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The first polyhydroxycarboxylic acid ligand bridged multi-Eu"-incorporated tellurotungstate
Ki4H10[EU4(H20)4We(H2glu) 401,(B-a-TeWoO33)4]-60H,O (Heglu = p-gluconic acid) (1) was synthesized via
an organic ligand-driven self-assembly strategy. The polyhydroxycarboxylic acid ligand bridged
tetrameric polyoxoanion [Eu4(H>0)sWe(H2glu)sO12(B-a-TeWeO33)41%4~ in 1 can be viewed as an aggrega-
tion of four trivacant Keggin [B-a-TeWyOs3]®~ fragments and an innovative heterometallic
[Eu4(H20)4We(Hoglu)401518" cluster, in which four high-coordinate polyhydroxy flexible Hoglu®~ ligands
chelate W and Eu centers through carboxyl and hydroxyl groups, giving rise to a heterometallic cluster.
The hexagonal packing of the tetrameric polyoxoanions in 1 along the c axis provides excellent porous
channels, which greatly increases the specific surface area of the whole framework and may be of benefit
for fluorescence sensing in aqueous solution. 1 can function as a "turn-off” luminescence sensor to
detect Cu?* ions in aqueous solution. The limit of detection (LOD) of the 1-sensor is 8.82 x 107¢ mM,
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Cu?*-quenching system, it can function as an “off-on" sensor to detect cysteine in an aqueous system,
affording a LOD of 1.75 x 10~ mM. This work opens up an avenue to broaden the applications of
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Introduction

Smart materials can respond to environmental changes
around them in a predictable and useful manner, which has
led to their fascinating use in diverse fields such as thermol-
ogy, mechanics, electronics and optics, etc.' Designing and
developing novel smart optical response materials to continu-
ously perceive different exteroceptive stimuli is a cutting-edge
research hotspot in the fluorescence (FL) sensing field.> To
this end, rare-earth (RE)-based materials are often used to
manufacture FL chemosensors because RE ions with rich elec-
tron energy levels show outstanding luminous properties
under light excitation. For this reason, recently there has been
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polyoxometalate-based materials in the optical intelligence detection field.

a mushrooming in research enthusiasm in fabricating such
materials.’

Polyoxometalates (POMs), as unique inorganic early tran-
sition-metal metal-oxo anionic clusters, provide multitudi-
nous oxo-active sites to capture RE ions, giving rise to RE-func-
tionalized POM materials that have various applications in
optics, magnetism, medicine and catalysis.* Besides this, the
oxygen-to-metal charge transfer (O — M LMCT) of POMs could
further sensitize the FL properties of RE ions.” RE-containing
tungstotellurates (RECTTs), as a significant branch of
materials science, possess good water solubility, which pro-
vides an excellent possibility for RECTTs to detect trace sub-
stances in aqueous solution.® Currently, some RECTTs with
remarkable structures have been resoundingly isolated, but
the great progress in this field is the synthesis of purely in-
organic architectures.® The design, synthesis and discovery of
unique inorganic-organic RECTT hybrids are still in their
infancy. It should be noted that organic groups are rich
binding sites for oxyphilic RE ions, thus, introducing
multi-functional organic groups to the RECTT system can offer
the great possibility of constructing unexpected organic-in-
organic hybrid poly(RECTT) aggregates. For example, in 2017,
we for the first time reported a family of 2-picolinic-acid
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decorated tetrameric RECTTs [RE,(H,0),(pica),W,0s][(RE
(H,0)W,(Hpica),0,)(B-B-TeWs050H,),**~ (RE = La**, Ce*’,
Nd**, sSm*", Eu®", Hpica = 2-picolinic acid).” In the same year,
we addressed a class of newfangled organotin-RE incorporated
tungstotellurates (TTs) {{[Sn(CH;3)W,0,(IN)][(B-a-TeWgO3;)RE
(H,0)(A)L}}*°" (RE = Ce**, Pr’*, Nd**, sm**, Eu’®", Gd**, Tb*",
HIN = isonicotinic acid, HAc = acetic acid) simultaneously
containing three types of organic ligands.® Recently, the first
2,5-pyridinedicarboxylic acid connected 3d-4f heterometal
encapsulated tetrameric TTs [RE,(Ac),(H,0),Fe,(Hpdca),(B-
B-TeW4033),][REy(H,0)sFe, (Hpdca),(B-B-TeWq053),]'*” (RE =
Eu*’, Tb*", Dy**, Er’’, H,pdca = 2,5-pyridinedicarboxylic acid)
were discovered by Song’s group.’ It can be apparently seen
that investigations on neoteric polyhydroxycarboxylic acid flex-
ible ligand containing poly(RECTT) aggregates are still unex-
plored, even though several inorganic-organic hybrid RECTTs
with N-heterocyclic carboxylic acid ligands have been reported.
With this research background in mind, we adopted the fol-
lowing synthetic tactics to construct novel polyhydroxycar-
boxylic acid flexible ligand containing poly(RECTT) aggregates:
(a) the convenient and easy-to-use one-step self-assembly strat-
egy on the basis of simple commercial initial reagents was
chosen as a preparative method not only because no appropri-
ate available TT precursor can be utilized as an initial reagent,
but also because the effectiveness of the one-step self-assembly
strategy has led to some unexpected gigantic poly(POM)s.'® (b)
The stereochemically active TeO;>~ anion with lone pair elec-
trons as an effective template can induce tungstates to form
open-pocket TT fragments,®”!" which facilitates the incorpor-
ation of RE cations into the backbone of TT fragments in tar-
geted products. Moreover, the stereochemically active TeO;>~
anion can even serve as a linking group to integrate different
TT fragments and RE cations together. (c) In this paper, the
Eu’®” cation was used because of its strong FL emission and
rich coordination modes,">"® which gives us an excellent
chance of creating charming Eu’’-containing TTs as FL
sensors. Besides this, the narrow line emission bands assigned
to the 4f-4f transitions of the Eu®' ion are beneficial for
increasing the sensitivity of the sensor compared with the
broad emission bands of organic molecules or quantum dots.
(d) Water-soluble p-gluconic acid (Heglu) with five hydroxy
groups and one carboxyl group can connect different metal
(RE and W) centers together and give rise to special multi-
RE-W heterometallic connexons to build up polyhydroxycar-
boxylic acid flexible ligand containing poly(RECTT) aggregates.

As expected, an unprecedented tetrameric gluconic
acid  bridged multi-Eu*"-incorporated TT  aggregate
K14H;0[Euy(H,0),We(H,glu),04,(B-a-TeWo033),]-60H,0 (1) was
successfully obtained via an organic ligand-driven self-assem-
bly strategy. Herein, the four flexible Heglu ligands can be con-
sidered as cement to induce the aggregation of four trilacunary
TT subunits and Eu®* ions. Notably, such a five-coordinate
mode for a polyhydroxycarboxylic acid ligand is very infrequent
in the construction of POMs.'* Moreover, its benign FL pro-
perties and good water solubility make it the first new-
fashioned RECTT-based FL “turn-off” sensor for detecting
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Cu®" ions in an aqueous system. The experimental results
demonstrate that the FL sensor of 1 shows high FL activity and
good selectivity for detecting the Cu®* ion in aqueous solution,
with a limit of detection (LOD) of 8.82 x 10~°® mM, making it
the most sensitive POM-based FL sensor for detecting the Cu**
ion in aqueous solution. The FL “turn-off” effect of 1 toward
detecting the Cu®" ion may be related to the fact the mecha-
nism and contribution of the non-radiative relaxation in the
presence of Cu®" ions has been changed, which leads to the FL
quenching of the 1-sensor. With an increase in the concen-
tration of the Cu”®* ion, the charge-transfer emission of 1
gradually weakens, causing a “turn-off” FL sensor to detect the
concentration of the Cu”®" ion. In addition, we utilized the
Cu*"-quenching “turn-off” sensor as a “dark” background to
further construct an “off-on” FL sensor to detect cysteine (Cys)
in water, because studies have shown that the Cu®" ion
strongly chelates with Cys.'” The interference of the Cu®*" ion
with the sensor is effectively reduced upon the addition of Cys.
The FL intensity is also gradually recovered with the addition
of Cys. In other words, an “off-on” FL sensor platform was suc-
cessfully prepared for detecting Cys. Overall, this novel type of
POM-based “turn-off” and “off-on” FL sensor would be a
promising candidate with potential application to be applied
in the detection fields, in environmental monitoring and clini-
cal medical testing.

