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A trimeric tri-Tb3+ including antimonotungstate
and its Eu3+/Tb3+/Dy3+/Gd3+-codoped species with
luminescence properties†

Xin Xu,a Changtong Lu,a,b Saisai Xie,a Lijuan Chen*a and Junwei Zhao *a

A trimeric tri-Tb3+-including antimonotungstate (AMT) hybrid Na17{(WO4)[Tb(H2O)(Ac)(B-

α-SbW9O31(OH)2)]3}·50H2O (Tb3W28) was successfully synthesized, in which the capped tetrahedral

{WO4} group plays a significant template role in directing the aggregation of three [B-α-SbW9O33]
9− frag-

ments and three Tb3+ ions. Eu3+/Tb3+/Dy3+/Gd3+-codoped AMT materials based on Tb3W28 were firstly

prepared and their luminescence properties were investigated. The red emitter Eu3+, yellow emitter Dy3+,

and nonluminous Gd3+ ions were codoped into Tb3W28 to substitute Tb3+ ions for investigating the

energy transfer (ET) mechanism among Eu3+, Tb3+, and Dy3+ ions. Upon the 6H15/2 → 4I13/2 excitation at

389 nm of the Dy3+ ion, the ET1 mechanism (Dy3+ → Tb3+) was confirmed as a non-radiative dipole–

dipole interaction. Under the 7F6 → 5L10 excitation at 370 nm of the Tb3+ ion, the ET2 mechanism (Tb3+ →

Eu3+) was identified as a non-radiative quadrupole–quadrupole interaction. Under excitation at 389 nm,

the two-step successive Dy3+ → Tb3+ → Eu3+ ET3 process was proved in Dy1.2Tb3zEu0.03Gd1.77−3zW28.

Through changing the excitation wavelengths, the emission color of Dy1.2Tb1.2Eu0.03Gd0.57W28 can vary

from blue to yellow, in which a near-white-light emission case was observed upon excitation at 378 nm.

This work not only provides a systematic ET mechanism study of hetero-Ln-codoped AMTs, but also

offers some useful guidance for designing novel performance-oriented Ln-codoped polyoxometalate-

based materials.

Introduction

In the past few decades, polyoxometalates (POMs), a famous
family of anionic high-oxidation-state early transition-metal
(TM) clusters, have made considerable progress on the intri-
cate ingredients, intriguing structures, and potential appli-
cations in electrochemical biosensors, energy, luminescence,
catalysis and proton conductivity, etc.1–10 In POM assembly, it
is imperative to realize structure design by the prediction,
rationality, and controllability of experimental conditions.11,12

For instance, the strong Lewis acidity of the vacant sites of
polyoxotungstate (POT) fragments makes them exhibit strong
affinity toward TM or lanthanide (Ln) ions.13–16 Many experi-
ments have revealed that carboxylic organic ligands can regu-
late and control the competitive reactions between different

metal ions, and link various POT fragments together to con-
struct oligomeric, polymeric, or extended structures.17–19 Some
effective preparative strategies such as the building block
method, the template-directing assembly, and the bottom-up
concept have been developed recently.20–22 However, designing
and synthesizing novel poly(POT) clusters with anticipative
compositions, shapes, sizes, and dimensions still have a long
way to go.

In the past few years, the great developments of Ln-contain-
ing POTs (LnCPOTs) have been exemplified because trivalent
Ln ions possess large ionic radii, high coordination numbers,
and flexible coordination modes, which are conducive to the
construction of LnCPOT aggregates.23–25 Among LnCPOTs,
some Ln-containing antimonotungstates (LnCAMTs) based on
[B-α-SbW9O33]

9− fragments have been reported, even including
some organic–inorganic hybrid LnCAMTs (OIHLnCAMTs).26,27

For example, in 2002, Gouzerh’s group reported a tri-Ce3+-
containing tetrameric AMT [(B-α-SbW9O33)4{WO2(H2O)}2
Ce3(H2O)8(Sb4O4)]

19− with an {Sb4O4} cluster (Fig. 1a).28 In
2011, Kortz et al. prepared a group of sandwich-type di-Ln-sub-
stituted AMTs [Ln2(H2O)8Sb2W20O70]

8− (Ln = Yb3+, Lu3+, Y3+),
forming a 1-D chain structure through Ln linkers (Fig. 1b).29

In 2014, Zhao and co-workers reported a series of threonine-
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decorated sandwich-type Fe–Ln heterometallic AMTs
[Ln(H2O)8]2[Fe4 (H2O)8(thr)2][B-β-SbW9O33]2·22H2O (Ln = Pr3+,
Nd3+, Sm3+, Eu3+, Gd3+, Dy3+, Lu3+; thr = threonine) (Fig. 1c).30

In 2015, Li’s group synthesized two kinds of picolinate-
decorated LnCAMTs [Ln2(H2O)4{WO2(pic)}2(B-α-SbW8O30)2]

