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The double-tartaric  bridging  Tm-substituted POM [N(CH3z)4lKzH7[TM(C4H>Og)
(0-PW11039)]2-27H,0 (1) was successfully synthesized and well characterized by various physico-chemical
analyses. Furthermore, the mixed Dy*>*/Tm®" ion-based POM derivatives [N(CHx)lgKsH
[Dy,Tm;_4(C4H,06¢) (0-PW1;O=9)1,-27H,O (3—8) were first synthesized and confirmed by PXRD and IR
spectra, indicating compounds 3-8 are isomorphic with 1. The detailed analyses of Ln-O-W bond angle

derivative

and coordinated aqua ligands around emitting Ln®* ions have revealed that the mentioned negative
factors do not effectively affect the luminescence of emitting Ln** ions in 1-8. Investigations of PL emis-
sions reveal that 3—8 can display color-tunable PL properties, emitting color from blue to white to yellow.
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The study of time-resolved emission spectroscopy of 6 indicates the energy can transfer from the LMCT
excited state of POM fragments to Tm>* and/or Dy3+ ions. Furthermore, the decreased luminescent life-
time of Tm>* ions in 3-8 reasonably verifies the energy transfer from Tm** to Dy** ions to efficiently

rsc.li/dalton

Introduction

Polyoxometalates (POMs) can be viewed as a series of metal-
oxo polyhedral building blocks (MO,), where M is in the
highest oxidation state (M = V°*, Nb*>", Ta**, Mo®*, W*"), con-
nected through edge-, corner- or face-sharing fashions." The
additional heteroatoms (Si, Ge, P, As, Sb, Se, Te) are mainly
introduced into the POM skeleton particularly to stabilize the
molecular framework, control structural shape and size, or to
alter surface electron density, achieved by compositional vari-
ations on the POM skeletons.> The pre-existing investigations
indicate that POMs possess various topological structures,
redox stability and remarkable electronic properties, which
facilitate their role in diverse areas of research, such as cataly-
sis, magnetism, biology, medicine, electro-chemistry and
optics, thus helping to solve contemporary challenges related
to the environment, energy, health etc.®> POMs are an excellent
class of inorganic multidentate O-donor ligands that can coor-
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facilitate emissions of the Dy** centre.

dinate to f- and/or d-metal ions, or to organic molecules to
form functionalized POM derivatives.*

Lanthanide ion (Ln**)-based solid-state luminescent
materials are usually applied as phosphors for white light-
emitting diode (WLED) applications.” The luminescence of
Ln*" ions mainly originates from various f-f electron tran-
sitions, which are dominant within their unfilled 4f electronic
orbitals and are thus classified as electric-dipole and mag-
netic-dipole transitions. According to the Judd-Ofelt (JO)
theory, these electric-dipole f-f transitions are Laporte forbid-
den as a result of the same parity 4f electronic configurations
(AL = 0), which lead to an extremely small absorption coeffi-
cient (¢ < 10 L mol™ em™) and low luminous efficiency.®
More importantly, the oxophilic Ln** ions particularly bind the
oxygen donors of the vacant POM anion and thus serve as
antenna materials to absorb and transfer energy from the
photoexcitation O — M triplet state to active Ln*" ions via
ligand to metal charge-transfer (LMCT) transitions within the
Ln-POM derivative.”

Since the first Ln-POMs were reported in 1971, increasing
attention has been placed on the synthesis of such Ln-POMs
because of their Lewis acid catalysis and their optical and mag-
netic properties.® Although plenty of Ln-POMs have been
reported, most are restricted to single-component Ln-POM
derivatives. Nevertheless, to date, there are few reports on
mixed-Ln/Ln’ POM-based multifunctional materials.” As we
know, white light emission originates from rational combi-
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nations of three primary colors. Different Ln*" ions can emit
inherent characteristic ~Commission International de
I'Eclairage (CIE) luminescent color coordinates; thus, the
theoretical combination of multiple Ln** ions can present
white light emission properties. To date, some main methods
for obtaining white light are the combination of Tb*'/Sm’",
Tm?**/Dy*", Tb*/Eu**, Tm**/Tb**/Eu®*" or Yb**/Er*"/Tm’" ions
in a single-phase host.'® In 2012, Wu and coworkers first
reported Tb/Eu-POM derivatives, and further study indicates
that the chromaticity coordinates for Tby ,5Eu, 75-POM (0.342,
0.362) are close to those of standard white light (0.333,
0.333).”* In addition, Zhou and coworkers reported another
two Tb/Eu-POM derivatives in 2017 and 2018.°%# Therefore,
the background discussed offers us a potential opportunity
to further explore the design and properties of mixed Ln/Ln’-
POM materials.

