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ABSTRACT: A double template agent strategy has been adopted to prepare a
group of triacetate-adorned tri-Ln(III)-incorporated trimeric antimonotungstates
(AMTs) K3Na21H[Ln3(CH3COO)3(HPO3)(WO4)][B-α-SbW9O33]3·36H2O [Ln
= Eu3+ (1), Dy3+ (2), Ho3+ (3), or Er3+ (4)] in a CH3COOH−CH3COONa buffer
system. Therein, H3PO3 and Na2WO4·2H2O have been, respectively, transformed
into the capped {HPO3} and {WO4} tetrahedra during the assembly process, which
are situated at the center of polyoxoanions of 1−4 and simultaneously perform as
structure-directing templates to induce the assembly of 1−4. The hexahedral
configuration supramolecular stacking is the same as the shape of a crystal of 1,
which illustrates that the supramolecular stacking mode plays a significant role in
forming the crystal shape of 1−4. Under the Ln3+ f−f excitation, the photoluminescence behaviors involving the emission
spectrograms and fluorescence decay curves of 1−4 were systematically researched. The modulation of the excitation wavelength has
realized the emission color tuning from blue to red, blue to green, blue to yellow, and green to yellow for 1−4. On the basis of the
excitation of O → W charge transfer (OWCT), the energy-transfer procedure from AMT units to Eu3+ centers in 1 is mainly
accomplished in the form of energy reabsorption. This work proposes a typical case for the construction of a new type of AMT
clusters by using the double template agent strategy and confirms the great potential of Ln-containing AMTs in optic applications.

■ INTRODUCTION

Polyoxometalates (POMs) are a remarkable group of
prominent structure-featuring polymetallic oxides that are
applicable in many fields, such as luminescence, catalysis,
electrochemical sensing, energy, bioactivity, and so forth.1−7 A
significant feature of POM chemistry is that POM building
blocks can usually be flexibly assembled through various
connection or bonding modes, which will lead to a wide
diversity of POM-based materials with varietal structures, sizes,
and shapes.8−10 In a polyoxotungstate (POT) system, the
heteroatom-incorporated POT materials have evoked immense
attention because extra heteroatoms can tune the structural
configuration and stabilize the architecture frameworks of POT
subunits.11,12 Owing to the template effect of heteroatoms,
plenary Keggin-type POT moieties can release three {WO6}
octahedra and convert them into representative trivacant POT
subunits including Keggin-type [XW9O33]

n− (X = TeIV, SeIV, n
= 8; SbIII, AsIII, BiIII, n = 9) and [XW9O34]

n− (X = AsV, PV, n =
9; GeIV, SiIV, n = 10) subunits with and without the lone-pair
electrons.13 Trilacunary POT subunits feature high-surface-
negative charges and intense nucleophilicity toward second
metal centers such as transition-metal (TM) centers and
lanthanide (Ln) centers; then, they generally serve as superior
inorganic multidentate ligands to fabricate TM- or Ln-
containing poly(POT) clusters containing a large variety of
nuclearities.14−16 Moreover, trivalent Ln3+ centers possess a

flexible coordination mode, a high coordination number, and
evident coordination selectivity for O atoms, which can easily
tune the combination between trilacunary POT subunits and
carboxylic ligands.17−19 Therefore, the above-mentioned
assembly rules provide excellent preconditions for the
construction of organic-ligand-adorned Ln-incorporated
POTs (OLALnPOTs).
Over the past decades, the antimonotungstate (AMT) family

based on trivacant Keggin [B-α-SbW9O33]
9− moieties has

developed as an important subfamily of POMs, yet only a few
organic-ligand-adorned Ln-incorporated AMTs (OLAL-
nAMTs) have been addressed.20 In 2015, Li et al. prepared
two types of picolinate-adorned Ln-incorporated AMTs,
[Ln2(H2O)4{WO2(pic)}2(B-α-SbW8O30)2]

10− (Ln = La3+,
Pr3+) and [{Ln(H2O)} {Ln(pic)}(Sb3O4)(B-α-SbW8O31)(B-
α-SbW10O35)]2

