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ABSTRACT

The new sulfatotungstate Csg[(WO,),0(SO,4),] exhibits a hitherto unknown anion with an unusual W-O-W angle of 180° and
edge-sharing WO¢ and SO, polyhedra. It crystallises in the monoclinic space group P2,/c (no. 14) with Z = 2, determined by single-
crystal X-ray diffraction. Kg[(M00,),(SO4)s] and K7 oSt 1[(WO,)2(SO4)s] crystallise isotypic to each other in the monoclinic space
group P2,/n (no. 14) with Z = 2. Nay,[MoO,(SO,)s] crystallises in the orthorhombic non-centrosymmetric space group P2,2,2;

(no. 19) with Z =4, confirmed by second harmonic generation measurements. UV-vis measurements show a bright absorption

below 400 nm for all compounds due to the ligand-to-metal charge transfer (LMCT) in tungstate and molybdate moieties. In the
fluorescence spectra Csg[(W0O,),0(SO4)4], Kg[(M00,),(SO4)s] and K;oSro1[(WO,),(SO4)s] show an emission of the LMCT.
Further, all compounds were characterised by FT-IR spectroscopy and thermogravimetric analysis. Latter reveals remarkably

high thermal stabilities, especially for Css[(WO,),0(SO.,)4].

1 | Introduction

Sulfatotungstates and sulfatomolybdates can be classified as
silicate-analogous materials due to the SO, tetrahedral building
units, such as in borosulfates [1-4], fluorooxoborates [5-7]
and polyphosphates [8, 9]. By introducing different moieties,
such as sulfates, molybdates or tungstates, the ionic charge of
polyhedral centres might change with respect to pure silicates,
but above all, enable further opportunities for different coordina-
tion geometries and material properties. Due to their optical
properties, tungstates and molybdates are classical luminescent
materials which are capable of forming MO, tetrahedra, MOs
moieties and MOg octahedra with M = W, Mo [10-16]. They have
been widely used for several decades as laser materials, scintil-
lators or as phosphors in lamp devices [17-19]. They are also

employed as host structures to be doped with rare-earth elements
[19]. They act as sensitisers due to their highly efficient
charge transfer transitions whose energy can be transferred onto
adjacent rare-earth ions, also known as the antenna effect, as, for
example, in Na,Y(PO4)(WO,):R (R = Eu, Tb) [20], Gd;Cl5[WOq]:
R (R=Eu, Tb) [21] or LazCl3;[MoQOg]:Eu [22].

Based on the dissolution of transition metal oxides in molten
alkali pyrosulfates—used as a catalysts in the sulfuric acid pro-
duction to oxidise SO, to SO,—different studies precipitated
novel sulfate compounds from melts containing potassium
pyrosulfate. It confirms that K,S,0, is able to dissolve the
oxides V,0s, Nb,Os, Ta,0s, MoO3; and WO;3 [23-26]. In 1998,
Noerbygaard et al. were able to synthesise a sulfatomolybdate,
the first phase of K,[M00,(SO,4),] out of such a melt [27], the
future y-phase [28]. Recently, we discovered a second phase,
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viz., -K5[M00,(S0,4),] [29]. In 2005, Schiffer et al. discovered
the first sulfatotungstate Kg[(WO,)x(SO4)s] with discrete
[(WO,)x(SO4)]® dimeric units [30]. The same authors discov-
ered the first sodium sulfatomolybdate Na,[MoO,(SO,4);] a few
years later [31]. However, despite some Raman studies, no fur-
ther characterisation of these compounds was performed yet.

Since both, sulfates and tungstates or molybdates, are excellent
host materials for rare-earth ions, sulfatotungstates and sulfato-
molybdates seem to be a promising rather new material class. We
started to investigate new compounds and are pleased to present
the first caesium sulfatotungstate, namely Css[(W0O,),0(SO4),].
Furthermore, we will give a deeper insight into the optical and ther-
mal properties of Nay, MoO,(SO,4);] and K¢St 1[(WO,)x(SO4)s)-
We will also present the new sulfatomolybdate Kg[(Mo0O,),
(SO4)s], which is isotypic to the latter. We elucidated the crystal
structures of all titled compounds and characterised them by FT-
IR, UV-vis and luminescence spectroscopy and thermogravimet-
ric analysis (TGA).

2 | Results and Discussion
2.1 | Crystal Structures
2.1.1 | Csg[(WO0,),0(SO,)4]

Cse[(W0,),0(50,),] crystallises in a new structure type in the
monoclinic space group P2;/c (no. 14) with two formular units
per unit cell (Figure 1). The anion of the fundamental building
unit (FBU) [(W0,),0(S0,),]°” is reported for the first time. It is
formed by two tungstate octahedra sharing one common corner
and are further connected to two sulfate tetrahedra each via com-
mon corners (S2) and edges (S1), respectively. To the best of our
knowledge, the only edge sharing of SO, tetrahedra and tungstate
polyhedra in the solid state was reported for WO(SO,), with a
pentagonal bipyramidal coordination of the tungsten atom
[32]. The FBU in Csg[(W0O,),0(SO,),4] is not further condensed
and is thus classified as 0D according to Liebau. Within, two
tungstate octahedra are connected via the bridging oxygen atom

(a)

Al

FIGURE 1 | (a) Unit cell of Csg[(WO,),0(SO,),] along the c-axis,
(b) fundamental building unit of the anionic host structure showing a
W-0O-W angle of 180°C and (c) coordination environment of the caesium
cations. Sulfate tetrahedra, yellow; tungstate octahedra, blue; caesium
cations, grey. Ellipsoids are set to a probability of 50%.

