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a b s t r a c t

The phase diagram of the Na2MoO4–Cs2MoO4 system was reinvestigated and a new intermediate com-
pound, Cs3Na(MoO4)2, melting incongruently at 510 °С was found. Its crystal structure (a¼6.3461(2),
c¼8.2209(3) Å, sp. gr. P3̄m1, Z¼1, R¼0.0131) belongs to the glaserite type. Taking into account these
data, the subsolidus phase relations of the system Na2MoO4–Cs2MoO4–ZnMoO4 was studied at 420 °С.
The filling vacancies in the tetrahedral Zn position of the Cs6Zn5(MoO4)8 structure (sp. gr. I 4̄ 3d, Z¼2)
following the scheme Zn2þþ◻-2Naþ was established to result in the continuous solid solution
Сs6Zn5�x◻1�xNa2x(MoO4)8 (0rxr1). With increasing the x value, the cubic lattice parameter of the
solid solution increases linearly while its melting point decreases that testifies to destabilization of the
Cs6Zn5(MoO4)8 structure by a progressive Naþ insertion. In the structure of Сs3NaZn2(MoO4)4
(а¼12.3134(1) Å, R¼0.0121), MoO4 and (Zn2/3Na1/3)O4 tetrahedra share corners to form an open 3D
framework. The cesium ions are disordered around the centers of the cuboctahedral cavities of the
framework to form “clusters” of the central Cs(1) and four disordered Cs(2) positions.

& 2015 Elsevier Inc. All rights reserved.
1. Introduction

By now, numerous double molybdates have been synthesized,
among which AR(MoO4)2 (A¼Li–Cs; R¼Ln, Y, Bi) are of great
importance as laser hosts, phosphors, ferroelectrics, and other
technically vital materials [1,2]. Some double molybdates of alkali
and bivalent metals, such as A2Pb(MoO4)2 (A¼K, Rb, Cs),
A4Zn(MoO4)3 (A¼K, Rb), and Cs2Zn(MoO4)2 possess ferroelastic
properties [3] caused by specific crystal-chemical features of
“elastoactive” Pb2þ and Zn2þ cations [4]. In particular, distortive
phase transitions and ferroelastic properties of A4Zn(MoO4)3
(A¼K, Rb) were explained by lowering the zinc coordination from
the trigonal bipyramidal to the tetrahedral one [5].

A tendency of zinc to lower its coordination and to adopt tet-
rahedral oxygen environment unlike other bivalent medium-sized
cations [6] originates the unique composition and structure of
cubic Cs6Zn5(MoO4)8 (sp. gr. I 4̄3d, Z¼2) with vacancies in the
tetrahedral zinc position, Cs3(Zn5/6◻1/6)3(MoO4)4 [7,8]. This opens
a principal opportunity for filling the vacancies by means of proper
aliovalent interstitial substitutions, for example, Zn2þþ◻-2Liþ .
Such an opportunity was realized in the systems Li2MoO4–A2MoO4

–MMoO4 (A¼Rb, Cs; M¼Co, Zn) where we have revealed cubic
phases A3LiZn2(MoO4)4 (A¼Rb, Cs) and Cs3LiCo2(MoO4)4 [9,10]
with a statistical distribution of Liþ and M2þ cations in the tet-
rahedral zinc position of the Cs6Zn5(MoO4)8 structure. These triple
molybdates may be considered as promising solid lithium-ion
conductors. The corresponding investigations are in progress and
the results will be published elsewhere.

The main aim of this work was the preparation of sodium con-
taining analog of Cs3LiZn2(MoO4)4 and study of the phase formation
in the Na2MoO4–Cs2MoO4–ZnMoO4 system along with verifying the
possibility of a gradual insertion of sodium ions into vacancies of the
tetrahedral zinc position in the Cs6Zn5(MoO4)8 structure.
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The binary systems bounding the ternary system Na2MoO4–

Cs2MoO4–ZnMoO4 are described in the literature [11–16]. Ac-
cording to data of [11,12], the Na2MoO4–Cs2MoO4 system is eu-
tectic with boundary solid solutions. In the Cs2MoO4–ZnMoO4

system, three compounds are formed, Cs4Zn(MoO4)3 existing in
the range 320–440 °С and decomposing in the solid state,
Cs2Zn(MoO4)2 and Cs6Zn5(MoO4)8 melting incongruently [7,8,13].
In the Na2MoO4–ZnMoO4 system, three phases were found to
exist, monoclinic Na2þ2xZn1�x(MoO4)2 (xE0.1), orthorhombic
Na2�2yZn2þ2y(MoO4)3 (yE0.1), and triclinic Na2Zn4(MoO4)5 [14–
16]. However, the crystal structure determinations of the latter
phase gave other controversial compositions, Na2Zn5(MoO4)6 [17]
or Na0.5Zn2.75(MoO4)3 [18].

