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Abstract

Non-centrosymmetric (NCS) oxide materials are of significant interest because of their
functional properties, for example, second-harmonic generating (SHG), piezoelectricity,
ferroelectricity, and pyroelectricity. A number of design strategies have been discussed
for creating NCS oxide materials. We have focused on using cations susceptible to
second-order Jahn-Teller (SOJT) distortion. The distortion can occur in two different
types of cations, d° transition metals (Ti**, V>, Nb>*, Mo®, etc.) and cations with
stereoactive lone-pair (Se™, Te*, I°*, TI*, Pb¥, etc.), and results in asymmetric
coordination environments. In this dissertation, we report on the syntheses, crystal
structures, characterization, functional properties, and their crystal structure-physical

property relationships.
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CHAPTER 1. Background

1.1 Asymmetric coordination environments

Our specific goal is to create new noncentrosymmetric (NCS) oxides with d° transition
metals (Ti**, V**, Nb>*, W®", Mo®, etc.) and lone-pair cations (Se**, Te*™, I*, TI*, Sn**,
etc.). Both cations are in asymmetric environments susceptible to second-order Jahn-
Teller (SOJT) distortions.® The nature of the structural changes exhibited by the two
cations is quite different even though both cations are found in asymmetric coordination
environments. The d’-transition metals-centered octahedra can be distorted toward either
an edge (C, distortion), a face (C; distortion), or a corner (C4 distortion).” These
distortions result in bond asymmetries that can be explained as a MOg octahedron: C,
type distortion - two short, two long, and two normal M-O bonds; Cs type distortion -
three short and three long M-O bonds; C, type distortion — one short, one long, and four

normal M-O bonds (see Figure 1.1).

(@) (b)

Figure 1.1 Examples of (a) C, (b) Cs, and (c) C, distortion for d° transition metals.*®#4%



The lone pair cations observed in asymmetric coordination environments are attributable
to the lone-pair pushing the oxide ligands toward one side of the cation (see Figure 1.2).°
Thus, understanding their asymmetric coordination environments plays a crucial role in

synthesizing new polar materials.

(a) TI* . (b) Te*+ | (© Set+

Figure 1.2 ORTEP (50% probability level ellipsoids) diagrams for asymmetric

coordination environments of the lone-pair cations.

1.2 Hexoganal tungsten oxide (HTO)

The HTO materials motif of corner-sharing octahedra are of interest because of their
structural diversity since various cations may substitute for W®* as well as A cations™**
(A =Na", K', Rb", TI", etc.). The HTO-type structures have a tendency to be layered and
we can find A cations between the layers.

The Halasyamani group divides the polar HTO-type oxides into two groups. For the
Class 1, AO; lone-pair polyhedra (A = Se* and Te*") are “capped” on both sides,

whereas for the Class 2, AO3 lone pair polyhedra are “capped” on one side (see Figure

1.3).1
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Figure 1.3 Ball-and-stick diagram of (a) Rb(V0,)3(SeO3), —HTO class 1, (b)
Rb,(M003)3(Se03) —HTO class 2, and polyhedral diagram of (c) hexagonal tungsten

oxide (HTO) topology 2

Many groups studied HTO materials: Class 1 materials include A(V0O,)3(SeO3),(A =
NH* or K*, Cs")**1 by the Jacobson group; A(VO,)3(Se03)-(A = Rb*, TI)* by the
Halasyamani group; Cs(VO.)s(SeOs),*’ by the Buttery group. Class 2 materials include
Ay(M003)3(Se03)(A = NH* or Cs"),®® Ay (WOs3)s(SeOs)(A = NH* or Cs%),¥
Ax(M003)3(POsCH3)(A = Rb*, Cs* or TI"),%?' and Csy(WOs)s(POsCH3)** by the

Jacobson group; Ax(MoO3)3(TeOs)(A = NH* or Cs")* by the Vidyasagar group;



A;(M003)3(Se0s) (A =  Rb"  or  TIN?*  Rby(WO3);3(TeOs),”  and
Na,(WO3)3(Se0s)-2H,0% by the Halasyamani group.

One of our goals is synthesis and characterization of polar hexagonal tungsten oxide
(HTO)-type materials as well as examination of their functional properties such as

second-harmonic generation, piezoelectricity, pyroelectricity, and ferroelectricity.
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CHAPTER 2. Syntheses, Characterization, Functional Properties, and Structure-

Property Relationships in Two New Oxides: Tl,Cu,Te;O17 and Tl,Cu,Te;O1g

2.1 Abstract

Two new oxide materials, Tl,Cu,Te;O47 and Tl,Cu,Te;O1g, have been synthesized by
hydrothermal and solid-state techniques. The structures of TI,Cu,Te;O,7 and
Tl,Cu,Te;O15 were determined by single cyrstal X-ray diffraction. The materials exhibit
three-dimensional crystal structures consisting of corner- or edge-shared CuO,, CuOs
TeOs, TeOy, and TeOs polyhedra, and TeOg octahedra. Tl,Cu,Te;O17 crystallizes in a
non-centrosymmetric and nonpolar space group, whereas Tl,Cu,Te;O1g crystallizes in a
centrosymmetric and nonpolar space group. Powder second-harmonic generation (SHG)
revealed a SHG efficiency of approximately 30 x a-SiO,. Piezoelectric experiments
revealed ds; values of 13.4 pm/V. For the reported materials, infrared, UV-vis spectra,
thermogravimetric, and differential thermal analysis were also presented. Crystal data:
TI,Cu,Te;047, tetragonal, space group P42:2 (No. 90), a = 8.8429(5) A, b = 8.8429(5) A,
c=12.2211(2) A, V = 955.65(2) A3, and Z = 2; TI,Cu,Te;O15, monoclinic, space group
P21/n (No. 14), a = 7.6005(6) A, b = 11.8382(9) A, ¢ = 9.8379(8) A, = 90.9460(1), V =

885.06(1) A3, and Z = 2.