10−

(Ln = La3+, Pr3+) and [{Ln(H2O)}{Ln(pic)}(Sb3O4)(SbW8O31)
(SbW10O35)]2

24− (Ln = Tb3+, Dy3+, Ho3+) (Fig. 1d and e),31 and
Zhao and co-workers reported two kinds of sandwich-type
Fe–Ln heterometallic AMT derivatives [Pr(H2O)8][Pr(H2O)6]
[Fe4(H2O)10(B-β-SbW9O33)2]·16H2O and [Ln(H2O)7]2
[Fe4(H2O)10(B-β-SbW9O33)2]·22H2O (Ln = Tb3+, Dy3+, Lu3+, Y3+)
(Fig. 1f and g).32 In 2017, Kong and colleagues obtained three
{Sb4O4}-bridging Ni–Ln-substituted AMTs [Ln3(H2O)5Ni
(H2O)3(Sb4O4)(B-α-SbW9O33)3(NiW6O24)(WO2)3(CH3COO)]

17− (Ln
= La3+, Pr3+, Nd3+) and three Ni–Ln heterometallic AMTs
[Ln3Ni9(μ3-OH)9(B-α-SbW9O33)2(B-α-PW9O34)3(CH3COO)3]

30− (Ln
= Dy3+, Er3+) by the anionic template strategy (Fig. 1h and i).33

In 2018–2019, Zhao et al. isolated two classes of 2-picolinate-
decorated Fe–Ln heterometallic AMTs [Ln(H2O)5]2[Fe4
(H2O)2(pic)4(B-β-SbW9O33)2]

4− (Ln3+ = La3+, Pr3+, Nd3+, Sm3+,
Eu3+) and {[Ln(H2O)6]2[Fe4(H2O)2(Hpic)2(pic)2(B-β-SbW9 O33)2]}2
(Ln = Gd3+, Dy3+) (Fig. 1j and k),7 and a group of Ln and Sb-oxo-
cluster simultaneously bridging AMTs {[Ln4(H2O)6Sb6O4](B-
α-SbW10O37)2(B-α-SbW8O31)2}

22− (Ln = Ho3+, Er3+) (Fig. 1l).34

Ln-containing materials have aroused increasing research
enthusiasm due to their preeminent luminescence properties
derived from abundant 4f energy levels, characteristic emis-
sion peaks, and long decay lifetimes of Ln3+ ions.35 The sharp
emission peaks of Ln ions are the primary cause of high emis-
sion color purity and the large Stokes shifts can avoid the
interference of the excitation light in the emission light. It has
been proved that POT fragments can act as antenna ligands to

sensitize the emission of Ln ions,36–38 which may make
LnCPOT materials be applied to the fields of light-emitting
diodes, temperature sensors, photoelectric devices, cell
imaging techniques, and photodynamic therapy.39–41 The
majority of the previous research reports have been focused on
the luminescence studies of homo-Ln containing POTs;
however, some problems such as complex device preparation,
color imbalance and emission instability will restrict the appli-
cations of homo-Ln containing POTs in the optical field.42–45

To overcome these problems, a useful method is incorporating
mixed Ln ions into the POT system to prepare hetero-Ln-
codoped POTs. To date, very few examples of hetero-Ln-
codoped POTs have been studied.46 To better investigate the
luminescence performances and luminous mechanisms of
these materials, various luminescence-tuning strategies such
as varying the excitation wavelength, energy transfer (ET)
control and controlling the concentration of luminescence
centers, and temperature regulation have also been appropri-
ately developed.47–50 For example, in 2018, Niu et al. explored
the ET from POT segments to Er3+ and Dy3+ ions by preparing
a class of Dy3+/Er3+-codoped LnCPOTs.51 In 2019, our group
explored the ET mechanism from Tb3+ to Eu3+ ions conform-
ing to the non-radiative dipole–dipole interaction in the Eu3+/
Tb3+-codoped LnCPOT system.52 The ET studies on different
Ln ions in hetero-Ln-codoped POT materials remain
underdeveloped.

Herein, we prepared an organic–inorganic hybrid trimeric
tri-Tb3+-including an AMT, Na17{(WO4)[Tb(H2O)(Ac)(B-
α-SbW9O31(OH)2)]3}·50H2O (Tb3W28), in which three [B-
α-SbW9O33]

9− fragments display a triangle distribution stabil-
ized by a capped {WO4} tetrahedron. The capped tetrahedral
{WO4} group plays an important template role in the formation

Fig. 1 (a–f ) A summary of some representative LnAMTs and OIHLnAMTs.
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of Tb3W28. We successfully utilized Eu3+, Gd3+, and Dy3+ ions
to substitute Tb3+ ions in Tb3W28 and adjusted the molar
ratios of these Ln ions to obtain Dy1.2Tb3xGd1.8−3xW28 (x = 0,
0.10, 0.20, 0.30, 0.40, 0.50), Tb1.8Eu3yGd1.2−3yW28 (y = 0, 0.10,
0.14, 0.18, 0.22, 0.26) and Dy1.2Tb3zEu0.03Gd1.77−3zW28 (z = 0,
0.10, 0.20, 0.30, 0.40) samples (Table S1†). The ET efficiency
and mechanism from Dy3+ to Tb3+ and from Tb3+ to Eu3+ have
been calculated and probed. Moreover, the two-step successive
ET process (Dy3+ → Tb3+ → Eu3+) in the Eu3+/Tb3+/Dy3+/Gd3+-
codoped Dy1.2Tb3zEu0.03Gd1.77−3zW28 system was firstly
explored. We also tried to tune the emission color by varying
the excitation wavelengths for Dy1.2Tb3zEu0.03Gd1.77−3zW28 (z =
0, 0.10, 0.20, 0.30, 0.40) to obtain a near-white-light emission.

