
Insights into Structural Diversity and Morphotropic
Evolution in A4Th(WO4)4 (A=Li, Na, K, Rb and Cs) Family
Yi Yu+,[a] Bin Xiao+,[b] Rüdiger-A. Eichel,[c] and Evgeny V. Alekseev*[c]

A series of four new thorium tungstates, A4Th(WO4)4 (A=Li, K,
Rb, Cs), were synthesized using high-temperature solid-state
method. Structural studies of the materials reveal distinct
structural changes with underlying similarities influenced by the
nature of A-site cations. Li4Th(WO4)4 exhibits a two-dimensional
corrugated sheet structure stabilized by Li+ cations, crystallizing
in P1 space group. K4Th(WO4)4 crystallizes in I41/a space group
and exhibits a three-dimensional framework consisting of ThO8

antiprisms and WO4 tetrahedra. Rb4Th(WO4)4 forms in C2/c
space group, showcasing a framework with two-dimensional

sheet structure. Cs4Th(WO4)4 is isostructural to Rb4Th(WO4)4 but
displays increased interlayer spacing due to the larger ionic
radius of Cs. Raman spectroscopy confirms the structural data,
revealing distinct vibrational modes that correlate with tung-
sten coordination changes from WO6 in Li4Th(WO4)4 to WO4 in
the Cs4Th(WO4)4. This study demonstrates how variation of alkali
metals affects the structural properties of thorium tungstates
series, showing a morphotropic evolution as a factor of the
ionic radii of the alkali metals.

Introduction

In recent decades, the study of actinide compounds has
become increasingly important, driven by the need for effective
long-term nuclear waste storage solutions and fundamental
interest in complex f-elements chemistry.[1–8] This growing
interest has led to a substantial expansion in our understanding
of the structural chemistry of inorganic actinide compounds,
encompassing both naturally occurring minerals and synthetic
phases.[9–11] For example, one area of particular interest is the
complexation of actinyl ions with oxygen-based complexes,
involving high-valent elements such as sulfur, chromium,
selenium, molybdenum, or tungsten.[12–15] These elements are
significant in the context of nuclear waste disposal due to their
roles in nuclear engineering and their formation during the
burn-up processes of nuclear fuel.[16,17]

Among the various actinide compounds, actinide sulfates,
chromates, and selenates are known for their complex and
diverse structural chemistries.[18,19] These compounds exhibit
fascinating structural features, including cation-cation interac-
tions, microporous frameworks, and the creation of

nanotubules.[20,21] The cation-cation interaction in actinyl occurs
when an oxygen atom from one actinyl ion serves as an
equatorial ligand in a bipyramidal arrangement around another
actinyl ion. In other words, one actinyl ion can coordinate with
one or several additional actinyl ions. In contrast, actinide
molybdates and tungstates tend to adopt structures more akin
to dense complex oxides than typical oxo-salts.[22] Uranium
molybdates can form limitless structural combinations through
corner- and edge-sharing of interpolyhedral linkages, resulting
in structures with varying dimensionalities, from simple clusters
to complex three-dimensional frameworks.[23,24] This variety in
structural forms highlights the complexity and versatility of
actinide chemistry.

Tungstates, as well as molybdates, also display a wide range
of structural complexities and coordination geometries, offering
significant potential for various physical and chemical applica-
tions across numerous domains.[22] This structural variety in oxo-
tungstates stems from the diverse coordination and arrange-
ments of WOx (x=4, 5, 6) polyhedra, typically manifesting as
WO4 tetrahedra, WO6 octahedra, and WO5 in square pyramids or
trigonal bipyramids. The interaction of tungsten with various
actinides has led to some novel outcomes.[25,26] Notable among
these is Na2Li8[(UO2)11O12(WO5)2], a unique compound featuring
three distinct uranyl coordination environments.[27] Another
example is Rb6[(UO2)7(WO5)2(W3O13)O2], a rare non-molecular
inorganic phase with layers containing oxo-tungstate trimers,
where tungsten coordinates with four to six oxygen atoms in a
distorted tetrahedral and octahedral coordination.[28]

In contrast to uranium phases, the chemistry of thorium
tungstates has been less explored. The only well-studied
representative in the thorium tungstate family is Na4Th(WO4)4,
synthesized by using a solid-state method.[29] Th can serve as a
surrogate for An4+ (such as U/Np/Pu) in term of their crystal
chemical and structural behaviour in different inorganic
systems.[29] Usage of Th can help in avoiding challenges and
costs associated with chemical studies of transuranic elements,
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but it has to be noted that Th is not a full chemical analogue of
other actinides and only can serve as a model for their
structural behaviour in 4+ oxidation state.