2.2 Introduction
Asymmetric cationic coordination environments in non-centrosymmetric (NCS) polar

materials are of significant interest due to their technologically important properties such



as second-harmonic generation (SHG), piezoelectricity, ferroelectricity, and
pyroelectricity." Crystallographically, a material is considered polar if it crystallizes in
one of ten polar crystal classes (1, 2, 3, 4, 6, m, mm2, 3m, 4mm, or 6mm).> NCS
materials may exhibit SHG and piezoelectricity, but ferroelectricity and/or
pyroelectricity may be additionally observed for polar NCS materials. With respect to
new materials, a number of design strategies have been discussed for creating new polar
materials.”*®* We have focused on synthesizing new oxides containing cations

susceptible to second-order Jahn-Teller (SOJT) distortions™*™*°

— octahedrally coordinated
d® transition- metal cations (Ti*",V>*W®*, Mo®, etc.) and cations with stereoactive lone-
pairs (Se**, Te*, I°*, TI*, etc.) — which results in asymmetric coordination environments.

With respect to oxides that contain TI* and Te*" cations, a few compounds have been

reported. For example BTl [UO,(TeOs3),]®° by the Albrecht-Schmitt group;
AgTITeO3,** by the Thomas group; TITeVOs,? Tl,CuTeOs, and TlsCuTe,010 2 by the
Halasyamani group. Of these materials, only AgTITeO3 andTITeVOs are NCS and polar.
GTIL[UO,(TeO3);], TITeVOs, TI4CuTeOg, and TIgCuTe,01p crystallize in

centrosymmetric structures with no second-harmonic generation (SHG) response.
Various coordination environments for Cu?* are observed, such as square planar, square
pyramidal, and tetragonally distorted octahedral, attributable to first-order Jahn-Teller
effects.” In expanding this research toward the synthesis of NCS material, we have
successfully synthesized new oxides containing cations Cu®*, as well as exhibiting TeOs,
TeO,, and TeOs polyhedra in the same structure for Tl,Cu,Te;O;; and mixed valent

tellurium Te** and Te® for TI,Cu,Te;O;5. The structure of TI,Cu,Te;Oy7 is



centrosymmetric (CS) and nonpolar, whereas that of TI,Cu,Te;O8 is non-
centrosymmetric (NCS) and nonpolar.

In this chapter, we report the syntheses, characterization, functional properties, and
structure-property relationships of Tl,Cu,Te;O;7 and TI,Cu,Te;015. For TI,Cu,Te;O17
we investigate its functional properties: second-harmonic generation (SHG) and

piezoelectricity.

2.3 Experimental section
2.3.1 Synthesis

T1,CO3 (Aldrich, 99.9+%), Cu(NO3),-2.5H,0 (Alfa Aeasr, 98+%), CuO (Alfa Aesar,
99%), TeO, (Aldrich, 99+%), and HsTeOg (Aldrich, 99+%) were used as received.

Crystals of TI,Cu,Te;O17 and TI,Cu,Te;O13 were grown using hydrothermal
techniques. 0.0549 g (0.171 mmol) of TI,CO;, 0.109 g (0.469 mmol) of
Cu(NO3)2-2.5H,0, and 0.336 g (2.11 mmol) of TeO, for Tl,Cu,Te;O;7 and 0.0606 g
(0.229 mmol) of TI1,CO3 0.150 g (0.645 mmol) of Cu(NO3),-2.5H,0, and 0.289 g (1.81
mmol) of TeO, for TI,Cu,Te;O1g, respectively, were combined with 4mL of NH,OH 1
M solution. The respective solutions were placed in 23 ml Teflon-lined autoclaves that
were subsequently closed. The autoclave was heated to 230 °C, held for 2 days, and
cooled slowly to room temperature at a rate of 6 °C/ h. The mother liquor was decanted
from the products, and the products were recovered by filtration and washed with
distilled water and acetone. Blue block-shaped crystals of Tl,Cu,Te;O;7 and dark green

plate-shaped crystals were obtained in ~10 % and ~20 % vyield based upon TeO:..