Results and discussion
Structural description

The crystallographic data of Tb3W28 are illustrated in
Table S2.† Tb3W28 crystallizes in the trigonal space group R3m.
The bond valence sum (BVS) calculations suggest that the oxi-
dation states of the O, W, Sb, and Tb centers in Tb3W28 are −2,
+6, +3 and +3, respectively, The BVS value of the O4 atom is
1.20, indicating a possible monoprotonation site (Table S3†).
The molecular unit of Tb3W28 is composed of an acetate-deco-
rated tri-Tb3+ containing trimeric {(WO4)[Tb(H2O)(Ac)(B-
α-SbW9O31(OH)2)]3}

17− (Tb3W28-1) polyoxoanion (POA), 17 Na+

cations and 50 crystal water molecules. The three-leaf-clover-
type structure of Tb3W28-1 comprises three trivacant Keggin-
type [B-α-SbW9O33]

9− ({SbW9}) moieties surrounding an
acetate-decorated WVI–TbIII heterometallic {(WO4)[Tb(H2O)
(Ac)]3}

4+ (Tb3W28-2) group through six W–O–Tb linkers
(Fig. 2a–c). Three SbIII heteroatoms in the three {SbW9} sub-

units are arranged in an equilateral triangle with a side length
of 7.625 Å (Fig. 2d). Tb3W28-2 contains three [Tb1(H2O)]

3+

centers, a capped tetrahedral {WO4} group, and three acetate
groups (Fig. 3a). Thereinto, three Tb13+ ions (i.e. Tb1, Tb1A,
and Tb1B) are also aligned in an equilateral triangle mode
(Tb⋯Tb: 5.884 Å) (Fig. 3b). The Tb13+ ion inhabits an octa-
coordinate distorted monocapped square antiprismatic geo-
metry defined by four μ2-O atoms (O1, O12, O1C, and O12C
from two {SbW9} subunits), two carboxyl O atoms (O14 and
O19 from one acetate group), one μ2-O atom (O7 from the
capped {WO4} tetrahedron), and one water ligand (O1 W from
Tb1), in which the water ligand is located at the cap site of the
monocapped square antiprism (Fig. 3c). The Tb–O distances
are 2.28(3)–2.44(3) Å and the O–Tb–O bond angles vary from
70.7(7) to 152.5(14)° (Table S4†). Notably, the capped {WO4}
tetrahedron is rarely known relative to the common {WO6}
octahedron in POT aggregates (Fig. 3d). It is situated on the
top of Tb3W28-2 and centered in the Tb3W28-1 skeleton (Fig. 3e
and f). Based on the tetrahedral geometry and the central posi-
tion, the capped {WO4} tetrahedron may induce the formation
of the tri-Tb3+ equilateral triangle, further directing the
arrangement of three {SbW9} subunits (Fig. 3f). So, the capped
{WO4} group may play an important structure-directing agent
role in the POA. The three terminal acetate groups act as pen-
dants, linking to three Tb3+ ions to increase the space utiliz-
ation and the structural stability (Fig. 2a).

In addition, Na+ ions as counter cations and lattice water
molecules are distributed in the interspace surrounded by the
Tb3W28-1 POAs, in which Na+ ions interact with the Tb3W28-1
POAs through strong electrostatic attraction interaction. If Na+

ions and lattice water molecules are omitted, the supramolecu-

Fig. 2 (a and b) Views of Tb3W28-1; (c) simplified view of Tb3W28-1; and
(d) the triangle distribution of Sb1, Sb1A, and Sb1B heteroatoms high-
lighting the distance of the Sb⋯Sb heteroatoms. Code: {WO6}, purple
octahedra; {WO4}, blue tetrahedron; O, red spheres; W, blue spheres;
Sb, green spheres; Tb, bright yellow spheres; C, black spheres.
Symmetry code: A: 1 − x + y, 2 − x, z; B: 2 − y, 1 + x − y, z; C: x, x − y, z.

Fig. 3 (a) View of Tb3W28-2; (b) the triangle distribution of Tb1, Tb1A,
and Tb1B heteroatoms highlighting the distance of the Tb⋯Tb ions; (c)
the monocapped square antiprismatic geometry of the Tb13+ ions; (d)
the capped {WO4} tetrahedron; (e) simplified view of Tb3W28-2; and (f )
analysis of Tb3W28-1.
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lar 3-D stacking diagram and simplified diagram of the
Tb3W28-1 POAs show peculiar stacking patterns along the c
axis. Viewed along the c direction, the central Tb3W28-1 POA is
encircled by neighboring six Tb3W28-1 POAs. The six Tb3W28-1
POAs are arranged in a hexagonal geometry and take up six
vertices of the hexagon. Moreover, the hexagon is encircled by
a larger hexagonal geometry including extra twelve Tb3W28-1
POAs (Fig. 4a and b). Viewed along the a axis, the supramole-
cular 3-D stacking of the Tb3W28-1 POAs and the simplified
view demonstrate that the Tb3W28-1 POAs are regularly
arranged in the mode of –AAA–, every layer is parallel to the
adjacent ones. The angle between the c axis and these layers is
about 60.0° (Fig. 4c and d).

