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ABSTRACT: Two new quaternary sodium tungsten selenites,
Na,(WO0;),(Se0;)-2H,0 (P3;c) and Naz(W;0,,)(Se0;),
(C2), have been synthesized and characterized. The former
exhibits a hexagonal tungsten oxide layered structure, whereas
the latter has a one-dimensional “ribbon” structure. The layers
and “ribbons” consist of distorted WO, and asymmetric SeO,
polyhedra. The layers in Na,(WO;);(SeO;)-2H,0 and the
“ribbons” in Nag(W01,)(SeO3), are separated by Na* cations.
Powder second-harmonic-generation (SHG) measurements on
Na,(WO;);(Se0;)-2H,0 and Nayz(W¢0,,)(SeO;), using
1064 nm radiation reveal SHG efliciencies of approximately
450% and 20X a-SiO,, respectively. Particle size versus SHG
efficiency measurements indicate that the materials are type 1

Na,(WQ,),(5e0,)2H.0

Na (W.0,.)(Se0,),
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non-phase-matchable. Converse piezoelectric measurements result in dy; values of approximately 23 and 12 pm/V, whereas
pyroelectric measurements reveal coefficients of —0.41 and —1.10 uC/m*K at 60 °C for Nay,(WO,);(SeO;)-2H,0 and
Nag(W40,5)(SeO3),, respectively. Frequency-dependent polarization measurements confirm that the materials are nonferro-
electrig; i.e., the macroscopic polarization is not reversible, or “switchable”. IR and UV—vis spectroscopy, thermogravimetric and
differential thermal analysis measurements, and electron localization function calculations were also done for the materials.
Crystal data: Na,(WO5);(SeO;)-2H,0, trigonal, space group P3,c (No. 159), a = 7.2595(6) A, b = 7.2595(6) A, c = 12.4867(13)
A, V'=1569.89(9) A%, Z = 2; Nag(W40,,)(SeO3;),, monoclinic, space group C2 (No. S), a = 42.169(8) A, b = 7.2690(15) A, ¢ =

6.7494(13) A, p = 98.48(3)°, V = 2046.2(7) A3, Z = 4.

B INTRODUCTION

Polar materials, which crystallize in 1 of 10 polar crystal classes
(1, 2, 3, 4 6, m, 3m, 2mm, 4mm, and 6mm), exhibit
technologically functional properties like second harmonic
generation (SHG), piezoelectricity, pyroelectricity, and/or
ferroelectricity.' ™ The synthetic exploration and crystal
engineering of new polar materials continue to be an active
and challenging task for material scientists and solid-state
chemists. The crystal engineering of polar materials studies the
design and packing of polar structural units. Molecules with
organic 7-conjugated systems, typically nitropyridine oxide,
alkali-metal acid phthalate, or nitroaniline families, are widely
used as polar structural units in preparing new nonlinear-optical
(NLO) organic crystals.”'® Chen’s anionic group theory
proposed using acentric inorganic z-conjugated systems,
particularly planar borate rings, to enhance NLO responses of
noncentrosymmetric (NCS) borate-based materials."' ~'* Re-
cently, Zou et al. have successfully reported a new series of
polar alkaline—alkaline-earth fluoride carbonates with strong
SHG efficiencies based on z-conjugated CO,*~ anions."
Poeppelmeier and co-workers have successfully used oxy-
fluoride groups to create new polar materials,'*™2° whereas
cations that are susceptible to second-order Jahn—Teller
(SOJT) distortions*' ™>” have been successfully employed in
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preparing many new polar materials in our group, as well as
other research groups.”®>*

While polar structural units can be successfully and
specifically designed for preparing new polar materials, the
understanding of how polar structures are created from
structural building units is insufficient. The packing and
alignments of polar structural units strongly depend on
intermolecular interactions, i.e., cation—anion interactions and
hydrogen bonding. Hydrogen bonding has been widely used in
NLO organic crystal engineering to obtain a designed crystal
packing® ~* but less obviously employed in preparing polar
inorganic materials. The strong hydrogen bonds, O—H:--O and
N-H--O, formed along the lone-pair directions arrange the
organic molecules into polar three-dimensional networks, and
the crystal structures are additionally stabilized via weaker C—
H--O hydrogen bonds. A systematic review of hydrogen
bonding in inorganic materials and its influence on the NLO
properties of polar materials has recently been published.*
Recently, using hydrogen bonding to direct the alignment of
polar A structural building units, Donakowski et al. have been
able to prepare a new polar material, CuVOF,(H,0),, from
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centrosgmmetric (CS) MVOF,(H,0), (M = Co*, Ni**, and
Zn**).*® However, hydrogen bonds in preparing new NCS
oxide materials have not been extensively explored. The
influence of cation sizes on altering the packing and alignments
of polar structural units has been observed and reported for
several systems such as MNaNbOF, (M = K* and Cs*),"’
A,Ti(I05)s (A = Li*, Na*, K, Rb*, Cs*, and TI*),*
ACuTe,0,,*® and A(Mo,0,)(Se0;), (A = Sr**, Ba®, and
Pb**).* Recently, using hard, Na*, and soft, Ag", cations, Fry et
al. have been able to direct the orientation of polar oxyfluoride
groups, thereby altering the undoped polar Na;WO,F; (R3) to
the doped CS Na, sAg; sMoO,F; and Na, ;Ag; ;\WO,F; (R3).>°
Despite these successes, the systematic engineering and design
of new polar crystal structures remain an ongoing challenge.

With respect to sodium compounds containing SOJT
cations, many sodium d° tellurites, NaTeVO; (P2,/ c),>s2
Na,MTe,0;, (M = Mo® and W; C2/c),*> Na,Mo;Te,0;4
(12),*" and Na,TeW,0, (Ia),** were reported, whereas for
sodium d° selenites, only Na,SeMoOg (P2,3)* was found. In
this paper, we report on the synthesis and characterization of
two new polar sodium—tungsten selenites:
Na,(WO0;);(Se0;)-2H,0 (P3,c) and Nayz(W40,,)(Se0;),
(C2). The former has a class 2 hexagonal tungsten oxide
(HTO)-layered structure, i.e., the SeO; group “cap” on one side
of the HTO layer,*® and the latter has a one-dimensional
“ribbon” structure. In addition to the crystal structures, UV—vis
and IR spectroscopy, thermal analyses, and SHG, piezo-
electricity, and polarization measurements for all materials are
also reported.

