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ABSTRACT: Six organic−inorganic hybrid pyridine-4-carboxylate-deco-
rated organotin (OT)−lanthanide (Ln) heterometallic antimotungstates
[Ln(H2O)6(pca)]H[Sn(CH3)2(H2O)]3[B-β-SbW9O33]·12H2O [Ln =
La3+ (1), Ce3+ (2), Pr3+ (3), Nd3+ (4), Sm3+ (5), Eu3+ (6); Hpca =
isonicotinic acid] have been prepared with the help of the structure-
directing effect of the trivacant [B-α-SbW9O33]

9− segment toward
[(CH3)2Sn]

2+ and Ln3+ ions in an acidic water medium. The prominent
architecture characteristic is that their structural units consist of a
trivacant [B-β-SbW9O33]

9− segment stabilized by three [Sn-
(CH3)2(H2O)]

2+ groups and a [Ln(H2O)6(pca)]
2+ cation, which are

interconnected to propagate an intriguing two-dimensional (2D) network.
For all we know, 1−6 stand for the first 2D OT−Ln heterometallic polyoxometalates. Furthermore, luminescence performances of
solid-state 3−6 were deeply surveyed at ambient temperature. Energy migration from [B-β-SbW9O33]

9− and pca− to Sm3+ centers in
5 was also studied. Comparative studies demonstrate that the contribution of [B-β-SbW9O33]

9− sensitizing the emission of Sm3+ is
prominently larger than that of pca− sensitizing the emission of Sm3+ in the emission process of 5. Most interestingly, 6 as a
fluorescence probe exhibits high selectability and sensitivity for recognizing Zn2+ and Cu2+ in water.

■ INTRODUCTION

Tremendous progress on functional polyoxometalates (POMs)
has been made in more recent decades because of their unique
molecular compositions, diversified sizes and shapes, control-
lable acidity and charge density, and excellent redox capability,
which lead to their unparalleled structural topologies and
versatilities in catalytic, optical, electrochemical, magnetic, and
medicinal properties.1−6 Within this field, continuous explora-
tion and discovery on organometal (OM)-decorated POMs
have been painstakingly performed in recent years because of
their synergistic functions between OM components and POM
units. Thus, some OM components, such as organotitanium,7,8

organoruthenium,9,10 organorhodium,11 organogermanium,12

organotin (OT),13−21 and organoantimony,22 have been
introduced to the POM system, leading to novel organic−
inorganic hybrid OM-decorated POMs. Especially, OT-
decorated POMs have drawn great concern thanks to the
Sn−C good stability in aqueous solution and comparable radii
between SnIV and WVI centers, which are conducive to the
incorporation of OT groups into the POM skeletons.23,24 In
1979, Knoth and co-workers reported the first OT-decorated
POMs.13 Afterward, Malacria et al. isolated a series of tin-
embedded monovacant α1- and α2-Dawson phosphotungstate
diastereomers by grafting the coupling chiral amines to
unprecedented OT-substituted [α1-P2W17O61]

10− species.25

Concomitantly, outstanding progress on OT-decorated

POMs has been also made because multivacant POMs can
provide well-defined vacant sites for the incorporation of many
more OT groups into inorganic nucleophilic skeletons (some
examples are shown in the Supporting Information).26−31

However, synthesis and exploration of OT−TM/Ln (TM =
transition-metal) heterometallic POMs are only in their
infancy. Hitherto, only some sporadic OT−TM heterometallic
POMs (OTTMHPOMs) have been reported (some examples
are demonstrated in Figure S1a−d).32−35 Compared with
OTTMHPOMs, exploration and investigation on OT−Ln
heterometallic POMs (OTLnHPOMs) are relatively laggard
because of the fact that Ln3+ ions possess a strong oxytropic
ability for highly negative POM entities, often producing
amorphous sediments, which results in some difficulties in
obtaining their single crystals.36,37 Therefore, it is extremely
challenging to develop suitable reaction strategies for
synthesizing OTLnHPOMs. However, it is well-known that
Ln-incorporated POMs are of considerable interest because of
their remarkable properties in luminescence, Lewis acid

Received: March 13, 2020
Published: August 5, 2020

Articlepubs.acs.org/IC

© 2020 American Chemical Society
11287

https://dx.doi.org/10.1021/acs.inorgchem.0c00768
Inorg. Chem. 2020, 59, 11287−11297

