in 2013.%°

Up to now, various flexible or rigid organic ligands have
been used in reported LCATs (Table S1) with potential
applications in electrochemical sensing,'” magnetism,"’

. 48,49 . sl ) . 52
luminescence, catalysis,” and antibacterial activity.

However, thiophenecarboxylic acids or their derivatives have
not been reported in construction and functionalization of
LCATs, even though they have some advantages from the
strong coordination ability of heteratom (S atom) and
carboxylic oxygen atoms, which are believed to catch different
tungsten—oxygen building blocks or various metal centers,
which contribute to form novel and steady structures.
Therefore, 2,5-thiophenedicarboxylic acid (H,tpdc) and Ln**
ions are chosen as the functional components to modify in situ
generated AT fragments in this work for the purpose of
discovering novel organic—inorganic hybrid mutli-nuclear
LCATs with interesting properties. To further expand the
research on organic—inorganic hybrid LCATs and develop
potential fluorescent probe materials for detecting trace metal
ions in a water environment, we have successfully prepared two
Htpdc -modified LCATs [H,N(CH;),],Na,;-
{LngW,04(H,0)5(Htpdc), } [B-a-AsW3033]¢nH,0  [Ln =
Eu*, n = 94 (1Eu); Ln = Gd*, n = 114 (2Gd)], whose
polyoxoanion (POA) skeleton structures are constructed from
an S-shaped [LngW,0,0(H,0),5(Htpdc),]**~ cluster con-
necting six trivacant Keggin [B-a-AsWy03;]°" entities. It is
worth emphasizing that the sulfur-heterocyclic carboxylic acid
is first introduced into POMs, and carboxylic groups together
with Ln** ions and adventitious W centers act as connectors in
the hexameric structures of 1Eu and 2Gd. Interestingly, even
though Ln*" ions and organic ligands are removed away from
their POA skeleton structures, six [B-a-AsW,0,;]°" entities
are still connected by tungsten—oxygen groups by sharin

vertexes or edges, which has rarely been reported before.****
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Luminescence properties of 1Eu in solid state and aqueous
solution have been systematically studied. 1Eu has been also
used as a fluorescence (FL) probe to explore its FL sensing
properties toward detecting different metal ions. Experimental
results indicate that 1Eu can display a good recognition
response toward detecting the Ba** ion in the absence of Ca*
or Sr** ions in aqueous system.