In view of incomplete data on the binary systems bounding the
Na2MoO4–Cs2MoO4–ZnMoO4 system, we have studied again the
Na2MoO4–Cs2MoO4 and Na2MoO4–ZnMoO4 systems and revised
the compositions of nonstoichiometric sodium–zinc molybdates
and the T–x phase diagram of the Na2MoO4–Cs2MoO4 system.
2. Experimental section

2.1. Preparing samples

Commercially available MoO3, Cs2CO3, Na2MoO4 �2H2O, and
ZnO (all analytical grade) were taken as initial materials.
Anhydrous Na2MoO4 was obtained by calcination of the corre-
sponding crystalline hydrate, Na2MoO4 �2H2O, at 550–600 °C.
Simple molybdates Cs2MoO4 and ZnMoO4 were prepared by an-
nealing the appropriate stoichiometric mixtures of Cs2CO3,
ZnO, and MoO3 at 500–600 °C for 50 h. Cesium dimolybdate,
Cs2Mo2O7, was obtained at 450 °C for 50 h. Double molybdates in
the Na2MoO4–ZnMoO4 and Cs2MoO4–ZnMoO4 systems were syn-
thesized from stoichiometric mixtures of the corresponding sim-
ple molybdates at 420–700 °C for 50–200 h. The powder X-ray
diffraction patterns of all compounds prepared were in a good
agreement with literature data.

The monophase sample of Сs3NaZn2(MoO4)4 isostructural to
Cs6Zn5(MoO4)8 was obtained by annealing the corresponding
mixture of Сs2MoO4, Na2MoO4 and ZnMoO4 at 400–550 °C for
100 h. Colorless isometric Сs3NaZn2(MoO4)4 crystals sized up to
0.5 mm were prepared from a melted polycrystalline monophase
sample after holding the melt for 24 h at 560 °C followed by
cooling to 400 °C at the rate of 3 deg h�1.

Colorless hexagonal plate crystals of Сs3Na(MoO4)2 up to
0.5 mm in diameter were obtained from a polycrystalline mono-
phase sample after its cooling in the range 520–400 °C at the rate
of 10 deg h�1 followed by switching off the furnace with the
sample. Under a polarizing microscope, the crystals were found to
be uniaxial at room temperature.

2.2. Study of phase formation and phase equilibria

The reaction mixtures for studying phase relations and con-
structing the T–x phase diagram of the Na2MoO4–Cs2MoO4 system
were taken with step of 5 mol%; in the vicinity of the initial
components and the compositions of the expected intermediate
phases, the step being 1–2.5 mol%. The samples were annealed at
350–450 °C for 100–250 h.

The subsolidus phase relations of the Cs2MoO4–

Na2MoO4–ZnMoO4 system were determined using the “intersect-
ing joins” method [19,20]. In order to determine quasi binary joins
in this system and its triangulation, we have to know the phase
compositions of the annealed samples corresponding to the in-
tersection points of the joins originating from the composition
points of all components and binary compounds of the system.
Inspecting all intersection points of the joins in the ternary system
allow us to reveal all quasi binary joins provided that no ternary
compounds exist in the system.

According to [7,8,13–16], the Cs2MoO4–Na2MoO4–ZnMoO4

system contains six double molybdates in the boundary systems,
therefore the number of intersection points of the corresponding
joins is rather high, making the application of the “intersecting
joins” method very laborious. The modified method of “significant
points” [20] was applied for making our job easier. The method
allows selecting the minimum required set of intersections points
of the joins (“significant points”) sufficient for constructing the
unambiguous triangulation providing that all compositions of
binary and ternary compounds in the ternary system are known.
Without knowledge of the compositions of the ternary com-
pounds, we can fix their presence in the significant points which
are within the secondary systems involving such compounds to
estimate their existence regions in the system.

Samples corresponding to 9 significant points of the Cs2MoO4–

Na2MoO4–ZnMoO4 system, were prepared from the starting bin-
ary compounds forming this couple of intersecting joins, two
samples were prepared for each significant point. The samples
were annealed at 380–420 °C at least 200 h with intermittent
grindings of 1�2 times a day. The temperature was raised by 5–
20 °C for 20 h of annealing. The attainment of equilibrium was
tested by XRD.

