Inorganic Chemistry

pubs.acs.org/IC

New Vanadium Selenites: Centrosymmetric Ca,(VO,),(Se05);(H,0),,
Sr,(VO,),(Se0;);, and Ba(V,0;5)(SeO;), and Noncentrosymmetric and
Polar A,(VO,),(Se0s),(Se,0;) (A = Sr** or Pb?Y)

Jeongho Yeon, Sang-Hwan Kim, Sau Doan Nguyen, Hana Lee, and P. Shiv Halasyamani*

Department of Chemistry, University of Houston, 136 Fleming Building, Houston, Texas 77204-5003, United States

© Supporting Information

ABSTRACT: Five new vanadium selenites, Ca,(VO,),-
(5303)3(H20)2; sz(Voz)z(Seo3)3; Ba(VZOS)(SeO3),

N

structures consisting of corner- and edge-shared VO,, VO,
VOy4 and SeO; polyhedra. Of the reported materials,
A,(VO,),(Se05),(Se,05) (A = Sr** or Pb**) are noncentro- 1\

symmetric (NCS) and polar. Powder second-harmonic hf[f{\
generation (SHG) measurements revealed SHG efficiencies q\
of approximately 130 and 150 X a—SiO, for Sr,(VO,),-

(Se0;)4(Se,05) and Pb,(VO,),(Se0;),(Se,O5), respectively.

Piezoelectric charge constants of 43 and 53 pm/V, and pyroelectric coefficients of —27 and —42 uC/m*K at 70 °C were
obtained for Sr,(VO,),(Se0;),(Se,O5) and Pb,(VO,),(Se0;),(Se,O;), respectively. Frequency dependent polarization
measurements confirmed that the materials are not ferroelectric, that is, the observed polarization cannot be reversed. In
addition, the lone-pair on the Se*" cation may be considered as stereo-active consistent with calculations. For all of the reported
materials, infrared, UV—vis, thermogravimetric, and differential thermal analysis measurements were performed. Crystal data:
Ca,(V0,),(Se0;);(H,0),, orthorhombic, space group Pnma (No. 62), a = 7.827(4) A, b = 16.764(5) A, ¢ = 9.679(5) A,
V =1270.1(9) A% and Z = 4; Sr,(VO,),(Se0;);, monoclinic, space group P2,/c (No. 12), a = 14.739(13) A, b = 9.788(8) A,
c=8440(7) A, p=96.881(11)°, V = 1208.8(18) A%, and Z = 4; Ba(V,05)(SeO,), orthorhombic, space group Pnma (No. 62),
a=13.9287(7) A, b = 5.3787(3) A, ¢ = 8.9853(5) A, V = 673.16(6) A, and Z = 4; Sr,(VO,),(Se0;),(Se,0O5), orthorhombic,
space group Fdd2 (No. 43), a = 25.161(3) A, b = 12.1579(15) A, ¢ = 12.8592(16) A, V = 3933.7(8) A%, and Z = 8; Pb,(VO,),-

.,._-’\
(VOy)2(5¢0,),(56,0%), and. Pb,(VO3)(5¢0;) & e s
Sry(VO,),(Se03)4(Se;O05), and Pby(VO,),(Se0;3),- Se(1)* '7I ,\kr* 7! e
(Se,O;), have been synthesized and characterized. Their  sef2)* IAS ‘,:’ 7\ ]< /&\r >\
crystal structures were determined by single crystal X-ray ®se(3)* y %_. >\ 7[ lr e %
diffraction. The compounds exhibit one- or two-dimensional o’ ‘/{2'&‘3\ ¢ 1 p I% /é'f\
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(Se05)4(Se,05), orthorhombic, space group Fdd2 (No. 43), a = 25.029(2) A, b = 12.2147(10) A, ¢ = 13.0154(10) A,

V =3979.1(6) A% and Z = 8.

B INTRODUCTION

Asymmetric coordination environments in noncentrosymmetric
(NCS) polar materials are of significant interest attributable to
their potential impact on the observed macroscopic polarity. This
macroscopic polarity is required for technologically important
propertles such as ferroelectricity and pyroelectricity.' ™ Other
“acentric” properties, that is, second-harmonic generation (SHG)
and piezoelectricity, require NCS structures but not necessarily
NCS polar structures." ¢ Crystallographically, a material is
considered polar if it is found in one of 10 polar crystal classes
(1,2, 3, 4, 6, m, mm2, 3 m, 4 mm, or 6 mm).” A number of
strategies have been gubhshed on the design and synthesis of
new polar materials.” >* We have focused on using cations
susceptible to second-order Jahn—Teller (SOJT) distor-
tions,”> ™ that is, octahedrally coordinated d° cations (Ti%,
Nb**, W®, etc.) and cations with a stereo-active lone-pair (Se*,

Te*, I, etc.).%19393342751 With both families, the cations are in
asymmetric and locally polar coordination environments.
When these coordination environments are aligned in the
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structure, that is, “constructively add”, a macroscopically polar
material is created.

With respect to oxides that contain V°>* and Se**, a number of
materials have been reported. These include (VO),(Se03),,>*
(V,0,)(8e03),,**  (VO)(Se0;),(OH)(H,0),,** Cd(VO,),-
(8e0,);(H,0),% K(VO),(Se0;),>® A(VO,)(SeO;) (A = Rb",
Cs*, TI, and Ag"),**”°® A(VO,),(Se0;), (A = K*, Rb*, Cs*,
TI', and NH,"),*”*”*® Ba(V0,)(SeO;),(HSeO;),”® Ba, -
(VO,)5(8e05),(H,0), Pb,(V,05)(Se0,),,"* and Bay(VO,),-
(Se0;),.2° Of these materials, only A(VO,)(SeO;) (A = Rb*,
Cs*, and TI),**7%% A(VO,),(Se05), (A = K*, Rb*, Cs*, TI*,
and NH,")**”*® are NCS and polar. We have synthesized
five new vanadium selenites, Ca,(VO,),(Se0;);(H,0),,
Sr,(VO,)5(Se03);, Ba(V,05)(Se03), Sty(VO,),(Se05),(Se;Os),
and Pb,(VO0,),(Se0;),(Se,O5). Of these, Sr,(VO,),-
(Se05)4(Se,05) and Pb,(VO,),(SeO;),(Se,O5) are NCS and
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Table 1. Crystallographic Data for Ca,(VO,),(Se0;);(H,0),, Sr,(VO,),(Se0;);, Ba(V,0;)(Se0;), Sr,(VO,),(Se0;),(Se,05),