B RESULTS AND DISCUSSION

Synthesis. 1Eu and 2Gd were triumphantly synthesized
through a one-step assembly reaction method based on simple
starting materials such as Na,WO,-2H,0, As,0;, Ln(NO;)5:
6H,0, H,tpdc, and dimethylamine hydrochloride (DMA-HCI)
in aqueous solution. In the synthesis process of 1Eu and 2Gd,
several emphatic key points should be pointed out herein.
First, the pH plays an important role in the preparation of 1Eu
and 2Gd. Experimental results reveal that the optimum pH is
about 3.80—3.90 for the crystal growth for 1Eu and 2Gd.
When the pH is slightly lower than 3.80, the reaction solution
becomes somewhat cloudy. The lower the pH, the more
precipitates. This situation led to the failure of synthesizing the
desired pure products. When the pH is in the range of 4.00—
4.50, our previously reported LCATs H,N(CHj;),]¢Na,,H,4-
{[LnyW,6(H,0)30050] (B-a-AsWoO3;)5}97H,0 (Ln = Eu*,
Gd*) were isolated.” As the pH is further higher than 4.50,
we finally obtained some amorphous precipitates. Second,
different Ln cations are also able to affect the formation of
target compounds. When Ln*" ions vary between La*" and
Nd* ions, or between Ho®*" and Lu®" ions, those isostructural
target compounds cannot be formed and only some
amorphous mixtures were gained, which made us unable to
determine their structures. When Ln®" ions are Sm*, Eu®',
Gd*, Tb*, or Dy* ions, respectively, the isomorphous
products can come into being; to date, the crystal structures of
only 1Eu and 2Gd have been determined because it is very
difficult to grow good-quality single crystals of Sm®'-, Tb**-, or
Dy**-containing species. Our continuous efforts will be
dedicated to cultivate their good-quality single crystals by
systematically changing reaction conditions so that we can
determine their crystal structures. Third, the usage of Htpdc is
very crucial in the reaction procedure. In our experiment, when
the usage of H,tpdc is lower than 1.0 g, target compounds
cannot be afforded. In addition, the comparisons of synthetic
conditions of 1Eu and 2Gd with those previously reported
LCATs are illustrated in Table S2. It can be apparently seen
that the majority of previously reported LCATs were prepared
by means of prefabricated AT precursors such as [B-a-
AsW,053]%7, [As,W404;(H,0)]', or [(B-a-AsO3W,05),-
(WO,),]*", whereas the one-step assembly reaction method
of simple tungstates, Ln®>" ions, and different heteroatom
components was underdeveloped. Moreover, the divacant
[As,W,404,(H,0)]**" precursor was the most widely used,
possibly because it was the easiest accessible in comparison
with other two AT precursors. The AT-precursor synthetic
procedures are comparatively complicated due to the
prefabrication of AT precursors, which prompts us to further
develop the easier one-step synthetic strategy since the one-
step synthetic strategy is extremely maneuverable, is not
indispensable to synthesize AT precursors, and can simplify the
experimental process. In this background, NaAsO,, which can
be simply obtained by dissolving As,O; in NaOH solution, is
supposed to be a wise heteroatom component.'”**** The in
situ flexible combination of NaAsO,, Na,WO,2H,0, and
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Ln(NO;);-6H,0 in the reaction can provide a great possibility
for constructing unpredictable LCATs. Besides, in contrast to
those inorganic counter cations (such as Li*, Na*, K*, Cs*,
Ba®, etc.), organic counter cations (e.g., protonated dimethyl-
amine cations, protonated tetramethylamine cations, etc.) were
utilized on account of their bigger volumes and can facilitate
the stabilization of the large structures of resulting LCAT
aggregates. According to our previous studies,' > "%
organic components (which here are DMA-HCI and H,tpdc)
can serve as organic solubilizers to, in some degree, improve
the solubility of Ln*" ions in the reaction system and enhance
reactivities between different reaction materials. In the
following times, with the aim of obtaining much more novel
Ln-containing POTs and discovering some key points of
synthesis and reaction assembly rules, we will proceed to
thoroughly exploit the reaction systems including tungstates,
Ln* ions, and different heteroatom components in the
participation of various organic solubilizers by varying S/N-
heterocyclic carboxylic acid ligands.

Structure Depiction. The phase purity of 1Eu and 2Gd
has been confirmed by the good agreements of their PXRD
patterns with simulated ones (Figure S1). 1Eu and 2Gd
crystallize in the same crystal system with the P1 space group
(Table S3), where the results are also certified by complete
similarities of their PXRD patterns and IR spectra (Figure S2).
In this article, we take 1Eu as an example to depict the crystal
structure in detail. The molecular structure of 1Eu consists of
an organic—inorganic hybrid hexameric POA
{EU6W14040(H20)18HthC)2}[B‘G‘ASW9033]634_ (1a) (Fig-
ure 2a), twenty-one monoprotonated [H,N(CHj,),]* cations,
13 Na* ions, and ninety-four crystal waters. Bond valence sum
(BVS) calculations manifest that the chemcial valences of W,
As, and Ln atoms are +6, +3, and +3, respectfully (Table S4).
The bowknot-like POA 1a can be deemed as six trivacant
Keggin [B-a-AsW,053]°” ({AsW,}) subunits bridged by a S-
shaped organic—inorganic hybrid [BusW;,04,(H,0) -
(Htpdc),]** (1b) heterometallic core containing six Eu**
ions, 14 W"! centers, and two Htpdc™ ligands (Figure 2b).