24− (Ln = Tb3+, Dy3+, Ho3+),21 and Zhao’s
group acquired two types of Fe−Ln heterometallic sandwich-
type AMTs, [Pr(H2O)8][Pr(H2O)6][Fe4(H2O)10(B-β-Sb
W9O33)2]·16H2O and [Ln(H2O)7]2[Fe4(H2O)10(B-β-
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SbW9O33)2]·22 H2O (Ln = Tb3+, Dy3+, Lu3+).22 In 2016,
Reinoso and coworkers obtained a series of TM−Ln-
substituted heterometal AMTs, [Sb7W36O133 Ln3TM2(OAc)-
(H2O)8]

17− (Ln = La3+−Gd3+, TM = Co2+; Ln = Ce3+, TM =
Ni2+, Zn2+).23 Subsequently, Zhao’s group synthesized 2-
picolinate-adorned Fe−Ln-substituted AMTs, [Ln-
(H2O)5]2[Fe4(H2O)2(pic)4(B-β-SbW9O33)2]

4− and {[Ln-
(H2O)6]2 [Fe4(H2O)2(Hpic)2(pic)2(B-β-SbW9O33)2]}

24− (Ln
= Gd3+, Dy3+),24 and a group of Sb−Ln cluster-connecting
AMTs, {[Ln4(H2O)6 Sb6O4] (B-α-SbW10O37)2(B-α-
SbW8O31)2}

22− (Ln = Dy3+, Ho3+, Er3+).25

Up to now, a few well-known structure assembly strategies
such as the template method, building block strategy, and time-
dependent concept have been reported.26−29 Some micro-
molecular template agents with unique geometries have
afforded some POM aggregates with diverse interesting
configurations and symmetries, which also cover the range
from isolated structures to three-dimensional extended frame-
works.30−33 For instance, Cadot and partners created a series
of thiooxomolybdates by using a squarate dication as a
t emp l a t e t o d i r e c t t h e r i n g a r r a ng emen t o f
[Mo2S2O2(H2O)6]

2+ units.34 Kortz and colleagues found that
the additional Na2WO4·2H2O can transform into a tetrahedral
{WO4} template group to induce the generation of a tri-Y(III)-
containing trimeric AMT.35 Long et al. reported that the
CO3

2− anionic template agent can significantly control the
formation of trimeric polyoxoanions (POAs).36 Niu’s team
adopted the {TeO3} group as a template and connector to
construct two phenol-decorated polyoxoniobates.37 However,
few examples of double template agents inducing the
aggregation of POM clusters have been reported. Thus we
have considered whether two template agents can be used
based on the template strategy to construct novel and peculiar
architectures, which would also be a great blueprint for the
structural design of POMs.
In this work, we have successfully prepared a class of

triacetate-adorned tri-Ln(III)-incorporated trimeric AMTs,
K3Na21H [Ln3(CH3COO)3(HPO3)(WO4)][B-α-SbW9O33]3·
36H2O [Ln = Eu3+, Dy3+, Ho3+, Er3+ (1−4)], by using
phosphorous acid, sodium tungstate, Na9[B-α-SbW9O33]·

19.5H2O, and lanthanide nitrate as reaction materials in a
CH3COOH−CH3COONa buffer system (Figure S1). There-
in, phosphorous acid and sodium tungstate have been,
respectively, transformed into the capped {HPO3} and
{WO4} tetrahedra during the assembly process, which are
located at the center of POAs and simultaneously perform as
structure-directing templates to induce the structures of 1−4.
In the aspect of luminescence behaviors, the characteristic
emission and excitation peaks and decay lifetimes of 1−4 were
researched systematically at room temperature. Upon the O →
W charge transfer (OWCT) excitation, AMT subunits in 1 can
transmit energy to Eu3+ centers, and the energy-transfer (ET)
procedure was mainly completed in the mode of energy
reabsorption. This work displays the feasibility of an effective
double-template-agent strategy for the fabrication of novel
AMT clusters and reveals the great potential of Ln-containing
AMT materials in optic applications.

■ RESULTS AND DISCUSSION
Structure. As seen from the crystallographic data in Table

S1, 1−4 crystallize in the trigonal space group R3m. The
oxidation states of W, Sb, and Ln atoms in the POAs of 1−4
are +6, +3, and +3, respectively (Table S2). The good phase
purity of these samples is also determined because the powder
X-ray diffraction (PXRD) patterns of 1−4 are in good
agreement with their single-crystal XRD patterns (Figure
S2). Therefore, only the structure description of 1 is
exemplified. The molecular unit of 1 is made up of 1 trimeric
{[Eu3(CH3COO)3(HPO3)(WO4)][B-α-SbW9O33]3}

