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ABSTRACT: A series of organic—inorganic rare-earth-incorporated tellur-

otungstate hybrids, Na,[RE,( H,0),(pica),W,0;] [ (RE(H,0)W,(Hpica),0,)- one-pot

(B-B-TeWO3,H,),1,:38H,0 (RE = La" (1), Ce™ (2), Nd™ (3), Sm™ (4),
Eu" (5); Hpica = 2-picolinic acid), were prepared via a one-step assembly
reaction of Na,WO,-2H,0, RE(NO;);-6H,0, K,TeO,, Hpica, and triethyl-
amine (tea). Notably, the solubilization of tea toward Hpica and the
solubilization of Hpica toward RE cations in the reaction system play an
important role in the formation of 1—S. The most significant feature of 1-§
consists of an intriguing tetrameric [RE,(H,0),(pica),W,0;][(RE(H,0)-
W, (Hpica),0,)(B-f-TeW03,H,),],*~ polyoxoanion constructed from two
tetravacant Keggin sandwich-type [(RE(H,0)W,(Hpica),0,)(B-f-
entities linked by a RE—-W-—-Hpica

T9W8030H2)2]5_

{RE,(H,0),(pica),W,04}*" cluster, in which Hpica ligands not only play a

key bridging role in linking RE and W centers by carboxylic groups in an irregular N—O—RE—O—W-0O six-membered-ring
motif but also can directly chelate with W centers via N and O atoms in a stable N—O—C—O—W five-membered-ring fashion.
1-$ represent rare organic—inorganic hybrid RE-substituted tellurotungstates. Moreover, the solid-state photoluminescence
properties of 3—3 have been deeply investigated, and these compounds exhibit the characteristic emission stemming from intra-
4f transitions of RE ions. The energy transfer of the O — W transitions sensitizing the emission of Sm"' centers in 4 is

convincingly proved by time-resolved emission spectra (TRES); the increase in the strongest typical emission of Sm

U ions at a

decay time of 17 s is accompanied by the decline of O — W emission, and the CIE 1931 diagram was obtained from the
corresponding TRES. Furthermore, a comparison of the luminescence behaviors of § in the solid state and in solution reveals the
structural skeletal integrity of S in solution and a shorter decay lifetime in the solution caused by the high-frequency O—H

oscillators.

B INTRODUCTION

Polyoxometalates (POMs) are a distinctive and remarkable
class of fascinating metal—oxygen clusters with oxygen-rich
surfaces, high negative charges, diverse chemical compositions,
and abundant structural topologies,' > which can function as
multifunctional inorganic nucleophilic polydentate ligands to
incorporate transition metal (TM) or rare-earth (RE) elements
to manufacture novel TM-substituted POM materials
(TMSPMs) or RE-substituted POM materials (RESPMs)
with useful potentials.” Currently, TMSPMs and RESPMs
have attracted continuously growing attention in the domain of
POM chemistry, not only because of their tunable composi-
tions and charming structures but also due to their broad and
promising application prospects in diverse fields such as
catalysis, medicine, biology, magnetism, optics, and materials
science.””” Thereinto, the continuous and ongoing explorations
and investigations on RESPMs are of particular interest because
RE ions have some outstanding features including higher
coordination numbers, stronger oxophilicity, flexible coordina-
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tion geometries, and inherent properties such as exceptional
optical and magnetic behaviors arising from 4f electrons.'’™"

What deserves attention is that tungstotellurates (TTs), as an
important subfamily bearing an enormous diversity of
structures and properties in POM chemistry, have aroused
great interest and been profoundly studied in recent years.
Since the first Anderson—Evans type TT-based polyanion
[TeW40,,]° was discovered by Nerevyatkina et al. in 1965,"
some neotype TT derivatives were consecutively made. For
example, in 2009, Kortz et al. isolated two novel TT species
[H,Te,W5,04,]**™ and [NaTeW,;05,]"*" by the one-pot self-
assembly reaction of Na,WO, and TeO, in a pH 7.5 aqueous
solution, where [H,Te,W,,04,]?*" comprises two
[HTe,W,y04]"'~ fragments joined via Te—O—W bridges
and [NaTeW,;0s,]"*" consists of a triangular assembly by 15
edge- and corner-sharing WO octahedra that are divided into
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three identical {W} groups, surrounding a trigonal-pyramidal
Te' center residing in the central cavity and a capping sodium
ion."* Subsequently, Boskovic and co-workers reported the
three dimeric TTs [Te,W;,04,1", [Te,W,;s0:5(OH),]",
and [Te,W 304, (OH),]""", which include previously unre-
ported lacunary Keggin fragments [B-4-TeW05,]®" and [A-a-
TeW,0,]'°"."° Cronin et al. prepared several nanoscale
macrocyclic aggregates [W,TegO,1,]**, [WysTegOy15]%,
and [W,sTe;oO;,5]** by a time-dependent synthetic approach
in 2011, in which the tellurite anions can act as templates in
[W,0,5(Te0;)]""" structural building units and linkers
between them as well as pendant ligands in control of
intercluster aggregation.lé At the same time, various fascinating
TM-encapsulated TTs have been also discovered. For instance,
between 1998 and 2003, Krebs’ group obtained a class of di-/
tri-TM-substituted sandwich-type TTs [Mn;(H,0),q(5-
TeW9033)2:|8_,17 [C03(H20)8(W02)(ﬂ'TeW9033)2]8_)18 (V-
(H,0)3),(VO0,)(WO,) (B-TeW,053),]°7,'" and [(Zn-
(H,0)5),(WO,),(S-TeW,0;;),]1%"."* Pope and collaborators
reported the actinide-containing derivative
[UO,(H,0),(TeW,05;),]"*” without a single-crystal X-ray
structure and the synthetic approach of the [TeWy033]®%"
precursor.19 During the past decade, Kortz and co-workers
have been very active in the research field of TTs and have
addressed several classical TM-substituted TTs. In 2001, they
covered the tri-Cu™ sandwiched TT [Cu;(H,0);(a-
TeW,053),]'%.%° Subsequently, the tetra-TM-substituted
dimeric species [Fe,(H,0);o(3-TeW,0;;,),]*" and isostructural
derivatives of Mn", Co™, Nif, Cu, Zn¥, CdY, and HgII were
reported by them.”’ In 2012, they demonstrated that two
exterior {Fe(H,0);}*" moieties in [Fe,(H,0),,(5-
TeW,0;;),]* are active and can be replaced by noble-metal
ions, forming the unprecedented cubane-{Ru,O4(H,0)o}*"-
inserted TT [{RUIV406(H20)9}2{F3(Hzo)z}z{ﬂ'
TeW,033},H]™.** In 2016, they addressed the unseen main-
group-Ga'-containing sandwich-type TT [Ga,(H,0),o(S-
TeW,053),]*".*" Very recently, Niu's group and Bi’s group
successively prepared Krebs-type TT-based organometallic
derivatives [{Mn(CO);}(Mn(H,0),)(Mn(H,0),)-
(TeWy0;3)],% and [Te,W,,0,0(RuCgHy), ]~ >* Notably,
Cronin and collaborators have pioneered a oxopalladate cluster
study with the discovery of the high-nuclear palladium TT
cluster [Pd6Tel9W420190]40_.26 In the same year, their group
communicated a series of nanosized multi-Ag' encapsulated
poly(TT) aggregates [H,;,Ag;sCI(TesW330,3,4),1*°7,
{[H,3Ag,3CI(Te;W330,3,),]>°7}, ,and {[H,;5Ag3Cl-
(Te;W330134),)** 7}, by means of the time-resolved supra-
molecular assembly strategy.””