The structure of the S-shaped heterometallic core 1b can be
seen as an assembly of 14 {WOg} octahedral groups bridged by
six Eu’* ions in the presence of two Htpdc™ ligands (Figure
3a). When Eu* ions are taken away, 1b can be divided into
three parts, i.e., two isolated W2 centers, two Htpdc™-bridging
tungsten—oxygen dimers defined by W1 and W3 centers
(denoted as {W1W?3}), and an unseen central {WO,,} cluster
(Figure 3b). In detail, W1 and W3 centers are connected by
two carboxyl O atoms from the Htpdc™ ligand and a corner-
sharing y1,—O atom (0O34) (the insert I in Figure 3b). The
intriguing {W;O3,} cluster is formed by eight {WO4}
octahedra by sharing vertexes or edges (the insert II in Figure
3b), which displays a chairlike structure (the insert III in
Figure 3b). Upon close inspection to the inner junction of 1b,
when two organic ligands are removed away from 1b, a purely
inorganic [EugW,,0,0(H,0),5]**" (1c) heterometallic core is
formed (Figure 3c). Intriguingly, the S-shaped configuration of
1c is still retained even without organic ligands. It can be
explicitly observed from Figure 3c that lc shows a
centrosymmetric structure, in which Eu’" ions serve as
supporting groups to hold up the whole skeleton. Concretely,
the W2 center and the Htpdc™-bridging {W1W3} dimer are
connected together by Eu2®* and Eu3®" cations through
sharing O atoms. Meanwhile, the W2 center and the {WO4,}
cluster are also connected by Eu2** and Eu3** cations through
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Figure 2. (a) View of the hexameric POA 1la along different
directions. (b) The breakdown drawing of 1a. Color code: W, aqua;
As, lime; O, red; S, light blue; Eu, green; C, black. The polyhedra of
{AsW,} subunits are highlighted in different colors to distinguish
{AsW,} subunits in different orientations in the POA skeleton of 1a.

sharing O atoms. Besides, EulA**, Eu2’*, and Eu3®" centers
work synchronously to join {W1W3} and {W30,,} segments
together (Figure 3c). In general, each of three Eu®" ions is
combined with three W centers (EulA*: W3, W5, W8A;
Eu2**: W1, W2, W4; Eu3**: W1, W2, W4) by means of
bridging O atoms (Figure 3d). The {Eu2Eu3WI1W2W4}
alignment can also be viewed as an irregular trigonal
bipyramid, in which W1, W2, and W4 centers are located on
the equatorial plane and Eu2 and Eu3 centers stand on two
vertexes (the insert IV in Figure 3d). The EulA—WS—W3—
W4—W1—Eu2 alignment also exhibits a twisted chair structure
(the insert V in Figure 3d). In addition, three Eu’* ions are all
eight-coordinate with a distorted bicapped trigonal prismatic
geometry (Figure 3e). In the Eul®* coordination sphere,
O1WA and O76A occupy two cap sites [EulA—O:
2.310(17)-2.497(17) A, £O-EulA-0: 67.9(6)—
149.9(7)°]. In the Eu2*" bicapped trigonal prismatic geometry,
two water molecules (OSW and O6W) occupy two cap sites
[Eu2—0: 2.294(16)—2.530(20) A, £0—Eu2—-0: 67.6(6)—
147.9(6)°]. In the Eu3*" coordination polyhedron, two cap
sites are also taken up by two coordinated waters (O7W and
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09W) [Eu3—0: 2.302(15)—2.514(18) A, £O—Eu3—0:
66.5(5)— 147.9(6)°].

It is extremely noticeable that the obtained hexameric
LCATs {[W,LngO,0(H,0)5(Htpdc),][B-a-AsWy05;]6}1*
(Ln = Eu*, Gd*) in our work are the first examples of
H,tpdc-functionalized Ln-incorporated POMs. Interestingly,
carboxylic groups only coordinate with W atoms, where the
reason for which may be that the coordination between W
centers and carboxyl O atoms of Htpdc™ ligands has already
occurred before introducing Ln** ions into the reaction system.