25− (A)
POA, 3 K+ ions, 21 Na+ ions, 2 protons, and 36 lattice water
molecules. The structure of A is shown in Figure 1a,b, in which
3 trilacunary [B-α-SbW9O33]

11− subunits embrace 1 tri-Eu3+-
incorporated [Eu3(CH3COO)3(HPO3)(WO4)]

2+ (B) cluster
through 12 μ2-O atoms. Three Sb3+ central heteroatoms in
three [B-α-SbW9O33]

11− segments occupy three vertices of an
equilateral triangular geometry, and its side length is 7.624 Å
(Figure S3a). B comprises three [Eu(H2O)]

3+ ions, three
acetate ligands, and two capped {HPO3} and {WO4}
tetrahedral groups (Figure 1c). Moreover, three identical
crystallographically independent Eu3+ centers such as Eu1,

Figure 1. (a) Structure of A. (b) Simplified structure of A. (c) Structure of B. (d) Triangle geometry formed by Eu13+, EuA3+, and Eu1B3+ ions. (e)
Coordinated sphere of the Eu13+ ion. (f) Capped {WO4} tetrahedron. (g) Capped {HPO3} tetrahedron. (h) Simplified diagram of B. Code:
{WO4}, navy tetrahedron; {WO6}, navy octahedra; P, burgundy balls; W, navy balls; O, red balls; Eu, bright-yellow balls; C, brown balls; Sb, blue
balls. Symmetry-operation codes: A: −1 − x + y, 2 − x, z; B: 2 − y, 3 + x − y, z; C: x, 3 + x − y, z.
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Eu1A, and Eu1B also constitute an equilateral triangular
geometry (Eu···Eu: 5.754 Å) (Figure 1d). The coordination
geometry of these Eu13+ centers belongs to the octa-coordinate
distorted monocapped square antiprism, which is determined
through four μ2-O atoms of two neighboring [B-α-
SbW9O33]

11− segments (Eu1−O13: 2.380(10) Å, Eu1−O11:
2.438(12) Å, Eu1−O13C: 2.380(10) Å, Eu1−O11C:
2.438(12) Å), two O atoms (Eu1−O20: 2.495(17) Å, Eu1−
O8: 2.452(16) Å) from acetate ligands, one μ2-O atom of the
capped {WO4} tetrahedron (Eu1−O24: 2.37(2) Å), and one
μ2-O atom of the capped {HPO3} tetrahedron (Eu1−O10:
2.41(2) Å) (Figure 1e). Notably, the coordination sphere of
Eu13+ comprises no H2O ligand, which was rarely reported in
the previous literature. The simplified diagram of B exhibits a
pyramidal shape in which the capped {WO4} tetrahedron is
situated at the top of B (Figure S3b). The capped {WO4}
tetrahedron is established by three bridging O atoms (e.g.,

O24, O24A, O24B) and one terminal O1 atom. Furthermore,
3 O24 atoms also form an equilateral triangle geometry with a
side length of 2.841 Å (Figure 1f). The PIII1 atom is located at
the center of the {HPO3} tetrahedron, and the H atom sits on
one vertex and three O atoms (O10, O10A, and O10B) take
up the other three vertices of the {HPO3} tetrahedron. The
side length of the equilateral triangle defined by O10, O10A,
and O10B atoms is 2.453 Å (Figure 1g). On the basis of the
structure-directing template effect of the capped {WO4} and
{HPO3} tetrahedrons, three Eu13+ ions form an equilateral
triangle arrangement (Figure 1h), and three [B-α-SbW9O33]

11−

subunits are also arranged in an equilateral triangular
configuration. Therefore, the appearance of the capped
{WO4} and {HPO3} tetrahedrons illustrates that the double-
template-agent strategy is feasible and effective and exhibits a
large development prospect. Each terminal acetate group
decorates a Eu3+ center by the bridging of O20 and O8 atoms

Figure 2. (a) Space-filling structure of the hexagonal alignment of 1. (b) Topological structure of a hexahedron constituted by eight A POAs. (c)
Polyhedral representation of a hexahedron constituted by eight A POAs. (d) Combination of two corner-sharing hexahedra. (e) Combination of
two face-sharing hexahedra. (f) View of a large hexahedron constituted by eight small hexahedra. (g) Topological structure of a large hexahedron
comprising 27 A POAs. (h) Space-filling view of a large hexahedron comprising 27 A POAs.