B EXPERIMENTAL DETAILS

Reagents. Na,COj; (Alfa Aesar, 99%), SeO, (Alfa Aesar, 99.4%),
Na,WO,-2H,0 (Alfa Aesar, 99%), and WO, (Alfa Aesar, 99.8%) were
used as received.

Synthesis. Crystals of polycrystalline Na,(WO;);(Se0O5)-2H,0
were prepared using hydrothermal techniques. A 23 mL Teflon-lined
autoclave containing 0.159 (1.50 X 107 mol) of Na,CO,, 0.174 g
(7.50 x 107* mol) of WO;, 0.330 g (3.00 X 10~ mol) of SeO,, 0.117
g (2.00 X 107 mol) of NaCl, and 2 mL of distilled water was closed,
heated to 230 °C, held for 2 weeks, and cooled slowly to room
temperature at a rate of 6 °C/h. The product was filtered and washed
three times with distilled water to obtain 0.137 g of tiny yellow
hexagonal plate-shaped crystals (in 60% yield with respect to WO5).
The crystals were structurally determined as
Na,(WO;);(Se0;)-2H,0. The experimental and calculated powder
X-ray diffraction (PXRD) data for Na,(WO;);(SeO;)-2H,0 are
provided in the Supporting Information (see Figure S1).

Crystals of Nag(W¢0,)(SeO;), were prepared by solid-state
techniques. A mixture of 0.106 (1.00 X 107> mol) of Na,COs, 0.232
g (1.00 X 107 mol) of WO3, and 0.110 g (1.00 X 107 mol) of SeO,
was ground and pressed into a pellet. The pellet was transferred to a
Pyrex tube, and the tube was heated at 300 °C for 1 day. The thermal
analysis of the pellet after heating at 300 °C shows that all CO, was
removed (see Figure S4 in the Supporting Information). The tube was
then air-evacuated and flame-sealed to an ampule. The ampule was
then heated to 450 °C for 2 days and cooled slowly to room
temperature at a rate of 6 °C/h. The pellet was then washed with
distilled water and revealed colorless rod-shaped crystals. The crystals
were later structurally determined to be Nag(W¢0,,)(SeO;),.

Polycrystalline Nag(W40,,)(SeO;), was prepared by combining
0.990 g (3.00 X 107 mol) of Na,WO,-2H,0, 0.700 g (3.00 X 10~
mol) of WO;, and 0.220 g (2.00 X 107 mol) of SeO,. The mixture
was finely ground and pressed into a pellet. The pellet was transferred
to a Pyrex tube, and the tube was air-evacuated at 110 °C for 1 day and
then flame-sealed to an ampule. The ampule was then heated to 450
°C for 2 days and finally 550 °C for 2 days with three intermittent
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regrindings, resulting in single-phase Nag(W0,5)(SeO;),. The
experimental and calculated PXRD data for Nag(W¢O,,)(SeO;), are
provided in the Supporting Information (see Figure S1).

Single-Crystal X-ray Diffraction. For Na,(WO,);(Se0O;)-2H,0,
a yellow plate-shaped crystal (0.01 X 0.01 X 0.002 mm®) and for
Nay(W40;5)(Se03), a colorless rod-shaped crystal (0.04 X 0.01 X
0.01 mm®) were used for single-crystal X-ray data collections. Data
were collected using a Siemens SMART APEX diffractometer
equipped with a 1 K CCD area detector using graphite-
monochromated Mo Ka radiation. A hemisphere of data was collected
using a narrow-frame method with scan widths of 0.30° in @ and an
exposure time of 60 s/frame. The first S0 frames were remeasured at
the end of the data collection to monitor the instrument and crystal
stability. The data were integrated using the Siemens SAINT
program,57 with the intensities corrected for Lorentz, polarization,
air absorption, and absorption attributable to the variation in the path
length through the detector face plate. y scans were used for
absorption correction on the hemisphere of data.*® The data were
solved and refined using SHELXS-97 and SHELXL-97, respec-
tively."”®® All of the atoms were refined with anisotropic thermal
parameters, and the refinement converged for I > 20(I). All
calculations were performed using the WinGX-98 crystallographic
software package.’’ Crystal data of Na,(WO;);(SeO;)-2H,O were
checked for merohedral twinning using the ROTAX tool in the
WinGX-98 package.61 During the refinement of
Na,(WO0,),(Se05)-2H,0, the twin law =1 0 0 0 —1 0 0 0 1
suggested by ROTAX was successfully applied. Pseudomerohedral
twinning was consistent with the refined BASF value of 0.26. The twin
law indicates that the twinning lattices are related by a 180° rotation
about the [001] direct lattice direction, the C3 rotation axis in the
trigonal system that emulates higher hexagonal symmetry. In fact,
when ADDSYM was run on the final model of
Na,(WO;);(Se0;)-2H,0, higher hexagonal symmetry was suggested.
Attempts to refine the obtained Na,(WO;);(SeO;)-2H,0 model in
hexagonal space groups (P6ymc) failed because Se atoms, which are
located on the Wyckoff 2a site, will form planar SeO; equilateral
triangles as required by the mirror symmetry of that Wyckoff site.
Partial occupancy was observed for the Na atom on the 6c site. The
occupancy was set to 0.6667. H-atom positions were not determined
for Nay,(WO;);(Se0;)-2H,0, and the thermal ellipsoids of the O
atoms [O(S) and O(6)] of the H,0 molecule are comparatively large
compared with the other ions. However, the H,O molecules were
experimentally confirmed by the IR spectrum and thermogravimetric
analysis (TGA). Merohedral twinning (type 1, inversion twinning) was
observed for Nag(W40,9)(SeO3),; thus, a twin law —1000—-100 0
—1 was applied. This inversion twinning in combination with a 2-fold
rotation along the b axis results in a pseudomirror plane. This mirror
plane was detected by ADDSYM; however, the ADDSYM EXACT
calculation confirmed C2 to be the correct space group. Additionally,
refinement of Nag(W0,9)(SeO;), in space group Cm results in
numerous atoms on the Wyckoft 2a site with mirror symmetry, and no
chemically reasonable structure could be obtained. The Flack
parameters62 were refined to 0.01(S) and 0.00(10) for
Na,(WO0,);(Se0;)-2H,0 and Nag(W0,5)(Se0;),, respectively.
Crystallographic data and selected bond distances for
Na,(WO0;);(Se0;)-2H,0 and Nag(W(0,,)(SeO;), are given in
Tables 1 and 2.

