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New ternary molybdate Cs;NaBi(MoQ,)s is synthesized in the system Na;MoO4-Cs;M004-Bix(Mo0Q4)s.
The structure of Cs;NaBi(Mo0Q,4); of a new type is determined in noncentrosymmetric space group R3c,
a=10.6435(2), c=40.9524(7) A, V=4017.71(13) A®>, Z=12 in anisotropic approximation for all atoms
taking into account racemic twinning. The structure is completely ordered, Mo atoms are tetrahedrally
coordinated, Bi(1) and Bi(2) atoms are in octahedra, and Na(1) and Na(2) atoms have a distorted trigonal
prismatic coordination. The Cs(1) and Cs(2) atoms are in the framework cavities with coordination
numbers 12 and 10, respectively. No phase transitions were found in Cs;NaBi(Mo00O4); up to the melting
point at 826 K. The compound shows an SHG signal, I,,/I>,(Si0,)=5 estimated by the powder method.
The vibrational properties are evaluated by Raman spectroscopy, and 26 narrow lines are measured.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

The bismuth-containing oxides possess rich structural diversity
and promising physical properties for developed applications
in catalysis, optics, nanoelectronics and nanophotonics [1-7].
The bismuth molybdates, for example Bi;M0301,, Bi;Mo0,0g, and
BiMo0Og, are known for their high electrical and photoconductiv-
ity, as well as for their high photocatalytic and catalytic activity
[8-16]. Besides, bismuth molybdates have been evaluated as
potential gas sensors [17-19] and optical materials [20,21]. Some
double molybdates of bismuth and monovalent metals, such as
MBi(Mo00,), (M=Li-Cs, Ag) and MsBi(M00,4)4 (M=K, Cs, Tl), show
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interesting physical properties and may be considered as valu-
able ferroelastics and ferroelectrics [22], solid-state electrolytes,
[23-25] optical materials [26,27], phosphors [28] and laser-host
materials [29-34]. Triple molybdate CssBiZr(MoO,4)e is considered
as a possible material for immobilization of cesium and other solid
fission products [35].

For the recent years, the triple molybdates containing three
different cations and the (MoO4)?>~ anions have been actively
searched to reveal the phase formation and basic physical proper-
ties appeared due to cation combination. Previously, the quasi-
ternary systems Li;MoO4-M;Mo00,4-Bix(M00,4); were studied, and
the LiMBiy(M00,4)4 (M=K, TI, Rb) phases were found [36,37]. The
LiMBiy(M004)4 (M=K, TI, Rb) phases crystallize in the BalLn,
(M00y), structure type (space group C2/c) and belong to an
extended crystal family of the triple molybdates M’M”R(M004)4
[38]. Systems Li;Mo0O4—M;M00,4-Biy(M004); (M=Na, Ag) are
characterized by wide homogeneity regions [39]. However, no
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triple compounds or extended solid solutions were observed in
the Li;M004-Cs;M004-Biy(Mo0Q4); system [36]. On the contrary,
in the NaMoO4—Cs;Mo004-Bix(M00Q4); system, the existence of
two triple molybdates was revealed [40]. Unfortunately, the
properties of these complex molybdates remain unknown. The
present study is aimed at evaluating the structural and spectro-
scopic properties of triple molybdate Cs;NaBi(MoO,)s. For this
purpose, the high-quality crystal and powder samples of Cs,NaBi
(MoQg4); were prepared by high-temperature synthesis.

2. Experimental
2.1. Preparation of materials

Commercially available MoOs, Bi;03, Na;MoO, - 2H,0, Cs,CO3 (all
reagent grade) were used as starting materials for the synthesis of
molybdates. Simple and triple molybdates were synthesized in
porcelain crucibles with thorough manual grindings of the starting
reagents and reaction mixtures after every 24 h of firing. Cs,Mo0,4 was
prepared by annealing a stoichiometric mixture of Cs;CO3; and MoO3
in two stages (673-723 K for 25-40 h and 823 K for 60 h). Bi(M004,)3
was obtained by reaction: Bi;O3+3Mo0O3;=Biy(M00,4); at 723-773 K
for 50 h. Anhydrous Na,MoO, was obtained by calcination of the
corresponding crystalline hydrate, Na,MoO, - 2H,0, at 823-873 K. The
phase purity of the prepared substances was confirmed by powder
X-ray diffraction (XRD) and thermal analysis. The XRD patterns and
thermal characteristics of the synthesized Biy(M00,);, Cs;Mo00,4 and
Na,MoO4 were in accordance with the parameters tabulated in the
literature.