Herein, the combination of Tm**/Dy*" ions was first chosen
to investigate the white light emissions of Ln-POM derivatives.
Recently, we successfully obtained a double-tartaric bridging
Tm-substituted phosphotungstate [N(CH;),]sKsH;[Tm(C,H,05)
(-PW1,039)],-27H,0 (1) that is isomorphic with the
reported [N(CH;)4]6KsH,[Dy(C4H,06)(0-PW;1030)],-27H,0 (2).""
Subsequently, a series of Tm**/Dy** codoped POM derivatives
[N(CH3)4]6K3H;[Tm;_,Dy,(C4H,06)(a-PW1,030)]5-27H,0  (3-8)
(x = 0.03-0.50) were elaborately synthesized by adjusting the
molar ratio of Tm>*: Dy*" ions in a similar reaction system.
These isomorphic POM derivatives (3-8) were fully character-
ized by elemental analysis, powder X-ray diffraction (PXRD),
thermogravimetric analyses (TGA) (Fig. S1f), IR spectra
(Fig. S2t), energy dispersive X-ray spectroscopy (EDX)
(Fig. S3f1), inductively coupled plasma atomic emission
spectrometer (ICP-AES; Table S11) and scanning transmission
electron microscopy (STEM) maps. The resulting compounds
3-8 exhibit color-tunable photoluminescence (PL) switching
behaviour, ie., from blue to white and then to yellow.
Furthermore, the energy transfer mechanism related to their
luminescence was systematically investigated.

Results and discussion
Powder X-ray diffraction

As shown in Fig. 1, the experimental PXRD patterns of 1-8 are
in good agreement with the simulated PXRD patterns of 1 that
originated from the single-crystal X-ray diffraction structural
analyses, indicating that the experimental samples are in good
phase purity and Tm®*‘/Dy’"-doped compounds 3-8 are
isomorphic with 1. The difference of intensity between experi-
mental and simulated PXRD patterns are carefully discovered,
which may be due to the variation in preferred orientation of
the powder sample during the process of collection of the
experimental PXRD patterns.

Crystal structure

In this reaction system, the precursor [P,W,4067(H,0)]"*~ was
chosen to construct a series of new Ln-POM derivatives. The
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Fig. 1 Simulated single-crystal PXRD of 1 and experimental PXRD pat-
terns of 1-8.

{WO(H,0)} linker can serve as a critical starting point for the
dissociation or free rotations of {PWy} subunits in the reactiv-
ity of the precursor [P,W;5065(H,0)]**". In the optimum pH
value of 3.2, the reaction of [P,W;40¢,(H,0)]**” with tartrate
ligands and LnCl;-6H,0 in rational molar ratio results in the
crystallization of 1-8. The crystalline nature of these com-
pounds was confirmed by PXRD analyses. All compounds 1-8
are in the same orthorhombic space group Pna2,; hence the
structure of 1 is especially described in detail for further com-
parison with related compounds. Compound 1 contains one
dimeric polyanion skeleton [Tm(C4H,06)(0-PW,1034)],"%",
three K™ ions, six [N(CH3),]>" counter cations and twenty-seven
lattice water molecules; simultaneously, seven H' protons are
directly added for charge balance of the negative polyanion.
The packing arrangement of polyanions of 1 is shown in
Fig. S4.1 In the polyanion skeleton of 1, Tm** ion occupies the
defect site of the [a-PW;;036]"" subunit with the Tm-O-W
bond angles in the range of 134.2(11) to 158.7(16)° (Fig. 2b
and Table S2f). Both the tartrate ligands adopt bridging