PXRD. The PXRD data for all materials were collected in a
continuous mode using a PANalytical X’Pert PRO diffractometer at
room temperature (Cu Ka radiation, flat-plate geometry) equipped
with an X’Celerator detector. Data were collected in the 26 range of
5—70° with a step size of 0.016° and a step time of 10 s.

IR Spectroscopy. IR spectra were recorded on a Matteson FTIR
5000 spectrometer in the spectral range of 400—4000 cm™ at room
temperature. Na,(WO;);(Se0;)-2H,0 and Nag(W0,5)(SeO3),
powders were heated to 150 °C for 1 week before being mixed and
ground with dry KBr powder. These powder mixtures were then
transferred to a stainless steel IR holder and pressed into semi-
transparent pellets, which were used for IR measurements.
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Table 1. Crystallographic Data for Na,(WO,);(SeO;)-2H,0
and Nag(W04,)(Se03),

fw (g/mol)
T (K)

2 (A)

cryst syst
space group
a (A)

b (A)

c(A)

a (deg)

B (deg)

7 (deg)

vV (A%

z

Peaca (8/ cm’)
p (mm™)
R(int)
GOF (F?)
R(B)*
R(E})"

Flack parameter

“RF) = YIF| —

2w(E?)?

Na,(WO,),(Se0;)-2H,0

904.49
298.0(2)
0.71073
trigonal

P3¢ (No. 159)
7.2595(6)
7.2595(6)
12.4867(13)

90

90

120

569.89(9)

2

5248

33.549

0.0671

1.030

0.0391

0.0870

0.01(5)

Naa(W6019)(Seo3)z

1798.96
298.0(2)
0.71073
monoclinic
C2 (No. 5)
42.169(8)
7.2690(15)
6.7494(13)
90
98.48(3)
90
2046.2(7)
4

5.840
37.401
0.0412
1.064
0.0331
0.0895
0.00(10)

IFI/YIF,). *R(F2) = [Xw(E} — F2)?/

UV-Vis Diffuse-Reflectance Spectroscopy. UV—vis diffuse-

reflectance spectra were collected with a Varian Cary 500 scan UV—
vis—near-IR spectrophotometer over the spectral range of 200—2000
nm at room temperature. Poly(tetrafluoroethylene) (PTFE) was used
as a standard material for baseline correction. The sample was
thoroughly mixed with PTFE, and this mixture was used for UV—vis
measurements. Reflectance spectra were converted to absorbance
using the Kubelka—Munk equation.>%*

Thermal Analysis. Thermogravimetric (TGA) and differential
thermal (DTA) analyses were simultaneously carried out on an
EXSTAR6000 TG/DTA 6300 thermogravimetric/differential thermal
analysis system (SII NanoTechnology Inc.). The sample (~20 mg)
was placed in a platinum crucible, which was heated (cooled) at a rate
of 10 °C/min in the range of 25—700 °C under flowing nitrogen gas.
An empty platinum crucible was used as the reference during the
measurements.

SHG. The powder SHG measurements of
Na,(WO0,);(Se05)-2H,0 and Nayz(W0,5)(SeO;), were performed
at room temperature on a modified Kurtz NLO system,” using a
pulsed Nd:YAG laser with a wavelength of 1064 nm. The
methodology and instrumentation details have been published.®®
The SHG efficiency has been shown to be particle-size-dependent.®®
Thus, the polycrystalline samples were ground and sieved into distinct
particle size ranges (20—4S, 45—63, 63—75, 75—90, and 90—120 ym).
In order to evaluate the relative SHG efficiencies of the measured
samples with known SHG materials, crystalline a-SiO, was also
ground and sieved into the same particle size ranges. No index
matching fluid was used in the experiment.

Piezoelectric Measurements. Converse piezoelectric measure-
ments were performed at room temperature using a Radiant
Technologies RT66A piezoelectric test system with a TREK (model
609E-6) high-voltage amplifier, Precision Materials Analyzer, Precision
High Voltage Interface, and MTI 2000 Fotonic Sensor.
Na,(WO;);(Se0;5)-2H,0 and Nag(W¢0,,)(SeO;), samples were
pressed into a pellet with approximately 8 mm diameter and
approximately 1 mm thicknes. The pellets were sintered in air at
200 °C for Na,(WO0,);(Se0;)-2H,0 or 300 °C for Nayz(W40,,)-
(SeO5), for 1 week. Silver paste was applied to both sides of the
sintered pellets as electrodes, and the pellets were cured in air at 200
°C for Na,(WO;);(Se05)-2H,0 or 300 °C for Nag(W0,,)(SeO;),
for 72 h. These pellets were also used in polarization measurements.

