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White light-emitting diodes (WLEDs) are of scientific significance in terms of their wide applications, and few
uminescent materials based on white-light-emitting polyoxometalate (POM) derivatives have been reported
till now. Herein, a series of organic chromophores modified POM derivatives [N(CH3)4]5K;Ln(C;H50,)(H,0),
(a-PW11030)]-11H,0 (Ln®** = Eu3* (1), Tb>* (2), Tm3* (3), Lu*>* (4)) and multicenter-Ln analogues [N
(CH3)4)5K2Eu,TbyTmy —yx—y(C7H50,)(H20)2(0-PW11039) - 11H,0 (5-11) were synthesized successfully and
were characterized by various physico-chemical analysis. The investigations indicate the white-light-emitting
behavior can be well tuned by adjusting the molar ratio of Eu**/Tb**/Tm3* = 0.06:0.10:0.84 in 9. The energy
transfer process from organic benzoic and POM ligands to Eu**, Tb>* and Tm3* emitting centers were detected
through time-resolved emission spectroscopy (TRES) and the comparison of excitation of single-, double-,
treble-Ln>" mixed, indicating the energy can transfer from the photoexcitation O — M LMCT state of POM com-
ponents and m — * transition of organic ligand to sensitize the emissions of Ln>* ions via intramolecular energy
transition mechanism. The energy transfer between Eu*>* and Tb**, Tm3* and Eu®**, Tm®* and Tb>* ions also
have been recorded and carefully studied by TRES and variations of Tm>* luminescence lifetime in this context,
and the results show a low-effectively process of energy transfer between Tm>*/Eu®*, Tm?>*/Tb*>* ions and a rel-
atively good energy transfer efficiency between Eu*>*/Tb> ions.
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1. Introduction

White light-emitting diodes (WLEDs) have been widely applied in
scientific areas and technical industries because of their low cost, higher
brightness, easy fabrication and low power consumption [1-4].
Lanthanide-based (Ln) materials play a pivotal role for the major appli-
cations in WLEDs, sensing, displays and so on, particularly due to their
exceptional optical features such as long lifetime, high color purity
and intense luminescence [5-7]. At present, the multicenter Ln3-
based luminescent materials containing two or more types of Ln>"
ions has been found efficient enough in replacing the traditional
energy-costly incandescent light bulbs [8,9]. The luminescence of Ln®>*
ions mainly originates from the electric-dipole f-f transitions within un-
filled 4f electron orbits, whereas the electric-dipole f-f transition of Ln>*
ions is naturally forbidden, exhibiting an extremely low molar absorp-
tion coefficient as a consequence of the same parity of 4f electron con-
figurations (Judd-Ofelt theory) [10,11]. On account of the drawbacks,
the requirements of photosensitization of ligands or matrix for
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generating efficient luminescence is of immense importance for the
insufficiently luminescent Ln** ions [12,13].

Polyoxometalates (POMs), as the classical inorganic ligands and
matrix, can be regarded as a series of metal-oxo polyhedral building
blocks MOy (M = Mo, W, V, Nb, Ta) linked by edge-, corner- or face-
shared methods, which have made a notable contribution to the general
knowledge of chemistry on account of their various topological struc-
ture, unexpected reactivities and potential operations such as catalytic,
magnetic, optics and science materials [14-18]. In the large family
of POMs, lacunary POM precursor, an inorganic multidentate ligand,
can offer oxygen-rich coordination sites for binding to one or more
oxophilic Ln3* jons, constructing mono-, di-, tri-, tetra-, and even
up to 24 nuclearity Ln-POM derivatives [19]. Furthermore, the previ-
ous works of energy-transfer process within Ln-POMs have been
confirmed that POMs can be to some extent seemed as antenna ma-
terials to induce emissions of Ln>* jons through intramolecular en-
ergy transfer from photoexcitation O — M ligands to metal charge
transfer (LMCT) triplet states of POMs to energy-similar f-f transi-
tions of Ln®>* ions [20-22]. Based on the backgrounds, plenty of Ln-
POM derivatives have been reported and their optical properties
were investigated.
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However, the low luminous efficiency of Ln>" emission sensitized
by O — M LMCT photoexcitation of POMs, on account of non-radiation
losses and cross-relaxation process, effectively limit their practical
applications, and the reported quantum yield of most luminescent Ln-
POM [Eu(W5045),]°~ was about 1% [23,24]. Thus, the high-efficiency
organic chromophores ligands need to be introduced into Ln-POM
complexes to construct organic-inorganic hybrid chromophore-Ln-
POM derivatives for improving luminescent efficiency. Till now, plenty
of organic chromophores covalently modified POM derivatives have
been documented, yet the ternary systems of chromophores and POM
ligands directly coordinating to Ln®" ions are still relatively less. In
addition, almost all of above-mentioned ternary systems are pyridine-
based Ln-POM derivatives, and only a few with luminescence properties
have been studied (Fig. S1) [25-41]. In this ternary systems, organic
chromophores process a strong absorption in the UV region and are
excited to singlet state ('mm*); intersystem crossing to triplet state
(nr*) and subsequently fast transfer energy to sensitize emissions of
Ln>" ions by through-bond Dexter-type energy transfer [27,42]. In
2005, Francesconi et al. introduced sensitizing organic ligand into Ln-
POM to construct organic-inorganic hybrid covalent bridging
chromophore-Ln-POM ternary systems but not structurally charac-
terized, where the Ln>* ion was bound to POM building block as
well as to the sensitizing organic ligand [27]. The high-efficiency or-
ganic chromophores ligands absorb UV light and is excited to singlet
state, subsequently intersystem crossing to triplet state and energy
transfer to Ln®* ion. In 2010, Boskovic and coworkers reported two
Tb-center chromophores-Thb-POM ternary systems, and the crystal
structure of the system was firstly obtained [41]. The investigations
reveal the sensitization of Tb®>* ions proceeds through the organic
picolinate ligands and does not involve POM-centered LMCT states,
and POM can quench the luminescence of Tb>" ions due to non-
radiation deactivation involving Tb'V-WV charge-transfer (CT)
state. As an extension of this work, Boskovic and coworkers reported
another three chromophore-Th-POM compounds in 2012, and the
photophysical investigation showed that both organic ligands and
inorganic POM ligands sensitize the luminescence of Ln®** ions
[38]. In 2017, Zhou and coworkers obtained 3D metal-organic open
frameworks based on Ln>" ions and Anderson-type POM, and the
energy transfer mechanism from organic nicotinate ligand and
POM moiety to Tb®>* or Eu®>* ions have been investigated [40]. Fur-
thermore, the color-tunable luminescence properties also can be
well tuned by simply adjusting the molar ratio of La*>*, Tb** and
Eu" jons within the molecule.