Experimental
Materials and characterization instruments

All the chemicals were of analytical grade and used without
further purification. Infrared (IR) spectra were recorded on a
Perkin-Elmer FT-IR spectrophotometer in the range of
4000-400 cm™" using a powder sample pelletized with KBr.
UV-vis spectra were recorded on a Mapada UV-6100 UV-vis
spectrometer in the range of 190-400 nm in aqueous solution.
Electrospray ionization mass spectrometry (ESI-MS) tests were
performed on an AB SCIEX Triple TOF 4600 spectrometer oper-
ating in negative ion mode and the data was analyzed using
the Peakview 2.0 software provided. The sample was prepared
as described in the following and injected directly at a flow
rate of 5 pL. min~" using a syringe pump. 1 was prepared to a
concentration of ca. 1.0 mg mL~". The solution was filtered
and introduced to the spectrometer via direct injection. The
125Te nuclear magnetic resonance (NMR) spectrum was
acquired on a Bruker Avance NEO 600 spectrometer equipped
with a broadband probe. The '**Te NMR spectrum of 1 (42 mg
mL™") in D,O was measured at 158 MHz with a spectral width
of 100000 Hz, 3000 transients of 128 K data points and a
recycle time of 1.5 to 2 s. The line broadening of the spectrum
was 10 Hz and the reference was an external replacement
sample of H,TeO,2H,0. C, H, O elemental analyses were
carried out on a Perkin-Elmer 2400-II CHNS/O analyzer and
K, Te, W and Eu elemental analysis was recorded on
PerkinElmer  Optima 2000 ICP-AES spectrometer.
Thermogravimetric (TG) analysis was recorded on a Mettler—
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Toledo TGA/SDTA 851° instrument at a heating rate of 10 °C
min~' from 25 to 1000 °C under a flowing N, atmosphere.
X-ray photoelectron spectra (XPS) were recorded on an Axis
Ultra X-ray photoelectron spectrometer. Luminescence spectra
were recorded at ambient temperature on an FLS 980
Edinburgh Analytical Instrument apparatus equipped with a
450 W xenon lamp. Photoluminescence (PL) decay lifetimes
were measured using a pF900H high-energy microsecond flash
lamp as the excitation source.

Synthesis of K2NaH5[EU4(H20)4WG(H6glu)4012(B'
o-TeW,035),]-60H,0 (1)

K,TeO;3 (0.400 g, 1.576 mmol) and Na,WO,-2H,0 (4.684 g,
14.200 mmol) were added to 20 mL of distilled water. The pH
of the solution was adjusted to 2.00 utilizing 6.0 mol L™" HCL.
Then, Eu(NO;);-6H,0 (0.900 g, 2.018 mmol), Heglu (810 pL,
2.560 mmol) and KCl (1.998 g, 26.800 mmol) were added to
the above solution. The pH was adjusted back to 2.00 using
4 mol L™! NaOH. The final solution was kept in a 90 °C water
bath for 2 h and cooled to room temperature and filtered. The
filtrate was left to slowly evaporate at room temperature and
colorless rod-like crystals were obtained after about 3 days.
Yield: 0.87 g (18.89% based on Na,WO,-2H,0). Elemental ana-
lysis (%) caled: C, 2.11; H, 1.25; K, 4.01; W, 56.68; Te, 3.74; Eu,
4.46. Found: C, 1.92; H, 0.88; K, 4.04; W, 51.86; Te, 3.89; Eu,
4.07. IR (KBr, cm™"): 3484 (s), 1640 (s), 1373 (s), 1100 (s), 964
(s), 862 (w), 813 (W), 716 (w).

X-ray crystallography

A suitable single crystal of 1 was sealed in a capillary tube and
its intensity data were collected on a Bruker Apex II diffracto-
meter equipped with a bidimensional CCD detector at
296(2) K with graphite monochromated Mo Ka radiation (1 =
0.71073 A). SADABS-2016/2 was used for absorption correc-
tion."® Its structure was solved by direct methods and refined
on F* by full-matrix least-squares method using the
SHELXTL-2018 program package and the Olex-2 software."”
Lorentz polarization and SADABS corrections were applied. All
H atoms connected to N and C atoms were generated geome-
trically and refined isotropically. No hydrogen atoms attached
to water molecules were located from the difference Fourier
map. For 1, the checkcif report shows there are still solvent-
accessible voids, implying the existence of some solvent mole-
cules and counter cations in the structure that cannot be
found from the weak residual electron peaks. These solvent
molecules and counter cations are highly disordered. The
solvent mask instruction was further used to calculate and
evaluate the possible numbers of the disordered solvent water
molecules and cations in the accessible voids of the crystal
structure. The solvent mask result indicates that ca. 617 elec-
trons are located in a void of 3498.5 A® for each molecular unit
of 1. Thus, another 44 water molecules and 12 K cations were
directly added to the molecular formula according to the
elemental analyses, TG analysis and the solvent mask result.
Crystallographic data and structural refinements for 1 are sum-
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marized in Table S1. CCDC 1936173 contains the supplemen-
tary crystallographic data for 1.1

FL sensing

1.0 mg of 1 as a powder was dissolved in 1.0 mL of aqueous
solution, then ultrasonicated for 5 min to allow the powder to
dissolve completely and allowed to stand for 10 h to obtain a
stable solution of 1. After the addition of the analyte, the exci-
tation, emission spectra and life decay curves were recorded
under excitation at 394 nm (excitation slit = 4 nm, emission
slit = 4 nm). Each measurement was repeated three times. The
change in the emission intensity at 614 nm was subjected to
linear discriminant analysis.

Results and discussion
Structural description

The powder X-ray diffraction (PXRD) pattern of 1 is consistent
with the simulated PXRD pattern from the single-crystal X-ray
structural analysis, indicating that the sample of 1 is pure
(Fig. S17).

1 crystallizes in the hexagonal space group P6, (Table S1f)
and its molecular structure consists of an unprecedented
gluconic acid ligand connected multi-Eu™-incorporated TT
[Euy(H,0)sWe(Hoglu),01,(B--TeWo053),**~ (1a) anion (Fig. 1a),