Polycrystalline samples of TI,Cu,Te;O;7 and TI,Cu,Te;O158 were prepared by
conventional solid-state techniques. Stoichiometric amounts of TI,CO3; (0.827 g, 1.76
mmol), CuO (0.275 g, 3.46 mmol), and TeO, (1.97 g, 12.3 mmol) for TI,Cu,Te;O;7, and
T1,CO3 (0.819 g, 1.75 mmol), CuO (0.278 g, 3.49 mmol), TeO, (1.67 g, 10.5 mmol), and
HsTeOg (0.401 g, 1.75 mmol) for Tl,Cu,Te;O15, were ground with an agate mortar and
pressed into pellets. The pellets were placed in alumina crucibles and heated to 355 °C
and 430 °C, respectively, in N, gas flowing for 2 days, and cooled to room temperature
at 5 °C/min. In order to get the single phases, several intermediate grindings were

essential. The purity of samples was monitored by powder X-ray diffraction.

2.3.2 Characterization

Single Crystal X-ray Diffraction. For Tl,Cu,Te;O;7, a blue crystal (0.08 x 0.04 x
0.04 mm?®) and for Tl,Cu,Te;O15 a dark green crystal (0.06 x 0.10 x 0.16 mm®), were
used for single crystal X-ray diffraction data collection. Data were collected using a
Siemens SMART diffractometer equipped with a 1K CCD area detector using graphite-
monochromated Mo Ko radiation. A hemisphere of data was collected using a narrow-
frame method with scan widths of 0.30° in omega and an exposure time of 40 s per
frame for both TI,Cu,Te;O;7 and TI,Cu,Te;O15. 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. Psi-scans were used for the absorption correction on the hemisphere

of data. The data were solved by direct methods using SHELXS-97 and refined using

10



SHELXL-97.2%" All of the atoms were refined with anisotropic thermal parameters and
converged for 1 > 2o(l). All calculations were performed using the WinGX-98
crystallographic software package.?

Powder X-ray Diffraction. Powder X-ray diffraction (PXRD) data were collected
using a PANalytical X’Pert PRO diffractometer at room temperature with Cu-Ka
radiation. The data were collected in the 26 range of 5° - 70° in continuous scanning
mode. No impurities were observed, and the experimental powder X-ray diffraction
patterns are in good agreement with the calculated powder X-ray diffraction patterns.

Infrared (IR) Spectroscopy. Infrared spectra were recorded on a Matteson FT-IR
5000 spectrometer in the 400 — 4000 cm™ range.

UV-vis Diffuse Reflectance Spectroscopy. Diffuse reflectance spectra of
polycrystalline powder samples of the reported materials were obtained using a Perkin
Elmer Lambda 35 UV-vis scanning spectrophotometer equipped with an integrating
sphere in the range 200 — 900 nm.

Thermal Analysis. Thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) were simultaneously carried out on EXSTAR TG/DTA 6300 series (SlI
Nano Technology Inc.). The samples (~20 mg) were placed in a platinum crucible that
was heated and cooled between RT and 1000 °C at a rate of 10 °C/min under flowing
nitrogen gas.

Second harmonic Generation (SHG). 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

11



elsewhere.’ The SHG efficiency has been shown to be dependent on particle size.” The
T1,Cu,Te;047 material was ground and sieved into distinct particle size ranges (<20, 20-
45, 45-63, 63-75, 75-90, >90 um). To make relevant comparisions with known SHG
materials, crystalline o-SiO, and LiNbOs; were ground and sieved into the sample
particle size ranges.

Piezoelectric Measurements. Converse piezoelectric measurements 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. Tl,Cu,Te;O17 sample was pressed into pellet (~1 cm diameter,
~1 mm thick) and sintered at 355 °C for 2 days. Silver paste was applied to both sides of

the pellet, and the pellet was cured at 300 °C for 12h.

2.4 Results and discussion

Structures. Tl,Cu,Te;O;;7 exhibits a three-dimensional (3D) structure consisting of
corner-shared CuO,4, CuOs TeOs, TeO,4, and TeOs, polyhedra that run along the b-axis
direction (see Figure 2.1(a)). Corner-shared Te(1)Osand Te(2)O,4 polyhedra form a one-
dimensional chain along the c-axis, and these chains are further connected by Te(3)Os
polyhedra along the a-axis. The CuO4 and CuOs polyhedra alternate in the layer and are
corner-shared to Te(1)Os, Te(2)O, and Te(3)Os polyhedra, resulting in the three-
dimensional structure (see Figure 2.1(b)). In connectivity terms, the structure can be

described as {[Cu(1)Ousz” [Cu(2)Os2]* 4[Te(1)Os12]" 2[Te(2)Our2]° [Te(3)0s12] ¥, with