and Pb,(V0,),(Se05),(Se,05)

formula Ca,(V0,),(Se05);(H,0), Sr,(VO,),(Se0;),
fw 658.92 722
crystal system orthorhombic monoclinic
space group Prma (No. 62) P 2,/c (No. 14)
a (A) 7.827(4) 14.739(13)
b (A) 16.764(5) 9.788(8)
¢ (A) 9.679(5) 8.440(7)
a (deg) 90 90
p (deg) 90 96.881(11)
7 (deg) 90 90
V (A% 1270.1(9) 1208.8(18)
z 4 4
GOF (F?) 0.936 1.085
Flack parameter
R(F)* 0.0283 0.0268
R,(F2)* 0.0641 0.0690

Ba(V,05)(Se03) S1,(VO,)5(Se05),4(Se;Os) Pb,(VO,),(Se05),(Se;05)

446.18 1262.12 1740.4

orthorhombic orthorhombic orthorhombic

Pnma (No. 62) Fdd2 (No. 43) Fdd2 (No. 43)

13.9287(7) 25.161(3) 25.029(2)

5.3787(3) 12.1579(15) 12.2147(10)

8.9853(5) 12.8592(16) 13.0154(10)

90 90 90

90 90 90

90 90 90

673.16(6) 3933.7(8) 3979.1(6)

4 8 8

1.045 1.088 1.019
—0.001(9) 0.001(7)

0.0170 0.0220 0.0279

0.0404 0.0580 0.0679

aR(F) = E”Fol - IFC”/ZIFOI bRw(Foz) = [EW(FOZ - FCZ)Z/ZW(FOZ)Z]I/Z'

polar. In this paper we report on the synthesis, structures,
characterization, and structure—property relationships in five new
vanadium selenites. In addition, for Sr,(VO,),(Se0O;),-
(Se,O5) and Pb,(VO,),(Se0;),(Se,O5) we investigate their
functional properties, specifically SHG, piezoelectricity, and
polarization.

B EXPERIMENTAL SECTION

Reagents. Ca(OH), (Aldrich, 96+%), Sr(OH),-8H,0 (Aldrich,
95%), Ba(OH),-8H,0 (Fisher, 98.6%), BaCO; (Aldrich, 99+%),
SrCO; (Aldrich, 99.9+%), PbO (Aldrich, 99.9+%), V,O; (Aldrich, 99+%),
SeO, (Alfa Aesar, 99.8%) were used as received.

Syntheses. Single crystals of the reported materials were grown by
using hydrothermal techniques. 0.0983 g (1.33 mmol) of Ca(OH),,
0.0483 g (0.266 mmol) of V,05, and 0.353 g (3.18 mmol) of SeO, for
Cay(VO,),(Se05)5(H,0),, 0257 g (0.965 mmol) of Sr(OH),-8H,0,
0.0293 g (0.161 mmol) of V,0s, and 0.214 g (1.93 mmol) of SeO, for
S1,(VO,),(Se05)s, 0219 g (0.695 mmol) of Ba(OH),-8H,0, 0.126 g
(0.695 mmol) of V,0; and 0.154 g (1.39 mmol) of SeO, for
Ba(V,0;)(Se05), and 0.225 g (0.157 g) (0.845 mmol (0.702 mmol))
of Sr(OH),-8H,0 (PbO), 0.0256 g (0.0319 g) (0.141 mmol (0.175
mmol)) of V,0, and 0.250 g (0.311 g) (2.25 mmol (2.81 mmol) of
Se0, for Sr(Pb),(VO,),(Se0,).,(Se,0;), respectively, were combined
with § mL of H,O. The respective solutions were placed in 23 mL
Teflon-lined autoclaves. The autoclaves were closed, gradually heated
to 230 °C, held for 4 days, and cooled slowly to room temperature
(RT) at a rate of 6 °C h™". The mother liquor was decanted from
the products, which were recovered by filtration and washed with
distilled water and acetone. For Ca,(VO,),(Se0;);(H,0),, pale
yellow crystals, the only product from the reaction, was obtained in
~90% yield based on V,0;. For Sr,(VO,),(Se0;); and
S1,(VO,),(Se0;),(Se,05), pale yellow crystals were recovered in
~70% yield based on V,0;. A SrSeO, impurity was also observed, but
was removed through sonication of the products in water. With
Ba(V,0;)(SeO;) and Pb,(VO,),(Se0;),(Se,Os), brown and pale
yellow crystals were obtained in ~20% yields based on V,Oq
respectively. Impurity phases of Ba, s(VO,);(Se0,),(H,0)* and
Pb,(V,0,)(Se05),'® were also observed in Ba(V,04)(SeO;) and
Pb,(VO,),(Se0;),(Se,05), respectively.