Obviously, less attention has been paid to the field of RE-
substituted TTs (RESTTs). Hitherto, only two cerium(III)-
stabilized RESTTs, [{(TeO;)W;034}s{Ces(H,0),,}(WO,),-
(W401)]*7 and [CeqTesWgsOa05(OH)15(H,0),40] ™, were
synthesized by a one-pot strategy by Su et al. in 2013 and
2015.”%* However, to the best of our knowledge, carboxylate-
participating RESTT's have been rarely reported so far,”® which
provides us an excellent opportunity to develop this research
realm. Therefore, with the aim of constructing novel
carboxylate-participating RESTTs with attractive structures
and benign properties, we have launched intense explorations
on the RE"/TeV/WO,~ system in the participation of
carboxylic ligands through a one-step synthetic procedure
based on the following ideas. (a) The lone electron pair active
trigonal-pyramidal TeO;>” heteroanion group can effectively

prevent the formation of the plenary Keggin units and tend to
generate a diverse range of multilacunary Keggin-type TT
building blocks, which offer a great possibility for capturing
much more RE electrophiles into the TT frameworks;
simultaneously, the highly oxophilic and flexibly coordinated
RE cations can promptly stabilize in situ generated multi-
lacunary TT building blocks, thus giving birth to multinuclear
RESTT hybrids. (b) Not only can 2-picolinic acid (Hpica)
components act as organic solubilizers to effectively improve
the reactivity of in situ formed TT fragments with RE cations in
aqueous medium but also the carboxylic groups of Hpica
components can serve as the chelating connector to combine
different metal centers together, which favors stabilization of
the resulting inorganic—organic hybrid RESTTs. Moreover, it
should be emphatically noted that Hpica components can also
chelate with metal centers through N and O atoms in the stable
N—-O—-C—-O—M five-membered-ring fashion, which further
consolidate the whole structure of the resulting RESTTs. (c)
Upon intense investigations on experimental conditions,
triethylamine (tea) can to some extent increase the solubility
of Hpica in the RE/Te/W system and consequently enhance
the coordination chance of Hpica components to metal centers.
(d) The unpredictability of the one-step synthetic procedure of
simple starting materials offers us the great possibility of
preparing unseen carboxylate-participating RESTTs. Through a
great deal of our effort, the family of novel inorganic—organic
hybrid RESTTs functionalized by Hpica ligands Na,[RE,-
(H,0),(pica),W,05][(RE(H,0)W,(Hpica),0,) (B-p-
TeW;O03H,),],-38H,0 (RE = La™ (1), Ce' (2), Nd" (3),
Sm'™ (4), Eu™ (5)) have been successfully obtained by the one-
pot assembly reaction of Na,WO,-2H,0, RE(NO,);-6H,0,
K,TeO;, Hpica, and tea under bench conditions, which have
been further characterized by elemental analyses, IR spectros-
copy, powder X-ray diffraction (PXRD), thermogravimetric
(TG) analysis, and single-crystal X-ray diffraction. 1-5
represent the rare examples of carboxylate-based RESTTSs as
well as the fourth largest RESTTs to date. As observed, the
stereochemical effect of lone electron pair TeO; groups indeed
results in the multivacant Keggin TT fragments (here is
tetravacant Keggin fragment), which induces the incorporation
of RE cations into TT skeletons, which provides the
requirements for integration of poly(RESTT) moieties. The
solubilization of tea toward Hpica and the solubilization of
Hpica toward RE cations in the reaction system also play an
important role in the formation of 1—S5. The thermostability of
2 and 3 has been investigated at great length by variable-
temperature IR spectra and variable-temperature PXRD
patterns combined with TG analyses. The luminescence
measurements of 3—5 in the solid state and S in aqueous
solution show that their emission spectra display the character-
istic emission bands arising from RE centers, and the feeble
energy transfers between TT fragments and Sm™ ions have
been checked by TRES measurements. The magnetic behaviors
of 2, 3, and § are preliminarily discussed.

B EXPERIMENTAL SECTION

Materials and Methods. All chemicals were commercially
purchased and used without further purification. C, H, and N
elemental analyses were measured on a Perkin-Elmer 2400-II CHNS/
O analyzer. Inductively coupled plasma atomic emission spectrometry
(ICP-AES) was performed on a Perkin-Elmer Optima 2000 ICP-AES
spectrometer. IR spectra were recorded on a Bruker Vertex 70 IR
spectrometer from solid samples palletized with KBr in the range of
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4000—450 cm ™. PXRD patterns were collected on a Bruker AXS D8
Advance diffractometer instrument with Cu Ka radiation (1 = 1.54056
A) at 293 K. TG analyses were conducted using a Mettler-Toledo
TGA/SDTA 851° instrument under a flowing N, atmosphere with a
heating rate of 10 °C min™"' from 25 to 1000 °C. Photoluminescence
(PL) spectra were recorded on an FLS 980 Edinburgh Analytical
Instrument apparatus equipped with a 450 W xenon lamp. PL decay
lifetime and time-resolved emission spectra were measured using a
#F900H high-energy microsecond flash lamp as the excitation source.
Variable-temperature magnetic measurements were conducted on the
Quantum Design SQUID magnetometer (MPMS—VSM) in the range
of 1.8—300 K.

Synthesis of Nay[La,(H,0),(pica),W,0s][(La(H,0)W,-
(Hpica)204)(B-ﬂ-TeW8030H2)2]2'38H20 (1). N32W04'2H20 (2.201
g, 6.673 mmol), K,TeO; (0.212 g, 0.835 mmol), Hpica (0.202 g, 1.641
mmol), and tea (0.330 g, 3.261 mmol) were dissolved in water (20
mL) with stirring and then 0.8 mL of HCI (6 mol L™") was added. The
resulting solution was stirred for around 10 min, and La(NO;);-6H,0
(0.251 g, 0.580 mmol) was added. Finally, the pH value of the solution
was kept at 4.5 by 6 mol L™ HCL This solution was stirred for another
10 min, heated to 90 °C for 2 h, cooled to room temperature, and
filtered. The filtrate was left to evaporate slowly, which led to colorless
rodlike crystals of 1 after 2 weeks. Yield: 0.32 g (18.86% based on
La(NO,);-6H,0). Anal. Caled: C, 3.66; H, 1.06; N, 0.71; Na, 0.78; La,
4.71; Te, 4.32; W, 59.16. Found: C, 3.85; H, 1.07; N, 0.76; Na, 0.93;
La, 4.50; Te, 4.18; W, 59.29.

Synthesis of Na,[Ce,(H,0),(pica),W,0;][(Ce(H,0)W,-
(Hpica),0,)(B-f-TeWgO3,H,),1,:38H,0 (2). The synthetic proce-
dure of 2 is similar to that of 1 except that La(NO;);-6H,0 (0.251 g,
0.580 mmol) was replaced by Ce(NO,;);6H,0 (0251 g 0.578
mmol). Yellow rodlike crystals of 2 were obtained. Yield: 0.30 g
(17.72% based on Ce(NO;);-6H,0). Anal. Calcd: C, 3.66; H, 1.06; N,
0.71; Na, 0.78; Ce, 4.74; Te, 4.32; W, 59.13. Found: C, 3.75; H, 1.01;
N, 0.82; Na, 0.88; Ce, 4.50; Te, 4.21; W, 59.30.

Synthesis of Na,[Nd,(H,0),(pica),W,0;][(Nd(H,0)-
W,(Hpica),0,4)(B-f-TeWgOs,H,),1,:38H,0 (3). The synthetic pro-
cedure of 3 is similar to that of 1 except that La(NO,);-6H,0 (0.251
g, 0.580 mmol) was replaced by Nd(NO,);-6H,0 (0.251 g, 0.573
mmol). Purple rodlike crystals of 3 were obtained. Yield: 0.30 g
(17.81% based on Nd(NO;);-6H,0). Anal. Calcd: C, 3.65; H, 1.06; N,
0.71; Na, 0.78; Nd, 4.88; Te, 4.31; W, 59.05. Found: C, 3.78; H, 1.10;
N, 0.78; Na, 0.85; Nd, 4.57; Te, 4.12; W, 58.89.