E
<
<
<

Fig. 1 (a) View of the tetrameric 1a POA. (b) Combination of four triva-
cant Keggin [B-a-TeWyO33]®~ segments with a heterometallic 1b cluster.
(c) View of the 1b cluster. (d) View of the [Eul(H,O)W3(H,glu)O,]* entity
highlighting the flexible polyhydroxycarboxylic coordination mode of a
Hoglu*~ ligand. (e) Simplified view of the 1b cluster. (f) The distorted
monocapped square antiprismatic geometry of the Eul®* ion.
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14 K" cations, 10 protons and 60 lattice water molecules. This
interesting polyhydroxycarboxylic acid ligand bridged tetra-
meric 1a polyoxoanion (POA) with dimensions of about 2.11 x
1.84 nm can be considered as an aggregation of four trivacant
Keggin [B-a-TeW,035]®~ fragments and an unseen heterometal-
lic [Euy(H,0),We(H,glu),04,]°" (1b) cluster (Fig. 1b). The triva-
cant Keggin [B-a-TeWo03;]® fragment can be regarded as
removing a {W;0,;} triad from the hypothetical Keggin
[a-TeW;,040]"~ POA. The difference between the two isomers
[B-a-TeW4053]°~ and [B-B-TeW,05;3]°” is that one edge-sharing
{W;0,3} triad clockwise is rotated 60° among the three
{W;0,3} triads (Fig. S21). In four [B-a-TeW,O3;]®~ segments, all
the Te heteroatoms display a triangular pyramid geometry with
Te-O bond lengths of 1.852(14)-1.911(18) A and O-Te-O
angles of 88.6(6)-98.6(8)°. All the W atoms exhibit an octa-
hedral configuration with W-O distances of 1.664(14)-2.490
(16) A and O-W-O band angles of 69.5(6)-176.0(8)°. Notably,
the heterometallic 1b cluster can be further divided into a
[Euy(H,0),W4(H,glu),05]*" central core and two bridging
{WOg} groups on both sides (Fig. 1c, Fig. S3t). Upon scrupu-
lous inspection, it can be clearly seen that the
[Euy(H,0),W4(Hoglu),05]*" central core comprises four identi-
cal [Eu(H,0)W(H,glu)O,]" entities, in which extraneous W"'
and Eu' centers are combined with each other through
H,glu*~ ligands. Taking the [Eul(H,O)W3(H,glu)O,]" entity
established by the Eul and W3 centers as an example to
describe the coordination environment of the H,glu*~ ligand
(Fig. 1d), the terminal carboxyl group and the orthohydroxyl
group of the H,glu*~ ligand chelate with the W3 center,
whereas the hydroxyl groups linking the C3, C4 and C5 atoms
directly coordinate to the Eul center. The remaining three
H,glu*~ ligands are respectively combined with Eu2 and W4,
Eu3 and W2, and Eu4 and W6 centers (Fig. S4t). It is worth
mentioning that this is the first time that a multiple hydroxyl
coordination mode of the H,glu*~ ligand has been observed in
POM chemistry. In addition, it should be noted that the Eul
and W6, Eu2 and W2, Eu3 and W4, Eu4 and W3 centers in the
1b cluster are linked together by sharing p,-O atoms from
extraneous {WOs} octahedra, giving rise to a bicapped square
prism distribution mode (Fig. 1e). Besides this, the four crys-
tallographically independent Eu®*" ions have similar coordi-
nation environments and all display a distorted monocapped
square antiprism geometry (Fig. 1f, Fig. S51). Thus, only the
Eu1®” ion is described here. The coordination sphere of the
Eu1®" cation is defined by five j,-O atoms from five {WOg}
octahedra [Eu-O: 2.351(14)-2.561(14) A], three p,-O atoms
from one H,glu®~ ligand [Eu-O: 2.476(18)-2.493(15) A] and a
terminal water ligand [Eu-O: 2.398(16) A]l. Among five 1,-O
atoms from five {WOs} octahedra, the 0136 and 0141 atoms
come from a trivacant [B-a-TeWo033]°~ fragment [Eu1-0O136:
2.418(16) A, Eu1-O141: 2.436(16) A], the 0104 atom is from a
bridging {WOg} octahedron [Eu1-0104: 2.351(14) A], and the
073 and 083 atoms originate from the {WOg} octahedron
linking the terminal carboxyl group of H,glu*~ ligand [Eul-
073: 2.561(14) A, Eu1-083: 2.445(13) A]. In the distorted
monocapped square antiprism, the 073, 0104, 0136 and 0141
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atoms constitute the bottom plane whereas the top plane is
formed by the O1 W, 083, 094 and 0165 atoms. Note that the
0166 atom from the H,glu’~ ligand occupies the capping site
of the square antiprism, which greatly impairs the quenching
effect from the O-H oscillation and suggests the potential of 1
for sensing trace analytes in water sources.

In addition to the tetrameric POA of 1, other tetrameric
POAs of TTs have been also reported. For example, in 2018, Hu
and collaborators reported two new-fashioned tetrameric RE-
containing POAs [{RE(H,0)s (Te"'W,5064)}4]**” (RE = Eu’,
Gd*") (Fig. 2a) grown from the filtrate of [(WO,)}{RE
(H,0)5(Te""W15065)},]**~ in a refrigerator (10 °C), which were
formed from four -corner-sharing mono-RE substituted
Dawson-like [RETe""W;3044]""~ fragments through the coordi-
nation of each RE cation with two lacunary oxygen atoms from
one [TeV'W,;404,]"*" fragment, two terminal oxygen atoms
from the other adjacent [Te"W,404,]'"~ fragment, with the
four RE cations arranged in a square motif (Fig. 2b).'® These
represent the largest TTs(vi) reported to date. In 2017, our
group communicated the first 2-picolinic-acid decorated tetra-
meric RECTTSs [RE,(H,0)4(pica), W,05][(RE(H,O0)
W,(Hpica),0,)(B-p-Te"W3050H,),]**~ (RE = La**, Ce**, Nd*",
Sm**, Eu*") (Fig. 2c), which can be imagined as a combination
of four tetravacant Keggin [B-B-Te"V"W30;3,H,]°~ segments pock-
eting an inorganic-organic hybrid RE-TM heterometallic
species {[RE,(H,0), (pica),W,0s][(RE(H,O)W,(Hpica),0,4)],}***
(Fig. 2d).” In the same year, the first organotin-RE heterome-
tallic TTs {{[Sn(CH;)W,0, (IN)][(B-a-Te"V'W30;;)RE(H,0)
(Ac)L)P°” (RE = ce**, pr’*, Nd*", sm**, Eu**, Gd**, Tb*")
(Fig. 2e) were triumphantly isolated by our group in the acid
aqueous medium with the addition of [(CHs),Sn]*" electro-
phile, dimethylamine hydrochloride, acetic acid and HIN
organic solubilizers. The unique tetrameric POAs are con-
structed from four [B-a-Te""'Wy03,]'°" subunits, two dimethyl-
ated [Sn(CH;)]*" groups and one unique inorganic-organic
linear-shaped {[W,0,(IN)][RE(H,O)(Ac)],},"*" cluster (Fig. 2f).®
Moreover, by adjusting the pH of the reaction solution to
7.0, an unexpected Te"-bridged tetrameric aggregate
[Wngeg"Ouz]“_ was successfully assembled by Cronin’s group
(Fig. 2g), in which not only the {TeOs} groups participate in the
fabrication of the pentavacant Keggin [TeW,0,5]'°” subunits
but also the {TeO,} groups in the square arrangement mode
bridge adjacent [TeW,0,5]'’” subunits (Fig. 2h)."** In addition,
in 2018, Cronin’s group discovered an excellent self-sorting
cross-shaped tetrameric POA [H P'TelYW¢,0,,,]*'~ using two
different heteroanion templates (Fig. 2i),"”” which can be
reasonably described as the cleavage of four uncommon triva-
cant Dawson heteroanion [P"'Te™W,;;054]"'~ subunits and four
{WOs} bridges (Fig. 2j). It can be markedly seen from the above
comparison that poly(TT) aggregates can display diverse archi-
tectures with the participation of RE ions, organometal groups,
different heteroatoms, additional {WOg} linkers and functional
organic components, which provide us with great opportunities
to continuously explore and develop this attractive area in time.

From another point of view, it is extremely intriguing that
la is also considered as a fusion of two dimeric
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Fig. 2 (a—b) View of the tetrameric [{RE(H,O)s(Te"'W150¢4)}41**~ POA and the distribution of four RE bridges in it.*® (c—d) View of the tetrameric
[Nd,(H,0)4(pica),W,Os][(Nd(H,O)W,(Hpica),04)(B-p-TeWsOzoH,)212*~ POA and the RE-TM heterometallic {[RE,(H,0)4(pica),W,Osl[(RE(H,O)
W (Hpica),04)1232°* cluster in it.” (e—f) View of the tetrameric {{{SN(CH3)W,04(IN)][(B-a-TeWgOs;)RE(H,0)(Ac)l-}2}2°~ POA and the distribution of

two [Sn(CH3)I** groups and the inorganic—organic linear-shaped {[W,O4(IN)I[RE(H,O)(Ac)],},
[W,5TegO1151%*~ POA and four {TeO,} linkers in the square arrangement mode.

14+ cluster in it.® (g—f) View of the tetrameric

192 (i—j) View of the self-sorting cross-shaped tetrameric

[H4P4TesWe4022413t" POA and the distribution of the four {WOg} linkers in it.*%?

[Eu,(H,0),W;04(B-0-TeW,035),]'” moieties by means of the
bridging function of four H,glu*~ ligands (Fig. 3a, Fig. S6at).
Notably, the [Euy(H,0),W;06(B-a-TeWs053),]'”  subunit
(Fig. 3b) can be thought of as an openmouthed [Te,W;06]°~
segment (Fig. 3c) that embraces a tetra-nuclear
[Euy(H,0),W,0,]"°" cluster (Fig. 3d). The openmouthed
[Te,W16065]°~ segment is constructed from two trivacant
Keggin [B-a-TeW,0;;]°” fragments sharing a bridging {WOg}
octahedron through four oxygen atoms from two [B-
a-TeW,035]%~ fragments, with an openmouthed angle of 65.9°.