Figure 3. (a,b) Emission spectrogram and lifetime profile for 1 (λex = 465 nm). (c,d) Emission spectrogram and lifetime profile for 2 (λex = 455
nm). (e,f) Emission spectrogram and lifetime profile for 3 (λex = 454 nm). (g,h) Emission spectrogram and lifetime profile for 4 (λex = 458 nm).

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c03148
Inorg. Chem. 2021, 60, 1037−1044

1039

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c03148/suppl_file/ic0c03148_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03148?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03148?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03148?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03148?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03148?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03148?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03148?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03148?fig=fig3&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c03148?ref=pdf


(Figure S3c), which effectively improves the space utilization
of the lattice.
It should be mentioned that three K+ cations are embedded

into the POA cluster and also arranged in an equilateral
triangular mode (K···K: 6.300 Å) (Figure S3d). If Na+ cations
are not omitted, then they can perform as metal linkers to
connect neighboring POAs to each other. The 3-D supra-
molecular stacked diagram of 1 presents one hexagonal stacked
pattern along the c axis (Figure 2a). When simplifying POAs as
nodes and Na+ ions as bonds, respectively, the 3-D topology
framework of 1 demonstrates that eight POAs can constitute a
unique small hexahedron along the c axis (Figure 2b,c). There
are two connected modes between two neighboring hexahedra,
predominantly including corner-sharing and face-sharing
fashions (Figure 2d,e). By further expanding the connection
of these neighboring hexahedra, it can be found that the eight
small hexahedra form a large hexahedron through two main
connection fashions (Figure 2f,g). The large hexahedron
comprises 27 POAs (Figure 2g,h). It is notable that the
hexahedral configuration supramolecular stacking is the same
as the shape of the crystal of 1 (Figure S4a−c), which
illustrates that the supramolecular stacking mode plays a
significant role in forming the crystal shape of 1−4.
Luminescence Studies. Trivalent Ln3+ ions exhibit

remarkable optic performances in the ultraviolet (UV) and
near-infrared (NIR) regions, such as sharp emission, a long
decay lifetime, and a large Stokes shift, which make Ln-
incorporated materials attract extensive research enthusi-
asm.38,39 The suitable embedment of Ln3+ ions into POT
clusters allows broad potential optic applications of Ln-
incorporated POTs involving photodynamic, white-light-
emitting diodes, phototherapy, optical sensor, imaging, and
optical communication.40,41 Herein, the emission spectrogram,
excitation spectrogram, lifetime profiles, emission−excitation
maps (EEMs), CIE 1931 diagram, and time-resolved emission
spectra (TRES) were utilized to investigate the photo-
luminescence (PL) performances, emission color-tunable
properties, and ET process from AMT moieties to Ln3+

centers in 1−4.
Figure 3 contains the emission spectra and decay curves of

1−4. The emission peaks of 1, which are recorded at 500−750
nm upon the visible-light excitation at 465 nm, are,
respectively, located at 581, 594, 614, 653, and 706 nm,
ascribed to the 5D0 →

7FK (K = 0−4) transitions (Figure 3a).
According to previous records, the electronic-dipole (ED) 5D0
→ 7F2 transition of Eu3+ centers without centrosymmetry is
greatly affected by the coordination environment, but the
magnetic-dipole (MD) 5D0 →

7F1 transition with centrosym-
metry is not sensitive. If Eu3+ ions inhabit a low-symmetry
microenvironment, then the emission peak at 614 nm (ED 5D0
→ 7F2 transition) is dominant, and its intensity will be much
higher than the emission peak at 594 nm (MD 5D0 → 7F1
transition). Through intensity analysis, the specific value of the
5D0 → 7F2 and 5D0 → 7F1 emissions is calculated as 3.45,
indicating that these Eu3+ centers in POAs are situated in a
low-symmetry microenvironment. When the highest 614 nm
emission band is monitored, the excitation spectrum (250−
480 nm) of 1 exhibits a series of excitation peaks, where the
wide excitation peak (ca. 290−310 nm) stems from the O →
W charge transition (the 1A1g → 1T1u transition) of AMT
moieties, and five excitation peaks at 362, 381, 395, 417, and
465 nm arise from the Eu3+7F0 →

5D4,
5L7,

5L6,
5D3, and

5D2
transitions (Figure S6a).42−57 By measurement and fitting, the

curves of the decay lifetime (λem = 614 nm) for 1 confirm the
one-order exponential function, eq 1