Synthesis of Na,[Sm,(H,0),(pica),W,0;1[(Sm(H,0)-
W,(Hpica),0,4)(B-f-TeWgO34H,),1,:38H,0 (4). The synthetic pro-
cedure of 4 is similar to that of 1 except that La(NO,);-6H,0 (0.251
g, 0.580 mmol) was replaced by Sm(NO;);-6H,0 (0.251 g, 0.565
mmol). Pale yellow rodlike crystals of 4 were obtained. Yield: 0.28 g
(16.82% based on Sm(NO;);-6H,0). Anal. Calcd: C, 3.65; H, 1.05; N,
0.71; Na, 0.78; Sm, 5.07; Te, 4.31; W, 58.93. Found: C, 3.72; H, 1.15;
N, 0.73; Na, 0.94; Sm, 4.88; Te, 4.21; W, 59.28.

Synthesis of Na,[Eu,(H,0),(pica),W,0;][(Eu(H,0)W,(Hpica),-
0,4)(B-f-TeWgOs¢H,),1,:38H,0 (5). The synthetic procedure of § is
similar to that of 1 except that La(NO;);-6H,0 (0.251 g, 0.580 mmol)
was replaced by Eu(NO;);-6H,0 (0.251 g, 0.565 mmol). Colorless
rodlike crystals of 5 were obtained. Yield: 0.27 g (16.27% based on
Eu(NO;);-6H,0). Anal. Caled: C, 3.65; H, 1.05; N, 0.71; Na, 0.78;
Eu, 5.12; Te, 4.30; W, 58.90. Found: C, 3.83; H, 1.05; N, 0.79; Na,
0.89; Eu, 4.84; Te, 4.14; W, 59.18.

X-ray Crystallography. Single-crystal X-ray diffraction data of 1—
5 were collected on a Bruker APEX—II CCD detector at 296(2) K
with graphite-monochromated Mo Ka radiation (4 = 0.71073 A).
Their structures were detected by direct methods and refined on F* by
full-matrix least-squares methods using the SHELXTL-97 program
package.*"** The remaining atoms were found from successive full-
matrix least-squares refinements on F? and Fourier syntheses.
Lorentz—polarization and SADABS corrections were applied. All
hydrogen atoms attached to carbon and nitrogen atoms were
geometrically placed and refined isotropically as a riding model
using the default SHELXTL parameters. No hydrogen atoms
associated with water molecules were located from the difference
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Fourier map. All non-hydrogen atoms except for some oxygen and
carbon atoms were refined anisotropically. During the process of
refining the structures of 1—S5, 10 crystal water molecules per molecule
for 1-3 and six crystal water molecules per molecule for 4 and § were
determined by Fourier syntheses. However, their cif check reports
show very large solvent-accessible voids in the structures, which imply
that some water molecules that cannot be found from the weak
residual electron peaks should exist in the structures. Since these water
molecules are highly disordered, we failed to locate and refine them.
According to the results of elemental analyses and TG analyses, 20
eight crystal water molecules for 1-3 and 30 two crystal water
molecules for 4 and § were directly added to each molecular formula.
This phenomenon is very common in POM chemistry.>* ™ Crystal
data and structure refinements for 1—S are demonstrated in Table 1.

B RESULTS AND DISCUSSION

Synthesis. 1-5 were synthesized by the reaction of
Na,WO,-2H,0, RE(NO,),-6H,0, K,TeO;, Hpica, and tea in
the conventional acidic aqueous solution. In this system, the
chief role of Hpica is that it can also coordinate with metal
centers (RE or W) through N and O atoms in the stable N—
O—C—0O—M five-membered-ring fashion and further prepare
the carboxylate-participating RESTTs. Meanwhile, we also
anticipate that protonated [Hjtea]** cations formed under
acidic aqueous conditions can function as countercations to
balance the negative charges of the resulting large RESTT
fragments and further stabilize the structures of products.
Unexpectedly, tea components do not appear in the structures
of 1-5; however, tea indeed plays an important role in the
formation of 1-5. During the course of our experiments, we
found that the existence of tea can to some extent increase the
solubility of Hpica in the reaction system because of the
principle that the similar substances are more likely to be
dissolved by each other. At the same time, we also found that
Hpica can to some degree enhance the solubility of RE cations
in the reaction system due to the coordination ability of Hpica
with RE cations. Furthermore, our contrast experiments
demonstrate that we cannot obtain 1—5 (some amorphous
precipitates were afforded and their structures cannot be
determined by single-crystal X-ray diffraction) when tea was
removed from the reaction. These observations indicate the
combined actions of tea and Hpica can contribute to the
formation and the structure construction of 1-5, although a
more specific role of tea has been not well understood by us to
date.

Structural Description. The good phase purity of 1-S5 is
affirmed by the agreements of the experimental PXRD patterns
of 1-§ with their corresponding simulative XRD patterns
derived from the single-crystal X-ray diffraction structural
analyses (Figure S1 in the Supporting Information). Bond
valence sum (BVS) calculations for 1—$ manifest that the
oxidation states of all W, RE, and Te elements are +6, + 3, and
+4, respectively (Table S1 in the Supporting Information),*®
and a detailed summary of the bond lengths of each RE ions in
1-35 is given in Table S2 in the Supporting Information.

Single-crystal X-ray diffraction structural analyses reveal that
1-S5 are all isomorphous and crystallize in the monoclinic space
group C2/c, and their fundamental tetrameric polyoxoanion
skeletons [RE,(H,0),(pica),W,0][(RE(H,0)W,-
(Hpica),0,) (B-S-TeW305,H,),],*" are constructed from two
peculiar tetravacant Keggin {REW,} heterometal sandwiched
TT [(RE(HZO)WZ(Hpica)ZO4)(B-/J’-TeW803OH2)2]5_ frag-
ments connected by a novel RE—W-pica {RE,(H,0),-
(pica),W,04}" linker. Herein, only the structure of 3 is
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described in detail. Obviously, in order to balance the negative
charge of the molecular formula of 3, eight H ions have been
directly added to the molecular formulas of 3, which are in
good agreement with their acidic reaction environments (pH
4.5) and the results of elemental analyses and TG analyses. To
further determine the possible positions of these protons, BVS
calculations of all the oxygen atoms in 3 have been performed
(Table S3 in the Supporting Information),* in which the BVS
values of O1 (1.57), 048 (1.62), 060 (1.66), and 067 (1.67)
atoms are apparently lower than 2, suggesting that these
terminal oxygen atoms from [B--TeW;O;,]®” fragments are
the possible sites for binding protons; therefore, the molecular
formula of 3 can be written as Na,[Nd,(H,0),(pica),W,0s]-
[(Nd(H,0)W,(Hpica),0,)(B-f-TeWsO30H,),1,:38H,0. As a
matter of fact, the phenonmenon that protons usually reside on
oxygen atoms of polyoxoanions is very common in POM
chemistry.””** The molecular structure of 3 consists of an
inorganic—organic hybrid tetrameric polyoxoanion [Nd,-
(H,0)4(pica),W,0][(Nd(H,0)W,(Hpica),0,) (B-f-
TeW,0;,H,),],* (3a) (Figure 1a), 4 Na* cations, and 30 eight
lattice water molecules. 3a can be described as two dimeric
[Nd(H,0)W,(Hpica),0,)(B--TeW;030H,),]°~ (3b) units
(Figure 1b) linked by the attractive W—Nd—pica cluster
[Nd,(H,0),(pica),W,05]** ({W,Nd,}) (Figure 1c) through
W—0O-W and Nd—O-W connectors (Figure S2 in the
Supporting Information), where the intriguing {W,Nd,}