Bulk Ba(V,04)(Se0;), Sr ,(VO,),(Se0;),(Se,05), and
Pb,(VO,),(Se0;),(Se,05) were prepared by conventional solid-state
methods. A stoichiometric mixture of BaCO; (0.805 g, 4.08 mmol),
V,0; (0.742 g, 4.08 mmol), and SeO, (0.453 g, 4.08 mmol) for
Ba(V,0;)(Se0;), and mixtures of SrCO; (PbO)(1.18 g, 8.00
mmol)(1.79 g, 8.00 mmol), V,0;s (0.364 g, 2.00 mmol), and SeO,
(1.33 g 12.0 mmol) for Sr,(VO,),(Se0;),(Se,05)(Pb,(VO,),-
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(Se03)4(Se,05)), respectively, were thoroughly ground, pressed into
a pellet, and introduced into separate pyrex tubes that were
subsequently evacuated under vacuum and sealed to prevent
vaporization of SeO,. The tubes were heated to 310 °C (24 h), 350
and 270 °C (48 h) for Ba(V,05)(SeO;) and Sr(Pb),(VO,),-
(Se0;),4(Se,05), respectively, and then cooled slowly to RT. The
purity of samples was confirmed by powder X-ray diffraction and is in
good agreement with the calculated diffraction pattern from single
crystal structures.

Single Crystal X-ray Diffraction. Crystals of Ca,(VO,),-
(Se0,)5(H,0), (0.08 X 0.01 X 0.01 mm), Sr,(VO,),(SeO,); (0.05
X 0.04 X 0.01 mm), Ba(V,04)(SeO;) (0.04 X 0.02 X 0.01 mm),
Sr,(VO,),(Se03)4(Se,05) (0.10 X 0.08 X 0.08 mm), and Pb,(VO,),-
(Se05)4(Se,05) (0.05 X 0.02 X 0.01 mm) were used for single crystal
data collection. Data were collected using a Siemens SMART
diffractometer equipped with a 1K 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 35—70 s per frame for the reported materials. The
data were integrated using the Siemens SAINT program,®" with the
intensities corrected for Lorentz, polarization, air absorption, and
absorption attributable to the variation in the path length through the
detector faceplate. y—scans for the reported materials were used for
the absorption correction on the hemisphere of data. All of the data
were solved by direct methods using SHELXS—97 and refined using
SHELXL—97.°>%* All of the atoms were refined with anisotropic
thermal parameters and converged for I > 26(I). All calculations were
performed using the WinGX-98 crystallographic software package.**
Crystallographic data and selected bond lengths are given in Tables 1,
2, and 3.

Powder X-ray Diffraction. Powder XRD data were collected
using a PANalytical X’Pert PRO diffractometer with Cu Ka radiation.
The 26 range was 5—60°, with a continuous scan manner. The powder
XRD patterns for the reported materials are in excellent agreement
with the calculated XRD patterns from the single crystal models (see
Supporting Information, Figure S1).

Infrared Spectroscopy. IR spectra were recorded on a Matterson
FTIR 5000 spectrometer in the 400—4000 cm™" range (see Supporting
Information, Figure S2).

UV-vis Diffuse Reflectance Spectroscopy. UV—vis reflectance
data were collected on a Varian Cary 500 Scan UV—vis—NIR
spectrophotometer over the spectral range 200—1500 nm at RT.
Poly(tetrafluoroethylene) was used as a reference material. Reflectance
spectra were converted to absorbance using the Kubelka—Munk
function® (see Supporting Information, Figure S3).

Thermal Analyses. Thermogravimetric analysis (TGA) and
differential thermal analysis (DTA) were carried out on EXSTAR
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Table 2. Selected Bond Distances (A) for
Ca,(V0,),(Se0;);(H,0),, Sr,(V0,),(Se0;);, and
Ba(V,05)(Se0;)

Ca,(VO,),- Ba(V,05)-
(3303)3(1{20)2 Srz(Voz)z(SeO3)3 (Se03)
V(1)-0(1) 1.597(3) V(1)-0(1)  1.612(3) V(1)-O(1) 1.588(3)
V(1)-0(2) 1.677(3) V(1)-0(2)  1.659(3) V(1)-0(2) 1.835(2)
V(1)-0(2) 2248(3) V(1)-0O(3) 1.958(3) V(1)-0O(2) 1.835(2)
V(1)-0(3) 1.953(3) V(1)-0(4) 1.984(3) V(1)-0(3) 2.022(2)
V(1)-0(4) 1.976(3) V(1)-0O(5)  2.005(3) V(1)-0(3) 2.022(2)
V(1)-0(5) 2232(3) V(1)-0(4) 2.278(3)
V(2)-0(6)  1.612(3)

Se(1)-0(3) 1.718(3) V(2)-0(7) 1.673(3) V(2)-0(5) 1.626(3)
Se(1)—0(4) 1.748(3) V(2)-0(7)  2.337(3) V(2)-0(4) 1.672(3)
Se(1)=0(6) 1.655(3) V(2)-0(8) 1.971(3) V(2)-0(2) 1.784(2)

V(2)-0(9)  1.995(3) V(2)-0(2) 1.784(2)
Se(2)-0(5) 1.734(3) V(2)—-0(10) 2.186(3)
Se(2)—0(5) 1.734(3) Se(1)—0(6) 1.655(3)
Se(2)—0(7) 1.677(4) Se(1)—0(4)  1.749(3) Se(1)—0(3) 1.734(2)

Se(1)—0(10) 1.713(3) Se(1)—0O(3) 1.734(2)

Se(1)—0(11) 1.666(3)

Se(2)-0(8)  1.719(3)

Se(2)-0(9) 1.738(3)

Se(2)—0(13) 1.661(3)

Se(3)—0(12) 1.676(3)

Se(3)=0(5)  1.706(3)

Se(3)-0(3)  1.724(3)

TG/DTA 6300 series (SII Nano Technology Inc.). Approximately 20
mg of the samples were placed into a platinum crucible and heated and
cooled between RT and 900 °C under nitrogen gas flowing at a rate of
10 °C min™" (see Supporting Information, Figure S4).