D
ow

nl
oa

de
d 

vi
a 

H
E

N
A

N
 U

N
IV

 o
n 

A
ug

us
t 2

5,
 2

02
0 

at
 0

8:
39

:5
0 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huifen+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jingjing+Pang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peijun+Gong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lijuan+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junwei+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.0c00768&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00768?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00768?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00768?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00768?goto=supporting-info&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00768/suppl_file/ic0c00768_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00768/suppl_file/ic0c00768_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00768?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/inocaj/59/16?ref=pdf
https://pubs.acs.org/toc/inocaj/59/16?ref=pdf
https://pubs.acs.org/toc/inocaj/59/16?ref=pdf
https://pubs.acs.org/toc/inocaj/59/16?ref=pdf
pubs.acs.org/IC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c00768?ref=pdf
https://pubs.acs.org/IC?ref=pdf
https://pubs.acs.org/IC?ref=pdf


catalysis, electrochemistry, and magnetism.38−43 Under this
background, we began to explore this field. Through persistent
efforts, very recently, our group has successfully synthesized
two series of OTLnHPOMs with discrete structures by a facile
synthetic method based on simple reactants in the assistance of
organic solubilizers (here is dimethylamine hydrochloride),
including the first OT−Ln heterometallic tellurotungstates
(Figure S1e) and tetrameric S-shaped OTLnHPOMs (Figure
S1f).44,45 However, up to now, no OTLnHPOM with high-
dimensional structure has been reported. With the aim of
obtaining novel and high-dimensional OTLnHPOMs with
interesting properties, we have actively exploited the reactivity

among trilacunary precursors [B-α-SbW9O33]
9−, B-α-SbW9,

(CH3)2SnCl2, and Ln(NO3)3·6H2O and pyridine-4-carboxylic
acid (Hpca) under acidic conditions by the step-by-step
synthesis strategy considered in the following: (1) We used B-
α-SbW9 as a starting material because it is able to serve as a
template agent to the direct aggregation of Ln3+ and
[(CH3)2Sn]

2+ cations surrounding it, which offers the
indispensable precondition for the constructiion of multi-
dimensional structures. (2) Hpca not only has multifunctional
N and O binding positions and can work as an excellent linker
to coordinate with different metal centers but also functions as
a solubilizing agent to partly enhance the dissolvability of Ln3+

Figure 1. (a) Molecular moiety of 1. (b) [La(H2O)6 (pca)]
2+ cation. (c) B-β-SbW9 segment stabilized by three [Sn(CH3)2(H2O)]

2+ groups. (d) B-
β-SbW9 segment in 1. (e) B-α-SbW9 precursor. (f−h) Coordination geometries of [Sn1(CH3)2(H2O)]

2+, [Sn2(CH3)2(H2O)]
2+, and

[Sn3(CH3)2(H2O)]
2+ ions. (i) Monocapped square antiprism of the [La(H2O)6(pca)]

2+ ion. Symmetry codes: A, −x, 1 − y, −z; B, 1 + x, y, z; C,
−1 − x, 1 − y, 1 − z.
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groups during the reaction, effectively improving the reactivity
of Ln3+, [(CH3)2Sn]

2+, and B-α-SbW9 components and, to a
certain extent, decreasing the rapid integration of B-α-SbW9
precursors with highly oxophilic Ln3+ ions further to prevent
the formation of amorphous precipitates. (3) We chose an
acidic water medium because it not only makes for the
dissolution of (CH3)2SnCl2 and Ln(NO3)3·6H2O but also can
inhibit the hydrolysis of [(CH3)2Sn]

2+ and Ln3+ ions and
reduce the precipitation of [(CH3)2Sn]

2+ and Ln3+ ions, which
is conducive to the establishment of multidimensional
structures of desired outcomes. Finally, we succeeded in
obtaining a series of OT−Ln heterometallic antimotungstate
(AMT) hybrids [Ln(H2O)6(pca)]H[Sn(CH3)2(H2O)]3[B-β-
SbW9O33]·12H2O [Ln = La3+ (1), Ce3+ (2), Pr3+ (3), Nd3+

(4), Sm3+ (5), Eu3+ (6)]. Notably, the molecular units of 1−6
are assembled from a trivacant B-β-SbW9 segment stabilized by
three [Sn(CH3)2(H2O)]2+ functionalized groups and a
supporting [Ln(H2O)6(pca)]

2+ linker, and adjacent structural
units are interconnected, propagating an intriguing two-
dimensional (2D) network structure. For all we know, 1−6
not only stand for the first examples of OT−Ln heterometallic
AMTs but also represent unprecedented 2D network OT−Ln
heterometallic POMs. Investigations on the fluorescence (FL)
and lifetime decay (LD) of 3−6 were systematically
lucubrated. Furthermore, 6 can work as one fluorescent
probe and exhibits benign selective power and sensitivity
toward the detection of Cu2+ and Zn2+ in water.