Polarization Measurements. The polarization measurements
were done on a Radiant Technologies model RT66A ferroelectric test
system with a TREK high-voltage amplifier in the temperature range of
25-160 °C in a Delta model 9023 environmental test chamber. The
unclamped pyroelectric coefficient, defined as dP/dT,°® was
determined by measuring the polarization as a function of the

Table 2. Selected Bond Distances (A) for Na,(WO,);(Se0;)-2H,0 and Nays(W0,,)(Se0;),

Na,(WO,),(Se0,)-2H,0¢

W(1)-0(1) 1.728(12) W(1)-0(3) 1.863(13) Se(1)-0(4) 3 X 1.703(12)
W(1)-0(2) 1.835(12) W(1)-0(3)#2 2.051(13)
W(1)-0(2)#1 1.998(12) W(1)-0(4) 2.187(11)

Naﬁ(W5019)(SeO3)2“
W(1)-0(1) 1.702(9) W(4)—0(17) 1.731(10) Se(1)—0(14) 1.680(8)
W(1)-0(2) 1.851(9) W(4)—0(13) 1.735(11) Se(1)—0O(11) 1.748(9)
W(1)-0(@3) 1.942(11) W(4)-0(7) 1.932(11) Se(1)—0(6) 1.750(9)
W(1)-0(4) 1.947(11) W(4)—0(9) 1.943(11) Se(2)—0(23) 1.658(10)
W(1)-0(5) 1.971(10) W(4)—0(15) 2.176(9) Se(2)—0(18) 1.660(11)
W(1)-0(6) 2.274(10) W(4)—0(11) 2.347(10) Se(2)—0(25) 1.765(10)
W(2)-0(10) 1.722(10) W(5)—0(12) 1.730(9)
W(2)-0(19) 1.753(10) W(5)-0(5) 1.857(10)
W(2)-0(9) 1.933(11) W(5)-0(22) 1.877(9)
W(2)-0(7) 1.935(11) W(5)—0(24) 1.902(9)
W(2)-0(2) 2.135(10) W(5)—0(20) 1.954(10)
W(2)-0(6) 2.366(10) W(5)—0(14) 2.309(9)
W(3)—-0(16) 1.724(10) W(6)—0(8) 1.739(9)
W(3)-0(15) 1.830(9) W(6)—0(20) 1.885(10)
W(3)-0(3) 1.874(11) W(6)—0(21)#3 1.915(9)
W(3)-0(4) 1.969(10) W(6)-0(21) 1.928(9)
W(3)-0(22) 1.972(10) W(6)—0(24) 1.951(9)
W(3)—-0(11) 2.273(10) W(6)—0(25) 2.122(11)

“Symmetry transformations used to generate equivalent atoms: #1, —x + y + 2, —x + L, z; #2, =y + L x — y, z; #3, —x + '/, y + /5, —z + L.
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temperature. The methodology and instrumentation details have been
published.®® To measure the potential ferroelectric behavior,
frequency-dependent polarization measurements were done at room
temperature under a static electric field of § kV/cm between 100 and
1000 Hz. For the pyroelectric measurements, the polarization was
measured statically from room temperature to 140 °C with an electric
field of 5 kV/cm at 1000 Hz for Na,(WO,);(Se0;)-2H,0 and from
room temperature to 160 °C with an electric field of 20 kV/cm at 100
Hz for Nag(W40,)(SeOs),. The temperature was allowed to stabilize
before the polarization was measured.

Electron Localization Function (ELF) Calculations. ELF
calculations were performed using the plane-wave pseudopotential
method, as implemented in the Quantum ESPRESSO (4.1.2 version)®
package. Norm-conserving MT pseudopotentials for all of the
elements were used with the generalized gradient approximation”
for exchange-correlation corrections. The pseudopotentials generated
from the Fritz Haber Institute code”' were converted for the
calculations. The tungsten pseudopotential was generated using
previously reported parameters’> by the LDI program. A plane-wave
energy cutoff was set to 37 Ry. The Brillouin zone was sampled using a
4 X 4 X 3 Monkhorst—Pack” k-mesh. A total energy convergence
threshold set to 107 Ry indicated self-consistency. The experimental
crystal structures were employed for all calculations. The program
VESTA was used for all of the structural diagrams.74

67,68

B RESULTS AND DISCUSSION

Crystal Structures. Na,(WO;);(SeO;)-2H,0 crystallizes in
NCS polar trigonal space group P3;c. Ball-and-stick and
polyhedra representations of the material in the (110) plane
are shown in parts a and b of Figure 1. The material exhibits a
HTO-layered structure with distorted WO;4 and asymmetric
SeO; polyhedra (see Figure 2). Specifically, each WOy
octahedron shares four equatorial O atoms with the other
four WOy octahedra, thus forming a planar HTO layer with
triangular and six-point star-ring holes. Regarding the
connectivity of the AO; groups (A = Se** and Te*'), the
HTO layers can be further classified into two classes. Class 1
HTO layers consist of AO; groups (A = Se** and Te*)
alternatively “capping” on triangular holes of both sides of the
HTO layers, whereas in class 2 HTO layers, AO; groups (A =
Se*" and Te*") “cap” on the triangular holes on one side of the
HTO layer.*® In Na,(WO;);(Se0;)-2H,0, the SeO; polyhedra
“cap” on the triangular holes of one side of the HTO layer, thus
forming a class 2 HTO-layered structure. The layers stack on
top of each other along the c-axis direction and are separated by
Na* cations and the H,O molecules. In connectivity terms, the
structure may be written as [3(WO,;,;O;/,) (SeOs,,)" -
2H,0]*" with charge balance maintained by two Na* cations.
The W®" cations are octahedrally coordinated to six O atoms
with one “short” [1.728(12) A], four “normal” [1.835(12)—
2.015(13) A], and one “long” [2.187(11) A] W—O bonds. The
“short” W—O bonds are terminal, and as expected, the W**
cations displace toward terminal O atoms, i.e., a corner, C,-type
distortion, whereas the “long” W—O bonds are connected to
SeO; groups. The Se*" cations are in trigonal-pyramidal
environments, coordinated to three O atoms with the same
Se—O bond distance [1.703(12) A]. Of the six O atoms in the
asymmetric unit cell, O(5) and O(6) are isolated and have no
bond to the W and Se*" cations. Therefore, O(5) and O(6)
are O atoms of two H,O molecules in
Na,(WO;);(Se0;)-2H,0. The Na* cations are observed in
seven-coordinated environments, bonded to two O atoms of
the H,O molecules with “short” Na—O bond distances
[2.25(2)—2.47(4) A] and to five O atoms of the WO, and
SeO; polyhedra with “long” Na—O bond distances [2.44(2)—
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Figure 1. Ball-and-stick (top) and polyhedra (bottom) representations
of Nay,(WO;);(Se0;)-2H,0 in the (110) plane. Spheres in the
diagram are Na* cations (yellow), W cations (blue), Se** cations
(green), and O*” anions (red). Isolated red spheres are the H,O
molecules.