014 which features an unusual W-O-W angle of 180°. Single-
crystal diffraction measurements at low temperature confirmed
this angle, and the anisotropic displacement parameters do not
show unusual features (Figure S10, Tables S1, S4-5, S12),
although some vibration perpendicular to the W-O-W axis is
observed at room temperature—so there is indeed some
movement. All atoms are assigned to the general Wyckoff
position 4e, except for the bridging oxygen atom O3 in
W-0O-W which is assigned to the special position 2c, situated
on an inversion centre.

The charge balancing caesium cations Cs1, Cs2 and Cs3 are coor-
dinated by 10 oxygen atoms which was confirmed by Madelung
Part of Lattice Energy (MAPLE) calculations [33-36].

The W—O0 bond lengths vary between 172 and 221 pm while S—O
bond lengths vary only between 143 and 154 pm. The distances
towards bridging oxygen atoms within the FBU are significantly
longer due to repulsion of S°* and W®* centres. Particularly the
bond lengths towards the edge sharing tungstate and sulfate poly-
hedra are elongated. Compared towards only corner sharing
polyhedra, they show a significant W—0O bond elongation with
221 pm. Contrarily, the tungstate unit exhibits the shortest bond
lengths towards the terminal oxygen atoms O4 and O12 with only
172 pm. Also, the S—O bond lengths in the edge sharing sulfate
tetrahedron show clear elongations towards the tungstate unit
due to repulsion; terminal S—O bond lengths are 144 pm, bridg-
ing ones 151 pm. Nevertheless, the average bond lengths of
196 pm (W—0) and 147 pm (S—O) agree well with the sum of
the ionic radii according to Shannon (W—O: 198 pm, S—O:
150 pm) [37]. Selected interatomic distances and angles are given
in Table 1, a list of selected ionic radii after Shannon is given in
Table S14. The different lengths towards oxygen atoms are
reflected in the polyhedron deviations calculated by the method
of Bali¢-Zuni¢ and Makovicky [38, 39]. The tungstate octahedron
shows a relatively high deviation of —2.98%, the sulfate tetrahe-
dra show smaller deviations with only —0.39% (S1) and —0.08%
(S2). S104>" exhibits a slightly larger polyhedron deviation than
$20,>~ due to sharing an edge with the tungstate octahedron,
also revealing a relatively small O-S-O angle of only 99.8°.
Nevertheless, the sulfate tetrahedra can be classified as regular
tetrahedra. The average Cs-O coordination distances are 319 pm
(Cs1) and 332 pm (Cs2, Cs3), which is slightly above the expected
distance 319 pm according to Shannon’s ionic radii considering a
tenfold coordination of caesium [37].

TABLE 1 | Selected interatomic distances/pm and angles/® in
Csg[(WO,),0(S0,)4]. Standard deviations are given in parentheses.

Cs-0 302.18(44)-398.88(46)
Zrion(cs_o) 316
W-oterm: 172.12(45)-172.58(45)
W-Ob" 187.95(2)-221.38(43)
g_Qterm- 143.80(47)-144.79(47)
S_QP 151.52(44)-153.76(47)
O-W-0 63.30(14)-160.85(13)
0-S-0 99.8(2)-112.8(3)
W-0-W 179.999(14)
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FIGURE 2 | Experimental X-ray diffraction pattern and Rietveld
refinement of Csg[(WO,),0(SO,),].

A phase-pure crystalline powder was obtained. The correspond-
ing X-ray diffraction pattern and Rietveld refinement is shown in
Figure 2.

2.1.2 | K3[(M003)2(SO4)6], K7.9S101[(WO2)2(S0,4)6]

Both compounds crystallise isotypically in the monoclinic space
group P2,/n (no. 14) with two formular units per unit cell.
Ks[(M00,),(SO,)e] is reported for the first time and is discussed
as representative (Figure 3). All atoms are assigned to the general
Wyckoff position 4e. The FBU [(M00,),(SO4)s]®~ comprises a
dimeric unit with two molybdate octahedra connected via two
bridging sulfate tetrahedra (S1) forming a vierer ring. This vierer
ring is further connected via four sulfate tetrahedra sharing com-
mon corners with the molybdate octahedra. The unit is not fur-
ther condensed and thus classified as 0D according to Liebau.
The charge balancing potassium cations are coordinated by nine

FIGURE 3 | (a) Unit cell of Kg[(M00,),(SO4)s] along the a-axis,
(b) fundamental building unit of the anionic host structure showing a
vierer ring and (c) coordination environment of the potassium cations.
Sulfate tetrahedra, yellow; molybdate octahedra, violet; potassium cati-
ons, grey. Ellipsoids are set to a probability of 50%.