2.2. Instrumental characterization methods

Monitoring solid-state synthesis and phase equilibration were
carried out by powder XRD using a D8 ADVANCE Bruker diffract-
ometer (VANTEC detector, CuKa radiation, secondary monochro-
mator, maximal 20=100-140°, scan step of 0.02076°). The unit cell
parameters were refined by the least-squares method using the
ICDD program package. The TOPAS 4.2 [41] program was used for
the Rietveld refinement.

Differential scanning calorimetric (DSC) measurements were per-
formed on a NETZSCH STA 449F1 thermoanalyzer in the temperature
range of 373-923 K with the heating/cooling rates of 10 K/min. The
micromorphology of the powder sample was observed by SEM using a
Hitachi—3400 N scanning electron microscope at accelerating voltage
10 kV. The chemical composition of the powder sample was estimated
by energy dispersive spectrometer « Oxford Instruments > at accel-
erating voltage 20 kV in a wide range scan mode.

The single crystal X-ray diffraction data for structure determi-
nation were collected at room temperature on a Bruker-Nonius X8
Apex CCD area-detector diffractometer (MoKa radiation, graphite
monochromator, ¢-scans with the scan step of 0.5°). The structure
was solved and refined using the SHELX-97 package [42].

The SHG response was measured in back-scattering geometry
by means of the modified Kurtz-Perry powder method [43]. The
experimental setup is described in details elsewhere [44]. SHG in
the sample was excited by ns pulsed radiation of an Nd:YAG laser
(STA-01-7, Standa) working at 21=1064 nm with mean power
100 mW and repetition rate 1 kHz. The SHG signal at 1=532 nm
was selected by a collimator and monochromator MDR-2, and
recorded by a photomultiplier. The experimental signal was
corrected for the thermal noise background recorded as a signal
without the laser pump. Two-photon luminescence contributions
were controlled by measurements at wavelengths above and
below 4=532 nm. The SHG signal was averaged over the 5 x 10°

pump pulses. The «-SiO, powder with the known nonlinear
optical properties was used as a reference material.

The unpolarized Raman spectra were collected in a backscat-
tering geometry using a triple monochromator Horiba Jobin Yvon
T64000 Raman spectrometer operating in a double subtractive
mode, then detected by an LN-cooled charge-coupled device. The
spectral resolution for the recorded Stokes side Raman spectra was
set to ~2 cm~ ' (this resolution was achieved using gratings with
1800 grooves/mm and 100 mm slits). The microscope system
based on microscope Olympus BX41 with a 50x objective lens
f=0.8 mm with NA=0.75 numerical aperture provides a focal spot
diameter of about 5 pm on the sample. The single-mode argon line
of 514.5 nm from a Spectra-Physics Stabilite 2017 Ar* laser of
5 mW on the sample was used as the excitation light source. The
intensity of the laser light was adjusted to avoid the sample’s
heating. The wavenumber position and width of spectral lines
were obtained by the least square fitting of the experimental data
to the Lorentzian equation: [45]

I A
A
1+ ((x—w)/(D)?

where A—amplitude, o—wavenumber, I'—full width at half mag-
nitude, and x—actual coordinate (wavenumber).

3. Results and discussion

3.1. Synthesis, crystal growth and characterization of Cs,NaBi
(Mo0O4)3

Polycrystalline Cs;NaBi(MoO4); was synthesized by annealing
the stoichiometric mixture of Na;MoQ,4, Cs;Mo04 and Bix(M00O4)3
at 673-773K for 60 h. For a better sample’s homogenity, the
intermittent manual grindings were performed every 15 h. The
final powder product of light yellow color, insoluble in water and
usual organic solvents, soluble in the concentrated and dilute HCI,
H,S04, HNOs. Cs,NaBi(MoQO,4); was found to melt at 826 K. The
morphology of the particles is shown in Fig. 1. The powder is
formed by uniform roundish coalescent grains of ~5-25pum in
diameter. There are no faceted grains, and this indicates that
recrystallization temperature of the molybdate is far above the
temperature of T=673-773 K used for synthesis by component
interdiffusion. The EDS measurements show the presence of
constituent elements only. The composition ratio Cs:Na:Bi:Mo:
0=0.08:0.04:0.03:0.13:0.71 estimated for the large area of 600 x
450 pm? is in reasonable relation with nominal composition Cs:

SIO.(I)unlw

10.0kV 5.4mm x1.00k BSECOMP 40Pa 5/16/2013

Fig. 1. SEM image of Cs,NaBi(Mo00,); microcrystals.
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Na:Bi:Mo0:0=0.11:0.05:0.05:0.16:0.63. According to the DSC mea-
surements shown in Fig. 2, the obtained molybdate does not
possess phase transitions over the temperature range of 300-826 K
and melts at 826 K.