F4.zso(5) IN|

H_f’
[4.256(8) 8™

Fig. 3 (a) The combination of two [Eux(H,0),W30e(B-a-TeWsO33),14~
subunits and four Hpglu*~ linkers. (b) A dimeric [Eus(H>O),W3Og(B-
a-TeWqyOs33),1*~ subunit containing W2, W6, Eul and Eu2 centers. (c) An
openmouthed [Te;W;5065]%~ segment containing a W18 bridge. (d) Top
view of a tetra-nuclear [Eux(H»0),W,0,4]1'°* cluster constructed from
W2, W6, Eul and Eu2 atoms. (e) A simplified view of the
[Eup(H0),W,0,4]'%*  cluster. (f) Side view of the simplified
[Eu,(H,0),W306]*2* cluster.
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The openmouthed pocket of the [Te,W;5065]°~ segment pro-
vides an excellent opportunity for encapsulating other
extraneous metal centers. Herein, two W and two Eu centers
are encapsulated in the openmouthed pocket, giving rise to
the [Eu,(H,0),W;306(B-0-TeWo053),]*” subunit (Fig. 3b). In one
tetra-nuclear [Eu,(H,0),W,0,4]"%" cluster (Fig. 3d), Eul, W2,
Eu2 and W6 centers are combined with each other via O
atoms to form a distorted square (Fig. 3e). The distances of
Eul-W2, Eul-W6, Eu2-W2 and Eu2-W6 are 4.115(6), 4.230(5),
4.256(8) and 4.099(4) A, respectively. Besides this, the W18
bridge links to Eul and Eu2 centers, where the distances
between the bridging W18 center and Eu®" ions vary from
4.122(9) to 4.135(2) A (Eu1l-W18: 4.122(9), Eu2-W18: 4.135(2)
A) (Fig. 3f). In the other tetra-nuclear [Eu,(H,0),W,0,]**
cluster (Fig. S6b and ct), the Eu3, W1, Eu4 and W3 centers are
interconnected by O atoms to form a distorted square motif
(Fig. S6df). The distances of Eu3-W4, Eu3-W3, Eu4-W4 and
Eu4-W3 are 4.237(4), 4.149(5), 4.133(4) and 4.234(8), respect-
ively (Fig. S6et). The W1 bridge links to Eu3 and Eu4 centers
and the distances between the bridging W1 center and Eu®"
ions are in the range of 4.106(4)-4.117(9) A [Eu3-W1: 4.117(9),
Eu4-W1: 4.106(4) A] (Fig. S6f).

Furthermore, the most intriguing structural feature of 1 is
that each 1a POA (Fig. S71) interacts with three K" cations and
each K' cation interacts with three 1a POAs, resulting in a
unique 3D (3,3)-connected supramolecular framework with a
Schifli symbol of (8%)(8%), in which 1a and K" ions act as 3-con-
nected nodes (Fig. 4a and b). Noticeably, the regular align-
ments of 1a and K' linkers along the 6, screw axis give rise to
a helical channel A with cross-section dimensions of 9.0 x
9.0 A? (Fig. 4c and d, Fig. $8%). Besides this, two adjacent left-
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Fig. 4 (a) The 3D supramolecular framework of 1 along the c axis. (b)
The 3D topological framework viewed along the c axis. (c) View of the
left-handed helical chain A constructed from six 1la POAs and six K*
linkers. (d) View of the simplified left-handed helical chain A. (e) The
simplified 3D right-handed helical channel B between two helical chan-
nels A. (f) The simplified 3D left-handed helical channel C surrounded
by three A and three B channels. Color code: the yellow spheres rep-
resent the 1a polyanions and the turquoise spheres represent K* cations.

handed A helical channels are further combined with each
other by K' cations and 1a POAs, creating a right-handed B
helical channel (Fig. 4e, Fig. S9t). Simultaneously, three left-
handed A helical channels and three right-handed B helical
channels are further interlinked to construct a left-handed C
helical channel along the ¢ axis (Fig. 4f, Fig. S107). The hexag-
onal array of 1a POAs along the ¢ axis provides excellent
porous channels to be filled by solvent molecules, which
greatly increases the specific surface area of the whole frame-
work and is benefit for FL sensing in aqueous solution.

IR spectra

In the low wavenumber region (v < 1000 cm™") of 1, the charac-
teristic stretching absorption bands originating from the
Keggin TT skeleton are prominently observed (Fig. Silaf).
Referring to the IR spectrum of K,TeOj, the vibration peak at
710 cm™" can be attributed to the stretching vibration mode of
v(Te-0). Specifically, the vibrational peaks at 963, 860 and
788 ecm ™' can be assigned to the stretching vibration modes of
Y(W-0,), ¥(W-0y) and y(W-0,), respectively.>'®?° In the high
wavenumber range (v > 1000 cm™'), the »(C-O) stretching
vibration is observed at 1094 cm™". Besides this, the symmetri-
cal stretching vibration of the carboxylic group of Heglu
appears at 1361 cm™ ', whereas the asymmetric stretching
vibration of the carboxylic group of the Heglu is seen at
1633 cm™'. Actually, the stretching vibration band at
1633 cm™" also contains the bending vibration of a v(O-H)
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group of water molecules. As discussed in previous reports, the
separation (A) between the asymmetric stretching vibration
and symmetric stretching vibration of the carboxylic group
could distinguish the coordination mode of a carboxyl
group.’“>' When a carboxyl group adopts a chelating or brid-
ging mode, A is lower than 200 cm™" because the symmetric
and asymmetric vibrations arise in the same direction, in con-
trast, the monodentate coordination of a carboxyl group will
sharply increase the asymmetric stretching vibration, with A
higher than 260 ecm™.*> The A value in the IR spectrum
(272 em™) of 1 is larger than 260 cm™", which indicates that
the carboxyl group of Heglu is monodentate. Moreover, the
intense peak at 3453 cm™" can be attributed to the stretching
vibration of the »(O-H) groups of Heglu and water
molecules.”?

Thermogravimetric (TG) analysis

It can be seen from Fig. S11bf that the weight loss of 1 can be
divided into two steps. When the heating temperature reaches
250 °C, the first-step weight loss of 8.07% (caled. 7.92%)
corresponds to the liberation of 60 lattice water molecules.
With an increase in the temperature, the second-step weight
loss of 13.56% (caled. 13.67%) up to 700 °C can be attributed
to the loss of four coordination water molecules, four organic
ligands, the dehydration of protons, the decomposition of the
remaining organic ligands, as well as the sublimation of four
WO,, which led to the collapse of the POA skeleton of 1.

Solid-state FL properties of 1

RE-containing materials exhibit various promising appli-
cations as biomarkers, drug carriers and optical sensors
because of the narrow emission lines and high colour purity
derived from transitions inside the 4f shell of the RE*" ions,
especially for Eu**-based materials with stable emission bands
and long FL lifetimes.>® To better understand the FL pro-
perties of 1, the solid-state emission spectrum was recorded at
an excitation wavelength of 394 nm, revealing five character-
istic emission bands at 579, 594, 614, 650 and 701 nm in the
range of 500-750 nm, which can be respectively attributed to
the Eu®** °Dy — "F,, °Dy — "Fy, Dy = 'F,, °Dy — 'F; and °D, —
’F, transitions (Fig. 5a).> When the 614 nm emission was
monitored, its excitation spectrum was also collected, in which
five peaks at 362, 379, 394, 415 and 465 nm were respectively
observed that correspond to the "F, — °Dy, "Fy = °G,, 'Fq —
L, 'Fy — °D; and "D, — °D, transitions of the Eu®" ions
(Fig. 5b) and a strong broad excitation band centered at
275 nm stemming from the 'A;, — Ty, transition of the O —
W LMCT of the TT fragments (see the inset in Fig. 5b).>***
The appearance of the broad excitation band stemming from
the 'A;y — 'Ty, transition of the O — W LMCT of TT fragments
in the excitation spectrum monitored by the most intense
emission at 614 nm of the Eu®" ions in some degree demon-
strates the occurrence of energy transfer from TT fragments to
Eu®" ions. The lifetime decay profile of 1 was obtained by
monitoring the most intense emission at 614 nm
(Fig. 5c), which obeys a second-order exponential function:
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nm. (b) The solid-state excitation spectrum of 1 taken by monitoring the
obtained by monitoring the strongest emission at 614 nm. (d) The solid-
in the range of 80 to 200 ps under excitation at 394 nm. (f) The emission

spectra of 1 at decay times of 80.00 and 91.61 us under excitation at 394 nm. (g) The TRES of 1 in the range of 22.00 to 132.00 pus under excitation at
275 nm. (h) The emission spectra of 1 at the decay times of 29.85 and 35.75 ps under excitation at 275 nm. (i) The energy level diagram of 1 present-

ing the intramolecular energy transfer from TT fragments to Eu®* ions.