■ RESULTS AND DISCUSSION
Structure Depiction. The high purity of 1−6 was verifed

via powder X-ray diffraaction measurements (Figure S2).
Single-crystal X-ray diffraaction analytical results reveal that 1−
6 belong to the triclinic space group P1̅ (Table S1). Herein,
only the structural depiction of 1 is expounded. Its asymmetric
unit (Figure 1a) is constituted by a trivacant B-β-SbW9
segment, three [Sn(CH3)2(H2O)]2+ cations, a [La-
(H2O)6(pca)]

2+ cation (Figure 1b), and 12 H2O molecules
of crystallization. According to the charge-balance rule, one
proton is needed in the structural formula. To determine the
probable proton-bonding positions of 1, we calculated the
bond valence sum (BVS) values of the Sb, Sn, W, and La
elements.46 The results demonstrate that the Sb, Sn, W, and La
centers in 1 are in their formal valences of 3+, 4+, 6+, and 3+,
respectively. The BVS value of 1.65 for O30 connecting with
W5 is obviously less than 2 (Table S2), manifesting the
possible monoprotonation position. It should be noted that
three [Sn(CH3)2(H2O)]2+ groups are implanted in the
trivacant positions of B-β-SbW9 and stabilize the structure of
B-β-SbW9 (Figure 1c). The SbIII heteroatom in B-β-SbW9
(Figure 1d) exhibits a trigonal-pyramidal geometry determined
by triple μ4-O atoms from three {W3O13} trimers [Sb−O,
1.977(6)−2.004(7) Å] (Table S3), and every {W3O13} trimer
is established by three edge-sharing {WO6} groups [W−O,
1.709(7)−2.359(6) Å]. Intriguingly, the emergence of B-β-
SbW9 reveals that B-α-SbW9 (Figure 1e) → B-β-SbW9 has
happened in the formation of 1 because B-α → B-β
isomerization of the SbW9 segment is facilitated in an acidic
aqueous solution,47 which agrees well with the synthetic
conditions of 1 (pH = 3.2). Such a phenomenon has
previously been observed.26,47−49 More appealingly, three
crystallographically unique [Sn(CH3)2(H2O)]

2+ cations in 1
jointly bond to the B-β-SbW9 fragment but possess disparate
coordination geometries. The [Sn1(CH3)2(H2O)]

2+ group

resides in the six-coordinated contorted octahedron con-
structed from a terminal O (O29) in one B-β-SbW9 [Sn−O,
2.372(7) Å], two lacunary O atoms (O16A and O20A) in the
other B-β-SbW9 [Sn−O, 2.054(7)−2.125(7) Å], two methyl C
atoms (C7 and C8) [Sn−C, 2.102(13)−2.104(13) Å], and
one H2O molecule (O7W) [Sn−O, 2.574(7) Å] (Figure 1f).
The [Sn2(CH3)2(H2O)]2+ group is five-coordinated and
displays a contorted trigonal bipyramid established by two
lacunary O atoms (O18 and O31) from two {W3O13} trimers
in the B-β-SbW9 segment [Sn−O, 1.999(8)−2.086(7) Å], two
methyl C atoms (C9 and C10) [Sn−C, 2.088(14)−2.106(14)
Å], and a O8W ligand [Sn−O, 2.323(9) Å] (Figure 1g).
Similar to the [Sn1(CH3)2(H2O)]2+ group, the [Sn3-
(CH3)2(H2O)]

2+ group displays the octahedral configuration,
where the equatorial positions are taken up by two lacunary O
atoms (O8 and O11) provided by one B-β-SbW9 [Sn−O,
2.070(7)−2.076(13) Å], one terminal O atom (O23B)
provided by the other B-β-SbW9 [Sn−O, 2.378(7) Å], two
methyl C atoms (C11 and C12) [Sn−C, 2.088(13)−2.095(7)
Å], and an H2O molecule (O9W) [Sn−O, 2.594(7) Å]
(Figure 1h). Close inspection of 1 demonstrates that ∠C−
Sn1−C angles are apparently lower than 180° (∠C−Sn1−C,
156.8(6) Å; ∠C−Sn2−C, 133.7(7) Å; ∠C−Sn3−C, 148.1(6)
Å), suggesting the existence of repulsive interaction among
methyl groups. It is noteworthy that a similar grafted fashion of
dimethyltin groups in the B-β-SbW9 moiety has been
previously observed in [{Sn(CH3)2}3(H2O)4(β-XW9O33)]

3−

(X = AsIII, SbIII) in 2004.26 In 1, the nine-coordinated twisted
tricapped trigonal prism of La3+ is made up of a O7 atom of
one B-β-SbW9, one carboxylic O34 atom of the pca− ligand,
one carboxylic O35C atom from the other [La(H2O)6(pca)]

2+

linker, and six H2O ligands (O1W−O6W; Figure 1i) [La−O,
2.441(8)−2.627(10) Å; ∠O−La−O, 64.5(4)−144.4(3)°].
Furthermore, the [La(H2O)6(pca)]

2+ group not only grafts
to one side of the B-β-SbW9 fragment via the terminal O7
atom but also provides the precondition for deriving the
extended structure of 1.
Interestingly, further inspection of 1 shows that two adjacent

asymmetric {[La(H2O)6(pca)][Sn(CH3)2(H2O)]3[B-β-
SbW9O33]}

− units can be connected together in a staggered
fashion by the bridging [Sn1(CH3)2(H2O)]

2+ linkers, creating
the centrosymmetric dimeric {[La(H2O)6(pca)][Sn-
(CH3)2(H2O)]3[B-β-SbW9O33]}2