I I texp( / )0 τ[ = − ] (1)

which provides τ of 1052.42 μs (Figure 3b, Table S3).48 On
the basis of the excitation at 455 nm, three predominant f−f
emission lines are presented at 486, 575, and 661 nm,
respectively, originating from the 4F9/2 →

6HJ (J = 15/2, 13/2,
11/2) transitions of Dy3+ cations in the 470−700 nm emission
spectrum of 2 (Figure 3c). It is worth mentioning that the
4F9/2 →

6H15/2 transition is a MD transition, and its intensity is
not sensitive to the variation of coordination environment and
crystal field; however, the hypersensitive ED 4F9/2 → 6H13/2
transition is susceptible to the local circumstances of Dy3+

centers. The intensity ratio of emissions at 486 (4F9/2 →
6H13/2) and 575 (4F9/2 →

6H15/2) nm for 2 has been calculated
as 2.12, revealing that the Dy3+ centers in POAs of 2 take up
the low-symmetry sites. When the 575 nm strongest emission
peak is monitored, the excitation spectrum of 2 (240−480 nm)
exhibits an OWCT of AMT moieties at 258 nm along with a
group of excitation bands at 351, 367, 389, 428, 455, and 473
nm deriving from Dy3+6H15/2 → 6P7/2,

6P5/2,
6I13/2,

6G11/2,
6I15/2, and

6I9/2 transitions (Figure S6b).
49,50 The curve of the

decay lifespan for 2 can be fitted by the double-exponential
function, eq 2

I A t A texp( / ) exp( / )1 1 2 2τ τ[ = − + − ] (2)

and the mean lifespan is indexed through the function (eq 3)

A A A A( )/( )1 1
2

2 2
2

1 1 2 2τ τ τ τ τ[ * = + + ] (3)

The fitting results illustrate that τ1, τ2, and τ* for the 575 nm
emission peak of 2 are 2.69, 10.76, and 7.44 μs, respectively,
where τ1 and τ2 are, respectively, attributed to emission
contributions of AMT moieties and Dy3+ centers (Figure 3d,
Table S3).51 Upon the 454 nm excitation, the emission
spectrum of 3 (530−700 nm) shows a weak Ho3+ f−f emission
band at 548 nm (5F4 +

5S2 →
5I8) and a strong Ho3+ emission

line at 660 nm (5F5 → 5I8) (Figure S6c). The excitation
spectrum of 3 (250−480 nm) taken through supervising the
dominant emission line at 660 nm reveals the OWCT of AMT
fragments at 266 nm (1A1g → 1T1u) and two Ho3+ f−f
excitation bands at 420 and 454 nm, respectively, stemming
from 5I8 →

5G5 and
5I8 →

5G6 transitions (Figure 3e).
52,53 In

line with the eqs 2 and 3, τ1, τ2, and τ* of the emission peak at
660 nm for 3 are 1.28, 10.64, and 5.54 μs, respectively, in
which τ1 and τ2 can be responsible for the luminescence
behaviors of AMT moieties and Ho3+ centers (Figure 3f, Table
S3). On the basis of the 458 nm excitation, the emission
spectrum of 4 (510−580 nm) displays two Er3+ f−f emission
bands at 540 (2H11/2 →

4I15/2) and 560 nm (2S3/2 →
4I15/2)

(Figure 3g). The excitation spectrum of 4 (240−475 nm)
generates a strong OWCT of AMT moieties at 246 nm and
two Er3+ f−f excitation bands at 416 and 458 (4I15/2 →

4H9/2
and 4F5/2) nm when the emission band is monitored at 540 nm
(Figure S6d).54 On the basis of eqs 2 and 3, τ1, τ2, and τ* of
the emission band at 540 nm for 4 are suggested to be 1.30,
10.47, and 5.58 μs, respectively, in which τ1 and τ2 originate
from emission behaviors of AMT moieties and Er3+ centers
(Figure 3h, Table S3). In addition, for 2−4, the broad
backgrounds in their emission spectra may originate from the
emission bands of [B-α-SbW9O33]

9− fragments in the
structures. To prove the existence of the broad emission
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bands of [B-α-SbW9O33]
9− fragments, we have measured the

emission spectrum of solid-state Na9[B-α-SbW9O33]·19.5H22O
under the excitation at 260 nm, which generates a broad
emission band in the range of 400−600 nm (Figure S7a). We
have also measured the emission spectra of Na9[B-α-
SbW9O33]·19.5H22O under the excitation at 455, 454, and
458 nm (Figure S7b−d), which demonstrates that the
backgrounds in the emission spectra of 2−4 measured under
the excitation at 455, 454, and 458 nm all come from the [B-α-
SbW9O33]