IR spectra and PXRD patterns

Because the radii of Eu3+, Gd3+, Tb3+, and Dy3+ ions are close
and the cell parameters of Tb3W28 are similar to those of our
previously reported OIHLnCAMTs Na17{(WO4)[Ln(H2O)(Ac)
(SbW9O31(OH)2)]3}·50H2O (Ln = Eu3+, Gd3+, Dy3+),53 Eu3+, Gd3+,
and Dy3+ ions can be easily codoped into the host of Tb3W28.
The IR spectra and experimental PXRD patterns have been col-
lected to testify the structural consistency of
Dy1.2Tb3xGd1.8−3xW28 (x = 0.00, 0.10, 0.20, 0.30, 0.40, 0.50),
Tb1.8Eu3yGd1.2−3yW28 (y = 0.0, 0.10, 0.14, 0.18, 0.22), and
Dy1.2Tb3zEu0.03Gd1.77−3zW28 (z = 0.00, 0.10, 0.20, 0.30, 0.40)
with that of Tb3W28. Moreover, the contents of Dy, Eu, Gd, and
Tb elements in the hetero-Ln-codoped samples have also been
measured by inductively coupled plasma atomic emission
spectrometry (ICP–AES) and the related results are illustrated
in Table S1d–f.† As expected, these Ln cations have been suc-
cessfully codoped. Only the IR spectrum of Tb3W28 was dis-
cussed (Fig. S1a†). In the low wavenumber region
(400–1000 cm−1), four obvious absorption peaks at 686, 788,
887, and 935 cm−1 are derived from the stretching vibrations
of Sb–Oa, edge-sharing W–Oc, corner-sharing W–Ob, and term-

inal W–Ot bonds from the [B-α-SbW9O33]
9− subunits, respect-

ively.54 In the middle wavenumber range (1000–2000 cm−1),
two absorption peaks at 1462 and 1531 cm−1 are attributed to
the bending vibrations of C–H bonds and the symmetric
stretching vibrations of C–O bonds from acetate ligands. A
strong peak at 1632 cm−1 originates from the bending
vibration of the O–H bond from H2O molecules.55–57 In the
high wavenumber region (2000–4000 cm−1), a wide absorption
band over 3000–3700 cm−1 arises from the stretching vibration
of the O–H bond of H2O molecules. The absorption band of
the Tb–O bond has not been found due to the prominent ionic
interactions between the [B-α-SbW9O33]

9− units and Tb3+

ions.58–60 Their IR spectra are identical to those of Tb3W28

(Fig. 5a, Fig. S1b and c†), and their experimental PXRD pat-
terns are in good agreement with the simulated PXRD pattern
of Tb3W28 (Fig. 5b, Fig. S2b and c†). Therefore, all hetero-Ln-
codoped samples for measurements are isostructural.

Luminescence studies

ET control and modulation of the molar ratio for hetero-Ln-
codoped POT materials can be suggested as convenient and
feasible pathways to better understand the luminous mecha-
nism of hetero-Ln-codoped POT materials, thereby to easily
realize the emission color tunable properties.61–64 Some avail-
able approaches to confirm the intramolecular ET process
between the donor and the acceptor have been developed such
as (a) the appearance of excitation bands of the donor in the
excitation spectrum obtained by monitoring the emission
peak of the acceptor; (b) the overlap between the emission
bands of the donor and the excitation bands of the acceptor.
In addition, the acceptor can absorb energy from the donor,
leading to a decrease of the luminescence emission intensity
of the donor, which can also prove the occurrence of ET
between the donor and the acceptor.65,66 Here, based on
Tb3W28, various hetero-Ln-codoped samples such as
Dy1.2Tb3xGd1.8−3xW28 (x = 0.00, 0.10, 0.20, 0.30, 0.40, 0.50),
Tb1.8Eu3yGd1.2−3yW28 (y = 0.00, 0.10, 0.14, 0.18, 0.22, 0.26),
and Dy1.2Tb3zEu0.03Gd1.77−3zW28 (z = 0.00, 0.10, 0.20, 0.30,
0.40) have been prepared. Their emission and excitation
spectra and lifetime decay curves have been measured to calcu-
late the ET efficiency and analyze the ET mechanisms among
Dy3+, Tb3+, and Eu3+ ions. Notably, because the Gd3+ ion
cannot display an emission band in the range of 430–750 nm
under excitation with UV light,67 it was introduced as a doping
component to adjust the molar ratio of Dy3+, Tb3+, and Eu3+

ions according to our research requirement.
To explore the ET phenomenon among Dy3+, Tb3+, and Eu3+

ions, the excitation spectra of Dy1.2Tb0.3Gd1.5W28,
Tb1.8Eu0.3Gd0.9W28, and Tb3W28 have been collected by moni-
toring different emission lights. When monitoring the Tb3+
5D4 → 7F5 emission at 545 nm, the excitation spectrum of
Dy1.2Tb0.3Gd1.5W28 shows six Dy