Second-Harmonic Generation. Powder SHG measurements
were performed on a modified Kurtz —NLO system using a pulsed
Nd:YAG laser with a wavelength of 1064 nm. A detailed description of
the equipment and methodology has been published elsewhere.”® As
the powder SHG efficiency has been shown to depend strongly on
particle size,” the A,(VO,),(Se0;),(Se;05) (A = Sr** or Pb*)
materials were ground and sieved into distinct particle size ranges
(<20, 20—45, 45—63, 63—75, 75—90, >90 ym). Relevant comparisons
with known SHG materials were made by grinding and sieving
crystalline @—SiO, and LiNbO; into the same particle size ranges. No
index matching fluid was used in any of the experiments (see
Supporting Information, Figure S5).

Piezoelectric Measurements. Converse piezoelectric measure-
ments were performed using a Radiant Technologies RT66A
piezoelectric test system with a TREK high voltage amplifier, Precision
Materials Analyzer, Precision High Voltage Interface, and MTI 2000
Fotonic Sensor. The samples of Sr,(VO,),(Se0;),(Se,O5) and
Pb,(V0,),(Se0;),(Se,O;) were pressed into pellets (~1.3 cm
diameter, ~1 mm thickness) and sintered at 400 and 300 °C for
3 days, respectively. Silver paste was applied to both sides of the
pellets, and the pellets were cured at 300 °C for 12 h. The same pellets
were also used in polarization measurements (see Supporting Information,
Figure S6).

Polarization Measurements. The polarization was measured on
a Radiant Technologies RT66A ferroelectric test system with a TREK
high voltage amplifier between RT and 215 °C in a Delta 9023
environmental test chamber. The unclamped pyroelectric coefficient,
defined as dP/dT (change in polarization with respect to the change in
temperature), was determined by measuring the polarization as a
function of temperature. A detailed description of the methodology
used has been published elsewhere.”® To measure any possible
ferroelectric behavior, the polarization was measured at RT under a
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Table 3. Selected Bond Distances (A) for
81,(V0,),(Se0;),(Se,05) and Pb,(VO,),(Se05),(Se,05)

St4(V0,),(Se03),(Se,05) Pb,(V0,),(Se03),(Se,05)

v(1)-0(1) 1.624(4) v(1)-0(1) 1.611(7)
V(1)-0(2) 1.632(4) V(1)-0(2) 1.649(8)
V(1)-0(3) 1.944(4) V(1)-0(3) 1.948(7)
V(1)-0(4) 1.999(4) V(1)-0(4) 1.973(7)
V(1)-0(5) 2.020(4) V(1)-0(5) 1.986(7)
Se(1)-0(4) 1.719(4) Se(1)—0(4) 1.724(7)
Se(1)—0(5) 1.711(4) Se(1)—0(S) 1.707(7)
Se(1)-0(6) 1.663(4) Se(1)—0(6) 1.637(7)
Se(2)-0(3) 1.711(4) Se(2)—0(3) 1.707(7)
Se(2)—0(10) 1.701(4) Se(2)—0(10) 1.686(7)
Se(2)-0(11) 1.690(3) Se(2)—0(11) 1.698(6)
Se(3)—0(7) 1.652(4) Se(3)-0(7) 1.641(7)
Se(3)-0(8) 1.672(4) Se(3)-0(8) 1.688(8)
Se(3)—0(9) 1.806(3) Se(3)—0(9) 1.807(5)

static electric field of 700 V/cm between 50—200 Hz. For the
pyroelectric measurements, the polarization was measured statically
from RT to 215 °C in 10 °C increments, with an electric field of
700 V/cm. The temperature was allowed to stabilize before the
polarization was measured (see Supporting Information, Figures S7 to
S9). For all of the structural figures and electronic structure results, the
program VESTA was used.®®

B RESULTS AND DISCUSSION

Structures. Ca,(VO,),(Se0;);(H,0), exhibits a one-di-
mensional crystal structure consisting of edge- or corner-shared
VO octahedra and SeO; polyhedra (see Figure 1). The edge-
shared binuclear V,0,, units bridged by two Se(1)O;
polyhedra are connected through Se(2)O; polyhedra, that
create a one-dimensional chain along the b-axis. These chains
are separated by Ca’* cations and water molecules. In connecti-
vity terms, the material may be written as {2[VO;/,0,,,]*"
2[Se(1)0,,0,,11° [Se(2)0,/,0,,,1%}*, with charge balance
maintained by two Ca®" cations. The crystallographically
unique V** cation is found in a distorted octahedral coordi-
nation environment, attributable to SOJT effects, with V—O
distances ranging between 1.597(3)—2.248(3) A. The Se*"
cations are in highly asymmetric coordination environments
attributable to their stereo-active lone-pair, and are bonded
to three oxygen atoms with Se—O distances ranging from
1.718(3)—1.748(3) A. The Ca®" cation is surrounded by eight
oxygen atoms with Ca—O distances between 2.405(3)—
2.583(3) A. Bond valence calculations®”° resulted in values
of 5.07, 3.90—4.00, and 2.07 for V°*, Se**, and Ca®*, respec-
tively. Detailed bond valence calculation results for Ca,-
(V0O,),(Se05);(H,0), are shown in Supporting Information,
Table S6.

Sr,(VO,),(Se0;); exhibits a two-dimensional crystal struc-
ture consisting of edge- or corner-shared VOg octahedra, VOq
square pyramids, and SeO; polyhedra (see Figure 2). Layers of
[V,Se;0,5]*" anions stack along the a-axis, and are separated by
the Sr** cations. Interestingly, the layer is composed of two
parts: arrays consisting of VO; and SeO; polyhedra and
binuclear V,0,, units bridged by two Se(2)O; polyhedra (see
Figure 3). The former lies in the bc-plane, and is connected
by the latter through two Se(1)O; polyhedra. This linkage

results in a zigzag array along the b-axis as seen in Figure 2b.
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Figure 1. Ball-and-stick and polyhedral diagrams of the Ca,(VO,),(SeO;);(H,0), structure in the (a) bc- and (b) ac-plane, and (c) shows the
dimeric unit consisting of two VO, octahedra. An off-center distortion of the V* cation (C,-type) is shown in (d). The black arrow in (d) represents

the distortion direction of the V>* cation.