2.61(2) A]. The experimental bond valence sums (BVSs in
valence units, vu)”> for the Na*, W®*, and Se*" cations and 0>~
anions, except for O(5) and (06), are 1.16, 6.17, 3.96, and
2.01-2.07, respectively.

Nag(W0,4)(SeO3), crystallizes in NCS polar monoclinic
space group C2. Ball-and-stick and polyhedra representations of
the material in the ac plane are shown in parts a and b of Figure
3. The material exhibits an infinitive one-dimensional “ribbon”
structure with distorted WOy and asymmetric SeO; polyhedra
(see Figure 4). Specifically, W(1)O4 and W(2)O4 octahedra
[similarly W(3)Og and W(4)Oy4 octahedra] share an edge to
form W,0,, dimers. The W,0,, dimers use apical O atoms to
connect and form a “double chain” along the b-axis direction.
Along the b-axis direction, the W(6)Og4 octahedra share apical
O atoms to form a “single chain” between two “double chains”.
Two “double chains” and a “single chain” run in a parallel
manner along the b-axis direction and are bridged by W(5)Oq
octahedra. The W(5)O4 octahedra use four equatorial O atoms
to connect the “double chain” to the “single chain”, resulting in
a “ribbon” structure. SeO; polyhedra attach to the “ribbon” in
two different ways. Se(1)O; polyhedra “cap” on triangular holes
formed by the “double chain” and W(5)Og octahedra, whereas
Se(2)O; polyhedra are single-bonded to the “single chain” and
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Figure 2. Ball-and-stick (top) and polyhedra (bottom) representations of Na,(WO;);(SeO;)-2H,0O in the ab plane. Spheres in the diagram are Na*
cations (yellow), W cations (blue), Se*" cations (green), and O*~ anions (red). Isolated red spheres are the H,O molecules.

all Se(2)O, polyhedra are oriented in the +b-axis direction. The
“ribbons” are separated by Na* cations. In connectivity terms,
the structure may be written as [2(WO;,;05,,) 2-
(WO,/104/,0,/3)**72(W0O,,,05/,0,/5)**7(Se0,,,0,,,) -
(Se0,,0,,3)%**]°" with charge balance maintained by six Na*
cations. The W®" cations are octahedrally coordinated to six O
atoms. Of these W®" cations, the W(1), W(3), W(5), and W(6)
cations are subjected to a corner, C,-type distortion with one
“short” [1.702(9)—1.739(9) A}, four “normal” [1.830(9)—
1.972(10) A], and one “long” [2.122(11)—2.309(9) A] W—-0O
bonds, whereas the W(2) and W(4) cations are subjected to an
edge, C,-type distortion with two “short” [1.722(10)—
1.753(10) A], two “normal” [1.932(11)—1.943(11) A], and
two “long” [2.135(10)—2.366(10) A] W—0O bonds. All “short”
W—0 bonds are terminal, and as expected, the WS cations
displace toward these terminal O atoms, whereas the “long”
W-0 bonds are connected to SeO; groups. The Se*" cations
are in trigonal-pyramidal environments, coordinated to three O
atoms with Se—O bond distances in the range of 1.658(10)—
1.765(10) A. The Na' cations are in seven- and eight-
coordinated environments, bonded to O atoms with Na—O
bond distances in the range of 2.233(11)—3.098(11) A. The
experimental BVSs (vu)’® for the Na*, W®, and Se*" cations
and O*” anions are in the ranges of 0.92—1.26, 6.00—6.24,
3.79—4.15, and 1.88—2.28 vu, respectively.
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The relevant questions are the role of the H,O molecules in
the Na,(WO;);(Se0;)-2H,0 crystal structure and structural
relationships between Na,(WO;);(SeO;)-2H,0 and
Nag(W40,,)(SeO;),. To answer this question, let us reexamine
the crystal structures of compounds with the B,(MO;);(A0;)
chemical formula (B = Ag*, K*, NH,", Rb*, Cs*, and TI*; M =
Mo® and W A = Se* and Te*)**7¢~% with respect to B
cation sizes (see Table S3 in the Supporting Information).
Except Ag,(MoO;);(SeO;) and K,(WO;);(TeO5), all other
compounds exhibit HTO layers capped on one side by the AO,
polyhedra (class 2 HTO layer). To examine the role of B
cations, we plotted the HTO layer distances, that is, the oxide
layer distances (see Fi§ure 1a), and their cell parameters versus
the B cation radius’ ~* for these class 2 HTO-layered
materials. As seen in Figure S, the blue circles are the oxide
layer distances. For T1, Rb*, and Cs* compounds, the distances
are linearly increasing with B cations (the blue line), consistent
with Vegard’s law.**® For NH,, the distance deviates from the
blue line, with NH," points above the blue line. This deviation
indicates new structural aspects occurring for
(NH,),(MO;);(A0;) compounds. In fact, the N---O distances
varying from 2.8(1) to 3.4(1) A in (NH,),(MO;);(AO;)
compounds indicate weak hydrogen bonding between NH,*
cations and oxide ligands of the HT'O layers. Because NH," and
K* cations have similar cation sizes (see Table S3 in the
Supporting Information), we may expect that
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Figure 3. Ball-and-stick (left) and polyhedra (right) representations of Nay(W¢0,,)(SeO;), in the ac plane. Spheres in the diagram are Na* cations
(yellow), W cations (blue), Se** cations (green), and O*~ anions (red).
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Figure 4. Ball-and-stick (left) and polyhedra (right) representations of Nag(W,0,,)(SeO3), in the ab plane. Spheres in the diagram are Na* cations
(yellow), W cations (blue), Se** cations (green), and O*~ anions (red).
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Figure S. Plots of HTO layer distances and cell parameters of the
polar HTO-layered materials versus the alkali cation radius.