2− entity [Sn−O, 2.125(7)−
2.372(7) Å; ∠O−Sn−O, 168.6(3)°] (Figure 2a,b). Then
adjacent dimeric {[La(H2O)6(pca)][Sn(CH3)2(H2O)]3[B-β-
SbW9O33]}2

2− entities can be further interconnected through
dimeric {[La(H2O)6(pca)]}2

4+ connectors, propagating a one-
dimensional (1D) zigzag chain (Figure 2c). Furthermore,
adjoining 1D zigzag chains can be concatenated to each other
by [Sn3(CH3)2(H2O)]

2+ linkers to propagate an unusual 2D
wavelike sheet architecture in the ac plane (Figure 2d).
Notably, from the stacking alignment along the a-axis we can
also see that neighboring 2-D wave-like sheets regularly parallel
with each other, creating the three-dimensional (3D) stacking
alignment of 1 (Figure 3a). Figure 3b presents the simplified
2D stacking alignment of 1. For all we know, this alluring
structure has first been observed within OTLnHPOMs,
representing a rare example of a POM fragment concurrently
including Ln3+ cations, OT groups, and pyridinecarboxylate
ligands with respect to those only comprising OT or Ln3+

components or both with isolated structures.25−31,44,45

FL Studies. Owing to the particular electron-structure
features of Ln3+ ions, Ln3+-included compounds have aroused
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sustained attraction in biomedical sensory probe lasers,
kinescopes, projected displays, and plasma displays.50−57

Herein, FL investigations on 3−6 in the solid state were
deeply made at ambient temperature. Among them, FL studies
of 3−5 were discussed in the Supporting Information.
When 6 was excited by a radiation of 394 nm, the UV−vis

emission spectrum (ESS) of 6 reveals the Eu3+ luminescence
peaks at 579, 593, 613, 617, 650, and 699 nm, respectively
(Figure 4a). The most intense emission (ES) peak at 613 nm
accompanied by a splitting peak at 617 nm corresponds to the
Eu3+5 D0 → 7F2 transition, whereas those peaks centered at
579, 593, 650, and 699 nm are severally ascribed as 5D0 →

7FJ
(J = 0, 1, 3, 4) transitions.58 Although the symmetric-forbidden
5D0 →

7F0 ES intensity at 579 nm is very feeble, its emergence
indicates the low symmetrical circumstances of Eu3+ in 6,59

which coincides with the structure analytical conclusion.
Formally, the MD 5D0 → 7F1 ES intensity is insensitive to
the ligand-field intensity in the surrounding of Eu3+, while the
ED 5D0 → 7F2 ES intensity is susceptive to the ligand-field
intensity in the surroundings of Eu3+.60 The MD 5D0 →

7F1 ES
is predominant in the symmetrical surroundings, whereas the
ED 5D0 → 7F2 ES is preponderant in the case of
asymmetry.61,62 Hence, the I(5D0→

7F2)/I(
5D0→

7F1) percent-
age is normally viewed as an indicator to inspect the partial
symmetry of Eu3+. For 6, the percentage is ca. 5.6, which
testifies to the low symmetrical circumstances of Eu3+. The
ECS of 6 (Figure S12) monitored by the ES intensity at 613

nm displays four Eu3+ distinctive ES peaks at 362 nm (7F0 →
5D4), 376−385 nm (7F0 →

5G3), 394 nm (7F0 →
5L6), and 417

nm (7F0 →
5D3). In addition, the LD curve of 6 (Figure S5b),

measured by supervising the 613 nm ES peak, adheres to the
monoexponential equation, yielding the FL lifetime τ of 173.00
μs and the agreement coefficient χ2 of 1.062. Its longevity
becomes short in comparison with K13[Eu(SiW11O39)2] (2.440
ms) and Na0.5Cs4.5[Eu(α-SiW11O39)(H2O)2]·23H2O (0.39
ms).63 Stick out a mile, six H2O ligands coordinate to each
Eu3+ in 6, each Eu3+ in K13[Eu(SiW11O39)2] links to eight O
atoms from two [α-SiW11O39]

8− moieties but without H2O
ligands, and each Eu3+ in Na0.5Cs4.5[Eu(α-SiW11O39)(H2O)2]·
23H2O is combined with two H2O ligands. As a result, the
reason for this phenomenon is principally because the high-
frequency oscillating O−H groups in H2O molecules on Eu3+

in 6 are capable of quenching the ES behavior by nonradiative
inactivation of the 5D0 state.