(X1, K3, K4) and ten (K2) oxygen atoms, respectively, which was
proven by MAPLE calculations [33-36].

The average Mo—O bond length is 196 pm which is close to the
expected interatomic distance according to Shannon’s radii with
197 pm [37]. The average S—O bond length is 147 pm which is
close to the expected distance after Shannon with 150 pm [37].
This is also reflected in small polyhedral deviations for the sulfate
tetrahedra (S1: —0.11%, S2: —0.07%, S3: —0.12%). Contrarily, the
deviation of the molybdate octahedron is with a value of —7.18%
remarkably large. The Mo®" in the centre is bent strongly
towards the terminal oxygen ligands O1 and O2 with signifi-
cantly shorter bond lengths of 168 and 169 pm due to repulsion
of four neighboured S®* centres and the tension of the vierer ring
which explains the large polyhedron deviation. The average bond
length between the potassium cations and corresponding oxygen
ligands amounts to 296 pm for K1, K3 and K4 with a coordination
number (CN) of 9 and 302 pm for K2 with a CN of 10. Both values
are slightly higher than the expected ionic radii according to
Shannon with 293 pm in case of CN=9 and 297 pm for
CN =10 [37].

213 | Na4[M002 (SO4) 3]

The sodium sulfatomolybdate Na,[MoO,(SO,4);] crystallises in
the non-centrosymmetric orthorhombic space group P2,2;2;
(no. 19) with four formular units per unit cell (Figure 4). The
absence of an inversion centre was proven by second harmonic
generation (SHG) measurements (Table S11). All atoms are
assigned to the general Wyckoff position 4a. The FBU consists
of one molybdate octahedron connected towards three sulfate
tetrahedra via common edges. These units are further condensed
forming a zig-zag chain along the a-axis. Thus, the anionic host
structure can be classified as 1D according to Liebau. The sodium
cations are coordinated by six oxygen atoms each, proven by
MAPLE calculations [33-36].

(@)

FIGURE 4 | (a) Unit cell of NajMoOx(S0,);] along the a-axis,
(b) fundamental building unit of the anionic host structure which is fur-
ther connected to 1D chain and (c) coordination environment of the
sodium cations. Sulfate tetrahedra, yellow; molybdate octahedra, violet;
sodium cations, grey. Ellipsoids are set to a probability of 50%.
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The average Mo—O and S—O bond lengths are 195 and
147 pm, respectively, which is in accordance with Shannon’s
ionic radii (Mo—O: 197 pm and S—O: 150 pm). Polyhedron
deviations of the sulfate tetrahedra are insignificant with
values of —0.04% (S1), —0.07% (S2) and —0.09% (S3) and can
be classified as regular polyhedra [38, 39]. The molybdate
octahedron shows with —5.71% a large deviation due to the
repulsion of neighbouring sulfate tetrahedra. This is reflected
in shorter bond lengths towards the two terminal oxygen
atoms (O2: 168 pm, OI1: 170 pm). The average interatomic
distance between sodium cations and oxygen ligands is
247 pm and thus slightly larger than the expected value of
240 pm after Shannon considering a sixfold coordination of
sodium [37].

2.2 | Electrostatic Calculations

All crystal structures were examined for their electrostatic con-
sistency with calculations based on the MAPLE concept [33-36].
The single-crystal data of the compounds were used to calculate
their MAPLE values and were compared to the MAPLE values of
the binary and tertiary compounds (Tables 2 and S12). Deviations
remain below 1% which indicates electrostatic consistency of the
structure model. We considered a full occupation of the cation
sites in K; ¢St 1[(W05).(SO4)6].

2.3 | UV-Vis and Vibrational Spectroscopy

Optical properties of all compounds were investigated by record-
ing UV-vis spectra. All compounds show a high reflection in the
visible region and broad absorption bands below 400 nm due to
the ligand-to-metal charge transfer (LMCT) within either the
molybdate or tungstate units (Figure 5a). These transitions are
parity allowed and therefore very pronounced. Na,[MoO,(SO,)]
reveals an additional band around 450 nm. We recently discov-
ered a minimal presence of Mo®* in a-K,[MoO,(SO,),] by elec-
tron spin resonance (ESR) measurements which enables d-d
transitions in sulfatomolybdates [29]. Such transitions are the
reason for different hues of the powder samples. Since molybde-
num and tungsten possess very similar chemical properties due
to their position in the periodic table, we can assume small
amounts of W>* in the tungstate compounds as well. While
K;.0S101[(WO,)»(SO,)s] appears colourless, Kg[(M00,),(SO4)s]
exhibits a light blue hue which is reflected in the UV-vis spec-
trum, as the highest reflection occurs in the bluish region. This is
similar for Csg[(WO,),0(SO,4)4], Where the highest reflection
point is slightly shifted to longer wavelengths, yielding a tur-
quoise hue. Nay[M00,(SO,);] appears light green due to an addi-
tional absorption band in the blue region. The colourless
impression of K;¢Sro1[(WO,),(SO4)s] indicates, that the defects
on the potassium sites caused by the presence of M>" in the
anion, are healed by the strontium doping.