In this paper, we choose lacunary K;4[P,W;9069(H20)]-24H,0 POM
precursor that can provide abundant POM-fragmented building blocks
in solution reacts with LnCls-6H,0 and benzoic acid to successfully
synthetize a series of chromophore-Ln-POM [N(CH3)4]3K,Ln(C;H50;)
(Hzo)z(a—PW1]O39)]‘11H20 (].,1‘13+ = Eu* (1), Tb3+ (2), Tm>+ (3),
Lu™ (4)). The resulting compounds were characterized by elemental
analysis, single crystal X-ray diffraction, IR spectra, powder X-ray
diffraction (PXRD), thermogravimetric analyses (TGA). The
photoluminescence properties of 1-4 also have been studied. Subse-
quently, a series of multicenter-Ln analogues [N(CH3)4]
3KzEUXTbmi1 _X_y(C7H502) (HzO)z(O{-PW]103g) -11H,0 (5—11 )
were synthesized by tuning the molar ratio of Eu>*:Tb**:Tm3" ions
during the process of synthesis. A simple red from Eu>* emitting center,
green from Tb>* emitting center and blue from Tm>* emitting center
(RGB) mixing approach in the design of multicenter white-
luminescent materials with expected luminescence were successfully
prepared with careful adjustment of the molar concentration of Eu®™:
Tb3*:Tm3" ions within the same molecule. Furthermore, the energy
transfer mechanism from POM and/or organic ligands to Ln®>* ions
and also between different types of Ln>* ions in the multicenter-Ln
compounds were systematically studied by excitation spectra, emission
spectra, variations of luminescence lifetime and time-resolved emission
spectroscopy (TRES).

2. Experimental details
2.1. Materials and physical methods

All chemicals were commercially purchased and used without any
further purification. The precursor K;4[P,W;90g9(H,0)]-24H,0 was
prepared on account of the document and confirmed by IR spectrum
[43].C H, and N elemental analyses were performed using an Elementar
Vario EL cube CHNS analyzer. Analyses for Eu, Tb and Tm atoms were re-
corded using a PerkinElmer Optima 2000 ICP-OES spectrometer
(Table S1). PXRD data were collected on an X-ray powder diffractome-
ter (Bruker, D8 Advance) using Cu Ko radiation (\ = 1.5418 A) col-
lected with the angular range (26) from 5° to 45° at room
temperature. IR spectra were performed using a Bruker VERTEX-70
spectrometer using KBr pellets in the region of 400-4000 cm™~'. TGA
cures were recorded from room 25 °C to 800 °C with a heating rate of
10 °C min~! in flowing N, atmosphere on a NETZSCH STA 449 F5 Jupiter
thermal analyzer.

2.2. Syntheses of 1

EuCl;-6H,0 (0.228 g, 0.600 mmol) was dissolved in water (30 mL),
followed by the solid addition of benzoic acid (0.240 g, 0.200 mmol) and
K14[P2W19069(H20)]-24H,0 (2.120 g, 0.465 mmol) were added. The
mixed solution stirred constantly to obtain a clear solution. Finally, the
pH value of the clear solution was adjusted to 3.2-3.5 by 3 mol-L™!
KOH solution. The resulting solution was heated to 60 °C for about
1.5 h, and then tetramethylammonium chloride (TMACI) (0.110 g,
1.000 mmol) was added and stirred for about 30 min (Fig. S2). The
resulting solution was cooled and filtered to evaporate at room temper-
ature. The clear filtrate was left for about two weeks to gain colorless
block crystals. Yield: 26.8% (0.560 g, based on EuCls-6H,0). Selected
IR (KBr, cm™"): 3437 (br), 3046 (w), 1642 (s), 1590 (m), 1521 (s),
1488 (s), 1422 (s), 1095 (s), 1050 (s), 951 (s), 895 (s), 828 (s) and
717 (m). Elemental analyses (%): Calcd, C, 6.55; H, 1.94; N, 1.20;
Found, C, 6.75; H, 1.82; N, 1.22.

2.3. Syntheses of 2-11

The synthesis of 2 is similar to 1 except for EuCls-6H,0 replaced by
TbCl3-6H,0 in rational proportions. Yield: 24.2% (0.507 g, based on
TbCl5-6H,0). Selected IR (KBr, cm~'): 3439 (br), 3045 (w), 1636 (s),
1593 (m), 1527 (s), 1482 (s), 1423 (s), 1096 (s), 1045 (s), 956 (s),
895 (s), 830 (s) and 712 (m). Elemental analyses (%): Calcd, C, 6.53;
H, 1.93; N, 1.20; Found, C, 6.65; H, 1.77; N, 1.25. The synthesis of 3 is sim-
ilar to 1 except for EuCls - 6H,0 replaced by TmCls - 6H,0 in rational pro-
portions. Yield: 29.5% (0.550 g, based on TmCls-6H,0). Selected IR (KBr,
cm™1): 3439 (br), 3046 (w), 1632 (s), 1588 (m), 1527 (s), 1488 (s),
1418 (s), 1095 (s), 1044 (s), 956 (s), 889 (s), 828 (s) and 713 (m). Ele-
mental analyses (%): Calcd, C, 6.52; H, 1.93; N, 1.20; Found, C, 6.70; H,
1.75; N, 1.26. The synthesis of 4 is similar to 1 except for EuCls-6H,0 re-
placed by the mixture of LuCls-6H,0 in rational proportions. Yield:
23.3% (0.490 g, based on LuClI3-6H,0). Selected IR (KBr, cm™!): 3456
(br), 3040 (w), 1632 (s), 1589 (m), 1521 (s), 1490 (s), 1422 (s), 1096
(s), 1050 (s), 950 (s), 888 (s), 828 (s) and 712 (m). Elemental analyses
(%): Calcd, C, 6.51; H, 1.93; N, 1.20; Found, C, 6.80; H, 1.72; N, 1.22. The
synthesis of 5-11 is similar to 1 except for EuCls-6H20 replaced by the
mixture of EuCls-6H,0, ThbCls-6H,0 and TmCls-6H,0 in rational pro-
portions. 5: Yield: 30.9% (0.587 g, based on EuCl3-6H,0 (0.045 g,
0.120 mmol), TbCl5-6H,0 (0.069 g, 0.180 mmol) and TmCls-6H,0
(0.114 g, 0.300 mmol)). Selected IR (KBr, cm™!): 3445 (br), 3040 (w),
1637 (s), 1590 (m), 1520 (s), 1490 (s), 1425 (s), 1094 (s), 1050 (s),
952 (s), 899 (s), 825 (s) and 710 (m). Elemental analyses (%): Calcd,
C, 6.53; H, 1.93; N, 1.20; Found, C, 6.78; H, 1.74; N, 1.26. 6: Yield:
23.8% (0.484 g, based on EuCls-6H,0 (0.069 g, 0.180 mmol), ThCl5-6H,0
(0.045 g, 0.120 mmol) and TmCl3-6H,0 (0.114 g, 0.300 mmol)). Selected