The small crystals of Cs;NaBi(MoO4)s applicable for structural
investigation were obtained by spontaneous crystallization of the
melted stoichiometric sample which was placed into the quartz
crucible. Initially, the melt was held at 833 K by 0.5 h for homo-
genization and, after this, slow cooling was performed at the rate
of 4 K/h down to 473 K. Then, the furnace was switched off and
further cooled to room temperature.

3.2. Crystal structure

The structure of Cs;NaBi(MoO4); was determined in noncen-
trosymmetric space group R3c in anisotropic approximation for all
atoms taking into account racemic twinning. The major twin
component contribution was found to be 0.529(7) at final R=
0.0200. The acentricity of the compound was confirmed by the
existence of SHG signal (Iow/lw(SiO2)=5) from the samples in
both powder and pellet forms under laser pumping at 1=1064 nm.

Crystal data and refinement results for the Cs;NaBi(MoO4);
structure are summarized in Table 1. The atomic coordinates and

T T T
0.0 [ 4
_ 051 i
E’ Cs,NaBi(MoO,),
H
£
a -1.0 —
(72}
[a]
1.5 | B
826
-2.0 1 N 1 N 1
400 600 800

T,K

Fig. 2. The DSC curve recorded from Cs;NaBi(MoO,); microcrystals.

Table 1
Crystal data and structure refinement details for Cs;NaBi(M00O,)s.

selected interatomic distances are given in Tables 1S and 2,
respectively. In the completely ordered structure, sodium, bismuth
and Cs(1) atoms are at three-fold axes, whereas Cs(2), the
molybdenum and oxygen atoms are located in general positions.
The molybdenum atoms have a somewhat distorted tetrahedral
coordination with Mo-O distances 1.702(8)-1.829(6) A. The Bi
(1) and Bi(2) atoms are in typical octahedral coordination with
three shorter bond lengths and Bi-O 2.187(5)-2.617(8) A. Analo-
gous Bi-O distances and a similar form of BiOg octahedron were
also found in the CssBi(MoQ,), structure [46]. The Na(1) and Na
(2) atoms have a distorted trigonal prismatic coordination with
Na-0 2.383(6)-2.512(8) A. This sodium environment is not com-
mon and encountered, for example, in the structures of Nag g3C0o0,
[47] and NaCo,3:(Mo0Q4)s [48] with close Na-O distances 2.350-
2.513 A and 2.31-2.40 A, respectively. The Cs(1) and Cs(2) atoms

Table 2
Selected interatomic distances (A) in Cs,NaBi(MoQ,); structure.

Mo(1)-tetrahedron Mo(2)-tetrahedron

Mo(1)-0(1) 1.705(8) Mo(2)-0(5) 1.725(7)
-0(2) 1.716(5) -0(6) 1.738(5)
-0(3) 1.763(6) -0(7) 1.760(6)
-0(4) 1.829(6) -0(8) 1.814(5)
<Mo(1)-0 > 1.753 <Mo(2)-0 > 1.759
Cs(1)-polyhedron Cs(2)-polyhedron
Cs(1)-0(2) 3.130(5) x 3 Cs(2)-0(1) 3.070(7)
-0(5) 3.172(8) x 3 -0(5) 3.113(7)
-0(6) 3.267(4) x 3 -0(2)#1 3.114(5)
-0(1) 3.387(9) x 3 -0(2)#2 3.130(5)
<Cs(1)-0 > 3.239 -0(6)#3 3.234(5)
Na(1)-polyhedron -0(8)#4
3.347(6)
Na(1)-0(3) 2.404(9) x 3 -0(7)#4 3.360(8)
-0(7)#7 2.475(10) x 3 -0(8)#3 3.394(6)
<Na(1)-0> 2.440 -0(3)#5 3.457(8)
-0(6)#6 3.553(6)
Na(2)-octahedron <Cs(2)-0 >
3.274
Na(2)-0(6) 2.384(6) x 3
-0(4) 2.512(8) x 3
<Na(2)-0 > 2448
Bi(1)-octahedron Bi(2)-octahedron
Bi(1)-O(4)#8 2.186(5) x 3 Bi(2)-0(8)#3 2.215(5) x 3
-O(7)#1 2.617(8)x3 -0(3) 2.565(7) x 3
<Bi(1)-0> 2.402 <Bi(2)-0> 2.390