TABLE2 | Calculated MAPLE values of Csg[(WO,),0(SO4)4], Kg[(WO,),(SO4)s], Ks[(M00,)(SO4)s] and Nay,[MoO,(SO,)s] compared to the binary

and tertiary compounds.

Cs6[(WO,),0(S0,),] (SC-XRD) MAPLE =179 610 kJ mol™! A =0.14%
Kg[(WO,)x(S04)s] (SC-XRD) MAPLE = 245914 kJ mol™' A =0.72%
Kg[(M00,)5(SO.)s] (SC-XRD) MAPLE = 245172 kJ mol ™" A = 0.56%

Na,[M0O,(SO,);] (SC-XRD) MAPLE = 122477 kI mol™" A =0.90%

3 Cs,80, [40] +2 WO5 [41] + SOs [42]
MAPLE = 179 864 kJ mol™!

4 K,S0, [43] +2 WO; [41] + 2 SO; [42]
MAPLE = 244 144 kJ mol™!

4 K,SO, [43] +2 MoO3; [44] + 2 SO;
[42] MAPLE = 243 791
2 Na,O [45] + MoOs [44] + 3 SO, [42]
MAPLE = 121 374 kI mol™!

(a)
3
S | K4[(M0O,),(SO,)q] “*(:-‘3*
.8
E Na,[MoO,(SO,),]
%= P 5
/
7 K, 9Sro1[(WO,),(SO,)el o
Csg[(WO,),0(80,),]

T T T T T
200 300 400 500 600 700 800
Wavelength / nm

(b) Na,[MoOL(SO,),]

Cs[(WO,),0(SO,),]

798704 [(WO,)5(SO,)e]

Intensity / a. u.

Ks[(M0O,),(SO,)el

T T T T T T
1750 1500 1250 1000 750 500

Wavenumber / cm™

FIGURE 5 | (a) UV-vis spectra of the investigated sulfatotungstates and sulfatomolybdates and (b) their FT-IR spectra.
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The absorption edges of the titled compounds are in accordance
with known tungstates and molybdates exhibiting [WO4]®~ and
[MoO4]®~ moieties, such as in Ni(MoO,) and R,(WOy) [16, 46],
and will be roughly discussed in the following chapter.

The FT-IR spectra show typical vibrations in the region between
1400 and 400 cm™" for all compounds (Figures 5b and S4). The
absence of O—H bonds is confirmed by the absence of any bands
between 4000 and 1400 cm ™. Even after months of storing the
compounds under ambient atmosphere, no O-H vibrations show
up in the FT-IR spectra. Thus, all titled compounds seem to be
stable at air. The assignment of vibrational bands is based on the
previously discussed sulfatotungstates and sulfatomolybdates
[47]. Bands between 1400 and 950 cm ™" can be assigned to sym-
metric vy, (S-0) and asymmetric v, (S-O) vibrations in the
sulfate moieties. Appropriate bending vibrations §(S-O) occur
between 650 and 400 cm™' [48-52]. W-O-W vibrations
Y(W-0O-W) in corner sharing tungstate octahedra are found
between 870 and 610 cm™'. Thus, out of all compounds dis-
cussed, Csg[(W0O,),0(S0,)4] shows the most pronounced band
in this region due to its W-O-W bridge inside the FBU
(Figure 1). Further vibrations between the transition metals
and oxygen are assigned as follows; 960-600 cm™ towards
Vsym (W=0) and vg,, (W-0), 990-600 cm™" towards vy, (Mo-0)
and vy, (Mo-0). Bending vibrations 6(W-0) and §(Mo-0O) are
found below 500 and 400 cm™, respectively, the latter is already
out of the recorded region [53-57].

2.4 | Fluorescence Spectroscopy

To investigate the emission of the LMCT of the tungstate and
molybdate units, photoluminescence spectra were recorded.
The photoluminescence spectra of so far investigated sulfato-
tungstates M,[W,03(SO4)s] M =Y, Sm, Eu, Gd, Tb, Ho, Lu,
Bi) did not reveal any emission due to a LMCT [47].
Contrarily, K7¢S1o1[(W02)(S04)s] and Csg[(WO,),0(S04)4]
indeed show broad excitation and emission bands (Figure 6a, c).
Excitation occurs in the UV, while the emission takes place in the
green region of the visible spectrum peaking at 509 nm for
K7.0S10.1[(WO,)x(SO4)s] and 516 nm for Csg[(WO,),0(SO4)4l.
This is expected for tungstates with sixfold coordination, such
as in Ry(WOg) and Ln;Cl;[WOg] [21, 46, 58]. The sulfatomolyb-
dates seem to show weaker luminescence intensities, as
Ks[(M00,),(SO,4)s] (Figure 6b) exhibits lower intensities than
K7.0S101[(WO,),(SO,4)s]. We suggest that this might be caused