K,(WO;);(TeO;) will also adopt the (NH,),(MO;);(A0;)
structure if considering only cation size effects. However,
K,(WO,),(TeO,) exhibits a CS structure with HTO layers
connected by TeO; linkers. That was explained as the cation
size effects because the K' cations are too small to fit in the
space between the class 2 HTO layers, compared to bigger B
cations like TI¥, Rb*, and Cs*. Therefore, weak hydrogen
bonding has a critical role in supporting the class 2 HTO-
layered structure of (NH,),(MO;);(A0;). As mentioned
earlier, the Na" cations are coordinated by seven O atoms in
Na,(WO;);(Se0;)-2H,0, of which two are from the H,O
molecules with “short” Na—O bond distances [2.25(2)—
2.47(4) A]. The nearest O—O distances between the H,O
molecules and two adjacent HTO layers are in the range of
3.013(34)—3.380(40) A. The O--O distances for weak
hydrogen bonding in hydrated oxides are in the range of
2.59-3.48 A% That suggests that the H,O molecules have
weak hydrogen bonding to the HTO layers and ionic bonding
to the Na" cations. To see the importance of the H,O
molecules in forming the Na,(WO,);(SeO;)-2H,0 structure,
let us examine the (Ag),(MoOs;);(SeO;) structure because the
Ag" and Na" cations are of similar ionic sizes. Without the H,0O
molecules, we will expect that (Ag),(MoO;);(SeO;) will
exhibit a different crystal structure because the Ag* cation
sizes are approximate to those of Na" cations but well smaller
than those of K* cations (see Table S3 in the Supporting
Information). In fact, (Ag),(MoO;);(SeO;) crystallizes a CS-
layered structure consisting of double-chain MoOy ribbons
connected by SeO, polyhedra.” It is clear that weak hydrogen
bonding between H,0O molecules and oxide ligands of the class
2 HTO layers in Na,(WO;);(Se0;)-2H,0 is essential to its
polar structure. As expected, upon removal of the H,0O
molecules, Na,(WO,);(Se0;)-2H,0 will lose its class 2
HTO-layered structure. In fact, Nag(W(0,4)(SeO;), was

formed with interesting structural aspects as described earlier.
When the H,0 molecules were removed, the Na* cation size
was too small to fit in the space between the class 2 HTO
layers. The other aspect is that the Se—O bond lengths (~1.7
A) are substantially shorter than the Te—O bond lengths (~1.9
A). Therefore, the SeO; group cannot “serve” as an “interlayer”
linker like the TeO; groups in connecting two adjacent HTO
layers in K,(WO,);(TeO;). Thus, hydrogen bonding of the
H,0 molecules together with ionic bonding of the Na* cations
stabilize the class 2 HTO-layered structure of
Na,(WO;);(Se0;)-2H,0.

Octahedral Distortion, ELF, Dipole Moments, BSI, and
GIl calculations. As mentioned earlier,
Na,(W0;);(Se0;)-2H,0 and Nag(W40,,)(SeO;), contain
the SOJT distorted cations, i.e., octahedrally coordinated d°
transition-metal cations, W%, and lone-pair cations, Se*t. We
are able to quantify the magnitude of the displacement of the
W cations using the SHAPE program.”” In the reported
materials, the displacement magnitude is approximately 0.02—
0.07 A* for octahedrally C,-type distorted W®" cations and 0.11
A? for octahedrally C,-type distorted W cations (see Table 4).
These observations are consistent with those reported for the
W cations.®

With the lone-pair cations, ELF calculations were performed.
As seen in Figure 6, violet lobelike ELF isosurfaces (17 = 0.9)
above the SeO; polyhedra are consistent with stereoactive lone
pairs. In order to quantitatively examine the polarization
magnitudes of the MOy and AOj; polyhedra, the dipole
moments were calculated using a method described carlier®
and extended subsequently for lone-pair cations.”® The
calculated dipole moments for the WO, and SeO; polyhedra
are 0.7-2.0 and 7.2—9.5 D, respectively. These values are
consistent with those reported earlier.*®°%?! With
Na,(WO;);(Se0;)-2H,0, all dipole moments of the WOy
and SeOj; polyhedra are aligned in a parallel manner, and a
large dipole moment of 64.8 D per unit cell is obtained along
the c-axis direction, consistent with the polar axis direction of
the crystal class, 3m.”> For Nag(W40,)(SeO;),, the dipole
moments of the WO and Se(1)O; polyhedra are aligned in an
antiparallel manner, whereas the dipole moments of the
Se(2)0; polyhedra are all aligned in a parallel manner along
the b-axis direction, resulting in a dipole moment of 34.4 D per
unit cell along the b-axis direction, consistent with the polar axis
direction of the crystal class, 2.7

In order to better understand the influence of the polar WO,
and SeO; polyhedra on the structures of the reported materials,
bond strain and global instability indices, BSI and GII,
respectively, were calculated.”>*** The BSI and GII indices
are indicative of electronic- and lattice-induced strains,
respectively. Values greater than 0.05 vu indicate that the
structures are strained. Water O atoms [O(S5) and O(6)] are
not counted in the construction of a bond graph for
Na,(WO;);(Se0;)-2H,0, and BVS calculations are scaled
according partial occupancy of the Na® cations. For the

Table 3. BVSs, BSI, GII, and SHG Efficiencies (Xa-Si0,), Piezoelectric Responses, d;; (pm/V), Pyroelectric Coefficients at 60
°C, Py (uC/m*K), and Maximum Polarization, P,, (#C/m?) for Na,(WO;);(Se0;)-2H,0 and Nay,(W40,,)(Se0;),

BVS functional properties
compound Na* we* Se* BSI GII SHG dy3 Pp P,
Na,(WO,),(Se0;)-2H,0 1.16 6.17 3.96 0.23 0.07 450 23 —0.41 0.025
Nag(W40,0)(Se05), 0.92—-1.25 6.00—6.18 3.79-4.15 0.16 0.13 20 12 -1.10 0.085
2643 dx.doi.org/10.1021/ic3026705 | Inorg. Chem. 2013, 52, 2637—2647
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Table 4. Distortion Magnitudes of WO, Octahedra and Dipole Moments of WO4 and SeO; Polyhedra in