At the next stage, we examined the possibility of forming the
boundary solid solutions and triple molybdates previously un-
detected in the system. The joins Na2MoO4–Cs2Zn(MoO4)2,
Na2MoO4–Cs6Zn5(MoO4)8, Na2MoO4–Сs3NaZn2(MoO4)4 and par-
tially Cs3Na(MoO4)2–ZnMoO4 (over 66.7 mol% ZnMoO4) were in-
vestigated in more detail with the step of 2.5–10 mol%. The sam-
ples were annealed at 400–420 °C for at least 150 h. To study the
possibility of gradual inserting the sodium cations into the
Cs6Zn5(MoO4)8 structure with the formation of a vacancy solid
solution, we also prepared the samples of the join Cs6Zn5(MoO4)8–
Сs3NaZn2(MoO4)4 with a step of 10 mol% using the corresponding
mixtures of monophase Cs6Zn5(MoO4)8 and Сs3NaZn2(MoO4)4
annealed at 420 °C for 200 h. The samples prepared were char-
acterized by XRD and differential thermal analysis (DTA).

For searching ternary molybdates, we also used spontaneous
crystallization of different melted mixtures of Cs2MoO4–

Na2MoO4–ZnMoO4 system, sometimes with Cs2Mo2O7 as a flux.
Homogenization temperatures were 500–600 °C, the cooling rates
were 3–5 deg h�1.

2.3. X-ray powder diffraction and thermal analysis

XRD patterns were taken on a DRON-SEIFERT-RM4 dif-
fractometer (CuKα radiation, Ni filter, 2θ range of 5–60°) at room
temperature. The samples crushed in heptane were put in a
100 μm thick layer on a polished side of a standard quartz holder.
A polycrystalline Si sample (a¼5.43075 Å) prepared in such a way
was used as an external standard. The unit cell parameters were
refined by using the PowderCell 2.4 program. The peak profiles
were described by the asymmetric Lorentz function in the range of
2θ¼15–57° [21].

Thermal analysis was performed in air using a MOM OD-103
derivatograph (Pt–Pt/Rh thermocouples, Pt crucibles, heating,
cooling and DTA curves, Al2O3 as reference substance, heating and
cooling rates 10 °C min�1).

2.4. Single-crystal structure analysis

Fragments of Сs3Na(MoO4)2 and Cs3NaZn2(MoO4)4 crystals
were selected for X-ray structure analysis. Single-crystal XRD data
were collected with graphite-monochromated MoKα radiation



Fig. 1. The T–x phase diagram of the Na2MoO4–Cs2MoO4 system.
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(λ¼0.71073 Å) on a Bruker-Nonius X8 Apex CCD area-detector
diffractometer at room temperature using φ-scans with Δφ¼0.5°.
Data processing was accomplished using the SAINT program; an
absorption correction was applied with the SADABS program [22].

Сs3Na(MoO4)2 structure was solved by direct methods in the
sp. gr. P 3̄m1 and refined by full-matrix least-squares method on F2

in anisotropic approximation with the SHELX97 program package
[22].

The structure of Cs3NaZn2(MoO4)4 was determined in the sp. gr.
I 4̄3d in anisotropic approximation for all atoms and basically
confirmed data obtained for isostructural Cs6Zn5(MoO4)8 [7,8],
Rb3LiZn2(MoO4)4, and Cs3LiCo2(MoO4)4 [8]. The refinement of
Cs3NaZn2(MoO4)4 structure with the (Zn, Na) position content as
(2ZnþNa)/3 and the cesium atom in the 12b Wyckoff position as
in [7,8] resulted in R¼0.0299 with the residual electron density
peaks of 2.2 e/Å3 near the cesium position. This was evidence of
disordering the cesium cations caused by their displacement from
the special position to a general one. However, the refinement of
the structure with cesium displaced from the 12b position resulted
in “gathering” the split cesium atoms in this special position again.
A further refinement with two close cesium positions, 12b and 48e,
resulted in R¼0.0121 and reasonable atomic displacement para-
meters and interatomic distances.

The crystal data and final results of the X-ray structure analysis
for Сs3Na(MoO4)2 and Cs3NaZn2(MoO4)4 are summarized in
Table 1.
3. Results and discussion

Upon studying the phase formation in the system
Na2MoO4–Cs2MoO4–ZnMoO4, we have used data of [13] on the
boundary Cs2MoO4–ZnMoO4 system and results of our re-
investigations of the Na2MoO4–ZnMoO4 and Na2MoO4–Cs2MoO4

systems.
Our XRD data on the Na2MoO4–ZnMoO4 system samples an-

nealed at 420 °C for 150 h revealed formation of two nonstoichio-
metric double molybdates: monoclinic Na4�2xZn1þx(MoO4)3
(0.1rxr0.4) with the structure of alluaudite (Na,Mn2þ

,Ca)(Mn2þ ,Mg,Li)(Fe3þ ,Mg)2(PO4)3 [23] and orthorhombic
Table 1
Crystal data and structure refinement details for Сs3Na(MoO4)2 and
Cs3NaZn2(MoO4)4