In connectivity terms, the materials may be written as
{[V(I)O3/202/1]2_ [V(Z)Os/zol/l]z_ [Se(l)oz/zol/l]o [Se(2)-
0,,0,11° [Se(3)0,/,0,,,]°}*", with the charge balance
maintained by two Sr** cations. The V(1)*" cation is observed
in a distorted square pyramidal coordination environment with
V(1)—O bond distances between 1.612(3)—2.005(3) A,
whereas the V(2)>* cation is found in a distorted octahedral
environment, attributable to SOJT effects, with V(2)—O bond
distances ranging from 1.612(3) A to 2.337(3) A. The three
Se*" cations are found in highly asymmetric coordination
environments attributable to their stereo-active lone-pair, and
are bonded to three oxygen atoms with Se—O bond distances of
1.661(3)—1.749(3) A. The Sr*" cation is surrounded by eight
oxygen atoms with Sr—O distances ranging between 2.494(3)—
2.761(3) A. Bond valence calculations resulted in values of
4.80—4.92, 3.92-3.98, and 1.91-2.14 for V**, Se**, and Sr**,
respectively. Detailed bond valence calculation results for
S1,(VO,),(Se0;); are shown in Supporting Information,
Table S7.

One of the interesting structural features is that the same
binuclear V,0,, unit, that is, a dimer consisting of two edge-
shared VOg octahedra bridged by two SeOj; polyhedra, is found
in Ca,(V0,),(Se0;);(H,0), and Sr,(VO,),(SeO;); (see
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Figures lc and 3b). Two VOy octahedra are edge-shared to
form a V,0,, dimer, are bridged by two SeO; polyhedra
through four oxygen atoms, and are linked to other structural
units through two SeO; polyhedra leaving one oxygen atom as
a terminal ligand. This connectivity results in a C,-type
distortion (toward an edge) with two short, two middle, and
two long V—O bond distances (see Figures 1d and 3d).
Although anhydrous Ca,(VO,),(Se0;);(H,0),, that is,
Ca,(V0,),(Se0;);, has a similar stoichiometry to
Sr,(VO,),(SeO;);, the structural dimensions are different.
This is likely attributable to the presence of the water
molecules in Ca,(VO,),(Se0;);(H,0), and the occurrence
of the VO square pyramids in Sr,(VO,),(SeO;);. Recall that
in Ca,(VO,),(Se0;);(H,0),, the V** cation is solely in an
octahedral coordination environment. The water molecules
residing between the one-dimensional chains with the Ca®"
cations in Ca,(VO,),(Se0;);(H,0), restrict the inter-chain
connection, whereas the VOg square pyramid in Sr,-
(VO,),(Se03); acts as a linker to form a higher dimensional,
that is, two-dimensional, crystal structure. We attempted to
dehydrate Ca(VO,),(SeO5);(H,0), to investigate any struc-
tural transition to the Sr,(VO,),(SeO;); structure. The Ca-
phase was heated to 250 °C for several hours to remove all of

dx.doi.org/10.1021/ic2021403 | Inorg. Chem. 2012, 51, 609—619
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Figure 2. Ball-and-stick diagram of the Sr,(VO,),(SeO;); structure in the (a) ac- and (b) ab-plane. The structure exhibits two-dimensional layers

consisting of zigzag arrays along the b-axis.

b

A
—c

Figure 3. Ball-and-stick and polyhedral diagrams of a part of the Sr,(VO,),(SeO5); structure in the (a) ac-plane, and two different structural units
of (b) and (c). An off-center distortion of the V°* cation (C,-type) is shown in (d). The black arrow in (d) represents the distortion direction of the

V** cation.

the H,O molecules. The powder XRD pattern after the
attempted dehydration was the same as before, indicating that a
structural transition did not occur (see Supporting Information,
Figure S1).

Ba(V,0;)(Se0,;) also exhibits a two-dimensional crystal
structure consisting of edge- or corner-shared VO octahedra,
VO, tetrahedra, and SeO; polyhedra (see Figure 4). Puckered
layers of [V,SeOg]*” anions stack along the a-axis, and are
separated by the Ba®" cations. The distorted V(1)Og4 octahedra
are bridged by the V(2)O, and SeO; polyhedra along the b-axis,
and is further connected by the V(2)O, tetrahedra along the
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c-axis forming the two-dimensional layer. In connectivity terms,
the material may be written as {[V(1)O5/,0,,,]*~ [V(2)0;,0,,]°
[Se(1)0,/,0,,,]°}*", with the charge balance maintained by
one Ba?* cation. The V(1) cation is found in a distorted
octahedral coordination environment, attributable to SOJT
effects, with V(1)—O bond distances ranging between
1.588(3)—2.278(3) A. Also, the distortion direction of the
V" cation is toward a corner, that is, a C,-type distortion. Since
five oxide ligands in the V(1) Oy octahedron are shared by three
V(2)0, and two SeOj polyhedra, the V(1)3* cation prefers to
shift toward its corner, that is, a terminal ligand, resulting in one

dx.doi.org/10.1021/ic2021403 | Inorg. Chem. 2012, 51, 609-619
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Figure 4. Ball-and-stick and polyhedral diagrams of a part of the Ba(V,05)(SeO;) structure in the (a) ac-, (b) ab-, and (c) bc-plane. An off-center
distortion of the V** cation (C,-type) is shown in (d). The black arrow in (d) represents the distortion direction of the V>* cation.

short, one long, and four normal V(1)—O bond distances (see
Figure 4d). The V(2)—O bond distances in the V(2)O,
tetrahedron range from 1.626(3) A to 1.784(2) A. The Se**
cation is found in a highly asymmetric coordination environ-
ment attributable to its stereo-active lone-pair with Se—O bond
distances of 1.655(3)—1.734(2) A. The Ba®" cation is
surrounded by 10 oxygen atoms with Ba—O distances between
2.713(3) A and 3.063(2) A. Bond valence calculations
resulted in values of 5.01—5.13, 3.98, and 2.02 for V°', Se*,
and Ba®, respectively. Detailed bond valence calculation results
for Ba(V,05)(SeO;) are shown in Supporting Information,
Table S8.