Fig. 2 (a) Polyhedral/ball-and-stick representation of the polyanion in
1; (b) polyhedral/ball-and-stick representation of [TmPW;030]*~ units;
(c) the coordination mode of tartrate ligands; the coordination environ-
ment of (d) Tm1 and (e) Tm2 centres (color code: WOg, aqua; W, aqua;
P, pink; Tm, teal; O, red; C, light orange).

This journal is © The Royal Society of Chemistry 2018
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coordination modes linking two Keggin-type [TmPW;,050]*"
units through Tm-O covalent bonds to form the dimeric poly-
anion in 1 (Fig. 2a and c). More specifically, the Tm1 atom is
8-fold coordinated by four O atoms (023, 029, 036 and 046) of
the [a-PW1;030]"” subunit, and another four O atoms (081,
083, 085 and 089) from two tartrate ligands with Tm1-O bond
lengths and O-Tm1-O bond angles of 2.26(3)-2.48(3) A and of
68.8(12)-146.9(12)° respectively (Fig. 2d, Tables S2 and S37). By
comparison, Tm2 atom is surrounded by four 015, 040, 042
and 043 atoms (from [a-PW;;03,]"~ group) and 074, 086, 087
and 088 atoms (from two tartrate ligands) with Tm2-O bond
lengths of 2.25(2)-2.43(3) A and O-Tm2-O bond angles of
60.1(13)-147.3(11)° (Fig. 2e, Tables S2 and S3t).

STEM-EDX study

The STEM-EDX element maps in Fig. 3, S5 and S67 are
presented for 6 as a representative of Tm>*/Dy’"-POMs; they
indicate a uniform distribution of C, N, O, P, K, Dy, Tm and W
throughout the crystalline structure.

The EDX spectra for 1-8, shown in Fig. S3,7 suggest the
composition of Tm*" and Dy*" ions could be systematically
tuned across the entire Tm**/Dy**-POMs. The composition of
Tm®* and Dy*" ions in Tm**/Dy**-POMs can be modulated by
varying the Ln*" chloride reagent stoichiometries during the
synthesis, and all synthesized samples contain similar total
Ln** jons (Tm®" and/or Dy*").

PL properties

The luminescence of Ln-based complexes is limited due to the
lower molar absorption coefficients; hence, the POM compo-
sitions, upon photoexcitation, could act as antenna ligands to
sensitize the emission of Tm®" or Dy** ions in 1 and 2. The PL
emission and excitation spectra of 1 and 2 were investigated at
room temperature (Fig. S7 and S8f). Under excitation at
360 nm, the emission spectrum of 1 displays a strong emission
signal at 452 nm and a weaker emission at 481 nm, which
could be attributed to the 'D, — *F, and 'G, — *H, character-
istic f-f transitions of Tm®" ion, respectively (Fig. S7at). Weak
emissions at 410 nm and 423 nm, other than the f-f tran-