by the strontium doping, thus avoiding defects on the potassium
sites caused by the presence of W>* in the sulfatotungstate. The
noisy structure around in the broad-banded emission of
Ks[(M00,),(SO,4)s] peaking at 467 nm is assigned to artefacts
of the xenon discharge lamp of the measurement device as often
seen for weak emission intensities. The spin-orbit coupling is
much stronger for tungsten than for molybdenum; accordingly,
the emission from the lowest lying triplett LMCT states is fos-
tered in the tungstates. Na, [ MoO,(SO,);] did not show any
detectable luminescence at room temperature at all; as far as we
can suggest, there seems to be no correlation with the FBU and
the dimensionality of the anion since a-K,[MoO,(SO,),] does
show luminescence—exhibiting a 3D host structure [29]. A fea-
sible reason for the absence of emission in Na,[MoO,(SO,);]
might be the absorption band in the blue region (Figure 5).
Also compounds such as M,MoOs (M =La, Y, Gd, Lu) do not
show any emission as reported by Blasse, whereas the respective
tungstate compounds exhibit emission in the blue (Table S13) [58].

Comparing the isotypic structures Kg[(M00,),(SO4)s] and
K;.0S19.1[(WO,),(SO,)s], the bandgaps determined via Tauc plots
(Figure S5) based on the UV-vis spectra of both compounds
reveal a slight shift towards higher values from molybdate to
tungstates, as expected.

Contrarily, the excitation and emission maxima of both, dis-
played in Figure 6a,b, shift to higher energies from the tungstate
towards the molybdate. This trend might be surprising since
Mo(VI) is less stable against reduction than W(VI), but the
significantly stronger spin-orbit coupling in tungsten stabilises
the lowest lying LMCT triplett states better than Mo(VI);
accordingly, the respective emission energies can also be lower
for tungstates compared with molybdates [59]. A comparison
of excitation and emission energies with other tungstate and
molybdate compounds are listed in Table S13.

2.5 | Thermal Analysis

The thermal stability was investigated by TGA measurements.
Relative stabilities are summarised in Table 3, respective dia-
grams are presented in Figures S6-9. All decompositions
occur in a single large step, presumably by releasing SOs.
The compounds show remarkably high thermal stabilities,
especially those with lower dimensionalities of the anion.
Cs6[(W0,),0(50,),] shows with 700°C the highest stability so
far for these material classes. Compared to the thermal stabilities

(@)[in=217nm K 4575 1[(WO,),(SO,)] (b) [ =288 nm Kg[(M0O,),(S0,),] (€) [fer=2021m Cs,[(WO0,),0(50,),]
Jem = 509 NM - Jam = 462.1M Jiem = 516 M
a 3 3 /
= © o
2 -~ ~
a2 = =z
g 2 2
= g kol
£ £
200 360 4(‘]0 560 G(I)O 700 30‘30 460 560 200 3[‘10 4[‘)0 560 B(I)O 700

Wavelength / nm

Wavelength / nm

Wavelength / nm

FIGURE 6 | Respective emission and excitation spectra of (a) K;.9Sr1[(WO,),(SO4)s], (b) Ks[(M00,),(SO4)s] and (c) Csg[(WO,),0(SO4)4]-
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TABLE 3 | Thermal stabilities of investigated sulfatomolybdates
and sulfatotungstates.

Decomposition
Compound Temperature/°C
Cs6[(WO,),0(504)4] 700
Ks[(M00,),(S04)6] 560
K7.6510,1[(WO,)5(SO4)s] 540
Na,[M00,(SO4)s5] 436

in M,[W,05(SO.)s] (M =Y, Sm, Eu, Gd, Tb, Ho, Lu, Bi)—also
containing 0D anions—the stabilities of the sulfatotungstates in
this work are slightly higher (e.g., Bi[W,03(SO4)]: 320°C,
Lu,[W,03(SO,)s]: 510°C) [47], probably due to lower charged cat-
ions reducing the repulsion forces in the lattice. Materials with
lower dimensionalities might be more stable due to less repulsion
between the highly charged centres S°*, Mo®" and W°*. This trend
was also observed in borosulfates and previous work on phases of
K»[Mo00,(S0,),] with differing dimensionalities [4, 60-62]. The
ionic radius of the cation might also play an important role regard-
ing the thermal stabilities of the materials, as they influence the
lattice energy. In the isotypic series M,[W,05(SO4)s] M =Y, Sm,
Eu, Gd, Tb, Ho, Lu, Bi) we observed a decrease of the thermal
stability with increasing ionic radius of the cation M>*.

3 | Conclusions

Herein, we elucidated sulfatotungstates and sulfatomolybdates
by introducing three new compounds. Cs¢[(WO,),0(SO,),] fea-
tures an unprecedented anion showing an unusual W-O-W
angle of 180°. It comprises the first sulfatotungstate which con-
sists of edge-sharing WOg and SO, polyhedra. Further, it marks
the first caesium compound in this material class. Next to this,
the compounds Kg[(M00;)x(SO4)s], K7.6510.1[(WO2)2(SO4)s] and
Nay[Mo00,(SO,)s] were considered. We discussed the crystal
structures in detail, confirmed them by MAPLE calculations
and expanded the knowledge of such compounds by discussing
their optical and thermal properties.