12



charge balance maintained by two TI* cations. For the CuO, polyhedra, the Cu®* cation
IS in square planar coordination environments bonded to four oxygen atoms with a Cu-O
bond distance of 1.925(4) A. The Cu-O bond distances in CuOs polyhedra range
between 1.934(4) and 2.210(8) A. One of the most interesting aspects of Tl,Cu,Te;O0y7 is
the occurrence of all three TeOs, TeO,4, and TeOs. Te-O bond distances range from
1.812(8) to 2.151(4) A. The Te** cations are in asymmetric coordination environments
attributable to their stereo-active lone-pair. The TI" cation is surrounded by eight oxygen
atoms with TI-O distances ranging from 2.822(4) to 3.371(2) A. The bond valence
calculations®*? for Cu?*, Te**, and TI" resulted in values of 2.056-2.246, 3.825-4.062,
and 0.962, respectively. Detailed bond valances for TI,Cu,Te;O;7 are shown in Table 2.6.
T1,Cu,Te;O15 exhibits a three-dimensional (3D) structure consisting of corner-shared
CuOQ,4, TeOs3, and TeO, polyhedra and TeOg octahedra, which run along the c-axis
direction (see Figure 2.2(a)). Edge-shared Te(2)O4 polyhedra are connected via corner-
sharing by Te(3)O,4 polyhedra and Te(1)Og octahedra. The CuO,4 polyhedra in the layer
are corner-shared to Te(3)O4 and Te(4)O3 polyhedra (see Figure 2.2(b)). In connectivity
terms, the structure can be described as {2[Cu(1)Oxz” [Te(1)Oe]’ 2[Te(2)0u]°
2[Te(3)04]° 2[Te(4)03,] '}, with charge balance maintained by two TI* cations. There
are two crystallographically unique tellurium sites, Te(1) represents Te®* and Te(2)-
Te(4) represent Te*". The Te®" cation is in an octahedral coordination environment
bonded to six oxygen atoms, with Te-O bond distances ranging from 1.897(3) to
1.955(3) A. The Te*" cations are in seesaw and distorted trigonal pyramidal

environments, with Te—O bond distances ranging from 1.873(4) to 2.198(4) A. The Te**

13



cations are in asymmetric coordination environments attributable to their lone pair. The
Cu?* cation is in a square planar coordination environment bonded to four oxygen atoms,
with Cu-O bond distances ranging from 1.950(4) to 1.958(4) A. The TI* cation is
surrounded by eight oxygen atoms with TI-O distances ranging from 2.811(4) to
3.442(4) A. The bond valence calculations®**? for Cu®*, Te®", Te**, and TI" resulted in
values of 1.905, 5.800, 3.700-3.895, and 0.879, respectively. Detailed bond valances for
T1,Cu,Te;O415 are shown in Table 2.7. The local coordination environments of the

reported materials are shown in Figure 2.3.

Bulk Polycrystalline. Polycrystalline samples of TI,Cu,Te;O17 and Tl,Cu,Te;Oq
were prepared by conventional solid-state techniques. Powder patterns of reported
materials were provided as Figure 2.4. We observed impurity peaks from the experiment
of Tl,Cu,Te;0; that reveals CuTe;Os. Almost all peaks from the experiment of

Tl,Cu,Te;O45 are well matched to the corresponding calculated powder pattern.
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Figure 2.2 Ball-and-stick and polyhedral diagram of TI,Cu,Te;O5 in the ab-plane
consisting of the TeOz, TeO4 and TeOg polyhedra (a) with and (b) without CuO,

polyhedra and TI" cations.
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Infrared Spectroscopy. The infrared spectra of the two compounds, Tl,Cu,Te;O17
and Tl,Cu,Te;O1g, revealed Te-O, Te-O-Te, and Cu-O vibrations between 400 and 1000
cm™. The peaks in the 680 — 768 cm™ range can be attributed to Te**-O stretching
vibrations, whereas the bands in the 669 — 671 cm™ range and peaks at 594 cm™ can be
assigned to Te®-O symmetric and antisymmetric stretching vibrations (i.e.
TI,CuTe® 06*® and Rba[Tes* Tes*1025°%). The remaining bands in the spectrum are
likely attributed to Te-O-Te bending vibrations®® or Cu-O vibrations (i.e.

Pb,Cu3B401:**). The IR spectra and assignments are shown in Figure 2.5.
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UV-vis Diffuse Reflectance Spectroscopy. TI,Cu,Te;O17 is blue, whereas
T1,Cu,Te;O45 is dark green. The UV-vis diffuse reflectance spectra indicate that the
absorption energy for the materials is approximately over 2.2 eV. Absorption (K/S) data

were calculated from the Kubelka-Munk function® :

1-R? _K
2R S

F(R) =
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 absorption at 2.86 eV for Tl,Cu,Te;O47, and 2.43 eV for TI,Cu,Te;O15. The

UV-Vis diffuse reflectance spectra for the reported materials are shown in Figure 2.6.
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Figure 2.6 UV-vis diffuse reflectance spectroscopy data for TI,Cu,Te;O;1; and

T|2CU2T67013.
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Thermal Analysis. The thermal behaviors of the reported materials have been
investigated using thermogravimetric analysis (TGA) and differential thermal analysis
(DTA) measurements. Both TGA and DTA curves were measured under flowing N, gas
from room temperature to 1000 °C. As seen in the TGA, no weight loss was observed up
to 600 °C, but endothermic peaks found above 400 °C in the heating cycles of DTA data
indicate the materials melt incongruently (see Figure 2.7). The thermal decomposition
products at 600 °C were CuTe,Os>° for Tl,Cu,Te;O17, and CusTeOg®’ and TeO,* for
T1,Cu,Te;O1s, respectively, as comfirmed by Powder X-ray diffraction measurements