To address the gap in Th� W� O system, our recent studies
have focused on thorium tungstates with alkaline cations,
taking inspiration from the successes in the actinide molybdate
family. As part of these efforts, we report the synthesis, crystal
structure, and characterization of four new thorium tungstates
with general compositions of A4Th(WO4)4 (A=Li, K, Rb and Cs).

Results and Discussion

Structural Studies

Li4Th(WO4)4

Li4Th(WO4)4 crystallizes in P1c space group, and its cell
parameters were presented in Table 1.

The structure features a two-dimensional corrugated sheets
with [Th(WO4)4]

4� composition. The Li+ cations are located
between the sheets and serve to balance the negative charge
of the sheets, as illustrated in Figure 1(a). This arrangement,
with interconnected anionic sheets and charge-compensating
cations in the interlayers, is typical for thorium-based minerals
and synthetic compounds.[30,31]

Li4Th(WO4)4 contains one distinctive W-site and four Th-sites.
Each W atom forms a slightly distorted WO6 octahedral
configuration that interconnected to create zigzag chains with
[WO4]

2� composition, as depicted in Figure 1(b). The W� O bond
lengths in these chains are in the range from 1.77(2) Å to

2.34(4) Å, which is typical for tungsten oxides.[32] Each Th atom
is coordinated by eight oxygen atoms forming ThO8 bicapped
trigonal prismatic arrangements. These groups are further
interconnected into the Th2O14 dimers. These dimers are located
between the [WO4]

2� chains, contributing to the corrugated
sheet structure presented in Figure 1(c). The Th� O bond
distances within these Th2O14 units vary from 2.29(9) Å to
2.64(3) Å, indicating a complex atomic interaction, but still falls
in the normal range of Th� O distance.[33]

The higher density of Li4Th(WO4)4, compared to other
compounds from A4Th(WO4)4 family, is primarily attributed to
the coordination geometry of W atoms and the significantly
smaller size of the Li+ cation. In Li4Th(WO4)4, tungsten adopts a
distorted WO6 octahedral coordination, which allows for a more
compact, edge-sharing arrangement (Figure 1(b)) of the struc-
tural units. This octahedral configuration facilitates closer
packing, enhancing the overall density of the material. In
contrast, compounds like K4Th(WO4)4, Rb4Th(WO4)4, and Cs4Th-
(WO4)4 involve a transition to the single, non-polymerized WO4

tetrahedral coordination, resulting in less efficient packing and
lower overall density due to the larger volumes occupied by the

Table 1. Crystallographic data for Li4Th(WO4)4, Na4Th(WO4)4, K4Th(WO4)4, Rb4Th(WO4)4 and, Cs4Th(WO4)4, respectively.

Compound Li4Th(WO4)4 K4Th(WO4)4 Rb4Th(WO4)4 Cs4Th(WO4)4

Dimension 2D 3D 2D 2D

Mass 1135.336 1287.696 1473.172 1662.924

Space group P1 I41/a C2/c C2/c

a (Å) 7.6361(3) 11.6590(16) 26.933(2) 27.9211(16)

b (Å) 7.9631(3) 11.6590(16) 6.4055(4) 6.6392(3)

c (Å) 10.0568(3) 13.029(3) 11.4186(11) 11.5061(5)

α (deg) 81.116(3) 90 90 90

β (deg) 81.524(3) 90 113.828(9) 114.270(5)

γ (deg) 78.966(3) 90 90 90

V (Å3) 588.62(4) 1771.1(6) 1802.0(3) 1944.42(18)