3+ excitation peaks at 352, 366,
389, 426, 455, and 476 nm (6H15/2 → 6P7/2,

6P5/2,
4I13/2,

4G11/2,
4I15/2, and 4F9/2), respectively, and a Tb3+ obvious excitation
peak at 489 nm (7F6 →

5D4) (Fig. 5c), which suggests the occur-
rence of ET1 from Dy3+ ions to Tb3+ ions for

Fig. 4 (a) 3-D stacking pattern for Tb3W28-1 along the c axis; (b) sim-
plified 3-D stacking pattern for Tb3W28-1 along the c axis; (c) 3-D stack-
ing pattern for Tb3W28-1 along the a axis; and (d) simplified 3-D stacking
pattern for Tb3W28-1 along the a axis.
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Dy1.2Tb0.3Gd1.5W28.
68 However, when monitoring the Dy3+ 4F9/2

→ 6H13/2 emission at 572 nm, the excitation spectrum of
Dy1.2Tb0.3Gd1.5W28 only exhibits six Dy3+excitation peaks at
352, 366, 389, 426, 455, and 476 nm and no Tb3+ excitation
peak is observed, which illustrates that the ET from Tb3+ ions
to Dy3+ ions does not occur in Dy1.2Tb0.3Gd1.5W28 (Fig. 5d).
Similarly, when monitoring the Eu3+ 5D0 → 7F2 emission at
613 nm, Tb1.8Eu0.3Gd0.9W28 presents five Eu3+ excitation peaks
(7F0 → 5D4,

5L7,
5L6,

5D3,
5D2) at 364, 383, 395, 416, and

465 nm, respectively, and a Tb3+ excitation peak (7F6 →
5D4) at

489 nm (Fig. 5e),69,70 where the appearance of the peak of Tb3+

ions at 489 nm indicates that the Tb3+ ions can transfer energy
to Eu3+ ions (ET2). However, when monitoring the Tb3+ 5D4 →
7F5 emission at 545 nm, Tb1.8Eu0.3Gd0.9W28 only shows an exci-
tation peak of Tb3+ ions at 489 nm and does not display any
excitation peaks of Eu3+ ions, which demonstrates the absence
of ET2 from Eu3+ ions to Tb3+ ions (Fig. 5f). Therefore, the ET1

process from Dy3+ ions to Tb3+ ions for Dy1.2Tb0.3Gd1.5W28 and
the ET2 process from Tb3+ ions to Eu3+ ions for
Tb1.8Eu0.3Gd0.9W28 will be studied in detail.

The ET process from the donor to the acceptor often gives
rise to the decline of the emission intensity and the shortening
of the decay lifetime of the donor.71 To explore the ET1 process
from Dy3+ ions to Tb3+ ions, under the Dy3+ 6H15/2 →

4I13/2 exci-
tation at 389 nm, the emission spectra and decay lifetime
curves of the emission peak at 572 nm for
Dy1.2Tb3xGd1.8−3xW28 have been measured. As shown in
Fig. 6a, the emission spectrum of Dy1.2Gd1.8W28 displays three
f–f emission peaks of Dy3+ ions at 484, 572, and 660 nm,
which are attributed to the f–f 4F9/2 →

6HK (K = 15/2, 13/2, 11/2)
transitions, respectively,68 and the emission spectra of
Dy1.2Tb3xGd1.8−3xW28 (x = 0.10, 0.20, 0.30, 0.40, 0.50) generate
four dominant emission peaks of Tb3+ at 489, 545, 582, and
623 nm corresponding to the 5D4 → 7FJ ( J = 6, 5, 4, 3) tran-

Fig. 5 (a) IR spectra of Dy1.2Tb3xGd1.8−3xW28 (x = 0, 0.10, 0.20, 0.30, 0.40, 0.50); (b) experimental PXRD patterns of Dy1.2Tb3xGd1.8−3xW28 (x = 0,
0.10, 0.20, 0.30, 0.40, 0.50); (c) comparison of the excitation spectra of Dy1.2Tb0.3Gd1.5W28 and Tb3W28 while monitoring the emission peak at
545 nm; (d) comparison of the excitation spectra of Dy1.2Tb0.3Gd1.5W28 while monitoring the emission peaks at 545 and 572 nm; (e) comparison of
the excitation spectra of Tb1.8Eu0.3Gd0.9W28 (λem = 613 nm) and Tb3W28 (λem = 545 nm); and (f ) comparison of the excitation spectra of
Tb1.8Eu0.3Gd0.9W28 (λem = 613 and 545 nm).
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sitions as well as the emission peaks of Dy3+.70 When the molar
concentration for Dy3+ ions is fixed as 0.40 and the molar con-
centration of Tb3+ ions increases from 0.00 to 0.50, the Dy3+
6H15/2 → 4I13/2 emission intensity of the peak at 572 nm gradu-
ally decreases (Fig. 6a and b). In addition, the decay lifetime of
the emission peak at 572 nm declines from 28.42 to 20.58 μs
(Fig. 6c and Table S5†). The above-mentioned observation
demonstrates that ET1 from Dy3+ ions to Tb3+ ions results in a
decline of the emission intensity of Dy3+ ions as the concen-
tration of Tb3+ ions increases. Eqn (1) can be given as:72,73

ηET ¼ 1� τS=τS0 ð1Þ

where ηET is the ET1 efficiency, τS and τS0 are, respectively, the
decay lifetimes of the emission peaks at 572 nm derived from
the 6H15/2 →

4I13/2 transition of Dy3+ ions (the donor) with and
without Tb3+ ions (the acceptor). The ET1 efficiency ηDy–Tb
values in Dy1.2Tb3xGd1.8−3xW28 (x = 0.10, 0.20, 0.30, 0.40, 0.50)
are, respectively, 14.60, 15.06, 18.51, 19.35, and 27.59%
(Fig. 6d). Apparently, as the concentration of Tb3+ ions
increases, the ET1 efficiency also increases.