To achieve the charge balance and stabilize the structure,
countercations such as Na* and [H,N(CH;),]" and lattice
water molecules that surround la POAs are necessary, and
they can interact with la POAs by hydrogen bonding and
electrostatic interactions to form the 3-D supramolecular
structure. To better understand the packing modes of 1a
POAs, Na* and [H,N(CH,),]" cations and lattice water
molecules can be ignored, and each 1a POA is simplified as a
parallelogram along the a, b and ¢ directions (Figure S3a—c).
Apparently, 1a POAs are aligned in a —AAA— stacking mode
along each axial direction (Figure S3d—f), which can be
explicitly seen in the schematic pictures (Figure S3g—i).

Luminescence Properties of Solid-State 1Eu. Ln>* ions
have abundant energy levels and 4f electrons can transit
between different energy levels under excitation, endowing
them promising photoluminescence properties. Therefore,
LCATs in this work are supposed to exhibit outstanding FL
properties. In order to find the optimal excitation wavelength
of 1Eu, the solid-state emission spectra of 1Eu have been
collected under different excitation wavelengths (4,) varying
from 250 to 500 nm (Figure 4a, Table SS). It can be clearly
seen from the comparison that the emission spectrum of 1Eu
under excitation at 395 nm is the most intense, suggesting that
the 395 nm excitation is the optimum excitation. At the same
time, when exciting 1Eu under different excitation wavelengths
(Aex = 250—500 nm), the corresponding emission colors are
also highlighted in the CIE chromaticity (Figure S4), from
which we can obviously see that 1Eu emits different colors
under different excitation wavelengths, indicating that 1Eu may
be a color-tunable material by changing excitation wavelengths.
Upon excitation at 395 nm, the solid-state emission spectrum
of 1Eu displays eight Eu®* characteristic emission peaks (525
nm: °D; = "Fy; 538 nm: °D; — “F}; 556 nm: °D; — ’F,; 580
nm: Dy — "Fy; 594 nm: D, — “F; 615 nm: D, — F,; 652
nm: *Dy — ’F3; 701 nm: D, — ’F,),"** and the red emission
at 615 nm is most prominent (Figure 4b). As we know, the
appearance of the symmetry-forbidden *D, — F, emission
(580 nm) illustrates that the Eu®" ions inhabit the low-
symmetrical coordination environment in 1Eu.”> Its excitation
spectrum was measured and is provided in Figure S5. Besides,
the lifetime decay curve obtained by supervising the *D, — F,
transition can be fitted by the monoexponential function, and
the afforded lifetime (7) is 263.29 us (Figure 4c).

As illustrated in Figure 4d, the partial overlapping of the
oxygen-to-metal (O — W) charge transfer emission spectrum
of AT fragments in 1Eu and the excitation spectrum of Eu®"
ions is evidently observed, which can testify the occurrence of
energy migration from AT fragments to Eu®* ions in 1Eu, that
is, the oxygen-to-metal (O — W) charge transfer of AT
fragments sensitize the FL emission of Eu®* ions in 1Eu.>**°
This energy migration phenomenon can also be evidenced by
the time-resolved emission spectroscopy (TRES) of 1Eu
(Figure 4e). It can be explicitly seen that the emission intensity
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Figure 3. (a) The S-shaped 1b. (b) The connection between {WO.} groups after removing away Eu®* ions from 1b. Insert I: The connection
between W1 and W3. Inserts II and III: The bonding mode in central {W3O3,} cluster. Color code: {WOg} octahedra linking to Htpdc™, brownish
red; {WOg} octahedra in {W3O4,} cluster, gold; {WOg} octahedra bridging Eu2 and Eu3, aqua. (c) The pure-inorganic heterometallic core 1c
(some O atoms are omitted). (d) Simplified view of the half-unit of 1c. Insert IV: The irregular trigonal bipyramid (Eu2—W2—W4—W1—Eu3).
Insert V: The twisted chair structure (EulA—WS—W3—W4—W1—Eu2). (e) Coordination environments of eight-coordinate bicapped trigonal
prismatic Eu1*, Eu2*, and Eu3®" ions. Color code: W, aqua; As, lime; O, red; S, light blue; Eu, green; C, black.
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Figure 4. (a) Emission spectrograms of 1Eu under different excitations (250—500 nm). (b) Emission spectrogram of 1Eu (1, = 395 nm). (c)
Lifetime decay curve of the emission peak at 615 nm of 1Eu (4., = 395 nm). The red solid line is generated by fitting a monoexponential function.
(d) The overlap of the emission spectrum of AT fragments (obtained by exciting 1Gd, A, = 310 nm) and the excitation spectrum of Eu** ions