(see Figure 2.8).
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Second harmonic Generation (SHG) and Piezoelectricity. Because Tl,Cu,Te;O17
crystallizes in a non-centrosymmetric (NCS) space group, P42,2, SHG and piezoelectric
measurements were carried out. Powder SHG measurements using 1064 nm radiation
revealed that TI,Cu,Te;O17 has SHG efficiency of approximately 30 x a-SiO; in the 45 ~
63 um particle size range. Additional SHG measurements with various particle sizes,
ranging from 20 to 125 um, indicate that the reported material exhibits non-phase
matching (see Figure 2.9). Based on the SHG efficiencies and phase-matching
measurements, the material falls into the class C category of SHG materials, as defined
by Kurtz and Perry.”® The average NLO susceptibility <defr>exp Was determined to be ~
3.0 pm/V.”> Also, converse piezoelectric measurements were performed on the reported
material. A maximum voltage of 1000V was applied and 20 measurements were
performed and averaged. The value of the piezoelectric charge constant, ds3, can be
calculated from:

L = SLo ~ Edsslo
Where L is the displacement of the sample, Lo is the sample thickness (m), S is the strain
(L/Lo), and E is the electric field strength (V/m).*® The ds; piezoelectric charge constant

of 13.4 pm/V for Tl,Cu,Te;O;7 was estimated (see Figure 2.10).
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2.5 Conclusion

We have successfully synthesized and characterized two new oxide materials,
T1,Cu,Te;047 and TI,Cu,Te;O15. Crystals and polycrystalline powders were synthesized
by hydrothermal and conventional solid-state techniques, respectively. Both materials
exhibit three-dimensional structures. TI,Cu,Te;O17 IS non-centrosymmetric and
crystallizes in the nonpolar acentric space group P42:2, whereas Tl,Cu,Te;Oq5 is
centrosymmetric and crystallizes in the nonpolar centrosymmetric space group P2i/n.
T1,Cu,Te;047 exhibits SHG efficiency of approximately 30 x a-SiO,. We are currently
in the process of scaling up the synthesis for magnetic measurement experiments, as well

as expanding into the other lone-pair cation and magnetic cation oxide system.
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Table 2.1 Crystallographic data for Tl,Cu,Te;O;7 and Tl,Cu,Te;O4s.

formula

fw

T(K)

crystal system
space group
a(A)

b (A)

c(A)

o (deg)

B (deg)

Y (deg)

V (A%

YA

Pealcd (g/cm’)
R (int)

GOF (F%)

R (F)*

RW(Foz)b

R(F) = Z||Fo| — [Fell/ZIFo|- "Ru(Fo?) = [EwW(Fo® — FA)HZw(F,2)*M2

TI,Cu,Te;047
1701.05
296.0(2)
Tetragonal

P 42,2 (No. 90)
8.8429(5)
8.8429(5)
12.2211(2)
90

90

90

955.65(2)

2

5.911

0.0496

1.122

0.0200

0.0502

32

TI,Cu,Tes048
1717.05
296.0(2)
Monoclinic

P 2:/n (No. 14)
7.6005(6)
11.8382(9)
9.8379(8)

90
90.9460(1)
90

885.06(1)

2

6.443

0.0235

1.093

0.0195

0.0421



Table 2.2 Atomic coordinates and equivalent isotropic displacement parameters (A?) for

TI,Cu,Te;047.
X y z Ueg®
TI(D) 0.6493(3) 0.3507(3) 0 0.036(1)
Te(1) 0.3050(4) 0.3175(4) 0.7389(3) 0.015(1)
Te(2) 0.1854(3) 0.1854(3) 112 0.013(1)
Te(3) 1/2 0 0.8496(6) 0.013(2)
Cu(l) 12 0 0.4552(1) 0.013(3)
cu) 1/2 0 0.1788(1) 0.015(3)
o(1) 0.3941(5) 0.2184(5) 0.8607(3) 0.022(9)
0(2) 0.1134(5) 0.3152(5) 0.8006(3) 0.020(9)
0(3) 1/2 0 0.9979(7) 0.028(2)
0(4) 0.3151(4) 0.8856(4) 0.4478(3) 0.017(9)
0(5) 0.2736(5) 0.1377(4) 0.6552(3) 0.019(8)

?Ueq is defined as one third of the trace of the orthogonalized Uj; tensor.
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Table 2.3 Atomic coordinates and equivalent isotropic displacement parameters (A?) for

TI,Cu,Te;O0gs.
X y z Ueg®
TI(L) 0.4682(4) 0.5358(2) 0.7583(3) 0.033(9)
Te(1) 0 12 0 0.008(1)
Te(2) 0.0353(4) 0.5341(3) 0.3461(3) 0.010(8)
Te(3) 0.2085(4) 0.7572(3) 0.9562(3) 0.010(8)
Te(4) 0.2895(4) 0.2803(3) 0.9434(3) 0.009(8)
Cu(l) 0.1491(8) 0.2509(5) 0.2448(6) 0.011(1)
o(1) 0.5121(5) 0.3243(3) 0.8842(4) 0.014(8)
0(2) 0.2300(5) 0.8414(3) 0.1156(4) 0.012(7)
0(3) 0.8204(5) 0.6109(3) 0.3263(4) 0.014(8)
0(4) 0.3524(5) 0.2566(3) 0.1256(4) 0.012(7)
0(5) 0.2379(5) 0.4387(3) 0.9866(4) 0.013(8)
0(6) 0.5131(5) 0.3140(3) 0.5942(4) 0.014(8)
o(7) 0.0270(5) 0.5679(3) 0.8222(4) 0.012(7)
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0(8) 0.0917(5) 0.6329(3) 0.0824(4) 0.012(7)
0(9) 0.9262(5) 0.4151(3) 0.4471(4) 0.012(7)

?Ueq is defined as one third of the trace of the orthogonalized Uj; tensor.
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Table 2.4 Selected bond distances (A) for TI,Cu,Te;047.