H. Wu et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 223 (2019) 117294 3

IR (KBr,cm™1): 3445 (br), 3040 (w), 1642 (s), 1592 (m), 1525 (s), 1489
(s), 1422 (s), 1096 (s), 1049 (s), 950 (s), 894 (s), 826 (s) and 715 (m).
Elemental analyses (%): Calcd, C, 6.52; H, 1.93; N, 1.20; Found, C, 6.82;
H, 1.69; N, 1.30. 7: Yield: 26.9% (0.564 g, based on EuCls-6H,0
(0.023 g, 0.060 mmol), TbCl3-6H,0 (0.045 g, 0.120 mmol) and
TmCl5-6H,0 (0.160 g, 0.420 mmol)). Selected IR (KBr, cm™!): 3440
(br), 3046 (w), 1645 (s), 1590 (m), 1521 (s), 1487 (s), 1423 (s), 1090
(s), 1050 (s), 950 (s), 896 (s), 826 (s) and 714 (m). Elemental analyses
(%): Calcd, C, 6.52; H, 1.93; N, 1.20; Found, C, 6.78; H, 1.68; N, 1.30. 8:
Yield: 21.4% (0.450 g, based on EuCl3-6H,0 (0.007 g, 0.018 mmol),
TbCl3-6H,0 (0.039 g, 0.102 mmol) and TmCl3-6H,0 (0.182 g,
0.480 mmol)). Selected IR (KBr, cm™!): 3445 (br), 3045 (w), 1645 (s),
1590 (m), 1519 (s), 1489 (s), 1422 (s), 1098 (s), 1050 (s), 955 (s),
898 (s), 829 (s) and 717 (m). Elemental analyses (%): Calcd, C, 6.52;
H, 1.93; N, 1.20; Found, C, 6.82; H, 1.72; N, 1.23. 9: Yield: 22.8%
(0.480 g, based on EuCl3-6H,0 (0.005 g, 0.012 mmol), TbCl3-6H,0
(0.022 g, 0.060 mmol) and TmCl3-6H,0 (0.200 g, 0.528 mmol)). Selected
IR (KBr,cm™1): 3442 (br), 3046 (w), 1645 (s), 1595 (m), 1521 (s), 1490
(s), 1425 (s), 1096 (s), 1050 (s), 950 (s), 894 (s), 830 (s) and 714 (m).
Elemental analyses (%): Calcd, C, 6.52; H, 1.93; N, 1.20; Found, C, 6.79;
H, 1.65; N, 1.20. 10: Yield: 24.9% (0.523 g, based on EuCls-6H,0
(0.003 g, 0.006 mmol), TbCl3-6H,0 (0.015 g, 0.042 mmol) and
TmCl5-6H,0 (0.209 g, 0.552 mmol)). Selected IR (KBr, cm™1): 3447
(br), 3045 (w), 1645 (s), 1592 (m), 1525 (s), 1490 (s), 1422 (s), 1094
(s), 1045 (s), 958 (s), 890 (s), 830 (s) and 717 (m). Elemental analyses
(%): Calcd, C, 6.52; H, 1.93; N, 1.20; Found, C, 6.85; H, 1.64; N, 1.28.11:
Yield: 24.2% (0.510 g, based on EuCl3-6H,0 (0.001 g, 0.003 mmol),
TbCl3-6H,0 (0.010 g, 0.027 mmol) and TmCl3-6H,0 (0.217 g,
0.570 mmol)). Selected IR (KBr, cm™!): 3440 (br), 3048 (w), 1645 (s),
1595 (m), 1520 (s), 1490 (s), 1424 (s), 1090 (s), 1050 (s), 950 (s),
898 (s), 828 (s) and 720 (m). Elemental analyses (%): Calcd, C, 6.52;
H, 1.93; N, 1.20; Found, C, 6.87; H, 1.65; N, 1.27.

2.4. X-ray crystallography

A suitable sample of 1-4 were collected for the crystallographic
study at 296(2) K and intensity data were collected on a Bruker Apex
II CCD diffractometer at room temperature with graphite-
monochromated Mo Ko radiation (N = 0.71073 A). Intensity data
were corrected for Lorentz and polarization effects as well as for

multi-scan absorption. The structure was solved by direct methods
and heavy atoms were located by full matrix least-squares refinements
on F? and Fourier syntheses using the SHELXS-1997 program package,
which was further refined by full-matrix least squares on F? using the
SHELXL-2018/1 program package [44]. In the final refinement cycles,
all the non hydrogen atoms were refined anisotropically. The partial lat-
tice water molecules were located by using a Fourier map and the re-
maining lattice water molecules were determined by TGA results. The
hydrogen atoms of the mal groups and water molecules were placed
in calculated positions and then refined using a riding model. Crystallo-
graphic data for 1-4 with CCDC number of 1,882,084-1,882,087 can be
obtained free from the Cambridge Crystallographic Data Center. Crystal-
lographic data and structure refinements for 1-4 are listed in Table 1.

2.5. Photoluminescence

Photoluminescence emission spectra, photoluminescence excitation
spectra, decay time curves and TRES were recorded using an
EDINBURGH FLS 980 fluorescence spectrophotometer equipped with a
monochromated 325 W Xe-arc excitation source and a visible detector
(Hamamatsu R928P). The single exponential function of decay time
curve: I(t) = Ae‘~Y™; where I(t) is the emission intensity at time t, A
is the pre-exponential factor of lifetime 7. The double exponential func-
tion of decay time curve: I(t) = A;e"Y™) + A,el(~¥™); where I
(t) represents the emission intensity at time t, A; and A, are the pre-
exponential factors of lifetime T; and T». The average lifetime T of are
calculated by T° = (A;72 + A,73)/(A1T1 + AyTo) [45]. The CIE 1931
chromaticity coordinates were calculated on the basis of the interna-
tional CIE standards.