Figure 1. (a) Tetrameric polyanion skeleton of 3a. (b) Dimeric unit of
3b. (c) Bridging W—Nd—pica {W,Nd,} linker. (d) Carboxyl oxygen
bridging coordination mode of the pica™ ligand showing the six-
membered Nd—O—C—O-W-O ring. (e) {W,Nd} cluster in the
sandwich belt of 3b. (f) Carboxyl oxygen and pyridyl nitrogen
chelating coordination mode of the Hpica ligand exhibiting the five-
membered O—W—0O—C—C—N ring. (g) Octacoordinate bicapped-
trigonal-prismatic coordination geometry of the Nd1™ cation. (h)
Nonacoordinate monocapped-square-antiprismatic coordination ge-
ometry of the Nd2™ cation. (i) Tetravacant [B-f-TeW3O;,]% unit. (j)
Trivacant [B-f-TeW,0;;]%" unit. (k) Trivacant [B-a-TeW,05;]%"
unit. The atoms with the suffix A are generated by the symmetry
operation 4 — x, y, 1.5 — z. Hydrogen atoms, protons, and lattice water
molecules are omitted for clarity.

subunit is constituted by two Nd atoms and two W atoms
that are situated on the vertex positions of a folded
parallelogram with an approximate dihedral angle of
111.35(26)° (Figure S3 in the Supporting Information) and
simultaneously bridged by two pica™ ligands leading to two
Nd—-O-C—0O-W-0 hexaatomic rings (Figure 1d). 3b
exhibits a mono-RE-inserted Hpica-decorated dimeric motif
that can be regarded as a combination of two tetravacant [B-f-
TeW;030H,]°” fragments enveloping a central W—Nd—Hpica
[Nd(H,0)W,(Hpica),0,]* ({W,Nd}) segment (Figure le).
In the {W,Nd} subunit, two {WO,(Hpica)} moieties
containing two five-membered N—O—C—O—W heterocycles
(Figure 1f) are interconnected by the {Nd(H,0)} hinge into a
triangle pattern (Figure S4 in the Supporting Information). The
formation of two five-membered N—O—C—O—W heterocycles
can strengthen the stability of 3b. Intriguingly, two {W,Nd}
subunits and one {W,Nd,} subunit are connected with each
other by four bridging u,-O atoms (012, 0124, 036, O36A),
giving birth to the peculiar metal—organic complex {[Nd,-
(H,0),4(pica),W,05] |:(Nd(Hzo)Wz(HPiC3)204)]2}20+ (Figure
SS in the Supporting Information); as a consequence, the
tetrameric polyoxoanion of 3 can also be regarded as a
combination of four [B-B-TeWgO;0H,]*" segments pocketing
the inorganic—organic hybrid species {[Nd,(H,0),(pica),-
W,0,][(Nd(H,0)W,(Hpica),0,)1,}*** (Figure S6 in the
Supporting Information). In 3, there exist two crystallo-
graphically unique Nd™ ions (Nd1"™, Nd2™) that exhibit two
types of distinct coordination environments and coordination
geometries. Specifically speaking, the Nd1™ cation located at
the {W,Nd} cluster is 8-fold coordinated by five O atoms (four
terminal O atoms and one edge-sharing O atom) from two [B-
P-TeW040]*” building blocks, one O atom from the water
molecule, and another two O atoms from two {W,Nd} groups
in the central belt of 3b (Figure lg), which can be best
approximated as a distorted bicapped-trigonal-prismatic coor-
dination geometry with Nd1—O bond lengths of 2.365(12)—
2.722(13) A and O—Nd1-O angles of 62.1(4)—142.6(4)°. In
contrast, the Nd2'™ cation resides in an aberrant non-
acoordinate monocapped-square-antiprismatic environment
defined by two terminal O atoms derived from one [B-j-
TeWg04,]®" building block, two O atoms from the central
{W,Nd} subunit, two O atoms from the bridging {W,Nd,}
subunit, one carboxylic O atom from the Hpica ligand, and two
terminal aqua ligands (Figure 1f). The Nd2—O distances and
the O—Nd2—0 angles are in the ranges 2.398(11)—2.537(9) A
and 65.0(4)—152.0(4)°, respectively. In addition, the tetralacu-
nary building block [B-B-TeW;0;,]®" (Figure 1i), which was
first observed in [Te,W,,04]"27,"> can be visualized as a
secondary building unit derived from the trilacunary Keggin
fragment [B-5-TeW,05,]*" (Figure 1j) by the removal of a
{WOq} octahedron, which is isomerized from the emblematic
[B-a-TeW,043]% (Figure 1k) fragment via a 60° rotation of
one edge-sharing {W;0,5} group.

Particularly interesting is that six Hpica ligands participate in
the assembly of the tetrameric framework of 3a by offering
functionality-carrying pyridyl N and carboxyl O coordination
sites to chelate with W or RE centers that are presented in the
form of W—N, W—-0O, and Nd—O coordination bonds,
revealing the imperative role of Hpica ligands in the
construction and stabilization of the integral structure.
Amazingly, Hpica ligands display two types of coordination
modes in the construction of 3 (Figure S7a in the Supporting
Information). In the W—Nd—pica {W,Nd,} cluster, two pica~
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ligands adopt the carboxyl oxygen bridging coordination mode,
concurrently linking both W' and Nd™ centers (W2A—072A4,
2.302(11) A; Nd2—073A, 2.449(14) A) and produce the six-
membered Nd—O—C—O—W=-O rings (Figure S7b). In the
W-—Nd—Hpica {W,Nd} segment, two Hpica ligands employ
the carboxyl oxygen and pyridyl nitrogen chelating coordina-
tion mode, only directly chelating with W' centers (W1—068,
2.107(12) A; W1-N3, 2.291(15) A) and generating the five-
membered W—O—C—C—N rings. To our knowledge, this is
the first encounter of the phenomenon that Hpica ligands not
only connect with W centers via pyridyl N atoms but also
coordinate to RE centers within a POM molecule in RESPM
chemistry, although the coordination of carboxylate ligands to
W or RE centers has been previously documented sporadi-
cally.’>**~*" For instance, a first glance at the W-N
coordination bond refers to the species [Tb,(pic)(H,0),(B-
B-AsW034),(WO,(pic));]'*" or [Tbg(pic)s(H,0),,(B-p-
AsWg03,),(WO,(pic))s]'*™ addressed in 2010 by Boskovic et
al. (Figure S7d,e).”” Likewise, in 2015, Wang et al. obtained the
sandwich-type cluster [RE,(H,0),{WO,(pic)},-
(SbW3030),]'°" (RE = La™, Pr'") constructed from two {B-
f-SbWO5,} fragments concatenated by two {WO,(pic)} units
and two hydrated RE cations (Figure S7fg).*’ In comparison
with N donor atoms, the hard W centers have a preference for
hard O donor atoms, hence making the coordination of W to
pyridyl N difficult. In general, although flexible carboxylate O
atoms have been extensively employed to bind with RE ions in
furnishing organic ligand functionalized RESPMs, such an
unusual coordination mode of carboxylate O atoms simulta-
neously in conjunction with W and RE atoms is rare. The
related reports are involved in the chiral POMs
{Nac[Ce™(H,0)(CH,CH,0H) (L-tartH, ) (H,Si,W,40¢) 1 }>~
and {Nac[Ce"(H,0)(CH;CH,OH)(p-tartH;)-
(Si;W14046)1}~ composed of a polydentate tartrate ligand
linking to two W centers, one Ce center, and one Na center
(Figure S7h,i),"" as well as the first organotin-RE-based
nanoclusters {[Sn(CH;)W,0,(IN)][(B-a-TeW3O5,)RE-
(H,0)(Ac)],1,2 (RE = Cel P Nd™ Sm™ Eu Gd™,
Tb™) containing a decorated IN™ molecule that is grafted to a
W atom and a [Nd(H,0)(Ac)]*" ornament (Figure S7j,k).30 It
can be concluded that organic spacers can work as bridges,
ornaments, and stabilizers in the whole structure. Therefore, it
is informative to continue the ongoing research program
targeted at fabricating neoteric POM materials with manifold
structural diversities and functional characteristics by deliber-
ately introducing organic ligands. Interesting 3-D supra-
molecular packing architectures of 3a are depicted in Figures
S8 and S9 in the Supporting Information.