UV-vis spectroscopy revealed broad absorption bands below
400 nm due to the LMCT of the molybdate and tungstate
octahedral units in the crystal structure. Fluorescence spec-
troscopy confirmed this transition for Csg[(WO,),0(SO4)4l,
Ks[(M00,),(S04)s], K7.08101[(WO,)5(SO4)s] and Nay[MoO,(SO4)s]
did not show any detectable luminescence at room temperature.
The titled compounds showed remarkably high thermal stabilities
with decomposition temperature above 400°C. Csg[(WO,),0(SO4)4]
in particular exhibits a high stability, as decomposition only
begins at 700°C.

These findings are promising steps for further investigations of
these new material classes as possible antenna phosphors.

4 | Experimental Section
4.1 | Syntheses

All compounds were prepared via melting the educts
MO3 (M=M0, W), Ast4 and A28207 (A=Na, K, CS)

stoichiometrically (MoOs: Fluka, WO;: Alfa Aesar, Na,SO,:
Merck, K,SO,: VWR, Cs,S0,4: Chempur, Na,S,0, was obtained
by heating NaHSO, (Fluka) at 280°C overnight and was kept in a
drying chamber at 180°C afterwards, K,S,0: Bernd Kraft, stored
at 180°C in a drying chamber, Cs,S,0; was synthesised via
CsOH H,O (Alfa Aesar) in a nitrogen flushed Schlenk tube in
H,SO, by heating the mixture at 200°C for 30 min). The respec-
tive educts were ground and filled in a preheated silica ampoule.
In case of Csg[(WO;),0(S04)s] and K;oSro1[(WO,),(SO4)s]
the ampoule was evacuated, Kg[(M00,),(SO4)s] and
Na,[Mo00,(SO,4);] could be synthesised either in ambient air
or in an evacuated ampoule. Nevertheless, the ampoule was
sealed in all cases. Csg[(W0,),0(SO,4),] was heated to 500°C
for 2%2 h, hold for 10 h and cooled down in 2% h to room
temperature again. K;oSro;[(WO,),(SO4)s] was heated in
3% h to 650°C, hold for 10 h and cooled down to 300°C within
70 h and to room temperature again in 1%2 h. Both,
Ks[(M00,),(S04)s] and Nay[MoO,(SO,);] were synthesised by
heating up to 480°C within 2V2 h, holding the temperature for
10 h and cooling down to room temperature in 80 h. The crys-
talline powders were obtained phase-pure (Figures 2 and S1-3).
In case of K7 ¢S 1[(WO,)»(S0,4)s] we could not figure out the ori-
gin of the strontium doping. Nevertheless, we proved its presence
by energy-dispersive X-ray spectroscopy (Table S17).

4.2 | Crystal Structure Determination

Single-crystal structure determination was enabled by transfer-
ring the crystals from the ampoule directly into a perfluorinated
polyether for selection. The diffraction data were collocted with a
Bruker D8 Venture diffractometer using Mo-K, radiation
(4=0.71073 A). Absorption correction was done via the multi-
scan method, here direct method was used followed by refine-
ment by the full-matrix least-squares technique with the
SHELXTL software package [63, 64]. Crystallographic data for
the firstly mentioned compounds Csg[(WO,),0(S0,),] and
Kg[(M00,),(SO4)s] is summarised in Table 4, further details as
well as data for Kg[(WO,),(SO4)s] and Na, [ MoO,(SO,);] is
pointed out in Tables S1. For a stable refinement of the strontium
doping in K;¢Sry1[(WO,)(SO,4)s] a full occupation of the K/Sr
sites was assumed, which also delivered the best residuals; a free
refinement is unstable, though, as the electron count of Sr is dou-
ble the count of K. Maintaining charge balance would require to
replace two K atoms by one Sr atom, the electron density on the
site would be the same causing the refinement to fail.

4.3 | Rietveld Refinement

Rietveld analysis of Csg[(W0O,),0(S0,),] was done by means of
the programme TOPAS V. 5.0 [65]. The structural model out of
single-crystal data was used as starting model. Further data is
presented in Table S10.

4.4 | X-Ray Powder Diffraction

The samples were ground and filled in a Hilgenberg silica-glass
capillary with a wall thickness of 0.01 mm and an outer diameter
0.3 mm or in case of Kg[(WO,),(SO,)s] prepared on a stainless-
steel sample holder by flattening the sample with a glass plate.
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TABLE4 | Crystal data and details of the structural refinements of Csg[(WO,),0(S0,4),] and Kg[(M00,),(SO,)s] determined by single-crystal X-ray

diffraction. Standard deviations are given in parentheses.