(obtained by exciting 1Eu, 4., = 310 nm). (e) TRES profiles of 1Eu (4., = 310 nm) in the decay time range of 105.0—1585.4 us. (f) TRES profiles
of 1Eu (4, = 310 nm) in the decay time range of 105.0—140.0 ys.

of 1Eu rises with increasing the excitation time and that the
emission intensity of the *T;, — lAlg emission band derived
from AT fragments reaches the maximum at 110 s, while the
emission intensity of Eu®* ions arrives at the maximum at 140
ps (Figure 4f). After 140 ps, the *T;, — 'A,, emission band
almost cannot be observed and the emission intensity of Eu**
ions gradually declines (Figure S6). This observation
demonstrates that the harvested energy by AT fragments is
transferred to Eu®* ions for the FL emission. The energy-level
scheme indicating energy migration from AT fragments to

Eu*" ions is displayed in Figure 5. Upon using the 395 nm light
to irradiate 1Eu, some of the light is absorbed by the 'F, —
°D,, 'Fy = °G,, 'Fy = °Lg, 'Fy — °D,, and "Dy — °D,
transitions of Eu’* ions, giving rise to the characteristic
emissions stemming from D, —» "y, °D, = "F,, °D, = 'F,,
*Dy = "Fo, *Dy = "Fy, *Dy = By, °Dy — 'F;, and °D, — 'F,
transitions of Eu®* ions,**** whereas some of the light is
absorbed by the 1Alg — T, transition of AT segments.56 Due
to the spin—orbital coupling interaction, the electrons in the
'T), state relax to the T, state through a nonradiative
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460 nm

Figure S. Energy-level scheme indicating energy migration from AT
fragments to Eu®* ions in 1Eu. Solid lines are radiation processes, and
dotted lines are nonradiative processes.

process. When the electrons the T, state are back to the 1AIg
ground state, producing the 3T, — 1Alg emission, some of
which are reabsorbed by the "F, ground state of Eu®" ions,
bringing forth the energy migration from AT fragments to Eu®*
ions and sensitizing the emission of Eu’* ions.
Luminescence Properties of 1Eu in Aqueous Sol-
ution. To study the luminescence behavior of 1Eu in aqueous
solution, its emission spectrum was collected under excitation
at 395 nm (Figure 6a). Comparison of no remarkable changes
in the position and shape of the characteristic emission peaks
of 1Eu in aqueous solution with those in solid-state 1Eu
(Figure 6a) proofs that the POA skeleton structure of 1Eu may
be stable in aqueous solution. Ulteriorly, the excitation
spectrum was also tested under monitoring the emission at
615 nm (Figure S7), in which the excitation band around 310

nm (°T,, = 'A;,) of AT fragments can be clearly seen. More
importantly, the emission intensity of AT fragments is almost
constant (the insert in Figure S7), even though the
luminescence emission intensity of Eu** ions decreases
obviously, further certifying that the POA skeleton structure
of 1Eu may be stable in aqueous solution.”” However, the
decrease of emission intensity and the shortening of the decay
time of 1Eu in aqueous solution may be related to the
occurrence of the dynamic exchange process between water
ligands in Eu** ions in 1a and water molecules in solution and
to the dissociation of a small number of samples of 1a in water.