Symmetry codes: #1 —y+1/3, —x+2/3, z+1/6; #2 —x+y+1/3, y—1/3, z+1/6;
#3 —y+2[3, —x+1/3,z—1/6; #4 x—1/3, x—y+1/3, z—1/6; #5 x+1/3, x—y+2/3,
z+1/6; #6 —x+y+2/3,y+1/3,z—1/6; #7 x-2/3,y—1/3,z—1/3; #8 x—1/3,y—-2/3,
z+1/3.

Formula

Cs;NaBi(Mo0O4)s

Formula weight (g/mol)
Crystal system

Space group

Unit cell dimensions

vV (A3)z

Calculated density (g/cm?)
Crystal size, mm

u(MoKa), (mm~1)

6 range (deg) for data collection
Miller index ranges

Reflections collected/unique

No. of variables

Goodness-of-fit on F? (GOF)
Final R indices [I > 24(I)]

R indices (all data)

Largest difference peak/hole (e A~—3)

977.61

Trigonal

R3c

a=10.6435(2) A
c=40.9524(7) A
4017.71(13)/12

4.849

0.05 x 0.05 x 0.04

21.286

2.42-28.29

—14<h<14, -12<k<14, —-42<I<54
4929/1609 [R(int)=0.0383]
116

1.098

R(F)=0.0200,
WR(F?)=0.0444
R(F)=0.0206
WR(F?)=0.0446
0.558/—0.773
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have CN 12 (icosahedron) and 10, respectively, with the joint range
of distances Cs—-0 3.073(8)-3.553(6) A. Close Cs-O bond lengths
3.033-3.537 A are observed in the CssBiZr(MoO,)s structure [35]
with analogous cesium coordination numbers.

In the structure, BiOg octahedra share common corners with
MoO, tetrahedra to form a very open 3D framework [Bi(M004)3 ]34
with the cesium and sodium ions in the framework cavities. In
addition, the Bi(2)Og and Bi(1)Og octahedra are linked by common
faces with Na(1)Og and Na(2)Og prisms into discrete linear four-
membered polyhedral groups looking like fragments of a polyhe-
dral column of alternating CoOg octahedra and CoOg trigonal prisms
in the crystal structure of CazCo,0¢ [49]. A general view of Cs,NaBi
(Mo00,)s structure is given in Fig. 3.

The new structure type of Cs;NaBi(MoQ,4); extends the series of
rhombohedral framework structures of complex molybdates with
a~10 A and long c-periods, such as CssBiZr(MoO,4)s [35] of the
K5(Mg0,52r1,5)(M004)5 [50] type (C ~ 37-38 A) and NdzZl’g(MOO;l)g
[51] (c ~ 58 A). These structures are different in compositions and
symmetry; though, in all cases, the mixed frameworks [M(Mo004)3]3c
involve discrete MOg octahedra and MoQ, tetrahedra. A new char-
acteristic detail of the Cs;NaBi(Mo0Q,4)s structure type is a linear group
of two BiOg and two NaOg octahedra sharing common faces.

The XRD pattern recorded from the powder sample is shown in
Fig. 4. All peaks, except for two very weak reflections, are succ-
essfully attributed to Cs;NaBi(MoQ,)s, and this verifies good phase
purity of the powder prepared by solid state synthesis. The
structural parameters obtained by Rietveld refinement were in
excellent agreement with those determined by single crystal
analysis.