Fig. 3 STEM-EDX element maps of 6.
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sitions of Tm®" ion, should be assigned to °T;, — ‘A, tran-
sitions of POM fragments in 1. To further verify our hypoth-
esis, the emission spectrum of [P,W;404,(H,0)]"*~ precursor
was measured under the same conditions (Fig. S9%).
Characteristic emissions of Dy** ion upon excitation at 367 nm
can be detected at 480 nm (*Fo;, — °Hysn), 573 nm (*Fo, —
®H,3,,) and 663 nm (*Fo, = “Hyy,) (Fig. S7b). The emission
intensity at 573 nm is much higher than at 480 and 663 nm,
possibly due to the *Fo/, — ®Hj5, electric dipole f-f transitions,
which are stronger by several orders of magnitude of magnetic
dipole transition. Previous works by Yamase,”* Boskovic,* and
Reinoso'® have shown that the approximate bond angle of
150° between Ln-O-W bond can quench the luminescence of
Ln*" ion on account of effective d* electrons hopping through
electron delocalization and fr-pr-dn orbital mixing. In
addition, the coordination of aqua and similar molecules may
cause non-radiative quenching of Ln*" ion luminescence due
to the coupling with high O-H oscillators. In the presence of
eight such Tm-O-W bonds, the bond angles can be divided
into two categories in 1. In detail, the Tm-0,-W (O, = 015,
023, 036, 040) bond angles in the range of 134.2(11)-
142.7(18)° cannot efficiently facilitate the luminescence
quenching, and Tm-0,~-W (O, = 029, 042, 043, 046) bond
angles of 154.9(18)-158.7(16)° may affect but not efficiently
quench the emissions of Tm®". Obviously, the eight co-
ordinated O atoms around each Tm emitting centre are the
four O atoms from POM fragments and four O atoms from two
tartrate ligands; hence, there is no high O-H frequency oscil-
lator impairing the emission of Tm*" ions in 1. For structurally
isomorphic compounds 2-8, the structure has similar charac-
teristics as those in 1, and thus the influences on lumine-
scence properties caused by Ln-O-W bond fr-pa-dn orbital
mixing and coordinated aqua ligands are quite similar to
those for 1. Therefore, this double-tartaric bridging
Ln*"-substituted POM derivatives were chosen for further
exploring the white light-emitting characteristics.

Fig. S10f and Table 1 depict the corresponding CIE
chromaticity coordinates, color purity, CCT and emission
colors of 1 and 2. Compound 1 is located on the blue area
(0.144, 0.178) in the CIE 1931 chromaticity diagram, and color
purity is 77.89%. Interestingly, compound 2 appears at a
yellow area (0.384, 0.431), and color purity and are 44.46% and
4226 K, respectively.

Table 1 CIE chromaticity coordinates, color purity, CCT and emitting
color of 1-8

Samples (x,y) Color purity (%) CCT (K) Emission color
1 0.144, 0.178 77.89 Blue

2 0.384,0.431 44.46 4226 Yellow

3 0.256, 0.267 32.07 15453 Blue

4 0.295, 0.310 14.87 7884 Blue-white

5 0.310, 0.334 7.85 6612 White

6 0.325, 0.349 3.15 5817 White

7 0.336, 0.365 10.40 5366 Yellow-white

8 0.358,0.400 27.53 4740 Yellow

Dalton Trans., 2018, 47, 13949-13956 | 13951
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Color-tunable PL properties

The study of Tm*'/Dy**-doped materials, such as YAl;(BOs)y:
Tm*'/Dy**, CaoY(PO,);:Tm*"/Dy** and MgIn,P,0,:Tm**/Dy*"
phosphors, have shown that they can display preferable
tunable luminescence color.”® As shown in Fig. S10f and
Table 1, the CIE luminescent color coordinates of 1 and 2 are
blue and yellow, and the connection line between the points of
1 and 2 in the chromaticity diagram appears in the white light
area. Theoretically, the appropriate proportion of Tm** and
Dy’" ions can generate white light. The white-light-emitting
POM derivatives have been mentioned by Wu®* and Zhou®®$
with the tunable behaviour of Tb*>" and Eu** ions. The chroma-
ticity coordinates of the reported Th/Eu-POM in white are not
tightly close to the standard white light point (0.333, 0.333),
and the aqua molecules coordinated to the Tb**/Eu®" centres
may impair the emission of Tb**/Eu®" ions.°>¢ Herein, we first
choose double-tartaric bridging Tm**/Dy**-doped POM deriva-
tives, and no aqua molecules take part in the coordination of
Tm**/Dy*" centres.