Na,(WO0;);(Se0;)2H,0 and Nay,(W;0,,)(Se0;),

compound polyhedra dipole moment (D) MOy distortion magnitude (A%)
Na,(WO3)5(Se05)-2H,0 WO, 19 Se0, 74 0.05
Nag(W,0,5)(Se03), W(1)0, 15 Se(1)0, 72 0.07

W(2)Oq4 14 Se(2)0, 9.3 0.11
W(3)0, 18 0.07
W(4)O, 18 0.11
W(5)0, 07 0.05
W(6)0, 13 0.02
Na,(WO,),(Se0,)-2H,0 Na (W0,,)(SeQ,),

o w &y ) ow

© se @ s

® 0 ® O

EL

TS AN

Figure 6. Ball-and-stick representations of (a) Na,(WO;);(SeO;)-2H,0 in the bc plane and (b) a half unit cell of Nag(W40,)(SeO3), in the ab
plane. ELF plots with # = 0.9 are also shown. The lobelike isosurfaces near the top of the SeO; polyhedra are consistent with stereoactive lone pairs
on the Se** cations. The H,O molecules in Na,(WO;);(SeO;)-2H,0 and the Na* cations have been removed for clarity.

reported materials, the BSI and GII values are greater than 0.05
vu (see Table 3). This is not surprising given the occurrence of
asymmetric polyhedra. As seen in Table 3, the BSI values are
0.23 and 0.16 vu for Na,(WO;);(Se0;)-2H,0 and
Nag(Ws0,4)(Se0;),, respectively. The BSI values for
Na,(WO0;),(Se0;)-2H,0 are relatively larger than other class
2 HTO-layered materials (0.11—0.15 vu).% The larger BSI
values are attributable to hydrogen bonding between polyhedra
of the SOJT cations and H,O molecules. Because no hydrogen
bonding is present in Nayz(W40,,)(SeO3),, the BSI decreases
but is still large because the SOJT distorted cations experienced
two types of octahedral distortions, ie, C,- and C,-type
distortions with a variety of distortion magnitudes (0.02—0.11
A?). The GII indices are 0.11 and 0.13 vu for
Na,(WO0,);(Se0;)-2H,0 and Nay(W;0,,)(SeO;),, respec-
tively. BSI > GII for both materials suggests that the structural
strains are electronically induced; i.e., bond distances of SOJT
cations are mainly determined by electronic SOJT distortions.

IR Spectroscopy. As described in the measurement
procedure, Na,(WO;);(Se0;)-2H,0 and Nag(W0,,)(Se0;),
powders were heated at 150 °C for 1 week to remove absorbed
moisture before IR measurements. The IR spectrum of
Na,(WO;);(Se0;)-2H,0 showed a broad absorption peak at
3550 cm™! attributable to O—H stretching vibrations and a
sharp strong absorption peak at 1619 cm™ attributable to H—
O—H bending vibrations.”> The existence of these peaks
therefore clearly confirms the presence of the H,O molecules in
the crystal structure of Na,(WO;);(SeO;)-2H,0. For the IR
spectrum of Nag(Wz0,,)(SeOs),, there are no absorption
peaks in the range of 1000—4000 cm™". Below 1000 cm™’, both

materials showed W—O stretching vibrations in the range of
814—977 cm™', Se—O stretching vibrations in the range of
613—760 cm™’, and Se—O—Se(W) bending vibrations below
600 cm L. These assignments are in good agreement with the
literature.”*"*® The IR spectra and assignments were deposited
in the Supporting Information (see Figure S2).

UV-Vis Diffuse-Reflectance Spectroscopy. Reflectance
spectra of Na,(WOs,),(SeO;)-2H,0 and Nag(W40,,)(SeO5),
were converted to absorbance using the Kubelka—Munk
function:%>%*

F(R) = (1 — R)*/2R=K/S

where R, K, and S represent reflectance, absorption, and
scattering, respectively. In a F(R) versus E (eV) plot,
extrapolating the linear part of the rising curve to zero provides
onset absorption values of 3.2 and 2.9 eV for
Na,(WO0,);(Se0;)-2H,0 and Nayz(W(0,,)(SeO;),, respec-
tively. These values are consistent with the transparency of
the materials in the visible wavelength range. The band gap may
be explained by the ligand-to-metal charge transfer from the O
2p band (highest occupied molecular orbital) to the lowest
unoccupied molecular orbital band consisting of mainly metal
W 5d and Se 4sp states. The UV—vis diffuse-reflectance spectra
for the reported compounds were deposited in the Supporting
Information (see Figure S3).

Thermal Analysis. The thermal stability of
Na,(WO;);(Se0;)-2H,0 and Nag(W0,,)(SeO;), was inves-
tigated through TGA and DTA, respectively. The TGA and
DTA data of Na,(WO;);(Se0;)-2H,0 showed that the oxide
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experienced two weight loss steps in the temperature range of
25—700 °C. The first weight loss (3.8%) occurs in the
temperature range of 200—300 °C, where the H,O molecules
were released out of the material (calculated weight percentage
of the H,0O molecules is 4.0%). The second weight loss
(11.9%) happened above 450 °C, where the material released
SeO, (calculated weight percentage of SeO, is 12.2%). The
PXRD analysis showed Na,(WO,;);(SeO;)-2H,0 finally
decomposed to a mixture of Na,W,0, and Na,W,O;, as
described by the following equation:

2Na,(WO,),(Se0,)-2H,0
A
— Na,W,0, + Na,W,0,; + 2Se0, + 4H,0

The TGA and DTA data of Nayz(Ws0,,)(SeO;), showed
that the oxide experienced two consecutive weight loss steps in
the temperature range of 450—700 °C. The total experimental
weight loss of 12.3% is in agreement with the fact that
Nag(W401)(SeO;), lost two SeO, molecules at high temper-
ature (calculated weight percentage of SeO, is 12.3%). The
observation of two consecutive weight losses during the
thermal analysis of Nag(W40;5)(SeO;), reflects two different
SeO; bonding groups: one capped on triangular holes and one
single-bonded to the W(6)O4 “single chain”. The PXRD
analysis showed that Nays(W40;5)(SeO3), finally decomposed
to Na,W, 0, as described by the following equation:

A
Nay(W;0,5)(Se0;), — 3Na,W,0, + 2SeO,

The TGA and DTA data and PXRD patterns of the residuals
are deposited in the Supporting Information (see Figures SS
and S6).