The evolution of luminescence emission stability of 1Eu in
aqueous solution has been explored by monitoring the
emission spectrum of 1Eu in aqueous solution for 12 h. The
luminescence emission intensity goes down rapidly in the first
hour, then shows a slow decrease in the following 3 h (Figure
6b), and keeps almost unchanged after 4 h. As mentioned
above, the dynamic exchange process between water ligands in
Eu’* ions in la and water molecules in solution and the
dissociation of a small number of samples of la in water
happen when 1Eu is dissolved in water, which results in a
noticeable decrease of the emission intensity, while this process
has been accomplished after 4 h and the emission intensity
remains almost unchanged. This speculation can be further
confirmed by the observation that the luminescence decay
lifetime of 1Eu just being dissolved in water (7, = 262.83 ys) is
reduced to 253.36 us after 4 h (Figure 6¢c, d). What's more, the
effect of the luminescence behavior of 1Eu in water with
different pH values has also been surveyed (Figure 6e) and
exhibits a good fluorescent stability in a wide pH range of
4.52—8.50. Moreover, the sensitization of AT fragments in
water to the emission of Eu’* ions has been also proved by the
TRES profile (Figure S8), offering forceful evidence for the
similar luminescence behavior of either 1Eu in water or solid
1Eu. These results provide a precondition for 1Eu as a
fluorescence sensor for detecting metal ions in water,
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Figure 6. (a) Comparison of emission spectra of solid 1Eu and 1Eu in aqueous solution. (b) Evolution of emission spectra of 1Eu in aqueous
solution with time. (c, d) Lifetime decay curves of the emission peak at 615 nm of 1Eu after being dissolved in water for 0 h (c) and 4 h (d). (e)
Evolution of emission spectra of 1Eu in aqueous solution with the pH. (f) PL emission spectra of 1Eu in aqueous solution containing different

metal ions (1.00 mM) (4., = 395 nm).
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Figure 7. (a) Variation of FL emission spectra of 1Eu with the concentration of Ba** ions in the varying range of 0—1.00 mM. (b) Variation of the
emission peak intensity of 1Eu at 615 nm with the concentration of Ba** ions in the varying range of 0—1.00 mM. (c) The linear fitting of I/I,

([Ba**] = 0.20—1.00 mM).

manifesting that 1Eu can be used as a FL probe in aqueous
solution.

FL Sensing Performances of 1Eu in Aqueous
Solution. The potential applications of Ln**-inserted materials
as FL sensors for detecting metal ions in aqueous solution have
captured rising research attention due to their excellent
luminescent performances, good selectivity, and high stabil-
ity.** "% Therefore, 1Eu can be used to be a fluorescent probe
material, and FL sensing properties of 1Eu toward different
metal ions have been systematically explored. Importantly,
during FL sensing measurements, the pH values of solutions
containing 1Eu and different metal ions fall in the range of
4.50—4.70, so that 1Eu remains stable in the whole process. As
expected, FL intensity changes of 1Eu in the solutions
containing 1Eu and different metal ions have taken place
(Figure 6f). Apparently, the presence of Ca**, Sr**, or Ba®" ions
can in different degrees enhance the emission intensity of 1Eu.
The FL enhancement in the presence of the Ba®* ion is the
most obvious, and the FL emission intensity of 1Eu at 615 nm
has increased seven times in comparison with the case without
the Ba®>" ion. Therefore, 1Eu can work as a FL sensing probe
toward the detection of the Ba®" ion in the absence of Ca®" or
Sr** ions in aqueous solution. As a result, only the FL sensing
of 1Eu toward the detection of the Ba** ion was systematically
researched in this article.