Formula Сs3Na(MoO4)2 Cs3NaZn2(MoO4)4

Formula weight (g/mol) 741.60 2293.91
Crystal system trigonal cubic
Space group P 3̄m1 I 4̄3d
Unit cell dimensions a¼6.3461(2) Å a¼12.3134(1) Å
V (Å3); Z c¼8.2209(3) Å

286.72(2) / 1 1866.96(3) / 4
Calculated density (g cm�3) 4.295 4.239
Crystal size, mm 0.04�0.04�0.03 0.16�0.10�0.05
μ(MoKα), mm�1 11.620 10.980
θ range (deg) for data collection 2.48–28.31 4.05–32.47
Miller index ranges –6rhr8, �8rk

r8,�10r lr9
�12rhr18,
�18rkr18,
�13r l r18

Reflections collected/unique 2786/307 [R(int)¼
0.0238]

8921/569 [R(int)¼
0.0197]

No. of variables 21 30
Goodness-of-fit on F2 (GOF) 1.169 1.152
Final R indices [I 42s(I)] R(F)¼0.0131, R(F)¼0.0121,

wR(F2)¼0.0311 wR(F2)¼0.0305
R indices (all data) R(F)¼0.0132, R(F)¼0.0124,

wR(F2)¼0.0311 wR(F2)¼0.0306
Extinction coefficient 0.015(1) none
Largest difference peak/hole (e Å-3) 0.342/�0.704 0.343/�0.659
Na2�2yZn2þy(MoO4)3 (0.1ryr0.2) of the lyonsite α-Cu3Fe4(VO4)6
type [24]. It was established that the triclinic compound
Na2Zn4(MoO4)5 found in [14–16] and isostructural to
Na2Mg5(MoO4)6 [17] or Na0.5Zn2.75(MoO4)3 [18] has the real com-
position Na2�2zZn2þz(MoO4)3 (0.1rzr0.4) and exists above 550 °C
only. The detailed results of studying the phase formation and the
structure of intermediate phases of the Na2MoO4–ZnMoO4 system
will be published elsewhere.

3.1. T–x phase diagram of Na2MoO4–Cs2MoO4 system

The T–x phase diagram of the Na2MoO4–Cs2MoO4 system was
constructed from DTA and XRD results for sintered samples
(Fig. 1). In contrast to [11,12], wherein the system is considered as
an eutectic that with the boundary solid solutions, we found the
intermediate compound Cs3Na(MoO4)2; its composition was con-
firmed by single crystal X-ray analysis. The extension of the solid
solution based on Cs2MoO4 reaches 10 mol%, no noticeable
homogeneity regions on the basis of Na2MoO4 polymorphs were
fixed. The eutectic melts at 490 °C and contains about 70 mol% of
Na2MoO4. The presence of an extended horizontal line on the li-
quidus in the range of 58–70 mol% of Na2MoO4 seems to be caused
by an aliquation of the liquid phase.

According to XRD data, a noticeable interaction between
Na2MoO4 and Cs2MoO4 begins at 250 °C. Solid state synthesis of
Cs3Na(MoO4)2 was carried out at 420 °C for 150 h. The diffracto-
gram of the sintered sample of Cs3Na(MoO4)2 is in a good agree-
ment with the theoretical one calculated from the single crystal
X-ray structure data (see below). The double molybdate has a re-
versible polymorphic transition at 390 °C and melts peritectically
at 510 °C. Additional annealing of Cs3Na(MoO4)2 sample at 350 °C
gave no rise to a noticeable changing of the diffraction pattern,
which may be explained by a negligible deformation of the
structure below the polymorphic transition at 390 °C.

The formula of Cs3Na(MoO4)2 is analogous to the compositions
of M3Na(MoO4)2 (M¼K, Rb) structurally studied in [25,26]. Per-
haps, these compounds are the end members of extended solid
solutions reported in the systems Na2MoO4–K2MoO4 (about 40–
70 mol% of K2MoO4) [27] and Na2MoO4–Rb2MoO4 (50–67 mol% of
Rb2MoO4) [28]. The absence of a homogeneity region for
Cs3Na(MoO4)2 may be associated with a considerable difference
between Csþ and Naþ ionic radii. It should be also noted that
K3Na(MoO4)2 has a reversible phase transition at 420 °C [25]



Table 2
Selected interatomic distances (Å) for Cs3Na(MoO4)2.