TI(1)-0(1) 2.822(4)  Te(1)-0(1) 1.899(4)  Cu(1)-O(4) 1.925(4)
TI(1)-0(1) 2.822(4)  Te(1)-0(2) 1.855(4)  Cu(1)-O(4) 1.925(4)
TI(1)-0(1) 3.059(4)  Te(1)-0(5) 1.910(4)  Cu(1)-O(4) 1.925(4)
TI(1)-0(1) 3.059(4) Cu(1)-0(4) 1.925(4)

TI(1-02) 2.863(4)  Te(2)-0(4) 1.881(4)
TI(1-0(2) 2.863(4)  Te(2)-0(4) 1.881(4)  Cu(2-0O(2) 1.934(4)
TI(1)-0@3) 3.371(3)  Te(2)-0() 2.094(4)  Cu(2-0(2) 1.934(4)
TI(1)-0@3) 3.371(2)  Te(2)-0() 2.094(4)  Cu(2-0(2) 1.934(4)
Cu(2)-0(2) 1.934(4)
Te3)-0(1) 2.151(4)  Cu(2-0(3) 2.210(8)

Te(3)-0(1) 2.151(4)

Te(3)-0(1) 2.151(4)

Te(3)-0(1)  2.151(4)

Te(3)-0(3) 1.812(8)
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Table 2.5 Selected bond distances (A) for TI,Cu,Te;Ous.

TI(1)-0(1) 2.811(4)  Te(2-0(3) 1.876(4)  Cu(1)-O(1)  1.950(4)
TI(1)-0(2) 2.852(3)  Te(2)-0(7) 2.096(4)  Cu(1)-0(2) 1.958(4)
TI(1)-0(3) 2.908(4)  Te(2-0(9) 1.919(3)  Cu(1)-O(4)  1.956(4)
TI(1)-0(4) 3.025(4)  Te(2-009) 2.137(4)  Cu(1)-0(6)  1.950(4)
TI(1)-0(5)  3.092(4)
TI(1)-0(5) 3.346(4)  Te(3)-0(2) 1.864(4)
TI(1)-0(6) 3.104(4)  Te(3)-0(3)  2.198(4)
TI(1)-0(7) 3.442(4)  Te(3)-0(6) 1.873(4)

Te(3)-0(8)  2.129(3)
Te(1)-O(5) 1.955(3)
Te(1)-0(5) 1.955(3)  Te(4)-O(1) 1.873(4)
Te(1)-0(7) 1.939(4)  Te(4)-0(4)  1.869(4)
Te(1)-0(7) 1.939(4)  Te(4)-0(5) 1.964(4)
Te(1)-0(8) 1.897(3)

Te(1)-0(8) 1.897(3)
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Table 2.6 Detailed Bond valence analysis Tl,Cu,Te;O17.

Tl,Cu,Te;017  O(1) 0(2) 0(3) O(4) O(5) cations

TI(1) 0.167%  0.154% g o564 0.962
0.10404

Te(1) 1.235 1.391 1.199 3.825
Te(2) 1.296%2  0.729"4 4,050
Te(3) 0. 6254 1.562 4.062
Cu(1) 0. 5144 2.056
Cu(2) 0. 5024 0.238 2.246
Tanions 2.131 2.047 2.024 1.810 1.928

Valence sums calculated with the formula: S; = exp[(Ro-R;)/B], where S; = valence of
bond “i”, Ry is a constant dependent upon the bonded elements, R; is the bond length of
bond i and B equals 0.37 (for TI", 0.50).
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Table 2.7 Detailed Bond valence analysis Tl,Cu,Te;O1s.

TI,Cu,Te;O O(1) 0(2) 0(3) O(4) O(5)
TI(1) 0.171 1.157 0.141 0.111 0.097
0.059
Te(1) 0.9024
Te(2) 1.314
Te(3) 1.357 0.550
Te(4) 1.325 1.339 1.036
Cu(1) 0.481 0.470 0.473
Tanions 1.977 1.984 2.005 1.923 2.094
TI,Cu,Te;Osg O(6) 0(7) 0(8) 0(9) cations
TI(1) 0.059 0.048 0.879
Te(1) 0.9421% 1.056%4 5.800
Te(2) 0.725 1.170 3.858
0.649
Te(3) 1.325 0.663 3.895
Te(4) 3.700
Cu(1) 0.481 1.905
Tanions 1.901 1.715 1.719 1.819

Valence sums calculated with the formula: S; = exp[(Ro-R;)/B], where S; = valence of
bond “i”, Ry is a constant dependent upon the bonded elements, R; is the bond length of
bond i and B equals 0.37 (for TI", 0.50).
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CHAPTER 3. Syntheses and Crystal Structure of New Polar Potassium Tungsten