64 Moreover, the LD curve of 6
adheres to the monoexponential equation, while the LD profile
of 5 fits to a biexponential equation. We speculate that this is
because the lifetimes of B-β-SbW9 and pca− are negligible
compared with the long FL lifetime of Eu3+. Eventually, the
ESS of 6 excited by the 285 nm irradiation was collected and
exhibited no additional peak within the scope of 400−550 nm
(Figure 4b). Time-resolved emission spectroscopy (TRES)
profiles of 6 in the ES range of 350−750 nm were also
recorded upon irradiation of 285 nm (Figure 4c), which
display that the ES intensities of B-β-SbW9 and pca− only
appear in the beginning (Figure S13) and are almost negligible
in the ES of 6. However, the appearance of the ES intensity of
B-β-SbW9 and pca− in the beginning in the TRES profiles of 6
may manifest the occurrence of slight electron transfer (ET)
from B-β-SbW9 and pca− to Eu3+. To probe the contributions
of B-β-SbW9 and pca− sensitizing the ES of Eu3+, comparative
experiments on the ESS of the solution of Eu(NO3)3·6H2O,
the mixed solution of Eu(NO3)3·6H2O and Hpca, the mixed
solution of Eu(NO3)·6H2O and SbW9, and the mixed solution
of Eu(NO3)3·6H2O, Hpca, and SbW9 have also been measured
under 285 nm excitation in water under similar conditions
(Figure S14). Similar to 5, the introduction of Hpca leads to
the very feeble increase of the ES intensity of Eu(NO3)3·6H2O.
When SbW9 was introduced, the rise of the ES intensity of
Eu(NO3)3·6H2O was apparent. Upon further introduction of
Hpca to the Eu(NO3)3·6H2O + SbW9 system, the ES intensity
of the system changes a little. What is s interesting is that
whether the solution was excited by a radiation of 285 or 394
nm (Figure S15), the trends of the ES intensity of the solution
are similar. This results also verifies that the contribution of B-
β-SbW9 sensitizing the ES of Eu3+ is noteworthily bigger than
that of pca− sensitizing the ES of Eu3+ in the ES process of 6.

Sensing of Metal Ions. Detecting trace metal ions has
captured increasing interest because the excess metal ions can
bring about various diseases of organisms.65,66 To date,
numerous luminescent materials of Ln-based compounds
(LnBCs), especially metal−organic frameworks (MOFs),
have been resoundingly used to detect metal ions.67,68

Nevertheless, manufacturing Ln-POM sensors owning quick
response and high agility to detect metal ions still remains a
fascinating subject of study. According to previously reported
literatures, the preferred coordination of Eu3+ cations toward
carboxylic O atoms over pyridinyl N atoms in 6 likely benefits
free Lewis basic pyridinyl N atoms to coordinate with metal
ions, which means that 6 may be a promising candidate as a FL
sensor. As a result, we were determined to explore its possible

Figure 2. (a) Asymmetric molecular moiety of 1. (b) Centrosym-
metric dimeric {[La(H2O)6(pca)][Sn(CH3)2(H2O)]3[B-β-
SbW9O33]}2

2− entity. (c) 1D zigzag chainlike structure in the ac
plane. (d) 2D wavelike sheet of 1 in the ac plane.
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application in the selective sensing of different metal cations
based on the intense luminescence behavior of 6.
To explore the recognition capability of 6 toward trace metal

cations, we investigated the FL properties of 6 in water. We
found that 6 was slightly soluble in water. Therefore, the
ground 6 (5 mg) was dispersed in water (5 mL) and then
treated by ultrasonication. The resulting suspension was
centrifuged at a speed of 8000 rpm for 2 min. The supernate
was used as the testing solution in the experiments of
luminescence and UV studies. For the sake of investigating
whether pH variation resulting from the introduction of
different metal cations can influence the FL stability of 6 in
aqueous environment, the effects of pH variation of an aqueous
solution on the ES behavior of 6 were examined (the pH was
adjusted by HCl or NaOH; Figure S17a,b). The results show
that FL ESS of 6 dissolved in an aqueous solution exhibits
good stability when the pH is varied from 2 to 8, suggesting
that the polyoxoanion structure skeleton (PSS) of 6 may be
retained in this process. Moreover, UV spectra of 6 dissolved
in water under different pH values (adjusted by HCl or
NaOH) were also explored by (200−400 nm), which can
confirm that the PSS of 6 dissolved in an aqueous solution may
be stable in pH = 3−8 (Figure S18). In order to affirm whether
the PSS of 6 exists or not in water, electrospray ionization mass
spectrometry (MS) of 6 (Figure S19) in water under pH

values ranging from 1 to 12 was also carried out at ambient
temperature, and we could explicitly observe that the main MS
signal (at about m/z 916.37) bearing a negative charge of 3−
always exists when the pH value varies from 2 to 8, which can
be approximately assigned to the [H2Eu(pca)Sn-
(CH3)2(H2O)(SbW9O33)]

3− fragment. This result indicates
that the PSS of 6 is basically maintained in water except that
two [Sn(CH3)2(H2O)]

2+ cations and all of the coordinated
H2O molecules on the Eu3+ ion are dissociated from the
structural unit. Apparently, the dissociation of two [Sn-
(CH3)2(H2O)]