Cs6[(WO02),0(S0,).] K3[(M00,),(S04)6]
Temperature/K 297(2) 296(2)
Molar weight/g mol™* 1629.40 1145.04
Crystal system Monoclinic Monoclinic
Space group P2,/c P2,/n
a/A 10.8744(3) 9.4260(3)
b/A 14.9457(5) 14.0022(4)
c/A 7.7619(3) 10.3259(4)
Bl° 92.7012(10) 90.652(2)
V/A3 1260.10(7) 1362.77(8)
VA 2 2
plg mol™ 4.294 2.794
Absorption coefficient p/mm™* 18.076 2.718
F(000) 1420 1112
Radiation; wavelength /A 0.71073 0.71073
Diffractometer Bruker D8 Venture Bruker D8 Venture
6 range/° 2.318-27.924 2.451-29.265
Absorption correction Multi-scan Multi-scan
Transmission (min; max) 0.589; 0.746 0.6573; 0.7458

Index range
h/k/1

Reflections collected

Independent reflections

Obs. reflections

Refined parameters/restraints

Rint

R, (all data)

WR,

GooF

Residual electron density (max; min)/e~ A~>
CSD

—14/141-19/191-10/10

—12/121-19/191-14/14

30493 82407
3019 3710
2490 3125

152 200

0.0657 0.1075

0.0400 0.0455

0.0417 0.0855
1.045 1.194

1.002; —0.954 1.338; —1.507
2478 520 2478 521

Data were collected by either using a Bruker D8 Advance diffrac-
tometer using Cu-K, radiation (1=1.54184 A) with a 1D
LynxEye detector system, steps of 0.02° and transmission geom-
etry or by using a Seifert 3003 TT diffractometer with Cu-K, radi-
ation (A=1.54184 A) and a GEMETEOIR 1D line detector. In
both cases, the generator was operated at 40 kV and 40 mA with
a scan range between 5° and 80°.

4.5 | Infrared Spectroscopy

Infrared spectra were recorded by means of a Bruker EQUINOX
55FT-IR spectrometer operating at room temperature with a
platinum ATR device and a scan range between 4000 and
400cm™, a resolution of 2 cm™! and running 32 scans
per sample.

4.6 | UV-Vis Spectroscopy

UV-vis spectra were recorded as diffuse reflection spectra using a
Varian Cary 300 Scan UV-vis spectrophometer with an Ulbricht
sphere detector. It is equipped with a deuterium and mercury
lamp as light source; the lamp switch is located at 350 nm.
The scan range was between 200 and 800 nm with an increment

of 1 nm and a scan rate of 120 nm cm™ ™.

4.7 | Fluorescence Spectroscopy

The solid-state excitation and emission spectra were recorded
with a Horiba FluoreMax-4 fluorescence spectrometer operating
at room temperature. A xenon discharge lamp which operates
between 200 and 800 nm is equipped as light source.
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4.8 | Thermal Analysis

TGA was performed by using alumina crucibles and the device
NETZSCH STA 409 PC Luxx in nitrogen atmosphere and a heat-

ing ramp of 5°C min™".

4.9 | Second Harmonic Generation

SHG measurements were performed on microcrystalline powder
samples clamped between two glass slides using the Kurtz-Perry
approach [66]. Al,0;, KH,PO, (KDP) and quartz were used as
reference materials. A Q-switched Nd:YAG laser (1064 nm,
5-6ns, 2 kHz) was used for the generation of the fundamental
pump wave. The fundamental infrared light was separated using
a harmonic separator, a short-pass filter and an interference filter
from the generated second harmonic (532 nm). The generated
SHG signal was collected with a photomultiplier and an oscillo-
scope from seven different areas of the sample. On each position,
128 pulses were measured and averaged. Background signals
between the laser pulses were used to correct the measured inten-
sities. The SHG measurements were performed under ambient
conditions in transmission geometry.

4.10 | Raman Spectroscopy

Raman measurements were carried out with a custom set-up in
Frankfurt described in detail elsewhere [67]. We used a laser with
the wavelength of 2 = 532 nm (Cobolt-Samba, Hiibner Photonics)
and a spectrograph (Princeton Instruments ACTON SpectraPro
2300i) equipped with a Pixis256E CCD camera. Measurements
were performed in reflection geometry with the polarised
laser light.

4.11 | Energy Dispersive X-Ray Spectroscopy

Energy dispersive X-ray spectroscopy was measured with a Zeiss
Merlin 450 scanning electron microscope and an Oxford
Instruments Ultim Max 170 EDX detector. A summary of the
measurement data is depicted in Tables S15-S18.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. The supporting information contains
crystallographic data of all four compounds Csg[(WO,),0(SO4)al,