IR Spectra. The IR spectra of 1—$ are displayed in Figure
S10 in the Supporting Information. Apparently, 1—5 exhibit
characteristic peaks at 962; 859, 828, 803; 734, 647; 714 cm™
for 1, 962; 858, 827, 802; 733, 648; 718 cm™* for 2, 962; 859,
827, 801; 734, 646; 716 cm™" for 3, 961; 862, 827, 803; 735,
645; 715 cm™ for 4, and 963; 859, 827, 803; 733, 647; 715
cm™" for § in the low-wavenumber region (v <1000 cm™),
attributed to terminal ¥(W—0,), corner—sharing v(W—0y),
edge- sharing (W—0,), and v(Te—0,) stretching vibration
bands, respectively. The similar IR spectra in the low-
wavenumber regions suggest that 1—5 have the same
polyoxoanion fragments, which is in good agreement with the
results obtained from single-crystal X-ray analyses. The IR
spectra of 1—5 are somewhat different from that of the
aggregate {[Sn(CH;)W,0,(IN)][(B-a-TeWO5,)RE(H,0)-

(Ac)],},2° (953, 881, 813, 704, and 673 cm™'),** which
verifies the configuration transformation [B-a-TeWgO;,]* —
[B-S-TeWg05,]®". In addition, in comparison with the
polyoxoanion [Te,W,0¢,]>~ (946, 855, 766, 689, and 643
cm™") that is composed of two [B-f- TeWgO3,]®" units linked
by a {WO,} group,15 several splitting peaks of ¥(W—0,) and
v(W—0,) stretching vibrations as well as apparent shifts are
observed in 1—S§, the possible reason for which may be bound
up with the implantation of the metal—organic moieties
[RE(HZO)WZ(Hpica)204]7+ and [REZ(HZO)4(pica)2W205:|6+
and the decreased symmetry of [B-B-TeW;O;0]®" units. In
the high-wavenumber region (v >1000 cm™"), the asymmetric
stretching vibration v,,(CO,”) and the symmetric stretching
vibration v,(CO,”) of the carboxylate groups discriminably
appear at 1636—1640 and 1396—1398 cm™', whereas the
bending vibrations of carboxylate groups located at 630—750
cm™! are obscured by some of the typical peaks of
polyoxoanions.*” Generally speaking, the difference (Av)
between the v,(CO,”) and v,(CO,”) vibrations has been
applied as a criterion to evaluate the coordination mode of
carboxylate groups.*”** Consequently, in 1—5, the Av value of
238—242 cm™! suggests that the CO,” groups mainly adopt
bridging fashions in the structures. The bands in the range
1451—1610 cm™" are a positive signature of the v(C=C) and
v(C=N) stretching vibrations of the picolinate ring. In
addition, the broad band situated around 3480—3440 cm™!
and the strong peak around 1610—1640 cm™ in the IR spectra
of 1—35 are assigned to the stretching and bending vibrations of
the lattice and coordinated water molecules.*

Thermogravimetric (TG) Analysis. The TG analyses of
1-5 were performed on pure crystalline samples under a N,
atmosphere from 25 to 1000 °C at a heating rate of 10 °C/min
to probe their thermal stability (Figure S11 in the Supporting
Information), all of which show similar thermal decomposition
processes with a three-step weight loss stage. The first weight
loss of 6.32% (calcd 5.80%) from 25 to 150 °C for 1, 5.37%
(caled 5.79%) for 2, 5.50% (calcd 5.79%) for 3, 5.96% (calcd
5.77%) for 4, and 6.50% (calcd 5.77%) for § is assigned to the
liberation of 38 lattice water molecules. The second weight loss
of 7.99% (calcd 7.78%) for 1, 8.07% (calcd 7.78%) for 2, 8.22%
(caled 7.77%) for 3, 8.67% (caled 7.75%) for 4, and 7.71%
(caled 7.75%) for 5 occurs in the temperature region of 150—
410 °C, attributable to the release of six Hpica ligands, six
coordinated water molecules, and the dehydration of eight
protons. Further heating to 1000 °C leads to the decom-
position of the whole polyoxoanion framework. The result of
the TG analysis basically agrees with that of the structure
determination of 1-3.

To further explore the thermal decomposition procedures of
1-5, the temperature-dependent IR spectra and PXRD
patterns of 2 and 3 (Figure 2) as representatives were
thoroughly studied at temperatures of 25, 120, 200, 280, 380,
580, 680, 780, and 880 °C, which were carefully selected
according to their TG curves. Furthermore, the related color
changes of samples under different temperatures were also
recorded in the heating procedure. As the temperature is raised
from 25 to 200 °C, the characteristic vibration bands in the IR
spectra and PXRD patterns of 2 and 3 are almost unchanged,
demonstrating that the backbones of 2 and 3 are relatively
stable in this temperature range except for the release of lattice
water molecules. This result is consistent with the observation
of the TG analyses, meanwhile, which is also confirmed by the
unchanged color of the samples 2 and 3. Upon further heating
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Figure 2. (a) IR spectra of 2 at different temperatures. (b) Evolution
of the PXRD patterns of 2 at different temperatures. (c) IR spectra of
3 at different temperatures. (d) Evolution of the PXRD patterns of 3 at
different temperatures.

to 380 °C, the characteristic vibration peaks of v(W—-0,),
v(W-0,), v(W-0,), and v(Te—0,) of [B-S-TeW04,]*"
fragments in the IR spectra of 2 and 3 gradually vanish while
the ©(CO,”), v(C=C), and v(C=N) stretching vibration
peaks of picolinate ligands become weak. Correspondingly,
some diffraction peaks in the small 26 region in the PXRD
patterns of 2 and 3 have disappeared, evidencing that POM
skeletons begin to thermally decompose. It can be clearly seen
from Figure 2 that the samples have completely turned black
and transformed from crystals into amorphous powders, the
reason for which may be because of the total loss of
coordinated and lattice water molecules as well as the
carbonization of Hpica ligands. This fact causes their PXRD
patterns at 380 °C to become worse. When the temperature is
elevated from 380 to 580 °C, the disappearance of v(CO,”),
v(C=C), and v(C=N) stretching vibrations suggests the
liberation of Hpica groups. The characteristic diffraction peaks
derived from POM skeletons in the small 20 region have totally
died away and some new diffraction peaks occurring in the
range of 20—30° manifest that new phases start to appear,
which may be related to the case that the release of protons
causes the collapse of the polyoxoanion framework. When the
temperature is raised further to 880 °C, more obvious
diffraction peaks can be observed in the PXRD patterns and
the intensities of these diffraction peaks are also strengthened,
showing that the process of generating new phases is complete.
Furthermore, the colors of thermal decomposition residues of 2
and 3 ultimately turn grayish green. In addition, the thermal
decomposition residues at 880 °C of 2 and 3 may comprise
some RE oxide components, which can be further supported by
comparisons of the PXRD patterns of the thermal decom-
position residues at 880 °C of 2 and 3 with the PXRD patterns

of corresponding RE oxides (Ce,0; and Nd,0;) at 880 °C
(Figure S12 in the Supporting Information).