Fig. 4 depicts the emission spectra of 3-8 under excitation
at 360 nm and the corresponding CIE chromaticity diagram. Six
peaks at 410, 423, 452, 480, 573 and 663 nm can be observed,
indicating the existence of Tm** and Dy** ions in 3-8 (Fig. 4a).
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0.9
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Fig. 4 (a) PL emission spectra of 3-8 (i, = 360 nm); (b) the CIE
chromaticity diagram of 3-8.
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It should be noted that the emission of “Fy,, — °Hj 5/, transition
(480 nm) of the Dy** ion obviously overlaps the 'G, — *Hg
transition (481 nm) of Tm®* ion in the layout. From Fig. 4b and
Table 1, it can be seen that the CIE color coordinates of 3
locates in the blue area. As the proportion of doped Dy*" ion
increases, the normalized emission intensity at 410, 423, 452
and 480 nm gradually deceases and the CIE color coordinates
of 3-8 synchronously vary from blue to white to yellow, in good
agreement with the previous observation on such reports.
Especially, the chromaticity coordinates of 6 (0.325, 0.349)
locate near the standard white light point (0.333, 0.333). The
correlated color temperature (CCT) deceases from the 15453 K
(cool color) of 3 to the 4740 K (warm color) of 8 with the
increase of Dy’ ion concentration. The cool white (CW) light
emitting CCT at 5817 K of 6 also can meet several standards of
lighting materials.

Energy transfer mechanism

The energy transfer process and mechanism from POM to Ln**
ion has been previously documented.” The POM fragments
can be excited from ‘A, level to triplet state under irradiation
and subsequently transfer energy to the Ln’" ion to sensitize
the emitting Ln>* centres via antenna effect. Fig. 5 shows the
comparison of excitation and emission spectra of 1 and 2.
Noticeably, the partial overlap at around 360 nm between the
excitation spectrum of 1 (Fig. 5a) and excitation spectrum of 2
(Fig. 5¢) means that the emissions of 1 and 2 can be excited by an
identical excitation of 360 nm. Furthermore, the obvious overlap
at 452 nm between the emission spectrum of 1 ('D, — °F,)
(Fig. 5b) and excitation spectrum of 2 (°Hys;, — “Hyyp) (Fig. 5¢)
implies that the energy can theoretically transfer from Tm*" to
Dy’* in 3-8. Time resolved emission spectroscopy was conducted
to investigate the energy transfer process (Fig. 6a, S11 and S127).
As shown in Fig. 6a, the emission at 410 nm appears first, and
the intensity reaches the maximum at 39.00 ps. Soon after-
wards, the emission at 423 nm initially emerges at 39.75 ps

—a
—b
—c
—d

Normalized Intensity

-

400 500 600 700
Wavelength (nm)

Fig. 5 The comparison of both PL excitation and PL emission spectra
of 1 and 2. Black line (a) excitation spectrum of 1, blue line (b) emission
spectrum of 1, green line (c) excitation spectrum of 2, red line (d) emis-
sion spectrum of 2.
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Fig. 6 (a) The time resolved emission spectroscopy of 6 (lex = 360 nm). Color changing from blue to green to yellow to red represents an increase
in emission intensity; (b) schematic energy level diagram and energy transfer (ET) process in 6.

and reaches the maximum at 40.15 ps. Meanwhile, the charac-
teristic emission of Tm®" at 452 nm and the characteristic
emissions of Dy’ at 480 and 573 nm appear at 39.95, 41.55
and 42.00 ps, respectively. This phenomenon signifies the
energy transfer process from POM to Tm®** and/or Dy** ions,
which appears in 6. The reason for the emissions of Dy*" ion
being next to that of Tm*" ion may be the superior match of
the °Ty, triplet state of excited POM fragments to the 'D,
excited level of Tm*" ion, compared with the *F,, excited level
of Dy*" ion.