Currently, there are two major ET mechanisms: electric
exchange interaction (Rc < 5.0 Å) and electric multipolar inter-
action (Rc > 5.0 Å). Rc is the critical distance of the ET from the
donor to the acceptor. To determine the ET1 mechanism
between Dy3+ and Tb3+, the average distance (RDy–Tb) of the ET
from the donor to the acceptor has been calculated using eqn
(2):74,75

RDy–Tb ¼ 2� ½3V=ð4πχZÞ�1=3 ð2Þ

in which V stands for the volume of a unit cell, χ represents
the total molar concentration of Dy3+ and Tb3+ ions, and Z (Z =
9) is the number of the Dy3+ donors in the host (Fig. S3†). The
RDy–Tb values of Dy1.2Tb3xGd1.8−3xW28 (x = 0.10, 0.20, 0.30,
0.40, and 0.50) are 17.4, 16.39, 15.57, 14.89, and 12.93 Å,
respectively. All the RDy–Tb values are larger than the critical
distance (5.0 Å) of the electric exchange interaction, demon-
strating that the electric multipolar interaction can be respon-
sible for the main ET1 mechanism from Dy3+ ions to Tb3+ ions.

In line with Dexter’s expression for the electric multiple
interactions, eqn (3) can be used:76,77

IS0=IS / Cn=3 ð3Þ

where IS0 and IS are respectively the emission intensities of the
peak at 572 nm (the 6H15/2 → 4I13/2 transition of Dy3+ ions) in
the absence and presence of Tb3+ ions for
Dy1.2Tb3xGd1.8−3xW28, C is the total molar concentration of
Dy3+ and Tb3+, and n = 6, 8, and 10, respectively, represent the
electric dipole–dipole interaction, the electric dipole–quadru-
pole interaction, and the electric quadrupole–quadrupole
interaction. Through the linear fitting using eqn (3), it can be
observed that the relative agreement factor R2 values are sever-
ally 0.94151 (n = 6), 0.91703 (n = 8), and 0.87583 (n = 10),
which indicates that the electric multipolar mechanism from
Dy3+ to Tb3+ ions in Dy1.2Tb3xGd1.8−3xW28 (x = 0.10, 0.20, 0.30,
0.40, 0.50) is a nonradiative dipole–dipole interaction (Fig. 7).

To investigate the ET2 process from Tb3+ to Eu3+ ions,
based on the 7F6 → 5L10 excitation of Tb3+ at 370 nm,70 the
emission spectra and lifetime decay curves of the emission

Fig. 6 (a) Emission spectra of Dy1.2Tb3xGd1.8−3xW28 (x = 0.00, 0.10, 0.20, 0.30, 0.40, 0.50) obtained at λex = 389 nm; (b) dependence of the emis-
sion intensity of the peaks at 545 and 572 nm on the concentration of Tb3+ ions at λex = 389 nm; (c) lifetime decay curves of the peaks at 572 nm for
Dy1.2Tb3xGd1.8−3xW28 (x = 0.00, 0.10, 0.20, 0.30, 0.40, 0.50) at λex = 389 nm; and (d) dependence of ET1 efficiency (Dy3+ → Tb3+) on the concen-
tration of Tb3+ ions at λex = 389 nm for Dy1.2Tb3xGd1.8−3xW28.
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peak at 545 nm for Tb1.8Eu3yGd1.2−3yW28 (y = 0.0, 0.1, 0.14,
0.18, 0.22, 0.26) have been collected. As shown in Fig. S4a,†
the emission spectrum of Tb1.8Gd1.2W28 reveals four f–f emis-
sion peaks at 489, 545, 582, and 623 nm owing to the 5D4 →
7FK (K = 6, 5, 4, 3) transitions of Tb3+ ions, respectively, and the
emission spectra of Tb1.8Eu3yGd1.2−3yW28 (y = 0.10, 0.14, 0.18,
0.22, 0.26) show five featured f–f emission peaks at 580, 594,
613, 653, and 700 nm derived from the 5D0 →