Mo-tetrahedron Na-octahedron

Mo–O(1) 1.771(2)�3 (Na)–O(1) 2.537(2)�6
–O(2) 1.732(6)
oMo(1)–O4 1.761

Cs(1)-polyhedron Cs(2)-polyhedron

Cs(1)–O(1) 3.245(2)�6 Cs(2)–O(1) 3.181(1)�6
–O(2) 3.669(1)�6 –O(1′) 3.411(2)� 3

–O(2) 2.891(6)
oCs(1)–O4 3.457 oCs(2)–O4 3.221
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whereas no such transition was found in Rb3Na(MoO4)2 [26].
Perhaps, this compound undergoes phase transitions below room
temperature.

3.2. Crystal structure of Cs3Na(MoO4)2

The atomic coordinates, equivalent isotropic displacement
parameters and selected interatomic distances for Сs3Na(MoO4)2
and are listed in Table S1 and Table 2. In the structure, Mo, Cs
(2) and O(1) atoms occupy the 2d positions (3m site symmetry);
Na and Cs(1) (both with 3m site symmetry) are in 1a and 1b, re-
spectively, and O(2) atoms are located in general 12j sites. The
molybdenum atoms are tetrahedrally coordinated by oxygen
atoms with the distances Mo–O 1.723(14)–1.771(5) Å. The sodium
atoms are located in nearly regular octahedra with the equal Na–O
bond lengths 2.541(5) Å.

The structure of Cs3Na(MoO4)2 belongs to the glaserite type,
K3Na(SO4)2 [29,30]. The basic fragment of the structure is the layer
of the alternating MoO4 tetrahedra and NaO6 octahedra connected
by oxygen vertices (Fig. 2(a)). The layers are separated by inter-
layers of Cs(1)O12 icosahedra and Cs(2)O10 polyhedra with the Cs–
O distances of 2.900(14)–3.670(1) Å (Fig. 2(b)). Each MoO4 tetra-
hedron links three Cs(1)O12, five Cs(2)O10 polyhedra, and three
NaO6 octahedra. Each NaO6 octahedron shares faces with two
adjacent Cs(1)O12 and six Cs(2)O10 polyhedra while each Cs(2)O10

polyhedron connects with three NaO6 octahedra and three
Cs(2)O10 polyhedra through common faces.

The double molybdate Rb3Na(MoO4)2 [26] is isostructural to
Сs3Na(MoO4)2 while K3Na(XO4)2 (X¼Mo, W) have monoclinically
distorted structures (sp. gr. C2/c) with the transformation matrices
�1 �1 0 / 1 �1 0 / 0 0 2 from the primitive trigonal unit cells to the
C-centered pseudo-orthorhombic ones [25]. Analogous monoclinic
structures were also found for low-temperature modifications of
K3Na(XO4)2 (X¼Se, Cr) which have ferroelastic properties [26].
Evidently, the trigonal structure of Сs3Na(MoO4)2 studied by us,
Fig. 2. The projection of Cs3Na(MoO4)2 structure on (001) plane: (а) a layer of MoO4 tetr
Cs(2)O10 polyhedra with an inscribed NaO6 octahedron.
refers to the high-temperature form of the compound.
3.3. Phase relations in Na2MoO4–Cs2MoO4–ZnMoO4 system

From XRD data of the prepared samples corresponding to
9 significant points of the Cs2MoO4–Na2MoO4–ZnMoO4 system
(Fig. S1), quasi binary joins of the system were pre-determined.
For each significant point, the same phase compositions were
obtained for two pairs of the starting compounds of the inter-
secting joins. Powder XRD analysis of quasi binary joins showed
that noticeable ranges of solid solutions exist for the join
Cs2Zn(MoO4)2–Na2MoO4 (up to 10 mol% of Na2MoO4), as well as
for the joins connecting Cs3NaZn2(MoO4)4 with Na3.8Zn1.1(MoO4)3,
Na3.2Zn1.4(MoO4)3, Na1.8Zn2.1(MoO4)3, Na1.6Zn2.2(MoO4)3 (about
5 mol% of Cs3NaZn2(MoO4)4), Na2MoO4, Cs2Zn(MoO4)2 (about
10 mol% of Cs3NaZn2(MoO4)4) and ZnMoO4 (about 20 mol% of
Cs3NaZn2(MoO4)4).