I = Ajexp(—t/7y) + Ayexp(—t/r,). The fitting lifetimes are 7; =
379.17 ps (8.45%) and 7, = 711.83 ps (91.55%) and the pre-
exponential factors are A; = 145.57 and A, = 840.13. Therefore,
the average decay time (7*) can be determined using the
formula: o = (Ay7,” + A,7,%)/(A171 + Ay7,), which is calculated to
be 683.71 ps.”**

Moreover, to demonstrate the existence of energy transfer
from TT fragments to Eu*" ions, the emission spectrum of 1
was also collected under O — W LMCT excitation at 275 nm of
the TT segments (Fig. S127), which exhibits the similar charac-
teristic emission bands of Eu*" ions to those observed under
the Eu*" 'F, — °Lg excitation at 394 nm (Fig. 5d). The time-
resolved emission spectrum (TRES) of 1 was recorded in the
range of 460-750 nm with an interval of 2 nm under excitation
at 394 nm. When sliced in the range of 80-200 ps, the TRES of
1 firstly exhibits a typical *Ty, — 'A;q broad emission band at
470 nm derived from the O - W LMCT of the TT fragments.
As time goes on, the *T;, — 1A1g broad emission band presents
a rapid attenuating trend, but the intensity of the emission
bands of the Eu®" ions decreases very slowly in the range of
80-200 ps (Fig. 5€). The decay of the °Ty, — 'A,, emission of
the TT fragments is more rapid than that of the Eu®** emission
peaks, which reveals the occurrence of energy migration from

This journal is © The Royal Society of Chemistry 2020

the TT fragments to Eu®" cations in which the TT fragments
sensitize the Eu®" emission and suppress the decay of the
emission intensity of the Eu®" cations. This energy migration
phenomenon has been observed by Yamase et al. in studies on
polyoxometalloeuropates such as Nag[EuW,;o03]-32H,0,>**
KysH;[Eus(H,0)3(SbWo0s53)(Ws045)5]-25.5H,0,>”  and  [Eu
(H,0)5]5K,H5[(GeTisWo035),05]-13H,0.>>  In  fact, Yamase,
Hill, Francesconi and Boskovic have already investigated the
use of POMs as antennae for the sensitization of RE elements
and the energy transfer mechanism.>®'®>> In our findings, it
can be apparently seen from the slice map of the TRES of 1
(Fig. 5f) that the intensity of the *T;, — 'A;y broad emission
band declines while the intensity of the emission bands of the
Eu®" ions slightly rise in the process of the decay time, varying
from 80.96 to 91.96 ps, which directly attests the occurrence of
energy migration from the TT fragments to Eu®* ions in 1.
Furthermore, the TRES of 1 under O - W LMCT excitation at
275 nm of the TT segments was also measured (Fig. 5g), in
which the phenomenon that the *T;, — 1A1g broad emission
band quickly disappears whereas the intensity of the emission
bands of the Eu®" ions slowly decrease was also observed.
Meanwhile, the slice map of the TRES of 1 obtained under
O — W LMCT excitation (Fig. 5h) also indicates that the emis-
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sion intensity of the Eu’" ions slightly increases when the
°T,y — 'A;, emission intensity weakens in the process of the
decay time varying from 29.85 to 35.75 ps, which explicitly
manifests the occurrence of energy transfer from the TT frag-
ments to the Eu’* ions in 1.

Based on the above analysis, the luminescence mechanism
diagram of 1 was devised and is proposed in Fig. 5i. The
luminescence process is as follows. When 1 is excited, some of
the light is absorbed by the Eu®* ions, which leads to the f-f
Dy — 'Fy, Dy — 'Fy, °Dy = F,, Dy — 'F; and °D, — F,
emissions. At the same time, some of the light is absorbed by
the TT fragments and pumps the electrons in the TT frag-
ments from the ground state ‘A, to the excited state 'T;,. Due
to the spin-orbital coupling interaction, the electrons relax
from the 'Ty, state to the *Ty, state by undergoing a non-
radiative process. Subsequently, when the electrons in the TT
fragments return to the ground state from the excited state
*T,4, most of the electrons are trapped by the Eu®" ions. The
trapped electrons can be absorbed by the ground state of the
Eu’" ions, promoting energy transfer from the TT fragments to
the Eu’* ions and sensitizing the emission of the Eu®" ions.
The stable and unique FL properties of 1 urge us to investigate
its potential applications.

FL properties and stability of 1 in aqueous solution

Up to now, FL sensors for detecting trace substances have
aroused widespread interest on account of their high sensi-
tivity and selectivity.> Therefore, we decided to use 1 to con-
struct a FL sensor for detecting Cu** ions in aqueous solution.
It is well known that the excellent detection performance of a
FL sensor is highly dependent on the emission properties and
stability of the sensor. Thus, the emission spectrum of 1 in
aqueous solution was collected in the range of 500-750 nm
under excitation at 394 nm (Fig. S13at), which displayed five
obvious characteristic emission bands at 579, 594, 614, 650
and 701 nm from the Eu*" °D, — "F,, Dy — Fy, °Dy = F»,
°D, — 'F,; and °D, — ’F, transitions, which is consistent with
the solid-state emission spectrum of 1, manifesting that the
POA skeleton structure of 1 may be stable in aqueous solution
and is suitable to act as a FL probe to detect metal cations in
aqueous solution.>* The emission band at 614 nm is the most
intense, which can be used as the detection signal of the
sensor based on 1.>°

In order to further examine the stability of the POA skeleton
structure of 1 in aqueous solution, its **Te NMR spectrum
was measured in D,O (Fig. S14t), which exhibits a single reso-
nance signal at § = -1796.77 ppm in the range of
1580-2040 ppm that can be assigned to the Te" center in the
trivacant Keggin [B-a-TeW,053]°~ fragments in 1. This obser-
vation indicates that the POA skeleton structure of 1 is stable
in aqueous solution. The experimental result of the '**Te NMR
spectrum of 1 is consistent with the reported literature from
Boskovic’s group.?” Furthermore, we collected the FL emission
spectra of 1 in aqueous solution (1.0 mg mL ") under different
pH values adjusted using diluted hydrochloric acid and
sodium hydroxide solution. This was done because the magne-
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todipolar °D, — 7F1,3 emissions are not sensitive to the local
coordination environment of the Eu®" ion and their emission
intensities are almost unchanged upon the variation in the
local coordination environment of the Eu®* ion whereas the
electrodipolar °D, — “F,, 4 emissions are extremely sensitive
to the local coordination environment and a minor change in
the local coordination environment of the Eu*" ion leads to
remarkable variation in the Dy — "Fy , 4 emissions.>**® Under
excitation at 394 nm, the emission spectrum of 1 in aqueous
solution (pH = 4.63) shows five characteristic peaks of the Eu®**
ions (Fig. 6a and b), where the emission peak intensity slightly
varies when the pH changes from 2.02 to 9.91. However, when
the pH is lower than 2.02, the emission intensity sharply
attenuates, which indicates that the skeleton structure of 1
begins to change. Similarly, the emission intensity also gradu-
ally declines when the pH is higher than 9.91, suggesting that
the skeleton structure of 1 begins to change. It can be con-
cluded that the skeleton structure of 1 is stable in the pH
range of 2.02-9.91. Meanwhile, UV-vis spectroscopy can be
used as an effective method to investigate the stability of a
compound in aqueous solution, according to the previous
literature.”®?°? Thus, the UV spectra of 1 in aqueous solution
with different pH values were also measured. As shown in
Fig. 6¢ and d, the strong absorption band at about 192 nm can
be attributed to the pr-drn charge-transfer transitions of the
O - W bonds and the weak absorption band at ca. 270 nm
can be assigned to the prn-dn charge-transfer transitions of the
Ob(c) = W bonds.?” When the pH is lower than 2.00 or higher
than 9.99, the absorption band at ca. 270 nm gradually
becomes weaker until it disappears and the absorption band
at ca. 192 nm becomes stronger and blue-shifted. Evidently,
the UV spectra of 1 basically remain unchanged in the pH
range of 2.00-9.99, which suggests that the POA skeleton struc-
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Fig. 6 (a—b) Evolution of the FL emission spectra of 1 in aqueous acidic