Photoluminescent (PL) Properties. Over the past
decades, RE-based luminescent materials (RELMs) have been
widely exploited on account of their large Stokes shifts, unique
narrow bands, long luminescence lifetimes, high photo-
luminescence efficiencies, and full-color displays of RE ions,*
enabling their latent applications in areas such as optical
amplifiers, lasers, OLEDs, luminescent chemical sensors,
luminescent molecular thermometers, etc.*”™>' POM-based
RELMs have been a sparkling and essential subset in the large
family of RELMs, and the introduction of POM fragments
renders the luminescence more complicated and interesting in
terms of the possible intramolecular energy transfer from
POMs to RE cations by ligand to metal charge transfer
(LMCT). RE-based PL emission can also be sensitized by
organic chromophores as light-harvesting antennae with the
electron-conjugate system by dint of absorbing light and
transferring excitation energy to RE centers. Altogether, this so-
called antenna effect is undoubtedly a very ingenious strategy to
overcome the problem of the weak light absorption of RE ions
and finally acquire the reinforced luminescence. In this paper,
the PL behaviors of 3—5 have been studied at ambient
temperature.

Upon excitation at 584 nm, the near-infrared (NIR)
luminescence emission spectrum of 3 displays three character-
istic emission bands centered at 890, 1059, and 1335 nm
(Figure 3a), which are assigned to the *F;, — *Iy, *F;,, —
1,15 and *F;, — *I;;,, transitions of Nd"™' ions,
respectively.’>>® The most intense peak is located at 1059
nm, ascribed to the *Fy, — *I;;), transition. The excitation
spectrum was collected by monitoring the *Fy, — *I;;),
emission and shows a maximum peak at approximately 584
nm, attributable to the *I,, = *Gs/,/*G,, transitions (Figure
S13 in the Supporting Information). For the sake of gaining
more information on the PL properties of 3, the luminescent
decay curve was measured by detection under the strongest
emission at 1059 nm and the excitation at 584 nm, which
conforms to a biexponential function as the equation I = A,
exp(—t/7,) + A, exp(—t/7,) (where 7, and 7, are the fast and
slow components of the luminescence lifetimes and A; and A,
are the pre-exponential factors) with luminescence lifetimes 7,
and 7, of 1.23 us (27.94%) and 11.08 us (72.06%), respectively
(Figure 3b). Two different lifetimes are suggestive of two
luminescence emission centers. The average lifetime (7) is
calculated to be 8.32 ys on the basis of the formula 7 = [A;7,% +
Ay0,*]/[Ajr, + Ay7,]) (Table S4 in the Supporting
Information).”* To make certain whether the energy transfer
exists between 3 and [B-f-TeW;04,]®" segments in the NIR
domain, time-resolved emission spectrum (TRES) measure-
ments were carried out under excitation at 584 nm with
emission wavelengths from 800 to 1400 nm (Figure 3c). The
TRES shows three characteristic bands of Nd™ jons, and the
emission spectral shape remains essentially unchanged apart
from a steady decrease in intensity at successive decay times
from 20 to 50 us. This phenomenon illustrates the lack of
intermolecular O — W LMCT sensitizing the luminescence of
Nd"™ cations during the emission course of 3. As no
contribution of TTs was monitored for 3, we are able to
deduce the source of two decay lifetimes from each
crystallographically unique Nd™ center. In 3, the Nd1™ cation
is situated in an eight-coordinate bicapped trigonal prism with
one coordinated water molecule and the Nd2™ cation inhabits
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Figure 3. (a) Solid-state emission spectrum of 3 (4., 584 nm) at room temperature. (b) Luminescence decay curve of 3 taken by monitoring the
emission at 1059 nm with 7, and 7, as 1.23 us (27.94%) and 11.08 us (72.06%), respectively. (c) TRES of 3 in the NIR region. (d) Solid-state
emission spectrum of 4 (4, 403 nm) at room temperature. (e) Luminescence decay curve of 4 taken by monitoring the emission at 597 nm with 7,
and 7, as 0.89 s (13.93%) and 13.94 us (86.07%), respectively. (f) TRES of 4 in the visible region. (g) Solid-state emission spectrum of § (4, 395
nm) at room temperature. (h) Luminescence decay curve of § taken by monitoring the emission at 614 nm with 7, as 200 us (0.81%) and 7, as

51322 ps (99.19%). (i) TRES of § in the visible region.

a nonacoordinate monocapped square antiprism with two
coordinated water molecules. As is known, aqua ligands in
connection with RE cations can lead to luminescence
quenching and shorten the decay lifetimes by the high-
frequency O—H oscillators;*” hence, the fast component 7,
with small contribution (27.94%) may safely be attributed to
the monocapped-square-antiprismatic Nd2™ site and the slow
component 7, with large contribution (72.06%) may mostly
stem from the bicapped-trigonal-prismatic Nd1™ site.

Despite the fact that they lag behind other RE™ ions,
especially Eu™ and Tb™ ions, the Sm™-containing materials
have been the subject of growing interest for hopeful
application in light-emitting diodes. Here, the solid-state
emission spectrum of 4 has been measured at 405 nm and is
displayed in Figure 3d, where four typical narrow profiles at
562, 600, 647, and 700 nm are observed, which can be ascribed
to the “Gs, = “H )y, *Gsjy = Hyjo, *Gsjy = Hypy and *Gg
— ®H},, transitions of Sm™ ions, respectively. s Among these
transitions, the ‘Gg;, — ®Hy), transition at 647 nm is the
strongest. On the one hand, the four transitions ‘G, — °Hs,,
'G5, = °Hyp *Gs, = °Hypy, and *Gsp— °Hypp, are
respectively derived from purely magnetic dipole (MD),
partially MD, partially electric dipole (ED), and purely ED
contributions with the selection rule that emissions with AJ = 0,
+1 are categorized as MD transitions while those with A] < 6
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when AJ = 2, 4, and 6 unless | = 0 are classified as ED
transitions.”® On the other hand, the environment-sensitive
4G5 n = 6H9/2 transition dominates a noncentrosymmetric
circumstance while the environment-insensitive ‘G, — °H,,
transition is converse, which allows for the evaluation of the
dominant symmetry of Sm™ ions by the intensity ratio *Gg/, —