In addition, the intensity of emission at 480 nm decreases
after the quenching of the characteristic emission intensity of
Tm®" ion at 452 nm, strongly demonstrating that energy trans-
fer occurs from Tm>" to Dy*" ions (Fig. 6b). To prove the poss-
ible mechanism, the luminescence lifetime measurements, as
an important tool for demonstrating energy transfer between
Ln and Ln’' centres,' at 452 nm of the Tm*" emitting centres
in 1 and 3-8 were monitored upon excitation at 360 nm and
emission at 452 nm. The lifetime of 1 and 3-8 adhere to a
double exponential decay mode (Fig. S13t), and the average
lifetime *r could be generally regarded as the experimental
lifetime value. As shown in Fig. S13 and Table 2, the lifetime
for a Tm*" emitting centre decreases in 3-8 compared with

Table 2 Biexponential fitting results of Tm** emitting centres in 1 and
3-8 upon excitation at 360 nm and emission at 452 nm

Sample 7, (ps) ay (%) 7, (ps) ay (%) 7* (ps)
1 2.18 24.37 11.14 75.63 10.61
3 2.03 22.81 10.17 77.19 9.72
4 1.98 22.99 10.05 77.01 9.60
5 1.97 22.78 9.82 77.22 9.38
6 1.83 25.46 10.09 74.54 9.61
7 1.73 25.89 10.09 74.11 9.62
8 1.67 21.56 10.04 78.44 9.67

This journal is © The Royal Society of Chemistry 2018

Table 3 The calculated energy gap of different transitions of states

-1

Transitions of states Wavelength (nm) Energy gap (x10° cm

360 27.78

'D, - °F, 452 22.12
i’Hls,z > Hyyp 452 22.12
G, — °Hg 481 20.79
jFQ,Z N :Hls/z 480 20.83
4F9/2 g 6H13/2 573 17.45
Fo/, = *Hyn 663 15.08

that in 1. The phenomenon also reasonably proved the energy
transfer from Tm®" to Dy’ ions in these Tm®"/Dy**-doped
POMs. The changes in PL lifetime are well consistent with the
time resolved emission spectroscopy and the pre-suppositions.
Furthermore, several theoretical energy gaps have been
calculated and are summarized in Table 3 to verify this energy
transfer mechanism. It can be found that the 'D, — °F,
and °H;s;, — "Hy,, transitions have the same energy gap
(22.12 x 10* em™), and the well-matched energy gaps reason-
ably support that energy transfer may occur from Tm®" to Dy**
ions.

Conclusions

In summary, a series of single-component and mixed Tm>"/
Dy**-doped POM derivatives (1-8) were successfully syn-
thesized and characterized by IR spectra, elemental analysis,
PXRD, TGA, ICP and EDX. The structural analyses indicate Ln-
O-W bond fr-pn-dr orbital mixing may, to some extent, affect
the luminescence emissions of Ln*" emitting centres in 1-8.
The investigations of color-tunable PL emission revealed that
the CIE luminescent color coordinates of 3-8 can be tuned
from blue to white to yellow by increasing the doping pro-
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portion of Dy** ion. Particularly, the CIE 1931 chromaticity
coordinates of 6 (0.325, 0.349) are in close proximity to the
standard white light point (0.333, 0.333). Time resolved emis-
sion spectroscopy was conducted to confirm the energy trans-
fer from the LMCT excited state of POM to Tm>" and Dy*" ions.
The changes in the luminescence lifetime of Tm®" emitting
centre in 1 and 3-8 reasonably support the hypothesis that
efficient energy transfer exists between Tm** and Dy*" ions.

Experimental section
Material and physical measurements

All chemicals were commercially obtained and used as
received. The lacunary precursor Ki,[P,W;9049(H,0)]-24H,0
was synthesized according to the reported literature and con-
firmed by IR spectrum.'’® Elemental analyses (C, H and N)
were measured on an Elementar Vario EL cube CHNS analyser.
PXRD data were recorded using an X-ray powder diffractometer
(Bruker, D8 Advance) equipped with Cu Ko radiation (4 =
1.5418 A). IR spectra were measured using KBr pellets on a
Bruker VERTEX-70 spectrometer in the range of
400-4000 cm™'. Scanning transmission electron microscopy
(STEM) images and energy dispersive X-ray spectroscopy (EDX)
measurements were recorded on a JSM-7610F scanning elec-
tron microscope with an OXFORD x-act EDS system. Analyses
for Tm and Dy atoms were conducted on a PerkinElmer
Optima 2000 ICP-OES spectrometer. TGA was performed in
flowing N, from 25 °C to 800 °C at a heating rate of 10 °C
min~" on a NETZSCH STA 449 F5 Jupiter thermal analyser. PL
emission spectra, PL excitation spectra, PL decay time curves
and time resolved emission spectroscopy were measured on an
Edinburgh FLS 980 fluorescence spectrophotometer equipped
with a monochromated 450 W Xe-arc excitation source. The
Commission Internationale de L’Eclairage (CIE) 1931 chroma-
ticity coordinates, color purity and CCT were calculated accord-
ing to the international CIE standards.