Z 2 4 4 4

λ(Å) 0.71073 0.71073 0.71073 0.71073

F(000) 1052.0 2360.0 2648.0 2936.0

μ(cm� 1) 51.622 35.259 44.466 38.642

ρcalcd (gcm� 3) 7.059 5.175 5.770 5.995

R(F) for Fo
2>

2σ(Fo
2)[a]

0.0302 0.0288 0.0780 0.0383

wR2 (Fo
2)[b] 0.0800 0.0580 0.1987 0.0926

[a] RðFÞ ¼ SjjF0j � jFcjj=SjF0j. [b] RðF
2
0Þ ¼ ½SwðF2

0 � F2
c Þ

2=SwðF4
0Þ�

1=2.

Figure 1. View of crystal structure Li4Th(WO4)4. (a) layered sheets (b) a single
layer (c) local structural geometry.
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tetrahedra. Furthermore, the small size of the Li+ cation enables
it to fit more effectively between the anionic layers, further
reduces interlayer spacing and contributes to a dense crystal
structure.

K4Th(WO4)4

K4Th(WO4)4, is isostructural with Na4Th(WO4)4,
[29] and crystallizes

in I41/a space group with unite cell parameters given in Table 1.
This structure is based on the [Th(WO4)4]

4� framework frag-
ments, consisting of ThO8 antiprisms and WO4 tetrahedra, as
shown in Figure 2. The Th� O bond lengths in K4Th(WO4)4 are in
the range from 2.39(5) Å to 2.46(5) Å. K4Th(WO4)4 belongs to the
larger A4An(MO4)4 group (where A=Na, K; An=Th, U, Pu; M=Mo,
W), known for their characteristic scheelite superlattice
structures.[34]

We perform a comprehensive analysis of An� O bond
lengths across all phases within this group. Figure 3 demon-
strates the local coordination environments of actinide ions and

their corresponding An� O bond lengths in compounds of
Na4Pu(MoO4)4,

[35] Na4Th(MoO4)4,
[35] K4Th(MoO4)4,

[36] Na4Th-
(WO4)4,

[29] K4Th(WO4)4, and Na4U(MoO4)4,
[37] respectively. Their

average An� O bond lengths are summarized in Table 2.
We focus on examining the impact of the actinide element’s

nature, the presence of molybdenum or tungstate, and the type
of alkali element on the An� O bond length. Starting with
Na4Pu(MoO4)4, it has the shortest average An� O bond length of
2.348(3) Å, this can be attributed to the smaller ionic radius of
Pu compared to that of Th and U, so called actinide contraction.
It leads to a denser electron cloud around the plutonium ion,
resulting in shorter bond lengths. In contrast, Na4Th(MoO4)4 and
K4Th(MoO4)4, which contain thorium, show longer bond lengths
of 2.400(3) Å and 2.415(3) Å, respectively.

The increase in bond length in K4Th(MoO4)4 compared to
Na4Th(MoO4)4 can be mainly ascribed to the stronger electro-
negativity of Na than that of K. This make it is easier for oxygen
to accept the electrons from K then from Na and no need to be
closer to Th to compensate it. Additionally, the compounds
containing WO4, namely Na4Th(WO4)4 and K4Th(WO4)4, exhibit
even longer Th� O bond lengths: 2.407(5) Å and 2.427(6) Å,
respectively. This elongation is also predominantly because of
difference in electronegativity of Na and K, as aforementioned.
In addition, the structural differences between the MoO4 and
WO4 groups, including bond angles and electron cloud
distribution, further contribute to the variations observed in
bond lengths across these compounds.

Uranium containing Na4U(MoO4)4, has the longest average
An� O bond length (2.431(3) Å) in the whole family. The
elongation of the U� O bond length in Na4U(MoO4)4 is
influenced by the large ionic radius of uranium. Uranium, as
one of the largest actinides, naturally forms longer bonds.[38]

The polarizability of uranium also interacts with the oxygen
atoms in the MoO4 group, contributing to longer and weaker
bonds.[38]

It has to be noted that the bond distances in these
isostructural actinide compounds closely align with those in the
scheelite structure of CaWO4.