Hy),/*Gs), — 6H7/2.57 From this, the intensity ratio is 1.2,
insinuating that Sm™ ions are seated at a noninversion
symmetry site. By monitoring of the *Gg, — °Hy), red
emission at 647 nm, the excitation spectrum of 4 was collected
(Figure S14 in the Supporting Information), which consists of
several characteristic peaks at 363, 376, 391, 417, and 441 nm,
respectively assigned to the *Hs, — *Ds 5, *Hs ), — °P;,, °Hs 5
- 5Gyy )5, ®Hs)y = P55, and °Hs), = *Gy), transitions of Sm'™
ions, and the strongest excitation peak located at 405 nm is due
to the °H;, — *F,/, transition.”® The luminescence decay
curve of 4 recorded by monitoring the emission at 647 nm
(*Gsj, = ®Hy)) can also be best fitted to a double-exponential
function, affording the lifetimes 7, and 7, of 0.89 us (13.93%)
and 13.94 us (86.07%), respectivley (Figure 3e). The average
decay lifetime of 4 is 12.12 ys. To better understand the role of
inorganic POM ligands in the luminescence of 4, the emission
spectrum and decay curve of 1, which has no RE-centered
luminescence for their empty 4f shell, have been detected under
the same conditions as for 4 (Figure S15 in the Supporting
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Information). A noteworthy broad band around S00—523 nm is
perceived in the emission spectrum of 1 (Figure S15a),
attributable to the 3T, — 1Alg transition stemming from the O
— W LMCT of the [B-5-TeWO;,]* fragments. This result
transparently manifests the occurrence of energy transfer from
the TT fragments to Sm™ centers, as unambiguously verified by
the approximate lifetimes of 1 (7; = 1.91 us (37.21%), 7, = 945
us (62.79%), and an average lifetime of 6.65 ys) in comparison
with those of 4, though no evident PL emission derived from
the O — W LMCT of the [B-f-TeW05,]®" fragments was
reflected in the emission spectrum of 4 (Figure S1Sb,c). The
TRES of 4 provides some meaningful information to study the
PL dynamics and energy transfer (Figure 3f). An extra broad
band at 505 nm correlated to the LMCT of TT polyanions was
observed in the TRES of 4. Obviously, at times in the range of
15—19 us, the emission intensity of this broad band at 505 nm
decreases little by little (Figure S16 in the Supporting
Information). Accordingly, the intensity of the four typical
peaks of Sm' ions reaches s maximum at a decay time of 17 us
and then descends consecutively over time until 60 us. As it
stands, the conclusion above of the O — W energy transfer
sensitizing the emission of Sm" ions was logically confirmed by
the TRES of 4. In addition, by a careful comparison of the
emission spectrum and the TRES of 4, it is clearly seen that the
*Gs/, — °H,), emission at 647 nm is the strongest in the
emission spectrum, whereas the *G;,, — °H, 1, emission at 600
nm in the TRES is the most intense, which may originate from
the fact that the O — W LMCT of the [B-B-TeWy05,]*"
fragments tends to sensitize the emission of the ‘G, = °H,,
transition at 600 nm, leading to the intensity of the ‘G, —
®H,,, transition being higher than that of the *G;,, — “Hy),
transition. This observation can also consolidate the presence
of energy transfer from the TT fragments to Sm' centers in 4.

The PL spectrum of § under excitation at 395 nm mainly
consists of four weak bands and one strong band originating
from the characteristic transitions of Eu' ions from the excited
°D, state to the lower "F; (J = 0—4) levels, separately appearing
at 580 (°D, — F,), 592 (°D, — 'F,), 618 (°D, — F,), 652
(°Dy, — "F;) and 700 nm (°D, — "F,) , and also includes two
magnifying bands from the °D; state to 'F, at 526 nm and F,
at 535 nm (Figure 3g).”” The emission of D, — ’F, is
relatively weak but can still be observed. As a matter of fact, the
Dy — ’F, transition pertains to the symmetry-forbidden
emission that is severely forbidden in a field of symmetry.*’
Therefore, the emergence of the weak peak at 580 nm indicates
the low-symmetry coordination of Eu™ ions, in conformity with
the results of X-ray structural analysis with their distorted
bicapped-trigonal-prismatic and monocapped-square-antipris-
matic configurations. As far as we are concerned, the D, — "F;
transition is an MD transition that is insensitive to the
surrounding environments,®’ while the D, — ’F, transition is
an ED transition that is hypersensitive to and liable to be
affected by the chemical bonds in the vicinity of Eu.°>*® The
intensity of the D, — ’F, transition generally increases as the
site symmetry of Eu™" decreases. As a result, the intensity ratio
I°D, — F,)/I(D, — "F)), known as the asymmetry
parameter, is always utilized as a structural probe for the
determination of the coordination state and the site symmetry
of Eu'! jons.”*"® Notably, 5 exerts a extremely intense and
narrow band at 618 nm with an emission intensity of about
5.02 X 105 as well as a relatively slender band at 592 nm with
an emission intensity of about 7.73 X 10°. The I(°D, — "F,)/

I(°D, — ’F,) intensity ratio is calculated to be 6.5,
demonstrating that Eu™ ions are situated in a low site
environment, which is in accordance with the result of its
single-crystal structure. By monitoring of the *D, — ’F,
emission at 618 nm, the excitation spectrum of § could be
collected (Figure S17 in the Supporting Information), which
shows several characteristic peaks from 340 to 450 nm. The
most intense peak at 395 nm is assigned to the 'F, — °Lg
transition, and the weak bands at 362, 385, and 415 nm
correspond to the "Fy — D, 'F; = °G,, and "F; — D,
transitions of intra-4f® Eu"" ions. The luminescence decay curve
taken by monitoring the emission at 618 nm (°D, — 'F,) is
fitted to a biexponential function, affording the lifetime values
7, of 200 us (0.81%) and 7, of 513.22 us (99.19%) with an
average lifetime of 510.69 us (Figure 3h). The average lifetime
of § is dramatically longer than that of [Eu-
(H,0)s]5[Fe4(H,0)5(1-thr),(B-f-AsW,033),]-20H,0 (7 =
9.51 ps), where the Eu'™ ion is attached to eight water ligands
and one terminal O atom from the [B--AsW,05;]°~ fragment,
achieving the 9-fold coordination geometry;6 in contrast, the
lifetime is far shorter than that of K;3[Eu(a-SiW;,05,),] (7 =
2.440 ms) with a Eu"" ion entirely surrounded by eight lacunary
O atoms from two [@-SiW;,035]%” fragments.”® A plausible
explanation for the longest lifetime of K;3[Eu(a-SiW;;05),]
with the fewest coordinated water molecules may be related to
the fact that high-frequency O—H oscillators in water ligands
could impede the 4f—4f transition.’® In this case, the
contribution of [B-B-TeW;05,]®" fragments can be negligible
during the luminescence process of $§ in light of the much
shorter decay lifetime of 1 (7, = 1.66 us (37.97%), 7, = 8.53 s
(62.03%), and an average lifetime of 5.92 us) (Figure S18 in
the Supporting Information). This speculation can also be
corroborated by the TRES of § (Figure 3i), in which no
additional band appears except for the characteristic peaks of
Eu" ions that contemporarily evolve with a gradual decrease of
the emission intensity in the whole decay time range of 120—
3000 ps, nearly devoid of the energy transfer of O — W LMCT
enhancing the emission of 5. Under this circumstance, leaving
out the weak devotion of TT fragments, the shorter lifetime
component 7, can be assigned to the nine-coordinate Eu2™
emitter and the longer lifetime component 7, can be attributed
to the eight-coordinate Eul™ emitter.

The CIE 1931 (Commission International d’Eclairage)
diagram has been broadly applied to estimate all possible
colors by the combination of three primary colors, offering a
pervasive method to acquire a good knowledge of the trueness
of color for applications in light-emitting devices, and is
particularly suited to quantify the tunability of the emission
wavelength as well as the alteration of the emission intensity.
Here, the CIE chromaticity coordinates for 1, 4, and $§
determined on the basis of their corresponding PL spectra are
indexed to be (0.44988, 0.52182), (0.60764, 0.39093), and
(0.66233, 0.33731), respectively (Figure S18 in the Supporting
Information), displaying yellowish green, red, and a more
intense deep red emission. What is more, the CIE 1931
diagram presented in Figure 4 attained from the corresponding
TRES shows the emission colors at different decay times, and
each point corresponds to one decay time. The emission color
of 4 quickly varies from reddish at a decay time of 15 us (a) to
pale red at 16 us (b) and then slowly varies to red with tiny
shifts upon progressive increases in the decay time (Figure 4a
and Figure S20 in the Supporting Information). The color
changes in 4 clearly reflect the decreasing contribution of TT
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CIE 1931

CIE 1931

Figure 4. (a) CIE 1931 diagram of 4 calculated from the TRES of 4.
The points a, b, ¢, .., as represent the emission chromaticities at
different decay times. (b) CIE 1931 diagram of § calculated from the
TRES of 5. The points a, b, ¢, .., ad represent the emission
chromaticities at different decay times.

fragments (yellowish green) in the emission of Sm™ ions when
the decay time rises from 15 to 60 us, which coincides well with
the result of TRES of 4. For §, the emission color (Figure 4b
and Figure S21 in the Supporting Information) gradually varies
from deep red to light red with an increase in the decay time
from 120 to 3000 ys.