and alkaline solutions. (c—d) Evolution of the UV spectra of 1 in aqueous
acidic and alkaline solutions.
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ture of 1 is stable in the pH range of 2.00-9.99. This result is
in good agreement with the FL emission spectra. Moreover, as
Cronin depicted, electrospray ionization mass spectrometry
(ESI-MS) can be a highly effective tool to probe the stability of
the cluster species in solution, the intrinsic charge and the
characteristic isotopic envelopes captured by ESI-MS can be
precisely fitted to determine the exact formula of a
material.>***° Thus, the ESI-MS measurements of 1 in
aqueous solution were conducted. As shown in Fig. 7a and b,
there are a series of charged peaks in the region of 1400-4000
m/z and the assignments of these characteristic charged peaks
to the corresponding POA fragments are provided in Table S2
(Fig. S157). The main peak (m/z = 1510.32) with a charge of
—8 corresponds to the {[Euy(H,0)sWs(Heglu),04,(B-
o-TeWo033)4]}*~ POA fragment and the strongest peak centered
at 1734.27 with a -7 charge state belongs to the
{Na[Eu,(H,0)10We(Heglu),01,(B-0-TeWoO33)4]}’~ POA  frag-
ment. It should be mentioned that the two low-intensity
peaks at m/z = 2017.87 and 2040.50 are assigned to the
{K,[Eu,(Hy0) W (Heglu) ;01,(B-0-TeWoO33)4 ]}~ and
{K,[Eu,(Hy0)1,We(Heglu),01,(B-a-TeWs053),]}°~  POA  frag-
ments. The peak at m/z = 2460.27 can be attributed to the
{K,Na[Eu,(Hy0)1,We(Heglu),01,(B-a-TeW053),]>~ POA  frag-
ment. The occurrence of the above five characteristic m/z
peaks is proof that the POA skeleton structure of 1 can be
retained in water in the pH range of 2.01-9.97, although a
small number of samples of 1 may be decomposed and re-
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established in water. It is unusual to utilize several methods to
test the stability of a POM in solution.

In addition, the stability of the POA skeleton structure of 1
in aqueous solution with time was also investigated using FL
emission spectroscopy, UV spectroscopy and ESI-MS tech-
niques. Initially, the FL intensity of 1 somewhat decreases. As
we know, the RE FL behavior is greatly quenched by O-H and
N-H vibrations, where the slight decrease of the FL intensity
can be explained by the exchange of water ligands on Eu®*
ions with water molecules in solution and the dissociation of a
small proportion of 1 in aqueous solution.*' It can be seen
from Fig. S15at that the FL intensity of the solution of 1 some-
what decreases from 0 to 2 h on account of rapid water
exchange and the dissociation and re-establishment of a small
proportion of 1 when 1 was dissolved in water. Afterwards, the
FL intensity gradually recovered to the original intensity up to
8 h and remained unchanged upon an increase in time, which
may be related to the exchange equilibrium established
between the water ligands on the Eu®" ions with the water
molecules in aqueous solution and the dissociation of a pro-
portion of 1 followed by re-establishment of a potentially new
set of equilibria with the Eu®** ions in the same type of coordi-
nation environments in aqueous solution. Furthermore, we
also tested the FL behavior of Eu(NOj3);-6H,O (Fig. S16b¥). The
emission peaks at 593, 614 and 701 nm can be assigned to the
*Dy — 'Fy, °Dy — 'F, and °D, — ’F, transitions of the Eu*" ion.
The FL emission behavior of the Eu*" ion is highly sensitive to
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(a) Enlarged view of the ESI-MS profiles in the range of 1600-3500 m/z of 1 in water at different pH values. (b) Evolution of the ESI-MS

profiles of 1 in aqueous solution at different pH values. (c) Enlarged view of the ESI-MS profiles in the range of 1600-3500 m/z with time. (d)

Evolution of the ESI-MS profiles of 1 with time in aqueous solution.
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its local coordination environment.’> The magnetodipolar *Dj
— ’F, transition is inversely proportional to the site symmetry
of the Eu*" ion, where the ratio of I(°D, — "F,)/I’D, — "Fy)
always acts as a criterion by which to examine the coordination
environment of the Eu®* ion.*® It is worth noting that the
ratios of I(°D, — "F,)/I(°D, — "F,) are 3.21 for 1 and 0.55 for Eu
(NO;);-6H,0, demonstrating that the Eu** ions in 1 are located
in a low-symmetrical coordination environment while the Eu**
ion in Eu(NO;);-6H,O inhabits a high-symmetrical coordi-
nation environment. Meanwhile, all the emission peaks of 1
simultaneously decreased over 2 h, and the ratio of I(°D, —
"F)/I°Dy — 'F,) remained almost unchanged upon an
increase in the time (Table S37). These results demonstrate
that the coordination environments of the Eu®" ions in 1 are
unchanged in aqueous solution. Besides this, the decay life-
times did not vary, which demonstrated that the coordination
environments of the Eu*" ions in 1 remained unchanged in
aqueous solution as time went on (Fig. S17, Table S4t). The
variable time UV spectra exhibit that two prn-d=n charge-transfer
absorption bands involving O; — W and Oy) — W transitions
show no conspicuous change over 96 h, supporting the fact
that the POA skeleton structure of 1 does not decompose
within 96 h (Fig. S16cf). The variable time stability of the POA
skeleton structure of 1 in water was also investigated using
ESI-MS. At 96 h, the m/z main peaks at 1510.32, 1733.56,
2017.87, 2040.52 and 2460.27 could be respectively assigned to
molecular clusters with charges of -8, —7, -6, —6, —5, as
shown in Fig. 7c¢ and d. The main peaks with m/z 1510.32
and 1733.56 can be unambiguously assigned to
the {[Euy(H,0)sWe(Heglu),015(B-a-TeWo033), ]}~ and
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{Na[Euy(H,0)10 We(Heglu),015(B-a-TeW,033),]}~ POA species,
the two peaks with m/z 2017.87 and 2040.52 can be attributed
to {K,[Euy(H,0),We(Heglu), O15(B--TeWy053),]}° and the
{K,[Euy(H20)1,We(Heglu),015(B-0-TeWo053)]}°”  POA  frag-
ments with two K counter cations, and the observed peak
with m/z 2460.27 can ascribed to the {K,Na[Eu,(H,O):4
Wi(Heglu)4015(B-o-TeWo033),]>~ POA fragment. Similarly, the
intensities and numbers of the m/z peaks remained almost
unchanged in 96 h in contrast with the original ESI-MS spec-
trum, indicating that the POA skeleton structure of 1 is stable
in aqueous solution, which prompted us to explore it as a
luminescence sensor for metal ions.

Sensing of metal ions in aqueous solution

Up to now, the detection of metal ions in drinking water has
drawn extensive attention because the excess metal ions
cannot be degraded in the body and can cause various dis-
eases. Although many optical materials have been utilized to
detect metal ions, most of them have poor water solubility,
which hinders their wide applications in the field of trace
metal detection in aqueous systems. Herein, it can be seen
that 1 not only shows good water solubility, but also excellent
FL emission properties, which compelled us to explore it as a
FL probe to detect trace metal ions in aqueous solution.
Among FL sensors, the variation in emission intensity with
the detected object is a crucial factor for judging the capability
of the sensing platform. Thus, 1.0 mL distilled water solutions
containing 1.0 mg of 1 and 1.0 mM M(Cl), (M = Li", Na', K',
Cs*, Mg*", Ba®*, A", zn**, Cd**, Cu®") were respectively used
in FL sensing experiments. As illustrated in Fig. 8a, in com-
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Fig. 8 (a) Variation in the FL emission at 614 nm of the 1-sensor with the addition of different metal cations (C; = 1.0 mg mL™, is, = 394 nm). (b)
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spectra were collected under excitation at 394 nm). (c) FL intensity at 614 nm of the sensor platform with the introduction of different Cu?* salts. (d)
Evolution of the emission spectra of the FL sensor in different Cu?* concentrations. (e) Variation in the emission intensity at 614 nm at different Cu®*
concentrations (/o is the FL without Cu®* cations, and I is the emission intensity under various conditions). (f) The linear variation of I/ly with the