The tellurium analogue of Ba(V,0;)(SeO;) (or BaV,SeOy)
has been reported, BaV,TeOg;"" however, its crystal structure is
different from the selenium phase. BaV,TeOy exhibits a one-
dimensional crystal structure composed of edge-shared VOj,
VO,, and TeO, polyhedra. Also, dimeric V,0q (two edge-
shared VO square pyramids) units connected by the VO, and
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TeO, polyhedra are observed. The discrepancy, between the
selenite and tellurite, is thought to be attributable to the
occurrence of the VOg4 and the SeOj; polyhedra in BaV,SeOy
and the presence of the VO; and the TeO, polyhedra in
BaV,TeOg. Thus, the materials may also be described as
Ba(V,0;)(Se0;) and Ba(V,0,)(Te0,), respectively.
Sr4(V02)2(SeO3)4(SeZOS) and Pb4(V02)2(SeO3)4(SeZOS)
are iso-structural, and exhibit one-dimensional crystal structures
consisting of corner-shared VO; and SeO; polyhedra (see
Figure S). The VO; square pyramid is surrounded by three
SeO; polyhedra, and bridged by Se(1)O; polyhedra forming a
one-dimensional chain (see Figure 6). Also, these chains are
found perpendicular to each other, and are separated by the
St** or Pb** cations and [Se,O5]*” groups. In connectivity
terms, the materials may be written as {2[VO;,0,,,]*"
2[Se(1)0,/,01,1]° 2[Se(2)0,/,0,/1]'™ 2[Se(3)0,/,0,/,]' 7},
with the charge balance maintained by four Sr** or Pb** cations.
The crystallographically unique V°* cation is found in a

dx.doi.org/10.1021/ic2021403 | Inorg. Chem. 2012, 51, 609—619
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Figure S. Ball-and-stick diagram of the A,(VO,),(Se0;),(Se,05) (A =
St** or Pb**) structure in the ac-plane. Isolated Se,Oj groups are found
between the one-dimensional chains.

distorted square pyramidal coordination environment with
V-0 distances of 1.611(7) A—2.020(4) A. All of the Se*
cations are in highly asymmetric coordination environments
attributable to their stereo-active lone-pair, and are bonded to
three oxygen atoms with Se—O bond distances ranging from
1.641(7) A to 1.807(5) A. The most interesting structural
feature is that isolated Se,O; groups are found in the crystal
structure. In fact, the Se,Oy group usually acts as a bridging
ligand between the MO, polyhedra.”>~"* In our effort to find
the materials containing this isolated Se,Os group, only a few
compounds, for example, A,(Se,O5) (A = K*, or NH,*)"*7° or
B(Se,04) (B = alkaline earth metals or szJr),77 81 could be
found. Thus, A,(VO,),(Se0;),(Se,O;) (A = Sr** or Pb**) are
very rare examples in the solid-state oxide materials that possess
an isolated Se,Os group. The Sr** and Pb** cations are
surrounded by 9 to 11 oxygen atoms with Sr(Pb)—O distances
between 2.661(4) A and 3.079(7) A. This similar coordination
environment implies that the lone-pair on the Pb** cation
may be regarded as inert rather than stereo-active. Bond
valence calculations resulted in values of 5.04—5.11, 3.99—4.19,
and 1.88—1.91 for V**, Se™, and Sr** or Pb*', respectively.
Detailed bond valence calculation results for A,(VO,),-
(Se0,),(Se;05) (A = Sr** or Pb*") are shown in Supporting
Information, Table S9.

Local Dipole Moments, Octahedral Distortions, BSI,
and GIl Calculations. Local dipole moments®*>*® were
calculated on the reported materials and are summarized in
Table 4. For all materials, the dipole moment is attributable
to the asymmetric polyhedra, that is, the distorted VO4 and
SeO; polyhedra. For centrosymmetric materials, Ca,(VO,),-
(8e03)3(H,0),, S1,(V0,),(Se0;)s, and Ba(V,05)(SeOs),
although individual dipole moments are observed, the net
polarization is zero, as the individual moments are pointed in
opposite directions. For A,(VO,),(Se0;),(Se,0;) (A = Sr** or
Pb?*), however, the situation is different, as the materials are
macroscopically polar. There are three kinds of SeO; polyhedra
that exhibit comparable dipole moment magnitudes. The
polarization associated with the Se(1)O; polyhedra results in
a net dipole moment approximately along the [0 0 —1]
direction, whereas the net dipole moment from the Se(2)0O,
polyhedra points in the approximate [0 0 1] direction. Thus the
polarization associated with Se(1)O; and Se(2)Oj; are pointed
in opposite directions (see Figure 7). The Se(3),05 group is
composed of two corner-shared SeO; polyhedra. These
polyhedra are pointed in the same direction, and thus produce
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a net dipole moment. This polarization is toward the
approximate [0 0 —1] direction and is responsible for the
macroscopic polarization in A,(VO,),(Se0;),(Se,05) (A =
Sr** or Pb*"). Thus the functional properties associated with
the polarization of A,(VO,),(Se0;),(Se,05) (A = Sr** or Pb**)
may be attributed to these Se,Os groups. In addition to dipole
moment calculations, we used a continuous symmetry measures
methodology84_86 to calculate the magnitude of the V**
distortion. Using the SHAPE program,®” we determined that
the magnitude of the intra-octahedral distortion for the V**
cation in Ca,(VO,),(Se0;);(H,0),, Sr,(VO,),(SeO;);, and
Ba(V,05)(Se0;) is 0.162, 0.188, and 0.076 A* respectively.
These values are consistent with earlier reports,88 as well as the
magnitude of the dipole moment. Larger dipole moments are
observed in cations with a larger magnitude of distortion (see
Table 4). In addition to the local dipole moment and distortion
calculations, bond strain® and global instabili‘cy90 indices, BSI
and GII respectively, were calculated. These indices are an
extension of bond valence concepts and are indicative of electronic
and lattice-induced strains. BSI and GII values greater than 0.05 vu
(valence unit) reveal that the structure is strained. For Ca,(VO,),-
(Se03);(H,0),, S1,(VO,),(Se0;)s, and Ba(V,05)(SeOs),
the BSI values are substantially greater than GII values indicating
electronic strains are stronger than lattice-induced strains
(see Table 4). This is reasonable as both V** and Se** cations
undergo SOJT distortions. With A,(VO,),(Se0;),(Se,05)
(A = Sr** or Pb**), however, the BSI and GII values are
comparable. This is not surprising as only Se** cations can undergo
a SOJT distortion. The V** cations, in these materials, cannot undergo
SOJT distortions attributable to their square pyramidal coordination
environment.