3.3. Raman spectroscopy

The Raman spectrum recorded from the Cs;NaBi(M0O4); pow-
der is shown in Fig. 5. Additionally, the spectrum decompositions
made for the local spectral ranges are shown in Figs. 1S and 28,
and the fitted parameters are presented in Table 2S. The Raman
spectrum is rich in lines because of a large number of atoms. The
vibrational representation of the R3c structure of Cs,NaBi(Mo0O4)3
at the center of the Brillouin zone has the form:

Tyiny = 38A1 +38A, +76E

Fig. 3. A general view of the Cs;NaBi(MoO,)s crystal structure.
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Fig. 4. The X-ray diffraction pattern recorded from the powder sample of Cs,NaBi
(Mo004)3. The impurity phase peaks are marked with asterisks.
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Fig. 5. The Raman spectrum obtained from Cs;NaBi(MoO,); powder.

Acoustic and optic modes:

Tacoustic =A;+E

Toptic = 37A1 +38A; + 75E
Infrared and Raman active modes:

I'Raman = 37A; +75E

Tinfrared = 37A1 +75E

The full spectrum could be subdivided into four parts corre-
sponding to the vibrations of structural elements: I— <250 cm ™',
the region of translational, rotational and mixed vibrations of
structural units; [[—250-375 cm ™!, distorted bending modes of
MoO, originated from undistorted modes v, and v4; IlI—375-
450 cm~!, the region of Na-O vibrations in distorted trigonal-
prismatic groups; IV—700-920 cm™~ !, v; and v3 MoO, vibrations.

To calculate the Cs;NaBi(Mo0Q,)s vibrational spectrum, the pro-
gram package LADY was used [52]. The calculated values of atomic
vibrations were obtained using a simplified version of the Born-
Karman model [53]. Previously, the optimized version of the model
was tested for several compounds [54-56]. However, because of a
large number of vibrational modes, a detailed interpretation of the
Cs,;NaBi(Mo0O,)s spectrum was quite a hard task.
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The intense peak at 920 cm~! in region IV corresponds to the
distorted symmetric stretching Mo(1)O4 v; vibration [27,28,
57-63]. The distortion of this vibration is associated with the
difference in the bond lengths of a MoO,4 tetrahedrons in Cs;NaBi
(M00y4)3, the Mo(1)-0(1) bond has the shortest length and 4
normal vibration transforms into the Mo(1)-0(1) bond stretching.
The peak at 879 cm ™! is also related to distorted MoO4 symmetric
stretching vibration v4, but, in this case, it is connected with the
Mo(2)-0(5) bond, as shown in Fig. 3Sa. The vibrations observed
over the range of 730-870 cm ! are the distorted anti-symmetric
stretching v3 vibrations of MoO, (Fig. 3Sb).

The vibrations in region Il correspond to Na-O vibrations, and
the eigenvector of Na vibration is directed along the edge of the
structure, as shown in Fig. 3Sc. The numerous lines in region Il
mostly correspond to v» and v4 MoO4 bending vibrations [27,28,57-
64]. Generally, the frequency of vibration v4 should be above that of
the v, vibration, the v, Raman band should be stronger than v4, and
vs can be hidden by v, in [MoO4]? spectra [65]. Our calculated
results are in agreement with the above-presented. The transla-
tional modes are observed over the spectral range of <50cm™ .
There is a high intensity line at 45cm™! in region I, and such
spectral line often exists in layering structures and could be
interpreted as a layer vibration.

4. Concluding remarks

A new noncentrosymmetric ternary molybdate, Cs;NaBi(MoQ,)s,
has been successfully synthesized and characterized. The structure of
Cs,NaBi(MoO,); determined by single crystal X-ray analysis has polar
space group R3c and represents a new structural type with a very
open 3D framework [Bi(Mo00O4)s]3., Of BiOg octahedra and MoO,
tetrahedra, where the cesium and sodium ions locate in the frame-
work cavities. The SHG test shows that the compound exhibits
comparatively low nonlinear optical properties that limit the prac-
tical frequency conversion applications. The structure contains large
cations and possesses high thermal stability, and these factors are
promising for using Cs,NaBi(MoQ,)s as a potential host for rare-earth
luminescence-active ions. There are several sites suitable for the
accommodation of rare-earth ions at a high doping level. In addition,
a layer-by-layer arrangement (Fig. 3) and an open coordination (wide
quadrilateral faces of trigonal prisms) of Na positions in the crystal
structure of Cs,NaBi(MoQ,); suggest that Na* cations in the triple
molybdate can have a relatively high mobility parallel to (0 0 1). The
ionic conductivity characteristics of the compound appear to be
enhanced by means of forming solid solutions with isovalent and
aliovalent isomorphous substitutions. These studies are in progress.
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