Cu?* concentration in the range of 1.0 x 107°-8.0 x 1072 mM.
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parison with that of a 1.0 mL distilled water solution contain-
ing only 1.0 mg of 1, the emission intensity of the FL sensor 1
does not show any significant changes when the different solu-
tions containing LiCl, KCl, NaCl, CsCl, MgCl,, BaCl,, AlICl;,
ZnCl, or CdCl,, were measured by means of FL emission spec-
troscopy. This observation demonstrated that sensing 1 shows
no obvious response toward alkali-metal ions (Li', Na', K,
Cs"), alkali-earth metal ions (Mg>, Ba®"), main-group metal
(AI*) cations and transition-metal cations (zZn**, Cd*"), indi-
cating that sensing platform 1 cannot be used to detect these
metal ions. However, a distilled water solution containing
1.0 mg of 1 and 1.0 mM of CuCl, was tested, and its emission
intensity was apparently quenched, which manifests that
sensing platform 1 shows a remarkable response toward Cu**
ions (Fig. 8a, Fig. S18af). Thus, sensing platform 1 can be
employed to detect Cu®>" ions in aqueous solution. To our
knowledge, although some POM-based FL sensors have been
utilized to detect H,0,,** ascorbic acid,** and pH,*® there have
not been many investigations on the FL detection of Cu®" ions
using POM-based materials.?”*

The selectivity of a FL sensor is also a significant factor,
therefore, the anti-interference ability of sensor 1 for detecting
Cu*" ions was explored in solutions containing 0.5 mM of
CuCl, and 0.5 mM of other metal ions (Fig. 8b, Fig. S18b¥).
The emission intensity of the FL probe 1 showed no obvious
changes when Li", Na*, K*, Cs*, Mg*", Zn** or Cd*" ions coex-
ists were added to the Cu®" ions in solution, suggesting that
FL probe 1 has a high selectivity toward Cu®" ions. Besides
this, the influence of the anion on the FL sensor is also a
crucial criterion to measure the selectivity of FL detection.
Thus, the effects of different anions on the FL sensor of 1 were
also examined (Fig. 8c, Fig. S18ct). The results indicated that
the emission intensities of the FL sensor 1 were almost
unchanged with the variation in different copper sources
(CuS0,, CuCl,, CuBr,, Cu(Ac),, CuNO;. C = 1.0 mM). This out-
standing anti-interference ability means that the FL sensor 1 is
suitable for sensing Cu®" ions in complex circumstances.

In addition, evaluating the sensitivity of a FL sensor is very
important. Thus, to investigate the sensitivity of the FL sensor
further, the emissive response of the FL platform for detecting
Cu®" ions was measured in the range from 1.0 x 107" to
1.0 mM. Fig. 8d shows that the emission intensity of 1 decreases
on increasing the concentration of the Cu** ions. Kgy is the
Stern-Volmer constant, which reflects the sensitivity of the
sensing platform.>® The Kgy value of the sensor was calculated
as 123.17 mM " when the concentration of the Cu** ions was
8.0 x 107> mM, according to the Stern-Volmer eqn (1).

Io/I = 1+ Kgy[Cu*'] (1)

wherein I, and I are the main emission peaks at 614 nm in the
absence and presence of Cu®" ions. Compared with some
reported sensors that can be used to monitor Cu®>" ions, the
sensor based on 1 shows a higher Kgy value, indicating that
the sensor has favorable accuracy and precision for monitoring
Cu®" ions (Table S57).*° Besides this, the Io/I versus [Cu®"] is
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linearly dependent in the range of 1.0 x 107°-8.0 x 10> mM,
and the regression equation is I,/I = 122.6591[Cu**] + 1.0782,
giving a LOD value of 8.82 x 10~° mM based on three times the
standard deviation of the blank sample measurement (2)
(Fig. 8e and f)."!

LOD = 3s/k (2)

The standard deviation (s) was calculated from three blank
emission intensities of the sensor, where the slope (k) was
found to be 122.6591, and the corresponding regression coeffi-
cient R* was 0.9979 (Tables S$6 and S7t). It is promising that
the LOD of this sensor is far lower than the maximum concen-
tration of the Cu®" ions that normal healthy cells can with-
stand (0.1 mM) and the WHO required levels of Cu** ions in
the daily use of water."’ Currently, a survey of sensors for
detecting Cu®" ions shows that the sensors are mainly anthra-
cene, pyrene, quinoline, quinazoline, dansyl, naphthalimide
organic derivatives, quantum dots and 3D metal-organic
frameworks (MOFs)."> Some polypeptide-, protein- and DNA-
based FL sensors have also been investigated to detect trace
Cu** ions (Fig. 9).** To evaluate the sensing performance of
the RECTT-based FL towards Cu®" ions, we compared the LOD
value with the values in the literature. As shown in Table 1, the
novel 1-based FL sensor exhibits better analytical performance
for detecting Cu®" ions.**™*” This result might be due to the
excellent water solubility and stable FL characteristics of 1.

Studies on the quenching mechanism of Cu®" ions

Many mechanisms can be used to detect the concentration of
Ccu*' ions, such as chelation between Cu®' ions and N atoms
on the sensor, the deprotonation of N-H in presence of Cu*"
ions, dynamic collision between cu®' ions and the sensor,
molecular rearrangement, energy or electron transfer between
the sensor and Cu®* ions.”® To investigate the operational
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Fig. 9 A histogram of some FL sensors for detecting Cu?* ions that
were reported between 2009 and 2019.
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Table 1 Comparison of the sensitivities of different sensor probes for detecting Cu?* ions

FL modes FL reagents Linear range (mM) LOD (mM)  Testing media Ref.
Turn-off (e = 350 nm) Silicon nanowires 0.5x107"t0 4.0 x 10> 3.1x10™° 10 mM HEPES buffer 41b
(pH = 7.4)
Turn-on-off (Aex = 246 nm)  Multiple benzene and 0t0 2.0 x 107> 5.0x107° Ethanol solution 2b
pyridine derivatives
Turn-off (e = 345 nm) Bis-pyrene derivative 1.0x107°t01.5x 107> 5.0x107> 10 mM Tris-HCI buffer 15
solution (pH = 7.4)
Turn-off (Aex = 290 nm) Ce(u) coordination 5.0x107°to 0.1 3x107° Water 39a
supramolecular compound
Turn-on (le = 360 nm) Diarylethene moiety 0t03.0x1072 9.1x107°>  CH;CN 44
Turn-on (fe, = 480 nm) DNA-Ag nanoparticles 1.0x107°t02.0x107" 8.0x10™°®  Water 45
Turn-off (Aex = 400 nm) Carbon quantum dots (CQDs) 1.0x10°to 1 1.0x107° 10 mm phosphate buffered 46
saline (PBS) solution
Turn-off (Aex = 340 nm) covalently connecting between 0t03.0x107* 3.6x107"  Water 47
CdTe quantum dots (QDs) and CQDs
Turn-off (ex = 394 nm) Eu-containing TTs 1x107°to 8 x 107> 8.82x107°  Water Our
work

mechanism of the sensor platform for metal ions, numerous
experiments were carried out.

Initially, in order to probe the FL quenching mechanism of
the 1-sensor toward Cu®', a solution containing Cu®*" and 1
was studied using ESI-MS, to investigate whether a new com-
pound is formed during the detection of Cu®" using 1. The
ESI-MS results exhibit that the m/z peaks are consistent with
those of a solution of 1 and no new m/z peak resulting from a
complex assembled from Cu”" and 1a is observed, demonstrat-
ing that there is no obvious bonding interaction that occurs
between Cu®>* and 1a (Fig. S191). Furthermore, to intuitively
prove that there are no new generated compounds in the
process of detecting Cu®", we tried to grow crystals of 1 from a
solution containing 100 mM of Cu®". What is exciting is that
colorless crystals of 1 could still be grown from the solution
containing 100 mM of Cu®" and the IR spectrum and XRD
pattern of the crystals of 1 grown from the solution containing
Cu”" are consistent with those of 1 (Fig. S201), which indicates
that there is no coordination effect that occurs between Cu**
and 1a. X-ray photoelectron spectroscopy (XPS) experiments
were utilized to explore the affinity between Cu”" ions and
sensor 1. Comparing the XPS spectrum of pure crystals of 1
with that of the crystals grown from the solution containing
Cu”" ions, the binding energies of the O, W, Eu Te and C
elements show no blue or red shifts. Thus, there are no inter-
actions between the Cu®" cations and sensor 1 (Fig. S217).
Furthermore, the temperature-dependent luminescence emis-
sion spectra of 1 in solutions containing 0.001 mM of Cu®*
ions were recorded in the range of 20-90 °C (Fig. S22aft). If the
quenching mechanism is a result of dynamic collision
between the Cu®’ ions and sensor 1, the collision would
become more vigorous upon an increase in temperature,
leading to a thermal quenching effect. Compared with the
temperature-dependent emission spectra of 1 in solution in
the absence of Cu®" ions (Fig. S22bt), the slight decrease in
the emission intensity of the solution containing both 1 and
Cu®*" can be attributed to the increased O-H and N-H
vibrations upon an increase in temperature.’® After adding