To further investigate the FL response of 1Eu toward the
Ba®* ion, the FL emission spectra of 1Eu in aqueous solution
with different Ba** concentrations (0—1.00 mM (mM = mmol
L™")) have been systematically tested (Figure 7a); it can be
seen from the results that the FL emission intensity of 1Eu is
gradually enhanced when the Ba®* concentration [Ba®*] varies
from 0.20 mM to 1.00 mM, whereas there was no significant
enhancement in the FL emission intensity when the Ba**
concentration changed in the range of 0—0.20 mM. As shown
in Figure 7b, the strongest emission peak intensity at 615 nm
also shows a similar variation trend. We fit the relationship
between I/I, and [Ba**] (0.20—1.00 mM), affording a linear
regression equation of y = 10.7605x — 0.6290 (the linear
correlation R* = 0.9687) (Figure 7c) (I represents the emission
peak intensity at 615 nm of 1Eu in the presence of different
Ba** concentrations, and I, represents the emission peak
intensity at 615 nm of 1Eu in the absence of the Ba®" ion). The
limit of detection (LOD) is calculated to be 1.19 X 10~ mM
(LOD = 3s/k, where s means the standard deviation of blank
samples and k is the slope of the linear equation) (Table $6),°’
which is much lower than the Environmental Protection
Agency (EPA) limit of the Ba®" ion in drinking water (2.00

6845

mg/L), indicating a good FL sensing potential (some
representative research studies on the FL detection toward
the Ba®* ion are summarized in Table S7). Interestingly, the FL
decay lifetime of 1Eu in aqueous solution is prolonged while
introducing the Ba®* ion (Table S8). Therefore, a possible
sound explanation for the sensing process may be that the
interactions between Ba?* ions and coordinated water
molecules in la are stronger than that between Eu’' ions
and coordinated water molecules, which weakens energy
dissipation from Eu®* ions to coordinated water molecules and
leads to a strengthened FL emission.

Selectivity, as one of the significant evaluation indicators for
a FL probe, was also examined herein by introducing various
anions or cations into the solution containing the Ba®* ion
(0.10 mM). It is gratifying that either anions (NO;7,
CH;COO7, CI7, and OH™) or most cations (Li*, Na*, K,
Cs*, NH,", Ag", Mg*") hardly influence the detection of the
Ba?* ion, while the emission intensity enhancement effect of
1Eu can be accumulated in the coexistence of Ba** and Ca®*/
Sr** ions (Figure 8). This observation can exhibit that 1Eu as a

Wavelength / nm

Figure 8. Variation of the FL emission intensity of 1Eu in aqueous
solution containing Ba®* and different anions or cations ([Ba®*] =
0.10 mM, the concentration of other anion or cation is 0.10 mM).

FL probe has a good selectivity for the Ba** detection in a
water environment in the absence of Ca®* or Sr** ions in the
water environment.

B CONCLUSIONS

In this work, the sulfur-heterocyclic carboxylic acid ligand was
first introduced to the Ln**-containing POT system and
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constructs two thiophene-dicarboxylic-acid-decorated LCAT's
1Eu and 2Gd. Intriguingly, the bowknot-like hexameric POA
{LngW,040(H,0)5(Htpdc), }[B-a-AsW,053;]** in 1Eu and
2Gd can be deemed as six trivacant Keggin [B-a-AsWy043]°~
bridged by a S-shaped [LngW,,0,,(H,0)s(Htpdc),]***
central cluster. 1Eu can be used to work as a FL probe
material for the Ba** detection in the absence of Ca** or Sr**
ions in water environment with high sensitivity, good
selectivity, and low LOD (1.19 X 10~ mM). All in all, this
work not only creatively introduces S-heterocyclic carboxylic
acid ligand into the POM system and enriches the types of
organic ligands that can be studied in POM chemistry but also
broadens the application of POM-based materials in the FL
detection field.
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