2+ cations from the structural unit of 6 leads
to destruction of the 2D structure in water; however, the basic
maintainance of the PSS of 6 in water of pH = 2−8 reveals that
6 can still serve as a FL sensor candidate. Thus, we studied the
recognition properties of 6 toward different metal cations in
water at ambient temperature. Correspondingly, the recog-
nition experiments of metal cations were performed. The
grated sample of 6 (5 mg) was suspended in 5 mL of disparate
distilled water solutions containing 1 × 10−2 mol L−1 MClx (M
= Zn2+, K+, Na+, Ba2+, Cs+, Li+, Cd2+, Mg2+, Ni2+, Mn2+, Co2+,
Cu2+) and treated with care for luminescence studies. It could
be observed from Figure S20a,b that various metal ions reveal
prominently diverse influences on the ES intensities of 6.
Obviously, the ES intensity at 613 nm in the existence of Zn2+

is enhanced about three times compared to the case without

Figure 3. (a) 3D stacking structure of 1. (b) Simplified 3D stacking topology of 1.
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Zn2+. In contrast, the ESS with Cu2+ shows apparent FL
quenching, and the ES strength quickly decreases from 28900
to 795 au in comparison with the case without Cu2+ [QP
(quenching percentage) = 1 − I/I0 = 97.2%, where I and I0
denote the FL intensities of 6 before and after the addition of
Cu2+]. The rest of the metal cations display a negligible impact
(KCl, NaCl, BaCl2, CsCl, LiCl, and CdCl2) or a small degree
of quenching effect (MgCl2, NiCl2, MnCl2, and CoCl2) on the
luminescence of 6. Additionally, the LD curves were also
measured to further research influences of the Zn2+ FL
enhancement impact and the Cu2+ FL quenching impact on
the ES behavior of 6 (Figure S21). Figures S21a and S16m
show that the ES lifetime of 6 significantly increases from
159.06 to 235.71 μs in the presence of Zn2+ and decreases
from 159.06 to 14.44 μs in the emergence of Cu2+, which
coincides with their ES test results. Influences of other metal
cations on the lifetime of 6 were also shown in Figure S19b−l,

which have a slight or negligible effect on the FL lifetime of 6.
Furthermore, we investigated the effects of different anions
(including Cl−, Br−, SO4

2−, CH3and COO−) on the FL
intensity of 6, which shows that these anions have negligible
interference during the detection of Zn2+ or Cu2+ (Figure S22).
The cases imply that 6 has a high selectivity for recognizing
Zn2+ and Cu2+ in an aqueous solution and can be used as a
luminescent probe.
Apart from assessing the strong sensitivity, the antijamming

capability of 6 as a sensor is also essential. Thus, the influences
of other metal ions on the detection of Zn2+ or Cu2+ were also
detected. While the other metal-ion concentration was
maintained at 1 × 10−2 mol L−1 in water, the same Zn2+ or
Cu2+ concentration was then introduced. The results show the
ES strength of 6 as a sensor for monitoring Zn2+ is almost
impervious to alkali- and alkaline-earth-metal ions (K+, Na+,
Cs+, Li+, Ba2+, and Mg2+) or Cd2+ but is easily disturbed by
Ni2+, Mn2+, Co2+, and Cu2+ (Figure S23). However, Cu2+

could still induce a drastic FL decrease even in the coexistence
of two, three, five, or six kinds of other metal ions (Figure
S20c,d). Adequate experimental results further prove the high
selectivity of 6 toward the Cu2+ recognition.
Meanwhile, we have also performed related FL titration

experiments, and the FL intensities of 6 have been measured
by the addition of varying Cu2+ or Zn2+ concentrations in
solutions of 6. As demonstrated in Figure 5a, the FL strength
of 6 decreases with increasing Cu2+ concentration, and the FL
strength of 6 is almost completely quenched when the Cu2+

concentration reaches to 8.0 × 10−3 mol L−1 (Figure 5a). The
relationship of the quenching FL strength and Cu2+

concentration in the range of (0−9.6) × 10−4 mol L−1 (Figure
5b) could be well fitted through the Stern−Volmer function:
I0/I = 1 + KSV[C],

69,70 where KSV stands for a quenching
constant and [C] represents the concentration of a metal ion,
giving a linearly dependent coefficient (R2) of 0.9783 and KSV
of 4.585 × 103 mol−1 L for Cu2+, which is far higher than those
of the MOFs for sensing Cu2+ (Table S4),71−77 demonstrating
its obvious luminescent quenching toward 6. With respect to
Zn2+, the ES intensity of 6 is enhanced with increasing Zn2+

concentration between 0 and 0.024 mol L−1 and does not
induce a concentration quenching effect (CQE) of the FL
signal (Figure 5c). Correspondingly, the ES lifetime of 6
dramatically increases from 159.06 to 342.03 μs (Figure S24).
However, upon further elevation of the Zn2+ concentration, the
CQE occurs (Figure S25). Quantitatively, this FL enhance-
ment effect of 6 with the concentration of Zn2+ varying from 0
to 0.024 mol L−1 could also be simulated through the Stern−
Volmer function: I/I0 = 1 + KSV*[C],