3. Results and discussion
3.1. Powder X-ray diffraction

A comparison between the simulated powder diffraction patterns
from the single-crystal X-ray diffraction structural analyses of 1 and
the experimental powder diffraction diagram of 1-11 evidences that
multicenter-Ln resulting samples are isostructural with the single crys-
tal and all the experimental samples are in good phase purity (Fig. 1). In
addition, the existence of different pattern intensity among the

Table 1
Crystal data for the 1.
1 2 3 4
Empirical formula C19Hg7EUK,N3054PW1; C19Hg7TbK,N3054PW1 C19Hg7TMK>N3054PW1 C19Hg7LuK;N5054PW1;
Formula weight 3485.10 3492.06 3502.7 3508.1
Temperature/K 296.15 296.15 296.15 296.15
Crystal system Triclinic Triclinic Triclinic Triclinic
Space group P-1 P-1 P-1 P-1
a[A] 12.9454 (14) 12.921 (3) 12.8403 (14) 12.946 (10)
b [A] 13.5128 (14) 13.504 (3) 13.4246 (15) 13.602 (10)
c[A] 20.206 (2) 20.156 (4) 19.981 (2) 20.190 (15)
ol 82.9783 (18) 82.918 (4) 83.917 (2) 82.829 (14)
B[°] 78.1714 (18) 78.077 (4) 78.657 (2) 78.213 (14)
v[°] 75.1355 (18) 75.141 (3) 75.480 (2) 75.131 (14)
VI[A3] 3334.7 (6) 3316.9 (12) 3263.3 (6) 3354 (4)
z 2 2 2 2
Pealea [g cm ™3] 3.381 3.406 3.472 3.385
u[mm™1] 20.058 20.287 20.895 20.480
F (000) 3012.0 3016.0 3024.0 3028.0
—15<h<15 —12<h<15 —15<h<15 —14<h<15
Index ranges —12<k<16 —12<k<16 —15<k<16 —16<k<16
—24<1<24 —23<1<24 —23<1<17 —24<1<24
Reflections collected 17,402 17,306 16,656 17,500

Independent reflections
data/restraints/parameters
Goodness-of-fit on F2

Ry, WR; [I>20(1)]

Ry, WR; [all data]

11,752 [Rine = 0.0314]
11,752/57/424

1.024

0.0422, 0.0955
0.0606, 0.1051

11,697 [Rine = 0.0753]
11,697/57/424

1.019

0.0682, 0.1534
0.1206, 0.1875

11,435 [Rine = 0.0398]
11,435/57/424

1.015

0.0638, 0.1747
0.0796, 0.1883

11,876 [Rine = 0.0575]
11,876/57/424

1.024

0.0618, 0.1186
0.1158, 0.1453
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Fig. 1. Simulated single-crystal PXRD of 1 and experimental PXRD patterns of 1-11.

simulated and experimental PXRD patterns may be on account of the
variations in preferred orientation of the experimental samples during
the process of collection of the PXRD patterns.

3.2. TGA measurement

The thermal stability of 1-4 was determined under the N, atmo-
sphere between 25 and 1000 °C. As shown in Fig. S3, the curves of 1-4
display similar thermal stability and show three weight losses. The
first stepweigh loss of 6.17% from 25 to 140 °C, corresponding to the re-
moval of eleven lattice water (calcd 6.05%). The second step weigh loss
of 7.83% from 140 to 490 °C towards two coordinated water ligands and
oxidation of three [N(CH3)4]™ (calcd 7.38%). The third step weigh loss
from 490 to 890 °C can be attributed to the oxidation of organic benzoic
acid and partial decomposition of POM skeleton.

3.3. Structure description

The PXRD patterns of 1-11 are well consistent with the simulated
patterns that originated from the single-crystal X-ray diffraction data

(a) (€) o16 030 019013

o K

041 39 O1W O2W
(d)

7

Fig. 2. (a) Polyhedral representation of the polyanion in 1; (b) ball-and-stick
representation of polyanion in 1; (c) the coordination environment of Eu centre; (d) the
coordination mode of benzoic ligands; (color codes: WOg, blue; W, blue; P, pink; Eu,
lime; O, red; C, blue gray).

of 1, indicating that 1-11 are isomorphic. Herein, only the structure of
1 was selected as representative for the detail description, which crys-
tallize in P-1 space group of the triclinic system. 1 is comprised of one
[Eu(C7H50,)(H,0)2(0-PW;,056)]°~ polyanion, two K™ ions, three [N
(CH3)4]" and eleven lattice water molecules. As shown in Fig. 2
(a) and (b), one Eu" ion embeds into the vacant site of lacunary
Keggin-type (o-PW;,039)”~ subunit through four oxygen atoms, and
one benzoic ligand coordinates to the Eu®>* ion through two carboxyl
oxygen atoms to construct one ternary system of chromophore-Eu-
POM. The angle of W—O0—Eu bond range from 137.0(4)° to 157.4(5)",
and of C—O—Eu is in the range of 93.2(9)-93.4(8)°. The Eu center is
surrounded by four oxygen atoms (013, 016, 019, 030) from (a-
PW;,034)” ~ subunit, two oxygen atoms (040, 041) from benzoic car-
boxylate and two coordinated water oxygen atoms (O1W, O2W), in a
distorted square antiprismatic configuration (Fig. 3¢). The distance of
Eu—O bond is in the range of 2.327(9)-2.513(10) A, and the angel of
O—Eu—O0 bond is between 52.3(3)° and 151.8(3)°. The adjacent two
[Eu(C7H50,)(H0)2(at-PW11039)]°~ polyanion of 1 can be connected
by two K1 ions to form [KLu(C;Hs0,)(a-PW11039)]5~ building block
(Fig. S4). Each K1 ion is four-coordinated bonding to one lattice water
oxygen atom (04W), two oxygen atoms (06, 030) from two (o-
PW;;039)”~ subunits and one oxygen atom (041) from benzoic ligand
with the distance of K1—O ranging from 2.663(14) A t0 2.801(9) A and
angel of 0—K1—O0 bond varying from 83.7(4) to 170.1(3) (Fig. S5).

34. IR spectra

1-11 have similar IR spectra (Fig. S6) that match well with the re-
sults of PXRD and crystal structural analyses, therefore only IR spectrum
of 1 was discussed in Fig. 3. IR spectra of 1, K;4[P;W190g9(H,0)]-24H,0
and benzoic ligand were measured in KBr pellets on a Bruker VERTEX 70
IR spectrometer from 450 to 4000 cm ™. 1 has similar strong peaks with
K14[P2W190g0(H20)]-24H,0 precursor in the range of 700-1100 cm ™!
that can be attributed to v(P—O0,), V(W—0,), ¥(W—O0;) and
V(W—O,) vibrations bands of (ct-PW,,034)”~ groups [46]. The peaks
ranging from 1400 cm™! to 1600 cm™! of 1 are attributed to the
stretching band of aromatic ring and 6(C—H) bending vibrations. The
analogical peaks can be found in organic benzoic ligand, indicating the
organic ligand appears in 1. It should be noticed that the obvious
V(C=0) stretching band at 1692 cm~' in IR spectrum of organic
benzoic ligand, yet the insignificant peak at 1642 cm™! can be observed
in IR spectrum of 1. The reason can be explained as: (1) the COO™ group
binds to Eu>" metal ion for constructing Eu—O—C—O four-membered
ring that causes the weaken stretching vibration of C=0 band, hence
the v(C=0) stretching band shifts to lower wavenumber at

[P,W504(H,0)]'

—— Benzoic ligand

4000 3000 2000 1000
Wavenumber (nm™)

Fig. 3. IR spectra of 1, K;4[P,W19060(H20)]-24H,0 and benzoic ligand.
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1642 cm™'; (2) the 6(C—H) bending vibration peak apparently over-
laps v(C=0) stretching band in 1. The above analyses manifest that
the presences of POM fragments and organic ligand in 1, are well consis-
tent with the results of the structural analyses from single-crystal X-ray
diffraction.