8944 | Dalton Trans., 2020, 49, 8933-8948

Cu”" ions to the sensor, the inconspicuous quenching effect
proves that the detection mechanism does not follow a
dynamic quenching mechanism. Thus, the FL quenching
effect may be caused by the nature of Cu®* in the aqueous
solution. Therefore, to determine the quenching mechanism,
UV-vis spectra of the solutions of 1.0 mM Cu”’, Li*, Na*, K",
Cs*, Mg?*, Ba>*, AI**, Zn®" or Cd*" were recorded, in which an
obvious abroad absorption band for the Cu®" solution was
observed between 190 and 237 nm, while no absorption band
from 190 to 400 nm was observed for the Li*, Na®, K", Cs",
Mg>*, Ba**, AI’", zn*" or Cd*" solutions (Fig. 10). Thus, the
emission quenching effect may be related to the fact the
mechanism and contribution of the non-radiative relaxation in
the presence of Cu®" ions has changed, which leads to the FL
quenching of sensor 1.***°

Detection of Cys

Moreover, developing reversible response smart materials has
captured considerable attention on account of their various
applications in molecular electronics, nanotechnology and bio-
devices.” If FL properties of the Cu®’-quenching system of
sensor 1 under some external stimulus conditions can be
gradually recovered, this Cu®>*-quenching system will realize an
“off-on” switching effect. Amino acids are indispensable for
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.‘l‘g 1.0}~ AlCl,
3 zncl,
B ——cdcl,
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Fig. 10 UV-vis spectra of 1.0 mM of different metal ions in aqueous
solution.
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the survival of humans and animals and have a strong
bonding affinity for transition metal ions.>" Therefore, the fab-
rication of a self-regenerating “off-on” sensor based on 1 to
detect amino acids has attracted keen interest.

To explore the sensing selectivity of the Cu®"-quenching
system toward different amino acids, FL emission measure-
ments of the Cu**-quenching system were performed in the
presence of Cys, glycine (Gly), threonine (Thr), glutamic acid
(Glu), and lysine (Lys), respectively. As shown in Fig. 11a and
Fig. $23,7 the FL emission of the Cu**-quenching system can
be effectively recovered upon the addition of Cys. ESI-MS
spectra exhibit that the skeleton of 1 does not change with the
addition of Cu®" and Cys (Fig. S247). The “off-on” switching of
the Cu**-quenching system is caused by the strong chelation
between Cys and Cu®".>* In order to evaluate the sensitivity of
the “off-on” sensor toward the detection of Cys, the emission
intensity of the Cu®>*-quenching sensor was gradually recovered
by increasing the concentration of Cys to within the range of
0.02-0.20 mM (Fig. 11b and c). The linear relationship
between 0.02 and 0.14 mM gave a LOD of 1.75 x 10~* mM,
which was calculated from LOD = 3s/k, where the value of k
was determined as 33.8079 from the fitted linear equation: y =
33.8079x + 0.3778 (Fig. 11d, Table S8 and S9t). These results
suggest that the unique structure of 1 can be used as a highly
effective “off-on” sensor for detecting Cys. Besides this, the FL
recovery efficiency (Rg) of Cys was calculated according to the
equation Rg = I/I, — 1 (I and I, are the emission intensities of
the FL sensor in the presence and absence of Cys, respect-
ively).”® The relative Ry, is 4.07 when the concentration of Cys
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is the highest (0.14 mM) in the linear range, indicating a
benign recovery efficiency of the “off-on” sensor. At the same
time, it can be clearly seen that the excitation intensities of the
Cu**-quenching system under the emission band of 614 nm
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Fig. 12 (a) Changes in the emission spectra of the Cu?*-quenching
system based on 1 (0.04 mM Cu?* cation) in the presence of both
0.10 mM of Cys and 0.10 mM of other amino acids. (b) Changes in the
FL emission at 614 nm of the Cu?"-quenching system (0.04 mM of Cu?*
ions) in the presence of both 0.10 mM of Cys and 0.10 mM of other
amino acids. (c) Changes in the excitation spectra of the Cu®*-quench-
ing system (0.04 mM of Cu?* ions) in the presence of both 0.10 mM of
Cys and 0.10 mM of other amino acids. (d) Changes in the lifetime decay
curves of the Cu?*-quenching system (0.04 mM of Cu?* ions) in the
presence of both 0.10 mM of Cys and 0.10 mM of other amino acids.
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Fig. 11 (a) Change of the emission intensity at 614 nm of the Cu?*-quenching system based on 1 with addition of diverse aminoacids (C; = 1.0 mg
ML, ey = 394 nm). (b) Evolution of emission spectra of the Cu?*-quenching system based on 1 in different concentrations of Cys. (c) Variation of
I/lo value of the emission intensity at 614 nm of the Cu?*-quenching system based on 1 with the concentration of Cys (Ccz = 4.00 x 1072 mM) (I is
the emission intensity at 614 nm in different concentrations of Cys and /o is the emission intensity at 614 nm in the absence of Cys). (d) The linear
variation of I/l with the concentration of Cys (Ccyz- = 4.00 x 1072 mM). (e) Evolution of excitation spectra of the Cu?*-quenching system based on
1 in different concentrations of Cys. (f) Change of the excitation intensity at 394 nm of the Cu®*-quenching system based on 1 in different concen-
trations of Cys. (g) Lifetime decay curves of the Cu®*-quenching system based on 1 in different concentrations of Cys. (h) Change of the average

decay time (¢*) in different concentrations of Cys.
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gradually increase upon increasing the concentration of Cys
(Fig. 11e). The tendency of the excitation bands to recover is
highly consistent with the trend of the emission bands,
suggesting that the Cu®**-quenching system efficiently detects
Cys (Fig. 11f). Besides this, the decay lifetimes of the Cu**-
quenching system generally increased upon an increase in the
concentration of Cys, and the unique “smart switch” effect of
the Cu**-quenching system prompted us to investigate more
potential applications of POM frameworks (Fig. 11g and h).
The emission remained unchanged with the addition of Gly,
Thr, Glu and Lys, respectively, probably due to the lack of sul-
fydryl groups in Gly, Thr, Glu and Lys. The above phenomena
exhibit that the Cu”*-quenching system could be used as an
effective “off-on” sensor toward the detection of Cys by reco-
vering the FL intensity of the Cu®*"-quenching system through
the strong chelation between Cys and Cu®".

Furthermore, the anti-interference capability of the sensor
was also measured via the coexistence of 0.10 mM of Cys and
0.10 mM other amino acids in the detection system (Fig. 12a
and b). The recovered FL intensities of the emission peaks
were found to not be affected by the addition of Glu, Thr, Lys,
or Gly, respectively. The excitation bands and decay lifetimes
of the Cu®"-quenching system showed no obvious fluctuations
when the detection system simultaneously contained Cys and
other amino acids, proving that it has high selectivity for
detecting Cys (Fig. 12c and d).

Conclusions

In summary, the first unprecedented gluconic acid bridged
multi-Eu"™-incorporated TT 1 was resoundingly isolated via an
organic-ligand-driven self-assembly strategy. Appreciably, the
four flexible Heglu ligands can be viewed as adhesives that
induce the aggregation of four trilacunary TT subunits and
Eu’" ions. As far as we know, it is uncommon for a polyhydrox-
ycarboxylic acid ligand to adopt such a five-coordinate mode
in the construction of POMs. The FL sensor 1 exhibits high FL
activity and good selectivity for detecting Cu** ions in aqueous
solution with a LOD of 8.82 x 10~® mM, making it the most
sensitive POM-based FL sensor for detecting Cu>* ions in
aqueous solution. Furthermore, a Cu**-quenching system of 1
was used to construct an “off-on” FL sensor to detect Cys in
aqueous solution with a LOD of 1.75 x 10~* mM. The innova-
tive exploration of 1 as a combined “on-off” Cu** monitoring
“off-on” Cys detecting sensor provides a feasible avenue for
synthesizing POM-based materials as “smart materials” to be
used in the fields of environmental water treatment, medical
testing and food industry monitoring.
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