78 in which KSV* denotes
an enhancement constant, affording R2 of 0.9747 (Figure 5d)
and KSV* of 3.825 × 102 mol−1 L for Zn2+.
Besides, in order to further probe the contribution of AMT

components during the metal-ion recognition of 6, compara-
tive experiments of Eu(NO3)3·6H2O as a FL sensor in the
same molar concentration to 6 to the sensing of 1 × 10−2 mol
L−1 MClx metal cations (M = Zn2+, Na+, Ba2+, Li+, Cd2+, and
Cu2+) in water were studied by ESS. As demonstrated in
Figure S26, however, we could not see any characteristic peaks
of Eu3+ in the ESS of Eu(NO3)3·6H2O. As a result, we studied
the recognition experiments of Eu(NO3)3·6H2O in the same
mass concentration to 6 for detection of these different metal
ions. In Figure S27, the characteristic ES intensity of
Eu(NO3)3·6H2O in the existence of these metal ions does
not show an obvious change in comparison with the case only

Figure 4. (a) ESS of 6 excited by 394 nm light. (b) ESS of 6 excited
the 285 nm light. (c) TRES patterns of 6.
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in the existence of Eu(NO3)3·6H2O, which illuminates that
AMT components in 6 make a vital contribution to the
detection of metal ions and also proves that the contribution of
B-β-SbW9 sensitizing the ES of Eu3+ is nonnegligible in the
detection procedure.
Finally, the possible FL recognition mechanisms were

diligently investigated. IR spectra of undissolved 6 after
immersion in aqueous solutions with various metal ions were
measured, which shows that the PSS of 6 remains unchanged
(Figure S28), indicating that the enhancement influence of
Zn2+ and the quenching influence of Cu2+ on the FL of 6 could
not be assigned to collapse of the PSS. Moreover, UV spectra
of metal ions of MClx (M = Zn2+, K+, Na+, Ba2+, Cs+, Li+, Cd2+,
Mg2+, Ni2+, Mn2+, Co2+, Cu2+) in an aqueous solution have
been investigated (Figure S29). It is obvious that the UV
absorption bands of all of the metal ions except Cu2+ are lower
than 200 nm. For Cu2+, an obvious absorption band can be
seen in the range of 190−250 nm (Figure S29l), which
partially overlaps with the UV absorption peak of SbW9 and
Hpca (200−315 nm). This observation demonstrates that
Cu2+ competes for obvious photon absorption with B-β-SbW9
and pca− in the EC procedure, which can result in a decrease
of the FL intensity of 6. In addition, the preferred coordination
of the Eu3+ ion to carboxylic O atoms over pyridinyl N atoms
in 6 can likely be beneficial to free Lewis basic pyridinyl N
atoms to coordinate with metal ions. Therefore, 6 can also
exhibit different recognition performances toward different
metal cations: K+, Na+, Ba2+, Cs+, and Li+ ions have very weak
binding interactions with carboxylic O and pyridinyl N atoms,
and their influence on the ES of the Eu3+ ion can be negligible,
whereas Co2+, especially Cu2+, can strongly bind with
carboxylic O and pyridinyl N atoms, leading to significantly

reduction of the ES of the Eu3+ ion. We speculate that strong
binding interactions between Cu2+ with carboxylic O and
pyridinyl N atoms of pca− in 6, which to some degree impairs
the antenna effect of pca− to sensitize Eu3+ f−f transitions, are
similar to those observed in the reported literatures.81,82 It can
be concluded that both the larger competitive photon
absorption of Cu2+ than those of B-β-SbW9 and pca− and
strong binding interactions between Cu2+ and carboxylic O
and pyridinyl N atoms of pca− can quench the ES of the Eu3+

ion in 6, leading to the sensing property of 6 toward Cu2+. For
the FL enhancement mechanism of Zn2+, we assume that the
increase of the ESS intensity of 6 may be related to the case
that coordination of Zn2+ with pca− produces enhanced ET
from pca− to Eu3+ in the sensing process; thus, relative
comparative experiments on the ESS of Hpca and a mixture of
Hpca and Zn2+ have also been measured under the 394 nm
excitation in water with the same proportions to the metal-ion
recognition experiments of 6 under similar conditions (Figure
S30). As shown in Figure S30a, the characteristic peak in 400−
600 nm of Hpca can indeed be observed. When ZnCl2 was
introduced, the ES intensity of the mixture of Hpca and Zn2+

exhibits a notable increase (Figure S30b), which suggests that
the coordination of Zn2+ with Hpca can enhance the ES of
Hpca. Thus, we can infer that the coordination of Zn2+ with
pca− through carboxylic O and pyridinyl N atoms results in the
ES enhancement of pca− during the sensing course of 6 toward
Zn2+. Apparently, the characteristic ES peak in 400−600 nm of
pca− partly overlaps with the Eu3+ EC peaks (Figure S12),
manifesting that the characteristic ES of pca− can be
reabsorbed by Eu3+ in 6 and thus leading to the ES
enhancement. This understanding is supported by the theory
that FL resonance ET can enhance the FL emission.79−84

Figure 5. (a) Variation of the ESS of 6 dissolved in aqueous solution with enhancement of the Cu2+ concentration. (b) Plot of the ES strength of
the 613 nm peak and the Cu2+ concentration and its linear fitting result. (c) Variation of the ESS of 6 dissolved in an aqueous solution with
increasing Zn2+ concentration. (d) Plot of the ES strength of the 613 nm peak and the Zn2+ concentration and its linear fitting result.