3.5. Photoluminescence properties

The photoluminescence behaviours of Ln-POM derivatives have
been reported and systematically investigated in recent decades. Since
the first Ln-substituted POMs [LnW;0036]°~ (Ln = La3*, 3T, Pr3™,
Nd>*, sm3*, Ho?>*, Er®*, Yb3™, and Y**) and [LnW;0036]~ (Ln =
Ce*™) were prepared by Peacock and Weakly in 1971 [47], the
photoluminescence properties and energy transfer mechanism within
Ln-POM have been attracting considerable interest [48,49]. Generally,
the luminescence of Ln®>* can be sensitized by the O — M LMCT photo-
excitation of POM component under UV irradiation. In the
chromophores-Ln-POM “ternary systems”, the luminescence of Ln>*
ion can be realized through sensitization via excitation of inorganic
POM component and organic ligand. In the present works, 4 has been
utilized to probe the excited energy level of POM and benzoic acid li-
gands to assess its efficiency in the energy transfer process to the Ln>
T jons. It could be noted that 4 is a suitable choice for elucidating excited

5

level of POM and organic ligand for the reasons: the electron configura-
tion of Lu*>* ion is full, and there is no emission of Lu>*" ion existed in the
visible range, hence all luminescence observed could be attributed to
POM component and/or organic ligand in the complexes. Moreover,
the photoluminescence of Ln-based complexes are sensitive to the
coordinated water molecules and angle of Ln—O—W bond within Ln-
based molecule. When the aqua and similar molecules were coordi-
nated to Ln>* ion, the luminescence of Ln>™ emitting centre quenches
as a consequence of the coupling with high O—H oscillators [50].
When the bond angles of Ln—O—W bond are approximately 150°,
which can quench the luminescence of Ln>* ion due to effective d’
electrons hopping through electron delocalization and frm-pn-dn
orbital mixing [51,52]. In this series of 1-4, the two water molecules
bonded into Ln** ion may affect the luminescence of Ln** ion. Further-
more, the four angles of Ln—O—W bond are ~137.0 (4), ~137.2 (5),
~156.0 (5) and ~157.4 (5), respectively, which can to some extent affect
but not facilitate the quenching of luminescence of Ln** ion.

The steady state excitation and emission spectra of 4 were recorded
at room temperature. The emission spectra of 4 displays a broad band
centered at 400 nm after excitation at 272 nm (Fig. S7), which can be
assigned to the emission of organic benzoic ligands. To confirm the
conjecture, the excitation and emission spectra of benzoic acid ligands
also have been detected (Fig. S8). The shifts of peaks in emission spectra

,
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Fig. 4. (a) the emission spectra of 1 recorded under excitation at 272 nm (black line) and 395 nm (red line); (b) decay time curve of 1 monitored under excitation at 272 nm and emission at
616 nm (black line) and under excitation at 395 nm and emission at 620 nm (red line); (c) the emission spectra of 2 recorded under excitation at 272 nm (black line) and 378 nm (red
line); (d) decay time curve of 2 monitored under excitation at 272 nm and emission at 546 nm (black line) and under excitation at 378 nm and emission at 546 nm (red line); (e) the
emission spectra of 3 recorded under excitation at 272 nm (blue line); (f) decay time curve of 3 monitored under excitation at 272 nm and emission at 452 nm (blue line).
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between 4 and organic benzoic ligand may be due to the coordination
effect between metal ions and organic ligands. To elucidate energy
transfer mechanism, it was best to determine the single and triplet en-
ergy level of the ligand. The singlet energy level of the ligand was deter-
mined by the excited absorption edge of 4, and the value was found to
be 307 nm (32,573 cm™ ') (Fig. S7a). The triplet energy level of the or-
ganic ligand was estimated by reference to its lower-wavelength emis-
sion edge (365 nm, 27,397 cm™') of luminescence spectrum of 4
(Fig. S7b). It is well known that the efficiency ligand-to-metal energy
transfer required a good intersystem-crossing efficiency, which is max-
imized when the energy difference between singlet and triplet states is
close to 5000 cm ™. It amounts to 5176 cm™ ! in 4, and hence the ligand
has a good intersystem-crossing efficiency. Furthermore, the triplet en-
ergy level of the ligands is found to be higher than that of the emitting
level of °Dg of Eu™, °D, of Tb®>* and 'D, of Tm>*, proving that the li-
gands could serve as an antenna material for photosensitization of and
Eu**, Tb®>* and Tm>* emitting centres in 1, 2 and 3.

The steady state excitation spectrum of 1 at room temperature,
monitored under emission at 620 nm consists of a weak broad band
and several intense narrow bands (Fig. S9). The broad band at 272 nm
is attributed to the m — m* transition of benzoic ligands, and the narrow
bands are assigned to “Fy — °D, transition (360 nm), ’Fy — °G, transi-
tion (380 nm), “Fy — °Lg transition (395 nm), ’Fy — °Ds transition
(410 nm), “Fy — °D, transition (470 nm) and “Fy, — °D; transition
(525 nm) of the f-f transitions of Eu®>* ions. Obviously, the f-f transitions
are stronger than the absorption of the organic ligand, proving that
luminescence sensitization via excitation of organic ligand is much
less efficient than the direct excitation of the Eu>" ion f-f transitions
absorption level. When the emission spectrum of 1 was performed
under the maximum direct transition at 395 nm, the emission spectrum
consists of the first excited state, °Dy, and the ground septet, ’F; (J =
0-4), of Eu>* ion. The Dy — “F, transition is very sharp and is situated
at 582 nm. The moderated °Dy — ’F; transition splits into two Stark
components at 589 and 592 nm, indicating the asymmetric coordina-
tion environment of Eu* local site in 1 [53]. The most intense transition
5Dy — ’F, is comprised of three strong bands at 616, 618 and 620 nm,
mainly leading to red luminescence (Fig. S10). The peak at about
650 nm may be attributed to the characteristic °Dy — ’F; transition. It
is also noted that two splitting peaks of Dy — ’F, transition occurs at
697 and 701 nm. The split of peaks may be also due to the lower
symmetry around Eu®>* emitting atoms, which is well consistent with
the analysis of crystal structure. In addition, 1 was recorded under exci-
tation of organic ligand at 272 nm, and the emission spectrum consist of
only several peaks at 592 nm (°Dg — ’F; transition), 616 nm (°Dy — “F,
transition), 655 nm (°Dg — ’F; transition) and splitting 697 and 701 nm
(°Dg — ’F4 transition). The characteristic emission of °Dy — ’Fg transi-
tion could not be detected in the emission spectrum. In addition, the in-
tensity of emission spectra under excitation at 272 nm is much lower
than that under excitation at 395 nm (Fig. 4a). The transient-state
photoluminescence emission spectra were also measured in Fig. 4b,
which could be fitted by a single exponential function. The lifetime of
1 under excitation at 272 nm and emission at 620 nm is 1232.24 ps,
while the lifetime under excitation at 395 nm and emission at 620 nm
is 401.82 ps. The obvious difference of the lifetime effectively demon-
strates different energy transfer pathway under different excitation,
and also indicate organic benzoic ligands and POM components can ac-
tive the luminescence of Eu*" in 1.