Synthesis of 1-8

Synthesis of 1: TmCl;-6H,O (0.228 g, 0.595 mmol) was dis-
solved in 30 mL of deionized water, and then tartaric acid
(0.120 g, 0.800 mmol) and precursor
K14[P2W;0069(H,0)]-24H,0 (2.120 g, 0.465 mmol) were added
step by step with stirring. The pH value of the mixture was
adjusted to approximately 3.2 by 3 M KOH solution and heated
to 60 °C for 1.5 h. Subsequently, tetra methyl ammonium
chloride (TMACI) (0.110 g, 1.000 mmol) was added and stirred
for another 30 min. The resulting solution was cooled to room
temperature and filtered to evaporate for two weeks at room
temperature to gain suitable crystals for X-ray structure deter-
mination. Yield: 22.9% (0.480 g, based on TmCl;-6H,0
[0.228 g, 0.595 mmol]). IR (KBr, cm™") (Fig. S21): 3450 (br),
3038 (w), 1619 (s), 1486 (s), 1098 (s), 1050 (s), 952 (s), 890 (s),
825 (s) and 720 (w). Elemental analyses (%): caled, C, 5.46; H,
1.96; N, 1.19; found, C, 5.51; H, 1.85; N, 1.23. Synthesis of 2-8:
The synthesis of Tm,Dy;_,-POM is similar to Tm-POM except
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TmCl;-6H,O was replaced by the mixture of DyCl;-6H,O and
TmCl;-6H,0 in rational proportions (see the ESIf). 2: IR
(KBr, cm™"): 3445 (br), 3043 (w), 1622 (s), 1485 (s), 1095 (s),
1050 (s), 949 (s), 890 (s), 825 (s) and 715 (w). Elemental ana-
lyses (%): caled, C, 5.47; H, 1.97; N, 1.20; found, C, 5.49; H,
1.69; N, 1.23. 3: IR (KBr, cm™"): 3448 (br), 3041 (w), 1620 (s),
1486 (s), 1095 (s), 1048 (s), 948 (s), 890 (s), 830 (s) and 727 (w).
Elemental analyses (%): calcd, C, 5.46; H, 1.99; N, 1.19; found,
C, 5.52; H, 1.84; N, 1.34. 4: IR (KBr, cm™"): 3450 (br), 3038 (w),
1623 (s), 1485 (s), 1094 (s), 1049 (s), 950 (s), 889 (s), 832 (s) and
725 (w). Elemental analyses (%): caled, C, 5.47; H, 1.99; N,
1.20; found, C, 5.51; H, 1.87; N, 1.29. 5: IR (KBr, cm™'): 3449
(br), 3041 (w), 1620 (s), 1484 (s), 1100 (s), 1049 (s), 955 (s), 892
(s), 829 (s) and 725 (w). Elemental analyses (%): caled, C, 5.47;
H, 1.99; N, 1.20; found, C, 5.50; H, 1.89; N, 1.28. 6: IR (KBr,
em™): 3452 (br), 3039 (w), 1621 (s), 1486 (s), 1095 (s), 1050 (s),
949 (s), 889 (s), 830 (s) and 725 (w). Elemental analyses (%):
caled, C, 5.48; H, 2.00; N, 1.20; found, C, 5.53; H, 1.80; N,
1.32. 7: IR (KBr, cm™"): 3452 (br), 3038 (w), 1620 (s), 1486 (s),
1100 (s), 1050 (s), 948 (s), 895 (s), 830 (s) and 725 (w).
Elemental analyses (%): caled, C, 5.49; H, 2.00; N, 1.20; found,
C, 5.53; H, 1.86; N, 1.35. 8: IR (KBr, cm™): 3450 (br), 3039 (w),
1622 (s), 1486 (s), 1099 (s), 1053 (s), 948 (s), 890 (s), 832 (s) and
724 (w). Elemental analyses (%): caled, C, 5.52; H, 2.01; N,
1.21; found, C, 5.56; H, 1.68; N, 1.28.