According to XRD data, all the synthesized samples of the quasi
binary join Cs6Zn5(MoO4)8–Сs3NaZn2(MoO4)4 are monophase and
isostructural to Cs6Zn5(MoO4)8. Thus, the continuous solid solution
Сs6Zn5-xNa2x(MoO4)8 (0rxr1) forms on the join due to the
aliovalent interstitial substitution Zn2þþ◻-2 Na þ . The lattice
parameter increases on this join (Table 2S and Fig. 3) in accordance
with the Vegard’s law and the tetrahedral ionic radii of Zn2þ and
Naþ (0.74 and 1.13 Å, respectively) [31]. The cubic unit cell para-
meter of the studied Cs3NaZn2(MoO4)4 single crystal (Table 1)
agrees well with the lattice parameter measured for the corre-
sponding powder sample (Table S2). At the same time, with in-
creasing the sodium content, the melting point of
Сs6Zn5�xNa2x(MoO4)8 solid solution (Table S2) decreases mono-
tonically. By this is meant that the addition of Naþ has a desta-
bilizing effect on the Cs6Zn5(MoO4)8 structure. The members of the
solid solution series Сs6Zn5�xNa2x(MoO4)8 (0rxr1) were found
to melt incongruently and partially decompose into simple con-
stituent molybdates.

The subsolidus triangulation of the Na2MoO4–Cs2MoO4–

ZnMoO4 system at 420 °C is shown in Fig. 4. The phase relations
exclude triclinic phase Na2�2zZn2þz(MoO4)3 (0.1rzr0.4) existing
above 550 °C and include Cs4Zn(MoO4)3 decomposing in the solid
state above 440 °C to yield Cs2Zn(MoO4)2 and Cs2MoO4. Above
440 °C, the number of the secondary systems is reduced by one. In
accordance with the homogeneity ranges found for quasi binary
joins involving Сs3NaZn2(MoO4)4, the existence region of the solid
solution passes the limits of the Cs6Zn5(MoO4)8–Сs3NaZn2(MoO4)4
join and forms the 2D area (Fig. 4). This may be associated with both
the complex isomorphism (Zn, Na,◻) in the tetrahedral zinc position
in the Cs6Zn5(MoO4)8 structure and a partial substitution (Cs, Na).
ahedra and NaO6 octahedra; (b) a fragment of the layer of Cs(1)O12 icosahedra and



Fig. 3. The dependence of the cubic unit cell parameter on the composition of the
continuous solid solution Cs6Zn5(MoO4)8–Cs3NaZn2(MoO4)4.

Fig. 4. The triangulation of the subsolidus field of Cs2MoO4–Na2MoO4–ZnMoO4

system at 420 °C.

Table 3
Selected interatomic distances (Å) for Cs3NaZn2(MoO4)4.

Mo-tetrahedron (Zn, Na)-tetrahedron

Mo–O(1)1.782(2)�3 (Zn, Na)–O(1)1.987(2)�4
–O(2)1.719(3)
oMo(1)–O41.762

Cs(1)-polyhedron Cs(2)-polyhedron

Cs(1)–O(1)#13.254(2) Cs(2)–O(1)#23.13(2)
–O(1)#23.254(2) –O(1)#33.28(2)
–O(1)#33.254(2) –O(1)#83.28(2)
–O(1)#43.254(2) –O(1)#93.29(2)
–O(2)#53.370(1) O(2)#63.29(3)
–O(2)#23.370(1) –O(1)#13.30(1)
–O(2)#63.370(1) –O(2)#23.32(1)
–O(2)#43.370(1) –O(1)#43.32(3)
–O(1)#73.390(2) –O(2)#43.38(2)
–O(1)#83.390(2) –O(1)#103.49(2)
–O(1)#9 3.390(2) –O(1)#103.49(2)
–O(1)#103.390(2) –O(1)#73.52(2)
oCs(1)–O4 3.338 oCs(2)–O43.34

Symmetry codes: #1 xþ3/4, z�1/4, y�1/4; #2 �xþ1, y�1/2, �zþ1/2; #3 xþ3/4,
�zþ1/4, �yþ3/4; #4 �xþ1, �yþ1/2, z; #5 yþ3/4, �xþ1/4, �zþ3/4; #6 yþ3/4,
x�1/4, z�1/4; #7 zþ1/2, �xþ1/2, �yþ1; #8 zþ1/2, x�1/2, y�1/2; #9 �zþ5/4,
�yþ3/4, x�1/4; #10 �zþ5/4, y�3/4, �xþ3/4.
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3.4. Crystal structure of Cs3NaZn2(MoO4)4

The atomic coordinates, equivalent isotropic displacement para-
meters and selected interatomic distances for Cs3NaZn2(MoO4)4 are
listed in Table S3 and Table 3. In the structure,“atoms”
M¼(Zn2/3Na1/3) occupy the 12a position ( 4 site symmetry); Mo
atoms are at three-fold axes (16c) and Cs(1) atoms are in the 12b
position with the site symmetry 4. The “split” (disordered) Cs
(2) atoms are located in general 48e sites. The oxygen atoms, O
(1) and O(2), are in the special 16c and general 48e positions, re-
spectively, to form the tetrahedral environment of (Zn, Na) and Mo
atoms. The Cs(1) atom in the 12b has a nearly regular 12-fold cu-
boctahedral coordination, whereas the range of the Cs–O bond
lengths for Cs(2) in the 48e are much wider (Table 3) within the
same coordination sphere.