Selenite: Ky(WO3)3(SeO3)

3.1 Abstract

The new polar potassium tungsten selenite, K,(WO3)3(SeO3) has been synthesized by
hydrothermal techniques. The structure of K,(WO3)3(SeO3) was determined by single
crystal X-ray diffraction. The material exhibits a hexagonal tungsten oxide (HTO)-
layered structure — class 2, i.e., the WOg layers are “capped” on one side by the SeO3
polyhedra. The K" cations are found between the layers. K,(WO3)3(SeOs) is a non-
centrosymmetric and polar space group. Crystal data: K;(WO3)3(SeOs3), trigonal, space
group R3c (No. 161), a = 7.2439(1) A, b = 7.2439(1) A, ¢ = 35.516(7) A, V = 1614.0(5)

A3 andZ=6.

3.2 Introduction

Hexagonal tungsten oxide (HTO)-type materials have been studied by many groups.
Especially, polar HTO materials are of significant interest due to their fuctional
properties such as second-harmonic generation (SHG), piezoelectricity, ferroelectricity,
and pyroelectricity.’ In addition, their structural diversity is studied since various
cations may substitute for W®" as well as A cations®® (A = Na*, K*, Rb*, TI", etc.). The
structure of HTO can be described as a hexagonal network of corner-sharing WOg

octahedra.
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We can divide the hexagonal tungsten oxide (HTO)-type materials into class 1 and
class 2. For the Class 1, AOj; lone pair polyhedra (A = Se** and Te**) are directed both
“up” and “down”, whereas for the Class 2, AO3 lone pair polyhedra are directed “up”. In
this paper we focus on class 2. With respect to that Class 2 (“capped” on one side)
materials have been reported. For example, A;(M0Os)s(SeO3)(A = NH* or
Cs"), Ax(WO3)3(Se0s)(A = NH* or Cs*)® Ax(M003)s(POsCHs)(A = Rb*, Cs* or TI*),**
and Csy(WO3)3(POsCHs)™ by the Jacobson group; Ax(MoOs)s(TeOs)(A = NH* or
Cs")? by the Vidyasagar group; Ay(MoOs)s(SeOs) (A = Rb* or TIY),"B
Rb,(WOs)3(TeO3),** and Nay(WOs)5(Se0s)-2H,0™ by the Halasyamani  group. In
expanding this research toward the synthesis of hexagonal tungsten oxide (HTO)-type
materials, we have successfully synthesized potassium d° selenite, Ko(WOs3)3(SeOs). The
reported material is noncentrosymmetric (NCS) and polar.

In this chapter, synthesis and crystal structures of K,(WO3)3(SeOs) will be discussed.

3.3 Experimental section
3.3.1 Synthesis

K,COj3 (Aldrich, 99%), SeO, (Alfa Aeasr, 99.4%), and WO;3 (Alfa Aesar, 99.8%) were
used as received.

Single crystals of Ky(WO3)3(SeOs3), were grown by using hydrothermal techniques.
0.104 g (0.752 mmol) of K,CO3, 0.202 g (1.82 mmol) of SeO,, and 0.174 g (0.752
mmol) of WO;3 for K5(WO3)3(SeOs), were combined with 0.7 mL of distilled water. The

solutions were placed in 23 ml Teflon-lined autoclaves that were subsequently closed.
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The autoclave was heated to 230 °C, held for 2 days, and cooled slowly to room
temperature at a rate of 6 °C/ h. The mother liquor was decanted from the products, and
the products were recovered by filtration and washed with distilled water and acetone.
Colorless bitrigonal pyramidal-shaped crystals were obtained in ~20 % yield based upon

SeO..

3.3.2 Characterization

Single Crystal X-ray Diffraction. For Ky(WO3)3(SeOs), a colorless crystal (0.04 x
0.02 x 0.02 mm®) was used for single crystal X-ray diffraction 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 omega and an
exposure time of 40 s per frame for K,(WO3)3(SeO3). 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. Psi-scans were used for the absorption correction on the hemisphere
of data. The data were solved by direct methods using SHELXS-97 and refined using
SHELXL-97.1"*8 All of the atoms were refined with anisotropic thermal parameters and
converged for 1 > 2c(l). All calculations were performed using the WinGX-98

crystallographic software package.*
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3.4 Results and discussion

Structure. K5(WO3)3(SeOs) crystallizes in non-centrosymmetric (NCS) polar trigonal
space group R3c. The reported material exhibits hexagonal tungsten oxide (HTO)-
layered structure, consisting of corner-shared WOg octahedra that are “capped” on one
side by SeOs polyhedra.”® The layers are separated by K* cations (see Figure 3.1). In
connectivity terms, the structure can be described as [3(WO11045) (Se03)'1*, with
charge balance maintained by two K* cations. The W®* cations are in octahedral
coordination environments bonded to six oxygen atoms with one “short” 1.727(5) A,
four “normal” 1.819(7)-2.023(7) A, and one “long” 2.183 A W-0O bonds."®> The Se**
cations are in trigonal-pyramidal coordination environments bonded to three oxygen
atoms with the same Se-O distance, 1.696(5) A. Both W®" and Se** cations are in
asymmetric coordination environments attributable to second-order Jahn-Teller (SOJT)
effects.?>?” The asymmetric coordination environments are caused by W®°" cations
displaced toward the corner (C,-type distortion) and stereoactive lone-pair on the Se**
cations (see Figure 3.2). The K* cations are surrounded by six-and nine oxygen atoms
with K-O distances ranging from 2.806(6) to 2.974(6) A. The bond valence
calculations®®# for W®*, Se**, and K" resulted in values of 6.173, 4.094, and 0.793-