9− fragments in the hosts. In line with our previous
works, it can be found that there is a broad emission band
(3T1u →

1A1g) of [B-α-SbW9O33]
9− fragments in the range of

400−600 nm.25,33 According to the previous report of Yamase,
there is a broad emission band (3T1u →

1A1g) in the range of
400−600 nm of [SbW6O24]

7− fragments.47 Additionally, for 1,
there is no obvious emission band (3T1u → 1A1g) of [B-α-
SbW9O33]

9− fragments in the emission spectrum of 1 in the
range of 500−580 nm (Figure S8a,b) because the strong
emission intensity of Eu3+ ions makes the emission intensity of
[B-α-SbW9O33]

9− fragments be negligible in the emission
spectrum of 1, and the ET from [B-α-SbW9O33]

9− fragments
to Eu3+ ions can also cause the emission intensity of [B-α-
SbW9O33]

9− fragments to become very faint in the emission
spectrum of 1. In contrast, the weak emission intensity of Dy3+,
Ho3+, and Er3+ ions and the weak ET interactions from [B-α-
SbW9O33]

9− subunits to Dy3+, Ho3+, and Er3+ ions in 2−4 can
result in the appearance of broad backgrounds from the
emission bands of [B-α-SbW9O33]

9− fragments in their
emission spectra. Therefore, the broad backgrounds in the
emission spectra of 2−4 come from the emission bands of [B-
α-SbW9O33]

9− subunits rather than the instrument system.
Therefore, the emission in the spectra of 2−4 is assigned to the
common contribution of the Ln3+ (Dy3+, Ho3+, Er3+) centers
and AMT moieties. We have measured the decay lifetime
profiles of Na9[B-α-SbW9O33]·19.5H22O under excitation at
455, 454, and 458 nm. It can be found that τ1, τ2, and τ* of the
emission peak at 500 nm (λex = 455 nm) are, respectively, 0.87,
6.52, and 3.24 μs (Figure S9a); τ1, τ2, and τ* of the emission
peak at 534 nm (λex = 454 nm) are, respectively, 0.95, 6.84,
and 3.49 μs (Figure S9b); and τ1, τ2, and τ* of the emission

peak at 512 nm (λex = 458 nm) are, respectively, 1.02, 6.10,
and 3.16 μs (Figure S9c). Comparing the lifetime values of
Na9[B-α-SbW9O33]·19.5H22O under excitation at 455, 454,
and 458 nm with those of 2−4, it can be concluded that the
lifetimes τ1 of 2−4 mainly come from the contribution of AMT
moieties (Table S3).
The CIE 1931 diagram is convenient to help us acquire the

authenticity of colors. Four primary optical parameters, such as
the chromaticity coordinates (CCs), color purity (CP),
dominant wavelength (DW), correlated color temperature
(CCT), and quantum yield (QY), are usually collected by us.
CCs can be employed to determine the actual emitted color
for an emitter. The CP can be on behalf of the brightness of
colors, which can comply with eq 4

x x y y x x y yCP ( ) ( ) /( ) ( )i
2

i
2

d i
2

d i
2 1/2= [ − + − − + − ]

(4)

in which (x, y), (xi, yi), and (xd, yd) represent the CCs for a
light source, the CCs for white light (0.3333, 0.3333), and the
DW for a luminescent material, respectively. The DW is related
to the color combination of the emission spectrum and a light
source. The feeling of an emitted light with a low CCT (<3000
K) is warm, that of a CCT of 3000−5000 K is comfortable,
and that of a high CCT (>5000 K) is cool.55−59

The excitation wavelength regulation strategy is feasible to
accomplish the emission color tuning of luminescent materials
because different emission centers will selectively absorb
special excited lights. Upon varying excitation wavelengths in
the range of 250−470 nm for 1, 3, and 4 and 250−450 nm for
2, corresponding CCs obtained from emission−excitation
maps vary from (0.400, 0.291) to (0.639, 0.357), from (0.258,
0.386) to (0.328, 0.418), from (0.186, 0.211) to (0.409,
0.542), and from (0.428, 0.563) to (0.475, 0.517) for 1−4
(Figure 4a−h), which suggests that on the basis of the
variation of excitation wavelengths, it is accessible to tune
emitted colors from blue to red, blue to green, blue to yellow,
and green to yellow for 1−4. Relevant data of CCs, DWs, CPs,
and CCTs for 1−4 are listed in Tables S4−S7. It is noteworthy
that most of the CPs obtained at different excitations for 4 are
>90% (Tables S7). The measured quantum yields (QYs) of 1−