Four vertices of the MoO4 tetrahedra and three corners of the
(Zn,Na)O4 tetrahedra link to each other to form an open 3D fra-
mework (Fig. 5(a)). The Csþ ions are located in large cavities of the
tetrahedral framework. A “cage” of the framework with the al-
ternating MoO4 and (Zn,Na)O4 tetrahedra around Cs(1) and Cs
(2) is shown in Fig. 5(b). In the cage, the characteristic eight-
membered tetrahedral ring (numbers 1–8) with four attached
terminate MoO4 tetrahedra (9–12) is manifested. Each (Zn,Na)O4

tetrahedron takes part in four rings, whereas each MoO4 tetra-
hedron connects three rings. The distance (Zn, Na)–O 1.987(2) Å in
Cs3NaZn2(MoO4)4 is close to bond lengths Zn–O 1.975(8) Å in
Cs6Zn5(MoO4)8 [8] and 1.858–2.038 Å (average 1.95 Å) in
K4Zn(MoO4)3 [32].

The main difference of the Cs3NaZn2(MoO4)4 structure from
those of Cs6Zn5(MoO4)8 [7,8], Rb3LiZn2(MoO4)4, and
Cs3LiCo2(MoO4)4 [9] is the “splitting” of the cesium positions.
Perhaps, this is caused by a local non-equivalence of four nearest
(Zn2/3Na1/3) positions of the Cs3NaZn2(MoO4)4 structure inducing
the shifts of the cesium cations from the special positions towards
sodium sites to compensate charge disbalances. The assumption is
confirmed by the arrangement of the “shifted” cesium atoms on
the line connecting the Cs (12b) and (Zn, Na) positions (Fig. 5(b)).
The Cs(1) cation positioning in the 12b appears to fit its environ-
ment by four nearest zinc atoms.

One more example of a similar tetrahedral framework con-
sisting of the (Li1/3□2/3)O4 and SO4 tetrahedra was found in proton
conductor Cs3Li(DSO4)4 [33]. The another “polymorphous mod-
ification” of the framework occurs in the structures of mayenite
12CaO �7Al2O3 [34] and related compounds 11CaO �7Al2O3 �CaF2
[35], wadalite Ca6Al5Si2O16Cl3 [36] and Na6Zn3(AsO4)4 �3H2O [37]
wherein the terminal vertices of the Al(Si)O4 or AsO4 tetrahedra
are opposite-directed along the threefold axes compared to the
MoO4 tetrahedra in the Cs6Zn5(MoO4)8 family.

Unlike Zn2þ and Liþ ions, the tetrahedral coordination is non-
typical for the sodium ions with their usual CN 6 and higher co-
ordinations. Rare examples of the tetrahedral coordination of the
sodium atoms in molybdates are provided by the structures of
Na5Ln(MoO4)4 (Ln¼La–Lu) [38] with the Na–O distances of 2.42–
2.48 Å, significantly longer than the (Zn,Na)�O bond lengths in
Cs3NaZn2(MoO4)4. Further examples of the tetrahedral sodium
coordination in oxides are Na2O (Na�O 2.40 Å) [39], the β-NaFeO2

type phases [40,41] and those of the Na2ZnSiO4 type [42,43] with
the Na–O bonds no less than 2.3 Å. Hence, the effective vacancy
size in the Cs6Zn5(MoO4)8 structure is too small for the Naþ cation
to be arranged therein easily. This creates the steric strain in
Сs6Zn5�xNa2x(MoO4)8 (0rxr1) that grows with the sodium
content resulting in the thermal destabilization of the solid



Fig. 5. Crystal structure of Cs3NaZn2(MoO4)4: (a) a general view; (b) a tetrahedral cage around Cs(1) and Cs(2). The eight-membered ring is indicated by the tetrahedra
labeled 1–8; attached tetrahedra numbered 9–12.
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solution.
The lithium cations exert the opposite effect on the

Cs6Zn5(MoO4)8 structure, as confirmed by increasing the thermal
stability in the row Cs3NaZn2(MoO4)4 – Cs6Zn5(MoO4)8 –