1.302, respectively. Detailed bond valances for K;(WO3)3(SeOs3) are shown in Table 3.4.
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(b)

Figure 3.1 Ball-and-stick (a) and polyhedral (b) diagram of K,(WQO3)3(SeOs) in the bc-

plane.
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Figure 3.2 ORTEP (50%) probability ellipsoids) diagrams for the WOg and SeO3
polyhedra in K;(WQO3)3(SeO3). The arrows represent the approximate directions of the

distortion and polarization.
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3.5 Conclusion

We have successfully synthesized a new polar potassium tungsten selenite oxide
material, Ky(WO3)3(SeOs3). Crystals were synthesized by hydrothermal techniques.
K2(WO3)3(Se03) is non-centrosymmetric (NCS) and crystallizes in the polar space
group R3c. Ky(WO3)3(SeOs) exhibits a class 2 (lone pair polyhedra of SeO3; groups
“capped” on one side) layered hexagonal tungsten oxide (HTO) structure. We are
currently in the process of synthesizing a polycrystalline sample by solid state
techniques. TGA, IR, UV, SHG, piezoelectricity, pyroelectricity, and ferroelectricity

will also be measured.
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Table 3.1 Crystallographic data for K;(WO3)3(SeO3).

formula K2(WO3)3(Se03)
fw 900.71

T(K) 293.0(2)
crystal system Trigonal
space group R 3c (No. 161)
a (A) 7.2439(1)

b (A) 7.2439(1)
c(R) 35.516(7)

a (deg) 90

B (deg) 90

v (deg) 120

V (A% 1614.0(5)

YA 6

Pealca (9/cm’) 5.560

R (int) 0.0330

GOF (F?) 1.101

R (F)? 0.0148
Ru(Fo’)° 0.0359

*R(F) = Z||Fo = IFell/ZIFol. "Ra(Fo?) = [EW(Fo? — Fo)Ew(Fo%)*"
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Table 3.2 Atomic coordinates and equivalent isotropic displacement parameters (A?) for

K2(WO3)3(SeO3).
X y z Ueg®
K() 213 13 20.1065(9) 0.030(7)
K(2) 213 1/3 0.0905(1) 0.015(5)
Se(1) 1/3 173 0.0839(3) 0.011(2)
W(1) 0.5281(5) 0.0071(7) 0.0048 0.008(9)
0(1) 0.5479(12) 0.0724(8) -0.0424(2) 0.015(1)
0(2) 0.5805(7) -0.2130(1) 0.0009(2) 0.013(1)
0(3) 0.7999(1) 0.2182(1) 0.0208(1) 0.011(1)
0(4) 0.0885(8) -0.4505(1) 0.0637(2) 0.014(1)

?Ueq is defined as one third of the trace of the orthogonalized Uj; tensor.
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Table 3.3 Selected bond distances (A) for K,(W0O3)3(SeOs).

K(1)-0(1)
K(1)-0(1)
K(1)-0(1)
K(1)-0(3)
K(1)-0(3)

K(1)-0(3)

K(2)-0(1)
K(2)-0(1)
K(2)-0(1)
K(2)-0(3)
K(2)-0(3)
K(2)-0(3)
K(2)-0(4)
K(2)-O(4)

K(2)-O(4)

2.806(6)
2.806(6)
2.806(6)
2.974(6)
2.974(6)

2.974(6)

2.816(6)
2.816(6)
2.816(6)
2.925(7)
2.925(7)
2.925(7)
2.812(6)
2.812(6)

2.812(6)

W(1)-0(1)
W(1)-0(2)
W(1)-0(2)
W(1)-0(3)
W(1)-0(3)

W(1)-0(4)

1.727(5)
1.819(7)
2.023(7)
1.878(6)
2.006(7)

2.183(5)

49

Se(1)-0(4)
Se(1)-0(4)

Se(1)-0(4)

1.696(5)
1.696(5)

1.696(5)



Table 3.4 Detailed Bond valence analysis K;(WO3)3(SeOs3).

Kz(WO3)3(S€O)3 O(l) 0(2) 0(3) 0(4) 2cations

K(1) 0.162! 0.103%! 0.793

K(2) 0.157 0.117% 0,159 1.302

W(1) 1.671 1303 1111 0550  6.173
0.751  0.786

Se(1) 1.365%°1 4,094

Sanions 1.990 2054 2117  2.074

Valence sums calculated with the formula: S; = exp[(Ro-Ri)/B], where S; = valence of
bond “i”, Ry is a constant dependent upon the bonded elements, R; is the bond length of
bond i and B equals 0.37
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