Figure 4. EEMs of (a) 1 (λex = 250−470 nm), (b) 2 (λex = 250−450 nm), (c) 3 (λex = 250−470 nm), and (d) 4 (λex = 250−470 nm). (e−h) CIE
1931 diagrams of 1−4.
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4 are 8.05, 1.16, 1.99, and 0.04%, (Figure S10), which indicates
that their quantum efficiencies are very low.
The appearance of the OWCT of AMT moieties in the

excitation spectra of 1−4 manifests in that AMT moieties can
transfer energy to Ln3+ ions under the OWCT excitation. Thus
the TRES of 1−4 were carried out under their OWCT
excitations to explore the ET process by analyzing the emission
decay rate of different emission centers. As depicted in Figure
5a, the TRES of 1 generate a weak emission band of AMT
moieties centered at 470 nm (ca. 400−500 nm) stemming
from the 3T1u →

1A1g triplet excitation transition and a series
of Eu3+ f−f emission peaks at 581, 594, 614, 653, and 706 nm,
which are ascribed to the 5D0 → 7FK (K = 0, 1, 2, 3, 4)
transitions, respectively. It can be observed from Figure 5a that
the emission intensities of the 3T1u →

1A1g transition of AMT
moieties as well as the five characteristic emission peaks of
Eu3+ centers reach the maximum at 100.0 μs and then decline
to disappearance at 300.0 and 5400.0 μs, respectively, which
manifests that the emission decay rate of Eu3+ centers is much
slower than that of AMT moieties. It can be understood that
the ET from AMT moieties to Eu3+ centers can dramatically
inhibit the emission decay of Eu3+ centers. By virtue of the ET
from AMT moieties to Eu3+ ions, the schematic ET process in
1 is depicted in Figure 5b. Upon the OWCT excitation at 303
nm, electrons in the 1A1g ground state of AMT moieties jump
to the high excited state (1T1u) and then quickly relax to the
lower 3T1u state by a nonradiative transition. Part of the energy
in the 3T1u state promotes the 3T1u →

1A1g emission transition;
in the meantime, part of the energy in the 3T1u state of the
AMT moieties transfers to the 5D1 state of the Eu3+ centers,
relying on the overlap between the 3T1u state (2.64 eV) of the
AMT moieties and the 5D1 state (2.32 eV) of the Eu

3+ centers,
and then relaxes to the 5D0 state (2.14 eV), leading to the 5D0
→ 7FK (K = 0, 1, 2, 3, 4) emission of Eu3+ centers (Table S8).
The ET process is mainly completed in the form of energy
reabsorption; that is, Eu3+ centers (acceptors) reabsorb the
emitted light of the AMT moieties (donors), which can be
responsible for the ET process. As seen from the TRES of 2−4,
the emission decay rate cannot be effectively inhibited by the
ET from AMT moieties to Dy3+, Ho3+, and Er3+ centers
(Figure S11a−c); therefore, the ET processes in 2−4 have not
been discussed in this Article.

■ CONCLUSIONS

In total, we have triumphantly prepared a series of
OLALnAMTs 1−4 through adopting a two-template-agent

strategy. The capped {HPO3} and {WO4} tetrahedral groups
simultaneously perform as structure-directing templates to
induce the assembly of 1−4. In terms of the synthesis
challenge of novel OLALnAMT materials, the double-
template-agent method can be regarded as an efficient pathway
to control the architectures of POAs. Upon UV excitation, 1−4
show their unique luminescence behaviors. On the basis of the
modulation of the excitation wavelength, their emission colors
could be regulated from blue to red, blue to green, blue to
yellow, and green to yellow for 1−4. The ET analysis in 1
indicates that AMT moieties can prolong the emission decay
rate of Eu3+ centers through the ET from the OWCT emission
of AMT moieties to the characteristic emission transitions of
Eu3+ centers. The measurements and investigations of the
luminescence performances of 1−4 may confirm the great
potential of OLALnAMTs in optic applications.
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