Ks[(M00,)2(SO04)s], K7.6810.1[(WO2)2(SO4)s] and Nay[MoO,(SO,)s], fur-
ther details on the Rietveld refinement of Csg[(WO,),0(SO,4)4], SHG
results of Na,MoO,(SO,);] and the full IR-spectra [15, 21, 29, 37,
40-46, 68-74]. Supporting Fig. S1: Experimental powder X-ray diffrac-
tion pattern of Kg[(M00,),(SO4)s] compared to the calculated pattern out
of single crystal data. Supporting Fig. S2: Experimental powder X-ray
diffraction pattern of K, Srq1[(WO,),(SO4)s] compared to the calculated
pattern out of single-crystal data with a full occupation of the potassium
cations. Supporting Fig. S3: Experimental powder X-ray diffraction pat-
tern of Na,[M0O,(SO,);] compared to the calculated pattern out of single
crystal data. Supporting Fig. S4: Full FT-IR spectra of all investigated
compounds. Supporting Fig. S5: Tauc Plots of the isotypic compounds
Kg[(M0,),(SO4)s] (M =W, Mo) out of the UV-vis data; from the plots it is
not unequivocally clear whether a direct or indirect band-gap is present,
but in both reasonable cases the band gap is slightly larger for the tung-
state compared with the isotypic molybdate which is the relevant conclu-
sion for our discussion in the manuscript. Supporting Fig. S6:
Thermogram of Csg[(WO,),0(S0,4),] recorded up to 1500°C in nitrogen
atmosphere. Supporting Fig. S7: Thermogram of Kg[(M00,),(SO,)s]
recorded up to 1050°C in nitrogen atmosphere. Supporting Fig. S8:
Thermogram of Na,[MoO,(SOy,);] recorded up to 1050°C in nitrogen atmo-
sphere. Supporting Fig. S9: Thermogram of K;¢Sry1[(WO,),(SOy4)s]
recorded up to 1500°C in nitrogen atmosphere. Supporting Fig. S10:
Thermal Ellipsoids of the ions of the two bridging tungstate units at room
temperature (left) and 149 K (right). Ellipsoids are shown with a probability
of 50%. Supporting Fig. S11: Raman spectrum of Nay[MoO,(SO,);].
Supporting STable S1: Crystal data and details of the structural refine-
ments determined using single-crystal diffraction. The measurement for
Csg[(WO,),0(SO,),] were performed at T=149 K. Standard deviations
are given in parentheses. Supporting Table S2: Atomic coordinates,
Wyckoff symbols and isotropic displacement parameters Ueq / A? in
Csg[(WO,),0(SO,),] at T =297 K. Standard deviations are given in paren-
theses. Supporting Table S3: Anisotropic displacement parameters Uj; /
A? in Cse[(W0,),0(SO,),] at T =297 K. Standard deviations are given in
parentheses. Supporting Table S4: Atomic coordinates, Wyckoff symbols
and isotropic displacement parameters Ueq / A? in Csg[(W0,),0(S0.,),] at
T =149 K. Standard deviations are given in parentheses. Supporting
Table S5: Anisotropic displacement parameters Uy / A% in
Cs6[(WO,),0(SO,),] at T =149 K. Standard deviations are given in paren-
theses. Supporting Table S6: Atomic coordinates, Wyckoff symbols and
isotropic displacement parameters Ueq / A% in Kg[(M00,),(SO,)s).
Standard deviations are given in parentheses. Supporting Table S7:
Anisotropic displacement parameters Uy / A? in Kg[(M0O5),(SO4)s].
Standard deviations are given in parentheses. Supporting Table S8:
Atomic coordinates, Wyckoff symbols and isotropic displacement param-
eters Ugq / A% in K;6S10,[(WO,),(SO,)s]. Standard deviations are given in
parentheses. Supporting Table S9: Anisotropic displacement parameters
Uy / A% in K, 6S10,1[(WO,),(SO4)s]. Standard deviations are given in paren-
theses. Supporting Table S10: Atomic coordinates, Wyckoff symbols and
isotropic displacement parameters Ueg / A? in Nay[M0O,(SO,);]. Standard
deviations are given in parentheses. Supporting Table S11: Anisotropic
displacement parameters Uj; / A? in Nay[MoO4(SO,);]. Standard deviations
are given in parentheses. Supporting Table S22: Selected interatomic dis-
tances / A and angles / ° at T=149 K in Cs¢[(W0,),0(SO,),]. Standard
deviations are given in parentheses. Supporting Table 13: Crystal data
and structure refinement of Css[(WO,),0(SO,),] determined from pow-
dered data via Rietveld refinement. Respective standard deviations are
given in parentheses. Supporting Table S14: Ionic radii / pm after
Shannon!!! with respect to their coordination number. Supporting
Table S11: SHG intensities in quartz, KPD, ALO; and
Nay[MoO,(S0O,);]. Supporting Table S12: Calculated MAPLE values of
the binary and tertiary compounds. Supporting Table S13: Excitation
and emission wavelength of the LMCT in tungstates and molybdates of
selected compounds, exhibiting either MO, or MOg units whether
M =W, Mo. Supporting Table S14: Assignments of vibrations in the
Raman spectrum. Supporting Table S15: Summary of energy-dispersive
X-ray spectroscopy of Cse[[(WO,),0(SO,),] of the relevant ions (unfortu-
nately, the main lines of W and Sr occur at the same energy, so always Sr is
indicated if W is present in the sample; the further lines of Sr at higher
energies imply its absence). Supporting Table S16: Summary of
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energy-dispersive X-ray spectroscopy of Kg[(M00,),(SO,)s] of the relevant
ions. Supporting Table S17: Summary of energy-dispersive X-ray spec-
troscopy of K;¢Srp1[(WO,)x(SO,)s] of the relevant ions (unfortunately,
the main lines of W and Sr occur at the same energy, so always Sr is indi-
cated if W is present in the sample; the further lines of Sr at higher energies
imply the presence of traces which cannot be quantified safely).
Supporting Table S18: Summary of energy-dispersive X-ray spectroscopy
of Nay[MoO5(SO,);] of the relevant ions.
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