Cs3LiZn2(MoO4)4 with melting points 510, 650, and 740 °C, re-
spectively. This stabilizing impact of Liþ ions on the structure
correlates well with the tetrahedral ionic radii of Liþ (0.73 Å),
Zn2þ (0.74 Å), and Naþ (1.13 Å) [31]. The positive lithium effect is
also confirmed by the existence of triple molybdates
A3LiZn2(MoO4)4 (A¼Rb, Cs) and Cs3LiCo2(MoO4)4 [9,10] iso-
structural to Cs6Zn5(MoO4)8. Another isostructural series of triple
molybdates A3Li2R(MoO4)4 (sp. gr. I 4̄2d, Z¼4) related to the
Cs6Zn5(MoO4)8 structure and contained no cation vacancies was
found in the systems A2MoO4–Li2MoO4–R2(MoO4)3 (AR¼RbAl,
CsAl, TlAl, CsFe, CsGa, and RbGa) [10]. Due to a noticeable differ-
ence in sizes and charges of Liþ and R3þ , these cations have the
ordered arrangement in the compounds that lowers their sym-
metry. In both series, lithium ions, bivalent or trivalent cations
completely fill vacancies in the Zn positions of the
Cs6Zn5(MoO4)8-type structure, extending the unique structure
type of double molybdates to the field of triple molybdates. The
organizing role of lithium ions is exhibited also in the tetrahedral
coordination of Co2þ , Al3þ , Fe3þ , and Ga3þ that is non-typical of
those in molybdates and is far usual for Liþ . Taking into account a
similar behavior of zinc cations, the combination of Liþ and Zn2þ

seems to be the most optimal variant for the stabilization of such
structure as Cs6Zn5(MoO4)8.
4. Conclusion

A new sodium-containing member of the Cs6Zn5(MoO4)8 fa-
mily, Cs3NaZn2(MoO4)4, was successfully prepared and its sub-
solidus phase relations in the Na2MoO4–Cs2MoO4–ZnMoO4 system
were studied at 420 °C. It was established that Cs3NaZn2(MoO4)4 is
actually the end member of the continuous solid solution
Сs6Zn5�x□1�xNa2x(MoO4)8 (0rxr1) with a gradual insertion of
Naþ ions in vacancies of the tetrahedral Zn position of the
Cs6Zn5(MoO4)8 structure following the scheme Zn2þþ □-2 Naþ .
With increasing the x value, the cubic lattice parameter of the solid
solution linearly increases while its melting point decreases that
testifies to a destabilization of the Cs6Zn5(MoO4)8 structure by the
insertion of Naþ . In fact, the existence region of the solid solution
passes the limits of the Cs6Zn5(MoO4)8–Сs3NaZn2(MoO4)4 join and
expands to the 2D area. In the Cs3NaZn2(MoO4)4 structure, MoO4

and (Zn2/3Na1/3)O4 tetrahedra share vertices to form an open 3D
framework. Cesium ions are found to be disordered around the
centers of the cuboctahedral cavities of the framework to form
“clusters” of the central Cs(1) and four disordered Cs(2) positions.
The melting points in the row Cs3NaZn2(MoO4)4 –

Cs6Zn5(MoO4)8 – Cs3LiZn2(MoO4)4 are 510, 650, and 740 °C, re-
spectively, that indicates the stabilizing effect of Liþ ions on the
Cs6Zn5(MoO4)8 structure in contrast to Naþ ions. Thus, filling va-
cancies by foreign cations in the tetrahedral Zn position of the
Cs6Zn5(MoO4)8 structure type would be better to performwith Liþ

ions as partners.
Upon studying the Na2MoO4–Cs2MoO4–ZnMoO4 system, the

boundary systems Na2MoO4–ZnMoO4 and Na2MoO4–Cs2MoO4

were reinvestigated. The nonstoichiometric sodium zinc mo-
lybdates of the alluaudite and lyonsite types were found to have
compositions Na4�2xZn1þx(MoO4)3 (0.1rx r0.4) and
Na2�2yZn2þy(MoO4)3 (0.1ryr0.2) at 420 °C, respectively,
whereas Na2�2zZn2þz(MoO4)3 (0.1rzr0.4) isostructural to
Na2Mg5(MoO4)6 exists above 550 °C only. The T–x phase diagram
of the Na2MoO4–Cs2MoO4 system was also revised and hitherto
unknown Cs3Na(MoO4)2 was found. The compound has a re-
versible polymorphic transition at 390 °C and melts incongruently
at 510 °С. The crystal structure of Cs3Na(MoO4)2 was solved and
found belonging to the glaserite type.

Ferroelastic properties revealed for glaserite-like low-tem-
perature forms of K3Na(XO4)2 (X¼Se, Cr, Mo, and W) allow us to
expect similar properties for Cs3Na(MoO4)2. The disordered char-
acter of the Cs3NaZn2(MoO4)4 structure may also suggest lowering
its symmetry at low temperatures with arising ferroelastic or
ferroelectric properties. The studies are in progress.
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