X-ray crystallography

A suitable sample of 1 was recorded on a Bruker Apex II CCD
diffractometer for the crystallographic study at 296(2) K, with
graphite-monochromated Mo Ka radiation (4 = 0.71073 A).
Intensity data were corrected for Lorentz and polarization
effects as well as for multi-scan absorption. The structure was
detected by direct methods, and heavy atoms were located by
full-matrix least-squares refinements on F* and Fourier synth-
eses using the SHELXTL-97 program package, which was
further refined by full-matrix least squares on F* using the
SHELXL-2018/1 program package.'® The SQUEEZE program
was used to remove the contributions of all the solvent water
and disordered material."” In the final refinement cycles, all
the atoms, including heavy atoms P, W, and Tm and light
atoms O, N, and C (except for 078, C10, C24 and C25 atoms)
were refined anisotropically. The command ‘omit-3 50.2’ was
used to omit the weak reflection above 50 degrees. The
command ‘ISOR’ and ‘SIMU’ were used to restrain the non-H
atoms with ADP and NPD problems, which lead to a relatively
high restraint value. The TMA groups were restrained to keep
the regular tetrahedral geometry by DFIX and SADI com-
mands. The ADP or NDP alerts of two P atoms and numerous
C, N, O atoms were resolved by ISOR command. The
command ‘DELU’ was used to solve the large Hirshfeld differ-
ence of the anisotropic displacement parameters along the
chemical bonds of W12-063, W16-054, C8-090, C5-C6, and
076-C1. However, none of these deficiencies affect the struc-
tural details and reliability of the polyanion structure. The
hydrogen atoms of the tartaric groups were placed in calcu-
lated positions and then refined using a riding model. Three
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Table 4 Crystallographic data and structure refinement for 1

1

Empirical formula

c3 2H 1 17K3N601 17P2W22Tm2

Formula weight 7019.83

Temperature/K 296(2)

Crystal system Orthorhombic

Space group Pna2,

a[A] 22.095 (2)

b[A] 13.0551 (13)

c[A] 52.019 (5)

a[°] 90

] 90

r[°] 90

VA% 15005 (3)

zZ 4

Pealed [g cm ™) 2.846

u[mm™"] 18.055

F (000) 11 304.0

Index ranges —26 <h <26
-13<k<15
—-45<1<62

Reflections collected 73435

Independent reflections
data/restraints/parameters

21 850 [Ripe = 0.0963]
21 850/745/1364

Goodness-of-fit on F* 1.052
Ry, WR, [I> 20(1)] ) 0.0623, 0.1454
Largest diff. peak/hole/e A~ 3.34/-3.17

disordered K’ ions were determined by EDX measurement
results. The SQUEEZE program performed in OLEX was
further used to calculate and evaluate the possible numbers of
the solvent water molecules in the four accessible voids of the
crystal structure. A total of 66 solvent water molecules should
be added to the chemical formula [N(CH3)4]¢K3H,[Tm(C4H,O4)
(a-PW11030)],-66H,0 on the basis of the calculation results.
However, the TGA and CHN elemental analysis results
showed that the number of water molecules might be 27
for the empirical formula [N(CHj;)4]¢KsH,[Tm(C,H,Og)
(-PW;4,034)],-27H,0. This might be attributed to the weather-
ing of crystals of 1. Gradually, most of the highly disordered
water molecules are lost in the process of drying and storing at
room temperature.'® The crystal data and structure refinement
parameters are listed in Table 4.
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