With the purpose of making a thorough inquiry into the PL
properties in aqueous solution, the solution PL behaviors of §
at various concentrations from 1.25 X 107> to 2 X 107> mol L™
were studied at ambient temperature. As is illustrated in Figure
Sa, the luminescence emission spectra of § at different
concentrations upon excitation at 395 nm exhibit five typical
emission peaks at 580, 593, 618, 652, and 701 nm that belong
to the D, — "Fy, D, — "F,, D, — 'F,, D, — F;, and °D,
— ’F, transitions of Eu" ions. It is worth noting that the
solution PL emission spectra of 5 appear in a uniform fashion
as for those collected in the solid state (Figure Sb), implying
that the coordination environments of Eu' ions in the

structures are almost unchanged upon dissolution in water.
The emission intensities remarkably increase in a parabolic
manner, depicted by the red emission at 618 nm (insert of
Figure Sa and Figure S22 in the Supporting Information) as the
concentration of § is enhanced from 1.25 X 107 to 2 X 107
mol L™! without any significant changes in the spectral shape or
peak position. This observation can be reasonably interpreted
by the increased concentration of Eu' ions improving the
vibronic intensity, producing as a result an enhanced PL
emission.”” The intensity ratio I(°D, — "F,)/I(*D, = "F,) with
the varied concentrations of § can be calculated (Figure S23 in
the Supporting Information) and used to examine the site
symmetry and the environmental alteration of Eu™ ions. The
intensity ratio I(’D, — "F,)/I(°D, — F,) does not show a
pronounced change when the concentrations of § are varied in
the range of 1.25 X 107 to 2 X 107> mol L™, and the intensity
ratio at low concentration is near to that in the solid state,
hinting that there was no obvious change in the microenviron-
ments of Eu' ions. Ultimately, the decay lifetime behaviors of §
at various concentrations all abide by the double-exponential
function, yielding average decay lifetimes in the range of
393.19—417.36 us with concentrations from 1.25 X 107> to 2 X
107 mol L™" (Figure Sc and Figures $24 and S25 and Table S§
in the Supporting Information). Explicitly, the lifetimes in the
solution medium are substantially shorter than that in the solid
state (7 = 508.85 us), which can be explained by the exchange
action of the water ligands on Eu" ions with the water
molecules in the solution.”””" As we know, RE luminescence is
extremely sensitive to quenching by the O—H and N—-H
vibrations, which could impair the emission of RE ions and
shorten the luminescence decay lifetimes. Herein, a compara-
tively shorter lifetime is gained in solution. The time-resolved
emission spectra of $ in solution at concentrations of 1.25 X
1075, 1.0 X 107 and 2 X 1073 mol L™! are almost the same
(Figure Sd—f), in which the emission peak intensities of Eu™"
ions decrease monotonically from 120 to 5000 s, revealing no

(@) 5x10° (b) ‘D0—>7Fz & o 1.25x 10°mol L"
. s [0 2.5% 10° mol L
(410" & 26t o 3.75% 10" mol L"

A «}* -3x10° 2 = 5% 10°mol L'

s & - - = o 75% 10" mol L

T -zm‘;E > h‘? z 4 1% 10" mol L"
H1x10° = w T = - - o 125 10" mol L

[o A T, fz | |o 25% 10" ma !

2% 10" mol L’ a 2 = B 5 < 107 mol !

o[ 1x 107 mol L™
= N ’ ol o 2% 10" mol L"
== s ' . . v r ) L . . . ;
s00 550 600 650 700 750 5% 10 mell 500 550 600 650 700 750 0 2000 4000 6000 8000
A /nm A/ nm Decay time / pus

2500
2000
1500
1000

(e

Intensity / a.u.

500 550 600 650 700 750
A/nm

Figure S. (a) Emission spectra of § at various concentrations. Inset: variation of the PL emission intensity of the peak at 618 nm at various
concentrations. (b) Comparison of emission spectra of § in the solid state (red) and in solution (blue) at a concentration of 2 X 10~ mol L™%. (c)
Decay curves of § at various concentrations obtained by monitoring the strongest emission at 618 nm. Inset: pie chart of the PL lifetimes of § at
various concentrations. The pie chart from the first black slice with a percentage of 9.16% to the last wine red slice with a percentage of 9.2%
corresponds to the concentrations from 1.25 X 107> to 2 X 107> mol L™". (d) TRES of 5 at a concentration of 1.25 X 107> mol L™". (e) TRES of § at
a concentration of 1.0 X 10™* mol L™ (f) TRES of 5 at a concentration of 2 X 107> mol L™,
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occurrence of energy transfer between TT fragments and Eul

ions. Overall, the result is perfectly consistent with that
obtained from the solid-state TRES of S.

The CIE chromaticity coordinates of $§ at various
concentrations from 1.25 X 107 to 2 X 107> mol L™" all
illustrate the red emission colors associated with the CIE
chromaticity coordinates (x, y) slightly changing from
(0.65738, 0.34209) to (0.64491, 0.35281) (Figure S26 in the
Supporting Information). The CIE chromaticity coordinates of
5 at concentrations of 1.25 X 107 and 2 X 107 mol L™
manifest the emission color varying from deep red to light red,
while the chromaticity coordinates at a concentration of 1.0 X
10* mol L™! show that the emission color changes from deep
red to light red and even to yellowish green with decay times in
the range of 120—5000 s (Figures $27—S29 in the Supporting
Information). These divergences can be likely reconciled on
account of the motion of water solvent exchange between the
solution and the structure of § at some appropriate
concentrations.

B CONCLUSION

In conclusion, we have successfully obtained the family of
organic—inorganic hybrid tetrameric RESTTs Na,[RE,(H,0),
(pica),W,O5]J[(RE(H,0)W,(Hpica),0,)(B-j-
TeW;O30H,),],-38H,0 (RE = La™ (1), Ce™ (2), Nd™ (3),
Sm'™ (4), Eu™ (5)) built from two [(RE(H,0)W,(Hpica),-
0,)(B-f-TeW03,H,),]°” fragments and a metal—organic
{RE,(H,0),(pica),W,0:}** linker via the effective one-pot
assembly of Na,WO,2H,0, RE(NO,);:6H,0, and K,TeO,
with the participation of organic solubilizers Hpica and
triethylamine in mild aqueous solution; these are the first
RESTTs exhibiting two coordination modes of Hpica ligands
with coordination to only W atoms or both W and RE atoms,
furnishing the stable N—O—C—O—W five-membered-ring or
N-O—RE-O—W-0O six-membered-ring motif. The PL
emission spectra of 3—5 mostly display the typical signals of
RE ions, and TRES measurements have been made to study the
energy transfer of the O — W transitions sensitizing the
emission of Sm™ centers in 4. The magnetic properties of 2, 3
,and § reveal the progressive depopulation of excited Stark
sublevels of RE ions. This work provides a general platform to
synthesize organic—inorganic hybrid RESTT aggregates and
also offers some valuable information on deeply pursuing new
RE-based luminescence materials and profoundly seizing the
internal energy transfer by a TRES study. In subsequent work,
multifunctional organic ligands serving as organic solubilizers,
fluorescent sensitizers, and magnetic transfer agents will be
employed to create RESPMs with improved luminescence and
magnetic properties, and various TM ions will be introduced
into our system to pioneer new areas of heterometallic TT
materials.
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