The steady state emission spectrum of 2 at room temperature is
showed in Fig. 4c. The excitation spectrum of 2 was recorded upon the in-
tense °D4 — “Fs transition at 546 nm, which displays a prominent broad
band at 272 nm and three very weak bands in the range of 330-400 nm
(Fig. S11). The broad band at 272 nm could be ascribed to the m — m* ab-
sorption of organic ligand, and the negligible bands between 330 and
400 nm were due to the “Fs — °G}, ’Fs — °D, and “Fs — °Dj transition
of the Tb>* ion. The room-temperature emission spectrum of 2 upon ex-
citation at 272 nm displays the characteristic emissions of Tb>* ion at

490, 546, 595, 620 and 655 nm as a result of deactivation of the °D, ex-
cited state to the ground state ’F; (] = 6, 5, 4, 3, 2) of Tb** ion, which
leads to a green emitting luminescence (Fig. S10). Moreover, the emis-
sion POM and/or organic ligand cannot be detected, indicating the pres-
ence of an efficient ligand-to-Tb>* energy transfer process under
excitation at 272 nmin 2. As a contrast, the emission of 2 under excitation
at 378 nm exhibits five sharp peaks at 490, 546, 595, 620 and 655 nm due
to f-f transitions of Tb®>* ion and a broad band at around 430 nm assigned
to inorganic and/or organic ligands. In addition, the lifetime of 2 under
excitation 272 nm and 378 nm are 1039.57 and 715.71 ps, respectively
(Fig. 4d), indicating the organic ligand can much more efficiently sensi-
tize the luminescence of Tb>* ion, which is good agreement with the pre-
vious works [27,42].

The excitation and emission spectra of 3 were also detected at the
room temperature (Fig. S12 and Fig. 4e). The emission spectrum ob-
tained under excitation at 272 nm shows the characteristic 'D, — >F4
and 'G4 — 3Hg f-f transition of Tm>* ion at 452 and 475 nm, which
can result in a blue emitting luminescence (Fig. S10). A considerably
broad band from 400 nm to 500 nm may be due to the overlapping
emissions of POM components, organic benzoic ligand and Tm>* emit-
ting centres. The excitation spectrum of 3 was recorded under the emis-
sion at452 nm, and the excitation spectrum contains a broad absorption
peaks below 300 nm and the characteristic *Hg — 'D, f-f transition at
352 nm, implying the organic ligands can transfer energy and sensitize
the luminescence of Tm>* ion. The decay time curves of 3 monitored at
452 nm under excitation 272 nm also have been explored (Fig. 4f),
showing that the energy transfer from organic benzoic ligand to Tm>*
emitting ions in 3.

3.6. Color-tuning properties

Color-tuning emissions of doubly doped or triply doped multiple
Ln>" ions in heteronuclear complexes have been widely investigated
because they are proving broad using in the lighting materials [54-57].
Especially, the white light emission could come true based on mixed
red-green-blue emitting color complexes, and only several white-
light-emission complexes based on POM derivatives were reported
now. In 2012, the first color-tunable emitting Ln-POMs, namely, {[Ln,
(DMF)s(H20)6][ZnW12040]}-4DMF (Ln3* = La3*, Eu®>*, and Tb3*)
were first reported by Wu and coworkers, which display interesting
color-tunable and white-light-emitting behaviours [58]. Nevertheless,
several DMF and H,0 molecules enter into the Ln>* ion coordination
surroundings, which can result in nonradiative deactivation of the ex-
cited level of Ln®>* ion via high O — H vibrations. Aforementioned,
Zhou and coworkers reported a series of isostructural Na(HL)
(CH3COO)EumenLa1,m,n(AlM05(OH)5018)(HZO)G'10H20 (L =
nicotinate) in 2017, which display tunable luminescence color behav-
iour including white light emitting emissions [40]. In 2018, Zhou and
coworkers reported another white-light emitting thin films based on
pure inorganic POM NagEu,,,Tb,,Ce;_,,_sW10036 [24], and no chromo-
phore ligands coordinated to Ln®* ions efficiently involve the sensitiza-
tion of Tb>*/Eu*/Ce3* ions. Recently, our group reported a series of
Tm3"/Dy>* codoped double-tartaric bridging POM derivative [50]. In-
vestigations of photoluminescence emissions reveal that the Tm>*/
Dy>*-POM can exhibit color-tunable photoluminescence behaviours,
emitting color ranging from blue, through white, to yellow. The explo-
ration of energy transfer indicates the O — M LMCT excited state of
POM fragments can active Tm> " and/or Dy>* ions, and the energy can
also transfer from Tm>* to Dy>™ ions to efficiently accelerate emissions
of the Dy** emitting centres.

Herein, the white-light-emitting properties of the Eu>*/Tb>*/Tm>*
codoped multicenter Ln-POM derivatives could be achieved through
optimization of relative components of Eu**/Tb>*/Tm>* ions. As
shown in Fig. 5a, it can be found that several sharp emission bands
from Eu>*/Tb®>*/Tm>™" ion and a relatively broad-band emission from
organic benzoic ligand and inorganic POM group appear in the emission
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spectra of the 5-11. The white-light-emitting can be well tuned by
adjusting the relative molar ratio of Eu®>*/Tb®>*/Tm®>* components,
which provides the basis to compensate the red emitting color from
Eu3™ center, the green emitting color from Tb>* center, and the blue
emitting color of the overlap of Tm>* center, organic and inorganic li-
gands under excitation at 272 nm ultraviolet light. When the Tm>"
ion's doping concentration is fixed at 0.5, the Tb®>* ion's doping compo-
nenty increases, and the luminescence color of triply doped Eu/Tb/Tm-
POM can be tuned from red (1; 0.663, 0.335), through orange-red (5;
0.489, 0.429), to green-yellow (6; 0.375, 0.506). Relatively, when the
Tm>" ion's doping concentration increases, the Eu*>* and Tb*>* ions'
doping concentrations decrease, and the luminescence emitting color
can be tuned from green-yellow (6; 0.375, 0.506), through white (9;
0.300, 0.337), to blue (11; 0.269, 0.290) within Eu/Tb/Tm-POM mole-
cules. The corresponding CIE coordinates and the CIE luminescent
color coordinates were shown in Table 2 and Fig. 5b, respectively.
Based on the above results, it is known that 9 with the optimized
molar ratio of Eu>*/Tb*>*/Tm3" = 0.06:0.10:0.84 emits white color
when the Eu/Tb/Tm-POM was excited at 272 nm. The calculated chro-
maticity coordinate of light emission of 9 fall within the white-light
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Fig. 5. (a) Photoluminescence emission spectra of 5-11 powder sample under excitation
at 272 nm; (b) CIE chromaticity diagram corresponds to emissions of 5-11.