Infrared Spectroscopy. The infrared spectra for the
reported materials revealed V—O and Se—O vibrations between
400 and 4000 cm™. For Ca,(VO,),(Se0;);(H,0),, the band
around 3500 cm™" occurs attributable to O—H vibrations in the
water molecules. For all materials, the bands observed in 850—
600 cm™ and 550—400 cm™' can be attributed to V—O and
O—V—O vibrations, respectively, whereas the bands in 900—
850 cm™' can be attributed to Se—O vibrations. The
assignments are consistent with those previously re-
ported*”***” (see Supporting Information, Figure S2).

UV-—vis Diffuse Reflectance Spectroscopy. The UV—
vis diffuse reflectance spectra indicate the absorption energy for
the materials is between 2.13 and 3.37 eV. Absorption (K/S)
data were calculated from the Kubelka—Munk function:*®

(1-R?_K
2R S

with R representing the reflectance, K the absorption, and S the
scattering. In a K/S versus E (eV) plot, extrapolating the linear
part of the rising curve to zero provides the onset of absorp-
tion at 3.08, 2.96, 2.13, 2.66, and 3.37 eV for Ca,(VO,),-
(Se03)3(H,0),, S1,(V0,),(Se0;)s, Ba(V,05)(Se0;), Sty
(VO,)5(Se05)4(Se;05), and Pb,(VO,),(Se03)4(Se,Os), re-
spectively. The UV—vis diffuse reflectance spectra have been
deposited in Supporting Information, Figure S3.

Thermal Analyses. The thermal behavior of the reported
materials was investigated using thermogravimetric analysis
(TGA) and differential thermal analysis (DTA). None of
materials are stable up to 900 °C attributable to the sublimation
of SeO,. The decompositions start at approximately 330, 420,
330, 440, and 305 °C corresponding to the SeO, sublimation

F(R) =
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Figure 6. (a) Ball-and-stick diagram of the A,(VO,),(Se0;),(Se,05) (A = Sr** or Pb**) structure indicating one-dimensional chains. A part of the
one-dimensional chain is seen in (b). For the sake of clarity, the Se,O5 groups have been removed.

Table 4. Dipole Moments, Octahedral Distortion Magnitudes (A, in A?), BSI and GII values, for Ca,(VO,),(Se0;);(H,0),,
S1,(V0,),(Se0;);, Ba(V,05)(Se0;), Sr,(VO,),(Se0;),(Se,05), and Pb,(VO,),(Se0;),(Se,05), and SHG Efficiency (Relative
to @—Si0,), Piezoelectric Response (pm/V), and Pyroelectric Coefficient (#C/m*K at 70 °C) for Sr,(VO,),(Se0;),(Se,0;),

and Pb,(VO0,),(Se0;),(Se,05)

dipole moments

compounds V™0, V0O, VSO4 Se** A,
Cay(VO,),(Se0,)5(H,0), 997  675-726 016
S5,(VO,)4(Se03)s 179 106  647-846 0.8
Ba(V,0,)(SeO;) 176 448 821 0.07
S£,(VO,),(Se0s),(Se,05) 333 6.58-9.04
Pb,(VO,),(Se0,)4(Se,05) 2.64 6.89-8.79

2
8
6

BSI GII SHG Piezo. dj; Pyro. Coeff.
0.137 0.093
0.189 0.124
0.145 0.089
0.071 0.077 130 43 -27
0.091 0.084 150 53 —42

for Caz(VOZ)Z(SeO3)3(H20)2, sz(Voz)z(SeO3)3; Ba(Vzos)'
(8e03), Sry(VO,),(Se03),4(Se;05), and Pb,(VO,),(SeO;),
(Se,05), respectively. However, for Ca,(VO,),(Se0;);(H,0),,
an additional step is observed at ~120—220 °C attributable to
dehydration of two water molecules. The endothermic peaks in
the heating cycles of DTA curves indicate the decomposition of
the materials, and the exothermic peaks in the cooling cycles
are attributable to recrystallization of the residues after the
decomposition. The residues are Ca,V,0,”" for Ca,(VO,),-
(8¢0;3);(H,0),, ST2VZO792 for Sr,(VO,),(Se03)s, BaV206r93
Ba;V,0,;,°* and unidentified phases for Ba(V,0;)(SeOs),
Sr;V,04,°° SrV,04° and unidentified phases for Sr,(VO,),-
(Se03)4(Se,05), and Pb4V209g7 for Pby(VO,),(Se05),(Se,05),
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respectively. The experimental weight loss is in good agreement
with the calculated weight loss. TGA and DTA data are given in
Supporting Information, Figure S4.