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c00768
Inorg. Chem. 2020, 59, 11287−11297

11293

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00768/suppl_file/ic0c00768_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00768/suppl_file/ic0c00768_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00768/suppl_file/ic0c00768_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00768/suppl_file/ic0c00768_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00768/suppl_file/ic0c00768_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00768/suppl_file/ic0c00768_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00768/suppl_file/ic0c00768_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00768/suppl_file/ic0c00768_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00768?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00768?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00768?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00768?fig=fig5&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c00768?ref=pdf


Additionally, as discussed above, B-β-SbW9 plays a larger
role in sensitizing the ES of Eu3+ than that of pca− sensitizing
the ES of Eu3+ in the ES process of 6. In order to identify that
B-β-SbW9 also has the properties of 6 upon the recognition of
metal ions, some comparative experiments have been made
(Figures S31−S33). Comparisons of the ES intensity of the
mixed solution of Eu(NO3)3·6H2O and Hpca in the same mass
concentration as 6 in water in the existence of diverse metal
cations (M = Zn2+, Na+, Ba2+, Li+, Cd2+, Cu2+; 1 × 10−2 mol
L−1; λex = 394 nm) reveal that the mixed solution of
Eu(NO3)3·6H2O and Hpca does not have recognition
performance toward Zn2+ and Cu2+ in water (Figure S31).
In order to identify the role of B-β-SbW9 in the detection of
Cu2+ and Zn2+ (1 × 10−2 mol L−1+), comparative experiments
of the ESS of Eu(NO3)3·6H2O, the mixed solution of
Eu(NO3)3·6H2O and CuCl2/ZnCl2, the mixed solution of
Eu(NO3)3·6H2O, CuCl2/ZnCl2, and Hpca, the mixed solution
of Eu(NO3)3·6H2O, CuCl2/ZnCl2, and SbW9, and the mixed
solution of Eu(NO3)3·6H2O, CuCl2/ZnCl2, SbW9, and Hpca
have been measured under 394 nm excitation in water under
similar conditions. The comparison of Figures S32a−c and
S33a−c illustrates that, in the absence of SbW9, the ES
intensity of Eu(NO3)3·6H2O changes slightly when Cu2+/Zn2+

and Hpca were introduced to the Eu(NO3)3·6H2O system;
however, the ES intensity of Eu(NO3)3·6H2O after the
introduction of SbW9 (Figures S32d and S33d) indicates the
FL quenching effect for the Eu(NO3)3·6H2O + CuCl2 + SbW9
system and the FL enhancement effect for the Eu(NO3)3·
6H2O + ZnCl2 + SbW9 system. Upon a further introduction of
Hpca to the Eu(NO3)3·6H2O + CuCl2 + SbW9 system, the ES
intensity of the system changes slightly (Figure S32e). When
Hpca was further introduced to the Eu(NO3)3·6H2O + ZnCl2
+ SbW9 system, the ES intensity of the system was further
enhanced (Figure S33e). These results display that B-β-SbW9
in the system makes a great contribution during the detection
of metal cations.

■ CONCLUSIONS

In this paper, we introduced Ln3+ ions, diorganotin groups, and
organic ligands into the AMT precursor system, constructing
six OT−Ln heterometallic AMT hybrids 1−6, which represent
the first 2D OTLnHPOMs. In-depth investigations on the FL
and LD of 3−6 in the solid state were explored. Research
results indicate ET from B-β-SbW9 and pca− to Sm3+ in 5, and
the contribution of [B-β-SbW9O33]

9− sensitizing the emission
of Sm3+ is prominently larger than that of pca− sensitizing the
emission of Sm3+ in the emission process of 5. Above all, 6 as a
FL probe exhibits good selectivity and sensitivity toward the
recognition of Cu2+ and Zn2+. This work not only is a major
step forward in the preparation of OTLnHPOMs with
extended structures but also is very promising because it taps
into a currently rarely studied research fieldPOMs as ES
sensorsand opens up a new perspective of developing FL
probes of Ln-POM materials. The follow-up researches are
going to be concentrated on several facets: (1) introducing
selenotungstates/arsenotungstates/polyoxovanadates/polyoxo-
niobates to enrich the system of OTLnHPOMs; (2)
introducing various poly(carboxylic acid) ligands or more
than one kind of organic ligands at the same time to obtain
high-dimensional OTLnHPOMs; (3) continuously developing
optical, electrochemical, and catalytic applications of Ln-
POMs.
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