Table 2
CIE chromaticity coordinates and emitting color of 1-3, 5-8.

Samples (x,y) Luminescence color
1 0.663, 0.335 Red

2 0.324, 0.591 Green

3 0.217,0.210 Blue

5 0.489, 0.429 Orange-red

6 0.375, 0.506 Green-yellow
7 0.407, 0.382 Red

8 0.307,0.394 Green-white
9 0.300, 0.337 White

10 0.279,0.315 White-blue
1 0.269, 0.290 Blue

area of the CIE chromaticity diagram (0.300, 0.337), which is very closed
to the standard white light (0.333, 0.333).

3.7. Energy transfer mechanism study

Energy transfer involving in multiple Ln®>* ions has been investi-
gated, and the remarkable enhancements and quenching of the
photoluminescence emissions also noticed in multicenter Ln-based
complexes [59,60]. In the earlier studies, Yamase and coworkers have
reasonably explored and summarized energy transfer mechanisms
from O — M (M = Mo, W, V, Nb) LMCT triplet state through the singlet
states along with a Forster-Dexter dipole-dipole type of coupling be-
tween the donor and the acceptor [42]. Building upon our previous
work on energy transfer mechanism from POM fragments to Ln>*
ions, our group investigated the energy transfer process monitored by
TRES, indicating the O — W LMCT photoexcitation of POM can sensitize
the emission of Ln>" ions [46,50,54]. As the previous reports, POM can
absorb energy through O — M LMCT transition, hence the energy level
of POM could be excited from ground state 1Alg to Ty, triplet state
and then return to Ty, triplet state through fast nonradiative process
under UV irradiation [23]. Subsequently, the photoexcitation O — M
LMCT 3Ty, state of POM transfer energy to Ln>" ion via antenna effect.
The organic ligand could be regarded as another sensitizer in
chromophores-Ln-POM system, and the energy transfer process for
the sensitization of Ln>* ion could be explained by the following
steps: (1) the organic chromophore absorbs UV light, which leads to
the excited singlet level (S;); (2) intersystem crosses (ISC) from S; to
triplet state (T); (3) energy could transfer from the T; state to the ex-
cited 4f states of the Ln** ion. In the chromophores-Ln-POM complexes,
the intramolecular energy migration efficiency from the organic chro-
mophore ligand to the central emitting Ln>* ion is one of the fatal fac-
tors that influence the luminescent behaviours of the Ln®>* analogue.

In this paper, the luminescence of Ln* emitting centres sensitized by
organic benzoic ligand and energy transfer among the multiple Ln>™
ions were systematically investigated within mixed Ln>*-based POM
derivatives. As shown in Fig. 6, the excitation spectra display the similar
outlines under Eu*>* emission at 620 nm, Tb®>* emission at 620 nm, and
Tm>* emission at 620 nm, indicating the similar energy transfer mech-
anism for sensitizing the luminescence of Eu>*, Tb>*, and Tm** ions in
5-11. Interestingly, the excitation intensity of broad band at 272 nm
under Eu>" emission at 620 nm generally decreases with the decreas-
ing of Eu>* ion component, implying the better energy transfer effi-
ciency from organic benzoic ligand to Eu*>* ion (Fig. 6a).

Similarly, the phenomenon also appears in the excitation spectra
under Th>* emission at 546 nm, demonstrating the organic ligand
also can effectively sensitize the luminescence of Th>™ emitting centres
(Fig. 6b). However, no obvious broad bands at 272 nm were discovered
in the excitation spectra of 5-11 under Tm>* emission at 452 nm, which
may be attributed to the lower energy transfer efficiency from organic
benzoic ligand to Tm3™ ion (Fig. 6¢). In addition, a broad excitation
band observed from 400 to 500 nm in 5-11, which can be overlapped
by the emission of 4, proving energy transfer process from organic/
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Fig. 6. The excitation spectra of 5-11 under emissions at 620 (a), 546 (b) and 452 nm (c).

inorganic ligands to Eu>* and/or Tb®* ion. All the above results show
that the better sensitization efficiency from organic ligand to Eu™
and/or Tb> ion rather than Tm>* ion, which may be due to a lower ex-
cited energy from ground level to excited level of Eu>" and/or Tb*>* ion.

Until now, the investigation of energy transfer mechanism among
multiple Ln>" ions in multicenter Ln-POM have been rarely reported.
Recently, we reported the energy transfer from Tm>™" ion to Dy>" ion
in Tm/Dy-POM, which were demonstrated by TRES and decreased lumi-
nescence lifetime of Tm®* ion with the addition of Dy>" ion compo-
nent. Here, the energy transfer mechanism among Eu>*/Tb**/Tm>*
ions were systematically studied. As we know, the luminescence life-
time, as per the inherent nature of luminescent materials, can be
regarded as an important technology for the exploration of energy

Table 3
The fitting results of 3, 5, 6, 7, 8,9, 10, 11 under excitation at 272 nm and emission at
452 nm.

Samples 1 (1s) o (%) 72 (11s) (%) " (ps)
3 0.92 65.73 7.84 3427 6.56
5 097 64.88 651 35.12 5.32
6 1.02 67.27 6.69 3273 533
7 091 66.16 7.10 33.84 586
8 0.76 69.48 6.69 3052 5.47
9 1.02 68.01 6.25 31.99 490
10 135 69.97 6.36 30.03 470
1 1.28 65.76 6.58 3424 5.13