[39] This uniformity points to the
underlying crystal chemical stability of the scheelite-related
structures, for the variety of the An4+ elements in the presence
of Na and K cations.

Rb4Th(WO4)4

Rb4Th(WO4)4 crystallizes in C2/c (Table 1) and features a layered
structure as it is shown on the Figure 4(a). The layers have
[Th(WO4)4]

4� composition, where each thorium atom is in the
center of a ThO8 square anti-prism, surrounded by eight WO4

tetrahedra via vertices sharing. A notable aspect of this

Figure 2. View of crystal structure K4Th(WO4)4. (a) 3D framework observed
along c-axis. (b) along [111] direction. (c) local coordination for Th and W.

Figure 3. Average An� O bond lengths in the A4An(MO4)4 series (A=Na, K;
An=Th, U, Pu; M=Mo, W).

Table 2. Comparison of average An� O (An=U, Th and Pu) bond lengths in phases isostructural with K4Th(WO4)4.

Na4Pu(MoO4)4 Na4Th(MoO4)4 K4Th(MoO4)4 Na4Th(WO4)4 K4Th(WO4)4 Na4U(MoO4)4

An� O 2.348(3) 2.400(3) 2.415(3) 2.407(5) 2.427(6) 2.431(3)

ref. [35] [35] [37] [29] This work [37]
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structure, highlighted in Figure 4(b), is the presence of individ-
ual thorium tungstate chains within the described 2D layers.
These chains are composed of ThO8 square anti-prisms linked
by two WO4 tetrahedra and they align side-by-side along the
[010] axis, creating the two-dimensional sheets, portrayed in
Figure 4(c). The Rb(2) cations are positioned within the sheets,
while the Rb(1) cations serve to crosslink neighboring layers,
which stack parallel to the c-axis (Figure 4(d)).

As shown in Figure 5(a) and (b), the building blocks inside
the Rb4Th(WO4)4 layers demonstrate some similarity to those
found in the A4Th(WO4)4 (A=Na, K) series, but are different with
respect to geometry. Rb4Th(WO4)4 features one crystallographi-
cally independent Th site and two W sites, in contrast to the
single Th and W sites found in the K4Th(WO4)4. The mean bond
length of Th� O in Rb4Th(WO4)4~2.407 Å, which is shorter than
the 2.427 Å bond length found in K4Th(WO4)4.The topological
differences between the Rb4Th(WO4)4 sheets and the A4Th-

(WO4)4 (A=Na, K) frameworks are demonstrated in Figure 5(c)
and (d), using a black-and-white schematic representation. In
this depiction, black nodes represent ThO8 square anti-prisms,
and white nodes symbolize WO4 tetrahedra. In both structures,
all black vertices (Th sites) are 8-connected. However, in
A4Th(WO4)4, each W site is 2-connected, whereas in Rb4Th-
(WO4)4, half of the W sites are 3-connected, and the remaining
are 1-connected. This results in Th[(WO4)4]

4� chains forming a
three-dimensional framework in A4Th(WO4)4, as opposed to the
layered structure in Rb4Th(WO4)4.

The transformation from a three-dimensional framework to
two-dimensional sheets can be conceptualized through a
’cutting and gluing’ procedure, involving the reconfiguration of
the local coordination of W sites. Initially, the W� O connections
at the edge of each Th[(WO4)4]

4� fragment in the A4Th(WO4)4
framework are severed to isolate individual Th[(WO4)4]

4� chains.
The corresponding W points on the side of each chain are
labeled with letters a, b, c, d, as shown in Figure 5. The
transformation to a two-dimensional sheet structure is com-
pleted by joining corresponding white nodes (a–a, b–b, c–c, d–
d). This process alters the coordination number of W atoms
without modifying the fundamental topology of the Th-
[(WO4)4]

4� chains, illustrating the flexible nature of Th� O� W
linkages and their ability to form different structural arrange-
ments with similar basic units.