Second-Harmonic Generation (SHG) and Piezoelec-
tricity. As Sry(VO,),(Se0;),(Se,O5) and Pb,(VO,),(Se0;),-
(Se,Os) crystallize in a NCS space group, Fdd2, their SHG and
piezoelectric phenomena could be investigated. Through
powder SHG measurements, using 1064 nm radiation, the
SHG efficiencies for Sr,(VO,),(Se0;),(Se,O;) and
Pb,(VO,),(Se05),(Se,O;) are approximately 130 and 150 X
a—Si0, respectively in the 45—63 pm particle size range. These
SHG efficiencies are thought to be attributable to the parallel
alignment of dipole moments driven by the asymmetric

dx.doi.org/10.1021/ic2021403 | Inorg. Chem. 2012, 51, 609—619



Inorganic Chemistry

A

_ %

o 5o £ g Yo K ;ﬁa}r M
el 259 ?(‘7[ /g;}r*}x. K“v{gs\

A

3 ggg}r A K M Kt

Figure 7. Dipole moment directions associated with SeO; polyhedra
in the A,(VO,),(Se0;),(Se;O5) (A = Sr** or Pb**) along the b-axis.
Note that only dipole moments from Se,Oj groups (green arrows) are
aligned in the same direction and others (brown arrows) are nearly
canceled. For the sake of clarity, Sr** or Pb?* and V** cations are
removed.

Se(3),0; groups. Although Se(1)O; and Se(2)O; polyhedra
also exhibit individual dipole moment, their contribution to
SHG is minimal attributable to their anti-parallel alignment.
Also, the VO, polyhedra does not contribute significantly to the
SHG efficiency, as the V*' cation cannot undergo a SOJT
distortion attributable to its square pyramidal coordination
environment. Additional SHG measurements with various
particle sizes indicate that both materials exhibit non-phase-
matching behavior (type I), and fall into the class C category of
SHG materials (see Supporting Information, Figure $5).%7 The
average NLO susceptibilities, (dy)y, could be determined
resulting in values of 6.3 and 6.8 pm/V for Sr,(VO,),-
(Se0;),(Se,05) and Pby(VO,),(Se05),(Se,Os), respectively.
Converse piezoelectric measurements were performed on both
materials. Piezoelectric charge constants (ds;) of 43 and
53 pm/V for Sr,(VO,),(Se0;),(Se,O5) and Pb,(VO,),(SeO5),-
(Se,Os), respectively were determined (see Supporting Information,
Figure S6).

Polarization Measurements. Since Sr,(VO,),(SeO;),-
(Se,O5) and Pby(VO,),(Se0;),(Se,O;) are polar as well as
NCS, we also measured their ferroelectric and pyroelectric
properties. From the frequency dependent polarization
measurements, it is evident that neither material is ferroelectric
as the observed “loops” are attributable to dielectric loss
and not ferroelectric hysteresis (see Supporting Information,
Figure S7). It is important to understand why the materials are
not ferroelectric, that is, the macroscopic polarization cannot be
reversed under an external electric field. Recall that the
macroscopic polarization in both materials is mainly attribut-
able to the Se(3),05 groups. Thus any macroscopic polar-
ization reversal will involve microscopic polarization reversal in
the Se(3),05 group. Excluding the possibility of breaking Se—O
bonds, one possible manner for polarization reversal is a
rotation of the Se(3),0;5 groups. We suggest that this rotation
would be energetically unfavorable as it involves a large
movement of the Se** cations and oxygen atoms. In addition,
an increase with the lone-pair—lone-pair repulsive interactions
with other Se** cations near the Se(3)* cation would occur.
Another manner for polarization reversal to possibly occur is
through an umbrella-type inversion of each Se(3)O; poly-
hedron in the Se(3),0; group. As we have demonstrated
previously,”® the barrier to inversion for a Se** cation is large
in comparison with Ti*" in ferroelectric materials such as
BaTiO; and PbTiO;.” Thus, for a variety of energetically
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unfavorable reasons neither Sr,(VO,),(Se0;),(Se,O5) or Pb,-
(V0O,),(Se05),(Se,05) are ferroelectric. Pyroelectric measure-
ments were performed on the reported materials (see
Supporting Information, Figure S8 and S9). Pyroelectric
coefficients, defined as a change in polarization as a function
of temperature, were estimated to be of —27 and —42 §C/m*K
at 70 °C for Sr,(VO0,),(Se0;),(Se,0;) and Pb,(VO,),-
(Se0;),(Se,05), respectively. The electron localization func-
tion (ELF) isosurfaces with 7 = 0.9 for Ba(V,0;)(SeO;) is
shown in Figure 8 where lobe-like isosurfaces are observed.

Figure 8. Visualization of the stereo-active lone-pair on the Se*" cation
through electron localization function (ELF) for Ba(V,0;)(SeO;)
utilizing pseudopotential calculations. The lobe-like isosurfaces around
the Se*" cations indicate that the lone-pair is stereo-active.

Thus, the lone-pair on the Se** cation may be regarded as
stereo-active.

B CONCLUSION

We have successfully synthesized and characterized five new
oxide materials, Ca,(VO,),(Se05);(H,0),, Sr,(VO,),(Se0;)s,
Ba(V,03)(Se0;), Sry(V0,),(Se0;),4(Se,05), and
Pb,(VO,),(Se0;),(Se,05). A structural diversity of the V°*
cation was observed through its various coordination environ-
ments, that is, tetrahedral, square pyramidal, and octahedral.
Interestingly, A,(VO,),(Se0;),(Se,O5) (A = Sr** or Pb*") are
NCS and polar and exhibit an isolated Se,Os group. The
moderate SHG efficiencies of these materials may be attributed
to the parallel alignment of the Se,Og groups. Although
A,(VO,),(Se05),(Se,05) (A = Sr** or Pb*) are polar, the
materials are not ferroelectric, that is, the observed polarization
cannot be switched under an external electric field.
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