transfer process in multiple-Ln** molecules. The luminescence lifetime
of Tm®* emitting centers in 5-11 have been detected, and the lifetime
of Tm>" emitting ions decreased with increasing of the total molar
weight of Eu>* and Tb>™ ions, indicating the energy can transfer from
Tm>" ions to Eu>* and/or Tb®* ions (Table 3). To demonstrate energy
transfer relation between Tm>*/Tb>*, Tm>*/Eu*, Eu®>*/Tb>™ ions,
several doubly doped Eu/Tb-POM, Eu/Tm-POM, or Tb/Tm-POM have
been further synthesized and explored in the context. First of all, the ex-
citation and emission spectra of Eug»/Tby g-POM have been provided at
room temperature (Fig. 7 and Fig. S13). For Eug,/Tbyg-POM, the emis-
sion spectra present both the Th®>* and Eu®* characteristic f-f transition
under excitation at 272 nm, exhibiting the energy can transfer from or-
ganic ligand to Tb>* and Eu®* ions (Fig. $13). The excitation spectra of
Eug/Tbos-POM also have been investigated under the Eu>* emission at
620 nm (Fig. 7) and Tb®>* emission at 546 nm (Fig. S14). Meanwhile, the
excitation spectrum under Th>* emission at 546 nm displays character-
istic f-f excitation bands of Th>™ ion, which is consistent with the
excitation spectrum of 2 (Fig. S14), proving the same energy transfer
pathway to sensitize the luminescence of Tb®>* ion in Eug»/Tbg g-POM
and 2 and no energy transfer involve from Eu®>* to Tb®>* ion. The excita-
tion spectrum under Eu>* emission at 620 nm shows both characteris-
tic f-f excitation bands of Tb®>* and Eu>* ion, implying the existence of
energy could transfer from Tb>* ion to Eu>* ion but not from Eu>* ion
to Tb>* ion within Eug»/Tbo s-POM molecule (Fig. 7). That is to say, it is
proposed that Tb®>* jon can assist sensitization of Eu>" ion, which is in
good agreement with the previous documents [61,62].51:52 Similarly,
the excitation and emission spectra of Tbg/Tmgg-POM and Eug 1/
Tmgo-POM also have been studied, and the results showed that the
energy can transfer from organic components to Eu>*/Tm>* or Tb**/
Tm>* ion (Fig. S15-S18). The investigations of photoluminescence exci-
tation and emission spectra of Tbg »/Tmg g-POM and Eug 1/Tmgo-POM
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Fig. 7. The comparison of excitation spectra of 1 (black line) under emission at 620 nm and
2 (red line) under emission at 546 nm and Eug ,/Tbg g-POM (blue line) under emission at
620 nm.
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indicate the Tm>™ ion cannot high-effectively sensitize the lumines-
cence of Th®>* and Eu®™ ion.

To further demonstrate energy transfer process, the TRES were also
used to prove the energy transfer mechanism. As shown in Fig. 8a and
Fig. 8b, the TRES of 9 was measured under excitation at 272 nm at
room temperature. First of all, the obvious broad emissions band from
400 nm to 500 nm appear at 103.7 ps, and it is noted that the broad
band assigned to the m — m* transition emission of organic ligand and
3Ty, — 'Aygq transition resulting from the O — M LMCT triplet state of
POM component is predominant in the spectrum (Fig. 8b). An
unconspicuous peak appeared at 452 nm in the spectrum of 103.7 ps
can be assigned to the characteristic f-f transfer of Tm>* ion. As the
time elapsed, the intensity of emission from 400 nm to 500 nm gradu-
ally increased, and the emission at 490 and 546 nm of Tb>* ion f-f tran-
sitions, 592 and 620 nm of Eu>* ion f-f transitions appeared at 111.7 ps.
At 119.6 ps, the peak at 546 nm becomes more prominent, whereas the
relative emission intensity from 400 nm to 500 nm observed with de-
cline intensity. At 143.4 ps, the peak at 620 nm becomes prominent,
and the emission from 400 nm to 500 nm generally disappears. Subse-
quently, the normalized intensity at 490 and 546 nm dropped down.

(a) 700

=)
=
=]

All the above results indicate the energy transfer process from organic
ligand and POM fragment, through Tm>* and Tb>" ion, to Eu®" ion.
Similar processes of spectral temporal evolution were detected for
other Eu/Tb/Tm-POM (Fig. S19-25), which exhibit the observed time-
resolved emission peaks with complex kinetics. The possible process
of energy transfer shown in Fig. 9 to explain energy transfer pathway
in 5-11 under irradiation. The TRES of Eug/Tbgg-POM, Tbg,/Tmg g-
POM and Eug 1/Tmg o-POM also have been recorded to study the energy
transfer mechanism between Eu**/Tb>*, Tb**/Tm>* and Ei®*+/Tm>*
ions (Fig. S26-S28). The results show the existence of energy transfer
between different types of Ln>* ions, and the schematic energy level di-
agram also have been summarized in Fig. S29-S31.

4. Conclusion

In summary, a series of [N(CHs)4]sK;Ln(C;H50,)(H,0),(ax-
PW1;039)]-11H50 (Ln®** = Eu®* (1), Tb** (2), Tm>" (3), Li** (4))
samples were successfully prepared, which have been characterized
by single crystal X-ray diffraction, elemental analysis, PXRD, TGA, and
IR spectra. The photoluminescence excitation and emission spectra of
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Fig. 8. (a) The TRES of 9 (Aex = 272 nm); (b) the emission spectrum of 9 at different time.
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Fig. 9. Schematic energy level diagram and energy transfer process in 9.

1-4 were systematically investigated, proving the effective sensitization
of organic ligand and POM fragment for Eu®>*, Tb®>™ and Tm> ™ ions. The
investigations of Ln—O—W bond angles and coordinated water mole-
cules indicate that the frm-pm-dm orbital mixing and O—H oscillators
may lead to luminescence quenching in this series of compounds. In
addition, the multicenter-Ln analogues [N(CHs)4]3K;Eu,TbyTmy_x_y
(C7Hs03) (H20),(a-PW11039) - 11H,0 (5-11) also have been synthe-
sized to study the white-light-emitting behaviours within Eu/Tb/Tm-
POM molecules. The white-light-emitting behavior can be achieved by
adjusting the molar ratio of Eu>*/Tb**/Tm** = 0.06:0.10:0.84 in 9.
The energy transfer process from organic benzoic and POM ligand to
Eu™, Tb®", and Tm>" emitting centers were detected through the
comparison of excitation of single-, double-, treble-Ln** mixed
samples, indicating the energy could transfer from the photoexcitation
0 — M LMCT level of POM components and 7 — m* transition of organic
ligand to sensitize the luminescence emission of Ln>* jons via intramo-
lecular energy transitions. The energy transfer process between Eu>*/
Tb3*, Tb**/Tm>* and Eu®>*/Tm3™ ions also have been recorded and
carefully studied by TRES and variation of Tm>* luminescence lifetime,
and the results show a low-effectively process of energy transfer
between Th>™/Tm>* and Eu®>"/Tm>™ ions and a relatively good energy
transfer efficiency between Eu®*/Tb>* ions. Finally, the work provides a
new synthetic strategy to research white-light-emitting properties in
multicenter-Ln POM derivatives. Especially, the investigations of energy
transfer mechanism among three types of Ln*>* ion in multicenter-Ln
POMs have enriched the kinetic study of photoluminescence in lumi-
nescent POM materials.
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