Cs4Th(WO4)4

Cs4Th(WO4)4 crystallizes in the monoclinic P2/c space group.
Geometrically, this compound is isostructural with Rb4Th(WO4)4.
However, a significant difference arises due to the larger ionic
radius of the Cs+ cation, which is 1.74 Å, compared to the
1.61 Å of Rb+ cations.[40] This difference in ionic radius leads to
an increase of interlayer distance in Cs4Th(WO4)4, (12.72(6) Å
compared to an interlayer distance found in Rb4Th(WO4)4
12.31(5) Å, measured as Th� Th distance between neighbouring
layers). The lengths of the Th� O bonds vary between 2.34(5) Å
to 2.46(3) Å, with the average value of 2.41(5) Å. This average
Th� O bond length is slightly shorter compared to the 2.42(5) Å
observed in the Rb analogue. Meanwhile, the W� O bond
lengths span between 1.71(3) Å and 1.82(5) Å. These bond
distances are found to be comparable with those observed in
the structurally similar Rb4Th(WO4)4.

Morphotropic Evolution in the A4Th(WO4)4 (A=Li, Na, K, Rb,
and Cs) Series

The series of thorium tungstates A4Th(WO4)4 (where A=Li, Na, K,
Rb, and Cs) indicates a morphotropic evolution driven by the
substitution of alkali metal ions, and reflects a systematic
structural transformation across the series. One can select three
distinctive structural types within the series. Beginning with
Li4Th(WO4)4, the structure is characterized by compact, two-
dimensional corrugated sheets stabilized by the small ionic
radius of Li+ ions, facilitating tight layering and efficient space

Figure 4. View of crystal structure Rb4Th(WO4)4. (a) 2D sheets observed along
[010] direction. (b) a single layer with the highlighted building chain (c) 2D
sheets observed along [001] direction. (d) the local coordination environ-
ment for Th.

Figure 5. Topological transformation between crystal structure of Na4Th-
(WO4)4 and Rb4Th(WO4)4. (a) view structure of Na4Th(WO4)4 (b) view structure
of Rb4Th(WO4)4 (c, d) black-and-white representation shows the topological
transformation from 3D framework to 1D chain.
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utilization within the crystal lattice. As we look on the Na and K
analogs, there is a notable shift towards a more open, three-
dimensional scheelite superlattice structure, indicative of a
morphotropic phase boundary influenced by the increasing
ionic radius of the substituting alkali metals. This structural
evolution is further exemplified by Rb/Cs4Th(WO4)4 members,
where the larger Rb+/Cs+ ions promote the formation of new
two-dimensional thorium tungstate sheets, diverging from the
dense packing observed in the lithium-based compound
towards a more layered arrangement. However, sheets in Rb/Cs
phases are less dense than those in Li analogs and leave
enough space for Rb/Cs cations to be settled within the sheets.
It has been noted that, throughout these morphotropic
evolutions, the coordination of Th remains constant with ThO8

polyhedra, while W transitions from WO6 octahedra in the Li
member to WO4 tetrahedra coordination in the other phases.
This consistency in Th coordination amidst the structural
transformations underscores the stability of ThO8 polyhedra,
even as the surrounding lattice undergoes significant structural
changes.

A similar morphotropic evolution has been observed in the
A2Th(AsO4)2 series, where A also represents by Li, Na, K, Rb, and
Cs.[41] Starting with Li2Th(AsO4)2 that features a 2D layered,
monoclinic structure, a significant morphotropic boundary is
observed transitioning to Na2Th(AsO4)2, which forms in an open
3D framework within an orthorhombic space group to accom-
modate larger ionic size of Na. This morphotropic evolution
continues from Na2Th(AsO4)2 to the isostructural K2Th(AsO4)2
and Rb2Th(AsO4)2, and ultimately reaches the most open
structure of Cs2Th(AsO4)2. Similar to Na2Th(AsO4)2, each of these
compounds crystallizes in a 3D framework, reflecting structural
adjustments in response to the increasing ionic radii of the
alkali metals.