7FJ ( J = 0, 1, 2, 3,
4) transitions of Eu3+ ions, respectively, as well as four emis-
sion peaks of Tb3+ ions.69,70 When the molar concentration is
fixed as 0.60 for Tb3+ ions, and increases from 0.00 to 0.26 for
Eu3+ ions, the emission intensity of Tb3+ ions at 545 nm
decreases gradually (Fig. S4a and b†). By monitoring the 5D4 →
7F5 emission peak of Tb3+ ions at 545 nm, the decay lifetimes
are also observed to decrease from 256.57 to 75.02 μs (Fig. S4c
and Table S6†), which illustrates the occurrence of ET2 from
Tb3+ ions to Eu3+ ions. According to eqn (1), the ηTb–Eu values
for Tb1.8Eu3yGd1.2−3yW28 (y = 0.10, 0.14, 0.18, 0.22, 0.26) are
respectively 49.03, 52.06, 65.39, 69.56, and 70.76% (Fig. S4d†).
It is clearly seen that the ET2 efficiency also increases as the
concentration of Tb3+ ions increases. Furthermore, in accord-
ance with eqn (2), the RTb–Eu values of Tb1.8Eu3yGd1.2−3yW28 (y
= 0.10, 0.14, 0.18, 0.22, 0.26) are 15.57, 15.28, 15.01, 14.77, and
14.45 Å, which are all larger than the critical distance (5.0 Å) of
the electric exchange interaction. Thus, the electric multipolar
interaction is also the primary ET2 mechanism from Tb3+ ions
to Eu3+ ions. Through the linear fitting by using eqn (3), the R2

values are 0.93882 (n = 6), 0.94717, (n = 8), and 0.95447 (n =
10), which demonstrates that the multipolar mechanism from
Tb3+ ions to Eu3+ ions in Tb1.8Eu3yGd1.2−3yW28 (y = 0.10, 0.14,
0.18, 0.22, 0.26) is a nonradiative quadrupole–quadrupole
interaction (Fig. S5†).

From the above-mentioned analyses about the ET1

process from Dy3+ ions to Tb3+ ions and the ET2 process
from Tb3+ ions to Eu3+ ions, it can be speculated that Tb3+

ions can act as not only the energy acceptor of Dy3+ ions but
also the energy donor of Eu3+ ions in the Dy3+/Tb3+/Eu3+-
doped system, theoretically, generating a two-step successive
Dy3+ → Tb3+ → Eu3+ ET3 process. To attest this hypothesis,

the emission spectra and lifetime decay curves of
Dy1.2Tb3zEu0.03Gd1.77−3zW28 (z = 0, 0.10, 0.20, 0.30, 0.40)
have been measured. As shown in Fig. 8a, under the 6H15/2

→ 4I13/2 excitation of Dy3+ at 389 nm, the emission spectra of
Dy1.2Tb3zEu0.03Gd1.77−3zW28 give birth to the simultaneous
f–f emission peaks of Dy3+, Tb3+, and Eu3+ ions. Under the
conditions of the molar concentrations of Dy3+ and Eu3+

ions being fixed as 0.40 and 0.01, severally, as the molar con-
centration of Tb3+ ions increases from 0 to 0.40, the emis-
sion intensity of the Dy3+ 6H15/2 → 4I13/2 emission peak at
572 nm declines gradually (Fig. 8b), and the decay lifetimes
of the emission peak at 572 nm also decrease from 16.46 to
7.74 μs (Fig. S6a and Table S7†), indicating that the Tb3+

ions can absorb energy from Dy3+ ions by a nonradiative
relaxation. Notably, at z = 0 and 0.10, the lifetime decay
curves of the emission peak at 572 nm conform to the mono-
exponential behavior, indicating that the emission peak at
572 nm is mainly derived from the contribution of Dy3+ ions
(Table S7†). However, at z = 0.20, 0.30, and 0.40, the lifetimes
decay curves of the emission peak at 572 nm accord with the
double-exponential behavior, illustrating that the emission
peak at 572 nm is mainly owing to the common contribution
of Dy3+ and Tb3+ ions (Table S7†). Furthermore, due to the
molar concentration of Eu3+ ions being fixed at 0.01, the 5D0

→ 7F2 emission peak intensity at 613 nm of Eu3+ ions gradu-
ally increases and the decay lifetime of the emission peak at
613 nm of Eu3+ ions is prolonged from 126.85 to 719.84 μs
(Fig. S6b and Table S8†) upon increasing the molar concen-
tration of Tb3+ ions (Fig. 8b), which illustrates the occur-
rence of ET from Tb3+ ions to Eu3+ ions. Summarizing, the
two-step successive Dy3+ → Tb3+ → Eu3+ ET3 process occurs
in Dy1.2Tb3zEu0.03Gd1.77−3zW28 under excitation at 389 nm.
The two-step successive Dy3+ → Tb3+ → Eu3+ ET3 process has
been interpreted in the schematic energy level diagram
(Fig. 8c). Under excitation at 389 nm, the electrons at the
ground state (6H15/2) of Dy

3+ ions jump to the 4I13/2 excited
state and relax to the 4F9/2 state by the nonradiative tran-
sition, promoting the f–f 4F9/2 → 6HK (K = 15/2, 13/2, 11/2)
emission transitions of Tb3+ ions. Meanwhile, part of the
energy at the 4F9/2 state of Dy3+ ions migrates to the 5D4 state
of Tb3+ ions due to the overlap between the 4F9/2 state (2.57
eV) of Dy3+ ions and the 5D4 state (2.54 eV) of Tb3+ ions,
leading to the 5D4 → 7FJ ( J = 6, 5, 4, 3) emission transitions
of Tb3+ ions. Because of the overlap between the 5D4 state
(2.54 eV) of Tb3+ ions and the 5D1 state (2.32 eV) of Eu3+

ions, part energy at the 5D4 state of Tb3+ ions shifts to the
5D1 state of Eu3+, triggering the 5D0 → 7FJ ( J = 0, 1, 2, 3, 4)
emission transitions.