SHG. Powder SHG measurements in the particle size range
of 25—120 um indicated that Na,(WO;);(SeO;)-2H,0 and
Nag(W40,5)(SeO;), were non-phase-matching materials (see
Figure S7 in the Supporting Information). In the particle size
range of 45—63 pm, Na,(WO;);(SeO;)-2H,0 has a strong
SHG efficiency of 450X @-SiO,, which is similar to the
magnitudes of the SHG efliciencies of other class 2 HTO-
layered materials,*®”®7%5%% whereas Naz(W40,0)(Se03),
exhibits a weak SHG efliciency of 20X a-SiO,. As defined by
Kurtz and Perry,”> Na,(WO,);(Se0;)-2H,0 falls into the class
C of SHG materials and Nayz(W40,,)(SeO5), belongs to the
class D of SHG materials. The average NLO susceptibilities,
<deff>exp) for Na,(WO;);(Se05)-2H,0 and Nag(W¢015)(SeO;),
can be estimated to be ~11.7 and 2.5 pm/V, respectively. The
strong SHG efficiency of Na,(WO,);(SeO;)-2H,0 can be
understood because all stereoactive lone pairs of the SeO;
groups are aligned in a parallel manner toward the c-axis
direction. For Nayz(W0,9)(SeQ;),, because of the internal 2-
fold rotation of the “ribbon” about the W(6)Oy “single chain”,
all dipole moments of the W(x)O4 (x = 1—5) and Se(1)O,
polyhedra cancel. Only the dipole moments of the W(6)Og and
Se(2)0; polyhedra, with a net magnitude of 34.4 D along the
b-axis direction, remain. Thus, it is expected that the SHG
efficiency of Nayz(W40,5)(SeO;), will be weaker than that of
Na,(WO;);(Se0;)-2H,0. In fact, Nag(W0;9)(SeO;), was
experimentally observed as having a weaker SHG efficiency
than Na,(WO;);(Se0;)-2H,0.

Piezoelectricity Measurements. Converse piezoelectric
measurements were performed on Na,(WO;);(SeO;)-2H,0
and Nag(W0,,)(SeO;), pellets at room temperature. A
voltage of 1000 V at 100 Hz was applied for
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Na,(WO0;);(Se0;)-2H,0 pellets and a voltage of 2000 V at
100 Hz was applied for Nas(Ws0,5)(SeO;),. The di;
piezoelectric charge constants,®® which are defined as the ratios
between the strain produced and electrical voltage applied, for
Na,(WO;);(Se0;)-2H,0 and Nayz(W0,,)(SeO;), were esti-
mated to be 23 and 12 pm/V, respectively. These charge
constants are comparable to class 2 HTO-layered materials,
A,(Mo00O;)4(SeO;) (A = Rb* and TI*; dy; = 9—11 pm/V),*° or
Na, TeW,0, (d;; = 13.9 pm/V).'® The piezoelectric data were
deposited in the Supporting Information (see Figure S8).

Polarization Measurements. Na,(WO,),(SeO;)-2H,0
(P3,c) and Nag(W;0,,)(Se0;), (C2) are polar materials, and
a macroscopic dipole moment is observed. The macroscopic
polarity suggests the possibility for ferroelectric behavior.
Ferroelectric hysteresis measurements were performed on the
pressed pellets, and polarization loops were observed. In
addition, these loops did appear to exhibit a frequency
dependence (see Figure S9 in the Supporting Information).
However, these loops are not attributable to ferroelectric
hysteresis; i.e., the reported materials are not ferroelectric, and
the macroscopic polarization cannot be reversed in the
presence of an external electric field. It has been demonstrated
that these types of loops have been erroneously attributed to
ferroelectric behavior.'”" With the reported materials, it is
important to understand why the materials, although polar, are
not ferroelectric. As stated earlier, for ferroelectric behavior to
occur, the macroscopic polarization must be switchable in the
presence of an external electric field. This implies that the local
moments must also be reversed. In Na,(WO,);(SeO;)-2H,0
and Nag(W0,4)(SeO3),, the dipole moments are associated
with distorted WOy and asymmetric SeO; polyhedra. We have
already shown that the energy barrier to inversion of a SeO;
trigonal pyramid is ~5.3 eV,> which is substantially larger than
that observed in ferroelectric BaTiO; (1.8 X 107 V) and
PbTiO; (2.0 X 107! eV).'* Thus, it is energetically unfavorable
for polarization reversal to occur. Therefore,
Na,(WO0,),(Se05)-2H,0 and Nag(W(0,,)(SeO;), are pyro-
electric and not ferroelectric.

Pyroelectric measurements were performed by measuring the
spontaneous polarization (Pg) as a function of the temperature.
The values of the pyroelectric coefficient, which is defined as
dP/dT,%® for Na,(WO,);(Se0;)-2H,0 and Nay(W,0,)-
(Se0;), at 60 °C are —0.41 and —1.10 uC/m*K, respectively.
The magnitudes of these pyroelectric coeflicients are similar to
other class 2 HTO-layered materials, A,(M00O;);(SeO;) (A =
Rb* and TI*; —1.1 to —2.1 uC/m*K).*® The polarization data
were deposited in the Supporting Information (see Figure S9).

H CONCLUSION

Two new sodium tungsten selenites, Na,(WO,);(SeO;)-2H,0
(P3,c) and Nag(W(0,5)(Se0;), (C2), have been synthesized
and characterized. Na,(WO;);(Se0;)-2H,0 exhibits a class 2
HTO-layered structure (i.e., the SeO; groups “cap” on one side
of the HTO layers), and Nayz(W;0,,)(SeO;), exhibits a one-
dimensional complex “ribbon” structure.
Na,(WO;);(Se0;)-2H,0 exhibits a strong SHG efficiency of
450X a-Si0,, and Nag(W40,,)(SeO;), shows a weak SHG
efficiency of 20X a-SiO,. Finally, the polarization measure-
ments indicate that both oxides are pyroelectric and not
ferroelectric materials.
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