Raman Analysis

Raman spectroscopy was utilized to study the vibrational
properties of the A4Th(WO4)4 series, where A=Li, Na, K, Rb, and
Cs. This analysis covered a spectral range from 100 cm� 1 to
1100 cm� 1, as depicted in Figure 6.

The study categorized the vibrational behaviors of these
compounds into two main frequency ranges: low-frequency
vibrations (100 to 250 cm� 1), which are attributed to the
movements of the lattice structure, and high-frequency vibra-
tions (250 to 1100 cm� 1), which are related to the behavior of
tungstate ions. The [WO4]

2� anion exhibits two types of vibra-
tional modes: internal modes, in which the anion’s center of
mass does not move, and external modes, in which the anion
acts as a rigid body.[42] In aqueous solutions, the isolated
[WO4]

2� anion forms a tetrahedral shape with Td symmetry,
displaying four primary internal vibrational modes.[43] However,
in the solid state, within the crystal structures of A4Th(WO4)4
(where A=Na, K, Rb, and Cs), the interactions between [WO4]

2�

anions and the vibrational modes of the cations (Na+, Rb+, K+,
and Th4+) lead to the distortion of the WO4’s local symmetry

and this subsequently causes the broadening and splitting of
these modes.

In the case of Li4Th(WO4)4, the presence of six WO6

octahedra, each with C1 site symmetry, results in a Raman
spectrum that different from other compounds in this series.
This compound exhibits a high-frequency peak at 990(1) cm� 1,
which is attributed to the symmetric stretching mode (v1) of the
W� O bonds in the WO6 octahedra.

[44,45] The factor group analysis
predicts a vibrational mode distribution of Γacoustic=3Au and
Γoptic=75Ag+72Au, indicating a complex interaction of optical
modes that likely contributes to the distinct spectral features
observed.[46,47] This is in contrast to the Na4Th(WO4)4 and
K4Th(WO4)4 compounds, where a single WO4 group with C1 site
symmetry leads to a highest peak at 950(1) cm� 1, associated
with the W� O in WO4 tetrahedra,[48,49] suggesting a simpler
tungsten coordination and a closer structural similarity between
these two compounds. Furthermore, examining the Rb4Th-
(WO4)4 and Cs4Th(WO4)4 compounds, both of which contain two
WO4 groups with identical C1 site symmetry, reveals a similar
pattern in their Raman spectra with the highest peaks at
960(1) cm� 1 and 963(1) cm� 1, respectively. These peaks denote
the stretching mode (v1) of W� O in the WO4 tetrahedra. The

Figure 6. Raman spectra for compounds A4Th(WO4)4 (A=Li, Na, K, Rb and Cs)
are recorded from 100 cm� 1 to 1100 cm� 1.
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vibrational mode distributions for these compounds, as indi-
cated by Γacoustic=Au+2Bu and Γoptic=37Ag+36Au+38Bg+

36Bu, suggest a more complex optical mode interaction
compared to the Na and K compounds. The broadening and
splitting of vibrational modes across a range of 400 cm� 1 to
960 cm� 1 in these compounds can be attributed to the
interactions between the [WO4]

2� anions and the various
cations,[50,51] which also cause a slight shift in peak positions
compared to Na4Th(WO4)4 and K4Th(WO4)4.

Conclusions

In this study we explore a novel family of thorium tungstates,
namely A4Th(WO4)4 (A=Li, Na, K, Rb, and Cs). It highlights how
the change in nature of alkali metal ions can significantly
influence the structural properties of these compounds, demon-
strating a clear correlation between the ionic radius of the alkali
metals and the resulting crystal structures. From the compact
two-dimensional sheets in Li4Th(WO4)4 to the more expansive
Na4Th(WO4)4 and K4Th(WO4)4, and further to less dense two-
dimensional sheets in Rb4Th(WO4)4 and Cs4Th(WO4)4, the study
illustrates a systematic morphotropic transitions within the
series. The average bond lengths analyzed across various
compounds isostructural to K4Th(WO4)4, ranging from Na4U-
(MoO4)4 to Na4Pu(MoO4)4, demonstrates a consistent geomet-
rical configuration akin to the scheelite structure of CaWO4.
Notably, the shortest bond length in Na4Pu(MoO4)4 reflects
plutonium’s smaller ionic radius, while the longer lengths in
thorium and uranium compounds are influenced by their larger
ionic radii and the substitution of tungsten for molybdenum.
This consistency and variation underline the influence of ionic
size and elemental composition on the structural characteristics
of these actinide compounds. Raman spectroscopy analysis of
the A4Th(WO4)4 series (A=Li, Na, K, Rb, Cs) provides additional
insights into the vibrational properties affected by various
cation substitutions. The spectral variations, especially between
Li4Th(WO4)4 and other compounds, highlight the structural
differences and their influence on tungsten coordination.