The CIE diagram 1931 is a high-quality pathway to under-
stand the authenticity of emission colours, which involves
some important optical parameters such as chromaticity coor-
dinate, dominant wavelength, colour purity, and correlated
colour temperature (CCT). The chromaticity coordinate rep-
resents the actual luminous colour of an emitter. The colour
defined by the dominant wavelength is consistent with the
actual luminous colour of a luminescent material in theory.

Fig. 7 Dependence of IS0/I0 of the 6H15/2 → 4I13/2 transition from Dy3+

ions on C6/3, C8/3, and C10/3.
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Colour purity stands for the brightness of the colour and is
usually calculated using eqn (4):

colour purity ¼ ½ðx� xiÞ2 þ ðy� yiÞ2=ðxd � xiÞ2 þ ðyd � yiÞ2�1=2
ð4Þ

in which (x, y), (xd, yd) and (xi, yi) are the chromaticity coordi-
nates of the light source, the dominant wavelength, and the
white light (0.3333, 0.3333), respectively.

CCT represents the warmth of a light source, which is
divided into warm (<3000 K), standard (3000–5000 K) and cold
(>5000 K). CCT can be calculated using eqn (5):

CT ¼ 499:0n3 þ 3525:0n 2 þ 6823:3nþ 5520:22 ð5Þ

in which n = (x − xe)/(ye − y); (xe, ye) are the epicenter coordi-
nates (0.3320, 0.1858).78–82

To verify the emission colour-tunable properties, the emis-
sion spectra of Dy1.2Tb3zEu0.03Gd1.77−3zW28 (z = 0.10, 0.20, 0.30,
0.40) have been measured by switching the excitation wave-
length from 360 to 400 nm (Fig. 8d and Fig. S7a–c†). It can be
observed that under different excitations, most of the emission

colors are concentrated on blue and green whereas a few
cases are yellow and orange for Dy1.2Tb3zEu0.03Gd1.77−3zW28

(Fig. S8a–d and Tables S9–S12†). It should be pointed out that
Dy1.2Tb1.2Eu0.03Gd0.57W28 can emit a near-white light with the
chromaticity coordinates of (0.32837, 0.34187) and a cool CCT
of 5678 K under excitation at 378 nm (Fig. 8e and Table S12†),
which may show its good potential to act as a white light
emitter.

Conclusions

In summary, the synthesis of an organic–inorganic hybrid tri-
Tb3+-substituted trimeric AMT Tb3W28 demonstrates that the
capped {WO4} tetrahedron plays an important template role in
controlling the formation of Tb3W28. When Eu3+, Gd3+, and
Dy3+ ions were codoped into Tb3W28, the Eu3+/Tb3+/Dy3+/Gd3+-
codoped samples can still maintain the structure of Tb3W28.
Under the 6H15/2 →

4I13/2 excitation of Dy3+ ions at 389 nm, the
ET1 mechanism (Dy3+ → Tb3+) has been confirmed as a non-
radiative dipole–dipole interaction. Based on the 7F6 → 5L10

Fig. 8 (a) Emission spectra of Dy1.2Tb3zEu0.03Gd1.77−3zW28 (z = 0.00, 0.10, 0.20, 0.30, 0.40) obtained at λex = 389 nm; (b) dependence of the emis-
sion intensity of peaks at 545, 572, and 613 nm on the concentration of Tb3+ ions at λex = 389 nm; (c) schematic energy-level diagram showing the
two-step successive Dy3+ → Tb3+ → Eu3+ ET process (the solid line is the radiation transition and the dotted line is the non-radiative transition); (d)
emission spectra of Dy1.2Tb1.2Eu0.03Gd0.57W28 at various excitation wavelengths (360–400 nm); and (e) the CIE 1931 diagram of
Dy1.2Tb1.2Eu0.03Gd0.57W28 upon excitation at 378 nm.
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excitation of Tb3+ ions at 380 nm, the ET2 mechanism (Tb3+ →
Eu3+) is a non-radiative quadrupole–quadrupole interaction.
Moreover, under the 6H15/2 → 4I13/2 excitation of Dy3+ ions at
389 nm, the two-step successive Dy3+ → Tb3+ → Eu3+ ET3

process has occurred. Through switching the excitation wave-
length for Dy1.2Tb3zEu0.03Gd1.77−3zW28, the tunable emission
colours from blue to yellow have been realized. Under exci-
tation at 378 nm, Dy1.2Tb1.2Eu0.03Gd0.57W28 generates a near-
white-light emission. This work not only provides a systematic
ET mechanism study about hetero-Ln-codoped AMTs, but also
offers some useful guidance for designing novel performance-
oriented Ln-codoped POM-based materials. In the future, we
will make great efforts to realize the lighting technology using
hetero-Ln-codoped POT materials.
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