Experimental Section

Crystal Syntheses

For all syntheses, analytical grade Th(NO3)4 · 5H2O (Merck), WO3

(Alfa-Aesar), and ANO3 (A=Li, Na, K, Rb, and Cs) were utilized
directly as received, without any additional purification. For each
compound A4Th(WO4)4 (A=Li, K, Rb, and Cs), the molar ratios of
Th :W :A were maintained at 1 :1 : 1. The synthesis method was
consistent across these samples; therefore, to avoid repetition,
Li4Th(WO4)4 will be discussed as a representative example. In a
typical synthesis, for example, a homogeneous mixture was
prepared by grinding 0.1 g of thorium nitrate hydrate (Th-
(NO3)4(H2O)5), 0.0124 g LiNO3 and 0.4169 g of tungsten trioxide
(WO3) using an agate mortar and pestle until a fine, uniform
powder was achieved. This mixture was then carefully transferred
to a clean platinum crucible for heat treatment. The loaded crucible
was placed in a high-temperature CARBOLITE CWF 1300 furnace.

The furnace temperature was ramped up to 1323 K and maintained
at this level for a duration of 6 hours to ensure complete reaction.
Following the high-temperature treatment, the furnace was pro-
grammed to cool at a controlled rate of 5 K/h down to a
temperature of 1023 K. Once the lower temperature threshold was
reached, the crucible was removed from the furnace and the
materials were rapidly quenched to room temperature to keep the
quality of the crystals. This quenching process was critical in
preserving the quality of the formed crystals. The final product was
a composite of A4Th(WO4)4 crystals embedded within a matrix of
glassy mass. However, due to the overlapping morphological
features of the crystals and the glass pieces, distinguishing between
the two for yield quantification proved to be challenging.

Crystallographic Studies

The crystals of obtained thorium molybdates selected for data
collection were mounted on glass fibers and then aligned on an
Agilent SuperNova (Dual Source) diffractometer. All data were
collected using monochromatic Mo-Kα radiation with an incident
wavelength of 0.71073 Å and a beam size of approximately 30 μm
in diameter. More than a hemisphere of data was collected for each
crystal, and the three-dimensional data were reduced and outliers
identified using the software CrysAlisPro. Data were corrected for
Lorentz polarization, absorption and background effects. The
SHELXL program was used for the determination and refinement of
the structures.[52] The structures of the A4Th(WO4)4 series were
solved by direct methods and their crystallographic information is
given in Table 1(Li4Th(WO4)4–CCDC: 2349856), K4Th(WO4)4–CCDC:
2349857, Rb4Th(WO4)4–CCDC: 2349858, and Cs4Th(WO4)4–CCDC:
2349859.

Raman Spectroscopy

Unpolarized Raman spectra were recorded with a Horiba LabRAM
HR spectrometer using a Peltier cooled multi-channel CCD detector.
An objective with a 50x magnification was linked to the
spectrometer, allowing the analysis of samples as small as 2 μm in
diameter. All the samples were in the form of single crystals. The
incident radiation was produced by a He� Ne laser at a power of
17 mW (λ=632.81 nm). The focal length of the spectrometer was
800 mm and 1800 gr/mm grating was used. The spectral resolution
was around 1 cm� 1 with a slit of 100 μm. The spectra were recorded
in the range of 100 cm� 1–4000 cm� 1. No photoluminescence was
observed.
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